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Early diagnosis and prediction of therapeutic responses are
crucial in cancer patients to tailor and optimize the treatment,
increase the likelihood of cure, reduce side-effects, and avoid
overtreatment. This special issue compiles relevant articles
focused on the development of innovative cancer biomarkers
and their validation.

New molecular biology tools, including genome-wide
analysis, deep-sequencing, and RNA-seq, are currently avail-
able for the identification of novel unique biomarkers with
great potential for developing more sensitive and specific
diagnostic tools as well as discovering new candidate thera-
peutic targets for personalized medicine.

In this special issue the relevance of systemic bio-
markers for early diagnosis and/or cancer characteriza-
tion/monitoring has been emphasized by several articles
focused on blood tumor markers with an overview by S.
Holdenrieder et al. The great variety of blood tumor markers
is shown by the wide range of biomarkers spanning from
the basic parameter changes of blood count in renal cell
carcinoma (reported by G. Prokopowicz et al.) to the detec-
tion of circulating tumor cells in gastric cancer (observed
by K. Zou et al.), the level of antibodies to the hidden IgG
antibodies to the tumor-associated Thomsen-Friedenreich
antigen (described in gastric cancer patients by O. Kurtenkov
and K. Klaamas), and the levels of plasma circulating tumor
DNA, observed in melanoma patients by B. Busser et al.

Moreover, the diagnostic relevance of systemic miRNAs (in
particular miRNA 21) in biliary tract cancer seems even
greater than current markers (i.e., CA19-9) and has been
reported by C. Mayr et al.

Most articles, however, have been focused on tissue
biomarkers in the early discovery and/or characterization
stage, with a great potentiality of becoming relevant cancer
biomarkers for molecular characterization/diagnosis, prog-
nostic evaluation, and therapeutic responsivity. The articles
on the predictive positive clinical significance of novel long
noncoding RNA in HCC (by L. Zhang et al.) whose expres-
sion levels are directly related to overall survival, the low
proliferation level of the human lung cancer cell lines A549
in presence of high expression of circular RNA-ITCH (by
L. Wan et al.), and limited disease in SCLC of patients with
miRNA-related polymorphisms in P13K/Akt/mTORpathway
genes (by W. Jiang et al.) are establishing a new paradigm.

Moreover, high EF24 levels have been associated with
suppression of invasion and migration of HCC cells (by R.
Zhao et al.), while high expression levels of Cadherin 17 have
been associated with high frequency of bone marrow metas-
tasis in a murine breast cancer model (by T. Okada et al.)
and high expression of meiotic recombination 11 homolog A
(MRE11) oncoprotein with clinical breast cancer progression
(by C.-H. Yang et al.). The overall characterization of the
primary tumor has been described for renal cell carcinoma

Hindawi
BioMed Research International
Volume 2017, Article ID 7362721, 2 pages
https://doi.org/10.1155/2017/7362721

https://doi.org/10.1155/2017/7362721


2 BioMed Research International

by S. H. Kim et al., glioblastoma by W. Szopa et al., and
nasopharyngeal carcinoma by A. Lu et al. The latter study
includes the primary tumor immune-evaluation showing that
in patients with elevated neutrophil to lymphocyte ratio
(NLR) the balance is tipped in favor of tumor-promoting
inflammation resulting in tumor cell proliferation and cancer
metastasis.

Finally specific gene signatures have been proposed to
optimize personalized cancer treatment; in particular the
overall higher responsiveness to PARPi of patients carrying
BRCA2 mutations has been reviewed by S. Murata et al. and
specifically for pancreatic cancer by J. Martinez-Useros and J.
Garcia-Foncillas.

We hope that our current paper collection will enrich
our readers and researchers, giving them an overview of the
current broad range of cancer biomarkers being pursued by
research teams around the world.

Franco M. Buonaguro
C. David Pauza

Maria Lina Tornesello
Pierre Hainaut
Renato Franco

Massimo Tommasino
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Melanoma is a cutaneous cancer with an increasing worldwide prevalence and high mortality due to unresectable or metastatic
stages. Mutations in BRAF, NRAS, or KIT are present in more than 60% of melanoma cases, but a useful blood-based biomarker
for the clinical monitoring of melanoma patients is still lacking. Thus, the analysis of circulating tumor cells (CTCs) and/or cell-
free circulating tumor DNA (ctDNA) analysis from blood (liquid biopsies) appears to be a promising noninvasive, repeatable,
and systemic sampling tool for detecting and monitoring melanoma. Here, we review the molecular biology-based strategies used
for ctDNA quantification in melanoma patients, as well as their main clinical applications. Droplet digital PCR (ddPCR) and next
generation sequencing (NGS) technologies appear to be two versatile and complementary strategies to study rare variant mutations
for the detection andmonitoring ofmelanoma progression. Among the different clinical uses of ctDNA,we highlight the assessment
of molecular heterogeneity and the identification of genetic determinants for targeted therapy as well as the analysis of acquired
resistance. Importantly, ctDNA quantification might also be a novel biomarker with a prognostic value for melanoma patients.

1. Introduction

It is well established that circulating tumor DNA (ctDNA)
is a valid surrogate tumor biomarker for monitoring tumor
burden and responses to anticancer therapies [1, 2]. This
minimally invasive method to access cancer-derived DNA
is also potentially useful for monitoring solid tumors and
would avoid the need to perform repeated invasive biopsy
procedures [3].

It was recently shown in a prospective proof-of-concept
study that the monitoring of metastatic breast cancer via

ctDNA was a both highly specific and sensitive strategy [4].
These results even suggest that ctDNA has better sensitivity
than the well-established breast tumor biomarker (TM)
carbohydrate antigen (CA 15-3). Similarly, serum levels of
carcinoembryonic antigen (CEA), CA 19-9, and prostate
specific antigen (PSA) can be used as surrogate markers
of tumor burden changes in colon, pancreas, and prostate
carcinomas. However, there is no valid and specific blood
biomarker that is currently used either for the assessment of
melanoma burden/recurrence or for clinical monitoring of
the disease. The only TM accepted as a standard prognostic
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factor of survival for melanoma is lactate dehydrogenase
(LDH), which is a nonspecific enzyme that can be elevated
in various benign or malignant diseases [5].

A relevant blood biomarker for routine clinicalmelanoma
monitoring is thus highly and urgently needed. Melanomas
are among the cancers that harbor the highest number of
mutations per tumor [6] and ctDNA is detectable in about
80% of cases, with more than 1000 mutant fragments per
5mL of plasma [7]. Mutations, deletions, or amplifications in
BRAF, NRAS, TP53, or KIT are generally present in approx-
imately 85% of melanomas [8].These high-frequency genetic
alterations can be found in the blood of melanoma patients
and make it possible to distinguish ctDNA from circulating
normal DNA.They could collectively serve as specific molec-
ular biomarkers to track ctDNA levels and as personalized
biomarkers of melanoma disease.

BRAF is the most frequently mutated gene in melanoma
[8]. From 43 to 66% of cutaneous melanomas carry BRAF
mutations, among which the BRAF V600E transversion is
the most common (80%), followed by V600K (12%), V600R
(5%), V600M (4%), and V600D (<5%) [9]. These activating
BRAF mutations induce the constitutive downstream activa-
tion of the MEK-ERK signaling pathway, leading to tumor
proliferation and survival [10].

NRAS encodes a small GTPase, which was the first pro-
tooncogene discovered in melanoma [11], and is found to be
mutated in approximately 20% of cases [12]. Both BRAF and
NRASmutations are predictors of poorer outcome and lower
overall survival (OS) of patients than those with nonmutated
melanoma [13].

KIT is a genewhich is foundmutated in approximately 3%
ofmelanomas [8].The positive detection ofKIT has also been
successfully performed in the peripheral blood of patients
with gastrointestinal stromal tumors [14, 15]. Patients with
melanomas harboringKITmutations are eligible for imatinib
therapy [16].

Hence, there is a reason to believe that ctDNA will play
the unhoped-for role of the currently missing gold-standard
blood-based biomarker for the monitoring of melanoma in
the near future.

Here, we review the existingmolecular biology approach-
es that have been used for ctDNA quantification for melano-
ma patients and describe the main clinical applications and
associated results that were obtained.

2. Technical Strategies for ctDNA Detection
and Quantification

Patients with solid malignancies have higher levels of normal
(wild-type) circulating cell-free DNA than healthy individ-
uals [37]. Most conventional PCR-based methods, such as
classical Sanger sequencing or pyrosequencing, can detect
mutant alleles but are limited by the presence of dispro-
portionate amounts of wild-type alleles in the blood. These
two methods can only fulfill the requirements for ctDNA
quantification for patients with very high levels of mutant
ctDNA, which is rare in plasma [38].

Detecting somatic genetic alterations in the circulation is
challenging, but novel approaches have facilitated sensitive

and specific detection at low levels. Several recently devel-
oped methodologies, such as allele-specific amplification
refractory mutation system PCR (ARMS), bead emulsifi-
cation amplification and magnetics (BEAMing) technology,
allele-specific PCR (AS-PCR), droplet digital PCR (ddPCR),
and next generation sequencing (NGS), have been used to
detect and quantify rare variants in the blood of melanoma
patients, with analytical sensitivity ranging from 0.005 to 5%
(Table 1).

One of the first studies dedicated to the evaluation of
both an innovative ctDNA quantification method and its
clinical utility in melanoma showed that quantitative real-
time clamp reverse transcription PCR by peptide locked
nucleic acid (PNA) and locked nucleic acid hybrid probes
(LNAs) detected serum BRAF V600E with a sensitivity of
0.001%. The use of allele-specific blockers to suppress the
amplification of the wild-type allele was also chosen for the
screening of BRAF mutant alleles in plasma via competitive
allele-specific PCR (CastPCR) [25]. However, the analytical
sensitivity was lower at 0.5%.

The detection of BRAF mutations in isolated CTCs from
BRAF-mutated melanoma patients has been performed after
an obligatory step of whole genome amplification (WGA)
[24]. The authors compared the performance of ddPCR with
CastPCR and concluded that ddPCR was more robust and
more sensitive than CastPCR. In this study, the detection
of BRAF mutations with ddPCR reached a sensitivity of
0.0005%, which is 200 times greater than that obtained using
CastPCR [24].

AS-PCR methods have recently reached sensitivities
below 0.01%, which allow their use for rare variant detection
[31].

BEAMing technology is sufficiently sensitive (0.01%,
Table 1) to reliably detect mutant ctDNA in the plasma
of melanoma patients. For example, BRAF mutations were
detectable in 76% and 81% of patients with BRAF V600E and
V600Kmutations among 732 patients enrolled in four recent
clinical trials evaluating targeted therapies [34].

The sensitivity of AS-PCR is generally not below 0.1%
[3, 9, 19, 36]. However, the recent development of a novel,
rapid, and inexpensive AS-PCR assay reached a sensitivity
of 0.005% due to the use of a PNA designed to inhibit the
amplification of the wild-type allele [18].

The technique of ddPCR is a robust method that can
detect and quantify very small amounts of ctDNA without
the need of a calibration curve [28]. It is indeed more precise
for the detection of rare genetic variants and is less sensitive
to inhibitors than quantitative RT-PCR [39, 40]. In a recent
study, the ddPCR approach reliably distinguished mutant
from wild-type alleles with no false positives [29]. BRAF
ctDNA was never detected in a healthy patient cohort, yield-
ing a clinical specificity of 100%. Using the same approach,
the NRAS ctDNA test showed a specificity higher than 75%
[30].

Most of the technologies presented in this review are
generally used to detect and quantify known alterations.
Despite being useful for longitudinal monitoring, they do
not allow the discovery of other mutations, either the other
innumerable mutations contained in the tumor or the de
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Table 1: Overview of techniques used for detection and quantification of plasma ctDNA for melanoma patients. PCR: polymerase chain
reaction; AS-PCR: allele-specific PCR; ARMS: amplification refractory mutation system allele-specific PCR; MS-PCR: mutant-specific PCR
with fluorescent detection; CastPCR: competitive allele-specific PCR; CTCs: circulating tumor cells; Bi-PAP: mutation-specific bidirectional
pyrophosphorolysis-activated polymerization; ddPCR: droplet digital PCR; BEAMing: beads, emulsification, amplification, and magnetics;
NGS: next generation sequencing; WES: whole exome sequencing.

Method Gene (mutation) Analytical sensitivity (% of
mutated copies) References

Quantitative real-time
clamp reverse transcription
PCR

BRAF (p.V600E) 0.001% [17]

AS-PCR or ARMS BRAF (p.V600E/K/D) 0.1% [3]
AS-PCR or ARMS BRAF (p.V600E) 0.3% [18]
AS-PCR or ARMS BRAF (p.V600E) 0.25% [9]
AS-PCR or ARMS BRAF (p.V600E) 2.0% [19]

ARMS

BRAF (p.V600E)
BRAF (p.V600D)
BRAF (p.V600K)
BRAF (p.V600R)

1.82%
3.19%
4.34%
4.85%

[20]

MS-PCR BRAF (p.V600E) 0.01% [21]
RT-PCR + restriction
enzyme digestion BRAF (p.V600E) 0.1% [22, 23]

ddPCR on DNA from CTC BRAF (p.V600E)
BRAF (p.V600K)

0.0005% after WGA
enrichment [24]

CastPCR on DNA from
CTC

BRAF (p.V600E)
BRAF (p.V600K)

0.1% after WGA
enrichment [24]

CastPCR BRAF (p.V600E) 0.5% [25]

Bi-PAP
GNAQ (c.626A>T)
GNAQ (c.626A>C)
GNA11 (c.626A>T)

∼0.05% [26, 27]

ddPCR BRAF (p.V600E) 0.005% [28]

ddPCR
BRAF (p.V600E)
BRAF (p.V600K)
NRAS (p.Q61H)

0.01% [29]

ddPCR

BRAF (p.V600E)
BRAF (p.V600K)
NRAS (p.Q61K)
NRAS (p.Q61R)

0.01% [30]

AS-PCR or ARMS BRAF (p.V600E) 0.005% [18]
AS-PCR BRAF (p.V600E/E2/D/K/R/M) 0.01% [31]

BEAMing technology BRAF (p.V600E)
BRAF (p.V600K) [32]

BEAMing technology
BRAF (p.V600E)
NRAS (p.Q61K)
NRAS (p.Q61R)

<0.01% [33]

BEAMing technology BRAF (p.V600E)
BRAF (p.V600K) 0.01% [34]

PCR+NGS TERT promoter <0.1% [33]
NGS (WES) Exome [35]

novomutations occurring during the acquisition of resistance
mechanisms. From this perspective, sequencing of ctDNAvia
NGS-based technologies is a reliable strategy that has already
succeeded in identifying novel alterations at a frequency as
low as one mutant copy in several thousand wild-type copies
[41, 42].

Accordingly, digital PCR and NGS technologies are con-
sidered to be relevant and complementary diagnostic tools
for quantifying rare variants in the blood of cancer patients
[40, 43].

Plasma is a better source of ctDNA than serum [19],
especially because of the large amounts of wild-type DNA
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released by white cells lysis during clotting. However, dis-
cordant studies have shown that higher levels of ctDNA
could be recovered from paired serum samples [9]. There
is general agreement concerning the use of either dedicated
blood collection tubes that prevent plasma cell-free DNA
contamination by cellular DNA [44, 45] or conventional
EDTA-containing tubes coupled with a stringent protocol
for the separation of the plasma from blood cells by two
consecutive centrifugations within 2-3 hours after the blood
draw [46].

Analytical sensitivity (Table 1) refers to the estimated
fraction of mutated copies that can be detected within the
high number of wild-type alleles present in the plasma. The
sensitivity of a given method is a percentage that can vary
depending on the allele of interest, the technology used, or
the pathophysiological state of the patient. For plasma ctDNA
quantitation, the use of very sensitive methods is particularly
necessary for quantifying the presence of extremely small
fractions of mutant alleles (<1.0%). We believe that compar-
ing the absolute sensitivities obtained from various studies
aiming to quantify ctDNA is not informative. The diverse
experimental protocols used in these studies introduce bias,
preventing their comparison. The analysis of ctDNA coming
from different sources (plasma, serum, or CTCs), with or
without rapid processing after blood collection, obtained
using different extraction methods, followed by whole
genome amplification or not, and sequenced/quantified using
different technologies, impedes any attempt to select the
best approach for ctDNA quantification based on claimed
(or measured) analytical sensitivities [47]. Importantly, most
plasma or serum ctDNA is not derived from CTCs [7].

3. Clinical Applications for
ctDNA in Melanoma

The recent advances resulting in improved sensitivity and
specificity of ctDNA analysis have been shown to be useful
in a wide variety of malignancies for several clinical appli-
cations, including early cancer detection, assessment of the
molecular heterogeneity of overall disease, the monitoring
of tumor dynamics, identification of genetic determinants
for targeted therapy, evaluation of early treatment responses,
monitoring of minimal residual disease, and assessment of
the evolution of resistance in real time [38]. Several of these
applications have been tested on melanoma patients and the
results all support the serious need for routine serial ctDNA
monitoring to improve the clinical management of these
patients (Table 2).

3.1. Assessment ofMolecular Heterogeneity. Theassessment of
genetic heterogeneity is a current technical challenge ofmajor
clinical importance. As an example, the mutational status of
BRAF was found to be different between different sites of
the primary tumor (intratumor heterogeneity), between the
primary tumor and metastases, and between several metas-
tases from the same patient [21, 48]. Biopsy and subsequent
sequencing can miss detecting a mutation because of the site
from which it was taken. A potential strategy to overcome
such a bias in routine sequencing is to sequence plasma

ctDNA. Indeed, ctDNA is a valid source for theoretically
finding all mutations present in all tumor sites of a given
patient [38].

3.2. Prognostic Value. The highest levels of circulating BRAF
V600E were found in more advanced stages of disease
[17]. This finding was in accordance with results of another
seminal study, dedicated to quantifying circulating BRAF
mutations in the blood of melanoma patients, which showed
that detectable BRAF levels were only found in advanced
stage III/IV disease [9]. The authors of this study postulated
that this blood biomarker would not represent an interesting
early-stage marker for melanoma patients, despite the fact
that BRAF mutations occur early in melanomagenesis [49].

The prognostic significance of ctDNA quantification in
melanoma has more recently been clearly demonstrated.
Patients with OS of more than two years had significantly
fewer copies of mutant BRAF V600E per mL of plasma
than patients with OS of less than two years [28]. The
prognostic value of ctDNA levels was also demonstrated
in a phase II cohort of melanoma patients which included
histologically confirmed patients with BRAF mutant stage
IV melanoma [32]. Increasing amounts of circulating BRAF
V600E were associated with a reduced overall response rate
and shorter progression-free survival (PFS). Elevated ctDNA
levels were also significantly associated with both shorter
PFS and lower OS in uveal melanoma [26]. In addition, the
absence of detectable ctDNA prior to treatment (baseline)
within a large cohort of melanoma patients with BRAF
mutations was an independent predictor of better disease
outcome. Patients negative for BRAF ctDNA had higher
response rates to dabrafenib and trametinib, longer PFS,
and higher OS than patients for whom BRAF mutations
were detected in the plasma [34]. Longer PFS also correlated
with undetectable ctDNA levels after treatment initiation in
an independent 36-patient cohort receiving dabrafenib and
trametinib [31]. In a 48-patient cohort treated by MAPK
inhibitors or immunotherapies, low baseline ctDNA was a
good predictor of response to treatment and longer PFS [30].
More recently, the presence of detectable levels of ctDNA at
baseline strongly correlated with longer OS [20]. All these
studies suggest that rising or elevated ctDNA levels may
predict poorer clinical outcome.

3.3. Identification of Genetic Determinants for Targeted Ther-
apy. A phase II study of a large cohort of BRAF mutant
melanomapatients failed to demonstrate the prognostic value
of ctDNA detection in advanced melanoma. However, the
authors stressed that there was a strong rationale for using
blood testing to identify whether there are any genetic deter-
minants for associated targeted therapy [3]. The definitive
evidence of the benefit of using plasma rather than serum for
ctDNA studies was provided in a large cohort of melanoma
patients [19]. In this study, the authors proposed that BRAF
V600mutation testing from ctDNA should be considered as a
first screening test for positively selecting patients with BRAF
mutations eligible for targeted therapy. This blood-based
mutation screening approach could significantly shorten the
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Table 2: Applications of ctDNA quantification and monitoring for melanoma patients. PBL: peripheral blood lymphocytes.

Gene Sample Application References

BRAF Serum (i) Tumor response monitoring
(ii) Prognostic value [17]

BRAF Serum/plasma Advanced stage IV monitoring [9]

BRAF Serum Identification of genetic determinants for targeted
therapy [3]

BRAF Plasma Identification of genetic determinants for targeted
therapy [21]

BRAF Serum/plasma Identification of genetic determinants for targeted
therapy [19]

BRAF Plasma Identification of genetic determinants for targeted
therapy [36]

BRAF PBL
(i) Identification of genetic determinants for targeted
therapy
(ii) Evaluation of early treatment response
(iii) Monitoring of minimal residual disease

[22]

GNAQ
GNA11 Plasma Prognostic value [26]

BRAF Plasma
(i) Identification of genetic determinants for targeted
therapy
(ii) Monitoring of tumor dynamics
(iii) Prognostic value

[28]

BRAF
NRAS
TERT
Promoter

Plasma Evaluation of early treatment response to
immunotherapy [33]

BRAF Plasma/serum
(i) Prognostic value
(ii) Monitoring of tumor dynamics
(iii) Evaluation of early treatment response
(iv) Monitoring of minimal residual disease

[18]

BRAF Plasma Prognostic value [32]

BRAF
NRAS Plasma

(i) Monitoring of tumor dynamics
(ii) Monitoring of minimal residual disease
(iii) Real-time assessment of resistance

[30]

BRAF Plasma Prognostic value [34]

BRAF Plasma
(i) Prognostic value
(ii) Monitoring of tumor dynamics
(iii) Evaluation of early treatment response
(iv) Real-time assessment of resistance

[34]

BRAF
NRAS Plasma

(i) Prognostic value
(ii) Evaluation of early treatment response
(iii) Real-time assessment of resistance

[30]

BRAF Plasma
(i) Identification of genetic determinants for targeted
therapy
(ii) Prognostic value

[20]

Exome Plasma (i) Evaluation of early treatment response
(ii) Real-time assessment of resistance [35]

turnaround time relative to that required formutation testing
from archived FFPE tumors [19].

3.4. Monitoring of the Disease. The first attempt to monitor
ctDNA levels in melanoma patients before and after treat-
ment resulted in a significant positive correlation between
the level of remaining detectable serum BRAF V600E and
the absence of response to bio/chemotherapy [17]. Another

study reported a rapid and marked decrease in BRAF V600E
blood levels following the initiation of treatment, whether
it was surgical or based on targeted anti-BRAF and/or anti-
MEK therapies. The decrease correlated with the response to
treatment, shown by imaging [22].

The longitudinal variations of ctDNA levels during the
treatment of melanoma are logarithmic [28], reinforcing its
potential role as a relevant surrogate marker for monitoring



6 BioMed Research International

efficacy (decrease and/or minimal residual disease) and
recurrence (increase after nadir) of melanoma therapy. The
only blood TM routinely incorporated in the management
of melanoma is LDH, but it is neither sensitive nor specific
and is considered to be an unreliable marker for monitoring
treatment response [29]. A small case series demonstrated
that ddPCR-based ctDNA quantification allowed the mon-
itoring of treatment responses or the emergence of tumor
resistance more consistently and informatively than LDH
[29]. The superiority of measuring ctDNA over that of LDH
levels was demonstrated in three other patients for whom
ctDNA levels more accurately reflected the evolution of
disease than those of LDH, as the latter tends to increase
following immunotherapy [35]. In contrast, two other studies
reported a positive correlation between ctDNA and LDH
levels [20, 30].

Changes in ctDNA levels that occurred in patients receiv-
ing immune checkpoint blocking agents were predictive of
treatment efficacy [33]. In this study, the authors also postu-
lated that (1) decreases in ctDNA levels could help to identify
patients who are responding to treatment, (2) increases in
ctDNA levels might indicate tumor progression or tumor
lysis preceding regression, (3) rising ctDNA levels after a
long period off treatmentmight reflect tumor recurrence, and
(4) ctDNA could be used as a marker of minimal residual
disease after surgical resection. The monitoring of metastatic
melanoma patients receiving targeted therapies also sug-
gested that ctDNA levels dramatically decline during the
first weeks of therapy, sometimes decreasing to undetectable
levels, which is also associated with response to therapy [30].
An increase of ctDNA levels was never found in patients with
an ongoing response but was found in 19/27 patients with
progressive disease under targeted therapy, thus resulting in
a sensitivity of 70% and a specificity of 100% [31].

The interest of such a longitudinal follow-up is that the
recurrence of tumor burden was apparent by ctDNA analysis
when radiological analysis still classified the tumor as stable
[30].That biological recurrence precedes radiological signs of
recurrence by several weeks is well established [50, 51].

3.5. Resistance to Treatment. The assessment of tumor resis-
tance to a given treatment can be determined by ctDNA
studies in a dualmanner.The first option consists of detecting
increased levels of ctDNA carrying the original mutation
after a prolonged period of undetectable or low values. BRAF
mutations are usually conserved when recurrence/resistance
to targeted therapies occurs and concentrations of plasma
ctDNA generally decrease after treatment initiation [30].
Therefore, if progressive disease occurs after a period of
tumor response, it is likely that an increase of ctDNA levels
with the same primaryBRAFmutation as that of the relapsing
tumor cells will be detected. The second option consists of
detecting resistance mutations. For melanoma treated with
BRAF inhibitors, resistance generally occurs within the first
year and usually involves reactivation of the MAPK pathway
by the acquisition of secondary NRAS or MEK mutations or
alternative splicing or amplification of the BRAF gene itself
[52]. Tracking such secondary mutations is an approach that
has already demonstrated its utility in the routine clinical

monitoring for the early recurrence of lung cancers [53].
For melanoma patients, ctDNAmonitoring of seven patients
with progressive disease after a prior response to anti-BRAF
treatments allowed the identification of secondary resistance
mutations of theNRAS gene for three of them [30]. Similarly,
a retrospective analysis of ctDNA from patients with tumor
resistance was also performed by whole exome sequencing
(WES) [35] and identified secondary NRAS mutations. A
specific 10-gene panel was further developed and successfully
used for the assessment in plasma of secondary mutations
known to mediate resistance to BRAF and MEK inhibitors
[35].

4. General Conclusion

Liquid biopsies are a promising area of investigation for
improving the clinical monitoring of patients with solid
malignancies [7] and ctDNA has been demonstrated for sev-
eral applications to be a diagnostic, prognostic, and predictive
biomarker for several malignancies [47]. The recent progress
in the analytical sensitivity of digital genomic technologies
allows the investigation of very rare mutant variants of
ctDNA, representing an indisputable advantage over most
strategies requiring CTC isolation [7]. The routine sequenc-
ing of BRAF (exon 15), NRAS (exon 2), and KIT (exons 9,
11, 13, and 17) for clinical purposes, such as molecular-based
targeted therapy, suggests that tailored monitoring of the
kinetics of plasma ctDNA could be used in the near future
for melanoma patients for whom a mutation is detected.

Indeed, ctDNA can also harbor epigenetic modifications,
such as methylation that has already been identified as a
relevant prognostic factor for melanoma patients [54, 55].
Digital PCR and NGS strategies appear to be two of the
most versatile technologies to study rare variants, such as
mutations for cancer or SNPs for pharmacogenetics, as well
as methylation [56].

Given the heterogeneity of tumor mutations between
primary and metastatic sites, or between several metastatic
sites, ctDNA might provide a more relevant representation
of the mutational status of a patient than a biopsy from a
single lesion or site [3, 20, 28]. Liquid biopsies, especially
plasma ctDNA, have made the analysis of acquired resistance
to anticancer treatments possible [50]. Recent studies showed
that the monitoring of plasma ctDNA accurately reflected
real-time sampling of multifocal tumor evolution [57]. These
findings are fully transposable to melanoma patients, and
such monitoring will help clinicians to better understand the
molecular evolution of the individual primary andmetastatic
tumors of their patients. Further studies on large cohorts
will be needed to prospectively evaluate the benefit of using
serial ctDNA investigations in the monitoring of melanoma
patients.
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The peripheral blood neutrophil to lymphocyte ratio (NLR), lymphocyte to monocyte ratio (LMR), and platelet to lymphocyte
ratio (PLR) have been reported to correlate with the prognosis of many malignancies. This study evaluated the prognostic value
of pretreatment NLR, LMR, and PLR in nasopharyngeal carcinoma (NPC). A retrospective analysis of clinical and pathological
data of 140 NPC patients without distant metastasis during initial treatment was conducted to identify correlations between NLR,
LMR, and PLR and clinicopathological features, overall survival, and progression-free survival. Cox proportional hazard regression
analysis was used to reveal the independent factors affecting the prognosis of NPC patients. NLR was associated with T staging, N
staging, and overall clinical stage grouping of theNPCpatients (𝑃 < 0.05). NLR≥ 2.28, LMR< 2.26, and PLR≥ 174were significantly
associated with a relatively short overall survival (𝑃 < 0.05). In addition, NLR ≥ 2.28 was significantly associated with a relatively
short progression-free survival (𝑃 < 0.05). Cox proportional hazard regression analysis showed that NLR was an independent
prognostic factor in NPC. Pretreatment NLR, LMR, and PLR might be a useful complement to TNM staging in the prognostic
assessment of NPC patients.

1. Introduction

Nasopharyngeal carcinoma (NPC) is one of the most com-
mon head and neck cancers in Southeast Asia, with a particu-
larly high incidence in the provinces of Southern China [1–3].
Due to its anatomical location and radiosensitivity, radiother-
apy or combined chemotherapy is a standard treatment for
NPC. As for other solid tumors, the prognosis of NPCmainly
depends on the TNM staging system [4]. However, TNM
staging alone cannot predict NPC treatment efficacy. NPC
patients with the same clinical staging often have different
clinical courses.The possible explanation is that TNMstaging
is mainly based on the anatomical information and does
not reflect the biological heterogeneity of the tumor. Hence,
identification of prognosis-related biological markers may be

an effective complement to TNM staging for the prognostic
assessment of NPC patients.

Recent studies have shown that systemic inflammation
promotes tumor progression andmetastasis via the inhibition
of apoptosis, promotion of angiogenesis, and damaging of
DNA [5]. Hematological indices for these systemic inflam-
matory conditions, such as leukocyte count, monocyte count,
platelet count, neutrophil to lymphocyte ratio (NLR), lym-
phocyte tomonocyte ratio (LMR), and platelet to lymphocyte
ratio (PLR), have been found to be independent prognostic
factors for patientswith non-small cell lung cancer [6], gastric
cancer [7], and breast cancer [8]. This study evaluated the
correlations between NLR, LMR, and PLR and clinicopatho-
logical features of NPC for the evaluation of their prognostic
value in NPC patients.
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2. Materials and Methods

2.1. Patients. In this study, 140 NPC patients admitted to
Wuzhou Red Cross Hospital (Guangxi, China) from Feb
2009 to May 2010 were recruited, and the study protocol was
approved by the Ethics Committee of Wuzhou Red Cross
Hospital. The patients comprised 101 males and 39 females
with a median age of 47 (range 10–76 years). The following
criteria were applied for the inclusion of research subjects
in this study: (1) pathologically diagnosed with NPC; (2) no
prior malignancy; (3) no distant metastasis; (4) no current
antitumor therapy; and (5) no infection or symptoms of
inflammation. All patients were clinically staged in accor-
dance with Chinese 2008 staging system [9] and received
radical radiotherapy. Stages at III and IVa NPC patients
received a combination of radiotherapy and chemotherapy.

2.2. Blood Tests. A blood sample was collected from each
patient in an EDTA anticoagulant-treated tube and analyzed
for routine peripheral blood cells (e.g., lymphocytes, neu-
trophils, monocytes, eosinophils, basophils, and platelets)
using a Sysmex XE-2100 automated hematology system and
its reagent kits (Sysmex, Japan).

2.3. Statistical Analysis. SPSS 13.0 (SPSS, Chicago, IL) soft-
ware was used for statistical analysis in this study. Hema-
tological indices were presented as medians (minimum to
maximum value). In each patient, NLR was calculated by
dividing the neutrophil number by the lymphocyte number;
LMR was calculated by dividing the lymphocyte number by
the mononuclear cell number; and PLR was calculated by
dividing the platelet count by the lymphocyte number. A
Chi-square (𝜒2) test was used to determine the correlations
between NLR, LMR, and PLR and clinicopathological fea-
tures of the NPC patients. ROC curve analyses were used to
determine the best cut-off values of the hematological indices
for patients’ survival. A Kaplan-Meier analysis was used to
calculate patients’ survival and prepare survival curves. The
log-rank test was used to compare the survival rate in each
group. A Cox proportional hazard regression analysis was
used to evaluate multiple prognostic factors. Overall survival
(OS) was defined as the duration from diagnosis to death
or last follow-up. Progression-free survival (PFS) was the
duration from diagnosis to local recurrence/metastasis or last
follow-up. 𝑃 < 0.05was considered as statistically significant.

3. Results

3.1. Patients’ Survival. One hundred and forty NPC patients
had completed treatment, including 34 cases (24.3%) of
radiotherapy alone and 106 cases (75.7%) of combined radio-
therapy and chemotherapy. Median follow-up of the patients
was 68 months (range 5–77 months). Eleven patients were
lost to follow-up; 17 patients had local recurrence; 21 patients
had distant metastasis; and 29 patients died. Among the NPC
patients, the 5-year OS was 78.8%, and the 5-year PFS was
76.2%.

3.2. Association between Pretreatment NLR, LMR, and PLR,
and Clinicopathological Features of the NPC Patients. Of the
140 NPC patients, the medians of pretreatment peripheral
blood lymphocytes, neutrophil number, monocyte number,
platelet count, NLR, LMR, and PLR were 1.76 × 109/L (0.52–
3.61), 3.96 × 109/L (1.47–10.86), 0.52 × 109/L (0.01–2.00), 234
× 109/L (61–370), 2.34 (0.70–6.60), 3.31 (0.89–320), and 136
(43–361), respectively.

ROC curves are constructed between death events and
censors. The cut-off values of pretreatment NLR, LMR, and
PLR were 2.28, 2.26, and 174, respectively, and were used to
divide theNPCpatients into high- and low-level groups. NLR
was significantly correlated to the T staging, N staging, and
overall clinical stage grouping of the NPC patients (𝑃 < 0.05)
but did not correlate with the age, gender, and pathological
type (𝑃 > 0.05). LMR and PLR were not significantly
correlated to the age, gender, pathological type, T staging, N
staging, or overall clinical stage grouping of the NPC patients
(𝑃 > 0.05, Table 1).

3.3. Correlations between Pretreatment NLR, LMR, and PLR
and Prognosis of the NPC Patients. Five-year OS and 5-year
PFS of the patients with pretreatment NLR ≥ 2.28 were
significantly lower than the patients with pretreatment NLR
< 2.28 (OS: 70.3% versus 87.8%, 𝑃 = 0.010; PFS: 66.8% versus
86.2%, 𝑃 = 0.005) (Figure 1).

As shown in Figure 2, 5-year OS of the patients with
pretreatment LMR < 2.26 was significantly lower than the
patients with pretreatment LMR ≥ 2.26 (53.9% versus 84.1%,
𝑃 = 0.003). Five-year PFS of the patients with pretreatment
LMR < 2.26 and ≥ 2.26 were 71.1% and 77.4%, respectively,
which was not a significant difference (𝑃 = 0.579).

In Figure 3, 5-year OS of the patients with pretreatment
PLR ≥ 174 was significantly lower than the patients with
pretreatment PLR < 174 (66.5% versus 83.2%, 𝑃 = 0.040).
Five-year PFS of the patients with pretreatment PLR ≥ 174
and < 174 were 70.6% and 78.1%, respectively, which was not
a significant difference (𝑃 = 0.481).

The associations of pretreatment NLR, LMR, and PLR
with OS and PFS were examined further with Cox propor-
tional hazards regression modeling, with adjustment for age,
gender,WHOpathological classification, clinical staging, and
chemotherapy.The results showed that NLR was an indepen-
dent prognostic factor of OS and PFS in NPC patients; in
addition, T stagingwas also an independent prognostic factor
of OS (Table 2).

4. Discussion

Inflammation is commonly recognized to play a key role
in cancer development and possibly affects the survival of
cancer patients [10]. In this study, we found that patients
with high T staging, N staging, and locally advanced NPC
had relatively high pretreatment NLR. Increased NLR was
significantly associated with poor OS and PFS of the patients,
suggesting that NLR was independent prognostic factors for
NPC.These results were consistent with the findings of An et
al. [11]. The mechanism behind poor tumor prognosis due to
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Table 1: Association of pretreatment NLR, LMR, and PLR with clinicopathologic characteristics in patients with nasopharyngeal carcinoma.

Characteristics Case NLR LMR PLR
<2.28 ≥2.28 P <2.26 ≥2.26 P <174 ≥174 P

Age (year)
<45 55 28 27 0.561 10 45 0.924 41 14 0.833
≥45 85 39 46 16 69 62 23

Sex
Male 101 47 54 0.614 21 80 0.277 76 25 0.469
Female 39 20 19 5 34 27 12

Pathology (WHO)
Type I/II 23 11 12 0.997 5 18 0.669 16 7 0.634
Type III 117 56 61 21 96 87 30

T classification
T
1
-T
2

63 36 27 0.047 8 55 0.106 49 14 0.307
T
3
-T
4

77 31 46 18 59 54 23
N classification

N
0
-N
1

43 26 17 0.047 8 35 0.995 33 10 0.571
N
2
-N
3

97 41 56 18 79 70 27
Overall stage

I-II 19 14 5 0.015 2 17 0.332 15 4 0.568
III-IVa 121 53 68 24 97 88 33

NLR: neutrophil to lymphocyte ratio; LMR: lymphocyte to monocyte ratio; PLR: platelet to lymphocyte ratio; Type I: keratinizing squamous cell carcinoma;
Type II: differentiated nonkeratinizing carcinoma; Type III: undifferentiated nonkeratinizing carcinoma.
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Figure 1: Kaplan-Meier curves for overall survival (OS) and progression-free survival (PFS) of patients with nasopharyngeal carcinoma
according to pretreatment neutrophil to lymphocyte ratio (NLR). (a) OS stratified by NLR. (b) PFS stratified by NLR.

an increase in NLR remains unclear. Neutrophils, as a type of
inflammatory cells, are considered to be involved in different
steps of tumor development through the production of a
variety of cytokines, such as oncostatinM, hepatocyte growth
factor, and transforming growth factor- (TGF-) 𝛽 [12]. In
addition, neutrophils promote tumor angiogenesis through

the release of angiogenic factors, such as vascular endothelial
growth factor, angiopoietin-1, and fibroblast growth factor-2
[13, 14]. On the other hand, lymphocytes are also responsible
for immune surveillance to remove tumor cells. The involve-
ment of lymphocytes, such as T cells, in tumor infiltration is
associated with better prognosis of cancer patients and has
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Figure 2: Kaplan-Meier curves for overall survival (OS) and progression-free survival (PFS) of patients with nasopharyngeal carcinoma
according to pretreatment lymphocyte to monocyte ratio (LMR). (a) OS stratified by LMR. (b) PFS stratified by LMR.
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Figure 3: Kaplan-Meier curves for overall survival (OS) and progression-free survival (PFS) of patients with nasopharyngeal carcinoma
according to pretreatment platelet to lymphocyte ratio (PLR). (a) OS stratified by PLR. (b) PFS stratified by PLR.

been used for tumor-targeted therapy [15, 16].Therefore, NLR
may affect the tumormicroenvironment and immune system
to influence the survival of NPC patients.

Tumor-infiltrating mononuclear cells were found to pro-
mote tumor invasion and cancer cell growth in lymphoma
[17]. In addition, an increased number of monocytes before
treatment has been associated with poor prognosis of lym-
phoma and other solid tumors [18, 19]. The results of this
study also showed that a relatively high LMR was associated
with better survival in NPC. Monocytes release monocyte
chemoattractant protein- (MCP-) 1 to stimulate and mediate

tumor-associated monocyte infiltration in solid tumors and
then produce various chemokines, such as TGF-𝛼, tumor
necrosis factor- (TNF-) 𝛼, interleukin- (IL-) 1, and IL-6which
promote tumorigenesis, angiogenesis, and distant metastasis
of malignant tumors [20]. NPC is usually infiltrated with
lymphocytes such as Th17 cells. Th17 cells are partly regu-
lated by macrophage migration inhibitory factor (MIF) and
could generate a high level of cytokines including TNF and
interferon- (IFN-) 𝛾, which mediate the antitumor effects
[21]. In NPC, infiltrating lymphocytes, including Th17 cells,
can express MIF, and a high level of MIF was associated with
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Table 2: Multivariate analysis of prognostic factors for survival of
NPC patients using Cox proportional hazards regression model.

Endpoint Hazard ratio (95% CI) P
Overall survival

T classification: T
3-4 versus T1-2 3.500 (1.387–8.830) 0.008

NLR (≥2.28 versus <2.28) 2.383 (1.041–5.457) 0.040
Progression-free survival

NLR (≥2.28 versus <2.28) 2.615 (1.206–5.672) 0.015
NPC: nasopharyngeal carcinoma; NLR: neutrophil to lymphocyte ratio; CI:
confidence interval.

a better treatment outcome of the disease [22].Monocytes are
likely to play an opposite role of lymphocytes and promote
tumor development in NPC.

Platelets not only are involved in blood coagulate func-
tions but also secrete a variety of cytokines to directly or
indirectly participate in the inflammatory responses of the
body. Chen et al. [23] reported that pretreatment increased
platelet count was an unfavorable prognostic factor for NPC
patients. In this study, a relatively high PLR was associated
with short survival in NPC patients. The impact of the
interaction between tumor progression and platelets remains
unclear. Sharma et al. [24] have reported that platelets
couldmediate tumor growth, proliferation, and angiogenesis.
Activated platelets promote tumor cell growth and survival
through paracrine signaling or direct contact and interaction
with tumor cells.

NLR, LMR, and PLR, as the ratio of absolute counts
between 2 types of cells, have relative stability. Elevations
of NLR, LMR, and PLR are often due to an imbalance
between the 2 types of cells, and it can be considered that
the balance between tumor-promoting inflammatory and
antitumor immune status is violated. Patients with elevated
NLR or PLR and decreased LMR denote that the balance
is tipped in favor of tumor-promoting inflammatory with
promoting tumor cell proliferation and cancer metastasis
whileweakening anti-tumor protection and is associatedwith
poor oncologic outcome.NLR, LMR, and PLRmeasurements
are easily obtained in clinical practice from routine blood
tests. Therefore, they may be useful complements to the
overall assessment of the clinicopathology of NPC patients.

5. Conclusion

In the current study, our results indicate that the pretreatment
NLR was an independent prognostic factor in NPC, and
NLR, LMR, and PLR might be a useful complement to
TNM staging in the prognostic assessment of NPC patients.
Limitations of this study include its small sample size and
single-centered retrospective design. Multicenter, large scale
prospective studies will be necessary to define the precise cut-
off values of NLR, LMR, and PLR as prognostic markers for
NPC.
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Natural antibodies to the tumor-associated Thomsen-Friedenreich antigen (TF) are related to tumor immunosurveillance and
cancer patients’ survival. Hidden IgG antibodies (HAbs) to TF, their lectin reactivity, avidity, and clinical relevance were studied.
HAbs were present in cancer patients and controls. A decreased level of IgGHAbs was detected in cancer.TheHAbs level positively
correlated with the sialospecific SNA lectin binding in purified total IgG (tIgG) in donors and cancer patients, indicating that HAbs
are higher sialylated.The avidity of anti-TF IgG in tIgG samples was lower in cancer patients (𝑃 = 0.025) while no difference in the
avidity of free anti-TF IgG was established. A negative correlation between the avidity of anti-TF IgG in tIgG and SNA binding in
both groups was observed (𝑃 < 0.0001). The HAbs level negatively correlated with the anti-TF IgG avidity in tIgG only in donors
(𝑃 = 0.003). Changes in the level of HAbs and Abs avidity showed a rather good stage- and gender-dependent diagnostic accuracy.
Cancer patients with a lower anti-TF IgG avidity in tIgG showed a benefit in survival. Thus the TF-specific HAbs represent a
particular subset of anti-TF IgG that differ from free serum anti-TF IgG in SNA reactivity, avidity, diagnostic potential, and relation
to survival.

1. Introduction

The expression of posttranscriptionally modified carboepi-
topes is a common feature of malignant cells. TheThomsen-
Friedenreich disaccharide Gal𝛽1-3GalNAc𝛼/𝛽-O-Ser/Thr
(TF, CD 176) is overexpressed in a majority of adenocarcino-
mas [1–4] including gastric cancer which is considered one of
the most deadly tumors worldwide. TF is also expressed on
cancer stem cells [5] and is a marker of cancer-initiating cells
[6]. Since the 1980s it has been demonstrated that TF- and
𝛼Gal-glycotope- (Gal𝛼1,3-Gal𝛽-) specific Abs appear early
after birth and seem to be induced by intestinal microflora
[7, 8].

The presence of naturally occurring TF-specific autoanti-
bodies of different subclasses in cancer is a well-documented
fact [9–12]. Moreover, the level of anti-TF antibodies (Abs)
in the circulation is usually decreased in cancer, which is
associated with tumor progression and patient survival [4, 11,
13] suggesting the important role of anti-TF Abs in antitumor

immunity. The TF and endothelium-expressed galectin-3
have been identified as important molecular mechanisms
initiating tumor/endothelial cell adhesion andmetastasis [14,
15]. It has been shown that treatment of mice with a mon-
oclonal anti-TF IgG Abs JAA-F11 inhibited lung metastasis
and improved prognosis in a mouse breast cancer model
[16] indicating that anti-TF humoral immune response has
a therapeutic potential.

There is evidence that an appreciable amount of Abs
is present in the circulation in a bound form, which phe-
nomenon is called “hidden antibodies” (HAbs), and remains
undetectable by conventional serologic methods [17, 18].
No special studies have been performed so far on the role
of hidden IgG Abs to tumor-associated antigens in cancer.
Recently we have demonstrated that anti-TF Abs in the
serum (a pool of all Ig isotypes) of patients with gastric
cancer show a significantly higher reactivity to sialic acid-
specific Sambucus nigra lectin (SNA) than in controls [19].
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Table 1: The characteristics of groups under investigation.

Group 𝑛 Males Females Median age (range)
Donors 28 13 15 62 (24–72)
Gastric cancer patients 41 20 21 68 (28–83)

Moreover, the SNA-reactive anti-TF IgG Abs demonstrated a
higher avidity in cancer [20]. These findings suggest that an
altered glycosylation of anti-TF natural Abs may be used as a
serologic biomarker for cancer.

In the present study we show that, in contrast to xeno-
geneic naturally occurring anti-𝛼Gal IgG, an appreciable
amount of natural anti-TF IgG Abs is present in the circula-
tion in a hidden form in both cancer patients and controls.
HAbs showed a decreased level in cancer and exhibited a
distinct SNA lectin reactivity, avidity, and relation to survival
of gastric cancer patients indicating that TF-specific HAbs
represent a particular subset of anti-TF IgG Abs which
deserves further study to specify their clinical importance.

2. Material and Methods

2.1. Subjects and Samples. Serum samples were obtained
from healthy blood donors (𝑛 = 28) and patients with
histologically verified gastric carcinoma (𝑛 = 41) (Table 1).
The investigation was carried out in accordance with the
ICH GCP Standards and approved by the Tallinn Medical
Research Ethics Committee, Estonia. A written informed
consent was obtained from each subject. Tumor staging
was based on the histopathological (pTNM) classification of
malignant tumors. Serum samples were stored in aliquots at
−20∘C until use.

2.2. The Purification of Serum Total IgG. The purification of
serum total IgG (tIgG) was performed on the Protein G HP
Spin Trap column as described by the manufacturer (GE
Healthcare, USA). The tIgG samples were eluted at pH 2.5,
immediately neutralized, dialyzed against phosphate buffered
solution (PBS, 0.1% NaN

3
), and stored at +4∘C until being

tested. About 8.5mg of IgG was obtained from 1mL of serum
applied onto the Protein G Sepharose column. To obtain the
IgG-depleted serumwe used the samemethod on the Protein
G HP Spin Trap column, except the serum volume applied to
the ProteinG columnwas three times lower, and the complete
depletion of IgG was controlled using the Easy-Titer IgG
Assay Kit (Thermo Scientific, USA).

2.3. The TF-Specific Antibody Assay. The anti-TF and anti-
𝛼Gal IgG antibody levels were determined by enzyme-linked
immunosorbent assay (ELISA) as described elsewhere [19,
21] with minor modifications. Briefly, the plates (Maxisorp,
Nunc, Denmark) were coated with a synthetic TF𝛼- or 𝛼Gal-
polyacrylamide conjugate (Lectinity, Russia) in carbonate
buffer, pH 9.6, 5 𝜇g per well. After overnight incubation at
+4∘C, triple washing, and blocking with Superblock solution
(Pierce, USA) for 15min at 25∘C, the serum or purified IgG
samples diluted to 1 : 25 in PBS-0.05% Tween (Tw) were
applied for 1.5 hr at 25∘C. The concentration of IgG in serum

and tIgG samples was measured by the Easy-Titer IgG Assay
Kit (Thermo Scientific, USA) and the IgG concentration in
the tIgG probe adjusted to that in serum. After subsequent
washing with PBS-Tw, the bound anti-TF or anti-𝛼Gal IgG
was detected with alkaline phosphatase conjugated goat anti-
human IgG (Dako, Denmark) and p-nitrophenylphosphate
disodium hexahydrate (Sigma, USA). The absorbance values
were read at 405 nm (Tecan Reader, Austria).

2.4. The Hidden Anti-TF IgG Antibody Level and the Impact of
IgG-Depleted Serum. The IgG concentration in tIgG samples
was adjusted to that in serum as described above and the level
of anti-TF IgG Ab in serum and tIgG samples was measured
by ELISA. The level of hidden IgG antibodies (HAbs) was
calculated as the difference between the levels of anti-TF IgG
(OD values) in tIgG and serum.

To evaluate the impact of IgG-depleted serum the purified
tIgG samples of cancer patients (𝑛 = 5) and controls (𝑛 =
5) were incubated with an equal volume of the autologic
IgG-depleted serum diluted from 1 : 10 to 1 : 100, or bovine
serum albumin (BSA, 0.5–2,0mg/mL) for 15min at 25∘C, and
the HAb levels (mean OD value) after incubation with PBS-
BSA or after addition of IgG-depleted serum dilutions were
determined as described above and presented in Figure 3.

2.5. The Reactivity of Anti-TF and Anti-𝛼Gal Antibodies to
Sambucus nigra agglutinin (SNA) andConcanavalinA (ConA)
Lectin. The lectin reactivity of the TF-specific IgG was mea-
sured by ELISA in a similar way, except that the binding of
neuraminic acid- (sialic acid-) specific Sambucus nigra agglu-
tinin (SNA) and mannose-specific concanavalin A (ConA)
to the absorbed serum anti-TF Abs (all isotypes) or anti-TF
IgG from tIgG samples was measured as described elsewhere
[19, 21]. Biotinylated SNA (Vector Laboratories Inc., USA) in
10mmol/L HEPES, 0.15mol/L NaCl, and 0.1mmol/L CaCl

2
,

pH 7.5, and biotinylated ConA (Sigma, USA) in the ConA
binding buffer (0.05mol/LTris-HCl buffer, pH7.2, containing
0.2mol/L NaCl and 3mmol/L CaCl

2
, MgCl

2
, and MnCl

2
)

were both applied at a concentration of 5𝜇g/mL each, for 1.5 h
at 25∘C.The bound lectins were detected with a streptavidin-
alkaline phosphatase conjugate (Dako, Denmark) and p-
nitrophenylphosphate (Sigma, USA). The optical density
value of control wells (no sample) was subtracted from that of
Ab-coated wells to determine the lectin binding. Each sample
was analyzed in duplicate.

