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Substantial advances have been achieved in the knowledge
of the complex mechanisms regulating development and
progression of human cancers. The employment of high
throughput techniques allowed the identification of dereg-
ulated pathways and altered cellular molecules, including
mutation signatures, noncoding RNAs, protein expression
profiles, and metabolites, which have a significant impact in
the early diagnosis, choice of treatment, and prediction of
therapeutic response in many cancer types.

This special issue comprises relevant articles focused on
the identification of innovative cancer biomarkers based on
the analysis of genes containing driver somatic mutations,
the quantitation of microRNAs expression levels, and the
characterization of gene expression profiles in different types
of cancer. Moreover, several authors investigated the efficacy
of circulating biomarkers and molecular imaging techniques
for noninvasive diagnosis of cancers.

C. Omarini et al. in Italy in the paper titled “Mutational
Profile of Metastatic Breast Cancer Tissue in Patients Treated
with Exemestane Plus Everolimus” investigated the muta-
tional status of breast cancer biopsies in patients treated with
Exemestane and Everolimus and observed that mutations
affecting the PI3K/AKT/mTOR pathway were significantly
associated with Everolimus resistance and disease relapse. K.
Nie et al. in China in the paper titled “Mutational Profiling
of Non-Small-Cell Lung Cancer Resistant to Osimertinib
Using Next-Generation Sequencing in Chinese Patients”

performed a next-generation sequencing analysis in non-
small-cell lung cancer (NSCLC) cases resistant to Osimer-
tinib to identify somatic mutations and new therapeutic
targets. The authors observed that EGFR C797S/G and EGFR
T790M mutations were the most common in Osimertinib
resistant NSCLC patients. A. López-Cortés et al. in Ecuador
in the paper titled “Mutational Analysis of Oncogenic AKT1
GeneAssociatedwithBreastCancer Risk in theHighAltitude
Ecuadorian Mestizo Population” analyzed the distribution
of polymorphic variants of the AKT1 gene in women of
the Mestizo population affected by breast cancer and living
at high altitudes. The authors found a possible association
between the intronic variant rs3803304 GG and the risk of
breast cancer in the Mestizo population.

A large number of short noncoding micro RNAs (miR-
NAs) have been shown to bind the 3’UTR of mRNAs and
to selectively deregulate protein translation in many types
of cancer. M. Jiang et al. in China in the paper titled
“Clinically Correlated MicroRNAs in the Diagnosis of Non-
Small Cell Lung Cancer: A Systematic Review and Meta-
Analysis” performed a meta-analysis of 71 studies to evaluate
the importance of miRNA levels in the diagnosis of NSCLC.
They observed that multiple miRNAs have higher diagnostic
value than single miRNA in all populations included in
the study (Asian, Caucasian, and African populations). The
authors concluded that some miRNAs, such as miR-21 and
miR-210, could be used as diagnostic biomarkers for NSCLC.
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J. Pan et al. in China in the paper titled “HSP90: A Novel
Target Gene of miRNA-628-3p in A549 Cells” investigated
the effect of miR-628-3p on migration and apoptosis of A549
cells. They performed in silico analysis to identify the heat
shock protein 90a (HSP90) gene as target of the miR-628-
3p in lung cancer. Then they confirmed by molecular studies
that miR-628-3p promotes apoptosis and inhibits migration
inA549 cells and concluded thatmiR-628-3p could be a novel
strategy for lung cancer treatment.

The study of gene expression by microarray allows
simultaneously comparing the transcription of thousands of
genes in cancer versus normal tissues. N. Hauptman et al. in
Slovenia in the paper titled “Bioinformatics Analysis Reveals
Most Prominent Gene Candidates to Distinguish Colorectal
Adenoma from Adenocarcinoma” performed an in silico
study of gene expression datasets and identified biomarkers
able to distinguish the colorectal adenoma, characterized by
pseudoinvasion, from early adenocarcinomas. They identi-
fied 16 genes differentially expressed (COL12A1, COL1A2,
COL3A1,DCN, PLAU, SPARC, SPON2, SPP1, SULF1, FADS1,
G0S2, EPHA4, KIAA1324, L1TD1, PCKS1, and C11orf96)
which may be used to discriminate colorectal adenoma from
carcinoma. Moreover, A. Peng et al. in the paper titled “A
Bioinformatic Profile of Gene Expression of Colorectal Car-
cinoma Derived Organoids” compared the gene expression
profiles of colorectal organoidswith those of colorectal cancer
biopsies obtained by publicly available datasets. They iden-
tified common alterations in WNT, MAPK, TGF-𝛽, SHH,
ECM-receptor interaction, and FGFpathways suggesting that
organoids recapitulate original colon cancer tissues.

N. Sekiguchi et al. in Japan in the paper titled “Gene
Expression Profile Signature of Aggressive Waldenström
Macroglobulinemia with Chromosome 6q Deletion” per-
formed a microarray analysis to investigate the differences
in gene expression in the Waldenström macroglobulinemia
with and without the chromosome 6q deletion. Their anal-
ysis suggested that the BCR signaling pathway and IL21R
expression were activated in 6q del cases. Moreover, FOXP1
and CBLB were found to be positive regulators of the BCR
pathway with consequences on the aggressiveness of the
Waldenström macroglobulinemia with 6q del expression
signature. G. Ukmar et al. in Italy in the paper titled
“PATRI, a Genomics Data Integration Tool for Biomarker
Discovery” developed a bioinformatics tool named “Platform
for the Analysis of TRanslational Integrated data” (PATRI)
conceived for the integration of clinical and genomics data.
The PATRI workflow identifies statistically significant base-
line genomics signatures, sensitive and resistant preclinical
models, and then prediction of drugs treatment sensitivity in
clinical samples.

Several studies have shown that specific biomarkers are
released by cancer tissues in the body fluids, such as blood
serum, thus reflecting the molecular spectrum of the tumor
cells. Y. Kim et al. in Republic of Korea in the paper titled
“A Comparative Study for Detection of EGFR Mutations
in Plasma Cell-Free DNA in Korean Clinical Diagnostic
Laboratories” performed a quality-assurance pilot study to
harmonize the testing of circulating tumor DNA among
laboratories. The authors observed that the cobas assay was

a useful method for detecting EGFR mutations in plasma
circulating free DNA and that there is a need for each
laboratory to optimize the performance to meet the clinical
utility.

H. Zhu et al. in Australia in the paper titled “Cystathio-
nine 𝛽-Synthase in Physiology and Cancer” reviewed recent
literature on the physiological functions of cystathionine 𝛽-
synthase, which plays multifunctional roles in the regula-
tion of cellular energetics, redox status, DNA methylation,
and protein modification in cancer cells. They discussed
the possible use of cystathionine 𝛽-synthase and its key
metabolites, such as homocysteine, as biomarkers for cancer
diagnosis or therapeutic targets. E. Lubowicka et al. in
Poland in the paper titled “Plasma Chemokine CCL2 and
Its Receptor CCR2 Concentrations as Diagnostic Biomarkers
for Breast Cancer Patients” evaluated the plasma levels of
CCL2, CCR2, and tumor marker CA 15-3 in breast cancer
patients and controls and their findings suggested that CCL2
and CCR2 may be used in the diagnosis of breast cancer
in conjunction with CA 15-3. O. Kurtenkov et al. in Estonia
in the paper titled “The Thomsen-Friedenreich Antigen-
Specific Antibody Signatures in Patients with Breast Cancer”
analyzed the serum samples of breast carcinoma patients for
the levels ofThomsen-Friedenreich antigen-specific antibody
isotypes considering that the serum total immunoglobulins
glycosylation has been shown to have a diagnostic potential
for some type of cancer. The authors demonstrated that the
levels of anti-Thomsen-Friedenreich antigen antibodies, their
sialylation profile, isotype distribution, and avidity displayed
specific changes that could be used as noninvasive Ab-
based biomarkers for early detection of breast cancer. A.-
M. Enciu et al. in Romania in the paper titled “Targeting
CD36 as Biomarker for Metastasis Prognostic: How Far from
Translation into Clinical Practice?” in their review summa-
rized many pieces of data to support the role of CD36
as a potential prognostic biomarker in cancer. CD36 is a
scavenger receptor for fatty acid uptake which modulates
cell-to-extracellular matrix attachment, stromal cell fate (for
adipocytes, endothelial cells), TGF𝛽 activation, and immune
signaling. It has been proposed as a prognostic marker in
various cancers of epithelial origin. A. Arasu et al. in India
in the paper titled “PAX3: A Molecule with Oncogenic or
Tumor Suppressor Function Is Involved in Cancer” reviewed
current literature on the activity of the transcription fac-
tor PAX3/Pax3, which contributes to diverse cell lineages
during embryonic development and plays a major role in
tumorigenesis. The authors highlighted the oncogenic and
tumor suppressor role of PAX3 in different cancer types. C. A.
Salter et al. in USA in the paper titled “Alkaline Phosphatase
Kinetics Predict Metastasis among Prostate Cancer Patients
Who Experience Relapse following Radical Prostatectomy”
studied the alkaline phosphatase velocity in order to predict
distant metastasis-free survival in a retrospective cohort of
prostate cancer patients. They observed that rapid alka-
line phosphatase velocity was a strong predictor of distant
metastasis-free survival.

Predicting the cancer outcome from histological analysis
may provide guidance for surgeons and oncologists on the
appropriate treatment, particularly in developing countries.
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B. S.M. S. Siriwardena et al. in Sri Lanka in the paper titled “A
Predictive Model to Determine the Pattern of Nodal Metas-
tasis in Oral Squamous Cell Carcinoma” have developed a
histological prediction model to estimate the probability of
developingmetastasis in patients affected by oral cancer.They
performed a multivariate analysis and observed that the level
of differentiation, the pattern of invasion, and stage are the
most important predictors of metastasis in oral cancer. S. H.
Kim et al. in Republic of Korea in the paper titled “Effect
of Neoadjuvant Hormone Therapy on Resection Margin and
Survival Prognoses in LocallyAdvanced ProstateCancer after
Prostatectomy Using Propensity-Score Matching” investi-
gated the effect of neoadjuvant hormone therapy on resection
margin positivity, biochemical-recurrence-free survival, and
overall survival in patients with locally advanced prostate
cancer treated with radical prostatectomy using propensity-
score matching. They concluded that neoadjuvant hormone
therapy was not a significant factor for resection margin
positivity in these patients.

Molecular imaging enables the in vivo visualization and
quantification of biologic processes in normal tissues and
cancers. M.-C. Shih et al. in Brazil in the paper titled
“Efficient Synthesis of Glutamate Peptide-Estradiol Conju-
gate for Imaging Estrogen Receptor-Positive Diseases” used
radiolabelled estrogen receptor ligand to quantify estrogen
receptor tissue uptake for staging and restaging of cancers
as well as endometriosis. The in vivo PET imaging stud-
ies indicated that 68Ga-GAP-EDL could identify estrogen
receptor positive tumors in MCF-7 tumor-bearing mice. A.
P. Burlaka et al. in the paper titled “Rectal Cancer: Redox
State of Venous Blood and Tissues of Blood Vessels from
Electron Paramagnetic Resonance and Its Correlation with
the Five-Year Survival” analyzed the redox state of venous
blood and tissues in patients with rectal cancer by the
spin-trapping electron paramagnetic resonance measuring
the intensity of the signals from ceruloplasmin, transferrin,
and labile iron pool. The results showed that the intensities
of the signals from the “native” and “trapped” paramag-
netic centres can be potentially used for the study of the
rectal cancer molecular mechanisms. D. M. Yeo et al. in
Republic of Korea in the paper titled “Histogram Analysis
of Perfusion Parameters from Dynamic Contrast-Enhanced
MR Imaging with Tumor Characteristics and Therapeutic
Response in Locally Advanced Rectal Cancer” performed
histogram analysis of perfusion parameters from dynamic
contrast-enhanced magnetic resonance imaging (DCE-MRI)
evaluating the entire tumor volume and correlated with
EGFR expression, KRAS mutation, and therapy response to
determine the overall tumor characteristics in rectal cancer.
A. Bevilacqua et al. in Italy in the paper titled “CT Perfusion
in Patients with Lung Cancer: Squamous Cell Carcinoma
and Adenocarcinoma Show a Different Blood Flow” char-
acterized the tumor baseline blood flow in two lung cancer
subtypes, the adenocarcinoma and squamous cell carcinoma.
They observed a different hemodynamic behaviour between
adenocarcinoma and squamous cell carcinoma, suggesting
that such parameter could be considered as a biomarker
supporting treatment planning to select the patients that
would benefit from antiangiogenic therapies.
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This study aimed to investigate the effect of neoadjuvant hormone therapy (NHT) on resection margin positivity, biochemical-
recurrence- (BCR-) free survival, and overall survival (OS) in 176 patients with locally advanced prostate cancer (LAPC) treated
with radical prostatectomy using propensity-score matching, including 79 (44.9%) patients treated with the NHT. Fifty pairs of
one-to-one propensity-scorematchingwerematched to investigate the pure effect of NHT on resectionmargin positivity, BCR, and
OS with a statistical significance of p<0.050. Before matching, NHT, tumor volume percentage, and extracapsular extension were
significant factors for resectionmargin positivity (p≤0.001); however, aftermatching, NHT became insignificant in the multivariate
analysis (p=0.084). In the survival analysis, NHT was not associated with BCR or OS before and after matching (BCR: hazard
ratio, 1.35 and 0.84, respectively; OS: hazard ratio, 1.05 and 0.77, respectively; p≥0.539 for all). Conversely, PSA level (HR, 2.23),
extracapsular extension (HR, 2.10), and lymphovascular invasion (HR, 1.85) were significant factors for BCR (p≤0.001 for all),
but none were significant factors for OS in the propensity-score matching analysis (p≥0.948). Therefore, NHT was not a significant
factor for resectionmargin positivity, BCR-free survival, andOS before and after propensity-scorematching in patients with LAPC.

1. Introduction

Prostate cancer (PC) results from an androgen-dependent
tumor in males. The androgen-producing mechanism is a
key therapeutic objective in the treatment of PC. In 1964,
Scott and colleagues introduced the idea of encouraging
recurrence-free survival inmenwith advanced PCby treating
with radical prostatectomy (RP) and androgen deprivation
therapy or androgen blocking hormonal therapy (HT).
Presently, HT is one of the standard therapeutic options
for PC in order to inhibit the growth of PC, especially for
recurred PC after prostatectomy or advanced PC [1].

The rationale for using HT in the neoadjuvant setting
(NHT) is to reduce the size of the tumor before surgery in
an effort to improve surgical treatment for locally advanced

PC. In combination with RP, NHT has been shown to result
in improvements in both clinical and local pathological
outcomes, including achieved pathologic T0 with RP [2].
Improvements include downstaging and organ confinement,
with a reduction in positive resection margin (RM) rates
and a decrease of lymph node involvement [3, 4]. However,
because of existing differences in enrolled patients’ baseline
characteristics in prior studies [1, 4], there still remains uncer-
tainty as to NHT’s direct clinical and pathological impact in
locally advanced PC prior to RP, especially in the aspects of
overall survival (OS) and disease-free survival [1] that the
current EAU guideline 2017 does not recommendNHT [3, 4].

To the best of our knowledge, no studies have evaluated
the pure effect of NHT itself on RM positivity and disease-
free survival in the aspect of prostate-specific antigen (PSA)
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outcome, called biochemical recurrence (BCR), after all of the
preoperative and intraoperative variables were conditionally
corrected using matching. Therefore, this study aimed to
evaluate the effect of NHT on RM positivity, BCR, and
OS in patients with locally advanced PC who underwent
RP. Patients were allocated into groups based on whether
they were or were not administered NHT, and we used the
propensity-score (PS) matching method to adjust for the
different baseline clinicopathological variables between the
two groups.

2. Materials and Methods

2.1. Ethical Statements. All study protocols were conducted
according to the ethical guidelines of the “World Medical
Association Declaration of Helsinki-Ethical Principles for
Medical Research Involving Human Subjects.” This study
was approved by the Institutional Review Board (IRB) of
the Research Institute and Hospital National Cancer Center
(IRB No. NCCNCS 05-049). All enrolled patients’ informed
consents were waived by the IRB.

2.2. Patients and Tissue Samples. From March 2004 to
December 2015, 176 consecutive locally advanced patients
with PC who underwent RP and were clinically staged at
either ≥T3 or N+ at the Prostate Cancer Center within the
National Cancer Center in Goyang, Korea, were retrospec-
tively identified. Patients had complete medical records that
included clinicopathological and prognostic information,
such as follow-up duration of >6 months and survival out-
comes.Those who did not reach a postoperative undetectable
PSA level of <0.2 ng/mL were not included, as well as those
who had a history of being treated with NHT for at least
3 months. Patients were then divided into NHT and non-
NHT groups. Locally advanced PC was defined as having
one or more of the following parameters: stage ≥T3 and/or
PSA > 20 ng/mL and/or Gleason score sum 8-10; any stage T
with pelvic nodal involvement; and clinical stage T3b or T4
disease without evidence of nodal involvement or metastasis
[5, 6]. All final prostatectomy specimens were also reviewed
according to the guidelines of the 2005 International Society
of Urological Pathology (ISUP) by a single uropathologist
(Dr. WSP) with 15 years of experience [7].

2.3. Statistical Analysis. The clinicopathological differences
between NHT and non-NHT groups were evaluated using
Pearson’s 𝜒2 test. The effect of NHT was evaluated by
adjusting for significant clinicopathological variables, such
as tumor volume percentage and extracapsular extension
(ECE). One-to-one nearest neighbor matching using the PS
matching technique was conducted with initial PSA level
(<40 or ≥40 ng/dL), biopsied tumor volume percentage (<50
or ≥50%), age (<65 or ≥65 y), and Gleason score sum (<7 or
≥7) as matching variables. The effect of NHT was then re-
evaluated in 50matched pairs within theNHT and non-NHT
group.

To investigate the effect of NHT on RM positivity,
a univariable logistic regression analysis was performed
before PS matching to identify variables with a significant

association. Then, a multivariable logistic regression model
was conducted using backward variable selection with an
elimination criterion of p>0.05 applied. NHT and other
clinical variables with p-value<0.2 in univariable analysis
were entered the multivariable model. Last, a univariable
logistic regression was performed after PS matching. To
analyze survival, the Cox proportional hazards model
was performed to examine the effect of NHT on BCR-
free survival and OS. In this study, BCR was defined as a
postoperative serumPSAelevation of>0.2 ng/mL assessed on
two different occasions following a decrease to nondetectable
level [8]. The first PSA value of ≥0.2 ng/mL was used to
define the time of recurrence. The Cox proportional hazards
models were also performed before and after PS matching.

The results were considered statistically significant when
two-sided p values were <0.050. All analyses were performed
using R project version 3.3.3 (The R Foundation, Vienna,
Austria) and SAS version 9.4 (SAS Institute Inc., Cary, NC,
USA).

3. Results

3.1. Patient Demographics. The overall median follow-up
period, median BCR-free survival duration, and OS were 49.1
(range, 7.1-148.3) months, 42 (range, 1-48) months, and were
not yet achieved, respectively. In the NHT group, the median
treatment duration of NHT was 4 months. Table 1 shows the
distribution of clinicopathological variables in the NHT and
non-NHT groups before and after PS matching. The results
showed no differences in the distribution of preoperative
clinicopathological factors between the two groups before PS
matching, except for initial PSA level, ECE, lymphovascular
invasion (LVI), perineural invasion, neurovascular bundle
saving, and positive RM. After PS matching, only ECE,
LVI, and neurovascular bundle saving were significantly
different between the two groups. Other baseline patient
demographics by group before and after the PS matching are
summarized in Table 1.

3.2. Prognostic Factors for Resection Margin Positivity. The
results from the univariable logistic regression model showed
that before PS matching, NHT was a significant factor for
predicting RM positivity (Table 2); however, it was no longer
associatedwithRMpositivity in themultivariatemodel. Con-
versely, tumor volume ≥50% and ECEwere significant factors
for RM positivity in both the univariable and multivariable
models. After PS matching, NHT was no longer a significant
factor for RM positivity.

3.3. Prognostic Factors for Biochemical Recurrence andOverall
Survival. Before PS matching, NHT was not a significant
prognostic factor for BCR in both univariable and multi-
variable Cox proportional hazards model results (Table 3).
The initial PSA level, ECE, and LVI remained significant
independent factors for BCR in the multivariable model.
Even after matching, NHT was not a significant factor
for BCR (p=0.554). As for OS, there were no significantly
associated clinical variables before or after PS matching.
Surprisingly, NHT failed to show a significant association
with OS (Table 4).
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Table 1: Baseline characteristics before and after propensity score matching.

Characteristic
Before propensity score matching After propensity score matching

RRP RRP+NHT p value RRP RRP+NHT p value
N(%) N(%) N(%) N(%)

No. of patients 97 (55.1) 79 (44.9) 50 (50.0) 50 (50.0)
Age 0.710 0.410
<65 33 (34.0) 29 (36.7) 17 (34.0) 21 (42.0)
≥65 64 (66.0) 50 (63.3) 33 (66.0) 29 (58.0)

PSA <.001 1.000
<40 84 (86.6) 37 (46.8) 37 (74.0) 37 (74.0)
≥40 13 (13.4) 42 (53.2) 13 (26.0) 13 (26.0)

Biopsy Gleason score sum 0.476 0.401
<7 16 (16.5) 10 (12.7) 9 (18.0) 6 (12.0)
≥7 81 (83.5) 69 (87.3) 41 (82.0) 44 (88.0)

Tumor volume 0.178 1.000
<50% 62 (63.9) 58 (73.4) 31 (62.0) 31 (62.0)
≥50% 35 (36.1) 21 (26.6) 19 (38.0) 19 (38.0)

Clinical T stage
2 1 (1.0) 3 (3.8) 1 (2.0) 1 (2.0)
≥3 96 (99.0) 76 (96.2) 49 (98.0) 49 (98.0)

Clinical N stage
0 90 (92.8) 57 (72.1) 45 (90.0) 34 (68.0)
1 7 (7.2) 22 (27.9) 5 (10.0) 16 (32.0)

Extracapsular extension 60 (61.9) 30 (38.0) 0.002 34 (68.0) 22 (44.0) 0.016
Seminal vesicle invasion 37 (38.1) 33 (41.8) 0.625 21 (42.0) 20 (40.0) 0.839
Lymphovascular invasion or emboli 32 (33.0) 9 (11.4) 0.001 17 (34.0) 6 (12.0) 0.009
Perineural invasion 79 (81.4) 52 (65.8) 0.018 40 (80.0) 37 (74.0) 0.476
Apex involvement 25 (25.8) 11 (13.9) 0.053 13 (26.0) 7 (14.0) 0.134
Lymph node dissection 86 (88.7) 76 (96.2) 0.066 43 (86.0) 49 (98.0) 0.059
Neurovascular bundle saving 47 (48.5) 17 (21.5) <.001 25 (50.0) 12 (24.0) 0.007
Resection margin 36 (37.1) 16 (20.3) 0.015 19 (38.0) 11 (22.0) 0.081
Death 7 (7.2) 11 (13.9) 0.144 6 (12.0) 7 (14.0) 0.766
The p value was calculated using Pearson’s chi-squared test between NHT and non-NHT groups.

Table 2: Logistic regression model for resection margin positivity before and after propensity score matching.

Variables
Before propensity score matching After propensity score matching

Univariable analysis Multivariable analysis Univariable analysis
OR (95% CI) p value OR (95% CI) p value OR (95% CI) p value

NHT plus RRP versus RRP alone 0.43 (0.22-0.86) 0.016 0.59 (0.27-1.30) 0.188 0.46 (0.19-1.11) 0.084
Age ≥65 0.82 (0.42-1.60) 0.561 0.73 (0.30-1.74) 0.473
PSA ≥40 1.41 (0.71-2.79) 0.328 4.23 (1.64-10.93) 0.003
Biopsy Gleason score sum ≥7 1.47 (0.56-3.91) 0.436 1.86 (0.49-7.15) 0.365
Tumor volume ≥50% 6.67 (3.26-13.62) <.001 3.68 (1.67-8.09) 0.001 5.78 (2.28-14.63) <.001
Extracapsular extension 9.33 (4.04-21.53) <.001 5.26 (2.13-12.96) <.001 6.29 (2.16-18.33) 0.001
Seminal vesicle invasion 2.86 (1.47-5.58) 0.002 3.07 (1.27-7.42) 0.013
Lymphovascular invasion or emboli 4.67 (2.23-9.80) <.001 4.59 (1.71-12.28) 0.002
Perineural invasion 5.93 (2.00-17.57) 0.001 2.42 (0.75-7.86) 0.141
Apex involvement 253.23 (32.55-.) <.001 NA
Lymph node dissection 1.05 (0.32-3.52) 0.934 0.69 (0.15-3.10) 0.631
Neurovascular bundle saving 0.55 (0.27-1.11) 0.094 0.51 (0.20-1.31) 0.165
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Table 3: Cox proportional hazards model for biochemical recurrence before and after propensity score matching.

Variables
Before propensity score matching After propensity score matching

Univariable analysis Multivariable analysis Univariable analysis
HR (95% CI) p value HR (95% CI) p value HR (95% CI) p value

NHT plus RRP versus RRP alone 1.05 (0.69-1.61) 0.809 1.03 (0.62-1.72) 0.906 0.84 (0.47-1.49) 0.554
Resection margin 1.51 (0.97-2.36) 0.071 2.14 (1.18-3.86) 0.012
Age ≥65 0.72 (0.46-1.10) 0.128 0.61 (0.34-1.08) 0.091
PSA≥40 2.14 (1.40-3.29) 0.001 2.23 (1.38-3.60) 0.001 3.19 (1.77-5.76) <.001
Biopsy Gleason score sum ≥7 2.35 (1.13-4.87) 0.022 2.77 (0.99-7.73) 0.052
Tumor volume ≥50% 1.78 (1.15-2.75) 0.010 2.50 (1.41-4.44) 0.002
Extracapsular extension 2.47 (1.59-3.85) <.001 2.10 (1.30-3.41) 0.003 5.04 (2.48-10.23) <.001
Seminal vesicle invasion 2.20 (1.44-3.36) <.001 2.42 (1.36-4.30) 0.003
Lymphovascular invasion or emboli 2.35 (1.50-3.68) <.001 1.85 (1.13-3.05) 0.015 3.32 (1.83-6.00) <.001
Perineural invasion 2.04 (1.18-3.51) 0.011 3.61 (1.43-9.17) 0.007
Apex involvement 1.71 (1.05-2.78) 0.031 2.39 (1.26-4.54) 0.008
Lymph node dissection 1.09 (0.47-2.49) 0.845 2.28 (0.55-9.41) 0.256
Neurovascular bundle saving 0.62 (0.39-0.99) 0.045 0.56 (0.30-1.05) 0.070

Table 4: Cox proportional hazards model for overall survival before and after propensity score matching.

Variables
Before propensity score matching After propensity score matching

Univariable analysis Univariable analysis
HR (95% CI) p value HR (95% CI) p value

NHT plus RRP versus RRP alone 1.35 (0.52-3.51) 0.539 0.77 (0.25-2.38) 0.650
Resection margin 1.62 (0.60-4.38) 0.338 1.94 (0.63-5.98) 0.250
Age ≥65 1.27 (0.45-3.55) 0.654 1.29 (0.40-4.22) 0.669
PSA≥40 1.04 (0.39-2.77) 0.943 0.67 (0.15-3.04) 0.599
Biopsy Gleason score sum ≥7 1.36 (0.39-4.75) 0.630 0.84 (0.23-3.10) 0.795
Tumor volume ≥50% 2.17 (0.82-5.77) 0.120 3.01 (0.97-9.28) 0.056
Extracapsular extension 1.03 (0.41-2.62) 0.948 1.22 (0.41-3.65) 0.717
Seminal vesicle invasion 1.84 (0.71-4.77) 0.210 1.53 (0.48-4.86) 0.471
Lymphovascular invasion or emboli 0.45 (0.10-1.95) 0.286 0.70 (0.16-3.17) 0.644
Perineural invasion 2.69 (0.77-9.34) 0.119 2.22 (0.49-10.09) 0.301
Apex involvement 1.59 (0.51-4.94) 0.421 3.02 (0.87-10.53) 0.083
Lymph node dissection NA NA
Neurovascular bundle saving 0.62 (0.22-1.75) 0.370 0.69 (0.21-2.23) 0.532

4. Discussion

Discussions regarding the efficacy of NHT on RM and
survival prognoses are typically met with the issue of dif-
ferent and heterogeneous baseline characteristics of enrolled
patients with different tumor burdens in PC [9]. Our research
group published two retrospective studies about the efficacy
of NHT in PC [2, 10], showing that 75.4% of patients had
pathologic RM negative, 19.5% had undergraded Gleason
score, 50.0-57.1% of BCR rate, and 3.0-5.6%had nonrecurrent
statuses with pT0 until a median follow-up of 59 months.
However, both of these studies had a limitation of heteroge-
neous baseline characteristics.

In order to adjust for this imbalance in the baseline
clinicopathological variables between patients with and with-
out NHT, this study evaluated the effect of NHT on three
main comparative endpoints (RM positivity, BCR, and OS)

between NHT and non-NHT groups using PS matching in
patients with locally advanced PC who underwent RP. Uti-
lization of PS matching corrected the baseline differences for
disease state and tumor burdens within the two groups and
revealed the inefficacy of NHT on decreasing RM positivity,
BCR, and OS, which was contrary to previous reports [2, 10,
11], and which was accorded to the current EAU guideline
of PC [3]. The current EAU guideline recommended NHT
only for patientswith intermediate or high risk PC if receiving
definitive radiation therapy.

The rationale for using NHT in PC was to decrease
the size of the prostate volume by inhibiting the growth of
hormone sensitive prostate cells and cancer cells. Decreasing
prostate size might help clinicians to resect the prostate more
efficiently and easily, with less intraoperative comorbidities
during RP. However, the results of this study were consistent
with those of previous studies that showed that HT did not



BioMed Research International 5

completely eliminate the PC cells. Additionally, the disease
states and the survival prognoses (BCR-free survival and
OS) were not affected by NHT [12, 13]. Once androgen
deprivation stops after discontinuing HT during intermittent
HT, PSA level increases and the tumormay eventually regrow
in the resection site. Other studies observed this process in
patients with clear RM and without HT, who experienced
recurrences at the operative site [1, 14]. However, some
studies, including ours, have reported that patients achieved
complete pathological response (about 0.2-5.4%) after HT,
reflecting potential eradication of advanced prostate cancer
with androgen deprivation therapy [2, 15, 16]. Patients with
pT0 stage PC are expected to have an extremely favorable
prognosis, especially in high risk or locally advanced PC.
Further studies should be conducted in patients with pT0
after HT.

Previous systemic reviews and meta-analysis reports
showed comprehensive assessments of the efficacy of HT
when used as NHT with RP for treatment of PC [1]. Similar
to this study, there was no improvement in clinically impor-
tant outcomes for OS, disease-specific survival, or BCR-
free survival when NHT was used with RP. This finding
was observed despite improvements in putative pathologic
surrogate outcomes, such as RM-free positive status (overall
incidence in this study, 74.4%) and pathological downstaging
(16.1%), particularly when NHT was maintained for >3
months (data not shown) [17].

In this study, the efficacy of NHTwas not statistically sig-
nificant; however, other studies have shown significant results
for prognosis and RM, as well as some specific indicators
for those patients with large tumor burdens [18–21]. In these
circumstances, NHT should be cautiously discussed with
patients and caregivers to make optimal treatment decisions,
particularly because there are no phase III randomized
controlled trials for NHT. For example, the use of NHT
only prior to RP should be discussed in those patients
with PC who have a larger prostate adenocarcinoma and a
highly expected intraoperative and postoperative morbidity.
A recent prospective 10-year NHT phase II study comparing
large bulky PC (defined as a tumor >4 cm in diameter)
or tumor involvement >50% of the gland with cancer and
nonbulky PC evaluated this issue [21]. The study included 62
patients with T3 or T4N0M0 who were administered NHT
with goserelin acetate and flutamide followed by RP. The
patients achieved longer progression-free survival (7.5 years)
and unreached OS (68% of 10-year OS) during a median
follow-up time of 10.6 years. This result suggested that NHT
might have a role in high volume locally advanced PC as
an alternative to combined radiation and HT. In contrast,
the present study had 90% of patients staged >T3, and PS
matching showed no significant efficacy of NHT (Tables 2–4).
The different results and interpretations between the two
studies might be influenced by the androgen blocking agents,
durations of NHT, and the adjuvant multidisciplinary and
multimodal therapeutic options, such as long-term HT and
external beam radiation therapy used after RP, which were
not matched between the NHT and non-NHT groups in this
study [22–24].

Additionally, administration of RP with NHT for 3
months might not be sufficient for improvement in disease-
free survival compared with RP alone. Meyer et al. demon-
strated that patients receiving NHT for more than 3 months
had a significantly lower risk of PSA failure than the RP
alone group [19]. In the work from the Canadian Urologic
Oncology Group in 500 patients [25], a significant difference
in BCR rates was not observed at 4 years, whereas continued
pathologic benefit and BCR of PC were observed when NHT
was used between 3 and 8 months. In the present study, we
were unable to control the duration of NHT usage due to the
retrospective design.

Another important factor affecting prognoses is the type
of drugs used for NHT. In a recent phase II, randomized,
open-label study of NHT with degarelix (gonadotropin-
releasing hormone [GnRH] receptor antagonist) versus
luteinizing hormone-releasing hormone (LHRH) agonist in
patients with PCprior to RP, neoadjuvant degarelix alone was
associated with higher levels of intratumoral dihydrotestos-
terone compared to the use of LHRH agonist and bica-
lutamide, despite similar testosterone levels [26]. Another
randomized phase II trial in patients with intermediate and
high risk PC who were administered NHT using LHRH
agonists alone versus LHRH agonists plus abiraterone acetate
prior to RP found that intraprostatic androgen levels of
the prostate specimens were significantly reduced in the
abiraterone plus LHRH agonist group than in the LHRH
agonist alone group. Additionally, a 7.1% of pT0 rate and a
55.4% of residual cancer burden/minimal residual disease
were reported for the entire cohort [27]. Heterogeneity of
NHT drugs might be a confounding factor in the present
study, and as such, future randomized controlled trials are
required to clarify this issue.

Last important consideration for the use of HT is HT-
associated complications. HT has its own local and systemic
side effects, secondary to the blockade of androgen hormone
[28, 29].The side effects fromHTare related to the duration of
HT use. Even though short-term NHT before RP is typically
used, the beneficiary effect of HT has been shown to occur
after more than 3 months [1, 4, 18, 19, 25]. Clinicians should
remain aware of the potential long-term side effects of HT,
as severe liver function abnormality (17%), bowel problems
(8%), and urinary and sexual (36%) problems have led to
discontinuation of HT [30]. Therefore, further prospective,
large-scale studies are needed to determine the true efficacy
of NHT; however, the findings from this study do not support
the use of NHT in locally advanced PC who underwent RP.

This study had limitations. First, this study had a small
sample from a single institution with a short follow-up
period. Second, the variations of the specific hormonal
treatments, the duration of NHT, timing of treatments, the
different antiandrogen agents and no adjustment of lymph
node status or other pathological parameters in PS matching
might have affected the results from the analyses. However,
the clinical significance of this study is the potential to
minimize the different baseline clinicopathological charac-
teristics of tumor burden and disease status between groups
using PS matching. Further studies with a large number of
subjects and long-term follow-up are required, and the effect
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of secondary hormonal agents should also be investigated
for their prognostic efficacy with and without androgen
deprivation therapy.

5. Conclusion

This study showed that NHT was not a significant factor in
predicting RM positivity, BCR-free survival, and OS before
and after PS matching in patients with locally advanced or
high risk localized PC who underwent RP.
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Background. Waldenström macroglobulinemia (WM) is a rare, indolent B-cell lymphoma. Clinically, chromosome 6q deletion
(6q del) including loss of the B lymphocyte-induced maturation protein 1 gene (BLIMP-1) is reported to be associated with
poor prognosis. However, it remains unclear how the underlying biological mechanism contributes to the aggressiveness of
WM with 6q del. Methods. Here, we conducted oligonucleotide microarray analysis to clarify the differences in gene expression
between WM with and without 6q del. Gene ontology (GO) analysis was performed to identify the main pathways underlying
differences in gene expression. Eight bonemarrow formalin-fixed paraffin-embedded samples ofWMwere processed for interphase
fluorescence in situ hybridization analysis, and three were shown to have 6q del. Results. GO analysis revealed significant terms
including “lymphocyte activation” (corrected p value=6.68E-11), which included 31 probes. Moreover, IL21R and JAK3 expression
upregulation and activation of the B-cell receptor signaling (BCR) pathway includingCD79a, SYK,BLNK,PLC𝛾2, andCARD11were
detected in WM with 6q del compared with WM without 6q del. Conclusion. The present study suggested that the BCR signaling
pathway and IL21R expression are activated in WMwith 6q del. Moreover, FOXP1 and CBLB appear to act as positive regulators of
the BCR signaling pathway. These findings might be attributed to the aggressiveness of the WM with 6q del expression signature.

1. Background

Waldenström macroglobulinemia (WM) is a rare, indolent
type of B-cell lymphoma with monoclonal IgM gammopathy.
B-cells, lymphoplasmacytic cells, and plasma cells (PCs) form
neoplasms in WM, with the bone marrow (BM) being the
main site of infiltration [1]. The disease has an overall annual
incidence of three permillion in the United States (US) [2, 3].

Cytogenetic analysis previously detected chromosome 6q
deletion (del), including loss of the B-lymphocyte-induced
maturation protein 1 gene (BLIMP-1) and TNFAIP3/A20, in
40%–55% of WM patients in the US and European countries
[4–8]. Furthermore, this aberration is recognized as one of
the factors associated with poor prognosis, higher serum IgM

levels, and a higher International Prognostic Scoring System
for WM (ISSWM) level [4–8].

However, it remains unclear how the underlying biologi-
cal mechanism contributes to the observed aggressiveness of
WM with 6q del. The present study therefore conducted an
oligonucleotide microarray analysis to clarify the biological
differences between WMwith and without 6q del.

2. Methods

2.1. Patients. Newly diagnosed symptomatic WM patients
attending the National Hospital Organization Disaster Medi-
cal Center from January 2010 to March 2014 were enrolled in
this study. Samples of cases whose comprehensive agreement
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had been obtained were subject for the study. The WM
diagnostic criteria used in the present study were according
to the revised 4th edition of World Health Organization
(WHO) classification of tumours of haematopoietic and
lymphoid tissues [1]. Briefly, these included detection of the
IgM monoclonal protein and BM neoplastic cells including
lymphocytes, CD20-positive lymphoplasmacytic cells, and
some PCs more than 10 % and presence of symptoms.

Patient clinical data were obtained from their medi-
cal charts and included age, sex, performance status (PS),
hemoglobin level, platelet count, serum 𝛽2-microglobulin
level, ISSWM [9], serum M-protein, B symptoms, hep-
atomegaly, splenomegaly, and lymphadenopathy. PS was
determined according to the Eastern Cooperative Oncology
Group scale [10].

2.2. Pathological Review. A pathological review confirmed
that all cases were IgM-WM according to the revised 4th
edition of WHO classification [1]. MALT lymphoma or CLL
with monoclonal IgM protein were carefully excluded from
the study. Using BM biopsied specimens, the infiltration
pattern of neoplastic cells was divided into four groups:
diffuse, interstitial, paratrabecular, and nodular. Additionally,
the PC%, lymphoplasmacytic cell %, lymphocyte %, and total
neoplastic cells% in BM were evaluated from BM smears.

2.3. Fluorescence In Situ Hybridization Analyses (FISH).
Cytogenetic aberrationswere obtained by FISH analysis using
the A20/BLIMP-1/SHGC-79576 Three Color Probe (Cancer
Genetics Italia� SRI, Mila, Italy) to detect 6q del. A20 and
BLIMP-1 are located at 6q23 and 6q21, respectively, and
the 6q deletion can be easily detected by comparing the
signal intensity of this region with that of the chromosome 6
centromere [11]. Interphase FISHwas performed using stored
BM aspirate patient specimens, and results were recorded
according to ISCN 2016 [12]. The normal cut-off values for
deletions in the chromosomal region were defined as means
+ 3SD of the results for 20 normal controls.

2.4. Oligonucleotide Microarray Analyses. cDNA microarray
analysis was performed following the manufacture’s instruc-
tion. Briefly, formalin-fixed paraffin-embedded BM biopsied
samples were deparaffinized and total RNA was extracted
using the RNeasy FFPE kit (Qiagen, Venlo, the Netherlands).
Isolated total RNA was converted into cDNA, followed by
cDNA amplification. After this, 4 𝜇g of cDNA was frag-
mented at 37∘C for 30 min and then biotinylated using the
Encore cDNA(Nugen, SanCarlos, CA). Biotin-labeled cDNA
was hybridized to the Human Genome U133 Plus 2.0 Array
(Affymetrix, Santa Clara, CA).The array was incubated for 18
h at 45∘C, then automatically washed, and stained using the
GeneChip Hybridization, Wash, and Stain Kit (Affymetrix).
The array was scanned using a GeneChip Scanner 3000 7G.

2.5. Immunohistochemistry. Paraffin-embedded BM speci-
mens underwent heat-induced antigen retrieval in pH 6.0
citrate buffer. Polyclonal antibodies against IL-21R (1:500,
NBP1-87502, Novus Biological, Littleton, CO) were used.

After incubation with the primary antibody, slides were
incubated with the secondary antibody, One-Step Polymer-
HRP (BioGenex, Fremont, CA), for visualization. The IL-21R
staining pattern was categorized into three groups: <30%,
30%–70%, and >70% of lymphoplasmacytic cells and PCs.

2.6. Statistical Analysis. Descriptive statistics of each clinical
data were calculated by IBM SPSS Statistics for Windows
24.0J. Oligonucleotide microarray analyses were carried out
using GeneSpring GX software version 13.0 (Agilent Tech-
nologies, Santa Clara, CA). Briefly, described as follows, the
expression values were calculated from the raw data using the
MBEI algorithm [13]. Only probes that signal intensity were
within 20 to 100 percentile in each array which were included
in the comparative analysis. The genes corresponding to
probes having a change in intensity exceeding a ratio of
four were considered as genes with a significant differential
expression pattern. In parallel, unpaired t-test with unequal
variance (Welch’s t-test) was performed to compare the
means of the two groups of replicates. Probes with a p value
less than 0.05 were considered having significant different
signal value. GO analysis was then performed on the sets of
probes above the 4-fold ratio that passed the t-test to identify
the main pathways underlying differences in gene expression.
We arbitrary selected 4-fold different expression as a cut-off
ratio instead of considering false discovery rate, because of
the small sample size, and we performed the oligonucleotide
microarray analysis as an exploratory research. Ontologies
with corrected p-values <0.1 were considered significant.
The microarray datasets used in the present study were
deposited in the Gene Expression Omnibus under acces-
sion number GSE70511 (http://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE70511).

3. Results

3.1. Clinical Features. Eight patients were enrolled in the
study, and characteristics are shown in Table 1. Briefly, the
median age was 71.5 years, and the male/female ratio was
5/3. ISSWM low/int/high was observed as 0/4/4. Median
monoclonal M-protein levels were 2.65 g/dL (range: 0.8–4.28
g/dL). A total of two patients were observed to have constitu-
tional B symptoms; one had hepatomegaly, and another had
splenomegaly. Adenopathy and cold agglutinin disease were
found in two patients each. Diffuse, interstitial, paratrabecu-
lar, and nodular patterns of neoplastic cell invasion into the
BM were seen in seven, zero, one, and zero patients, respec-
tively. The median small lymphocyte %, lymphoplasmacytic
cell %, and PC% were 39.0 %, 3.3%, and 1.9 %, respectively,
with total neoplastic cells accounting for 45.7%.

3.2. Cytogenetic Analysis and Correlations between 6q del and
Individual Characteristics. To detect 6q del, fluorescent in
situ hybridization (FISH) analysis was performed (Figures
1(a) and 1(b)). The cut-off value for loss of BLIMP-1 and A20
was 3%. Three of the eight cases had 6q del, in which both
genes were deleted, and the other five cases did not have 6q
del.Median serumM-protein levels were 3.14 g/dL in patients
with 6q del, compared with 2.25 g/dL in those without 6q
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Table 1: Patient characteristics.

all (N=8) 6q del (+) (N=3) 6q del (-) (N=5)
Median Age (old, range) 71.5 (58-79) 76 (70-79) 71 (58-76)
Sex (M/F) (%) 5/3 2/1 3/2
PS>1 (%) 5 2 3
Hb <11.5 g/dL (%) 6 3 3
plt <10×109/L (%) 1 0 1
𝛽2MG>3mg/L (%) 3 (64.3) 2 2
Median M-protein (g/dL) 2.65 (0.8-4.28) 3.14 (2.13-4.28) 2.25 (0.8-3.87)
ISSWM(Low/Int/High) (%) 0/4/4 (9/36/55) 0/1/2 0/3/2
B-symptom (%) 2 (29.4) 1 1
Hepatomegaly (%) 1 (23.8) 0 1
Splenomegaly (%) 1 (23.8) 0 1
Lymphadenopathy (%) 2(25) 0 2
Cold agglutinin disease 2 0 2
Infiltration pattern (D/P) 7/1 3/0 4/1
Plasma cell (%) 1.9 (1-3.6) 2.0 (1-2.2) 1.8 (1.2-3.6)
Lymphoplasmacytic cell (%) 3.3 (2.4-8.6) 7.1 (2.6-8.6) 3.0 (2.4-5.2)
Small lymphocyte (%) 39.0 (29.4-62.8) 41.6 (35.9-62.8) 36.4 (29.4-46.8)
Total neoplastic cell (%) 45.7 (36-72.4) 46.4 (45-72.4) 41.4 (36-50.4)
PS: performance status; Hb: hemoglobin; plt: platelets; 𝛽2MG: 𝛽2-microglobulin; cCa: calculated Ca; ISSWM: International Prognostic Scoring System for
Waldenström Macroglobulinemia.

del. ISSWM low/int/high was 0/1/2 in patients with 6q del,
compared with 0/3/2 in patients without 6q del. The median
small lymphocyte %, lymphoplasmacytic cell %, PC %, and
total neoplastic cell % were 41.6 %, 7.1%, 2.0%, and 46.4%,
respectively, in those with 6q del, versus 36.4%, 3.0%, 1.8%,
and 41.4%, respectively, in those without 6q del.

3.3. Oligonucleotide Microarray. All the eight cases’ samples
were subjected for oligonucleotide microarray analysis. To
clarify the differences in gene expression between WM
with and without 6q del, we performed oligonucleotide
microarray analyses and detected that a total of 428 probes,
corresponding to 324 annotated genes, were upregulated (p
value < 0.05 and fold change > 4.0), and a total of 112 probes,
corresponding to 96 annotated genes, were downregulated
(p value < 0.05 and fold change < 0.25) in WM with 6q
del (Supplementary Tables 1 and 2). Among genes located
on chr 6q, 4 genes were upregulated, and 5 genes were
downregulated, while both BLIMP-1 and A20 were neither
upregulated nor downregulated.

Consecutively, gene ontology (GO) analysis was per-
formed, and GO terms including “lymphocyte activation”
(corrected p value=6.68E-11) and “B-cell activation” (cor-
rected p value=2.15E-08) were statistically significant in the
upregulated gene lists relative to the all genes on the microar-
ray (Table 2). A network analysis of GO terms associated with
“lymphocyte activation” included 31 probes and 30 genes,
listed in Table 3. Genes involved in the B-cell receptor (BCR)
signaling pathway, includingCD79a, SYK,BLNK, PLC𝛾2, and
CARD11, were shown to be activated in WM with 6q del
compared withWMwithout 6q del. Other upregulated genes
included IL-21R, JAK3, IFN𝛾, and FOXP1. In contrast, the

GO term “plasma cell differentiation” was not statistically
significant (data not shown).

3.4. Immunohistochemistry of Interleukin (IL)-21R. To con-
firm the upregulation of the IL21R protein inWMwith 6q del,
we performed immunostaining analysis. Figures 1(c) and 1(d)
show that all three patients with 6q del had >70%positivity of
IL-21R in lymphoplasmacytic cells and PCs. In WM without
6q del, one case was categorized as 30%–70%positivity, while
the remaining four cases showed <30% positivity.

4. Discussion

WM is a rare entity of low-grade B-cell lymphoma with IgM
monoclonal gammopathy according to classification by the
WHO [1]. The most commonly involved site of infiltration is
the BM, and some patients have adenopathy, hepatomegaly,
and splenomegaly [1]. Neoplastic cells consist of CD20-
positive B-cells and lymphoplasmacytic cells, while some PCs
are also considered to be neoplastic [14]. Recently, Treon
et al. [15] reported that the MYD88 L265P mutation has
been recognized in about 90% of WM cases in the US
and in 70%–90% of cases worldwide [16]. This mutation
is also found in 47% of patients with IgM monoclonal
gammopathy of undetermined significance (IgM-MGUS)
and is associated with a higher risk of disease progression to
WM and splenic marginal zone lymphoma [17]. It is known
to be a major mechanism of oncogenesis and is linked with
Toll-like receptor (TLR) signaling pathway activation [15].
Furthermore, Yang et al. identified Bruton tyrosine kinase
(BTK) complexed to MYD88 in L265P-expressing WM cells,
with preferential binding of MYD88 to phosphorylated BTK
[18].
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(a) (b)

(c) (d)

Figure 1: FISH analysis of BM aspirates using the A20/BLIMP1/SHGC-79576	ree Color Probe (Cancer Genetics Italia�) and IL21R
stainingof aBMbiopsied specimen.Green, red, and yellow signals represent BLIMP1, A20, and SHGC-79576, respectively. (a) 6q del pattern.
One green, one red, and two yellow signals were detected, showing nuc ish(SHGC-79576 x2, BLIMP-1x1, A20 x1). (b) Normal pattern. Two
green, two red, and two yellow signals are recognized, showing nuc ish (SHGC-79576, BLIMP-1, A20) x2. (c) >70% positivity of IL-21R in
lymphoplasmacytic cells and plasma cells (original magnification×600). (d)<30%positivity of IL-21R in lymphoplasmacytic cells and plasma
cells (original magnification ×600).

In contrast, 6q del, including loss of BLIMP-1 [19–21] and
A20 [22, 23], is recognized in 40%–55% of WM cases in
the US and European countries [4–8, 14]. However, it is not
recognized in IgM-MGUS, suggesting that it is a secondary
event [7]. 6q del has long been thought to be involved in
oncogenesis and is also reported to be associated with poor
prognostic factors, such as higher levels of IgMandC-reactive
protein and poor-risk patients with high ISSWM levels [4–6].
Nevertheless, the underlying biological mechanism of 6q del
in WM is unclear.

Several studies regarding genes expression analyses in
WMwere performed, and these studies contributed to eluci-
date the biology and activated pathway inWM[24–26]. Chng
et al. firstly conducted genes expression analyses in WM
[24]. They reported that the most significantly upregulated

gene was IL6, and the most significantly associated pathway
for genes-set was MAPK signaling in WM compared to
chronic lymphocytic leukemia (CLL) and multiple myeloma
(MM). San Miguel and colleagues found deregulation of
genes involved in plasma cell differentiation including PAX5,
which was overexpressed, while BLIMP-1 and IRF4 were
underexpressed in WM in comparison with CLL and MM.
In addition, they hypothesized that lack of PAX5 repression
contributed to the upregulation of 3 genes of BCR signaling
pathway including CD79, BLNK, and SYK in WM [25].
Jiménez et al. reported that CD79A (B cell activation), IRF3,
MYD88, MEK1, P38 (TLR pathway), and WNK1 (MAPK
pathway) were overexpressed in WM compared to IgM-
MGUS, in which pathways might be responsible for WM cell
growth and survival [26].
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Table 2: Significant terms on the gene ontology list.

GO Number GO term P-value Numbers of probes
GO:0046649 lymphocyte activation 6.68E-11 31
GO:0043486 histone exchange 1.81E-10 14
GO:0034508 centromere complex assembly 3.22E-10 14
GO:0043044 ATP-dependent chromatin remodeling 1.02E-09 14
GO:0045321 leukocyte activation 2.49E-09 32
GO:1903706 regulation of hemopoiesis 9.44E-09 27
GO:0042113 B cell activation 2.15E-08 18
GO, gene ontology.

Table 3: Genes up-regulated in WM with 6q del compared with WMwithout 6q del.

Function categories Up-regulated gene
B-cell receptor signaling pathway CD79a, SYK, BLNK, PLC𝛾2, CARD11
IL21/21R signaling pathway IL21R, JAK3
NF-kB activater FOXP1
Ubiqutin ligase CBLB
Ikaros zinc finger family IFZF3
Cytokines IFN𝛾

Other genes MSH6, IMPDH2, AKAP17A, CCR7, MEF2C, POU2F2, ITPKB, BANK1, IL7R, LAX1,
ERCC1, PRKCB, KLRC4-KLRK, HDAC9, ITGAL, GON4L, PSEN1, RHOH, PSEN1

WM,Waldenstrom macroglobulinemia.

One of the unique findings of the present study was that
genes involved in the BCR signaling pathway [23], including
CD79a, SYK, BLNK, PLC𝛾2, and CARD11 are upregulated in
WMwith 6qdel patients comparedwith thosewithout 6q del.
Little is known about BCR pathway upregulation inWM[25],
although various subtypes of B-cell lymphomas are associated
with BCRpathway activation [27]. However, Argyropoulos et
al. suggested that the BCR pathway is activated in WM fol-
lowing phosphoprofiling analysis [28]. Moreover, it is widely
accepted that BLIMP-1 suppresses B-cell proliferation and
activation, including the BCR signaling pathway, and orches-
trates mature PC differentiation by suppressing the expres-
sion of genes necessary for commitment and maintenance of
the B-cell identity, including PAX5 and XBP-1 [29, 30].

During preparation for this manuscript, Staudt and col-
league reported that MYD88, TLR9, and BCR complexes
(My-T-BCR Complexes) exist in activated B-cell like diffuse
large B-cell lymphoma and in WM, which might play a
role in tumor growth and survival [31] (Figure 2). In the
present study, the BCR signaling pathway was activated in
WM with 6q del patients, which might result from the
decreased inhibition occurring through the loss of BLIMP-1.
However, no difference in the proportion of PCs in the BM
was observed between WM with and without 6q deletion.
Furthermore, BLIMP-1 was not among downregulated genes
in the present study, suggesting that loss of BLIMP-1 does not
affect PC differentiation. Considering these results, the loss
of BLIMP-1 did not appear to act as a loss of heterozygosity
regarding PC differentiation.

We also observed IL21R and JAK3 overexpression inWM
with del 6q. Investigators from the Mayo Clinic previously
reported that the IL21/21R pathway contributes to IgM secre-
tion and WM cell proliferation via the JAK/STAT signaling
pathway in a WM cell line and WM patient samples [32].
Considering these results, it is conceivable that increased IgM
levels inWMwith 6q del are attributable to IL21/21R pathway
activation. In the present cohort, the median M-protein level
was higher in patients with 6q del than those without 6q del,
although the result was not statistically significant because of
the small sample size.

Our cDNA microarray analysis of WM with 6q del. also
revealed the overexpression of FOXP1 and the Casitas B-
lineage lymphoma b gene (CBLB). FOXP1 overexpression
is widely accepted to be a factor of poor prognosis in
activated B-cell-like subtype diffuse large B-cell lymphoma
andmarginal zoneB-cell lymphoma,mucosa-associated lym-
phoid tissue type [33, 34]. Its overexpression was also shown
to lead to the constitutive activation of the nuclear factor-𝜅B
pathway as well as BCR, CD40, and TLR signaling pathways
[35]. CBLB encodes a protein involved in the ligand-induced
clustering of BCR on the cell surface and delivery of BCR-
captured ligands to TLR9 [36]. Considering these findings,
FOXP1 andCBLBmight act as positive regulators for the BCR
signaling pathway in WMwith 6q del. patients (Figure 2).

Our present findings might represent an aggressive
expression signature of WM with 6q del., although it should
be noted that the study was rather exploratory and the sample
size was very small.
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Figure 2: Schema of putative biological mechanisms of aggressiveness in Waldenström macroglobulinemia with 6q deletion.
Upregulated genes in the present study are represented by bold font and dark shapes.

5. Conclusion

The present study suggested that the BCR signaling pathway
and IL21R expression are activated in WM with 6q del., and
FOXP1 and CBLB appear to act as positive regulators of the
BCR signaling pathway. Thus, our present findings might
represent an aggressive expression signature of WM with 6q
del.
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428 probe sets. Among them, the first 342 probes that were
allocated to genes or loci are shown according to Entrez
Gene number in ascending order, and the remaining 86
probes that were not allocated to loci are shown according to
fold changes in descending order. Supplementary Table 2.
Downregulated gene sets in WM with 6q del compared with
WMwithout 6q del.The sheet contains 112 probe sets. Among
them, the first 98 probes that were allocated to genes or loci
are shown according to Entrez Gene number in ascending
order, and the remaining 14 probes that were not allocated to
loci are shown according to fold changes in ascending order.
(Supplementary Materials)
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Colorectal carcinoma is one of the common cancers in human. It has been intensely debated whether the in vitro cancer cell lines
are closely enough for recapitulating the original tumor in understanding the molecular characteristic of CRC. Organoid as a
new in vitro 3D culture system has sprang out in CRC study for the capability in reviving the original tissue. The aim of this
study is to profile the gene expression of CRC organoid. The gene expression GSE64392 was from GEO database contained 20-
patients-derived 37 organoid samples, including 22 colorectal tumor organoid samples and 15 paired healthy samples. Gene ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) were applied for classifying differentially expressed genes (DEGs).
Protein interaction among DEGs was analyzed by Search Tool for the Retrieval of Interacting Genes (STRING) and Cytoscape
software. In total, 853 gene sequenceswere identified.GOanalysis revealed thatDEGswere extensively involved in various biological
process (BP), like proliferation, cell cycle, and biosynthesis. KEEG pathway analysis showed thatWNT,MAPK, TGF-𝛽, SHH, ECM-
receptor interaction, and FGF pathways were altered. DEGs which were identified with protein interactions were major response
for extracellular matrix organization and the GPCR pathway. In conclusion, our study profiled the DEGs in CRC organoids and
promotes our understanding of the CRC organoids as a new model for colorectal cancer research.

1. Introduction

Colorectal carcinoma (CRC) is one of the major cancers
and is a contributor to cancer mortality and mobility in
human. A variety of studies have revealed critical mutations
of genes and the dysregulation of signaling pathways is
important for the development of CRC [1]. Nevertheless,
like other cancers, CRC presents the instability in genome,
which usually leads to the diversity of cancer cell phenotype
[1]. The genomic instability consisting of gene mutation
and chromosomal hyperchange has been investigated as an
important contributor of CRCs [1, 2]. To date, cancer cell lines
are still mainly used in tumor research, as the accessibility
and ease inmanipulation [3], whereas cancer cell lines can be
representative of tumors as an in vitro system is controversial
[4, 5]. Recently, the Cancer Cell Line Encyclopedia (CCLE)
characterized nearly 1,000 cancer cell lines via larger-scale
genomic application [6]. Most cancer cell lines exhibited

a relatively positive correlation in representing the original
tumors from which cancer cell lines were derived. However,
most cancer cell lines were derived from highly aggressive
and fast growing tumor [3]; they tend to possess more
genomic alterations than primary tumor, leading to be partial
in representing the initiation or development of tumor [3].
Cancer cell line apparently limits in representing clinical
attributes, like diagnosis, drug response, and treatment. A
recent developed 3D culture system, organoid technology,
demonstrated the maintenance of primary crypt physiology
[7]. Then a long-term culture system was established for
human intestinal and colonic epitheliumorganoid, indicating
the application in development, pharmacology, and tumori-
genesis of colon [8]. In addition, a large scale sequencing has
been performed to characterize the developmental lineage
tree on the organoid platform, reviving several features of
normalmouse development [9].Most recently, an established
organoid bank of CRC patients resembled the primary tumor
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tissue physiologically [10]. Moreover, the genomic feature
of tumor organoid mimics the primary tissue extensively
[10]. Thus, analyzing the gene expression profile and the
interaction of differentially expressed genes (DEGs) network
of CRC organoid is crucial for understanding the biomedical
application of organoid technology in CRCs and sustains that
organoid is promising in personalized CRC therapy.

In this study, we analyzed gene expression profiles of
healthy and tumor organoids of CRC patients with the
GEO2R supported by Gene Expression Omnibus (GEO,
http://www.ncbi.nlm.nih.gov/geo/). Subsequently, the DEGs
were subjected toDAVID, to perform the gene ontology (GO)
and pathway enrichment analysis. Then, we investigated
the protein interaction among the DEGs. Our study may
provide insight of organoids derived from patients as a
potential 3D system for investigating the development of
CRCs.

2. Materials and Methods

2.1. Microarray Data. The gene expression array of patients-
derived healthy and tumor organoids GSE64392 was from
GEO database. GSE64392, which was based on Affymetrix
Human Gene 2.0 ST Arrays, was submitted by Marc van
de Wetering et al. The GSE64392 dataset contained 37
organoid samples derived from 20 patients, including 22
colorectal tumor organoid samples and 15 paired healthy
samples.

2.2. Gene Expression Profile Analysis. Differentially expressed
genes were analyzed with the GEO2R, which accompanies
with the GEO dataset and is supported by GEO database and
available at https://www.ncbi.nlm.nih.gov/geo. Data were
analyzed with default parameters. Genes with Log2-fold
change between tumor and healthy samples ≥1 or ≤-1 were
classified as differentially expressed genes (DEGs) and the
adjusted P-value (adj.P.Val) < 0.05 was considered as statis-
tical significance.

2.3. Gene Ontology and Pathway Analysis. Database for An-
notation, Visualization, and Integrated Discovery (DAVID:
https://david.ncifcrf.gov/) is a web application integrated var-
ious annotation sources including Gene ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) and is
essential for the interpretation of high-throughput datasets.
DAVID was applied for analyzing the enrichment of GO and
KEGG pathway of DEGs. P<0.05 was considered as statistical
significance.

2.4. Protein-Protein Interactions (PPIs) Analysis. Search Tool
for the Retrieval of Interacting Genes (STRING) is a web-
accessible database of protein-protein interactions (PPIs).
STRING (version 10.5) currently covers 9643763 proteins
from 2031 organisms, including Homo sapiens. To evaluate
the protein associations among DEGs, we mapped the DEGs
to STRING; interactions with combined score≥ 0.4 (medium
confidence) were considered significant. Cytoscape (3.5.1)
was used to visualize the interaction network. The plugin

Molecular Complex Detection (MCODE) was performed to
screen the network, with the MCODE score >3. Pathway
enrichment was analyzed for clusters; P<0.05 was considered
as significant difference.

3. Results

3.1. Differentially Expressed Genes. Tissue derived organoids
profoundly preserved the basic morphology and organiza-
tion of primary tissues [7, 8, 10]. Moreover, tumor derived
organoids profoundly revealed the genomic features of pri-
mary tumors [10]. Marc van de Wetering et al. compared
the transcriptome profile of organoids with paired tumor
tissues from nine patients. The gene expression profile of
organoids displayed a high correlation (Pearson correlation
0.918 ± 0.040) with original paired biopsies, suggesting that
organoids successfully recaptured the primary tumors on
the scale of gene expressions [10]. Thus, it is grounded to
analyze the organoids-based transcriptome profile. In this
study, the total 37 organoid samples consistingwith 22 tumors
and 15 healthy samples were analyzed. Based on the GEO2R
analysis, 853 gene sequences were identified. Only genes
with GeneBank accession number according to National
Center for Biotechnology Information (NCBI) database were
listed as differentially expressed genes. Thus, a total of 405
genes were classified, 100 genes were upregulated in tumor
organoid samples, and 305 genes were downregulated (Data
not shown). The expression of top 50 upregulated and top 50
downregulated genes is listed (Figure 1).

3.2. Gene Ontology (GO) Enrichment Analysis. GO analysis
was performed with the DAVID web application. Biological
processes (BP) essential for the tumorigenesis exhibited
the extensive mRNA expression change in tumor organoid
samples. We grouped cell cycle, cell proliferation, and growth
to the capability of tumor for doubling its population; both
upregulated and downregulated genes enriched in tumor
population process (Table 1). In addition, in tumor samples
gene expression alteration was found enriched in metastasis
and angiogenesis which are characters of cancer [11] (Table 1).
Upregulated genes also enriched in the process of biosynthe-
sis. Processes which are important for the survival of cancer
cells including cell death evasion, inflammation process,
and immune system all exhibited the genes downregulation
(Table 1). In addition, downregulated genes showed enrich-
ment in extracellular matrix organization, homeostasis, and
secretion process. For cell component (CC), hyperexpressed
genes only enriched in the plasma membrane. However,
genes those downregulated in tumor samples were found
in various aspects of cells, which could be mainly grouped
to extracellular part, cell-cell communication (cell junction),
plasma membrane, and cytoplasm organelles (Table 2). For
molecular function (MF), overexpressed genes exhibited
significant enrichments in nucleotide binding, including
DNA binding and RNA polymerase activity (Table 3). Genes
exhibiting the decrease in mRNA expression dramatically
enriched in signaling molecular binding, including ion bind-
ing and ligand-receptor binding (Table 3).

https://david.ncifcrf.gov/
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Figure 1: The top 100 differentially expressed genes (DEGs), 50 upregulated genes (a) and 50 downregulated genes (b).

3.3. KEGG Pathway Analysis. In the work by Marc van de
Wetering et al., it is presented that the mutation rates per Mb
of tumor organoids exhibited the similarity of paired biop-
sies. Mutations in organoids were predominantly CpG to T
transitions, consistent with original tumor tissues. Moreover,
somatic variants within the coding regions in organoids were
highly concordant with the corresponding biopsies for both
hypermutated and nonhypermutated patients (median = 0.88
frequency of concordance, range 0.62–1.00). Furthermore,
combine the analysis of somatic copy number alterations
(SCNAs) and single nucleotide variants (SNVs) to infer
Cancer Fractions (CCF) between tumor organoids and biop-
sies, revealing that CRC driver mutations were maintained
in organoids and most commonly altered genes and were

all represented in organoids, including APC, TP53, KRAS,
PIK3CA, FBXW7, and SMAD4. These results suggested that
there were no distinct CRC driver mutations in organoids
whichmay lead to the variation in pathways. Next, in order to
identify the pathway enrichment of DEGs in tumor organoid
samples, we investigated the KEGG pathway enrichment
of DEGs using DAVID (Table 4). Thus, alteration of gene
expression can be found in well-defined CRC related pathway
including WNT, MAPK, and TGF-𝛽 pathways [1, 2]. We
also grouped SHH, ECM-receptor interaction, and FGF
signaling pathways. Hyperexpressed genes were also found to
regulate cell adhesion. Interestingly, three upregulated genes
in colorectal cancer organoid samples were also associated
with basal cell carcinoma. Repressed genes were found to
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Table 2: Gene ontology (GO) enrichment analysis of differentially expressed genes (DEGs) in tumor organoids. Genes’ enrichment of cell
component (CC).

Category Group Term (GO) GenesCount % P-Value

GOTERM CC ALL

Upregulated Plasma membrane part (GO:0044459) 21 21 2.20E-02

Downregulated

Extracellular region part (GO:0044421) 111 37.5 1.90E-13
Extracellular region (GO:0005576) 120 40.5 1.00E-11
Extracellular space (GO:0005615) 52 17.6 4.00E-09

Extracellular exosome (GO:0070062) 76 25.7 1.10E-07
Vesicle (GO:0031982) 93 31.4 1.20E-07

Extracellular vesicle (GO:1903561) 76 25.7 1.30E-07
Extracellular organelle (GO:0043230) 76 25.7 1.40E-07

Proteinaceous extracellular matrix (GO:0005578) 21 7.1 4.50E-07
Extracellular matrix component (GO:0044420) 12 4.1 3.10E-06

Extracellular matrix (GO:0031012) 24 8.1 4.20E-06
Cell periphery (GO:0071944) 111 37.5 1.40E-05

Plasma membrane (GO:0005886) 108 36.5 2.50E-05
Plasma membrane part (GO:0044459) 65 22 2.90E-05
Plasma membrane region (GO:0098590) 31 10.5 5.60E-05
Basement membrane (GO:0005604) 9 3 8.10E-05

Microvillus (GO:0005902) 8 2.7 1.10E-04
Cell surface (GO:0009986) 26 8.8 1.80E-04

Intrinsic component of plasma membrane (GO:0031226) 43 14.5 6.30E-04
Apical part of cell (GO:0045177) 15 5.1 1.00E-03

Integral component of plasma membrane (GO:0005887) 41 13.9 1.00E-03
Membrane part (GO:0044425) 130 43.9 1.20E-03

Actin-based cell projection (GO:0098858) 10 3.4 1.40E-03
Intrinsic component of membrane (GO:0031224) 113 38.2 1.40E-03

Apical plasma membrane (GO:0016324) 13 4.4 1.40E-03
Anchored component of membrane (GO:0031225) 9 3 2.30E-03
Integral component of membrane (GO:0016021) 110 37.2 2.40E-03

Membrane raft (GO:0045121) 12 4.1 2.80E-03
Membrane microdomain (GO:0098857) 12 4.1 2.90E-03

Brush border (GO:0005903) 7 2.4 4.00E-03
Cluster of actin-based cell projections (GO:0098862) 8 2.7 5.40E-03

Membrane region (GO:0098589) 13 4.4 6.60E-03
Endomembrane system (GO:0012505) 75 25.3 8.70E-03

Basolateral plasma membrane (GO:0016323) 9 3 1.10E-02
Membrane (GO:0016020) 158 53.4 1.90E-02
Caveola (GO:0005901) 5 1.7 2.30E-02

Microvillus membrane (GO:0031528) 3 1 3.10E-02
Plasma membrane raft (GO:0044853) 5 1.7 3.30E-02
Cytoplasmic vesicle (GO:0031410) 28 9.5 4.00E-02
Intracellular vesicle (GO:0097708) 28 9.5 4.10E-02

Spanning component of membrane (GO:0089717) 2 0.7 4.40E-02
Spanning component of plasma membrane (GO:0044214) 2 0.7 4.40E-02

Actin cytoskeleton (GO:0015629) 13 4.4 4.50E-02
Cytoplasmic, membrane-bounded vesicle (GO:0031410) 26 8.8 4.50E-02

be tightly associated with Rap1 signaling and regulating
Pantothenate and CoA biosynthesis, cytoskeleton, and renin-
angiotensin system. In addition, downregulated genes were
indicated to contribute the formation of bladder cancer in
human.

3.4. Protein Interaction Network Analysis. Protein-protein
interactions (PPIs) are critical for the signaling transduction
and the biological process. Thus, to investigate the protein
interactions among the DEGs, we screened the protein inter-
action within the STRING database. Nodes with combined
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Table 4: Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of differentially expressed genes (DEGs) in tumor organoids.

Category KEGG pathway Genes Count % P-Value Gene members

Upregulated

Wnt signaling pathway 5 5 3.20E-03 NM 012342, NM 004655, NM 014420,
NM 001166119, NM 033119

Basal cell carcinoma 3 3 2.50E-02 NM 004655,NM 001166119,
NM 001083602

Pathways in cancer 6 6 2.90E-02
NM 004655, NM 019851, NM 002010,

NM 212482, NM 001166119,
NM 001083602

Adherens junction 3 3 4.00E-02 NM 001166119, NM 005985,
NM 001034954

Downregulated

Rap1 signaling pathway 9 3 1.40E-02
NM 000899, NM 003253, NM 021116,
NM 001992, NM 001962, NM 002006,
NM 022970, NM 057159, NM 003246

Bladder cancer 4 1.4 2.40E-02 NM 000584, NM 004938, NM 002421,
NM 003246

Pantothenate and CoA
biosynthesis 3 1 3.00E-02 NM 006208, NM 005021, NM 004666

Pathways in cancer 12 4.1 3.60E-02

NM 000584, NM 000899, NM 004991,
NM 021116, NM 001200, NM 001992,
NM 004938, NM 002006, NM 022970,
NM 057159, NM 002421, NM 000958

Regulation of actin
cytoskeleton 8 2.7 4.10E-02

NM 006633, NM 003253, NM 001992,
NM 002006, NM 022970,

NM 001127663, NM 053025,
NM 001112706

Renin-angiotensin
system 3 1 4.70E-02 NM 001150, NM 021804, NM 000537

score≥ 0.4 (mediumconfidence)were subjected toCytoscape
to visualize the protein interaction (Figure 2). Total nodes
were subjected to analyze the interaction modules by using
MCODE. Four modules were extracted from the network
(Figures 3(a)∼3(d)). Pathway enrichment analysis ofmodules
showed that proteins were mainly involved in extracellular
matrix organization and the GPCR signaling pathway.

4. Discussion

Colorectal cancer development is a complex process of
accumulation of genetic mutations, epigenetic alteration, and
dysregulation of signaling pathways [1]. Despite numerous
progress has been made in elucidating the molecular mecha-
nism of the development of CRC, the underlying mechanism
remains vagueness. Cancer cell lines have been applied as
the main workforce for cancer research [3, 6]. Nevertheless,
like other tumors, CRC exhibits a high genomic instability
which contributes to the various phenotypes and pathologies
of CRCs [2]. Cancer cell lines limit in the capability of
resembling the characteristics of the primary tumor tissue.
Studies have reported the difference in gene expression and
genomic alteration between cell line and tumors [4, 5, 12,
13]. Resulting from the identification of Lgr5+ stem cell in
intestine and colon [14], a new 3D in vitro system, organoid
[7], has made great impact on the colorectal research [10,
15, 16]. As organoids resemble the characteristics of primary
tissue, organoids have been widely applied for studying organ

development, tissue homeostasis, tumorigenesis, and disease
[17–19]. As a promising ex vivo 3D culture system for studying
CRC, profiling genes expression level of CRC organoids is
important for understanding the development of CRC. In
the present study, we analyzed the data from GSE64392
and identified 100 upregulated genes and 305 downregulated
genes in tumor organoids. DEGs were identified to involve in
main capabilities of cancer, including cell renew, metastasis,
angiogenesis, and cell death escaping. By analyzing the
protein interaction of DEGs, we classified genes that may
provide new insight for understanding the development of
CRC.