2.6. The Avidity of TF-Specific Antibodies. The assay is based
on the dissociation of Ab-Ag complexes by 1.25M ammo-
nium thiocyanate (NH

4
SCN). This concentration of the

chaotrope was selected in the preliminary titration experi-
ments. Under the conditions used, about 60% of serum IgG
antibodies of controls were detached after treatment with
1.25M thiocyanate. From each sample, a series with and
without thiocyanate treatment were made.

Purified total IgG samples with an adjusted IgG concen-
tration and serum samples diluted to 1 : 25 were added to the
wells coated with TF-PAA or 𝛼Gal–PAA glycoconjugate and
blocked with the Superblock solution (Pierce, USA). After
incubation for 1.5 hr at 25∘C the wells were exposed to either
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Figure 1:The level of anti-TF and anti-𝛼Gal IgG antibodies in serum and total purified IgG. (a)The TF-specific antibody level (OD) in cancer
patients and controls. Each dot represents one individual.The values in serum and purified tIgG for each individual are connected with lines.
(b) Anti-𝛼Gal IgG antibody levels. 𝑃 values were calculated by the Mann–Whitney 𝑈 test and are shown for significant differences.

PBS-0.05% Tw or NH
4
SCN solution (1.25mol/L) for 15min

at +25∘C. After triple washing, the wells were incubated with
alkaline phosphatase-labeled anti-human IgG for 60min at
37∘C. The bound antibodies were detected with alkaline
phosphatase conjugated goat anti-human IgG (Sigma, USA)
and p-nitrophenylphosphate (Sigma, USA). The results were
expressed as a relative avidity index (AI) representing the
percentage of reactivity remaining in the thiocyanate treated
well.

2.7. Statistical Analysis. Comparisons between the groups
were performed using the nonparametric Mann–Whitney U
test for unpaired data or Student’s 𝑡-test, where appropriate,
and the Pearson two-tailed correlation. A 𝑃 ≤ 0.05 value
was considered statistically significant. Survival analysis was
carried out by the Kaplan-Meier method using the Estonian
Cancer Registry database. The group median was used as
a cut-off limit. The differences between cancer patients and
controls in Ab levels and the avidity were evaluated for
the diagnostic accuracy for cancer by the receiver operator
characteristic (ROC) curve analysis. All calculations were
performed using the GraphPad Prism 5 and SPSS 15.0
software.

3. Results

3.1. Anti-TF IgG, Anti-𝛼Gal IgG, and Hidden Antibody Levels
in Cancer Patients and Controls. Decreased anti-TF IgG
levelswere found in both the serumandpurified tIgG samples
(𝑃 = 0.047 and 0.011, resp.) in cancer patients compared to
controls. The OD values were significantly higher in purified
tIgG than in serum samples in donors (𝑃 < 0.0001) and
cancer patients (𝑃 < 0.0001) (Figure 1(a)). Only one subject
of 28 controls and three of 41 cancer patients (all stage 3
patients) showed a slightly lower level of anti-TF IgG in tIgG
than in serum.No significant difference in anti-𝛼Gal IgG level

in the serum and purified IgG samples between patients and
controls was observed (Figure 1(b)).

The level of hidden antibodies (HAb) defined as the
difference between the levels in tIgG and serum was lower
in cancer patients (𝑃 = 0.04). This decrease was mostly
associated with stage 3 patients unlike controls (𝑃 = 0.005)
(Figure 2) and relatedmainly to females (mean ± SEM: 0.19±
0.074; 𝑃 = 0.01) compared with males (0.37 ± 0.058, 𝑃 =
0.74). In contrast to anti-TF IgG, the level of hidden anti-
𝛼Gal IgGAbswas very low and showedno difference between
controls and patients (mean OD ± SEM: 0.01 ± 0.09 and
0.09 ± 0.08 for donors and cancer patients, resp., 𝑃 = 0.36).
In eight of 20 controls and seven of 16 patients the level of
anti-𝛼Gal IgG in tIgG was even lower than in serum samples.

It is notable that after incubation of purified tIgG with
IgG-depleted autologic serum the level of anti-TF IgG HAbs
decreased dramatically and dose-dependently nearly down to
the level in the serum already at the 1 : 10 dilution of the IgG-
depleted serum (Figure 3). The impact of BSA addition (0.5–
4mg/mL) instead of IgG-depleted serum on the HAbs level
was negligible being always below 10%. In addition, no such
effect was observed with anti-𝛼Gal Abs where the HAbs level
was very low.

Thus, rather a high level of hidden anti-TF IgG Abs but
not anti-𝛼Gal hidden IgG was demonstrated in both gastric
cancer patients and controls. A decreased level of anti-TF IgG
HAb was observed in gastric cancer patients, especially in
stage 3 females. It appears that the autologic IgG-depleted
serum contains ligands that react with anti-TF IgG Abs,
making them undetectable in the serum.

3.2. Anti-TF Antibody SNA and ConA Lectin Reactivity. The
levels of SNA and ConA binding to anti-TF Abs were much
higher in serum than in total IgG samples (𝑃 < 0.0001) in
patients and controls (Figures 4(a) and 4(b)), suggesting a
higher sialylation of anti-TF IgM and/or IgA compared to
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Figure 2: The level of TF-specific hidden IgG antibodies (HAbs)
in controls and cancer patients by stage. Each dot represents one
individual and group mean ± SEM is indicated by horizontal lines.
The HAb level was calculated as the difference between the levels
(OD values) of anti-TF-IgG in tIgG and serum. 𝑃 values are shown
for significant differences.
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Figure 3: The effect of IgG-depleted serum on the level of anti-TF
HAb in cancer patients and controls. The purified tIgG of cancer
patients (𝑛 = 5) and controls (𝑛 = 5) was incubated with autologic
IgG-depleted serum diluted from 1 : 10 to 1 : 100 for 15min at 25∘C.
The level of anti-TF hidden antibodies was determined as described
inMaterial andMethods; the mean value of HAb levels (OD) before
and after addition of IgG-depleted serum dilutions is presented.

IgG. A significantly higher SNA binding to serum anti-TF
Abs in the cancer patients group was observed (mean OD ±
SEM: 1.61 ± 0.08 and 1.37 ± 0.11; in patients and controls,
resp., 𝑃 = 0.03, Mann–Whitney test), whereas no difference
between patients and controls was found for tIgG samples
(mean OD ± SEM: 0.40 ± 0.053 and 0.426 ± 0.038, resp.,
𝑃 = 0.70).

The ConA lectin binding to anti-TF Abs in serum and
tIgG samples did not show a significant difference between
patients and controls. The SNA binding to anti-TF IgG in
purified tIgG samples positively correlated with the level of
HAbs in donors (𝑟 = 0.572, 𝑃 = 0.0015) and, to a lesser
extent, in cancer patients (𝑟 = 0.347, 𝑃 = 0.027) (Figures
5(a) and 5(b)), indicating that anti-TF hidden antibodies in
purified tIgG are higher sialylated, especially in controls. No
correlation between the SNA or ConA binding and anti-𝛼Gal
or anti-𝛼Gal HAb levels was found.

3.3. The Avidity of Anti-TF IgG in Serum and Purified tIgG.
In donors, the avidity of anti-TF IgG Abs in purified tIgG
was found to be higher than that in serum (𝑃 = 0.007),
while no difference in cancer patients was observed (𝑃 =
0.80) (Figure 6). Moreover, the avidity of anti-TF IgG Abs in
purified tIgG in donors was also higher than that in cancer
patients (𝑃 = 0.025). The avidity of free serum anti-TF IgG
was similar in patients and controls (𝑃 = 0.47).

The avidity of anti-TF IgG in tIgG negatively correlated
with the SNA binding in both groups: 𝑟 = −0.75 and 𝑟 =
−0.63 in controls and cancer patients, respectively (𝑃 <
0.0001) (Figures 5(c) and 5(d)). The avidity was lower in
controls with a high level of HAbs (𝑟 = −0.54, 𝑃 = 0.003),
while no correlation between the HAbs level and IgG avidity
was found in patients with cancer (𝑟 = −0.03, 𝑃 = 0.86)
(Figures 5(e) and 5(f)).

The data show that cancer patients differ from controls
in HAbs avidity. Cancer patients reveal some deficiency of
high-avidity TF-specific IgG in tIgG samples where HAbs are
present.

3.4. Diagnostic Potential and Survival Analysis. Changes in
the anti-TF IgG HAb level in the whole cancer group showed
rather low accuracy (area under the ROC curve (AUC) = 0.61,
95% CI 0.47–0.75) as analyzed by ROC curve analysis. The
sensitivity increased in stage 3 patients: AUC = 0.69 (95% CI
0.54–0.84) (Figure 7(a)). Interestingly, the HAb level showed
higher diagnostic potential in females especially in stage 3
patients: area under the ROC curve 0.78 (95% CI 0.61–0.94,
𝑃 = 0.0094) (Figure 7(b)), compared to males (AUC = 0.55,
95% CI 0.26–0.83).

The avidity of anti-TF IgG in purified tIgG samples also
showed a moderate diagnostic value (AUC = 0.638, 95% CI
0.51–0.77, 𝑃 = 0.052). A better discrimination of patients and
controls was obtained by using the ratio: the avidity of anti-
TF IgG in tIgG samples/the avidity of IgG in serum samples
(AUC= 0.68, 95%CI 0.55–0.80,𝑃 = 0.010) especially in stage
3 males (AUC = 0.784, 95% CI 0.53–1.0, 𝑃 = 0.04) (Figures
7(c) and 7(d)).

The higher level of anti-TF IgG in serum was associated
with better survival in stage 3 patients (HR = 3.23 (0.69–
15.0), 𝑃 = 0.13), whereas no relation of this level in purified
tIgG samples to survival was found (Figures 8(a) and 8(b)).
Survival benefit was demonstrated by patients with a higher
level of SNA binding to serum anti-TF Abs (a pool of all Ig
isotypes): HR = 2.94 (1.2–7.2), 𝑃 = 0.019. In contrast, the
SNA reactivity of anti-TF IgG in tIgG samples showed no
association with survival (HR = 1.01 (0.4–2.5), 𝑃 = 0.98,
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Figure 4: The binding of SNA (a) and ConA lectin (b) to anti-TF antibodies in serum and purified tIgG samples of cancer patients and
controls. Each dot represents one individual and group median is indicated by horizontal lines. 𝑃 values are shown for significant differences.

Figures 8(c) and 8(d)). The level of HAbs had no association
with survival. However, the higher avidity of anti-TF IgG in
purified tIgG samples where HAbs were present (Figure 8(f))
was related to worse survival (HR = 0.439 (0.179–1.074), 𝑃 =
0.07). This was mostly on account of stage 3 patients (HR =
0.34 (0.09–1.26), 𝑃 = 0.10). No association of the avidity of
serum anti-TF IgG Abs with survival (HR = 1.02 (0.43–2.41),
𝑃 = 0.95) was established (Figure 8(e)).

In summary, the level of HAbs and the avidity of anti-
TF IgG showed a moderate stage- and gender-dependent
diagnostic accuracy. A better outcome was observed in
patients with a high level of TF-specific IgG in serum (stage
3), in those with a high level of SNA binding to serum anti-
TF Abs (a pool of all Ig isotypes), and in patients with a low
avidity of anti-TF IgG antibodies in purified tIgG.

4. Discussion

In this study, we focused on the anti-TF IgG HAb for several
reasons. First, since the Fab fragment is not involved in the
binding of IgG to PtG, the tIgG preparations are enriched in
immune complexes, while the use of glycan- (TF-) specific
sorbents for anti-TF Ab purification from the serum will
exclude such a possibility due to the involvement of Fab
fragments in the purification process. Second, the higher
avidity of IgG allows the preferential binding of TF-positive
ligands despite the possible interference of the other Ig
isotypes. Third, using the Protein G it is much easier to
purify IgG without the other Ig isotypes admixture. Fourth,
the changes in the anti-TF IgG level showed a significant
association with cancer progression and patients survival
[11, 13] thus demonstrating a promising clinical potential.
The possible role of the other isotypes of anti-TF Abs in the
formation of HAbs needs a special study.

The results obtained in this work show that anti-TF IgG
HAbs are present in the blood of both cancer patients and
healthy controls. In contrast, no anti-𝛼GalHAbs or a very low
amount of them was found in the same samples. Differently
from controls a decreased level of anti-TF IgG HAbs was
found in cancer patients (𝑃 = 0.005 for stage 3 patients).

It has been shown that the in vitro exposure of human IgG
to protein-destabilizing chemical or physical factors results
in the exposure of IgG “hidden” reactivity [17]. However,
it remains unclear whether this exposure results from the
dissociation of preexisting immune complexes of Abs with
some ligands, the presence of IgG dimers, anti-idiotypic
Abs, or the exposure of the polyreactivity/polyspecificity of
hidden Abs [22–25]. The absence of 𝛼Gal-specific HAbs in
the same purified tIgG samples strongly suggests that the
purification of IgG per se is not a sufficient reason to explain
the appearance of IgG HAbs. Moreover, the inhibition of the
reactivity of hidden Abs by addition of IgG-depleted serum
implies the role of serum-derived factors such as TF-positive
or cross-reactive ligands that remain in the IgG-depleted
serum and react with anti-TF IgG Abs again, making them
HAbs.This restoration phenomenon (Figure 3) was absent in
anti-𝛼Gal IgG where a very low level of HAbs was detected,
which indicates that no ligands for𝛼GalAbs are present in the
IgG-depleted serum. We used anti-𝛼Gal IgG as a distinctive
control to show that the purification of IgG at acid pH is not
themain reason behind changes in anti-glycan IgG reactivity.
We suggest that the ligands for TF-specific Abs should be
more informative and more specific for cancer than anti-TF
Abs themselves or their subsets (glycoforms).

Immunoglobulins (Igs) are glycosylated molecules which
display a set of glycoforms that differ in number, type, and
site of oligosaccharide attachment [26]. The N-glycans of
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Figure 5: Correlation between the level of hidden TF-specific IgG antibodies, SNA binding, and the avidity of anti-TF IgG antibodies in
gastric cancer patients and controls. (a, b) Correlation between the SNA binding to TF-specific IgG in purified tIgG and the HAb level; (c,
d) correlation between the SNA binding and the avidity of TF-specific IgG in purified tIgG; (e, f) correlation between the HAb level and the
avidity of TF-specific IgG in purified tIgG.
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Figure 6: The avidity of TF-specific IgG antibodies in cancer
patients and controls. The avidity indexes of anti-TF antibodies
in serum and purified tIgG are compared. Each dot represents
one individual and group mean ± SEM is indicated. 𝑃 values
were calculated by the unpaired Student’s 𝑡-test and are shown for
significant differences.

the Fc-fragment strongly influence IgG-Fc𝛾 receptor inter-
actions and thus the Fc-mediated effector mechanisms [27,
28]. Agalactosylated (asialylated) IgGs show an increased
inflammatory activity thatmay promote tumor growth, while
the Fc glycan sialylation may determine anti-inflammatory
properties [29–31] though, besides IgG Fc sialylation, multi-
ple mechanisms are involved in the anti-inflammatory effect
of intravenous immunoglobulins [32]. It has also been shown
that the anti-inflammatory potential of the sialylated IgG
is mostly related to the SNA lectin-reactive sialic acids in
the Fab fragment [33]. It is notable that the glycosylation
of antigen-specific IgG can differ from total serum IgG
glycosylation indicating that different B cell subsets produce
differently glycosylated IgG [34, 35].

There is evidence that the aberrantly glycosylated serum
IgG may be either of tumor origin, or accumulated in
tumor tissue [36]. The higher levels of agalactosylated IgG
oligosaccharides, which increase with tumor progression,
were reported for patients with gastric, prostate, and ovarian
cancers [36–38]. Up to now there are little data available on
the glycosylation changes of Abs directed against antigens
which are intrinsically involved in the pathogenesis of a
specific disease, including cancer [21, 30, 36, 39–41].

The comparison of lectin binding patterns of anti-TF Abs
in serum and tIgG shows that the main targets for binding
SNA and ConA lectin in serum are TF-specific IgM and/or
IgA. The SNA binding to free anti-TF Abs in serum was sig-
nificantly higher in cancer patients (𝑃 = 0.03) (Figure 4(a))
whereas anti-TF IgG Abs in purified tIgG showed a similar
SNA and ConA lectin binding in patients and controls. Since
the SNA binding to TF-specific IgG positively correlated with
the level of HAbs only in tIgG samples where both free and
hidden anti-TF IgG were present, we conclude that HAbs are
higher sialylated.

It is known that the total IgG purified on PtG sorbents
is enriched by immune complexes and contains a lot of
so-called “hitchhiker” ligands [42, 43]. We believe that this
phenomenon is akin to the HAbs formation or is closely
related to it, and many hitchhikers unidentified and untested
as yet may be present in HAbs, including TF-positive ligands
of tumor origin such as MUC1 which is overexpressed
and aberrantly glycosylated in cancer, and identified as an
antigenic component in IgG immune complexes in cancer
patients [44, 45].Themodified self-components such as those
derived from aged red blood cells may contain complexes
of natural antibodies with TF-positive asialoglycophorin A
or other senescent-associated epitopes connected to the
clearance of aged erythrocytes [46, 47]. Thus the elimination
of such complexes with natural Abs appears to be a normal
physiological mechanism.

Contrary to blood donors, cancer patients demonstrated
a lower avidity of anti-TF IgG in tIgG samples while no
differences in the avidity of free serum TF-specific Abs
between the two groups were observed. Since the tIgG
contains both free Abs and HAbs, this decrease is obviously
related to the HAbs that display a lower avidity in cancer.

The lower level of HAbs showed a rather good diagnostic
accuracy for cancer in stage 3 females (AUC=0.78) compared
to males (AUC = 0.55). In contrast, the ratio of anti-TF IgG
avidity in tIgG to the avidity of IgG in serum revealed a better
diagnostic value in males (AUC = 0.784) than in females
(AUC = 0.629) (Figure 7). Since the avidity of anti-TF IgG
in serum showed no changes in cancer, the decrease of high-
avidity anti-TF IgG HAbs in cancer patients, especially in
males, may be of diagnostic value. At present we can give no
explanation for these gender-related differences and further
study is needed to evaluate the clinical utility of the above
changes.

The SNA binding to anti-TF IgG in tIgG positively
correlated with the HAbs levels in both groups (Figures 5(a)
and 5(b)). At the same time, a negative correlation between
the anti-TF Abs avidity in tIgG and the HAbs level was
observed in controls (𝑟 = −0.54, 𝑃 = 0.003) but not in cancer
patients (𝑟 = −0.03, 𝑃 = 0.86) (Figures 5(e) and 5(f)). These
findings indicate that IgGHAbs are higher sialylated in cancer
and display a lower avidity, which suggests that they represent
a particular subset of TF- specific Abs.

It has been reported that the Fc glycan of adaptive IgGAbs
is lower sialylated [48], though the vaccination in humans
induced increased levels of antigen-specific IgG galactosy-
lation and sialylation [35]. However, there are still no data
about the sialylation of IgG-Fab fragments of tumor-related
Abs in cancer. Notable is that the higher SNA reactivity of TF-
specific Abs (a pool of all isotypes) in serum was associated
with better survival (HR = 2.94 (1.2–7.2), 𝑃 = 0.019), whereas
no connection with the SNA reactivity of anti-TF IgG in tIgG
(HR = 1.01 (0.4–2.5), 𝑃 = 0.98) was demonstrated. We have
shown recently that the higher avidity of SNA-reactive TF-
specific Abs in the serum of cancer patients was not related to
the IgG isotype [20]. In the present study, the higher avidity
of anti-TF IgG in purified tIgG preparations containing
HAbs was associated with worse survival (Figure 8(f)). In
other words, a deficiency of high-avidity anti-TF IgG HAbs
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Figure 7: A receiver operator characteristic (ROC) curve analysis for the HAb level in stage 3 patients (a); in stage 3 females (b); and for the
ratio anti-TF IgG avidity in tIgG/anti-TF IgG avidity in the serum of stage 3 males (c) and stage 3 females (d). The area under the ROC curve
represents the diagnostic accuracy of the changes for gastric cancer.

in cancer tIgG samples is associated with survival benefit,
whereas the avidity of free serum TF-specific IgG was not
related to survival.

It is to be noted that despite the TF expression on tumor
cells there is no evidence that any adaptive humoral immune
response to TF occurs in the tumor host. Instead, a decrease
in the level of serumTF-specificAbs is usually observed [9–11,
13]. However, no data still exist on the possible involvement of
any particular subset of anti-TF IgG Abs in this decrease. We
found that healthy individuals demonstrated a significantly
higher avidity of anti-TF IgG in tIgG samples, unlike gastric
cancer patients whose avidity values in tIgG were low and
similar to those in serum samples. We suggest that this may
occur, at least in part, due to the elimination of high-avidity
anti-TFAb subset from the circulation of patientswith cancer.
This decrease of the avidity of naturally occurring anti-TF IgG
Abs in the purified tIgG of patients with gastric cancer is,

to our knowledge, described for the first time. We speculate
that such a decrease may be a result of the interaction of
these Abs with tumor-derived TF-positive ligands in situ or
their increased clearance with circulating tumor cells. Which
ligands are involved in the HAbs formation in cancer patients
and healthy individuals remains to be elucidated.

In conclusion, TF-specific HAbs represent a particular
subset of anti-TF IgG Abs that differ from free anti-TF
IgG Abs in SNA reactivity, avidity, diagnostic potential, and
relation to survival. Thus it appears that free serum anti-TF
natural Abs in the circulation are only the “tip of the iceberg.”
The hidden anti-TF antibody reactivity emerging in purified
IgG suggests that serological testing with whole serum does
not reflect the whole picture, and the HAbs analysis could tell
us more about the other players and targets involved. Given
that there are still no reliable biomarkers for gastric cancer,
the changes in the level of anti-TF hidden IgG antibodies
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Figure 8:The probability of cancer patients survival in relation to anti-TF IgG level, SNA reactivity, and the avidity of TF-specific antibodies
in serum and purified total IgG samples. Patients with either lower/equal (a dashed line) or higher values than median (a solid line) are
compared using the Kaplan-Meier method. HR: hazard ratio with 95% confidence interval and 𝑃 values are shown. (a) Anti-TF IgG level in
serum (stage 3); (b) anti-TF IgG level in tIgG (stage 3); (c) the SNA binding to serum TF-specific antibodies; (d) the SNA binding to anti-TF
IgG in tIgG; (e) the avidity of anti-TF IgG in serum; (f) the anti-TF IgG antibody avidity in tIgG and survival.
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and their avidity found in this study merit further study.
Whether the tumor-specific ligands are involved in the HAbs
formation in patients with cancer remains to be clarified.The
functional activity and clinically important effects of anti-TF
Abs may apply to only a particular subset/glycoform of TF-
specific Abs which contributes to cancer and its progression.
Further characterization of TF-specific antibody subsets and
potential ligands involved in the HAbs formation in health
and disease may extend the concept of natural autoantibody
signatures and improve the clinical utility of antibody-based
diagnostic and predictive biomarkers.
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Glioblastoma (GBM) is a primary neuroepithelial tumor of the central nervous system, characterized by an extremely aggressive
clinical phenotype. Patients with GBM have a poor prognosis and only 3–5% of them survive for more than 5 years. The
current GBM treatment standards include maximal resection followed by radiotherapy with concomitant and adjuvant therapies.
Despite these aggressive therapeutic regimens, the majority of patients suffer recurrence due to molecular heterogeneity of GBM.
Consequently, a number of potential diagnostic, prognostic, and predictive biomarkers have been investigated. Some of them, such
as IDH mutations, 1p19q deletion, MGMT promoter methylation, and EGFRvIII amplification are frequently tested in routine
clinical practice. With the development of sequencing technology, detailed characterization of GBM molecular signatures has
facilitated amore personalized therapeutic approach and contributed to the development of a new generation of anti-GBM therapies
such as molecular inhibitors targeting growth factor receptors, vaccines, antibody-based drug conjugates, and more recently
inhibitors blocking the immune checkpoints. In this article, we review the exciting progress towards elucidating the potential of
current and novel GBM biomarkers and discuss their implications for clinical practice.

1. Introduction

Glioblastoma (GBM) is a primary neuroepithelial tumor of
the central nervous system, characterized by an extremely
aggressive clinical phenotype that has arisen from inter-
and intrapatient genomic and histopathological diversity
(Figure 1; Table 1). GBM is the most common of malignant
primary brain tumors in adults. It accounts for 12% to 15% of
all intracranial tumors and about 50% of astrocytic tumors.

Patients with GBM have a poor prognosis of just 12–
15 months following standard therapy, with only 3–5% of
patients surviving up to 5 years after diagnosis [1, 2].Themost
favorable prognostic factors include younger age at diagnosis
(<50 years), a Karnofsky Performance Status of at least 70
points, and the tumor being located in a noneloquent area of
the brain [3]. The current GBM treatment standards include
maximal resection (complete resection is achieved extremely
rarely due to the diffusely infiltrative nature of these tumors)
followed by radiotherapy with concomitant and adjuvant

therapies, for example, temozolamide (TMZ). If there is pro-
gression, bevacizumab against circulating vascular endothe-
lial growth factor (VEGF) is widely used, more recently
also in combination with lomustine (CCNU) [4]. Despite
these aggressive therapeutic regimens themajority of patients
suffer recurrence due to the molecular heterogeneity of
GBM tumors and penetration of therapeutic agents through
the blood-brain barrier (BBB). Both of these factors affect
treatment response and prognosis leading to acquired tumor
resistance inGBMpatients. However, recent developments in
next-generation sequencing methods have led to identifica-
tion of specific molecular signatures of GBM that allow for
better understanding of the molecular pathogenesis of this
disease [5]. Consequently, a number of potential diagnostic,
prognostic, and predictive biomarkers have been proposed.
Diagnostic biomarkers enable more accurate tumor classifi-
cation; prognostic biomarkers inform about a likely cancer
outcome (e.g., disease recurrence, disease progression, and
overall survival) and predictive biomarkers facilitate patient
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Table 1: Molecular biomarkers in GBM.

p53 signalling altered in 87% MDM2 (amplification in 14%)
RTK/RAS/PI3 signalling altered in 88% PI3K (mutation in 15%)
RB signaling altered in 78% CDK4 (amplification in 18%)

management by helping to tailor the treatment strategy to
patient-specific biology. There are some molecular markers
still under evaluation, but several are commonly tested as part
of the routine clinical interrogation of GBM patients includ-
ing O6-methylguanine DNA methyltransferase (MGMT),
isocitrate dehydrogenase (IDH), epidermal growth factor
receptor (EGFR), VEGF, tumor suppressor protein TP53,
phosphatase and tensin homolog (PTEN), p16INK4a gene,
phospholipid metabolites, cancer stem cells, and recently
also imaging biomarkers (Table 2). Importantly, detailed
characterization of these molecular signatures has facilitated
amore personalized therapeutic approach and contributed to
the development of a new generation of anti-GBM therapies
such as small molecular inhibitors targeting growth factor
receptors, vaccines, antibody-based drug conjugates, and
more recently inhibitors blocking the immune checkpoints
[6].

The aim of this article is to review the exciting progress
towards elucidating the potential of diagnostic, prognostic,
and predictive biomarkers of GBM and discuss their impli-
cations for clinical practice.

2. Glioblastoma Multiforme: A New Look

Gliomas have historically been classified and treated accord-
ing to the World Health Organization (WHO) criteria,
which are determined by histopathological examination,
for example, nuclear atypia, cellular pleomorphism, mitotic
activity, vascular thrombosis, microvascular proliferation,
and necrosis [7]. In the official reclassification of Tumor
Types of the Central Nervous System, published by WHO
on May 9, 2016, the GBMs are listed in the group of diffuse
astrocytic and oligodendroglial tumors which reflect their
highly malignant behavior [8].

Clinically, most patients present de novo grade IV lesions
(primary GBMs), whereas only a small fraction of patients
(5–10%) show progression from less aggressive WHO grade
II diffuse astrocytomas and WHO grade III anaplastic astro-
cytomas (secondary GBMs) [9].

Medical onset and progression of primary GBMs vary
from those seen in secondary GBMs, with the latter being
typically diagnosed at a younger age (45 versus 62 years),
having longer clinical history (16.8 versus 6.3 months) and,
although they are histologically largely indistinguishable,
having a better prognosis in terms of survival (7.8 versus 4.7
months) [10].

Importantly, these two clinical presentations have dis-
tinct molecular signatures. For example, primary GBMs
frequently present amplification/mutations of the EGFR gene
(36–60% of primary and 8% of secondary tumors), PTEN
mutation (25% of primary versus 4% secondary tumors),

and CDKN2A-p16INK4a deletion (31–78% of primary versus
8% secondary tumors) [10]. Additionally, there are genetic
aberrations that are expressed more frequently in secondary
GBMs including TP53mutations (28%of primary versus 65%
of secondary tumors) [10], MGMT promoter methylation
(36% of primary versus 75% of secondary tumors) [11], and
IDH1 mutations (5% of primary versus 75% of secondary
tumors) [12]. While histopathological analysis of gliomas has
formed the basis of diagnosis and treatment up to this point,
the widespread implementation of sequencing and profiling
technologies has resulted in more comprehensive analysis of
the molecular aberrations underlying gliomagenesis, as well
as providing insights into their biological heterogeneity.

The more recent analysis of GBMs by The Cancer
Genome Atlas Research Network (TCGA) highlighted the
most frequent alterations in GBM genes, including amplifi-
cation of EGFR and platelet-derived growth factor receptor
alpha (PDGFRA); mutation of TP53, phosphatidylinositol-
4,5-bisphosphate 3-kinase A (PIK3CA), PTEN, IDH1, RB1,
and TERT promoter; and deletions of PTEN, CDKN2A/B,
and MGMT, as well as alterations in chromatin remodeling
genes. Based on these dominant gene expression patterns,
four transcriptional subclasses of GBMs have been identified:
classical, proneural, mesenchymal, and neural [13, 14]. Each
of these subtypes is associated with specific genetic and
epigenetic alterations. The classical subtype is characterized
by the loss of chromosome 10 and amplification of chro-
mosome 7 with coexisting EGFR amplification/mutation,
impaired level of proapoptotic proteins, mitogen-activated
protein kinase (MAPK), and Notch1 and Notch3 proteins
[14, 15]. The proneural variant is associated with PDGFRA,
CDK6, CDK4MET, and frequent IDH1mutations, activation
of the phosphatidylinositol 3-kinase (PI3K), and inhibition of
the translation repressor 4EBP1 [14].

Mesenchymal GBMs frequently show deletions and
silencing mutations of NF1 on chromosome 17q11.2 and
point mutations in PTEN, activation of MAPK pathway, and
downregulation of mammalian target of rapamycin (mTOR)
signaling.

Less is known about the neural tumors, which are charac-
terized by the expression of neurofilament light polypeptide,
synaptotagmin I, and overexpression of EGFR [16]. In terms
of prognosis, no difference was found between the classical,
mesenchymal, and neural subtypes. However, the proneural
subtype was associated with onset at a younger age and
prolonged survival time [14]. This has been attributed to
mutations in the IDH1 gene, which are exclusively linkedwith
the proneural phenotype and grade II/III of astrocytic and
oligodendroglial tumors (72–100%) along with secondary
glioblastomas (85%). While primary GBMs could be of any
subtype and mutations in IDH1 are rarely found in these
tumors (5%) [17].
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Figure 1: Glioblastoma characterization. (a) Axial contrast-enhan-
ced T1-weighted MR image shows a large enhancing mass in the left
temporal lobe in a 54-year-old woman diagnosed with GBM. (b, c)
GBM formalin-fixed paraffin-embedded sections stained for H&E
andEGFRvIII. (d) Frequent alterations in critical signaling pathways
found in GBM.

Classification and subclassification of GBMs is not always
easy. Recent studies analyzing expression signatures of sin-
gle cells within GBM samples showed substantial intratu-
moral heterogeneity of expression subclasses within each
tumor. Sattoriva et al. examined genome-wide somatic copy
number levels in 38 fragments derived from 11 patients
with GBM. Although the fragments from the same patient
shared a common gene profile, they displayed a significant
variety of copy number alterations that were present in
only a subset of fragments. Moreover, using gene expres-
sion arrays, they found that in 6 out of 10 cases the
fragments from the same tumor mass were classified into
at least 2 different GBM subgroups, which indicated that
tumor clones with different phenotypic profiles are present
within the same malignancy [18]. This may explain the
difficulties associated with oncologic biomarker validation
and contribute to an incorrect selection of patients for
targeted therapies, treatment failure, or drug resistance
[19].

Additionally, GBM exhibit heterogeneity at the cellular
level, with a small subpopulation of tumor cells harboring
stem-like properties. These GBM stem cells (GBSC) are
capable of self-renewal and differentiation into neuronal,
macroglial, and mixed neuronal/astroglial phenotypes [20].
Recent genome-wide transcriptional analysis identified two
phenotypically different subtypes of GBSC, namely, proneu-
ral and mesenchymal, which also correlate well with corre-
sponding proneural and mesenchymal signatures in GBMs
[21, 22]. Mesenchymal GBSC (35–40% of cases) similarly
to mesenchymal GBMs, display a more aggressive pheno-
type and are more resistant to radiation as compared to
proneural GBSC. Moreover, GBSC possess unique surface
markers (e.g., CD133, CD15, and ALD1A3) and modulate
characteristic signaling pathways to promote tumorigenesis
(e.g., hedgehog and Notch) [23]. Interestingly, these GBSC
have the ability to shift phenotypic features from one subtype
to anotherwhen put under increased cellular stress (e.g., radi-
ation treatment) [22–24] and transdifferentiate into tumor
microenvironment cells such as endothelial cells and peri-
cytes, providing more favorable conditions for GBM growth
[25].

3. A Highway to Hell: Molecular Pathways and
Genetic Aberrations Found in GBM

Tumor growth in GBM cells is facilitated by high expression
of cell surface membrane receptors that control the intra-
cellular signal transduction pathways regulating proliferation
and cell cycle abnormalities including an increase in DNA
repair proteins and abnormal cell death pathways [26, 27].
An integrated analysis of the genetic alterations, performed
by the TCGA research network, confirmed that the most
commonly disrupted signaling cascades in GBM include
changes in pathways related to receptor tyrosine kinase
(RTK) signaling through the RAS/MAPK (mitogen-activated
protein kinase) and PI3K/AKT/mTOR, along with the cell
cycle-regulating retinoblastoma (RB) tumor suppressor and
p53 pathways.
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Table 2: Major biomarkers relevant to the management of patients with glioblastoma.

Type of
biomarker

EGFR mutation/
amplification

MGMT promotor
methylation IDH1/IDH2 mutation Imaging Reference

Diagnostic

EGFRvIII highly
correlates with
glioma subtypes.

Real-time
monitoring via

typing of
microvesicles with
EGFR specific

RNA.

Help to distinguish true
progression and

pseudoprogression in
patients with newly

diagnosed GBM treated
with surgery followed by
radiochemotherapy.

Differentiate between
primary and secondary

GBM.
IDH-mutant diffuse

gliomas and
nonanaplastic reactive
gliosis distinction.

Detection of specific
molecular abnormalities.
For example, EGFRvIII,

MGMT promotor
methylation, and 2-HG

which correlates with IDH
mutation.

[9, 76, 112–
115, 118–
120, 131–
134]

Development
status +/under evaluation Under evaluation + +

Prognostic

Better prognosis
with

(i) EGFRvIII +
Ki64 20% or less,
(ii) EGFRvIII +
normal PTEN,
(iii) EGFRvIII +
methylated

MGMT promotor.

Better OS and PFS
(probably with IDH

mutations) in malignant
gliomas treated with

radio- and/or
chemotherapy.

Better OS and PFS

MRI: extent of tumor
edema and necrosis has
negative correlation with

OS.
PET: 11C-MET uptake is
associated with poorer

patient survival.

[32–
36, 43, 44,
76, 78, 83,
85, 93, 126,
135–140]

Development
status +/under evaluation + + Under evaluation

Predictive
Possible biomarker
for vaccine-based

treatment.

Predicts response to
chemotherapy with
alkylation agents and

radiotherapy.
Correlate with better
response to TMZ in
(i) newly diagnosed
GBM with TMZ as a
first-line treatment,
(ii) recurrent GBM,
(iii) elderly patients.

IDH1 mutation is
independently
associated with

complete resection in
patients with malignant
gliomas treated with

surgery.
Complete surgical

resection is associated
with improved survival
in patients with IDH1

mutation.
Absence of mutation
suggests predictive role
of MGMT promotor
methylation for PFS in
patients treated with

chemotherapy.

Functional Diffusion
Maps (fDMs) predicts PFS
and OS in patients treated
with radiochemotherapy.

ADC predicts better
response to bevacizumab

combined with
chemotherapy.

Association between
hypoxia level (measured

by 18F-FIMSO and
radiotherapy response.

[77, 86–
91, 93, 122,
123, 136,
140, 141]

Development
status Under evaluation + Under evaluation Under evaluation

OS, overall survival; PFS, progression-free survival.

4. RTK Signaling in GBM

Mutations or amplifications of RTK including EGFR,
PDGFRA, basic fibroblast growth factor receptor 1 (FGFR-
1), and insulin-like growth factor receptor (IGFR-1) are
present in more than 80% of primary GBM [28]. These
structurally related proteins coordinate a complex signaling
network that drives and regulates many cellular processes.
In gliomas the two main signaling pathways utilized by
RTK are the RAS/RAF/MAPK pathway that leads to cellular
proliferation, differentiation, and migration and the PI3K/
AKT/mTOR pathway that primarily serves to promote cell
proliferation and survival through progression of the cell

cycle and inhibition of apoptosis [28]. The activity of PI3K
is regulated by the tumor suppressor gene PTEN that is a
negative regulator of this pathway [29]. Loss of PTEN, found
in approximately 36% of gliomas, may result in dramatic
upregulation of this pathway and be a major source of
resistance to EGFR therapies [30].

EGFR mutations, rearrangements, alternative splicing,
and focal amplifications are the most frequent genetic alter-
ations, occurring in nearly 57% of GBM tumors [31]. EGFR
amplification can be found, nearly exclusively, in patients
with a classical subtype of GBM and is very rare in secondary
GBMs [16]. However, the role of EGFR amplification as a
prognostic biomarker has yielded conflicting results. There
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are reports showing no association with overall survival (OS)
in patients, others showing a negative impact, and some
even indicating a favorable impact on patient survival [32–
36]. Unfortunately, despite the high frequency of EGFR gene
amplification, EGFR inhibitors (e.g., gefitinib and erlotinib)
have not been successfully brought into clinical trials for
patients with GBMs [37–39].

The lack of a meaningful response may be due to the rela-
tively poor penetration of these drugs through BBB, acquired
resistance promoting mutations in the targeted RTKs, and
intratumoral heterogeneity in GBM tumors [40, 41]. In
addition, around 50% of patients with EGFR amplification
harbor EGFRvIII mutation, which results from an in-frame
deletion of exons 2–7 and leads to constitutive and ligand
independent receptor activity [42]. However, EGFRvIII prog-
nostic relevance is still controversial, for instance, Shinojima
et al. have shown that EGFRvIII expression in the presence of
EGFR amplification is a strong indicator of poor survival and
prognosis [43]. On the other hand, Montano et al. prospec-
tively analyzed the relationship between EGFRvIII expression
and OS in patients with newly diagnosed GBM treated
with gross total resection and standard radiochemotherapy
(TMZ).Notably in this case, EGFRvIII identified that patients
had significantly longer OS. Furthermore, association of
EGFRvIII/Ki67 of 20% or less, EGFRvIII/normal PTEN,
and EGFRvIII/methylated MGMT allowed identification of
subgroups in GBM patients with better prognosis [44].

Although EGFRvIII seems to be a well-defined drug
target the clinical trials with tumor vaccine rindopepimut
have demonstrated immunologic effect and apparent clinical
benefit only in early phase trials. Tests of this vaccine in
randomized, placebo-controlled phase III studies failed to
show survival benefit [45]. Nevertheless, EGFR still remains
an attractive molecular target and current clinical trials are
focusing on testing new inhibitors that are more potent and
specific to the GBMmutations and introducing mechanism-
based combination therapies [40, 46, 47].

When it comes to other RTK alterations, in a smaller
proportion of secondary GBMs (13%), high-level amplifica-
tion of the PDGFRA has been detected, and nearly half of
these tumors also contained amplification and/or mutation
of EGFR [31, 48]. Despite PDGFRA being strongly associated
with GBM, an anti-PDGFRA therapy using glivec resulted in
only a limited clinical response [49].

Although much less frequent in GBMs, alterations such
as mesenchymal-epithelial transition factor (c-Met) amplifi-
cation and FGFR mutations have been reported in 2% of the
analyzed GBMs [50, 51].

All these activating genetic aberrations can occur simul-
taneously in multiple RTKs within individual GBM and
concurrently express mutations in downstream components
of growth factor receptor pathways. The PI3K/AKT/mTOR,
the most powerful oncogenic pathway in GBM, can be
activated by mutations in either the catalytic (PIK3CA)
or regulatory (PIK3R1) domains of PI3K [52]. The TCGA
study found that almost 10% of the GBMs had mutations
in the PIK3R1, which has not been found to be frequently
expressed in any other cancer [53]. Furthermore, it has
been reported that AKT classification can be a predictive

marker that identifies a subset of GBMpatients responding to
carmustine (BCNU)/CCNU and PI3K/AKT/mTOR pathway
inhibitors [54]. More recent studies have revealed that the
tumor suppressor gene NF1, that encodes neurofibromin
(RAS negative regulator), is mutated/deleted in 15% to 18%
of primary GBMs (mesenchymal subclass) [53, 55].

5. TP53/MDM2/p14ARF Pathway

The TP53 tumor suppressor gene, at chromosome 17q13.1,
encodes a p53 protein that regulates target genes involved
in (i) cell cycle arrest in the G1 and/or G2 phase of cell
cycle, (ii) cell death and differentiation, (iii) DNA repair,
and (iv) neovascularization [56–58]. TP53may be inactivated
indirectly, as a result of mutation or deletion, or directly due
to damage of cooperating genes [59]. MDM2 oncoprotein
negatively regulates p53 activity through the ubiquitination
and proteasomal degradation of p53. In turn, the p14ARF
protein functionally antagonizes MDM2 and, thus, prevents
the silencing of p53 [60]. Initially, TP53 mutations have
been associated with secondary GBMs rather than with
primary (65% versus 28%) [10], but recent TCGA data has
reportedTP53mutations inmany primaryGBMs.Theoverall
frequency of genetic alterations in the TP53/MDM2/p14ARF
pathway was found in 87% of GBMs, in 35% through TP53
mutations or homozygous deletion, in 14% due to MDM2
amplification, and in 49% as a result of p14ARF homozygous
deletion or mutation [53].

6. p16INK4a/CDK4/RB1 Pathway

The RB1 protein controls progression through G1 into the S-
phase of the cell cycle.TheCDKN2A (p16INK4a) protein binds
to CDK4 cyclin and inhibits the CDK4/cyclin D1 complex
that prevents cell cycle transition from G1 to S-phase [61].
Therefore, loss of normal RB1 function may result from
altered expression of any of the p16INK4a, CDK4, or RB1
genes.

Inactivation of this pathway is commonly observed in
both primary and secondary GBMs. While mutations in
RB1 are not common (11%), genes encoding its upstream
regulators are frequently altered, in particular mutations and
deletions of CDKN2A/p16 (52%) and amplification of CDK4
(18%) [62]. Despite frequent occurrence of these defects none
of themhave been identified as a useful prognostic biomarker
in GBMs [63].

7. IDH Mutations

The IDH1 and IDH2 genes encode two critical metabolic
enzymes: isocitrate dehydrogenase 1 (present in the peroxi-
somes and cytosol) and isocitrate dehydrogenase 2 (present in
the mitochondria). These proteins catalyze the oxidative car-
boxylation of isocitrate to alpha-ketoglutarate, which results
in the production of NADPH in the citric acid (Krebs) cycle
[64, 65]. Mutations of these IDH genes promote reactions
that generate the oncometabolite 2-hydroxyglutarate (2-HG)
[66, 67]. In gliomas the most frequent missense mutations in
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IDH genes are present at the 132 residue in IDH1 (85%) and
at 172 in IDH2 (3%) [12, 68]. They have been mainly found
in secondary GBMs (73%–85%), along with grades II and III
astrocytic and oligodendroglial tumors (72–100%) but appear
to be rare or absent in primary GBMs (5%) [12, 69]. Several
studies have reported that the presence of IDH mutations
in diffuse glioma is associated with younger age (mean 32–
47) [12, 70, 71]. Although, IDH-wild-type and IDH-mutant
gliomas are histologically similar, numerous groups have
reported that gliomas harboring IDH mutations represent a
distinct disease entity that arises from a different cell type
and occur in the presence of other genomic abnormalities,
such as TP53 mutation or 1p/19q chromosome deletion,
and happen mutually exclusively in gliomas with EGFR
amplification and chromosome 10 loss [17]. Moreover, IDH-
mutant tumors have also been linked with substantial epi-
genetic changes, such as DNA methylation disorders, which
harbor a striking pattern of hypermethylation of certainDNA
promoter regions termed as glioma-CpG island methylator
phenotype (G-CIMP) [72]. It has been shown that 78% of G-
CIMP+ tumors carry IDH1 mutations [73], and 98% of these
malignancies are positive for IDH2 [74].

The wild-type IDH gliomas including pilocytic astro-
cytomas and primary GBMs are independent of the IDH
pathway (G-CIMP−). Conversely, most grades II and III
gliomas and secondary GBMs share IDH mutations (G-
CIMP+). Up to 87.5% of G-CIMP+ tumors represent a
proneural gene expression subtype and are usually found in
younger patients (mean age at diagnosis: 36 years versus 59
years) [73, 75]. Moreover, they also carry a better prognosis
than the IDH-wild-type gliomas of the same histological
grade [76]. In addition, Beiko et al. demonstrated that IDH1
mutation status is associated with the benefit of surgical
resection in malignant astrocytic gliomas (WHO grades
III and IV). More aggressive resection involving the whole
tumor (both enhancing and nonenhancing part) correlated
with better prognosis in patients with IDH1 mutant GBMs
rather than with wild-type IDH1. In the case of the latter,
no prognostic benefit was observed after the resection of
nonenhancing part [77].

Importantly, since the presence of IDH mutations has
been shown to correlate with better OS and progression-free
survival (PFS) in GBM patients, this aberration became the
only molecular marker included in the updated 2016 WHO
classification of astroglial brain tumors [8, 78]. Furthermore,
it prompted efforts to develop inhibitors of the mutated IDH
protein for therapeutic purposes. So far, these new drugs
have been reported to induce differentiation in preclinical
models, and clinical proof of concept has been achieved
in early phase I trials (NCT02074839 and NCT01915498)
using AG-120 and AG-221 in adults with relapsed or refrac-
tory acute myelogenous leukemia [79–82]. These promising
early results are now driving expansion of these trials into
solid tumors. Phase I dose escalation studies of AG-120 in
patients with IDH-mutated gliomas and other solid tumors
(NCT02073994) and of AG-221 also in patients with IDH-
mutated gliomas (NCT02273739) are now open. Further
work is urgently needed to determine the most appropri-
ate IDH mutation detection technique to facilitate early

identification of patients who may benefit from these novel
therapies. At the moment IDH mutations are evaluated by
immunohistochemistry, standard sequencing, or genotyping
methods. Furthermore, 2-HG level has been noninvasively
assessed in patients with glioma using magnetic resonance
spectroscopy and proved to be a useful biomarker in moni-
toring treatment response [82].

8. MGMT Methylation

Promotor of MGMT encoding 𝑂
6
-methylguanine-DNA

methyltransferase is a DNA repair enzyme which can effec-
tively protect cells against alkylating agents (e.g., TMZ and
CCNU) through preventing G:C→A:T gene mutations [83].
Disorders of MGMT promoter methylation are associated
with transcriptional silencing of the MGMT gene and loss
of MGMT expression that results in decreased DNA repair
and retention of alkyl groups, thereby allowing alkylating
agents to be more effective in patients with MGMT promoter
hypermethylation.

MGMT promoter methylation is more often found in
secondary GBMs than in the lesions they derive from, such
as low-grade gliomas and primary GBMs (75% versus 48%
versus 36%) [11, 84]. Recently, a number of clinical trials have
shown that MGMT methylation corresponds to greater PFS
and OS in patients who are treated with alkylating agents
[83, 85–87]. Therefore, MGMT promoter methylation status
represents one of the most relevant prognostic factors in
GBMs and has been considered as a potent predictor of
response to alkylating agents.

Furthermore, recent prospective randomized trials
(NOA-08), the Nordic trial, and RTOG 0525 have shown
MGMT promoter methylation can also be a useful predictive
biomarker to stratify elderly GBM patients for RT versus
chemotherapy with alkylating agents. Several studies have
demonstrated that patients with tumors with methylated
MGMT promoter had a survival benefit when treated with
TMZ and radiotherapy, compared with those who received
RTonly, whereas patientswithMGMTpromoter-unmethyla-
ted tumors had no survival benefit from chemotherapy,
regardless of whether it was given at diagnosis together with
RT or as a salvage treatment [88–92]. Consequently, it has
been suggested that elderly GBM patients eligible for either
RT or TMZ should undergo MGMT promoter methylation
testing prior to the clinical decision being made. In addition,
MGMT promoter methylation was associated with greater
PFS and improved of OS in patients with recurrent GBMs
(Director trial) [93]. These findings highlight the necessity
for different therapeutic approaches in patients with GBMs
depending on their MGMT status and introducing MGMT
biomarker assessment into routine clinical practice.

9. Immune Checkpoints

In addition tomutations in cell signaling and growthproteins,
part of the aggressive nature of theGBM is related to its ability
to escape immune system surveillance. GBM has established
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amechanismof dampening the immune response by express-
ing immunosuppressive cytokines (e.g., prostaglandin E2 and
transforming growth factor-𝛽) and increasing activation of
T-regulatory cells [94]. This suppressive immune microen-
vironment is manipulated by two important checkpoint
proteins, cytotoxic T-lymphocyte antigen 4 (CTLA-4) and
programmed cell death protein 1 (PD-1) [95]. CTLA-4 is
exclusively upregulated on T cells and negatively regulates
the early stages of T-lymphocyte activation by competing
with the costimulatory molecule CD28 at binding the B7
ligands. In contrast, PD-1 is expressed by B, natural killer
and dendritic cells as well as activatedmonocytes and tumor-
infiltrative macrophages in addition to T cells [96, 97].
Moreover, PD-1 regulates immunity at multiple phases of
the immune response effecting T-lymphocyte activity in the
peripheral tissues [98]. TCGA analysis has reported high
mRNA expression level of PD-L1, a PD-1 ligand, and CTLA-
4 in mesenchymal GBMs suggesting a correlation between
these immune checkpoint proteins and severity of GBM
[99]. Yet, the prognostic value of these immune checkpoints
in GBM is still controversial. Berghoff et al. performed a
study on 117 GBM patient samples and found no correlation
between PD-L1 and survival [100]. Liu et al. have revealed
that PD-L1 can have both a positive and negative effect on
GBM patient survival depending on the glioma subclass, on
expression levels of PD-L1 regulatory molecules, and most
importantly on the cell type that expresses PD-L1 in the
tumor microenvironment [101]. But most current clinical
studies have demonstrated that PD-1 and/or PD-L1 are
immunohistochemically detectable in the majority of GBM
samples and PD-L1 gene expression significantly correlates
with molecular GBM subtypes (mainly mesenchymal) [100].
Additionally, Nduom et al. have shown that PD-L1 in GBM
patients is overexpressed in a small subpopulation, where
higher expression of PD-L1 is correlated with worse outcome
[102].