In order to have a better view about the function of DEGs,
GO analysis and KEEG pathway were performed. Upreg-
ulated genes were mainly involved in biological processes
consisting of cell cycle, the cell proliferation controlling,
tumor metastasis, and angiogenesis, which are essential for
the sustentation of tumor [11]. For downregulated genes, in
addition to involving the retaining of tumor, genes were
also accumulated in biological processes which serves as
barriers to cancer [11]. For example, programmed cell death,
apoptosis, which is the most important physiologic processes
in body to eliminate deteriorated cells [11], was another
downregulated gene-enriched biological process. Moreover,
downregulated genes were also found to participate in the
following process, like extracellular matrix (ECM) organiza-
tion, secretion process, immune-response, and homeostasis,
alteration of which is acquired by cancer to escape the
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Figure 2: The protein-protein interaction (PPI) network of differentially expressed genes (DEGs).

tethering of surrounding tissue and the chasing of immune
system [11]. Organoid culture system has been proved to
recapitulate the in vivo counterpart [20]; specifically, estab-
lished CRC organoid cultures displayed a highly agreement
with the primary tumor tissue, in genomic mutation, chro-
mosomal alterations, and epigenetic modifications [1, 2, 10].
The KEGG pathway enrichment analysis revealed that genes
in WNT pathway are upregulated, including AXIN2, DKK4,
and NKD1, which are target of WNT/𝛽-catenin signaling
pathway and also antagonize WNT pathway. In addition,

LEF1, which activates gene transcription in the axis of WNT
signaling, was upregulated as well. The hyperexpression
of WNT target genes corresponds with the hyperactivated
WNT pathway in primary CRC and CRC cancer cell lines,
most likely resulting from the biallelic inactivation mutation
of APC, FBXW7, AXIN2, and FAM123B or the activating
mutations in CTNNB1 [2, 6]. Besides, overexpressed genes
were identified to involve in other pathways, including FGF
signaling, SHH signaling, and that are commonly found in
various types of cancers [6, 21–23].What ismore, upregulated
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Figure 3: Top 4 modules of the protein-protein interaction (PPI) network were listed.

genes were related to cell-cell adhesion, alteration of which is
widely reported in cancer [11, 24]. For downregulated genes,
besides carcinoma common pathways, altered genes were
identified in Rap1 pathway, which regulates various cancer
tightly related biological processes, including angiogenesis
control, cell movements, intercellular interaction, and cell
expansion [6, 25]. Genes associated with CoA synthesis were
also identified hypoexpressed, indicating the alteration of
metabolism in CRCs [26, 27]. Also, downregulated genes
were classed in regulating cytoskeleton, this is correlated with
the dysregulation of signaling transduction intracellularly.
Additionally, downregulated genes were identified in renin-
angiotensin system which is an important pathway in reg-
ulating plasma sodium concentration and blood pressure,
indicating that the development of CRCs may affect the

homeostasis via the hormone system. Surveying alterations of
these pathways may help us to understand the development
of CRCs.

Protein interactions are essential for the signaling trans-
duction within cells and communicating intercellularly and
environmentally. The protein interaction module analysis
of DEGs revealed that, in tumor organoid samples, PPIs
were identified and enriched in extracellular matrix orga-
nization, GPCR signaling pathway. GPCRs are the largest
receptor in eukaryotes; they are coupled with G proteins
triggering signaling cascades to regulate various physiological
processes [28]. The alteration of GPCRs signaling pathway,
in cancer cells, promotes the proliferation, angiogenesis, and
metastasis, aids to escape from apoptosis, and sustains the
survive. Moreover, PPIs were also identified to involve in
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other signaling pathways, including AMPK signaling, mTOR
signaling, and DNA damage, which are frequently altered in
CRCs [2].

In conclusion, our study shows a bioinformatic analysis of
differentially expressed genes in CRCs organoids. The study
supports the fact that organoid technology as a promising in
vitro 3D system recapitulates the property of tumors. Our
study will encourage the exploration of the application of
organoid as a more convenient resource for CRC therapy
studies.
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Molecular imaging of estrogen receptor-positive (ER+) pathway-activated system serves the basis of ER+ disease management
such as cancers and endometriosis. ER+ patients have better response to endocrine therapy and survive twice as long as negative
ER patients. However, tumor resistance resulting from clinical used aromatase inhibitors and antiestrogens is unpredictable.
Radiolabeled ER+ ligand could quantify ER+ tissue uptake which helps to stage and restage of the cancer as well as endometriosis.
The differential diagnosis of ER+ lesions by using a labeled ligand helps to select the patients for optimal response to endocrine
therapy and to discontinue the treatment when resistance occurs. In addition, radiolabeled ER+ ligand serves as basis for image-
guided response follow-up. Glutamate receptors are cell surface receptors which are overexpressed in inflammation and infection.
Using glutamate peptide as a drug carrier helps to target intracellular genes via glutamate receptor-mediated process. Reports have
shown that polyglutamate is a drug carrier that could alter drug solubility and enhance estrogen receptor-ligand binding pocket.
However, polyglutamate was a blend of mixed polymer with a wide range of molecular weight. Thus, the structural confirmation
and purity of the conjugates were not optimized. To overcome this problem, the efficient synthesis of glutamate peptide-estradiol
(GAP-EDL) conjugatewas achievedwith high purity. EDLwas conjugated site-specific at the first glutamateof GAP.The average cell
uptake of 68Ga-GAP-EDL was 5-fold higher than the previous reported synthesis. The efficient synthesis of GAP-EDL has greatly
enhanced sensitivity and specificity in cell uptake studies. In vivo PET imaging studies indicated that 68Ga-GAP-EDL could image
ER (+) tumors in MCF-7 tumor-bearing mice. Therefore, GAP-EDL makes it possible to image ER-enriched endometriosis and
cancer.

1. Introduction

Estrogen leads to genomic effects on transcription through
𝛼 and 𝛽 estrogen receptors (ERs), which are primarily found
in the nucleus. The function of ER𝛼 in the mediation of gene
transcription is widely documented, and reports with mouse

models and human breast cancer cell lines have indicated that
ER𝛼 has a part in cell proliferation. On the other hand, the
function of ER𝛽 as a transcriptional regulator continues to be
ambiguous. Reports indicate that ER𝛽 can reduce ER𝛼 activ-
ity, possibly by heterodimerization [1, 2]. Estrogen may elicit
rapid ‘non-genomic’ actions on different cellular processes
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throughmembrane ERs. ERmodulators including tamoxifen
are valuable instruments for the evaluation the mechanisms
of action of estrogen. ER intermediates inhibition of NF-𝜅B
activity at numerous levels. This cross-talk among central
regulators of endocrine and immune systems might be used
for treating oncologic, inflammatory, and autoimmune dis-
orders [3]. Oxidative stress is related to an excess of reactive
oxygen species (ROS). ROS induce DNA injury and lead
to overactivation of poly-ADP ribose polymerase-1 (PARP-
1), which results in depletion of cytosolic NAD+. ROS also
increase proinflammatory transcription factorNF-kB leading
to neuroinflammation. Reduction of NAD+ inhibits glycol-
ysis and yielding inadequate levels of pyruvate and reduc-
ing mitochondrial ATP production. Furthermore, NAD+
reduction causes ineffective conversion of lactate to pyruvate
and lactate cannot be the energy substrate, leading to cell
apoptosis. There are three principal paths for the elimination
of ROS, including reduced thioredoxin (TXN), glutathione
(GSH), and catalase, which have key enzymes that may be
aimed to reduce antioxidant effects within cancer cells. Amid
such pathways, GSH is influenced by increased cysteine and
glutamate transporter systems, as well as NADPH. GSH is
derived from cysteine and glutamate. Glutaminase 1 (GLS1)
and GLS2 produce glutamate, and cysteine is provided by
the cystine/glutamate transporter XCT for the production
of GSH through the action of the glutamate–cysteine ligase
modifier subunit (GCLM) and the GCL catalytic subunit
(GCLC). GSH has direct action on the elimination of ROS
through glutathione peroxidase and glutathione S-transferase
[4–6]. Glutamate leads to cellular overload with Ca2+ ions
during ROS which induces the production of GSH. Thus,
glutamate receptor/transporter system is associated with
intracellular GSH production.The excitatory amino acid glu-
tamate exerts its action through different glutamate receptors.
Metabotropic glutamate receptors may interact with mem-
braneERs and,more specifically, themGlu5 receptor subtype.
mGlu5 and 17𝛽-estradiol antagonists have neuroprotective
effects in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) mouse model of Parkinson disease [7]. Therefore,
estradiol (EDL), an ER ligand, was selected as a molecule for
conjugation to glutamate peptide.

It has been described that glutamate peptide (GAP)
stimulates bone resorption in vitro and specific to glutamate
receptors [8]. GAP has shown its ability to target renal tissue
[9]. It would be amenable to conjugate estradiol (EDL) to
GAP and GAP-EDL may increase binding efficacy to cytoso-
lic ERs. With acid residue from GAP, GAP could chelate
radiometallic isotopes for imaging and radio therapeutic
applications. Previously it has been reported that 99mTc-GAP-
EDL and 68Ga-GAP-EDL are useful compounds for imaging
functional ER via ER-mediated process by planar scintigra-
phy and PET [10, 11]. However, EDL was conjugated to GAP
using aqueous purification [10–12]. However, the cell uptake
was low. This is probably due to its purity. In receptor-based
imaging, the agent needs to achieve high specific activity
(Ci/umol). If the labeled agent is contaminated with different
molecular weight, the image quality assurance would be

problematic. In addition, it is unknown at which position the
drug is conjugated toGAP. Regulatory compliance of detailed
Chemistry, Manufacturing, and Control (CMC) information
during clinic trials is required by governmental agency. Thus,
it is amenable to develop pure glutamate peptide-estradiol
(GAP-EDL). With sufficient purity, the overexpressed glu-
tamate systems could enhance cell uptake of labeled GAP-
EDL. Once GAP-EDL internalized, GAP-EDL could target
ER pathways. Here, we report the efficient synthesis of GAP-
EDL that allows EDL to be conjugated to the first glutamate
of glutamate peptide.

2. Material and Methods

2.1. Synthesis of (8R,9S,13S,14S)-3-Cyanomethoxy-13-methyl-
7,8,9,11,12,14,15,16-octahydro-6H-cyclopenta[a]phenanthren-
17-one (GAP-EDL-1). (8R,9S,13S,14S)-3-Hydroxy-13-methyl-
7,8,9,11,12,14,15,16-octahydro-6H-cyclo-penta[a] phenanthren-
17-one (Estrone, 2.00g, 7.40 mmol) was dissolved in anhy-
drous tetrahydrofuran (THF, 25ml) under nitrogen
atmosphere. Sodiummethoxide (0.80g, 14.82mmol) was then
added. Bromoacetonitrile (1.78g, 14.84 mmol) dissolved in
12mL THF was dropwisely added. The mixture was stirred at
room temperature for 1h. The additional sodium methoxide
(0.60g, 11.11mmol) and bromoacetonitrile (1.21g, 10.89
mmol) in 4mL THF were added. The reaction mixture was
continued to stir at room temperature for 0.5 h. Saturated
ammonium chloride solution (100ml) and ethyl acetate
(100mL) was added to the reaction mixture. The organic
layer was collected. The aqueous phase was extracted with
additional ethyl acetate (2x50mL). The organic layer was
combined and washed with saturated sodium chloride
solution. The organic extract was dried over magnesium
sulfate and filtered. The solvent was evaporated under
reduced pressure. The crude solid product was washed
with diethyl ether and obtained 2.11g (6.82mmol) solid
product with 92.2% yield. 1H-NMR (300MHz, DMSO):
7.27 (d, J=8.6Hz, 1H), 6.83 (dd, J=8.8Hz,2.6Hz, 1H), 6.78(d,
J=2.5Hz, 1H), 5.11(s, 2H), 2.80-2.86(m, 2H), 2.36-2.50(m,
2H), 2.16-2.26(m, 1H), 1.84-2.15(m, 3H),1.74-1.80(m, 1H),
1.33-1.46(m, 3H), and 1.46-1.60(m, 3H),0.84 (s, 3H). LC-MS
was calculated for C20H23NO2, 309.2, and found [M+H]
310.1. The spectrum is shown in Figure 1.

2.2. Synthesis of (8R,9S,13S,14S,17S)-3-Aminoethoxy-13-methyl-
6,7,8,9,11,12,14,15,16,17-decahydrocyclopenta[a]phenanthrene-
17-ol (GAP-EDL-2). Under nitrogen atmosphere GAP-EDL-
1 (2.10g, 6.79mmol) was dissolved in anhydrous THF (90
ml). The mixture was cooled down to 0-5∘C and lithium
aluminum hydride (1.70g, 44.80mmol) was portion wisely
added. The reaction mixture was stirred at 0-5∘C for 5-10min
and then at room temperature 2 hours. After reaction was
ended, the mixture was cooled down to 0-5∘C again and
quenched with water.The suspension was filtered and washed
with THF. The filtrate was evaporated and concentrated
under reduced pressure. The crude compound was purified
by the silica gel-packed column chromatography eluted
with methanol/dichloride (MeOH/DCM; 1/30) to afford
3-aminoethyoxy estradiol (GAP-EDL-2) as off-white solid
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Figure 1: Synthesis of GAP-EDL-1.

(1.22 g,3.87mmol, 57.0 % yield).1H-NMR (300MHz, CDCl3):
7.20(d, J=8.6Hz, 1H), 6.71 (dd, J=8.6Hz,2.7Hz, 1H), 6.64(d,
J=2.7Hz, 1H), 3.98(t.J=5.2Hz,2H), 3.73(t.J=8.4Hz,1H),
3.06(t.J=5.2Hz,2H), 2.80-2.85(m, 2H), 2.26-2.36(m, 1H),
2.06-2.23(m, 2H), 1.83-1.98(m, 2H),1.65-1.76(m, 2H), 1.65-
1.76(m, 1H), and 1.14-1.48(m, 7H),0.78 (s, 3H). LC-MS was
calculated for C20H29NO2, 315.2, and found [M+H] 316.1.
The spectrum is shown in Figure 2.

2.3. Synthesis of 5- N- [Amino-3-ethoxyestradiol]-1-Benzyl-
N-tert-butoxycarbonyl-L-Glutamate 5-Amide (GAP-EDL-3).
1-Benzyl-N-tert-butoxycarbony-L-glutamic acid ester (0.50g,
1.48mmol), 1,2,3-benzotriazol-1-ol (0.215g,1.59mmoml) and
benzotriazol-1-yloxy-tris(dimethylamino)phosphonium
hexafluoro-phosphate (BOP, 0.700g,1.58mmol) were
dissolved in anhydrous dimethylformamide (DMF, 15 mL)
under nitrogen atmosphere. N,N-Diisopropylethylamine
(DIPEA, 0.205g,1.59mmol) was then added. The reaction
mixture was stirred at 0-5∘C and then added with GAP-EDL-
2 (0.50g, 1.585mmol). The reaction was stirred at 0-5∘C for
10min and at room temperature for 1 hour. After completion
of reaction, DMF was removed under reduced pressure and
ethyl acetate (250 ml) was added. The organic phase was
washed with 4% sodium bicarbonate solution (200mL),
dried over magnesium sulfate, filtered, and concentrated
under reduced pressure. The crude compound was purified
by a column chromatography over silica gel eluted with
ethyl acetate/dichloromethane (EtOAc/DCM; 5/1) to afford
GAP-EDL-3 as white solid (0.40g, 0.63mmol, 42.5% yield).
1H-NMR (300MHz, CDCl3):7.31-7.38(m,5H), 7.19 (d,
J=8.7Hz, 1H), 6.69 (dd, J=8.6Hz, 2.7Hz, 1H), 6.61(d, J=2.6Hz,

1H), 6.27 (br, 1H), 5.27-5.34 (m,1H), 5.19 (d, J=12.2Hz,1H),
5.11(d, J=12.2Hz,1H),4.28-4.47(m,1H), 3.99 (t, J=5.1Hz,2H),
3.73 (t, J=8.5Hz,1H), 3.62 (q, J=5.7Hz,2H), 2.78-2.88 (m,
2H), 2.06-2.34 (m, 6H),1.84-1.98 (m, 3H),1.65-1.76(m, 1H),
1.14-1.54(m, 16H), and 0.77(s, 3H). LC-MS was calculated for
C37H50N2O7, 634.4, and found [M+H] 335.2.The spectrum
is shown in Figure 3.

2.4. Synthesis of 5- N- [Amino-3-ethoxyestradiol]- N-tert-
butoxycarbonyl-L-Glutamic acid 5-Amide (GAP-EDL-4). To
a solution of GAP-EDL-3 (0.39g, 0.61mmmol) in THF
(40mL) and methanol (8mL) under nitrogen atmosphere,
0.080g of 5% Pd/C was added. The reaction mixture was
stirred at room temperature under hydrogen atmosphere for
1 hour. The suspension was then filtered over Celite and
concentrated under reduced pressure. The de-ester product
was obtained as white solid (0.30g, 0.55mmol, 89.7% yield).
1H-NMR (300MHz,CDCl3): 7.19 (d, J=8.7Hz,1H),6.69 (dd,
J=8.6Hz,2.7Hz, 1H), 6.61 (d, J=2.6Hz, 1H), 6.49 (br,1H), 5.64-
5.66 (m,1H), 4.26 (q, J=6.6Hz1H), 4.02 (t, J=5.1Hz, 2H), 3.73
(t, J=8.4Hz,1H), 3.62-3.70 (m, 2H), 2.81-2.86 (m,2H), 2.38-
2.60 (m,2H), 2.26-2.36 (m,1H), 2.06-2.22 (m,3H),1.82-2.04
(m,3H),1.64-1.76 (m, 1H), 1.17-1.55 (m, 16H), 0.77 (s, 3H).
LC-MS was calculated for C30H44N2O7, 544.3, and found
[M+H] 545.2.The spectrum is shown in Figure 4.

2.5. Synthesis of 5-N-[Amino-3-ethoxyestradiol]-N-tert-butox-
ycarbonyl-Glutamoyl-1,5-di-t-butyl-L-Glutamate pentapeptide
ester (GAP-EDL-5). GAP-EDL-4 (0.580g, 1.06mmmol),
1-Hydroxybenzotriazole (0.146g, 1.08mmoml), and BOP
(0.470g, 1.06mmol) were dissolved in anhydrous DMF
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(10 mL). The mixture was stirred under nitrogen
atmosphere with temperature cooled down to 0∘C. N,N-
Diisopropylethylamine (DIPEA, 0.140g, 1.08mmol) and
1,5-di-t-butyl-L-Glutamate pentapeptide ester (GAP ester,
1.260g, 1.06mmmol) (Zhejiang Ontores Biotechnologies
Co., Ltd, Hangzhou, Zhejiang, China) were then added. The
reaction mixture was continued to stir for 16-18h at 50∘C and
monitored by TLC. When TLC analysis showed the reaction
completion, DMF was removed under reduced pressure
and DCM (250ml) was added. The organic phase was
washed with saturated sodium chloride solution (200mL),
dried over magnesium sulfate, filtered, and concentrated
under reduced pressure. The crude compound was purified
by a silica gel-packed column eluted with gradient DCM
and DCM/MeOH (100:0-100:1) to afford GAP-EDL-5
as foam white solid (0.96g, 0.56mmol, 52.8% yield. 1H-
NMR(300MHz, DMSO+D2O):7.80-8.20(m, 7H),7.12 (d,
J=8.6Hz, 1H), 7.03 (brs, 1H), 6.64 (d, J=8.6Hz,1H), 6.58(s,1H),
4.04-4.28 (m,6H), 3.77-3.93(m, 3H), 3.45-3.54(m,1H),
3.30-3.44 (m, 2H), 2.66-2.78 (m, 2H), 2.00-2.32(m, 16H),
1.50-2.00(m,18H), 1.35(s, 72H), 1.05-1.28(m, 7H), and 0.63(s,
3H). The spectrum is shown in Figure 5. To ascertain the
structure of GAP-EDL-5, the proton NMR of 1,5-di-t-butyl-
L-Glutamate pentapeptide ester (GAP ester) was performed
(shown in Figure 6). The proton NMR of GAP-EDL-5 was
compared to GAP ester (Figure 7). There were chemical
shifts at 7ppm seen in GAP-EDL-5, but not in GAP ester.The
chemical shift was the aromatic protons from GAP-EDL-5.

2.6. Synthesis of 5-N-[Amino-3-ethoxyestradiol]-Glutamoyl-
L-Glutamic acid pentapeptide (GAP-EDL). GAP-EDL-5
(0.560g, 0.327 mmol) was dissolved in anhydrous DCM
(11mL) at 0-5∘C under nitrogen atmosphere. Trifluoroacetic
acid (2.8mL, 37.702mmol) was added. The mixture was
stirred at room temperature for 16-18h. The solvent was
removed under reduced pressure and the residue was
washed with diethyl ether to obtain the crude product.
The crude product was purified by prep-HPLC using the
gradient elution VA:VB=95:5-70:30 (A phase: 0.1% TFA in
water solution; B phase: 0.1% TFA in acetonitrile). After
lyophilization, GAP-EDLwas obtained as white solid (0.214g,
0.176mmol, 53.7%yield). 1H-NMR (300MHz, DMSO+D2O):
7.12 (d, J=8.6Hz,1H), 6.64 (d, J=8.6Hz, 1H), 6.57 (s, 1H),
4.10-4.26 (m, 6H), 3.85-3.94 (m, 2H), 3.76-3.80 (m,1H), 3.47-
3.53(m, 1H), 3.32-3.41(m, 2H), 2.66-2.76 (m, 2H), 2.00-2.34
(m, 16H), 1.48-1.98 (m, 18H), 1.00-1.40 (m, 7H), and 0.61(s,
3H); LC-MS was calculated for C55H78N8O23, 1218.5, and
found [M+H] 1219.7. The proton NMR and mass spectrum
are shown in Figures 8 and 9. To ascertain the structure of
GAP-EDL, the proton NMR of GAP-EDL-4 (monomer) was
compared to GAP-EDL (Figure 10). There were chemical
shifts from the aromatic protons at 7ppm seen both in
GAP-EDL-4 and GAP-EDL. HPLC analysis showed that
there were differences of the absorption (210nm vs 239nm)
and retention time between GAP-EDL and GAP-EDL-4
(Figure 11).
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2.7. Synthesis of 68Ga-GAP-EDL. 68GaCl
3
was obtained from

a 68Ge/68Ga generator eluted with HCL (ranging from 0.01N-
1N). For instance, 68GaCl

3
was eluted from a 68Ge/68Ga

generator (Ithemba, South Aferica) with 0.3N and 0.6NHCL
(10mL). On the following day, the elusion volume (0.3N or
0.6NHCL, 6 mL) was distributed in a 12-tube (0.5mL/tube).
Each tube was counted for its radioactivity. The highest
activities in the fractions between 4 and 6 were combined.
In the consecutive cycle, the generator is eluted again with
6mL HCL and collected at these specific fractions. Based

upon previous elution profile, an aliquot of 68GaCl
3
(0.5ml

in 0.6NHCL, 6.70 mCi) was added to the solution of GAP-
EDL (0.1mg) in 0.8 ml NaOAc (2.5M), and pH value was
4-5. The solution was heated at 70∘C for 10 min. After
cooling, radiochemical yield and purity were determined by
ITLC (Polyamide-6-layer sheets, cat. 30149864, Sinopharm
Chemical Reagent Co., Shanghai, China), eluted with saline.
Radiochemical yield and purity were 100%with Rf value 0.01.
Under the same ITLC conditions, the Rf value for 68Ga was
more than 68Ga-GAP and 68Ga-GAP-EDL (Figure 12). 68Ga
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chloride eluted from a generator remains at 68Ga chloride
form under pH 2. 68Ga chloride migrates using saline as a
mobile phase. However, 68Ga chloride forms colloidal when
pH changes due to dilution. The colloidal 68Ga (Ga

2
O
3
) stays

at origin using saline as a mobile phase.

2.8. In Vitro Cellular Uptake Assays. In vitro cellular uptake
studies of 68Ga-GAP-EDL in breast tumor cells were per-
formed. Breast cancer cell lines with high (MCF7; ER+) and
low (SK-BR-3; ER-) estrogen receptor densities were used
to determine the sensitivity and specificity for the cellular
uptake assay. Briefly, for sensitivity assay, breast tumor cells
(50,000 cells/well, 12 wells) were added with 68GaCl

3
, 68Ga-

GAP, and 68Ga-GAP-EDL (4 uCi/80uL/well, 4ug/well). The
cellswere incubated for 0.5-2 hrs. To demonstrate that cellular
uptake of 68Ga-GAP-EDL was via an ER-mediated process
(specificity assay), breast tumor cells (50,000 cells/well) were
treated with 0, 15, 150, and 300 𝜇mol/L of cold estrone (in

DMSO) for 30 minutes followed by adding 68Ga-GAP-EDL
(4𝜇g/well, 4𝜇Ci/well) and incubated up to 90 minutes. After
incubation, the supernatant was collected. The cells were
washed twice with ice cold PBS (1 ml) and trypsin EDTA
(0.1 ml). After 2 min, the cells were collected. The wells were
washed twice with cold PBS (0.5ml). The total volume of
cell supernatant and the total volume containing cells were
transferred to test tube to count the activity separately. Each
piece of data represents an average of three measurements.
Percentage of uptake (%)=cell activity/(cell supernatant+ cell
activity)∗100% was calculated.

2.9. Micro-PET/CT Imaging Studies in MCF-7 Breast Tumor-
Bearing Mice. To assure stability of 68Ga-GAP-EDL, 68Ga-
GAP-EDL was incubated at 37∘C in saline up to 120 min, fol-
lowed by ITLC analysis. 68Ga

2
O
3
could form colloidal parti-

cles during 68Ga-GAP-EDL synthesis which decreased tumor
uptake, thus, fresh 68Ga chloride (pH<2)was used as a control
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Table 1: In vitro cell uptake assays (an average of three measurements).

MCF-7 SK-BR-3
68GaCl

3

68Ga-GAP-EDL 68Ga-GAP 68GaCl
3

68Ga-GAP-EDL 68Ga-GAP
30min 1.35±0.35 12.91±0.4∗ 2.20±0.73 1.74±0.21 3.63±1.02 1.84±0.27
1h 1.79±0.28 10.61±2.34 3.20±1.17 1.80±0.20 9.28±0.49 3.11±1.29
2h 1.63±0.33 10.17±1.38 2.43±0.71 2.21±0.11 10.65±0.78 2.45±0.21
∗ Significant difference between corresponding groups (t-test, P<0.05).

in ITLC system. For in vivo stability, athymic MCF-7 tumor-
bearing nude mice (n=2) were administered 68Ga-GAP-EDL
(0.14mg per 30𝜇Ci, 0.1 mL, iv) and the tissue biodistribution
was conducted at 90 min post-administration. The selected
tissues were excised, weighed and counted for radioactivity
by gamma counter. Each sample was calculated as percentage
of the injected dose per gram of tissue wet weight (%ID/g).
Counts from a diluted sample of the original inject were used
for reference.

For PET imaging studies, athymic nude mice (n=2 per
compound) inoculated with MCF-7 cells (s.c. 106 cells/
mouse) at the left hind legs. When tumor reached 0.7cm, the
tumor-bearing mice were anesthetized with 2% isoflurane on
prone position. 68Ga chloride (5mCi) was obtained by eluting
a 68Ge/68Ga generator (20mCi size from Eckert Ziegler,
Germany) with HCL (0.1N, 1.5mL). Labeling GAP (1mg) and
GAP-EDL (1mg) was achieved by dissolving both compounds
in sodium acetate (0.4 mL, 0.1N, pH 5.4), followed by adding
68Ga chloride (1mCi, 0.3mL). Both compounds were sat at
37∘C for 20 min. For animal imaging studies, the concentra-
tions were diluted to 1.5mL/mg by adding saline (0.9%). Each
mouse was administered with 68Ga-GAP and 68Ga-GAP-
EDL (0.14mg per 100𝜇Ci, 0.2 mL, iv). 68Ga-GAP and 68Ga-
GAP-EDL imaging studies were performed with a Siemens
Inveon micro-PET/CT scanner (Siemens Medical Systems,
Hoffman Estates, IL).Three serial 30-minute trans-axial PET
images were obtained. All corrections for attenuation, scatter,
and dead time were applied to generate quantifiable images.
Regions of interests were then drawn on the tumor tissue
and muscle regions and time activity curves were generated,
the counts per pixel were used to determine tumor tissue-to-
muscle tissue count density ratios.

3. Results

3.1. Chemistry. The synthetic scheme of GAP-EDL is shown
in Scheme 1. The analytical data for structural determina-
tion of GAP-EDL analogues was shown in Figures 1–12.
Aspects of the efficient synthesis provide novel methods for
preparing a glutamate-estradiol conjugate and a glutamate
peptide-estradiol conjugate. To initiate the efficient synthe-
sis, the position-3 of estrone was reacted with bromoace-
tonitrile to yield cyano analogue of estrone (GAP-EDL-
1). GAP-EDL-1 was then reduced to afford 3-aminoethoxy
estradiol (GAP-EDL-2). For preparing a glutamate-estradiol
conjugate, the method used an amino estradiol with an

amino and 1-carboxylic acid protected glutamate in organic
solvent, thereby producing the gamma glutamoyl-estradiol
conjugate (GAP-EDL-4). For preparing a glutamate peptide-
estradiol conjugate, the method used was by reacting the
gammaglutamoyl-estradiol (GAP-EDL-4)with all carboxylic
acid protected glutamate pentapeptide comprising coupling
agents. Thus, estradiol is positioned at the first glutamate
of the glutamate peptide-estradiol in the finished product
(GAP-EDL). During the synthesis of GAP-EDL-3, it is
unlikely that protected glutamate might be conjugated with
17-OHgroup of amino-EDL. However, the NMRdata showed
the conjugation produced an amide bond, not an ester bond.
Also, the ester group could not sustain at the hydrogenation
process in the next step (GAP-EDL-4). The total synthesis of
GAP-EDL was six steps with overall yield 5.7%. The GAP-
EDLwas analytically pure as proven byNMR (Figure 8),mass
spectra (Figure 9), and HPLC (Figure 11).

3.2. Cell Uptake Assays. There was a marked increase in
the uptake of 68Ga-GAP-EDL compared with the uptake of
68GaCl3 and

68Ga -GAP in breast cancer cells (Table 1). The
improved synthetic method makes a pure GAP-EDL and has
greatly enhanced specificity in cell uptake studies.The uptake
of 68Ga-GAP-EDL was higher than 68Ga-GAP both in ER (+)
MCF7 cells and ER (-) SK-BR-3 cells. At 30 min, the uptake
of 68Ga-GAP-EDL in ER (+) MCF7 cells was significantly
higher than ER (-) SK-BR-3 cells but not at 1 and 2hrs.
The average cell uptake of 68Ga-GAP-EDL of the improved
synthesis (Table 1) was at least 5-fold higher than the previous
reported synthesis [11]. In specificity assay, the cell uptake
of 68Ga-GAP-EDL could be blocked by estrone, particularly
at 15, 150, 300 𝜇mol/L. Again, MCF-7 has more decreased
uptake thanER (-) SKBR-3 particularly at 15𝜇mol/L of estrone
(Table 2). The decreased uptake demonstrated the cellular
uptake of 68Ga-GAP-EDL was via an ER-mediated process.

3.3. Micro-PET/CT Imaging and Biodistribution Studies in
MCF-7 Breast Tumor-Bearing Mice. MCF 7 cell line was well
established for ER (+) cells and was used in cell uptake stud-
ies; thus, it was selected for an animal imaging model. In vitro
ITLC stability analysis revealed that 68Ga-GAP-EDL stayed
at origin (Figure 12) whereas free 68Ga chloride migrates
from 30min to 120 min. PET imaging studies showed that
68Ga-GAP had less tumor uptake than 68Ga-GAP-EDL at
30-90 min post-administration in breast tumor model by
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Scheme 1: Efficient Synthesis of GAP-EDL.

Table 2: In vitro cell blocking assays with 68Ga-GAP-EDL (an average of three measurements).

Estrone (umol/L) MCF-7 SK-BR-3
0 14.78±3.10 9.38±1.95
15 7.96±2.09 8.55±3.55
150 2.95±0.56 2.68±1.00
300 2.95±0.43 2.84±1.00

visualization (Figure 13). Preliminary biodistribution of 68Ga-
GAP-EDL at 90 min revealed the comparable (tumor-to-
muscle) data to imaging findings (Table 3).

4. Discussion

Thediscovery of ERs in binding and responding to individual
hormonal pathways benefits patients in the treatment of
oxidative stress induced ROS, inflammation, and cancer.
HighERs were overexpressed in the cytosol during cancerous
progression. Glutamate receptor/transporter systems were

known to have overexpressions due to high demand of GSH
in disease status. Poly-l-glutamic acid (PG) with repeated
glutamate units has been used as a tumor-aiming drug carrier
for different hydrophobic cancer chemotherapeutic agents
[13–21]. PG have other advantages such as excellent water
solubility, biocompatibility, nonimmunogenicity, biodegrad-
ability to glutamate, and a high drug loading capability due
to their multiple carboxyl side groups [22–25]. In order to
enhance specificity in targeting ER (+) system, conjugation
of EDL to GAP would provide a dual target purpose. First,
an enhanced uptake of 68Ga-GAP-EDL may occur through
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Table 3: Biodistribution of 68Ga-GAP-EDL at 90 min in MCF-7 tumor-bearing mice (n=2).

Tissue Mouse 1 (%ID/g) Mouse 2 (%ID/g) Mean ± SD (%ID/g)
Uterus 9.08 9.85 9.47 ±0.55
Ovary 10.26 8.53 9.39 ±1.23
Kidney 7.55 7.60 7.58 ±0.04
Tumor 6.42 8.42 7.42 ±1.41
Bone 6.94 7.33 7.14 ±0.28
Liver 6.57 7.22 6.89 ±0.45
Lung 7.59 6.13 6.86± 1.03
Heart 6.01 6.27 6.14 ±0.18
Spleen 4.56 5.47 5.02± 0.64
Muscle 3.20 2.95 3.07 ±0.18
Blood 2.32 2.33 2.33 ±0.01
Brain 0.63 0.75 0.69 ±0.08

30 min

60 min

90 min

30 min

60 min

90 min

Tumor/Muscle Ratio

1.1±0.02

1.2±0.01

1.2±0.02

1.8±0.01

1.9±0.01

2.4±0.01

68
＇a-GAP 68

＇a-GAP-EDL

Figure 13: Micro-PET/CT analysis showed that 68Ga-GAP-EDL had higher tumor-to-muscle ratios than 68Ga-GAP in breast tumor-bearing
mice.

cell surface glutamate transporter/receptor system. Secondly,
68Ga-GAP-EDL may target ERs faster due to enhanced
internalization.

Regarding synthetic production of GAP-EDL for 68Ga
labeling, when conjugation was produced in aqueous condi-
tions, purification of the GAP-EDLmay sometimes present a
challenge. Purification in aqueous conditions can be achieved
using, for example, size exclusion chromatography, or dialysis
with membranes of particular molecular weight cut-offs; for
instance, dialysis is generally most effective when separat-
ing species of molecular weights of 1000 g/mol or higher.
Nevertheless, this method of purification often isolates not
only the desired agent but also any other species that may
pass through the membrane. Receptor-based imaging agents
require high specific activity (>0.1 Ci/umol) in order to over-
come nonspecific protein binding. Therefore, introduction
of impurities into receptor-based imaging agents may be
problematic in their clinic uses. For instance, if an imaging
agent incorporating a radionuclide is thought to be pure

but actually contains impurities that also incorporate a
radionuclide, the proper measurement or detection of the
imaging agent may be obscured or rendered false due to the
presence of the impurity. This is particularly true when using
polypeptide such as polyglutamate as a drug carrier. Com-
mercially available polyglutamate has a wide range molecular
weight which contains a mixture of various polyglutamate.
This makes difficulty in the structure determination of the
EDL position in the molecule. In addition, the conjugation
reaction is frequently done in an aqueous condition in which
the product purity is not optimized.

For preparing a glutamate peptide-estradiol conjugate,
the protected carboxylic acid of glutamate-estradiol conju-
gate is selectively deprotected and reacted with all acid pro-
tected glutamate pentapeptide ester using coupling chemicals
such as DIPEA and BOP. These coupling agents are able
to conjugate estradiol to the glutamate peptide at the first
glutamate using the synthetic route described in Scheme 1.
In some aspects, these synthetic methods may obviate the
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need of adding protecting groups to glutamate and glutamate
pentapeptide and increase process efficiency and purify of
the final product as compared to other methods as described
in US Patent application 20060246005, WO 2006107794 A2
[10–12]. To generate a metal ion labeled-glutamate peptide-
estradiol conjugate, the metal ion selected was a gallium ion,
a radionuclide for PET imaging.The site to be imagedmay be
a tumor or endometriosis or an ER-enriched tissue such as
ovaries and uterine tissue. ER (+) cancers are breast cancer,
lung cancer, prostate cancer, ovarian cancer, uterine cancer,
cervical cancer, and endometrial cancer. To demonstrate
that GAP-EDL is suitable for commercialized generators, we
have used two different generators to label GAP-EDL. Both
generators were able to synthesize 68Ga-GAP-EDL. 68Ga-
GAP-EDL was stable in saline at least up to 120 min. Our
in vitro cellular uptake assays demonstrated that the uptake
of 68Ga-GAP-EDL was higher than 68Ga-GAP both in ER
(+) MCF7 cells and ER (-) SK-BR-3 cells. MCF-7 showed
early binding that is retained, whereas SKBR-3 shows higher
binding as a function of time. However, the increased uptake
of 68Ga-GAP-EDL inER (+)MCF7 cells could be significantly
blocked by estrone at 15𝜇mol/L, but not 68Ga-GAP, indicating
the uptake mechanism was via an ER-mediated process. In
vivo imaging findings indicated that 68Ga-GAP-EDL could
image ER (+) tumors. Further studies warrant evaluation of
whether 68Ga-GAP-EDL remains intact and associates with
ER once internalized.

In summary, the efficient synthesis of GAP-EDL conju-
gate for molecular imaging of ER (+) disease was achieved.
GAP-EDL integrating diagnostic imaging instrument helps
to understand the dynamic changes in ER (+) pathway-
activated systems leading to tissue degeneration, inflamma-
tory, and proliferative disorders and to improve patient diag-
nosis, therapy, and prognosis.The efficient synthetic methods
can be further prepared in pharmaceutical formulations and
kits using chemical procedures. This precision imaging agent
allows delivering personalized therapeutics on the basis of
individual genetic make-up, biochemistry, and molecular
blueprint associated to each patient’s disease.
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Objectives. To characterize tumour baseline blood flow (BF) in two lung cancer subtypes, adenocarcinoma (AC) and squamous
cell carcinoma (SCC), also investigating those “borderline” cases whose perfusion value is closer to the group mean of the other
histotype. Materials and Methods. 26 patients (age range 36-81 years) with primary Non-Small Cell Lung Cancer (NSCLC),
subdivided into 19 AC and 7 SCC, were enrolled in this study and underwent a CT perfusion, at diagnosis. BF values were computed
according to the maximum-slope method and unreliable values (e.g., arising from artefacts or vessels) were automatically removed.
The one-tail Welch’s t-test (𝑝-value < 0.05) was employed for statistical assessment. Results. At diagnosis, mean BF values (in
[mL/min/100g]) of AC group [(83.5 ± 29.4)] are significantly greater than those of SCC subtype [(57.0 ± 27.2)] (𝑝-value = 0.02).
However, two central SCCs undergoing artefacts from vena cava and pulmonary artery have an artificially increased mean BF.
Conclusions. The different hemodynamic behaviour of AC and SCC should be considered as a biomarker supporting treatment
planning to select the patients, mainly with AC, that would most benefit from antiangiogenic therapies. The significance of results
was achieved by automatically detecting and excluding artefactual BF values.

1. Introduction

Tumorigenesis involves angiogenesis, a complex mechanism
consisting in the generation of a vascular network nour-
ishing the tumour that is highly disorganized [1]. Studying
abnormal vascular patterns, and their temporal changes, may
be essential for tissue characterization [2]. To this purpose,
the interest in CT perfusion (CTp) methodologies has been
recently confirmed [3], since CTp supplies both high spatial
and temporal resolution and allows computing perfusion
parameters from the analysis of the time concentration curves
(TCCs) [4], generated by the contrast agent reaching the
tumour. Among the most effective perfusion parameters
allowing angiogenesis evaluation [5], the blood flow (BF)
arises [6] mainly because of its high correlation with the
tissue biomarker microvessel density (MVD) [7]. BF can
be measured by considering only the first passage of the

contrast medium, this requiring a short-time examination
permitting tominimize the radiation dose given to the patient
[8, 9]. Clinical applications of BF information computed at
diagnosis include the lesion characterization [10], especially
relevant for inoperable patients, who need to schedule non-
surgical treatments [11]. Or else, higher baseline BF values in
patients with advanced lung carcinoma could suggest a better
response to therapy [12].

The differences in BF values between responders and
nonresponders have prompted a tumour hemodynamic
characterization, which also embodies cancer histological
subtypes. Characterizing the perfusion of non-small cell lung
cancer (NSCLC) has shown to provide useful information
concerning their status, in particular as regards their hypoxia
degree, deeply affecting tumour response to treatment [13].
In particular, it was shown that the adenocarcinoma (AC)
subtype has a significantly lower hypoxia degree than the
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squamous cell carcinoma (SCC) one [14]. Various perfusion
parameters have been reported to differ between lung cancer
subtypes [13, 15], showing discordant results [16–21]. How-
ever, when considering these discordant findings, we must
bear inmind that BF computation of lung tumours is exposed
to several sources of error [22], arising from respiratory
motion [23], CTp artefacts [24], and, not to forget, tumour
location [25], which can affect the reliability of BF values
[26], thus dimming the real nature of tumours and ham-
pering development and standardization of biomarkers. As
regards tumour location, its influence on BF values is rarely
considered in CTp studies. Nonetheless, it has been shown
that perfusion in central carcinomas is significantly lower
than in peripheral ones, due to the different recruitment of
vessels [27]. Nevertheless, also anatomical structures inside
lesion, such as vessels and bronchi, can be responsible for
jeopardizing perfusion analyses [26].

The aim of this study was to evaluate the characteristics
of lung tumour at diagnosis (i.e., at baseline condition),
newly investigating possible significant differences in perfu-
sion between AC and SCC, the two predominant NSCLC
phenotypes. Nevertheless, as previously shown, the literature
presents discordant results in AC and SCC perfusion char-
acterization, caused by too a high measurement variability,
stemming from clinical and physiological factors as well
as external causes (e.g., patient movements and artefacts).
To reduce such a variability, we automatically detected and
removed unreliable perfusion values. In addition, we exam-
ined lesions’ position, central or peripheral, and their prox-
imity to large vessels, studying whether and how this external
factor could artificially affect histotype perfusion. Finally, for
each histotype we also analyse the less representative lesions,
whose perfusion values are shifted to the group mean value
characterizing the other histotype.

2. Materials and Methods

Study Population. This study was approved by the Institu-
tional Review Board (IRB) that waived informed consent for
the retrospective data analysis of the patients. In addition,
a written consensus was obtained by all patients before
each study. Between September 2010 and April 2013, a total
of 32 consecutive patients (22 men, 10 women; age range
36-81 years) with primary NSCLC, subdivided in 24 AC
and 8 SCC, were identified and enrolled for data analysis.
Tumour stage was determined in all patients according to the
TNM classification of malignant tumours (seventh edition):
1 patient was diagnosed with stage IB, 3 patients with stage
IIIA, 5 patients with stage IIIB, and 23 patients with stage IV.

The patients included in this study were selected accord-
ing to the following criteria: over eighteen years old, with
histologically verified NSCLC, and no prior history of
chemotherapy, surgery, or thoracic radiation therapy. Patients
were excluded if the longest axial lesion diameter was less
than 10mm in at least one slice (n=2), if the examination
was severely affected by physics-based artefacts (n=4), in
case of a clinically significant cardiovascular disease and a
knownhistory of deep vein thrombus or pulmonary embolus.

The final population included 26 patients, 19 AC, and 7
SCC. Besides subtypes and staging, Table 1 includes lesion’s
location and position as the cancer features. For the sake of
completeness, we also report the widest axial tumour section.

CTp Protocol. At diagnosis, the patients underwent axial CT
perfusion (CTp) performed on a 256-slice CT system (Bril-
liance iCT, Philips Medical System, Best, The Netherlands),
feet first in the supine position. Initially, an unenhanced low-
dose full-body CT scan was performed to identify the target
lesion at baseline conditions.Then, a 50mL intravenous bolus
of contrast agent (Iomeron, Bracco, Milan, Italy) was injected
at 5mL/s for axial cine contrast-enhanced CT, followed by a
flushwith physiological saline solution (30mL), 5mL/s). Five
seconds later, each patient underwent a single acquisition
of duration 25 seconds under breath-hold condition. This
protocol yields 20 scans, each corresponding to different
sampling instants, with 55mm of z-coverage (11 slices × 5-
mm slice thickness, 0.4-sec rotation time, at 80 kV, 250mA,
100 mAs). Image data are reconstructed to 220 cine images
(512 × 512 pixel, 11 slices, 350mm × 350mm, 5-mm slice
spacing, 1.25-sec temporal resolution).

Perfusion Maps. A region of interest (ROI) in the descending
aorta was selected as the input function. A second ROI was
manually drawn in consensus [27] by two experienced radiol-
ogists (D.B. andG.G., 25-year experience each) on a reference
slice, where the tumour showed the widest area, similar to
whatwas done in [20, 27, 28].Then, for each lesion, the radiol-
ogists performed a 3D alignment according to the procedure
described in [29]. In order to obtain the TCCs relative to each
voxel, the values of the temporal sequence were fitted using
the sigmoid-shape model, arising from the Hill Equation
[30], and the random sampling method described in [31].
The curve fitting is achieved employing an in-house fitting
algorithm based on the nonlinear, least squares, Levenberg-
Marquardt minimization algorithm (lsqcurvefit, MATLAB©;
MathWorks, Natick, MA, USA). After TCCs computation,
BF values, expressed in mL/min/100 g, were computed for
AC and SCC subtypes using the maximum-slope method
[32, 33] by considering the first-pass phase only [34] and
representing each voxel with a one-compartment model,
including both the intravascular and the extravascular spaces
[35]. This allowed performing short-time examinations with
great benefits for patients, in terms of absorbed radiation dose
and examination quality, sincemotion artefacts were reduced
by the possibility for patients to hold their breath.

Nonetheless, in this paper, we propose two method-
ological approaches to improve the reliability of results,
that is, removing potential artefacts from perfusion maps
through an accurate data analysis and separately analysing the
“borderline cases”.

Data Analysis. Unreliable BF values were excluded from
the analysis and highlighted in the colour map with the
pink colour. In particular, BF values strictly lower than
1mL/min/100 g were automatically removed, being con-
sidered unlikely compliant with physiological values and
rather ascribable to numerical errors. Similarly, BF values
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Table 1: Summary of the histological diagnosis, tumour stage, position, location, and area of the widest tumour slice relative to each lesion.

Patient ID Diagnosis Stage Position Location Size [𝑐𝑚2]
ID1 AC IV Left Peripheral 2.4
ID2 AC IV Left Extended 15.9
ID3 AC IV Left Peripheral 4.6
ID4 AC IV Right Extended 7.0
ID5 AC IV Right Extended 16.1
ID6 AC IV Right Peripheral 15.0
ID7 AC IIIA Right Extended 5.9
ID8 AC IV Left Peripheral 1.5
ID9 AC IV Right Extended 29.0
ID10 AC IIIA Right Peripheral 2.5
ID11 AC IV Right Extended 20.3
ID12 AC IV Right Extended 3.9
ID13 AC IV Right Peripheral 0.6
ID14 AC IV Left Extended 2.5
ID15 AC IV Left Extended 10.8
ID16 AC IV Right Extended 1.9
ID17 AC IV Left Peripheral 1.5
ID18 AC IV Left Central 3.8
ID19 AC IIIB Right Central 10.7
ID20 SCC IB Left Peripheral 2.1
ID21 SCC IV Left Central 7.2
ID22 SCC IV Right Peripheral 5.2
ID23 SCC IIIB Right Central 10.3
ID24 SCC IIIB Right Extended 22.8
ID25 SCC IV Right Central 8.2
ID26 SCC IIIB Right Central 16.1

undergoing high TCC fitting errors due to the presence of
structures, such as blood vessels and bronchi, or dynamic
artefacts, were automatically detected as unreliable through
the method presented in [26]. Finally, mean BF values were
computed for each examination and considered to iden-
tify hemodynamic differences between the two histological
NSCLC subtypes, AC and SCC.

To better understand the implications of the denoising
methods we used, in Figure 1 we report two BF maps related
to ID15, obtained with the denoising method we used [26]
(a) and by manually removing (i.e., clipping) the highest BF
values (b), supposedly out of the physiological range, as it is
normally done. The removed values are shown in the pink
colour in both maps. As one can see, the denoising method
removes unreliable regions, including the outer ones, that
is, those suffering from partial volume effect, which pure
clipping normally keeps. Nevertheless, this method preserves
a range of BF values wider than clipping does.This behaviour
is underlined by the BF histogram of Figure 2(b), showing
that, by clipping, the highest BF values (in red) are removed
independently from their reliability, and the range of values
narrowed.On the other side, the BF histogramof Figure 2(a)
highlights the clear advantage of the denoising method,
which “saves” those high values which are generated with
no appreciable errors. Furthermore, one can see how this

method is able to even automatically remove unreliable low
values falling within the physiological BF range.This explains
why the range of BF values is wider, though the regions
removed have a wider extent. Although these two maps are
apparently very similar, the real benefit of the denoising
method definitely arises in the subsequent analysis. For
instance, as regards the perfusion analysis, themean BF value
of the clipped map (mean BF = 44.1mL/min/100 g) is smaller
than that of the corresponding denoised map (mean BF =
47.7mL/min/100 g) by almost 10%. This underestimation of
the mean BF value, due to the inclusion of unreliable BF
values and exclusion of high BF values regardless of their
reliability, could severely affect the statistical analysis of all
perfusion studies. Of course, in the presence of bronchi,
vessels, and, above all, artefacts this difference can be even
larger.

The “Borderline” Examinations. After performing the auto-
matic error analysis to detect and exclude unreliable values,
we looked for the causes that could affect the perfusion of the
“borderline” cases. Indeed, these are themost aspecific lesions
of the two classes, whose parameter values are nearest to
each other, which negatively affect the statistical significance
of the study. If from one side they could simply originate
from artefacts, from the other side, more interestingly, they
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Figure 1: Perfusionmaps of ID15 achieved through the use of the automatic denoisingmethod (a) and by hand clipping the highest BF values
(b). In pink, the unreliable values.
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Figure 2: In blue, the histograms related to the original ID15 BF map and, in red, the BF values that were removed through the use of the
automatic denoising method (a) and by hand clipping the highest BF values (b).

can reflect the inherent variability of data and the intrinsic
tumour properties.

2.1. Assessment of Results. The main purpose of this work is
to determine whether AC and SCC are characterized by a
different baseline perfusion. In order to assess the statistical
significance of the differences in BF between AC and SCC
subtypes, the one-tail Welch’s t-test was used for mean, while
the one-tail Wilcoxon Rank Sum test (also known as Mann-
Whitney U-test) was used formedian. For both, the statistical
significance is achieved with p-value < 0.05. Statistical

analysis was performed using R software (version 3.0.1, The
R Foundation for Statistical Computing).

As regards the analysis of the borderline cases, we
examined several factors that may cause perfusion variability.
We considered where tumours arose, right or left lung, since
it is proved that they drain to different lymph node groups
according to their position [36]. In this context, we also
considered the tumour location, central or peripheral, since
central tumours can almost completely fed by the bronchial
circulation, while the peripheral tumours, mainly at their
early growth stage, can have a significant pulmonary con-
tribution [20]. Finally, we looked for the extrinsic effects on
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Table 2: BF stratified by NSCLC subtypes.

NSCLC Subtypes BF [mL/min/100 g]
Mean Median Minimum Maximum SD

AC 83.5 79.2 33.0 141.3 29.4
SCC 57.0 44.3 28.0 98.4 27.2
Note: SD = standard deviation.

AC SCC
NSCLC histology

p-value = 0.02
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Figure 3: Box plots showing the BF values of AC (left) and SCC
(right) lesions. The median is indicated as a red line in the boxes,
whereas the vertical size gives the interquartile range.

perfusion computation of beam hardening artefacts which,
for instance, occur in tumour localized near bony regions
of the chest and, also, where the contrast medium is highly
concentrated [24].

2.1.1. Tumour Location. For each examination, two radiol-
ogists examined the entire scan sequence so as to form in
their mind the morphological structure of the lesion, also
exploiting dynamic information. They divided tumours into
three groups according to their locations, also reporting if
they are in the left or right lung. A tumour was considered
peripherally located if it is 20mm of the costal pleura, within
the pulmonary parenchyma without direct connection to
mediastinal structures. A tumour is centrally located if it is
20mm of the mediastinal structures, in a close relationship
with the central airways. Otherwise, it is considered as an
extended tumour (that could be either large or small). The
two radiologists started by performing this analysis in double
blind and, then, they reviewed together all cases to reach an
agreement. This information is reported in Table 1.

3. Results

Table 2 resumes the main BF parameter values for AC
and SCC subtypes, while Figure 3 graphically shows the
distribution of BF values for the two subtypes. The outcome
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Figure 4: Mean BF values of AC (top) and SCC (bottom) examina-
tions (blue circles), along with the corresponding groupmean (solid
red line) and SD (solid green line) values.The green circles highlight
the examinations for each subtype that are closer to the mean value
of the other subtype.

highlights that the baseline BF mean value of AC exami-
nations is definitely greater than that of SCC ones (p-value
= 0.02), as well as the BF median value (p-value = 0.03).
Figure 4 shows the averaged BF values of each AC (top)
and SCC (bottom) examination. For reader’s convenience, the
samples have been joined and displayed with solid blue lines,
whereas the group mean and standard deviation (SD) values
are shown with solid red and green lines, respectively. As one
can see, as it often happens each subtype may have some
borderline examinations nearer to the group mean value of
the other subtype (the green disks in Figure 4), which are
responsible for reducing the statistical significance of the
between-group mean difference. In particular, ID5 (mean BF
= 50.5mL/min/100 g), ID10 (mean BF = 32.9mL/min/100 g),
and ID15 (mean BF = 47.7mL/min/100 g) are three AC
examinations whose BF values are closer to the SCC group
mean value, while ID23 (mean BF = 89.7mL/min/100 g) and
ID26 (mean BF = 98.5mL/min/100 g) are two SCCs with
mean values closer to AC groupmean. In the next section, we
consider other studies aiming at assessing perfusion values
of AC and SCC, besides these borderline cases, which are
analysed to assess whether their mean value really reflects
phenotypical features.
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Figure 5: Reference slice (a) and perfusion map (b) related to ID10. In pink, the unreliable values.
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Figure 6: Reference slice and perfusion map related to ID5 (a, b) and ID15 (c, d). In pink, the unreliable values.

4. Discussion

In the literature, studies concerning the perfusion charac-
terization of AC and SCC report contrasting results. The
authors in [16] indicate that AC is characterized by a more
abundant blood supply than SCC, as the higher peak of their
TCCs suggested. Moreover, also blood volume and flow-
extraction product are significantly higher in AC than in SCC
[14]. The authors in [17] also found that AC has apparently
a higher perfusion than SCC, but these results were not
statistically significant, although MVD is significantly more
intense in AC than in SCC. Other studies [18–20] highlighted
no differences in perfusion parameters among these two
histological subtypes, also finding that they are characterized
by a similar MVD [21].

Among the possible causes for these discordant results,
we propose to consider also those borderline cases whose
perfusion values might be ascribed to motivation other than
their phenotypical features.Thefirst comment concerns ID10,
the AC lesion characterized by the lowest perfusion and
shown in Figure 5. This lesion is a very small peripheral
carcinoma, one of the smallest examined, located in the
subpleural parenchyma, probably characterized by a predom-
inant pulmonary circulation, which could not have activated
the angiogenesis process yet [37]. As regards the other two
AC lesions with a low perfusion, ID5 in Figure 6(a) and
ID15 in Figure 6(b), these share similar properties that could
explain their low perfusion. In fact, both of them are large
and extended lesions, presenting wide low-perfusion regions,

maybe suggesting hypoxia, which lower the mean BF values.
Altogether, these three cases seem not showing any external
characteristic artificially altering their BF. For instance, ID19
(mean BF = 141.4mL/min/100 g) is a central carcinoma, as
large as ID15, with a high perfusion value (the highest one).
As amatter of fact, lesions of such a dimension are often char-
acterized by a hypoxic core, due to the presence of weak and
disorganized capillaries characterizing tumour angiogenesis.
These vessels, being more permeable than normal, increase
the liquid of the extravascular space, causing the adjacent
cells moving away from the vessels and, consequently, the low
oxygenation of the surrounding tissue.However, the presence
of segmental vessels inside ID19 still nourished the core of the
lesion.

As far as SCC are concerned, the two examinations ID23
and ID26 (Figure 7), showing a higher perfusion compared
to the others SCC, share a common feature. Indeed, they
are both central SCC lesions positioned at the right lung,
directly connected to the vena cava and the pulmonary
artery, respectively. This particular location, in proximity of
these large blood vessels, may yield several artefacts during
image acquisition, as shown in the original slices of Figure 7,
which are responsible for an artificial increasing of BF values.
A detail of six artefactual slices of ID23, referred to the
same couch position, is shown in Figure 8. Nonetheless, one
other central lesion, ID25 (mean BF = 59.3mL/min/100 g) in
Figure 9(a), suffers from moderate artefacts, while the last
one, ID21 (mean BF = 42.0mL/min/100 g) in Figure 9(b), is
not artefactual. It is worth mentioning that if the artefacts
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Figure 7: Reference slice and perfusion map related to ID23 (a, b) and ID26 (c, d). In pink, the unreliable values.

Figure 8: A sequence of six slices of ID23, referring to same couch position, shows the effect of beam hardening artefacts on lesions.
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Figure 9: Reference slice and perfusion map related to ID25 (a, b) and ID21 (c, d). In pink, the unreliable values.

in ID23, ID25, and ID26 were removed manually, BF values
for SCCs would rise to mean BF = 63.5mL/min/100 g and
SD BF = 36.9mL/min/100 g, this yielding the difference
between the overall means of the histotypes not to be
statistically significant (p-value = 0.08). As a marginal note,
it is interesting to see how the SCC lesion characterized by
the lowest mean BF value in our court, ID20 (mean BF =
28.0mL/min/100 g), shown in Figure 10, is staged IB.

At the end, we analysed themean BF values of each lesion
in relation to position and location.We report that each of the
four peripheral ACs in the left lung has a mean value greater
than the group mean, and the three right peripheral lesions
have a lower mean BF, probably because of two bronchial
arteries usually running to the left lung, while one only to the
right lung. Similarly, all the extended AC lesions, neglecting
their position, have a mean value lower than the groupmean,
except for ID2 and ID11 (Figures 11(a) and 11(b), respectively),
that represent large lesions undergoing light beam hardening
artefacts, from left and right atrium, respectively.

The present study newly investigated the perfusion base-
line characteristics of AC and SCC, the two major NSCLC
subtypes, after that the literature has reported discordant
outcomes. We addressed the BF mean value, commonly used

as significant statistical parameter in several studies [7, 38].
Our results show that, before treatments, the AC histological
type has a BF mean value significantly greater than SCC
subtype, which generally shows a lower perfusion associated
with an increased presence of necrotic areas. These results
arise from the reliability analysis of the BF maps and are
enforced by the analysis of borderline cases.

The reliability assessment, carried out through an auto-
matic and objective error detection method [26], allowed
removing the anatomical structures (mainly blood vessels
and bronchi) and regions undergoing artefacts that could
compromise the correct interpretation of perfusion maps,
thus considerably improving their reliability. In particular,
automatically removing and excluding all the artefactual
regions from the subsequent analysis is probably the main
reason why this study found a clear statistical significance of
the different BF properties of AC and SCC histotypes.

Besides improving perfusion reliability, we analytically
examined the borderline cases, that is, those most aspecific
examinations of the two histotypes, whose perfusion values
are so near to the mean value of the other histotype as to
partly lose their representativeness. In particular, we looked
for some external causes, besides phenotypical properties,
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Figure 10: Reference slice (a) and perfusion map (b) related to ID20. In pink, the unreliable values.
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Figure 11: AC examinations ID2 (a) and ID11 (b) undergoing beam hardening artefacts.

which could motivate the mean BF value of each borderline
case. As far as the three ACs are concerned, we could not
find any external cause that could explain their lower BF
values. Rather, the wide range covered by the AC histo-
type could be suggestive of the existence of subpopulations
with different perfusion behaviours. Although there is no
statistical evidence regarding probable effects of tumour’s
position and location on the BF mean values, we found
some interesting tendencies regarding subgroups of the AC
histotypes that could support this hypothesis and are worth
investigating separately in a dedicated study. On the contrary,
the predominantly central position of SCCs makes them
prone to beam hardening artefacts, due to high contrast
medium concentration in large neighbouring vessels, such as
vena cava and the pulmonary artery. Indeed, it is known that
artefacts may yield false results in tumours localized near to
large central vessels [27]. In particular, we proved thatwithout
automatically removing those artefactual regions from per-
fusion computation in two borderline SCCs, their BF mean
values would expectedly be higher so as that the difference
between AC and SCC means would not be significant any
more. This could explain the discordant results emerging

in the literature regarding the perfusion characterization of
these lung cancer subtypes, since the “noise” emerging from
the colour maps was almost disregarded. As an example, the
study carried out in [15] reports group mean and SD BF
values for AC (74.7 ± 28.2mL/min/100 g) and SCC (68.7 ±
32.1mL/min/100 g) that are so near to each other as to
conclude that their difference is not statistically significant.
However, a deep analysis of SCCs could highlight that they
underwent artefacts and using our same method to remove
them could have led to the opposite conclusion.

As an added value of this research, we want to stress how
these results have been achieved using a short-time, dose-
saving, protocol that could foster other studies aiming at
investigating the peculiarities of AC subgroups, as far as BF
is concerned. Nonetheless, increasing the examination time
would jeopardize the possibility for patients to hold their
breath, and motion artefacts introduced after a 25-sec period
would worsen the quality of the image sequence [27].

This study has also some limitations. The first is the
relatively small cohort of patients. However, other works in
the literature reported a similar number of examinations,
such as that in [38] (22 AC, 8 SCC), or smaller, like in [18]
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(14 AC, 9 SCC), [20] (18 AC, 5 SCC), and [14] (6 AC, 8
SCC). Nonetheless, removing the unreliable perfusion values
improved the statistical significance of the examinations at
our disposal. The second limitation stems from the first one,
as the number of examinations prevented us from exploring
BF properties of possible AC subgroups. Finally, we have
studied the BF only. However, considering other parameters
was beyond the purpose of this research.

5. Conclusions

The main purpose of this work was to investigate the BF
properties of AC and SCC at diagnosis, before treatment, and
clear perfusion differences emerged from these NSCLC can-
cer subtypes that should be considered during their treatment
planning. Nonetheless, we introduced two methodological
contributions that allowed this study, with a non-large size
cohort and a short-time protocol, to achieve a clear outcome.
These contributions, which could benefit other cancer perfu-
sion studies, consist in the use of a method to improve the
reliability of single examinations and the accurate analysis of
those borderline lesions less characterizing for the histotype
they belong to. In particular, we believe it is important to
explicitly investigate the causes that may be responsible for
those values because, besides permitting to detect values that
are artificially high (or low), the borderline lesions could
contain even more valuable information than the other ones.

Among the practical advantages, the capability of achiev-
ing more accurate results could prevent the need of using a
higher tube voltage, for instance, when investigating central
carcinomas, which reduces the sensitivity to the contrast
medium and increases the exposure of the patient [27].

We encourage the authors of all the previous studies on
AC and SCC to review their analysis in the light of the
methodological approaches presented in this research. In
this age of personalised medicine, a non-invasive profiling of
the tumour in terms of perfusion characteristics, apparently
an independent surrogate biomarker, could have important
implications in treatment strategy, particularly in the identi-
fication of the patients, mainly with AC, that will most benefit
from antiangiogenic therapies.
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Metastasis is the most deadly aspect of cancer and results from acquired gene regulation abnormalities in tumor cells.
Transcriptional regulation is an essential component of controlling of gene function and its failure could contribute to tumor
progression and metastasis. During cancer progression, deregulation of oncogenic or tumor suppressive transcription factors, as
well as master cell fate regulators, collectively influences multiple steps of the metastasis cascade, including local invasion and
dissemination of the tumor to distant organs. Transcription factor PAX3/Pax3, which contributes to diverse cell lineages during
embryonic development, plays a major role in tumorigenesis. Mutations in this gene can cause neurodevelopmental disease and
the existing literature supports that there is a potential link between aberrant expression of PAX3 genes in adult tissues and a wide
variety of cancers. PAX3 function is tissue-specific and could contribute to tumorigenesis either directly as oncogene or as a tumor
suppressor by losing its function. In this review, we discuss comprehensively the differential role played by PAX3 in various tissues
and how its aberrant expression is implicated in disease development. This review particularly highlights the oncogenic and tumor
suppressor role played by PAX3 in different cancers and underlines the importance of precisely identifying tissue-specific role of
PAX3 in order to determine its exact role in development of cancer.

1. Introduction

Cancer is a disease that is characterized by uncontrolled cell
growth, proliferation, migration, and invasion of abnormal
cells resulting in aggregation of these cells to form tumors
in organ. There are several etiologies for the development
of cancer, ranging from environmental to genetic causes.
Mutations that inhibit the normal function of oncogenes,
tumor suppressor genes, and apoptosis genes can lead to
uncontrollable cell growth. Changes in molecular mech-
anisms that regulate stem cell differentiation were also
known to be a strong factor associated with development
of cancer [1]. The paired box (PAX: human)/(Pax: mouse)

gene family is known to be associated with developmental
functions and play a crucial role in cellular proliferation,
differentiation, migration, and tissue development [2]. PAX
proteins are subclassified according to the additional DNA-
binding homeodomain or octapeptide region, which can
serve as a binding motif for the protein cofactor for effective
inhibition of downstream gene transcriptions [3]. The role of
PAX/Pax protein as transcriptional activators or repressors
has been demonstrated through their interaction with other
transcription factors to induce target promoters [4]. There
is a possible link between the anomalous expression of PAX
genes in adult tissues and awide class of cancers by promoting
tumorigenesis as an oncogene or by failing to perform its role
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as a tumor suppressor [5, 6]. PAX proteins may be useful as
a biomarker in the diagnosis of cancers. PAX genes have an
oncogenic ability when constitutively expressed, either as a
part of a fusion gene or as a whole gene [7–12].

PAX3, a member of PAX gene family, plays a critical role
in cell proliferation, differentiation, and migration during
embryonic development of cells [13]. PAX3 contains all
three complete structural domains: a paired domain, home-
odomain, and octopeptide, which is a characteristic of PAX
family of proteins. PAX3 interacts with other transcription
factors through its paired domain (PD) and recruits them to
target promoters [14, 15]. PAX3 is expressed as several iso-
forms such as PAX3a, PAX3b, PAX3c, PAX3d, PAX3e, PAX3g,
and PAX3h [16–19]. Each of these isoforms are generally
involved in developmental function, however, with specific
functions that are unique to them in different tissues [19].
PAX3 expression is necessary for proliferation and migration
of neural crest (NC) cells and muscle cell precursors in the
dorsal dermomyotome. It is also involved in developmental
pathways that lead to melanocytes and neurons originating
from the NC and mature skeletal myocytes from the dorsal
dermomyotome. Acceleration of proliferation, migration,
and survival of neural crest cells are also regulated by
PAX3 [20]. PAX3/Pax3 (human/mouse) is a developmentally
expressed transcription factor in embryo and is rapidly
switched off during terminal differentiation [21–23]. PAX3
is necessary not only for the proper specification of these
developing tissues, but also for cell survival. Homozygous loss
of PAX3 in mouse leads to several neural crest and neural
tube defects, attributable to induction of p53-dependent
apoptosis [5, 24–28]. PAX3 is necessary for neural crest-
derived peripheral nervous system development (PNS) and
its reexpression in differentiated neural crest cells is suspected
to be involved in the development of peripheral nervous
system tumor, neuroblastoma. A gain of functionmutation in
PAX3 is associatedwith several diseases such asWaardenburg
syndromes, craniofacial-deafness-hand syndromes, alveolar
rhabdomyosarcomas, and neuroblastomas [3, 29]. Being an
important developmental factor, the expression of PAX3
gradually decreases as the tissues differentiate. However, its
reexpression in differentiated adult tissues that require PAX3
function during embryonic development leads to several
tumors [3, 15].

More recently, PAX3 was observed to be overexpressed
in various types of cancer tissues and cell lines like neu-
roblastomas, glioblastomas, melanomas, and gastric cancers,
suggesting that it may function as an oncogene in these can-
cers [30–36]. In rhabdomyosarcomas, PAX3-FOXO1 fusion
increases the transcriptional activity of PAX3 by constitutive
nuclear localization [37]. However, in thyroid cancer, it plays
a completely different role as a tumor suppressor. Loss of
function of PAX3 due to decreased expression caused by
hypermethylation is reasoned out as an underlying cause
for development of thyroid cancer [36]. Based on these
facts, it is important to determine the functions of PAX3
specific to tissue type and then understand its role in disease
pathogenesis. This review will mainly discuss about the
specific roles played byPAX3 in different tissue types and then
will focus on specific examples where PAX3 has contradictory

function as either oncogene or tumor suppressor, and is
implicated in development of cancer.

2. PAX3 and Its Role in
Development and Diseases

PAX3 is a very well-characterized protein that is expressed
in the neural crest (NC) [38]. It is also one of the most well-
characterized transcription factors of the NC and has been
extensively studied in NC induction during development,
cardiac NC, and melanocyte lineages [38]. The physiolog-
ical function of PAX3 has been well understood through
characterizing the mutations that are reported in mice and
humans. PAX3 plays amajor role during early skeletal muscle
formation in the embryo, while PAX7 predominates during
postnatal growth and muscle regeneration in the adult [39].
PAX3 is expressed during early migration of NC and in
somitic cells along the neuronal crest cellmigratory path [40].
PAX3 is generally extinguished inmigratory neural crest cells
as they differentiate butmaintained in themelanocyte lineage
and also sustained in cultured neural crest-derived stem cells
[41], in later stages of development in various lineages. The
timing of expression in early neural crest and subsequent
downregulation as neural crest-derived cells differentiate
also implicates PAX3 as an important factor for maintain-
ing progenitor populations. In fact, persistent PAX3 miss-
expression in cranial neural crest cells resulted in cleft palate
and other craniofacial defects, ocular defects, and perinatal
lethality [42]. Another phenotype associated with persistent
PAX3 expression is that bonemorphogenetic protein- (BMP-
) induced osteogenesis is blocked via upregulation of the
PAX3 target Sostdc1, a soluble BMP inhibitor.This highlights
the role PAX3 plays in maintaining an undifferentiated state
by blocking responsiveness to differentiation signals [42].
PAX3 function well-characterized in the neural crest is the
availability of a series of mutations in the murine PAX3 gene.
These alleles represent a range of null, severely hypomor-
phic, and mildly hypomorphic forms of PAX3. In addition
to neural crest defects, PAX3 and PAX7 mutants display
neurulation defects and altered somitogenesis [39]. PAX3
and versican have mutually exclusive expression pattern and
when PAX3 is lost, the versican (VCAN) expression domain
is expanded, correlating with an absence of migrating neural
crest cells lateral to the neural tube [43]. Where PAX3
and Zic1 expression overlap, they act together to specify
the neuroectoderm to adopt a neural crest fate [44, 45]
and activate Slug expression in a Wnt-dependent manner
[24]. Multiple experiments demonstrate that PAX3 and Zic1
together are both necessary and sufficient to specify neural
crest [44, 45]; PAX3 is upregulated in the dorsal neural crest
in response to Wnt signaling and also depends on bone
morphogenetic protein (BMP) signaling. Downregulation of
PAX3 occurs when the neural crest migration starts [46, 47].

In the absence of functional PAX3 (PAX3 mutants), the
neural crest cells migrating to the peripheral nervous system
undergo premature neurogenesis (evidenced by increased
Brn3 positive staining in neural tube explants), perhaps due
to a change in the regulation of genes such as Hes1 and
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Ngn2 (needed for differentiation and proliferation), which
PAX3 regulates by directly binding to their promoters. In
this role, PAX3 may couple migration with neural crest
cells maintenance and neurogenesis [48]. In vitro, a different
phenomenon is seen. PAX3 is initially expressed in all neural
crest cells from culture but is subsequently only retained
in neurons. PAX3 homozygous mutant neural crest cultures
had an 80% reduction in the capacity to generate sensory-
like neurons. Downregulation of PAX3 in dorsal root ganglia
inhibited 80–90% of newly generated sensory neurons but
had no effect on survival of sensory neurons or precursors
[49]. Mutation of PAX3, as occurs in PAX3 homozygotes,
results in development of heart defects including persistent
truncus arteriosus (PTA), signs of cardiac failure [25, 50,
51], and defects of the aortic arches, in addition to thy-
mus, thyroid, and parathyroid defects, ultimately leading to
embryonic lethality. PAX3 inhibits p53-dependent apoptosis
in the dorsal neural tube to regulate its closure [28] and
is also important for normal development and migration
of the cardiac NC to the developing heart [25]. In addi-
tion to its function as a standalone transcription factor,
several downstream molecules of other important pathways
can act as a coactivator in mediating the transcriptional
effects of PAX3. The downstream effector molecules of the
Hippo pathway Taz and Yap65 play an important role in
neural crest development and deletion of these proteins in
neural crest resulted in embryo-lethal neural crest defects
and decreased expression of the Pax3 target gene, Mitf
[52].

The role of PAX3 as a transcription factor is well estab-
lished in the development of melanocytes during embryo-
genesis and has recently been characterized as a molecular
switch in the initiation of mature melanocytes formation
[32]. Interestingly, PAX3 is one of the key molecules in
melanogenesis that is absent or greatly reduced in the bulbs of
white hair when compared to black hair, further reinforcing
its role in melanocyte stem cell populations [53]. Among
various PAX3 isoforms, PAX3c is the most studied and well-
characterized isoform; in mouse melanocytes in vitro, the
effect of PAX3 on proliferation, migration, survival, and
transformation varies depending on the isoform, with some
isoforms having opposite effects [20].

Evidence supports a role for PAX3 as a controller of a cas-
cade of transcriptional events that are necessary and sufficient
for skeletalmyogenesis [54, 55]. PAX3 is downregulatedwhen
muscle tissue begins to differentiate and the muscle specific
transcription factors are activated [54, 56]. Ectopic expression
of PAX3 prevents the myogenic differentiation of myoblasts
into myotubes, which might involve the cooperation ofMsx1
and Notch genes [57, 58].

Aberrant expression of PAX proteins is implicated in
developmental defects. Specific mutations within a number
of PAX/ Pax (human/mouse) genes lead to a range of devel-
opmental abnormalities in both human beings and mouse.
Many studies proved that PAX3 loss of function mutations
are involved in either type 1 or type 3Waardenburg syndrome
[59–65]. PAX3/Pax3 (human/mouse) mutations are associ-
ated with limb muscle hypoplasia inWaardenburg syndrome
patients and Splotch phenotype mice, respectively [54, 55].

Interestingly, PAX3 mutations were typically not found in
families with other neurocristopathies [64]. Mutations that
partially abolish the activity of PAX2, PAX3, and PAX6 were
known to cause dysmorphic syndromes with developmental
abnormalities [66–70]. PAX2 andPAX8doublemutants show
a complete lack of kidney formation due to reduced activity
of these proteins [71].

3. PAX3 Plays an Oncogenic Role in Various
Types of Tumors

Several members of the PAX family, especially subgroups
II (PAX2, PAX5, and PAX8 ) and III (PAX3 and PAX7),
play key roles in human malignancies, such as renal tumors,
lymphoma, medullary thyroid carcinoma, rhabdomyosar-
coma (RMS), and melanoma [5, 72–74]. Transfection of
3T3 cells with wild-type Pax1, Pax2, Pax3, Pax6, or Pax8
produced tumors in the nude mice within 2 to 6 weeks;
the tumors were well vascularized and resembled spindle
cell sarcomas, with high and a typical mitotic activity and
infiltration into nerve and muscle tissues and blood vessels
[75]. PAX genes in subgroups I (PAX1 and PAX9) are less
often involved in cancer or their expression is indicative
of a more favorable outcome [5]. PAX/Pax (human/mouse)
proteins, therefore, serve as tumor markers in several cancers
such as rhabdomyosarcoma, melanoma, neuroblastoma, and
Ewing’s sarcoma [2, 6, 76]. While PAX expression is very
rare in adult tissues, findings support that its expression
may be involved in maintaining pluripotency and survival
of stem cell populations. Either continuing or recurring PAX
expression is essential to provide pools of progenitor cells
for tissue regeneration upon injury. In cancer cells, achieving
self-sufficiency in growth signals and unrestricted replicative
potential are required to able to survive in potentially adverse
microenvironments during tumor progression. There are
numerous studies that prove that PAX genes play important
roles in conferring growth and survival advantages to cancer
cells and that they regulate cell plasticity [2]. Conceptually,
cell proliferation and differentiation are placed at opposite
ends of the “spectrum” of tumor progression. PAXgenes, such
as PAX8, could play a key role in balancing these processes
[2].

PAX3, which plays a critical role during neural crest
development, especially in progenitor cell populations,
also plays a role in tumor formation in these tissue
types. Many human neuroectodermal tumors express PAX3
[18, 34, 77, 78]. The role of PAX3 and its isoforms in myoge-
nesis, melanogenesis, neurogenesis, and related oncogenesis
have been well established (Figure 1). PAX3 is specifically
detected in most neural crest-derived Ewing’s family tumors
and in most peripheral neuroectodermal tumors [34], small
cell lung cancer [18], and most primary cultured melanomas
[18, 34, 79]. Screening of Ewing’s sarcoma and peripheral
neuroectodermal tumor specimens and its derived cell lines
showed elevated PAX3 expression [34]. Deactivation of p53
during neural tube closure and cardiac neural crest devel-
opment by stimulating its ubiquitination and degradation
requires PAX3 function, but not as a transcriptional regulator
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Figure 1: Oncogenic role of PAX3 in various types of cancer. PAX3 isoforms play a role in myogenesis, melanogenesis, and neurogenesis.
PAX3 is involved in physiological events such as cell cycle, apoptosis, cell adhesion, and cytoskeletal remodelling and development.
Overexpression of PAX3 inhibits the differentiation of muscle tissues andmuscle specific transcription factors.While overexpression of PAX3
was observed in various types of cancers, PAX3-FKHR leads to tumorigenesis in rhabdomyosarcoma through altering the MET, PTEN, or
AP2 signaling pathways. PAX3-FKHR can induce cellular transformation and prevent apoptosis. Reduction of PAX3 prevents development
of glioma and also induces a loss of melanogenesis in melanoma. MITF mRNA and gene promoter activity is also decreased because of the
PAX3 reduction. Melanoma susceptibility and progression genes like SCF, TGF-𝛽, MUC18, RhoC, and TIMP3 can be regulated by PAX3 and
its leads to melanoma.
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Table 1: Pax3 transcription factor plays a dual role in various types of cancers.

Cancer Type Effects Role of PAX3

Rhabdomyosarcoma

Oncogenic effects

PAX3-FKHR can induce cellular transformation and prevent apoptosis by altering
the MET, PTEN or AP2 signalling pathways [55, 57, 58, 87, 89, 90, 92].

Melanoma
Regulating the expression of a variety of melanocytic genes, followed by a decrease
in MITF mRNA and gene promoter activity and progression genes SCF, TGF-𝛽,

MUC18, RhoC and TIMP [84, 85]

Neuroblastoma
Inhibition of PAX3 expression significantly decreased the attachment of S-type

SH-EP1 cells to extra-cellular matrix proteins, fibronectin, laminin and collagen IV
and therefore downregulation of PAX3 reduces migration and invasion [31].

Glioblastoma
PAX3 was upregulated in the glioma SHG-44 cells promoted tumor formation in

vivo cell lines, while its knockdown resulted in decreased cell proliferation, invasion
and induced apoptosis in these cells. PAX3 expression in glioblastoma U-87MG

cells suppressed tumorigenicity [30].

Gastric cancer
MiR-206 significantly suppressed gastric cancer cell invasion and metastasis both in
vitro and in vivo by down regulating PAX3. In vivometastasis assay shows that
overexpression of PAX3 promotes invasiveness and pulmonary metastasis [35].

Urothelial cancer
FOXO3a negatively regulates Twist1 and Y-box–binding protein 1 (YB-1), and

positively regulated E-cadherin in With FOXO3a PAX3 acts as a prognostic factor
[94].

Thyroid cancer

Suppressor

PAX3 a tumor suppressor in thyroid cancer, through inhibiting the activities of
PI3K/Akt and MAPK signaling pathways and promoting transcription factor

FOXO3a.). The ectopic expression of PAX3, up-regulated the expression of ZIC1, a
zinc-finger transcription factor, which in turn increases FOXO3a transcriptional

activity [36].

Rhabdomyosarcoma Overexpression of miR-29 and 206 downregulates the expression of cell cycle genes,
induce cell cycle arrest through stabilizing PAX3 [6].

Alveolar rhabdomyosarcoma PAX3-FOXO1 up-regulateNoxa (Promote activation of caspases and apoptosis) [95].

indicating a novel role for PAX3 in human diseases, such as
in neural crest-derived cancers and Waardenburg syndrome
types 1 and 3 [80].

Neuroblastoma is an extracranial solid tumor that occurs
in children. Abnormally elevated levels of PAX3 expression
has also been found in some neuroblastoma cell lines and
tumors [81]. PAX-3 is overexpressed in glioma tissues com-
pared to normal brain tissues; however, the pathogenic role of
PAX-3 in human glioma cells remains to be elucidated. PAX3
was upregulated in the glioma cell lines, while its knockdown
resulted in decreased cell proliferation and invasion and
induced apoptosis in these cells (Figure 1). Inhibition of PAX3
expression in glioblastomaU-87MG cells suppressed tumori-
genicity and upregulation of PAX3 expression in glioma
SHG-44 cells promoted tumor formation in vivo. These
results indicate that PAX3 in glioma is essential for glioma-
genesis; thus, targeting PAX3 or its downstream targets may
lead to novel therapies for this disease [30]; this data has been
represented in Table 1. PAX3 contributes to various cell lin-
eages during embryonic development and is also important in
tumourigenesis. Reexpression of PAX3 was found in neurob-
lastoma cells, and the malignant neuroblastic (N-type) neu-
roblastoma cells expressed significantly higher PAX3 protein
expression in comparison to their benign substrate-adherent
(S-type) counterparts. PAX3 knockdown resulted in persis-
tent cell growth inhibition in neuroblastoma cell, through
G1 cell cycle arrest, and leads to progressive apoptosis.

Inhibition of PAX3 expression significantly decreased the
attachment of S-type SH-EP1 cells to extracellular matrix
proteins, fibronectin, laminin, and collagen IV.Migration and
invasion of both neuroblastoma cell types were markedly
reduced after PAX3 downregulation. Microarray analyses
revealed that signaling pathways involving cell cycle, apop-
tosis, cell adhesion, cytoskeletal remodelling, and develop-
ment were altered in particular, by PAX3 downregulation
(Table 1). These novel findings emphasize that PAX3 might
contribute to oncogenic characteristics of neuroblastoma
cells by regulating a variety of crucial signaling pathways
[31].

While PAX3 promotes melanocyte phenotype, it plays an
indispensable role in stem cell maintenance and actively pro-
motes lesion survival, while BRAF mutations support tumor
proliferation in melanoma [32]. PAX3 also plays a main role,
in the pathogenesis of melanoma by influencing pathways
through its transcriptional activity [82] and also by inducing
p53 loss of function by promoting its ubiquitination [80].
PAX3 is a key transcription factor in regulating the expression
of a variety of melanocytic genes [22, 83]. Inhibiting the
expression of PAX3 using antisense RNA in melanoma cell
lines resulted in dose dependent reduction of proliferation
of melanoma cells and induction of apoptosis, suggesting
role for PAX3 in melanoma cell survival [78, 79]. Pax3
reduction also induces a loss of melanogenesis in melanoma
cells, followed by a sharp decrease in MITF mRNA and

http://www.sciencedirect.com/topics/page/Downregulation_and_upregulation
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gene promoter activity. Using microarray analyses PAX3 was
identified as a regulator of the melanoma susceptibility and
progression genes SCF, TGF-𝛽, MUC18, RhoC, and TIMP3
[84–86], and this data has been represented in Figure 1 and
Table 1.

PAX3 involved in muscle development is also impli-
cated in tumorigenesis of muscle, rhabdomyosarcoma. Rhab-
domyosarcoma is the most frequent soft tissue tumor in
children under 15 years old. It develops as a consequence of
disruption to the regulation of the growth and differentiation
of myogenic precursor cells. PAX3 promotes tumorigene-
sis by influencing downstream MET pathway [87]. Rhab-
domyosarcoma cells that undergo apoptosis due to specific
antisense treatment is rescued from death by ectopic expres-
sion of PAX3, which indicates the prosurvival properties
promoted by PAX3 [88]. PAX3 expression was markedly
higher in gastric cancer tissues than in adjacent noncancer-
ous tissues. MiR-206 significantly suppressed gastric cancer
cell invasion and metastasis both in vitro and in vivo by
downregulating PAX3. In vivometastasis assay demonstrates
that overexpression of PAX3 significantly promotes invasive-
ness and pulmonary metastasis of gastric cancer cells [35]
(Table 1).

The above-mentioned studies clearly establish the onco-
genic role of aberrant expression of PAX3 as awholemolecule
in various cancers. Interestingly, PAX3 gene is involved in
gene translocations which results in fusion proteins involving
PAX3 that offers them oncogenic potential [89]. PAX3-
FKHR (forkhead in rhabdomyosarcoma) fusion proteins are
involved in promoting different molecular pathogeneses of
alveolar rhabdomyosarcoma and embryonal rhabdomyosar-
coma by inducing cellular transformation and preventing
apoptosis [89, 90]. The tumor promoting effects of PAX3
and PAX3-FKHR in rhabdomyosarcoma tumorigenesis are
suggested to be through altering the MET, PTEN, or AP2
signaling pathways (Figure 1, Table 1). PAX3-FKHR mutants
through gain of function promote tumor development in
myoblasts, which again shows the oncogenic potential of
PAX3 transcriptional activity [91]. Interestingly, PAX3-FKHR
shows oncogenic effects, predominantly at relatively low
levels, while at higher expression levels it induces suppression
of growth in 3T3 L1 fibroblasts [92]. This particular study
highlighted domain specific function of PAX3 at different
levels of activity. At low levels, through its homeo domain
and its associated function induced the transformation of
3T3L1 fibroblasts, while at higher levels they inhibited the
transformation and growth potential of these cells, by its
activity through paired domain.These studies clearly indicate
a multifaceted dynamic function of PAX3 depending on the
level of activity and cell type.

4. Tumor Suppressing Role of PAX3

The proliferation promoting characteristics of PAX3 have
been well established in several cancers as discussed above.
However, designating PAX3 as an oncogene has been
impaired by contradicting reports available that highlight the
growth inhibiting potential of PAX3. The ectopic expression

of PAX3 dramatically inhibited thyroid cancer cell prolif-
eration, colony formation, migration and invasion, induced
cell cycle arrest, and apoptosis and retarded tumorigenic
potential in nudemice [36].These reports implicate PAX3 as a
novel functional tumor suppressor in thyroid cancer, through
inhibiting the activities of PI3K/Akt and MAPK signaling
pathways and promoting transcription factor FOXO3a. The
study also highlighted that epigenetic alteration such as
promoter methylation as a major mechanism by which
PAX3 is inactivated in this cancer (Figure 2 and Table 1).
Further, PAX3 is a member that belongs to a group of
transcription factors that are regulated by posttranslational
modification such as acetylation. Pax3 acetylation decreased
its transcriptional activity, thereby modulating the activity of
downstream effectors Hes1 and increased Neurog2, resulting
in sensory neuron differentiation [93]. Overexpression of
miR-29 and 206 downregulates the expression of cell cycle
genes and induces cell cycle arrest through stabilization of
PAX3 in rhabdomyosarcoma, suggesting a tumor suppressor
role for PAX3 [6].

5. FOXO-PAX3 Association in
Tumor Suppression

PAX3, in addition to its tumor suppressor function, can also
combine with other transcription factors and can regulate
the expression of a wide variety of proteins that can act as
tumor suppressors. FOXO1 transcription factors belong to the
FOXO family and are involved in regulating key physiological
pathways. In ARMS, gene translocations between PAX3 and
FOXO1 resulted in a fusion protein PAX3-FOXO1 which
promoted the growth suppressive activity by upregulating
the expression of gremlin 1 (GREM1) and death associated
protein kinase-1 (DAPK1) tumor suppressor genes [96] (Fig-
ure 2).This study also characterized four downstream targets
of PAX3−FOXO1 that contribute to the biological activities
of growth suppression and myogenic differentiation [96].
PAX3-FOXO1 upregulatedNoxa, which in turn promoted the
activation of caspases and induced apoptosis. This particular
signaling axis is considered as an important aspect of ARMS
tumor biology that provides opportunity to create a thera-
peutic window by induction of apoptosis in ARMS cells [95]
(Figure 1 and Table 1).

Similarly, PAX3 can modulate the expression of FOXO3,
another type of transcription factor that belongs to the FOXO
family that are involved in multiple signaling pathways and
plays critical roles in a number of physiologic and pathologic
processes [97]. Cancer patients with low FOXO3a expression
had poor disease-free survival, cancer-specific survival, and
overall survival [94].

FOXO3a negatively regulated Twist1 and Y-box-binding
protein 1 (YB-1) and positively regulated E-cadherin in KK47
and TCCsup cells that expressed Twist1, but not in T24
cells that did not express Twist1 (Table 1). This suggests
that FOXO3a could act as a prognostic factor in urothelial
cancer and could represent a promising molecular target
for cancer therapeutics [94]. Interestingly, FOXO3 partners
with PAX3/7 to coordinately recruit RNA polymerase II
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Figure 2: Tumor suppressor role of PAX3 in various types of cancer. Ectopic expression of PAX3 inhibits thyroid cancer cell proliferation,
colony formation, migration, and invasion, and induced cell cycle arrest and leads to apoptosis through inhibiting the activities of PI3K/Akt
and MAPK signaling pathways and promoting transcription factor FOXO3a. MiR 29 and 206 stabilize the PAX3 expression and induce the
cell cycle arrest in the rhabdomyosarcoma cell lines. Fusion between the PAX3-FOXO1 induces the tumor cell suppression by inducing the
expression of GERM1 andDAPK1 genes which in turn upregulate NOXA (promote activation of caspases and apoptosis) and induce apoptosis
in ARMS cells.

and form a pre initiation complex (PIC) to activate MyoD
transcription in myoblasts leading to its differentiation [98].
The ectopic expression of PAX3, upregulated the expression
of ZIC1, a zinc-finger transcription factor, which in turn
increases FOXO3a transcriptional activity in thyroid cancer
cells. The regulation of ZIC1 by PAX3 suggests that PAX3
regulates the expression and activity of FOXO3a through
multiple mechanisms in thyroid cancer [99]. These studies
clearly indicate that, in addition to its own tumor suppressor
role, PAX3 can promote tumor suppressor function by inter-
playing FOXO family of transcription factors to promote the
expression of tumor suppressor genes that are controlled by
them.

6. Conclusion

PAX3 is a pivotal gene involved in organ development and
is also known to play a very important role in development
of cancer. PAX3 regulates cell differentiation, proliferation,
migration, and the survival of different cell types through
activating several target genes. Majority of studies on PAX3

clearly indicate a crucial role for it in the oncogenesis of
several human tumors. Interestingly, the studies involving
ectopic expression of PAX3 in thyroid cancers show that it can
act as a tumor suppressor. Further, PAX3 in association with
FOXO3a transcription factor modulates several pathways
that lead to cellular differentiation and growth inhibition
in cancer. These facts clearly prevent us from designating
PAX3 as an oncogene, as there are results pointing in other
direction (Figure 3). The possibility of PAX3 having dual
functions as oncogenic and tumor suppressor based on the
cell type, context, and physiologic stimuli cannot be ignored.
While the oncogenic role has been well established, more
studies are required that can strengthen its tumor suppressor
role. Studies reporting their antiproliferative effect should
not be ignored and should be considered seriously. Due
to the existing discrepancies, it is important to understand
the exact role of PAX3 in diseases, where PAX3 expression
is altered. Future studies should focus on determining the
tissues specific functions of PAX3, where it is either mutated
or aberrantly expressed. This vital information is important
and will be very useful in developing therapeutic strategies
targeting PAX3.
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Figure 3: Schematic model explaining various tissue-specific cellular functions of PAX3 in normal and disease conditions. PAX3
regulates cell differentiation, proliferation, migration, and the survival of different cell types through activating several target genes. Ectopic
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differentiation and growth inhibition in cancer. Determining tissue-specific effects of PAX3 is necessary to understand its role in disease
pathogenesis.
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Prin, Carisbo, Carife Grants,” Molecular Cancer Therapeutics,
vol. 1, no. 7, pp. 533–538, 2002.

[73] N. Chi and J. A. Epstein, “Getting your Pax straight: pax proteins
in development and disease,”Trends inGenetics, vol. 18, no. 1, pp.
41–47, 2002.

[74] D. Lang, S. K. Powell, R. S. Plummer, K. P. Young, and B. A.
Ruggeri, “PAX genes: roles in development, pathophysiology,
and cancer,” Biochemical Pharmacology, vol. 73, no. 1, pp. 1–14,
2007.

[75] C. C. Maulbecker and P. Gruss, “The oncogenic potential of Pax
genes,” EMBO Journal, vol. 12, no. 6, pp. 2361–2367, 1993.

[76] M. Jothi, K. Nishijo, C. Keller, and A. K. Mal, “AKT and PAX3-
FKHR cooperation enforces myogenic differentiation blockade
in alveolar rhabdomyosarcoma cell,”Cell Cycle, vol. 11, no. 5, pp.
895–908, 2012.

[77] T. R. Gershon, O. Oppenheimer, S. S. Chin, and W. L. Gerald,
“Temporally regulated neural crest transcription factors dis-
tinguish neuroectodermal tumors of varying malignancy and
differentiation,” Neoplasia, vol. 7, no. 6, pp. 575–584, 2005.

[78] F. A. Scholl, J. Kamarashev, O. V. Murmann, R. Geertsen, R.
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A role of pro- and antioxidants for reducing rectal cancer (RC) incidence in operative, preoperative, and postoperative treatments is
still disputable and controversial.The redox state of venous blood and tissues of blood vessels of 60 patients with RC (T

2-4N0-2M0G2)
and 20 donors is studied by means of the conventional and spin-trapping electron paramagnetic resonance (EPR). The intensity
of the signals from ceruloplasmin (CP), transferrin (TF), and labile iron pool (LIP) at temperature T = 77 K as well as superoxide
generation rate and nitric oxide (NO) levels at T = 300 K is measured. The reduced CP and TF activity and decreased NO levels
increased LIP levels and superoxide-generating rates are detected in blood species. Correlation analysis for the five-year survival rate
as a function of the extracted values is done.The results show that the intensities of the corresponding EPR signals from the “native”
and “trapped” paramagnetic centers can be potentially used for the understanding of the molecular mechanisms underlying the
RC progression and treatment.

1. Introduction

Biological electron transfer (ET) is crucial for the running
of the energy processes of the cell. ET is responsible for the
growth and apoptosis of cells and, therefore, can play an
important role in the progress of the pathological processes.
This transfer is mediated by chains of protein-bound redox
(reduction-oxidation) units. The basic redox units of blood
are ceruloplasmin (CP), transferrin (TF), “free” iron (also
known as labile iron pool, LIP), NADPH oxidase, and iNOS
of neutrophils and platelets [1]. The activity of the men-
tioned units can be investigated with electron paramagnetic
resonance (EPR, also abbreviated as ESR for electron spin
resonance) techniques. The fundamentals of using the EPR
techniques for studying organs and tissues of humans and
animals in the norm and pathology were established and
developed in 1960-80s [2–10]. It seems that this field is

experiencing its second birth in recent years, including
numerous applications in cancer related research [11–21].

Various aspects of the EPR utilization in the tumor asso-
ciated studies with the corresponding references and expla-
nations of the experimental/technical details are given in our
publications [11, 13] and additionally for the blood investi-
gations in [22]. From the last one it could be erroneously
concluded that EPR of “native” (intrinsic) paramagnetic
centers is not a sensitive tool for investigation of blood redox
state under the pathological conditions. From other side
[23] EPR of 16-doxyl stearic acid as spin probe to measure
conformational changes in albumin in blood samples clearly
demonstrates its diagnostic utility in patients with cancer
including the colorectal cancer (CRC)which comprises rectal
cancer (RC) and colon cancer [24]. Changes of intensities
of EPR signals in the whole blood corresponding to CP and
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TF of breast cancer patients under the influence of radiation
therapy are pictured in [25].

Paramagnetic centers in human tissues include primarily
the molecular complexes containing iron Fe3+ (supplied
mainly in transferrin and haemoglobin), copper Cu2+ ions
(ceruloplasmin), and “free” radicals. Human ceruloplas-
min is a glycoprotein present in the blood plasma (about 300
𝜇g/ml in healthy adult people) with a molecular weight of
132 kDa. CP in EPR spectra of tissues is usually detected as
signal from Cu2+ ions with the spectral line at g = 2.05.
Ceruloplasmin is implicated in ironmetabolism by catalyzing
oxidation of Fe2+ and thus facilitating the incorporation of
Fe3+ into apotransferrin. CP oxidizes four Fe2+ ions and is
involved in four-electron transfer to oxygen, thus hindering
nonenzymatic oxidation of iron producing “free” radicals
[26]. Apotransferrin is EPR-silent, but when it bounds Fe3+
ions one can observe a distinct EPR signal with g ≈ 4.3 from
the paramagnetic Fe3+ ions due to the high-spin (electronic
spin S = 5/2) iron in TF.

About (3–4) grams of iron is distributed among body
compartments. In normal subjects it is all protein bound.
About 70 % of the total iron is circulating, largely in erythro-
cyte haemoglobin. Up to 25 % of iron is stored in cells in the
cytosol as ferritin or in the lysosomes as haemosiderin. Only
about 0.1 % of the total body iron is circulating in plasma, all
bound to TF. “Free” iron is toxic for blood and tissues [26].
In many pathological processes, including the tumor growth,
the amount of “free” iron in blood and tissues increases due
to the decompartmentalization of Fe ions from the ferritin
and destruction of other heme and nonheme proteins. EPR
spectra of “free” iron (labile iron pool, LIP) are detected as a
broad signal in the vicinity of g = (2.2 – 2.4) [9, 14, 15].

Comparing with the normal counterparts, cancer cells
generate more “free” radicals. When “free” radicals are pro-
duced in excessive and uncontrollable amounts, they and
their derivative products may react with various cellular
macromolecules, such as lipids, proteins, and DNA and may
modulate gene expression [27, 28]. Redox state and ET
disturbances are associated with the synthesis of reactive
oxygen species (ROS) and degradation of matrix proteins,
with consequent effects on cell survival, invasion, and metas-
tasis [29]. Matrix metalloproteinases (MMPs) are capable
of decomposing extracellular matrix proteins, enhancing
invasion of cancer cells. Generally, it is assumed that the
synthesis and/or activation of MMP is increased by oxidative
stress such as that created by activated neutrophils and ROS,
for example [29, 30].

Recent data suggest more important and significant roles
for neutrophils and platelets in tumor biology. Neutrophil-
to-lymphocyte and platelet-to-lymphocyte ratios have been
proposed as independent markers of poor prognosis in
patients with cancer, including CRC [31]. A role of neu-
trophils is controversial. At present it is assumed that there
are two neutrophil phenotypes, the so-called antitumour
N1 neutrophils and protumorigenic N2 neutrophils. The
N1 neutrophils show a direct antitumour effect induced by
ROS production as well as antibody-dependent cellular cyto-
toxicity. Meanwhile, N2 neutrophils are thought to facilitate

cancer development via reconstruction of the extracellular
matrix, acceleration of angiogenesis and lymphangiogenesis,
and immune modulation through protumorigenic cytokine
production [32, 33].

In this study, we report the measurements of the redox
state of venous blood (also the extracted neutrophils and
platelets) of patients with rectal cancer which include EPR
of the native paramagnetic centers at liquid nitrogen tem-
perature of T = 77 K and spin-trapping EPR of the reactive
oxygen/nitrogen species- (ROS/RNS-) superoxide (O

2

∙) and
nitric oxide (NO) radicals at room temperature (RT) to
exhibit the features of the RC redox state in blood and
to demonstrate the EPR capabilities for RC research. The
results are compared with those obtained on the pieces of
the blood vessels from tumor and the superior rectal arteries.
It is a continuation of our many faceted works with some
preliminary results presented in [34, 35].

2. Materials and Methods

Venous blood of 60 patients who stayed at the Ukrainian
National Cancer Institute for treatment (34 men and
26 women, mean age 61 ± 2.3 years) with stage II/III
(f
2-4N0-2M0G2 according to the Seventh Edition of the

American Joint Committee of Cancer classification [36],
whereT factor is the degree of wall penetration of the primary
tumor; N factor is the status of lymph node metastasis;
M factor shows the presence of distant metastasis; and G
describes the grade of the cancer) of adenocarcinoma of the
rectumwas studied. Diagnoses, stage of disease, and presence
of metastasis were established according to requirements
of the evidence-based medicine (morphologically, in course
of corresponding clinical-instrumental checkup). No other
diseases were diagnosed within the investigated group. All
participants expressed their prior written consent to take part
in the research. All procedures followed were in accordance
with the ethical standards of the responsible committee on
human experimentation (institutional and national) and with
the Helsinki Declaration of 1964 and later amendments.
Results for the group of 20 practically healthy people (9 men,
11 women at age of 56 ± 4.1 years) served as control values.

0.5 mL from 6 mL of the collected venous blood sample
from elbow vein was poured into the test tube with 0.1
mL of anticoagulant Trilon B solution (3%), then frozen,
and stored in a special mold in liquid nitrogen for the
estimation of CP, TF, and “free” iron levels by EPR at
T = 77 K. The rest (5.5 ml) was used for the deter-
mination of NO level and generation rate of O

2

∙ rad-
icals in the whole blood, neutrophils, and platelets at
RT by using Fe/diethyldithiocarbamate (Fe/DETC) and
1-hydroxy-2,2,6,6-tetramethyl-4-oxo-piperidine hydrochlo-
ride (TEMPONE-H) from Sigma-Aldrich as spin traps. Neu-
trophils were isolated in a double density (𝜌 = 1.077 g /cm3

and 𝜌 = 1.119 g /cm3) gradient of Ficoll–Verographin at +
4∘C by centrifugation at 400g during 45 min [37]. Platelets
were extracted after a series of blood centrifugations at + 4∘C
according to procedure described in [38]. EPRmeasurements
were done by using RE-1307 (USSR, Russia) and Bruker
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Figure 1: Typical EPR spectra of samples of blood of (1) donor and
(2) patient with RC at T = 77 K in the units of g-factor. Description
and assignment of the obtained EPR features are given in the text.
The internal references signals are from the ruby crystals on the wall
of EPR cavity for the quantitative analysis of EPR spectra.

ESP-300 (Bruker, Germany) EPR spectrometers (the spec-
trometers operate at microwave frequency of 9.5 GHz) at
room and liquid nitrogen temperatures (T = 77K). Technical
details of EPR measurements and sample preparations with
spin traps are given elsewhere [11, 13, 15].

Additionally, to follow the changes in the blood circu-
latory system connected with adenocarcinoma, samples of
the superior rectal artery and blood vessels of tumor tissues
from 21 RC patients (12 men, 9 women) and 9 peptic ulcer
patients (5 men and 4 women, mean age 59.1 ± 2.8 years)
obtained during the surgical interference were frozen, stored
in a special mold in liquid nitrogen, and investigated.

Statistical analyses were done using GraphPad Prism 6
and Origin 7.5 programs. Difference between the parameters
was considered to be reliable for p < 0.05.

3. Results and Discussion

Figure 1 shows the typical EPR spectra of blood samples of
donor and patient with RC at liquid nitrogen temperature.
To exclude the influence of the resonance frequency onto the
shift of the EPR spectra, it is quite common to recalculate
and present the spectra in the units of the spectroscopic
g-factor rather than magnetic field strength following the
simple relation

h] = g𝛽B, (1)

where h is Planck constant, ] is a microwave frequency of
EPR, 𝛽 is Bohr constant, and B is a magnetic field strength.

There are lines with g = 2.05, g = 4.25 in spectra 1 and
2 in Figure 1; their intensities correspond to CP activity and
TF content, correspondingly. Additionally, signals due to
methemoglobin (g = 6.3) and “free” iron (LIP, g=2.2 – 2.4)
could be detected.

The results of comparison of EPR intensities for CP, TF,
and LIP for donors and RC patients are shown in Figure 2.
It follows that CP and TF levels for blood of RC patients are
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Figure 2: Relative intensities (I) of EPR signals corresponding toCP,
TF, and LIP in blood of donors (n = 20, 0.82 ± 0.09, 0.76 ± 0.08, and
0.027 ± 0.010, correspondingly) and RC patients (n = 60, 0.42 ± 0.12,
0.22 ± 0.10, and 0.25 ± 0.070, correspondingly). Data are presented
as mean ± SEM.

2 and 3 times less than those for donors, respectively, while
growth of LIP level in 10 times is observed (p<0.05).

Kaplan–Meier analysis was performed to determine and
to compare 5-year survival associatedwith theCP, TF, and LIP
activity/level (Figure 3).The five-year overall survival (OS) of
patients with the activity of CP ICP ≥ 0.42 a.u. (n = 34) was
60%, median survival (SM) was not reached. For the group
with ICP < 0.42 a.u. (n = 26) OS = 28%, the median time was
of 23 months (𝜒2 = 4.08, p = 0.044, Figure 3(a)). For ITF ≥
0.22 (n = 29), SM was not reached, OS = 60%. For ITF < 0.22
(n = 31), the median time was 27months (𝜒2 = 3.16, p = 0.076,
Figure 3(b)). For the subgroup with ILIP < 0.23 a.u. (n = 33)
OS = 58%, SM was not reached; with ILIP ≥ 0.23 (n = 27) OS
= 30%, the median time was 17 months (𝜒2 = 4.96, p = 0.026,
Figure 3(c)).

Data for the generation rates of superoxide radicals
by NADPH oxidase and NO radicals by iNOS of blood
neutrophils and platelets are gathered in Table 1. From those,
it can be seen that O

2

∙ generation rate of platelets is of 8-14
times higher than in the control species (a < 0.001).

According to the superoxide generation rate data, the
patients may be divided into 3 subgroups with the distinct 5-
year survival (Figure 4(a)): (1) with the high activity (> 3.20
nM/105 cells⋅min, n = 11, mean = 3.45 ± 0.11); (2) with the
moderate activity (in the range 2.50 – 3.20, n = 18, mean =
2.75 ± 0.03, p < 0.05); and (3) with the low activity (< 2.5, n=
21, mean = 2.35 ± 0.05, a < 0.05). Five-year OS for subgroup 1
was 39%, SM = 22months; for subgroups 2 and 3, SMwas not
reached and OS values are of 56% and 62%, correspondingly
(𝜒2 = 0.88, p = 0.35).

RC patients have the significantly lower levels of NO
production (up 3 times, a < 0.01). For the patients with this
value of < 0.41 nM/105 cells⋅min, OS = 31 %, SM = 23 months
while for the values of > 0.41 nM/105 cells⋅min OS = 66% and
SM was not reached (𝜒2 = 3.11, a = 0.078).

As concerns NO generation rate of platelets, in the
subgroup with the high activity of iNOS (> 0.34 nM/105
cells⋅min) OS = 64%, SM was not reached, and in the
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Figure 3: Survival distribution functions (SDF) depending on (a) CP activity in blood for ICP < 0.42 a.u. (curve 1) and ICP > 0.42 a.u. (curve
2); (b) TF level in blood for ITF ≥ 0.22 a.u. (curve 1) and ITF < 0.22 a.u. (curve 2); (c) LIP level for ILIP < 0.23 a.u. (curve 1) and ILIP ≥ 0.23
(curve 2).

Table 1: Superoxide and NO generation rates in blood platelets and neutrophils of RC patients and control group; NO levels in tumor blood
vessels and tissues of adjacent rectum artery.

O
2

∙ NO

mean ± SEM range mean SEM
(control) mean ± SEM range mean ± SEM

(control)
Blood, nM/105 cells⋅min
Platelets 2.67 ± 0.08 1.75-3.95 0.25±0.01 0.34 ± 0.01 0.25 – 0.49 1.51 ± 0.02
Neutrophils 0.336± 0.010 0.22-0.48 0.230 ± 0.004 0.41 ± 0.11 0.15-0.49 1.45 ± 0.02
n
1
= 18 0.240 ± 0.003

n
2
= 44 0.36 ± 0.01 0.25-0.48

subgroup with the low activity of iNOS (≤ 0.34 nM/105
cells⋅min) SM = 29 months (p = 0.4, Figure 4(b)).

Data for the superoxide generation rate by neutrophils
allow dividing the five-year survival results into two groups:
one (30% from 60 patients) with the same values as for the
control one and the rest (2) with 1.5-2 times (a < 0.01)
higher values. It is in correspondence with the dual role
of neutrophils in tumor progression (see the Introduction
section, [31–33]). For the statistical analysis we have divided
the investigated group into two subgroups: (1) with the O

2

∙

generation rate > 0.31 nM/105 cells⋅min (n = 28) for whichOS
= 40% and SM = 39 months were observed; and (2) with the
O
2

∙ generation rate < 0.31 nM/105 cells⋅min (n = 32) for which
OS = 78 % and SM was not reached (𝜒2 = 4.1, a = 0.043, data
are not presented graphically). As concerns nitric oxide, no
statistically significant correlation between the neutrophils’
NO levels and five-year survival was found (𝜒2 = 2.3, a= 0.13).

Significant alterations of the redox state observed in the
blood species suggest that the corresponding changes could
also be obtained in the tumor tissues and arteries that feed the



BioMed Research International 5

1

2

3

0

20

40

60

80

100

SD
F 

(%
)

10 20 30 40 50 600
Month

(a)

1

2

0

20

40

60

80

100

SD
F 

(%
)

10 20 30 40 50 600
Month

(b)

Figure 4: Survival distribution functions (SDF) depending on (a) superoxide-generating activity of NADP⋅N-oxidase of platelets: 1 –< 2,35
nM/105 cells⋅min; 2 –(2.5 – 3.0) nM/105 cells⋅min; 3 - > 3.20 nM/105 cells⋅min; p = 0,35; (b) NO-generative activity of platelets 1 – > 0.34
nM/105 cells⋅min; 2 - ≤ 0.34 nM/105 cells⋅min.
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Figure 5: Parts of EPR spectra of blood vessels from rectum tumor
(1) and from the superior rectumartery (2) in the vicinity of g-factor
≈ 2.

tumor tissues. EPR spectra from the blood vessels of tumor
and vessels from the nearby tissues of RC patients are shown
in Figure 5. The main feature of the EPR for RC tissues is a
signal with g = 2.03. The intensity of this signal corresponds
to the level of NO-FeS protein complexes formed during the
interaction of NO∙ with FeS-proteins of the respiratory chain
of mitochondrial membranes, in particular with proteins
of N and S clusters in NADPH-ubiquinone reductase and
succinate dehydrogenase, respectively [13]. In the vessels of
tumors, high levels of NO-FeS-protein complexes (1.8 ± 0.11
a.u., m = 26) are found in comparison with the upper rectal
artery (0.58 ± 0.05 a.u.. n = 26) and control group (artery
tissues of the peptic ulcer patients, 0.15 ± 0.02 a.u., n = 9) (the
nature of other signals presented in Figure 5 is described in
detail in [13]).

We have measured the nitric oxide concentrations in the
vessels by the spin-trapping technique. The obtained data are
presented in Figures 6 and 7. As follows, in contrast to the

3.75

3.01

1.5

1 2 3

Figure 6: Concentration of NO in vessels from (1) tumor (n = 26,
3.75± 0.28); (2) superior rectum artery of RC patients (n = 26, 3.01 ±
0.25); and (3) superior rectum artery from peptic ulcer patients (n =
9, 1.5 ± 0.1). Data are presented as mean ± SEM in the units of nM/g
of tissue.

blood species, NO levels in the arteries of RC patients are
higher than in the peptic ulcer patients’ tissues (p < 0.01,
Figure 6). Correlation between the NO concentration from
the spin-trapping EPR and intensity of EPR signal with g =
2.03 in the tissues of tumor vessels becomes apparent from
Figure 7 (r = 0.84, p < 0.05). It shows that the intensity of
the intrinsic EPR signal at g = 2.03 can serve (at least in
some cases) as a measure of NO amount without applying
the expansive spin traps while EPR itself could be exploited as
an indicator of pathological changes. No reliable correlation
between the NO levels in the investigated tissues and survival
rates was established.

As can be seen, the NO production in RC tissues is high
and in correspondence with our previous observations for
other tumor types [11–13]. Let us now discuss the possible
mechanisms which lead to the lowering of the levels of
NO and superoxide overproduction in the blood species of
RC patients (the feasible ways of changing of the copper
and iron related EPR signals are extensively reviewed in the
Introduction section). The main generating source for the
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spin-trapping measurements in tumor vessels of RC patients
(f3N1V0G2). The straight line is drawn with a slope of 0.93.

nitric oxide generation is the inducible nitric oxide synthase
(iNOS). NOS enzymes are complex oxido-reductases with
the potential to produce ROS as well as, or instead of, NO.
Specifically, for NO production, the NOS enzymes require
the cofactor tetrahydrobiopterin (BH4). BH4 participates in
electron transfer during the two-step oxidation of L-arginine
to L-citrulline via an N-hydroxyarginine intermediate. In the
absence of BH4, NOS enzymes are unable to generate NO by
oxidation of L-arginine and become “uncoupled,” whereby
reduction of molecular oxygen, driven by electron flow from
the NOS reductase domain, can generate superoxide or other
ROS [39–42].

4. Conclusion

The growth of adenocarcinoma of RC patients (f2-4N0-
2M0G2) is accompanied by the changes in the redox state of
blood. Namely, CP activity and TF levels decrease, resulting
in appearing of “free” iron and increase of its level. The
results show the feasibility of using EPR of the intrinsic
paramagnetic centers for the relative simple investigation of
blood redox state. Status of the redox-forming parts of blood
correlates with the five-year survival rate.

Simultaneously, due to the alteration of NADP⋅N-oxidase
and iNOS superoxide- and NO- generative activities of
neutrophils and platelets, the nitric oxide generation activity
reduces while the superoxide generation rate grows. Though
a relationship between the superoxide generation rate and
the five-year survival rates is found, no reliable correlation
between the NO levels in the investigated blood species,
artery tissues, and survival is established. It emphasizes anew
that the link between the NO levels and biological response
should be further extensively studied [40].
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Purpose. To explore the role of histogram analysis of perfusion parameters from dynamic contrast-enhanced magnetic resonance
imaging (DCE-MRI) based on entire tumor volume in discriminating tumor characteristics and predicting therapeutic response
in rectal cancer. Materials and Methods. Thirty-seven DCE-MRIs of locally advanced rectal cancer patients who received
chemoradiation therapy (CRT) before surgery were analyzed by pharmacokinetic model for quantification and histogram analysis
of perfusion parameters. The results were correlated with tumor characteristics including EGFR expression, KRAS mutation, and
CRT response based on the pathologic tumor regression grade (TRG).Results.Thearea under the contrast agent concentration-time
curve (AUC) skewness was significantly lower in patients with node metastasis. The vp histogram parameters were significantly
higher in group with perineural invasion (PNI). The receiver operating characteristics (ROC) curve analyses showed that mode
vp revealed the best diagnostic performance of PNI. The values of Ktrans and kep were significantly higher in the group with
KRAS mutation. ROC curve analyses showed that mean and mode Ktrans demonstrated excellent diagnostic performance of KRAS
mutation.DCE-MRI parameters did not demonstrate statistical significance in correlatingwith TRG.Conclusion.These preliminary
results suggest that a larger proportion of higher AUC skewness was present in LN metastasis group and a higher vp histogram
value was present in rectal cancer with PNI. In addition, Ktrans and kep histogram parameters showed difference according to the
KRAS mutation, demonstrating the utility of the histogram of perfusion parameters derived from DCE-MRI as potential imaging
biomarkers of tumor characteristics and genetic features.

1. Introduction

Perfusion parameters fromdynamic contrast-enhancedmag-
netic resonance imaging (DCE-MRI) based on pharma-
cokinetic modeling have been investigated as promising
imaging biomarkers to assess tumor biologic properties and
behaviors and to monitor and predict therapeutic effects on
the basis of tumor perfusion. Among them, the widely used
perfusion parameters extracted from the two-compartment
pharmacokinetic Tofts model [1] have Ktrans [volume trans-
fer constant between blood plasma and the extravascular

extracellular space (EES), which is determined by blood flow
and vascular permeability], kep (rate constant or reflux rate
between blood plasma and EES, kep=K

trans/ve), ve (fractional
EES volume), vp (fractional plasma volume), and area under
the contrast agent concentration-time curve (AUC, total
amount of contrast agent).

In rectal cancer, change in Ktrans after neoadjuvant
chemoradiation therapy (CRT) in locally advanced rectal
cancer has been correlated with pathologically favorable
responses in previous studies [2, 3]. In addition, the initial
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Ktrans measured by preoperative DCE-MRI was also reported
to be a useful marker in predicting good response to neoad-
juvant CRT [2, 4].However, contradictory findings have also
been reported. Kim et al. [3] found no significant differ-
ence in the initial value or change in perfusion parameters
between good responders and nonresponders of CRT or
between pathologic complete responders and noncomplete
responders. Furthermore, correlations of TNM stage with
perfusion parameters also showed discrepant results[5, 6].
Based on these previous studies, there are many factors that
influence the variable results of tumor perfusion analysis
using DCE-MRI such as intrinsic limits in a simplified
pharmacokinetic model, measurement error of arterial input
function, difference among postprocessing software, small
number of cases, sampling bias of region of interest (ROI),
or inherent tumor heterogeneity [7, 8].In order to reduce
and avoid sampling bias and to overcome limited results
arising from intrinsic tumor heterogeneity, entire lesion-ROI
analysis has been demonstrated to be more a reproducible
method with low interobserver variability [8, 9]. Further-
more, histogram analysis of the entire tumor can provide
direct information on the heterogeneity of the tumor using
the value of each pixel or voxel. In recent studies, histogram
analysis based on MRI has been performed in various areas
of cancer research [10–13].To our knowledge, volume-based
histogram analysis of perfusion maps in rectal cancer has not
been well demonstrated in the literature. The purpose of our
study was to explore the role of histogram analysis of DCE-
MRI based on entire tumor volume in discriminating tumor
characteristics and predicting neoadjuvant CRT response.

2. Materials and Methods

2.1. Patient Population. The institutional review board ap-
proved this retrospective study, and patient informed con-
sent was waived. From December 2011 to March 2015, 167
consecutive patients with locally advanced rectal cancer
(stages II (cT3-4, N0, M0) and III (cT1-4, N+, M0) were
treated with CRT at our institution. The inclusion criteria
for our study were biopsy-proven adenocarcinoma of the
rectum treated with neoadjuvant CRT followed by resection
of the tumor, adequate MR examinations to delineate the
rectal cancer that included sequences to obtain a perfusion
map before CRT, and availability of detailed surgical and
histopathologic reports. In total, 37 met these inclusion
criteria and formed the population of this study. There were
25 men and 12 women. The median age was 61 years (range,
29-84 years).The other 130 patients were excluded for no
obtainment of MR sequences for perfusion map (n = 96),
image distortion by motion or metallic artifact (n = 21),
and inadequate histopathologic reports (n = 13). Preoperative
MR imaging including sequences to produce perfusion map
was not performed for the following reasons: other MR
equipment whichwas not available to produce perfusionmap
was used (n = 74), and patients were not expected to be
treated neoadjuvant CRT after understaging by computed
tomography and colonoscopy (n = 22).

Among this cohort, one patient was reported elsewhere;
it was addressed whether only mean values of quantitative

parameters derived from DCE-MRI are correlated with
angiogenesis and biologic aggressiveness of rectal cancer
using other software [14].All included patients underwent
CRT within a month after MRI (median 10, range 0−25 days)
and underwent complete resection of the tumor as follows:
lower anterior resection (n = 28), proctosigmoidectomy (n
= 4), abdominoperineal resection (n = 3), proctocolectomy
(n = 1), and endoscopic resection (n = 1). Radiation therapy
of 50.4Gy was delivered to the pelvis in 36 patients and
45Gy was delivered in one patient. Twenty-two patients were
treated with 5-fluorouracil plus leucovorin and 15 patients
with capecitabine.

2.2. MR Imaging Techniques. All MRI studies were per-
formed using a 3T MR scanner (Magnetom Verio; Siemens
Medical Solutions, Erlangen, Germany) with six-channel
phased-array surface coil (BodyMatrix) combined with up to
six elements of the integrated spine coil. BeforeMR scanning,
approximately 50-100mL of sonography transmission gel
was administered for appropriate distension of the rectum,
which assisted in delineating the tumor, particularly in small
tumors. The MR images were obtained using the following
sequences. First, a sagittal image was obtained with a T2-
weighted fast spin-echo sequence. A plane perpendicular
to the long axis of the rectal cancer was selected for axial
scanning, covering the rectum with the lower edge at least
10 cm below the symphysis pubis and the upper edge below
the sacral promontory.

Then, an oblique axial T1-weighted fast spin-echo
sequence (TR/TE of 750/10; flip angle of 150∘; field of view
[FOV] of 200 × 200mm; matrix size of 320 × 224; 2 NEX;
slice thickness of 5mm with no gap; and acquisition time of
4 minutes 31 seconds) and an oblique axial T2-weighted fast
spin-echo sequence (TR/TE of 4000/118; flip angle of 140∘;
FOV of 200 × 200mm; spectral width of 363 hz/pixel; matrix
size of 320x224; 2 NEX; slice thickness of 5mm with no
gap; acquisition time of 3 minutes 27 seconds) were applied.
Diffusion-weighted MR images were acquired on the sagittal
and oblique axial planes using the single shot-echo planar
imaging technique with b of 0, 500, and 1000 seconds/mm2 ;
TR/TE of 6100/83; FOV of 200mm; matrix size of 104 × 73;
2 NEX; slice thickness of 5mm with no slice gap; and an
acquisition time of 2minutes 30 seconds. DCE-MRI included
two precontrast T1-weighted volumetric interpolated breath-
hold examinations (3D VIBE, TR/TE of 5.1/1.8, FOV 250 ×
250mm, matrix 192 × 138, 20 axial slices [slice thickness,
5mm]) with different flip angles (2∘, 15∘) to determine the
T1 relaxation time in the tissue before the arrival of contrast
agent. This imaging was followed by a DCE series with fat
suppression on the axial plane with TR/TE of 4.3/1.47; flip
angle of 15; slice thickness of 5.0mm; acquisition time of
4 minute 35 seconds; and an intravenous bolus injection
of 0.1mmol/kg gadobutol (Gadovist, Schering, Berlin, Ger-
many) at a rate of 3mL/s, followed by a 25mL saline flush.

2.3. Image Analysis. Perfusion parametric maps were
obtained using dedicated DCE-MRI software (Olea Sphere;
Olea Medical Solutions, La Ciotat, France) with Tofts model
implementation [1, 15].
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(a) T2-weighted, axial image shows an irregular fun-
gating mass (arrow) of the rectum. The tumor invades
through the rectal wall into the perirectal fat

(b) Region of interest (ROI) was manually drawn
along the edges of the tumors on T2-weighted axial
images section by section at a thickness of 5mm for
the entire tumor (not shown)

(c) The color-coded Ktrans map shows the dominant
purple color in the corresponding tumor. The calcu-
lated mean Ktrans value was 0.43min−1

(d) The color-coded vp map shows the dominant
red color in the corresponding tumor. The calculated
mode vp value was 0.43

Figure 1: Rectal carcinoma in a 66-year-old female patient with perineural invasion and KRAS gene mutation (+).

The arterial input function was selected automatically
using a cluster analysis algorithm individually.

For voxel-wise histogram analysis of DCE-MRI perfusion
parameters, tumor ROIs were manually drawn along the
edges of the tumors on T2-weighted axial images section
by section at a thickness of 5mm for the entire tumor,
while avoiding areas of necrosis/cystic area or hemorrhage
by two abdominal radiologists (S.N.O and M.H.C with 16
and 6 years of experience) independently. ROIs were copied
and pasted over automatically driven perfusion maps from
the software. Then, the following histogram analysis values
of each perfusion parameter were derived: mean; mini-
mum; maximum; standard deviation (SD); mode (the value
exhibiting the highest peak on the histogram); skewness;
kurtosis; 10th, 20th, 30th, 40th, 50th, 60th, 70th, 80th, and
90th percentiles (the nth percentile is the point at which
n% of the voxel values that form the histogram are found
to the left) of the DCE-MRI parameters, composed of the

volume transfer constant between the blood plasma and
EES (Ktrans , min−1); the rate constant between EES and
the blood plasma (kep, min−1); volume of EES space per
unit volume of tissue (ve); fractional blood-plasma volume
(vp); and AUC (mM⋅s). Skewness represents the degree of
asymmetry of a distribution. Negative skewness indicates
that the distribution is concentrated on the right of the
figure, and positive skewness indicates the converse dis-
tribution pattern. Kurtosis represents the sharpness of the
peaked of the distribution. Higher kurtosis indicates a shaper
peak.

Representative cases for histogram analysis of DCE-MRI
are shown in Figures 1 and 2.

2.4. Histopathologic Analysis. Histopathologic information
was obtained from pathology reports. We assessed morpho-
logical factors, including depth of invasion (T stage), lymph
node metastasis (N stage), and the presence of lymphatic,
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(a) T2-weighted, axial image shows anulcerofungating
mass (arrow) in the left wall of the rectum. The tumor
invades through the rectal wall into the perirectal fat

(b) ROIs were manually drawn along the edges of the
tumors on T2-weighted axial images section by section
at a thickness of 5mm for the entire tumor (not shown)

(c) The color-coded Ktransmap shows the dominant
purple color in the corresponding tumor. The calcu-
lated mean Ktrans value was 0.17min−1

(d) The color-coded vp map shows the dominant red
color in the corresponding tumor.The calculated mode
vp value was 0.002

Figure 2: Rectal carcinoma in a 63-year-old male patient without perineural invasion and KRAS gene mutation (-).

vascular, and perineural invasion (PNI) as well as biologic
markers including expression of EGFR, KRAS gene muta-
tions, and tumor regression grade (TRG) as described by
Dworak et al.[16], indicating pathologic grading of regression
following neoadjuvant CRT. Tumor regression was classified
according to the following five grades: Grade 0, no regres-
sion; Grade 1, dominant tumor mass with obvious fibrosis
and/or vasculopathy; Grade 2, dominantly fibrotic changes
with few tumor cells or groups (easy to find); Grade 3,
very few (difficult to find microscopically) tumor cells in
fibrotic tissue with or without mucous substance; and Grade
4, no tumor cells, only fibrotic mass (total regression or
response).

2.5. Statistical Analysis. Statistical analyses were performed
using statistical software R version 3.2.1[17] and MedCalc,
version 11.5.0.0 [MedCalc, Mariakerke, Belgium]). To assess
interobserver reliability of the DCE-MRI parameters, mea-
surements were analyzed using the intraclass correlation
coefficient (lower than 0.40, poor agreement; 0.40–0.75,
fair to good agreement; and higher than 0.75, excellent

agreement). The cases were assigned to groups based on
histologic results including depth of invasion (T stage), lymph
node metastasis (negative versus positive), lymphovascular
invasion (negative versus positive), PNI (negative versus
positive), EGFR expression (negative versus positive), and
KRAS gene mutation (negative versus positive). To assess
neoadjuvant CRT response predictability, the patents were
also divided into groups of TRG nonresponders (Grades
0, 1, and 2) and TRG responders (Grades 3 and 4) and
complete response (CR) group and non-CR group.The values
from histogram analysis of DCE-MRI parameters (Ktrans , kep,
ve, vp, and AUC; mean, minimum, maximum, SD, mode,
skewness, kurtosis, 10th, 20th, 30th, 40th, 50th, 60th, 70th,
80th, and 90th percentile value) are compared between the
groups using the Mann–Whitney U test with the moonBook
package [18].

For the parameters that demonstrated statistically signif-
icant difference between the groups, receiver operating char-
acteristics (ROC) curve analysis was performed to calculate
the sensitivity, specificity, and diagnostic accuracy.
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Table 1: Interobserver intraclass correlation coefficient for measurements of perfusion parameters.

Parameter Ktrans vp AUC kep ve
Mean 0.971 (0.943, 0.985) 0.995 (0.990, 0.997) 0.982 (0.965, 0.991) 0.993 (0.987, 0.997) 0.996 (0.993, 0.998)
Minimum 0.435 (0.129, 0.665) 0.414 (0.104, 0.651) 0.665 (0.435, 0.814) 0.747 (0.559, 0.863) 0.889 (0.794, 0.942)
10th percentile 0.264 (-0.065, 0.542) 0.973 (0.948, 0.986) 0.907 (0.826, 0.952) 0.977 (0.955, 0.988) 0.998 (0.996, 0.999)
20th percentile 0.254 (-0.077, 0.534) 0.985 (0.970, 0.992) 0.925 (0.859, 0.961) 0.967 (0.936, 0.983) 0.998 (0.995, 0.999)
30th percentile 0.413 (0.103, 0.650) 0.989 (0.979, 0.995) 0.936 (0.879, 0.967) 0.979 (0.960, 0.989) 0.998 (0.997, 0.999)
40th percentile 0.788 (0.623,0.886) 0.993 (0.986, 0.996) 0.970 (0.941, 0.984) 0.987 (0.974, 0.993) 0.997 (0.995, 0.999)
50th percentile 0.928 (0.863, 0.963) 0.995 (0.990, 0.997) 0.981 (0.963, 0.991) 0.987 (0.974, 0.993) 0.998 (0.996, 0.999)
60th percentile 0.993 (0.986, 0.996) 0.997 (0.994, 0.998) 0.982 (0.964, 0.991) 0.990 (0.981, 0.995) 0.994 (0.988, 0.997)
70th percentile 0.996 (0.993, 0.998) 0.996 (0.993, 0.998) 0.991 (0.982, 0.995) 0.991 (0.982, 0.995) 0.991 (0.982, 0.995)
80th percentile 0.996 (0.993, 0.998) 0.994 (0.988, 0.997) 0.995 (0.989, 0.997) 0.993 (0.986, 0.996) 0.977 (0.955, 0.988)
90th percentile 0.996 (0.991, 0.998) 0.995 (0.991, 0.998) 0.996 (0.992, 0.998) 0.994 (0.988, 0.997) 0.994 (0.988, 0.997)
Maximum 0.970 (0.941, 0.984) 0.972 (0.947, 0.986) 1.000 0.997 (0.994, 0.999) 1.000
Standard deviation 0.981 (0.965, 0.989) 0.993 (0.987, 0.996) 0.962 (0.931, 0.979) 0.996 (0.992, 0.998) 0.961 (0.930, 0.979)
Mode 0.965 (0.933, 0.982) 0.925 (0.856, 0.962) 0.957 (0.912, 0.978) 0.835 (0.700, 0.912) 0.998 (0.996, 0.999)
Skewness 0.955 (0.913, 0.977) 0.969 (0.940, 0.984) 0.950 (0.904, 0.974) 0.990 (0.980, 0.995) 0.988 (0.978, 0.994)
Kurtosis 0.888 (0.792, 0.941) 0.935 (0.877, 0.966) 0.920 (0.849, 0.958) 0.984 (0.968, 0.992) 0.967 (0.936, 0.983)
Note. Data in parentheses are 95% confidence intervals.

3. Results

3.1. Correlation with Prognostic Histologic Results and DCE-
MRI Parameters. Histogram analysis measurements of per-
fusion parameters showed overall excellent interreader agree-
ment except for some minimum or lower percentile mea-
surements. Table 1 summarizes the interobserver agreement
correlation coefficients using the corresponding intraclass
correlation coefficients.

Comparisons of DCE-MRI parameters of rectal cancer by
group, classified according to histologic results andmolecular
biology, are summarized in Table 2.

In patients with lymph node metastasis, AUC skewness
was significantly lower than that in patients without lymph
node metastasis (-0.4; median [-0.7,-0.2; interquartile range]
versus -0.2 [-0.3,0.1], p = 0.016).Therefore, a larger proportion
of higher AUC values were present in the nodal metastasis
group compared to the group with nonnodal metastasis. The
area under the ROC curve (𝐴z) of AUC skewness was 0.744
(95%CI: 0.565-0.922; sensitivity 69.2%, specificity 79.2%) for
reader 1 and 0.753 (95% CI: 0.583-0.923; sensitivity 69.2%,
specificity 75.0%) for reader 2. AUC kurtosis and vp kurtosis
also showed higher values in the nodal metastasis group,
whichwas represented by a sharper histogram peak, in reader
1 only.

The vp-associated histogram values (mean, 10th−80th
percentile, skewness, kurtosis, and mode) showed statisti-
cally significant correlation with PNI. ROC curve analyses
revealed that mode vp showed the best diagnostic perfor-
mance of PNI (𝐴z of mode vp0.859; 95% CI: 0.698-1; sensi-
tivity 87.5%, specificity 81.5% for reader 1;𝐴z of modevp0.783;
95% CI: 0.591-0.976; sensitivity 62.5%, specificity 89.3% for
reader 2).

The Ktrans (mean, SD, 50th−90th percentile, and mode)
and kep histogram values (mean, 30th−90th percentile, and
kurtosis) were significantly higher in the group with KRAS

gene mutation and ve kurtosis was lower in KRAS-mutated
than in nonmutated tumors. ROC curve analyses showed
that mean Ktrans and mode Ktrans demonstrated excellent
diagnostic performance of KRAS gene mutation (𝐴z of
mean Ktrans 0.788, 95% CI: 0.610-0.967; sensitivity 76.9%,
specificity 81.2%; 𝐴z of mode Ktrans0.793, 95% CI: 0.624-
0.963; sensitivity 100%, specificity 56.2% for reader 1).

Other histologic (T stage, lymphatic invasion, and vascu-
lar invasion) and immunohistochemical (EGFR expression)
results were not associated with any difference in DCE-MRI
parameters.

3.2. Correlation with Treatment Response after Neoadjuvant
CRT and DCE-MRI Parameters. Of the total 37 patients, 10
were in TRG 1, 19 were in TRG 2, 1 was in TRG 3, and 7
were in TRG 4 (CR).The mean Ktrans values of the responder
and nonresponders groups were similar (0.4; median [0.3,
0.5; interquartile range] versus 0.4[0.3, 0.5], p = 0.685). The
mean kepwas lower in the TRG responder group compared
to the TRG nonresponder group, but the difference was not
statistically significant (1.0 ± 0.5 versus 1.0 ± 0.3, p = 0.760).

The mean Ktrans and mean kep were lower in the CR
group compared to the non-CR group (0.3[0.3; 0.4] versus
0.4[0.3; 0.5], p = 0.461; 1.0 [0.9,1.0] versus 1.2 [0.8; 1.4], p =
0.332, respectively), but the differences were not statistically
significant. No other DCE-MRI parameter histogram analy-
sis values were significantly correlated with CRT treatment
response. The mean, maximum, skewness, and kurtosis of
Ktrans and kep, based on TRG and CR, are summarized in
Table 3.

4. Discussion

The aim of the present study was to explore the role of
histogram analysis of model-based perfusion parameters
from DCE-MRI in rectal cancer for discriminating tumor
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Table 2: Correlation of histogram analysis of perfusion parameters with biologic aggressiveness.

Parameter Reader 1 Reader 2
Yes (n = 24) No (n = 13) P value∗ Az

† Yes (n = 24) No (n = 13) P value∗ Az
†

Biologic aggressiveness
AUC skewness -0.4 (-0.7;-0.2) -0.2 (-0.3;0.1) 0.016 0.744 -0.4(-0.6;-0.2) -0.2(-0.3;0.2) 0.012 0.753
AUC kurtosis -0.1 (-0.5;0.1) -0.6 (-0.9;-0.1) 0.036 0.712 -0.4 (-0.6;0.2) -0.6(-0.8;-0.1) 0.098 0.667
vp kurtosis -0.2 (-0.6;0.4) 0.4 (-0.1;1.6) 0.036 0.712 -0.3 (-0.5;0.2) 0.5 (-0.2;1.7) 0.052 0.696

Yes (n = 8) No (n = 29) P value Az
∗ Yes (n = 8) No (n = 29) P value Az

∗

PNI

vp mean 0.3 (0.2;0.3) 0.1 (0.1;0.2) 0.042 0.737 0.3 (0.2;0.3) 0.1 (0.1;0.2) 0.046 0.733
vp 10th percentile 0.1 (0.1;0.1) 0.0 (0.0;0.0) 0.011 0.797 0.1 (0.1;0.1) 0.0 (0.0;0.0) 0.013 0.789
vp 20th percentile 0.1 (0.1;0.2) 0.1 (0.0;0.1) 0.022 0.767 0.2 (0.1;0.2) 0.1 (0.0;0.1) 0.035 0.746
vp 30th percentile 0.2 (0.1;0.2) 0.1 (0.0;0.1) 0.024 0.763 0.2 (0.1;0.2) 0.1 (0.1;0.1) 0.039 0.741
vp 40th percentile 0.2 (0.2;0.3) 0.1 (0.0;0.1) 0.027 0.759 0.2 (0.1;0.3) 0.1 (0.1;0.1) 0.042 0.737
vp 50th percentile 0.3 (0.2;0.3) 0.1 (0.1;0.2) 0.029 0.754 0.3 (0.2;0.3) 0.1 (0.1;0.2) 0.035 0.746
vp 60th percentile 0.3 (0.2;0.4) 0.2 (0.1;0.2) 0.032 0.750 0.3 (0.2;0.4) 0.1 (0.1;0.2) 0.035 0.746
vp 70th percentile 0.4 (0.2;0.4) 0.2 (0.1;0.2) 0.035 0.746 0.4 (0.2;0.4) 0.2 (0.1;0.2) 0.039 0.741
vp 80th percentile 0.4 (0.3;0.5) 0.2 (0.2;0.3) 0.046 0.733 0.4 (0.3;0.5) 0.2 (0.2;0.3) 0.042 0.746

vp skewness 0.4 (0.1;0.5) 0.8 (0.6;1.3) 0.022 0.767 0.3 (0.2;0.6) 0.8 (0.6;1.3) 0.020 0.772
vp kurtosis -0.4 (-0.7;-0.1) 0.4 (-0.2;1.4) 0.018 0.776 -0.4 (-0.7;-0.1) 0.4 (-0.3;1.6) 0.035 0.746
kp mode 0.2 (0.1;0.4) 0.0 (0.0;0.1) 0.002 0.859 0.1 (0.1;0.3) 0.0 (0.0;0.1) 0.016 0.783

Yes (n = 13) No (n = 16) P value Az
∗ Yes (n = 13) No (n = 16) P value Az

∗

KRAS mutation

Ktransmean 0.5 (0.4;0.5) 0.3 (0.2;0.4) 0.009 0.788 0.5 (0.4;0.5) 0.3 (0.2;0.4) 0.010 0.784
KtransSD 0.3 (0.3;0.5) 0.2 (0.1;0.3) 0.020 0.755 0.3 (0.3;0.5) 0.2 (0.1;0.4) 0.035 0.731

Ktrans50th percentile 0.4 (0.2;0.5) 0.2 (0.2,0.3) 0.039 0.726 0.4 (0.2;0.5) 0.2 (0.2,0.3) 0.048 0.716
Ktrans60th percentile 0.5 (0.3;0.6) 0.3 (0.2;0.4) 0.035 0.731 0.5 (0.4;0.5) 0.3 (0.2;0.4) 0.048 0.716
Ktrans70th percentile 0.6 (0.4;0.7) 0.4 (0.3;0.5) 0.028 0.740 0.6 (0.4;0.7) 0.4 (0.3;0.5) 0.032 0.736
Ktrans80th percentile 0.8 (0.5;0.9) 0.5 (0.3;0.6) 0.014 0.769 0.8 (0.5;0.9) 0.5 (0.3;0.6) 0.023 0.750
Ktrans90h percentile 0.8 (0.8;1.4) 0.6 (0.4;0.9) 0.023 0.750 0.9 (0.8;1.3) 0.6 (0.4;0.9) 0.039 0.726

Ktransmode 1.3 (0.8;1.8) 0.6 (0.0;1.1) 0.007 0.793 1.3 (0.8;1.8) 0.6 (0.1;1.1) 0.007 0.793
kep mean 1.4 (1.2; 1.5) 0.9 (0.3;1.3) 0.018 0.760 1.3 (1.2; 1.5) 1.0 (0.3;1.3) 0.044 0.721

kep30th percentile 0.7 (0.5;0.8) 0.5 (0.2;0.7) 0.025 0.745 0.7 (0.6;0.8) 0.5 (0.2;0.6) 0.032 0.736
kep40th percentile 0.9 (0.8;1.1) 0.6 (0.2;0.8) 0.028 0.740 0.9 (0.8;1.1) 0.7 (0.2;0.8) 0.028 0.740
kep50th percentile 1.1 (0.9;1.4) 0.8 (0.2;1.0) 0.018 0.760 1.1 (1.0;1.2) 0.8 (0.2;1.0) 0.039 0.726
kep60th percentile 1.4 (1.1;1.6) 0.9 (0.3;1.2) 0.020 0.755 1.4 (1.2;1.5) 1.0 (0.3;1.3) 0.035 0.731
kep70th percentile 1.8 (1.4;1.8) 1.1 (0.3; 1.5) 0.028 0.740 1.7 (1.4;1.9) 1.2 (0.4;1.5) 0.032 0.736
kep80th percentile 2.1 (1.8;2.5) 1.4 (0.4;1.9) 0.016 0.764 2.1 (1.7;2.7) 1.5 (0.4;2.0) 0.032 0.736
kep90th percentile 2.7 (2.4;3.1) 1.9 (0.6;2.7) 0.025 0.745 2.7 (2.3;3.1) 1.9 (0.6;2.8) 0.048 0.716

ve kurtosis 0.5 (-0.6;1.9) 1.3 (0.9;5.1) 0.035 0.731 0.4 (-0.6;1.4) 2.0 (0.7;5.6) 0.018 0.760
Note. All figures of perfusion parameters in the above table have been rounded to one decimal place and are presented as median value (interquartile range)
according to the data distribution.
Numbers in bold are statistically significant P -values. Parameters in bold are high in area under the ROC curve.
AUC, area under the concentration curve; PNI, perineural invasion; SD, standard deviation.
∗Determined with the Mann-Whitney U test.
†Az= area under the ROC curve.

characteristics and predicting CRT response. Our results
showed that histogram values from DCE-MRI parameters
correlated with prognostic factors including LN metastasis,
PNI, and KRAS genemutation. Thehistogram analysis values
of DCE-MRI parameters were not correlated with pathologic
CRT response.

Previous studies have reported discrepant results regard-
ing the correlation of TNM staging and DCE-MRI param-
eters. Yao et al. suggested that Ktrans positively correlates
with LN metastasis [5]. However, Kim et al. reported no

relationship between TN staging and Ktrans and ve [6]. In our
study, Ktrans, kep, and ve revealed no correlation with TNM
staging, and the AUC data of the group with nodal metastasis
demonstratedwider spread to the right of themean compared
to that of the group with nonnodal metastasis, illustrating
that a larger proportion of patients with nodal metastasis had
higher AUC values than patients without nodal metastasis.

To the best of our knowledge, there have been no studies
regarding the correlations between the PNI of rectal cancer
and DCE-MRI parameters. Our present study showed a
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Table 3: Correlation with treatment response of neoadjuvant chemoradiotherapy after rectal cancer.

Treatment Response Parameter Reader 1 Reader 2
TRG0,1,2(n=29) TRG 3,4 (n=8) P value∗ TRG0,1,2(n=29) TRG3,4 (n=8) P value∗

TRG

Ktransmean 0.4 (0.3;0.5) 0.4 (0.3;0.5) 0.685 0.4 (0.3;0.5) 0.4 (0.3;0.4) 0.854
Ktransmaximum 1.3 (0.7;1.8) 0.9 (0.7;1.5) 0.685 1.3 (0.7;1.8) 0.9 (0.7;1.5) 0.605
Ktransskewness 0.9 (0.2;1.6) 0.8 (0.1;1.5) 0.912 0.8 (0.3;1.6) 0.8 (0.1;1.6) 0.912
Ktranskurtosis 0.4 (-0.9;2.1) -0.1 (-1.2;1.9) 0.507 0.2 (-0.9;2.7) -0.2 (-1.1;2.5) 0.825
kepmean 1.2 (0.8;1.4) 1.0 (0.9;1.1) 0.685 1.1 (0.7;1.3) 1.0(0.9;1.1) 0.483

kepmaximum 3.3 (2.7;4.0) 3.5 (2.7;4.2) 1.000 3.5 (2.7;4.0) 3.5 (2.7;4.2) 0.971
kepskewness 1.3 (0.9;1.7) 1.3 (0.9;1.8) 0.971 1.3 (0.9;1.7) 1.4 (0.9;1.8) 0.941
kepkurtosis 1.1 (0.2;4.1) 2.1 (-0.1;3.9) 0.941 1.3 (0.3;3.6) 2.2 (-0.1;4.0) 0.941

CR (n=7) nonCR (n=30) P value CR (n=7) nonCR (n=30) P value

CR

Ktransmean 0.3 (0.3;0.4) 0.4 (0.3;0.5) 0.461 0.4 (0.3;0.4) 0.4 (0.3;0.5) 0.587
Ktransmaximum 1.0 (0.7;1.5) 1.2 (0.7;1.8) 0.816 1.0 (0.7;1.5) 1.2 (0.7;1.8) 0.727
Ktransskewness 1.0 (0.4;1.5) 0.8 (0.1; 1.6) 0.670 1.0 (0.4;1.6) 0.8 (0.1;1.6) 0.614
Ktranskurtosis 0.3 (-0.8;1.9) 0.3(-0.9;2.1) 0.907 0.1 (-0.8;2.5) 0.1(-0.9;2.7) 0.786
kepmean 1.0 (0.9;1.0) 1.2 (0.8;1.4) 0.332 0.9 (0.9;1.0) 1.2 (0.7;1.4) 0.201

kepmaximum 3.8 (2.9; 4.2) 3.3 (2.7;4.0) 0.756 3.8 (2.9;4.2) 3.4 (2.7;4.0) 0.786
kepskewness 1.5 (1.1;1.8) 1.3 (0.7;1.7) 0.510 1.6 (1.2;1.8) 1.3 (0.8;1.7) 0.438
kepkurtosis 3.1 (0.8;3.9) 1.1(-0.5;4.1) 0.535 3.1 (0.9;4.0) 1.3(-0.5;3.6) 0.535

Note. TRG, tumor regression grade; TRG0, no regression; TRG1, dominant tumor mass with obvious fibrosis and/or vasculopathy; TRG2, dominantly fibrotic
changes with few tumor cells or groups; TRG3, very few tumor cells in fibrotic tissue with or without mucous substance; TRG4, no tumor cells, only fibrotic
mass; TRG nonresponders (Grades 0,1, and 2) and TRG responders (Grades 3 and 4); CR, complete response.
All figures of perfusion parameters in the above table have been rounded to one decimal place and are presented asmedian value (interquartile range) according
to the data distribution.
∗Determined with the Mann-Whitney U test.

significant correlation between PNI and vp. The presence
of PNI in rectal cancer is associated with a significantly
worse prognosis [19, 20], indicating that a high vp is a poor
prognostic factor.

In patients with metastatic colorectal cancer, treatment
using EGFR-directed antibodies such as cetuximab or pan-
itumumab is recommended. However, KRAS (exon2 or
nonexon2) or NRAS mutations are known to be resistant to
EGFR-targeting agents; therefore, anti-EGFR therapy cannot
be used in patients with RAS gene mutations. In the present
study, there were no patients with NRAS mutation, and 13
patients (44. 8%, 13/29)withKRASmutation.Most histogram
values of Ktrans and kep were higher in the KRAS mutation
group. In our previous study, there was also a higher mean
Ktrans in the group with KRAS mutation, although the
difference did not reach statistical significance[14]. However,
the present study showed statistical significance of higher
Ktrans and kep correlating with presence of aKRAS gene
mutation. It is well known that the mutant KRAS oncogene
can induce or strongly upregulate various proangiogenic
factors such as vascular endothelial growth factor/vascular
permeability factor (VEGF/VPF) and transforming growth
factors 𝛽 (TGF- 𝛽) or 𝛼 (TGF- 𝛼) in a cascade manner.
Although the precise mechanism has not been discovered,
the current study suggests the possibility of MRI-derived
perfusion parameters reflecting an event at the genetic level
of tumorigenesis[21, 22].Although further studies of clinical
validity with a larger sample size are required, Ktrans or
kep may be important imaging biomarkers in predicting

an individual’s response to anti-EGFR therapy, even before
genotyping.