With the dramatic success of checkpoint inhibitors (e.g.,
nivolumab and ipilimumab targeting PD-1 and CTLA-4,
resp.) in melanoma, brain metastases, and lung and kidney
cancers, hope has increased regarding the potential activity
of these drugs in glioma [103–106]. Multiple clinical trials of
these checkpoint inhibitors in GBMs and recurrent lower-
grade gliomas are currently in progress (e.g., NCT02017717).
These studies will determine whether this approach has
any beneficial effects for these patients. So far, data from
a phase III trial (NCT00045968) using a dendritic cell
vaccine (DCVax-L) has indicated that monitoring CTLA-4
expression may predict survival in GBM patients, indicating
there may be a role for CTLA-4 as a novel biomarker for
treatment response [107, 108]. Furthermore, the RTOG is also
planning a randomized phase II/III trial to test ipilimumab
in combination with TMZ in patients with newly diagnosed
glioblastoma [107]. Taken together, current findings indicate
that the complexity of tumor microenvironment poses a
major challenge to the development of immunotherapy
approaches for GBMs and proper stratification of CTLA-
4/PD-1/PD-L1-positive and negative patients will be impor-
tant criterion for high-quality clinical trials in GBMs.

10. Imaging Biomarkers

The role of histopathology, proteomics, and next-generation
sequencing methods as a standard reference for assessment
of GBM progression is increasingly being challenged. In
addition to invasiveness and sampling bias they do not
address inter- and intratumor heterogeneity. Therefore, in
contrast to conventional evaluation of ex vivo tissue spec-
imens, development of imaging biomarkers for monitoring
tumor response following therapeutic interventions could
greatly improve individual patient management.

Currently there are no clinically approved imaging
biomarkers for GBM. However, advanced functional imag-
ing techniques including diffusion-weighted magnetic reso-
nance imaging (DW-MRI)with apparent diffusion coefficient
(ADC) mapping, dynamic susceptibility-weighted contrast-
enhanced perfusion imaging, MR spectroscopy (MRS), and
positron emission tomography (PET) have recently demon-
strated a great potential for identifying distinct phenotypes
of GBM tumors. While these results are promising, there is a
large variation in sensitivity and specificity reported, which
likely was a result of small sample size in some of these
studies, and differences in acquisition protocols, as well as
reference standards that have been used [109–111].

Nevertheless, several reports have highlighted that utiliz-
ing genomic and imaging datamay improve the selection and
implementation of the appropriate treatment for targeting
the unique biology of GBM tumors and the detection of
early treatment failure. For example, evaluation of 2-hydroxy-
glutarate (2-HG) by proton MRS has been reported to
correlate with the IDH1 or IDH2mutations in the tumor [112]
indicating that upregulated levels of 2-HG in IDH-mutated
gliomas have the potential in the future to provide impor-
tant diagnostic and prognostic information. Additionally,
numerous MRI parameters such as a high ratio of contrast
enhancing tissue to necrotic tissue (≥1), lower ADC values,
increased T2 to contrast enhancing volume, deceased T2
border sharpness, and elevated relative cerebral blood volume
(rCBV) have been reported as being predictive of EGFR
amplification [113–115]. rCBVmeasurements have also shown
to be a good predictive factor for themalignant degeneration-
free survival, PFS, and OS as well as discrimination of tumor
recurrence and nonneoplastic contrast enhancing tissue after
radiotherapy in low-grade gliomas [116, 117].

Furthermore, an increase in tumor blood volume has
been associated with EGFR amplification, PTEN deletion,
and normal unmethylated MGMT [118–120].

Many of these MRI features are also essential in monitor-
ing the clinical effectiveness of treatment regimens. Larsen
et al. reported nearly 100% sensitivity and specificity using
calculated CBV, which is comparable to those achieved
by 18F-fluorodeoxyglucose (18F-FDG) on the same patients
[121]. Besides, tumor ADC value has been shown to be a
useful indicator for predicting response to bevacizumab. For
example, in a large cohort of 97 bevacizumab-treated patients
with recurrent GBM, low ADC was associated with a poor
outcome in post hoc analysis from the multicenter random-
ized, phase II BRAIN study [122]. However, larger studies
are needed for this imaging biomarker to become universally
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accepted. Also, functional diffusion mapping based on ADC
values determined prior to and after radiochemotherapywere
shown to correlate with both survival benefit and longer PFS
in GBM patients [123].

Aside from MRI, a number of PET radiotracers have
been evaluated as potential imaging biomarkers which may
offer additional insight into brain tumor pathophysiology.
Currently, 18F-FDG is the most frequently used PET radi-
oligand, but it has limited capabilities for GBM imaging
due to elevated glucose uptake in the brain compared to
other tissues, which results in low-grade tumors, small
tumors, and tumors with early recurrence remaining unde-
tected. Therefore, for the past few years other PET ligands
have been assessed including radiolabeled amino acids and
their aromatic analogues (e.g., 11C-methionine (11C-MET),
18F-flouroethyltyrosine (18F-FET), and 3,4-dihydroxy-6-18F-
fluoro-L-phenylalanine (18F-FDOPA)), and hypoxia agents
(e.g., 18F-fluoromisonidazole (18F-FMISO)) since they over-
come the limitations of 18F-FDG providing much higher
tumor/background contrast. The amino acid PET tracers
have attracted most of the attention due to the fact they
enter the brain via amino acid transporters allowing visu-
alization of both low- and high-grade gliomas regardless of
integrity of the BBB [124, 125]. Kim et al., have demonstrated
that among several clinical and metabolic factors, 11C-MET
uptake is associated with poorer patient survival indicating
a prognostic value of this tracer in glioma patients [126].
Pauleit et al. found that there is increased 18F-FET uptake
in nonenhancing tumor areas which are difficult to delineate
using MRI [127]. In addition, Fueger et al., have shown that
imaging using 18F-FDOPA could differentiate between low-
and high-grade gliomas and that tracer uptake correlated
with tumor proliferation in newly diagnosed gliomas, but
not in previously treated recurrent tumors [128]. A study of
22 participants with GBM has shown association between
preradiation volume and degree of tumor hypoxia as mea-
sured by 18F-FIMSO and a shorter time to tumor progression
and decreased survival. These promising results indicate
that hypoxia imaging may also serve in the future as an
early biomarker of radiation resistant tumor regions and
provide insight into radiotherapy planning for patients with
GBM [129]. While current data highlights the potential of
molecular imaging biomarkers for the evaluation of treat-
ment response and survival, further prospective studies are
needed to evaluate their clinical impact. What is needed is an
integration of comprehensive genomic information together
with imaging data that will not only strengthen our under-
standing of heterogeneity in GBM’s genetics, metabolomics,
or epigenetics, but also provide an opportunity to identify
robust predictive biomarkers that could improve therapeutic
outcome and minimize drug resistance.

11. Conclusions

Although numerous challenges remain, recently substantial
progress has been made in the molecular characterization of
diffuse gliomas, providing useful insights into the develop-
ment of more effective targeted therapeutics. Even though

some of these therapies, including IDH or RTK pathway
inhibitors, have so far produced limited or no therapeutic
efficacy in phase III trials, our improved understanding
of their mechanisms of action has helped to determine
how to better incorporate their use in existing treatment
paradigms. Importantly, based on the challenges these drugs
have initially presented, innovative clinical trials have been
designed evaluating different therapeutic strategies. The
detailed description of these regimens was beyond the scope
of this review but, as briefly mentioned in each paragraph,
recent clinical reports are very promising. For example, given
the potential to manipulate or enhance the immune system
machinery to attack and kill tumor cells, immunotherapy has
shed new light on and generated a lot of excitement in the
treatment of GBM, especially with clinical trials that are cur-
rently underway. Phase I/II trials testing DCVax-L in patients
with newly diagnosed GBM showed significant increase in
the median life expectancy [6]. Furthermore, clinical trials
based on either retroviral or adenoviral vectors have demon-
strated that the herpes simplex virus-1 thymidine kinase
(HSV1-TK)/ganciclovir (GCV) systemHSV1-TK/GCV is well
tolerated. However, due to immune suppression mechanisms
present in GBMmicroenvironment, the study has not shown
as expected significant therapeutic benefit [130].

Therefore, against this background, there is an urgent
need to incorporate the status of known biomarkers into the
routine clinical practice which may assist not only in patient
selection, but also in the adjustment of treatment schedule
based on the patient-specific biology. The biggest challenge
lies in better understanding of GBM heterogeneity and the
ability to successfully translate the vast amounts of data
generated by large-scale, next-generation sequencing, and
single tumor cell sequencing, as well as genomic and molec-
ular imaging analyses into a clinically applicable format.
Furthermore, appropriate combination of novel targeted and
immunotherapeutic approaches that are biomarker driven
will hopefully improve the management and lead to more
durable responses in GBM patients.
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[125] G. Pöpperl, F. W. Kreth, J. H. Mehrkens et al., “FET PET for
the evaluation of untreated gliomas: correlation of FET uptake
and uptake kinetics with tumour grading,” European Journal
of Nuclear Medicine and Molecular Imaging, vol. 34, no. 12, pp.
1933–1942, 2007.

[126] S. Kim, J. K. Chung, S. H. Im et al., “11C-methionine PET as a
prognostic marker in patients with glioma: comparison with
18F-FDG PET,” European Journal of Nuclear Medicine and
Molecular Imaging, vol. 32, no. 1, pp. 52–59, 2005.

[127] D. Pauleit, F. Floeth, K. Hamacher et al., “O-(2-[18F]fluoro-
ethyl)-L-tyrosine PET combined with MRI improves the diag-
nostic assessment of cerebral gliomas,” Brain, vol. 128, no. 3, pp.
678–687, 2005.

[128] B. J. Fueger, J. Czernin, T. Cloughesy et al., “Correlation of 6-
18F-fluoro-L-dopa PET uptake with proliferation and tumor
grade in newly diagnosed and recurrent gliomas,” Journal of
Nuclear Medicine, vol. 51, no. 10, pp. 1532–1538, 2010.

[129] A. M. Spence, M. Muzi, K. R. Swanson et al., “Regional
hypoxia in glioblastoma multiforme quantified with [18F] flu-
oromisonidazole positron emission tomography before radio-
therapy: correlation with time to progression and survival,”
Clinical Cancer Research, vol. 14, no. 9, pp. 2623–2630, 2008.



BioMed Research International 13

[130] L.W. Xu, K. K. Chow,M. Lim, and G. Li, “Current vaccine trials
in glioblastoma: a review,” Journal of Immunology Research, vol.
2014, Article ID 796856, 10 pages, 2014.

[131] T. Siegal, “Clinical impact of molecular biomarkers in gliomas,”
Journal of Clinical Neuroscience, vol. 22, no. 3, pp. 437–444, 2015.

[132] A.A. Brandes, E. Franceschi, A. Tosoni et al., “MGMTpromoter
methylation status can predict the incidence and outcome
of pseudoprogression after concomitant radiochemotherapy
in newly diagnosed glioblastoma patients,” Journal of Clinical
Oncology, vol. 26, no. 13, pp. 2192–2197, 2008.

[133] H. Shao, J. Chung, L. Balaj et al., “Protein typing of circulating
microvesicles allows real-timemonitoring of glioblastoma ther-
apy,” Nature Medicine, vol. 18, no. 12, pp. 1835–1840, 2012.
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The phosphoinositide-3 kinase (PI3K)/Akt/mammalian target of rapamycin (mTOR) signaling pathway plays an important role in
cancer progression and treatment, including that of small cell lung cancer (SCLC), a diseasewith traditionally poor prognosis. Given
the regulatory role of microRNA (miRNA) in gene expression, we examined the association of single nucleotide polymorphisms
(SNPs) at miRNA-binding sites of genes in the mTOR pathway with the prognosis of patients with limited-disease SCLC. A
retrospective study was conducted of 146 patients with limited-disease SCLC treated with chemoradiotherapy. Nine SNPs of
six mTOR pathway genes were genotyped using blood samples. Cox proportional hazard regression modeling and recursive
partitioning analysis were performed to identify SNPs significantly associated with overall survival. Three SNPs, MTOR: rs2536
(T>C), PIK3R1: rs3756668 (A>G), and PIK3R1: rs12755 (A>C), were associated with longer overall survival. Recursive partitioning
analysis based on unfavorable genotype combinations of the rs2536 and rs3756668 SNPs classified patients into three risk subgroups
and was internally validated with 1000 bootstrap samples. These findings suggest that miRNA-related polymorphisms in the
PI3K/Akt/mTOR pathway may be valuable biomarkers to complement clinicopathological variables in predicting prognosis of
limited-disease SCLC and to facilitate selection of patients likely to benefit from chemoradiotherapy.

1. Introduction

Small cell lung cancer (SCLC), which accounts for approx-
imately 13% of lung cancer cases [1], is a common neu-
roendocrine malignancy characterized by aggressive growth
and early metastasis. Chemotherapy with agents of etoposide
or topoisomerase 1 inhibitors (irinotecan or topotecan),
along with cisplatin and radiotherapy, is the recommended
treatment for SCLC with limited disease (LD SCLC) [2, 3].
Unfortunately, there is only a 15% to 20% cure rate and
most cases recur rapidly, leading to a very poor overall
prognosis [4]. Genetic variations may play an important
role in treatment sensitivity; therefore, identification of novel

genetic predictors could be helpful for individualized treat-
ment options.

The phosphoinositide-3 kinase (PI3K)/Akt/mechanistic
target of rapamycin (mTOR) signaling pathway has been
a hot therapeutic target for SCLC in recent research [5].
This pathway is activated in various cancer types, including
SCLC [6], and is associated with radiation and chemotherapy
resistance [7]. Genetic variations in this pathway are reported
to modulate clinical outcomes in patients with esophageal
cancer and non-small-cell lung cancer who have undergone
chemoradiotherapy [8, 9]. MicroRNAs (miRNAs), a class of
small, noncoding RNAs, are key regulators of gene expression
in many biological processes [10], including the mTOR
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pathway [11]. Single nucleotide polymorphisms (SNPs) in
miRNA-binding sites may affect the regulatory effect of miR-
NAs on oncogenes and tumor suppressor genes. However, lit-
tle published research has considered the impact of miRNA-
related genetic polymorphisms in the PI3K/Akt/mTOR path-
way and their relationship to SCLC outcome. We therefore
analyzed the effect of these genetic variations on the prog-
nosis of patients with LD SCLC receiving curative chemora-
diotherapy and selected valuable biomarkers for decision
making.

2. Materials and Methods

2.1. Ethics Statement. This investigation was conducted in
accordance with the ethical standards outlined in the Decla-
ration of Helsinki and national and international guidelines.
Our institutional review board (Cancer Hospital, Chinese
Academy of Medical Sciences) approved this retrospective
study, and informed consent was waived.

2.2. Study Population. Patients in this study were retro-
spectively recruited from the Cancer Hospital, Chinese
Academy of Medical Sciences, between January 2007 and
June 2014. All SCLC were histologically confirmed, staged
as LD SCLC based on the International Association for the
Study of LungCancer (IASLC) classification [12], and initially
treatedwith curative-intent platin-based chemotherapy com-
bined with intensity-modulated radiation therapy (IMRT).
Patients who had any other malignancy within five years of
enrollment were excluded to avoid a potential confounding
effect. Prophylactic cranial irradiation (PCI) was offered to
patients who had achieved a complete remission (CR) or
partial response (PR), depending on the treating physician’s
discretion and patient’s preference. Clinical information
was collected from medical records. Long-term archived
serum samples from recruited patients were analyzed
[13].

2.3. SNP Selection and Genotyping. Candidate miRNA-
related SNPs of PI3K/Akt/mTOR pathway genes were
selected in two ways: SNPs located at the 3-UTR of miRNA
target genes with a minor allele frequency greater than 0.1
in the Chinese Han population in the PolymiRTS Database
3.0 (http://compbio.uthsc.edu/miRSNP/) and Ensemble Asia
database (release 79, http://asia.ensembl.org/in-dex.html?
redirect=no) as well as those previously reported in the
literature to be associated with cancer were included. Tagging
SNPs in linkage disequilibrium were identified using Hap-
loReg version 3 (http://www.broadinstitute.org/mammals/
haploreg/haploreg v3.php) with a cut-off value of r2 > 0.8.

Genomic DNA was extracted using a TIANamp Blood
DNA Kit (TIANGEN Biotech, Beijing, China). Genotyping
was conducted using the MALDI-TOF mass spectrometry-
based iPLEX Gold assay on the Sequenom MassARRAY
Platform (SanDiego, CA, USA) and was analyzed usingMas-
sARRAY TyperAnalyzer v4.0 software (Sequenom). SNPs
with a more than 95% success rate and samples with a call
rate exceeding 96% were included. Ultimately, a total of nine
tagSNPs in six genes were selected.

2.4. Statistical Analysis. Response rates were evaluated
according to RECIST 1.0 criteria. The objective response rate
(ORR) included CR and PR to treatment. The association of
genetic features with ORR was estimated using the Pearson
𝜒2 test with odds ratios (ORs) and 95% confidence interval
(CI). Overall survival (OS) was calculated from pathologic
diagnosis to the date of death or last follow-up. The Kaplan-
Meier method and log-rank test were used to assess survival
for each genotype and clinical characteristics. Hazard ratios
(HRs) and 95% CI were estimated by Cox proportional
hazards regression models. The adjustment factors included
age, gender, smoking history, Karnofsky performance score
(KPS), and Charlson comorbidity index (CCI). Genotype
analyses were conducted in three genetic models (dominant,
recessive, and additive) for each SNP and the model with the
smallest 𝑃 value was used. Models with rare genotypes (<5%
of patients) were excluded. Recursive partitioning analysis
(RPA) was conducted to evaluate the cumulative effects of
the genetic variants in the pathway. Concordance probability
estimate (CPE) was used to assess the predictive ability of
RPA classification [14] from 1000 bootstrap samples.

A two-sided 𝑃 value < 0.05 was considered significant for
all statistical analyses. Multiple comparison was performed
by Benjamini-Hochberg False Discovery Rate (FDR) correc-
tion based on tests for 3 models with a 𝑞-value of 0.05 [15].
Statistical power of the RPA classification was calculated with
an 𝛼 of 0.1. All statistical analyses were carried out using IBM
SPSS Statistics 21.0 software (IBM Corp., Armonk, NY) and
R version 3.2.3 (http://www.r-project.org.com/).

3. Results

3.1. Clinical Characteristics. The clinical characteristics of 146
patients with LD SCLC recruited to this study are shown
in Table 1. Patients’ median age at diagnosis was 56.8 years
(range 29–80 years). Of these patients, 91.8% were diagnosed
as stage III. Chemotherapy was delivered based on an EP
(etoposide + cisplatin) or EC (etoposide + carboplatin)
regimen, usually for 2–4 cycles; concurrent treatment was
given to 54.8% patients with no difference in overall survival
compared to those receiving sequential treatment. A total
of 37 patients achieved CR and 84 had a PR. PCI was
administered to 43.2% patients, 90.5% of whom had a CR
or PR in the primary lesion. The overall median survival
time (MST) and 5-year OS rate were 35.1 months and 38.9%,
respectively, at a median follow-up time of 42.2 months. Age,
KPS, CCI, and PCI were prognostic factors for OS (𝑃 < 0.05,
log-rank test).

3.2. Associations of Individual SNPs with Outcome. The sur-
vival analysis by genotype for each SNP is shown in Table 2.
Two SNPs were significantly associated with OS (MTOR:
rs2536 and PIK3R1: rs3756668), rising to three (PIK3R1:
rs12755) after adjustment for age, gender, KPS, smoking his-
tory, and CCI. Patients carrying heterozygous TC of MTOR:
rs2536 (T>C) had a significantly increased risk of reduced
OS compared to those with TT genotype (adjusted HR =
1.948, 95%CI: 1.090–3.482). In addition, variant homozygous
genotypes of rs12755 (A>C) and rs3756668 (A>G) in PI3K

http://compbio.uthsc.edu/miRSNP/
http://asia.ensembl.org/index.html?redirect=no
http://asia.ensembl.org/index.html?redirect=no
http://www.broadinstitute.org/mammals/haploreg/haploreg_v3.php
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http://www.r-project.org.com/
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Table 1: Clinical characteristics of 146 patients with limited disease-
small cell lung cancer.

Variables 𝑁 (%) 5yOS 𝑃

Gender
Male 104 (71.2%) 33.0% 0.065
Female 42 (28.8%) 47.2%

Age
≤60 95 (65.1%) 43.0% 0.015
>60 51 (34.9%) 30.8%

KPS
≥90 61 (41.8%) 47.5% 0.009
<90 85 (58.2%) 33.1%

Location
Left lobe 69 (47.3%) 39.3% 0.987
Right lobe 77 (52.7%) 37.8%

Smoking
Yes 96 (65.8%) 35.7% 0.088
No 50 (34.2%) 40.1%

Charlson comorbidity index
≤3 130 (89.0%) 41.7%

0.0304-5 13 (8.9%) 19.5%
6-7 3 (2.1%) 0%

Weight loss
With 27 (18.5%) 51.3% 0.393
Without 119 (81.5%) 35.2%

AJCC stage
IA 1 (0.7%) 100.0%

0.573

IB 2 (1.4%) 0%
IIA 5 (3.4%) NA
IIB 4 (2.7%) NA
IIIA 68 (46.6%) 41.7%
IIIB 66 (45.2%) 34.9%

Treatment modality
Concurrent 80 (54.8%) 46.8% 0.401
Sequential 66 (45.2%) 31.2%

Chemotherapy cycles
<4 9 (6.2%) NA

0.3824–6 126 (86.3%) 40.2%
>6 11 (7.5%) 38.6%

Radiotherapy dose
<60 46 (30.7%) 39.3% 0.525
≥60 100 (69.3%) 39.9%

PCI
With 63 (43.2%) 62.1%

1.54𝐸 − 4
Without 83 (56.8%) 23.1%

OS: overall survival; AJCC: American Joint Committee on Cancer; PCI:
prophylactic cranial irradiation.

regulatory subunit 1 (alpha) (PIK3R1) were associated with
77.5% (adjusted HR = 0.225, 95% CI: 0.054–0.931) and 61.2%
(adjusted HR = 0.388, 95% CI: 0.176–0.856) decrease in the
risk of death, respectively (Figures 1(a)–1(c)). However, after

multiple comparison correction, the associations with OS of
these SNPs were not statistically significant.

Of the three prognostic SNPs, rs12755 and rs3756668were
associated with ORR of chemoradiotherapy in patients with
LD SCLC. Individuals carrying the rs12755 C allele showed a
significantly higher ORR than those with AA genotype (ORs
= 0.908, 95% CI: 0.858–0.961, 𝑃 = 0.037). For rs3756668,
carriers of the G allele had a higher ORR compared with the
AA genotype (OR = 0.790, 95%CI = 0.720–0.867, 𝑃 = 0.012).

3.3. Associations of Individual SNPs with OS in Stage III
Patients. Assessing only the 134 patients with stage III SCLC,
the overall MST and 5-year OS rate were 35.1 months
and 38.2%, respectively. MTOR: rs2536 (T>C) and PIK3R1:
rs3756668 (A>G) remained significantly associated with
survival in stage III patients (Table 3). PIK3R1: rs12755
(A>C) was a borderline prognostic factor after adjusting for
clinical covariates (HR adjusted = 0.242, 95% CI: 0.058–
1.010). However, after correcting formultiple comparison, the
discriminations of these genetic variants for survival were not
statistically significant (Table 3). Other polymorphisms in the
PI3K/Akt/mTOR pathway continued not to show significant
association with OS.

3.4. Recursive Partitioning Analysis (RPA). To explore the
combined effect of unfavorable genotypes, three SNPs sig-
nificantly associated with OS (rs2536 (T>C) in an additive
model, as well as rs12755 and rs3756668 in recessive models),
were included in a recursive partitioning analysis. The RPA
model was developed based on PIK3R1: rs12755 (A>C) and
PIK3R1: rs3756668 (A>G), and the data setwas split into three
risk classifications (Table 4). The MST and 5-year OS rate
were 48.6, 35.1, and 18.4 months and 47.7%, 40.8%, and 17.6%
in the low, intermediate, and high-risk classes, respectively,
after adjustment for age, gender, KPS, smoking history, and
CCI (Figure 1(d)). The ORs of ORR in the intermediate and
high-risk classes were 0.757 (95% CI: 0.679–0.845) and 0.359
(95%CI: 0.236–0.546) using the low risk group as a reference.
The statistical power of this classification was 0.74.

3.5. Validation of the RPA Classification Using Bootstrap
Analysis. Bootstrap analysis was conducted and confirmed
a good performance of the RPA predictive model based on
PI3K/Akt/mTOR pathway SNPs in survival discrimination
by 1000 resampling internal validation datasets (Table 4).The
CPE of the RPA classification was 0.69 from 1000 bootstrap
samples, supporting the satisfactory predictive efficacy.

4. Discussion

SCLC is second only to melanoma in terms of malig-
nancies with a high degree of genomic alternations [16,
17]. As one of the most promising therapeutic targets in
SCLC, the PI3K/Akt/mTOR pathway was shown to have a
high prevalence of genetic alternations in a comprehensive
genomic analysis of SCLC in Asian populations [18]. The
PI3K/Akt/mTOR pathway plays a critical role in cancer
progression by regulating cell growth, proliferation, and
survival [19].This pathwaywas also reported to be involved in
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Figure 1: The Kaplan-Meier survival curve of selected SNPs and the RPA classification in patients with limited-disease small cell lung
cancer treated with curative chemoradiotherapy. (a) PIK3R1: rs12755 (A>C); (b) MTOR: rs2536 (T>C); (c) PIK3R1: rs3756668 (A>G); (d)
RPA classification.

the development of resistance to radiation and chemotherapy
[20–22]. Genetic variants in this pathway were demonstrated
to be associatedwith platinum-based chemotherapy response
and prognosis in patients with advanced NSCLC [23]. In
this study, we performed a pathway-specific analysis to
determine whether polymorphisms in the PI3K/Akt/mTOR
pathway may predict outcomes of patients with LD SCLC
treated with curative chemoradiotherapy. Three SNPs in
miRNA-binding genes in this pathway were identified to be
associated with overall survival of these patients, and the
unfavorable genotypes ofMTOR: rs2536 (T>C) and PIK3R1:
rs3756668 (A>G) were combined by RPA to optimize the
prognostic value. To our knowledge, this is the first study to
evaluate the pathway-based effect of polymorphisms in the
PI3K/Akt/mTOR pathway on clinical outcome of SCLC. The
combination of multigenic variants classified these patients

into three risk groups and provided a basis to identify patients
with LD SCLC that will benefit from chemoradiotherapy.

The MTOR gene, located in exon 59 of chromosome
1p36.2, encodes a serine/threonine kinase and emerges as a
key downstream effector of the PI3K/Akt/mTOR signaling
pathway. Moreover,MTOR has been identified as a potential
target in SCLC [22]. rs2536 is the mostly frequently studied
polymorphism to be associated with cancer susceptibility
in the 3UTR of this gene. However, reports of the asso-
ciation vary in the literature. MTOR rs2536 TC/CC geno-
types were reported to have an association with decreased
risk in acute lymphoblastic leukemia [24], but increased
risk in prostate cancer [25], and no association in gastric
and esophageal cancer [26, 27]. Therefore, it is possible
that the effect of this polymorphism on MTOR expression
may be cancer type-specific. Until now, there has been no
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published work on the association between MTOR: rs2536
and cancer outcomes. In the present study, patients with
rs2536 TC genotype showed a poorer survival than those
with a TT genotype. As proposed previously, the binding
miRNA-576 at the T allele was substituted for miRNA-
767 at the C allele predicted by the bioinformatics web
server (https://snpinfo.niehs.nih.gov/snpinfo/snpfunc.php)
[25]. Therefore, rs2536 TC genotype was speculated to affect
MTOR expression, probably because of its effect on affinity
for miRNA; however,MTOR expression is very complicated.
It was found that phosphorylated MTOR (p-MTOR) was
more highly expressed in limited-stage than extended-stage
SCLCs, and higher p-MTOR expression was associated with
better prognosis [28], in contrast to other cancers [29, 30].
Therefore, elucidation of the exact mechanisms requires
additional functional studies.

Two SNPs of PIK3R1, rs12755 (A>C) and rs3756668
(A>G), were also found to be associated with survival in
SCLC. Class IA PI3K, composed of a p110 catalytic unit
and a regulatory unit, is activated by growth factors and
subsequently induces a kinase cascade downstream [31].
PIK3R1 encodes the 85-kD regulatory subunit, which is
indispensable for stabilization of the catalytic subunit and
downregulating PI3K signaling [32]. A handful of studies
showed that polymorphisms of PIK3R1 were associated with
survival in bladder cancer and endometrial cancer [33, 34].
NeitherPIK3R1 SNPdiscussed in this study has been reported
to date. These PIK3R1 SNPs were found to be associated
with favorable survival under a recessive model. Moreover,
Ueki et al. [35] demonstrated that heterozygous disruption of
PIK3R1 reduced p85𝛼 by 50% and enhanced PI3K signaling,
while complete depletion of p85𝛼 in homozygous generated
knockout cells significantly decreased PI3-kinase activity.
This may be indicative of the functional effect of these loci
on PIK3R1 regulation and activity.

mTOR inhibitors displayed limited antitumor activity in
SCLC on account of feedback reactivation of this pathway
[36]. Dual inhibition of PI3K and mTOR can block the loop
and enhance therapeutic effectiveness [18], and inhibition has
been shown to improve tumor radiosensitivity by impairing
DNA damage repair and normalizing tumor vasculature [37,
38]. Tumor activity depends on complex signaling networks.
Thus, recent studies of cancer-related genetic alternations
have also taken a pathway-based approach. In the present
work, the combination of two SNPs in PIK3R1 and MTOR
provided a more precise discrimination than individual
SNPs. Consequently, it is biologically plausible for these
potentially functional polymorphisms to have a synergistic
effect.

To summarize, this study found three miRNA-related
SNPs (MTOR: rs2536 (T>C), PIK3R1: rs3756668 (A>C) and
PIK3R1: rs12755 (A>G)) in the PI3K/Akt/mTOR pathway
and pathway-based RPA that were associated with survival
in patients with LD SCLC treated with chemoradiotherapy.
The identification of these predictive factors may be help
in selecting the optimal therapeutic strategy for individual
patients. However, only nine functional SNPs were selected,
based on prior knowledge, for the present study, whichmeans
that some important variations in this pathway may have

been missed. In addition, multiple correction for these SNPs
by 1000 bootstrap samples showed significant associations
with OS, suggesting that the negative results after multiple
correction were due to the limited number of subjects,
although this is the largest study on miRNA-SNPs associated
with prognosis in SCLC. Moreover, despite internal valida-
tion by bootstrap, there is a lack of independent external
validation to confirm our findings. Therefore, additional
larger, well-designed studies, including molecular mecha-
nism investigation, are imperative to confirm these findings.

5. Conclusions

In conclusion, the current study identified 3 miRNA-
related SNPs in the PI3K/Akt/mTOR pathway as prognostic
biomarkers for patients with limited-disease SCLC treated
with chemoradiotherapy. A risk classification incorporat-
ing MTOR: rs2536 (T>C) and PIK3R1: rs3756668 (A>C)
was developed to identify patients likely to benefit from
treatment. Replication in a large independent cohort and
assessment of biological function is imperative to confirm
these findings.
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We aimed to identify prognostic factors associated with progression-free survival (PFS) and overall survival (OS) in metastatic
renal cell carcinoma (mRCC) patients treated with sorafenib. We investigated 177 patients, including 116 who received sorafenib
as first-line therapy, using the Cox regression model. During a median follow-up period of 19.2 months, the PFS and OS were 6.4
and 32.6 months among all patients and 7.4months and undetermined for first-line sorafenib-treated patients, respectively. Clinical
T3-4 stage (hazard ratio [HR] 2.56) and a primary tumor size >7 cm (HR 0.34) were significant prognostic factors for PFS among all
patients, as were tumor size >7 cm (HR 0.12), collecting system invasion (HR 5.67), and tumor necrosis (HR 4.11) for OS (𝑝 < 0.05).
In first-line sorafenib-treated patients, ≥4 metastatic lesions (HR 28.57), clinical T3-4 stage (HR 4.34), collecting system invasion
(univariate analysis HR 2.11; multivariate analysis HR 0.07), lymphovascular invasion (HR 13.35), and tumor necrosis (HR 6.69)
were significant prognosticators of PFS, as were bone metastasis (HR 5.49) and clinical T3-4 stages (HR 4.1) for OS (𝑝 < 0.05).
Our study thus identified a number of primary tumor-related characteristics as important prognostic factors in sorafenib-treated
mRCC patients.
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1. Introduction

Up to one-third of patients with renal cell carcinoma (RCC)
present with advanced disease globally, and 20–40% of those
who undergo nephrectomy for localized RCC subsequently
developmetastases [1]. In the previous era of immunotherapy,
the prognosis of patients with unresectable and/or metastatic
RCC (mRCC) was dismal, and the average survival was
approximately 12 months; only a fraction of patients (10–
20%) benefit fromcytokine treatment because of limited ther-
apeutic options and the resistance of RCC to conventional
chemotherapy [2, 3].

Since 2005, a number of novel targeted therapy (TT)
agents that show better efficacy for the treatment of advanced
RCC, compared to previous immunochemotherapy agents,
have been introduced, and the prognoses of advanced
diseases such as mRCC have greatly improved. However,
prognoses vary widely, causing clinicians to question the pre-
dictive prognostic models of TTs in mRCCs. Various studies
have attempted to stratify patients into poor, intermediate,
and favorable prognosis groups by investigating multiple
risk factors. The Memorial Sloan Kettering Cancer Center
(MSKCC) [4] and Heng [5] risk criteria form the bases
of prognostic classifications. Several predictive prognostic
factors for TTs include laboratory findings, performance and
immune status, physical condition, and tumor burden [6–9].

Among the various TTs, sorafenib was one of the first
available and globally used tyrosine kinase inhibitors for
mRCC patients, with good tolerability and safety. The 2015
guidelines of the National Comprehensive Cancer Network
(NCCN) recommended sorafenib as a first-line treatment for
patients with relapsed or medically unresectable, predomi-
nantly clear cell, stage IVRCC (category 2A) [10].Many large-
scale multicenter studies are currently ongoing in different
countries to assess sorafenib’s efficacy and safety profile in
mRCC patients of different ethnicities using progression-free
survival (PFS) and overall survival (OS) as endpoints; these
studies seek to identify important prognostic factors in their
populations [11–13]. However, few studies have investigated
Asian patients with mRCC.Therefore, a representative group
of mRCC patients treated with sorafenib was selected from
the databases of 11 academic institutions to identify the
relevant prognostic factors, including primary tumor-related
factors, for PFS andOS. In addition, sorafenib-treated patient
survival curves were plotted to compare the prognoses of
different risk groups according to the MSKCC [4] and Heng
[5] risk criteria.

2. Patients and Methods

2.1. Patient Selection. A retrospective analysis of 184 clini-
cally diagnosed mRCC patients from 11 Korean academic
institutions was performed and included those who had
been treated with sorafenib with or without prior systemic
therapies between 2006 and 2012. After excluding patients
aged <18 years and those with unavailable medical follow-
up records, 177 patients were ultimately enrolled after patho-
logical confirmation of RCC in their primary or metastatic

site(s) by nephrectomy, metastasectomy, or tumor biopsy.
Tumors were stage IV according to the 2009 American Joint
Committee on Cancer staging classification.

2.2. Treatment and Diagnostic Modalities. Sorafenib treat-
ment was commenced at 400mg orally twice daily on a
continuous basis until disease progression was noted in
accordance with the Response Evaluation Criteria in Solid
Tumors (RECIST) version 1.0 or the development of intol-
erance was noted. Tumor response was measured starting
at 4–12 weeks after initiation of treatment using RECIST.
The primary tumor size was calculated using the contrast
phase of baseline computed tomography (CT) images, as was
the longest horizontal diameter of the primary unresectable
mRCC-affected kidney in situ. For resectable mRCCs, mea-
surements were performed on the pathologic specimen after
nephrectomy but before formalin fixation.

Pre- andposttreatment evaluation consisted of a complete
history andphysical examination, complete blood count, liver
and renal function tests, CT of the chest, CT or magnetic
resonance imaging of the abdomen and pelvis, and total body
bone scintigraphy. Fluorodeoxyglucose positron emission
tomography-CT scanning was optional and was performed
at each clinician’s discretion to evaluate small suspicious
multiple metastatic lesions that were not identifiable on
CT images. During follow-up, all patients were required
to undergo examination by their attending urologists, with
work-ups performed according to their respective institu-
tional protocols. Follow-up continued after the termination
of treatment until death.

2.3. StatisticalMethods. PFSwas determined from the date of
the initiation of sorafenib treatment until documentation of
radiologically confirmed disease progression or death from
any cause. OS was calculated from the date of initiating
sorafenib treatment until death from any cause. All baseline
clinicopathological parameters were analyzed as discrete
variables with the Chi-square andWilcoxon rank sum tests as
appropriate. The Kaplan-Meier method was used to estimate
time-to-event distributions of PFS and OS according to
the MSKCC (2002 version) [4] and Heng [5] risk criteria.
Univariate and multivariate Cox regression models were
employed to identify potential baseline prognostic variables
for PFS and OS in all patients as well as in the first-line
sorafenib-treated patients separately. Cox regression analysis
with Firth’s penalized likelihood was used for rare events.
Clinically important variables, such as primary tumor-related
factors, were subjected to multivariate analysis even if not
found to be significant on univariate analyses. All statistical
analyses were performed using the STATA statistical software
(release 13.1, STATA Inc., TX, USA).

2.4. Ethics Statement. This retrospective study was approved
by the Institutional Review Board (IRB) of the National
Cancer Center (IRB number NCCNCS-11-439) and other
participating hospitals. The informed consent requirement
was waived by the IRB.
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3. Results

During a median follow-up of 19.2 months (range, 0.2–62.3
months), the median PFS and OS were 6.4 (range, 5.2–
8.9) and 32.6 (range, 27.3–63.8) months for all 177 patients,
respectively; for the 116 first-line sorafenib-treated patients,
themedian PFS andOSwere 7.4 (range, 5.5–10.0)months and
unattained at 57.8months, respectively (Table 1).With respect
to the best response to sorafenib, the objective response and
disease control rates among all 177 patients were 22% and
53.1%, respectively, while the rates among the 116 first-line
sorafenib-treated patients were 23.2% and 56%, respectively.
All the other baseline demographics, including clinicopatho-
logical data and imaging parameters, are described in Table 1.

Significant prognostic factors for PFS and OS were found
on multivariate analysis. Clinical T3-4 stage (hazard ratio
[HR] 2.56, 95% confidence interval [CI] 1.08–6.09) was a
negative predictor of PFS (Table 2), while collecting system
invasion (HR 5.67, 95% CI 1.59–22.56) and tumor necrosis
(HR 4.11, 95% CI 1.06–21.78) were negative predictors of OS
(Table 3) (𝑝 < 0.05). Conversely, a primary tumor size >7 cm
was indicative of significantly better PFS (HR 0.34, 95% CI
0.12–0.98) and OS (HR 0.12, 95% CI 0.02–0.7) (𝑝 < 0.05;
Tables 2 and 3, resp.).

Further multivariate subanalysis of the 116 first-line
sorafenib-treated patients revealed that ≥4 lesions at the
metastatic sites (HR 28.57, 95% CI 1.74–468.69), clinical T3-4
stage (HR 4.34, 95% CI 1.20–15.71), lymphovascular invasion
(HR 13.35, 95% CI 1.91–93.37), and necrosis within the pri-
mary kidney tumor (HR 6.69, 95%CI 2.06–21.73) were signif-
icantly poor prognostic indicators of PFS, whereas collecting
system invasion (HR 0.07, 95% CI 0.01–0.55) was the sole
favorable parameter (𝑝 < 0.05; Table 4). Furthermore, bone
metastasis (HR 5.49, 95% CI 1.62–18.65) and clinical T3-4
stage (HR 4.1, 95% CI 1.08–15.51) were significantly negative
prognostic parameters of OS (𝑝 < 0.05; Table 5).

Kaplan-Meier analyses revealed that patients categorized
according to MSKCC versus Heng criteria had different PFS
and OS. The MSKCC intermediate group (i.e., those with 1-
2 risk factors) had the worst PFS (4.8 months; versus 6.6
months for the poor group and 12.8 months for the favorable
group; 𝑝 < 0.001) and OS (23.2 months; versus both the poor
and favorable groups where OS was yet undetermined, 𝑝 <
0.002) when considering all 177 sorafenib-treated patients
(Figure 1).When categorized according to theHeng risk crite-
ria, the intermediate group also had worse PFS (4.5 months)
than the favorable and poor groups (12.8 and 5.2 months,
resp.); however, the OS in the intermediate group (23.2
months) was similar to that of the poor group (17.9 months)
when compared to the reference group (i.e., the favorable
group; OS yet undetermined) (𝑝 < 0.001) (Figure 1). Addi-
tional subanalyses of the first-line sorafenib-treated patients
with the MSKCC and Heng risk criteria were performed
using the Kaplan-Meier and log-rank tests, revealing that
similar patterns of OS and PFS were observed according to
the MSKCC criteria, but not according to the Heng criteria
(Figure 2). Furthermore, we compared the OS of the first-line
sorafenib groups according to the presence of bonemetastasis
and/or T3-4 stage, which we had found to be poor prognostic

factors; significant differences in OS were observed (𝑝 =
0.0003; Figure 3).

4. Discussion

Globally, sorafenib has proven to be tolerable, safe, and
effective for treating mRCC patients. It is essential that the
prognostic factors of PFS andOS be clarified in order to guide
patient care and yield the best therapeutic response. Several
previous studies suggested various parameters andmodels for
classifying mRCC patients into favorable, intermediate, and
poor risk groups according to the number of survival risk
factors [2, 5, 8, 9, 14, 15]. Using a nationwide Korean kidney
cancer database encompassing 11 Korean academic institu-
tions, this study clarified the prognostic importance of several
independent primary tumor characteristics, as well as of the
extent of disease, in sorafenib-treated mRCC patients with
or without prior systemic therapies. Specifically, clinical T3-4
stage was a negative prognosticator of PFS, as were collecting
system invasion and tumor necrosis for OS. Conversely, a pri-
mary tumor size >7 cm was a favorable prognostic factor for
both PFS and OS.

Previous studies suggested that the intermediate risk
group, as defined by the MSKCC and Heng criteria, had
multiple pitfalls because of the uneven distribution of a large
number of diverse patients; this produced heterogeneous
outcomes that necessitated further stratification [16, 17]. We
encountered similar findings as well, with the intermediate
group having disproportionately worse PFS (4.8 months)
and OS (23.2 months) than the poor risk groups; this was
also the case when using the Heng risk model. In addition,
significantly different survival outcomes were observed for
groups stratified according to the MSKCC and Heng risk
criteria when analyzing all patients as well as only first-line
sorafenib-treated patients (𝑝 < 0.05, Figures 1 and 2). The
Heng criteria appeared to be slightlymore correlativewithOS
than the MSKCC criteria, which is consistent with a previous
Korean study with sunitinib that showed theHeng riskmodel
to have slightly better discriminatory ability than theMSKCC
model [17].

Among the significant prognostic factors for PFS and OS
in all patients, primary tumor size had an HR <1.0 on both
univariate and multivariate analyses, indicating that mRCC
patients with greater sized primary tumors, especially those
>7 cm, responded better to sorafenib and had more favorable
prognoses in our study. This implies that smaller sized renal
tumors with metastatic lesions might be more aggressive
than larger tumors. Subgroup analysis that stratified tumor
size into four groups (<4 cm, 4–7 cm, 7–10 cm, and >10 cm)
was performed on 140 patients with previous nephrectomies;
these 4 subgroups were statistically correlated with low (1-2)
and high (3-4) Fuhrman nuclear grades. A greater proportion
of small tumors were of higher tumor grades, albeit without
statistical significance owing to a small sample size (𝑝 =
0.068; odds ratio 0.675; data not shown).

In addition to a primary tumor size >7 cm, other sig-
nificant factors determining survival among the 177 patients
were clinical T3-4 stage (for PFS and OS), collecting system
invasion (for OS), and tumor necrosis (for OS) within the
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Table 1: Baseline demographics.

Parameter Overall (𝑁 = 177) First-line (𝑁 = 116)
𝑁 (percentage) or median (range) 𝑁 (percentage) or median (range)

Gender (male/female) 136/41 (76.8/23.2) 91/25 (78.4/21.6)
Age (years) 62.0 ± 10.9 63.8 ± 10.5
Follow-up duration (months) 19.2 (0.2–63.8) 18 (0.2–57.8)
Treatment duration (weeks) 20.1 (1–216) 23.9 (4.4–176)
Body mass index (kg/cm2) 23.3 (14.5–37.2) 23.1 (14.5–37.2)
Comorbidity
Diabetes 42 (23.7) 29 (25.0)
Hypertension 75 (42.4) 49 (42.2)
Cerebrovascular accident (CVA) 5 (2.8) 2 (1.7)
Cardiovascular disease 6 (3.4) 6 (5.2)
Liver disease 3 (1.7) 2 (1.7)
Renal disease 8 (4.5) 5 (4.3)
Deep vein thrombosis (DVT) 1 (0.6) 1 (0.9)
Hypercholesterolemia 3 (1.7) 3 (2.6)

Presenting symptom 101 (57.1) 62 (53.4)
Incidental renal mass 11 (6.2) 9 (7.8)
Symptom developed 83 (46.9) 52 (44.8)
Other 7 (4.0) 1 (0.9)

Body surface area (m2)
≤1.7 74 (41.8) 52 (44.8)
>1.7 87 (49.2) 60 (51.7)
Unknown 16 (9.0) 4 (3.4)

ECOG
0 110 (62.1) 59 (50.9)
1 54 (30.5) 46 (39.7)
2 9 (5.1) 8 (6.9)
3 1 (0.6) 1 (0.9)
Unknown 3 (1.7) 2 (1.7)

Karnofsky performance score
>80 107 (60.5) 63 (54.3)
50–80 22 (12.4) 22 (19.0)
<50 7 (4.0) 6 (5.2)
Unknown 41 (23.2) 25 (21.6)

MSKCC risk criteria
Favorable 49 (27.7) 33 (28.4)
Intermediate 82 (46.3) 48 (41.4)
Poor 9 (5.1) 7 (6.0)
Unknown 37 (20.9) 28 (24.1)

Heng risk criteria
Favorable 39 (22.0) 29 (25.0)
Intermediate 78 (44.1) 46 (39.7)
Poor 19 (10.7) 15 (12.9)
Unknown 41 (23.2) 26 (22.4)

Prior surgical therapy
Nephrectomy (radical/partial/embolization) 150 (135/5/10) [84.7 (76.3/2.8/5.6)] 99 (87/5/7) [85.3 (75/4.3/6.0)]
Metastasectomy 44 (24.9) 26 (22.4)

Prior systemic therapy 56 (31.6) 0
Immuno/chemo/sunitinib therapy 33 (18.6)/4 (2.3)/19 (10.7) —
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Table 1: Continued.

Parameter Overall (𝑁 = 177) First-line (𝑁 = 116)
𝑁 (percentage) or median (range) 𝑁 (percentage) or median (range)

Number of metastatic sites (18)
1 organ 94 (53.1) 65 (56.0)
2 organs 44 (24.9) 27 (23.3)
3 organs 19 (10.7) 10 (8.6)
≥4 organs 8 (4.5) 4 (3.4)
Unknown 12 (6.8) 10 (8.6)

Metastatic sites 3 (1–5) 3 (1–5)
Brain 42 (23.7) 33 (28.4)
Bone 38 (21.5) 23 (19.8)
Liver 17 (9.6) 9 (7.8)
Lung 124 (70.1) 81 (69.8)
Lymph node 34 (19.2) 23 (19.8)
Pancreas 8 (4.5) 7 (6.0)
Kidney, contralateral 7 (4.0) 5 (4.3)
Other 30 (16.9) 17 (14.7)

Primary kidney tumor-related parameter
Size of primary tumor (cm) 8 (1–117) 8 (1–117)
Collecting system invasion 28 (15.8) 16 (13.8)
Capsule invasion 36 (20.3) 24 (20.7)
Lymphovascular invasion 34 (19.2) 29 (25.0)
Tumor necrosis 46 (26.0) 31 (26.7)
TNM stage
T1 25 (14.1) 16 (13.8)
T2 35 (19.8) 25 (21.6)
T3 74 (41.8) 54 (46.6)
T4 8 (4.5) 8 (6.9)
Tx 35 (19.8) 13 (11.2)
N1 27 (15.3) 22 (19.0)
M1 131 (74.0) 85 (73.3)

Fuhrman grade
1 5 (2.8) 2 (1.7)
2 39 (22.0) 26 (22.4)
3 69 (39.0) 47 (40.5)
4 36 (20.3) 23 (19.8)
Unknown 28 (15.8) 18 (15.5)

Histology
Clear cell, pure 159 (89.8) 110 (94.8)
Non-clear cell 3 (1.7) 1 (0.9)
Unknown 15 (8.5) 5 (4.3)

Best overall response (CR + PR + SD) 94 (53.1) 65 (56.0)
Complete remission 6 (3.4) 4 (3.4)
Partial response 33 (18.6) 23 (19.8)
Stable disease 55 (31.1) 38 (32.8)
Progressive disease∗ 83 (46.9) 51 (44.0)

Progression-free survival (median months) 6.4 (5.2–8.9) 7.4 (5.5–10.0)
Overall survival (median months) 32.6 (27.3–63.8) NR
Survival 114 (64.4) 85 (73.3)
Cancer-specific death 51 (28.8) 24 (20.7)
∗Progressive disease = progressive disease + not evaluated disease.
CR, complete response; ECOG, Eastern Cooperative Oncology Group; MSKCC, Memorial Sloan Kettering Cancer Center; NR, not yet reached; PR: partial
response; SD, stable disease.
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Table 2: Multivariate analyses of prognostic factors for progression-free survival in all sorafenib-treated patients (𝑁 = 177).

Category Univariate analysis of PFS Multivariate analysis of PFS
Hazard ratio 𝑝 value Confidence interval Hazard ratio 𝑝 value Confidence interval

Gender, female 0.76 0.228 0.48–1.19
Age ≥65 years 1.10 0.620 0.76–1.59
KPS <80% 1.15 0.654 0.63–2.09
LDH >1.5x ULN 1.32 0.511 0.57–3.04
Hemoglobin <LLN 1.62 0.012 1.11–2.37 0.86 0.724 0.36–2.02
cCa >10mg/dL 0.88 0.769 0.39–2.02
Time from diagnosis to treatment <1 year 1.99 <0.001 1.37–2.90 1.32 0.531 0.56–3.12
Leukocytosis 1.82 0.114 0.87–3.80
Thrombocytosis 3.24 0.002 1.54–6.82 0.70 0.677 0.13–3.75
Hypoalbuminemia 1.23 0.541 0.64–2.36
Prior nephrectomy 0.83 0.751 0.26–2.63
Prior metastasectomy 0.93 0.723 0.61–1.41
Brain metastasis 0.97 0.881 0.64–1.47
Bone metastasis 1.38 0.117 0.92–2.07
Liver metastasis 2.01 0.025 1.09–3.71 1.66 0.377 0.54–5.08
Lung metastasis 0.77 0.192 0.52–1.14
Lymph node metastasis 1.24 0.340 0.80–1.93
Pancreas 1.17 0.673 0.57–2.40
Contralateral kidney 0.22 0.036 0.05–0.91 0.29 0.286 0.03–2.80
Metastatic sites

1 1.00
2-3 1.04 0.845 0.71–1.52
≥4 1.29 0.532 0.58–2.85

T stage
T1-2 1.00 1.00
T3-4 1.55 0.028 1.05–1.52 2.56 0.034 1.08–6.09
N1 2.26 0.001 1.38–2.85 1.31 0.714 0.31–5.54
M1 1.98 0.033 1.06–2.30 0.84 0.721 0.31–2.22

Fuhrman grade
1-2 1.00
3-4 0.96 0.857 0.63–3.68

Tumor-related factor
Primary tumor size
<4 cm 1.00 1.00
4–7 cm 0.92 0.811 0.45–1.87 0.54 0.281 0.18–1.66
>7 cm 0.78 0.447 0.40–1.49 0.34 0.045 0.12–0.98

Collecting system invasion 1.67 0.045 1.01–2.74 0.73 0.582 0.24–2.23
Capsule invasion 1.01 0.981 0.62–1.64
Lymphovascular invasion 2.13 0.004 1.27–3.57 2.01 0.324 0.5–8.09
Tumor necrosis 2.13 0.003 1.30–3.47 2.36 0.055 0.98–5.65
Immunotherapy 1.00
Other therapy 0.96 0.858 0.62–1.5
KPS, Karnofsky performance status; LDH, lactate dehydrogenase; ULN, upper limit normal; LLN, lower limit normal; cCa, corrected calcium.

primary renal tumor. These data corresponded to previous
studies of invasive and advanced RCC, where clinical T3-
4 stage, aggressive characteristics such as collecting system
invasion [18, 19], and faster growth rates with tumor necrosis
[20–22] reflected advanced disease states with a negative

impact on survival. However, none of these previous reports
included TT agent-treated mRCC patients; this is the first
study to show that certain primary tumor-related factors were
significant indicators of prognosis in TT agent-treatedmRCC
patients, particularly those receiving sorafenib.
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Table 3: Multivariate analyses of prognostic factors for overall survival in all sorafenib-treated patients (𝑁 = 177).