Contrary to the significant results regarding the useful-
ness of mean Ktrans for response assessment or prediction of
CRT in previous studies[2–4, 23], our study demonstrated
no correlation of histogram values of Ktrans , kep, or ve
with CRT response. However, several studies have reported
similar results. Lim et al.[2]demonstrated that Ktrans was not
predictive of TRG, and Kim et al. [3] also reported that
Ktrans , kep, and ve are not useful to assess or predict CR.
Furthermore, Intven et al. [23] revealed that changes in Ktrans

after CRT have no additive value for response assessment
in the combination study of T2-weighted MR volumetry,
diffusion-weighted MR imaging, and DCE-MRI. Further
studies with larger sample sizes are needed to investigate
clinical validation and additive values of perfusion MRI for
response assessment or prediction of CRT.

Our study has several limitations. First, this is a retro-
spective study and therefore has an unavoidable selection
bias. Second, the sample size was relatively small and was
thus insufficient to suggest optimal threshold values of DCE-
MRI parameters for predicting prognosis. Third, we did
not analyze the MRI after CRT and thus cannot assess the
changes in perfusion parameters after CRT. However, in
a clinical setting, there is actually less interest in assess-
ing treatment response after CRT compared to predicting
response before CRT. For this reason, we performed this
study to explore the role of DCE-MRI in predicting treatment
response before CRT. These preliminary results suggest that



8 BioMed Research International

a larger proportion of higher AUC skewness was present in
LN metastasis group and a higher vp histogram value was
present in rectal cancer with PNI. In addition, Ktrans and
kep histogram parameters showed difference according to the
KRAS mutation, demonstrating the utility of the histogram
of perfusion parameters derived fromDCE-MRI as potential
imaging biomarkers of tumor characteristics and genetic
features.
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Colorectal cancer (CRC) is one of the leading causes of death by cancer worldwide. Bowel cancer screening programs enable
us to detect early lesions and improve the prognosis of patients with CRC. However, they also generate a significant number
of problematic polyps, e.g., adenomas with epithelial misplacement (pseudoinvasion) which can mimic early adenocarcinoma.
Therefore, biomarkers that would enable us to distinguish between adenoma with epithelial misplacement (pseudoinvasion) and
adenoma with early adenocarcinomas (true invasion) are needed. We hypothesized that the former are genetically similar to
adenoma and the latter to adenocarcinoma and we used bioinformatics approach to search for candidate genes that might be
potentially used to distinguish between the two lesions. We used publicly available data from Gene Expression Omnibus database
and we analyzed gene expression profiles of 252 samples of normal mucosa, colorectal adenoma, and carcinoma. In total, we
analyzed 122 colorectal adenomas, 59 colorectal carcinomas, and 62 normal mucosa samples. We have identified 16 genes with
differential expression in carcinoma compared to adenoma: COL12A1, COL1A2, COL3A1, DCN, PLAU, SPARC, SPON2, SPP1,
SULF1, FADS1, G0S2, EPHA4, KIAA1324, L1TD1, PCKS1, and C11orf96. In conclusion, our in silico analysis revealed 16 candidate
genes with different expression patterns in adenoma compared to carcinoma, which might be used to discriminate between these
two lesions.

1. Introduction

Colorectal cancer (CRC) is developed by multistep process
from normal epithelium to adenoma and adenocarcinoma,
which can eventually metastasize to different organs [1].
The model of development of CRC was introduced in 1990,
where APC, KRAS, TP53, and DCC were proposed as genes
promoting the progression of CRC [2]. Since, many studies
have investigated underlying molecular mechanisms of CRC.
It is accepted that CRC arises from accumulation of genetic
and epigenetic events that alter signaling in pathways, such as
Wnt, PIK3CA, and TGF-𝛽. Three major accepted pathways
in the pathogenesis of CRC are chromosome instability
pathway, microsatellite instability pathway, and CpG island
methylator phenotype. There are many CRCs that lack the
changes described in above pathways, suggesting that other
mechanisms are involved in the development of CRC [1].

CRC is one of the leading causes of death by cancer
worldwide. In Europe, CRC is the second and the third cause
of death by cancer in men and women, respectively [3].
Five-year survival for patients with early CRC is 90%, while
for patients with advanced CRC, survival drops to only 8-
12% [4]. The prognosis can improve significantly with the
introduction of population screening. Bowel cancer screen-
ing programs enable us to detect early lesions, including ade-
nomas and adenomas with early adenocarcinoma (malignant
polyps). However, they also generate a significant number
of problematic polyps which contain dysplastic glands in
the submucosa. This phenomenon has been referred to as
epithelial misplacement (pseudoinvasion). It can be the result
of a torsion or intraluminal trauma of large pedunculated
polyps of the distal colon, or it may be a consequence of a pre-
vious biopsy. Adenomas with epithelial misplacement (pseu-
doinvasion) can be difficult to distinguish from adenomas
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with early adenocarcinoma [5–7]. The correct diagnosis is
crucial for the choice of optimal treatment. For adenoma and
adenoma with epithelial misplacement, endoscopic removal
is sufficient, whereas malignant adenomas (early carcinomas)
may require surgical treatment, since they are capable of
metastasizing [7].

Despite well-defined morphologic features of epithelial
misplacement and early invasion, there are a significant num-
ber of lesions with ambiguous features leading to divergent
diagnostic opinions among pathologists [7]. Biomarkers that
would enable to distinguish between adenoma with epithelial
misplacement (pseudoinvasion) and adenomawith early ade-
nocarcinoma (true invasion) are needed. We hypothesized
that the former is genetically similar to adenoma and the lat-
ter to adenocarcinoma and we used bioinformatics approach
to search for candidate genes that might be potentially used
to distinguish between the two lesions.

Gene expression in CRC was widely studied by microar-
ray technique, usually comparing carcinomas to normal
mucosa tissue, studying microsatellite instable CRC, or estab-
lishing CRC subtypes based on gene expression patterns [8–
10]. Some of the studies have focused on the gene expression
difference between colorectal adenomas and carcinomas [11–
15]. The downside of these studies is limitation in number of
samples. Our goal was to minimize any variabilities arising
from different microarrays and procedures, to identify the
genes and subsequently pathways associated with adenoma
progression to carcinoma. Due to the aim of the study, we
have chosen five different sets of data, containing normal,
adenoma, and carcinoma samples, where two of them were
not published yet.

2. Materials and Methods

2.1.MicroarrayData. Several projects (GSE10714, GSE37364,
GSE41657, GSE50114, and GSE50115) with gene expression
profiles of colon normal, adenoma, and carcinoma sam-
ples were downloaded from the public functional genomics
data repository-Gene Expression Omnibus database (GEO,
http://www.ncbi.nlm.nih.gov/geo) of the National Center
for Biotechnology Information (NCBI). In total, 7 CRC, 5
adenomas, and 3 normal mucosa specimens were included
in GSE10714, while 27 CRC, 29 adenomas, and 38 normal
mucosa specimens were included in GSE37364 (both on
platform GPL570 Affymetrix Human Genome U133 Plus 2.0
array). GSE41657 was composed of 25 CRC, 51 adenomas,
12 normal mucosa samples, and GSE50114 combined with
GSE50115 contained 9 CRC, 37 adenoma, and 9 normal
mucosa samples (all three on platform GPL6480 Agilent
Whole Human GenomeMicroarray 4x44K G4112F). In total,
252 samples of colonic biopsies, including 62 normal, 122
adenomas, and 59 CRC samples, were included in this study.

2.2. Data Processing. For all projects, the original data files
were downloaded and further normalized in R language
(https://www.r-project.org/). For projects on Affymetrix
arrays (GSE10714, GSE37364) package affy was used to
convert CEL files into expression data using robust multichip
average function, which performs background correction

and normalization in one step [16]. For projects on Agilent
arrays (GSE41657, GSE50114, and GSE50115) package limma
was used to perform background correction and normaliza-
tion between arrays [17]. After data normalization gene filter
was used to remove probes that had intensity less than 100 in
more than 20% of samples in each project.

Differentially expressed genes (DEG) were identified on
probe level using limma package in R for each individual
project [18]. We constructed three contrast matrices (ade-
noma compared to normal, carcinoma compared to ade-
noma, and carcinoma compared to normal) for each GEO
project. The cut-off conditions were set to adjusted p value <
0.05 and absolute value of log fold change (log FC)> 1.5. Every
comparison (adenoma compared to normal, carcinoma com-
pared to adenoma, and carcinoma compared to normal) was
overlapped among the projects to obtain the DEGs common
to all projects.

2.3. Functional Analysis and Protein-Protein Interactions Net-
work. For functional analysis and construction of protein-
protein interactions (PPI) network, the Search Tool for
the Retrieval of Interacting Genes (STRING) database was
employed (https://string-db.org/). PPI network analysis is
one of the important tools for interpretation of molecu-
lar mechanisms in the process of carcinogenesis. STRING
offers integrative tools for uncovering the biological meaning
behind large sets of genes, providing besides constructing
PPI networks and also functional and pathway enrichment
analysis. Gene ontology (GO) analysis including biological
process, molecular function, and cellular component and
KyotoEncyclopedia ofGenes andGenomes (KEGG) pathway
enrichment analysis were conducted for selected DEGs with
STRING. The statistical significance threshold was set to p <
0.05.

In this study, we constructed PPI networks of DEGs for
carcinoma compared to normal, adenoma compared to nor-
mal, and carcinoma compared to adenoma. The PPI network
was constructed under the cut-off of interaction score of
0.4. Visualization of all three networks together was done in
Cytoscape version 3.5.1 (http://www.cytoscape.org/).

3. Results

Data from each microarray was separately analyzed to obtain
DEGs for each comparison, carcinoma compared to normal,
adenoma compared to normal, and carcinoma compared to
adenoma. We identified 172 genes overlapping in all projects
for carcinoma compared to normal (568 in GSE10714, 845 in
GSE37364, 1057 in GSE41657, and 806 in GSE50114 combind
with GSE50115), 137 genes overlapping in all projects for
adenoma compared to normal (530 in GSE10714, 412 in
GSE37364, 927 in GSE41657, and 555 in GSE50114 combind
with GSE50115), and 26 genes overlapping in all projects for
carcinoma compared to adenoma (252 in GSE10714, 392 in
GSE37364, 116 in GSE41657, and 348 in GSE50114 combind
with GSE50115) (Figure 1).We also constructed heatmap with
union of all genes differentially expressed in every individual
project, to confirm that samples belong to three distinct

http://www.ncbi.nlm.nih.gov/geo
https://www.r-project.org/
https://string-db.org/
http://www.cytoscape.org/
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Figure 1: Identification of differentially expressed genes in gene expression datasets (GSE10714, GSE37364, GSE41657, GSE50114, and
GSE50115) and their overlaps.

groups, namely, carcinoma, adenoma, and normal mucosa
samples (Figure 2).

In order to investigate our selected DEGs, we overlapped
the genes in each comparison, to obtain the unique set of
genes characteristic for each comparison (Supplementary
Figure 1). As expected, the most DEGs were found in carci-
noma compared to normal mucosa group (172), somewhat
less in adenoma compared to normal group (137), and
just 26 DEGs in carcinoma compared to adenoma group
(Supplementary Table 1). Interestingly, there were no DEG
common to all three comparisons.

3.1. Protein-Protein Interaction Networks. The PPI network
was constructed on the basis of STRING database and visu-
alized using Cytoscape software. Figure 3 represents network
of genes differentially expressed in our analysis. In the whole

network, the top hub genes are IGF1 (21), MYC (20), FN1
(14), CXCL12 (14), GCG (13), AGT (10), and BCL2 (10). The
number in brackets represents the number of interaction each
gene has with other genes in network.

We identified top hub genes in each group, where there
are at least four connections for a gene. In adenoma compared
to normal top hub genes are APOE (7), NR3C1 (4), and NMU
(4), in carcinoma compared to normal top hub genes areAGT
(10), BCL2 (10), AURKA (9),MMP3 (6), CDC6 (6), TPX2 (6),
PRKACB (6), UB2C (5), SULT1A1 (4), KLF4 (4), ECT2 (4),
and MMP1 (4), and in carcinoma compared to adenoma top
hub genes areCOL3A1 (6), COL1A2 (6), SPARC (5),DCN (5),
and SPP1 (4).

3.2. Functional Enrichment Analysis. The top five significant
terms of GO and KEGG enrichment analysis are presented
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Table 1: Gene ontology andKyoto Encyclopedia ofGenes andGenomes (KEGG) analysis of differentially expressed genes in each comparison
group.

Pathway ID Pathway description Number of observed genes FDR Number of genes up/down regulated
Carcinoma vs normal

Biological process
GO.0001932 Regulation of protein phosphorylation 29 7.58E-05 16↑/13↓
GO.0006730 One-carbon metabolic process 7 7.58E-05 1↑/6↓
GO.0006820 Anion transport 17 0.000315 4↑/13↓
GO.0009719 Response to endogenous stimulus 30 0.000315 8↑/22↓
GO.0015701 Bicarbonate transport 6 0.000315 0↑/6↓
Cellular component
GO.0005576 Extracellular region 63 9.38E-05 14↑/49↓
GO.0031982 Vesicle 53 0.000163 12↑/41↓
GO.0031988 Membrane-bounded vesicle 52 0.000163 12↑/40↓
GO.0044421 Extracellular region part 55 0.000163 13↑/42↓
GO.0070062 Extracellular exosome 42 0.00196 9↑/31↓
Molecular function
GO.0004089 Carbonate dehydratase activity 5 0.0001 0↑/5↓
GO.0003824 Catalytic activity 70 0.000147 15↑/55↓
GO.0005179 Hormone activity 7 0.00231 2↑/5↓
GO.0005488 Binding 106 0.00306 35↑/71↓
GO.0008237 Metallopeptidase activity 9 0.00509 3↑/6↓
KEGG
910 Nitrogen metabolism 5 5.28E-05 0↑/5↓
4964 Proximal tubule bicarbonate reclamation 4 0.00167 0↑/4↓
4976 Bile secretion 6 0.00167 0↑/6↓
5204 Chemical carcinogenesis 6 0.00167 0↑/6↓
4972 Pancreatic secretion 6 0.00513 0↑/6↓

Adenoma vs normal
Biological process
GO.0006820 Anion transport 15 5.23E-05 3↑/12↓
GO.0006730 One-carbon metabolic process 5 2.40E-03 0↑/5↓
GO.0015701 Bicarbonate transport 5 0.0024 0↑/5↓
GO.0015711 Organic anion transport 11 0.0024 3↑/8↓
GO.0006811 Ion transport 17 0.0359 3↑/14↓
Cellular component
GO.0005576 Extracellular region 47 4.53E-06 10↑/37↓
GO.0005615 Extracellular space 23 1.15E-05 6↑/17↓
GO.0044421 Extracellular region part 41 1.15E-05 8↑/33↓
GO.0031988 Membrane-bounded vesicle 37 0.000128 6↑/31↓
GO.0098589 Membrane region 19 0.000128 5↑/14↓
Molecular function
GO.0004089 Carbonate dehydratase activity 4 0.00115 0↑/4↓
KEGG
910 Nitrogen metabolism 4 1.89E-04 0↑/4↓
4976 Bile secretion 6 0.000189 1↑/5↓
4964 Proximal tubule bicarbonate reclamation 4 0.000204 0↑/4↓

Carcinoma vs adenoma
Biological process
GO.0022617 Extracellular matrix disassembly 6 3.11E-05 6↑/0↓
GO.0030198 Extracellular matrix organization 8 3.11E-05 8↑/0↓
GO.0009888 Tissue development 11 0.0017 8↑/3↓
GO.0060279 Positive regulation of ovulation 2 0.0128 2↑/0↓
GO.0018149 Peptide cross-linking 3 0.0138 3↑/0↓
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Table 1: Continued.

Pathway ID Pathway description Number of observed genes FDR Number of genes up/down regulated
Cellular component
GO.0005615 Extracellular space 14 4.03E-08 11↑/3↓
GO.0044420 Extracellular matrix component 6 5.01E-06 6↑/0↓
GO.0098644 Complex of collagen trimers 3 0.00151 3↑/0↓
GO.0005581 Collagen trimer 4 0.00166 4↑/0↓
GO.0044421 Extracellular region part 14 0.00637 10↑/4↓
Molecular function
GO.0050840 Extracellular matrix binding 3 0.0478 3↑/0↓
KEGG
4512 Extracellular-receptor interaction 4 0.00111 4↑/0↓
4510 Focal adhesion 4 0.0155 4↑/0↓
4974 Protein digestion and absorption 3 0.0155 3↑/0↓
5146 Amoebiasis 3 0.0219 3↑/0↓
4151 PI3K-Akt signaling pathway 4 0.0461 4↑/0↓

GEO project
GSE10714
GSE37364
GSE41657
GSE50114, GSE50115

Group
carcinoma
adenoma
normal

Expression

0.5

0

1

-0.5
-1

GEO project
Group

Figure 2: Heatmap of union of genes differentially expressed in each dataset (GSE10714, GSE37364, GSE41657, GSE50114, and GSE50115).

in Table 1, while all terms can be viewed in Supplemen-
tary Table 2. The group carcinoma compared to normal
exhibits enrichment in biological process of regulation of pro-
tein phosphorylation, one-carbon metabolic process, anion
transport, response to endogenous stimulus, and bicarbon-
ate transport. As for molecular function, these genes are
enriched in carbonate dehydratase activity, catalytic activity,
hormone activity, binding, and metallopeptidase activity.
Cellular function is enriched for genes which are included
in extracellular region, vesicle, membrane-bounded vesicle,
extracellular region part, and extracellular exosome.The bio-
logical processes enriched in adenoma compared to normal
group were anion transport, one-carbon metabolic process,
bicarbonate transport, organic anion transport, and ion
transport. In this group, only one molecular function term
was enriched, namely, carbonate dehydratase activity. Genes

were enriched in cellular component of extracellular region,
extracellular space, extracellular region part, membrane-
bounded vesicle, and membrane region. It is interesting that
in both described groups of carcinoma compared to normal
and adenoma compared to normal the same KEGG pathways
were enriched, i.e., nitrogen metabolism, bile secretion, and
proximal tubule bicarbonate reclamation. Additionally, in
cancer compared to normal group twomore KEGGpathways
were found, namely, chemical carcinogenesis and pancreatic
secretion.

3.3. Carcinoma Compared to Adenoma. Themost interesting
is the comparison between adenoma and carcinoma. Con-
struction of contrast matrix enables us to compare the two
groups, yet we have no information about the third group.
To compare all three groups, we constructed a figure of
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Figure 3:The protein-protein interactions (PPI) network of differentially expressed genes (DEGs) for each comparison. Red, green, and blue
hubs represent carcinoma compared to normal, adenoma compared to normal, and carcinoma compared to adenoma, respectively. Purple
hubs represent genes which are common to carcinoma compared to normal and adenoma compared to normal groups, while turquoise
represents genes common to adenoma compared to normal and carcinoma compared to adenoma groups.

logarithmic average intensity values, comparing normal, ade-
noma, and carcinoma samples (Figure 4). The figure shows
that the 16 genes unique to carcinoma compared to adenoma
group are also distinguishable from average intensities of nor-
mal samples. There are four types of changes in expression.
COL12A1 follows the first pattern and has similar expression
in normal and adenoma, while in carcinoma the expression
is elevated. The other pattern is that expression is similar in

normal and adenoma, and reduced expression is observed in
carcinoma. Genes that follow this pattern are KIAA1324 and
PCKS1. EPHA4 and L1TD1 follow the third pattern, which
higher expression in adenoma and lower in normal and
carcinoma. All the other genes C11orf96, COL1A2, COL3A1,
DCN, FADS1,G0S2, PLAU, SPARC, SPON2, SPP1, and SULF1
follow the fourth pattern, where expression is decreased in
adenoma and increased in normal and carcinoma.
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Figure 4: Logarithmic values of average intensities for normal (N), adenoma (A), and carcinoma (C) samples for GSE41657. Logarithmic
values of average intensities for GSE37364, GSE10714, GSE50114, and GSE50115 can be found in Supplementary Figure 2.

4. Discussion

The CRC can arise through the progression of adenoma,
which is the consequence of genetic and epigenetic events
in epithelial cells. Some microarray studies have already
identified gene expression profiles of adenoma and carci-
noma [11, 19–24]. However, a study conducted by Nannini
et al. revealed there is a rather weak overlap of gene expres-
sion profiles among different studies. They assigned this to
several reasons: technical variability arising from collection
of samples, protocols used for sample preparation, type of
microarray used and subsequent data analysis pipeline used,
and lack of large scale study [25]. We overcame some of
these limitations by usingmore datasets on two different plat-
forms, Affymetrix Human Genome U133 Plus 2.0 array and
Agilent Whole Human Genome Microarray 4x44K G4112F.
We used four raw datasets of microarray gene expression
studies (GSE10714–Gambo et al. [19], GSE37364–Valcz et
al. [26], GSE41657, GSE50114 and GSE50115–the latter three
unpublished) and conducted our procedure of normalization,
summation, and filtration, irrespective of procedures sup-
plied by authors of the data.

The aim of this study was to investigate the differences in
gene expression profiles of colorectal adenoma compared to
adenocarcinoma, using normal mucosa samples as the refer-
ence. Our analysis showed many changes occur in adenoma
compared to the normal group, suggesting that adenoma
is an intermediate state between normal and carcinoma,
although not all the changes found in carcinoma were found
in adenoma.We identified 16 gene expression patterns unique
to carcinoma compared to adenoma, suggesting that these 16
genes have a role in promoting progression of adenoma to
carcinoma. Someof these genes have already been reported in

adenoma compared to carcinoma, such as SPON2 [15], SPP1,
and SPARC [11], which is validation for our own analysis.

Functional analysis of genes in carcinoma compared to
adenoma group revealed that the most significant biological
processes and KEGG pathways are connected to extracellular
matrix (ECM). Top two significant biological processes in this
comparison are ECMdisassembly and the other ECMorgani-
zation; furthermore the top KEGG pathway is ECM-receptor
interaction. Genes involved in these two biological process
pathways are similar; COL12A1, COL1A2, COL3A1, DCN,
FN1, and SPP1 are involved in ECMdisassembly and the same
genes with addition of SPARC and SULF1 are involved in
ECM organization (Supplementary Table 2). Genes involved
in these pathways are all upregulated in carcinoma compared
to adenoma, indicating that the process of ECM organization
is involved in the progression of adenoma to carcinoma.

The ECM is a superstructure, which has a supportive role,
but on the other hand, it also delivers signals to cells, which
determines their behavior. Therefore, the EMC is directly
involved in process of EMT duringmalignant transformation
and plays amajor role in the pathology of cancer [27]. Results
of our analysis show that nine out of 16 genes, which showed
differential expression in carcinoma compared to adenoma,
are components of ECM. These genes are all three collagen
genes, DCN, PLAU, SPARC, SPON2, SPP1, and SULF1. They
all showed an increase in expression in carcinoma compared
to adenoma in our study.

Two collagen I proteins (COL1A1, COL1A2) were found
significantly upregulated in cancer group compared to nor-
mal tissue. The study revealed higher expression of collagen I
in stage II tumors, suggesting that the activation of collagen I
is an early event inCRCprogression.Thefinding suggests that
expression of collagen I is higher at early stages of CRC and
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that collagen I is needed for tumor invasiveness [28]. Studies
on cell lines suggest that adherence to collagen I promotes
intracellular signaling pathways, including AKT pathways;
furthermore collagen I was demonstrated to induce EMT-like
changes, associated with tumor progression and metastasis
[29, 30]. Expression of COL3A1 gene was shown to be
upregulated in CRC compared to normal controls. Wang
et al. used Kaplan-Meier survival analysis to show that
increased COL3A1 protein in cancer epithelial cells predicted
a worse prognosis [31]. The study was expanded to plasma
samples, where soluble extracellular protein COL3A1 was
also significantly higher in patients with CRC compared to
normal controls. Also, COL3A1 was found to promote CRC
cell proliferation by activating AKT signaling pathway [31].
One study used microarray data (GSE20219) and experimen-
tally validated COL12A1 gene. Its expression continuously
increased from normal, through adenoma to carcinoma.
Moreover, expression of COL12A1 was reported to clearly
distinguish between normal, adenoma, and carcinoma group
and may have further diagnostic potential [32]. Besides
collagens, EMC contains also other proteins, such as pro-
teoglycans, sulfatases, and phosphoproteins. DCN is a fibril-
associated proteoglycan, found in EMC. Although upreg-
ulated when compared carcinoma to adenoma, the overall
expression of DCN is downregulated when carcinoma to
normal and adenoma to normal is compared. The role of
DCN both in vivo and in vitro suggested that its role is
tumor suppressive in stromal and epithelial cells [33]. A neg-
ative correlation between the immunoreactivity of DCN and
malignant potential was observed [34].

The PLAU is a urokinase-like plasminogen activator
(uPA), which is secreted serine protease that converts plas-
minogen into active plasmin. Binding of uPA to its receptor,
uPA-R, activates its proteolytic activity, which promotes ECM
degradation and subsequently the invasion and migration of
tumor cells. The PLAU is found to be upregulated in CRC.
Furthermore, increased activity of the plasmin/plasminogen
system leads to tumor budding, which is also significantly
related to lymph node metastasis [35]. SPARC is a member
of the family of matricellular proteins, a calcium-binding
protein. Studies have shown that SPARC expression in mes-
enchymal and stromal cells (MSC) was significantly higher
compared to expression in cancer cells and in normal mucosa
tissues. Low expression of SPARC is an independent unfa-
vorable prognostic factor of colorectal cancer [36]. Another
secreted ECM protein is SPON2, which belongs tomindin/F-
spondin family. Spondin proteins play important role in
different signaling pathways, important in cancer. SPON2 is
found to be upregulated in many cancers, including CRC.
SPON2 was also tested as a biomarker in plasma of CRC
patients, where it was upregulated and downregulated after
surgery was performed, indicating SPON2 to be associated
with tumor burden [37]. SPP1 is phosphoprotein found
upregulated in many cancers, including CRC. It was found
to promote cell proliferation and metastasis by activating
EMT [38]. The last ECM component that was significantly
differentially expressed between adenoma and carcinoma is
sulfatase, SULF1. Sulfatases are overexpressed in CRC and
contribute to cell proliferation, migration, and invasion [39].

Other genes are not connected to ECM but are included
in the progression of carcinoma. Two more genes had
increased expression in carcinoma compared to adenoma,
and these are FADS1 and G0S2. FADS1 is a member of the
fatty acid desaturase gene family and has been suggested to
regulate inflammation by modifying the metabolite profiles
of fatty acids, which may influence the progression of cancer.
Decreased expression of FADS1 benefits development and
growth of cancer cells, whereas increased expression was
observed to be a protective factor in esophageal squamous
cell carcinoma (ESCC). Decreased expression was associated
with poor prognosis in patients with ESCC [40]. Expression
ofG0S2 is downregulated in a wide variety of cancer cell types
and has the properties of tumor suppressor.The upregulation
of G0S2 has shown a significant reduction in tumor cell
growth and motility. Since the G0S2 is a negative regulator
of triglyceride catabolism, an altered lipid metabolism is
present in transformation of cells from normal to cancerous
[41].

The last four genes in our study were downregulated in
carcinoma compared to adenoma, and those are EPHA4,
KIAA1324, L1TD1, and PCKS1. Upregulation of EPHA4 was
observed in various cancers, including CRC.The study shows
that activated EPHA4 is associated with highly aggressive
EMT-like phenotype. Also, activation of EPHA4 reduced
E-cadherin expression and controlled cell migration and
invasion through PI3K signaling [42]. The KIAA1324 is a
transmembrane protein, also known as EIG121 (estrogen-
induced gene 121). It was shown that KIAA1324 acts as
a tumor suppressor in gastric cancer cell lines, where the
induction of KIAA1324 gene expression significantly reduced
tumor size [43]. L1TD1 is RNA-binding protein, which is
highly expressed in pluripotent cells. Depletion of L1TD1
leads to reduction in levels of OCT4 and NANOG and
increased differentiation in human embryonic stem cells
(hESCs). L1TD1 is required for self-renewal of hESCs and
is reported as one of the key regulators of stem cell fate
[44]. One study reported an increased expression of PSKC1
in nasal polyps compared to the normal nasal mucosa. Fur-
thermore, they showed that increased expression of PSKC1
induces EMT-like process in airway epithelial cells. The
cell lines displayed a morphological transformation from
typical epithelial-like shape to an elongated, spindlemorphol-
ogy. The overexpression in PSKC1 resulted in an enhanced
cell proliferation and exhibits a significant increase in cell
migration after wounding. Also the cells displayed reduced
expression of epithelial markers and increased expression of
mesenchymal markers [45].

In conclusion, distinguishing adenomas with epithelial
misplacement (pseudoinvasion) from adenomas with early
carcinomas (true invasion) is of great importance, in order
to choose the optimal treatment. For this purpose, we iden-
tified 16 candidate genes with different expression patterns
in adenoma compared to carcinoma, with a potential to
discriminate between these two lesions, which will be the
basis of our future work, where we will experimentally
validate genes on selected tissue sections of adenomas with
epithelial misplacement and adenomas with early carcino-
mas.
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The aim of this study was to investigate plasma levels and applicability of CCL2, CCR2, and tumor marker CA 15-3 in breast cancer
(BC) patients and in relation to the control groups: patients with benign breast tumor and healthy subjects. Plasma levels of tested
parameters were determined by enzyme-linked immunosorbent assay (ELISA) and CA 15-3 by Chemiluminescent Microparticle
Immunoassay (CMIA).Themedian levels of CCL2 in entire group of BC were significantly higher compared to the control groups,
similarly as median levels of CA 15-3. CCR2 is a negative marker whose levels were significantly lower in BC group compared to
healthy women. The concentration of CCL2 in BC increases with advancing tumor stage, while a median level of CCR2 decreases
with advancing stage. CCL2 showed the highest value of sensitivity (SE) (64.95%) in entire BC group and also in early stages of
disease.The highest specificity (SP) was obtained by CA 15-3 (85.71%).The area under the ROC curve (AUC) of CCR2 (0.7304) was
the largest of all the tested parameters (slightly lower than CA 15-3) in the entire BC group, but a maximum range was obtained for
the combination of all tested parameters with CA 15-3 (0.8271). In early stages of BC the highest AUC of all tested parameters was
observed in CCL2 or CCR2 (stage I: 0.6604 and 0.6564; respectively; stage II: 0.7768, respectively, for CCR2). The findings of this
study suggest that there may be applicability of CCL2, CCR2 in diagnosis of BC patients, particularly in conjunction with CA 15-3.

1. Introduction

Breast cancer is one of the most frequent malignancies
in women around the world, with a higher incidence in
developed countries and greatest relative mortality in less
developed countries [1, 2]. Tumor growth and metastasis are
regulated at least partially by chemokine-chemokine receptor
interactions. The family currently includes more than 50
members of the human chemokines and the corresponding
20 chemokine receptors and they are classified into several
groups depending on composition of a conserved cysteine
motif present on the ligand [3, 4].

Chemokines are a family of small soluble proteins
involved not only in inflammation but also in important
physiological and pathological processes, such as cancer
progression and metastasis [5]. Carcinogenesis is thought to

intensify by prolonged inflammation providing a microen-
vironment that is ideal for cancer development and growth
[6]. Many cancer cells, including breast cancer cells, express
chemokines and chemokine receptors [7].

Amongmore than 50 human chemokines, CC-chemokine
ligand 2 (CCL2) is of particular importance. CCL2, also
known as monocyte chemotactic protein-1 (MCP-1), belongs
to the CC family of chemokines. CCL2 is produced by variety
of cell types, not only by tumor cells but also by stromal
cells such as monocytes, fibroblasts, and endothelial cells
[8]. The activity of CCL2 is mediated through its binding to
the receptor CCR2 [9]. CCR2 is a receptor that binds other
chemokines, particularly CCL8, CCL7, and CCL13 consistent
with their structural similarity to CCL2. This flexibility in
chemokine-receptor interaction may lead to different bio-
logical functions, depending on the particular chemokine
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Table 1: Characteristics of breast cancer patients and control group.

Study group Number
of patients

EXAMINED
GROUPS

Breast cancer
patients

Ductal
adenocarcinoma 100

Median age (range) 57 (21-84)

Tumor stage
I 34
II 41

III and IV 25
Menopausal status:
(i) premenopausal 22
(ii) postmenopausal 78

CONTROL
GROUPS

Benign breast tumor
group 35

adenoma 12
fibroadenoma 23

Median age (range) 39 (21-63)
Menopausal status:
(i) premenopausal 12
(ii) postmenopausal 23
Healthy women 35

Median age (range) 37 (21-58)
Menopausal status:
(i) premenopausal 15
(ii) postmenopausal 20

and receptor pair engaged, or may produce similar effects,
suggesting that most of chemokines have redundant or
similar functions with other known chemokines [10]. Both
CCL2 and its receptor CCR2 have been detected in most
tumors, including those of the breast, endometrium, colon,
and prostate [11–15].

The aim of the current study was to determine the
plasma levels of CCL2, CCR2 and the levels of the commonly
accepted tumor marker (CA 15-3) in 3 groups: (1) the breast
cancer patients group; (2) the benign breast tumor group; and
(3) the control group consisting of healthy women. We eval-
uated the plasma levels of these markers in different stages
of breast cancer. Additionally, we defined the criteria for the
diagnosis based on investigated marker set. Obtained data
may be helpful in both determining the clinical applicability
of the analyzed parameters (separately and in conjunction) in
the diagnosis of breast cancer and in the differentiation of its
subtypes.

2. Material and Methods

2.1. Human Subjects. Table 1 shows the examined and control
groups. The study comprised 100 patients with breast cancer
(BC) who were referred to the Department of Oncology,
Medical University of Bialystok, Poland, between 2015 and
2017. Tumor classification and staging were determined in
accordance with the International Union against Cancer
Tumor-Node-Metastasis (UICC-TNM) classification in all

cases. Breast cancer histopathology was established in all
cases by tissue biopsy of the mammary tumor or after
surgery from tumor cancer tissues (all patients with ductal
adenocarcinoma). Written consent including participants’
own statements regarding their medical history (i.e., data
related to reproductive history, personal or family history of
cancer, general health issues: hospitalization or surgery, and
use of medications) and lifestyle habits including smoking
was obtained from all the subjects. None of the patients
had received chemo- or radiotherapy before blood sample
collection. The pretreatment staging procedures included
physical and blood examinations, mammography, mammary
ultrasound scanning, breast core biopsies, and chest X-rays.
In addition, radioisotopic bone scans, the examination of
bone marrow aspirates, and CT scans of the brain and chest
were performed where necessary.

The control groups included 35 patients with benign
breast tumors (adenoma, fibroadenoma) and 35 healthy,
untreated women who underwent mammary gland exami-
nation performed by a gynecologist prior to blood sample
collection. In addition, mammary ultrasound scanning was
performed in all cases. Benign breast tumor histopathology
was established in all cases by tissue biopsy of the mammary
tumor or after surgery.

We have selected a control group in the best way and
exclude women with other diseases that could influence the
quality of our research. From the control group we had to
exclude people with inflammatory conditions, cardiovascular
disorders, and other accompanying diseases. For this reason,
the number of patients with benign breast tumor was chosen
according to the number of healthy subjects.

The study was approved by the local Ethics Committee
(R-I-002/51/2015) and all the patients gave their informed
consent for participation in the study.

2.2. Plasma Collection and Storage. Venous blood samples
were collected from each patient. Blood was collected into
EDTA tubes (S-Monovette, SARSTEDT, Germany), cen-
trifuged 1000 x g for 15min at 2-8∘C to obtain plasma samples,
and stored at −85∘C until assayed.

2.3. Measurement of CCL2, CCR2, and CA 15-3. The tested
parameters (CCL2 and CCR2) were measured with enzyme-
linked immunosorbent assay (ELISA) (CCL2-R&D sys-
tems, Abingdon, United Kingdom; CCR2-EIAab Science,
Wuhan,China), according to themanufacturer’s instructions.
ELISA system can specifically and selectively detect solu-
ble chemokine receptors [16–18]. Plasma concentration of
CA 15-3 was measured by chemiluminescent microparticle
immunoassay (CMIA) (Abbott, Chicago, IL, USA).The intra-
assay coefficient of variation (CV%) of CA 15-3 is reported to
be 2.2% at amean concentration of 27.0 U/mL, SD=0.6. CCL2
is reported to be 4.7% at a mean concentration of 364 pg/mL,
SD=17.1 and CCR2 is reported to be ≤ 7.3%. The inter-assay
coefficient of variation (CV%) of CA 15-3 is reported to be
2.6% at a mean concentration of 27.0 U/ml, SD=0.7. CCL2 is
reported to be 5.8% at a mean concentration of 352 pg/mL,
SD=20.5 and CCR2 to be ≤10.9%. The value of intra- and
interassay CVs were calculated by the manufacturers and
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Table 2: Plasma levels of examined parameters and CA 15-3 in patients with breast cancer and in control groups.

Groups tested CCL2 CCR2 CA 15-3
(pg/mL) (ng/mL) (U/mL)

Breast cancer (median, range)
Stage I 192.81 (36.68-438.58)b/f 1.34 (0.11-8.17)a/f 17.15 (6.20-50.30)a/b/f

Stage II 227.22 (1.45-1631.48)b/f 0.93 (0.05-6.16)a/b/f 17.60 (4.40-48.10)a/b/f

Stage III and IV 398.55 (99.12-592.30)a/b/c/d/f 0.92 (0.34-3.81)a/b/f 27.75 (8.90-250.00)a/b/c/d/f

Total group 228.34 (1.45-1631.48)a/b/f 0.96 (0.05-8.17)a/f 19.20 (4.40-250.00)a/b/f

Control groups (median, range)
Benign breast tumor 118.64 (37.37-489.88)e 1.82 (0.05-7.67)e 14.00 (5.20-20.70)
Healthy women 155.17 (70.58-440.06) 3.45 (0.84-22.60) 13.40 (6.30-28.40)
Total control group 130.64 (37.37-489.88) 2.30 (0.05-22.60) 13.60 (5.20-28.40)

Notes:astatistically significant when patients with BC compared with healthy women.bStatistically significant when patients with BC compared with benign
breast tumor group. cStatistically significant when patients with BC stages III and IV compared with patients with BC stage I. dStatistically significant when
patients with BC stages III and IV compared with patients with BC stage II. eStatistically significant when patients with benign breast tumor compared with
healthy women. fStatistically significant when patients with BC compared with total control group.

enclosed in the reagent kits. The assay does not exhibit cross-
reactivity or interference with numerous human cytokines
and other growth factors. Duplicate samples were assessed for
each patient.

2.4. Statistical Analysis. Statistical analysis was performed
using STATISTICA 12.0 (StatSoft, Tulsa, OK, USA). Pre-
liminary statistical analysis (using the Shapiro-Wilk test)
revealed that the tested parameters and tumor marker levels
did not follow a normal distribution. Consequently, the
statistical analysis between the groups was performed by
using the Mann–Whitney U test, the Kruskal–Wallis test,
and a multivariate analysis of various data by the post hoc
Dwass–Steel–Critchlow–Fligner test. Statistically significant
differences were defined as comparisons resulting in p<0.05.
Diagnostic sensitivity (SE) and specificity (SP) were calcu-
lated.The cut-off values were calculated by Youden’s index (as
a criterion for selecting the optimum cut-off point) and each
of the tested parameters was as follows: CCL2: 183.19 pg/mL;
CCR2: 1.49 ng/mL; and CA 15-3: 16.85 U/mL. In the analyses
of both diagnostic performance (SE, SP) and ROC curve,
healthy subjects and benign breast tumor group were used
as a control group. The construction of the ROC curves
was performed using the GraphRoc program for Windows
(Windows, Royal, AR, USA) and the areas under the ROC
curve (AUC) were calculated to evaluate the diagnostic
accuracy and to compare AUC for all tested parameters
separately and in combination with the commonly used
tumor marker (CA 15-3).

3. Results

Table 2 presents the median and the range of plasma levels
of the investigated parameters and CA 15-3 in examined
groups. The median levels of CCL2 and CA 15-3 in the entire
group of BC were significantly higher than in the healthy
patients group (p<0.05 in all cases). Moreover, the median
levels of CCR2 in the group of BC were significantly lower
when compared to the healthy subjects (p<0.001). We also
noticed that the median of CCL2 levels in stages III and IV

was significantly higher when compared to healthy group
(p<0.001). In the case of CCR2, the median of plasma levels
in all stages of BC was significantly lower when compared
to healthy subjects (p<0.001 in all cases). However, the
concentrations of commonly accepted tumormarker (CA 15-
3) in all stages of BC were significantly higher than in the
healthy volunteers.

The statistical test also showed the similar relationship
between the entire group of BC and patients with benign
breast tumors. The concentrations of CCL2 and CA 15-3 in
the group of BC were significantly higher than in the benign
breast tumors (p<0.001).We also observed that themedian of
CCL2 and commonly accepted tumormarker (CA 15-3) levels
in all stages of BCwere significantly higherwhen compared to
benign breast tumors. However, the concentration of CCR2
in stages II, III, and IV of BC was significantly lower when
compared to the patients with benign breast tumors.

The CCL2 ELISA data showed that plasma levels of CCL2
were significantly increased in the entire BC group compared
to the total control group (benign breast tumor and healthy
subjects) (p<0.001), similarly as the median levels of CA 15-
3 (p<0.001). However, the concentration of CCR2 in patients
with breast cancer was significantly lower than entire control
group (p<0.001). The same relationships were observed in all
stages of BC (p<0.05 in all cases).

Furthermore, the concentration of CCL2 in BC group
increases with advancing tumor stage. We detected signifi-
cantly higher plasma levels of CCL2 and commonly accepted
tumor marker CA 15-3 in the comparison of stages III and IV
to stage I (p<0.001) and to stage II (p=0.001).

We also noticed statistical differences between the con-
centrations of CCL2 and CCR2 in patients with benign breast
tumors and healthy controls (p<0.05). However, CA 15-3 did
not show statistical difference in plasma levels between two
studied control groups. This demonstrates possible chance
of using CCL2 and CCR2 in differentiation between benign
breast tumor and healthy women.

Table 3 shows the diagnostic criteria: sensitivity (SE),
specificity (SP), predictive value of a positive test result (PPV),
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Table 3: Diagnostic criteria of tested parameters and in combined analysis with CA 15-3 in breast cancer patients.

Tested parameters Diagnostic criteria (%) Breast cancer
Stage I Stage II Stage III/IV Total group

CCL2

SE 58.82 58.54 86.36 64.95
SP 73.02 73.02 73.02 73.02
PPV 54.05 58.54 52.78 78.75
NPV 76.67 73.02 93.88 57.50

CCR2

SE 55.88 58.50 77.27 61.86
SP 73.02 73.02 73.02 73.02
PPV 52.78 58.54 50.00 77.92
NPV 75.41 73.02 90.20 55.42

CA 15-3

SE 50.00 53.66 86.36 59.79
SP 85.71 85.71 85.71 85.71
PPV 65.38 70.97 67.86 86.57
NPV 76.06 73.97 94.74 58.06

CCL2+ CA 15-3

SE 73.53 70.73 95.45 77.32
SP 63.49 63.49 63.49 63.49
PPV 52.08 55.77 47.73 76.53
NPV 81.63 76.92 97.56 64.52

CCR2+ CA 15-3

SE 70.59 82.93 86.36 79.38
SP 65.08 65.08 65.08 65.08
PPV 52.17 60.71 46.34 77.78
NPV 80.39 85.42 93.18 67.21

CCL2+CCR2+ CA 15-3

SE 85.29 92.68 95.45 90.72
SP 44.44 44.44 44.44 44.44
PPV 45.31 52.05 37.50 71.54
NPV 84.85 90.32 96.55 75.68

and predictive value of a negative test result (NPV) in breast
cancer patients. The sensitivity of the tested parameters in
the total cancer group was higher for CCL2 (64.95%) than
for CCR2 (61.86%) and higher than for routinely used tumor
marker CA 15-3 (59.79%). A maximum diagnostic sensitivity
(90.72%) was obtained for the combination of CCL2 and
CCR2 with CA 15-3. Among all the parameters, the highest
SE in early stages of cancer was observed for CCL2 (in stage I
of BC: 58.82%, in stage II: 58.54%). The combined use of the
tested parameterswithCA 15-3 resulted in an increase of SE in
every stage of BC.The diagnostic SP of the tested parameters
was the highest for CA 15-3 (85.71%) in the entire group of
breast cancer patients. Moreover, in all stages of cancer, CA
15-3 has the highest specificity (85.71% in all cases).

Among the examined parameters, the predictive value
of a positive test result in the group of BC patients was the
highest for CCL2 (78.75%) in comparison to CCR2 (77.92%)
but was lower than PPV for CA 15-3 (86.57%). The highest
PPV values in all stages of cancer were observed for CA 15-
3 (65.38%, 70.97%, and 67.86%, respectively). The predictive
value of a negative test result in the group of BC was higher
for CCL2 (57.50%) than for CCR2 (55.42%) and was slightly
lower than NPV for CA 15-3 (58.06%). The combination of
CCL2 or CCR2 with antigen CA 15-3 resulted in an increase
in the NPV. The highest NPV values in other stages of BC
(II, III, and IV) were observed for CA 15-3 (70.97% and
94.74%, respectively). The combination of CCL2 or CCR2

with antigen CA 15-3 resulted in an increase in the NPV in
all stages of cancer.

The relationship between the diagnostic SE and SP is
illustrated by the ROC curve (Table 4). The AUC indicates
the possible clinical usefulness of a tumor marker and its
diagnostic power. We have noticed that the AUC for CA 15-
3 (0.7354) in entire group of BC was slightly larger than for
CCR2 (0.7304) and CCL2 (0.7154). Moreover, areas under
the ROC curve for all parameters were significantly larger
in comparison to AUC=0.5 (borderline of the diagnostic
usefulness of the test) (p<0.001 in all cases).The combination
of CCL2 or CCR2 with CA 15-3 resulted in an increase in
areas under the ROC curve in all cases (0.7771 and 0.7879;
respectively). A maximum range in the entire BC group was
obtained for the combination of all the studies parameters
(0.8271; p<0.001) (Figure 1).

The AUC of CCL2 presented noticeable increase with
the BC stage advancement, in parallel to CA 15-3 AUC. In
stage I of BC the highest AUC of all the tested parameters
was presented by CCL2 (0.6604) and it was the parameter
which was significantly larger in comparison to AUC= 0.5
(p=0.0097), correspondingly to CCR2 (p=0.0074) and CA
15-3 (p=0.0266) (Figure 2). In stage II of BC the highest
AUC of all tested parameters was observed in CCR2 (0.7768;
p<0.001); importantly it was higher than that of CA 15-
3 (0.7163). Moreover, the AUCs for CCL2 and CCR2, CA
15-3, were significantly higher in comparison to AUC =0.5
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Table 4: Diagnostic criteria of ROC curve for tested parameters and CA 15-3.

Tested parameters AUC SE 95% C.I. (AUC) p (AUC=0.5)
ROC criteria in breast cancer (total group)

CCL2 0.7154 0.0410 0.635-0.796 <0.001
CCR2 0.7304 0.0412 0.650-0.811 <0.001
CA 15-3 0.7354 0.0389 0.659-0.812 <0.001
CCL2+ CA 15-3 0.7771 0.0363 0.706-0.848 <0.001
CCR2+ CA 15-3 0.7879 0.0349 0.719-0.856 <0.001
CCL2+ CCR2+ CA 15-3 0.8271 0.0316 0.765-0.889 <0.001

ROC criteria in breast cancer (I stage)
CCL2 0.6604 0.0620 0.539-0.782 0.0097
CCR2 0.6564 0.0584 0.542-0.771 0.0074
CA 15-3 0.6452 0.0655 0.517-0.774 0.0266
CCL2+ CA 15-3 0.6783 0.0620 0.557-0.800 0.0040
CCR2+ CA 15-3 0.7031 0.0606 0.584-0.822 <0.001
CCL2+ CCR2+ CA 15-3 0.7367 0.0575 0.624-0.849 <0.001

ROC criteria in breast cancer (II stage)
CCL2 0.6615 0.0625 0.539-0.784 0.0097
CCR2 0.7768 0.0479 0.683-0.871 <0.001
CA 15-3 0.7163 0.0551 0.608-0.824 <0.001
CCL2+ CA 15-3 0.7575 0.0541 0.652-0.863 <0.001
CCR2+ CA 15-3 0.7940 0.0448 0.706-0.882 <0.001
CCL2+ CCR2+ CA 15-3 0.8317 0.0416 0.750-0.913 <0.001

ROC criteria in breast cancer (III and IV stages)
CCL2 0.8983 0.0417 0.817-0.980 <0.001
CCR2 0.7605 0.0570 0.649-0.872 <0.001
CA 15-3 0.9098 0.0426 0.826-0.993 <0.001
CCL2+ CA 15-3 0.9654 0.0184 0.929-1.001 <0.001
CCR2+ CA 15-3 0.9076 0.0437 0.822-0.993 <0.001
CCL2+ CCR2+ CA 15-3 0.9582 0.0248 0.909-1.007 <0.001
p: statistically significantly larger AUC compared to AUC=0.5.

(p=0.0097; p=0.0074; p=0.0266; respectively) (Figure 3). In
stages III and IV of BC the highest AUC from all the tested
parameterswas observed forCA 15-3 (0.9098; p<0.001) andof
note, it was slightly higher than for CCR2 (0.8983; p< 0.001).
Additionally, the AUCs for CCL2 and CCR2, CA 15-3, were
significantly larger in comparison toAUC=0.5 (p<0.001 in all
cases). The combination of CCL2 or CCR2 with antigen CA
15-3 resulted in an increase in theAUCs in all cases (Figure 4).

4. Discussion

Recent studies have showed that chemokines family and
their receptors play crucial roles in the development of
breast cancer, including tumor growth, migration, and angio-
genesis [19–21]. Moreover, they influence the infiltration
of leukocytes into any tissue, including tumors [22]. Out
of all the known chemokines, breast cancer cells express
the CCL2 chemokine, the receptor of which is CCR2 [23].
CCL2 may promote breast cancer cell development by many
mechanisms. CCL2mainly binds to CCR2 receptor, but other
receptors including CCR4 can also be involved in activation
of signaling pathways [20]. As an important component in

the tumor microenvironment, leukocytes in cancer stroma
support tumor growth and facilitatemetastatic dissemination
[24]. CCL2 recruits CCR2-expressing inflammatory mono-
cytes to facilitate breast tumor metastasis [25]. However,
CCL2-CCR4 signaling also regulates the migration and
infiltration of T regulatory cells to tumor sites [26].

CCL2 (MCP-1) is proinflammatory chemokine; therefore,
studies have demonstrated its overexpression or increased
serum levels and resultant promotion of tumor growth in
breast [27–29]. The data presented here reveals that breast
cancer patients have a significantly higher level of plasma
CCL2 and commonly used tumor marker CA 15-3 than
control groups. Moreover, the concentration of CCR2 in the
group of BC was significantly lower when compared to the
healthy subjects.There have been studies showing that MCP-
1median (range) serum level wasmarkedly elevated in cancer
patients versus controls [30]. In the study by Dwyer et al. [31]
the ELISA method was used to detect MCP-1 serum levels in
125 BC patients and 86 age-matched controls. Results of the
study revealed that BC patients showed higher levels ofMCP-
1, but the differencewas not statistically significant.One of the
findings in our study was that of a statistically significantly
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Figure 1: Diagnostic criteria of ROC curve for tested parameters
and in combination with CA 15-3 in entire BC group.
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Figure 2: Diagnostic criteria of ROC curve for tested parameters
and in combination with CA 15-3 in stage I of BC.

increase of plasma CCL2 concentration in breast cancer
patients compared to benign breast tumors. We are able to
establish CCL2 as differentiation maker between malignant
and benign breast diseases. Additionally, CCL2 and CCR2
levels may be useful in differentiation between benign breast
tumor and healthy women. The work of Lebrecht and her
coworkers [11] in the 2004 show the analysis of serum
MCP-1 level in patients with invasive breast cancer, ductal
carcinoma in situ, benign breast lesions, and healthy women.
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Figure 3: Diagnostic criteria of ROC curve for tested parameters
and in combination with CA 15-3 in stage II of BC.
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Figure 4: Diagnostic criteria of ROC curve for tested parameters
and in combination with CA 15-3 in stages III and IV of BC.

The authors failed to show any significant differences in the
serum chemokine levels of these four groups.

However, the limitations of this study (smaller number of
patients in control groups than patients with breast cancer)
make it important to confirm our results on a larger group
of these patients but the numbers of healthy subjects and
patients with benign breast cancer are large enough for
regular statistic evaluation.
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Interestingly, we observed significant increase of CCL2
serum levels in cancer patients based on stage of disease
comparedwith entire control group. In some studies, elevated
expression or serum levels of CCL2 have been strongly
associated with advanced stage of disease in BC [30, 32–
34]. There is some evidence to suggest that high levels of
tumor-associated macrophages (TAMs) correlate with poor
prognosis in breast cancer, and it has been suggested that
the relationship between high levels of CCL2 chemokine and
poor prognosis is mediated by the recruitment of TAMs
into the tumor microenvironment [25, 35]. TAMs contribute
to tumor progression also by producing chemokine CCL2,
which leads to the elevated angiogenic profile attributed to
this chemokine [36, 37].

In the present study, we defined the diagnostic criteria
(sensitivity and specificity) of all tested parameters. The
ability of a test to correctly classify an individual as diseased
is called the diagnostic sensitivity. In our study, the sensitivity
of CCL2 was the highest of all the tested parameters (64.95%)
in entire BC group. Additionally, a maximum diagnostic sen-
sitivity (90.72%) was obtained for the combination of CCL2
and CCR2 with CA 15-3. Specificity is the ability of a test to
correctly classify an individual as disease-free. Our results
showed that the diagnostic specificity was the highest for
CA 15-3 (85.71%). According to our knowledge, there are no
studies of the diagnostic criteria (sensitivity and specificity)
of CCL2 and CCR2 serum or plasma levels in breast cancer
patients. The results of the study on the role of CCL2 in
various cancers indicated that specificity and sensitivity were
80.00% and 85.00% for CCL2 to differentiate CNS (central
nervous system) tumor patients fromnontumoral individuals
[38]. In our previous study in BC [39], which comprised other
cytokines (M-CSF and VEGF) in breast cancer patients, the
highest SE value was found for VEGF (76.25%) and it was
higher than M-CSF (60%).

The ROC curve illustrates the relationship between diag-
nostic sensitivity and specificity. The area under the ROC
curve indicates the clinical applicability of a tumor marker.
To date, there are no reports of the diagnostic usefulness of
CCL2 and CCR2 serum or plasma levels in breast cancer
patients. According to this study, the ROC area of CA 15-
3 (0.7354) was the largest of all the tested parameters in
the group of BC and slightly larger than for CCR2 (0.7304)
and CCL2 (0.7154). Moreover, ROC curve analysis using the
combination CCL2+CCR2+CA 15-3 (AUC = 0.8271) showed
an interesting improvement in BC diagnosis as compared
with CCL2 or CCR2 alone. In the paper by Koper et al. [38],
the area under the ROC curve for CCL2 (AUC=0.793) in
differentiation between CNS tumor patients and nontumoral
individuals was slightly larger than ours [38]. The results
obtained from the experiments conducted with pleural liq-
uids showed that AUC value for CCL2 was 0.7912 to differ-
entiateMPM (malignant pleural mesothelioma) fromADCA
(adenocarcinomas) and BPE (benign pleural effusions) [40].
The right direction of the diagnostic power assessment is
a combined analysis of the tested parameters, which was
demonstrated also in our previous studies on other cytokines
(M-CSF, VEGF) in breast cancer patients [41, 42]. In our
previous study in BC [39], which comprised other cytokines

(M-CSF and VEGF) in breast cancer patients, the highest
AUC value was found for VEGF (0.729) and it was higher
than M-CSF (0.645). We have verified that CCL2 and CCR2
may be more applicable and useful than M-CSF. However,
the ROC area of VEGF was larger than CCL2, and the same
relationship was observed in our previous papers [41, 43]

The complete and current state of knowledge leads to
the conclusion that increased levels of chemokines in plasma
may help tumor cells to migrate and invade. In this study,
we are trying to draw attention to a CCL2 chemokine
and its receptor CCR2, the levels of which are statistically
significantly different in breast cancer patients compared to
control groups. Additionally, CCL2 and CCR2 levels may be
useful in differentiation between benign breast tumor and
healthy women. The area under ROC curve was the highest
for the combination of CCL2 and CCR2 with commonly
accepted tumor marker, which indicates a possible clinical
significance of plasma CCL2 and CCR2 measurements in
the diagnosis of BC. The findings of this study suggest there
may be applicability of CCL2 and CCR2 in diagnosis of BC
patients, particularly in conjunction with CA 15-3.
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[39] M. Zajkowska, E. K. Głażewska, G. E. Będkowska, P. Chorąży,
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Background. Everolimus has been shown to overcome endocrine resistance in hormone receptor positive advanced breast cancer
patients. Predictive biomarkers of everolimus efficacy have been investigated in primary breast cancer tissue without finding
univocal results.The goal of this study was to investigate the mutational burden in the metastatic site of endocrine-resistant tumors
treated with everolimus plus exemestane. Patients and Methods.Mass Array Sequenom platform was used to analyse genetic status
of 18 cancer-related genes in 25 archival tumor specimens from metastatic lesions and available primary matched breast cancer
tissue of patients treated with everolimus and exemestane for advanced disease. An exploratory analysis of everolimus efficacy in
terms of progression free survival benefit and single gene mutation was carried out. Results. The overall detection rate of mutation
was 30% and 38% frommetastatic and primary breast cancer samples, respectively. AKT1E17K was the most frequent mutated gene.
No primary breast cancer and matched relapse maintained the same mutation profile. Considering molecular pathways, the most
of the genes belong to PI3K pathway (AKT1E17K, PI3KCAE545K, and KITG565R,S709F). In patients with detected mutations in breast
and/or recurrence tissue the median PFS was 5,6 months while in the subgroup of patients with no mutations the median PFS
was 7,5 months. Conclusions. The mutational status of breast cancer recurrence allows the identification of some genes potentially
correlating tumor response/resistance to everolimus. The most frequently mutated genes were involved in the PI3K/AKT/mTOR
pathway highlighting that the deregulation of this pathway in the relapse plays a crucial role in the mechanisms of everolimus
resistance/sensitivity.Owing to the small sample size and the retrospective nature of the study, these correlationsneed to be validated
in a large prospective study.

1. Introduction

Breast cancer (BC) is the most common malignant tumor
in women. More than 70% of BCs are hormone receptor
positive (HR+) and human epidermal growth factor receptor
2 negative (HER2-) and potentially benefit from endocrine
therapies [1]. However, approximately 25% of these tumors
fail to respond to hormonal treatment because of the novo
or acquired resistance [2]. In the last decade, new targeted

therapies have been investigated, with the aim of improv-
ing treatment efficacy in patients progressed on endocrine
therapy. The double-blinded randomized placebo control,
phase III BOLERO-2 study, demonstrated that everolimus
plus exemestane improved progression free survival (PFS)
compared with exemestane alone in HR+ HER2- advanced
BC that recurred or progressed during/after nonsteroidal
aromatase inhibitors [3].
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Actually, the main challenge is the identification of
biomarkers able to predict which patients can benefit from
the addiction of targeted agents (such as everolimus) to hor-
monal treatment. A large number of preclinical and clinical
studies tried to identify predictive biomarkers of everolimus
sensitivity in endocrine resistance population. Several pre-
clinical analyses have suggested how the presence ofmutation
in PI3KCA/AKT/mTOR (phosphatidylinositol 3-kinase/pro-
tein kinase B/mammalian target of rapamycin) pathway aswell
as PTEN (phosphatase and tensin homolog) gene loss detected
onprimaryBC tissue correlateswith everolimus benefit [4, 5].
However, the following clinical trials in BC patients did not
confirm the correlation between PI3KCA/PTEN status and
clinical response [6–8]. This discordance could be in part
justified by the different mutational status between primary
tumors and metastatic site. To the best of our knowledge,
there are no data regarding the gene mutation status in
metastatic tissue and tumor sensitivity to everolimus.

The main purpose of this study was to investigate the
mutational burden in the metastatic site of endocrine-
resistant patients treated with everolimus plus exemestane in
our Institution. We used a panel of 18 genes known to be
involved in the mechanism of endocrine and targeted treat-
ments resistance. Moreover, we analysed the gene mutation
status of the available matched primary tumors.

2. Materials and Methods

2.1. Patient Population and Samples. We retrospectively iden-
tified fifty patients with HR+ HER2- metastatic BC pro-
gressed on/after endocrine therapies and treated with
exemestane plus everolimus in routine clinical practice at the
Modena Cancer Centre. All these patients wrote an informed
consent to study enrolment. Clinical and pathological char-
acteristics were collected from informatic archives. PFS on
everolimus and exemestane was defined as the time elapsed
between treatment initiation and first documented progres-
sion disease/death. Thirty-one patients performed a biopsy of
the local or distant recurrence; twenty-five of these patients
had stored paraffin blocks of metastatic tissue suitable for
gene analysis. In nineteen cases, the matched primary BCwas
available too (Figure 1). Metastatic site biopsy was performed
before starting the combination treatment in all the patients.

2.2. Gene Analysis. Gene analysis was performed in Molec-
ular Biology Laboratory of Modena Pathology Depart-
ment. DNA was extracted from formalin-fixed and paraffin-
embedded (FFPE) metastatic and primary BC tissues. The
FFPE tissues were cut and stained with haematoxylin and
eosin and a pathologist selected sections containing more
than 30 % tumor cells. Genomic DNA was isolated from
unstained 10 𝜇m-sections using QIAamp DNA Mini kit
(QIAGEN). The DNA concentration in the samples was
quantified using a spectrophotometer TrineanXpose and they
were diluted to a final concentration of 20 ng/𝜇l. DNA
samples were analysed by OncoCarta v2.0 panel using Mass
Array Sequenom platform following the manufacturer’s pro-
tocols (http://agenabio.com). This panel is able to detect 152

Figure 1: Flowchart of the study population.

somatic mutations across 18 oncogenes and tumor suppres-
sors (AKT1, BRAF,CTNNB1, FBX4, FBXW7, FGFR2, FGFR3,
GNAQ, KIT, KRAS, MAP2K1, MAP2K2, NRAS, PDGFR𝛼,
PIK3CA, PTPN11, SOS1, and TP53). The panel consists of
12 multiplexed wells that are run on each sample using 40
ng of input DNA from FFPE tissue. The polymerase chain
reaction amplification and primer extension were performed
using the OncoCarta Panel v2.0 reagents. The detection and
quantify mutation frequencies are ≥ 10%. Twenty patients
had successful DNA extraction from themetastatic site useful
for gene analysis. In thirteen cases, we had successful DNA
extraction from the matched primary BCs too.

3. Results

3.1. Study Population. Twenty-five patients have been en-
rolled in the study. Four patients were diagnosed with de
novo metastatic BC, while all the other cases relapsed in
spite of adjuvant treatments. All the patients progressed
on/after aromatase inhibitors and received at least two pre-
vious lines of (chemo- or hormonal-) therapies for advanced
disease. The median age at the time to start everolimus plus
exemestane was 54 years (range 50-67). Regarding the tumor
burden at the beginning of everolimus and exemestane, four
patients had only bone disease and two patients only loco-
regional recurrence (chest wall and/or lymph nodes), while
all other patients presented visceral disease (liver and/or
lung). Tumors characteristics of both metastatic site and
primary BC are reported in Table 1. According to 13th St
Gallen International Breast Cancer Conference classification,
seventeen patients relapsed as luminal B-like disease (HR+,
HER2-, Mib1 ≥ 20%), and eight were luminal A-like BCs
(HR+,Mib1 <20%). Primary BCwas luminal B-like in twelve
patients, whereas luminal A-like in the other ones. Of note,
in two patients the BC subtypes changed from luminal A-
like to luminal B-like from primary breast disease to relapse,
whereas in other two cases it changed from luminal B-like to
luminal A-like from breast sample to metastasis. At the time
of analysis, all the patients had progressed on everolimus and
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Table 1: Tumors characteristics of metastatic site and matched primary breast cancer.

Relapse Primary tumor
Site of biopsy relapse characteristics Primary tumor characteristics

Patient 1 liver CDI ER90%, PgR 5%, Mib1 30%, HER2 1+ CDI ER100%, PgR60%, MIb1 25%, HER2 1+
Patient 2 breast CDI ER60%, PgR 95%, Mib1 10%, HER2 1+ CDI ER98%, PgR98%, MIb1 15%, HER2 1+
Patient 3 liver CDI ER40%, PgR30%, Mib1 40%, HER2 0 CDI ER98%, PgR70%, MIb1 30%, HER2 1+
Patient 4 liver CDI ER100%, PgR 50%, Mib1 40%, HER2 1+ CDI ER100%, PgR80%, MIb1 25%, HER2 1+
Patient 5 chest wall CDI ER 99%, PgR70%, Mib1 15%, HER2 0+ CDI ER 99%, PgR 70%, MIB1 15%, HER2 1+
Patient 6 liver CDI ER 95%, PgR2%, Mib1 25%, HER2 1+ CDI ER 85%, PgR 70%, MIB1 35%, HER2 1+
Patient 7 lung CDI ER 85%, PgR25%, Mib1 15%, HER2 1+ CDI ER 80%, PgR 60%, MIB1 25%, HER2 0+
Patient 8 breast CDI ER 100%, PgR100%, Mib1 30%, HER2 1+ CDI ER 100%, PgR 100%, MIB1 35%, HER2 1+
Patient 9 liver CDI ER 99%, PgR99%, Mib1 50%, HER2 1+ CDI ER 80%, PgR 60%, MIB1 25%, HER2 0+
Patient 10 liver CDI ER 90%, PgR60%, Mib1 22%, HER2 1+ CDI ER 50%, PgR 50%, Mib1 10%, HER2 1+
Patient 11 liver CDI ER 80%, PgR0%, Mib1 40%, HER2 1+ CDI ER 90%, PgR 50%, MIB1 25%, HER2 1+
Patient 12 skin CDI ER 99%, PgR50%, Mib1 25%, HER2 1+ not applicable
Patient 13 bone CDI ER 70%, PgR0%, Mib1 35%, HER2 0+ CDI ER 80%, PgR 60%, MIB1 25%, HER2 0+
Patient 14 bone CDI ER 50%, PgR5%, Mib1 25%, HER2 0+ not applicable
Patient 15 liver CDI ER 100%, PgR10%, Mib1 20%, HER2 1+ not applicable
Patient 16 lymph node CDI ER 70%, PgR0%, Mib1 25%, HER2 1+ CDI ER 90%, PgR 80%, MIB1 8%, HER2 0+
Patient 17 liver CDI ER 95%, PgR80%, Mib1 15%, HER2 0+ CDI ER 100%, PgR 100%, MIB1 15%, HER2 0+
Patient 18 lung CDI ER 90%, PgR2%, Mib1 30%, HER2 1+ CDI ER 50%, PgR 65%, MIB1 25%, HER2 0+
Patient 19 lung CDI ER 95%, PgR25%, Mib1 10%, HER2 1+ CDI ER 60%, PgR 10%, MIB1 25%, HER2 1+
Patient 20 lung CDI ER 75%, PgR50%, Mib1 10%, HER2 1+ CDI ER 75%, PgR 20%, MIB1 15%, HER2 0+
Patient 21 bone CDI ER 95%, PgR65%, Mib1 25%, HER2 1+ not applicable
Patient 22 bone CDI ER 95%, PgR95%, Mib1 10%, HER2 1+ CDI ER 100%, PgR 85%, MIB1 3%, HER2 0+
Patient 23 liver CDI ER 90%, PgR25%, Mib1 40%, HER2 0+ not applicable
Patient 24 lung CDI ER 50%, PgR50%, Mib1 30%, HER2 1+ CDI ER 70%, PgR 50%, MIB1 25%, HER2 1+
Patient 25 lymph node CDI ER 100%, PgR5%, Mib1 15%, HER2 0+ not applicable

exemestane. Median PFS was 6,6 months (range from 1 to 17
months).

3.2. Gene Mutations on Metastatic Site. Among twenty-five
patients enrolled, twenty had successfulDNAextraction from
FFPE metastatic site. In six of these patients, the biopsy
was performed on the local/regional recurrence site (breast,
chest wall, or lymph nodes). In nine cases, the biopsy was
performed on liver recurrence, in three patients on lung
metastasis, and in two cases on the spinal bone lesions.

In all but one case the mutations were detected in the
visceral recurrence (liver or lung) (Figure 2). Gene mutations
were identified in 6 out of 20 patients analysed (30%). All
but one of them had only onemutated gene (BRAF, CTNNB1,
FBXW7, KIT, or PT53). Only patient 6 presented two
mutations: one on PI3KCA and one on AKT1, respectively
(Table 2). Considering molecular pathways, the most of the
detected genes belong to PI3Kpathway (AKT1, KIT, PI3KCA,
and PT53), APC pathway (CTNNB1, FBXW7, and PT53), and
MAP and RAS pathways (AKT1 and KIT; AKT1 and BRAF,
respectively).

3.3. Gene Mutations on Primary Breast Cancer. Primary BC
tissue was available in nineteen patients but only in thirteen
cases the DNA was successfully extracted. The overall detec-
tion rate of mutations in the primary BC was 38% (5 out of

13 patients). A single gene mutation was identified in four
out of thirteen patients analysed. Only patient 7 presented
three mutations in three different genes: FBX4, PI3KCA, and
KIT. Two patients presented the same mutation on AKT1:
E17K.Other two cases had a single mutation onMAP2K1 and
FBXW7, respectively. Considering molecular pathways, the
most of the mutated genes belong to PI3K pathway (AKT1,
KIT, and PI3KCA), APC pathway (FBXW7and FBX4), and
MAPandRASpathways (AKT1 andMAP2K1; AKT1 andKIT,
respectively) (Table 2).

3.4. Correlation between Gene Mutations on Metastatic and
Primary Breast Cancer. The metastatic and the matched
primary BC tissues were profiled in eight patients; in three
of them no mutation has been detected in both samples. No
primary BC andmatched relapse maintained the same muta-
tion profile. Two patients acquired AKT1E17K mutation in the
metastatic sites, while two patients lost the mutation detected
in the primary tissue. In patient 18 a single mutation on a
different gene was detected in primary tissue (FBXW7R479Q)
and in the recurrence one (MAP2K1D67N) (Table 2).

Overall AKT1 was the most frequent mutated gene, with
the same mutation E17K (one in the metastatic tissue and
two in the relapse ones). Similarly, the E545K was the only
mutation detected in PI3K gene. Mutations in KIT, PI3KCA,
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Figure 2: Oncogene mutations across metastatic and primary breast cancer site.

Table 2: Mutations detected in relapse tissue and in primary breast cancer.

Relapsemutations Primary tumor mutations
status gene mutation status gene mutation

Patient 1 wild type not available
Patient 2 mutated BRAF R444W not available
Patient 3 wild type not available
Patient 4 wild type not available
Patient 5 wild type not available
Patient 6 mutated PIK3CAAKT1 E545K E17K not available
Patient 7 not available mutated FBX4 PIK3CA KIT G30N E545K S709F
Patient 8 wild type not available
Patient 9 mutated TP53 R273H wild type
Patient 10 wild type mutated AKT1 E17K
Patient 11 wild type wild type
Patient 12 wild type not available
Patient 13 wild type mutated AKT1 E17K
Patient 14 wild type not available
Patient 15 mutated KIT G565R not available
Patient 16 wild type wild type
Patient 17 not available wild type
Patient 18 mutated FBXW7 R479Q mutated MAP2K1 D67N
Patient 19 wild type wild type
Patient 20 mutated CTNNB1 S45F wild type
Patient 21 not available wild type
Patient 22 not available mutated FBXW7 R465C
Patient 23 wild type not available
Patient 24 not available wild type
Patient 25 wild type not available
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Table 3: Correlation between mutations detected in primary tumor or relapse tissue and PFS on everolimus and exemestane.

Mutations in primary tumor or relapse tissue PFS (months)
Patient 1 wild type 3
Patient 2 mutated (BRAF) 6
Patient 3 wild type 4
Patient 4 wild type 5
Patient 5 wild type 2
Patient 6 mutated (PIK3CA; AKT1) 15
Patient 7 mutated (FBX4; PIK3CA; KIT) 3
Patient 8 wild type 17
Patient 9 mutated (TP53) 1
Patient 10 mutated (AKT1) 3
Patient 11 wild type 5
Patient 12 wild type 9
Patient 13 mutated (AKT1) 2
Patient 14 wild type 9
Patient 15 mutated (KIT) 3
Patient 16 wild type 8
Patient 17 wild type 13
Patient 18 mutated (MAP2K1; FBXW7) 6
Patient 19 wild type 5
Patient 20 mutated (CTNNB1) 8
Patient 21 wild type 12
Patient 22 mutated (FBXW7) 5
Patient 23 wild type 5
Patient 24 wild type 13
Patient 25 wild type 2

and FBXW7 were detected in both primary BC and relapse.
Regarding molecular pathways, the most of the genes belong
to PI3K, MAP, and APC pathways, with four mutated genes
involved in each pathway.

In patients with detected mutations in breast and/or
recurrence tissue, the median PFS was 5,6 months (range
from 1 to 15 months), while in the subgroup of patients with
no mutations the median PFS was 7,5 months (range from 2
to 17 months) (Table 3).

4. Discussion

Everolimus is a selective inhibitor of mTOR, a multipro-
tein complex controlled by mitogenic positive signal (medi-
ated through PI3K/AKT pathway) and by negative regulators
(such as PTEN) [9]. Receptors tyrosine kinase signalling and/
or acquired mutation in genes involved in PI3K/AKT path-
way can activate constitutively this complex [9, 10]. Hor-
mone resistance models have shown that tumors can loss
endocrine responsiveness through activation of PI3K/AKT/
mTOR [11]. The combination of mTOR inhibitors such as
everolimus and endocrine therapy can restore hormone sen-
sitivity to previously resistant tumors cells [12]. Everolimus
has been mainly investigated in combination with tamoxifen
in TAMRAD trial and with exemestane in BOLERO2 trial [3,
13]. The combination significantly reduced the risk of disease

progression and improved the clinical benefit rate compared
with endocrine therapy alone in metastatic BC patients resis-
tant to aromatase inhibitors. Translational studies of these
two trials tried to find biomarkers able to predict a patient’s
positive response or resistance to everolimus [6, 7]. In spite of
preclinical evidence showing a predictive role of specific
genetic aberrations in the PI3K/AKT/mTOR pathway [14,
15], clinical data failed to confirm the correlation between a
specific mutation status in the primary BC tissue and sensiti-
vity/resistance to everolimus.

On these premises, we analysed a panel of 18 genes known
to be involved in endocrine and targeted treatment resistance
in metastatic BC samples. Our study is the only one that
performed the gene analysis in metastatic tissue of endocrine
resistance BC patients before starting everolimus. That is
extremely important considering that during the natural his-
tory of the disease, metastases can acquire different biological
profiles as compared to their matched primary tumor [16, 17].

In our analysis, the overall detection rate of mutations
was 30%. Most of detected genes belong to PI3K pathway,
supporting this pathway as a key-point in endocrine resis-
tance BCs.Themutated genes in PI3Kpathwaywere PI3KCA,
AKT1, KIT, and PT53. All these genes are known to be
involved in BC progression and metastatization [18]. Several
preclinical studies have shown how PI3KCA and AKT1
mutations were able to activate PI3Kpathway and to be driver
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of BC progression. In particular, PI3KCA is mutated and/or
amplified in ∼30% of BCs [19]. In the TAMRAD study 45 pri-
mary tumor samples of BC were screening for mutation sta-
tus. No relationship between PI3Kmutations and everolimus
efficacy was found. The overall detection rate of mutations
was 22%. Nine patients (5 in tamoxifen/everolimus arm and
4 in tamoxifen alone arm) had a PI3K mutation: two in the
exons 9 (mutation E542K) and seven in exon 20 (mutation
H1047R) [7]. Furthermore, the BOLERO-2 study failed to
identify any specific gene mutation associated with a greater
benefit from everolimus, in both tumor tissue and plasma
cell-free DNA. Gene analyses were performed on 302 FFPE
archival tumor tissue. The genes most frequently mutated
were PI3KCA (47.6%), CCND1 (31.3%), TP53 (23.3%), and
FGFR1 (18.1%). None of these genes such as the pathways
alteration of which they were components predicted the PFS
benefit with everolimus. However, quantitative differences in
everolimus benefit were observed between patients subgroup
defined by the exon specific mutation in PI3KCA genes. In
particular, patients with the PI3KCA exon 9 (helical domain)
mutation had greater PFS benefit compared with those with
exon 20 (kinase domain) mutation [6]. The relationship be-
tween the PIK3CA exon 9 status and the efficacy of evero-
limus was investigated and confirmed in the subgroup anal-
ysis of the Phase II study of neoadjuvant everolimus plus
letrozole inHR+BC [20]. Interestingly, in our analysis patient
6 with both PI3KCAE545K (exon 9) and AKT1E17K mutation
experienced the greatest benefit from everolimus treatment
with a PSF of 15 months.

Notably, the activating mutations in AKT gene are
reported in 1.4%–8% of BCs, exclusively in HR+ tumors [21].
AKT1E17K is the most commonly reported mutation. This
mutation increases gene activity by promoting constitutive
localization of AKT1 to the plasmatic membrane [22]. In vitro
studies have shown how high levels of pAKT were predictor
of sensitivity to everolimus [21]. In our series, patient 10 and
patient 13 with AKT1E17K mutation only in the primary BC
had an extremely poor PFS on everolimus (5 and 2 months,
respectively).

Regarding TP53, another gene involved PI3K pathway,
in vitro evidence has shown how R273H mutation enhanced
proliferation, invasion, and drug resistance [23]. RNA anal-
ysis confirmed how TP53R273H mutants had the apoptosis
pathway less active than TP53 wild type ones [23]. In accor-
dance with this finding, Patient9 whit TP53R273H mutation
detected in the metastatic liver biopsy rapidly progressed on
the combination treatment (PFS = 1 month).

Less evidence is available regarding the predictive role
of the other mutated genes. In our series, poor PFS were
achieved by patient 2 with BRAFR444W, patient 15 with
KITG565R, and patient 18 with FBXW7R479Q mutation (6, 3,
and 5 months, respectively). These findings are consistent
with available data in literature deriving from preclinical
evidence but not specifically on BC [24–26]. Globally, median
PFS in our population was higher in wild type patients
compared with mutated ones. This finding is in accordance
with the conclusions of the BOLERO2 investigators where
patients with no alteration or a single genetic alteration re-
ceived a greater PFS benefit from everolimus.

Considering the correlation between gene mutation sta-
tus in the metastatic and matched BC tissue, no patient
maintained the same mutation profile. In contrast with
our evidence are the data from the mutational analysis
performed in the metastatic tissue of 56 patients enrolled in
the BOLERO2. In this subgroup analysis, the genetic profile
of metastatic and primary tumors was generally similar, with
a statistically increased mutation rates for ESR1, MDM2, and
DNMT3A in the metastatic samples [6]. This discordance
could be justified by the fact that our population was highly
pretreated. In fact, it should be noted that all our patients
received at least two lines of treatment for metastatic disease
before starting everolimus and more than 80% of them were
treated with chemotherapy for advance disease compared
to 26% in BOLERO2 study. The discordance between the
mutational profile of metastatic and primary BC tissue
further stresses the importance of the biopsy of the metastatic
site in order to catch important molecular markers that can
evolve during the disease progression. Finally, the high rate of
mutations detected in the primaryBCs tissue (5 of 13 analysed
patients, 38%) could highlight a more aggressive behaviour
of these tumors and the subsequent relapse in spite of the
adjuvant treatments.

Nevertheless, our study presents three major limitations.
The first is the small sample size due to preanalytic bias
in DNA extraction. Furthermore, a possible sampling bias
must be taken into account due to the heterogeneity of the
metastatic disease, where different areas of the same lesion
may show different genomic profiles [27, 28]. Finally, our
study focused on gene mutations, but the recent evidence
underline how microRNA expression, protein expression,
and abnormalities in DNAmethylation may influence the re-
sponse/resistance to antitumor treatments, independently
from genes profile [29, 30].

5. Conclusion

The mutational status of BC recurrence allows the iden-
tification of some genes potentially correlating to tumor
response/resistance to everolimus plus exemestane. Themost
frequently mutated genes among those investigated were
involved in the PI3K/AKT/mTOR pathway. It is likely that
the deregulation of this pathway in the relapse plays a crucial
role in the mechanisms of everolimus resistance/sensitivity.
Owing to the small sample size and the retrospective nature of
the study, these correlations are purely exploratory and need
to be validated in large prospective studies. Future research
should be directed not only on the analysis of genes profile
but also on the RNA expression, proteins level, and epigenetic
alteration.
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Alterations in the glycosylation of serum total immunoglobulins show these antibodies to have a diagnostic potential for cancer but
the disease-related Abs to the tumor-associated antigens, including glycans, have still poorly been investigated in this respect. We
analysed serum samples from patients with breast carcinoma (n = 196) and controls (n = 64) for the level ofThomsen-Friedenreich
(TF) antigen-specific antibody isotypes, their sialylation, interrelationships, and the avidity by using ELISA with the synthetic TF-
polyacrylamide conjugate as an antigen and the sialic acid-specific Sambucus nigra agglutinin (SNA) and ammonium thiocyanate
as a chaotrope. An increased sialylation of IgG and IgM, but a lower SNA reactivity of IgA TF antibodies, and a higher level and
avidity of the TF-specific IgA were found in cancer patients. Other cancer-related signatures were the highly significant increase of
the IgG/IgA ratio and the very low SNA/IgA index in cancer, including patients with an early stage of the disease. These changes
showed a good diagnostic potential with about 80% accuracy. Thus, the level of naturally occurring anti-TF antigen antibodies,
their sialylation profile, isotype distribution, and avidity displayed cancer-specific changes that could serve as novel noninvasive
Ab-based biomarkers for early breast cancer.

1. Introduction

The altered glycosylation often observed in cancer cells leads
to the expression ofmodified glycopeptide epitopes, as well as
tumor-associated glycans (TAG) that may be autoimmuno-
genic and recognized by autoantibodies [1–8]. A broad
spectrumof natural and adaptive anti-glycanAbs is present in
human serum in health and disease, showing a rather stable
level over time in healthy people [2, 4, 9–12]. There is strong
evidence that a majority of them is a result of the innate and
adaptive immune response to microbial carbohydrates [13–
15].

The immunoreactive Thomsen-Friedenreich glycoanti-
gen, TF, CD176 (Gal𝛽1-3GalNAc𝛼-O-Ser/Thr (Core 1) struc-
ture) is expressed in about 90% of all human carcinomas but
not in healthy tissues [2, 16]. The level of naturally occur-
ring TF-specific Abs is usually decreased in cancer and is
associatedwith tumor progression and patient survival [9, 17–
19], suggesting the important role of anti-TF Abs in tumor
immunosurveillance. Both murine and humanized MAbs to

TF showed in vitro and in vivo activity towards TF-positive
human breast cancer cell lines and in a human breast cancer
xenograft model in SCID mice [20].

Immunoglobulins (Igs) are glycosylated molecules and it
is now clear that the N-glycans of the Fc-fragment strongly
influence IgG-Fc𝛾 receptor interactions and thus the Fc-
mediated effector mechanisms [21, 22]. Several studies have
demonstrated that agalactosylated IgGs show an increased
inflammatory activity, whereas sialylated Abs display an anti-
inflammatory effect [23–25].

Compared to healthy individuals, there is a marked
change of serum IgG glycosylation in individuals with auto-
immune diseases, infections, and tumors [26–29], including
breast cancer [29, 30]. The serum IgG glycosylation profiling
has showed a diagnostic and prognostic potential in various
malignancies [27, 31], including breast [30, 32]. However, it
is important to note that the total serum IgG glycosylation
may significantly differ from that of antigen-specific Abs [28],
suggesting the presence of disease-specific IgG changes of
potential clinical importance.
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Table 1: The characteristics of groups under investigation.

Group N
(females)

Median age
(range)

Donors 64 53 (24 - 75)
Breast cancer
patients 196 62 (23 – 91)

stage 0 14 65 (29 – 82)
stage 1 50 59 (32 – 79)
stage 2a 28 59 (23 – 80)
stage 2b 29 60 (35 – 79)
stage 3a 29 58 (31 – 78)
stage 3b 9 74 (69 – 79)
stage 3c 30 67 (50 – 91)
stage 4 7 54 (38 – 71)

Theglycodiversity of Abs is now a topic of interest because
of the important role of glycans in the functional behavior
of Abs and a possibility of constructing Ab glycoforms with
the predicted potential [33, 34]. Although it is well established
that antibodies are very heterogeneous by glycosylation and
functionally very limited data are available on the glycodiver-
sity of Abs to tumor-associated antigens, including TAG and
of the currently used cancer biomarkers, only a few studies
have been reported on the analysis of disease-specific anti-
TAG Abs polymorphism, including glycosylation [35–37].

We recently established the increased 𝛼2,6 sialylation of
TF-specific Abs in patients with gastric and colon cancer
[36, and unpublished]. Moreover, some changes showed a
good diagnostic potential and association with long-term
survival in patients. However, it remains unclear whether this
is characteristic of only gastrointestinal cancer. In the present
study, we show that the levels of anti-TF antigen Abs, sialy-
lation profile, isotypes distribution, and avidity reveal can-
cer-specific changes also in patients with breast cancer and
can serve as diagnostic biomarkers.

2. Material and Methods

2.1. Subjects. Serum samples were taken from patients with
newly diagnosed histologically verified breast carcinoma and
healthy blood donors (Table 1). The investigation was carried
out in accordance with the ICHGCP Standards and approved
by Tallinn Medical Research Ethics Committee, Estonia. A
written informed consent was obtained from each subject
under study. Tumor staging was based on the histopatholog-
ical (pTNM) classification of malignant tumors. The serum
samples were stored in aliquots at −20∘C until use.

2.2. TF-Specific Antibody Assay. The levels of anti-TF IgG,
IgM, and IgA were determined by the enzyme-linked im-
munosorbent assay (ELISA) as described elsewhere [37] with
somemodifications. The plates (NUNCMaxisorp, Denmark)
were coated with a synthetic TF-polyacrylamide conjugate
(TF-PAA, Lectinity, Russia; 10 mol% of carbohydrate) in the
carbonate buffer, pH 9.6. After the overnight incubation,
triple washing and blocking with a Superblock solution

(Pierce, USA) for 30 min at 25∘C, the serum samples diluted
1:25 in PBS-0.05% Tween (Tw) were applied for 1.5 h at
25∘C. After the subsequent washing with PBS-Tw, the level
of bound anti-TF Abs was determined using the alkaline
phosphatase (AP) conjugated goat anti-human IgG, IgM
(Sigma, USA), or IgA (Dako, USA) and developed with p-
nitrophenylphosphate disodium hexahydrate (pNPP, Sigma,
USA). The absorbance values were read at 405 nm (Tecan
Reader, Austria). The optical density value (OD) of control
wells (blank: a Superblock solution instead of serum) was
subtracted from that of Ab-coated wells and each sample
was analysed in duplicate. To standardize the assay, standard
serum (A) was included in each plate for IgG determination
and lectin binding measurement. The interassay variations
were minimized by using the correction factor (CF): CF = 1 /
(standard serum A values – blank) x 100. The results were
expressed in relative units (RU): RU = sample OD value x CF.

2.3. SNA Lectin Reactivity of TF-Specific Antibodies. The
lectin reactivity of TF glycotope-specific antibodies was
measured in a similar way, except that the binding of the
neuraminic acid (sialic acid) specific Sambucus nigra agglu-
tinin (SNA) to the absorbed anti-TF antibodies was deter-
mined as described earlier [37].The biotinylated SNA (Vector
Laboratories, Inc., USA) in 10 mmol/L Hepes, 0.15 mol/L
NaCl, 0.1 mmol/L CaCl

2
, pH 7.5 was applied at a concen-

tration of 5 𝜇g/mL for 1.5 h at 25∘C. The bound lectin was
detected with a streptavidin-AP conjugate (Dako, USA) and
pNPP (Sigma, USA).TheODof control wells (no serum sam-
ple) was subtracted from that of Ab-coated wells to determine
the lectin binding. Each samplewas analysed in duplicate.The
value of the SNA binding to all TF-specific Abs and the ratio
of SNA binding to the level of TF-specific IgG, IgM, and IgA
(SNA/Ig index) were determined.

2.4. Avidity of TF-Specific Antibodies. The avidity of anti-TF
IgG, IgM, and IgA antibodies was determined by ELISA as
described previously [38] with minimal changes. The plates
were coated with the synthetic TF-polyacrylamide conjugate
in the carbonate buffer, pH 9.6, 5 𝜇g per well. After the
overnight incubation at +4∘C, washing with PBS-0.05% Tw
and blocking with the Superblock solution as above, the
serum (diluted 1:25 in PBS-0.05% Tw) was applied for 1.5 hr
at 25∘C. After subsequent washing ammonium thiocyanate
(NH
4
SCN) as a dissociating agent was added at a concentra-

tion of 1.25 mol/L for 15 min at +25∘C.The bound antibodies
were detected with the alkaline phosphatase conjugated goat
anti-human IgG, IgM or IgA, and pNPP. The absorbance
values were read at 405 nm. The relative avidity index
(AI) was calculated for each sample and expressed as the
percentage of reactivity remaining in the thiocyanate-treated
wells in relation to that of untreated wells (PBS-Tw instead of
chaotrope).

2.5. Statistical Analysis. The results were analysed using the
nonparametric Mann–Whitney U test or Student’s t-test,
where appropriate, and the Pearson two-tailed correlation.
The receiver operator characteristic (ROC) curve analysiswas
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Figure 1: The level of TF-specific IgG, IgM, and IgA antibodies in
controls and breast cancer patients. Each dot represents one indivi-
dual and the group median is indicated by horizontal lines. P values
were calculated by the Mann–Whitney U test and are shown for
significant differences.

used to evaluate the sensitivity and specificity of changes
found in colon cancer patients, as well as the accuracy of
diagnostics.The respective difference between the groupswas
considered to be significant when P ≤ 0.05. All calculations
were performed using the GraphPad Prism 5 and SPSS 15.0
software.

3. Results

3.1. Anti-TF IgG, IgM, and IgA Antibody Levels. A signifi-
cantly lower level of serum TF-specific IgG was found in
cancer patients at all stages of the disease (P=0.0015), includ-
ing early 0+1 stages (P=0.0002) (Figure 1).

The anti-TF-IgM level was significantly lower only in
stage 3b+3c patients (P=0.040). In contrast, an increase of the
IgAAb level was detected. No significant correlation between
the levels of anti-TF antibodies of different Ig isotypes was
observed in both patients and controls: IgG versus IgM, r =
−0.1; IgG or IgM versus IgA r = 0.23 and 0.31 (P>0.05). How-
ever, the ratio IgG/IgM was significantly lower in cancer pa-
tients than in controls (P=0.019), including stages 0-3a
(P=0.0076) (Figure 2). A similar decrease of IgG/IgA ratio
(P <0.0001) was found in cancer patients with a more pro-
nounced decrease at very early stages (0-1). No difference in
IgM/IgA ratio (P=0.41) between patients and controls was
found.

Thus, the level of some anti-TF Ab isotypes and their in-
terrelations demonstrate significant changes in patients with
breast cancer.

3.2. SNA Reactivity. A significantly higher SNA binding to
anti-TF Abs (a pool of all Ig isotypes) in cancer patients com-
pared with controls was established (P=0.0005), including
stage 1 patients (P=0.001) (Figure 3).

The SNA/IgG index was significantly higher in cancer
patients (P=0.0012) and was observed at all stages of the
disease (Figure 4). In contrast, the SNA/IgA index demon-
strated a marked decrease in the cancer group (<0.0001)
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P<0.0001

n=
IgG / IgM IgG / IgA IgM / IgA

all stages stage 0-3a controls all stages stage 0-1 controls all stagescontrols
cancer
patients

cancer
patients

cancer
patients

194 150 77 194 64 76 19284

0

1

2

3

4

Ra
tio

Figure 2: Different anti-TF antibody isotype ratios in cancer pa-
tients and controls. P values are shown for significant differences.
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Figure 3:The binding of SNA lectin to TF-specific antibodies in the
serum samples of cancer patients and controls. The group median
is indicated by horizontal lines. P values are shown for significant
differences.

irrespective of the disease stage especially in early cancer (P
<0.0001 for stage 0+1 patients). The SNA/IgM index revealed
no significant difference between patients and the controls
though a slight trend to increased values was detected
(p=0.12).

These findings show that all anti-TF Ab isotypes con-
tribute to cancer-related changes of the SNA reactivity of TF-
specific Abs. It appears that IgG and IgM are responsible for
the increase of SNA lectin binding in cancer.

3.3. Avidity of Anti-TF Abs in Breast Cancer Patients and
Controls. No changes in the avidity of anti-TF IgG (P=0.604)
and IgM (P=0.67) were found in cancer patients unlike con-
trols, while the IgA Abs exhibited significantly higher avidity
index values (P=0.0109) especially at the earlier stages of the
disease ((1-3 a; P=0.0007) (Figure 5). In both cancer patients
and controls, the IgG Abs showed a much higher avidity
compared with IgM and IgA: P< 0.0001 in all comparisons.
A significant negative correlation between the SNA binding
and the avidity of anti-TF IgM, IgA and, to a lesser extent, IgG
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Figure 5: The avidity of anti-TF IgG, IgM, and IgA antibodies in
controls and cancer patients.

(P=0.03) was found in cancer patients (Figure 6). A similar
trend was established in controls for IgM (r=-0.31, P=0.08)
but not for IgG and IgA (P=0.75 and 0.23, respectively).

Thus, a higher avidity of TF-specific IgAAbs was found in
breast cancer patients. An increased SNA reactivity of anti-TF
antibodies in breast cancer patients was associated with the
prevalence of the lower avidity TF-specific antibodies.

3.4. Diagnostic Potential. The cancer-associated anti-TF Ab
diversity differences were analysed by the Receiver Operator
Curve (ROC) analysis to assess their possible potential for
cancer-noncancer group discrimination (Table 2, Figure 7).

More informative datawere noted about the highly signif-
icant decrease of the SNA/IgA index, which demonstrated an
about 77% accuracy of diagnostics also at the very early stages
of breast cancer (0+1) (Figure 7(b)) when the sensitivity
was 62.5% even at 90% specificity (Table 2). In addition,
the increased avidity of anti-TF IgA Abs revealed a rather
high sensitivity and specificity for cancer (75% and 82.2%,
respectively, with a 80.8% accuracy of diagnostics). Despite
the significant difference between patients and controls,

the other parameters presented in Table 2 show diagnostic
accuracy (ACC) values below 70%.

Thus, the lower SNA reactivity of anti-TF IgA antibodies
(as evaluated by the SNA/IgA index), and their higher avidity
demonstrated a rather good ability to discriminate patients
with breast cancer from healthy controls already at the early
stages of the disease.

4. Discussion

Unlike traditional tumor markers which are soluble proteins
shed by bulky tumors, serum autoantibodies (AAbs) to TAAs
are often detectable already at the early stages of cancer
[38, 39]. It has been shown that the measurement of serum
AAbs to a single specific TAA is usually of little value for
breast cancer diagnosis [39, 40], whereas the analysis of Abs
to a tailor-made panel of TAAs shows a promising diagnostic
potential [41–43]. Contrary to the adaptive antibodies the
naturally occurring Abs to TAA, including those to the TF
antigen, are always present in the circulation, thus represent-
ing a universal and convenient target for analysis of their
structural and functional alteration in neoplasia.

We proceeded from the assumption that cancer-specific
signatures of anti-TFAbs may be due to their local modifica-
tion by the inflammatory tumor microenvironment in situ.
Moreover, the cancer-related changes may concern only a
specific subset/glyco-subset of Abs but, at the same time,
determine themain or entire functional activity and clinically
important effects.

In the present study, a significant decrease of TF-specific
IgG level was found already at the early stages of breast cancer.
We have previously observed similar changes in patients with
other cancers [9, 44, 45]. Unexpectedly, the IgA level was
significantly elevated (Figure 1).

This is in contrast to our previous studies in patients
with stomach, and colon cancer who showed no appreciable
changes of serum IgA level [36, and unpublished] like many
other natural and adaptive antibody levels in breast cancer
patients [12, 39]. Notable, compared with Ab levels, the ratio
between different Ab isotypes showed more pronounced
differences between cancer patients, including those at the
early stage of the disease (Figure 2), and controls, being highly
significant for IgG/IgM and especially for IgG/IgA.

For all Ig subclasses, a low level of galactosylation and
sialylation of the total serum IgG has been shown to be
associated with various pathologies such as autoimmune dis-
eases, cancer, and increased inflammation [25, 27–29, 35].We
established an increased binding of SNA to a pool of all iso-
types of anti-TFAbs at all stages of cancer (Figure 3). Changes
in the binding of sialic acid-specific lectin SNA to anti-TF
antibodies reveal isotype-specific features. In fact, contrary to
IgG and IgM, the IgA sialylation (SNA/IgA index) was very
low (P<0.0001) in breast cancer patients, including stage 0-1
patients (Figure 4).

The low sialylation of TF-specific IgA Abs and their
higher avidity in breast cancer patients revealed the best diag-
nostic potential (Table 2, Figure 7) with an about of 80%
accuracy of diagnostics. We suggest that it is not the antibody
level per se but rather the proportion of sialylated Abs among
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Figure 6: The correlation between the SNA lectin binding and the avidity of anti-TF IgG, IgM, and IgA in breast cancer patients.

0.4 0.6 0.2 0.8 1.00.0
1 - Specificity

0.0

0.2

0.4

0.6

0.8

1.0

Se
ns

iti
vi

ty

AUC = 0.794

P<0.0001
95% CI 0.71 to 0.88

(a)

0.4 0.6 0.2 0.8 1.00.0
1 - Specificity

0.0

0.2

0.4

0.6

0.8

1.0
Se

ns
iti

vi
ty

AUC = 0.833
95% CI 0.75 to 0.92
P<0.0001

(b)

0.4 0.6 0.2 0.8 1.00.0
1 - Specificity

0.0

0.2

0.4

0.6

0.8

1.0

Se
ns

iti
vi

ty

95% CI 0.7 to 0.89
AUC = 0.797

P<0.0001

(c)

Figure 7: A receiver operator characteristic (ROC) curve analysis for anti-TF IgA-related parameters// SNA/IgA index and the avidity of IgA.
(a) SNA/IgA index for all cancer patients; (b) SNA/IgA index for patients with 0-1 stage of cancer: (c) IgA avidity index for all breast cancer
patients. The area under the ROC curve represents the diagnostic accuracy of changes in cancer.

various isotypes that is more informative. Since all isotypes
may compete for SNA binding, these findings need to be
further specified by using purified TF-specific Ab isotypes
and their ability to interact with SNA in health and cancer.
The findings of the present study as well as our recent
data on gastric and colon cancer support the idea that
the increased sialylation of the total serum anti-TF Abs (a
pool of all isotypes) is a common phenomenon in cancer
despite the differences observed between various Ig isotypes.
Notable, these changes are quite opposite to those found in
patients with autoimmune conditions [46] where the IgG
agalactosylation and asialylation are typical changes, at least
for total IgG. Thus, the glycosylation profile could be an
informative marker for the discrimination between these two
conditions. In our opinion the antigen-specific Abs deserve
more attention because their glycoprofile and functional
characteristics may appreciably differ from those of total
serum immunoglobulins. It has been demonstrated that the
sialylation level of IgG antibodies to rheumatoid arthritis-
(RA-) associated antigens but not to other IgG Abs control
the arthritogenicity of RA-associated IgG [47]. Specifically,
the higher sialylated IgG suppressed the development of
collagen-induced arthritis. The disease-specific IgG from
serum and glycopeptides attached to the IgG Fc region have
been analysed by mass spectrometry and their good ability

to distinguish gastric cancer from benign gastric conditions
was demonstratedwith a sensitivity and specificity above 80%
[48]. There is evidence that the immune system drives Ab
glycosylation in an antigen-specific manner [49]. Although
factors contributing to the differences in the disease-specific
Ab glycosylation remain not completely understood, our data
support the idea that the glycoprofiling of disease-relevant
autoantibodies may be a more promising way for the search
of novel Ab-based biomarkers than the analysis of total serum
immunoglobulins.

A general conclusion that can be drawn fromour findings
is that naturally occurring Abs to tumor-associated TF glyco-
tope display cancer-specific changes that are observed already
at the early stages of breast cancer. Importantly, these changes
of TF-specific Abs may concern only a particular, i.e., higher
sialylated subset of Abs. We suppose that the combined
approach which takes into account the level of TF-specific
Abs, their glycosylation profile, the relative proportions of
different isotypes of Abs, their glyco-subsets, and functional
characteristics has potential to be further developed into a
novel noninvasive naturally occurring Ab-based methodol-
ogy to cancer diagnostics and prognostics. This concept can
be extended to other conditions (autoimmunity, infections)
where structural and functional characterization of disease-
specific Ab subsets would be of clinical importance.
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Metastasis requires cellular changes related to cell-to-cell and cell-to-matrix adhesion, immune surveillance, activation of growth
and survival signalling pathways, and epigenetic modifications. In addition to tumour cells, tumour stroma is also modified in
relationship to the primary tumour as well as to distant metastatic sites (forming a metastatic niche). A common denominator of
most stromal partners in tumour progression is CD36, a scavenger receptor for fatty acid uptake thatmodulates cell-to-extracellular
matrix attachment, stromal cell fate (for adipocytes, endothelial cells), TGF𝛽 activation, and immune signalling. CD36 has been
repeatedly proposed as a prognostic marker in various cancers, mostly of epithelial origin (breast, prostate, ovary, and colon)
and also for hepatic carcinoma and gliomas. Data gathered in preclinical models of various cancers have shown that blocking
CD36might prove beneficial in stopping metastasis spread. However, targeting the receptor in clinical trials with thrombospondin
mimetic peptides has proven ineffective, and monoclonal antibodies are not yet available for patient use. This review presents data
to support CD36 as a potential prognostic biomarker in cancer, its current stage towards achieving bona fide biomarker status, and
knowledge gaps that must be filled before further advancement towards clinical practice.

1. Introduction

Metastasis is a rather inefficient process if the number of
circulating tumour cells is to be compared with the num-
ber of clinically overt metastatic sites [1]. From vascular
invasion to secondary site tumour initiation, a cell can go
through changes in cell-to-cell and cell-to- matrix adhesion
profile, face immune surveillance systems, activate growth
and survival signalling pathways, and undergo epigenetic
modifications. To be effective, these changes must occur in
a time-dependent manner, modifying the cell phenotype for
survival in newmicroenvironments. Under these conditions,
howmuch of the primary tumour is recapitulated in a metas-
tasis? And how can we predict whether or when a primary
tumour would seed secondary sites?

Perhaps surprisingly, scrutinizing the less investigated
stromal tumour tissue—or the modern and reinvented “stro-
mal metastatic niche”—could provide some answers. The

metastatic niche has been defined as “extracellular matrix,
nonmalignant cells, and the signalling molecules they pro-
duce” [2]. Different in composition and less characterized
than its counterpart—the primary tumour niche—the stro-
malmetastatic niche recently underwent a shift in perspective
to a “premetastatic niche,” prepared in advance by condi-
tioned infiltrating monocytes.This premetastatic niche, as yet
unoccupied by tumour cells, is thought to create a tumour
friendly environment to enhance the survival chances of
invading cells [3].

A common denominator of most stromal partners play-
ing a role in tumour progression is expression of CD36—a
scavenger receptor for fatty acid (FA) uptake that modulates
cell-to- extracellular matrix attachment, stromal cell fate (for
adipocytes, endothelial cells), TGF𝛽 activation, and immune
signalling [4]. Unlike its well-known and better-studied
binding partners (thrombospondins (TSPs) 1 and 2) but with
controversial involvement in cancer progression, CD36 is
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increasingly emerging as a prognostic marker associated with
the metastatic process. Even more so, its presence seems not
to be limited to tumour stroma, as the number of reports
describing it on tumour cells is increasing.

Several gaps remain in CD36-related knowledge. Learn-
ing from paths travelled in understanding other receptors as
cancer-related biomarkers, one can argue that there are still
plenty of blank spots on theCD36 cancer-relatedmap. In can-
cer studies, CD36 is investigated mostly in relationship with
TSPs, a family of matrix proteins acting as ligands, and most
data are related to TSP interactions and, to a lesser extent,
TGFß. Only a handful of papers have been published directly
addressing CD36, almost all measuring levels of expression in
relationship to tumour growth and metastasis. Furthermore,
lessons frommyeloproliferative diseases and gliomas suggest
that mutated receptors do not require a ligand to be active.
In the case of CD36, constitutive activation, regardless of
TSP expression within the tumour or tumour niche, could be
largely overlooked if the main focus falls on the ligand rather
than the receptor.

In addition, a parallel analysis of stromal CD36 versus
tumour CD36 is usually missing from the scientific argument
in most original articles. Last, but not least, studies in
animal models using athymic mice remove a key player
from the stroma, the immune cell, yielding an incomplete
tumour–stroma interaction panel.

What is the ultimate goal in CD36 research? One size
fits all? Probably not. That pattern has not yet been the case
for anymolecular intervention in diagnostics, prognostics, or
therapy.However, the chase for a single but efficient antimeta-
static molecular target is justifiable from several perspectives.
First and foremost, time is gained for diagnostic and thera-
peutic intervention. Second, absence of metastases will trans-
late into an absence of cellular polymorphisms derived from
environmental change. Thus, molecular therapies addressing
the primary tumour could have a greater impact on relapse
and survival rates.

How far is CD36 from validated status as a biomarker and
what type of biomarker would best fit are the questions the
present review will attempt to answer, after analysing the evi-
dence tying CD36 to the metastatic process and the transla-
tion into knowledge towards clinical practice.

2. CD36 Distribution and Functions in
Normal Tissues

CD36, also known as platelet glycoprotein (GP) 4/, FA
translocase (FAT)/, scavenger receptor class B member 3
(SCARB3)/, GP88, GPIIIB, or GPIV [5], is an integral
membrane GP encoded by the CD36 gene and belonging
to the scavenger receptor family. The intracellular trafficking
of the molecule requires different degrees of glycosylation,
with the heavy glycosylated protein being exposed on the
cell membrane [6, 7]. When exposed, CD36 may associate
with other transmembrane proteins, such as integrins (𝛽1, 𝛽2,
and 𝛽5) and tetraspanins (CD9, CD81) [8]. Its intracellular
domains associate with members of the src family of tyrosine
kinases, such as fyn, lyn, and, yes, a molecular interaction

most probably mediated by lipids in the context of lipid rafts
[9]. Supramolecular assembly of CD36 into nanoclusters at
the plasma membrane, even in the absence of ligands, is
important for downstream fyn signalling [10]. The extracel-
lular domain binds to a vast array of ligands, which accounts
for the diversity of signal transduction outcomes: (i) adhesive
glycoproteins of the TSP family [11]; (ii) collagenic proteins
(collagens I and IV) [5]; (iii) lipid ligands (anionic or oxidized
phospholypids –PL), native and oxidized lipoproteins [8],
FAs); and (iv) peptides such as hexarelin or fibrillar A𝛽
amyloid species [12].

As a surface protein, CD36 is widely distributed. Found
on platelets and monocytes/macrophages, it is involved in
cellular activation. It not only mediates the initial binding
of platelets on extracellular matrix protein like collagen I [5]
and TSP-1 but also triggers signal transduction, inducing an
oxidative burst in monocytes [13]. In addition, it is present
on erythrocytes, where it mediates adherence of Plasmodium
falciparum–infected erythrocytes.

CD36 expression was also detected in differentiated
adipocytes [14]. In vitro studies proved that CD36 is located
in lipid rafts, along with caveolin-1, mediating FA uptake [15].
Both functional studies with CD36 cross-linking agents and
disruption of lipid rafts stop the transport of long-chain FAs
[14].

In skeletal muscle, CD36 expression on the cell surface
is an important mechanism for FA uptake and short-term
regulation through subcellular redistribution [16]. However,
CD36 is also found in the mitochondria, where it is respon-
sible for FA oxidation [17]. CD36 expression is regulated by
both insulin and contraction, which promotes the transloca-
tion of intracellular stored CD36 to the plasma membrane.
Increased expression can contribute to lipid accumulation in
heart and skeletal muscle [18].

CD36 also has been described on endothelial cells of
human dermis, but only in the microvasculature and not in
the large vessels [19] and in caveolin-rich membranes isolated
from lung endothelium [20]. It is also present on normal
mammary epithelial cells [21], which prompted its investiga-
tion in breast cancer, as discussed below.

Another type of epithelial cell expressingCD36 is the taste
receptor cell within lingual taste buds in tongue of rodents
[22], pigs, and humans [23]. CD36 expression is restricted to
only the lingual papillae where it has been localized at the
apical side of the circumvallate [22] and foliate taste buds [23].
Its expression is lipid-mediated, changing the attraction for
fat during a meal [24]. Only lipid discrimination is affected
in CD36-null mice [22].

CD36 is expressed in the brush border membrane of
duodenal and jejunal enterocytes [25] in both mice and
humans [26]. Moreover, early after lipid ingestion, CD36
disappears from the luminal side of intestinal villi [27].
Similar to adipocytes, CD36 is located in lipid rafts, where
it colocalizes with caveolin-1. In vitro studies showed that
caveolin-1 is required for the transport of CD36 to the
apical membrane, thus regulating its surface availability for
FA uptake [28]. Moreover, brush border caveolae provide
the absorptive surface for dietary FA. Studies performed on



BioMed Research International 3

caveolin-1 knockout mice proved that FA absorption was
compromised and the animals could not gain weight [25].

Also at the intestinal level, CD36 was detected on
enteroendocrine cells secreting secretin and cholecystokinin
in the mucosa of the duodenum, jejunum, and proximal
ileum on both apical membranes and cytosolic granules [29].

In mouse liver, CD36 is expressed on hepatocytes, endo-
thelial cells, and Kupffer cells [30] and the expression is in-
creased by starvation [8] and aging, especially when associ-
ated with a high-fat diet. Insulin increases CD36 expression
in the liver [31] by activating PPAR𝛾, an upstream regulator
of CD36 expression. Enhanced expression and subsequent fat
uptake and triglyceride (TG) accumulation may accelerate
progression of nonalcoholic fatty liver disease [32], insulin
resistance, and type 2 diabetes [33].

In the normal brain, CD36 expression is low, but it is
upregulated upon stroke due to monocyte-macrophage infil-
tration. It appears that CD36 contributes to acute ischemic
brain injury during the inflammatory phase and is involved
in phagocytosis during the recovery phase [7].

In ovary, CD36 is found on serous ovarian epithelial cells
[34], contributing to angiogenesis and folliculogenesis [35].

3. Functions of CD36: Lessons Learned from
the CD36 Knockout Mouse Model

CD36 was first identified as platelet GPIV, due to throm-
bocytes’ ability to bind TSP [36]. Later, its overlapping
structure with leukocyte differentiation antigen CD36 was
demonstrated [37]. In the following years, its role in platelet
activation [38] and cell adhesion [39] was investigated. Not
long after, its involvement in translocation of long-chain FAs
was reported [40].

Febbraio and collaborators have played an important role
in understandingCD36 functions by creatingmicewith a null
mutation in the CD36 gene through targeted homologous
recombination [41].The animalmodel was subsequently used
by a large number of researchers, with 528 citations recorded
to date (ISI Web of Science Core Collection, searched on
March 13, 2018). Some of the significant insights provided by
CD36-/- mouse experiments include regulation of CD36 by
PPAR-gamma [42] inhibition of angiogenesis in vitro and in
vivo; induction of apoptosis by TSP-1 via activation of CD36,
p59fyn, caspase- 3–like proteases, and p38mitogen-activated
protein kinases [43]; understanding of atherosclerotic lesion
development [44, 45] contribution to uptake and use long-
chain FAs [46] diet response [47], serving as an advanced gly-
cation end-products receptor [48] orosensory perception of
long-chain FAs [49]. Conversely, mice were also engineered
to overexpress CD36 in specific tissues by using the promoter
of the muscle creatine kinase gene, resulting in enhanced
FA oxidation, reduced plasma TGs and FAs, and increased
plasma glucose and insulin [50].

More recent mouse experimental models include double-
knockout animals for CD36 and other genes such as leptin
[51], tyrosine-protein kinase Mer [52], liver-specific signal
transducer and activator of transcription (STAT)5 [53], scav-
enger receptor-A [54], scavenger receptor class B type I [55],

heart-specific lipoprotein lipase [56], apolipoprotein E [57],
and liver-type FA-binding protein [58].

The CD36 molecular structure includes two transmem-
brane domains located near both ends of the molecule,
joined by a large extracellular region [59]; the transmembrane
domains continuewith small intracellular tails that are palmi-
toylated [60] and are important in localizing CD36 within
caveolae and lipid rafts [61]. The N-glycosylated extracellular
region has a binding site for TSP-1 (residues 93–120) [62]
and one site for competitive binding of FA and oxidized low-
density lipoprotein (ox)LDL/oxidized glycerophospholipids
(residues: 150–168) [63, 64] that can bind hexarelin, one
of several growth hormone–releasing peptides [65], and
PfEMP1 proteins of the malaria parasite [66]. Neculai et al.
[67] found, through an analogy with the crystal structure
of structurally related LIMP-2 that they described, a notable
feature of the CD36 extracellular domain: a tunnel, mainly
comprising hydrophobic residues, spanning its entire length
and apparently able to selectively transfer cholesterol esters
from the extracellular environment to the outer leaflet of the
cell membrane. Thus, future, more detailed structural studies
of CD36 could provide actionable targets for therapies for
diseases involving this molecule and its numerous, highly
variable binding partners.

Other studies have contributed to identifying and under-
standing the role of CD36 association with other membrane
or intracellular molecules. An interesting example is the
discovery of CD36 as a regulator of Toll-like receptors 4 and 6
heterodimer assembly that can subsequently trigger inflam-
matory signalling in microglia [68]. Such data suggest that
CD36 can make a major contribution to sterile inflammation
in response to atherogenic lipids and amyloid-beta.

Interesting avenues of research might also be opened by a
few recent studies that identified a role for noncoding RNA
molecules in CD36 expression regulation with functional
consequences. miR-758-5p decreases lipid accumulation in
foam cells via regulating CD36-mediated cholesterol uptake
[69], long noncoding RNA MALAT1 regulates oxLDL-
induced CD36 expression via activating 𝛽-catenin [70], and
uc.372, an ultraconserved RNA belonging to the class of long
noncoding RNAs, regulates expression of genes related to
lipid synthesis and uptake, including CD36, via suppression
of specific miR molecule maturation [71].

Following data gathered from these models and others
notmentioned here, the involvement in lipidmetabolism and
cell-to-matrix adhesion has been confirmed for various cell
types, and other functions that are site-specific have been
identified and are presented briefly below.

3.1. Lipid Scavenger Receptor and Subsequent Impact on Lipid
Metabolism. CD36 has long been known as a scavenger
receptor able to bind oxidized LDL (oxLDL) and HDL
(oxHDL) [72, 73] but also native lipoprotein molecules [74].
CD36 is involved in high-affinity FA uptake and processing
and eventually lipid accumulation and metabolic dysfunc-
tion under excessive supply [8]. First found on monocytes
and platelets, CD36 is also responsible for uptake of long-
chain FA into muscle and adipose tissues and across the
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brush border [25]. Ligand binding activates phospholipase C,
increases cytosolic Ca concentration, and activates chylomi-
cron production [27]. CD36 also regulates the secretion of
hepatic very LDL (VLDL), whichmay explain the correlation
between CD36 protein expression and serum levels of VLDL
lipid, particle number, and apolipoprotein B in humans [75].
CD36 deletion decreases VLDL output in vivo by increasing
prostaglandins D2, F2, and E2 synthesis in the liver [51].

CD36 is a key factor in acute and adaptive regulation
of muscle FA oxidation in response to a chronic metabolic
stimulus and for the selection of skeletal muscle fuel under
basal conditions, during acute exercise, or after muscle
training [76]. In heart muscle, CD36 impacts adaptation
of myocardial rhythm to energy deprivation [77]. During
fasting, CD36 null mice have abnormal myocardial Ca2+
dynamics, phospholipid composition, and cAMP levels and
associated conduction anomalies with a high incidence of
sudden death [77]. Moreover, recent data have shown that
myocardial CD36-mediated signal transduction activates FA
𝛽-oxidation [8].

Pathology Impact. Following the interaction of oxLDL with
CD36 on intimal transmigrated macrophages, oxLDLs are
internalized. They bind to the nuclear hormone receptor
PPAR› followed by the upregulation of CD36, which ampli-
fies oxLDL uptake and foam cell formation [78]. Moreover,
by stimulation of cytokine production, intima is further
infiltrated and atherosclerotic lesion is formed [8].

3.2. Cell-to-Matrix Attachment. CD36 can bind to extracellu-
lar matrix proteins, such as collagen [5] and thrombospondin
2 in platelets and various cell lines. It also binds to TSP-1, but
at concentrations higher than physiological, possibly reached
in overdeveloped cancerous stromal tissue. CD47 is required
for CD36 activation under TSP-1 ligation [79]. In endothelial
cells, TSP binding triggers apoptosis, a mechanism bypassed
in cancer, where it favours angiogenesis and tumour growth,
as discussed later.

4. CD36 as an Early Biomarker for
Metastatic Cancer

The term “biomarker” came into frequent use from the
1970s [80] and is currently defined as a “characteristic that
is measured as an indicator of normal biological processes,
pathogenic processes, or responses to an exposure or inter-
vention, including therapeutic interventions” [81]. A candi-
date biomarker should provide measurable features, accuracy
in indication for a physiologic or pathogenic mechanism,
or pharmacological response to a therapeutic approach.
According to the US Food and DrugAdministration, an ideal
biomarker should be highly sensitive and specific for a certain
disease, safe, and easily measured in any biological sample,
cost-effective, and able to yield accurate results [82].

Correlated with invasion of tumours and metastasis,
CD36 has been repeatedly proposed as a prognostic marker
in various types of cancers, mostly of epithelial origin. In the
following section, we discuss the results that build up the case

for CD36 as an “early prognostic marker in metastasis” and
review its progress towards clinical validation.

4.1. Preclinical Studies. To be considered as a potential bio-
marker of metastatic cancer, CD36 must respect the first
rule of biomarkers—to exhibit a constant change in disease
versus health, in this case, in metastatic cancer versus normal
paired control tissue. Indeed, the expression of CD36 has
been demonstrated to be increased in human tumour cell
lines, human biopsies from ovarian tumours [83], gastric
cancer [84], glioblastoma [85], and oral squamous carcinoma
[86]. In contrast, consistent with data from tumour growth
mechanism studies, CD36 has been reported to be decreased
in endothelial cells, as a bypass program of its antiangiogenic
effect [87].

Most preclinical studies address CD36 indirectly, in the
context of TSP binding. These studies exploit the antian-
giogenic effect of TSP 1 and 2 via CD36 signalling, by
using recombinant proteins, or TSR peptides, to compensate
for loss of TSP in tumour cells. Controversies arose when
migration and invasion of cancer cells seemed to be promoted
although the primary tumour responded to treatment. A
TSP-1 null/breast cancermousemodel demonstrated reduced
pulmonary metastases, although there was no impact on pri-
mary tumour growth, indicative of effects on the metastatic
[88].The same group demonstrated that inclusion of the RFK
sequence in the TSP recombinant protein impacts positively
metastases reduction, but in relation to TGF𝛽 activation
[88], and that, to some extent, loss of CD36 binding to
TSP is compensated by the RFK sequence, in terms of
antitumour effect. Another study on a mouse model of breast
cancer, using a TSP-2-derived recombinant protein, reported
both inhibition of primary tumour growth and reduction of
lymph node and lungmetastasis. Although the primary effect
was positively correlated with CD36-induced mitochondrial
apoptosis in endothelial cells and decreased neoangiogenesis;
an antimetastatic effect was correlated with the RFK sequence
and TGF𝛽 activation [89].

Results with another mouse model of metastatic breast
cancer indicated that although CD36 expression in the
whole primary tumour was downregulated, this alteration
was related to loss of stromal receptor. This hypothesis was
confirmed by normal expression of CD36 on isolated tumour
cells [90].

In metastatic prostate cancer, CD36 was activated in
tumour cells, which led to increased cell migration and
invasion, linked to downstream activation of MAPK [91].

Ovarian tumour cells harvested from ascites of patients
also express CD36, which was used by Wang et al. as a
target for TSP-1-induced apoptosis and subsequent tumour
shrinkage in a mouse xenograft model [92]. A recent study
showed upregulation of CD36 in metastatic versus primary
human ovarian tumours; moreover, blocking CD36 with
monoclonal antibodies resulted in reduced tumour burden
in a mouse xenograft model [83]. Furthermore, Russell et al.
found that combined therapy with thrombospondin-1 type
I repeats (3TSR) and chemotherapy induces regression and
improves survival in a mouse model of ovarian cancer[93].
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Table 1: Involvement of CD36 in various types of cancer—data from human sample studies.

Type of cancer Location within the tumour Contribution of CD36 Refs

Breast cancer
Stroma tissue

Decreased endothelial expression
Tumour cells

Angiogenesis [90]
[87]

Prostate cancer Tumour cells Activation of MAPK signalling,
pro-invasion [91]

Ovarian cancer Tumour cells harvested from patient
ascites Pro-metastatic [92]

Colon cancer Not specified Decreased expression in metastatic
cancer [96]

Oral squamous cell carcinoma Tumour cells Favours lymph node and lung metastasis [86]

Acute myeloid leukaemia Tumour cells Part of immunophenotyping panel used
for patient stratification [95]

Glioblastoma Tumour cells Maintenance of stemness features,
tumour initiation [85]

Hepatocellular carcinoma Not mentioned Increased CD36 is associated with
epithelial-to-mesenchymal transduction [101]

These results suggest that CD36 might offer an interesting
therapy target, besides its putative biomarker role.

CD36 has been reported on glioblastoma cells as well,
in a specific subset of stem-like cells, with role in stemness
preservation and tumour initiation [85].

Recently, a study addressed directly the involvement of
CD36 in tumour growth and metastasis, by overexpressing
CD36 in oral squamous carcinoma cell lines. Tumour cells
were then transplanted into immune-competent mice, show-
ing significantly increased metastatic potential over their
wild-type counterparts. Conversely, knocking CD36 down
led to zero lymph node invasions. The same antimetastatic
effect was obtained with CD36- targeting antibodies. While
metastasis was prevented, or if already present, significantly
reduced, primary lesions were not affected by the treatment
[86]. Unlike previous reports, the work of Pascual et al.
highlighted a possible cooperation between adipose tissue
and tumour cells via CD36, which favours a predominantly
lipidic metabolism. The link between increased lipidic profile
and tumour progression was also highlighted in an obese
mouse model of breast cancer [87]. The authors reported
CD36 expression on some, but not all tumour cells, as well
as downregulation of CD36 expression on endothelium of
neovessels, presumably due to repressed CD36 gene tran-
scription via PDK1-FOXO1 activation by lysophosphatidic
acid.

The model that can be delineated so far is that a high
CD36 level correlates with metastatic cancers and thus is
poorly prognostic. However, blocking CD36 in a tumour
system composed of tumour cells and stromal niche would
equally affect both populations. An earlier work of deFillipis
et al. [94] proposes that loss of CD36 in the pretumoural
breast stroma creates a milieu favourable for tumour initia-
tion or progression.Thus, targeting CD36 to preventmetasta-
sis would have a protumorigenic impact on the surrounding

stroma. Add to this the proangiogenic effect on the tumour
itself, and the outcome will be, very likely, a thriving primary
tumour that is possibly nonmetastatic.

These results highlight the importance of integration of
models in a correct spatial context, in which stromal niches
and tumour cells interact. From this perspective, which part is
more important for metastasis? And, in consequence, which
population of cells should be targeted in studies aiming at
validation of CD36 as a prognostic biomarker (see Figure 1)?
Which population holds greater prognostic value: CD36+
tumour cells, as proposed by Pascual et al., or CD36-depleted
stroma, as proposed by deFillipis et al.?

Unfortunately, these aspects have not yet been covered
by clinical studies, as discussed in the next section, although
CD36 is emerging as a candidate prognostic biomarker in
different types of epithelial cancers, alone or in panels with
other proteins.

4.2. Human Studies. Data from animal models and in vitro
human tumour cell lines point to CD36 as a metastasis-
related indicator, prompting investigations on a larger scale
in human tumour samples (Table 1). One of the firstmentions
of CD36 as a possible biomarker for cancer prognostics dates
more than 15 years, when it was included in a panel of immu-
nophenotyping for high risk for acutemyeloblastic leukaemia
[95].

In a study of inflammation and cancer, Rachidi et al. used
a reductive approach by considering all epithelial cancers
as oncoinflammatory events and looking for a common
signature. Although CD36 did not meet the criteria for all
seven types of cancers studied, a high CD36 gene expression
level was proposed as a poor prognostic marker in colon and
ovarian cancer when assessed in panel with other proteins
[96].
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∙ Increased CD36 Tumour
cells

∙ Loss of CD36Stromal

Endothelial

cells

∙ Loss of CD36
cells

Figure 1: Involvement of CD36 in the metastatic process, related to the main three components of any tumour niche: the tumour cells,
stromal cells, and vascularisation. CD36 expression in tumours prone to metastasis is different in each compartment, as demonstrated by
animal models and pathology studies in patient samples.

Wang et al. found that 97% of ovarian cancers express
CD36, as do 100% of lymph node metastases. Furthermore,
the receptor’s expression was increased with disease progres-
sion [92]. CD36was also detected in liposarcoma and prostate
and breast tumours; in the last type, translocation of the
protein from the cytoplasm to cell membrane was related to
oestrogen signalling [97].

Firm confirmation of the relationship between CD36
and metastasis came from a study of over 2500 cases of
different types of cancers (a “pan-cancer” study) in which
genes involved in metabolic rewiring towards aerobic gly-
colysis and de novo FA synthesis were assessed in metastatic
tumours compared to primary tumours. The CD36 gene
was frequently amplified in metastatic tumours and survival
rates in the high-copy-number group were reduced when
compared with low-copy-number patients [98].

5. Clinical Trials

Direct targeting of CD36 in tumour pathology has not yet
been addressed in cancer-related clinical trials. Rather, its
ability to bind TSP1 and modulate antiangiogenic responses
was exploited therapeutically. Several clinical trials tested
TSP-1 peptidomimetics specifically binding toCD36, but they
were discontinued for lack of response or severe adverse
effects [79]. Data gathered in preclinical models of various
types of cancers taught that blocking CD36 might prove
beneficial in stopping metastases from spreading. Lessons
learned from other fields of successful clinical research show
that humanized monoclonal antibodies are a valid option
(reviewed in [99]). But a recent commentary estimates that
development of antibodies against CD36, to be used in
clinical trials, would take at least 4 years [100].

Continuing the pipeline of TSP peptidomimetics, in line
with the lipid scavenger function of CD36, apolipoprotein A-
I–mimetic peptides are being tested in preclinical trials, but
mostly for noncancerous pathologies [102–104].

CD36 has been and continues to be investigated as a
possible biomarker in metabolic diseases (obesity, insulin
resistance, and diabetes type 2), cardiovascular diseases, and
autoimmune/inflammatory conditions (Table 2).

The hope is that data gathered from these clinical tri-
als will be highly informative about the pharmacological
profile and side-effects of various types of CD-36 related
compounds, for further repurposing in cancer therapy.

6. Future Perspectives in
CD36-Related Tumour Biology

Plenty of data have been gathered to demonstrate CD36
involvement in metastasis spreading and, yet, novel and
exciting avenues are still opening. Along with new reports of
CD36 involvement in normal mitochondrial function [105],
one could ask how CD36 increase impacts tumour cells
energetic metabolism and the effect of CD 36 inhibition on
bystander cells.

Further on, based on tumour animalmodels, the next step
would be translation to human pathology. This process has
already started, at least at the bioinformatics level, contribut-
ing to acknowledgment of CD36 as a possible prognostic
biomarker for metastatic cancer, by compiling data from
repositories and meta-analyses. So far, high levels of CD36
have been proposed as a poor prognostic marker for colon
and ovarian cancer [96] as well as for breast cancer, lung small
cell carcinoma, and urinary bladder carcinoma [86].

If the molecule is to be included in further clinical trials,
validation in large cohorts remains to be accomplished, along
with clarifications in some grey areas, such as site of detection
of CD36 (stromal cells versus tumour cells) and proper
quantification.
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[14] J. Pohl, A. Ring, Ü. Korkmaz, R. Ehehalt, and W. Stremmel,
“FAT/CD36-mediated long-chain fatty acid uptake in adipo-
cytes requires plasma membrane rafts,”Molecular Biology of the
Cell (MBoC), vol. 16, no. 1, pp. 24–31, 2005.

[15] R. P. Souto, G. Vallega, J. Wharton, J. Vinten, J. Tranum-Jensen,
and P. F. Pilch, “Immunopurification and characterization of
rat adipocyte caveolae suggest their dissociation from insulin
signaling,” The Journal of Biological Chemistry, vol. 278, no. 20,
pp. 18321–18329, 2003.

[16] J. J. Luiken,D. J. Dyck, X.Han et al., “Insulin induces the translo-
cation of the fatty acid transporter FAT/CD36 to the plasma
membrane,” American Journal of Physiology-Endocrinology and
Metabolism, vol. 282, no. 2, pp. E491–E495, 2002.

[17] V. Bezaire, C. R. Bruce, G. J. F. Heigenhauser et al., “Identifica-
tion of fatty acid translocase on human skeletal muscle mito-
chondrial membranes: Essential role in fatty acid oxidation,”
American Journal of Physiology-Endocrinology and Metabolism,
vol. 290, no. 3, pp. E509–E515, 2006.

[18] D. P. Y. Koonen, J. F. C. Glatz, A. Bonen, and J. J. F. P. Luiken,
“Long-chain fatty acid uptake and FAT/CD36 translocation in
heart and skeletalmuscle,”Biochimica et Biophysica Acta (BBA) -
Molecularand Cell Biology of Lipids, vol. 1736, no. 3, pp. 163–180,
2005.

[19] R. A. Swerlick, K. H. Lee, T. M.Wick, and T. J. Lawley, “Human
dermalmicrovascular endothelial but not humanumbilical vein
endothelial cells express CD36 in vivo and in vitro,”The Journal
of Immunology, vol. 148, no. 1, pp. 78–83, 1992.

[20] M. Krieger, “Charting the fate of the “good cholesterol”: iden-
tification and characterization of the high-density lipoprotein
receptor SR-BI,” Annual Review of Biochemistry, vol. 68, pp.
523–558, 1999.

[21] D. E. Greenwalt, O. Y. So, N. Jiwani, and K. W. K. Watt, “PAS
IV, an IntegralMembrane Protein ofMammary Epithelial Cells,
Is Related to Platelet and Endothelial Cell CD36 (GP IV),”
Biochemistry, vol. 29, no. 30, pp. 7054–7059, 1990.

[22] F. Laugerette, P. Passilly-Degrace, B. Patris et al., “CD36 involve-
ment in orosensory detection of dietary lipids, spontaneous
fat preference, and digestive secretions,” The Journal of Clinical
Investigation, vol. 115, no. 11, pp. 3177–3184, 2005.

[23] P. J. Simons, J. A. Kummer, J. J. F. P. Luiken, and L. Boon, “Apical
CD36 immunolocalization in human and porcine taste buds
from circumvallate and foliate papillae,” Acta Histochemica, vol.
113, no. 8, pp. 839–843, 2011.

[24] C.Martin, P. Passilly-Degrace, D.Gaillard, J.-F.Merlin,M.Chev-
rot, and P. Besnard, “The lipid-sensor candidates CD36 and
GPR120 are differentially regulated by dietary lipids in mouse
taste buds: impact on spontaneous fat preference,” PLoS ONE,
vol. 6, no. 8, Article ID e24014, 2011.

[25] S. Siddiqi, A. Sheth, F. Patel,M. Barnes, and C. M.Mansbach II,
“Intestinal caveolin-1 is important for dietary fatty acid absorp-
tion,” Biochimica et Biophysica Acta, vol. 1831, no. 8, pp. 1311–
1321, 2013.

[26] M. V. T. Lobo, L. Huerta, N. Ruiz-Velasco et al., “Localization of
the lipid receptors CD36 and CLA-1/SR-BI in the human
gastrointestinal tract: Towards the identification of receptors
mediating the intestinal absorption of dietary lipids,” Journal of
Histochemistry & Cytochemistry, vol. 49, no. 10, pp. 1253–1260,
2001.

[27] T. T. T. Tran, H. Poirier, L. Clément et al., “Luminal lipid regu-
lates CD36 levels and downstream signaling to stimulate chy-
lomicron synthesis,” The Journal of Biological Chemistry, vol.
286, no. 28, pp. 25201–25210, 2011.

[28] A. Ring, S. Le Lay, J. Pohl, P. Verkade, andW. Stremmel, “Caveo-
lin-1 is required for fatty acid translocase (FAT/CD36) localiza-
tion and function at the plasmamembrane of mouse embryonic



10 BioMed Research International

fibroblasts,” Biochimica et Biophysica Acta (BBA) - Molecular
and Cell Biology of Lipids, vol. 1761, no. 4, pp. 416–423, 2006.

[29] S. Sundaresan, R. Shahid, T. E. Riehl et al., “CD36-dependent
signalingmediates fatty acid-induced gut release of secretin and
cholecystokinin,” The FASEB Journal, vol. 27, no. 3, pp. 1191–
1202, 2013.

[30] L. Malerød, L. Juvet, T. Gjøen, and T. Berg, “The expression of
scavenger receptor class B, type I (SR-BI) and caveolin-1 in
parenchymal and nonparenchymal liver cells,” Cell and Tissue
Research, vol. 307, no. 2, pp. 173–180, 2002.

[31] P. Steneberg, A. G. Sykaras, F. Backlund, J. Straseviciene, I.
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Breast cancer is the leading cause of cancer-related death among women worldwide. AKT1 encodes the kinase B alpha protein.The
rs121434592, rs12881616, rs11555432, rs11555431, rs2494732, and rs3803304 single nucleotide polymorphisms have been identified
in the AKT1 kinase gene. Activated AKT1 phosphorylates downstream substrates regulating cell growth, metabolism, apoptosis,
angiogenesis, and drug responses. It is essential to know how breast cancer risk is associated with histopathological and
immunohistochemical characteristics and genotype polymorphisms in a high altitude Ecuadorian mestizo population. This is a
retrospective case-control study. DNAwas extracted from 185 healthy and 91 affected women who live 2,800 meters above sea level.
Genotypes were determined by genomic sequencing. We found a possible association between the noncoding intronic variant
rs3803304 and breast cancer risk development: GG (odds ratio [OR] = 5.2; 95% confidence interval [CI] = 1.3-20.9; P ≤ 0.05; Q >
0.05). Regarding pathologic characteristics, we found significant risk between estrogen receptor, progesterone receptor, and HER2
status andmolecular subtypes (P ≤ 0.001;Q ≤ 0.05). On the other hand, we did not find risk between variants and histopathological
characteristics. Despite the small sample size, we found that the intronic variant, AKT1 rs3803304,may act as a predictive biomarker
in the risk of developing breast cancer in the high altitude Ecuadorian mestizo population.

1. Introduction

Breast cancer (BC) in women involves the progressive
accumulation of genetic, hereditary, hormonal, and envi-
ronmental factors representing a significant health problem
worldwide [1]. BC is the leading cause of cancer-related
death among women (521,541 cases) and the most commonly
diagnosed cancer (1,679,076 cases) [2]. The areas with a
higher incidence of BC per each 100,000 inhabitants are

Western Europe (89.9), Oceania (85.5), and Northern Europe
(76.7), while South America has a lower incidence (44.3) [3].
In Ecuador, the incidence rate of BC has reached up to 32.7
in 2012 [4].

The molecular subtypification of the progesterone recep-
tor (PR), estrogen receptor (ER), and HER2 status cou-
pled with the histopathological classification (noninvasive or
“in situ” carcinoma and invasive or infiltrating carcinoma)
generates five different subtypes: luminal A (ER+ and/or
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PR+, HER2-, or low Ki67), luminal B (ER+ and/or PR+,
HER2+, orHER2-with highKi67),HER2-enriched (ER-, PR-
, or HER2+), basal-like (ER-, PR-, HER2-, cytokeratin 5/6+,
and/or HER1+), and normal-like (ER+ and/or PR+, HER2-,
low Ki67, prognosis slightly worse than luminal A) [5–7].

Approximately 10% of BC cases correspond to hereditary
factors with germline mutations in BRCA1, BRCA2, TP53,
E-Cadherin, STK11, PTEN, ATM, and CHEK2 genes, while
90% of mammary tumors are adenocarcinomas with the
presence of somaticmutations in high-penetrance genes such
as PIK3CA, AKT1, SF3B1, GATA3, MLL3, CDH1, MAP3K1,
NCOR1, MAP2K4, and MACF1 [5, 8–10]. All breast can-
cer’s driver genes are fully detailed in the Cancer Genome
Interpreter and the Pan-Cancer Atlas [11, 12]. Regarding the
AKT subfamily, it is made up of three isoforms in mammals:
AKT1, AKT2, and AKT3. AKT1 is located in the 14q32.33
position and has 14 exons that include a reading frame
of 1443 base pairs (bp). AKT1 encodes the kinase B alpha
(PKB𝛼) protein of 480 amino acids and 55686 Daltons.
PKB𝛼 contains an N-terminal pleckstrin homology (PH)
domain, a short 𝛼-helical linker, a kinase domain (KD), and
a regulatory motif [13, 14]. Various cytokines, hormones, and
growth factors active AKT1 by binding their cognate receptor
tyrosine kinase (RTK), GPCR, or cytokine receptor and
triggering activation of the PI3Kkinase, which generates PIP3
[15, 16]. AKT1 binds PIP3 through its PH domain, resulting
in translocation of AKT1 to the membrane. The mTOR-
rictor complex (mTORC2) phosphorylates AKT1 within the
carboxy terminus at S473 and PDK1 phosphorylates AKT1
within its activation loop at T308 [16, 17]. Activated AKT1
phosphorylates a large number of downstream substrates that
play a crucial role in regulating cell growth, metabolism,
proliferation, apoptosis, angiogenesis, and drug responses
[18–21].

The E17K rs121434592, E319G rs12881616, L357P
rs11555432, P388T rs11555431, rs2494732, and rs3803304
single nucleotide polymorphisms (SNPs) have been iden-
tified in the AKT1 kinase gene [22]. The E17K variant
generates a conformational change in the PH domain of
the AKT1 protein, making it possible to join the protein
and the cell membrane, causing the process of intracellular
phosphorylation [23]. The E319G, L357P, and P388T variants
are located in the kinase domain (KD), and the rs2494732 and
rs3803304 variants are placed in intronic regions (Figure 1).
Consequently, dysregulation in cell proliferation, survival,
and growth drives progressive transformation of normal
cells towards a malignant phenotype [18, 24–27]. Aberrant
AKT signaling is the underlying defect found in several
pathologies such as esophageal cancer [28], head and neck
cancer [29], and non-small cell lung cancer [30].

The objective was to determine the risk of breast cancer
associated with histopathological and immunohistochemical
characteristics and genetic polymorphisms in a high altitude
Ecuadorian mestizo population.

2. Materials and Methods

2.1. Study Subjects. The Bioethics Committee of our insti-
tution, conducted following the Declaration of Helsinki,

approved this retrospective case-control study. It comprised
a total of 276 Ecuadorian mestizo women who live 2,800
meters above sea level (masl) andwere included into the anal-
ysis. Concerning the individuals with BC, 91 samples from
tumor tissue embedded in paraffin with luminal A, luminal
B, HER2-enriched, and basal-like subtypes were obtained
from the Pathology Department at Solon Espinosa Ayala
Oncologic Hospital. Affected individuals were diagnosed
with BC between 2008 and 2011. Each case history conferred
relevant information such as age, affected breast, surgical
margins, tumor stage (T1-T4), pTNM (tumor, nodule, and
metastasis) classification, histopathological and molecular
classification, ER status, PR status, and HER2 status. With
regard to the control group, 185 peripheral blood samples
from individuals of the mestizo population with no family or
personal history of cancer or smoking history were selected
at random from our sample collection. Thus, the matching
of cases to controls presented similar age (54.0 versus 52.3
years), age at menopause (47.4 versus 46.7 years), age at
menarche (14.2 versus 14.6 years), age at first live birth
(26.8 versus 26.2 years), mean number of live births (2.5
versus 2.5), and breast cancer in first-degree relative (3.1
versus 2.1 percent), respectively. Furthermore, all partici-
pants included in the study signed their respective informed
consent.

2.2. DNA Extraction and Purification. DNA extraction and
purification of control and case individuals were performed
using the Wizard Genomic DNA Purification Kit (Promega,
Madison, WI) and the PureLink Genomic DNA Kit (Invit-
rogen, Carlsbad, CA), respectively. The DNA of the healthy
individuals was extracted from peripheral blood samples and
presented an average concentration of 135 ng/𝜇l. Meanwhile,
the DNA of the affected individuals, which presented an
average concentration of 84 ng/𝜇l, was extracted from ten
sections (5 𝜇m) of formalin-fixed paraffin-embedded breast
tumor tissue previously cut with a microtome CUT 6062
(SLEE, Mainz, Germany). Both calculations were obtained
using NanoDrop 2000 (Thermo Scientific, Waltham, MA).

2.3. Amplification and Genotyping. Genotyping was per-
formed using DNA sequencing analysis. A final volume of
20 𝜇l was used for each PCR reaction for AKT1 SNPs.
Each reaction consisted of 16.2 𝜇l of Milli-Q water, 2 𝜇l of
DNA template (10 ng/𝜇l), 0.2 𝜇M of each deoxynucleotide
triphosphate (dNTP’s), 3 mM of MgCl

2
, 0.05 U of Taq DNA

polymerase, 2.5 𝜇l of 10X buffer (500 mM of KCl, 200 mM of
Tris-HCl, pH = 8.4), and 0.4 𝜇Mof forward (FW) and reverse
(RV) primers detailed in Table 1.

The SNPs E17K rs121434592 (G>A) (198 bp), L357P
rs11555432 (T>C) (142 bp), E319G rs12881616 (A>G) (186 bp),
and P388T rs11555431 (C>A) (171 bp) presented in exonic
regions and rs3803304 (C>G) (171 bp) and rs2494732 (C>T)
(171 bp) presented in intronic regions were amplified through
the polymerase chain reaction (PCR) technique. Supplemen-
tary Table 2 details the genetic variants analyzed in this study.
The PCR program started with an initial denaturation stage
lasting 5 minutes at 94∘C, followed by 35 cycles of 50 seconds
at 94∘C, 50 seconds at different annealing temperatures
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Figure 1: Location of the rs121434592, rs12881616, rs11555432, rs11555431, rs2494732, and rs3803304 variants in chromosome 14 in the AKT1
gene.

(Table 1), 45 seconds at 70∘C, and a final elongation for
3 minutes at 72∘C. Each run was completed using a Sure
Cycler 8800 thermocycler (Agilent, Santa Clara, CA). The
amplified fragment was then separated by electrophoresis
in 2% agarose gels stained with ethidium bromide and was
observed in an ImageQuant 300 transilluminator (General
Electric, Fairfield, SC).

Genotyping was performed using DNA sequencing anal-
ysis through Genetic Analyzer 3130 (Applied Biosystems,
Austin, TX). The final volume of the reaction was 12 𝜇l and
contained 2.8 𝜇l of Milli-Q water, 2 𝜇l of 5X buffer, 1 𝜇l
of primer FW (3.2 pmol), 1 𝜇l of BigDye Terminator v3.1
sequencing standard (Applied Biosystems, Austin, TX), and
3 𝜇l of PCR product (3 to 10 ng). Once the product was
amplified, it was then purified using Agencourt CleanSEQ
(Beckman Coulter, Miami, FL). The amplification program

consisted of 3 minutes at 96∘C, followed by 30 cycles of 10
seconds at 96∘C, 5 seconds at 50∘C, and 4 minutes at 60∘C.
Finally, sequence analysis was performed using Sequencing
Analysis Software 5.3.1 (Applied Biosystems, Austin, TX),
and the alignment with sequences from GenBank (AKT1
NC 000014.9) was performed using Seq-Scape Software v2.6
(Applied Biosystems, Austin, TX) [7].

2.4. Statistical Analysis. The information from the clini-
cal records of the patients was collected and stored in a
database. Allelic and genotypic frequencies of the AKT1
SNPs were calculated; also Hardy-Weinberg equilibrium
was determined by using a tool available on the Inter-
net (http://www.oege.org/software/hwe-mr-calc.shtml) [31].
With the use of IBM SPSS Statistics 22 software (SPSS Inc.,
Chicago, IL), chi-square (𝜒2), and odds ratio (OR) (with a

http://www.oege.org/software/hwe-mr-calc.shtml
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Table 1: Primer sequences, annealing temperatures, and genetic variations.

Polymorphisms Primer sequences Annealing temperatures Location Fragment (bp)
rs121434592
E17K

FW 5’- GGC CAA GGG GAT ACT TAC GC -3’ 60 Exon 4 198
RV 5’- AGG GTC TGA CGG GTA GAG TG -3’

rs11555432
L357P

FW 5’- CCT TCT TGA GCA GCC CTG AA -3’ 56.5 Exon 12 142
RV 5’- TAC GAG ATG ATG TGC GGT CG -3’

rs12881616
E319G

FW 5’- CAG AGA GGA CAC AGC ATT GCG -3’ 60.5 Exon 10 186
RV 5’- ACA AGG ACG GGC ACA TTA AGA -3’

rs11555431
P388T

FW 5’- CAA GGA CAT CAA GCT TTG GCT -3’ 61 Exon 11 171
RV 5’- AAG TCC TTG CTT TCA GGG CT -3’

rs3803304 FW 5’- CAA GGA CAT CAA GCT TTG GCT -3’ 61 Intron 13 171
RV 5’- AAG TCC TTG CTT TCA GGG CT -3’

rs2494732 FW 5’- CAA GGA CAT CAA GCT TTG GCT -3’ 61 Intron 13 171
RV 5’- AAG TCC TTG CTT TCA GGG CT -3’

bp, base pairs.

95% confidence interval [CI] and 2 x 2 contingency table),
tests were applied to determine the association between the
risk of developing BC, the SNPs, histopathological character-
istics, and immunohistochemical characteristics.P< 0.05was
considered statistically significant. Consequently, the false
discovery rate (FDR) Benjamini/Hochberg correction was
performed in order to obtain Q values.

3. Results

Thedistribution of baseline characteristics in all patients with
BC is shown in Table 2 and is fully detailed in Supplementary
Table 1. Regarding age of diagnosis, 72.7% of luminal B
individuals, 58.5% of luminal A, 56.3% of basal-like, 36.4% of
HER2-enriched, and 57.1% of all cases presentedwere 50 years
old or older.The right breast was affected in 57.1% of all cases,
fromwhich 72.6%presented luminal B, 58.5% luminalA, 50%
basal-like, and 45.5% HER2-enriched. Regarding T stage,
93.8% of basal-like individuals, 77% of luminal A, 72.7% of
HER2-enriched, 54.5% of luminal B, and 76.9% of all cases
presented T1-T2 stage. Positive LN status was presented in
51.6% of all cases. Negative ER status was presented in 35.2%
of all cases, from which 100% of basal-like individuals, 100%
of HER2-enriched, 9.1% of luminal B, and 7.5% of luminal A
did not present this receptor (P ≤ 0.001;Q ≤ 0.05). Regarding
PR status, a total of 39.6% presented a negative PR status, of
which 100% was basal-like, 90.9% was HER2-enriched and
luminal B, and 79.2% was luminal A (P ≤ 0.001; Q ≤ 0.05).
Overall, 70.3% presented negative HER2-enriched status, of
which 100% was basal-like, 79.2% was luminal A, and 54.5%
was luminal B (P ≤ 0.001; Q ≤ 0.05). Finally, 67% of all
cases presented positive and 33% presented negative surgical
margins.

Frequency ofmutations in theAKT1 gene in breast cancer
subtypes is detailed in Table 2 and genotype distribution and
allele frequencies of AKT1mutations in cases and controls are
detailed in Table 3.The E17KAAhomozygous genotype had a
frequency of 0.02 in cases and 0.00 in control and was present
in 2/91 affected individuals (2.2%) and 6.25% of basal-like

type (P > 0.05; Q > 0.05). The E319G GG, L357P CC, and
P388T AA genotypes had a frequency of 0.00 in cases and
controls and were present in 0/91 affected individuals (0%).
The rs2494732 TT mutant genotype had a frequency of 0.14
in cases and 0.22 in controls and was present in 13/91 affected
individuals (14.29%) and 36.4% of HER individuals (P > 0.05;
Q > 0.05). The rs3803304 mutant homozygous genotype had
a frequency of 0.08 in cases and 0.02 in controls and was
present in 7/91 affected individuals (7.7%) and 18.2% of HER
individuals (P > 0.05; Q > 0.05), whereas the rs3803304 CG
heterozygous genotype was significantly different among the
four subtypes (P ≤ 0.05; Q ≤ 0.05), where luminal B had
the highest percentage (63.6%). Finally, the alleles of the
rs2494732 and rs3803304 SNPs presented Hardy-Weinberg
equilibrium.