Parameter Univariate analysis of OS Multivariate analysis of OS
Hazard ratio 𝑝 value Confidence interval Hazard ratio 𝑝 value Confidence interval

Gender, female 0.81 0.507 0.44–1.5
Age ≥65 years 1.05 0.863 0.62–1.77
KPS <80% 1.14 0.756 0.49–2.67
LDH >1.5x ULN 1.62 0.311 0.64–4.09
Hemoglobin <LLN 2.72 <0.001 1.61–4.61 1.54 0.527 0.39–5.77
cCa >10mg/dL 0.91 0.861 0.33–2.53
Time from diagnosis to treatment <1 year 1.63 0.072 0.96–2.78
Leukocytosis 1.03 0.963 0.25–4.30
Thrombocytosis 7.52 <0.001 3.04–18.63 1.58 0.787 0.01–21.63
Hypoalbuminemia 1.56 0.270 0.71–3.45
Prior nephrectomy 0.54 0.396 0.13–2.24
Prior metastasectomy 0.71 0.305 0.37–1.36
Brain metastasis 1.07 0.813 0.60–1.92
Bone metastasis 2.16 0.004 1.28–3.66 2.71 0.104 0.81–8.61
Liver metastasis 2.79 0.005 1.36–5.72 2.39 0.318 0.42–14.09
Lung metastasis 1.22 0.505 0.68–2.18
Lymph node metastasis 1.43 0.225 0.80–2.57
Pancreas 0.77 0.719 0.19–3.16
Contralateral kidney 1.02 0.978 0.25–4.19
Metastatic sites

1 1.00
2-3 1.83 0.024 1.08–4.65 1.12 0.885 0.24–4.74
≥4 4.20 0.004 1.59–14.11 1.63 0.663 0.13–12.07

T stage
T1-2 1.00
T3-4 1.76 0.068 0.96–3.22
N1 1.68 0.193 0.77–3.69
M1 5.70 0.016 1.38–23.45 0.87 0.888 0.15–9.29

Fuhrman grade
1-2 1.00
3-4 1.19 0.594 0.63–2.26

Primary tumor size
<4 cm 1.00
4–7 cm 1.07 0.897 0.38–3.04 0.47 0.358 0.09–2.45
> 7cm 0.83 0.705 0.31–1.62 0.12 0.020 0.02–0.7

Collecting system invasion 2.51 0.012 1.22–3.62 5.67 0.008 1.59–22.56
Capsule invasion 0.79 0.555 0.36–3.05
Lymphovascular invasion 1.37 0.448 0.61–2.22
Tumor necrosis 4.32 <0.001 1.83–5.16 4.11 0.041 1.06–21.78
Immunotherapy 1.0
Other therapy 0.71 0.232 0.41–1.72
KPS, Karnofsky performance status; LDH, lactate dehydrogenase; ULN, upper limit normal; LLN, lower limit normal; cCa, corrected calcium.

Separate analysis of prognostic factors for PFS and OS in
116 patients with first-line sorafenib treatment showed that
clinical T3-4 stages (HR 4.34), collecting system invasion
(HR 2.11 on univariate analysis and HR 0.07 on multivariate
analysis), tumornecrosis (HR6.69), lymphovascular invasion
(HR 13.35), and metastatic sites ≥4 lesions (HR 28.57) were

significant predictors of PFS; this is also the first study to
show that collecting system invasion, tumor necrosis, and
lymphovascular invasion are significant prognostic factors in
naive sorafenib-treatedmRCCpatients.However, theHRs for
collecting system invasion were not correlated on univariate
versus multivariate analyses because of multicollinearity
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Table 4: Multivariate analyses of prognostic factors for progression-free survival in first-line sorafenib-treated patients (𝑁 = 116).

Parameter Univariate analysis of PFS Multivariate analysis of PFS
Hazard ratio 𝑝 value Confidence interval Hazard ratio 𝑝 value Confidence interval

Gender, female 0.56 0.066 0.30–1.04
Age ≥65 years 1.04 0.859 0.66–1.66
KPS <80% 1.87 0.062 0.97–3.61
LDH >1.5x ULN 0.70 0.625 0.17–2.90
Hemoglobin <LLN 1.78 0.019 1.10–2.87 0.41 0.220 0.10–1.70
cCa >10mg/dL 0.83 0.684 0.33–2.06
Time from diagnosis to treatment <1 year 2.88 0.000 1.72–4.81 1.90 0.242 0.65–5.59
Leukocytosis 2.35 0.032 1.08–5.13 2.41 0.274 0.50–11.61
Thrombocytosis 4.06 0.001 1.78–9.30 0.83 0.875 0.09–8.02
Hypoalbuminemia 1.93 0.089 0.91–4.10
Prior nephrectomy 1.98 0.499 0.27–14.33
Prior metastasectomy 0.89 0.683 0.52–1.53
Brain metastasis 1.04 0.867 0.63–1.73
Bone metastasis 1.65 0.066 0.97–2.81
Liver metastasis 2.16 0.058 0.98–4.80
Lung metastasis 0.72 0.187 0.44–1.17
Lymph node metastasis 1.82 0.040 1.03–3.23 1.98 0.365 0.45–8.72
Pancreas 1.16 0.708 0.53–2.56
Contralateral kidney 0.23 0.149 0.03–1.69
Metastatic sites

1 1.00 1.00
2-3 1.28 0.320 0.78–2.10 0.80 0.783 0.17–3.80
4 3.96 0.012 1.35–11.56 28.57 0.019 1.74–468.69

T stage
T1-2 1.00 1.00
T3-4 1.97 0.008 1.19–3.26 4.34 0.025 1.20–15.71
N1 2.66 0.001 1.51–4.68 0.75 0.837 0.05–11.95
M1 2.08 0.044 1.02–4.22 0.75 0.674 0.20–2.86

Fuhrman grade
1-2 1.00
3-4 0.98 0.955 0.57–1.71

Primary tumor size
<4 cm 1.00
4–7 cm 0.87 0.737 0.37–2.00 0.37 0.288 0.06–2.30
>7 cm 0.85 0.690 0.39–1.86 0.31 0.186 0.05–1.76

Collecting system invasion 2.11 0.026 1.09–4.07 0.07 0.012 0.01–0.55
Capsule invasion 1.05 0.869 0.59–1.88
Lymphovascular invasion 2.41 0.004 1.33–4.37 13.35 0.009 1.91–93.37
Tumor necrosis 2.01 0.022 1.10–3.65 6.69 0.002 2.06–21.73
KPS, Karnofsky performance status; LDH, lactate dehydrogenase; ULN, upper limit normal; LLN, lower limit normal; cCa, corrected calcium.

between collecting system invasion, lymphovascular inva-
sion, and tumor necrosis. When excluding both lymphovas-
cular invasion and tumor necrosis, collecting system invasion
was found to be a poor prognostic factor for PFS in the first-
line sorafenib group (HR: 2.24; data not shown).

Bone metastasis and clinical T3-4 stages were the only
significant predictors of OS in first-line sorafenib-treated
patients. The OS curves were compared among patients with

poor prognostic factors (i.e., those with bonemetastasis, T3-4
stage, or both); there were significant differences in OS rates
among each of these groups.The presence of bonemetastases
in mRCC patients has been shown to be a poor prognostic
factor despite sorafenib treatment [23]; therefore, mRCC
patients with newly diagnosed bone metastases should be
considered for active treatment of the metastatic bone lesion
with either surgery or radiation therapy in combination with
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Table 5: Multivariate analyses of prognostic factors for overall survival in first-line sorafenib-treated patients (𝑁 = 116).

Univariate analysis of OS Multivariate analysis of OS
Category Hazard

ratio 𝑝 value 95% confidence
interval

Hazard
ratio 𝑝 value 95% confidence

interval

Gender, female 0.34 0.076 0.10–1.12
Age ≥65 years 1.13 0.736 0.55–2.36
KPS <80% 1.55 0.374 0.59–4.07
LDH >1.5x ULN 0.64 0.659 0.09–4.74
Hemoglobin <LLN 2.10 0.044 1.02–4.30 1.14 0.824 0.36–3.67
cCa >10mg/dL 0.53 0.390 0.13–2.24
Time from diagnosis to treatment <1 year 2.16 0.048 1.01–4.63 1.36 0.584 0.45–4.07
Leukocytosis 1.36 0.685 0.31–5.88
Thrombocytosis 8.95 0.000 3.08–26.05 4.92 0.068 0.89–27.30
Hypoalbuminemia 2.66 0.035 1.07–6.62 1.94 0.337 0.50–7.46
Prior nephrectomy 0.69 0.714 0.09–5.11
Prior metastasectomy 0.86 0.748 0.34–2.17
Brain metastasis 1.18 0.674 0.55–2.50
Bone metastasis 3.25 0.001 1.57–6.73 5.28 0.015 1.38–20.19
Liver metastasis 2.55 0.087 0.87–7.44
Lung metastasis 0.83 0.627 0.39–1.76
Lymph node metastasis 1.71 0.192 0.76–3.86
Pancreas 0.56 0.563 0.08–4.08
Contralateral kidney 0.79 0.814 0.11–5.78
Metastatic sites

1 1.00
2-3 1.74 0.150 0.82–3.70
≥4 2.89 0.160 0.66–12.66

T stage
T1-2 1.00 1.00
T3-4 2.45 0.050 1.00–6.01 4.10 0.038 1.08–15.51
N1 2.14 0.120 0.82–5.56
M1 7.15 0.054 0.97–52.98

Fuhrman grade
1-2 1.00
3-4 1.85 0.264 0.63–5.45

Tumor-related factor
Primary tumor size
<4 cm 1.00 1.00
4–7 cm 1.08 0.909 0.29–4.00 0.70 0.633 0.16–3.02
>7 cm 0.81 0.751 0.22–2.95 0.31 0.142 0.07–1.48

Collecting system invasion 2.31 0.130 0.78–6.85
Capsule invasion 0.69 0.483 0.25–1.92
Lymphovascular invasion 2.45 0.068 0.94–6.39
Tumor necrosis 2.75 0.061 0.95–7.93
KPS, Karnofsky performance status; LDH, lactate dehydrogenase; ULN, upper limit normal; LLN, lower limit normal; cCa, corrected calcium.
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Figure 1: Kaplan-Meier analysis of progression-free survival (a, c) and overall survival (b, d) with log-rank tests for all sorafenib-treated
patients (𝑁 = 177) according to the Memorial Sloan Kettering Cancer Center (MSKCC) (a, b) and Heng (c, d) risk groups. PFS, progression-
free survival; OS, overall survival; CI, confidence interval.

systemic medical therapy. This can improve both the OS and
quality of life for mRCC patients treated with sorafenib.

First-line sorafenib-treated patients were separately sub-
jected to subanalyses to identify additional significant prog-
nostic factors of OS, since multianalyses with numerous
interrelated parameters, or those conducted with missing
values and multicollinearities from retrospectively collected
data, may have decreased statistical power and significance.
Multivariate Cox statistics with backward selection were
performed in 2 independent analyses while dividing the
variables into (1) laboratory parameters and risk criteria and
(2) primary pathological tumor-related factors (including
TNM staging). Our results were consistent with those of
previous studies [23–26]; we found that bone metastasis (HR
4.6) and clinical T3-4 stage (HR 3.8) were significant negative
prognostic factors for survival and that female sex (HR 0.16),
thrombocytosis (HR 0.23), lymphovascular invasion (HR
0.20), and primary tumor size >7 cm (HR 0.15) were signif-
icant positive prognostic factors (𝑝 < 0.05, data not shown).

The prognostic factors identified in this study collectively
indicated that the therapeutic response to sorafenib could

be more dependent on the characteristics of the primary
renal tumor and the overall extent of the disease than on
general health status. A greater primary tumor size with
smaller necrotic areas, the absence of lymphovascular and
collecting system invasion within the primary tumor, and
lessmetastatic lesionswithout bone involvement are expected
to reflect better prognosis with sorafenib treatment, whether
before or after nephrectomy or metastasectomy [15, 27,
28]. Additionally, Araki et al. emphasized the importance
of primary tumor characteristics, especially tumor growth
patterns, and also found that the Fuhrman nuclear grade,
presence of a sarcomatoid component, lymphovascular inva-
sion, tumor necrosis, growth pattern, and other pathological
parameters of the primary tumor were potentially useful
prognostic indicators, as they could be assessed easily at
the time of nephrectomy [22]. The importance of primary
tumor characteristics and disease extent in this study was
noteworthy because sorafenib is considered systemically less
potent than other similarly acting tyrosine kinase inhibitors,
although with more tolerability, fewer dose reductions,
and/or less severe adverse events [12]. Furthermore, the
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Figure 2: Kaplan-Meier analysis of progression-free survival and overall survival with log-rank tests for first-line sorafenib-treated patients
(𝑁 = 116) according to the Memorial Sloan Kettering Cancer Center (MSKCC) (a) and Heng (b) risk groups. PFS, progression-free survival;
OS, overall survival; CI, confidence interval.
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No risk factors group: median OS is not reached yet
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Figure 3: Comparison of overall survival (OS) according to the
presence of bone metastasis and/or T3-4 stage, which were poor
prognostic factors of OS in first-line sorafenib-treated patients.

prognostic significance of histology (clear and non-clear
cell pathology) was generally not found to be of statistical
significance; the small number of non-clear cell RCC patients
in this study may not have been sufficient to influence the
statistical analyses, and sorafenib has multiple inhibitory
mechanisms involving multiple pathways [13].

This study harbored potential selection bias because of its
retrospective nature as well as incomplete data collection, no
further treatment information on other second-line and/or
salvage therapy following treatment failure with sorafenib,
and heterogeneity of clinicians’ use of sorafenib due to this
being a multicenter study. Further large-scale, prospectively
designed studies are necessary to confirm our findings.These
would include comparing the therapeutic effectiveness of
sorafenib to other targeted therapies in patients with primary
mRCC tumors sized >7 cm, as patients whose primary
tumors were T2 stage were good candidates for sorafenib
therapy in contrast to patients with T3-4 stage mRCCs.
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Moreover, this study showed that primary tumor size and T3-
4 stagewere significant prognostic factors in terms of PFS and
OS, not only for sorafenib-treated patients but also formRCC
patients in general.

Despite these limitations, the current study is the first
large-scale multicenter study to reveal the prognostic factors
of primary tumor-related characteristics associatedwith first-
line sorafenib treatment in terms of PFS and OS in Korean
mRCCpatients. Our resultsmight be of relevance to poor risk
patients without aggressive primary tumor characteristics
(such as clinical T3-4 stage and bone metastasis) who may
be candidates for sorafenib therapy, especially as the NCCN
guideline does not currently specify the patients for whom
sorafenib is indicated [10]. Older patients and those with
high underlying comorbidities, hepatic dysfunction, and
major toxic adverse effects with sunitinib and pazopanib
might be indicated for sorafenib therapy [11, 12, 29, 30].
Although the use of sorafenib as a first-line treatment is
limited, and resulting PFS and OS rates are inferior to those
observed with other TTs such as sunitinib, pazopanib, and
combination of bevacizumab and interferon alpha, proper
selection of patients as recommend by category 2A of the
NCCN guideline may result in more positive prognoses
following sorafenib therapy [4, 5, 10–12].

5. Conclusions

In this study of the long-term efficacy of sorafenib as an
overall or first-line therapy, we showed that primary renal
tumor-related characteristics, as well as the extent of disease,
were significant prognostic indicators in sorafenib-treated
Korean patients with mRCC.
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We previously established 4T1E/M3 highly bone marrowmetastatic mouse breast cancer cells through in vivo selection of 4T1 cells.
But while the incidence of bone marrow metastasis of 4T1E/M3 cells was high (∼80%) when injected intravenously to mice, it
was rather low (∼20%) when injected subcutaneously. Therefore, using 4T1E/M3 cells, we carried out further in vitro and in vivo
selection steps to establish FP10SC2 cells, which show a very high incidence of metastasis to lungs (100%) and spines (85%) after
subcutaneous injection into mice. qRT-PCR and western bolt analysis revealed that cadherin-17 gene and protein expression were
higher in FP10SC2 cells than in parental 4T1E/M3 cells. In addition, immunostaining revealed the presence of cadherin-17 at sites
of bone marrow and lung metastasis after subcutaneous injection of FP10SC2 cells into mice. Suppressing cadherin-17 expression
in FP10SC2 cells using RNAi dramatically decreased the cells’ anchorage-independent growth and migration in vitro and their
metastasis to lung and bone marrow in vivo. These findings suggest that cadherin-17 plays a crucial role in mediating breast cancer
metastasis to bone marrow.

1. Introduction

Bone is a main target of breast cancer metastasis such
that nearly 80% of patients with advanced breast cancer
suffer from bone metastasis [1, 2]. And because once bone
metastasis has occurred, the quality of life of the affected
breast cancer patient is seriously diminished, new approaches
to preventing and reducing bone metastasis are urgently
required.We previously established the 4T1E/M3 highly bone
marrowmetastatic breast cancer cell line [3] and showed that
the chemokine CCL2/MCP-1 negatively regulates the cells’
growth, migration, and metastasis [4], while BMP7 signaling
increases the metastatic potential of these cells [5]. However,
although the metastatic potential of 4T1E/M3 cells is high
(about 80%) when injected intravenously into mice, it is only
20% to 30% when injected subcutaneously [3]. In the present
study,we establishedmore highlymetastatic breast cancer cell
line, FP10SC2, which shows 85% to 100% metastasis to spine
when injected subcutaneously into mice.

Cadherin-17, also known as liver-intestine cadherin or
human peptide transporter-1, is a structurally unique mem-
ber of the cadherin superfamilies [6, 7]. Whereas classi-
cal cadherins have five cadherin repeats, cadherin-17 con-
tains seven cadherin repeats and is closely associated with
cadherin-16 in the seven cadherin domain subfamily. In
addition, cadherin-17 has only about 20 amino acids in
its cytoplasmic domain, while classical cadherins contain
a highly conserved cytoplasmic domain of 150–160 amino
acids. Cadherin-17 is expressed in mice and humans almost
exclusively in epithelial cells of both embryonic and adult
small intestine and colon, fetal liver, and B lymphocytes
[8], where it plays an important role during embryonic
gastrointestinal development and also functions as a peptide
transporter. In cancer, cadherin-17 expression reportedly
correlates with clinical association with tumor metastasis
and advanced tumor stages in hepatocellular carcinoma
[9], knockdown of cadherin-17 inhibited cell proliferation,
adhesion, migration, and invasion in gastric cancer [10],
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and an anti-cadherin-17 antibody suppresses subcutaneous
hepatocellular carcinoma growth and lung metastasis [11]. In
the present study, we found that expression of cadherin-17 in
our highly metastatic FP10SC2 cells was higher than that in
the parental 4T1E/M3 cells and that suppressing cadherin-
17 expression reduced the metastatic potential of FP10SC2
cells. These results suggest that the expression of cadherin-17
promotes breast cancer metastasis to bone marrow.

2. Materials and Methods

2.1. Animals. Seven- to eight-week-old female BALB/c mice
were purchased from Japan Clea (Tokyo, Japan).

2.2. Establishment of the FP10SC1 and FP10SC2 Cell Lines.
The 4T1E/M3 highly bone metastatic mouse breast cancer
cell line was established as described previously [3]. Briefly,
4T1 murine breast cancer cells were initially transfected
with a plasmid harboring the neomycin resistance gene and
selected in medium (RPMI 1640 supplemented with 2mM
L-glutamine, 1.5 g/L sodium bicarbonate, 4.5 g/L glucose,
10mM HEPES, 1.0mM sodium pyruvate, and 10% fetal
bovine serum: GIBCO, Invitrogen, Carlsbad, CA, USA)
containing 120𝜇g/mL G418 (Invitrogen). The selected cells
were injected into the tail vein of BALB/c mice (1 × 106
cells/mouse), and 12 days later bone marrow cells were
recovered from the femurs and tibias by flushing. These cells
were cultured in the medium containing 120 𝜇g/mL G418
and intravenously injected into a new set of mice, and this
cycle was repeated three times to establish the 4T1E/M3 cells.
When 4T1E/M3 cells were intravenously injected into mice,
the incidence of metastasis to the spine was about 80%, but it
was only 20%when the cellswere injected subcutaneously [3].

To establish cells with greater metastatic potential
after subcutaneous injection, 4T1E/M3 cells (2 × 105/mL,
200𝜇L/well) were seeded onto polycarbonate membranes
(8 𝜇m pores) within transwell chambers (Krabo, Osaka,
Japan) in 24-well plastic tissue culture plates. After incubation
for 2 days, the cells that migrated through the pores in the
membranewere harvested and seeded onto a newmembrane.
After repeating this process 10 times, the cells were subcu-
taneously injected into BALB/c mice (1 × 106 cells/mouse),
and 25 days later mice were sacrificed and bone marrow cells
were collected from the spines by flushing the bones using
a 25G needle and syringe (Terumo Co. Ltd., Tokyo, Japan).
The collected cells were cultured in medium containing
120𝜇g/mLG418, and FP10SC1 cells were established. FP10SC1
cells (1× 106 cells/mouse) were then subcutaneously injected
into a new set of mice, and this cycle was repeated to establish
FP10SC2 cells.

2.3. Cell Proliferation Assay. Cells (1 × 104/mL, 200𝜇L/well)
were seeded into 96-well plates and cultured for 0 to 4 days,
and 10 𝜇L of Cell Counting Kit-8 reagent (Dojin Laboratories,
Tokyo, Japan) was added to each well. After the additional 4 h
incubation at 37∘C under 5% CO

2
, the absorbance at 450 nm

wasmeasured using amicroplate reader (Model 680, Bio-Rad
Laboratories, Inc., Hercules, CA).

2.4. Anchorage-Independent Proliferation Assay. Anchorage-
independent colony formation in soft agar was assayed as
described previously [5]. First, culture medium containing
0.5% agarose (Difco noble agar: BD Diagnostic Systems,
Sparks, MD, USA) was added to 6 cm dishes (5mL/dish).
Thereafter, cells (1×104/mL, 2mL/dish) suspended in culture
medium containing 0.3% agarose (Difco noble agar) were
layered onto the 0.5% agarose in the dishes. The cells were
then cultured for 12 days at 37∘C under 5% CO

2
, after which

the total numbers of colonies per dish were counted under a
microscope.

2.5. In Vitro Invasion Assay. The in vitro invasion assay
system used was described previously [12]. Briefly, cells
(2 × 105/mL, 200𝜇L/well) were seeded onto polycarbonate
membranes (8𝜇m pores) in transwell chambers (Krabo) and
placed in 24-well plates. For transendothelial invasion assays,
a bone marrow derived endothelial cell (BMEC) monolayer
[13] was formed on fibronectin-coated membranes, and
the cells (2 × 105/mL, 200𝜇L/well) were seeded onto the
monolayer. After incubation for 18 h, the cells that migrated
through the pores to the underside of the membrane were
counted under a microscope.

2.6. In Vivo Tumor Experiments. Cells (1 × 106/mouse) were
subcutaneously injected into the backs or mammary fad
pad of BALB/c mice. Twenty-five days later, the mice were
sacrificed and their lungs and spines were collected and
subjected to histological examination. Each experiment was
repeated by three times. All animal studies were reviewed
and approved by the Institutional Animal Care and Use
Committee of National Institute of Advanced Industrial
Science and Technology (AIST).

2.7. Histology. Lungs and spines frommice were fixed in 10%
neutral buffered formalin (Wako Pure Chemical Industries,
Ltd., Osaka, Japan), processed, embedded in paraffin, sec-
tioned at 5-6𝜇m, stained with H&E, and examined and pho-
tographed under a microscope. The spines were decalcified
using decalcifying solution A (Plank Rychlo Method, Wako
Pure Chemical Industries) following the manufacturer’s pro-
tocol before embedding in paraffin. The percent metastatic
area per tissue in the histological sections was calculated
using Image J software. For immunohistochemical analysis,
specimenswere stainedusing rabbit anti-cadherin-17 IgG (sc-
25628; Santa Cruz Biotech Inc., Santa Cruz, CA, USA) and
HRP-conjugated goat anti-rabbit IgG (R&D).

2.8. RNA Isolation and Quantitative RT-PCR. Total RNA
isolation and cDNA synthesis were performed as described
previously [3]. The reverse transcription protocol entailed
incubation at 25∘C for 10min, 55∘C for 30min, 85∘C for 5min,
and 0∘C for 5min. Specific forward and reverse primers
were designed using Primer 3 software (Genetyx Co., Tokyo,
Japan) and synthesized by Fasmac Co. Ltd. (Kanagawa,
Japan).The primer sequences (5-3) used were as follows: for
GAPDH (glyceraldehyde-3-phosphate dehydrogenase, prod-
uct size, 209 bp), CCCCTTCATTGACCTCAACTAC (for-
ward) and TGGTGGTGAAGACACCAGTAGA (reverse);
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for cadherin-17 (product size, 180 bp), ACTGAAGTAG-
GTGGGTCCTCT (forward) and CCGAAGTGACTGCTG-
GTCAT (reverse).Thequantitative RT-PCR (qRT-PCR) reac-
tions were set up according to the Light Cycler manual
(Roche Diagnostics GmbH, Mannheim, Germany) using a
Light Cycler Fast Start DNAMaster SYBRGreen I Kit (Roche
Diagnostics). The PCR protocol entailed denaturation at
95∘C for 10min, 45 cycles of denaturation at 95∘C for 10 s,
annealing at 59∘C for 10 s, and extension at 72∘C for 11 s, and
a final cooling step at 40∘C for 30 s. For each reaction, the
crossing point (defined as the cycle number atwhich the noise
band intersected the fluorescence curves) was determined
using the “Second Derivative Maximum Method” in the
Light Cycler software (ver. 3.52, Roche Diagnostics). Relative
mRNA levels were calculated using the software with a
standard curve constructed using various concentrations of
a 1 : 1 mixture of the RT product and then normalized to
GAPDHmRNA.

2.9.RNA Interference. For vector-basedRNAi analysis, we syn-
thesizedmiRNA oligo DNA (CTGTACAAGTAAGCTAAG-
CACTTCGTGGCCGTCGATCGTTTAAAGGGAGGT-
AGTGAGTCGACCAGTGGATCCTGGAGGCTTGCT-
GAAGGCTGTATGCTGAACACAGGCACTTCATTC-
ACAGTTTTGGCCACTGACTGACTGTGAATGGTG-
CCTGTGTTCAGGACACAAGGCCTGTTACTAGCA-
CTCACATGGAACAAATGGCCCAGATCTGGCCGC-
ACTCGAGATATCTAGACCCAGCTTTCTTGTACA-
AAGTGGTTG) using Cadherin17 BLOCK-iT� miR RNAi
Select (Invitrogen), Mmi 506198 top Cadherin17, and Mmi
506198 bot Cadherin17 (Invitrogen) to generate knockdown
clones numbers 1 and 2. The sequence was inserted into an
expression vector to obtain pcDNA6.2-GW/EmGFP-miR-
mCDH17, the sequence of which was verified by Life Tech-
nologies Inc. (Tokyo, Japan). The plasmid pcDNA6.2-GW/
EmGFP-miR-neg (Invitrogen), which carried a scrambled
sequence and could not target any known vertebrate gene,
was served as a control nontargeting vector. To knock down
the targeted genes, FP10SC2 cells were transfected with the
vector using FuGene HD (Roche Diagnostics) following the
manufacturer’s protocol. Cells were then cultured in medium
containing 2 𝜇g/mL blasticidin (Wako, Tokyo, Japan) to yield
stable control/FP10SC2 and Cadherin-17(−)/FP10SC2 clones
numbers 1 and 2 after limiting dilution.

2.10. Western Blotting. Cells were seeded into 10 cm dishes
and treated with Complete Lysis buffer (Roche Diagnostics)
following themanufacturer’s protocol, afterwhich the protein
obtained was measured using a BCA Protein Assay Kit
(Pierce. Rochford IL, USA). The proteins were then resolved
by SDS-PAGE and transferred to i-Blot Gel Transfer Stacks
PVDF membranes (Invitrogen) using an i-Blot Dry Blotting
system (Invitrogen). After blocking the membranes with
5% skim milk, they were incubated overnight at room
temperature with anti-cadherin-17 (1/200, rabbit polyclonal
IgG, sc-25628; Santa Cruz Biotech Inc., Santa Cruz, CA,
USA) or anti-𝛽-actin (1/2000, rabbit polyclonal IgG, sc-
7210; Santa Cruz Biotech Inc.) diluted in Can Get sig-
nal immunoreaction Enhancer Solution 1 (Toyobo, Tokyo,

Table 1: Incidences of metastasis by 4T1E/M3 and FP10SC2.

Cell Lung Spine
4T1E/M3 100% (6/6) 33% (2/6)
FP10SC2 100% (13/13) 85% (11/13)
Note. 4T1E/M3 (𝑛 = 6) or FP10SC2 (𝑛 = 13) cells (1 × 106/mouse) were
subcutaneously injected to mice and 25 days later tissue metastasis was
evaluated in histological sections.

Japan). The membranes were then washed three times with
TBS-T and incubated for 1 h at room temperature with HRP-
conjugated anti-rabbit IgG (1/5000, GE Healthcare) diluted
in Can Get signal immunoreaction Enhancer Solution 2
(Toyobo, Tokyo, Japan). Finally, the membranes were treated
with ECLPrime detection reagent (GEHealthcare) according
to manufacturer’s protocol, and the chemiluminescence was
detected using Chemi Doc XRS (Bio-Rad Laboratories Inc.).

3. Results

3.1. Newly Established FP10SC1 and FP10SC2 Cells Showed
Enhanced Spontaneous Bone Marrow Metastasis. We estab-
lished FP10SC1 cells from parental 4T1E/M3 cells through
10 in vitro selection steps and 1 in vivo selection step. From
the FP10SC1 cells, we then established FP10SC2 cells through
another in vivo selection steps. Histological sections of lungs
and spines collected frommice subcutaneously injected with
FP10SC2 or 4T1E/M3 cells after 25 days revealed the presence
of metastasis in all lungs from 4T1E/M3- and FP10SC2-
injected mice. In addition, metastasis was detected in the
spines of 20% to 33% (2/10 or 2/6) of 4T1E/M3-injected
mice and 85% (11/13) of FP10SC2-injected mice (Table 1). It
means that the metastatic potential was strongly augmented
in FP10SC2 cells. The photomicrographs in Figure 1 show
metastasis in spines from mice subcutaneously injected with
4T1E/M3 and FP10SC2 cells.

3.2. Proliferation Rates of FP10SC1 and FP10SC2 Was Not
Changed. To investigate the mechanism underlying the
enhanced metastatic activity of FP10SC1 and FP10SC2, we
carried out modified MTT assays to examine their in vitro
proliferation rates. As shown in Figure 2(a), there was no
difference in the proliferation rates of 4T1E/M3, FP10SC1, and
FP10SC2 cells.

3.3. Anchorage-Independent Growth of FP10SC2 Cells Was
Markedly Accelerated. Anchorage-independent proliferation
is a hallmark of tumor cell malignancy.We therefore assessed
the anchorage-independent proliferation of FP10SC1, FP10SC2,
and 4T1E/M3 cells in soft agar colony formation assays.
Twelve days after plating, colonies were evident in medium
containing 0.3% agar. FP10SC1 cells formed nearly twice as
many colonies as did 4T1E/M3 cells, while FP10SC2 cells
formed more than three times as many colonies as 4T1E/M3
cells (Figure 2(b)). The diameters of individual colonies did
not differ among the three cell types (Figure 2(c)).

3.4.Migration of FP10SC1 and FP10SC2 CellsWas Significantly
Enhanced. Theability tomigrate is another important feature
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Figure 1: Histological examination of the spines of mice subcutaneously injected with 4T1E/M3 or FP10SC2 cells. Shown are representative
histological sections of spines. Cancer metastasis in spine samples collected 25 days after injection of cells (1 × 106 cells/mouse) was detected
using H&E staining. Images are shown at objective lens magnifications of 4x and 40x; the bars indicate 500 and 25 𝜇m, respectively.

ofmetastatic tumor cells.We therefore assessed themigration
activity of FP10SC1 and FP10SC2 cells using transwell cham-
bers in which the insert bottom was a polycarbonate mem-
brane with 8𝜇mpores. Tomeasure transendothelial invasion
activity, we grew a BMEC monolayer [14] on fibronectin-
coated polycarbonate membranes. After seeding FP10SC1,
FP10SC2, or 4T1E/M3 cells onto polycarbonate membranes,
with or without BMEC monolayers, and incubating the cells
for 18 h, the numbers of cells that migrated through the
membrane pores were counted. As shown in Figures 3(a) and
3(b), themigration activity of FP10SC1 and FP10SC2 cells was
more than 3-4 times higher than that of 4T1E/M3 cells.

3.5. Cadherin-17 Expression Was Dramatically Increased in
FP10SC2 Cells. Cadherin-17 is reportedly overexpressed in
liver, stomach, intestinal, and pancreatic cancers, and the
increased expression is associated with the occurrence of
metastasis [9]. We therefore used qRT-PCR analysis to
compare the levels of cadherin-17 gene expression in FP10SC1
and FP10SC2 cells with that in the parental 4T1E/M3 cells.
We found that, as compared to 4T1E/M3 cells, expression of
cadherin-17 mRNA was markedly (about 10 times) increased
in both FP10SC1 and FP10SC2 cells (Figure 4(a)). In addition,
as shown in Figure 4(b), cadherin-17 protein expression
in FP10SC1 and SC2 was augmented measured by western
blot analysis. We also examined the gene expression of
some molecules including cadherin and integrin family and
found that the cadherin-17 gene expression was significantly

augmented among other adhesion molecules in FP10SC1 and
FP10SC2.

Moreover, immunohistochemical analysis of sections of
lungs and spines collected 28 days after subcutaneous injec-
tion of FP10SC2 cells into mice revealed the clear presence of
cadherin-17-positive metastatic cancer cells in both the lungs
(Figures 5(a) and 5(b)) and spines (Figures 5(c) and 5(d)).
This suggests that cadherin-17 is highly expressed in vivo at
sites of metastasis.

3.6. Knocking down Cadherin-17 Gene Expression Did Not
Affect In Vitro Proliferation. To assess the effects of the aug-
mented cadherin-17 expression on the behavior of FP10SC2
cells, we established two stable transfectant clones, cadherin-
17(−)/FP10SC2#1 and #2, in which cadherin-17 was knocked
down by miR RNAi. Using qRT-PCR, we confirmed that
levels of cadherin-17 mRNA were significantly lower in
cadherin-17(−)/FP10SC2#1 and #2 cells than in the mock
transfectant (control/FP10SC2) (Figure 6(a)). Consistent
with that finding, western blotting showed that cadherin-
17 protein was also expressed at a lower level in cadherin-
17(−)/FP10SC2#1 and #2 cells than in control/FP10SC2 cells
(Figure 6(b)). By contrast, there was no difference in the pro-
liferation rates of cadherin-17(−)/FP10SC2#1 and #2 cells and
those of FP10SC2 and control/FP10SC2 cells (Figure 7(a)).

3.7. Cadherin-17 Knockdown Reduced Anchorage-Independent
Growth and Cell Migration. High potentials for anchorage-
independent cell growth and cellmigration arewell-known in
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Figure 2: Growth curves and anchorage-independent growth of 4T1E/M3, FP10SC1, and FP10SC2 cells. (a) Growth curves for the 4T1E/M3,
FP10SC1 and FP10SC2 cells measured in MTT assays. Data are means ± SD. (b) Anchorage-independent growth of 4T1E/M3, FP10SC1 and
FP10SC2 cells measured in colony formation assays. Cells (1 × 104/dish, 3 dishes/cell type) were cultured for 12 days in medium containing
0.3% agarose layered on 0.5% agarose. Data are means ± SD; ∗∗𝑝 < 0.01; ∗∗∗𝑝 < 0.001. (c) Representative images of colonies.
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Figure 3: Migration of 4T1E/M3, FP10SC1, and FP10SC2 cells. (a) Cells (4 × 104 cells/well) were seeded onto BMEC monolayers grown on
polycarbonate porous membranes, and the numbers of cells migrating through the pores were counted after 18 h. (b) Cells (4×104 cells/well)
were seeded directly onto polycarbonate porous membranes, and the numbers of the cells migrating through the pores were counted after
18 h. In both panels, data are means ± SD; ∗∗𝑝 < 0.01.
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Figure 4: Expression of cadherin-17 in 4T1E/M3, FP10SC1, and FP10SC2 cells. (a) Quantitative real-time RT-PCR (qRT-PCR) analysis of
cadherin-17 expression in 4T1E/M3, FP10SC1 and FP10SC2 cells. Levels of cadherin-17 mRNA are shown relative to that of GAPDHmRNA.
Values are means ± SD; ∗∗∗𝑝 < 0.001. (b) Western blot analysis of cadherin-17 in lysates of 4T1E/M3, FP10SC1, and FP10SC2 cells.

vitro properties related to cancer metastasis and malignancy.
We therefore used colony formation and migration assays to
evaluate the effect of cadherin-17 suppression on anchorage-
independent cell growth and cell migration, respectively. We
found that cadherin-17(−)/FP10SC2 cells showed dramati-
cally less anchorage-independent growth (Figure 7(b)) than
control/FP10SC2 cells such that cadherin-17(−)/FP10SC2#1
and #2 cells formed almost no colonies (Figure 7(b)). Pho-
tographs of the colonies of FP10SC2 and control/FP10SC2
are shown in Figure 7(c). In addition, migration was sig-
nificantly diminished in cadherin-17(−)/FP10SC2#1 and #2
cells as compared to control/FP10SC2, with (Figure 8(a))
and without a BMEC monolayer (Figure 8(b)). The mean
numbers of cadherin-17(−)/FP10SC2#1 and #2 cells showing
transendothelial migration were 40.8 and 61.0 respectively,
while those of the FP10SC2 and control/FP10SC2 cells were
201.5 and 171.7, respectively (Figure 8(a)). In the absence of a
BMEC monolayer, the mean numbers of migrated cadherin-
17(−)/FP10SC2#1 and #2 cells was 78.5 and 89.5, respectively,
while those of FP10SC2 and control/FP10SC2 cells were 460
and 403, respectively (Figure 8(b)).

3.8. Cadherin-17(−)/FP10SC2 Cells Showed Reduced Metas-
tasis to Bone Marrow. When cadherin-17(−)/FP10SC2 cells
were subcutaneously injected to BALB/c mice, the incidence
of metastasis to spine was 25% for cadherin-17(−)/FP10SC2#1
cells and 47% for cadherin-17(−)/FP10SC2#2 cell (Table 2).
By contrast the incidence of spinal metastasis for con-
trol/FP10SC2 cells was 85%. Moreover, the incidence of
metastasis to lung was 75% for cadherin-17(−)/FP10SC2#1
cells but was 100% for control/FP10SC2 cells.Thus expression
of cadherin-17 clearly enhances the metastatic activity of
breast cancer cells in our model.

We further analyzed percent metastatic area per lung or
spine in the histological sections using Image J software. As
a result, the percent metastatic area in the lung of the mice
injected by CDH17(−)/FP#1 and #2 was almost the same as
that by control/FP10SC2 (approximately 60%). On the other

Table 2: Incidences of metastasis and percent metastatic area per
tissue by control/FP10SC2, CDH17(−)/FP#1, and CDH17(−)/FP#2.

Cell Lung Spine

Control/FP10SC2 100% (13/13) 85% (11/13)
60.5 ± 3.35 42.6 ± 2.88

CDH17(−)/FP#1 75% (9/12) 25% (3/12)
58.3 ± 4.23 12.4 ± 3.57

CDH17(−)FP#2 100% (15/15) 47% (7/15)
56.8 ± 3.68 9.7 ± 2.48

Note. Control/FP10SC2 (𝑛 = 13), CDH17(−)/FP#1 (𝑛 = 12), or CDH17(−)/
FP#2 (𝑛 = 15) cells (1×106/mouse)were subcutaneously injected tomice and
25 days later tissue metastasis was evaluated in histological sections. Percent
metastatic area per lung or spine was calculated using Image J.

hand, percentmetastatic area in the spine of themice injected
by CDH17(−)/FP#1 and #2 was significantly decreased (12.4
and 9.7%, resp.) compared to that in the spine of the mice
injected by control/FP10SC2 (42.6%). Although the incidence
of metastasis of CDH17(−)/FP#1 (25%) was lower than that
of CDH17(−)/FP#2 (47%), the percent metastatic area in the
spine of CDH17(−)/FP#1 injected mice (12.4%) was rather
higher than that of CDH17(−)/FP#2 injected mice (9.7%). As
a result, we estimate that there is not somuch difference in the
metastatic activity of these two subclones. When the sections
of metastatic tumors developed by CDH17(−)/FP#1 and #2
were stained with anti-cadherin-17 antibody, the expression
of cadherin-17 was not detected.

4. Discussion

Cadherin-17 reportedly mediates significant increases in
the adhesion and proliferation of highly metastatic human
colorectal cancer cells, and cadherin-17 silencing in these
cells suppresses tumor growth and liver metastasis [15]. In
addition, the prognosis of gastric and ovarian cancer patients
with tumors expressing cadherin-17 is significantly worse
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Figure 5: Immunohistochemical examination of the spines and lungs of BALB/c mice subcutaneously injected with FP10SC2 cells. (a)–(d)
Immunostaining for cadherin-17 in spine (a, b) and lung (c, d) samples collected 28 days after subcutaneous injection of FP10SC2 cells into
the backs of BALB/c mice (1 × 106 cells/mouse). Objective lens magnification, (a) 4x; (b) 40x; (c) 4x; (d) 40x; the bars indicate 500 (a, c) and
25 𝜇m (b, d), respectively.
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Figure 6: Establishment of cadherin-17 knockdown FP10SC2 clones and expression of cadherin-17. (a) qRT-PCR analysis of cadherin-17
expression. Levels of the indicated mRNAs in FP10SC2, control/FP10SC2, CDH17(−)/FP10SC2 clone #1, and CDH17(−)/FP10SC2 clone #2
are shown relative to the level of GAPDHmRNA. Values are means ± SD; ∗∗∗𝑝 < 0.001. (b) Western blot analysis of cadherin-17 in lysates of
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Figure 7: Growth curves and anchorage-independent growth of FP10SC2 cells, control/FP10SC2, CDH17(−)/FP10SC2 clone #1, and
CDH17(−)/FP10SC2 clone #2. (a) Growth curves for the indicated cells measured in MTT assays. Data are means ± SD. (b) Anchorage-
independent growth of the indicated cells measured in colony formation assays. Cells (1 × 104/dish, 3 dishes/cell type) were cultured for 12
days in medium containing 0.3% agarose layered on 0.5% agarose. Data are means ± SD; ∗∗∗𝑝 < 0.001. (c) Representative images of colonies.

than that of patients whose tumors do not express cadherin-
17 [16–18]. However, little is known about the actions of
cadherin-17 in breast cancer metastasis.

We previously established 4T1E/M3 highly bone marrow
metastatic breast cancer cells. The metastatic potential of
4T1E/M3 cells to lung (100%) and spine (85% to 100%)
was high when intravenously injected into mice but was
rather low (about 20%) when injected subcutaneously [3].
However, by passing 4T1E/M3 cells through a number of in
vitro and in vivo selection steps (see Materials and Methods
for details), we established FP10SC2 cells, which exhibited
higher metastatic activity when subcutaneously injected
into mice (Table 1). A notable difference between FP10SC2
and the parental 4T1E/M3 cells is the higher expression
of cadherin-17 in FP10SC2 cells (Figures 4(a) and 4(b)).
Furthermore, although suppressing cadherin-17 in FP10SC2
cells had no effect on their proliferation (Figure 7(a)), the in

vitro anchorage-independent growth and migration activity
of FP10SC2 cells were markedly decreased (Figures 7(b),
7(c), 8(a), and 8(b)), as was in vivo pulmonary and spinal
metastasis (Table 2). Because 4T1E/M3 breast cancer cells
originally have very strongmetastatic activity to lung (almost
100%), it seems to be difficult to suppress the metastasis to
lung strongly. As a result, the knockdown of cadherin-17 may
look more effective on the suppression of spine metastasis
(Table 2).

It was reported that downregulation of cadherin-17 inac-
tivates WNT signaling and inhibits tumor growth in hepato-
cellular carcinoma and gastric cancer [9–11, 19]. The involve-
ment of WNT signaling was also shown in human breast
cancer cell line, MDA-MB-231 [20]. It was demonstrated
that downregulation of cadherin-17 induced inactivation of
NFkB signaling pathway with the reductions of downstream
proteins including VEGF-C and MMP-9 and suppressed
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Figure 8: Migration of FP10SC2 cells, control/FP10SC2, CDH17(−)/FP10SC2 clone #1, and CDH17(−)/FP10SC2 clone #2. (a) Cells (4 × 104
cells/well) were seeded on BMECmonolayers formed on polycarbonate porous membranes, and the numbers of the cells migrating through
the were counted after 18 h. (b) Cells (4 × 104 cells/well) were seeded directly on polycarbonate porous membranes, and the numbers of the
cells migrating through the pores were counted after 18 h. In both panels, data are means ± SD; ∗∗∗𝑝 < 0.001.

proliferation, adherence, and invasion in gastric cancer [21].
It was further shown that targeting cadherin-17 inactivated
Ras/Raf/MEK/ERK signaling and inhibited cell proliferation
in gastric cancer [22]. Moreover, cadherin-17 was shown to
modulate 𝛼1𝛽2 integrin signaling to induce specific focal
adhesion kinase and Ras activation and led to the increase
in cell adhesion and proliferation in colon cancer cells and
the RGD motif in cadherin-17 was important in this process
[14, 23]. Although the underling mechanism of the effect
of cadherin-17 suppression in our model is still unclear, the
samemechanism above demonstratedmay be involved in the
decrease of metastasis in the lung and spine.We consider that
analysis of the potential interaction of cadherin-17 with the
molecules in signaling pathways will be an important future
study in our model.

In the studies on many tumors, for example, gastric,
ovarian, hepatocellular, and colorectal cancer, expression of
cadherin-17 in human tissues was examined and estimated
as an important candidate of prognosis marker [16, 24].
Examination of cadherin 17 expression in human breast
cancer tissues may be useful to detect a therapeutic target for
future research.

Taken together, these findings suggest that expression of
cadherin-17 promotes the metastatic activity of the highly
bonemarrowmetastatic breast cancer cells in ourmodel, and
that cadherin-17 expression may be a useful marker of bone
marrow metastasis in breast cancer.

5. Conclusion

In this study, we concluded that the expression of cadherin-17
promotes the metastatic activity of bone marrow metastatic

breast cancer cells and that cadherin-17 may be a useful
marker of bone marrow metastasis in breast cancer.
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The interaction between themeiotic recombination 11 homologA (MRE11) oncoprotein and breast cancer recurrence status remains
unclear.The aimof this studywas to assess the interaction betweenMRE11 and clinicopathologic variables in breast cancer. A dataset
for 254 subjects with breast cancer (220 nonrecurrent and 34 recurrent) was used in individual and cumulated receiver operating
characteristic (ROC) analyses of MRE11 and 12 clinicopathologic variables for predicting breast cancer recurrence. In individual
ROC analysis, the area under curve (AUC) for each predictor of breast cancer recurrence was smaller than 0.7. In cumulated ROC
analysis, however, the AUC value for each predictor improved. Ten relevant variables in breast cancer recurrence were used to find
the optimal prognostic indicators.Thepresence of any six of the following ten variables had a high (79%) sensitivity and a high (70%)
specificity for predicting breast cancer recurrence: tumor size ≥ 2.4 cm, tumor stage II/III, therapy other than hormone therapy,
age ≥ 52 years, MRE11 positive cells > 50%, body mass index ≥ 24, lymph node metastasis, positivity for progesterone receptor,
positivity for epidermal growth factor receptor, and negativity for estrogen receptor. In conclusion, this study revealed that these
10 clinicopathologic variables are the minimum discriminators needed for optimal discriminant effectiveness in predicting breast
cancer recurrence.

1. Introduction

Breast cancer is the most common cancer in women world-
wide and is diagnosed in one in three of all women with
cancer. Reported risk factors for breast cancer include age,
family history, genetic specificity, and lifestyle [1–4]. Local
and/or systematic treatments for breast cancer now enable a
high survival rate, especially when breast cancer is diagnosed

at an early stage [5]. However, breast cancer recurrence or
metastasis (i.e., the spread of tumor cells from the original
site) can reduce survival time [6].

Prognostic indicators of breast cancer complication and
recurrence can be used to predict survival after diagnosis
of breast cancer [7]. Estrogen receptor (ER), progesterone
receptor (PR), and human epidermal growth factor receptor 2
(HER2) are reportedly accurate and independent prognostic
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indicators of breast cancer recurrence risk [6], and combining
these independent indicators can improve accuracy in pre-
dicting recurrence. Representative prognostic indicators can
also be used to evaluate the effectiveness of adjuvant therapy
and to estimate the risk of tumor recurrence [8].

Our previous study [9] reported the important role
of meiotic recombination 11 homolog A (MRE11) in cell
proliferation, tumor invasion, and DNA repair in patients
with breast cancer. The MRE11 is considered an oncoprotein
because it is overexpressed in colorectal cancer [10] and in
highly malignant breast cancer [9]. However, no studies have
evaluated the use of breast cancer tumor marker MRE11 as
a diagnostic or prognostic indicator in breast cancer. Specif-
ically, no studies have evaluated whether MRE11 interacts
with clinicopathologic variables associated with breast cancer
recurrence.

Receiver operating characteristic (ROC) analysis is wide-
ly usedmethod of evaluating the performance of a diagnostic
test according to a continuous spectrum of results [11, 12].
By graphically depicting the quantitative analysis results,
the ROC curve reveals the discriminant thresholds based
on the probability of positive results (sensitivity against 1
− specificity) in individual subjects [13]. The area under
the curve (AUC) is a measure of the overall accuracy of
the dichotomous methods of the measurements. Recently,
ROC has been used as a tool for comparing the accuracy
of various models for predicting cancer diagnosis, prognosis,
and survival [14–20].

This study developed a scoring system based on ROC
analysis to identify patient characteristics associated with
susceptibility to breast cancer recurrence. Thus, aims of this
study were (i) to assess breast cancer recurrence based on
MRE11 expression and clinicopathologic characteristics and
(ii) to identify the patient characteristics that are risk factors
for breast cancer recurrence.

2. Methods

2.1. Study Participants. After obtaining IRB approval, this
study enrolled 254 female breast cancer patients who had
received surgical treatment for pathology-confirmed invasive
ductal carcinoma at the Department of Surgery, Kaohsiung
Medical University Hospital, during 2006–2010. Informed
consent was obtained from all patients. The ethics statement,
laboratory procedures, and other study procedures were
identical to those in our previous study [9].The dataset for all
clinicopathological variables is available online at https://wp
.kmu.edu.tw/changhw/files/2015/10/ROC MRE11 DATASET
.xlsx.

2.2. Criteria for Breast Cancer Recurrence. Patients with and
without breast cancer recurrence were classified into a recur-
rence group and a nonrecurrence group, respectively. In the
recurrence group, breast cancer recurrence was defined as
a local/regional recurrence with or without distant metas-
tasis diagnosed according to symptoms observed in clinical
examination, pathology study, or imaging study. Patients who
remained disease-free for 60 months after diagnosis or who

were disease-free at the end of the follow-up period were
classified into the nonrecurrence group.

2.3. Dichotomous Results of ROC Analysis for Each Clin-
icopathologic Variable. The 13 clinicopathologic variables
included in the ROC analysis included MRE11 positive cells
(%), tumor stage, tumor grade, age, body mass index (BMI),
tumor size, lymph node (LN) metastasis, estrogen receptor
(ER) status, progesterone receptor (PR) status, human epi-
dermal growth factor receptor 2 (HER2) status, radiotherapy
(RT), chemotherapy (CT), and hormone therapy (HT). First,
the clinicopathologic variables were dichotomized by ROC
curve analysis. The ROC curve is a graphical plot of the
true positive rate (sensitivity) against the false positive rate
(1 − specificity) at various threshold settings. Each cut-off
point estimated by ROC analysis indicates the distinguishing
characteristic of each clinicopathologic variable used to clas-
sify participants into the recurrence group. The area under
the ROC curve (AUC) is used to calculate the accuracy of
dichotomous results.

2.4. AUC of Cumulated ROC Analysis. A cumulated ROC
analysis was performed to detect the combined effects of
the clinicopathologic variables used to predict recurrence.
Variables that had a strong association with recurrence
(i.e., values larger than the cut-off point in AUC from the
individually dichotomous results) received a score of 1. The
remaining variables received a score of 0 (i.e., values less than
the cut-off point in AUC from the individually dichotomous
results). The indicators were then ranked by cumulated AUC
results for individually dichotomous results. Positive changes
in the cumulated AUC values for these variables were tracked
until the addition of other variables no longer increased
the AUC values. Accordingly, clinicopathologic variables that
contributed to positive changes in AUC were selected for
further analysis.

2.5. Cut-Off Point for Cumulated Scoring System. The cumu-
lated scoring system was then used to rank the clinicopatho-
logic variables as breast cancer predictors. The cumulated
score for each subject was obtained by adding the risk factors
to the recurrence score (1 or 0). The correctly classified rate
for each possible cut-off point within the range of cumulated
scores was dependent on the number of clinicopathologic
variables selected for ROC analysis. For example, if “𝑛”
variables were selected according to a positive change in AUC
value in the previous step, cumulated scores ranging from
0 to “𝑛” were generated. The last step was calculating the
specificity, sensitivity, and correctly classified rate for each
cut-off point in the cumulated score range.

2.6. Risk Relationship of the Selected Variables in the Cumu-
lated Scoring System. For each subject, the cumulated score
represented the total number of clinicopathologic variables
that were breast cancer risk factors. For instance, a score of 3
was interpreted as the presence of three risk factors that were
more relevant to breast cancer recurrence compared to the
selected clinicopathologic variables.

https://wp.kmu.edu.tw/changhw/files/2015/10/ROC_MRE11_DATASET.xlsx
https://wp.kmu.edu.tw/changhw/files/2015/10/ROC_MRE11_DATASET.xlsx
https://wp.kmu.edu.tw/changhw/files/2015/10/ROC_MRE11_DATASET.xlsx
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2.7. Statistical Analyses. Differences in the distributions of
clinicopathologic variables between the recurrence and the
nonrecurrence groups were estimated by frequency tables
and the 𝜒2 test. The AUC represents the accuracy of the
dichotomous results for a single clinicopathologic variable for
predicting breast cancer recurrence.The dichotomous results
with high AUC values were considered better predictors of
breast cancer recurrence.

In cumulated ROC analysis, the likelihood ratio was
used to assess recurrence status in subjects with different
cumulated scores.The likelihood ratio for a positive test result
[LR+: sensitivity/(1 − specificity)] represents the ratio of the
probability of a positive test in the recurrence subjects to the
probability of a positive test in the nonrecurrence subjects.
Comparatively, the likelihood ratio for a negative test [LR−:
(1 − sensitivity)/specificity] result represents the ratio of the
probability of a negative test in the recurrence subjects to the
probability of a negative test in the nonrecurrence subjects.
All statistical analyses were performed by STATA version 11.0.

3. Results

3.1. Clinicopathologic Characteristics and Recurrence of Breast
Cancer. During the 5-year follow-up period, recurrence
developed in 34 (13.39%) of the 254 breast cancer patients.
Table 1 compares clinicopathological variables between the
recurrence and the nonrecurrence groups. Compared to the
nonrecurrence group, the recurrence group had significantly
larger proportions of patients with MRE11 positive cells >
50% (85.29%), breast cancer stage II/III (94.12%), age ≥ 52
years (67.65%), tumor size ≥ 2.4 cm (67.65%), LN metasta-
sis (58.82%), negative expression of ER (58.82%), negative
expression of PR (64.71%), triple negative breast cancer
(35.29%), RT (79.41%), and no-HT treatment (61.76%).

3.2. AUC for Clinicopathologic Variables for Breast Cancer
Recurrence. Table 2 shows the AUCs obtained when these
13 variables were considered in estimates of recurrence risk.
The clinical criteria for high and low risk of breast cancer
recurrence were identical to those used in our previous study
[9]. Notably, although the dichotomized tumor size yielded
the highest AUC value (0.679 with sensitivity of 0.677 and
specificity of 0.682), it did not meet the criterion of AUC ≥
0.7 [21] for classification of recurrence.

3.3. Cumulated ROC Analysis of Breast Cancer Recurrence.
No single dichotomized variable showed satisfactory per-
formance in predicting breast cancer recurrence (defined as
AUC < 0.700). Therefore, this study developed an improved
scoring system that considered the combined effects of these
variables. Table 3 shows the ROC analysis results obtained
for the developed scoring system with cumulated top-ranked
predictors. The scoring system obtained a good AUC value
(0.806) when 6 dichotomized variables (tumor size, tumor
stage, ER, HT, LN metastasis, and age) were used. The AUC
values showed further positive changes (range, 0.806 to 0.821)
when the scoring system consisted of the cumulated top tenth
rank of dichotomized variables (tumor size, stage, ER,HT, LN

metastasis, age, PR, MRE11 positive cells, BMI, and HER2).
When the number of variables exceeded ten cumulated top-
ranked variables, however, the AUC value slightly decreased.
That is, the scoring system obtained the best AUC values
when ten dichotomized variables were used.

3.4. Cut-Off Point for Cumulated Scoring System. Hence, the
performance of possible cut-off points ranging from score 0
to 10 were compared in the scoring system. Table 4 compares
the results. For predicting recurrence, a cut-off point of 0
had a sensitivity of 100% (all recurrence patients correctly
classified) but had a specificity of 0% (no recurrence patients
correctly classified). In contrast, a cut-off point of 100% had
a specificity of 10 (all nonrecurrence subjects correctly clas-
sified) but a sensitivity of 0 (no recurrence patients correctly
classified).The cut-off point for 6 dichotomized variables had
the highest sensitivity and the highest specificity. This cut-off
point correctly classified 71.3% with the best combination of
sensitivity (0.794) and specificity (0.700; LR+ 2.647 and LR−
0.294).

3.5. Risk Relationships of the Selected Variables in the Cumu-
lated Scoring System. Table 5 lists the clinicopathologic vari-
ables that contributed the five largest possible changes in
AUC values (0.799 to 0.821) in Table 3. The scores for 10
dichotomized variables were then computed into these five
clinicopathologic variables as indicated in Table 5. In the
254 patients analyzed, scores were ≤ 5 in most (63.39%; 161)
patients. In the 161 patients with scores of ≤ 5, most (63.98%,
103) patients were HER2 negative. The score was 6 in 16.93%
(43/254) of the patients. In patients with a score of 6, most
(74.42%; 32/43) had BMI ≥ 24. The score was 7 in 9.45%
(24/254) of the patients. In patients with a score of 7, all
(100.00%) had BMI ≥ 24. The score was 8 in 6.69% (17/254)
patients. In patients with a score of 8, 88.24% (15) had BMI
≥ 24. The score was 9 in 3.15% (8/254) patients. All patients
who had a score of 9 were negative for PR expression and had
a BMI≥ 24. Only 0.39% (1/254) patients had a score of 10, that
is, high values for all five clinicopathologic variables that were
risk factors for breast cancer recurrence.

4. Discussion

Conventional statistical methods used to estimate probability
of breast cancer recurrence include logistic regression, Cox-
proportional hazard regressionmodel, Kaplan-Meier estima-
tor, and log-rank test [22]. Our previous work using similar
statistical methods revealed that MRE11 is associated with
breast cancer malignancy [9]. However, possible interactions
between MRE11 and clinicopathologic variables for breast
cancer recurrence have not been reported in the literature.

An ROC analysis is a simple and powerful approach
to discriminant analysis. In this study, dichotomization of
clinicopathologic variables by AUC enabled quick and easy
differentiation of variables associated with high and low
recurrence risk. However, variations in breast cancer recur-
rence are rarely affected by a single factor. Similarly, we found
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Table 1: Clinicopathologic characteristics of breast cancer patients in recurrence status∗1.

Variable No recurrence (𝑛 = 220) Recurrence (𝑛 = 34) P
𝑁 % 𝑁 %

MRE11 positive cells 0.030
≤50% 73 33.18 5 14.71
>50% 147 66.82 29 85.29

Stage <0.001
I 88 40.00 2 5.88
II, III 132 60.00 32 94.12

Grade 0.543
1, 2 166 75.45 24 70.59
3 54 24.55 10 29.41

Age 0.007
<52 yrs 126 57.27 11 32.35
≥52 yrs 94 42.73 23 67.65

BMI (kg/m2) 0.151
<24 126 57.27 15 44.12
≥24 94 42.73 19 55.88

Tumor size (cm) <0.001
<2.4 cm 150 68.18 11 32.35
≥2.4 cm 70 31.82 23 67.65

LN metastasis 0.003
Negative 149 67.73 14 41.18
Positive 71 32.27 20 58.82

ER <0.001
Negative 63 28.64 20 58.82
Positive 157 71.36 14 41.18

PR 0.009
Negative 90 40.91 22 64.71
Positive 130 59.09 12 35.29

HER2 status 0.430
Negative 140 63.64 24 70.59
Positive 80 36.36 10 29.41

Triple negative 0.002
No 190 86.36 22 64.71
Yes 30 13.64 12 35.29

RT 0.021
No 91 41.36 7 20.59
Yes 129 58.64 27 79.41

CT 0.866
No 30 13.64 5 14.71
Yes 190 86.36 29 85.29

HT 0.001
No 72 32.73 21 61.76
Yes 148 67.27 13 38.24

∗1Dataset was retrieved from our previous study [9]. MRE11: meiotic recombination 11; BMI: body mass index; LN: lymph node; ER: estrogen receptor; PR:
progesterone receptor; HER2: human epidermal growth factor receptor 2; RT: radiotherapy; CT: chemotherapy; HT: hormone therapy.

that the contribution of each variable may be too weak (<0.7)
in terms of AUC.

A recent study developed a cumulated ROC analysis
strategy for assessing outcomes of orthodontic surgery [23]
and for diagnosing metastasis in breast cancer [24] and

other cancer types [25, 26]. In our study, a similar scoring
system was applied in multivariate cumulated ROC analysis
to evaluate diagnostic indicators of breast cancer recurrence.
Table 3 shows that 10 variables were the minimum number of
discriminators required to obtain the optimum discriminant
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Table 2: AUC of clinicopathologic characteristics for recurrence status∗1.

Variable AUC High risk Low risk Sensitivity Specificity
Tumor size (cm) 0.679 ≥2.4 cm <2.4 cm 0.677 0.682
Stage 0.671 II, III I 0.941 0.400
ER 0.651 Negative Positive 0.588 0.714
HT 0.645 No Yes 0.618 0.673
LN metastasis 0.633 Positive Negative 0.588 0.677
Age 0.625 ≥52 yrs <52 yrs 0.677 0.573
PR 0.619 negative positive 0.647 0.591
MRE11 positive cells 0.592 >50% ≤50% 0.853 0.332
BMI 0.566 ≥24 <24 0.559 0.573
HER2 status 0.535 Negative Positive 0.706 0.364
Grade 0.524 3 1, 2 0.294 0.755
CT 0.505 No Yes 0.147 0.864
RT 0.396 No Yes 0.206 0.586
∗1Data for high/low risks of breast cancer recurrence were retrieved from our previous study [9]. AUC: area under receiver operating characteristic; ER:
estrogen receptor; HT: hormone therapy; LN: lymph node; PR: progesterone receptor; MRE11: meiotic recombination 11; BMI: bodymass index; HER2: human
epidermal growth factor receptor 2; CT: chemotherapy; RT: radiotherapy.

Table 3: Cumulated top-ranked prediction results using ROC analysis∗1.

Cumulated top-ranked variables Variables AUC
2 Tumor size and stage 0.724
3 Above variables plus ER 0.771
4 Above variables plus HT 0.765
5 Above variables plus LN metastasis 0.790
6 Above variables plus age 0.806
7 Above variables plus PR 0.800
8 Above variables plus MRE11 positive cells 0.799
9 Above variables plus BMI 0.810
10 Above variables plus HER2 0.821
11 Above variables plus grade 0.806
12 Above variables plus CT 0.799
13 Above variables plus RT 0.774
∗1Dataset and high/low risks of breast cancer recurrence were retrieved from our previous study [9]. ER: estrogen receptor; HT: hormone therapy; LN: lymph
node; PR: progesterone receptor; BMI: body mass index; CT: chemotherapy; RT: radiotherapy.

Table 4: Cut-off point identified by ROC analysis∗1.

Number of dichotomized variables∗2 Sensitivity Specificity Sensitivity + specificity Correctly classified LR+ LR−
0 1.000 0.000 1.000 0.134 1.000 —
1 1.000 0.027 1.027 0.158 1.028 0.000
2 1.000 0.073 1.073 0.197 1.078 0.000
3 1.000 0.182 1.182 0.291 1.222 0.000
4 0.941 0.332 1.273 0.413 1.409 0.177
5 0.912 0.468 1.380 0.528 1.714 0.189
6 0.794 0.700 1.494 0.713 2.647 0.294
7 0.618 0.868 1.486 0.835 4.686 0.440
8 0.382 0.941 1.323 0.866 6.471 0.656
9 0.177 0.986 1.163 0.878 12.941 0.835
10 0.029 1.000 1.029 0.870 — 0.971
LR+: likelihood ratio for a positive test result; LR−: likelihood ratio for a negative test result.
∗1Dataset was retrieved from our previous study [9].
∗2The number of dichotomized variables was the cumulated effects of the various clinicopathologic variables from Table 3, including tumor size, stage, ER,
HT, LN metastasis, age, PR, BMI, MRE11 positive cells, and HER2.
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effectiveness. Table 4 further shows that a cut-off point of
6 had the best combination of sensitivity and specificity for
predicting breast cancer recurrence.These results suggest that
the cumulated ROC analysis strategy also improves accuracy
in predicting breast cancer recurrence.

Moreover, these data suggest that both gene-environment
and environment-environment interactions have important
roles in predicting recurrence when clinicopathologic vari-
ables are regarded as the environmental factors. Similar
interactions between these variables have been reported.
For example, ER and HER2 are reportedly both interde-
pendent and independent prognostic indicators of breast
cancer recurrence [27]. The Nottingham prognostic index
considers tumor size, lymph node metastasis, and tumor
grade to obtain an estimate of recurrence risk in patients with
breast cancer [28, 29]. In contrast, the breast cancer severity
score (BCSS) is a prognostic scoring system based on tumor
size, number of metastatic lymph nodes, and HER2 status
[30]. The BCSS may be the best predictor of both overall
survival and disease-free survival. A common feature of these
prognostic scoring systems is that all of the breast cancer
characteristics mentioned in the current study are considered
simultaneously.

Comparisons of these variables further showed that most
subjects with a high risk of breast cancer recurrence had a
high BMI (Table 5), which is consistent with reports that
high BMI is associated with aggressive tumor characteristics
in premenopausal [31] and postmenopausal women [32].
Another randomized trial showed that lymph node metas-
tasis, ER-negativity, and HER2 negativity are associated with
breast cancer risk and prognosis [33]. Breast cancer patients
with the triple negative subtype (i.e., negativity for ER, PR,
and HER2) have a high risk of disease progression [34].
Supplementary Table 1 (in Supplementary Material available
online at https://doi.org/10.1155/2017/2563910) shows that
MRE11 expression did not significantly differ among ER-
positivity, ER-negativity, PR-positivity, or PR-negativity in the
current study. Supplementary Table 2 further shows that BMI
level did not significantly differ among ER-positivity, ER-
negativity, PR-positivity, PR-negativity, HER2-positivity, or
HER2-negativity.

Some limitations of this study should be noted. First, our
previous work [9] suggested a survival analysis of the cur-
rent dataset using Cox-proportional hazard model, Kaplan-
Meier curve, and log-rank test. However, survival was not
considered in the follow-up analyses of subjects in the current
study. Another limitation is that, although the cumulated
ROC analysis revealed potential joint effects of the selected
clinicopathologic variables, the complex interactions of all
possible combinations of clinicopathologic variables were not
analyzed because the cumulated ROC was initially based on
the highest ranked AUC for a single variable. In subsequent
analyses, the variable with the lowest AUC was not consid-
ered.Moreover, this study did not validate the signature iden-
tified by ROC analysis in a testing dataset. Therefore, the use
of a testing dataset and intelligent computational algorithms
[35–44] is warranted in future studies of the complex high-
order interactions between these clinicopathologic variables
and breast cancer recurrence.

5. Conclusions

This study evaluated the contributions of 13 clinicopathologic
variables in predicting breast cancer recurrence. In individual
ROC analysis, each variable had a weak AUC for predicting
breast cancer recurrence. In cumulative ROC analysis, how-
ever, each variable had an improved AUC. Finally, this study
revealed that 10 clinicopathologic variables is the minimum
number of discriminators needed for optimum accuracy in
predicting breast cancer recurrence by discriminant analysis.
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Background. Renal cell carcinoma is themost common type of kidney cancer. Taking account ofmorbidity andmortality increase, it
is evident that searching for independent prognostic factors is needed.Aimof the Study.The aimof the studywas to analyze routinely
performed blood parameters as potential prognostic factors for kidney cancer. Material and Methods. We have retrospectively
reviewed the records of 230 patients treated for renal cell carcinoma in the years 2000–2006. Preoperative blood parameters,
postoperative histopathological results, and staging and grading were performed. To estimate the risk of tumor recurrence and
cancer specific mortality (CSM) within five years of follow-up, uni- and multivariate Cox and regression analyses were used. To
assess the quality of classifiers and to search for the optimal cut-off point, the ROC curve was used. Results. T stage of the tumor
metastasis is the most important risk factor for early recurrence and cancer specific mortality (𝑝 < 0.001).The preoperative platelet
count (PLT) above 351 × 103/uL (95.3%; 55.1%) and AUC of 77% are negative prognostic factors and correlate with increased
cancer specific mortality (CSM) during the five-year follow-up (𝑝 < 0.001). Increased risk of local recurrence was observed for
PLT above 243.5 × 103/ul (59%; 88%) and AUC of 80% (𝑝 = 0.001). The opposite was observed in the mean platelets volume
(MPV) for cancer specific mortality (CSM). The cut-off point for the MPV was 10.1 fl (75.4%; 55.1%) and for the AUC is of
68.1% (𝑝 = 0.047). Conclusions. Many analyzed parameters in univariate regressions reached statistical significance and could
be considered as potential prognostic factors for ccRCC. In multivariate analysis, only T stage, platelet count (PLT), and mean
platelet volume (MPV) correlated with CSM or recurrent ccRCC.

1. Background

The incidence of kidney cancer has increased in recent years
and has now reached about 2-3% of malignant tumors in
adults. Renal cell carcinoma is the thirdmost common cancer
of the urinary tract [1–3]. Kidney cancer detected accidentally
is found in approximately 1.5% of cases at autopsy [4]. Over
80% of all malignant kidney tumors are renal cell carcinoma
(RCC). RCC clear cell type (otherwise known as conventional
or classic) most commonly originates from the proximal
nephron (in over 80% of cases).

The main treatment modality for renal cancer is surgery.
Kidney tumors, in particular RCC tumors, are poorly sensi-
tive to chemotherapy or radiotherapy; only the currently used
targeted therapy achieves temporarily stabilizing effect in 30–
40% of cases. Risk factors for kidney cancer include smoking,

obesity, diuretics, phenacetin, exposure to cadmium and
asbestos, high protein diet, and chronic dialysis.

The main prognostic factors are grade and stage of
tumor and cellular anaplasia, tumor histology, the presence
of vascular microinvasion, and the content of the genetic
material in the cell analyzed by flow and static cytometry
(DNA ploidy). Molecular prognostic factors are listed among
the prognostic factors; however, their major drawbacks are
cost and low availability [5–13].

2. Aim of the Study

The following study aims to answer whether preoperative
determination of basic blood cell count can be used as a
popular and inexpensive prognostic factor in the treatment
of renal cell carcinoma limited to the organ.
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3. Materials and Methods

The study was retrospective and used the medical records
of 397 patients who underwent surgery for kidney tumors
in our center in the years 2000–2006. During the five-year
follow-up period of all 397 patients operated on, 230 patients
with the postoperative diagnosis of nonmetastatic renal cell
carcinoma were enrolled in the study. The median follow-
up was 3,98 ± 0,99 years. According to the inclusion criteria
of the study, patients with coexisting conditions that may
have an impact on the blood morphology parameters were
excluded. On the basis of the information gathered, routinely
collected blood count parameters at the time of admission to
the ward were analyzed. We analyzed the data on histopatho-
logical material, histology, TNM, size and location of the
tumor removed, and the positive margin in the case of
the nephron sparing surgery (NSS). Histopathologic tumor
grade was rated according to the three-degree Fuhrman
scale. In order to determine the clinical stage, given data
were analyzed according to the TNM classification from
2010.

The studies were an attempt to determine whether any of
the tested parameters can be used to assess the prognosis of
kidney cancer, so that a group of patients that require special
oncological surveillance can be selected. All the information
gathered was analyzed in relation to the local recurrence,
metastasis, and tumor-specific deaths. Statistical analysis was
performed using the program R [R Core Team (2012)]. For
determining the risk of metastasis, tumor recurrence, or
death within five years, Cox proportional hazards model was
used. To assess the quality of the classifier and the search
for the optimal cut-off point, ROC (Receiver Operating
Characteristic) curvewas used as a tool to describe the overall
sensitivity and specificity for the variability characteristics of
the classifier.

The examination protocol was approved by the Bioethical
Commission of the Medical University of Silesia, decision
number KNW/0022/KB215/12.

4. Results

The study group included 123 men and 107 women. The
average age was 60.9±10.5 years. Tumor size was 6.8±4.1 cm.
89 patients underwent nephron sparing surgery (NSS) (mean
tumor size was 4.16 cm), and 141 patients underwent radical
nephrectomy (mean tumor size was 7.9 cm). Local recurrence
during follow-up occurred in 25 patients (10.8%) and distant
metastases were found in 22 patients (9.5%). Tumor-specific
death was reported in 6 cases after the NSS (2.6%) and in 43
(18.6%) after radical nephrectomy.There was an almost iden-
tical distribution of neoplastic changes, taking into account
the side operated on, 113 in the right and 117 in the left kidney.
We also evaluated the anatomical location of the tumor. The
most frequently observed tumors were located on the dorsal
side of the kidney, followed by the lower and upper pole.
In the central part of the kidney, 7 tumors were detected
(Figure 1).

The lowest clinical stage, T1, was observed in 112 patients
(T1a-48, T1b-64), T2 in 60 patients (T2a-33, T2b-27), and T3
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Figure 1: Anatomical location of the tumor according to the
performed procedure.
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Figure 2: Histological subtypes of RCC in the examined group.

in 54 patients (T3a-50, T3b-4), and the most advanced type
of cancer, T4, was found in 4 patients.

Histological subtypes of RCC in the examined group are
presented in Figure 2.

Average values of the analyzed blood parameters are
presented in Table 1.

For determining the risk of metastasis, tumor recurrence,
or death, Cox proportional hazards model was used. In
this statistical regression, complete and censored data were
taken into account. Relatively, the highest number ofmedical,
physical, chemical, and biological risk factors is assigned in
this analysis to patients’ death, followed by tumor recurrence
and metastasis. Statistically significant results (𝑝 < 0.05) in
the univariate model are summarized in Table 2.

In terms of the impact of a single risk factor, it can be
said that the location of the tumor has a strong statistical
relationship with the occurrence of metastasis. Cox regres-
sion results relating to the location of the tumor in the lower,
upper, or dorsal pole compared to the central location are
associated with a significant decrease in the risk ofmetastasis,
respectively, (1 − 0.096) ∗ 100% = 90%, (1 − 0.084) ∗ 100% =
91.6%, and (1 − 0.174) ∗ 100% = 82%. It was also observed that
the decline in the value of the studied blood count parameters
with the exception of platelet count (PLT) and MPV is an
unfavorable prognostic factor (𝑝 < 0.05).



BioMed Research International 3

Table 1: Average values of the analyzed blood parameters.

RBC [106/𝜇L] HGB [g/dL] HCT [%] MCV [fL] MCHC [g/dL] MCH [pg] RDW [%] PLT [103/𝜇L] MPV [fL]
4,5 ± 0,5 13,4 ± 1,8 39,2 ± 4,5 87,08 ± 5,9 34,0 ± 2,0 30,6 ± 2,6 14.7 ± 1.9% 249,0 ± 87,5 11,0 ± 1,6

Table 2: Univariate Cox regression. Statistically significant parameters predictive ofmetastasis, recurrence, and death specifically due to renal
cell carcinoma.

AD AP Regression coefficient SE HR 𝑝 value N Number of events

Metastasis

NSS/NF 1,550 0,744 4,710 0,0370 230 21
Tumor location C (ref.) 0,000 1,000 230 21

Location L −2,340 0,764 0,096 0,0022
Location U −2,470 0,817 0,084 0,0025
Location D −1,750 0,652 0,174 0,0073

T 0,525 0,141 1,690 0,0002 230 21
PLT [thousand/𝜇L] 0,005 0,002 1,010 0,0030 230 21

Recurrence

Tumor size (cm) 0,088 0,030 1,090 0,0027 230 25
G 0,626 0,281 1,87 0,0260 230 25
T 0,426 0,123 1,530 0,0005 230 25

HGB [g/dL] −0,397 0,102 0,672 0,0001 230 25
HCT [%] −0,121 0,052 0,886 0,0200 230 13
MCV [fL] −0,113 0,026 0,893 0,0000 230 25
MCH [pg] −0,196 0,065 0,822 0,0025 230 25

PLT [thousand/𝜇L] 0,008 0,001 1,010 0,0000 230 25

Death

NSS/NF 1,280 0,436 3,600 0,0033 230 49
Tumor size (cm) 0,101 0,020 1,110 0,0000 230 49

G 0,704 0,202 2,020 0,0005 230 49
T 0,510 0,089 1,670 0,0000 230 49

HGB [g/dL] −0,356 0,077 0,700 0,0000 230 49
HCT [%] −0,114 0,038 0,892 0,0024 230 27
MCV [fL] −0,105 0,019 0,900 0,0000 230 49

MCHC [g/dL] −0,148 0,057 0,863 0,0098 230 49
MCH [pg] −0,206 0,049 0,814 0,0000 230 49
RDW [%] 0,155 0,056 1,170 0,0056 230 49

PLT [thousand/𝜇L] 0,009 0,001 1,010 0,0000 230 49
MPV [fL] −0,375 0,093 0,687 0,0001 230 49

AE: adverse event; AP: analyzed parameters; HR: hazard ratio; SE: standard error; location C:central location of the tumor; location L: tumor in the lower pole
of the kidney; location U: tumor in the upper pole of the kidney; location D: tumor in the dorsal part of the kidney; T: tumor scale; G: Fuhrman scale; PLT:
platelets count; HGB: hemoglobin level; HCT: hematocrit; MCV: mean corpuscular volume; MCHC: mean corpuscular hemoglobin concentration; MCH:
mean corpuscular hemoglobin; RDW: red blood cell distribution width; MPV: mean platelet volume; NSS: nephron sparing surgery; NF: nephrectomy.

The results of the multivariate Cox regression are sum-
marized in Table 3. Based on this analysis, factors correlated
with metastasis have not been found. In this analysis, as in
the logistic regression, low predictive value of single blood
parameters was revealed. Charts of proportional survival
rates of patients according to the number of platelets are
presented in Figure 3.

In aCoxmultivariate analysis, as in the logistic regression,
low predictive value of individual morphology parameters
was revealed. Graphs of proportional survival depending on
the number and volume of the platelets are shown in Figures
3 and 4.

After analyzing the quality of classifiers (suspected risk
factors) in the range of analyzed traits using the ROC curve,
there was no statistically significant factor determining the

increased risk of metastasis in patients. The number of
statistically significant classifiers defining the occurrence of
relapse and death is roughly the same. The most likely event
is predicting the case of tumor recurrence using the platelet
count (PLT). For the cut-off point of 243.5 platelet units
(specificity 59%, sensitivity 88%), the likelihood of correctly
predicting an event is up to 80% (AUC) (Figure 5). In the
case of tumor size (cut-off point of 7.5 cm), HGB (cut-off
point of 11.6 g/dL), MCV (cut-off point of 86.0 fL), and MCH
(30.2 pg cut-off point), the likelihood of correctly predicting
recurrence within five years of follow-up was 64%, 68%,
73%, and 67%, respectively. A similar analysis of potential
predictive factors for death was carried out. In this case, we
have a 68% likelihood of occurrence with a cut-off point at
7.5 cm (specificity 78.9%, sensitivity 49%). The best indicator
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Table 3: Multivariate Cox regression. Statistically significant parameters predictive of recurrence and death specifically due to renal cell
carcinoma.

AD AP Regression coefficient SE HR 𝑝 value N Number of events

Recurrence T 0,288 0,129 1,334 0,0250 230 25
PLT [thousand/𝜇L] 0,006 0,002 1,006 0,0006

Death
T 0,289 0,114 1,340 0,0110 230 49

PLT [thousand/𝜇L] 0,007 0,002 1,010 0,0000
MPV [fL] −0,261 0,132 0,770 0,0470

AE: adverse event; AP: analyzed parameters; HR: hazard ratio; SE: standard error; T: tumor scale; PLT: platelets count; MPV: mean platelet volume.
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Figure 3: Estimated recurrence-free survival according to the
number of platelets.

in this case appears to be the platelet count. The probability
of death within a specific five-year follow-up was 77.7%
at a cut-off point at 351 thousand/𝜇L. The specificity and
sensitivity of this classifier are 95.3% and 55.1% (Figure 6).The
worst indicator in terms of predicting mortality is MCH; the
likelihood of predicting the correct event using this marker is
less than 64% at a specificity and sensitivity of 77% and 53%.

5. Discussion

Despite advances in medicine, an increase in morbidity and
mortality due to kidney cancer is still observed.The diversity
of kidney cancers does not enable unambiguous determina-
tion of prognosis. Given that 30% of patients with disease
confined to the organ will develop generalized disease after
surgical treatment, it is important to search for prognostic
factors. Numerous reports of treatment of erythropoietin
(EPO) level elevation in patients with renal cancer prompted
us to search the potential prognostic factors among blood
counts.

An important factor in the tumor environment is
hypoxia, which induces tumor cell defense mechanisms. One
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Figure 4: Expected total survival relative to the mean platelet
volume.

of these mechanisms is the increase in the transcription of
hypoxia inducible factor (HIF) composed of two subunits
(HIF-𝛼 and HIF-𝛽). High expression of HIF-𝛼 subunit is
determined mainly by low levels of intracellular oxygen.
Under normal oxygenation, the HIF-𝛼 subunit is rapidly
degraded by normally acting protein VHL (pVHL), forming
ubiquitin ligase complex pVHL-E3. In the case of VHL gene
mutation, the active inhibitory protein of subunit HIF-𝛼 is
not produced. This leads to the stabilization and accumula-
tion of HIF-𝛼 in cells and contributes to the formation of
multiple hypoxia inducible factors that promote angiogene-
sis, drug resistance, and tumor progression [14, 15]. One such
factor is erythropoietin (EPO). Under normal conditions,
the cells of the proximal portion of the coil, from which
the clear cell renal carcinoma originates, do not produce
detectable amounts of EPO, even under hypoxic conditions.
This may explain the importance of VHL gene mutation in
the development of clear cell RCC [16, 17]. Erythropoietin is
the primary regulator of erythropoiesis in tissues involved in
the production of red blood cells. In other tissues, especially
in cancer cells, it inhibits apoptosis, stimulates angiogenesis,
and promotes cell proliferation.Many studies have confirmed
the overexpression of EPO and its receptor (EPOR) in clear
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Figure 6: Upward sloping classifier of death versus platelet count.

cell renal carcinoma. The prognostic value of this finding
merits further investigation [18–20].

If EPO level elevation is observed in patients with
renal cell cancer, it would appear that we should watch for
polycythemia in these patients. Clinical practice however
demonstrates that this is not in fact the case. Despite the
increase in the expression of EPO and EPOR, in up to
35% of patients with RCC, anemia is observed and only 1–
5% of patients develop paraneoplastic polycythemia. Why
this happens is not entirely clear. Attempts for explanation

include the weak activity of EPO produced by the tumor
and the low sensitivity to this factor of the tissues involved
in the production of blood. The low level and abnormal
iron metabolismmay play an important role.The breakdown
of tumor cells in the microvessels has also been described.
Growth of inflammatory factors and antibodies that occurs
during carcinogenesismay contribute to autoimmune hemol-
ysis. Among the preoperative parameters associated with the
red blood cells system, the erythrocyte count, hemoglobin,
hematocrit, mean corpuscular volume, mean corpuscular
hemoglobin concentration, the rate of the average weight
of corpuscular hemoglobin, and the coefficient of variation
of volume distribution of erythrocytes (anisocytosis) were
analyzed in the study. It has been proven that lowering
the value of all the above-mentioned parameters except
anisocytosis below a specified cut-off point results in an
increased risk of tumor-specific death within the five years of
follow-up. Reduced preoperative values of HGB, HCT, MCV,
and MCH also predispose patients to early recurrence of
cancer. Similar results were also obtained by other authors
[21–24].

Our study failed to confirm the prognostic value of
hemoglobin concentration in the univariate analyses. Multi-
variate logistic regression and multivariate Cox proportional
hazard model failed to demonstrate a correlation between
this factor and tumor recurrence or death or the occurrence
of metastases. To date, there are no reports in the literature
on the prognostic value of the parameters relating to the
construction of red blood cells. Thrombocytosis as a para-
neoplastic syndrome is widely described in the literature.
Elevated blood platelets may be accompanied by kidney
cancer, among other conditions. Thrombocytosis in this case
is most likely associated with the neuroendocrine activity
of tumor cells. Production of many types of cytokines,
including IL-6, IL-11, thrombopoietin, and GM-CSF (gran-
ulocyte/macrophage colony stimulating factor), results in
increased production of thrombocytes. The main role is
played in this case by IL-6, which stimulates platelet produc-
tion by stimulating the maturation of megakaryocytes [25].
There is evidence on the protective effect of platelets in rela-
tion to circulating tumor cells. They hinder their recognition
by the immune system and facilitate their integration into the
endothelium [26]. Platelets probably also affect tumor growth
by producing growth factors such as VEGF, PDGF, hepato-
cyte growth factor, thrombospondin, or endostatin [27].

In research studies so far, many authors have confirmed
that preoperative thrombocytosis is an unfavorable prognos-
tic factor for renal cell carcinoma [28–33].

These reports based on a relatively small number of
patients confirm the high value of the platelet count as an
independent predictor for renal cell carcinoma. Less enthu-
siastic towards thrombocytosis and preoperative anemia are
Karakiewicz and colleagues, who demonstrated in the single
and multivariable analyses that these parameters correlate
with the increase of cancer specific mortality. However, the
predictive value of these parameters (0.3%) is lower than the
factors associatedwith the anatomyof the tumor (TNM,G) or
the patient’s ECOG scale [34]. Similar conclusions have been
shown by German authors [35].



6 BioMed Research International

Our analyses have shown that the increase in platelet
count is a negative prognostic factor in patients undergoing
surgery for renal cell carcinoma. Statistical significance was
confirmed in the single and multidimensional analyses. In
addition, the predictive value of the volume of platelets was
confirmed to have statistical significance.The combination of
high platelet counts with their small volume is characteristic
for cancer diseases. To date, no reports on the predictive value
of MPV in renal cancer have been published.

Previous studies looking for new, readily available prog-
nostic factors do not constitute a breakthrough and only
improve the predictive value of factors related to tumor stage
and anatomy. It is estimated that the parameters of blood
count and biochemical parameters may constitute indepen-
dent prognostic factors for renal cell carcinoma, but they are
not qualitatively superior to the TNM classification. It should
also be remembered that all the evaluatedmorphological and
biochemical parameters of blood are characterized by low
repeatability and are dependent on many factors.

6. Conclusions

(1) Low preoperative hemoglobin concentration, hema-
tocrit, average weight of hemoglobin, mean volume,
and mean hemoglobin concentration may be con-
sidered in the category of risk factors for recurrence
and progression of renal cell carcinoma after surgical
treatment.

(2) The best predictor among the analyzed preoperative
laboratory parameters is the platelet count and vol-
ume.

(3) Preoperative platelet count above 243.5 thousand/uL
and 351 thousand/uL, respectively, is an independent
predictor of recurrence and tumor-specific death
during the five years of follow-up.

(4) Preoperative average size of platelets less than 10.1 fL is
an independent predictor of tumor-specific mortality
during the five-year follow-up.
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Lekarza, vol. 10, pp. 92–95, 2001.

[5] D. Pascual and A. Borque, “Epidemiology of kidney cancer,”
Advances in Urology, vol. 2008, Article ID 782381, 7 pages, 2008.

[6] A. Bergström, C.-C. Hsieh, P. Lindblad, C.-M. Lu, N. R. Cook,
and A. Wolk, “Obesity and renal cell cancer—a quantitative
review,” British Journal of Cancer, vol. 85, no. 7, pp. 984–990,
2001.

[7] T. Pischon, P. H. Lahmann, H. Boeing et al., “Body size
and risk of renal cell carcinoma in the European Prospective
Investigation into Cancer and Nutrition (EPIC),” International
Journal of Cancer, vol. 118, no. 3, pp. 728–738, 2006.

[8] S. Weikert, H. Boeing, T. Pischon et al., “Blood pressure
and risk of renal cell carcinoma in the European prospective
investigation into cancer and nutrition,” American Journal of
Epidemiology, vol. 167, no. 4, pp. 438–446, 2008.

[9] M. A. Esteban-Barragán, P. Ávila, M. Álvarez-Tejado et al.,
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[29] C. Göĝüş, S. Baltaci, E. Filiz, A. Elhan, and Y. Bedük, “Signifi-
cance of thrombocytosis for determining prognosis in patients
with localized renal cell carcinoma,” Urology, vol. 63, no. 3, pp.
447–450, 2004.

[30] K. Inoue, K. Kohashikawa, S. Suzuki, M. Shimada, and H.
Yoshida, “Prognostic significance of thrombocytosis in renal
cell carcinoma patients,” International Journal of Urology, vol.
11, no. 6, pp. 364–367, 2004.

[31] K. Ito, T. Asano, H. Yoshii, A. Satoh, M. Sumitomo, and M.
Hayakawa, “Impact of thrombocytosis and C-reactive protein
elevation on the prognosis for patients with renal cell carci-
noma,” International Journal of Urology, vol. 13, no. 11, pp. 1365–
1370, 2006.

[32] F. Erdemir, M. Kilciler, S. Bedir, Y. Ozgok, H. Coban, and K.
Erten, “Clinical significance of platelet count in patients with
renal cell carcinoma,”Urologia Internationalis, vol. 79, no. 2, pp.
111–116, 2007.

[33] S. Ramsey, G. W. A. Lamb, M. Aitchison, and D. C. McMil-
lan, “Prospective study of the relationship between the sys-
temic inflammatory response, prognostic scoring systems and
relapse-free and cancer-specific survival in patients undergoing
potentially curative resection for renal cancer,” BJU Interna-
tional, vol. 101, no. 8, pp. 959–963, 2008.

[34] P. I. Karakiewicz, Q.-D. Trinh, J. S. Lam et al., “Platelet count
and preoperative haemoglobin do not significantly increase the
performance of established predictors of renal cell carcinoma-
specific mortality,” European Urology, vol. 52, no. 5, pp. 1428–
1437, 2007.

[35] S. Brookman-May, M. May, V. Ficarra et al., “Does preoperative
platelet count and thrombocytosis play a prognostic role in
patients undergoing nephrectomy for renal cell carcinoma?
Results of a comprehensive retrospective series,”World Journal
of Urology, vol. 31, no. 5, pp. 1309–1316, 2013.



Review Article
The Role of BRCA2 Mutation Status as Diagnostic,
Predictive, and Prognosis Biomarker for Pancreatic Cancer

Javier Martinez-Useros and Jesus Garcia-Foncillas

Translational Oncology Division, Oncohealth Institute, Health Research Institute, University Hospital Fundación Jiménez Dı́az-UAM,
Madrid, Spain

Correspondence should be addressed to Javier Martinez-Useros; javier.museros@oncohealth.eu

Received 8 August 2016; Revised 21 November 2016; Accepted 28 November 2016

Academic Editor: Renato Franco

Copyright © 2016 J. Martinez-Useros and J. Garcia-Foncillas. 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.

Pancreatic cancer is one of the deadliest cancers worldwide, and life expectancy after diagnosis is often short. Most pancreatic
tumours appear sporadically and have been highly related to habits such as cigarette smoking, high alcohol intake, high
carbohydrate, and sugar consumption. Other observational studies have suggested the association between pancreatic cancer and
exposure to arsenic, lead, or cadmium. Aside from these factors, chronic pancreatitis and diabetes have also come to be considered
as risk factors for these kinds of tumours. Studies have found that 10% of pancreatic cancer cases arise from an inherited syndrome
related to some genetic alterations. One of these alterations includes mutation in BRCA2 gene. BRCA2 mutations impair DNA
damage response and homologous recombination by direct regulation of RAD51. In light of these findings that link genetic factors
to tumour development, DNA damage agents have been proposed as target therapies for pancreatic cancer patients carrying BRCA2
mutations. Some of these drugs include platinum-based agents and PARP inhibitors. However, the acquired resistance to PARP
inhibitors has created a need for new chemotherapeutic strategies to target BRCA2. The present systematic review collects and
analyses the role of BRCA2 alterations to be used in early diagnosis of an inherited syndrome associated with familiar cancer and
as a prognostic and predictive biomarker for the management of pancreatic cancer patients.

1. Introduction

In 1994, BRCA2 (breast cancer gene 2) was located in chro-
mosome 13ql2-13 by the group led byWooster et al. [1]. Trans-
mission of this gene follows an autosomal dominant pattern
with incomplete penetrance [2]. Soon thereafter, BRCA2 was
reported as a tumour suppressor gene based on evidence of
loss of heterozygosity in 7 out of 8 familial breast cancers [3].
Subsequently, BRCA2 was associated with high-risk breast
and ovarian cancer with a large component of heritability [4–
7], although the risk for ovarian cancer due toBRCA2 ismuch
lower than the risk associated with BRCA1 [8].

Only one year after this gene was discovered, the associ-
ation between BRCA2 and pancreatic cancer was assessed by
Schutte et al. [9]. It was found that pancreatic cancer appeared
in some individuals with a history of familial breast cancer
associated with BRCA2 alterations [10]; thus, it was estimated
that 10% of cases of pancreatic cancer have an underlying
inherited component [11, 12].

Worldwide pancreatic cancer incidence has increased
from 185,000 in the 1980s [13] to 227,000 cases per year
in 2014 [14]. In 2007, the highest incidence of pancreatic
cancer was in the Baltic countries and central and eastern
Europe. In northern European countries and the UK, this
cancer has risen over most recent years and is rising in
countries of southern, central, and eastern Europe [15]. It
is hypothesised that this increase could be associated with
increased consumption of high-sugar or carbohydrate-rich
foods [16] or simply reflects the ageing of the population in
recent decades.

Nowadays, the primary acquired risk factors for pancre-
atic cancer are cigarette smoking (HR = 1.74), high alcohol
consumption (HR = 1.1–1.5), obesity (body mass index >
30; HR = 1.2–1.5), and some infectious diseases that include
Helicobacter pylori (HR = 1.5), Hepatitis B virus, or Human
Immunodeficiency virus [17–19]. Interestingly, other studies
suggested that heavy consumption of cooking and table salt
appeared to be significantly associated with pancreatic cancer
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Figure 1: DNA damage response model performed by BRCA2 and RAD51. Dephosphorylation of BRCA2 at Ser3291 enables RAD51 binding
to BRCA2 in BRC repeats and the subsequent binding to double-strand DNA. RAD51 oligomers bind to single-strand DNA at the site of
damage that enables its repairs.

(𝑃 = 0.009 and 𝑃 = 0.0001, resp.), and a similar correlation
was found with smoked food (𝑃 < 0.01) [20].

Interestingly, observational studies link pancreatic cancer
incidence to cadmium, arsenic, and lead exposure [21]. The
countries with the highest levels of arsenic (more than
10𝜇g/L, values recommended by the World Health Organi-
zation [22]) are those with highest incidence of pancreatic
cancer. These countries include Baltic countries (especially
Finland) and central and eastern European countries such as
Austria, Czech Republic, Slovakia, and Hungary [23].

Pancreatic cancer has long been related to family history
of pancreatic cancer (HR = 2.20, 95%; CI = 1.16–4.19) and
melanoma (HR = 1.74, 95%; CI = 1.03–2.95), upon breast,
ovarian, lung, gastrointestinal, or prostate cancer [24]. In
addition, diabetes has also been associated with pancreatic
cancer (HR = 1.4–2.2) [25].

Surgical resection is currently the best option so far to
improve survival [26]. Mean life expectancy for pancreatic
cancer is 1.4 years reaching 3.5 years for surgically resected
patients versus 0.8 years for nonoperated patients (𝑃 <
0.001) [27]. However, cancers of the pancreas are usually
asymptomatic, and the disease only becomes apparent after
the tumour invades surrounding tissues or metastasises to
distant organs [28]. As a result, there is a pressing need to find
new approaches and strategies; of these, targeted therapies
hold particular promise, and BRCA2 is one such therapy
that has great potential. BRCA2 regulates sister chromatid
cohesion and/or alignment [29] and plays a key role in
response to DNA damage by direct regulation of RAD51
recombination (Figure 1).

2. BRCA2 in DNA Damage Response

The first attempt to associate BRCA2 with DNA damage
response was as a cofactor associated with human RAD51-

dependent DNA repair of double-strand breaks through 8
evolutionarily conserved BRC motifs encoded in exon 11
of BRCA2 (Figure 1) [30]. The milestone of DNA strand
exchange is RAD51 protein which is closely related to other
tumour suppressor genes such as TP53, ATM, BRCA1, BLM,
and FANCD2. Preclinical studies showed that BRCA2 disrup-
tions sensitize mice embryos to ionising radiation [30], which
was previously observed in RAD51 knockout mice embryos
[31]. Furthermore, mice carrying truncations on BRCA2 loci
were one-third smaller than their wild-type littermates and
had improper tissue differentiation, sterility, and a shorter
overall survival [32, 33].

On the other hand, BRCA2 is essential for repair of
double-strand breaks by homologous recombination [34].
BRCA2 alterations led to elevated P53 and P21 expression,
spontaneous accumulation of chromosomal abnormalities,
and aberrant chromatid exchanges, which suggests its role
in pancreatic tumorigenesis (Figure 2). The aforementioned
properties make BRCA2 a crucial factor to maintain cell
homeostasis.

3. BRCA2 as a Prognostic Biomarker of
Pancreatic Cancer

BRCA2 inactivation is due mainly to genomic mutations.
The most common mutations of BRCA2 found in pancreatic
cancer patients are 6174delT frameshift mutation, 6158insT
mutation, splice site mutation 16-2A > G, and the splice site
mutation 15-1G > A [35, 36]. Another variant located in the
3-untranslated region is significantly associated with lower
expression of brca2 RNA and, consequently, with sporadic
pancreatic cancer (HR = 1.3; 𝑃 < 0.0001) [37]. BRCA2
inactivation has been reported to be a late event in sporadic
pancreatic tumorigenesis [38] preceded by KRAS mutation
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Figure 2: Transformation model of familiar pancreatic adenocarci-
noma. Ingoing arrows concern oncogenic effectors that are acquired
in the cancer progression. Outgoing arrows highlight tumour sup-
pressor factors that become inactivated in pancreatic cancer. PanIN:
pancreatic intraepithelial neoplasia; CIN: chromosome instability;
LOH: loss of heterozygosity.

(G12D) or loss ofTP53 [39, 40].Overall,BRCA2 could be used
to determine patient prognosis.

Ashkenazi Jews have been one of the most closely studied
ethnic groups concerning the significance of BRCA2 muta-
tions and family involved pancreatic cancer. Struewing et al.
found that >90% of Ashkenazi patients that carried BRCA2
mutations detected in blood sample showed an association
with increased risk of pancreatic cancer [41]. The 6174delT
mutation of BRCA2was determined to be present in 1% (CI =
0.6–1.5) of 1.255 Jewish individuals [42]. Another study
performedwith 26 European families reported that 19% (CI =
7% to 39%) of the families with first-degree relatives with
pancreatic cancer had either a mutation or a splice variant of
BRCA2 [43]. Murphy et al. reported 17% of BRCA2mutations
in 31 samples frompancreatic cancer patients with at least two
first-degree relatives affected by pancreatic cancer [35]. One
study found 6% (10 of 180 families) with BRCA2 mutation
and moderate or high-risk pancreatic cancer predisposition
and 6% (8 of 146) of families that presented two or more first-
degree relatives affected with pancreatic cancer [44].

This kind of studies performed with high-risk pancreatic
cancer families provides a true enlightenment of BRCA2-
associated pancreatic cancer; however, BRCA2 has not been
directly related to patient outcome.

Pancreatic cancers with a high familial component are
associated with mutations not only in BRCA2 but also in
ATM, CDKN2, PALB2, PRSS1, STK11, or mismatch repair
(MMR) family genes [45]. MMR genes allow continu-
ous point mutations in repeats regions of DNA known
as microsatellites that become unstable. Alterations in
microsatellites are found in oncogenes associated with ini-
tiation and progression of cancer [46]. Several MMR genes
are involved in the acquisition of aggressive phenotype
of cancer [47]. For example, alterations on EXO1, MLH1,
MSH2, MSH3, MSH6, PMS2, PMS2L3, RECQL, TP73, and
TREX1 were statistically significantly associated with overall

survival of pancreatic cancer patients [48]. Nevertheless, the
predisposition to pancreatic cancer by MMR family genes
is due mainly to mutations in MLH1 and MSH2 and it is
estimated to be <5% [49].