The association between rs2494732 and rs3803304 poly-
morphisms and the risk of developing BC is detailed in
Table 4. Regarding variant rs2494732, the CT genotype
presented an odds ratio (OR) of 0.6 (95% CI = 0.3-1.0; P >
0.05;Q > 0.05); the TT genotype presented anOR of 0.4 (95%
CI = 0.2-0.9; P ≤ 0.05; Q > 0.05); and the combination of
CT+TT presented an OR of 0.5 (95% CI = 0.3-0.9; P ≤ 0.05;
Q > 0.05). Regarding the rs3803304 intronic variant, the CG
genotype presented an OR of 1.1 (95% CI = 0.6-1.9; P > 0.05;
Q > 0.05); the GG genotype presented an OR of 5.2 (95%
CI = 1.3-20.9; P ≤ 0.05; Q > 0.05); and the combination of
CG+GG presented an OR of 1.3 (95% CI = 0.8-2.2; P > 0.05;
Q > 0.05). The OR in the remaining polymorphisms was not
calculated due to low and nonexisting frequency in the study
population.

The association between the rs3803304 and rs2494732
polymorphisms and the histopathological and immunohis-
tochemical characteristics is detailed in Table 5. Regarding
the affected breast, tumor stage, LN status, ER status, PR
status, HER2 status, and surgical margins, no statistically
significant differences (P > 0.05; Q > 0.05) were found in
relation to the genetic polymorphisms. Additionally, data
of control individuals is fully detailed in Supplementary
Table 3.
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Table 2: Distribution (𝑛, %) of baseline characteristics (at diagnosis) and frequency of AKT1 mutations in patients with all breast cancer
subtypes.

Luminal A Luminal B HER2-enriched Basal-like All P value FDR
Q value𝑛 % 𝑛 % 𝑛 % 𝑛 % 𝑛 %

Age at diagnosis
<35 1 1.9 0 0.0 1 9.1 0 0.0 2 2.2 Reference
35-49 21 39.6 3 27.3 6 54.5 7 43.75 37 40.7 P > 0.05 Q > 0.05
≥50 31 58.5 8 72.7 4 36.4 9 56.25 52 57.1 P > 0.05 Q > 0.05
Affected breast
Right 31 58.5 8 72.7 5 45.5 8 50.0 52 57.1 P > 0.05 Q > 0.05
Left 22 41.5 3 27.3 6 54.5 8 50.0 39 42.9
T stage
T1-T2 41 77.36 6 54.5 8 72.7 15 93.75 70 76.92 Reference
T3-T4 9 16.98 5 45.5 3 27.3 1 6.25 18 19.78 P > 0.05 Q > 0.05
T0, X 3 5.66 0 0.0 0 0.0 0 0.00 3 3.30 P > 0.05 Q > 0.05
LN status
+ 28 52.8 3 27.3 9 81.8 7 43.75 47 51.6 P > 0.05 Q > 0.05
- 25 47.2 8 72.7 2 18.2 9 56.25 44 48.4
ER status
+ 49 92.5 10 90.9 0 0.0 0 0.0 59 64.8 P ≤ 0.001 Q ≤ 0.05
- 4 7.5 1 9.1 11 100 16 100 32 35.2
PR status
+ 53 100 1 9.1 1 9.1 0 0.0 55 60.4 P ≤ 0.001 Q ≤ 0.05
- 0 0.0 10 90.9 10 90.9 16 100 36 39.6
HER2 status
+ 11 20.8 5 45.5 11 100 0 0.0 27 29.7 P ≤ 0.001 Q ≤ 0.05
- 42 79.2 6 54.5 0 0.0 16 100 64 70.3
Surgical margins
+ 33 62.3 8 72.7 7 63.6 13 81.25 61 67.0 P > 0.05 Q > 0.05
- 20 37.7 3 27.3 4 36.4 3 18.75 30 33.0
rs121434592 E17K
GG 52 98.1 11 100 11 100 15 93.75 89 97.8 Reference
GA 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 - -
AA 1 1.9 0 0.0 0 0.0 1 6.25 2 2.2 P > 0.05 Q > 0.05
rs12881616 E319G
AA 53 100 11 100 11 100 16 100 91 100 Reference
AG 0 0.0 0 0.0 0 0.0 0.0 0.0 0 0.0 - -
GG 0 0.0 0 0.0 0 0.0 0.0 0.0 0 0.0 - -
rs11555432 L357P
TT 53 100 11 100 11 100 16 100 91 100 Reference
TC 0 0.0 0 0.0 0 0.0 0.0 0.0 0 0.0 - -
CC 0 0.0 0 0.0 0 0.0 0.0 0.0 0 0.0 - -
rs11555431 P388T
CC 53 100 11 100 11 100 16 100 91 100 Reference
CA 0 0.0 0 0.0 0 0.0 0.0 0.0 0 0.0 - -
AA 0 0.0 0 0.0 0 0.0 0.0 0.0 0 0.0 - -
rs2494732
CC 24 45.3 5 45.45 6 54.5 6 37.5 41 45.05 Reference
CT 24 45.3 4 36.36 1 9.1 8 50.0 37 40.66 P > 0.05 Q > 0.05
TT 5 9.4 2 18.18 4 36.4 2 12.5 13 14.29 P > 0.05 Q > 0.05
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Table 2: Continued.

Luminal A Luminal B HER2-enriched Basal-like All P value FDR
Q value𝑛 % 𝑛 % 𝑛 % 𝑛 % 𝑛 %

rs3803304
CC 31 58.5 4 36.4 4 36.4 15 93.8 54 59.3 Reference
CG 18 34.0 7 63.6 5 45.5 0 0.0 30 33.0 P ≤ 0.05 Q ≤ 0.05
GG 4 7.5 0 0.0 2 18.2 1 6.3 7 7.7 P > 0.05 Q > 0.05
LN, lymph node; ER, estrogen receptor; PR, progesterone receptor; HER, human epidermal growth factor receptor; FDR, false discovery rate.

Table 3: Genotype distribution and allele frequency of AKT1 mutations in cases and controls.

Mutations Genotypes Genotypic frequency Allele frequency
Cases Controls All Cases Controls All

rs121434592
E17K

GG 0.98 1.00 0.99 0.98 1.00 0.99
GA 0.00 0.00 0.00
AA 0.02 0.00 0.01 0.02 0.00 0.01

rs12881616
E319G

AA 1.00 1.00 1.00 1.00 1.00 1.00
AG 0.00 0.00 0.00
GG 0.00 0.00 0.00 0.00 0.00 0.00

rs11555432
L357P

TT 1.00 1.00 1.00 1.00 1.00 1.00
TC 0.00 0.00 0.00
CC 0.00 0.00 0.00 0.00 0.00 0.00

rs11555431
P388T

CC 1.00 1.00 1.00 1.00 1.00 1.00
CA 0.00 0.00 0.00
AA 0.00 0.00 0.00 0.00 0.00 0.00

rs2494732
CC 0.45 0.30 0.34 0.65 0.54 0.57
CT 0.41 0.48 0.46
TT 0.14 0.22 0.20 0.35 0.46 0.43

rs3803304
CC 0.59 0.65 0.63 0.76 0.82 0.80
CG 0.33 0.33 0.33
GG 0.08 0.02 0.04 0.24 0.18 0.20

4. Discussion

During the last decade, breast cancer genome-wide associa-
tion studies (GWAS) have identified ∼80 loci with small-to-
moderate effects on OR ranging from 1.05 to 1.53 [10, 32–34].
Studying SNPs is crucial to fully understand breast cancer
biology, as well as for the development of novel therapeutics
for cancer treatment and for providing methods for preven-
tion and early diagnosis [35]. The most studied populations
have been Asian, European, and African. However, Latin
American populations have been poorly studied, making
genetic characterization essential to better understand the
development of BC [7, 36].

Mounting evidence exists that activation of AKT proteins
is important in cancer development [14]. Hyperactivation of
theAKTpathway has been detected in up to 50%of all human
tumors and is closely associated with chemoresistance [37].
Therefore, AKT has been an attractive target for anticancer
drug discovery [38]. In particular, genetic alterations of
the AKT genes have been demonstrated in many human
tumors, including breast, colorectal, and ovarian cancers
[39]. Concerning BC, the activating mutations of AKT1

gene have not been widely reported, the first being a study
conducted in a female Latin American mestizo population
from a high altitude (2,800 masl). It is noteworthy that this
retrospective research presented a limited number of cases.
However, it gives us relevant information about BC risk and
its association with genotype polymorphisms of the AKT1
gene.

The E17K (rs121434592) point mutation in the pleckstrin
homology domain of the AKT1 gene is the major point
mutation that has been reported in the literature. In 2007,
Carpten et al. evaluated the complete coding regions of
AKT family members for mutations in genomic DNA from
clinical tumour specimens representing breast (𝑛 = 61),
colorectal (𝑛 = 51), and ovarian (𝑛 = 50) cancers [39]. Analysis
of these samples revealed a unique mutation in the PH
domain of AKT1 which results in a lysine substitution for
glutamic acid at amino acid 17. E17K was identified in 5 of
51 (8%) breast, 3 of 51 (6%) colorectal, and 1 of 50 (2%)
ovarian cancers. Although the sample size was insufficient
to document statistical significance, the lack of coincidence
of these mutations indicates that the AKT1 mutation (E17K)
is sufficient for pathological activation of the PI3K/AKT
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Table 4: Association between rs2494732 and rs3803304 polymorphisms and breast cancer risk among cases and controls.

Mutations Genotypes Cases (𝑛 = 91),
𝑛 (%)

Controls (𝑛 =
185),
𝑛 (%)

OR 95% CI P value FDR
Q value

rs2494732

CC a 41 (45) 56 (30) 1.0 Reference
CT 37 (41) 89 (48) 0.6 0.3 – 1.0 P > 0.05 Q > 0.05
TT 13 (14) 40 (22) 0.4 0.2 – 0.9 P ≤ 0.05 Q > 0.05

CT+TT 50 (55) 129 (70) 0.5 0.3 – 0.9 P ≤ 0.05 Q > 0.05

rs3803304

CC a 54 (59) 121 (65) 1.0 Reference
CG 30 (33) 61 (33) 1.1 0.6 – 1.9 P > 0.05 Q > 0.05
GG 7 (8) 3 (2) 5.2 1.3 – 20.9 P ≤ 0.05 Q > 0.05

CG+GG 37 (41) 64 (35) 1.3 0.8 – 2.2 P > 0.05 Q > 0.05
OR, odds ratio; CI, confidence interval; FDR, false discovery rate.
aReferences.

pathway [40]. In 2008, Stemke-Hale et al. published that
E17K mutation was detected in only 6 of 418 breast cancers
(1.4%), where all of them presented ER+ and PR+ [41]. In
that year, Kim et al. identified the E17K mutation in 4 of
93 (4.3%) invasive ductal carcinomas [42]. En 2014, Shanti
et al. used different genomic algorithms (SIFT, Polyphen
2.0, I-Mutant 2.0, and SNPs&GO) for prioritization of high-
risk missense mutations in coding regions of AKT1 gene.
They revealed that mutations such as E17S, E319G, L357P,
and P388T were probably damaging and these mutations
should be considered alongside E17K in the therapeutic
development of AKT inhibitors to treat human cancer [22].
In the high altitude Ecuadorian mestizo population, the
E17K mutation was found in 2 of 91 individuals (2.2%),
where one of them was luminal A and the other one was
basal-like (Table 2). In spite of the low percentage found
in our population, it is known that the E17K (rs121434592)
substitution decreases the sensitivity to an allosteric kinase
inhibitor, so this mutationmay have important clinical utility
for AKT drug development [43].

According to the analysis of prioritization of Shanti et
al., the E319G (rs12881616), L357P (rs11555432), and P388T
(rs11555431) exonic variants are high-riskmissensemutations
of the AKT1 gene [22]. Nevertheless, these variants are 100%
present in their normal homozygous state in this study due to
a small sample size of the high altitude Ecuadorian mestizo
population. On the other hand, the analysis of the rs2494732
and rs3803304 intronic variants was carried out. As for the
rs2494732 variant, the CT genotype is found in 40.66% of the
affected population with a higher percentage in the basal-like
subtype (50%) and luminal A subtype (45.3%), whereas the
TT genotype is found in 14.29% of the affected population
with a higher percentage in the luminal A subtype (9.4%)
and HER2-enriched subtype (36.4%). The OR statistical test
determined that the rs2494732 variant did not present risk
with the development of breast cancer in theCTheterozygous
genotypes (OR = 0.6, 95% CI = 0.3-1.0; P > 0.05; Q >
0.05) or TT mutant homozygous genotypes (OR = 0.4, 95%
CI = 0.2-0.9; P ≤ 0.05; Q > 0.05), just as found in the
Chinese Han population with basocellular skin cancer (OR
= 1.00, 95% CI = 0.5-2.2; P > 0.05) [41]. As a matter of fact,

in this population, the T mutant allele presented a higher
allele frequency (0.46) in controls than in cases (0.35), and
the C normal allele had a higher allele frequency in cases
(0.65) than in controls (0.54). These results prove that the
presence of mutations in the rs2494732 variant is related
to a protective factor in the development of breast cancer
and is associated with better general survival with a hazard
ratio (HR) of 0.59 (95% CI = 0.40-0.86; P ≤ 0.05) and
progression-free survival with a HR of 0.74 (95% CI = 0.53-
1.03; P > 0.05) in a Korean population with non-small cell
lung cancer [30]. Concerning the rs3803304 variant, the CG
genotype is found in 33.0% of the affected population with
a higher percentage in the luminal B subtype (63.6%) and
HER subtype (45.5%), whereas the GG genotype is found
in 7.7% of the affected population with higher percentage in
the HER2-enriched subtype (18.2%) and luminal A subtype
(7.5%). The OR statistical test determined that the rs3803304
variant presented a possible risk with the development of
breast cancer in individuals with theGGmutant homozygous
genotype (OR = 5.2, 95% CI = 1.3-20.9; P ≤ 0.05; Q > 0.05).
In this mestizo population, the C normal allele presented a
higher allele frequency in controls (0.82) than in cases (0.76),
and the Gmutant allele had a higher allele frequency in cases
(0.24) than in controls (0.18).There is a statistically significant
difference between the rs3803304 CG heterozygous genotype
and the four subtypes (P ≤ 0.05; Q ≤ 0.05), where the
luminal B subtype was present in 63.6%. Nevertheless, it has
been observed that US individuals with esophageal cancer
and the rs3803304 CG genotype presented a better response
to treatments with chemoradiotherapy (OR = 0.5, 95% CI
= 0.25-0.99; P ≤ 0.05) [28]. The results suggest that the
rs3803304 variant is capable of regulating DNA transcription
mechanisms and, therefore, it is capable of causing risk in
the development of breast cancer in the Ecuadorian mestizo
population living at high altitudes.

Regarding the rs3803304 variant that presented risk asso-
ciated with the development of breast cancer, the CG+GG
combined genotypes were present in 11.4% of tumor stage
T3-T4, in 20.9% of negative LN status, in 12.1% of negative
ER status, in 14.3% of negative PR status, and in 24.2% of
negative HER2 status. However, there was no statistically
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Table 5: Association of genotypes with histopathological and immunohistochemical characteristics.

Variables rs3803304 rs2494732
CC CG+GG CC CT+TT

Affected breast
Right 28 (30.8) 24 (26.4) 24 (26.4) 28 (30.8)
Left 26 (28.6) 13 (14.3) 17 (18.7) 22 (24.2)
OR (95% CI) 0.6 (0.2-1.4) 1.1 (0.5-3.6)
P value P > 0.05, Q > 0.05 P > 0.05, Q > 0.05
Tumor stage a

T1-T2 43 (48.9) 27 (30.7) 32 (36.4) 38 (43.2)
T3-T4 8 (9.1) 10 (11.4) 7 (7.9) 11 (12.5)
OR (95% CI) 1.9 (0.7-5.7) 1.3 (0.5-3.8)
P value P > 0.05, Q > 0.05 P > 0.05, Q > 0.05
LN status
+ 29 (31.9) 18 (19.8) 22 (24.1) 25 (27.5)
- 25 (27.5) 19 (20.9) 19 (20.9) 25 (27.5)
OR (95% CI) 1.2 (0.5-2.8) 1.2 (0.5-2.6)
P value P > 0.05, Q > 0.05 P > 0.05, Q > 0.05
ER status
+ 33 (36.3) 26 (28.6) 26 (28.6) 33 (36.3)
- 21 (23.1) 11 (12.1) 15 (16.5) 17 (18.7)
OR (95% CI) 0.7 (0.3-1.6) 0.9 (0.4-2.1)
P value P > 0.05, Q > 0.05 P > 0.05, Q > 0.05
PR status
+ 31 (34.1) 24 (26.4) 25 (27.5) 30 (33.0)
- 23 (25.3) 13 (14.3) 16 (17.6) 20 (22.0)
OR (95% CI) 0.7 (0.3-1.7) 1.0 (0.4-2.4)
P value P > 0.05, Q > 0.05 P > 0.05, Q > 0.05
HER2 status
+ 12 (13.2) 15 (16.5) 11 (8.8) 16 (20.9)
- 42 (46.2) 22 (24.2) 30 (25.3) 34 (45.1)
OR (95% CI) 0.4 (0.2-1.0) 0.8 (0.3-1.9)
P value P > 0.05, Q > 0.05 P > 0.05, Q > 0.05
Surgical margins
+ 33 (36.3) 28 (30.8) 25 (27.5) 36 (39.6)
- 21 (23.1) 9 (9.9) 16 (17.6) 14 (15.4)
OR (95% CI) 0.5 (0.1-1.3) 0.6 (0.3-1.5)
𝑃 value P > 0.05, Q > 0.05 P > 0.05, Q > 0.05
LN, lymph node; PR, progesterone receptor; ER, estrogen receptor; HER, human epidermal growth factor receptor.
aAnalyses of 88 individuals.

significant association between these combined genotypes
and the histopathological characteristics (P > 0.05;Q ≤ 0.05).

According to our results, the noncoding region rs3803304
variant may act as a predictive biomarker in the risk of
developing breast cancer in the high altitude Ecuadorian
mestizo population. Nevertheless, sample size should be
increased in future analysis to enrich statistical tests. In
conclusion, this study as well as our previous genetic studies
on MTHFR in breast and prostate cancer [7, 44, 45], EGFR
in lung cancer [46], and GPX-1 in bladder cancer [47] is an
important contribution in order to integrate pharmacogenet-
ics in clinical practice in Ecuador and Latin America [48, 49].

Data Availability

All data generated or analyzed during this study are included
in this published article and its supplementary information
files. Supplementary table 1 and table 3 detail clinical data
of cases and controls, respectively. Clinical data is structured
by genotype information, estrogen status, progesterone sta-
tus, HER2/neu status, molecular subtypes, age at diagnosis,
affected breast, surgical margins, lymph node status, and
tumor stage. Supplementary table 2 details information about
polymorphisms, nucleotide change, and amino acid change.
All these data support the conclusions of the study.



BioMed Research International 9

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Supplementary Materials

Supplementary Table 1: genotypes and clinical data of
cases. Supplementary Table 2: genetic variants. Supple-
mentary Table 3: genotypes and clinical data of controls.
(Supplementary Materials)

References

[1] S. Tuzlali, Pathology of Breast Cancer. In: Breast Disease: Diag-
nosis and Pathology, 2015.

[2] Uk CR, “Worldwide cancer statistics. Cancer Res,” Cancer Res,
2014.

[3] A. Jemal, F. Bray, M. M. Center, J. Ferlay, E. Ward, and D.
Forman, “Global cancer statistics,” CA: A Cancer Journal for
Clinicians, vol. 61, no. 2, pp. 69–90, 2011.

[4] GLOBOCAN, “Breast Cancer Estimated Incidence, Mortality
and Prevalence Worldwide in 2012”.

[5] R. Kumar, A. Sharma, and R. K. Tiwari, “Application of
microarray in breast cancer: An overview,” Journal of Pharmacy
and Bioallied Sciences, vol. 4, no. 1, pp. 21–26, 2012.

[6] S. Banerji, K. Cibulskis, C. Rangel-Escareno et al., “Sequence
analysis of mutations and translocations across breast cancer
subtypes,” Nature, vol. 486, no. 7403, pp. 405–409, 2012.
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(1) Background. Non-small cell lung cancer (NSCLC) has a high mortality rate. MiRNAs have been found to be diagnostic
biomarkers for NSCLC. However, controversial results exist. We conducted this meta-analysis to evaluate the diagnostic value
of miRNAs for NSCLC. (2) Methods. Databases and reference lists were searched. Pooled sensitivity (SEN), specificity (SPE), and
area under the curve (AUC) were applied to examine the general diagnostic efficacy, and subgroup analysis was also performed. (3)
Results. Pooled SEN, SPE, and AUC were 85%, 88%, and 0.93, respectively, for 71 studies. Multiple miRNAs (AUC: 0.96) obtained
higher diagnostic value than single miRNA (AUC: 0.86), and the same result was found for Caucasian population (AUC: 0.97)
when compared with Asian (AUC: 0.91) and Caucasian/African population (AUC: 0.92). MiRNA had higher diagnostic efficacy
when participants contained both smokers and nonsmokers (AUC is 0.95 for imbalanced group and 0.91 for balanced group) than
when containing only smokers (AUC: 0.90). Meanwhile, AUC was 0.91 for both miR-21 and miR-210. (4) Conclusions. Multiple
miRNAs such as miR-21 and miR-210 could be used as diagnostic tools for NSCLC, especially for the Caucasian and nonsmoking
NSCLC.

1. Introduction

Lung cancer is the principal cause of cancer-associated deaths
among males both in developed and in developing countries,
and it has exceeded the breast cancer becoming the major
cause of cancer-related deaths in females in the developed
countries [1]. Non-small cell lung cancer (NSCLC) is a major
type of lung cancer that is responsible for 85% lung cancer-
associated deaths. Smoking has been recognized as a primary
environmental risk factor of lung cancer. However, only
a small number of smokers will develop into lung cancer
patients.

MicroRNA is a group of 19–22 nucleotide, small, single-
stranded, and conserved noncoding RNA that acts as a reg-
ulator of gene expression at both the posttranscriptional and
the translational levels through acting on the 3-untranslated
region (UTR) of messenger RNA (mRNA) [2]. MiRNAs play
important roles in various biological processes associated
with the tumorigenesis such as the cellular proliferation,

differentiation, metabolism, and apoptosis [3, 4]. It is avail-
able to isolate the miRNAs from the clinical specimens
including the plasma, serum, sputum, and tissue. Meanwhile,
it has a high stability. Due to these advantages, the miRNAs
are increasingly becoming an ideal tool for the detection of
NSCLC.

Recently, a series of articles have shown that different
miRNAs might be applied to detect the NSCLC [5–7]. For
example, miR-21, an oncogenic miRNA, has been shown to
be overexpressed in lung cancer as well as other various
human tumors [8]. Upregulation of miR-21 could promote
the tumorigenesis of lung cancer through inhibiting the apop-
tosis process and negatively regulating the Ras/MEK/ERK
signal pathway [9]. High miR-210 expression was correlated
with the increased lymph node metastasis and a poor prog-
nosis in patients with NSCLC [10]. Both these two, miR-21
and miR-210, have been explored to be used as diagnostic
tools for NSCLC, no matter whether they are applied in
combination with other miRNAs or alone [11–14]. However,
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as a result of the small sample sizes, the different miRNAs
profiling, and the differences of the specimen and ethnicity,
inconsistencies existed among studies that had examined the
diagnostic value of miR-21, miR-210, and other miRNAs for
NSCLC. Therefore, a meta-analysis was performed to assess
the performance of miRNAs in the detection for NSCLC.

2. Materials and Methods

2.1. Search Strategy. Our meta-analysis was based on the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA). We searched PubMed, Google Scholar,
Chinese National Knowledge Infrastructure (CNKI), Em-
base, and Medline to find all associated articles in order
to investigate the potential utility of miRNAs as diagnostic
tools for NSCLC. The combination of the Medical Subject
Headings (MeSH) and the keywords (“lung neoplasm” OR
“lung malignancy” OR “lung cancer”) AND (“miRNA” OR
“microRNAs”) AND (“ROC curve” OR “sensitivity” OR
“specificity” OR “diagnosis”) was used (updated to April 5,
2017). The reference lists of the reviews were also searched to
obtain all the acceptable articles.

2.2. Study Selection. A series of criteria were applied for
study inclusion and exclusion. For inclusion, the criteria were
as follows: (1) patients with NSCLC; (2) the type of the
controls being healthy controls (HC) or patients with benign
pulmonary diseases (BPD); (3) assessing the diagnostic value
of the miRNAs; (4) the possibility of extracting or calculating
TP, FP, FN, and TN from the articles. For exclusion, the
criteria were as follows: (1) studies that were duplicate pub-
lications, reviews, or unrelated; (2) studies without complete
data.

2.3. Data Collection and Quality Assessment. Two authors
collected the data independently as follows: the first author,
publication year, and participant demographic characteristics
(ethnicity, sample size, mean or median age, smoking status,
the types of the controls, and the testing method of controls
and cancer); types of the specimen; miRNA profiling and
the data used for this meta-analysis (SEN, SPE, TP, FP, FN,
and TN). The quality of these articles were assessed with the
QUADAS-2 guidelines [15].

2.4. Statistical Analysis. All the statistical analyses were con-
ducted by RevMan 5.3 (version 1.4) software and STATA 11.0
(STATA-Corp, College Station, TX, version 11.0) software.
The heterogeneity among the selected studies was assessed
through the Q test and the I2 value [16]. The P value for the
Q test being less than 0.05 or the I2 ≥ 50 % demonstrated
that there was heterogeneity among the included studies.The
pooled SPE [TN/(FP+TN)], SEN [TP/(FN+TP)], diagnostic
odds ratio (DOR) [PLR/NLR], the negative likelihood ratio
(NLR) [(1-SPE)/SPE)], the positive likelihood ratio (PLR)
[(SEN/(1-SEN)], and their 95% confidence intervals (95%
CIs) were evaluated by a bivariate random-effect-regression
model. The SROC curve was constructed and the AUC
value was calculated too. A Fagan nomogram was also
constructed to evaluate the clinical utility of miRNAs in the

diagnosis of NSCLC. Subgroup analyses (grouped bymiRNA
profiling: single and multiple; smoking status: only smokers,
smokers, and nonsmokers (imbalanced between groups),
smokers and nonsmokers (balanced between groups), and
unknown smoking status; specimen: serum, plasma, whole
blood/blood cell, and not blood; ethnicity: Asian, Cau-
casian, and Caucasian/African; control-type: BPD, HC, and
BPD/HC; stage: early stage and no early stage; and case
number: large (≥ 50) and small (< 50)) and meta-regression
analysis were used to identify the potential sources of the
heterogeneity.TheDeeks’ funnel plot asymmetry test was also
applied to explore the publication bias, with the P value less
than 0.01 considered significant [17].

3. Results

3.1. Literature Search and the Studies’ Characteristics. As
shown in Figure 1(a), 2594 eligible articles were included, of
which 2145 articles were removed as unrelated and duplicate
articles. And then 370 reviews were also excluded, leaving
79 articles with full texts, and another 21 articles were
then removed through carefully reading: 14 articles met the
exclusion criteria and 7 articles did not have the complete
data. Ultimately, 58 articles [5–7, 11–14, 18–68] with 71 studies
published from 2009 to 2017 including 9,099 participants
(5111 cases with NSCLC and 3988 controls from the healthy
individuals and the patients with the benign pulmonary
disease (BPD)) were included. The main characteristics of
these 71 studies were shown in Table 1. Wang Y’s article [7],
Fan LH’s article [52], Nadal E’s article [45], Tang DF’s article
[32], Razzak R’s article [14], Wang W’s article [68], Yu L’s
article [19], and Xing LX’s article [18] included 2 studies.
Bediaga’s article [28] included 3 studies, Wang C’s article [46]
included 4 studies, and the remaining articles [5, 6, 11–13, 20–
27, 29–31, 33–44, 47–51, 53–67] included 1 study, respectively.
Meanwhile, there were 18 studies [13, 14, 28, 31, 33, 45, 46, 48,
54, 56, 63, 65, 66] performed in Caucasian, 11 studies [18, 19,
21, 23, 27, 29, 30, 38, 44] performed inCaucasian/African, and
1 study [26] performed in African populations; the remaining
studies were performed in Asian populations. A total of 50
studies detected the miRNAs in blood such as the whole
blood, plasma, serum, and peripheral blood mononuclear
cells (PBMC) [6, 7, 11, 20–24, 26, 29–35, 37, 39–42, 44–47, 49–
54, 56–64, 66–68], while the remaining studies were detected
in nonblood samples (7 tissue [5, 25, 28, 55, 68], 1 pleural
effusion [43], 12 sputum [12, 14, 18, 19, 27, 36, 38, 48, 65],
and 1 BAL [13]). We evaluated 45 studies for assessing the
diagnostic value of multiple miRNAs and 26 studies [5, 6, 11,
20, 22, 24–26, 33–37, 39–41, 43, 47, 50, 51, 55, 57, 58, 60, 67, 68]
of single miRNA.

The quantitative real-time polymerase chain reaction
(qRT-PCR) and digital polymerase chain reaction (digital
PCR)were used in these studies to test the expression levels of
different miRNAs, and the most common reference miRNAs
were RNU6B, miR-39, and miR-16. Quality of the enrolled
studies summarized in Figure 1(b) was generally good.

3.2. Pooled Diagnostic Performance. Significant heterogene-
ity was obtained since I2 values for SEN and SPE were
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(a) (b)

Figure 1: Flow chart of this meta-analysis of miRNAs in NSCLC detection (a) and the quality of these included articles according to the
QUADAS-2 guidelines: proportion of articles with risk of bias (left) and proportion of articles with concerns regarding applicability (right)
(b).

(a) (b)

Figure 2: Forest plots of SEN and SPE for the NSCLC diagnosis. Both the SEN and SPE of each study were shown by squares with the 95%
confidence interval shown by the error bars.

89.05% (95% CI: 87.07-91.03%) and 79.59% (95% CI: 75.18-
84.01%), respectively. Therefore, a random-effect model was
conducted for this study. Results indicated the pooled SEN
and SPE for these 71 studies were 85% (95% CI: 82-88%)
and 88% (95% CI: 85-90%), respectively (Figure 2). The PLR
and NLR were 6.9 (95% CI: 5.6-8.4) and 0.17 (95% CI:

0.14-0.21), respectively (Figure 3), the DOR was 40 (95%
CI: 28-58), and the AUC was 0.93 (95% CI: 0.90-0.95)
(Figure 4(a)).

3.3. Publication Bias. Results of the Deeks’ funnel plot asym-
metry test showed that the publication bias did not exist in
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Figure 3: Fagan plot of PLR and NLR to evaluate the clinical utility of miRNAs for diagnosis of NSCLC.

(a) (b)

Figure 4: SROC curve of the miRNAs as diagnostic tools for NSCLC (a) and the Deeks’ test for assessing the publication bias for miRNAs in
the detection of NSCLC (b).

these studies as the funnel plot was symmetry (Figure 4(b))
and P value equaled 0.12.

3.4. SubgroupAnalyses andMeta-RegressionAnalysis. Results
of the meta-regression analysis demonstrated that the
heterogeneity might be explained by miRNA profiling

(P< 0.001) and case number (P< 0.05) for SPE and bymiRNA
profiling (P < 0.01) for SEN as described in Figure 5. The
subgroup analyses were also conducted and the results were
presented in Table 2. For the subgroups of smoking status,
compared with the subgroup of only smokers (SEN: 80%
(95% CI: 70-87%), SPE: 86% (95% CI: 77-91%), and AUC:
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Table 2: Subgroup analyses for the selected studies.

Subgroups No SEN [95%CI] SPE [95%CI] PLR[95%CI] NLR [95%CI] DOR[95%CI] AUC [95%CI]
MiR profiling

single 26 0.77[0.71-0.82] 0.80[0.77-0.84] 3.9[3.3-4.7] 0.28[0.22-0.36] 14[10-20] 0.86[0.82-0.88]
multiple 45 0.88[0.85-0.91] 0.91[0.88-0.93] 10.0[7.5-13.3] 0.13[0.10-0.17] 79[50-126] 0.96[0.93-0.97]

Smoking status
only smokers 4 0.80[0.70-0.87] 0.86[0.77-0.91] 5.6[3.2-9.9] 0.23[0.14-0.38] 24[9-66] 0.90[0.87-0.92]
S+NS (imbalanced)∗ 6 0.88[0.74-0.95] 0.90[0.73-0.97] 9.2[3.0-28.2] 0.13[0.05-0.31] 71[14-360] 0.95[0.93-0.97]
S+NS (balanced) ∗ 18 0.83[0.74-0.90] 0.86[0.80-0.90] 5.9[3.9-8.8] 0.19[0.12-0.32] 30[13-69] 0.91[0.88-0.93]
unknown status 43 0.86[0.82-0.89] 0.88[0.85-0.91] 7.3[5.7-9.4] 0.16[0.12-0.21] 46[30-70] 0.93[0.91-0.95]

Specimen
plasma 22 0.82[0.76-0.87] 0.87[0.83-0.90] 6.3[4.6-8.5] 0.20[0.15-0.28] 31[18-52] 0.92[0.89-0.94]
serum 19 0.91[0.86-0.95] 0.85[0.79-0.89] 6.1[4.3-8.5] 0.10[0.06-0.17] 60[28-128] 0.94[0.91-0.95]
Whole blood/blood cell 9 0.84[0.78-0.89] 0.92[0.80-0.97] 10.9[3.9-30.3] 0.17[0.11-0.26] 64[17-234] 0.92[0.89-0.94]
not blood 21 0.80[0.72-0.86] 0.89[0.85-0.93] 7.5[4.9-11.7] 0.22[0.16-0.32] 34[16-71] 0.92[0.89-0.94]

Ethnicity
Asian 41 0.82[0.77-0.85] 0.86[0.82-0.88] 5.7[4.5-7.2] 0.21[0.17-0.27] 27[18-40] 0.91[0.88-0.93]
Caucasian 18 0.91[0.86-0.95] 0.92[0.87-0.96] 12[7.0-20.4] 0.09[0.06-0.15] 127[54-302] 0.97[0.95-0.98]
Caucasian/African 12 0.85[0.72-0.93] 0.87[0.81-0.91] 6.6[4.6-9.4] 0.17[0.09-0.33] 39[17-88] 0.92[0.89-0.94]

Control-type
BPD 13 0.84[0.77-0.89] 0.84[0.80-0.88] 5.3[4.1-6.8] 0.19[0.13-0.28] 27[16-46] 0.90[0.87-0.92]
HC 50 0.86[0.82-0.89] 0.88[0.85-0.91] 7.4[5.7-9.5] 0.16[0.12-0.21] 47[30-74] 0.94[0.91-0.95]
BPD, HC 8 0.81[0.67-0.90] 0.91[0.79-0.96] 8.8[3.4-22.9] 0.21[0.11-0.40] 42[9-187] 0.93[0.90-0.95]

Stage
I-II 18 0.84[0.78-0.89] 0.90[0.86-0.93] 8.3[5.8-11.9] 0.17[0.12-0.25] 48[27-87] 0.94[0.91-0.96]
I-IV 50 0.86[0.82-0.89] 0.88[0.84-0.90] 6.5[5.4-8.7] 0.16[0.13-0.22] 42[27-66] 0.93[0.90-0.95]

No. of cases
small 25 0.88[0.82-0.92] 0.91[0.88-0.94] 10.0[7.1-14.2] 0.14[0.09-0.21] 74[38-143] 0.95[0.93-0.97]
large 46 0.84[0.79-0.87] 0.86[0.82-0.88] 5.8[4.6-7.2] 0.19[0.15-0.24] 31[20-46] 0.91[0.89-0.94]

MiR-210 12 0.77[0.72-0.81] 0.93[0.88-0.96] 11.0[6.2-19.4] 0.25[0.20-0.31] 44[22-87] 0.91[0.88-0.93]
MiR-21 16 0.82[0.77-0.86] 0.87[0.84-0.89] 6.3[5.0-8.1] 0.21[0.15-0.28] 31[19-50] 0.91[0.88-0.93]
No: the number of the studies; HC: healthy control; BPD: benign pulmonary disease; SEN: sensitivity; SPE: specificity; PLR: positive likelihood ratio;
NLR:negative likelihood ratio; DOR: diagnostic odds ratio; AUC:area under the curve; no. of case: small (<50) and large (≥50).
∗ S: smokers; NS: nonsmokers; imbalanced: the smoking status was imbalanced between groups; balanced: the smoking status was balanced between groups.

Figure 5: Forest plots for the meta-regression analysis: SEN and SPE. The factors included miRNA profiling, smoking status, specimen,
ethnicity, type of control, case number, and stage.
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0.90 (95% CI: 0.87-0.92)), miRNAs had a higher diagnostic
efficacy in the subgroups of smokers and nonsmokers (SEN:
88% (95% CI: 74-95%), SPE: 90% (95% CI: 73-97%), and
AUC: 0.95 (95% CI: 0.93-0.97) for imbalanced groups and
SEN: 83% (95% CI: 74-90%), SPE: 86% (95% CI: 80-90%),
and AUC: 0.91 (95% CI: 0.88-0.93) for balanced groups).
Subgroup analysis by specimen showed that studies with
serum samples exhibited higher diagnostic accuracy with
SEN: 91% (95% CI: 86-95%), SPE: 85% (95% CI: 79-89%),
and AUC: 0.94 (95% CI: 0.91-0.95) than studies with plasma
samples with the SEN: 82% (95%CI: 76-87%), SPE: 87% (95%
CI: 83-90%), and AUC: 0.92 (95% CI: 0.89-0.94) and not
blooding samples with the SEN: 80% (95% CI: 72-86%), SPE:
89% (95% CI: 85-93%), and AUC: 0.92 (95% CI: 0.89-0.94),
respectively. When compared with the large sample size,
miRNA might be a better diagnostic tool for small sample
size with SEN: 88% (95% CI: 82-92%), SPE: 91% (95% CI: 88-
94%), and AUC: 0.95 (95% CI: 0.93-0.97). In the subgroups
for the ethnicity, the miRNAs obtained a better diagnostic
value in the Caucasian populations with the SEN: 91% (95%
CI: 86-95%), SPE: 92% (95% CI: 87-96%), and AUC: 0.97
(95% CI: 0.95-0.98), respectively, when compared with the
Asian populations with the SEN: 82% (95% CI: 77-85%),
SPE: 86% (95% CI: 82-88%), and AUC: 0.91 (95% CI: 0.88-
0.93), respectively, and the Caucasian/African populations
with SEN: 85% (95% CI: 72-93%), SPE: 87% (95% CI: 81-
91%), and AUC: 0.92 (95% CI: 0.89-0.94), respectively. In the
subgroups of the miRNAs profiling, the multiple miRNAs
had a higher accuracy for diagnosing the NSCLC with SEN:
88% (95%CI: 85-91%), SPE: 91% (95%CI: 88-93%), andAUC:
0.96 (95% CI: 0.93-0.97), respectively, when compared with
the single miRNA with the SEN: 77% (95% CI: 71-82%), SPE:
80% (95% CI: 77-84%), and AUC: 0.86 (95% CI: 0.82-0.88),
respectively. miRNAs had a higher value to distinguish the
NSCLC patients from healthy individuals with the SEN: 86%
(95%CI: 82-89%), SPE: 88% (95%CI: 85-91%), andAUC: 0.94
(95% CI: 0.91-0.95) than controls with benign pulmonary
disease with SEN: 84% (95% CI: 77-89%), SPE: 84% (95% CI:
80-88%), and AUC: 0.90 (95%CI: 0.87-0.92). Compared with
other miRNAs, miR-210 and miR-21 were more often used as
diagnostic tools. However, they were usually associated with
other miRNAs. The sensitivity, specificity, and AUC were,
respectively, 77% (95% CI: 72-81%), 93% (95% CI: 88-96%),
and 0.91(95% CI: 0.88-0.93) for miR-210 with other miRNAs.
The sensitivity, specificity, and AUC of miR-21 with other
miRNAs were, respectively, 82% (95%CI: 77-86%), 87% (95%
CI: 84-89%), and 0.91 (95% CI: 0.88-0.93).

4. Discussion

Due to the high mortality rate and low survival rate of
NSCLC, there is an urgent need for the accurate detection
method for the early detection of NSCLC especially for the
nonsmoking NSCLC patients. AlthoughmiRNAsmay have a
high diagnostic accuracy according to the previous articles,
the clinical utility of the miRNA for diagnosing NSCLC
remains controversial. Compared with the previous meta-
analyses [69–71], there were more studies and participants
included in this meta-analysis. Our analysis showed the

pooled SEN was 85% (95% CI: 82-88%), the pooled SPE was
88% (95% CI: 85-90%), and the AUC was 0.93 (95% CI: 0.90-
0.95), suggesting that miRNAs had pretty high diagnostic
value for NSCLC. Our results also showed that the pooled
DORwas 40 (95%CI: 28-58), indicating that for an individual
proved positive by miRNAs the chance of having NSCLC is
40 times higher than the negative ones. For the subgroup
analyses, higher accuracy was observed in the multiple
miRNA profiling when compared with the single miRNA,
which was consistent with the previous conclusions [69–
71]. MiRNAs might have a higher diagnostic efficacy for the
nonsmoking NSCLC patients compared with the smoking
ones. Meanwhile, differences were also observed among the
Caucasian, Asian, and Caucasian/African populations. This
result could be supported by the Wang H’s article [71].
Furthermore, miRNAs from serum samples exhibited higher
diagnostic value than miRNAs from other specimen. These
results meant that combinations of various miRNAs may be
better diagnostic tools than the single miRNA, and miRNA
isolated from serum could have a higher diagnostic value for
the Caucasian populations when compared with the Asian
and Caucasian/African populations. Among the different
multiple miRNAs, miR-210 and miR-21 associated with other
miRNAs could be used for the detection of NSCLC.However,
there were still some limitations that could not be neglected
in this meta-analysis such as the heterogeneity among these
71 studies, the different methods in miRNA profiling, the
possibility that some articles are missed or not published
online.

5. Conclusions

Our meta-analysis showed the practicability of miRNAs
for diagnosing NSCLC and demonstrated that the multiple
miRNAs might have a relatively high diagnostic value for
NSCLC compared with the single miRNA diagnosis. miR-
210 and miR-21 could be used as effective tools through
combining with other miRNAs. In addition, miRNAs, espe-
cially isolated from serum, had a better diagnostic accuracy
in Caucasian populations than the Asian populations as
well as the Caucasian/African populations. When compared
with the smoking NSCLC patients, miRNAs might have a
higher diagnostic efficacy for the nonsmoking ones.However,
studies on the large samples are still demanded to verify our
results.
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Cystathionine 𝛽-synthase (CBS) regulates homocysteine metabolism and contributes to hydrogen sulfide (H
2
S) biosynthesis

through which it plays multifunctional roles in the regulation of cellular energetics, redox status, DNA methylation, and protein
modification. Inactivating mutations in CBS contribute to the pathogenesis of the autosomal recessive disease CBS-deficient
homocystinuria. Recent studies demonstrating that CBS promotes colon and ovarian cancer growth in preclinical models highlight
a newly identified oncogenic role for CBS. On the contrary, tumor-suppressive effects of CBS have been reported in other cancer
types, suggesting context-dependent roles of CBS in tumor growth and progression. Here, we review the physiological functions
of CBS, summarize the complexities regarding CBS research in oncology, and discuss the potential of CBS and its key metabolites,
including homocysteine and H

2
S, as potential biomarkers for cancer diagnosis or therapeutic targets for cancer treatment.

1. Introduction

Cystathionine 𝛽-synthase (CBS) catalyzes the condensation
of homocysteine (Hcy) with serine to form cystathionine,
which is the initial and rate-limiting step in the transsulfu-
ration pathway. Cystathionine is subsequently cleaved by the
enzyme cystathionine gamma-lyase (CTH) to form cysteine,
a precursor of glutathione. Besides this canonical pathway,
CBS also participates in the desulfuration reactions that
contribute to endogenous hydrogen sulfide (H

2
S) production

(Figure 1). Thus, CBS acting mainly through control of
Hcy and H

2
S metabolism exerts diverse biological functions

including mitochondrial bioenergetics, redox homeostasis,
DNAmethylation and protein modification. Deregulation of
CBS and the associated alterations in Hcy and/or H

2
S levels

leads to a wide range of pathological disturbances in the
cardiovascular, immune, and central nervous systems and
contributes to disease development, such as CBS-deficient
homocystinuria (CBSDH). It is now becoming clear that CBS
activity also plays an important but complex role in cancer

biology. This review focuses on the current understanding of
the functional role of CBS and the derived metabolites Hcy
and H

2
S in cancer pathogenesis and provides insight into

the development of novel prognosticmarkers and therapeutic
approaches for cancer patients.

2. CBS Protein Structure and
Biological Functions

The human CBS gene encodes a protein of 551 amino acids.
The crystal structure of the active form of human CBS,
formed by four of 63-kDa subunits, has been fully character-
ized [1, 2]. Each subunit consists of three structural domains.
The N-terminal domain binds to the cofactor heme, which
is required for successful protein folding and assembly but
not necessary for catalytic activity [3]. The catalytic domain
encompasses a binding site for another cofactor, pyridoxal-
phosphate (PLP) [4]. The C-terminal regulatory domain
contains two CBS motifs (CBS1 and CBS2) that dimerize to
form a Bateman domain. This domain is responsible for CBS
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Figure 1: Metabolic reactions catalyzed by CBS. CBS catalyzes the condensation of homocysteine (Hcy) with serine to form cystathionine
which is subsequently cleaved by cystathionine gamma-lyase (CTH) to form cysteine, a precursor of glutathione. CBS also catalyzes the
production of H

2
S. In addition to CBS, CTH and 3-mercaptopyruvate sulfurtransferase (3-MST) are also involved in the conversion

of cysteine to H
2
S. Homocysteine is another key CBS-derived metabolite and is linked to the metabolism of methionine. Methionine

is converted to homocysteine via S-adenosyl methionine (SAM) and S-adenosyl homocysteine (SAH), releasing a methyl group that is
used in numerous methylation reactions. SAM is an allosteric activator of CBS. 3-MST, 3-mercaptopyruvate sulfurtransferase; AHCY,
adenosylhomocysteinase; BHMT, betaine-homocysteinemethyltransferase; CAT, cysteine aminotransferase; CBS, cystathionine 𝛽-synthase;
CTH, cystathionine gamma-lyase; GCLC, gamma-glutamylcysteine synthetase; GSS, glutathione synthetase; MAT1A/2A, methionine
adenosyltransferase 1A/2A;MTHFR,methylenetetrahydrofolate reductase;MTR, 5-methyltetrahydrofolate-homocysteinemethyltransferase;
SAM, S-adenosyl methionine; SAH, S-adenosyl homocysteine; SHMT, serine hydroxymethyltransferase.

subunit tetramerization and contains the binding sites for the
allosteric activator S-adenosylmethionine (SAM) [1, 5, 6]. In
the native quaternary structure, the access of substrates to
the catalytic core is occluded by the C-terminal regulatory
motifs and the binding of SAM induces a conformational
change that improves the access of the substrates to the
catalytic site [2]. The autoinhibitory function of the C-
terminal regulatory domain is relieved by the C-terminal
truncation that generates a 45 kDa isoform with higher basal
catalytic activity than the full-length form [1].

CBS is predominantly expressed in the brain, liver,
kidney, and pancreas. It is mainly a cytosolic enzyme, but
localization in the nucleus [7] and mitochondria [8] had
been detected in specific cell types. CBS can be translo-
cated to the mitochondria in response to hypoxia [9] or
nucleolar stress [10]. CBS expression is regulated at mul-
tiple levels upon different stimuli. For example, hormonal
regulation by glucocorticoids increases CBS expression at
the transcriptional level in liver cells, a process that may be
perturbed by insulin administration through binding to an
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insulin-sensitive sequence localized on the CBS promoter
[11]. In addition, testosterone can regulate CBS expression
and activity in renal tissue [12]. Growth/differentiation
factors such as EGF, TGF-𝛼, cAMP, and dexamethasone
induced CBS protein expression in mouse astrocytes [13].
Hypoxia upregulated CBS expression either via hypoxia-
inducible factor- (HIF-) 1 at the transcriptional level [14]
or decreased degradation of CBS protein by Lon proteases
in the mitochondria [9]. Besides HIF-1, the zinc finger
transcription factor SP1 binds to the CBS gene promoter,
establishing its role as a key regulator of CBS expression
[15, 16]. Furthermore, CBS activity may be enhanced via
posttranslational regulation through S-glutathionylation [17]
or inhibited via epigenetic downregulation of CBS expression
through promoter methylation [18, 19].

CBS plays a critical role in Hcy elimination. Patients with
CBS deficiency exhibit elevated Hcy plasma levels at excess
of 200 𝜇M compared to 5-15 𝜇M in healthy adults [20]. CBS-
deficient homocystinuria (CBSDH) is an autosomal recessive
metabolic disease, resulting from inactivating mutations in
the CBS gene. CBSDH patients present multiple pathologic
changes in the eye, skeleton, central nervous, and vascular
systems. Common symptoms in CBSDH patients include
thrombosis, osteoporosis, and impaired mental cognitive
development (reviewed in [21–23]). Administration of high
doses of the PLP precursor, pyridoxine, or vitamin B

6
is

common treatment that ameliorates approximately 50% of
clinical symptoms. To date, 164 pathogenic genetic variants
have been identified (http://cbs.lf1.cuni.cz/mutations.php) of
which the predominant mutations are missense mutations.
c.833 T>C (p.I278T) is the most frequent mutation detected
in many European populations [24]. The I278T missense
mutation and many of the less prevalent mutations likely
affect the folding or stability of the CBS protein [25] whereas
somemutations such as mutant D444N, amissense mutation
in the C-terminal regulatory domain, showed an approxi-
mately twofold increase in basal CBS activity but impaired
response to SAM stimulation [2]. The pathophysiology of
CBS deficiency is still not fully understood. As well as the
accumulation of Hcy, CBS defects lead to increased con-
centrations of methionine and S-adenosyl-L-homocysteine
(SAH) and depletion of cystathionine and cysteine. These
perturbations may act in concert with high Hcy to promote
the development and progression of CBSDH (reviewed in
[26]).

Accordingly, extensive studies in the mouse models of
CBS deficiency showed mice with homozygotic CBS deletion
(CBS-/-) died within 4 weeks after birth due to severe hepatic
dysfunction and exhibited extremely high levels of circulating
Hcy (reviewed in [26, 27]). Wang et al. showed that the
neonatal lethality could be rescued by decreasing circulating
Hcy levels in a transgenic mouse model with inducible CBS
expression [28]. They further found that there may be a
threshold effect with Hcy, meaning that moderately lowering
homocysteinemia can improve mouse viability during the
neonatal period [29]. In support of the Hcy threshold effect,
CBS+/- heterozygote mice were fully viable with a 3-fold
increase of Hcy levels compared to the 8-fold increase in
homozygous mice [30].

3. Homocysteine and H2S, the Major CBS-
Derived Metabolites

3.1. Homocysteine. Hcy is a sulfur-containing nonproteino-
genic amino acid linked to the metabolism of methionine
and cysteine. Methionine is converted to Hcy via S-adenosyl
methionine (SAM) and SAH, releasing a methyl group that
is used in numerous methylation reactions. Hcy can reform
Met by the remethylation pathway either via 5-methyltetra-
hydrofolate-homocysteine methyltransferase (MTR, 5-meth-
yltetrahydrofolate as the methyl group donor) or betaine-
homocysteine methyltransferase (BHMT, betaine as the
methyl group donor) (Figure 1).Hcy is also irreversiblymetab-
olized by CBS to cystathionine that subsequently converts to
cysteine via CTH in the transsulfuration pathway (Figure 1).
Hcy metabolism mainly occurs in the liver and conversion to
cystathionine by CBS is amajor elimination route of Hcy [31].

Hyperhomocysteinemia (HHcy) is recognized as an inde-
pendent risk factor for atherosclerotic vascular disease [32].
HHcymay result frommutations in genes encoding enzymes
of Hcy biosynthesis and metabolism or deficiencies of vita-
min cofactors including vitamin B

12
and B

6
[33]. The molec-

ular mechanisms underlying HHcy-induced atherosclerosis
are complex and multifactorial (Figure 2). Elevated Hcy
concentration reduces nitric oxide (NO) bioavailability and
causes oxidative stress. HHcy also leads to formation of
Hcy thiolactone as a result of error-prone editing by the
methionyl-tRNA synthase [34]. This Hcy derivative can
cause protein N-homocysteinylation in which the thioester
group of thiolactone binds to the lysine residues in pro-
teins, consequently impairing protein function, resulting in
unfolded protein response and endoplasmic reticulum stress
(reviewed in [35, 36]). Moreover, an elevated Hcy level
could lead to accumulation of SAH, a competitive inhibitor
of most methyltransferases, consequently inducing DNA
hypomethylation [37]. Through this epigenetic mechanism,
Hcy has been reported to inhibit endothelial cell growth by
decreasing the expression of cyclin A [38], fibroblast growth
factor 2 [39], and hTERT expression [40] and by upregulation
of platelet-derived growth factors and P66shC [41].

HHcy has also been implicated in the pathogenesis of
cancer. Increased release of Hcy by tumor cells is related
to their rapid proliferation rate [42]. Hcy accumulation
results from defects in methionine synthesis, leading to a
methionine-dependent malignant phenotype [43]. A meta-
analysis revealed the association of elevated circulating Hcy
levels with increased overall risk of cancer [44]. A higher
Hcy plasma level has been detected in the patients with
hepatocellular carcinoma (HCC) [44] and head and neck
squamous cell carcinoma [45]. Although the mechanisms
underlying this association between elevated Hcy levels
and malignant transformation are unclear, a recent study
proposed a mechanism linking Hcy to lipid metabolism
and HCC [46]. It demonstrated that Hcy transcriptionally
upregulated CYP2J2, a cytochrome P450 (CYP) epoxygenase
by stimulating DNA demethylation and increasing SP1/AP1
activity on the promoter of CYP2J2, which promotes epoxye-
icosatrienoic acid synthesis and hepatocellular tumorigene-
sis.
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Figure 2: Potential mechanisms underlying CBS deregulation with alterations of homocysteine and H
2
S levels in cancer pathogenesis. CBS

deficiency causes hyperhomocysteinemia. Elevated Hcy concentration can increase reactive oxygen species (ROS) production and induce
oxidative stress. Hyperhomocysteinemia also leads to formation of homocysteine thiolactone as a result of error-prone editing by the
methionyl-tRNA synthase. This homocysteine derivative can cause protein N-homocysteinylation that impairs protein function, resulting
in an unfolded protein response and endoplasmic reticulum (ER) stress. The elevated Hcy level can lead to accumulation of S-adenosyl
homocysteine (SAH), a competitive inhibitor of most methyltransferases, consequently inducing DNA hypomethylation and affecting
gene transcription. CBS-driven endogenous H

2
S production maintains mitochondrial respiration and ATP synthesis, promotes antioxidant

production by enhancing Nrf2 activation and increasing glutathione production, and modulates protein activity via protein sulfhydration.
Secreted H

2
S can cause vasodilation via activation of ATP-sensitive K+ channels.

3.2. H
2
S. Like nitric oxide and carbon monoxide, H

2
S is

a diffusible gaseous transmitter in the human body and is
mainly synthesized during cysteine metabolism and excreted
as urinary sulfates by the kidney (reviewed in [47]). CBS
catalyzes the production of H

2
S via at least three path-

ways including (i) converting cysteine to serine and H
2
S,

(ii) condensing cysteine and Hcy to yield cystathionine
and H

2
S, and (iii) condensing two cysteine molecules to

lanthionine and H
2
S (Figure 1). In addition to CBS, CTH

and 3-mercaptopyruvate sulfurtransferase (3-MST) are also
involved in the conversion of cysteine to H

2
S (Figure 1).

While H
2
S has diverse biological functions in the ner-

vous, cardiovascular, and immune systems, the pathological
role of H

2
S in cancer biology has attracted substantial

attention in recent years. CBS-driven endogenous H
2
S pro-

duction has been reported to support tumor growth by (i)
maintaining mitochondrial respiration and ATP synthesis,
(ii) stimulating cell proliferation and survival, (iii) redox
balance, and (iv) vasodilation (Figure 2). H

2
S modulates

mitochondrial functions and cellular bioenergetics in a

concentration-dependent manner. At low concentrations,
H

2
S acts as a mitochondrial electron donor to mitochondrial

complex II, resulting in bioenergetic stimulation [48, 49]. At
higher concentrations, H

2
S acts as a mitochondrial poison

via the inhibition of cytochrome c oxidase in mitochondrial
complex IV [50]. H

2
S stimulates cell proliferation through

activation of specific kinase pathways (e.g., MAPK and
PI3K/Akt) and inhibition of selective phosphatases such as
PTEN and PTP1B [51–53]. Modulation of protein activity
by H

2
S either occurs via protein sulfhydration (reviewed

in [54]) or intracellular formation of polysulfides by H
2
S

followed by oxidative inactivation of proteins [55, 56]. The
sulfhydration of nuclear factor kappa B (NF-𝜅B) by H

2
S has

also been shown to inhibit apoptosis andmay be of particular
relevance to cancer cell survival [57]. The protective effect
of H

2
S from oxidative stress has been extensively studied

in endothelial cells and neurons [58–62]. Studies showed
H

2
S inhibited H

2
O

2
-mediated mitochondrial dysfunction

by preserving the protein expression levels and activity of
key antioxidant enzymes, inhibiting reactive oxygen species
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(ROS) production and lipid peroxidation [60]. Additionally,
these effects may be associated with sulfhydration of Keap1
and activation of Nrf2 [61] or increasing the production of
the antioxidant glutathione. Vasorelaxation is one of the first
recognized biological effects of H

2
S.Themechanisms ofH

2
S-

mediated vasodilation include the activation of ATP-sensitive
K+ channels, inhibition of phosphodiesterases, and a synergy
with NO (reviewed in [63]).

H
2
S-donating compounds deliver H

2
S exogenously,

including fast H
2
S donors such as sulfate salts (e.g., NaHS

and Na
2
S) and naturally occurring compounds (e.g., the

garlic constituent diallyl trisulfide, sulforaphane, erucin,
and iberin) and slow H

2
S-releasing synthetic moieties such

as GYY4137 (reviewed in [64]). The cellular response to
exogenous H

2
S released by the donors has been considered

as a biphasic response, in which low H
2
S concentrations

(or low H
2
S production rates) showed enhancement of cell

proliferation rates and cell viability whereas high H
2
S caused

deleterious/adverse effects in cells [50, 65]. This biphasic
cellular response is consistent with the special action model
of H

2
S on mitochondrial respiration described above, that

is, stimulation of mitochondrial respiration at low levels and
inhibition at high levels. This bell-shape pharmacology of
H

2
S may, at least in part, explain the inconsistent results of

the effect of exogenous H
2
S in colon cancer cell line HCT116

reported by different groups including a growth inhibitory
effect (using NaHS at 400 𝜇M and 800 𝜇M) by the Deng lab
[66] and a growth stimulatory effect (using NaHS at 30-300
𝜇M) by the Szabo lab [49, 65, 67].

4. CBS and Cancer

4.1. Promoting Tumor Growth by Activation of CBS. Elevated
expression of CBS in tumor tissues or cell lines has been
reported in colon [49, 68], ovarian [8], prostate [69], and
breast cancer [70], compared to adjacent normal tissue or
nontransformed cells. A series of studies from the Hellmich
group characterized the oncogenic role of CBS in colon
cancer [49, 68, 71]. Through modification of CBS expres-
sion (overexpression or RNAi knockdown) or CBS activity
(allosteric activator SAM or the inhibitor aminooxyacetate)
in the HCT116 colon cancer cell line, they demonstrated that
CBS promoted cancer cell proliferation. The antiproliferative
effect observed by silencing or inhibiting CBS was recapit-
ulated in the xenograft mouse models and patient-derived
tumor xenografts [49]. CBS not only promotes tumor growth
and progression but also initiates tumor formation [68].
Overexpression of CBS in adenoma-like colonic epithelial
cell line NCM356 enhanced cell proliferative, anchorage-
independent growth and invasive capability in vitro and
tumorigenicity in vivo. Mice heterozygous for CBS showed
fewer numbers of mutagen-induced aberrant crypt foci
than wild-type controls. Through a similar approach, Bhat-
tacharyya et al. [8] reported that CBS knockdown inhib-
ited cell proliferation and suppressed tumor growth in an
orthotopicmousemodel of cisplatin-resistant ovarian cancer.
Interestingly, in breast cancer silencing CBS did not affect
cell proliferation in culture but significantly attenuated tumor
growth in a xenograft mouse model [70].

The protumorigenic effect of CBS occurs through an
autocrine mechanism by regulation of bioenergetics, antioxi-
dant capacity, and apoptosis-related pathways. Targeting CBS
genetically or pharmacologically impairs cellular bioener-
getics through inhibiting mitochondrial electron transport,
oxidative phosphorylation, and glycolysis. H

2
S was identi-

fied to be responsible for such metabolic and bioenergetic
rewiring in colon cancer cells, as CBS expression and activity
correlated with H

2
S production and exogenous H

2
S stim-

ulated cell proliferation and bioenergetics [49]. Systematic
metabolomic analysis of CBS-overexpressing NCM356 cells
uncovered an anabolic metabolic phenotype with signifi-
cantly enhanced glycolysis, nucleotide synthesis, and lipo-
genesis, which is thought to promote malignant transfor-
mation [68]. CBS may also promote tumor cell survival by
increasing cell intrinsic antioxidant capacity. Ovarian cancer
cells depleted of CBS showed enhanced ROS production.
Antioxidant glutathione, but not H

2
S, fully rescued viability

of CBS-depleted cells, suggesting that the effect of CBS in
ovarian cancer cells is mediated through regulation of ROS
production by glutathione [8]. Similarly, reduced glutathione
abundance was observed in breast cancer cells upon CBS
silencing and was accompanied by decreased Nrf2 expression
[72]. CBS downregulation reduced antioxidant capacity and
enhanced the sensitivity of cancer cells to chemotherapeutic
drugs.The cytoprotective effect of CBS is also associated with
regulation of NF-𝜅B and p53 apoptosis-related signaling [8].
A recent study further suggested CBS is involved in nucleolar
stress-induced apoptosis [10].The authors demonstrated that
treatment of p53-/- colon cancer cells with 5-fluorouracil
caused nucleolar stress, which led to accumulation of the
ribosome-free form of ribosomal protein L3 (rpL3). rpL3
decreased CBS protein abundance through suppression of
SP1-mediated CBS gene transcription and increase of CBS
protein degradation by translocation of CBS into mitochon-
dria. Decreased CBS abundance and, in turn, reduction
of H

2
S production have been suggested to contribute to

mitochondrial cytochrome C release and induction of the
intrinsic cell death pathway [10].

In addition to autocrine regulation, CBS acts via a
paracrine mechanism to modulate the tumor microenviron-
ment including stimulating angiogenesis and vasodilation
via H

2
S production and release as reported in colon and

ovarian cancer xenografts [8, 49] and regulating macrophage
activation in breast cancer xenograft mouse models [70].

4.2. CBS Associated Oncogenesis Is Tumor Type-Specific.
Unlike in colon, ovarian, and breast cancer, CBS does not
appear to have a functional role in melanoma [73]. CBS
expression is absent in dysplastic nevi, detected in only
25% of primary melanoma samples, and unregulated in four
of five melanoma cell lines examined. More importantly,
modulation of CBS expression had a minimal effect on
melanoma cell proliferation [73].

Downregulation of CBS through promoter methylation
has been observed in multiple gastric cancer cell lines and
four colon cancer cell lines (including HCT116) [74]. How-
ever, the biological consequence of CBS epigenetic silencing
in gastric cancer has not been determined. Evidence from
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Figure 3: CBS associated oncogenesis is tumor type-specific. Activation of CBS promotes tumor growth in colon, ovarian, and breast cancer
but suppresses tumor growth in glioma.The role of CBS in liver cancer, gastric cancer, and melanoma is still conflicting and inconclusive.

glioma supports a tumor-suppressive role for CBS [75]. CBS
deficiency in U87-MG glioma cells did not affect cell prolif-
eration in 2D culture but increased colony formation in soft
agar, indicative of enhanced anchorage-independent growth.
Consistently, CBS knockdown decreased tumor latency in
U87-MGxenografts and increased tumor volume in an ortho-
topic model. Enhanced glioma tumorigenicity upon CBS loss
was associated with upregulation of HIF-2𝛼 protein level and
HIF-2𝛼-dependent transcriptional activation of angiopoietin
like 4 (ANGPTL4) and vascular endothelial growth factor
A (VEGFA). The lack of function or suppression of tumor
growth by CBS in certain tumor types indicates that CBS
associated oncogenesis is tumor-specific (Figure 3).

4.3. Conflicting Role of CBS in Hepatocellular Carcinoma.
Clinical evidence from patient samples strongly supports a
negative regulatory role for CBS in hepatocellular carcinoma
(HCC). Downregulation of CBS expression and activity
contributes to the pathogenesis of multiple liver diseases
(Reviewed in [76]). Analysis of 120 HCC specimens found
that CBS mRNA was markedly lower in tumor tissues
than surrounding noncancerous liver [77]. Reduced CBS
expression was significantly correlated with the poor clinic
pathological parameters including tumor stage, Edmondson
grade, alpha-fetoprotein (AFP) level, and overall survival.
Further data analysis suggested that the expression level
of CBS mRNA could be used as a prognostic marker for
overall survival especially in patients with low AFP levels
[77]. Diminished CBS levels were also detected in the tumor
tissues from the mouse model of HCC [78–80]. Further
supporting the tumor-suppressive role for CBS, exogenous
H

2
S induced autophagy and apoptosis in HCC cells through

the PI3K/Akt/mTOR pathway [81].

Intriguingly, distinct from this clinical data, a recent
study showed that several HCC cell lines exhibited higher
CBS expression than normal liver cells HL-7702 and QSG-
7701 [82]. Both genetic (by siRNA) and pharmacological (by
AOAA) inhibition of CBS in the SMMC-7721 HCC cell line
with reduced H

2
S production decreased cell viability and

enhanced ROS production in vitro. Another study showing
that the PI3K/AKT pathway regulated the CTH/H

2
S to

promote HCC proliferation also supports the oncogenic role
of H

2
S in HCC [53]. Clearly, the biological function of CBS

in liver cancer is complex and requires further investigation.

5. CBS in Cancer Therapy

Consistent with the complex roles of CBS in cancer biology
described above, it is also becoming evident that both the
activators and inhibitors of CBS have antitumor activity in
different cancer models. This genetic context dependence
determines different types of cancer will display distinct effi-
cacy and toxicity profiles in response to CBS-based targeted
therapies.

5.1. CBS Inhibitors. Aminooxyacetate (AOAA) is currently
considered as the most potent CBS inhibitor compared with
the other drugs such as trifluoroalanine and hydroxylamine
[65]. It has shown antitumor actions in the mouse xenograft
models of colon [49] and breast cancer [83] and patient-
derived colon cancer xenografts [49]. Decreased H

2
S level

in plasma was detected in a colon xenograft mouse model
treated with AOAA while the drug effect on circulating Hcy
level was not investigated. While these antitumor responses
are encouraging, the therapeutic effect of CBS inhibition
requires further investigation as AOAA is actually not
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selective for CBS [65, 84]. The pharmacological action of
AOAA is not limited to suppression of the CBS/ H

2
S axis.

It binds irreversibly to the cofactor PLP, and therefore, in
addition to CBS, it inhibits other PLP-dependent enzymes
such as CTH, 3-MST, and glutamate oxaloacetate transam-
inase 1 (GOT1). AOAA has been reported to target CTH
preferentially overCBS (IC50 8.52𝜇MforCBS versus 1.09𝜇M
for CTH) [85]. Furthermore, inhibition of GOT1 by AOAA
disrupted the malate/aspartate shuttle, decreased glucose-
derived carbon flux into mitochondrial tricarboxylic acid
cycle, and ATP synthesis [83].

To identify new CBS inhibitors, two groups performed
small-molecule screening [86, 87]. The Barrios group [87]
and the Wu group [86] used recombinant CBS enzymes and
employed fluorescent H

2
S readouts to screen a composite

library of 1900 compounds and a chemical library consist-
ing of 20,000 compounds, respectively. Several compounds
showed some selectivity for CBS compared with CTH with
IC50 20-50 𝜇M.However, as the studies did not use AOAA as
a reference in the screen, whether these drugs are superior to
AOAA in terms of potency and selectivity remains unknown.

5.2. CBS Activator S-Adenosyl-L-Methionine (SAM). SAM is
a vital molecule for transmethylation and transsulfuration
reactions. It is the principle methyl-donor for DNA, amino
acid, protein, and lipid methyltransferase and a key precursor
for glutathione and polyamine synthesis (reviewed by [88]).
It is synthesized from methionine and ATP by methionine
adenosyltransferase (MAT, Figure 1). SAM, as an allosteric
activator, modulates CBS activity by inducing a conforma-
tional change in the C-terminus of CBS that facilitates the
entrance of substrates into the catalytic site of the enzyme [1].
Although SAM has been used for treatment of osteoarthritis
[89], depression [90], and liver diseases [88], the clinical
evidence for its efficacy in these diseases is still inconclusive.
Recent data support the concept of using SAMas a chemopre-
ventive agent in HCC and colon cancer, consistent with the
proposed tumor-suppressive role of CBS in HCC.TheMat1a
knockout mice spontaneously develop HCC supporting the
fact that hepatic SAM deficiency predisposes to HCC [91].
In several rodent models of HCC, administration of SAM
is effective in preventing liver carcinogenesis [92, 93]. One
phase II clinical trial is evaluating SAM as a potential
chemoprevention agent in patients with hepatitis C cirrhosis
[94]. SAM also showed a similar chemoprevention effect in
an inflammation induced colon cancer mouse model [95]. In
addition to chemoprevention, SAM exerted a proapoptotic
effect in liver (at 0.2mMover 5 days) [96], gastric (10𝜇Mover
7 days) [97], and colon cancer cells (ranging from 0.25 to 5
mMfor 24 hours) [98]. Interestingly, similar to the conflicting
data regarding CBS function and effects of H

2
S donors

in colon cancer, the Szabo group [71] reported a biphasic
response to SAM in colon cancer cells. At low concentrations
for the short-time period (0.1-1 mM for 12 hours or 0.1 mM
for 24 hours), SAM induced a stimulatory effect on CBS acti-
vation, H

2
S production, and cell proliferation, while at higher

concentrations or chronic exposure (0.1-5mMafter 24 hours)
the inhibitory effects became more prominent and were not
attenuated by CBS silencing, suggesting nonspecificity or

toxicity [71]. Therefore, more work in multiple experiment
models is required to better define the role of SAM/CBS axis
in cancer pathogenesis.

6. CBS in Cancer Prognosis

With the identification of the pathogenic role of CBS in can-
cer, the use of CBS as a prognostic and predictive biomarker
is becoming attractive. As described above, the negative
correlation of CBS expression with the pathologic parameters
in HCC indicates its potential as a prognostic marker in HCC
[77]. Modulation of CBS activity can be indicated by the
changes of Hcy and/or H

2
S levels. The potential prognostic

values of Hcy in cancer have been extensively studied [99–
101]. However, the biological sources of Hcy were not defined
in these studies and, thus, the link between the levels of
Hcy and CBS function remains unknown. Nevertheless,
significant progress in the detection and quantitation of Hcy
frompatient samples has been made in recent years. Methods
of measuring plasma Hcy have evolved from ion-exchange
chromatography to high-performance liquid chromatogra-
phy (HPLC), gas-chromatography mass spectrometry, liq-
uid chromatography-electrospray tandemmass spectrometry
(LC-MS/MS), and fluorescence polarization immunoassay
(FPIA) [102]. In terms of H

2
S, elevated H

2
S in exhaled

breath or its degraded form in urine in cancer patients
provides support for the clinical utility of H

2
S as a marker of

cancer [101]. However, in order to determine the prognostic
and predictive values of H

2
S in cancer, development of

the methods that can accurately measure H
2
S levels in the

circulation or in the targeted organs is imperative.

7. Summary and Future Directions

A functional role for CBS in tumor biology is supported by
(i) clinical evidence of altered CBS expression level and CBS-
derived Hcy and H

2
S levels in cancer patients; (ii) preclinical

studies showing dysregulation of CBS function and activity
in cancer cell culture and animal models; (iii) mechanistic
investigations linking CBS to cancer-related cellular and
molecular changes and signaling pathways. The distinct
biological effects of CBS alterations in different cancermodels
reveal the complexity of CBS signaling in cancer pathogene-
sis.The contradictory role of CBS in cancer biology (Figure 3)
is possibly due to the existence of alternative Hcy and H

2
S

metabolic pathways, and multiple modes of regulation of
CBS expression and activity by hormones, growth factors,
and other metabolites. Therefore, the functional role of
CBS is determined by the distinct metabolic and genetic
profiles in different types of cancer and is context-dependent.
Furthermore, the current conflicting data adds an additional
layer of complexity, indicating that multiple experimental
and analytical approaches as well as in-depth mechanistic
investigations are required to clarify the role of CBS in cancer
biology.

Increased understanding of the role of theCBS-controlled
network in cancer biology will greatly promote the devel-
opment of pharmacological reagents targeting CBS and the
identification of appropriate patient populations. CBS acts
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through two main metabolites Hcy and H
2
S, which have

important physiological roles in specific tissues such as the
liver, brain, and blood vessels. Given its central metabolic
role, it is possible that CBS-based targeted therapy may cause
side effects due to accumulation of unfavorable metabolites.
For example, CBS inhibitors may elevate Hcy levels with
potential risk for developing HHcy.Therefore, further studies
will be required to define the therapeutic windows of the
novel CBS targeting agents. Additional investigations are
clearly required to better elucidate the complex role of CBS
in malignant transformation including (i) characterizing the
role of CBS-related metabolic signaling in cancer pathogene-
sis including but not limited toCBS,Hcy, H

2
S, and the related

enzymes; (ii) determining the interaction of tumor cell-
derived CBS and its metabolites with the microenvironment;
(iii) identifying biomarkers of CBS-based therapies in clinical
samples and cancer models. Certainly, a greater appreciation
for the complexity of CBS in cancer biology will give rise to
new prospective biomarkers or targets for cancer.
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The availability of genomic datasets in association with clinical, phenotypic, and drug sensitivity information represents an
invaluable source for potential therapeutic applications, supporting the identification of new drug sensitivity biomarkers and
pharmacological targets. Drug discovery and precision oncology can largely benefit from the integration of treatment molecular
discriminants obtained from cell line models and clinical tumor samples; however this task demands comprehensive analysis
approaches for the discovery of underlying data connections. Here we introduce PATRI (Platform for the Analysis of TRanslational
Integrated data), a standalone tool accessible through a user-friendly graphical interface, conceived for the identification of
treatment sensitivity biomarkers from user-provided genomics data, associated with information on sample characteristics. PATRI
streamlines a translational analysis workflow: first, baseline genomics signatures are statistically identified, differentiating treatment
sensitive from resistant preclinical models; then, these signatures are used for the prediction of treatment sensitivity in clinical
samples, via random forest categorization of clinical genomics datasets and statistical evaluation of the relative phenotypic features.
The sameworkflow can also be applied across distinct clinical datasets.The ease of use of the PATRI tool is illustratedwith validation
analysis examples, performed with sensitivity data for drug treatments with known molecular discriminants.