4. BRCA2 as Predictive Biomarker
in Pancreatic Cancer

BRCA2 mutations impair DNA repair; thus, they are con-
sidered biomarkers of genomic instability and DNA damage
repair deficiency. Therefore, BRCA2mutations could be used
as predictive biomarkers of response to some DNA damage
agents. Some of these compounds include platinum-based
agents and PARP inhibitors. They are considered targeted
therapies indicated for BRCA2-positive tumours according to
some good results achieved in clinical trials [50]. Platinum-
based drugs are, despite their toxicity, one of the gold-
standard chemotherapies administered to pancreatic cancer
patients. Cisplatin, carboplatin, and oxaliplatin are some of
the mostly used in clinical practice and allow cross-linking
and forming DNA adducts which trigger apoptosis cascade
[51].

Oliver et al. presented a cohort of pancreatic cancer
patients; of them, those with family history of breast, ovar-
ian, or pancreatic cancers showed significantly increased
survival after platinum-based chemotherapy compared to
other patients without family history (22.9 versus 6.3months,
𝑃 < 0.01) [52]. A case report of a 60-year-old pan-
creatic adenocarcinoma patient carrying the BRCA2 muta-
tion, 1153insertionT, presented recurrence after gemcitabine
treatment but showed a complete response after cisplatin
and gemcitabine as second-line therapy [53]. Subsequently,
another study with pancreatic cancer patients with positive
BRCA1/2 mutations showed improved outcome after treat-
mentwith platinum-based chemotherapy. Here, patients with
locally advanced disease were pathologically downstaged and
those with metastatic disease had significant increase in their
progression-free survival [54]. Golan et al. reported that stage
III/IV patients treated with platinum-based chemotherapy
carrying BRCA1/2 mutations had improved overall survival
compared to those patients treatedwith other drugs (22 versus
9 months, resp.; 𝑃 = 0.039) [55]. One study reported that 5
out of 8 patients with pancreatic ductal adenocarcinomas that
were treated with platinum-based chemotherapy presented
BRCA2 mutation. Of these 5 patients, 2 had complete radi-
ological response and 2 had partial responses to platinum
treatment [56]. All the above-mentioned studies suggest that
BRCA2 mutations predict not only platinum response but
also better outcome and longer survival for pancreatic cancer
patients with advanced disease.

Poly(ADP-ribose) polymerase inhibitors (PARPi) pre-
vent the repair of double-strand DNA breaks, homologous
recombination, and replication repair performed by the
PARP family of proteins [57]. A preclinical study with
CAPAN-1 cell line has suggested that 6174delT mutation
of BRCA2 is highly sensitive to PARPi [58]. However,
another study also performedwith pancreatic cancer cell lines
reported how a PARPi increases sensitivity to chemoradio-
therapy independently of BRCA2mutation status [59].
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Table 1: Clinical trials for BRCA2mutated pancreatic cancer patients.

Clinical trial Phase Study type Drugs Sponsor Inclusion criteria

NCT02309632 Screening Nonrandomized
Screening of
high-risk
individuals

University of Arkansas

Peutz-Jegher’s Syndrome
BRCA1 mutation carrier
BRCA2 mutation carrier
Ataxia-telangiectasia

Familial atypical malignant
melanoma syndrome
Colorectal neoplasms,
hereditary nonpolyposis
Hereditary pancreatitis

NCT02000089 Prospective
observational Cohort Human synthetic

secretin
Johns Hopkins
University

Pancreas cancer
Peutz-Jeghers Syndrome

Gene mutation
Germline mutation carrier

Lynch Syndrome

NCT02775461 Prospective
observational Cohort — Icahn School of

Medicine at Mount Sinai

Pancreas cancer
Pancreatitis

Chronic pancreatitis
Pancreatic cyst

Family history of pancreas
cancer

Genetic mutations

NCT01585805 Phase II Randomized

Gemcitabine,
cisplatin with or
without veliparib
or veliparib alone

National Cancer
Institute

BRCA1 mutation carrier
BRCA2 mutation carrier
Metastatic pancreatic
adenocarcinoma

Pancreatic adenocarcinoma
Recurrent pancreatic

carcinoma
Stage III pancreatic cancer
Stage IV pancreatic cancer

NCT01102569 Prospective
observational Cohort — Columbia University BRCA1 mutation carrier

BRCA2 mutation carrier

NCT00438906 Prospective
observational Cohort Human synthetic

secretin
Johns Hopkins
University

Pancreatic neoplasm
Peutz-Jeghers Syndrome

NCT01233505 Phase I Interventional
Veliparib,
oxaliplatin,
capecitabine

National Cancer
Institute

Advanced solid tumors
BRCA1 mutation carrier
BRCA2 mutation carrier

NCT02703545 Prospective
observational Cohort — Johns Hopkins

University

Peutz-Jeghers Syndrome
Familial pancreas cancer
BRCA1 mutation carrier
BRCA2 mutation carrier
Hereditary pancreatitis

NCT00714701 Prospective
observational Cohort —

Sidney Kimmel
Comprehensive Cancer

Center

Early pancreatic neoplasia
Familial pancreatic neoplasia

NCT00892736 Phase I Interventional Veliparib National Cancer
Institute

Advanced solid tumors
BRCA1 mutation carrier
BRCA2 mutation carrier
Estrogen receptor negative

HER2/Neu negative

https://clinicaltrials.gov/ct2/results?term=NCT02309632&Search=Search
https://clinicaltrials.gov/ct2/results?term=NCT02000089&Search=Search
https://clinicaltrials.gov/ct2/results?term=NCT02775461&Search=Search
https://clinicaltrials.gov/ct2/results?term=NCT01585805&Search=Search
https://clinicaltrials.gov/ct2/results?term=NCT01102569&Search=Search
https://clinicaltrials.gov/ct2/results?term=NCT00438906&Search=Search
https://clinicaltrials.gov/ct2/results?term=NCT01233505&Search=Search
https://clinicaltrials.gov/ct2/results?term=NCT02703545&Search=Search
https://clinicaltrials.gov/ct2/results?term=NCT00714701&Search=Search
https://clinicaltrials.gov/ct2/results?term=NCT00892736&Search=Search
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Table 1: Continued.

Clinical trial Phase Study type Drugs Sponsor Inclusion criteria

NCT01339650 Phase I Interventional ABT-767 AbbVie
Advanced solid tumors
BRCA1 mutation carrier
BRCA2 mutation carrier

NCT01078662 Phase II Interventional Olaparib AstraZeneca
Advanced solid tumors
BRCA1 mutation carrier
BRCA2 mutation carrier

A different drug popularly used in pancreatic cancer
treatment is gemcitabine and is able to induce DNA damage
response and PARP degradation [60]. Gemcitabine in com-
bination with PARPi showed promising antitumor activity
compared to PBS, gemcitabine, or PARPi alone, in in vivo
models of pancreatic cancer [61].

In clinical studies, BRCA2-positive status has been asso-
ciated with better response to PARPi alone or in combination
with other drugs. In one study, 3 out of 4 patients with a
known BRCA1 or BRCA2 mutation showed partial response
after receiving PARPi alone or in combination with platinum-
based chemotherapy [62]. In a phase I/II trial of PARPi
in combination with 5FU and oxaliplatin that included 2
patientswithBRCA2mutation, one showed a partial response
and the other achieved complete response [63]. Another
phase IB trial of PARPi in combination with gemcitabine and
platinum-based chemotherapy reported that BRCA-mutated
patients achieved partial response in 56% and stable disease
in 44% of cases. However, 62% of BRCA wild-type patients
remained with stable disease and 25% with progression [64].

To date, personalised therapies in pancreatic cancer
could improve patient survival if assisted by breakthrough
techniques used in molecular diagnosis. Deep sequencing
currently offers a high-throughput method of dissecting
the underlying mechanisms of tumorigenicity, leading to
new strategies for personalised medicine. However, pan-
creatic cancer genotype is highly heterogeneous, and this
heterogeneity involves its therapeutic ineffectiveness [65].
The IMPaCT clinical trial was set out to improve patient
survival using deep sequencing to guide treatment decisions.
In the study, patients carrying BRCA2mutationswere eligible
to receive targeted treatment based on 5FU and mitomycin
versus gemcitabine alone [66]. Nevertheless, no consistent
conclusions arose from this trial due to the low number of
patients recruited with BRCA2mutations [67].

Nevertheless, patients could present acquired resistance
to platinum-based chemotherapy by accumulation of sec-
ondary genomic alterations, such as BCR-ABL point muta-
tions, in which case the BRCA2 mutation effect is bypassed
[68].

Table 1 summarises ongoing or recently completed clin-
ical trials recruiting BRCA2 mutated pancreatic cancer
patients.

5. Conclusions

Pancreatic cancer is one of the most deadly cancers world-
wide, and despite new methods of early diagnosis, surgery,

and drug discovery, tumour cells tend to scatter and metas-
tasise to vital organs, thereby reducing survival significantly.
It is also highly resistant to treatments and responds poorly
to chemoradiotherapy; indeed, chemoradiotherapy is used
in most of cases as a palliative therapy. Therefore, patients
are encouraged to participate in clinical trials regardless of
disease stage.

Some studies attribute the increasing incidence of spo-
radic pancreatic cancer to the ageing of the population. How-
ever, several studies have reported different factors associated
with this neoplasm. Obesity, cigarette smoking, high alcohol
intake, and chronic pancreatitis are the most relevant factors
[69].

On the other hand, it is estimated that 10% of pancreatic
cancer cases are due to an inherited syndrome [11, 12]
caused by mutations in the BRCA1 or BRCA2 genes [10].
Most of the clinical studies that relate pancreatic cancer to
BRCA2 mutations have been performed on Ashkenazim.
Although this fact limits the findings’ applicability to other
populations, there is nonetheless great potential in the study
of the heritability of BRCA2 mutation and pancreatic cancer
incidence [41, 42].

Several preclinical and clinical studies have suggested the
potential use of BRCA2 mutations as biomarkers for DNA
damage agents’ response like platinum-based chemotherapy
and PARPi. Clinical trials have evaluated BRCA2 as a pre-
dictive biomarker for use in platinum-based therapies but
they were mainly retrospective and with a scarce cohort of
patients. Thus, further multicenter prospective studies using
larger cohorts are required to investigatemultitarget therapies
and their potential to minimize resistance to therapy.
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Before the introduction of modern imaging techniques and the recent developments in molecular diagnosis, tumor markers (TMs)
were among the few available diagnostic tools for the management of cancer patients. Easily obtained from serum or plasma
samples, TMs are minimally invasive and convenient, and the associated costs are low. Single TMs were traditionally used but
these have come under scrutiny due to their low sensitivity and specificity when used, for example, in a screening setting. However,
recent research has shown superior performance using a combination of multiple TMs as a panel for assessment, or as part of
validated algorithms that also incorporate other clinical factors. In addition, newer TMshave been discovered that have an increased
sensitivity and specificity profile for definedmalignancies.The aim of this review is to provide a concise overview of the appropriate
uses of both traditional and newer TMs and their roles in diagnosis, prognosis, and the monitoring of patients in current clinical
practice. We also look at the future direction of TMs and their integration with other diagnostic modalities and other emerging
serum based biomarkers, such as circulating nucleic acids, to ultimately advance diagnostic performance and improve patient
management.

1. Introduction

The term tumor marker (TM) traditionally has referred to
substances, mainly proteins, that are either directly pro-
duced by malignant cells or are produced by other cells,
in response to certain malignant or other nonmalignant
conditions. TMs can be associated with malignancies of
a specific organ (e.g., prostate surface antigen [PSA] in
prostate cancer and thyroglobulin in thyroid cancer), but
often a TM, such as cancer antigen 19-9 (CA 19-9), can
be elevated in a variety of cancers (e.g., pancreatic cancer,
hepatobiliary cancers, and gastric adenocarcinomas) [1]. In
addition, TMs are not uniformly elevated in all patients
diagnosedwith a specificmalignancy (e.g., carcinoembryonic
antigen [CEA] in colorectal carcinoma [CRC]) [2]. Despite
these limitations and prior to the advent of modern imaging
techniques and advances in molecular diagnosis, TMs were
among the few available diagnostic tools for management
of oncologic patients. They are easily measured in bodily

fluids, mainly in serum or plasma samples; the results are
rapidly available, and the associated costs for TM testing are
relatively low [3]. Thus, for many malignancies, TMs have
become an established part of patient management and are
also included in a number of clinical guidelines [4–11]. The
lack of diagnostic alternatives and poor treatment options
for patients with advanced cancers highlighted the need for
early detection and led the medical community to conduct
several studies that tested single TMs for the screening of
several solid tumors. However, the various causes of their
elevation in bloodwere associatedwith insufficient sensitivity
and specificity in asymptomatic patients, thus making the
use of a single TM for screening in the majority of solid
tumors extremely challenging. Even in rare exceptions, such
as prostate cancer, where a specific TM, namely PSA, was
initially recommended for screening, the intended use of the
marker has more recently come under scrutiny because PSA
alone cannot distinguish the presence of clinically relevant
forms of aggressive cancer frommore indolent variants of the
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disease and thus has led to overdiagnosis and overtreatment
[12]. Nevertheless, in case of suspicious masses, studies
have shown that newer TMs provide improved profiles of
sensitivity and specificity for defined malignancies such as
progastrin-releasing peptide (ProGRP) for small cell lung
cancer [13] and human epididymis protein 4 (HE4) for
ovarian cancer [14].

TMs were discovered in an era prior to the advent of
evidence-based, guideline-driven medicine, and many stud-
ies examining the utility of TMs were either underpowered,
were used to correlate TM levels with what are now outdated
“gold standards” (such as plain X-rays to assess tumor
response), or did not show the rigorous design required
nowadays to conclusively demonstrate a clinically useful
endpoint [15, 16].

Over the past decade, advances in molecular and cellular
biology have led to the introduction of novel diagnostic
tools in oncology which measure circulating tumor cells
or elucidate the molecular events of tumors on a single
patient level, leading to a paradigm shift in how antitumor
therapies are developed and patients are selected for spe-
cific targeted therapies [17–19]. The intense focus on the
characterization of tumor tissue over the past decade, using
gene arrays, polymerase chain reaction (PCR), fluorescence
in situ hybridization (FISH), immunohistochemistry (IHC),
and next generation sequencing (NGS), has transformed
oncology and made precision medicine a reality for many
patients [17]. Only very recently we have been able to
measure total and mutated cell-free nucleic acid, specific to
the patient’s tumor, in peripheral blood, which will open up
vast new opportunities for diagnosis and treatment decisions
for the near future [20–27].

Given the exciting advances in molecular diagnostics, the
question arises: will there be any future role for traditional
TMs in oncology? While studies on molecular markers in
tumor tissue and blood already show great progress in the
establishment and validation of new technologies, many
inherent biological limitations are still present, including the
heterogeneity of the tumors, the prevalence of tumor-specific
mutations only in subgroups of cancer patients, and the
heterogeneous responses to targeted therapies in the same
(e.g., mutation-positive) patient subgroups [28].

We therefore suggest that the optimal patient manage-
ment flow of the future will integrate novel and established
tools, including TMs, and it will be crucial to choose the right
marker in the right setting, not only to optimize patient-level
outcomes but also to contain associated health care costs to
the society as a whole.

The primary goal of this concise review is to conceptually
outline how “traditional” TMs can still be clinically valuable.

2. Role of TMs in Current Clinical Practice

Despite the diagnostic advances in oncology, the use of TM
in the management of patients with solid tumors has several
established indications as well as opportunities for broader
use. In this section, we will briefly summarize how TMs can
be used at each step along the entire spectrum of patient
management. The focus here is not an in-depth discussion of

novel biomarkers such as circulating tumor cells, circulating
nucleic acids, or novel proteomics approaches, since this
would go beyond the scope of this overview. However, the
authors will define a continued role for TMs in the context
of the growing importance of novel biomarkers.

2.1. Differential Diagnosis. In individuals with a suspected
cancer, TMs can be very helpful to narrow down the potential
differential diagnoses and to focus the further workup. For
example, while carcinoma antigen 125 (CA125) alone has
not been recommended for screening for ovarian carcinoma
[29], Lokich et al. could show that the combination of
CA125 with HE4, using the Risk of Ovarian Malignancy
Algorithm (ROMA), might more accurately define the risk
of an epithelial ovarian carcinoma, which would prompt a
more aggressive diagnostic workup (e.g., laparoscopy) versus
a more conservative management strategy of surveillance in
low risk women [30]. Furthermore, the recent data on lung
cancer screening in high risk individuals using low resolution
computed tomography has shown a mortality benefit on
a population basis [31]. However, many intermediate size
pulmonary nodules evade a clear diagnosis based on imaging
alone andmight be too small for CT-guided or transbronchial
biopsy. These patients would currently be followed up with
short-term imaging, which is costly and exposes them to
additional radiation [32]. A panel of six TMs (CEA, cancer
Antigen 15-3 [CA15-3], squamous cell carcinoma antigen
[SCCA], cytokeratin 19 fragment [CYFRA 21-1], neuron-
specific enolase [NSE], and ProGRP) was recently shown
to be more accurate in predicting the presence of lung
cancer than either a single TM alone or clinical factors
such as tumor size and smoking status [33]. Thus, these
TMs could be used for appropriate triage of indeterminate
lung nodules. All the more, the pattern of CEA, SCCA,
CYFRA 21-1, NSE, and ProGRP has been shown to be very
helpful to distinguish between small-cell and non-small-cell
lung cancer subtypes (SCLC and NSCLC, resp.) [33]. This
is quite relevant considering a significant portion of lung
biopsies might be nondiagnostic [34]. Another example for
improved diagnostic performance of combining TMs is in
the realm of prostate cancer screening. In men with no
palpable prostate nodule and a screening PSA value in the so-
called grey zone, that is, a PSA between 2 and 10 ng/mL, the
clinician cannot reliably distinguish between prostate cancer
and benign prostate hyperplasia without an invasive prostate
biopsy. In this setting,measuring, in addition to total PSA, the
levels of free PSA and calculating their ratio (%fPSA) can be
helpful to diagnose underlying prostate cancer [35].The lower
the %fPSA, the higher the probability of prostate cancer.
In the seminal study by Catalona et al., testing of %fPSA
reduced unnecessary biopsies by 20%, still maintaining a 95%
detection rate for prostate cancer [36].The Stockholmmodel,
which incorporates free PSA with an array of other risk
assessment data, was recently shown to be a more sensitive
and specific screening test than PSA alone [37].

In patients with diagnosed cancer of unknown primary
(CUP), the use of several TMs is part of the diagnostic
flow as outlined in guidelines such as National Comprehen-
sive Cancer Network (NCCN) [38]. Depending on which
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TMs are elevated, a focused diagnostic workup can be
directed to certain organs and thus the morbidity, time
delay, and cost of further invasive diagnostic procedures
(e.g., bronchoscopy) may be reduced. While a tissue diag-
nosis is almost uniformly required for treatment decisions
in oncology, two notable exceptions heavily rely on the
presence of TMs. In male patients with a testicular mass and
elevated TMs (alpha-fetoprotein [AFP] and human chorionic
gonadotropin [HCG], alone or in combination), a biopsy
is not needed and orchiectomy is the next therapeutic and
diagnostic step. Similarly, in patients with underlying liver
cirrhosis, an elevated AFP level, together with characteristic
findings on multiphase imaging, is sufficient to establish a
diagnosis of hepatocellular carcinoma (HCC) and a biopsy
is not recommended.

2.2. Staging/Prognosis. TMs are also useful after a diagno-
sis of a malignancy has been established. While multiple
groups have investigated the prognostic role of genomic and
immunologic biomarker signatures in early stage NSCLC,
Muley et al. demonstrated a relatively straightforward com-
bination of presurgery CEA and CYFRA-21 levels can be
prognostic for relapse-free survival in this patient cohort of
stage I-IIIA patients [39]. Another recent study demonstrated
that, in patients with SCLC, both pretreatment levels and
absolute levels of ProGRP at the end of the first chemotherapy
cycle are prognostic for overall survival [40]. In primary
breast cancers, CA15-3, alone or in combination with other
TMs, has been shown to be prognostic in several papers [41–
44]. Another example is CA19-9, which can be elevated in
hepatobiliary carcinomas, and has long been recognized to be
an independent prognostic factor in patients with advanced
pancreatic adenocarcinoma and thus has been incorporated
as a stratification factor in recent large clinical trials [45, 46].

In clinically organ-confined prostate cancer, PSA of 10–
20 ng/mL defines intermediate risk and PSA > 20 ng/mL
defines high risk, independent of T classification andGleason
score [47]. In metastatic testicular nonseminomatous germ
cell tumors, TM are also used to define good, intermediate,
and poor risk patients, independent of tumor sizes and
locations [48, 49].

These examples illustrate that TMs can be a valuable tool
for prognostication in defined patient cohorts, despite the
availability of more elaborate and costly tests.

2.3. Treatment Monitoring. The arguably most common and
best established use of TMs is disease monitoring dur-
ing treatment. The association of many TMs with various
solid tumors was recognized decades ago, and their use as
monitoring markers has become an established component
of patient management ever since. Table 1 shows a list of
commonly used TMs with associated malignancies. A more
detailed review of TMs with their recommended clinical use
according to various guidelines can be found elsewhere [50].
The attractiveness of TMs in disease monitoring is rooted
in the basic principle of having a tool which informs the
oncologist about treatment success rapidly (at most centers
within hours), at a relatively low cost (most TMs cost less
than $40 [51]), with minimal inconvenience to the patient

(i.e., blood draw versus invasive biopsy or imaging). Also,
it is important to note that specificity is less of an issue
in patients already diagnosed with a certain malignancy,
which further increases the usefulness of TMs in this setting.
Finally, a TM such as CA125 can indicate in gastrointestinal
and other cancers of the abdominal cavity the presence of
omental carcinomatosis, where imaging often fails to detect
any measurable disease, and in some cases monitoring of
CA125 levels remains the only means to assess treatment
success [52].

However, for meaningful clinical interpretation of TM
kinetics, the maintenance of the same methods for marker
measurement is paramount. Further, additional laboratory
parameters such as creatinine, transaminases, and C-reactive
protein (CRP) levels are helpful to control potential influenc-
ing conditions such as renal and hepatic failure or inflam-
mations. Therapy monitoring can be done most efficiently
when blood draws are done at defined time points during
treatment, for example, before every application of a new
chemotherapeutic cycle, and when biochemical response or
progression is done on the basis of defined TM changes in
relation to the individual baseline values rather than on fixed
cut-off levels like the reference value of any control group.
Thereby relevant marker changes can vary considerably due
to different half or doubling times of the markers. Although
these facts seem to be logical, meaningful changes of TMs are
poorly defined and clear schedules of marker determinations
are rarely used for response estimation in clinical routine so
far.

The next wave of diagnostic advances in therapy mon-
itoring is focusing on detection of nucleic acids from an
individual’s tumor in peripheral blood, following the specific
mutation in that particular patient [53]. Undoubtedly, this
development is another step towards precision medicine and
will be an important addition to concept of “treating the
right patient with the right medicine.” However, does that
mean that TMs will become obsolete in this setting? The
answer is very likely no. Molecular diagnostics will be highly
valuable at decision points during patient management: at
diagnosis to determine the right treatment and at progression
to specify the particular resistance mutation (Figure 1). This
will dictate the next line of therapy, but between decision
points, during chemotherapy cycles, it will be very difficult
to show a benefit of molecular diagnosis over traditional
TMs in disease monitoring. Even today, an early rise in TM
might herald future radiographic progression, but might not
necessarily lead at the first rise to a change in treatment.
Clinical studies comparing circulating tumor DNA (ctDNA)
with TMs show ctDNA is best used in patients with nonel-
evated TM levels [54–57]. No additional benefit has been
shown when combined with TMs. This would demonstrate
that detecting “molecular progression” is associated with
improved outcomes compared to progression based on TMs
and thus would justify higher costs and turnaround time.
The approach might be useful in selecting highly aggressive
cancerswith several lines of highly effective therapy, but in the
majority of cases this “high sensitivity” method would have
a hard time replacing the established TM. In addition, also
for molecular markers, clinically meaningful changes have to
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Table 1: Commonly used TMs and associated malignancies.

TM Type of malignancy Differential
diagnosis Prognosis/staging Treatment

monitoring/surveillance
Tg Thyroid x x
Calcitonin Thyroid (medullary) x x
𝛽2M (beta-2-microglobulin) Multiple myeloma, CLL x

CEA

CRC, pancreatic,
gastric/gastroesophageal AC, esophageal
AC, NSCLC AC, breast, endometrial,
thyroid, c-cell

x

CA 125 Ovarian, breast, omental carcinomatosis x x
HE4 Ovarian, NSCLC, endometrial x x
Beta-HCG GCT, choriocarcinoma, urothelial x x x
AFP (alpha-feto protein) HCC, GCT x x x
CA 15-3 Breast, NSCLC AC x x
CA 19-9 Pancreatic, biliary tract, upper GI x x
CA 72-4 Upper GI, mucinous ovarian x

CYFRA 21-1 NSCLC, esophageal, HNSCC, pancreatic,
bladder x x

S100 Malignant melanoma x
NSE SCLC, NET, neuroblastoma x x
ProGRP SCLC, thyroid medullary x x x
Chromogranin A SCLC, NET x x
PSA/free PSA Prostate x x x

SCCA Cervix SCC, NSCLC SCC, esophageal
SCC, HNSCC x

Ig (immunoglobulin) Multiple myeloma x
LC (light chains) Multiple myeloma x x
Her-2-neu Breast cancer x
TK Multiple myeloma, CLL x x x
AC, adenocarcinoma; SCC, squamous cell carcinoma; CLL, chronic lymphocytic leukemia; HNSCC, head and neck squamous cell carcinoma; GCT, germ-
cell tumor; GI, gastrointestinal; NET, neuroendocrine tumors; TK, thymidine kinase; Tg, thyroglobulin.

be defined on a single patient level in order to avoid false
positive (or negative) results. Moreover, method continuity
has to be considered and preanalytical and influencing factors
have to be controlled. This is similar in principle to the
introduction of imaging with positron emission tomography
(PET) computerised tomography (CT) scan compared to
conventional CT scans. For various reasons, including cost,
PET scans were not able to routinely replace CT scans during
regular disease monitoring intervals. So in the future, while
molecular diagnostics will become increasingly important
in triaging the patient at decision points, TM in-between
those points will continue to be used as a trigger for further
elaborate and more costly tests (e.g., imaging or molecular
testing for new mutations).

One should not forget that despite fragmentation and
subclassification of histologic diagnoses in oncology on a
genotypic level to assign the best treatment (e.g., KRAS,
NRAS, or BRAF, in mutated CRC [58]), the majority of
these are captured under the umbrella of a few blood based
TMs on a phenotypic level (e.g., CEA and CA19-9 in CRC).
Simply put, that means one biomarker can be used for many
molecularly distinct diseases to tell us whether tumor cells

are being killed or not.This is clinically relevant as molecular
patterns predict treatment response accurately only in a
portion of patients while a considerable number (up to
50% in recurrent lung cancer patients) will not respond to
targeted therapy approaches, despite positivity of epidermal
growth factor receptor (EGFR) mutation analysis [59, 60].
In addition, many patients would not qualify for molecular
monitoring as they do not have “drugable” mutations. As
molecular profiling shows great interindividual differences,
we do not need to create a specific primer set for each patient
tomonitor their treatment response but can use the same TM
for most of them. Thus, disease monitoring during systemic
treatment of advanced cancers will remain one of the main
indication where TMs will still play an important role in the
future.

2.4. Surveillance andRecurrenceMonitoring. In nonmetastat-
ic cancerswhich are treatedwith curative intent and advanced
cancers with a good response to first line chemotherapy,
surveillance of the patients for up to five years is rec-
ommended to detect early recurrence. In some cases, the
surveillance time is even longer, for example, in germ-cell
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Figure 1: Integration of TMs with other diagnostic modalities, as exemplified in the management of lung cancer. Using a panel of different
TMs will guide the decision to either observe a patient with an indeterminate lung nodule versus proceed with a biopsy. In this example,
levels of CYFRA 21-1 are elevated. Tissue diagnosis with IHC establishes the diagnosis of adenocarcinoma NSCLC, and molecular testing
shows an actionable EGFR mutation. On imaging, an advanced stage is confirmed, and a treatment decision is made based on the integrated
information. During treatment (in this case with a tyrosine kinase inhibitor [TKI]), response can be monitored with serial CYFRA 21-1
measurements showing a decline, thus replacing interim staging imaging. Upon rise of the CYFRA 21-1 levels, repeat imaging is performed,
which confirms progressive disease. A liquid biopsy avoids an invasive procedure and testing of cell-free DNA by PCR shows the development
of a resistant mutation. Based on the result, a second line TKI is chosen. Treatment response is then again monitored using TMs. DDX,
differential diagnosis.

tumors [61, 62]. The underlying hypothesis here is that early
recurrence detection will increase the likelihood of having a
limited disease volume and thus either (a) be able to treat
the recurrence with definitive local therapy (surgery and/or
radiation) or (b) have a better response to systemic treatment
because of smaller tumor load. Hence, in many common

cancers that are amenable to screening and thus are detected
at nonmetastatic stage in the majority of patients (e.g.,
prostate, CRC, or breast), the use of TMs in posttreatment
surveillance is either already included in the guidelines
and/or part of common clinical practice [63–66]. From the
above indications to monitor patients for relapse, one can see
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that usually a salvage treatment, especially a local treatment
modality (i.e., surgical or radiation), is based on anatomic
localization of the recurrence. Therefore, the TM itself will
not trigger the treatment, but rather it will be the next diag-
nostic test which will ultimately advise on the best treatment
strategy.This approach has successfully been applied in breast
cancer using CEA and CA 15-3 for after care surveillance
[43, 67]. It has to be pointed out that the principles of
marker monitoring (maintenance of the same methods,
defined time schedules of TM determinations, interpreta-
tion according to marker changes in relation to individual
baseline values and not according to fixed cut-offs) were
the preconditions to develop the most efficient monitoring
procedure [68]. Furthermore, triggering sensitive imaging
diagnostics and therapeutic interventions were paramount
to benefit from the time advantage by early recurrence
detection.

Other randomized trials for recurrence monitoring with
TMs, for example, in ovarian cancer using CA125, have
not shown a survival benefit and were not included in
recommendations [69, 70]. Several reasons for the disap-
pointing results have been identified such as the unfavorable
patient selection with poor prognosis, unsatisfactory surgical
results with overly high numbers of tumor-positive margins,
interpretation of CA125 levels on the basis of fixed high cut-
offs that did not lead to an early recurrence detection, and
insufficient second-line treatments [71, 72]. So if detection of
recurrence with TMs in these instances is not recommended,
then it is difficult to envision even more sophisticated blood
markers, such as cell-free DNA, to be widely accepted
as surveillance markers considering costs are higher and
procedural schedules are not respected with the markers
available nowadays.

However, survival might not be the best endpoint to
evaluate the role of TMs in this setting. To fully investigate
this, it would require large and long-term randomized trials.
Given the fact that TMs have been around for decades and
already incorporated in patient management, it would be
very challenging to find resources to conduct those trials
today. Alternative more immediate endpoints to investigate
would be the number of surveillance CT scans saved by
TM monitoring or the proportion of patients who undergo
curative intent salvage treatment. Primrose et al. recently
demonstrated in a large prospective trial that CRC recurrence
monitoring with CEA alone was not worse than regular CT
scans [73]. It is possible to imagine that blood-based molecu-
lar tests for tumor recurrence monitoring will compete with
TMs in the future, given the probability that they will show
a serologic recurrence without any radiographic correlation
and hence no actual target for local salvage treatment may
result in frequent, expensive repeat testing until a detectable
lesion is identified.

3. Future Directions

It is clear that TMs can be very useful tools in patient
management, if used appropriately. But it is also clear that
more work is needed to optimize the clinical use of TMs in
daily practice.

3.1. ImproveDiagnostic Performance. Traditionally, TMshave
been used as singlemarkers, which have led to concerns about
their low sensitivity or low specificity. This is especially true
for tumors that do not overwhelmingly express a specific
TM, for example, NSCLC [74]. In this patient population,
no single TM is elevated in a large proportion of patients.
However, a panel of several TMs will identify in the majority
at least one elevated TM, which then could be followed for
treatment monitoring. It is important to note that some TMs
are correlated with histologic subtype, which can further
guide the choice of TM. Other examples include CRC (CA19-
9 in addition to CEA [75]) and ovarian cancer (HE4 in CA125
negative tumors [76]). The combination of two or more TMs
can also increase the prognostic performance, for example,
with CEA and CYFRA 21-1 in NSCLC [39].

Furthermore, in future trials assessing the diagnostic
performance of TMs, investigators should not only focus on
a single time point but assess the TM trend over a defined
period of time, for example, the introduction of TM kinetics
using the risk of ovarian cancer algorithm (ROCA) [77]
or when assessing the PSA doubling time in patients with
prostate cancer [78].

Finally, research is ongoing to find novel TM, which alone
or in combinationwill improve the diagnostic performance in
certain indications, for example, the combination of ProGRP,
NSE, CYFRA 21-1, and CEA in lung cancer subtyping [33].
In addition, recent data shows that treatment monitoring
in patients with SCLC might be optimized using ProGRP
and NSE as TMs [40]. Based on the same concept, the
addition of nucleic acids (e.g., ctDNA) might help in closing
the diagnostic gap in tumors without known TMs (e.g.,
sarcomas) or in combination improve the monitoring of
malignancies with less established TMs (e.g., S-100B in
melanomas [79, 80]) Further ongoing novel marker research
will hopefully add to our current armamentariumof available
TM.

3.2. Generate More Robust Data and Educate. Many widely
usedTM, such as CEA,CA125, andAFP, were describedmore
than 20 years ago, and their adoption into clinical practice
preceded the rise of evidence-based medicine [81–83]. Thus,
it would be very challenging, if not almost impossible, to
find the resources to regenerate clinical data in separate
clinical trials to show utility of these TMs. However, there
are other opportunities to collect high-quality data to support
the use of TMs. One might take already published data and
analyze several papers together in form of a meta-analysis,
which would provide more evidence for the use of TMs in
certain indications. For disease monitoring purposes, it is
possible to collect blood samples in a prospective fashion
in consecutive patients who are treated for specific tumors
with standard therapy outside of a therapeutic clinical trial
and correlate the TM changes with documented tumor
responses. While this option is certainly less expensive than
performing dedicated prospective clinical TM trials, there
are always issues with bias, ascertaining TM changes with
response and outcome, as well as variable sample collection
time points. Hence, we believe the way forward to generate
more robust data for existing (and testing novel biomarkers)
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Table 2: Incorporating TMs into clinical trials.

(a) Schematized prospective trial

Baseline Treatment Surveillance Progression
(PFS)/recurrence (RFS) Death (OS)

Imaging T0 T2 T3 T4 T5
TM T0 T1 T2 T3 T4 T5

(b) Uses of TMs at different clinical endpoints

Clinical endpoint Prognostic
Use of clinical data Correlate T0 levels with PFS/RFS and/or OS
Potential outcome TM can be used in future trials as prognostic factor for risk stratification

Example for clinical implication In “good risk patients”: consider less intensive treatment, or shorter duration
In “poor risk patients”: consider maintenance after induction chemotherapy

Clinical endpoint Response

Use of clinical data Correlate change in T0 to T1 and T2 levels with response per RECIST on imaging at
T2

Potential outcome
Early TM change at T1 predicts progression on first imaging at T2
Early TM change at T2 predicts progression on 2nd imaging at T3 (i.e., in patients
with stable disease on 1st imaging at T2)

Example for clinical implication
Randomized trial of continuation of same chemotherapy versus early change to
different regimen based on early TM stratification; primary outcome could be ORR,
PFS/RFS, or OS

Clinical endpoint Treatment monitoring
Use of clinical data Correlate change in T0 to T3 levels with best response per RECIST on imaging at T3
Potential outcome Decline in TM panel correlates with response on imaging
Example for clinical implication Fewer interval scans for patients with declining markers
Clinical endpoint Detection of early relapse
Use of clinical data Correlate change from nadir of TM at T3 with posttreatment at T4 and T5
Potential outcome Increase in levels of TM at T4 compared to T3 will predict progression at T5
Example for clinical implication Tailor surveillance imaging based on TM levels
T0 to T5, various time points for blood draw and/or imaging; PFS, progression-free survival; RFS, recurrence-free survival; OS, overall survival.

would be retrospectively in available samples from large and
well-annotated clinical trials. As a next step, prospective sam-
ple collections could be incorporated in future therapeutic
clinical trials. A more rigorous assessment of novel markers
in prospective clinical trials that are sufficiently powered
and have clear endpoints (e.g., assessment of response by
Response Evaluation Criteria In Solid Tumors [RECIST]
[84]) will likely increase acceptance of these TMs into clinical
practice.This is especially true for less widely used TMs (e.g.,
HE4), which should be incorporated into future therapeutic
trials to demonstrate their utility as a secondary endpoint.
These approaches would address many of the issues associ-
ated with samples collected from patients outside of trials,
for example, the benefit of having a tight time correlation
of sample collection with intervention, and clearly defined
criteria for response. Finally, the appropriate endpoints to
establish the role of TMs in clinical practice should not
always be overall survival, as already outlined above. TMs
can be used as an inexpensive and fast diagnostic modality
to trigger downstream tests, and hence their utility should
be tested in the context of health economic studies, that is,

change in patient management and savings in treatment and
advanced diagnostics-related costs, rather than purely clinical
endpoints, such as overall survival.

The use of TMs outside of their already established
uses (e.g., germ cell tumors, colorectal, prostate, ovarian,
pancreatic, hepatocellular, and neuroendocrine tumors) will
also depend onmore education of clinicians.Thiswill happen
through publications and conference presentations but also
should start early during the training of oncology fellows
through their supervising senior physicians. Like many other
aspects of clinical practice, the use of TMs is likely correlated
with the level of exposure to these TMs during medical
training.

Table 2 conceptually summarizes how TM collection
could be incorporated into future prospective trials. TMs
would be drawn at various time points indicated in
Table 2(a), with routine imaging and patient followup as
specified in the respective protocol. Various calculations
using the TM levels at the time points indicated in Table 2(a)
would then be carried out according to Table 2(b) to deter-
mine the diagnostic performance of the TM for different
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clinical endpoints. These results would inform a more data
driven and rational use of TMs based on the data provided.

4. Conclusion

TMs represent a convenient and cost-effective diagnostic tool
for the management of various malignancies. Combining
several TMs, serial measurements, and incorporation of
novel TMs can all improve their diagnostic performance.
In evaluating their usefulness, one should understand their
role in certain indications (e.g., disease monitoring) as a
first-line test to appropriately trigger further workup and
more invasive diagnostics, not the TM as a stand-alone
test that will directly affect outcomes of the patients. This
fundamental conceptual framework will also result in their
continued use despite, or as an important complementation
to, novel diagnostic modalities such as cell-free DNA testing.
Ongoing research and improved future discovery platforms
will advance the field of TMs and add novel markers to the
already available armamentarium.
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Diphenyl difluoroketone (EF24), a curcumin analog, is a promising anticancer compound that exerts its effects by inhibiting
cell proliferation and inducing apoptosis. However, the efficacy of EF24 against cancer metastasis, particularly in hepatocellular
carcinoma (HCC), remains elusive. In this study, the effect of EF24 on HCCLM-3 and HepG2 cell migration and invasion was
detected by wound healing and transwell assay, respectively. The results revealed that EF24 suppressed the migration and invasion
of both HCCLM-3 and HepG2 cells. Furthermore, EF24 treatment decreased the formation of filopodia on the cell surface and
inhibited the phosphorylation of Src in both cell lines, whichmayhelp contribute towardsunderstanding themechanismunderlying
the suppressive effect of EF24 on HCC migration and invasion. Additionally, the expression of total- and phosphorylated-Src
in primary HCC tissues and their paired lymph node metastatic tissues was detected, and phosphorylated-Src was found to be
associated with HCC lymph node metastasis. The results of this study suggest that Src is a novel and promising therapeutic target
in HCC and provide evidence to support the hypothesis that EF24 may be a useful therapeutic agent for the treatment of HCC.

1. Introduction

Hepatocellular carcinoma (HCC) is one of the most aggres-
sive malignancies and the third leading cause of cancer-
associated mortality worldwide [1]. The survival rate for the
majority of patients is poor owing to the high incidence of
postoperative recurrence and metastasis [2, 3]. Therefore,
the development of an effective therapy to impede HCC
metastasis remains a challenge.

Curcumin, a constituent of turmeric powder derived
from the rhizome of Curcuma longa, is well known for its
promising antiproliferative activity in many human cancers
[4, 5]. It inhibits the enhancer of zeste homologue 2, signal
transducer and activator of transcription 3, macrophage

stimulating 1, and nuclear factor-𝜅B signaling pathways that
are critical in cancer development and progression [6–9].
However, natural curcumin has limited uses due to its poor
absorption and low bioavailability [10].

Diphenyl difluoroketone (EF24), an artificially designed
structural analog of curcumin, has been shown to be an
effective and promising anticancer agent [11]. EF24 exerts
anticancer effects via inhibition of cancer growth and induc-
tion of cancer cell apoptosis. It has been reported that EF24
inducesG2/Marrest and apoptosis by increasing phosphatase
and tensin homologue expression in ovarian cancer cells [12].
In addition, it has been reported to decrease lung cancer cell
viability by increasing the rate of phosphorylation of extra-
cellular signal-regulated kinase, c-JunN-terminal kinase, and
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p38 [13] and promoting apoptosis in HCC [14]. Recently,
EF24 has been shown to suppress epithelial-to-mesenchymal
transition (EMT) in melanoma cells by upregulating the
expression of microRNA- (miR-) 33b [15], which implies
that EF24 may inhibit cancer metastasis. However, limited
information is available regarding the effect of EF24 on cancer
metastasis, particularly in HCC.

In the present study, we examined the effect of EF24 on
the migration and invasion of HCC cells. Additionally, we
compared the expression of Src in HCC tissues with that in
their paired lymph node metastasized tissues and evaluated
the effect of EF24 on Src expression in HCC cells.

2. Materials and Methods

2.1. Reagents and Cell Culture. EF24 was purchased from
Sigma (St. Louis, MO, USA). The HCCLM-3 cell line with
high metastatic potential, derived from MHCC97 parental
cells [16], was provided by the Liver Cancer Institute,
Shanghai Medical College of Fudan University (Shanghai,
China). HCCLM-3 and HepG2 cells were cultured in Dul-
becco’smodified Eagle’smedium (HyClone; Logan, UT,USA)
supplemented with 10% fetal bovine serum (FBS; Gibco;
Carlsbad, CA, USA) and 1% antibiotic (100 IU/mL penicillin
and 100𝜇g/mL streptomycin; Mediatech, Inc., Manassas, VA,
USA). Cells were incubated in 5% CO

2
at 37∘C.

2.2. Cell Viability and Cell Apoptosis Assays. Cell viability was
detected by using anMTT assay, as previously described [17].
Briefly, HCCLM-3 and HepG2 cells were seeded into 96-well
plates at 5 × 103 cells/well and incubated overnight at 37∘C.
After treatment with EF24 at different doses (0–8𝜇M) for
12 h, cells were incubated with 20 𝜇LMTT (5mg/mL) for 4 h.
Then, the culture medium was removed and 150 𝜇L dimethyl
sulfoxide (DMSO) was added. The absorbance of each well
was read at 490 nm using a microplate reader (model 680;
Bio-Rad Laboratories, Inc., Hercules, CA,USA). Cell viability
was expressed as the percentage of absorbance of treated
wells compared with that of untreated wells (DMSO control).
Values (mean ± SD) are from five independent experiments.

A phycoerythrin- (PE-) labeled annexin V apoptosis
detection kit (BD Biosciences) was used to detect apop-
tosis, according to the manufacturer’s instructions. Briefly,
HCCLM-3 and HepG2 cells (1 × 106 cells) were exposed to
1𝜇M EF24 for 12 h. Then, the cells were collected, washed,
and resuspended in binding buffer at 1 × 106 cells/mL, and
then 1 × 105 cells were incubated with 5𝜇L PE-annexin V and
5𝜇L 7-aminoactinomycin D for 15min at room temperature
in the dark. Finally, apoptotic cells were analyzed using a
flow cytometer (BD Biosciences). Experiments were repeated
twice.

2.3. Detection of Cellular Ultrastructure Alteration with Elec-
tron Microscopy. Electron microscopy was employed to
detect cellular ultrastructure changes after treatment with
EF24, as previously described [17]. Briefly, HCCLM-3 and
HepG2 cells, with or without EF24 treatment, were collected
and fixed in 2.5% glutaraldehyde overnight. Then, the cells

were fixed with 1% osmium tetroxide for 1 h, dehydrated
in a graded series of acetone, and embedded in Epon-812
(Nacalai Tesque, Inc., Osaka, Japan). Ultrathin sections were
cut, double-stained with uranyl acetate and lead citrate, and
examined under a JEM-1220 electron microscope (JEOL,
Ltd., Tokyo, Japan).

2.4. Wound Healing Cell Migration Assay. Equal numbers
of HCCLM-3 and HepG2 cells were seeded into 6-well
plates one day before treatment with EF24. When the cell
confluence reached ∼90%, cells were treated with different
doses of EF24 for 12 h. Then, an artificial wound was created
by using a 200 𝜇L pipette tip and the plates were washed with
phosphate-buffered saline to remove the debris. A random
field was chosen and photographed at 0 and 24h. From this,
the wound width was measured and the healing ability was
represented as a ratio of the 24 h width to 0 h width from the
same field. The experiments were performed in triplicate.

2.5. Transwell Cell Invasion Assay. After treatment with EF24
for 12 h, cells were trypsinized for the Matrigel invasion
assay. Matrigel-coated (BD Biosciences) transwell chambers
(Corning Costar, Corning, NY, USA) were used to detect
the invasion of HCCLM-3 and HepG2 cells, as previously
described [17]. Briefly, filters were precoated with 30𝜇L
Matrigel for 3 h, and 4 × 104 cells in serum-free medium
were added to the upper chambers.The lower chambers were
supplemented with medium containing 10% FBS. After incu-
bation at 37∘C for 24 h, the invaded cells were fixed, stained
with hematoxylin and eosin, counted, and photographed
under a light microscope. Experiments were conducted in
triplicate and cell numbers were expressed as mean ± SD.

2.6. Western Blotting. EF24-treated and EF24-untreated
HCCLM-3 and HepG2 cells were collected for Western
blotting analysis, as described in our previous report [18].
Total protein was extracted, and samples were separated by
12% SDS-PAGE and transferred to polyvinylidene difluo-
ride membranes (Merck Millipore). The membranes were
incubated with primary antibodies against total- (t-) Src
(cat. number 2109; Cell Signaling Technology, Inc., Danvers,
MA, USA) and phosphorylated- (p-) Y416Src (cat. number
2101; Cell Signaling Technology, Inc.) at 1 : 1,000 dilution
overnight at 4∘C, washed in TBST, and then exposed to
alkaline phosphatase-conjugated secondary antibody (1 : 800
dilution; Santa Cruz Biotechnology, Inc., Danvers, MA, USA)
for 2 h at room temperature. Final detection was performed
using Western blue (Promega, Madison, WI, USA). GAPDH
was used as an internal control. The blots were imaged and
the densitometric readings for the proteins were normalized
to those of GAPDH (Quantity One software, version 4.4.0.36;
Bio-Rad Laboratories, Inc.).

2.7. Immunocytochemistry. HCCLM-3 and HepG2 cells, with
or without EF24 treatment, were fixed in 95% ethanol and
permeabilized in 0.2% Triton X-100 (Sigma-Aldrich). Then,
3% H
2
O
2
was used to arrest endogenous peroxidase activity.

The standard indirect horseradish peroxidase method was
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Figure 1: EF24 inhibits HCC cell viability in a dose-dependent manner. (a) The compound structure of EF24. (b) EF24 treatment inhibits
the cell viability of HCCLM-3 cells. (c) EF24 treatment inhibits the cell viability of HepG2 cells. HCCLM-3 cells and HepG2 cells were
treated with different doses (0–8𝜇M) of EF24 or 50𝜇MH

2
O
2
(positive control) for 12 h; the cell viability was tested by MTT and expressed

as the percentage of absorbance of treated wells compared with that of untreated wells. Data were shown as mean ± SD from five repeated
experiments. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, and ∗∗∗𝑃 < 0.001.

used for staining of the cells. Briefly, cell slides were incubated
with antibodies against t-Src (1 : 400 dilution) and p-Y416Src
(1 : 50 dilution) overnight at 4∘C and then incubated with
secondary antibody (PV-6001; ZSGB-Bio, Beijing, China)
for 1 h at 37∘C. After incubation with 3,3-diaminobenzidine
substrate (ZLI-9019; ZSGB-Bio) for 30 s, the cell slides were
counterstained with hematoxylin, dehydrated, and mounted.

2.8. Immunohistochemistry. A total of six metastatic lymph
node tissue samples and their six primaryHCC tissue samples
were obtained from Chinese patients diagnosed as having
HCC. Sample collection was approved by the HarbinMedical
University (Harbin, China) Institutional Ethics Committee.
Formalin-fixed paraffin-embedded sections were incubated
with t-Src and p-Y416Src antibodies, as described previously
[19]. Briefly, the sections were heated for antigen retrieval at
95∘C and blocked with 10% goat serum for 1 h.The slides were
stained using the standard indirect horseradish peroxidase
method, as described above for immunocytochemistry.

Src expression in HCC and lymph node tissues was
assessed using the histoscore method, developed by Allred
et al. [20]. In each specimen, the overall Src expression was
calculated as a sum of the intensity (0, none; 1, weak; 2,
moderate; and 3, strong) and proportion (0, none; 1, <5%;
2, 5–25%; 3, 26–50%; 4, 51–75%; and 5, >75%) scores to
give a range of 0–8. Three investigators scored the slides
independently and an agreement was reached for all samples.

2.9. Statistical Analysis. Statistical analyses were performed
using SPSS software (version 10.0; SPSS, Inc., Chicago, IL,
USA). All data were expressed as the mean ± SD. Com-
parisons between two groups were analyzed using Student’s
𝑡-test. Mann–Whitney 𝑈 test was used to analyze the dif-
ferences in Src expression between groups. 𝑃 < 0.05 was
considered to indicate a statistically significant difference.

3. Results

3.1. EF24 Inhibits HCC Cell Invasion and Migration without
Affecting Cell Growth and Apoptosis. Before evaluating the
effects of EF24 on HCC cell invasion and migration in vitro,
we first determined the concentrations of EF24 that could be
used for subsequent cell treatment. HCCLM-3 and HepG2
cells were treated with different concentrations of EF24 (0,
0.5, 1, 2, 4, and 8 𝜇M) for 12 h, and then the viability and
apoptosis of both cell lines were determined by MTT assay
and flow cytometry, respectively. Our results showed that
EF24 inhibited HCCLM-3 and HepG2 cell proliferation in a
dose-dependent manner. EF24 at a concentration of <2 𝜇M
did not suppress HCCLM-3 cell viability (𝑃 = 0.508, 𝑃 =
0.293, and 𝑃 = 0.167; Figure 1) and, at concentration <1 𝜇M,
did not significantly decrease the viability of HepG2 cells (𝑃 =
0.367, 𝑃 = 0.407; Figure 1). In addition, 1 𝜇MEF24 treatment
did not affect the apoptosis rate in both cell lines (Figure 2).
Therefore, 0.5 and 1 𝜇M EF24 were used to treat both cell
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Figure 2: 1𝜇M EF24 treatment does not induce cell apoptosis in HCCLM-3 and HepG2 cell. (a) The representative flow cytometry result to
show the cell apoptosis in two HCC cell lines treated with 0𝜇M and 1 𝜇M EF24 for 12 h. (b) The statistical analysis about the apoptosis of
HepG2 and HCCLM-3 cells. There is no significant difference for apoptosis in both cell lines with or without EF24 treatment.
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Figure 3: EF24 inhibits the migration and invasion of HCC. (a) EF24 treatment inhibits the migration of HCCLM-3 and HepG2 cells. The
artificial wound was created by using a 200𝜇L pipette tip, and then a random field was chosen and photographed at 0 and 24 h, respectively.
Representative images at 0 h and 24 h after wounding were shown at magnification of 100x. (b) Statistical analysis about the effect of EF24
on the migration of HCC. The wound width was measured and the healing ability was represented as a ratio of the 24 h width to 0 h width
from the same field. (c) EF24 treatment inhibits the invasion of HCCLM-3 and HepG2 cells. After treatment with or without EF24 for 24 h,
cell invasion ability was detected by transwell assay. The invaded cells were fixed, stained, and photographed under a light microscope. (d)
Statistical analysis about the effect of EF24 on the invasion of HCC. Data are expressed as the average number of invaded cells under high
power field from triplicate experiments. ∗𝑃 < 0.05; ∗∗𝑃 < 0.01.

lines to evaluate the anti-invasion and anti-migration effect
of EF24, since these doses have no significant effects on the
proliferation and apoptosis of HCC cells.

Transwell and wound healing assays were performed to
determine the effect of EF24 on HCC cell invasion and
migration, respectively. HCCLM-3 and HepG2 cells showed
a dose-dependent decrease in wound healing activities after
EF24 treatment; EF24 at 1 𝜇M significantly inhibited HCC
migration (𝑃 = 0.047, 𝑃 = 0.022; Figures 3(a) and 3(b)).
Additionally, the transwell assay showed that the invasion
ability of HCCLM-3 and HepG2 cells was reduced by EF24
treatment in a dose-dependent manner (Figures 3(c) and
3(d)).These results suggest that EF24 has a potent antimetas-
tasis effect on HCCs and that this effect is independent of its
antiproliferative and proapoptotic effects.

3.2. EF24 Treatment Decreases the Formation of Filopodia
on the Surface of HCC Cells. To explore how EF24 affects

cell migration and invasion, we detected the cellular ultra-
structural changes in HCCLM-3 and HepG2 cells after EF24
treatment. HCCLM-3 and HepG2 cells that were not treated
with EF24 exhibited abundant organelles, intact nuclei, and
plentiful filopodia formation on the cell surface (Figures
4(a) and 4(c)). However, cells treated with 1 𝜇M EF24 for
12 h showedmarkedly decreased filopodia formation (Figures
4(b) and 4(d)) and organelle degeneration. This result sug-
gests that reduction of filopodia may contribute towards the
effect of EF24 in suppressing the invasion and migration of
HCC cells.

3.3. EF24 Inhibits the Phosphorylation of Src in HCC Cells.
Recently, Src has been shown to serve important roles in
promoting HCC [21, 22]. Therefore, we detected the effect
of EF24 treatment on the expression of Src. The expres-
sion of t-Src and p-Y416Src was detected in HepG2 and
HCCLM-3 cells following treatment with or without EF24.
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Figure 4: EF24 treatment decreases the formation of filopodia on the surface of HCC. HCCLM-3 and HepG2 cells were incubated with or
without EF24 for 12 h and then harvested. Electron microscopy was employed to detect the impact of EF24 on the cellular ultrastructure. (a)
and (c) showed that HCCLM-3 and HepG2 cells without EF24 treatment have plentiful filopodia (arrow) (×6000). (b) and (d) showed that
the filopodia on the surface of HCCLM-3 and HepG2 cells treated with 1 𝜇M EF24 were decreased (×6000).

Our result showed that EF24 treatment (1 𝜇M) attenuated
the phosphorylated-Src but did not affect the total-Src level
(Figures 5(a) and 5(b)). Consistent with the Western blotting
results, immunocytochemistry staining indicated that EF24
treatment decreased the phosphorylation of Src in both
HCCLM-3 and HepG2 cells (Figures 5(c) and 5(d)). These
results suggest that EF24 suppression on migration and
invasion may be attributed to its inhibitory effect on the
phosphorylation of Src in HCC cells.

3.4. Src Expression Increases in theMetastatic LymphNodeTis-
sue of HCC Patients. The expression of t-Src and p-Y416Src
was evaluated by immunohistochemistry in human primary
HCC samples and their paired lymph node metastasized
tissues to detect their potential effects on HCC metasta-
sis (Figure 6). The histoscore was analyzed using Mann–
Whitney 𝑈 test and the result revealed that the staining
scores of t-Src (5.33 ± 1.21) and p-Y416Src (3.00 ± 1.10) were
both significantly higher in metastatic lymph node tissue
compared with those in the primary liver HCC tissue (𝑃 =
0.012 and 𝑃 = 0.030, resp.; Table 1).These results suggest that
Srcmay be a potential target for preventing and treating HCC
metastasis.

Table 1: Src expression inmetastatic lymph nodes and liver primary
lesions of HCC (𝑛 = 6).

Variable Metastatic lymph nodes Liver primary lesions 𝑃
t-Src 5.33 ± 1.21 3.17 ± 0.98 0.012
p-Y416Src 3.00 ± 1.10 1.33 ± 1.03 0.030
Mean histoscore values ± SD were calculated for t-Src and p-Y416Src
expression in lymph node metastasis and liver primary lesions of HCC.

4. Discussion

Curcumin, as a promising anticancer agent, has attracted
increasing attention for its antiproliferative and chemopre-
ventive properties [4, 5]. An increasing amount of evidence
showed that curcumin inhibits cancer metastasis via dif-
ferent mechanisms. For example, curcumin inhibits miR-
21 transcription and suppresses invasion and metastasis in
colorectal cancer [23]. In addition, curcumin inhibits breast
cancer metastasis by decreasing the inflammatory cytokines,
chemokine (C-X-Cmotif) ligand 1 (CXCL1) andCXCL2 [24].
Furthermore, curcumin was found to reduce the expression
of SET8 to inhibit metastasis in pancreatic cancer [25]. EF24,
a novel curcumin analog with greater biological activity and
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Figure 5: Continued.
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Figure 5: EF24 inhibits the phosphorylation of Src in HCC cells. (a) Detection of the expression of t-Src and p-Src in HCCLM-3 and HepG2
cells treated with 1 𝜇M EF24 by using Western blot assay. (b) Scanning densitometric analysis of Western blot visualizing the relative levels of
t-Src and p-Src in HCCLM-3 and HepG2 cells treated with 1 𝜇M EF24. EF24 treatment reduced p-Src but not t-Src level in HCCLM-3 cells.
Data were shown as mean ± SD of three independent experiments, ∗𝑃 < 0.05. (c) Detection of the expression of t-Src and p-Src in HCCLM-3
and HepG2 cells treated with 1 𝜇M EF24 by using immunocytochemistry staining (×400). (d) Statistical analysis of the percentage of t-Src or
p-Src staining positive cells. EF24 treatment reduced p-Src but not t-Src level in both HCCLM-3 and HepG2 cells. Data were shown as mean
± SD of three independent experiments, ∗𝑃 < 0.05.
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Figure 6: Representative immunohistochemistry results about Src expression in six human primary HCC patients and their paired lymph
node metastasis tissues (magnification, ×200).

bioavailability [26, 27], has been shown to possess antiprolif-
erative ability in anticancer screens [11]. However, few studies
have detected the effect of EF24 on cancer metastasis. The
present study demonstrates for the first time, to the best of
our knowledge, that EF24 inhibits HCC cell migration and
invasion.

Cellular migration is a tightly coordinated mechanism
essential in physiological processes and cancer invasion and
metastasis [28]. Filopodia are thin, finger-like, actin-rich
membrane protrusions [29] that command the direction

of the migrating cells and contribute towards cancer cell
invasion [30, 31]. Notably, in this study, EF24 was found to
reduce the migratory and invasion potential of HCC cells
and reduce the quantity of filopodia present. This result
can be supported by a previous study that demonstrated
that curcumin targets breast cancer stem-like cells with
microtentacles as an antimetastatic strategy [32]. In addition,
a previous study observed that EF24 disrupts the microtubule
cytoskeleton and inhibits hypoxia-inducible factor-1 [33].
Therefore, it is reasonable that the reduction of filopodia
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may contribute to the lower migration ability under EF24
treatment in HCC cells.

Src, a nonreceptor tyrosine kinase, is a critical modu-
lator of multiple signaling pathways mediated by integrin-
extracellular matrix interactions [34]. Activated Src (p-
Y416Src) initiates signaling pathways that induce cell pro-
liferation, migration, and invasion [35]. Additionally, we
previously found that high Src expression scores in HCC
tissues were associated with positive lymph node metastasis
status [36]. In this study, we further investigated the status
of activated Src in primary HCC tissues and their paired
lymph nodes with HCCmetastasis. The results demonstrated
that p-Y416Src is expressed significantly higher in metastatic
lymph node tissue compared with that in paired primary
liver HCC tissues. Curcumin was reported to regulate the
expression of the Src-Akt axis via modulation of miR-203
in bladder cancer [37]. EF24 was found to inhibit migration
and EMT in melanoma cells via the suppression of Src and
high-mobility group AT-hook 2 [15]. Thus, in this study,
we determined whether EF24 inhibits HCC metastasis by
downregulating the expression or activation of Src. Then,
we examined the expression and phosphorylation change
of Src in HCC cells following treatment with EF24 by
usingWestern blot and immunocytochemistry assay analysis.
As expected, we demonstrated that treatment with EF24
inhibits the phosphorylation of Src instead of affecting the
total level of the protein. This result is consistent with a
previous study [15]. These data suggest that Src may be
a potential target for HCC metastasis and that inhibition
of the phosphorylation of Src may be a molecular mech-
anism underlying EF24 inhibiting the metastasis of HCC
cells.

5. Conclusion

In summary, we demonstrated that EF24 suppresses HCC
migration and invasion in vitro. This study provides evidence
to support that EF24 may be a useful therapeutic reagent
for the treatment of hepatocellular carcinoma and suggests
that Src is a novel and promising therapeutic target in
hepatocellular carcinoma.

Competing Interests

The authors declare no conflict of interests regarding the
publication of this paper.

Authors’ Contributions

Ran Zhao and Lamtin Tin equally contributed to this work.

Acknowledgments

The present study is supported by the Postdoctoral Scien-
tific Research Development Fund of Heilongjiang Province
of China (Grant no. LBH-Q15085) and Medical Scientific
Research Foundation of Heilongjiang Health Department
(Grant no. 2012-749).

References

[1] S. Lin, K. Hoffmann, and P. Schemmer, “Treatment of hepato-
cellular carcinoma: a systematic review,” Liver Cancer, vol. 1, no.
3-4, pp. 144–158, 2012.

[2] Z.-Y. Tang, “Hepatocellular carcinoma-cause, treatment and
metastasis,”World Journal of Gastroenterology, vol. 7, no. 4, pp.
445–454, 2001.

[3] Z. Tang, X. Zhou, Z. Lin et al., “Surgical treatment of hepatocel-
lular carcinoma and related basic researchwith special reference
to recurrence and metastasis,” Chinese Medical Journal, vol. 112,
no. 10, pp. 887–891, 1999.

[4] R. P. Sahu, S. Batra, and S. K. Srivastava, “Activation of
ATM/Chk1 by curcumin causes cell cycle arrest and apoptosis
in human pancreatic cancer cells,” British Journal of Cancer, vol.
100, no. 9, pp. 1425–1433, 2009.

[5] H. Wahl, L. Tan, K. Griffith, M. Choi, and J. R. Liu, “Curcumin
enhances Apo2L/TRAIL-induced apoptosis in chemoresistant
ovarian cancer cells,” Gynecologic Oncology, vol. 105, no. 1, pp.
104–112, 2007.

[6] B. Bao, S. Ali, S. Banerjee et al., “Curcumin analogue CDF
inhibits pancreatic tumor growth by switching on suppres-
sor microRNAs and attenuating EZH2 expression,” Cancer
Research, vol. 72, no. 1, pp. 335–345, 2012.

[7] J. H. Seo, K. J. Jeong, W. J. Oh et al., “Lysophosphatidic
acid induces STAT3 phosphorylation and ovarian cancer cell
motility: their inhibition by curcumin,”Cancer Letters, vol. 288,
no. 1, pp. 50–56, 2010.

[8] T. Yu, J. Ji, and Y.-L. Guo, “MST1 activation by curcumin
mediates JNK activation, Foxo3a nuclear translocation and
apoptosis in melanoma cells,” Biochemical and Biophysical
Research Communications, vol. 441, no. 1, pp. 53–58, 2013.

[9] A. L. Kasinski, Y. Du, S. L. Thomas et al., “Inhibition of
I𝜅B kinase-nuclear factor-𝜅B signaling pathway by 3,5-bis(2-
flurobenzylidene)piperidin-4-one (EF24), a novel monoketone
analog of curcumin?” Molecular Pharmacology, vol. 74, no. 3,
pp. 654–661, 2008.

[10] P.Anand,A. B.Kunnumakkara, R.A.Newman, andB. B.Aggar-
wal, “Bioavailability of curcumin: problems and promises,”
Molecular Pharmaceutics, vol. 4, no. 6, pp. 807–818, 2007.

[11] B. K. Adams, J. Cai, J. Armstrong et al., “EF24, a novel synthetic
curcumin analog, induces apoptosis in cancer cells via a redox-
dependent mechanism,” Anti-Cancer Drugs, vol. 16, no. 3, pp.
263–275, 2005.

[12] K. Selvendiran, L. Tong, S. Vishwanath et al., “EF24 induces
G2/M arrest and apoptosis in cisplatin-resistant human ovarian
cancer cells by increasing PTEN expression,” The Journal of
Biological Chemistry, vol. 282, no. 39, pp. 28609–28618, 2007.

[13] S. L.Thomas, J. Zhao, Z. Li et al., “Activation of the p38 pathway
by a novel monoketone curcumin analog, EF24, suggests a
potential combination strategy,”BiochemicalPharmacology, vol.
80, no. 9, pp. 1309–1316, 2010.

[14] Y. Liang, D. Yin, L. Hou et al., “Diphenyl difluoroketone:
a potent chemotherapy candidate for human hepatocellular
carcinoma,” PLoS ONE, vol. 6, no. 8, Article ID e23908, 2011.

[15] P. Zhang, H. Bai, G. Liu et al., “MicroRNA-33b, upregulated
by EF24, a curcumin analog, suppresses the epithelial-to-
mesenchymal transition (EMT) and migratory potential of
melanoma cells by targeting HMGA2,” Toxicology Letters, vol.
234, no. 3, pp. 151–161, 2015.

[16] Y. Li, Z. Y. Tang, S. L. Ye et al., “Establishment of a hepatocel-
lular carcinoma cell line with unique metastatic characteristics



10 BioMed Research International

through in vivo selection and screening for metastasis-related
genes through cDNA microarray,” Journal of Cancer Research
and Clinical Oncology, vol. 129, no. 1, pp. 43–51, 2003.

[17] R. Zhao, T.-Z. Wang, D. Kong et al., “Hepatoma cell line
HepG2.2.15 demonstrates distinct biological features compared
with parental HepG2,” World Journal of Gastroenterology, vol.
17, no. 9, pp. 1152–1159, 2011.

[18] T. Wang, R. Zhao, Y. Wu et al., “Hepatitis B virus induces G1
phase arrest by regulating cell cycle genes in HepG2.2.15 cells,”
Virology Journal, vol. 8, article 231, 2011.

[19] Y. Wu, T.Wang, S. Ye et al., “Detection of hepatitis B virus DNA
in paraffin-embedded intrahepatic and extrahepatic cholangio-
carcinoma tissue in the northern Chinese population,” Human
Pathology, vol. 43, no. 1, pp. 56–61, 2012.

[20] D. C. Allred, G. M. Clark, R. Elledge et al., “Association of p53
protein expressionwith tumor cell proliferation rate and clinical
outcome in node-negative breast cancer,” Journal of the National
Cancer Institute, vol. 85, no. 3, pp. 200–206, 1993.

[21] T. Masaki, M. Okada, Y. Shiratori et al., “pp60(c-src) activation
in hepatocellular carcinoma of humans and LEC rats,”Hepatol-
ogy, vol. 27, no. 5, pp. 1257–1264, 1998.

[22] C. K. Sun, K. Man, K. T. Ng et al., “Proline-rich tyrosine
kinase 2 (Pyk2) promotes proliferation and invasiveness of
hepatocellular carcinoma cells through c-Src/ERK activation,”
Carcinogenesis, vol. 29, no. 11, pp. 2096–2105, 2008.

[23] G. Mudduluru, J. N. George-William, S. Muppala et al., “Cur-
cumin regulates miR-21 expression and inhibits invasion and
metastasis in colorectal cancer,” Bioscience Reports, vol. 31, no.
3, pp. 185–197, 2011.

[24] E. Kronski,M. E. Fiori, O. Barbieri et al., “MiR181b is induced by
the chemopreventive polyphenol curcumin and inhibits breast
cancer metastasis via down-regulation of the inflammatory
cytokines CXCL1 and -2,”Molecular Oncology, vol. 8, no. 3, pp.
581–595, 2014.

[25] J.Ma, B. Fang, F. Zeng et al., “Curcumin inhibits cell growth and
invasion through up-regulation of miR-7 in pancreatic cancer
cells,” Toxicology Letters, vol. 231, no. 1, pp. 82–91, 2014.

[26] B. K. Adams, E. M. Ferstl, M. C. Davis et al., “Synthesis
and biological evaluation of novel curcumin analogs as anti-
cancer and anti-angiogenesis agents,” Bioorganic and Medicinal
Chemistry, vol. 12, no. 14, pp. 3871–3883, 2004.

[27] J. M. Reid, S. A. Buhrow, J. A. Gilbert et al., “Mouse
pharmacokinetics and metabolism of the curcumin
analog, 4-piperidinone,3,5-bis[(2-fluorophenyl)methylene]-
acetate(3E,5E) (EF-24; NSC 716993),” Cancer Chemotherapy
and Pharmacology, vol. 73, no. 6, pp. 1137–1146, 2014.

[28] J. Condeelis and J. E. Segall, “Intravital imaging of cell move-
ment in tumours,”Nature Reviews Cancer, vol. 3, no. 12, pp. 921–
930, 2003.

[29] P. Suraneni, B. Rubinstein, J. R. Unruh, M. Durnin, D. Hanein,
and R. Li, “The Arp2/3 complex is required for lamellipodia
extension and directional fibroblast cell migration,”The Journal
of Cell Biology, vol. 197, no. 2, pp. 239–251, 2012.

[30] N. S. Bryce, E. S. Clark, J. L. Leysath, J. D. Currie, D. J.Webb, and
A. M. Weaver, “Cortactin promotes cell motility by enhancing
lamellipodial persistence,” Current Biology, vol. 15, no. 14, pp.
1276–1285, 2005.

[31] R. P. Stevenson, D. Veltman, and L. M. Machesky, “Actin-
bundling proteins in cancer progression at a glance,” Journal of
Cell Science, vol. 125, no. 5, pp. 1073–1079, 2012.

[32] M. S. Charpentier, R. A.Whipple, M. I. Vitolo et al., “Curcumin
targets breast cancer stem-like cells with microtentacles that
persist in mammospheres and promote reattachment,” Cancer
Research, vol. 74, no. 4, pp. 1250–1260, 2014.

[33] S. L.Thomas,D. Zhong,W. Zhou et al., “EF24, a novel curcumin
analog, disrupts themicrotubule cytoskeleton and inhibitsHIF-
1,” Cell Cycle, vol. 7, no. 15, pp. 2409–2417, 2008.

[34] V. Bolós, J. M. Gasent, S. López-Tarruella, and E. Grande, “The
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Biliary tract cancer (BTC) is still a fatal disease with very poor prognosis. The lack of reliable biomarkers for early diagnosis
and of effective therapeutic targets is a major demanding problem in diagnosis and management of BTC. Due to the clinically
silent and asymptomatic characteristics of the tumor, most patients are diagnosed at an already advanced stage allowing only for
a palliative therapeutic approach. MicroRNAs are small noncoding RNAs well known to regulate various cellular functions and
pathologic events including the formation and progression of cancer. Over the last years, several studies have shed light on the role
of microRNAs in BTC, making them potentially attractive therapeutic targets and candidates as biomarkers. In this review, we will
focus on the role of oncogenic and tumor suppressor microRNAs and their direct targets in BTC. Furthermore, we summarize and
discuss data that evaluate the diagnostic power of deregulated microRNAs as possible future biomarkers for BTC.

1. Introduction to Biliary Tract
Cancer and MicroRNAs

Biliary tract cancer (BTC) is a malignant disease of the
biliary tract epithelia cells, the cholangiocytes. Depending
on the localization of the tumor, the term BTC comprises
cholangiocarcinomas (CC) of the intrahepatic (IHC) and
extrahepatic (EHC) bile ducts, as well as gallbladder cancer
(GBC) [1, 2]. The most common BTC is GBC, whereas, for
CCs, approximately two-thirds involve the extrahepatic bile
ducts [3, 4]. In general, BTC is a rare disease with 3–8 new
cases per 100,000 population in the US. However, CC is the
second most common hepatic malignancy after hepatocellu-
lar carcinoma and the incidence of CC has increased over
the last years [5, 6]. Epidemiologic studies revealed strong
regional differences in development of BTC, with the area
of Khon Kaen in Thailand being the most drastic example,
where CC accounts for over 85% of all cancers [3, 5]. This

is due to region-specific risk factors such as consumption
of undercooked fish, liver fluke infestation (Opisthorchis
viverrini), and subsequent chronic inflammation of the liver
and the bile ducts [5]. In the Western World, the major
risk factors for development of BTC are primary sclerosing
cholangitis (PSC) and hepatitis B and hepatitis C viruses
(HBV and HCV) as well as malformations of the biliary tract.
In addition, lifestyle risk factors such as alcohol consumption,
smoking, obesity, or exposure to certain chemicals and toxins
contribute to the development of BTC and might at least
in part explain the raising incidences in Europe and the
US [2, 7]. The prognosis of BTC patients is very poor: the
median survival after diagnosis is 24 months, and the 5-year
survival rate is only about 10% [6].The only potentially cura-
tive therapeutic option is complete resection of the tumor.
However, due to the lack of efficient follow-up therapies
and high therapeutic resistance, tumor recurrence is the
norm [8]. Even more problematic in management of BTC
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is the long presymptomatic phase of the tumor progression
which combined with the lack of potent biomarkers makes
early diagnosis as the prerequisite for curative resection
very difficult [9]. As a consequence, most patients are often
diagnosed at already advanced stage of the disease, only
allowing for palliative treatment with best supportive care.
Currently, a combination of cisplatin and gemcitabine is the
standard chemotherapeutic option for palliative treatment of
BTC, leading to a median survival of only about one year
[10, 11]. For nonresectable hilar BTC, photodynamic therapy
is established as a palliative therapeutic option yielding 15-
month median survival [12–14]. It is therefore evident that
identification of new therapeutic options and, especially,
biomarkers is of utmost importance to improve the prognosis
of patients with BTC.

MicroRNAs (miRNAs) are short (20–22 nucleotides)
noncoding RNAs that act as posttranscriptional regulators
of gene expression via direct interaction with protein-coding
mRNAs, thereby controlling several important physiological
processes, such as cell proliferation, apoptosis, and cell
differentiation. Biogenesis of miRNAs involves several steps.
First, the miRNA gene is transcribed by RNA polymerase II,
resulting in a long primary miRNA [15]. Noteworthy, miRNA
genes can be transcribed as single transcriptional unit as well
as polycistronically [16].Then, the long primarymiRNA tran-
scripts are processed by the nuclear RNase Drosha resulting
in shorter precursor miRNAs of a length of approximately 60
to 70 nucleotides [17]. Next, these precursors are exported
from the nucleus to the cytoplasm, where they are cleaved
by another RNase, called Dicer, to double-stranded miRNAs
[18]. For regulation of mRNA transcripts, one strand of the
mature miRNA is then incorporated in the RNA-induced
silencing complex (RISC). In general, miRNAs exert their
regulatory function by sequence-specific binding of their 5
end, called the seed region, to the 3 untranslated region
(3 UTR) of target mRNAs. Perfect match between the
seed region and the 3 UTR leads to degradation of the
mRNA, whereas imperfect match results in inhibition of
translation [19]. It is speculated that more than half of the
protein-coding genes fall within the regulation of miRNAs.
Furthermore, one miRNA species may have up to hundreds
of protein-coding mRNAs as potential targets [20]. Today,
over 28,000 miRNA species are known (based on miRBase,
http://www.mirbase.org/).

These facts underline the central and essential role of
miRNAs in regulating the realization of genetic information.
More than a decade ago, first publications described miRNAs
as a RNA species that is relevant in cancer [21, 22]. Today it is
clear that deregulatedmiRNAexpression plays amajor role in
the development and progression of various types of cancer
(for a detailed review, see [23]). MicroRNAs can act as both
oncogenes and tumor suppressor genes. As oncogenes, they
are overexpressed in tumors, leading to excessive degradation
of mRNAs that are coding for tumor suppressor proteins.
As tumor suppressive factors, miRNAs are underexpressed
in tumors, resulting in insufficient degradation of their
target mRNAs, which often code for oncogenes. Fulfilling
both of these roles, miRNAs influence and contribute to
various aspects and hallmarks of cancer such as migration

and invasion, proliferation, cancer stemness, metabolism,
therapeutic resistance, and angiogenesis [23–25].

2. MicroRNA and BTC

At present, a reasonable number of published studies describe
such a major role of miRNA deregulation for BTC tumorige-
nesis. Comprehensive microarray screens revealed numerous
deregulated miRNA species in BTC samples and BTC model
systems [26–37]. In this review, however, we will concentrate
on miRNAs that were not only shown to be deregulated
in BTC tissues but also for which direct target genes were
functionally identified and/or validated. An overview of the
miRNAs discussed in this chapter is given in Table 1.

To generally clarify potential involvement of miRNAs
in BTC, Shu et al. measured the expression of Drosha
and Dicer and found significant downregulation of both
enzymes in GBC tissue [38]. Since both enzymes are abso-
lutely essential in the production of mature miRNAs, this
observation (i) strongly suggests a principal role of miRNA
deregulation in BTC and (ii) alsomight lead to the conclusion
that, in general, the type of miRNA deregulation in BTC
might be underexpression more often than overexpression.
In fact, as shown in Table 1 and considering the currently
available data, most deregulated miRNAs in BTC tissues
show decreased expression when compared to their healthy
counterparts. Underexpression of these miRNAs uniformly
correlates directly to various unfavorable clinicopathological
characteristics such as advanced clinical stage, enhanced
lymph node and distant metastasis, poor differentiation
of tumor cells, and poor disease-free and overall survival.
Hence, these miRNAs may function as tumor suppressors
and their underexpression subsequently leads to diminished
negative regulatory control of transcripts that encode for
oncogenes. However, miRNAs can also act as oncogenes and
overexpression of these miRNA species leads to increased
degradation of mRNAs that otherwise would be translated
into proteins with various tumor suppressor functions.
Consequently, overexpression of oncogenic miRNAs is also
correlated with disadvantageous clinicopathological features.
To get more insight into the functional role and direct targets
of tumor suppressor and oncogenic miRNAs, several in vitro
and in vivo experiments were conducted. As described in
detail below, these studies validated predicted direct target
genes of miRNAs by luciferase reporter assays, downstream
expression analysis, and various miRNA overexpression and
knockdown experiments.

2.1. Tumor-Suppressive miRNAs in BTC and Their Direct Tar-
gets. MicroRNA34a has been described to be downregulated
in BTC tissue versus nontumor tissue by two independent
studies [39, 40]. Functional in vitro and in vivo studies
showed that PNUTS (see Abbreviations for full gene names)
is a direct target of miRNA-34a. PNUTS is a protein that
regulates telomere length and its overexpression reduces
telomere shortening as well as apoptotic events connected
with telomere shortening [41]. Telomere shortening is a
mechanism that naturally limits the number of cell divisions
of healthy cells and is known to be deregulated in cancer

http://www.mirbase.org/
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Table 1: MicroRNAs are deregulated in biliary tract cancer specimens.

miRNA Tissue Clinicopathological characteristics associated with
deregulated miRNA expression Target Ref.

Downregulated

26a GBC Advanced histologic grade HMGA2 [62]

34a EHC, GBC
Poor disease-free and overall survival; increased
telomere length; advanced clinical stage; lymph node
metastasis

PNUTS, SMAD4 [39, 40]

101
GBC

Enhanced tumor size; enhanced tumor invasion; higher
TNM stage; poor survival [78]

122 Increased expression of PKM2 PKM2 [77]
124 IHC SMYD3 [68]

135a-5p GBC Advanced histologic grade VLDLR [72]
138 Increased expression of BAG-1 BAG-1 [79]
144 CC Increased expression of LIS1 LIS1 [66]
145 GBC Poor survival MRP [70]

200 family CC SUZ12, ROCK2 [56]
204 IHC Lymph node metastasis SLUG [53]
214 Enhanced metastatic potential TWIST [54]
370 CC WNT10B [80]
373 hCC Poor cell differentiation; advanced clinical stage MBD2 [63]
605 IHC PSMD10 [43]

Upregulated

20a GBC Local invasion; distant metastasis; poor prognosis and
survival SMAD7 [81]

21 CC, IHC
Poor disease-free and overall survival; higher clinical
stage at diagnosis; poor cell differentiation; lymph node
metastasis

15-PGDH,
PDCD4, TIMP3,
PTPN14, PTEN

[82–85]

26a
CC

GSK-3𝛽 [86]
92a PTEN [87]

141 BTC Shorter disease-free and overall survival; greater risk of
angiolymphatic invasion [88]

155 GBC Shorter disease-free survival; lymph node metastasis;
vessel invasion [89]

221 EHC Shorter disease-free survival; advanced clinical stage PTEN [90]
CC: cholangiocarcinoma; EHC: extrahepatic cholangiocarcinoma; GBC: gallbladder carcinoma; hCC: hilar cholangiocarcinoma; IHC: intrahepatic
cholangiocarcinoma; miRNA: microRNA.

cells. Interestingly, in BTC tissueswith decreasedmiRNA-34a
expression, also increased telomere length was found [39].
The signal transduction molecule SMAD4 was identified
as an additional target of miRNA-34a in BTC and was
recently found to have a tumor-promoting role in hepato-
cellular carcinoma [40, 42]. In another study, the regulatory
component of the 26S proteasome, PSMD10, was described
as a target of deregulated miRNA-605 expression in BTC
and, interestingly, an inverse expression pattern of miRNA-
605 and PSMD10 was observed [43]. In an in vitro model,
the authors demonstrated that overexpression of the tumor
suppressor miRNA-605 resulted in suppression of BTC cell
proliferation and this effect was rescued by ectopic expression
of PSMD10, suggesting a direct mechanistic connection
between miRNA-605 and PSMD10 as a driver of BTC cancer
cell proliferation. In line with these observations, PSMD10
was shown to promote cell cycle progression and proliferation
of pancreatic cancer cells [44]. Of note, enhanced PSMD10

expressionwas found to be directly involved in ubiquitylation
and degradation of p53, a key tumor suppressor gene, which
is also known to play a role in BTC [6, 45].

Detachment of cells from the primary tumor and sub-
sequent carving through the extracellular matrix to invade
the angiolymphatic system to eventually form metastasis is
a hallmark of cancer in general and likewise in BTC [46–
48]. The term “epithelial-mesenchymal transition” (EMT)
describes a complex process that is essential for formation
of secondary tumors and in which epithelial cells lose their
polarity and gain mesenchymal traits including the ability to
detach from the (primary) tumor [49, 50]. By controlling cell
adhesion and cell-cell contact, E-Cadherin is an important
epithelial and anti-EMT marker [51]. SLUG is a transcription
factor that directly represses E-Cadherin, thereby activating
EMT [52]. Qiu et al. demonstrated that the expression
of miRNA-204 was lowered in IHC tissue and inversely
correlated with the expression of SLUG. They also showed
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increased incidences of lymph node metastasis in patients
with diminished miRNA-204 and enhanced SLUG expres-
sion. In addition, they identified SLUG as a direct target of
miRNA-204 explaining the inverse expression patterns in the
tissue samples [53]. Another miRNA, whose downregulation
especially in metastatic BTC specimens was demonstrated, is
miRNA-214 [54]. Using an in vitromodel of BTC, the authors
demonstrated a direct inhibitory effect of miRNA-214 on cell
metastasis and EMT phenotype. They show that inhibition
of miRNA-214 resulted in increased expression of EMT
promoter TWIST, accompanied by decrease of epithelial
marker, E-Cadherin. Furthermore, they identified TWIST as
a direct functional target of miRNA-214. The miRNA-200
family was also shown to participate in EMT and metastasis
regulation by directly targeting E-Cadherin repressors [55].
In a miRNA microarray study, Peng et al. found members
of the miRNA-200 family to be underexpressed in CC
samples [56]. Furthermore, in a BTC mouse model, they
showed that upregulation of miRNA-200 family members
resulted in inhibition of distant metastasis, underlining the
role of this miRNA family in formation of secondary tumors.
Searching for possible direct targets of miRNA family, they
found ROCK2 to be a target of miRNA-200b/c. ROCK2
regulates cytoskeletal signaling events and cellular motility
and was already shown to promote invasion of non-small
cell lung cancer cells [57]. Of note, Peng et al. noticed
overexpression of ROCK2 in CC samples, which, combined
with the observed underexpression of miRNA-200 family
members, strengthens the functional connection between
these tumor suppressormiRNAs and the prometastatic factor
ROCK2 [56]. In the same study, SUZ12 was also identified
as a direct target of miRNA-200 family members. SUZ12 is
a core component of the Polycomb Repressive Complex 2
(PRC2), a histone methyltransferase complex that performs a
specific histonemethylation, thereby influencing compaction
of chromatin and ultimately access to the DNA and gene
transcription. Recently, we described that PRC2 plays a role
in development and progression of BTC [58, 59]. PRC2 is a
master epigenetic regulator, and its general overactivation as
well as overexpression of its core components influences sev-
eral aspects of BTC carcinogenesis [58]. Peng et al. described
that silencing of SUZ12 resulted in reduced anchorage-
independent growth of CC cells and that regulation of SUZ12
by miRNA-200 family members therefore is important in
BTC [56].

HMGA2 is a protein that also participates in chromatin-
dependent regulation of gene activity by modifying the
chromatin structure [60]. Overexpression of HMGA2 can
serve as a predictor of poor prognosis in IHC [61]. In a study
by Zhou and coworkers, HMGA2was identified to be a direct
target of tumor suppressor miRNA-26a, a miRNA species
that was found to be downregulated in GBC tissue [62]. The
same study has demonstrated that HMGA2 counteracts the
antitumor effects of ectopic miRNA-26a expression, which
characterizes HMGA2 as a miRNA-26a-regulated oncogene
in BTC.

Besides histone modification, DNA methylation is
another important mechanism of epigenetic gene regulation.
In this context, Chen et al. described MBD2 as a direct target

of miRNA-373, a tumor miRNA species downregulated in
hilar CC, which was associated with advanced clinical stage
[63]. MBD2 is involved in the DNA methylation-dependent
repression of gene transcription as a reader of cytosine
methylation and was suggested as a marker associated with
poor prognosis for patients with hepatocellular carcinoma
[64, 65]. MicroRNA-144 is another miRNA species found to
be downregulated in CC tissues compared to nonmalignant
tissues as well as in CC cell lines versus nonmalignant
cells [66]. Although no clinicopathological features that are
associated with deregulated miRNA-144 expression were
presented in this study, the authors clearly demonstrate an
inverse expression pattern of miRNA-144 (low expression)
and LIS1 (high expression) in CC patient samples.
Interestingly, another study described LIS1 as a driver of cell
migration and invasive potential of lung cancer cells [67]. In
line with this study, Yang et al. demonstrated that LIS1 is a
direct target of miRNA-144 in BTC and, furthermore, they
showed that ectopic expression of miRNA-144 diminished
LIS1 expression [66]. Combined with their observation that
knockdown of LIS1 reduced invasion of CC cells, miRNA-144
is yet another miRNA whose downregulation in CC can
result in enhanced metastatic potential. Investigating the
role of HCV in development of BTC, Zeng et al. observed
diminished levels of miRNA-124 in IHC patient samples
[68]. Ectopic expression of miRNA-124 resulted in reduced
migration and invasiveness in CC cells as well as in reduced
protein levels of SMYD3 which they identified as a direct
target of miRNA-124. SMYD3 is a histone methyltransferase
already shown to promote invasion of cancer cells [69]. It
is worth mentioning that one of the downstream targets of
SMYD3 is the metalloproteinase MMP-9, an enzyme that
plays a pivotal role in the process of invasion by degrading
the extracellular matrix [69]. By overexpressing miRNA-124,
Zeng et al. observed downregulation not only of SMYD3 itself
but also of its downstream target MMP-9 in CC cells [68].

Chemoresistance is a major problem in management
of BTC [2]. In a recent study on GBC by Zhan et al., a
correlation between miRNA-145 expression and sensitivity
towards the standard chemotherapeutic cisplatin was shown
[70]. Overexpression of miRNA-145 increased efficacy of
cisplatin treatment, whereas lower levels of miRNA-145
decreased sensitivity towards cisplatin treatment in an in vitro
model of BTC. Expression analysis of miRNA-145 in GBC
tissue versus corresponding noncancerous gallbladder tissue
showed downregulation of miRNA-145. As a direct target of
miRNA-145, the authors identified MRP1, a family member
of the “ATP Binding Cassette” drug efflux pumps [70]. These
proteins are often upregulated in cancer cells and contribute
to multidrug resistance in various types of cancer including
BTC [59]. Zhan et al. recognized high sensitivity of miRNA-
145 expressing tumors to cisplatin in a BTC mouse model,
potentially caused by negative transcriptional control of
MRP1 expression. By correlating expression data of miRNA-
145 and MRP1 versus clinicopathological features of GBC
patients that received chemotherapy, they noted that low
expression of miRNA-145 is indeed linked to high expression
ofMRP1 and poor prognosis [70].Of note, profiling of general
miRNA expression might be a predictor of therapeutic
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efficiency/resistance as shown in our recent study on the
mechanisms of photodynamic therapy in BTC cell lines [71].
In another study, Zhou and coworkers identified miRNA-
135a-5p as an underexpressed miRNA species in GBC tissue
and a negative correlation with VLDLR expression in the
tested specimens [72]. VLDLR is a member of the low-
density lipoprotein receptor superfamily which is involved
in receptor-mediated endocytosis of specific ligands and has
been reported to play a role in pathogenesis and tumor cell
proliferation [73, 74]. Ectopic expression of miRNA-145 in
GBC cells inhibited GBC cell growth in vitro and in vivo
and this effect was VLDLR-dependent [72]. The metabolic
profile of cancer cells differs significantly from their healthy
counterparts. One well known phenomenon observed in
the metabolism of cancer cells is that cancer cells favor
aerobic glycolysis as primary ATP source instead of the far
more efficient oxidative phosphorylation (“Warburg effect”)
[75]. PKM2 is a rate-limiting enzyme that catalyzes the last
step of glycolysis in a way that supports aerobic glycolysis.
Unsurprisingly, PKM2 was found to be overly expressed in
numerous cancer types [76]. Lu et al. identified PKM2 as a
direct target ofmiRNA-122 inGBCcells.They showed further
that, in GBC patient samples, miRNA-122 is underexpressed,
whereas PKM2 expression is enhanced [77].

Another downregulated miRNA inBTC tissue ismiRNA-
138 as presented by Ma and coworkers [79]. Interestingly,
they found a significant inverse correlation between miRNA-
138 and BAG-1 expression in GBC tissue versus adjacent
nonneoplastic tissue and furthermore identified BAG-1 as a
direct target of miRNA-138. BAG-1 is a known antiapoptotic
protein and silencing of BAG-1 in an in vitro model of BTC
leads to apoptotic events [79, 99]. Of note, overexpression
of miRNA-138 resulted in inhibition of GBC cell growth,
whereas simultaneous overexpression of BAG-1 reversed this
growth inhibitory effect, thus underlining the functional
connection between miRNA-138 and its direct target BAG-1
[79].

2.2. Targets of Oncogenic MicroRNAs in BTC. MicroRNA-
21 is a classic oncogenic miRNA species that contributes
to carcinogenesis in various tumor types [23]. Regarding
BTC, several studies found an overexpression of miRNA-21
in BTC tissue and a correlation with disadvantageous clini-
copathological features such as poor disease-free and overall
survival, advanced clinical stage, poor cell differentiation,
and lymph node metastasis [82–85]. Due to its role as an
overexpressed oncogenic miRNA, targets of miRNA-21 are
often tumor suppressor genes. In BTC, several direct targets
of miRNA-21 have been described. PTEN is a well-known
tumor suppressor gene that is often mutated in cancer and
was already functionally connected to development of GBC
[58, 100, 101]. Wang et al. identified PTEN as a direct target
of miRNA-21 in BTC [84]. To determine the clinical signif-
icance of this result, they performed Kaplan-Meier analyses
and could demonstrate that high miRNA-21 correlated with
poor disease-free and overall survival, whereas high PTEN
expression correlated with enhanced disease-free and overall
survival. Of note, PTEN was also identified as a direct target
of two other oncogenic miRNAs in BTC, namely, miRNA-

221 and miRNA-92a, which belong to the 17–92 cluster [87,
90]. Another direct target of miRNA-21 is 15-PGDH, an
enzyme that converts prostaglandin E2 (PGE2) to its inactive
form [82, 102]. BTC often develops under inflammatory
conditions [6]. PGE2 is the primary prostaglandin that is
involved in inflammation in various pathogenic processes
and deregulated 15-PGDH activity results in diminished
PGE2 conversion and subsequently in a more inflammatory
environment that facilitates carcinogenesis [102, 103]. As a
consequence, 15-PGDH acts as a tumor suppressor gene as
already shown for breast cancer [104]. In the study by Lu et al.,
they showed not only that miRNA-21 is overexpressed in CC
tissue, but also that 15-PGDH is a direct target of miRNA-21
and that PGE2 drives tumorigenesis in an BTC in vitromodel
[82]. As already mentioned, degradation of extracellular
matrix by metalloproteinases is a key step in development
of secondary tumors. TIMP3 is an inhibitor of MMP-9, a
metalloproteinase that not only was identified in BTC as a
downstream target of the potentially deregulated oncogene
SMYD3 [68] but alsowhose enhanced expressionwas directly
correlated to poor overall survival in patients with hilar
CC [105]. Interestingly, TIMP3 is another direct target of
oncogenic miRNA-21, and, in addition, overexpression of
miRNA-21 in CC samples is correlated with diminished levels
of TIMP3 in CC specimens [83]. Two studies described
PDCD4 as an additional direct miRNA-21 target in BTC
[83, 85]. PDCD4 is a tumor suppressor gene that regulates
various aspects of carcinogenesis in different types of cancer
and whose downregulation or loss is associated with poor
prognosis [106–108]. Another direct target of miRNA-21 in
BTC is PTPN14 [84], which was shown to be a negative
regulator of metastasis as well as of the potentially cancer-
driving Hippo/YAP pathway [109, 110].

Besides miRNA-21, other oncogenic miRNA species and
their direct targets were also identified in BTC. Zhang et al.
described miRNA-26a as a direct regulator of GSK-3𝛽, which
itself is a negative regulator of 𝛽-Catenin signaling [86].
Accumulation of the transcription factor 𝛽-Catenin in the
nucleus is a consequence of an activeWNT signaling pathway
[111–113], leading to activation of diverse downstream genes.
GSK-3𝛽 is part of the 𝛽-Catenin destruction complex, which,
in the absence of active WNT pathway signaling, marks 𝛽-
Catenin for proteasome-mediated destruction [114]. In their
study, Zhang and coworkers observed increased miRNA-26a
expression in CC tissues and cell lines [86]. Functional cell-
based experiments demonstrated direct interaction between
miRNA-26a and GSK-3𝛽; in addition, miRNA-26a-mediated
reduction of GSK-3𝛽 resulted in activation of 𝛽-Catenin
and expression of cancer-driving genes such as cell cycle
promoters. Another upregulated oncogenic miRNA in GBC
was found by Chang and coworkers [81]. In this study,
elevated miRNA-20a expression in GBC tissue was correlated
with local invasion and distant metastasis. A functional
explanation of this observation is given by the identification
of SMAD7 as a direct target of miRNA-20a as well as the
inverse expression pattern of miRNA-20a and SMAD7. High
expression of miRNA-20a correlated with low expression
of SMAD7 and this expression pattern resulted in very
poor overall survival [81]. SMAD7 was first described as an
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inhibitor of TGF-𝛽 signaling but is now known as a versatile
regulator of various signaling pathways. The role of SMAD7
in cancer progression is not uniform, as overexpression of
SMAD7 can lead to both favorable and poor prognoses [115].
Interestingly, Huang et al. observed enhanced invasion and
migration of GBC cells after SMAD7 inhibition, suggesting
a more tumor suppressive role in this context, whereas, in
another publication regarding BTC, SMAD7 was found to
be overexpressed in CC samples and correlated with lower
disease-free and overall survival [116].

Taken together, these studies show that deregulation
of miRNAs plays a central role in development and pro-
gression of BTC and also translates into real clinical con-
sequences. Overexpression or underexpression of certain
miRNA species is associated with disadvantageous clinico-
pathological characteristics and poor disease-free and overall
survival in BTC. The presented studies clearly demonstrate
that individual miRNAs do act as tumor suppressors or onco-
genes in BTC, depending on their actual regulatory targets.
Of note, current evidence suggests that the same miRNA
species can be both tumor-promoting and tumor-repressing
within BTC. In the studies summarized in Table 1, miRNA-
26a was found to be upregulated acting as an oncogenic
miRNA,whereas it was found to be downregulated in another
study, where it acted de facto as a tumor suppressor miRNA
[62, 86]. Another example of this phenomenon is miRNA-
200c, which was downregulated in CC samples in the study
conducted by Peng et al. [56] but significantly upregulated in
another study [117].

2.3. Regulation of miRNAExpression. Based on the presented
studies, it is evident that deregulation of miRNAs influences
various aspects of BTC carcinogenesis. Understanding the
reasons of miRNA deregulation might therefore be of great
scientific and clinical interest. As already described, miRNAs
genes are transcribed by RNA polymerase II [15]. Like
protein-coding genes, miRNA genes can be regulated by
epigenetic events, altering the transcriptional accessibility
of these genetic loci. DNA methylation at CpG islands in
promoter regions is an epigenetic mechanism that leads
to transcriptional repression of the respective gene. Chen
et al. observed downregulation of miRNA-373 in patients
with hilar cholangiocarcinoma [63]. In order to investi-
gate the mechanism of the miRNA-373 deregulation, they
analyzed the genomic surrounding of the miRNA-373 gene
and identified a region at the 5 flank that may serve as a
promoter. Of note, this putative promoter harbors a potential
CpG island, allowing for epigenetic regulation. Accordingly,
analysis of the methylation status of this CpG island revealed
high methylation rates, including homozygous methylation.
Furthermore, high DNA methylation at this genomic region
correlated with low miRNA-373 levels in BTC patient sam-
ples, suggesting that downregulation of miRNA-373 is a
consequence of aberrant epigenetic regulation.

Another study that connects deregulated miRNA expres-
sion with DNA methylation was conducted by Zeng et al.
[68]. Here, the authors investigated if the observed low
expression of miRNA-124 in BTC samples is caused by
enhancedDNAmethylation. Inhibition ofDNAmethyltrans-

ferases significantly raised miRNA-124 expression. It is worth
mentioning that this study was done using HCV-related
IHC specimens and it is known that HCV infection is a
major risk factor for development of BTC [2]. In this regard,
Zeng et al. showed that HCV directly causes upregulation
of DNA methyltransferases which in consequence leads to
enhanced DNA methylation events and silencing of genes
including miRNA-124 [68]. Further evidence of a central
contribution of DNA methylation in regulation of miRNAs
in BTC was presented by An et al. in a study investigating
the underexpression of miRNA-370 in CC tissues [80]. Addi-
tionally, DNAdemethylation inCC cells resulted in enhanced
expression of miRNA-370. Looking at the imprinting status
of miRNA-370, they found that the paternal allele of miRNA-
370 was silenced via genomic imprinting, while the maternal
allele was responsible for expression of this miRNA species.
Therefore, reduction ofmiRNA-370, as observed in this study,
has to be an implication of silencing of the maternal allele.
An et al. also described overexpression of Interleukin-6 (IL-
6) in their CC sample cohort, a cytokine that is well known
to be a potent mitogen as well as a major proinflammatory
factor in CC [118], and found that IL-6 induces DNA hyper-
methylation, thereby effectively suppressing the expression
of miRNA-370 from the nonimprinted maternal allele [80].
This observation goes in line with another study that also
described IL-6 as a promoter of DNA methylation, again
leading to downregulation of the tumor suppressor miRNA-
370 [119].

An interesting regulatory mechanism for miRNAs was
described by Ma et al., which involves HOTAIR, a long-
noncoding RNA which they found to be overly expressed in
GBC patient material [120]. Silencing of HOTAIR led to an
upregulation of miRNA-130a, suggesting a direct regulatory
connection at the posttranscriptional level. Interestingly, this
upregulation was only observed for mature miRNA-130a and
not for its precursor forms.More evidence of direct regulation
of miRNA-130a by HOTAIR relates to the fact that both of
these RNA species were found to be present in the same RISC
complex [120]. The potential oncogenic role of HOTAIR in
BTCwas already described for breast and colon cancer as well
as for BTC [59, 121, 122].

3. MicroRNAs as Biomarkers

As mentioned in the introduction, one major problem in
management of BTC is the advanced stage at time of
diagnosis, excluding surgery as the only potentially curative
treatment option [9]. Specific biomarkers in early stages of
BTC would therefore allow rapid diagnosis and broaden
the spectrum of therapeutic options available at time of
diagnosis, which in turn should improve prognosis and
outcome for patients with BTC. A suitable biomarker should
be noninvasive, stable in fluids such as blood or bile, disease-
specific, and easy to access and to measure and has to
be sensitive in order to identify positive cases (high true
positive rate) as well as being specific in order to distinguish
positive from negative cases (low false positive rate) [123].
A common test for evaluation of a potential biomarker is
the “Receiver Operating Characteristic” (ROC) analysis, in
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which the true positive rate and the false positive rate of
the potential biomarker are plotted. The “area under the
curve” (AUC) is then used for interpretation of the diagnostic
power of the tested biomarker candidate. By definition, a
perfect biomarker results in an AUC of 1.0, whereas a random
chance results in an AUC of 0.5 [124, 125]. The currently
employed biomarkers for BTC are carcinoembryonic antigen
(CEA) and CA19-9, both showing rather inferior sensitivity
and specificity [126, 127]. Since the discovery that miRNAs
are stable in serum and plasma and that these circulating
miRNAs can serve as specific biomarkers for various types
of cancer, scientists worked on the identification of miRNA
expression patterns that can be used as biomarkers for BTC
[128]. For BTC, bile might also be an attractive body fluid for
identification of diagnostic miRNAs, as potential biomarkers
may be directly secreted by malignant cholangiocytes into
bile and, therefore, samples may be more meaningful and
specific due to the spatial proximity of the tumor cells and
this matrix [127]. Accordingly, Li et al. proved the existence of
diverse miRNA species in extracellular vesicles from human
bile and demonstrated high stability of miRNAs expressed in
biliary extracellular vesicles [129]. In the following paragraph,
we will give an overview of studies that looked for specific
miRNA expression patterns in order to potentially identify
biomarkers regarding BTC (see Table 2).

Circulating miRNA-106a was downregulated in serum
of CC patients compared to patients with benign biliary
disease (BBD) and healthy individuals, correlating with poor
prognosis and lymph node metastasis [91]. Of note, a gradual
decline of miRNA-106a serum levels was observed, with
highest expression in healthy individuals,mediumexpression
in BBD, and lowest expression in CC patients. The authors
then evaluated the diagnostic power of circulating miRNA-
106a for discrimination of CCpatients versus healthy individ-
uals and CC patients against BBD. Serum miRNA-106a was
very effective in distinguishing CC from nonmalignant cases,
resulting in an AUC of 0.89, and moderate in distinguishing
CC from BBD with an AUC of 0.79. Compared to the
standard BTC biomarker, CA19-9, the authors concluded that
serum miRNA-106a shows moderate-to-superior diagnostic
value [91].