1. Introduction

The recognition of cancer as a genetic disease has raised
in recent years huge “omics” efforts that have generated
extensive molecular information on cancer cell lines and
tumor samples, along with clinical characterization and
drug sensitivity information. These data are often accessi-
ble through public resources, such as CCLE [1, 2], TCGA
Research Network [3], ExpO [4], and ICGC [5], to name
a few. As a consequence, a number of initiatives, often at
global scale, have taken advantage of this unprecedented
opportunity, such as the Cancer Therapeutics Response
Portal (CTRP) [6–8], linking publicly available cancer cell

line features to small-molecule sensitivity for the discovery of
patient-matched cancer therapeutics, or the i2b2 (Informatics
for Integrating Biology and the Bedside)-tranSMART Foun-
dation, a platform and a community aimed at integrating
clinical and translational research data, providing “open-
source, open-data” resources for precision medicine [9, 10].
In translational research, treatment sensitivity biomarkers are
key to decision-making, for the identification and definition
of patient populations susceptible to therapy benefits. In
recent years, the search for biomarkers has indeed raised
a huge community effort [1–3, 11–15] and a stimulating
debate around the drug sensitivity issue [16–20]. Cancer
cell lines can recapitulate many of the molecular alterations
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driving tumor drug sensitivity [11]: for this reason, molecular
characterization of experimental preclinical models has been
widely used in support to all phases of drug discovery and
development, for the identification of potential targets and
for the exploration of several molecular aspects, such as
drug sensitivity contexts, mechanisms of action, or issues
in treatment responsiveness. Correlation between multiple
baseline cancer genomics data and relative drug sensitivity
has been explored in a number of public resources, such
as CellMiner [12, 21], Genomics Drug Sensitivity in cancer
(GDSC) [13, 22], or CancerDP [23, 24], where data can
be enriched for compound and/or cell line numerosity but
cannot be extended to user-supplied genomics or compound
sensitivity data, which would be fundamental for new drug
development.

Biomarkers resulting from the complex task of comple-
menting cancer preclinical findings with clinical knowledge
have found application as prognostic or diagnostic indicators,
favoring the design of companion diagnostics for targeted
drugs and facilitating therapeutic developments [28]. This
is the case, for instance, of KRAS gene mutations in the
observed resistance to cetuximab and panitumumab treat-
ment in colorectal cancers samples [29, 30] or of rear-
ranged Abl in the sensitivity to imatinib in acute myeloid
leukemia [31] and of afatinib, gefitinib, and erlotinib in
EGFR mutated tumors [32, 33]. Other examples are the
sensitivity to vemurafenib in BRAF mutated tumors [34]
or to lapatinib in amplified/overexpressed Her2 (ERBB2)
positive tumors [35], as well as the sensitivity to inhibitors
of ALK, ROS1, and TRK (NTRK1-2-3) in tumors harboring
activating rearrangements of these kinases [36, 37]. Indeed,
gene rearrangements with kinase catalytic domains often
result in the anomalous overexpression of kinase targets,
driven by the partner gene, which can be identified by protein
or RNA expression analysis as indirect readout [38, 39].
Especially in the targeted drug field, determination of patient
eligibility for a certain treatment is sometimes only possible
by performing a specific molecular assay on clinical spec-
imens; however, other peculiar phenotypic characteristics
measured in treatment susceptible individuals might be used
to aid in the process of patient population selection. An
example is the frequent association of the presence of ALK
rearrangements in lung tumorswith patients’ young age,male
gender, and nonsmoking history [40, 41].

The aim of our work was to provide a flexible and quick
solution to streamline an analysis workflow for the search of
potential treatment biomarkers across preclinical and clinical
datasets and to make it accessible for application to user-
provided genomics and treatment sensitivity data. For this
purpose, we designed the “Platform for the Analysis of
TRanslational Integrated data” (PATRI) tool, requiring data
imported by users and integrating this workflowwith an intu-
itive user-friendly graphical interface. First, drug response
information is required to set up statistical analyses for the
identification of potential drug sensitivity baseline genomic
traits in cell lines (“Translational” workflow) or in tumor
samples (“Clinical” workflow); lists of resulting relevant
markers can then be used to predict genomics responsiveness
in annotated datasets of tumor samples, which are stratified

into putative “Sensitive” or “Resistant” populations by the
algorithm and correlated with the respective relevant clinical
characteristics.

PATRI is conceived for basic end-users and is freely
distributed as a virtual machine, portable on Windows,
Linux, andMacOS platforms.The PATRI tool is accessible for
open download at https://www.parametricdesign.bio/.

2. Materials and Methods

2.1. PATRI Database and Structure Implementation. In
PATRI, the Database Management System (DBMS) imple-
mentation was based on MariaDB. The database schema
(Suppl. Fig. 1) was designed to include cross-referenced
tables for Cell Line and Clinical Sample genomics data
(gene expression, somatic mutation, and copy number)
and respective sample annotations, each with fixed and
customizable fields. Upload of data input was predisposed as
tab-delimited text files, previously formatted to mirror the
destination tables. Detailed descriptions and instructions
can be found in the PATRI Platform User’s Guide (Suppl. File)
and in the PATRI Platform Installation and Configuration
Guide (Suppl. File) downloadable documents. Export of
analysis results was enabled as tab-delimited text files.
All PATRI functions were made accessible through a web
graphical user interface developed using Joomla and Zend
Frameworks. Statistical analysis libraries from CRAN [42]
and Bioconductor R [43, 44] were integrated and interactive
graphing functions were introduced using Google Charts
[45]. PATRI is provided for download at https://www
.parametricdesign.bio/ as an Oracle VM Virtual Box file,
populated with an artificial demonstration dataset, which
can be removed and replaced with the desired data following
instructions in the PATRI Platform User’s Guide (Suppl.
File).

2.2. Statistical Methods. The PATRI tool integrates selected
libraries from CRAN [42] and Bioconductor R [43] for
the statistical analysis of molecular data, according to the
different genomics data types. Before statistical analysis of
defined “Sensitive” versus “Resistant” sample groups, com-
plexity reduction of the input genomics data is performed via
a stepwise filtering procedure to remove background noise,
i.e., all genes with no significant variation across samples.
Briefly, all the genes appearing constant across conditions are
removed from the data (i.e., nevermutated or alwaysmutated
genes; all genes with identical “loss”, “normal”, or “gain”
copy number type definition across samples; all genes with
log2 expression below a user-selectable threshold value). In
addition, a calculation of a point-biserial Pearson’s correlation
between sensitive/resistant cell lines or clinical samples and
each gene is also applied, followed by removal of poorly
correlated genes (default absolute value cut-off: 0.1).

For all accepted data types, i.e., gene expression, copy
number, and mutation, a custom implementation of the
Elastic Net algorithm [46] originally used in Barretina J
et al. [1] was included, applicable if both “Sensitive” and
“Resistant” groups are composed of a minimum of 4 sam-
ples each. The Elastic Net is a regularization and variable

https://www.parametricdesign.bio/
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selectionmethod favoring the selection of strongly correlated
predictors, particularly useful for data matrices in which the
number of features (genes) ismuch bigger than the number of
subjects (samples). The relative robustness of a selected gene
is represented by the final ranking, reported as the percentage
of times a molecular feature is retained in the model across
100 runs, accompanied by the average beta value across runs.
Additionally, for the detection of differentially expressed
genes, we introduced testing procedures such as ANOVA
and Limma [47], particularly suited for small sample groups
[48]; ANOVA was included also for copy number analysis.
Resulting p values and log2 fold changemeasures are reported
and used to rank the molecular features. For the detection
of mutated genes, statistical tests based on hypergeometric
distribution and odds ratio measures were also implemented.
The above algorithms can be applied starting from cell line
genomics data (“Translational” workflow) or from tumor
sample genomics data (“Clinical” workflow).

Buttons and slide bars are provided to enable sorting
andmanual filtering of the obtained gene lists, differentiating
“Sensitive” and “Resistant” cell lines or clinical samples, based
on statistical significance or fold change differences. Putative
“biomarker” gene lists can then be quickly evaluated in the
available annotated clinical sample data to categorize them
into predicted “biomarker sensitive” or “biomarker resistant”
cases and to extract relevantly differentiating clinical descrip-
tive parameters in a single button click. First, a reversed classi-
fication algorithm based on “random forest” [49] is launched,
applying amajority voting approach to assign clinical samples
to the most likely category (“Sensitive” or “Resistant”), based
on the status of the candidate biomarkers of the starting
filtered gene list. One hundred thousand classification trees
are run in parallel, using the entire spectrum of identified
biomarkers for the random forest classification model. Then,
the resulting “Sensitive” and “Resistant” assigned clinical
samples are immediately tested for association with specific
patient clinical annotations with a two-tail nonparametric
Mann–Whitney test for continuous variables (like age, num-
ber of cigarettes, etc.) and a multiple-category Chi-square
test for categorical variables (tumor subtype, grade, etc.).
Associated clinical features are displayed in a table, ranked
based on significance p values: visualization of each tested
variable is enabled as a boxplot or a barplot, respectively.
A heatmap, clustered both on molecular features and on
samples, is reported with clustering distances calculated with
Hamming distance for mutations and with Ward’s method
for copy number and gene expression. For available time-to-
event survival data, a separate classical two-tail log-rank test
between predicted sensitive and resistant samples can be run,
with visualization via Kaplan-Meier survival curves.

2.3. Cell Line Compound Treatment. Cell lines were grown in
the appropriate culture media as recommended by vendors
and treated with increasing doses of the tested compounds.
Drug sensitivity data were expressed as the micromolar
concentration of the compound at which cell proliferation
is reduced by 50% (IC50). All cell lines were authenticated
by STR analysis (AmpFlSTR� Identifiler� PCRAmplification
Kit, Applied Biosystems, Foster City, CA, USA) using the

GeneMarker HID v 2.4.0 software (Soft Genetics, State
College, PA, USA) and comparative analysis was performed
with CLIFF (Cell Line Identity Finding by Fingerprinting,
[50]).

2.4. Datasets and Analysis Workflows for PATRI Validation.
Genomics data for 1036 cell lines were imported from CCLE
[51]; mutation data were converted into binary information
(wild type or mutated genes); cell line compound sen-
sitivity was assessed in-house. Annotated TCGA clinical
genomic datasets [3], comprising gene expression, copy
number, mutation data, and clinical sample descriptions,
were obtained from cBioportal [52, 53] for breast cancer
(Breast Invasive Carcinoma (TCGA, “Provisional”), 1017
samples) andmelanoma (SkinCutaneousMelanoma (TCGA,
“Provisional”), 478 samples); none of the datasets contained
treatment response information for the considered drugs.
Two lymphoma gene expression datasets for 20 (GSE14879)
and 130 (GSE19069) samples, respectively, were downloaded
from Gene Expression Omnibus (GEO) [54], with clinical
annotations derived from the respective descriptive publi-
cations [25, 26]; the two datasets were not merged due to
the discrepancy of the available clinical sample information
and were utilized to test the “Clinical” analysis workflow.
Txt tables were created with cell line names and the respec-
tive “Sensitive” or “Resistant” labels, assigned based on a
threshold IC50 of 1 𝜇M for all the tested compounds. For
the lymphoma GEO14879 clinical dataset, no entrectinib
treatment response could be available, so drug sensitivity was
presumed for the 5 ALK-positive samples, arbitrarily defined
as “Sensitive” responders to ALK inhibition only to simulate a
“Clinical” workflow analysis. Statistical analysis was launched
on the selected cell lines or clinical samples using all the
algorithms in PATRI for all the available genomics data types;
only the relevantmolecular signature results, filtered based on
the indicated p value and/or log fold change thresholds, are
discussed in the manuscript. The filtered lists were then used
to categorize the indicated clinical samples into “Sensitive”
and “Resistant” and to explore the resulting statistically
relevant sample annotations, ranked based on significance (p
value).

3. Results and Discussion

3.1. Design and Implementation of PATRI. The identifica-
tion of sensitivity markers implicated in cancer treatment
response is fundamental to support patient population defi-
nition in the clinics and is well established for a number of
approved kinase inhibitors drugs that are selectively active
in tumors harboring activating mutations or rearrangements
of their target genes, such as vemurafenib in BRAF mutated
tumors [34], lapatinib in amplified/overexpressed ERBB2
(Her2) positive tumors [35], and entrectinib in ALK rear-
ranged tumors [37]. We focused on building an intuitive tool
for use in drug discovery pipelines to immediately link rele-
vant molecular markers from cell line drug treatment models
with clinical features associated with tumor sample genomics
data, for the quick exploration of potential population ther-
apeutical biomarkers. For this purpose, we have developed
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Figure 1: PATRI graphical user interface: welcome and login page. Screenshot of the PATRI welcome and login home page. See also text
and Supplementary File.

PATRI (Platform for the Analysis of TRanslational Integrated
data), an open-source tool offering a flexible genomic data
integration resource to basic end-users for the identification
of predictive biomarkers of differential sensitivity to drugs
or any other treatments, such as siRNA or CRISPR-Cas9,
starting from user-provided data. Central to the design was
the ease of use, through an intuitive graphical user interface,
based on a simple workflow of streamlined data analysis,
extraction, and visualization procedures, directly correlating
biomarkers identified in cell line or tumor sample genomics
data to clinical information, aided by the introduction of
mouseover and pop-up interactive options. PATRI is a web-
based application (Figure 1) with a client-server architecture,
as detailed in the PATRI Installation and Configuration
Guide (Suppl. File), built on a relational database supporting
data mining activities. The downloadable tool is initially
populated with a “test” database for demonstration purposes
that can be removed and replaced with the desired data. Free
codes and analysis packages were utilized for the implemen-
tation of all PATRI components to enable distribution as an
open-source tool and, possibly, custom code implementation.

Figure 2 schematically illustrates the conceptual “Trans-
lational” and “Clinical” workflows in PATRI, with full func-
tionalities detailed in Suppl. Fig. 2-7 and in the PATRI
Platform User’s Guide (Suppl. File). A “Translational” work-
flow is available to obtain putative treatment biomarkers
starting from cell line genomics data that can be used to
categorize clinical samples into “biomarker sensitive” and
“biomarker resistant” samples and to simultaneously obtain
significantly correlated clinical characteristics for patient
stratification (Figure 2(a)). Similarly, starting from clinical
genomic datasets (“Clinical” workflow, Figure 2(b)), PATRI
allows analysis and correlation of putative treatment response
genomics markers from a test tumor sample population to
the clinical characteristics of a second clinical sample cohort.
Briefly, after import of the desired baseline (pretreatment)

genomics data for cell line models and clinical samples, users
will define opposite groups of “Sensitive” and “Resistant”
cell lines or “responder” and “nonresponder” tumor samples
based on available treatment sensitivity information. PATRI
automatically retrieves and associates the genomics data and
descriptions to the list of provided samples. By a mouse
click, single or multiple predefined statistical tests can be
chosen and launched for analysis of the selected sets of
gene expression, copy number, and gene variant analyses
data (Suppl. Fig. 3-4), including the Elastic Net option
[1, 46] for all the three types of data. The resulting lists
of significant sensitivity biomarker genes are displayed in
separate tabs with sorting buttons and slide bars, allowing
data filtering; the tool also enables quick export of results and
graphical visualization through different charting options
supporting mouseover and zooming functions (Suppl. Fig.
5), such as interactive Volcano plots, dendrograms, or scatter
plots integrating data by color shades and dot sizes. Filtered
sensitivity biomarkers obtained at this point for cell lines
can be immediately connected to clinical data imported
into PATRI, to investigate the presence of molecularly dis-
criminated clinical subpopulations: one mouse click starts
simultaneous classification of clinical tumor samples, based
on the respective molecular status of the selected filtered
biomarkers, as potentially “Resistant” or “Sensitive” to the
drug, via an adaptation of the random forest classifier
algorithm [49], together with a stratification of associated
clinical sample characteristics, ranked based on statistical
significance (Suppl. Fig. 6-7). Graphical representation and
data export upon mouse clicking allow exploration of the
identified clinical features associated with tumor genomics
data (Suppl. Fig. 7) and permit rapid identification of par-
ticularly discriminating clinical features potentially defining
patient subpopulations, which might be used in support of
patient selection for clinical trials. Thanks to the flexibility
of sample description fields in the PATRI database, along
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with cell lines or clinical samples, the tool might similarly
accept data from patient-derived cancer models, such as
PDXs and PDOs (patient-derived xenografts and organoids,
respectively) that more closely mirror the architecture and

cellular heterogeneity of human tumors [55–57], increas-
ingly available with associated clinical/genomic data sets
and annotations thanks to a number of recent international
initiatives (e.g., Human Cancer Model Initiative (HCMI)
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[58], EurOPDX Consortium [59], or Public Repository of
Xenografts (PRoXe) [60], to name a few) [61–63].

3.2. Validation of PATRI. For the validation of the tool, we
generated in-house cell growth inhibition sensitivity data
(IC50) on panels of cancer cell lines treated with the well-
known targeted drugs lapatinib, vemurafenib, or entrectinib
and tested PATRI for the ability to identify significant
treatment sensitivity-related molecular markers through the
“Translational” workflow (Figure 2(a)), using data from
CCLE [1, 51], TCGA [3], and Gene Expression Omnibus
(GEO) [54] resources.

Lapatinib [35] is a dual EGFR and ERBB2 inhibitor,
currently approved in the clinics for the treatment of ERBB2
amplified breast cancers in combination with capecitabine or
letrozole [64]. In our analysis, ERBB2 kinase gene amplifica-
tion and overexpression were correctly identified by PATRI
within a group of lapatinib sensitive versus resistant breast
cancer cell lines (Figure 3(a)) tested in our labs. Concomitant
amplification and overexpression of a number of additional
genes, correlating with lapatinib treatment sensitivity, were
also observed (Figures 3(b) and 3(c)). Many of these genes,
such as GRB7, PGAP3, STARD3, and MIEN1, have been
reported to be coamplified and overexpressed with ERBB2
in breast tumors in the “ERBB2 amplicon”, located on the
long arm of chromosome 17 (17q12), neighboring the ERBB2
coding sequence [65–68]. STRING analysis [27] of the 17
differentially expressed genes in Figure 3(b) (obtained by
ANOVA expression analysis, p value>10∧-4, log2 FC> |1.5|)
revealed a considerable number of known or predicted pro-
tein interactions, supporting the functional interconnections
in the selected list (not shown). Using the “Translational”
workflow implemented in PATRI, the above marker list was
used to categorize potentially “Sensitive” or “Resistant” cases
in a panel of breast cancer clinical samples from TCGA data
collectionwith the respective associated clinical feature anno-
tations via random forest classification. In the resulting breast
sample hierarchical analysis heatmap, most of the predicted
“Sensitive” breast cancer samples were clustered in a compact
group (Figure 3(d)), characterized by a strong enrichment in
Her2 positive tumors asmeasured by immunohistochemistry
(IHC levels = 3+) (Figure 3(e)) having more than 90% cells
positive to Her2 staining (not shown), both characteristics
clearly associated with ERBB2 overexpression. In addition,
chromosome 17 amplification (chromosome 17 signal ratio
value) was also among the top ranking clinical annotations
differentiating predicted “Sensitive” and “Resistant” samples
in the breast cancer dataset (Figure 3(f)). Gene lists obtained
from gene expression or copy number alternative analysis
algorithms (ANOVA and Elastic Net for both copy number
and gene expression, Limma for gene expression) and with
different filtering thresholds could all identify groups of
“Sensitive” breast cancer samples significantly enriched in
Her2 IHC-positive tumors and with marked chromosome
17 amplification among the top ranking clinical reported
features in the breast cancer dataset. Interestingly, this result
was observed also with the Elastic Net copy number list
(not shown), which did not include ERBB2 among the most
significant differential genes. This observation prompted us

to test the robustness of the obtained gene signatures after
removal of the ERBB2 gene from all the previously evaluated
biomarker gene lists. Though with a lower p value, the
predictive power was still retained, with a strongly significant
enrichment inHer2 IHC-positive and chromosome 17 ampli-
fied samples among the predicted “Sensitive” (not shown),
likely driven by the other overexpressed and amplified genes
from the “ERBB2 amplicon” included in the signature.

Vemurafenib (Zelboraf) is a B-Raf inhibitor approved
for the treatment of late-stage melanoma. It selectively
inhibits melanoma cells harboring the V600E BRAF acti-
vating mutation, being inactive on WT BRAF cells [34].
Using the PATRI workflow, statistical mutation analysis in
a small panel of melanoma cell lines showing differential
sensitivity to vemurafenib (Figure 4(a)), provided a list of
29 mutated genes (filtered p value>0.1, log10 odds ratio>
|1|), among which mutated BRAF was the only feature
common to the 3 highly sensitive melanoma cell lines, but
also present in the resistant RPMI-7951, harboring a V600E
BRAF mutated gene (Figure 4(b)). This cell line has been
previously described as a B-Raf inhibitor resistant cell line
[69], likely due to a reactivation of theMEKpathway, inwhich
a combined treatment with the AS703026 MEK inhibitor
and the PLX4032 BRAF inhibitor could actually overcome
this resistance phenotype [69]. In 2 out of 3 BRAF mutated
sensitive cell lines, we concomitantly observed a mutation
in MutS Homolog 3 (MSH3), a gene participating in the
mismatch repair (MMR) system. Indeed, BRAF mutations
have been observed to frequently occur in colorectal tumors
cases with MSI characterized by deficient DNA mismatch
repair (dMMR) [70]. Besides, we found the ALPK2 kinase to
be preferentially mutated in BRAF wt-vemurafenib resistant
melanoma cell lines;mutations inALPK2have been proposed
to be involved in cutaneous melanoma [71]. Due to the
low number of starting cell line samples and the limited
concordance of the identified mutational profiles, we focused
only on the aboveBRAF,MSH3, andALPK2mutations for the
execution of the “Translational” workflow on a set of clinical
genomics data for about 470 melanoma samples from the
TCGAdatabase [52].Hierarchical clustering evaluation of the
melanoma samples showed a group of predicted “Sensitive”
melanoma samples with mutated BRAF and WT ALPK2;
only a small fraction of melanoma samples showed mutated
MSH3 without a clear clustering pattern (Figure 4(c)). In the
majority of melanoma samples, BRAF and ALPK2 molecu-
lar alterations appeared to be mutually exclusive; however
ALPK2 has been reported among genes that are mutated
in significantly higher proportion of melanoma cell lines
than in melanoma tumors [72]. We repeated the melanoma
clinical analysis using only BRAF for sample classification:
the resulting “Sensitive” melanoma group was enriched in
primary tumor samples derived from “trunk” rather than
other excision sites and from patients with an average lower
age as compared to predicted “Resistant” patients (54.3 versus
60.3, Figure 4(d)), in agreement with reported literature [73,
74].

We then considered a panel of lymphoma cell lines
formerly tested in our labs for sensitivity to entrectinib
([37] and Figure 5(a)), a new TRKs/ALK/ROS1 inhibitor
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Cell name Lapatinib 
IC50 (uM) Group

HCC1954 <0.010 SENSITIVE
SK-BR-3 <0.010 SENSITIVE
ZR-75-30 <0.010 SENSITIVE
AU-565 0.025 SENSITIVE
BT-474 0.193 SENSITIVE
UACC-812 0.918 SENSITIVE
HCC202 0.945 SENSITIVE
MDA-MB-231 6.150 RESISTANT
MDA-MB-436 6.233 RESISTANT
HCC1395 6.312 RESISTANT
BT-549 6.572 RESISTANT
HCC1806 6.789 RESISTANT
CAL-51 7.790 RESISTANT
EFM-19 8.567 RESISTANT
BT-483 9.544 RESISTANT
KPL-1 >10 RESISTANT
MDA-MB-134-VI >10 RESISTANT
T47D >10 RESISTANT
MCF7 >10 RESISTANT
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Figure 3: “Translational” analysis of lapatinib sensitivity in breast cancer cell lines and clinical samples. Results of PATRI “Translational”
analysis workflow performed on a panel of breast cancer cell lines sensitive or resistant to lapatinib treatment and on a panel of 1017 TCGA
breast cancer clinical samples. (a) List of treated breast cell lines with respective lapatinib IC50 values. A threshold of 1𝜇M was chosen
to define “Sensitive” and “Resistant” cell lines. (b) Heatmap dendrogram of 17 markers differentiating lapatinib sensitive versus resistant
breast cell lines, obtained by ANOVA gene expression analysis (p value>10−4, log2 FC>|1.5|). Significantly high or low expressed genes are
highlighted in red and green, respectively. (c) Scatter plot visualization of the identified genes in the different cell lines, combining dot size,
representing magnitude of copy number values, and dot color shades, ranging from low (green) to high (red) gene expression values. (d)
Heatmap representing hierarchical cluster analysis via random forest categorization of the predicted “Sensitive” or “Resistant” 1071 breast
cancer samples, based on the selected genes (with the exception of TMEM35B, not represented in the clinical dataset; sample IDs could not
be represented on the lower part of the graph). (e-f) Top ranking of significant clinical features (where available) associated with TCGA
breast cancer samples, classified as potentially “Sensitive” or “Resistant”. (e) Histogram representing distribution of clinically evaluated Her2
immunohistochemistry levels (0-3+) in the predicted “Sensitive” and “Resistant” clinical sample groups.The displayed data correspond to the
column “Her2 IHC score” in the TCGA Breast Invasive Carcinoma “Provisional” Clinical Data annotation file. (f) Box plot representing the
clinically assessed average signal value for chromosome 17 amplification in predicted “Sensitive” (4.28) and “Resistant” (1.32) clinical sample
groups. The displayed data correspond to the column “Her2 cent 17 ratio” in the TCGA Breast Invasive Carcinoma “Provisional” Clinical
Data annotation file.

currently showing great promise in phase I/II clinical trials
on tumors driven by rearrangements of one of these kinases
[37, 75]. The panel included 4 anaplastic large cell lymphoma
(ALCL) cell lines, all harboring the nucleophosmin NPM-
ALK rearrangement [76], and all extremely sensitive to
treatment with entrectinib. In the PATRI gene expression
analysis of the 4 sensitive versus 7 resistant lymphoma cell
lines with Limma, ALK resulted as the most statistically
significant overexpressed kinase (Figures 5(b) and 5(c)). The

most differentially expressed genes (p value<10−7, logFC>
|5|, Figures 5(b) and 5(c)) found in the entrectinib sensitive
lymphoma cell lines were subjected to STRING analysis
[27] and resulted to be significantly networked with ALK
(Figure 5(d)) and found to be transcriptionally regulated
in ALK activated pathways [[26, 77–80] and reviewed in
[81, 82]]. “Translational” analysis of these markers in two
distinct gene expression clinical non-Hodgkin’s lymphoma
datasets (GSE14879, 20 samples [25], and GSE19069, 130
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Cell name Vemurafenib 
IC50 (uM) Group

A375 <0.010 SENSITIVE
SK-MEL-3 <0.010 SENSITIVE
SK-MEL-28 <0.010 SENSITIVE
SK-MEL-2 >10 RESISTANT
RPMI-7951 >10 RESISTANT
Mewo >10 RESISTANT
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Figure 4: “Translational” analysis of vemurafenib sensitivity in melanoma cell lines and clinical samples. Results of PATRI
“Translational” analysis workflow performed on a panel of melanoma cell lines sensitive or resistant to vemurafenib treatment and on a
panel of 478 TCGAmelanoma clinical samples. (a) List of melanoma cell lines with respective vemurafenib IC50 values. A threshold of 1𝜇M
was chosen to define “Sensitive” and “Resistant” cell lines. (b) Heatmap dendrogram for the results of PATRI odds ratio mutational analysis in
“Sensitive” versus “Resistant” melanoma cell lines. Red, mutated genes; green, wild type genes. (c) Heatmap representing hierarchical cluster
mutation analysis via random forest categorization of the predicted “Sensitive” or “Resistant” 478 melanoma TCGA samples, based on 3
selected mutated genes: BRAF, MSH3, ALPK2 (sample IDs could not be represented on the lower part of the graph). (d) Box plot representing
the reported age distribution in predicted “Sensitive” (avg. 54.3) and “Resistant” (avg. 60.3) clinical melanoma sample groups. The displayed
data correspond to the column “Age” in the TCGA Skin Cutaneous Melanoma (TCGA, Provisional) Clinical Data annotation file.

samples [26]) correctly predicted and clustered the 5 ALK-
positive ALCL samples from GSE14879 (Figure 5(e)), with
immunohistochemistry positivity features for ALK (Fig-
ure 5(f)) and PRF1 (not shown) and younger age (Figure 5(g))
ranking with highest statistical significance. Interestingly, a
comparable result was achieved with a 22-gene list obtained
with ANOVA gene expression analysis (p value<10−5, logFC>
|4.5|) not containing ALK, though with a less defined

heatmap “Sensitive” versus “Resistant” cluster pattern (not
shown). In GSE14879, predicted “Sensitive” samples included
most of the ALK-positive ALCL samples and also included
5 Peripheral T-Cell lymphoma, unspecified (PTCL-NOS)
samples, however displaying again ALK-positive diagnosis
and lower age among the top ranking significant clinical
associated parameters (not shown).Mutational analysis of the
entrectinib-treated lymphoma cell line panel did not provide
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Cell name Entrectinib
IC50 (uM) Group

SU-DHL-1 0.020 SENSITIVE
KARPAS-299 0.031 SENSITIVE
SUP-M2 0.041 SENSITIVE
SR-786 0.081 SENSITIVE
SU-DHL-6 3.118 RESISTANT
SU-DHL-4 3.388 RESISTANT
GRANTA-519 3.467 RESISTANT
SU-DHL-10 3.799 RESISTANT
U-937 4.376 RESISTANT
SU-DHL-8 4.829 RESISTANT
TOLEDO 4.890 RESISTANT
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Figure 5: “Translational” analysis of entrectinib sensitivity in lymphoma cell lines and clinical samples. Results of PATRI “Translational”
analysis workflow performed on a panel of lymphoma cell lines sensitive or resistant to entrectinib treatment and on two panels of 20 and 130
lymphoma clinical samples (GSE14879 [25] and GSE19069 [26], respectively). (a) List of lymphoma cell lines with respective entrectinib IC50
values. A threshold of 1𝜇Mwas chosen to define “Sensitive” and “Resistant” cell lines. (b) Heatmap dendrogram of 26 markers differentiating
entrectinib sensitive versus resistant lymphoma cell lines, obtained by Limma gene expression analysis (p value<10−7, logFC>|5|). Significantly
high or low expressed genes are highlighted in red and green, respectively. (c) Volcano plot visualizing significance and magnitude of
gene expression differences in sensitive versus resistant conditions, with pop-up indicating ALK expression level. Significantly high or low
expressed genes (p value<0.05, logFC>|1|) are highlighted in red and green, respectively. (d) Results from STRING analysis [27] showing the
protein-protein interaction network connecting the identified genes (STRING interaction score: 0.150). (e)Heatmap representing hierarchical
cluster analysis via random forest categorization of the predicted “Sensitive” or “Resistant” GSE14879 lymphoma samples, based on the
selected genes (sample IDs are represented on the lower part of the graph). (f-g) Top ranking of significant clinical features associated with
GSE14879 lymphoma samples, classified as potentially “Sensitive” or “Resistant”. (f) Histogram representing distribution of clinically assessed
ALK immunohistochemistry (IHC) positivity (reported in [25]) in the predicted “Sensitive” and “Resistant” sample groups. (g) Box plot
representing the distribution of the reported age [25] in predicted “Sensitive” (avg. 21.6) and “Resistant” (avg. 61.3) lymphoma sample groups.
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Figure 6: Simulation of “Clinical” analysis workflow based on presumed ALK inhibitor sensitivity in lymphoma clinical samples.
Results of PATRI “Clinical” analysis workflow, simulated using two panels of lymphoma clinical samples. The 5 ALK-positive ALCL
samples in the GSE14879 dataset (sample IDs: GSM368499, GSM368506, GSM368519, GSM368565, and GSM368566) were presumed to
be ALK inhibitor responders and set as “Sensitive” samples only for validation purposes, using the PATRI available gene expression analysis
algorithms. (a) Heatmap representing hierarchical cluster analysis via random forest categorization of the predicted “Sensitive” or “Resistant”
130 samples in the lymphoma GSE19069 dataset (sample IDs could not be represented on the lower part of the graph), starting from a
filtered 17-gene expression biomarker list obtained by Limma analysis of the GSE14879 dataset (p value<10−10, logFC>|1|). (b) Histogram
representing lymphoma diagnosis distribution for the 14 predicted “Sensitive” and the 116 “Resistant” lymphoma samples from the GSE19069
dataset (ALCL, ALK+: anaplastic large cell lymphoma ALK-positive; ALCL, ALK-: anaplastic large cell lymphoma ALK-negative; PTCL-
NOS: peripheral T-cell lymphoma, unspecified; ATLL: adult T-cell leukemia/lymphoma; Angioimmunoblastic: angioimmunoblastic T-cell
lymphoma).

significant results, while copy number analysis with ANOVA
revealed only two markers with significant microalterations,
namely, TCR gamma alternate reading frame protein (TARP)
loss and ADAM metallopeptidase domain 6 pseudogene
(ADAM6) gain in entrectinib sensitive, ALK-positive cell
lines. The significance of these two markers could not be
explored using the PATRI translational workflow, since only
gene expression data were available for the same samples in
the two lymphoma clinical datasets.

The same lymphoma clinical datasets were also used
to simulate a “Clinical” workflow analysis, presuming the
5 ALK-positive ALCL samples in the GSE14879 dataset as
ALK inhibitor treatment “responder” patient samples for
validation purposes. PATRI biomarker analysis was executed
with Limma and a filtered 17-gene list (p value<10−10, logFC>
|1|) was used for exploration and sensitivity prediction in
the lymphoma GSE19069 dataset (Figure 6(a)), resulting in
the prediction of 14 “Sensitive” lymphoma samples mostly
containing ALK-positive ALCL samples, with top ranking
clinical annotations for ALK-positive ALCL diagnosis (Fig-
ure 6(b)) and younger age (not shown). The provided results
illustrate the feasibility of the PATRI “Clinical” analysis
workflow for the quick evaluation and the comparison of
“training versus test” dataset biomarker analysis correlations
for all available clinical datasets with consistent phenotypic
annotations.

4. Conclusion

In this work, we describe PATRI, a freely available standalone
tool conceived as a biomarker data analysis “starter kit”
for basic users, enabling flexible storage, analysis, and com-
plementation of preclinical and clinical baseline genomics
data for correlation with treatment sensitivity, allowing the
exploration of potential predictive therapeutical biomarkers.

The current version of the tool design, along with widely
accepted algorithms and graphical representations, intro-
duces a “Translational” workflow, supporting rapid clini-
cal evaluation of putative preclinical therapeutic response
biomarkers in annotated clinical genomics datasets, based
on random forest categorization in parallel with phenotypic
significance analysis. The same workflow can also be applied
across distinct clinical datasets (“Clinical” workflow).

We have proposed examples of use of PATRI with in-
house sensitivity data from representative targeted drugs
with well-established mutated or overexpressed biomark-
ers; however, PATRI might also be applied to support the
identification of new relevant biomarkers and indicators
of sensitivity in other types of treatments, such as RNA
interference or CRISPR/Cas9 screenings, as well as for the
evaluation of their frequency and relevance in the clinics.

The PATRI structure can be integrated with further
analysis methods, available as R packages, making the tool



BioMed Research International 11

a suitable platform for future implementation of innovative
analysis approaches in biomarker discovery, such as the
integration of novel prediction algorithms [83–86], possibly
supporting also the identification of synergistic combinations
[87], or the handling of confounding factors in preclinical
cancer model variability [88]. One easy adaptation might be,
for example, the emerging promising field of the identifica-
tion of splicing gene isoforms or transcriptomics biomarkers
as novel predictors of drug response [89].
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Introduction. Metastasis prostate cancer (CaP) occurs in a small fraction of patients. Improved prognostication of disease
progression is a critical challenge. This study examined alkaline phosphatase velocity (APV) in predicting distant metastasis-free
survival (DMFS).Materials andMethods.This retrospective cohort study examined CaP patients enrolled in the Center for Prostate
Disease Research (CPDR) multicenter national database who underwent RP and experienced BCR (n=1783). BCR was defined as
a PSA ≥ 0.2 ng/mL at ≥ 8 weeks post-RP, followed by at least one confirmatory PSA ≥ 0.2 ng/mL or initiation of salvage therapy.
APV was computed as the slope of the linear regression line of all alkaline phosphatase (AP) values after BCR and prior to distant
metastasis. APV values in the uppermost quartile were defined as “rapid” and compared to the lower three quartiles combined
(“slower”). Unadjusted Kaplan Meier (KM) estimation curves and multivariable Cox proportional hazards analysis were used to
examine predictors of DMFS. Results. Of the 1783 eligible patients who experienced post-RP BCR, 701 (39.3%) had necessary AP
data for APV calculation. PSA doubling time (PSADT) and APV were strongly associated (p=0.008). No differences in APV were
observed across race. In KM analysis, significantly poorer DMFS was observed among the rapid versus slower APV group (Log-
rank p=0.003). In multivariable analysis, a rapid APV was predictive of a twofold increased probability of DMFS (HR = 2.2; 95%
CI = 1.2, 3.9; p = 0.008), controlling for key study covariates. Conclusions. Building on previous work, this study found that rapid
APVwas a strong predictor of DMFS for a broader group of CaP patients, those who undergo post-RP BCR who were enrolled in a
longitudinal cohort with long-term follow-up and equal health care access. APV is worth considering as a complementary clinical
factor for predicting DMFS.

1. Introduction

Prostate cancer (CaP) is the most common nonskin cancer
in the United States and the third leading cause of cancer-
related death in men with 161,360 new cases and 26,730
deaths estimated in 2017[1].Themajority ofmenwith prostate
cancer do not die of their disease [1–3]. Development of
distant metastasis is a useful surrogate of prostate cancer
specific death. Clinical predictors of CaP progression have

included PSA doubling time (PSADT) and more recently
alkaline phosphatase (AP) velocity (APV) [4–6]. AP is
a known marker of bone-turnover, specifically osteoblast
activity. In prior studies, AP has been shown to be elevated
in men with bony metastasis and AP elevation is correlated
to metastatic burden [7]

Previous, related research conducted at the Center for
Prostate Disease Research (CPDR) evaluated men with
castrate-resistant CaP (CRPC) [4, 8]. Alkaline phosphatase
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velocity (APV) has also been studied as a means to predict
progression in men with CaP. A recent article evaluating
the CPDRmulticenter national database examined men who
had castrate-resistance prostate cancer (CRPC) following
androgen deprivation therapy and reported that faster APV
was a strong predictor in combination with PSA doubling
time (PSADT) in predicting development of distant bone
metastasis. A similar study retrospectively evaluated patients
enrolled at Memorial Sloan Kettering Cancer Center to
confirm findings from the CPDR study. In theMSKCC study,
Hammerich et al. showed that, among patients with post-RP
CRPCwho received ADT for an elevated PSA, those who had
rapid APV progressed more quickly to bone metastasis and
had poorer overall survival compared to those with slower
APV [9]

The primary study aim was to examine APV as a predic-
tor of distant metastasis-free survival (DMFS) among men
who experienced biochemical recurrence following radical
prostatectomy (RP) in the context of an equal access health
care system. A secondary aim was to confirm the joint roles
of APV with PSADT in predicting DMFS.

2. Methodology

2.1. StudyDesign and Source of Study Subjects. Thestudy pop-
ulation was comprised of men enrolled in the Institutional
ReviewBoard-approvedCenter for ProstateDiseaseResearch
(CPDR) multicenter national database (described in detail
previously) [10]. Briefly, patients under suspicion for CaP
are eligible for enrolment at five US military and 1 civilian
medical center nationwide. A total of 8,041 men with biopsy-
confirmed CaP detected between 1989 and 2013 and who
underwent RP as primary treatment (i.e., within 6 months
of CaP diagnosis) were eligible. The main exclusion criterion
was no evidence of BCR during study interval (n=6,101).
Patients were also excluded if they had less that 1-year follow-
up (n=60) or if there was M1 disease at presentation (n=15)
or positive nodal status at diagnosis (n=82).

2.2. Demographic, Clinical, Pathologic, and Treatment Infor-
mation. For each subject, data were obtained on age at CaP
diagnosis, age at RP, self-reported race, PSA at diagnosis
(ng/mL), D’Amico risk stratum (low, intermediate, and high),
pathologic T stage (T2, T3-4), pathologic grade (≤6, 3+4, 4+3,
and 8-10), surgical margin status (positive, negative), extra-
capsular extension or ECE (positive, negative), and seminal
vesicle invasion or SVI (positive, negative). PSA doubling
time (PSADT) was calculated as previously described by
Pound et al. [6] using all available PSAvalues at least 3months
apart after BCR. If the slope of the linear regression line was 0
(i.e., elevated but constant PSA levels) or negative (decreasing
PSA levels after an initial increase), the PSADT was set to 10
years (120 months). Detailed information on all treatments
received beforewere obtained and categorized as neoadjuvant
pre-RP), adjuvant (post RP but pre-BCR), and salvage (post-
BCR).

2.3. Assessment of Alkaline Phosphatase (AP) Kinetics. APV
was computed as the slope of the linear regression line of

all alkaline phosphatase (AP) values after RP and prior to
METs. APV values in the uppermost quartile were defined
as “rapid” and compared to those in the lower 3 quartiles
combined. Finally, a kineticsmeasure of alkaline phosphatase
velocity (APV) was calculated by using the slope of the
linear regression line of the AP values plotted against time
in years. This was computed using all AP values drawn at
least 3 months apart and obtained after CRPC developed but
before radiographic scan-detectedmetastasis to bone or other
locations (e.g., visceralmetastasis). APVwas dichotomized at
the observed upper quartile of all observed AP values in this
study sample (<3.11 versus ≥3.11 U/L-year).

2.4. Primary Study Endpoint. The primary study endpoint
was distant metastasis-free survival (DMFS). Presence of
metastases was ascertained based on complete radiographic
scan history (bone scan, CT scan, andMRI), captured as part
of ongoing data collection activities for theCPDRmulticenter
national database. Time to DMFS was calculated as the
number of years elapsed from time point of documented BCR
to distant metastasis or until end of study period for those
who did not experience distant metastasis.

2.5. Statistical Analysis. Descriptive statistics includedmeans
and standard deviations (SD), frequencies, and percentages.
Student's t-tests or Wilcoxon-Mann-Whitney tests were used
to compare distributions in continuous patient characteris-
tics, including age and time variables, across APV groups.
Mantel Haenzsel chi-square tests were used to examine
differences in the distributions of categorical variables across
APV groups.

Unadjusted Kaplan Meier (KM) estimation curves were
used to model time to distant-metastasis-free survival
(DMFS) across APV strata and PSADT strata. The log
rank test and its associated p-value are reported for KM
analyses. Multivariable Cox proportional hazards analyses
were used to model DMFS controlling for demographic,
clinical, pathologic, treatment, and time covariates. Hazard
ratios (HR) and corresponding 95% confidence intervals (CI)
and p-values are reported.

All statistical tests are 2-sided (summary alpha error =
0.05), and the decision rule was based on a p-value < 0.05.
All statistical analyses were performed using SAS version 9.3
and R.

3. Results

Of the 1,783 patients who experienced post-RP BCR, suffi-
cient alkaline phosphatase (AP) data were available for 701
(39.3%) subjects. This subset represents the study cohort
(Figure 1). There were 63 patients (9%) who developed
distantmetastases during amean follow-up time of 10.1 years.
Among these 63metastatic patients, 36 (57.4) were confirmed
by bone scan, 24 (38.1%) were confirmed by CT scan, 2 (3.2%)
were confirmed by MRI, and 1 patient (1.6%) was detected
with a metastasis of CaP to the bladder. Per definition of
the APV categorized variable, those with a “rapid” APV
accounted for 25% of the cohort and the remaining 75% had
a slower APV (Table 1). A majority of patients (62%) received
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Confirmed Biochemical Recurrence
N= 1,783

(Metastasis events: N= 205 (11.5%))

Patients with a prostate cancer diagnosis 
between 1989-2013 who underwent radical 

prostatectomy (RP)
N=8,041

Exclusion Criteria

M1 disease at diagnosis (n=15)
No Biochemical Recurrence (n=6,242)
< 1 year of follow-up time a�er RP (n=60)
Positive Nodal Status (n=82)

Alkaline Phosphatase information available
N=701 (39.3%)

Metastatic events: N=63 (9.0%)

Missing Alkaline Phosphatase information
N=1,082 (60.7%)

Metastatic events: N=142 (13.1%)

Figure 1: Flow diagram of study population selection.

Figure 2: Unadjusted Kaplan-Meier estimation curve of distant
metastasis-free probability stratified by alkaline phosphatase veloc-
ity (APV) categories.

some formof salvage treatment. Chi-square analysis did show
a significant association between APV and PSADT categories
(p=0.15).

Unadjusted Kaplan-Meier estimation curves for DMFS
stratified for APV (Figure 2) and PSADT (Figure 3) demon-
strated that those with rapid versus slower APV group had
poorer DMFS (p=0.003) as did patients with faster versus
slower PSADT (<10 versus ≥10 months) (p=0.0004). KM
analysis was also performed for PSADT cutpoints by Freed-
land et al. which demonstrated strong associatedwithDMFS-
free survival (p<0.0001).Though there were few observations
in the PSADT <3 months category, data are presented for
Pound et al. cutpoints.

In multivariable Cox proportional hazards analysis, only
rapid APV (HR

>=3.11 vs. <3.11 = 2.2; 95% CI=1.2, 3.9; p=0.008),
PSADT (HR

<10 vs. >=10 = 2.0; CI=1.1, 3.8; p=0.03), and patho-
logical Gleason (HR

8-10 versus 6 =2.3; CI=1.0, 5.1; p=0.04) were
statistically significant predictors of DMFS (Table 2).

Figure 3: Unadjusted Kaplan-Meier estimation curve of distant
metastasis-free probability stratified byPSAdoubling time (PSADT)
categories.

Due to concerns over study bias that might have been
caused by missing AP data, preventing calculation of APV,
comparisons were made across the subsets of subjects with
versus without adequate AP data, across demographic, clin-
ical, pathologic, and treatment variables (Table 3). Among
statistically significant differences noted, those with versus
without AP data had a longer follow-up (10.1 versus 7.3 years,
p<0.001), a greater proportion of salvage treatment (62%
versus 50%, p<0.0001); a greater proportion of pT2 disease
(50% versus 54%, p=0.01), and a lower proportion of ECE
(38% versus 47%, p<0.0001).

4. Discussion

While routine examination of alkaline phosphatase (AP) in
prostate cancer care was previously observed, the introduc-
tion and widespread use of PSA screening in the late 1980s
greatly diminished its clinical use. This study, along with
previous and related work, has shown that faster AP kinetics
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Table 1: Descriptive characteristics of study sample (n=701).

Study Cohort
(N=701)

Continuous Variables Mean ± SD
Age at CaP Diagnosis (years), Mean ± SD 62.6 ± 6.4
Age at RP (years), Mean ± SD 62.8 ± 6.4
Time from RP to Distant Metastasis (years), Mean ± SD 10.1 ± 4.7
Categorical Variables N (%)
Distant Metastasis, N (%) 63 (9.0)
Neo- and/or Adjuvant Treatments Received, N (%) 127 (18.1)
Salvage Treatments Received, N (%) 437 (62.3)
PSA Doubling Time (Months), N (%)

Missing 22 (3.1)
<10 129 (18.4)
≥ 10 550 (78.5)

D’Amico risk stratum, N (%)
Missing 165 (23.5)
Low 171 (24.4)
Intermediate 199 (28.4)
High 166 (23.7)

Race, N (%)
Missing 8 (1.1)
African American 163 (23.3)
Caucasian 494 (70.5)
Other 36 (5.1)

PSA at CaP Diagnosis, N (%)
Missing 126 (18.0)
<10 371 (52.9)
10-20 139 (19.8)
>20 65 (9.3)

Pathologic Gleason Sum, N (%)
Missing 98 (14.0)
≤6 234 (33.3)
3+4 201 (28.7)
4+3 73 (10.4)
≥ 8 95 (13.6)

Pathological T stage, N (%)
Missing 15 (2.1)
T2 334 (47.6)
T3-T4 352 (50.3)

Positive Surgical Margin Status, N (%) 311 (44.4)
Positive Extracapsular Extension, N (%) 265 (37.8)
Positive Seminal Vesicle Invasion, N (%) 96 (13.7)

are predictive of poorer metastasis-free survival in distinct
subsets of prostate cancer patients.

More recently there has been a renewed interest in using
AP to predict disease progression. One study attempted to
predict overall survival in men with metastatic CRPC and
found that AP was predictive of survival (p= 0.027) whereas

PSAwas not (p=0.742) [11]. A similar paper which again used
subjects with metastatic CRPC found a median AP of 172.
When comparing men with AP ≤ 172 their median survival
was 18 months compared to 10 months in men with AP
> 172 (p< 0.001) [12]. These data show that, in men with
metastatic CRPC, AP levels can be used to predict survival.
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Table 2: Multivariable Cox proportional hazards analysis of distant metastasis-free survival.

Variable Hazard Ratio (95% CI) p-value
Age at RP1(years) 0.99 (0.95, 1.04) 0.78
Time from RP to BCR2(years) 0.92 (0.81, 1.04) 0.18
Neo- and/or Adjuvant Treatments Received

Yes vs. No 1.36 (0.69, 2.69) 0.38
Post-BCR2 Salvage Treatment Received

HT Only vs. None 0.94 (0.45, 1.98) 0.87
XRT Only vs. None 0.47 (0.15, 1.41) 0.17
Multi-Treatment∗ vs. None 1.66 (0.73, 3.79) 0.23

APV3 Upper Quartiles (U/L-Y)
≥3.11 vs. <3.11 2.18 (1.23, 3.86) 0.008

PSADT4(Months)
<10 vs. ≥10 2.01 (1.07, 3.78) 0.030

Race
African American vs. Caucasian American & Other 1.07 (0.54, 2.13) 0.84

Pathologic T stage
pT3-T4 vs. pT2 0.99 (0.47, 2.07) 0.97

Pathologic Gleason Sum
3+4 vs. ≤6 1.1 (0.53, 2.28) 0.81
4+3 vs. ≤6 0.91 (0.32, 2.58) 0.85
≥8 vs. ≤6 2.29 (1.03, 5.07) 0.042

Surgical Margin Status
Positive vs. Negative 1.08 (0.53, 2.19) 0.84

1RP=radical prostatectomy.
2BCR=biochemical recurrence.
3APV=alkaline phosphatase velocity.
4PSADT=PSA doubling time.
∗Multitreatment refers to combinations of XRT and HT.

Metwalli et al. looked at a similar question and found that, in
men with CRPC, faster APV can predict progression to bone
metastases. [9]

The current study focused on a time interval in the
continuum of CaP treatment that is further upstream than
previously examined, by analyzing the role of APV in pre-
dicting DMFS in patients who experience post-RP BCR.
These data suggests that APV can be used to predict disease
progression in numerous stages along trajectory of CaP care,
from BCR, to CRPC to metastatic CRPC.

Strengths of this study include the longitudinal, racially
diverse patient cohort with long-term patient follow-up in an
equal-access health care system. Even though many of these
patients were excluded due to lack of alkaline phosphatase
data, we still have a large patient cohort to examine the
significance of alkaline phosphatase velocity.

Limitations include the retrospective design, precluding
the ability to examined temporal changes in short intervals
of time on APV and outcome, DMFS. In addition, the role
of neoadjuvant, adjuvant, and salvage therapies was limited
to categories of any use versus none. Details on duration
of use and medication type were beyond the scope of this
study. Also, APV was categorized due to nonnormality and
strong skew in its data distribution. But identifying an
optimal cutpoint that would be useful in other cohorts is a

challenge. In this study, unbiased categories were data-driven,
with patients dichotomized into rapid versus slower groups,
representing the uppermost quartile versus the lower 3
combined, respectively.This approach is limited andmay not
be externally generalizable.

5. Conclusions

This study builds on our previous work that demonstrated
APV as a strong predictor of distant metastasis-free survival
inmenwithCRPC.This study expanded the study question to
a broader group of CaP patients—thosewho experience post-
RP BCR—and demonstrated that APV is a strong predictor
of DMFS in this patient subset as well. By examining patients
at a time point upstream of CRPC, namely, time of BCR,
this study provides support for APV as a tool for improved
prognostication of DMFS. Future work should be extended to
examine this question among patients undergoing radiation,
with or without hormone therapy, who experience biochem-
ical relapse.

Data Availability

For IRB protocol, the authors are not permitted to share raw
data files. However, they can provide any collapsed data and
statistical information that are requested.
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Table 3: Comparison of patients with versus without alkaline phosphatase (AP) data needed for calculating AP velocity (APV).

Alkaline Phosphatase Data Available
p-valueNo

(n=1,082)
Yes

(n=701)
Age at CaP1 Diagnosis (years), Mean ± SD2 62.1 ± 7 62.6 ± 6.4 0.16
Age at RP3(years), Mean ± SD 62.3 ± 7 62.8 ± 6.4 0.17
Time from RP3 to Distant Metastasis (years), Mean ± SD 7.3 ± 5.4 10.1 ± 4.7 <.0001
Distant Metastasis, N (%) 142 (13.1) 63 (9)
Neo- and/or Adjuvant Treatments Received, N (%) 195 (18) 127 (18.1) 0.96
Salvage Treatments Received, N (%) 544 (50.3) 437 (62.3) <.0001
PSA Doubling Time (Months), N (%) 0.36

Missing 69 (6.4) 22 (3.1)
<10 211 (19.5) 129 (18.4)
≥ 10 802 (74.1) 550 (78.5)

D’Amico risk stratum, N (%) 0.70
Missing 298 (27.5) 165 (23.5)
Low 241 (22.3) 171 (24.4)
Intermediate 283 (26.2) 199 (28.4)
High 260 (24) 166 (23.7)

Race, N (%) 0.35
Missing 20 (1.8) 8 (1.1)
African American 224 (20.7) 163 (23.3)
Caucasian 790 (73) 494 (70.5)
Others 48 (4.5) 36 (5.1)

PSA at CaP Diagnosis, N (%) 0.27
Missing 222 (20.5) 126 (18)
<10 582 (53.8) 371 (52.9)
10-20 177 (16.4) 139 (19.8)
>20 101 (9.3) 65 (9.3)

Pathologic Gleason Sum, N (%) 0.17
Missing 227 (21) 98 (14)
≤6 328 (30.3) 234 (33.3)
3+4 249 (23) 201 (28.7)
4+3 112 (10.4) 73 (10.4)
≥ 8 166 (15.3) 95 (13.6)

Pathological T stage, N (%) 0.011
Missing 54 (5) 15 (2.1)
pT2 436 (40.3) 334 (47.6)
pT3-T4 592 (54.7) 352 (50.3)

Positive Surgical Margin Status, N (%) 506 (46.8) 311 (44.4) 0.16
Positive Extracapsular Extension, N (%) 511 (47.2) 265 (37.8) <.0001
Positive Seminal Vesicle Invasion, N (%) 163 (15.1) 96 (13.7) 0.27
1CaP = prostate cancer.
2SD= standard deviation.
3RP = radical prostatectomy.
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Lung cancer is one of the leading causes of cancer-related death in the world. MicroRNA- (miR-) 628-3p plays critical roles
in many cancers, including lung cancer. We investigated how miR-628-3p affected migration and apoptosis in A549 cells. We
used bioinformatics algorithms to predict the miR-628-3p target gene to study the molecular mechanism by which miR-628-3p
contributes to lung cancer. Then, we used the luciferase reporter assay to identify whether heat shock protein 90a (HSP90) is a
direct target of miR-628-3p. Western blotting and quantitative real-time PCR showed that miR-628-3p downregulated HSP90a
protein expression via a posttranscriptional mechanism. We confirm that miR-628-3p promotes apoptosis and inhibits migration
in A549 cells by negatively regulating HSP90. Our results may reveal a novel strategy for lung cancer treatment.

1. Introduction
Lung cancer is the most common cancer in the world and is
the leading cause of cancer-related deaths [1].The occurrence
and development of lung cancer are a complex, multistep,
and multilevel process involving multiple factors, and the
mechanism involved remains unknown. Lung cancer has
become a challenging topic and hotspot in tumor research.
Although research on the early diagnosis and treatment of
lung cancer in recent years has become more in depth, the
overall prognosis and survival of patients with lung cancer
are unsatisfactory; therefore, there is still much to be done in
lung cancer research and treatment.

There are many types of lung cancer, among which non-
small cell lung cancer (NSCLC) is the main type, accounting
for about 75–80% of lung cancer cases [2]. As the symptoms
are not apparent and detection is difficult at stage I and
II NSCLC, it is mostly diagnosed at the late stages, which
reduces the five-year survival rate.Therefore, earlier detection
of lung cancer is needed and could lead to more effective
management of the disease.

There are a variety of abnormal factors in lung cancer [3, 4];
research into the mechanism of action has been performed at
molecular level, but the exact molecular mechanism remains

unclear. With the development of molecular biology technol-
ogy, the discovery of microRNAs (miRNAs) has opened up a
new avenue in lung cancer research and provides new ideas
and approaches for diagnosing and treating lung cancer.

miRNAs are a family of naturally occurring, small,
endogenous noncoding RNAs that are 18–25 nucleotides in
length [5]. miRNAs influence many biological processes,
including cell proliferation, apoptosis, development, differ-
entiation, migration, and survival. miRNAs are differentially
expressed in cancer and play important roles in regulating
gene expression by base-pairing to the complementary sites
on the target mRNAs, consequently blocking translation
or triggering the degradation of the target mRNAs [6, 7].
Growing evidence has demonstrated the role of miRNAs
in many human tumors, including breast [8], ovarian [9],
pancreatic [10], thyroid [11], and lung cancers [1].

The altered expression of tissue miRNAs has been associ-
ated with many diseases, particularly cancer. In recent years,
the role ofmiR-628-3p in cancer has received increased atten-
tion. miR-628-3p is abnormally expressed in many cancers,
such as colon [12], gastric [13], and pancreatic cancer [14].
Themost recent study, which performedTaqMan low-density
DNAmicroarray comparative analysis ofmore than 200 cases
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Table 1: siRNAs against HSP90 gene.

siRNA Sequence Target mRNA sequence

siRNA 1 F: 5- GCCCUAAGAGACAACUCAAdTdT-3 5-GCCCTAAGAGACAACTCAA-3
R: 3- dTdTCGGGAUUCUCUGUUGAGUU-5

siRNA 2 F: 5- GGAACGUGAUAAAGAAGUAdTdT-3 5-GGAACGTGATAAAGAAGTA-3
R: 3- dTdTCCUUGCACUAUUUCUUCAU-5

siRNA 3 F: 5- GCACCAGAAUGAAGGAGAAdTdT-3 5-GCACCAGAATGAAGGAGAA-3
R: 3- dTdTCGUGGUCUUACUUCCUCUU-5

of early lung cancer andmore than 170 cases of normal human
plasma samples, found abnormal high expression miR-628-
3p in the lung cancer cases, suggesting that miR-628-3p can
be used as a marker of early diagnosis of lung cancer [15].
However, the regulatorymechanismofmiRNA in lung cancer
is not clear, and more research is needed.

At present, numerous clinical studies have confirmed that
the remission rate of molecular targeted drugs in patients
with lung cancer is not very high, and drug resistance against
targeted drugs is increasing. Therefore, further study of the
main target in lung cancer is imperative, and developing lung
cancer treatment closely related to miRNA-target research
has gradually become a hot research topic. Identifying the
target of miR-628-3p and clarifying the mechanism of miR-
628-3p would provide new ideas andmethods for diagnosing
and treating lung cancer.

Heat shock protein 90a (HSP90a), one of the most
abundant and conserved chaperone proteins, aids in preserv-
ing the integrity and function of numerous client proteins.
Plasma HSP90a protein levels are useful as a diagnostic
biomarker in lung cancer [16].

In this study, we investigated the relationship between
miR-628-3p andHSP90a inA549 lung cancer cells.Moreover,
we provide evidence that HSP90 is a target gene of miR-628-
3p in A549 cells.

2. Materials and Methods

2.1. Cell Culture. 293T and A549 cells were cultured in
Dulbecco’s modified Eagle’s medium (Invitrogen, USA) sup-
plemented with 10% (v/v) fetal bovine serum (Gibco, USA)
and 1% antibiotics (100U/mL penicillin and 100mg/L strep-
tomycin sulfate). All cells were grown in a humidified
atmosphere at 37∘C with 5% CO

2
.

2.2. Oligonucleotide Transfection. miR-628-3p mimics and
HSP90 small interfering RNAs (siRNAs) were designed and
synthesized by RiboBio (Guangzhou, China); Table 1 lists
their sequences and the targeted mRNAs.

Cells were plated on 6-well plates (Corning, USA)
and cultured overnight to 40–60% confluence. Transfection
was performed with Lipofectamine 3000 (Invitrogen, USA)
according to the manufacturer’s protocol. After 48 h, we
harvested the cells and detected HSP90 and miR-628-3p by
western blotting and quantitative real-time polymerase chain
reaction (qRT-PCR), respectively.

2.3. Apoptosis Assay. Apoptosis was determined by annexin
V and propidium iodide (PI) staining using an apoptosis

detection kit (556547, BD) according to the manufacturer’s
instructions. Briefly, A549 cells were transfected with 50 nM
NC mimic, miR-628-3p mimic, or HSP90 siRNAs for 48 h.
Then, the cells were washed with 50mmol/L cold phosphate
buffer (pH 7.5), centrifuged at 1200×g for 5min, and sus-
pended in binding buffer.

The treated cells were incubated with annexin V and
PI for 15min at room temperature and then analyzed for
annexin V binding affinity within 1 h by flow cytometry (BD
Accuri C6).

2.4. RNA Extraction and qRT-PCR. Total RNA from the cells
was extracted using TRIzol (Invitrogen) according to the
manufacturer’s protocol. Complementary DNA (cDNA) was
synthesized from 1 𝜇g total RNA with a PrimeScript reverse
transcription (RT) reagent kit with genomic DNA (gDNA)
Eraser (TaKaRa, China) in a 20 𝜇L volume [mRNA genes,
RT primers; miRNA, U6 rRNA, andmiRNA-specific primers
(Bulge-Loop miRNA quantitative PCR (qPCR) primers,
RiboBio)]. Real-time PCR was carried out with SYBR Green
I mix reagents (TaKaRa, Dalian, China) in a 20 𝜇L reaction
volume (10 𝜇L SYBR Green I mix, 200mM forward and
reverse primer, 1 𝜇L cDNA template) on a 7500 Real-Time
PCR System (Applied Biosystems). Each reaction was run in
triplicate; the threshold cycle (Ct) data were determined by
fixed threshold settings, and the average Ct of triplicate PCR
was calculated. The relative miRNA levels were confirmed
using the comparative Ct method. The amount of internal
control U6-related miRNAwas calculated using the equation
2−ΔΔCt, in which ΔΔCt = (Ct miRNA − Ct U6) tumor − (Ct
miRNA − Ct U6) control. The relative amount of HSP90
mRNA was normalized to 18s rRNA using a method similar
to the one described above.

2.5. Protein Extraction. Cells were washed three times with
phosphate-buffered saline (PBS) chilled to 4∘C. Whole-cell
proteins were extracted with M-PER Mammalian Protein
Extraction Reagent (78503, Thermo Fisher Scientific, USA)
containing protease and phosphatase inhibitor (Roche, Ger-
many) at 4∘C for 30min. Then, the samples were centrifuged
at 14,000×g for 10min, and the supernatant was transferred
to a new tube for analysis.

2.6. AutomatedWestern Immunoblotting. Before blotting, the
protein was quantified using the bicinchoninic acid (BCA)
method. Simple western immunoblotting was performed on
a Peggy Sue system (ProteinSimple, California, USA) using
a Size Separation Master Kit with Split Buffer (12–230 kDa)
according to the manufacturer’s standard instruction and
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using anti-HSP90 (4877S, CST, USA) and anti-𝛽-actin
(4970S, CST, USA) antibodies. Compass software (version
2.7.1, ProteinSimple) was used to program the Peggy Sue
and for presentation (and quantification) of the western
immunoblots. Output data were displayed from the software-
calculated average of seven exposures (5–480 s).

2.7. Luciferase Reporter Assay. We used luciferase reporter
assays to verify whether miR-628-3p directly targets the
HSP90 gene and used a pHY-REPORT system (Hanyin
Biotechnology, Shanghai, China). Briefly, 46-mer double-
stranded oligonucleotides containing the predicted miRNA
binding sites inHSP90 were synthesized and ligated between
the XhoI and BamHI restriction sites of the pHY-REPORT
luciferase vector to establish the pLUC-HSP90 vector.

A549 cells were cotransfected with 50 nM miR-628-3p
mimic or negative control (NC) mimic in 96-well plates
containing 200 ng/𝜇L pLUC-HSP90 or pLUC-mutHSP90
plasmid and 10 ng Renilla luciferase (internal transfection
efficiency control). After 24-h transfection, luciferase activ-
ity was detected using a Dual-Luciferase Reporter Assay
System (Promega, USA) according to the manufacturer’s
protocol. Luminescence intensity was read with a microplate
luminometer using the corresponding Promega protocol.
Transfectionswere performed in duplicate and repeated three
times.

2.8. Wound Healing Assay. An in vitro wound healing assay
was performed to measure the unidirectional migration of
A549 cells. A549 cells (10 × 104 cells/mL) were seeded in 6-
well plates and were allowed to grow for 24 h after being
transfected with miR-628-3p mimic, NC mimic, or HSP90
siRNAs. Then, the A549 monolayers were scratch-wounded
in a straight line using a 10 𝜇L pipette tip when cells were
70–80% confluent. Immediately after wounding and after
24 h incubation, the cells were photographed under a micro-
scope (Axio Observer A1, Zeiss, Germany). Migration was
calculated as the area of A549 cells that had migrated from
the injured edge in to the wound zone. At least four points in
each of three random fields were examined for each of three
independent wounds. The wound closure (%) was calculated
as migrated cell surface area/total surface area × 100.

2.9. Statistical Analysis. All data are presented as the mean ±
SEM and were analyzed using SPSS16 software. 𝑝 values were
calculated using Student’s unpaired t-test (for two groups)
or 𝑍-way analysis of variance (for more than two groups).
Statistical significance was taken at 𝑝 < 0.05 and 𝑝 < 0.001.

3. Results
3.1. Screening ofmiR-628-3pTarget Genes. TargetScan (http://
www.targetscan.org/mamm 31/) andNCBI (https://www.ncbi
.nlm.nih.gov/) were used to analyze the information ofmulti-
ple genes that can bindwithmiR-628-3p, andwe selected nine
genes with a high degree of integration: FAS, APAF1, XIAP,
HSP90, PIK3R3, RIPK1, CASP3, PMAIP1, and AKT2.

To further screen target genes, miR-628-3p mimic was
transfected into 293T cells, and quantitative RT-PCR (qRT-
PCR) was used to detect the expression levels of the predicted
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Figure 1: miR-628-3p and target gene expression in 293T cells. ∗𝑝 <
0.05, ∗∗𝑝 < 0.001.
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Figure 2: miR-628-3p is expressed differentially in different cancer
cells. Relative levels of miR-628-3p in A549 cells were normalized
against that of the other cell lines. 𝑛 = 5, mean ± SD.

genes as regulated by miR-628-3p. Figure 1 shows that
FAS, PIK3R3, and PMAIP1 were upregulated after miR-628-
3p mimic transfection, while HSP90, CASP3, and AKT1
were downregulated; among the three downregulated genes,
HSP90was significantly downregulated, so it was selected for
further research.

3.2. miR-628-3p Was Expressed High in A549 Cells. We used
eight cancer cell lines (A549, PC-9, MCF-7, MDA-MB-231,
FTC-133, TPC-1, KTC-1, and PC-3) to select a cell line
in which to research the regulatory relationship between
HSP90 and miR-628-3p. miR-628-3p expression levels in the
cell lines were compared using qRT-PCR. As miR-628-3p
expression was higher in A549 cells than in the other cancer
cells (Figure 2), we selected the A549 cell line for further
research.

http://www.targetscan.org/mamm_31/
http://www.targetscan.org/mamm_31/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
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Figure 3: (a) Immunofluorescence images of A549 cells transfected with miR-628-3p. (b) Relative miR-628-3p expression levels after
transfection in A549 cells. ∗∗𝑝 < 0.001.

3.3. The Expression of miR-628-3p Was Efficient after Trans-
fection in A549 Cells. Cy3 was used as an indicator to verify
the vector transfection efficiency. After 24-h transfection,
the cells were photographed by fluorescence microscopy,
and each cell emitted red fluorescence (Figure 3(a)), indi-
cating that vector transfection efficiency was very high.

To verify miR-628-3p expression, A549 cells were trans-
fected with miR-628-3p mimic or NC mimic (vector
control); the cells that were not transfected with vector
were used as the blank control. miR-628-3p expression
was detected by fluorescence qPCR (Figure 3(b)), which
showed that cells transfected with miR-628-3p mimic had
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Figure 4: (a) HSP90 mRNA was downregulated in A549 cells transfected with miR-628-3p mimic. The average mRNA expression from
the NC group is designated as 1. (b, c) Western blot measurement of HSP90 protein levels after 48-h transfection with miR-628-3p mimic.
∗∗𝑝 < 0.001.

far higher miR-628-3p expression than the control, indi-
cating that miR-628-3p mimic expression was very effi-
cient.

3.4. HSP90 Protein Was Downregulated in A549 Cells Trans-
fected with miR-628-3p Mimic. Western blotting was used
to analyze the regulatory relationship between miR-628-3p
and HSP90 in A549 cells following transfection with miR-
628-3p mimic or NC mimic. Immunoblotting with anti-
bodies against HSP90 and 𝛽-actin showed that miR-628-3p
obviously inhibited HSP90 expression (Figure 4), indicating
a negative regulatory relationship between miR-628-3p and
HSP90.

3.5. miR-628-3p Regulated HSP90 Expression by Targeting
Its 3 UTR. Luciferase assay was used to confirm whether
the 3 untranslated region (3 UTR) of the predicted target
genes had putative miR-628-3p-binding sites. HSP90 was
selected as a potential target gene of miR-628-3p. TargetScan
predicted the consequential pairing of the HSP90 3 UTR
and miR-628-3p (Figure 5(a)), where the dual-luciferase

reporter assay showed that miR-628-3p directly bound to
the HSP90 3 UTR in A549 cells. To test the HSP90
putative binding site, we generated a luciferase reporter
(pLUC-HSP90) and a mutant HSP90 construct (pLUC-
mutHSP90) in which the HSP90 3 UTR was altered using
a site-directed mutagenesis kit. miR-628-3p significantly
regulated the luciferase activity of the HSP90 construct
(Figure 5(b)), whereas the mutant construct did not gen-
erate luciferase activity. These results indicate that miR-
628-3p may regulate HSP90 expression by targeting its 3
UTR.

3.6. siRNATransfection Interfered with DownregulatedHSP90
Expression. Three siRNAs targeting the HSP90 gene were
transfected into the A549 cells, and the relative mRNA
expression was measured 48 h after transfection. siRNA2
is better than the other two siRNAs (Figure 6(a)). HSP90
protein expression was detected by western blotting; siRNA2
interference downregulated HSP90 expression significantly
as compared to the other two siRNAs (Figures 6(b) and 6(c))
significantly.
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Figure 5:miR-628-3p directly regulates HSP90 expression in A549 cells by targeting the HSP90 3 UTR. (a) Predicted consequential pairing of
HSP90 3 UTR and miR-628-3p by TargetScan. (b) Luciferase assay in A549 cells. pLUC-HSP90 vector was cotransfected with miR-628-3p
mimic or NC mimic. Luciferase activity in pLUC-HSP90 A549 cells was significantly decreased following ectopic expression of miR-628-3p
mimic. ∗∗𝑝 < 0.001.

3.7. miR-628-3p Induced Apoptosis in A549 Cell. The rate
of apoptosis in the A549 cells was measured by flow
cytometry with annexin V and PI staining following 48-
h transfection. Figures 7(a) and 7(b) show the percent-
age of early or late apoptotic cells following transfec-
tion with NC mimic and miR-628-3p mimic, and Figures
7(c) and 7(d) show the percentage of early or late apop-
totic cells following transfection with the control and the
three HSP90 siRNAs. Transfection with miR-628-3p mimic
and the HSP90 siRNAs induced apoptosis in the A549
cells.

3.8. miR-628-3p InhibitedMigration in A549 Cells. To under-
stand how miR-628-3p affects cell migration, A549 cells
were transfected with HSP90 siRNAs or miR-628-3p mimic.
Transfection with miR-628-3p mimic inhibited A549 cell
migration (Figures 8(a) and 8(b)), as did transfection with
the HSP90 siRNAs (Figures 8(c) and 8(d)), suggesting that
miR-628-3p overexpression and interference with HSP90
expression have the same effect of decreasing A549 cell
migration.

4. Discussion

The 2018 US cancer statistics reported an estimated 1,735,350
new cases and 609,640 new deaths from lung and branches
cancer in the United States, indicating that lung and
branches cancer is the leading cause of death among all
tumors in the world [17]. Although the development of
diagnostic and prognostic techniques has improved the
survival of patients with lung cancer, most patients are
diagnosed at the late stage. miRNAs function as tumor
suppressors or oncogenes in various human cancers, includ-
ing lung cancer [18]. Therefore, identifying the tumor-
associated miRNAs and their target genes that underlie
lung carcinogenesis might reveal novel therapeutic tar-
gets.

Some studies have indicated that miRNAs could
play an important role in the initiation and progression
of lung cancer; for example, overexpression of miR-21
promotes radiation-resistance of NSCLC [19], miR-125b
regulates human NSCLC cell apoptosis via the phosphat-
idylinositol 3-kinase/AKT/glycogen synthase kinase 3𝛽



BioMed Research International 7

H
sp

90
 si

RN
A

1

siR
N

A
 N

C

H
sp

90
 si

RN
A

3

H
sp

90
 si

RN
A

2

0.0

0.4

0.8

1.2

H
sp

90
 m

RN
A

 R
el

at
iv

e E
xp

re
ss

io
n

∗∗

∗∗

∗∗

(a)

H
sp

90
 si

RN
A

1

siR
N

A
 N

C

H
sp

90
 si

RN
A

3

H
sp

90
 si

RN
A

2

0

1

2

3

4

Re
lat

iv
e H

SP
90

 P
ro

te
in

 L
ev

el

∗∗

∗∗

∗∗

(b)

HSP90

-actin

NC siRNA1 siRNA2 siRNA3

90

45

(k
D

a)

(c)

Figure 6: (a) qRT-PCR measurement of HSP90 relative expression after 48-h siRNA transfection. HSP90 mRNA was downregulated in
the siRNA-transfected A549 cells. The average MIR628-3P mRNA expression from the NC group is designated as 1. (b, c) Western blot
measurement of HSP90 protein after 48-h transfection. HSP90 protein was downregulated in the siRNA-transfected A549 cells. ∗∗𝑝 <
0.001.

(PI3K/AKT/GSK3𝛽) signaling pathway [20], and miR-9
regulates NSCLC cell invasion and migration by targeting
eukaryotic translation initiation factor 5A2 (EIF5A2) [21];
in addition, miR-628-3p and miR-425-3p expression is
significantly higher in early-stage lung cancer, and miR-
532 expression is significantly lower than in the other
types [15]. However, how miR-628-3p functions in lung
cancer and which gene it targets are not known. Based
on the TargetScan prediction, we selected nine genes with
high degree of integration that can bind with miR-628-
3p; among the three downregulated genes, AKT1 has an
important role in lung carcinogenesis, and depletion of
AKT1 has antiproliferative and antimigratory effects [22].
miR-9500 represses lung tumorigenesis and metastasis by
targeting AKT1 [23]. CASP3 is a previously unidentified

target of miR-137 and plays an essential role in miR-137-
mediated lung cancer progression [24]. HSP90 plays an
essential role in maintaining cellular protein homeostasis
by acting as a molecular chaperone to aid in the folding
and intracellular trafficking of its protein clients [25].
The in silico prediction indicated that HSP90 was a
potential target of miR-628-3p, and it was significantly
downregulated by miR-628-3p, so HSP90 was selected for
further study.

We found that siRNA silencing of HSP90 or HSP90
downregulation by miR-628-3p overexpression promoted
A549 cell apoptosis and inhibited A549 cell migration.
qRT-PCR and western blotting confirmed that miR-628-3p
mimic transfection into A549 cells downregulated HSP90
expression, as did HSP90 siRNA transfection. In addition,
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Figure 7: HSP90 expression levels affect A549 cell apoptosis. (a, b) miR-628-3p mimic transfection induced apoptosis in A549 cells. (c, d)
HSP90 siRNA transfection induced apoptosis in A549 cells. ∗𝑝 < 0.05, ∗∗𝑝 < 0.001.

the luciferase assay indicated that miR-628-3p may regulate
HSP90 expression by targeting its 3 UTR.

5. Conclusion

In summary, our results indicate that miR-628-3p pro-
motes A549 cell apoptosis and inhibits A549 cell migration
by negatively regulating HSP90. Further studies should

consider the relationship between miR-628-3p and HSP90,
which may reveal a novel therapeutic strategy for lung
cancer.

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.
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Figure 8: RNA interference of HSP90 inhibits wound healing. (a) A549 cells transfected with control, NC mimic, and miR-628-3p mimic
photographed at 0 h and 24 h after wounding. (b) Scratch wound closure in A549 cells transfected with control, NC mimic, and miR-628-3p
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Background. Developing histological prediction models that estimate the probability of developing metastatic deposit will help
clinicians to identify individuals who need either radical or prophylactic neck dissection, which leads to better prognosis.
Identification of accurate predictive models in oral cancer is important to overcome extensive prophylactic surgical management
for neck nodes. Therefore, accurate prediction of metastasis in oral cancer would have an immediate clinical impact, especially
to avoid unnecessary radical treatment of patients who are at a low risk of metastasis. Methods. Histologically confirmed OSCC
cases with neck dissection were used. Interrelation of demographic, clinical, and histological data was done using univariate and
multivariate analysis. Results. 465 cases were used and presence of metastasis and extracapsular invasion were statistically well
correlated with level of differentiation (𝑝 < 0.001) and pattern of invasion (𝑝 < 0.001). Multivariate analysis showed level of
differentiation, pattern of invasion, and stage as predictors of metastasis. Conclusions. The proposed predictive model may provide
some guidance for maxillofacial surgeons to decide the appropriate treatment plan for OSCC, especially in developing countries.
This model appears to be reliable and simple and may guide surgeons in planning surgical management of neck nodes.

1. Introduction

Developing histological prediction models that estimate the
probability of developing metastatic deposit will help clin-
icians to draw effective treatment plans. That allows the
clinician to identify individuals who need either radical or
prophylactic neck dissection, which prevents unnecessary
undertreatment or overtreatment leading to better prognosis.
Oral squamous cell carcinoma (OSCC) is the most frequent
malignant tumour of the head and neck region, representing
the sixth leading cancer by incidence, and 500000 new cases
are reported every year worldwide [1]. In Sri Lanka, it is
the commonest cancer among men [2]. Majority of OSCC
patients seek treatment at the advanced stage of the disease
with subsequent poor prognosis.

Various studies using different statistical models have
struggled to predict patients’ metastasis and survival by ana-
lyzing the relationships between clinicopathological data and

biomarkers (either newly developed or existing ones). How-
ever, it is difficult to find out practically successful biomarkers
as the patients’ survival is related to multiple factors. There-
fore, current research direction is to identify various histolog-
ical characteristics of the tumour which predict prognosis.

Studies indicated that histological tumour differentiation
and lymph node metastasis [3] could be good predictors
when designing therapeutic strategies forOSCC.Therefore, it
is worthwhile to evaluate these potential biological properties
and provide predictive information of behavior of the cancer
preoperatively.

We have shown with our previous studies that pattern of
invasion at the advancing front of the tumour and level of
differentiation are some of the individual histological param-
eters that help to predict regional lymph node metastasis
[4, 5]. Apart from histological parameters, tumour staging
is one of the commonly used models when deciding the
treatment plan [6].
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Table 1: Relationship of tumour differentiation with age, sex, and tumour site.

Well-differentiated SCC (%) Moderately differentiated SCC (%) Poorly differentiated SCC (%) Total
Age groups
20–40 9 (45) 11 (50) 1 (5) 21
41–50 34 (38) 49 (55) 6 (7) 89
51–60 88 (50) 70 (40) 18 (10) 176
61–70 71 (53) 57 (42) 7 (5) 135
71–86 23 (52) 19 (43) 2 (6) 44
Gender
Male 153 153 23 329
Female 72 53 11 136
Primary site
BM 104 (60) 58 (33.5) 11 (6.4) 173
FOM 19 (44.2) 24 (55.8) 0 (0) 43
LALR 47 (50.5) 44 (47.3) 2 (2.2) 93
P 6 (25) 11 (45.8) 7 (29) 24
T 43 (38.4) 57 (50.9) 12 (10.7) 112
UALR 6 (30) 12 (60) 2 (10) 20
BM: buccal mucosa, FOM: floor of the mouth, LALR: lower alveolar ridge, P: palate, T: tongue, UALR: upper alveolar ridge.

Despite the fact that significant advances were achieved
in surgery and chemotherapy over the past years, OSCC still
shows a poor prognosis and lower survival rates [5, 7, 8]. If we
have a model that predicts the behavior of the tumour using
histopathological characteristics in combinationwith tumour
stage, clinician is in a position to customize their treatment
plan which will enhance the survival.

Therefore, we tried to develop a model using clinical
and histopathological parameters to predict nodal status in
OSCC, as it is difficult to incorporatemolecular investigations
in daily reporting practices due to lack of facilities in the
developing parts of the world, where oral cancer’s incidence
is much higher.

2. Materials and Methods

We used data from the database of the country’s only Head
and Neck Pathology Centre, Faculty of Dental Sciences,
University of Peradeniya, Sri Lanka. In the present study, we
included all the patients with histologically confirmed OSCC
who had undergone surgical resection with neck dissection
from 1999 to 2012.The tumours have been staged according to
TNM classification of UICC (Union for International Cancer
Control) [9]. Ethical clearance for the study was obtained
from the Faculty Research and Ethical Review Committee
(certificate of ethical clearance, number FDS-FRC/2013/01).
Informed consent was obtained from all individual partici-
pants included in the study before the surgical procedure.

Data in relation to age at first diagnosis, gender, subsites
of cancer (buccal mucosa, tongue, upper alveolar ridge, lower
alveolar ridge, palate, and floor of the mouth), and clinical
stage were collected from patient records. Based on the histo-
pathological reports, pattern of invasion (pattern I, large
islands; pattern II, small islands; pattern III, thin strands;

and pattern IV, individual cells), level of tumour differen-
tiation (well-differentiated squamous cell carcinoma, mod-
erately differentiated squamous cell carcinoma, or poorly
differentiated squamous cell carcinoma), and nodal status
(whether the node is positive or negative for tumour and
the presence or absence of extracapsular spread in each
ode in each level) were recorded. Tumour differentiation
was performed according to Bryne and Anneroth’s grading
criteria that were described in one of our previous studies
[5]. The whole group was further divided into young (<40
years) and old (>41 years) groups. This was based on the
available literature including our own work [5–7]. Patients
with inadequate data such as age gender site and histological
materials were excluded from the study. Due to inadequate
numbers to perform statistical analysis, tumours from lip,
commissure, and retromolar region and histological subtypes
such as basaloid, adenoid, adenosquamous, and spindle cell
squamous cell carcinomas were also excluded from the study.

Univariate analysis was performed between each two
characteristics. Chi Square test was also performed. Mul-
tivariate logistic regression was performed to develop the
predictive model to identify the level of nodal metastasis.
Data were analyzed using SPSS predictive analytics software
version 11 for windows.

3. Results

A total of 465 cases with all necessary data were selected for
the study. There were 329 males and 136 females with a M : F
ratio of 2.6 : 1.The age ranges from 24 to 86 years with a mean
age of 57.8 years. More than 50% of the cases were in the age
group of 50–70 years at the time of diagnosis and majority of
them were males. Buccal mucosa (37.2%) and tongue (24.1%)
were the dominant subsites of OSCC in this study (Table 1).
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Table 2: The relationship between clinicopathological parameters and nodal status in patients with OSCC.

Variable Frequency (%) Positive nodes (%) Extra capsular invasion (%) 𝑝 value∗

Age
20–40 21 (4.5) 11 (52.3) 11

NS
41–50 90 (14.35) 42 (46.6) 31
51–60 177 (38.06) 82 (46.3) 60
61–70 133 (28.6) 54 (40.6) 40
71–86 44 (9.4) 19 (43.18) 17
Gender
Male 329 (69.8) 149 (45.3) 110 NS
Female 136 (29.2) 60 (44.1) 50
Primary site
BM 173 (37.2) 66 (38.15) 53

NS

FOM 43 (9.2) 19 (4.1) 12
LLR 93 (20) 39 (41.9) 28
P 24 (5.2) 21 (87.5) 19
T 112 (24.1) 52 (46.4) 39
UALR 20 (4.3) 12 (60) 9
Tumour stage
1 17 (5.68) 0 (0) 0

0.0012 54 (18.06) 1 (1.8) 1
3 98 (32.77) 49 (50) 30
4 130 (43.47) 87 (66.9) 78
Tumour differentiation
Well 225 (48.4) 51 (26.7) 36

0.001Moderate 206 (44.3) 124 (60.2) 92
Poor 34 (7.3) 23 (67.7) 20
Invasive front
Inv. I 7 (1.5) 0 (0) 0

0.001Inv. II 142 (30.53) 28 (19.7) 17
Inv. III 200 (43.01) 102 (51) 76
Inv. IV 113 (24.3) 79 (69.91) 67
∗Chi-square test. NS: not significant.

Tumour staging is one of the most important factors to
predict prognosis. Although documented data is sparse in Sri
Lanka, most OSCC patients seek treatment usually in the late
stage of the disease. In this study, it was revealed that 43.5%
and 32.8% of the patients presented to clinicians at stages
4 and 3, respectively. Well-differentiated and moderately
differentiated tumours were significantly common compared
to poorly differentiated cancers that represented only 7% of
the total sample (Table 2).

The sample was divided into two groups depending on
the age as young (<40 years) and old (>40 years). In the
present study, more than 95% of the patients were above 40
years of age, which shows that OSCC is mostly a disease
of the elderly. Most of the younger group had moderately
differentiated tumours compared to the older group who
had equal numbers of well-differentiated and moderately
differentiated cancers (Table 1). It is interesting to note that
the majority of young patients did not have associated habits
and the common sites recorded were tongue and floor of the
mouth. In the patients with the history of betel chewing habit,

commonly affected site was buccal mucosa followed by lower
alveolar ridge irrespective of the age.

Pattern of invasion has an impact on prognosis and was
first described by Jakobsson et al. [8] in 1973. We have
shown the reliability of predicting metastasis with pattern of
invasion in our previous studies [5, 9]. The previous results
can be further confirmedwith the present study as the sample
size is much larger. The present study found the majority of
tongue, floor of the mouth, and lower alveolar ridge tumours
to have invasive pattern III compared to other sites (Table 2
and Figure 1). Pattern of invasion and metastasis showed
statistically significant association (𝑝 < 0.001) with patterns
III and IV revealing higher metastatic rates compared to
patterns I and II (Table 2). The relationship between clini-
copathological factors and nodal metastases is summarized
in Table 2. Presence of metastasis and extracapsular invasion
were statistically well correlated with level of differentiation
(𝑝 < 0.001) and pattern of invasion (𝑝 < 0.001).

We used a multivariate logistic regression model to iden-
tify the predictive factors of metastasis. This was done using
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Figure 1: BM: buccal mucosa, FOM: floor of the mouth, LALR: lower alveolar ridge, P: palate, T: tongue, UALR: upper alveolar ridge. I, II,
III, and IV: pattern of invasion types at the advancing front of the tumour.

Table 3: The final regression model identifies differentiation, invasion, and stage as the predictors of the level of positivity in OSCC.

𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡𝑠a

Model Unstandardized coefficients Standardized coefficients
𝑡 Sig.

𝐵 Std. error Beta

(1)
(Constant) −1.182 .231 −5.123 .000

stage .711 .071 .505 10.071 .000

(2)

(Constant) −2.605 .293 −8.902 .000
Stage .620 .067 .440 9.320 .000

Invasion .573 .081 .336 7.113 .000

(3)

(Constant) −2.642 .291 −9.081 .000
Stage .611 .066 .434 9.226 .000

Invasion .446 .097 .261 4.600 .000
Differentia .268 .116 .131 2.322 .021

aDependent variable: level of nodal positivity. Adjusted 𝑅-squared = 0.368; the final regression model (3).

the following variables: invasive pattern, level of differenti-
ation, and tumour stage (Table 3). Level of nodal positivity
(levels I–V) was taken as the dependent variable. Although
these parameters were proven individually as helpful param-
eters to plan treatment, there are no documented studies
combining these factors to describe a predictive model. We
have tried to describe a predictive model using regression
analysis in relation to the primary sites of buccal mucosa
(Table 4) and tongue. Due to inadequate numbers, only
buccal mucosa was considered for the predictive model. A
few possible treatment plans for different levels of parameters
should be as follows according to the prediction model. It is
shown that if a buccal mucosal tumour is in stage 1 (T1N0)
or 2 (T2N0) and histological pattern of invasion III or IV
predicted nodal positivity goes up to cervical nodal level 3
(Table 4), then the proposed surgical treatment plan should
be a selective neck dissection including levels I, II, and III
as the minimum. Similarly, for stage 4 buccal cancers with
infiltrating pattern IV, the treatment plan should be removal
of cervical lymph nodes up to level 5. Further, to elaborate
the model, if tumour shows invasive pattern I but stage
3, only up to level I clearance is adequate. Therefore, the

proposed predictive model may provide some guidance for
maxillofacial surgeons to decide treatment plan, especially
in developing countries, where sophisticated diagnostic tools
are least available. The number of cases was inadequate to
perform the same for other subsites.

4. Discussion

The prognosis of patients with OSCC is directly related to
the presence of lymph node metastasis [9]. A significant
percentage of patients with early stages of OSCC have a
poor prognosis despite the small size of the tumour [10, 11].
Hence, TNM staging system used in clinical practice does
not provide information on the biological characteristics and
aggressive clinical behavior of oral SCC.

However, the relationship between prognosis and clini-
copathological features of OSCC has not been fully explored
in Sri Lankan patients. If it is possible to elucidate potential
clinicopathological parameters or predictors of nodal metas-
tasis, they could be used to identify patients for management
of neck nodes.Therefore, accurate prediction of metastasis in
OSCC would have an immediate clinical impact, especially
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Table 4: A model developed to predict lymph node metastasis in
patients with oral squamous cell carcinoma of buccal mucosa.

Level 1 Level 2 Level 3 Level 4 Level 5
IP 1 + S 3 √

IP 2 + S 1 √

IP 2 + S 2 √

IP 1 + S 4 √

IP 2 + S 3 √

IP 3 + S 1 √

IP 3 + S 2 √

IP 2 + S 4 √

IP 3 + S 3 √

IP 4 + S 1 √

IP 4 + S 2 √

IP 3 + S 4 √

IP 4 + S 3 √

IP 4 + S 4 √

IP: pattern of invasion; S: stage of the tumour.

to avoid unnecessary radical treatment of patients leading to
severe morbidity, despite the fact that they are at a low risk of
metastasis.

Oral squamous cell carcinoma displays a wide range of
metastatic behaviors that cannot be predicted by a single
feature alone such as tumour size, histology, or even indi-
vidual gene or protein expression/activity. Furthermore, the
presence or absence of nodal metastasis consistently shows
a statistical correlation with survival [12–16]. Metastasis is a
process whereby genetic instability of the primary tumour
fuels cell heterogeneity, allowing for a few tumour cells to
disseminate cancer at distance [14]. Molecular markers such
as HER-2 in breast cancer and chromosomal translocation
in lymphomas are useful in planning treatment of above
malignancies. However, to date, no molecular marker is used
in therapeutic decision-making in OSCC.

In our previous studies, we have shown that there is a sig-
nificant expression of molecular markers, hypoxia inducible
factor-1𝛼 (HIF-1𝛼) [17, 18], periostin [19], Matrix Metallo-
proteinase-9 (MMP-9) [20], Vascular Endothelial Growth
Factor-C (VEGF-C) [21, 22], epidermal growth factor recep-
tor (EGFR) [23], and 𝛽-Catenin [23], in OSCCs, as well as
their ability to serve as potential molecules for predicting
prognosis and metastasis. Further, it has been stated that
the use of molecular markers together with the traditional
histological methods may improve the strategy for compre-
hensive management of patients with OSCC [24]. This may
provide a better evaluation of prognosis and the essentiality
of elective neck dissection, which on the contrarymay reduce
the morbidity and cost of the advanced procedures. Further,
Cyclin D1 is also positively correlated with nodal metastasis
and poorer survival [25].

Although the significance of many of the biomarkers in
OSCC has been reported, large prospective studies integrat-
ing the most reliable predictive biomarkers for OSCC are
crucial to control the variability and for definite clarification

of the prognostic significance of some of these molecular
markers [24]. However, the objective of the present study is
to propose a predictive model using clinical and histopatho-
logical parameters, as most centres in this part of the world
have no facilities for molecular diagnostic techniques.

Head and neck surgery is generally considered to be
challenging because of complex anatomy with difficulties of
access and due to the presence of multiple vital structures.
Most of the OSCC patients in this part of the world present
to the clinicians at late stages of the disease. These advanced
tumours are frequently treated with surgery followed by
concurrent chemotherapy and radiation therapy. Neck dis-
sections are associated with significant morbidity, which
discourages the use of elective neck dissections. Therefore, a
reliable method is needed to predict lymph node metastasis.
Themortality andmorbidity depend on the extent of surgical
intervention. Radical neck dissection invariably leads to
significant functional and cosmetic morbidity. Therefore,
proper treatment planning is mandatory [26].

Recent advances have been used in the diagnosis and
treatment of OSCC including identification of plasma or
serum biomarkers, imaging techniques, biological therapy,
and surgical techniques. However, these techniques have a lit-
tle effect on overall survival of cancer [27, 28]. Technologies in
functional genomics such asmicroarray analysis permit qual-
itative and quantitative biologic investigations on genome-
wide scale [29], which is very expensive and cannot be
practiced in frequent day-to-day reporting.Therefore, in this
study, we were able to elucidate a combination of some histo-
pathological parameters and clinical criteria to predictmetas-
tasis.

Detection of cervical lymph node metastasis in OSCC
is of utmost importance in terms of surgical planning and
prognosis. In this study, we reconfirmed that the pattern
of invasion is the most important histological parameter
associated with cervical lymph node metastasis. This was
supported by other studies showing that patterns III and IV
at the invasive front had higher incidence of neck metastasis
and poor prognosis than those who had patterns I and II
[4, 5]. Degree of tumour differentiation has also been found
to correlate with nodal metastasis in OSCC [30]. Our study
also confirms the above statement that poorly differentiated
tumours show higher metastatic rates.

Tumours involving palate and upper alveolar ridge
showed higher metastatic rates compared to other intraoral
sites. Although some clinical parameters such as age, gender,
and primary site did not reach statistical significance with
metastasis, there was an increased tendency of extracapsular
invasion in relation to younger patients, female patients, and
sites such as tongue, palate, and upper alveolar ridge. There
was a positive correlation between pattern of invasion and
extracapsular invasion. Similarly, the same relationship was
found between stage and extracapsular invasion. Therefore,
this information may help to determine the extent of neck
dissection and reduce the morbidity associated with unnec-
essary surgery or irradiation. It has been shown that tumour
stage has a marked correlation with prognosis of OSCC [5].
The present study also proved that the stage of a given OSCC
is a major factor in predicting metastasis.
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Statistical models have always been a helpful tool inmod-
eling disease susceptibility prediction. Logistic regression is
a mathematical modeling approach that is used to describe
the relationship between several explanatory variables and
a dichotomous dependent variable. By using logistic regres-
sion, one can predict the outcome from a set of variables that
may be continuous, discrete, and dichotomous or a mix of
any of these [31]. Predictive regression models characterize
the relationship between inputs and outputs using linear
equation for linear functions. Interpretations of the logistic
regression conclude that pattern of invasion, level of differ-
entiation, and tumour stage have positive contribution to
metastatic susceptibility as shown in Table 3.The criteria used
for ultimate prediction is the pattern of invasion and tumour
stage (TNM), which can be used as a guide to predict nodal
metastasis. In the present study, it is clearly indicated that
invasive pattern and stage can predict the level of metastasis.
Further, for example, if tumour shows invasive pattern I but
stage 3, only up to level I clearance is adequate. Similarly, if the
tumour is in stage 4 with invasive pattern IV, neck clearance
up to level 5 is indicated.

Models based on multiple variables that predict outcome
in terms of lymph node metastasis seem to be more accurate
than prediction based on single variables [32]. A system pro-
posed by Woolgar and Scott [33] showed that tumour thick-
ness and expression of factor VIII in combination predict
nodal metastasis and local recurrence. Similarly, pattern of
invasion and immunohistochemical expression of periostin
and VEGF-C were also significantly correlated with metasta-
sis [21].

5. Conclusion

Identification of accurate predictive models in OSCC is
important to overcome extensive prophylactic surgical man-
agement for neck nodes. The therapeutic regimen should be
judged by means of not only T classification or stage of the
tumour but also evaluation on the histological parameters
such as invasive pattern and level of differentiation. In the
present study, the proposed predictive model appears to be
reliable and simple and may guide the surgeon in planning
surgical management of neck nodes for OSCC. Further
studies are necessary to identify predictive models in other
sites of the oral cavity.
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(VEGF-C),” Revista Española de Cirugı́a Oral y Maxilofacial,
vol. 28, pp. 25–40, 2006.

[13] A. N. Salesiotis and K. J. Cullen, “Molecular markers predictive
of response and prognosis in the patient with advanced squa-
mous cell carcinoma of the head and neck: Evolution of amodel
beyond TNM staging,”Current Opinion in Oncology, vol. 12, no.
3, pp. 229–239, 2000.

[14] R. H. Spiro, A. E. Alfonso, H. W. Farr, and E. W. Strong, “Cervi-
cal node metastasis from epidermoid carcinoma of the oral
cavity and oropharynx.A critical assessment of current staging,”
The American Journal of Surgery, vol. 128, no. 4, pp. 562–567,
1974.

[15] D. E. Schuller,W. F.McGuirt, B. F. MgCabe, and D. Young, “The
prognostic significance ofmetastatic cervical lymph nodes,”The
Laryngoscope, vol. 90, no. 4, pp. 557–570, 1980.

[16] D. G. Sessions, G. J. Spector, and J. Lenox, “Analysis of treatment
results for oral tongue cancer,”The Laryngoscope, vol. 112, no. 4,
pp. 616–625, 2002.

[17] D. G. Sessions, J. Lenox, G. J. Spector, C. Chao, and O. A.
Chaudry, “Analysis of treatment results for base of tongue can-
cer,”The Laryngoscope, vol. 113, no. 7, pp. 1252–1261, 2003.

[18] W. M. Tilakaratne and E. H. Nissanka-Jayasuriya, “Value of
HIF-1𝛼as an independent prognostic indicator in oral squa-
mous cell carcinoma,” Expert Review of Molecular Diagnostics,
vol. 11, no. 2, pp. 145–147, 2011.



BioMed Research International 7

[19] W. M. Tilakaratne, Z. Iqbal, M. T. Teh et al., “Upregulation of
HIF-1𝛼 in malignant transformation of oral submucous fibro-
sis,” Journal of Oral Pathology &Medicine, vol. 37, no. 6, pp. 372–
377, 2008.

[20] B. S. M. S. Siriwardena, Y. Kudo, I. Ogawa et al., “Periostin is
frequently overexpressed and enhances invasion and angiogen-
esis in oral cancer,” British Journal of Cancer, vol. 95, no. 10, pp.
1396–1403, 2006.

[21] E. M. Deraz, Y. Kudo, M. Yoshida et al., “MMP-10/stromelysin-
2 promotes invasion of head and neck cancer,” PLoS ONE, vol.
6, no. 10, Article ID e25438, 2011.

[22] B. S. M. S. Siriwardena, Y. Kudo, I. Ogawa, M. N. G. P. K.
Udagama, W. M. Tilakaratne, and T. Takata, “VEGF-C is asso-
ciatedwith lymphatic status and invasion in oral cancer,” Journal
of Clinical Pathology, vol. 61, no. 1, pp. 103–108, 2008.

[23] R. Sedivy, J. Beck-Mannagetta, C. Haverkampf, W. Battis-
tutti, and S. Hönigschnabl, “Expression of vascular endothelial
growth factor-C correlates with the lymphatic microvessel
density and the nodal status in oral squamous cell cancer,”
Journal of Oral Pathology & Medicine, vol. 32, no. 8, pp. 455–
460, 2003.

[24] N. Tanaka, T. Odajima, K. Ogi, T. Ikeda, andM. Satoh, “Expres-
sion of E-cadherin, 𝛼-catenin, and 𝛽-catenin in the process of
lymphnodemetastasis in oral squamous cell carcinoma,”British
Journal of Cancer, vol. 89, no. 3, pp. 557–563, 2003.

[25] G. R. Thomas, H. Nadiminti, and J. Regalado, “Molecular pre-
dictors of clinical outcome in patients with head and neck
squamous cell carcinoma,” International Journal of Clinical and
Experimental Pathology, vol. 86, no. 6, pp. 347–363, 2005.

[26] H.M.Mahdey, A. Ramanathan, S.M. Ismail,M. T. Abraham,M.
Jamaluddin, and R. B. Zain, “Cyclin D1 amplification in tongue
and cheek squamous cell carcinomas,” Asian Pacific Journal of
Cancer Prevention, vol. 12, no. 9, pp. 2199–2204, 2011.

[27] S. V. Kane, M. Gupta, A. C. Kakade, and A. D’ Cruz, “Depth
of invasion is the most significant histological predictor of sub-
clinical cervical lymph node metastasis in early squamous car-
cinomas of the oral cavity,” European Journal of Surgical Oncol-
ogy, vol. 32, no. 7, pp. 795–803, 2006.

[28] J. Kligerman, R. A. Lima, J. R. Soares et al., “Supraomohyoid
neck dissection in the treatment of T1/T2 squamous cell
carcinoma of oral cavity,”The American Journal of Surgery, vol.
168, no. 5, pp. 391–394, 1994.

[29] I. J. Fidler, “The pathogenesis of cancermetastasis: the “seed and
soil” hypothesis revisited,” Nature Reviews Cancer, vol. 3, no. 6,
pp. 453–458, 2003.

[30] S. Mohr, J. M. Stryker, and A. M. Lambowitz, “A DEAD-Box
protein functions as an ATP-dependent RNA chaperone in
group I intron splicing,” Cell, vol. 109, no. 6, pp. 769–779, 2002.

[31] I. J. Fidler andM. L. Kripke, “Metastasis results frompreexisting
variant cells within a malignant tumor,” Science, vol. 197, no.
4306, pp. 893–895, 1977.

[32] P. Roepman, E. de Koning, D. Van Leenen et al., “Dissection of a
metastatic gene expression signature into distinct components,”
Genome Biology, vol. 7, no. 12, article no. R117, 2006.

[33] J. A. Woolgar and J. Scott, “Prediction of cervical lymph node
metastasis in squamous cell carcinoma of the tongue/floor of
mouth,” Head & Neck, vol. 17, no. 6, pp. 463–472, 1995.



Research Article
A Comparative Study for Detection of
EGFRMutations in Plasma Cell-Free DNA in
Korean Clinical Diagnostic Laboratories

Yoonjung Kim ,1 Saeam Shin ,2 and Kyung-A Lee 1

1Department of Laboratory Medicine, Yonsei University College of Medicine, Seoul, Republic of Korea
2Department of Laboratory Medicine, Hallym University College of Medicine, Kangnam Sacred Heart Hospital,
Seoul, Republic of Korea

Correspondence should be addressed to Kyung-A Lee; kal1119@yuhs.ac

Received 4 January 2018; Revised 12 March 2018; Accepted 2 April 2018; Published 8 May 2018

Academic Editor: Valli De Re

Copyright © 2018 Yoonjung Kim et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Liquid biopsies to genotype the epidermal growth factor receptor (EGFR) for targeted therapy have been implemented in clinical
decision-making in the field of lung cancer, but harmonization of detection methods is still scarce among clinical laboratories. We
performed a pilot external quality assurance (EQA) scheme to harmonize circulating tumor DNA testing among laboratories. For
EQA, we created materials containing different levels of spiked cell-free DNA (cfDNA) in normal plasma. The limit of detection
(LOD) of the cobas� EGFR Mutation Test v2 (Roche Molecular Systems) was also evaluated. From November 2016 to June 2017,
seven clinical diagnostic laboratories participated in the EQA program. The majority (98.94%) of results obtained using the cobas
assay and next-generation sequencing (NGS) were acceptable. Quantitative results from the cobas assay were positively correlated
with allele frequencies derived from digital droplet PCR measurements and showed good reproducibility among laboratories. The
LOD of the cobas assay was 5∼27 copies/mL for p.E746 A750del (exon 19 deletion), 35∼70 copies/mL for p.L858R, 18∼36 copies/mL
for p.T790M, and 15∼31 copies/mL for p.A767 V769dup (exon 20 insertion). Deep sequencing of materials (>100,000X depth of
coverage) resulted in detection of low-level targets present at frequencies of 0.06∼0.13%. Our results indicate that the cobas assay
is a reliable and rapid method for detecting EGFRmutations in plasma cfDNA. Careful interpretation is particularly important for
p.T790M detection in the setting of relapse. Individual laboratories should optimize NGS performance to maximize clinical utility.

1. Introduction

Circulating tumor DNA (ctDNA) carries the samemolecular
alterations as the tumor itself and can be used to select
treatment, assess the emergence of drug resistance, and
monitor lung cancer patients in routine clinical practice
[1]. The fraction of tumor-derived cell-free DNA (cfDNA)
in blood plasma varies according to tumor stage, tumor
burden, vascularization of the tumor, biological features
of the tumor such as apoptotic rate, and the metastatic
potential of the cancer cells [2]. Tumor-derived ctDNA often
represents a small percentage of the total cfDNA and can
be present at allele fractions as low as 0.01% [3]. Therefore,
highly sensitivemethodologies have been developed to detect
low abundance epidermal growth factor receptor (EGFR)
mutations, including p.T790M, from cfDNA in non-small cell

lung cancer (NSCLC) patients, although the sensitivities and
specificities of the methods vary [4, 5].

A sensitive method is needed to detect the p.T790M
mutation in relapsed tumors because of tumor heterogeneity
[6]. Recently, several in vitro diagnostics (IVD) have been
approved by the European Medicines Agency (EMA) and
the US Food and Drug Administration (FDA) for detecting
EGFR mutations in plasma [7]. To ensure optimal quality
molecular testing, clinical laboratories should evaluate the
technical performance of ctDNA testing according to the
standards from formal accreditation bodies, such as Clinical
Laboratory Improvement Amendments (CLIA) and ISO
15189 [8, 9]. External quality assessment (EQA) is a way
to standardize interlaboratory results and to monitor and
improve testing processes across laboratories [10].
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In this study, we designed EQA materials to evaluate the
limit of detection (LOD) of the cobas EGFR Mutation Test
v2 (Roche Molecular Systems, Inc., Branchburg, NJ, USA)
andOncomine Lung cfDNAAssay (Thermo Fisher Scientific,
Waltham, MA, USA). We also implemented a pilot EQA
scheme to assess the interlaboratory comparability of plasma
EGFR testing results.

2. Materials and Methods

2.1. Preparation of EQA Materials

2.1.1. Pooled Normal Human Plasma (NHP) Preparation. The
workflowof the study process is shown in Supplementary Fig-
ure S1. Pooled normal human K2 EDTA plasma (NHP) was
prepared using residual specimens from healthy individuals
and was separated within 4 hours of collection. Negativity
for EGFR mutation of 2mL NHP was confirmed using the
cobas EGFR Mutation Test v2 (Roche Molecular Systems,
Inc.). cfDNA was extracted from 2mL NHP using the
MagMAX�Cell-Free DNA Isolation Kit (Thermo Fisher Sci-
entific) according to the manufacturer’s instructions. cfDNA
concentration and fragment size distribution were assessed
using a 2200 TapeStation Instrument (Agilent Technologies,
Santa Clara, CA, USA) with the Agilent D1000 ScreenTape
System.Average fragment sizewas 185 bp, and average cfDNA
concentration was 0.106 ng/𝜇L.We calculated that there were
1,162 wild-type copies per 2mL NHP.

2.1.2. EQA Material to Evaluate Assay Sensitivity. To prepare
spiked materials with known mutant allele frequencies and
mutant DNA copies, Multiplex I cfDNA Reference Standards
(Horizon Discovery, Cambridge, UK) were purchased. This
set is composed of wild-type cfDNA with mutant allele
frequencies of 5%, 1%, 0.1%, and 0%. For each reference
standard, copies per 𝜇L of wild-type and mutant DNA were
measured using digital droplet PCR and compared with the
values provided by the manufacturer (Supplementary Table
S1).

Four levels (levels 1 to 4) of spikedNHP (2mLper sample)
were prepared to determine the LOD of the detection assays.
Intended mutant allele frequencies were 5%, 2.5%, 1%, and
0.1%, with 4 to 760 mutant copies in a background of about
10,000∼16,000 wild-type copies in a spiked NPH samples,
depending on the mutation. cfDNA was extracted from 2mL
spiked NHP using MagMAX Cell-Free DNA Isolation Kit
(Thermo Fisher Scientific). Concentration and fragment size
distribution of cfDNAwere assessed using a 2200TapeStation
Instrument (Agilent Technologies). Average fragment size
was about 190 bp, and the range of cfDNA was 60.42 ng to
80.18 ng. Details are provided in Supplementary Table S1.

2.1.3. EQA Material to Evaluate Assay Precision. Genomic
DNA from cell lines harboring mutations of the EGFR
gene including p.T790M (HD258), p.L858R (HD254), and
p.E746 A750del (HD251) were purchased fromHorizon Dis-
covery. To simulate the size distribution of cfDNA, each
genomic DNA was fragmented to about 180∼190 bp by
sonication using a Covaris M220 (330 sec, 0.2% duty, 50 peak

incident power, and 200 cycles/burst; Covaris Inc., Woburn,
MA, USA) (Supplementary Table S2 and Supplementary
Figure S2). Three spiked NHPs (1mL per sample) were
prepared to evaluate assay precision. Intended mutant allele
frequencies were about 5%, with 1,221 to 1,503 mutant copies
in a background of nearly 23,000∼30,000 wild-type copies in
spikedNPHsamples, depending on themutation. cfDNAwas
extracted from 1mL spiked NHP using MagMAX Cell-Free
DNA Isolation Kit (Thermo Fisher Scientific). Concentration
and fragment size distribution of cfDNA were assessed
using a 2200 TapeStation Instrument (Agilent Technologies
instructions). Average size was 190 bp, and the cfDNA con-
centration (ng/mL) was 74.5∼80.2. Details are provided in
Supplementary Table S2. Spiked NHPs were frozen at <
−70∘C until genotyping.

2.2. Validation of EQA Material for LOD Evaluation

2.2.1. cfDNA Extraction from Spiked NHP Samples. cfDNA
was extracted from spiked NHP samples using MagMAX
Cell-Free DNA Isolation Kit (Thermo Fisher Scientific) for
next-generation sequencing and the cobas cfDNA Sample
PreparationKit (RocheMolecular Systems, Inc.) for the cobas
EGFR assay. cfDNA concentration and purity were assessed
using a NanoDrop 1000 spectrometer (Thermo Scientific,
Waltham, MA, USA) and a Qubit 2.0 Fluorometer (Life
Technologies, Grand Island, NY, USA) using the Qubit�
dsDNA HS Assay Kit. Size and amount of DNA fragments
were assessed using a 2200 TapeStation Instrument (Agilent
Technologies) with the Agilent D1000 ScreenTape System
(Agilent Technologies).

2.2.2. Evaluation of EQA Material Using Next-Generation
Sequencing. For next-generation sequencing (NGS), a library
was prepared using the Oncomine Lung cfDNA Assay and
quantitated using qPCR. Emulsion PCRwas performed using
the Ion Chef System and Ion AmpliSeq IC 200 Kit (all
Thermo Fisher Scientific). Barcoded libraries generated from
20 ng DNA per sample were loaded on an Ion 530 chip and
sequenced on the Ion S5 XL System using Ion 520 and Ion
530 Kit-Chef (all Thermo Fisher Scientific). Alignment to
the hg19 human reference genome and variant calling were
performed using Torrent Suite� software (Thermo Fisher
Scientific). Variant annotation was performed using Ion
Reporter� Software 5.2 (Thermo Fisher Scientific). Torrent
Suite software provides molecular coverage depth as well
as read coverage depth at target bases to increase detection
sensitivity for low-frequency variants [11, 12]. The manufac-
turer recommends a median read coverage >25,000X and
median molecular coverage >2,500X to detect a variant with
an allele frequency of 0.1%. Measured allele frequency (%)
was calculated as mutant coverage depth divided by total
coverage depth.

2.2.3. Evaluation of LOD Material Using Real-Time PCR.
For the cobas EGFR assay, 75 𝜇L DNA from each sample
was loaded into three reaction wells (25 𝜇L DNA per well).
Amplification and detection were performed using the cobas
z 480 analyzer (Roche Molecular Systems, Inc.). Data were
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Figure 1: Analytical sensitivity of the cobas EGFR assay for NHP spiked with five different levels of mutant cfDNA. Copy numbers and
frequencies of mutant alleles are provided in Supplementary Table S3. Dots in the figure represent negative measurement (ND) or the SQI
value of the positive measurement for (a) p.E746 A750del (exon 19 deletion), (b) p.L858R, (c) p.T790M, and (d) p.A767 V769dup (exon 20
insertion) mutations.

interpreted by the cobas z 480 software if positive and
negative controls showed valid results. When a mutation
was detected, semiquantitative index (SQI) values for each
mutation are reported automatically by the software using the
observed threshold cycle for the targetmutation.The SQIwas
developed tomeasure trends in the amount ofmutant cfDNA
in a patient [13].

The analytical performance of the cobas EGFR assay
was additionally evaluated using five NHP samples spiked
with different mutant allele frequencies that were made
using Multiplex I cfDNA Reference Standards (Horizon
Discovery, Cambridge, UK).These test samples had expected
mutant allele frequencies of 3.85∼5.19%, 1.94∼2.65%, 0.72∼
1.10%, 0.34∼0.51%, and 0.05∼0.12% (Supplementary Table
and Figure 1).

2.3. Distribution of EQA Material, Data Collection, and
Analysis. Each laboratory director requested the amount of
EQA material needed according to the number of methods
planned for plasma EGFR testing. The number of reactions
per test method among participating laboratories was 13.The
EQA material set comprised four samples (2mL, levels 1 to
4) with different mutant allele frequencies (5.0%, 2.5%, 1%,
and 0.1%) for LOD analysis, and three samples with different
EGFRmutations were also provided (1mL per a reaction, P-1
to P-3).

For each test method, one EQA material set with 2mL
of LOD materials (levels 1 to 4) and 3mL precision materials
(P-1 to P-3) were distributed to each participating laboratory.
Materials in barcoded K2 EDTA tubes were shipped to
laboratories at 4∘C along with a results datasheet to record
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qualitative results (detected or not detected) and quanti-
tative results (SQI value from the cobas EGFR assay and
total/mutant coverage depth from next-generation sequenc-
ing) for each mutation. Submitted qualitative results were
evaluated as acceptable (positive for expected mutations or
negative for unexpected mutations) or unacceptable (nega-
tive for expected mutations or positive for unexpected muta-
tions), according to the manufactured and validated target
mutations in this study (Table 1 and Supplementary Table
S2). LOD level 4 material, which had an expected mutant
allele frequency of 0.05∼0.12%, was not graded. For the cobas
assay, the mean, standard deviation, coefficient of variation
(CV), median value, minimum value, andmaximum value of
data from the peer group and the standard deviation index of
the data from the laboratory were provided in the evaluation
reports.

2.4. Statistical Analysis. Statistical analysis was performed
using SPSS Statistics version 24.0.0 (IBM Corp., Armonk,
NY, USA). Correlations between SQI from cobas assay and
mutant allele frequency were analyzed using Spearman rank-
correlation test. All 𝑝 values were two-sided, and values less
than 0.05 were considered significant.

3. Results

3.1. Validation of EQA Materials. EQA materials for LOD
evaluation were validated using the Oncomine Lung cfDNA
Assay and cobas EGFR Mutation Test (Table 1). In a
deep sequencing run, all four quality control samples were
sequenced with high median coverage depth of more than
86,321X. All target bases showed adequate coverage (>500X).
There was sufficient coverage at all target mutations to detect
variants with allele frequencies of 0.1% (2,236∼4,439X).
All targeted mutations were called in levels 1–4 materials
at similar allele frequencies to what were expected. cobas
assay detected not only all target mutations in levels 1–3
materials but also p.L858R (0.12% allele frequency) and
p.E746 A750del (exon 19 deletion; 0.10% allele frequency) in
level 4 material.

3.2. Analytical Sensitivity of Real-Time PCR. Analytical sen-
sitivity (LOD) of the cobas EGFR assay was assessed using
five NHP samples spiked with different amounts of mutated
targets (Figure 1 and Supplementary Table S3). Seven of nine
cobas assays (77.8%) detected the exon 19 deletion in Test 5
material. All eight measurements of Test 4 material detected
the exon 19 deletion. Six (75%), five (62.5%), and seven
(87.5%) of eight measurements detected p.L858R, p.T790M,
and p.A767 V769dup (exon 20 insertion) mutations in the
Test 4material, respectively.Therefore, the LODs of the cobas
EGFR assay were determined to be 5∼27 copies/mL for exon
19 deletion (0.1∼0.5% allele frequency), 35∼70 copies/mL for
p.L858R (0.4∼0.8% allele frequency), 18∼36 copies/mL for
p.T790M (0.4∼0.8% allele frequency), and 15∼31 copies/mL
for exon 20 insertion (0.3∼0.7% allele frequency). For all
mutations, SQI values from the cobas assay exhibited a
strong positive correlation with the expected mutant allele
frequencies derived from digital droplet PCR measurements

(Spearman rank-correlation coefficient, 0.823∼0.924; 𝑝 <
0.0001).

3.3. Pilot EQA Scheme. In November 2016, seven clinical lab-
oratories that perform plasma EGFR molecular testing were
recruited for the pilot EQA scheme (Table 2). In April 2017,
EQAmaterials were made and distributed to each laboratory.
Amonth after distributing the EQAmaterials, all results were
emailed from each laboratory to an organizing director. In
June 2017, evaluation reports were distributed to participating
laboratories. Plasma EGFR testing was performed using an
IVD assay and two laboratory-developed tests based onNGS:
the cobas EGFR assay (𝑛 = 7), the Oncomine Lung cfDNA
Assay on the Ion S5 XL (𝑛 = 1), and the QIAGEN GeneRead
QIAact Actionable Insights Tumor Panel (QIAGEN, Hilden,
Germany) on the GeneReader Platform (QIAGEN) (𝑛 = 1).
There were two unacceptable results for NGS of LOD level 3
material (Tables 3 and 5).

3.4. Interlaboratory Comparability of Real-Time PCR Results.
All results obtained using the cobas assay were concordant
except for detection of EGFR exon 19 deletion and p.L858R
in LOD level 4 material. Among seven laboratories, only
six laboratories had a positive result for exon 19 deletion
(detection rate 85.7%) and one laboratory had a positive
result for p.L858R (detection rate 14.8%) in level 4 material.
p.T790M and exon 20 insertion mutations were not detected
in LOD level 4 material by any of the laboratories. The
precision of SQI is summarized in Table 4. The cobas assay
generally showed good reproducibility with a CV between
1.29% and 7.35% for target mutations. However, for p.T790M
and exon 20 insertion, the CV for level 3 and/or level 4
materials (13.1% ∼30.98%) was poorer than for the other
mutations.

3.5. Interlaboratory Comparison of Next-Generation Sequenc-
ing Results. Mutant allele frequencies were calculated from
the submitted depth of coverage data from NGS (Table 5).
Results from two laboratories were consistent with the
expected mutant allele frequencies calculated from absolute
allele frequencies measured using digital droplet PCR. In
laboratory F (S5XL + Oncomine Lung cfDNA Assay), all
expected mutations were detected in level 3 material. Exon
19 deletion and exon 20 insertion mutations were detected at
0.15% (total read coverage depth of 73,836X) and 0.23% (total
read coverage depth of 49,234X) in level 4 material, respec-
tively. However, p.T790M and p.L858R mutations were not
detected, despite the fact that total read coverage depth was
not lower for these loci than other loci (65,455X for p.T790M
and 70,849X for p.L858R). In laboratory C (GeneReader
+ QIAGEN GeneRead QIAact Actionable Insights Tumor
Panel), p.T790M and exon 20 insertion mutations were not
detected in level 3 material (unacceptable result). None of the
four target mutations were detected in level 4 material.

4. Discussion

In this study, we prepared and validated EQA material for
EGFR mutation detection using cfDNA and evaluated the
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Table 2: Plasma EGFR genotyping methods by laboratories participating in pilot external quality assurance.

Laboratories

In vitro diagnostics Laboratory-developed tests

cobas z 480 + cobas EGFRMutation
Test v2

S5XL + Oncomine Lung cfDNA
Assay

GeneReader + QIAGEN GeneRead
QIAact Actionable Insights Tumor

Panel

A O
B O
C O O
D O
E O
F O O
G O

analytical sensitivity of the cobas EGFR assay. According to
the package insert, the LOD of the cobas assay using sheared
DNA with an average size of 220 bp is less than 0.1% (75
copies/mL for exon 19 deletion, 25 copies/mL for the exon
20 insertion, and 100 copies/mL for p.L858R and p.T790M).
In the present study, we confirmed the LODs of the cobas
assay for each target mutation. The analytical sensitivities of
the cobas assay were not identical for the different target
mutations, similar to previous reports [14, 15]. In our pilot
EQA, the cobas assay showed a higher detection rate and
lower imprecision for exon 19 deletion and p.L858R than for
p.T790M and exon 20 insertion. Similarly, in laboratory F
that used the Oncomine Lung cfDNA Assay, p.T790M and
p.L858R were not detected, despite adequate depth of cover-
age of the target site compared to other loci.This difference in
assay performance according to targetmutationmight be due
to the assay design and characteristics of the target regions
[14, 15]. This finding is an important issue for detection of
p.T790M inpatientswho show evidence of tumor progression
after prior EGFR-tyrosine kinase inhibitor (TKI) therapy.
Previous studies reported that it is challenging to detect the
p.T790M mutation in patients with acquired resistance to
prior EGFR-TKI therapy due to genomic heterogeneity [16,
17]. Therefore, caution is warranted in the setting of tumor
relapse, and additional efforts should be made to optimize
the experimental conditions to increase the sensitivity of
p.T790M detection.

In our pilot EQA, participating laboratories performed
one IVD assay (cobas EGFR assay) and two laboratory-
developed tests based on NGS. The cobas assay showed
reliable and robust test performance in all laboratories. SQI
showed a positive correlation with mutant allele frequency
derived from digital droplet PCRmeasurements.This finding
is consistent with that of a previous study that evaluated clini-
cal samples withNGS and the cobas assay [13].Moreover, SQI
from the cobas assay was reproducible among laboratories
in our pilot EQA. Therefore, SQI could be useful for patient
monitoring. About 3 hours of processing time is required
for DNA extraction, PCR amplification, and detection in the
cobas assay.Thus, this assay can be used for rapid and reliable
plasma ctDNA analysis in clinical diagnostic laboratories.

A limitation of this study is the small number of labo-
ratories that participated, especially laboratories performing
NGS. It was unclear whether unacceptable responses were
due to the performance of specific NGS methods or the
laboratory. However, coverage depth results from two labo-
ratories indicate that more read coverage depth is required to
detect low-frequency variants in samples. In our validation
experiment using the Oncomine Lung cfDNA Assay, all
mutationswere detected in level 4material when the coverage
depth was more than 100,000X. Our data and previous
reports indicate that high coverage depth is essential to
improve the detection of low-level targets [18, 19].

Another issue related to NGS is assay turn-around time
(TAT). TAT for EGFR testing for NSCLC patients is impor-
tant for drug selection. NGS generally requires more time
than IVD, although it differs depending on batch constitution
and the platform used. The two laboratories that performed
NGS also used an IVD assay. The main advantage of NGS
over IVD is scalability for type of mutation and target gene.
Using NGS, rare (e.g., the p.C797S resistance mutation [20])
or novel mutations in EGFR, as well as other genes, can be
identified [21]. Moreover, advanced NGS technology enables
detection of not only pointmutation but also gene fusions and
amplifications [22, 23].

In the era of companion diagnostics, more mutations
will be used as predictive markers to determine patient eligi-
bility for molecular-targeted therapies. As a result, rigorous
quality controls to avoid inappropriate patient treatment
will become increasingly important in clinical diagnostic
laboratories. EQA is critical for quality assurance and con-
tinuous improvement of individual laboratory performance
[9]. Recently, Haselmann et al. have reported EQA scheme
for ctDNA analysis of KRAS and BRAF genotyping, using
mutant allele frequency of 0%, 5%, and 10% samples [24].
Digital approaches revealed no error rate, although Sanger
sequencing revealed very high error rate around 20%. The
authors suggested that method sensitivity correlates with
diagnostic accuracy. Another EQA report for blood based
EGFR p.T790M testing included pyrosequencing, digital
PCR, and several allele-specific PCR platforms, using four
levels of spiked materials [25]. Although we used limited
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number of methods of two NGS and one IVD platform, we
suggested more delicate means of EQA workflow tailored
to ctDNA testing, using strictly designed low-level materials
to assess assay sensitivity and precision in individual labo-
ratories. Larger trial including more genotyping platforms
including digital PCR with our sample preparation protocol
is worthy of further investigation. In our pilot EQA, we used
spiked ctDNA samples, which will facilitate standardization
and improvement of ctDNA testing practices in clinical
diagnostic laboratories.
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Purpose. To identify the somatic mutated genes for optimal targets of non-small-cell lung cancer after resistance to osimertinib
treatment. Patients and Methods. Study patients all had advanced lung adenocarcinoma and acquired resistance to osimertinib as
a second- or third-line treatment. These patients had harboring EGFR T790M mutation before osimertinib treatment, which was
confirmed by Amplification Refractory Mutation System (ARMS) PCR or Next-Generation Sequencing (NGS). After resistance
to osimertinib treatment, tumor tissue was collected by core needle biopsy. DNA was extracted from 15 × 5 um sliced section of
formalin-fixed paraffin-embedded (FFPE) material and NGS was done. The genetic changes were analyzed. Results. A total of 9
Chinese patients were studied, 5 females and 4 males, age 51–89 years. After progression with osimertinib treatment, core needle
biopsy was performed and next-generation sequencing was performed. Nine patients had harboring 62 point mutations, 2 altered
gene copies, 2 amplifications, and 1 EML4-ALK gene fusion. No MET or HER2 amplification was found in this cohort study. Nine
patients still maintained initial EGFR 19 del or L858R activating mutations, while 7 of them kept EGFR T790Mmutations. Among
the 7 patients, 5 had secondary EGFRC797S and/or C797Gmutations, which all happened in the same allele with T790Mmutation.
All patients were treated with targets therapies, chemotherapy, or best supportive care (BSC) in accordance withNGS genetic results
and patients’ performance status; 7 of them are still alive and 2 of them died of disease progression at last follow-up. Conclusions.
EGFR C797S/G mutation and the same one presented on the same allele with EGFR T790M mutation were the most common
mutation feature and played a key role in resistance to osimertinib in Chinese patients with NSCLC. Tumor cells losing T790M
mutation and maintaining EGFR activating mutation might benefit from first-generation EGFR-TKI treatment.

1. Introduction

Epidermal growth factor receptor (EGFR) T790M mutation
is themost commongenetic change for patients of non-small-
cell lung cancer (NSCLC) harboring EGFR after resistance
to first-generation EGFR tyrosine kinase inhibitor (TKI) [1].
The substitution of threonine with methionine at amino acid
position 790 (T790M), which reduces the ability of ATP-
competitive reversible EGFR-TKI binding to EGFR tyrosine
kinase domain, results in cancer cells resistant to gefitinib and

erlotinib [1]. Osimertinib (Tagrisso, AZD9291, AstraZeneca)
is the only FDA approved drug for lung cancer patients
harboring EGFRT790Mmutation. After amedian of 9.6–11.0
months’ remission with osimertinib treatment, tumors will
inevitably have progress. Although a lot of studies had been
done, themolecularmechanisms of resistance are not yet fully
understood [2, 3].

Next-generation sequencing (NGS) is a cost-effective
technology capable of screening several genes simultaneously
[4]. It is commonly used nowadays for sequencing mutated
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Table 1: Patients’ characteristics.

# Sex Age (yrs) EGFR type Tissues and genetic testing
Before osimertinib After osimertinib

1 F 62 L858R Lung NGS Pleura NGS
2 M 85 19 del SL ARMs-PCR Lung NGS
3 M 66 19 del Bone ARMs-PCR Lung NGS
4 F 79 L858R Lung ARMs-PCR Lung NGS
5 F 89 19 del Lung NGS Lung NGS
6 F 66 19 del Serum ARMs-PCR Bone NGS
7 M 56 19 del Lung ARMs-PCR Lung NGS
8 F 75 19 del Pleura ARMs-PCR Pleura NGS
9 M 51 19 del Lung ARMs-PCR Lung NGS
Median 66
SL denotes supraclavicular lymph node.

tumor genes with tumor tissue or plasma to identify and
classify molecular subtypes, to address the unmet need for
new drug targets in its category [5]. The mechanism of
resistance to osimertinib or other third-generation EGFR-
TKI was extremely complicated, and the reported results
of mutation sites and/or mutation rates were much differ-
ent among studies. Phenotype transformation, EGFR new
point mutation, pathways activation, or targets loss were
the strongest possibilities. Most studies reported that C797S
mutation happened in 20–30% of patients after osimertinib
initiation [6, 7]. The EGFR C797S mutation conferred resis-
tance to third-generation EGFR-TKI. C797S mutation had
been identified in cis or in trans with T790M mutation in
tumor specimens from patients who experienced treatment
failure with third-generation EGFR-TKIs. C797S and T790M
mutation in transwere sensitive to first-generation plus third-
generation EGFR-TKI but in cis they would be resistant
to all [8]. Therefore, to elicit the mutated driver genes
after resistance to third-generation EGFR-TKI is critically
important.

2. Material and Methods

Patients enrolled in the study all had histologically confirmed
metastatic lung adenocarcinoma. EGFR T790M mutation
was confirmed by tumor tissue or serum, which was tested
by the ARMS PCR or Next-Generation Sequencing (NGS)
before osimertinib treatment. Patients were all treated with
osimertinib with a dose of 80mg oral daily after resistance
to gefitinib or erlotinib treatment. Osimertinib acquired
resistance was confirmed by CT or PET-CT scan according
to RECIST 1.1 [9]. Core needle biopsy (CNB) guided by
CT scan was performed. DNA was extracted from 15 ×
5 um sliced sections of FFPE tumor tissue. Tumor area was
evaluated and confirmed by pathologist. In order to ensure
adequacy of sequences and mutation detection, at least 20%
tumor area on each slice was set as a minimum. 10ml blood
was drawn and centrifuged for sequencing control and for
germline genes mutation test. NGS was performed with
HiSeq3000/HiSeq4000 Illumina techniques. 4278 exons of
288 common genes; intron, promoter, and fusion of 38 genes;

and coding area of 728 genes were tested for somatic muta-
tions. 11 germline mutations were also tested. The ultra-deep
coverage of genes of interest was 1,000x for tumor tissue and
10,000x for serum.

This study was approved by the Ethics Committee of
Affiliated Qingdao Central Hospital of Qingdao University,
and Informed consent to reveal patients’ medical history for
publishing was obtained before submitting this manuscript.

3. Results

A total of 9 Chinese patients were studied. There were 5
female patients and 4 male patients, median age 66-year,
range 51–89. All patients were core needle biopsied and
adenocarcinomas were confirmed by pathologists; there was
no SCLC transformation found. Tissues obtained sources
for testing and genetic testing methodologies were listed
(Table 1). There were 62 point mutations, 2 altered gene
copies, 2 amplifications, and 1 EML4-ALK gene fusion found
in these 9 patients (Table 2). No MET or HER2 amplification
was found in this cohort study. All the 9 patients still
maintained initial EGFR 19 del or L858R activating muta-
tions; meanwhile, 7 of them kept EGFR T790M mutations.
Furthermore, among the 7 patients, 5 had secondary EGFR
C797S and/or C797G mutations, which all happened in the
same allele with T790M mutation. Two patients had EGFR
C797G 2389T>G mutations; 1 had EGFR C797S 2390G>C
mutation; 1 had EGFR C797S 2389 T>A and 2390 G>C 2
points mutations; and 1 had EGFR C797S 2389 T>A, 2390
G>C 2 points and C797G 2389 T>G mutations. Subjects
#1 and #5 had acquired EGFR T790M mutations tested
by NGS, but lost them after osimertinib treatment. There
were 9 point mutations before osimertinib treatment, which
increased to 22 point mutations after resistant to osimertinib.
Most pre-osimertinib point mutations could be tested after
osimertinib treatment with the exception of T790Mmutation
and WSCD2 mutation (Table 3). The above 2 patients were
treated back with gefitinib, one having had stable disease
for 3 months, the other one just started. Subject #3 had a
low mutation rate of EML4-ALK fusion and simultaneously
had EGFR L858R, T790M mutation, and C797G mutation
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Table 3: Mutation types and mutant allele fraction (MAF) (%) changes.

#1 #5
Before osimertinib After osimertinib Before osimertinib After osimertinib

Mutation Rate Mutation Rates Mutation Rates Mutation Rates
L858R 42.9 L858R 63.2 19 del 9.6 19 del 2.1
IL7R 19.1 IL7R 31.5 T790M 1.1 PIK3CA 1.8
T790M 5.7 TENM3 27.1 TP53 7.11 TP53 1.7
CCND3 5.8 CCND3 14.3 RNASEL 1.2
WSCD2 5.1 ROS1 (6737 G>A) 2.9 TET2 0.8
FGR3A 4.1 FGFR3 1.9 MAP3K1 0.8

XPC 1.5
ATM 1.5

FAM135B 1.2
PALB2 1.1
MLL 1

ROS1 (1611A>G) 1
CDKN2A 0.2

Altered copy
CDKN2B DEL 0.3
CDKN2A DEL 0.2

Subject 1 (alive)

Subject 2 (alive)

Subject 3 (alive)

Subject 4 (alive)

Subject 5 (alive)

Subject 6 (alive)

Subject 7 (died)

Subject 8 (died)

Subject 9 (alive)

10 20 30 40 50 600
(Months)

Chemo
Gefitinib
Erlotinib

Osimertinib
Chemo & BSC
Crizotinib

Figure 1: Treatment and outcomes.

and was treated with crizotinib but had progression in 1
month. He was treated with pemetrexed for 2 cycles and
had a confirmed partial response. Subject #6 had harboring
high MAF of EGFR EXON21 (c.2500G>T, p.V834L), 19 del,
TP53, T790M, and C797G mutations (91.1%, 85.5%, 85.2%,
61.5%, 36.6%, resp.) and was resistant to gefitinib combined
with osimertinib but had stable disease with cisplatin plus
pemetrexed chemotherapy. Subject #7 had EGFR C797S
(2389 T>A, 2390 G>C) mutations and was treated with
erlotinib, osimertinib, and cetuximab but had progression in
2 months and died 6 months later. Subject #8 had EGFR 19
del and T790M and C797S/Gmutations and was treated with

BSC and died after 6 months. The other 3 patients were in
chemotherapy or BSC at last follow-up on December 15, 2017
(Figure 1).

4. Discussion

Activation of epidermal growth factor receptor (EGFR)
triggers antiapoptotic signaling, proliferation, angiogenesis,
invasion, and metastasis, which lead to development and
progression of NSCLC [10]. Inhibition of EGFR by tyrosine
kinase inhibitors such as gefitinib and erlotinib has increased
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tumor response and prolonged patients’ survival. However,
acquired resistance will finally happen, with a progression-
free survival (PFS) of around 9–13 months [11, 12]. The sub-
stitution of threoninewithmethionine at amino acid position
790 (T790M), as the second mutation in EGFR, is the most
common resistance mechanism and is detected in tumor
cells from more than 50–60% of patients after disease pro-
gression. This mutation enhances ATP affinity and reduces
the ability of ATP-competitive reversible EGFR-TKI binding
to EGFR tyrosine kinase domain, which results in cancer
cells resistant to gefitinib and erlotinib [1]. Osimertinib is
an oral, potent, irreversible EGFR-TKI and inhibits kinase
activity of EGFR sensitive mutation and T790M resistant
mutation [13, 14]. Osimertinib for second-line treatment in
EGFRT790MpositiveNSCLCwas associatedwith a response
rate of 61% and PFS of 9.6 months [13]. But the mechanism
of osimertinib resistance is much complicated [6, 7]. Third-
generation EGFR-TKIs (WZ 4002, rociletinib, osimertinib)
have pyrimidine structure and covalent bond with EGFR
Cys797 at ATP binding pocket. Cys797 point mutation
(C797S/G/R) intercepts 3rd-generation EGFR-TKIs covalent
binding to Cys797 at ATP binding pocket, which results in
drug resistance [15, 16]. Thress et al. [17] reported results
of 15 patients NGS after osimertinib progression: 6/15 cases
acquired the C797S mutations, 5/15 cases maintained the
T790M mutations but did not acquire the C797S mutation,
and 4/15 cases lost the T790M mutations. In our results, all 5
acquired C797S/Gmutations, patients still maintained EGFR
T790Mmutations, and C797S/G and T790Mmutations were
in the same allele. In in vitro study, tumor cells harboring
C797Smutationwithout T790Mmutation are still sensitive to
quinazoline-based EGFR inhibitors like gefitinib or erlotinib,
and, harboring EGFR C797S in trans with T790Mmutations
are sensitive to a combination of first- and third-generation
EGFR-TKI and in cis are resistant to all current EGFR
inhibitors [18, 19].

HER2 or MET amplifications were also reported in
osimertinib-resistant NSCLC patients. EGFR T790M muta-
tion and HER2 amplification appeared to be mutually exclu-
sive while MET amplification occurred with or without
EGFR T790M mutation [20, 21]. It was hypothesized that
tumor heterogeneity, HER2, or MET subclones initiated an
independent pathway for tumor progression [17, 22].

There were 2 patients who had acquired low MAF
PIK3CAmutations; 1 patient had acquired NOTCH3, IGF1R,
and PIK3B mutations. These point mutations are all asso-
ciated with osimertinib use and might correlate with drug
resistance [23], which needs further study to elicit new
methods to overcome it.

Small-cell lung cancer transformation is rare in NSCLC
patients resistant to EGFR-TKIs treatment. It might preexist
before first-/second-/third-generation EGFR-TKIs treatment
[24]. So, rebiopsy is critically important in the diagnosis
of SCLC transformation after resistance to 3rd-generation
EGFR-TKIs.

In our study, 2 patients had been tested by NGS before
and after osimertinib treatment.Therewere 5 pointmutations
excluding EGFR activating mutation and EGFR T790M
mutation before osimertinib treatment. After resistance to

osimertinib, 16 newpointmutationswere found except loss of
T790M mutation and WSCD2 mutation. This phenomenon
indicated that themore the lines of EGFR-TKIs therapieswere
initiated, the more the point mutations would happen. These
2 patients were treated backwith gefitinib; 1 had stable disease
for 3 months. It was indicated that 1st-generation EGFR-
TKI could be used in patients who lost T790M mutation
but maintained EGFR 19 del or L858R activating mutation. 1
patient had low rate EML4-ALK gene fusion (0.9%), EGFR 19
del (2.8%), and T790M (4.6%) and C797G (2.6%) mutations
andwas treatedwith crizotinib and progressed in 1month but
responded to chemotherapy thereafter. Itmight be that tumor
cells with EML4-ALK gene fusion were too low. Subjects
#6 and #7 had high MAF of EGFR 19 del, T790M, and
C797S or C797G mutations and were resistant to 1st- and
3rd-generation combination. So, chemotherapy is the optimal
treatment for C797S/G in cis with T790M mutation before
new drugs can overcome it.

In this study, 5/9 (55.6%) patients had acquired C797S/G
mutations, all maintained with T790Mmutation in the same
allele. In these 5 patients, 3 times of c.2389T>G, 2 times of
c.2389T>A, and 3 times of c.2390G>C point mutations were
found.TheC797S/Gmutationsweremaintainedwith T790M
mutation in cis, and C797S/G mutations happened to be
higher than previous report [17]. In the 9 patients, there were
a total of 62 point mutations, 2 altered copy numbers, and 2
amplifications, and 1 patient with 2 points C797S (2389 T>A,
2390 G>C) mutations and 1 patient had 2 points C797S and
C797G mutations, which made the mechanism of resistance
to osimertinib more complicated.

5. Conclusions

Genetic mutation is much complicated after osimertinib
treatment in EGFR positive non-small-cell lung cancer.
EGFR C797S/G mutation and the same one presented on
the same allele with EGFR T790M mutation were the most
commonmutation feature and played a key role in resistance
to osimertinib in Chinese patients with NSCLC. Tumor cells
losing T790M mutation and maintaining EGFR activating
mutation might be benefit from first-generation EGFR-TKI
treatment. To elicit a chemical to overcome EGFR C797S/G
point mutation with T790M mutation in the same allele is
critically important.

Conflicts of Interest

The authors declare that there are no conflicts of interest
regarding the publication of this article.

Authors’ Contributions

Keke Nie and Haiping Jiang made equal contributions to this
study.

Acknowledgments

The authors sincerely appreciate the superb help by Qing
Yan and Ye Wang for genetic consultation at Department of



6 BioMed Research International

Central Laboratory, the Affiliated Central Hospital of Qing-
dao University. They thank Professor Wendy Wang of Fein-
stein Institute for Medical Research and Professor John
Califra in New York for helping in editing the manuscript.
This study was supported by Grants from National Health
and Family Planning Commission of Peoples Republic of
China, Medical Technology Research Center for Health
Development Grants W2012FZ007 (Youxin Ji).

References

[1] K. Suda, R. Onozato, Y. Yatabe, and T. Mitsudomi, “EGFR
T790M mutation: A double role in lung cancer cell survival?”
Journal of Thoracic Oncology, vol. 4, no. 1, pp. 1–4, 2009.

[2] Y. Yin and J. Li, “Osimertinib in EGFR T790M - Positive lung
cancer,” The New England Journal of Medicine, vol. 376, no. 20,
p. 1993, 2017.

[3] F. H. Knebel, F. Bettoni, A. K. Shimada et al., “Sequential liquid
biopsies reveal dynamic alterations of EGFR driver mutations
and indicate EGFR amplification as a new mechanism of
resistance to osimertinib in NSCLC,” Lung Cancer, vol. 108, pp.
238–241, 2017.

[4] I. Vanni, S. Coco, A. Truini et al., “Next-generation sequencing
workflow for NSCLC critical samples using a targeted sequenc-
ing approach by ion torrent PGM platform,” International
Journal of Molecular Sciences, vol. 16, no. 12, pp. 28765–28782,
2015.

[5] V. H. Veldore, S. Patil, C. Satheesh et al., “Genomic profiling in a
homogeneous molecular subtype of non-small cell lung cancer:
an effort to explore new drug targets,” Indian Journal of Cancer,
vol. 52, no. 2, pp. 243–248, 2015.

[6] A. Oztan, S. Fischer, A. B. Schrock et al., “Emergence of EGFR
G724S mutation in EGFR-mutant lung adenocarcinoma post
progression on osimertinib,” Lung Cancer, vol. 111, pp. 84–87,
2017.

[7] Z. Tang, M. Su, X. Guo et al., “Increased expression of
IRE1𝛼 associates with the resistant mechanism of osimertinib
(AZD9291)-resistant non-small cell lung cancer HCC827/OSIR
cells,” Anti-Cancer Agents in Medicinal Chemistry, vol. 17, 2017.

[8] N. Hidaka, E. Iwama, N. Kubo et al., “Most T790M mutations
are present on the same EGFR allele as activating mutations in
patients with non–small cell lung cancer,” Lung Cancer, vol. 108,
pp. 75–82, 2017.

[9] L.H. Schwartz, S. Litière, E. DeVries et al., “RECIST 1.1 - Update
and clarification: From the RECIST committee,” European
Journal of Cancer, vol. 62, pp. 132–137, 2016.

[10] J.-Q. Zhu,W.-Z. Zhong, G.-C. Zhang et al., “Better survival with
EGFR exon 19 than exon 21 mutations in gefitinib-treated non-
small cell lung cancer patients is due to differential inhibition of
downstream signals,” Cancer Letters, vol. 265, no. 2, pp. 307–317,
2008.

[11] C. Zhou, Y.-L. Wu, G. Chen et al., “Erlotinib versus chemother-
apy as first-line treatment for patients with advanced EGFR
mutation-positive non-small-cell lung cancer (OPTIMAL,
CTONG-0802): a multicentre, open-label, randomised, phase
3 study,”The Lancet Oncology, vol. 12, no. 8, pp. 735–742, 2011.

[12] T. S. Mok, Y.-L. Wu, S. Thongprasert et al., “Gefitinib or car-
boplatin-paclitaxel in pulmonary adenocarcinoma,” The New
England Journal of Medicine, vol. 361, no. 10, pp. 947–957, 2009.

[13] P. A. Jänne, J. Chih-Hsin Yang, D.-W. Kim et al., “AZD9291 in
EGFR inhibitor-resistant non-small-cell lung cancer,” The New
England Journal ofMedicine, vol. 372, no. 18, pp. 1689–1699, 2015.

[14] T. Jiang and C. Zhou, “Clinical activity of the mutant-selective
EGFR inhibitor AZD9291 in patients with EGFR inhibitor-
resistant non-small cell lung cancer,” Translational Lung Cancer
Research, vol. 3, no. 6, pp. 370–372, 2014.

[15] Y. Jia, C.-H. Yun, E. Park et al., “Overcoming EGFR(T790M)
and EGFR(C797S) resistance with mutant-selective allosteric
inhibitors,” Nature, vol. 534, no. 7605, pp. 129–132, 2016.

[16] R. Menon, J. Müller, P. Schneider et al., “A Novel EGFRC797
Variant Detected in a Pleural Biopsy Specimen from an
Osimertinib-Treated Patient Using a Comprehensive Hybrid
Capture-Based Next-Generation Sequencing Assay,” Journal of
Thoracic Oncology, vol. 11, no. 9, pp. e105–e107, 2016.

[17] K. S. Thress, C. P. Paweletz, E. Felip et al., “Acquired EGFR
C797S mutation mediates resistance to AZD9291 in non-small
cell lung cancer harboring EGFRT790M,”NatureMedicine, vol.
21, no. 6, pp. 560–562, 2015.

[18] Z. Wang, J.-J. Yang, J. Huang et al., “Lung Adenocarcinoma
Harboring EGFR T790M and In Trans C797S Responds to
Combination Therapy of First- and Third-Generation EGFR
TKIs and Shifts Allelic Configuration at Resistance,” Journal of
Thoracic Oncology, 2017.

[19] D. Ercan, H. G. Choi, C.-H. Yun et al., “EGFR mutations and
resistance to irreversible pyrimidine-based EGFR inhibitors,”
Clinical Cancer Research, vol. 21, no. 17, pp. 3913–3923, 2015.

[20] J. A. Engelman, K. Zejnullahu, T. Mitsudomi et al., “MET
amplification leads to gefitinib resistance in lung cancer by
activating ERBB3 signaling,” Science, vol. 316, no. 5827, pp. 1039–
1043, 2007.

[21] Z. Piotrowska, M. J. Niederst, C. A. Karlovich et al., “Het-
erogeneity Underlies the Emergence of EGFRT790 Wild-Type
Clones Following Treatment of T790M-Positive Cancers with a
Third-Generation EGFR Inhibitor,”Cancer Discovery, vol. 5, no.
7, pp. 713–722, 2015.

[22] D. Planchard, Y. Loriot, F. André et al., “EGFR-independent
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