As discussed above, miRNA-21 is a proven and potent
oncogene in BTC carcinogenesis (see Table 1). In addition,
several studies investigated the diagnostic power of this
miRNA species. In plasma samples, miRNA-21 was
overexpressed in BTC compared to BBD and healthy controls
and, interestingly, after surgery, plasma levels of miRNA-21
significantly declined [93]. Again, an expression gradient was
observable: highest expression of plasma miRNA-21 in BTC
patients, medium in BBD patients, and lowest in healthy
individuals. MicroRNA-21 was superior over CA19-9 in
differentiating BTC patients versus healthy individuals with
sensitivity of 84% (CA19-9: 36.2%). However, combination of
plasma miRNA-21 and CA19-9 levels grouped as a diagnostic
panel resulted in even better sensitivity (90.4%). A similar
result was seen for discrimination between patients with
BTC and BBD, where miRNA-21 showed approximately
twice the sensitivity of CA19-9 (71.2% versus 36.1%), but,
again, combination of both factors resulted in overall better

sensitivity (79.8%) [93]. Further evidence that qualifies
secreted miRNA-21 as a potential biomarker comes from
a study conducted by Wang et al., in which they measured
serum levels of miRNA-21 in patients with IHC compared to
healthy individuals [84]. Serum miRNA-21 was significantly
enhanced in IHC samples and, in line with the study by
Kishimoto and coworkers [93], miRNA-21markedly declined
after surgery. However, this effect was only observable for
potentially curative surgery and not for palliative resection
[84]. Again, miRNA-21 showed robust characteristics as a
biomarker for BTC: serum miRNA-21 levels discriminated
IHC patients from healthy individuals with high sensitivity
(87.8%) and specificity (90.5%) and an AUC of 0.908. In
urine, miRNA-21 levels were increased in periductal fibrosis
and CC patients compared to healthy individuals. Micro-
RNA-21 was able to distinguish healthy individuals from
periductal fibrosis (AUC 0.735) and CC (0.820) patients
[98]. Interestingly, the authors also observed enhanced levels
of miRNA-192 in urine samples of Opisthorchis viverrini-
infected patients as well as in periductal fibrosis and CC
patients compared to healthy controls. The diagnostic power
of miRNA-192 alone is moderate: Opisthorchis viverrini-
infected (AUC 0.766); periductal fibrosis (0.781); CC (0.682)
versus nonmalignant controls. However, combination of
miRNA-21 and miRNA-192 in a biomarker panel enhanced
their ability to discriminate healthy individuals from
Opisthorchis viverrini-infected (AUC 0.812), periductal
fibrosis (0.815), and CC (0.849) cases, making urine
another possible noninvasive source of CC biomarkers
[98]. Complementing these promising results in terms of
miRNA-21 as a potential biomarker, Selaru et al. evaluated
the diagnostic power of miRNA-21 expression in CC tissue
and, although this study cannot contribute to the evaluation
of miRNA-21 as a noninvasive diagnostic marker, the
results are still valuable [83]. Selaru and coworkers saw
not only significant overexpression of miRNA-21 in BTC
tissue compared to nonmalignant control samples but also
outstanding and nearly optimal sensitivity (95%), specificity
(100%), and AUC (0.995) for miRNA-21 in distinguishing
CC from normal bile duct [83].

Besides miRNA-21, serum miRNA-26a was also sug-
gested to provide accuracy as a diagnostic tool for BTC
[94]. Levels of miRNA-26a were increased in serum of CC
patients compared to healthy control subjects and correlated
with short progression-free and overall survival. Importantly,
serummiRNA-26a was able to differentiate between patients
with CC and healthy individuals with sensitivity and speci-
ficity values above 80% and an AUC of 0.899, thereby being
a superior biomarker compared to CA19-9, which only dis-
played an AUC of 0.723. Of note, serum levels of miRNA-26a
declined significantly in patients who underwent potential
curative surgery [94]. In a large screen for differentially
expressed miRNAs in serum of patients with BTC or PSC
versus healthy individuals, Bernuzzi et al. identified miRNA-
200c as being deregulated in PSC with an AUC value of 0.74
for distinguishing PSC from healthy control [95]. For BTC,
they found serum levels of miR-483-5p and miR-194 to be
enhanced compared to both PSC and controls (with control
samples displaying the lowest expression levels). ROC curve
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Table 2: MicroRNAs as potential biomarkers for BTC.

miRNA
(source) Groups

Clinicopathological
characteristics associated with
deregulated miRNA expression

AUC Ref.

Downregulated

106a
(serum)

CC versus
control

Lymph node metastasis; poor
prognosis 0.89 [91]

106a
(serum)

CC versus
BBD 0.79 [91]

1537 (bile)
PSC versus
PSC/CC

0.78 [92]
412 (bile) 0.81 [92]
640∗ (bile) 0.81 [92]
3189 (bile) 0.80 [92]

Upregulated

21
(plasma)

BTC versus
control

Decline of miRNA-21 plasma
levels after surgery 0.93 [93]

21
(plasma)

BTC versus
BBD 0.83 [93]

150
(plasma)

IHC versus
control

0.791; 0.920
(+CA19-9) [26]

21 (tissue) CC versus
control 0.995 [83]

21 (tissue) IHC versus
control

Decline of miRNA-21 serum
levels after potentially curative
surgery

0.908 [84]

26a
(serum)

CC versus
control

Decline of miRNA-26a serum
levels after potentially curative
surgery; shorter progression-free
and overall survival

0.899 [94]

483-5p
(serum)

0.77; 0.81
(+miRNA 194) [95]

194
(serum)

0.74; 0.81
(+miRNA
483-5p)

[95]

192
(serum)

Lymph node metastasis; shorter
survival 0.803 [96]

200c
(serum)

PSC versus
control 0.74 [95]

1281
(serum)

PSC versus CC

0.83 [92]

126
(serum) 0.87 [92]

26a
(serum) 0.78 [92]

30b
(serum) 0.78 [92]

122
(serum) 0.65 [92]

9 (bile)
BTC versus

BBD

0.975 [97]
145∗ (bile) 0.975 [97]
944 (bile) 0.765 [97]

21 (urine)
CC versus
control

0.820; 0.849
(+miRNA 192) [98]

192 (urine) 0.682; 0.849
(+miRNA 192) [98]

AUC: area under curve; BBD: benign biliary diseases; BTC: biliary tract cancer; CC: cholangiocarcinoma; IHC: intrahepatic cholangiocarcinoma; miRNA:
microRNA; PSC: primary sclerosing cholangitis; PSC/CC: cholangiocarcinoma complicating primary sclerosing cholangitis.
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analysis for both of these miRNA species resulted in AUC
of 0.77 for miRNA-483-5p and AUC of 0.74 for miRNA-194.
However, combination of these two miRNAs significantly
increased the AUC value to 0.81 [95]. MicroRNA-192, which
was already found to be upregulated in urine samples of
CC patients as mentioned above [98], is another circulating
miRNA of potential diagnostic value as published by Silakit
and others [96]. This miRNA species was found to be
upregulated in CC serum samples versus serum of healthy
control subjects and associated with disadvantageous clini-
copathological characteristics. In distinguishing CC patients
from control individuals, miRNA-192 achieved sensitivity of
74%, specificity of 72%, and an AUC of 0.803 [96]. A similar
AUC (0.791) was calculated for circulating miRNA-150 in
plasma to differentiate between IHC patients and healthy
controls and, compared to the calculated AUC of CA19-9
(0.747), the potential of plasma miRNA-150 was superior
[26]. Again, a combination of plasma miRNA-150 and CA19-
9 was significantlymore powerful as a diagnostic tool for BTC
than either factor alone, resulting in an AUC of 0.92 [26].
Concerning bile as a potential source of BTC biomarkers,
Shigehara and coworkers confirmed presence and stability of
endogenous miRNAs in bile, making bile a potentially attrac-
tive source of biomarkers for BTC, and therefore compared
in a comprehensive microarray study the expression levels of
miRNAs in bile of patients with BTC with those of patients
suffering from BBD [97]. They found numerous deregulated
miRNAs, including three that were markedly upregulated
in BTC versus BBD: miRNA-9, miRNA-145∗, and miRNA-
944. For miRNA-9 and miRNA-145∗, the outstanding AUC
value of 0.975 suggests high potential as specific markers
to discriminate BTC from BBD. The prognostic power of
miRNA-944 was lower, albeit still resulting in an AUC value
of 0.765 [97]. In another study using bile as source of
putative diagnostic relevant miRNA species, Voigtländer et
al. performed a large screen in bile and serum of patients with
PSC and CC and observed different miRNA profiles between
both diseases [92]. In serum, they found five upregulated
miRNAs in PSC versus CC which showed good-to-moderate
diagnostic power in distinguishing PSC from CC: miRNA-
1281, miRNA-126, miRNA-26a, miRNA-30b, and miRNA-
122. In bile, potential biomarker miRNAs that were able to
distinguish the two diseases were downregulated in PSC
versus CC: miRNA-1537, -412, -640, and -3189. Of note, AUC
values of each of those four candidates were relatively equal,
around 0.80 [92].

4. Discussion and Outlook

MicroRNAs are of great scientific and clinical interest, as
it becomes more and more clear that this noncoding RNA
species is a major factor in cancer diseases [23]. Their sheer
number combined with their ability to potentially target
multiple protein-coding transcripts gives an idea of the
overall regulatory power of miRNAs [20]. For BTC, not only
might miRNAs constitute new therapeutic targets themselves
but also their function helps shed more light on the cellular
and pathologic processes contributing toBTCcarcinogenesis.
As summarized in this review and in Figure 1(a), identi-

fication of direct targets of deregulated miRNAs in BTC can
provide valuable knowledge about functional associations
and new starting points for therapeutic strategies (Table 1). As
one intensively investigated example, miRNA-21 was found
to be frequently deregulated in BTC samples with poor
clinicopathological features (Table 1). By directly promoting
tumor growth and aggressiveness via direct transcriptional
suppression of known tumor suppressor genes, miRNA-21
acts as a potent oncogenic miRNA.

Diagnosis of BTC at early stages is one important factor to
improve prognosis. However, up to now, available biomarkers
are not sensitive and specific enough [127]. MicroRNAs have
been shown to circulate in a stable form in serum and plasma
[128] and, in addition, are also detectable in bile fluid [129].
Therefore, several studies have already investigated expres-
sion patterns of miRNAs in plasma, serum, urine, and bile
of BTC patients compared to healthy individuals. They found
that circulating miRNAs obtained from body fluids have the
potency to be sensitive and specific noninvasive biomarkers
for BTC for diagnosing the tumor aswell as for discriminating
BTC from BBD (Table 2). Of note, the calculated diagnostic
power of certainmiRNAs exceeds the diagnostic power of the
standard BTC marker, CA19-9, as illustrated in Figure 1(b).
However, following the results of the presented studies, it may
be useful to not just concentrate on one biomarker but rather
combine a certain number of candidate biomarkers in a group
to achieve maximum sensitivity, specificity, and diagnostic
accuracy [26, 93, 95]. Again, for the mentioned miRNA-21,
its aberrant expression in plasma, serum, urine, and tissue
has superior diagnostic power in differentiating BTC from
BBD and healthy controls, thus qualifying this miRNA as
a potential biomarker (Table 2). In this regard, it will be
interesting to determine the expression levels of miRNA-21
in bile of BTC patients and healthy patients to estimate a
potential biomarker function also in this body fluid. Further,
more detailed investigation of the role of miRNA-21 in early
events of BTCdevelopment and carcinogenesiswill be helpful
to evaluate miRNA-21 as a biomarker for BTC.

Abbreviations

15-PGDH: Hydroxyprostaglandin Dehydrogenase
15-(NAD)

3 UTR: 3 untranslated region
AUC: Area under the curve
BAG-1: BCL2-associated athanogene 1
BBD: Benign biliary disease
BTC: Biliary tract cancer
CC: Cholangiocarcinoma
EHC: Extrahepatic cholangiocarcinoma
EMT: Epithelial-mesenchymal transition
GBC: Gallbladder cancer
GSK-3𝛽: Glycogen synthase kinase 3 beta
HBV: Hepatitis B virus
hCC: hilar cholangiocarcinoma
HCV: Hepatitis C virus
HMGA2: High-mobility group AT-hook 2
IHC: Intrahepatic cholangiocarcinoma
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Figure 1: Role of deregulated miRs in BTC and their potential use as biomarkers. (a) Deregulation of miR expression in BTC tissue versus
healthy controls results in unfavourable clinicopathological characteristics as well as poor outcome (upper part). Validated direct targets of
deregulated miRs in BTC model systems include known tumor suppressors and oncogenes. Overexpression of oncogenic miRs results in
aberrant downregulation of target tumor suppressors, whereas underexpression of tumor suppressor miRs results in insufficient negative
transcriptional control of oncogenes (marked as red “X”), leading to their upregulation. Both of these events eventually cause diverse
oncogenic effects (lower part). Figure based on Table 1. (b) Summary of distinguishing power of individual miRs regarding their use as
potential biomarkers. The area under curve values from individual studies (reference numbers in square brackets; for details, see Table 2)
indicate the quality of the respective miR as a biomarker (between 0.5 and max. 1.0), compared to CA19-9 as a conventional marker. Green
boxes indicate miRs for which deregulation in BTC tissue as well as the use as a biomarker for BTC has been investigated. ‡: from plasma; ‡‡:
from serum; ‡‡‡: from urine. For full gene names, see Abbreviations. BBD: benign biliary disease; BTC: biliary tract cancer; EMT: epithelial-
mesenchymal transition; miR: microRNA; PSC: primary sclerosing cholangitis.
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LIS1: Platelet activating factor acetylhydrolase
1b regulatory subunit 1

MBD2: Methyl-CpG binding domain protein 2
miRNA: MicroRNA
MMP-9: Matrix metallopeptidase 9
MRP1: ATP Binding Cassette subfamily C

member 1
PDCD4: Programmed cell death 4
PGE2: Prostaglandin E2
PKM2: Pyruvate kinase, muscle
PNUTS: Protein phosphatase 1 regulatory

subunit 10
PRC: Polycomb Repressive Complex
PSC: Primary sclerosing cholangitis
PSMD10: Proteasome 26S subunit, non-ATPase 10
PTEN: Phosphatase and tensin homolog
PTPN14: Protein tyrosine phosphatase,

nonreceptor type 14
RISC: RNA-induced silencing complex
ROC: Receiver Operating Characteristic
ROCK2: Rho associated coiled-coil containing

protein kinase 2
SLUG: Snail family zinc finger 2
SMAD4: SMAD family member 4
SMAD7: SMAD family member 7
SMYD3: SET and MYND domain containing 3
SUZ12: SUZ12 polycomb Repressive Complex 2

subunit
TGF-𝛽: Transforming growth factor-beta
TIMP3: TIMP metallopeptidase inhibitor 3
TWIST: Twist family BHLH transcription factor

1
VLDLR: Very low-density lipoprotein receptor
WNT10B: Wnt family member 10B
YAP: Yes-associated protein 1.
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Long noncoding RNAs (lncRNAs) play crucial roles in cancer occurrence and progression. However, the relationship between the
expression levels of lncRNAs and the hepatocellular carcinoma (HCC) process is unclear.The goal of this studywas to determine the
expression level of ZNF674-AS1, a newly found lncRNA, in HCC and its clinical association. The expression of ZNF674-AS1 in 137
pairs of tumorous and adjacent normal tissues from patients with HCCwas detected by quantitative real-time reverse transcription
polymerase chain reaction. Additionally, the potential associations between its level in HCC tissue and clinicopathological features
were analyzed. The expression of ZNF674-AS1 in the HCC cell lines HepG2, HCCLM3, SK-Hep1, HuH7, Hep3B, and MHCC97H
was significantly downregulated compared with that in the normal liver cell line QSG-7701. The expression of ZNF674-AS1 was
downregulated in 72% (99/137) of HCC tissues compared with that in paired adjacent normal tissues (𝑝 < 0.01). The results
showed that the ZNF674-AS1 expression level was significantly correlated with metastasis (𝑝 = 0.041), clinical stage (𝑝 = 0.039),
and histopathologic grading (𝑝 = 0.045). In addition, the Kaplan–Meier survival curves revealed that low ZNF674-AS1 expression
was associated with poor prognosis in patients with HCC. Our data suggest that ZNF674-AS1 may play some role during cancer
occurrence and progression and may be a new biomarker for HCC.

1. Introduction

Hepatocellular carcinoma (HCC) is a leading cause of cancer
death in many Asian and African countries [1]. HCC causes
approximately 662,000 deaths each yearworldwide and about
half of them occur in China [2].Themajor causes of HCC are
viral infections and alcohol and tobacco use.

Intensive investigations over the last few decades have
focused on the role of protein-coding genes in the patho-
genesis of HCC, and efforts have been made to identify
appropriate prognostic markers for HCC [3–6], including

primary tumor size, elevated alpha-fetoprotein levels, and
gene expression markers in the primary tumor. However,
these methods have not proven to be adequate in predicting
the prognosis of all patients with HCC. In addition, recent
studies have indicated that several long noncoding RNAs
(lncRNAs) are dysregulated in HCC, and their aberrant
expression levels are associated with tumorigenesis, metasta-
sis, prognosis, or diagnosis [7–12].

lncRNAs are non-protein-coding transcripts longer than
200 nucleotides that lack an open reading frame of sig-
nificant length [13–17]. As a new type of regulatory RNA
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molecule, lncRNA has a diverse subcellular location and
plays important roles in many aspects of cell activity. Fur-
ther, lncRNAs regulate gene expression at the epigenetic,
transcriptional, posttranscriptional, and translational levels
during cancer development [13, 18]. ZNF674 antisense RNA
1 (ZNF674-AS1, NR 015378) is an lncRNA that was first
identified from the lncRNA expression profile of HCC iden-
tified by microarray analysis [10]. However, its association
with HCC is unclear. The goal of the present study was
to determine the expression level of ZNF674-AS1 in HCC
and then to evaluate the relationship between its expression
levels and clinical pathological characteristics of patients with
HCC.

2. Materials and Methods

2.1. Patient Data and Tissue Samples. One hundred and
thirty-seven fresh HCC tissue samples and matched normal
adjacent tissue samples from 2010 to 2014 were selected
from patients who underwent resection of primary HCC at
our cancer center in the Department of Hepatobiliary and
Pancreatic Surgery, The First Affiliated Hospital, College of
Medicine, Zhejiang University, China. Tumor tissues and
paired adjacent nontumorous tissues 5 cm from the edge of
the tumor were obtained during surgery. None of the patients
received preoperative therapy.The resected tumor and paired
nontumor tissue specimens were immediately frozen in
liquid nitrogen and kept at −80∘C until analysis [12]. The
diagnosis of each specimen was confirmed histopathologi-
cally. All of the clinical data were collected by physicians, and
the researchers were blinded to the clinical data. The study
was approved by the Human Research Ethics Committee of
The First Affiliated Hospital, College of Medicine, Zhejiang
University. Written informed consent was obtained from all
of the subjects.

2.2. Total RNA Preparation and Real-Time Quantitative
Reverse Transcription Polymerase Chain Reaction (qRT-PCR)
Detection. Total RNA was isolated using TRIzol� Reagent
(Life Technologies Corporation, Carlsbad, CA, USA) accord-
ing to the manufacturer’s protocol, and cDNA was synthe-
sized (Bio-Rad, Hercules, CA, USA). Real-time PCR was
performed according to the manufacturer’s instructions.

The expression levels of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and ZNF674-AS1 were evaluated
using real-time qRT-PCR. The primers were as follows:
ZNF674-AS1 forward (5-CAAAGCCTGTGGCCGATGTG-
3) and reverse (5-ATGGTCACACATTCCTTCTCCC-3)
and GAPDH forward (5-AGAAGGCTGGGGCTCATTTG-
3) and reverse (5-AGGGGCCATCCACAGTCTTC-3).
The cDNAs were amplified using an Applied Biosystems
7500-fast PCR machine; the reaction was performed accord-
ing to the PCR kit instructions. The cycling conditions were
as follows: denaturation at 94∘C for 5min, followed by 40
cycles of 95∘C for 30 s, 58∘C for 30 s, and 72∘C for 20 s. All of
the experiments were conducted three times, and the average
was determined. The 2−ΔΔCt formula was used to calculate
differential gene expression [19].
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Figure 1: In all 137 tissue pairs, the downregulation of ZNF674-
AS1 expression was significant in tumors compared to adjacent
noncancerous tissues.

2.3. Cell Lines and Cell Culture. Six HCC cell lines (HepG2,
HCCLM3, SK-Hep1,HuH7,Hep3B, andMHCC97H) and one
normal liver cell line (QSG-7701), all of which aremaintained
at our institution, were used in this study. All of the cell lines
were maintained in a humidified atmosphere containing 5%
CO
2
at 37∘C and were passaged using standard cell culture

techniques [19].

2.4. Statistical Analysis. The relationship between ZNF674-
AS1 expression and clinicopathological variables was assessed
using a 𝜒2 test. All of the statistical analyses were performed
using SPSS 19.0 for Windows (SPSS, Chicago, IL, USA)
and GraphPad Prism� 5.0 (GraphPad Software, La Jolla,
CA, USA). A one-way analysis of variance (ANOVA) and
Student’s t-tests were used as appropriate. Overall survival
curves were plotted according to the Kaplan–Meier method.
A 𝑝 value less than 0.05 was deemed to indicate statistical
significance.

3. Results

3.1. ZNF674-AS1 Was Downregulated in HCC Cell Lines and
Tissues. Using qRT-PCR, we detected the expression levels
of ZNF674-AS1 in HCC cell lines and tissues. We found
that the expression level of ZNF674-AS1 in cancer tissues
from patients with HCC was significantly lower than those
in matched normal tissues (𝑝 < 0.01; Figure 1). Furthermore,
the expression of ZNF674-AS1 was decreased in 72% (99/137)
ofHCC tissues comparedwith that inmatched normal tissues
(Figure 2). The expression of ZNF674-AS1 in five HCC cell
lines (HCCLM3, SK-Hep1, HuH7, Hep3B, and MHCC97H)
was significantly downregulated compared with that in the
normal liver cell line QSG-7701 (Figure 3).

3.2. Relationship between the ZNF674-AS1 Levels in Cancer
Tissues and Clinicopathological Factors in Patients with HCC.
Next, we explored whether the ZNF674-AS1 expression levels
were associated with the clinicopathological factors of HCC.
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Figure 2: The ZNF674-AS1 expression levels in hepatocellular
carcinoma (HCC) tissues was reduced (72%).
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Figure 3: The ZNF674-AS1 expression level in HCC cell lines and a
normal liver cell line QSG-7701.

As shown in Table 1, the ZNF674-AS1 levels were associated
with clinical stage (𝑝 = 0.039), histopathologic grade (𝑝 =
0.045), and cancer distal metastasis (𝑝 = 0.041). However,
there was no significant correlation between ZNF674-AS1
expression and other clinicopathological features, such as
age, gender, tumor diameter, hepatitis B, and liver cirrhosis.
Finally, the assessment of overall survival in HCC patients
revealed that a lower expression of ZNF674-AS1 was cor-
related with the adverse survival of patients with HCC
(Figure 4).

4. Discussion

With the advances in high-resolution microarray and mas-
sively parallel sequencing technology, it has been well
accepted that at least 90% of the human genome is actively
transcribed into ncRNAs, while less than 2% of the genome
sequences encode proteins [13, 15, 20]. Recent studies have
highlighted that lncRNAs, larger than 200 nucleotides, are a
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Figure 4: Kaplan–Meier curves estimating the 5-year recurrence-
free survival rates according to the expression of the ZNF674-AS1 in
patients with HCC who underwent hepatic resection.

new class of noncoding RNAs that might play critical roles in
HCC progression [9, 12, 21].

ZNF674 antisense RNA 1 (ZNF674-AS1, NR 015378),
located at Xp11.23, is a novel lncRNA that was identified from
a lncRNA microarray analysis [10]. Zhu et al. demonstrated
for the first time that ZNF674-AS1 was upregulated in 19
pairs ofHCC samples comparedwith adjacent tumor samples
[10]. However, in our study, we found that ZNF674-AS1 levels
in 137 cancer tissues from patients with HCC were signif-
icantly lower than those in corresponding normal tissues.
Further, the expression of ZNF674-AS1 in five HCC cell lines
(HCCLM3, SK-Hep1, HuH7, Hep3B, and MHCC97H) was
also significantly downregulated compared with the normal
liver cell line QSG-7701. The differences between our study
and Zhu et al.’s may be due to the number of HCC samples;
19 pairs of HCC samples are not sufficient to determine the
expression level of ZNF674-AS1 in HCC.

To investigate the clinical value of ZNF674-AS1 in HCC
diagnosis and prognosis, we investigated the correlation
between the expression of ZNF674-AS1 and clinicopatho-
logical features of HCC. The statistical analysis indicated
that low ZNF674-AS1 expression was significantly associated
with clinical stage, histopathologic grading, and cancer distal
metastasis. The Kaplan–Meier analysis showed that patients
with low levels of ZNF674-AS1 expression tended to live a
shorter life than those with high levels.

The present study has some limitations. Although
ZNF674-AS1 may be a tumor suppressor gene, we have
neither verified its role in vivo and in vitro nor found the
underlying mechanism in the progression of HCC.

5. Conclusion

These results suggest that the aberrant expression of ZNF674-
AS1 might be involved in the biological characteristics of
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Table 1: Clinicopathological correlation of ZNF674-AS1 expression in human hepatocellular carcinoma (HCC). AFP: Alpha Fetal Protein;
PVTT: Portal Vein TumorThrombus; ∗𝑝 < 0.05.

Parameters Group Total ZNF674-AS1 expression
𝑝 value

Low High

Gender Male 118 85 33 0.88
Female 19 14 5

Age <60 88 64 24 0.87
≥60 49 35 14

Hepatitis B Absent 40 31 9 0.61
Present 97 68 29

Liver cirrhosis Absent 40 31 9 0.38
Present 97 68 29

AFP Negative 51 36 15 0.74
Positive 86 63 23

Tumor size ≤3 27 20 7 0.82
>3 110 79 31

Tumor number Single 105 79 26 0.16
Multiple 32 20 12

PVTT Absent 94 65 29 0.23
Present 43 34 9

Metastasis Absent 121 84 37 0.04∗
Present 16 15 1

Clinical stage I-II 102 69 33 0.039∗
III-IV 35 30 5

Histopathologic grading Poorly 102 79 23 0.045∗
Well + moderately 35 20 15

HCC and might be a novel biomarker for predicting the free
survival of HCC.
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Objective. We performed a meta-analysis of available studies to assess the prognostic value of circulating tumor cells detected by
cytological methods for patients with gastric cancer.Methods. Two authors systematically searched the studies independently with
key words in PubMed, MEDLINE, EMBASE, Science Citation Index Expanded, and Cochrane Library (from inception to April
2016). The estimated hazard ratio, risk ratio, odds ratio, and their 95% confidence intervals were set as effect measures. All analyses
were performed by STATA 12.0. Results. Sixteen studies were included in this meta-analysis. CTCs-high status was significantly
associated with poor overall survival (HR = 2.23, 95% CI: 1.86–2.66) and progression-free survival (HR = 2.02, 95% CI: 1.36–2.99).
CTCs-high status was also associated with depth of infiltration (OR = 2.07, 95% CI: 1.16–3.70), regional lymph nodes metastasis
(OR = 1.85, 95% CI: 1.26–2.71), and distant metastasis (OR = 2.83, 95% CI: 1.77–4.52). For unresectable gastric cancer patients,
CTCs-high status was significantly associated with poor overall survival, progression-free survival, and disease control rate before
and during chemotherapy group. Conclusions. Our meta-analysis has evidenced the significant prognostic value of CTCs detected
for both PFS and OS in gastric cancer patients. For patients treated with chemotherapy alone, we proved that CTCs detected by
cytological method showed a significant prognostic value and poor response to chemotherapy.

1. Introduction

Gastric cancer is the fifthmost commonmalignant neoplasm
and the third leading cause of death from cancer [1]. Most
patients relapse after a prior curative surgical approach [2].
So far, pathological stage, histological type, lymphatic vessels,
and vascular infiltration were widely used as prognostic
factors of patients with gastric cancer. But all of them had
limitations, and new and better predictors of survival of
patientswith gastric cancerwere needed. Since the circulating
tumor cells (CTCs) were discovered in peripheral blood of
the patient with cancer in 1896, CTCs have been used in
many aspects of cancer management, such as monitoring
tumor recurrence and treatment efficacy, determining drug-
selection strategies, and predicting the survival of cancer
patients [3]. Recently, meta-analyses of CTCs’ prognostic
value have been confirmed in patients with lung cancer [4],
breast cancer [5], and colorectal cancer [6].

Due to the low concentration in peripheral blood and
the limited technology onCTCs detection, general inspection
methods find it difficult to detect the rare cells and there is
no widely accepted method in detecting the CTCs in gastric
cancer. Currently, themajor techniques used to identifyCTCs
can be divided into two aspects, the cytological methods
(such as CellSearch, immunocytochemistry, flow cytome-
try, and immune-magnetic and fluorescence-activated cell
sorter) and the molecular methods (mainly the PCR) [3].
Although meta-analyses have shown that the presence of
CTCs in peripheral blood of patients with gastric cancer was
associated with poor prognosis and clinical characteristics
[7–9], most studies involved in these meta-analyses used
the molecular methods and the prognostic value of CTCs
detected by cytological methods remains controversial. The
pooled HR on OS from two meta-analyses showed different
results for CTCs positive patients when detected by cytolog-
ical methods (HR = 2.00, 95% CI: 0.1.28–3.13 [7]; HR = 1.67,
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95% CI: 0.57–4.92 [9], resp.) and the number of the involved
studies was very little (two and three, resp.). So there were
limitations in them. Besides, new studies using the cytological
methods have been reported recently. Therefore, it is neces-
sary to carry out a new meta-analysis on the prognostic role
of CTCs in patients with gastric cancer.

With the controversies existing in the prognostic role of
CTCs for gastric cancer, here, we conducted themeta-analysis
of published literature on this topic to summarize the evi-
dence of the clinical and prognostic role of CTCs detected by
cytological methods in gastric cancer patients.

2. Methods

2.1. Search Strategy. Two authors systematically searched
the studies independently with key words “gastric cancer”,
“circulating tumor cells”, “prognosis”, and “peripheral blood”
in PubMed, MEDLINE, EMBASE, Science Citation Index
Expanded, and Cochrane Library (from inception to April
2016). An additional search through Google Scholar and the
clinical trial registration website was conducted to obtain
information identifying other potentially relevant publica-
tions. Discrepancies were resolved by the third author. In
order to ensure the integrity of the retrieval, we also con-
ducted a manual search.

2.2. Inclusion and Exclusion Criteria. The inclusion criteria
were as follows: (1) studies using any kind of cytologicalmeth-
ods to evaluate the association between the circulating tumor
cells and overall survival (OS), progression-free survival
(PFS), or clinic-pathological characteristics of gastric cancer;
(2) sufficient data to calculate a hazard ratio (HR), risk ratio
(RR), or odds ratio (OR) and 95% confidence interval (95%
CI) being available; (3) at least 20 patients being involved in
the studies; (4) samples being collected from the peripheral
blood.

The exclusion criteria were as follows: (1) samples coming
from lymph nodes, the peritoneal cavity, or bone marrow;
(2) studies based on overlapping patients; (3) meta-analysis,
review, single test, case report, conference reports and exper-
iments, reporting the expert experience; (4) outcome being
unclear or the apparent paradox existence; (5) unattainability
of enough data after contacting the original author or maga-
zine.

2.3. Data Extraction. Data retrieved from the studies in-
cluded the first author’s name, year of publication, number
of patients, detection method, CTCs-high number, country
(or area) of patients, sampling times (before the initiation of
surgery and chemotherapy [“baseline”] or after the initiation
of chemotherapy [“during chemotherapy”]), population of
the patients (resectable or unresectable) and prognostic value
(OS and PFS), disease control rate (DCR) to chemotherapy,
tumor clinic-pathological characteristics, and hazard ratio
(HR). For studies with multiple arms (i.e., resectable and
unresectable groups), each of the subgroups was considered
an independent data set. For studies with multiple time
points (i.e., baseline and during chemotherapy), we used
data from “baseline” samples prior to the data from “during

chemotherapy” samples because those data were usually
dependent. If the HR and its 95% CI were not reported
directly in the original study, these values were calculated
from available reported data using software designed by
Tierney et al. [26]. All data was extracted independently by
two investigators. The discrepancy between the reviewers
was finally achieved through consultation. We used the
Newcastle-Ottawa scale (NOS) [27] to assess the quality of
cohort studies which was recommended by the Cochrane
Library for observational studies, where a score of 5–9 means
high quality and a score of 1–4 means low quality. This
article follows the QUORUM and the Cochrane Collabora-
tion guidelines (http://www.cochrane.de) for reportingmeta-
analysis (PRISMA statement) [28].

2.4. Statistical Analysis. All analyses of the data in our meta-
analysis were performed using the STATA 12.0 package
(StataCorp, College Station, TX, USA). The estimated HR
was used to evaluate the prognostic effect (PFS and OS) as
demonstrated by Parmar et al. [29] and HR > 1 reflected
more deaths or progression in the CTCs-high arm. Besides,
the estimated odds ratio (OR) was used to summarize the
association betweenCTCs detection and gastric tumor clinic-
pathological characteristics, and the estimated risk ratio (RR)
was used to evaluate the efficacy of chemotherapy (DCR). All
statistical values (pooled HR, RR, and OR) were combined
with a 95% CI and the 𝑃 value threshold was set at 0.05.
Heterogeneity was assessed by 𝐼2 inconsistency test and 𝜒2

based Cochran’s𝑄 statistic test [30] in which 𝐼2 > 50%or𝑃 <
0.1 indicated significant heterogeneity. When 𝐼2 < 50% and
𝑃 > 0.1, the fixed effectmodel was used, or the randomeffects
model was used conversely [31]. Publication bias was detected
by Begg’s test and Egger’s test [32].𝑃 < 0.05was considered of
significant publication bias. Furthermore, subgroup analyses
were made according to the difference of the data retrieved
such as country, methodology, population of the patients,
CTC-high number, and quality of the studies. Subgroup
analyses were performed only when there were two or more
studies included in the subgroups. And in order to explore the
potential sources of heterogeneity, we also did univariate
metaregression analyses (randomeffects) on the same factors.

3. Result

3.1. Baseline Study Characteristics. According to the men-
tioned retrieval method, 581 potentially relevant studies were
assessed. Detailed steps of the search were shown (Figure 1).
After the selection procedure, 16 cohort studies with a total
of 1110 gastric cancer patients were included [10–25]. The
basic characteristics and the quality assessment of these
studies were shown in Table 1. These studies were from
seven countries (China, Japan, Korea, Poland, USA, UK, and
Netherlands) and were published between 2007 and 2016.
Four of the retrieved studies only provided the association
between the CTCs and clinic-pathological characteristics.

12 studies mentioned the prognostic significance of the
CTCs; and seven of the studies used the CellSearch method,
eight provided the prognostic information of the unresectable
gastric cancer patients treated with chemotherapy alone, and
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Table 1: Baseline characteristics and quality assessment by the Newcastle-Ottawa scale of eligible studies.

Study Number Methodology CTC-high number Country Population Time points End point Stars

Li et al. 2016 [10] 136 CellSearch ≥3 China UR Baseline OS/PFS 7
During chemotherapy OS/PFS

Meulendijks et al.
2016 [11] 24 FACS-ICC ≥2 Netherlands UR Baseline OS/PFS 5

Lee et al. 2015 [12] 100 CellSearch ≥5 Korea UR Baseline OS/PFS 7
Okabe et al. 2015
[13] 136 CellSearch ≥1 Japan R + UR Baseline OS/PFS 6

Xia et al. 2015 [14] 36 Flow cytometry ≥1 China R Baseline OS 4
Kubisch et al. 2015
[15] 62 Immune-magnetic ≥1 USA UR Baseline OS/PFS 7

During chemotherapy OS/PFS 7
Sclafani et al. 2014
[16] 22 CellSearch ≥2 UK UR Baseline OS/PFS 4

Uenosono et al.
2013 [17]

251 CellSearch ≥1 Japan UR Baseline OS 6
R Baseline OS/RFS

Ito et al. 2012 [18] 65 ICC ≥5 Japan R Baseline OS 5
Matsusaka et al.
2010 [19]

52 CellSearch ≥4 Japan UR Baseline OS/PFS 6
During chemotherapy OS/PFS

Hiraiwa et al. 2008
[20] 27 CellSearch ≥2 Japan UR Baseline OS 4

Pituch-Noworolska
et al. 2007 [21] 57 FACS-ICC ≥1 Poland R Baseline OS 7

Kolostova et al.
2015 [22] 22 MetaCell

ICC ≥1 Poland R + UR Baseline NR 3

Li et al. 2015 [23] 44 FACS ≥1 China R Baseline NR 4
Li et al. 2014 [24] 45 FACS ≥1 China R + UR Baseline NR 4
Yuan et al. 2015 [25] 31 FACS ≥1 China R + UR Baseline NR 4
FACS: fluorescence-activated cell sorter; ICC: Immunocytochemistry; UR: unresectable; R: resectable; NR: unreported; Stars: 0–4 means low quality; 5–9
means high quality.

one had two independent data sets with multiple arms.
Besides, three of the studies had two data sets with multiple
time points. As to the quality assessment shown in Table 1,
three of the 12 studies were of low quality and the other 9
studies were of high quality.

3.1.1. The Prognostic Effect (OS and PFS) of CTCs Detection.
All 12 studies were available for the overall survival, and seven
studies were available for the progression-free survival.There
was no significant heterogeneity between these studies when
pooling the HR on OS (𝐼2 = 28.6%, 𝑃 = 0.157) and a fixed
model was used; the pooled HR for OS was 2.23 (95% CI:
1.86–2.66) (Figure 2(a)). However, the heterogeneity for PFS
(𝐼2 = 59.3%, 𝑃 = 0.022) was significant, the random effects
model was used, and the pooled HR was 2.02 (95% CI: 1.36–
2.99) (Figure 2(b)). The pooled results showed that CTCs-
high status detected by cytological methods was a significant
prognostic factor for gastric cancer patients, and there were
more deaths or progression in the CTCs-high arm than in the
CTCs-low arm.

Furthermore, we stratified the included studies based on
variables (such as country, population, methodology, CTCs-
high number, and quality); the results were shown in Table 2.
The results showed a significant prognostic effect for OS and

PFS and demonstrated a higher risk of deaths or progression
in the CTCs-high arm than in the CTCs-low arm for all
subgroups. For PFS, the heterogeneity dropped to insignifi-
cant level when studies were stratified by methodology (𝐼2 =
39.9%, 𝑃 = 0.155; and 𝐼2 = 0.0%, 𝑃 = 0.667, resp.). For
OS, heterogeneity was eliminated in subgroups by exclusion
of studies coming from non-East Asia countries, resectable
patients, or non-CellSearch methods.

3.1.2. OS, PFS, and DCR with CTCs Detection in Unre-
sectable Patients. Eight of the involved studies were designed
for patients with unresectable or recurrent gastric cancer
patients. As shown in Figure 3, eight data sets from baseline
(before chemotherapy) samples of these studies were avail-
able for OS; the pooled analysis showed a prognostic effect
of CTCs-high status (HR = 2.16, 95% CI: 1.72–2.71), with
no significant heterogeneity between the studies (𝐼2 = 0.0%,
𝑃 = 0.690) (Figure 3(a)). Six data sets with an significant
heterogeneity (𝐼2 = 66.1%, 𝑃 = 0.011) were available for PFS.
The pooled HR for PFS was 2.03 (95% CI: 1.26–3.26) (Fig-
ure 3(c)). For the disease control rate (DCR), 4 studies were
available.ThepooledRRwas 0.71 (95%CI: 0.61–0.82)With an
significant heterogeneity (𝐼2 = 88.9%, 𝑃 < 0.001) (Fig-
ure 3(e)).These results showed a poor prognosis and response
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Table 2: Results of subgroup analyses on PFS and OS.

Variables OS PFS
HR [95% CI] 𝑛 𝐼2 (%) 𝑃𝑑 HR [95% CI] 𝑛 𝐼2 (%) 𝑃𝑑

Country
East Asia 2.30 [1.89–2.80] 9 0.0 0.557 1.74 [1.21–2.50] 4 44.4 0.145
Non-East Asia 1.89 [1.23–2.90] 4 67.8 0.025 2.72 [1.04–7.13] 3 68.5 0.042

Population
Resectable 2.38 [1.40–4.06] 5 66.3 0.018 — 1 — —
Unresectable 2.16 [1.72–2.71] 8 0.0 0.690 2.03 [1.26–3.26] 6 66.1 0.011

Methodology
CellSearch 2.17 [1.78–2.65] 8 0.0 0.870 1.69 [1.31–2.20] 5 39.9 0.155
Non-CellSearch 2.86 [1.39–5.90] 5 70.0 0.010 4.43 [2.39–8.23] 2 0.0 0.667

CTC-high 𝑛 ≥ 3
Yes 2.03 [1.49–2.77] 4 11.0 0.338 1.65 [1.02–2.68] 3 60.8 0.078
No 2.33 [1.87–2.90] 9 38.1 0.114 2.52 [1.32–4.79] 4 58.6 0.064

Quality
High 2.15 [1.79–2.60] 10 38.2 0.103 2.17 [1.45–3.27] 6 60.9 0.026
Low 3.03 [1.71–5.37] 3 0.0 0.603 — 1 — —
Overall 2.23 [1.86–2.66] 13 28.6 0.157 2.02 [1.36–2.99] 7 59.3 0.022

The superscript “𝑑” refers to heterogeneity.

Articles included in this
meta-analysis (n = 16)

No data for prognosis or
clinicopathological characteristics or

molecular methods (n = 39)

Full-text articles retrieved for
detailed evaluation (n = 55)

Review, case report, and meta-analysis
reporting the expert experience (n = 97)

Abstracts retrieved for detailed
evaluation (n = 152)

Obviously not meeting the inclusion
criteria (n = 429)

Potentially relevant studies identified
through search strategies (n = 581)

Figure 1: Selection of the included studies.

to chemotherapy in the unresectable gastric cancer patients
with CTCs-high status detected at baseline.

Besides, three studies also reported the prognostic value
and the DCR for the CTCs-high status detected during
chemotherapy. We pooled these data separately, and the

results were shown in Figure 3. A poor prognosis and
response to chemotherapy were found in CTCs-high status
arm (OS: HR = 4.33, 95% CI [2.77–6.76]; PFS: HR = 4.94,
95% CI [1.83–13.28]; DCR: RR = 0.62, 95% CI [0.49–0.77])
(Figures 3(b), 3(d), and 3(f)).
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Figure 2: Hazard ratio (HR) for overall survival (OS) and progression-free survival (PFS) of the included studies.

3.1.3. Correlation between Detection of CTCs and Clinic-Path-
ological Characteristics. We extracted clinic-pathological
characteristics from the included studies. The potential cor-
relation between detection of CTCs and clinical variables was
investigated and showed in Figure 4, when the clinical vari-
ables were mentioned at least in 5 studies. The pooled odds
ratio demonstrated that the incidence of CTCs was signifi-
cantly different between the T3/T4 and T1/T2 groups (OR =
2.07, 95% CI: 1.16–3.70, 𝑛 = 5) (Figure 4(c)), region lymph
nodemetastasis positive and negative groups (OR = 1.85, 95%
CI: 1.26–2.71, 𝑛 = 10) (Figure 4(d)), or distant metastasis
positive and negative groups (OR = 2.83, 95% CI: 1.77–4.52,
𝑛 = 10) (Figure 4(e)). However, the pooled OR showed
no significant difference between female and male, III/IV
and I/II, or peritoneum metastasis positive and negative
groups (Figures 4(a), 4(b), and 4(f)).

3.1.4. Evaluation of Heterogeneity and Publication Bias. To
explore the potential sources of heterogeneity, we conducted
a meta-regression that considered the covariates of country,
population, methodology, CTCs-high number, and quality
for data from baseline samples. The results were shown in
Table 3. In a univariate analysis, methodology showed a bor-
derline explanatory variable that influenced the heterogeneity
of estimatedHR for PFS (coefficient = 0.980, standard error =
0.387, and 𝑃 = 0.053), and it explained 73.92% proportion of
between-study variance. However, other covariates were not
significantly correlated with the heterogeneity across studies
on PFS. For OS, none of these covariates was significantly
correlated with the heterogeneity across studies on OS; this
was in accordance with the little heterogeneity (𝐼2 = 28.6%,
𝑃 = 0.157) and may indicate the consistency between the
involved studies.

For the data from during chemotherapy samples, we per-
formed sensitivity analyses to explore the potential sources
of heterogeneity and test whether the results were stable.
And the results were showed in Table 4. Sensitivity analyses
indicated that the study by Matsusaka et al. [19] was the
main origin of the heterogeneity for PFS. After the exclusion

of the study, the heterogeneity for PFS was removed. This
may be due to the limited CTC-high patients of the study by
Matsusaka et al. (only nine patients). And while we deleted
any one of the studies from the overall pooled analysis each
time, the pooledHR forOS andPFS still remained significant.
This indicated that the pooled results were stable.

Publication bias was detected by Begg’s test and Egger’s
test. 𝑃 < 0.05 confirmed the existence of publication bias. No
publication bias was shown in OS (Begg’s 𝑃 = 0.300, Egger’s
𝑃 = 0.311) and PFS (Begg’s 𝑃 > 0.999, Egger’s 𝑃 = 0.672).

4. Discussion

Gastric cancer is a very common disease with high rates of
prevalence and mortality in the world [1]. Although great
progress has been made in the treatment of gastric cancer,
the five-year survival rate was still below 30% [2]. Recently,
CTCs have been shown to have an important role in tumor
metastasis, and their significant prognostic value has also
been demonstrated in several cancers [4–6]. In this meta-
analysis, we provided strong evidence that CTCs detected by
cytological methods in peripheral blood were significantly
associated with poor PFS and OS of gastric cancer patients,
irrespective of the geographical, population, and detection
methods and CTCs-high number differences.

The result of our meta-analysis solved the controversies
from two independent meta-analyses [7, 9] and demon-
strated the prognostic role of CTCs detected by cytological
methods in gastric cancer. Cytological methods may avoid
false positive results from nonneoplastic and contaminated
samples which was frequent in molecular methods, and they
were able to count the number of CTCs and recognize viable
and functional CTCs [33], so theymay provide uswith amore
accurate result by using the cytological methods. Besides, to
our knowledge, this was the first meta-analysis that assessed
the prognostic and predictive value of CTCs in unresectable
gastric cancer patients treated with chemotherapy alone.

According to the results in our meta-analysis, CTCs
detected by cytological method have shown an significant
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Table 3: Results of metaregression on OS and PFS.

Variables OS PFS
Coef. Std. err. 𝑃 Adj 𝑅-squared Coef. Std. err. 𝑃 Adj 𝑅-squared

Country −0.1778 0.2920 0.555 −9.31% 0.4922 0.4600 0.333 18.62%
Score 0.3353 0.3580 0.369 14.16% −0.8383 0.7327 0.304 2.50%
Methodology 0.1810 0.2714 0.519 −79.51% 0.9800 0.3875 0.053 73.92%
Population 0.0445 0.2507 0.862 −70.30% 0.0001 0.6618 >0.999 −47.68%
CTC-high 𝑛 0.1265 0.2551 0.630 −47.27% 0.4266 0.4353 0.372 1.48%
Adj 𝑅-squared: proportion of between-study variance explained; 𝑛: number; Coef.: coefficient; Std. err.: standard error.
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Figure 3: Hazard ratio (HR) for OS at baseline (a), OS in during chemotherapy (b), PFS at baseline (c), PFS in during chemotherapy (d), risk
ratio (RR) for DCR at baseline (e), and DCR in during chemotherapy (f). OS: overall survival; PFS: progression-free survival; DCR: disease
control rate.
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Table 4: Sensitivity analyses for data during chemotherapy samples.

Study omitted OS PS
HR 95% CI 𝐼2 (%) 𝑃𝑑 HR 95% CI 𝐼2 (%) 𝑃𝑑

Li et al. 2016 [10] 5.37 2.52–11.45 0.0 0.680 7.54 1.87–30.38 74.9 0.046
Kubisch et al. 2015 [15] 4.05 2.50–6.55 0.0 0.734 6.00 1.00–35.92 88.5 0.003
Matsusaka et al. 2010 [19] 4.24 2.57–6.99 0.0 0.435 2.86 1.80–4.55 0.0 0.441
Combined 4.33 2.77–6.76 0.0 0.725 4.94 1.83–13.28 77.0 0.013
The superscript “𝑑” refers to heterogeneity.
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Figure 4: Odds ratio (OR) for sexuality (a), TNM stage (b) (III/IV versus I/II), depth of infiltration (c) (T3/4 versus T1/2), RLNs metastasis
(d), distant metastasis (e), and peritoneum metastasis (f) associated with CTCs-high status. RLNs: regional lymph nodes.
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prognostic value and association with some of the clinic-
pathological characteristics in gastric cancer patients. The
pooled results showed more deaths or progression in the
CTCs-high arm than in the CTCs-low arm, and this result
was also found in all subgroups when we stratified the
included studies based on variables (Table 2). These results
demonstrated that CTCs-high status detected at baseline
indicated poor prognosis in gastric cancer patients and these
patients may need more aggressive treatment and frequently
efficacy assessments.

Furthermore, a significant heterogeneity was found in
PFS (𝐼2 = 59.3%, 𝑃 = 0.022). To explore the potential sources
of heterogeneity, we made subgroup analyses and found that
the heterogeneity dropped to insignificant level when studies
were stratified by methodology (𝐼2 = 39.9%, 𝑃 = 0.155;
and 𝐼2 = 0.0%, 𝑃 = 0.667, resp.). Then, in meta-regression,
methodology also showed a borderline explanatory variable
for the heterogeneity on PFS (coefficient = 0.980) and
explained 73.92% proportion of between-study variance. So
we finally confirmedmethodology had positively contributed
to heterogeneity on PFS. This may be explained by the mul-
tiple cytological methods.The approaches for CTC isolation/
enrichment and techniques for CTC detection/identification
used in those cytological methods were different; then, the
specificity and reliability of its detection were also different.
And as CTCs are generally thought to be quite heterogeneous
in both phenotype and genotype, some specific CTCs may be
ignored in some methods; for example, the CTCs that had
undergone the epithelial-to-mesenchymal transition could
hardly be detected by using CellSearch method and may be
detected by using other methods. Besides, although hetero-
geneity was eliminated in subgroups by exclusion of studies
coming from non-East Asia countries, resectable patients, or
non-CellSearch methods, the meta-regression on OS showed
none of the covariates was significantly correlated with the
heterogeneity. Taking into account the little heterogeneity on
OS (𝐼2 = 28.6%, 𝑃 = 0.157), we confirmed the consistency
on OS between the involved studies.

Moreover, we assessed correlation between detection of
CTCs and clinic-pathological characteristics, and we found
that CTCs were more frequent in T3/T4, lymph node metas-
tasis positive, and distant metastasis positive gastric cancer
patients. But no significant difference was found between
female and male, III/IV and I/II, or peritoneum metasta-
sis positive and negative groups. The negative results for
peritoneummetastasis and TNM staging were mainly caused
by the limited studies (only five studies involved). So more
studies assessing correlation between CTCs and clinic-
pathological characteristics were needed.

In this meta-analysis, we proved that CTCs-high status
showed a significant prognostic value and poor response
to chemotherapy in gastric cancer patients treated with
chemotherapy alone. As the data used in the initial analysis
was only from prechemotherapy samples, we also made an
independent analysis for the data from during chemotherapy
samples. And we found coincident result of poor prognosis
and response to chemotherapy for CTCs-high status patients
in prechemotherapy and during chemotherapy group. The

CTCs-high status before/during chemotherapy can be used
as a prediction marker for the prognosis and response to
chemotherapy.

At the same time, we found a more conspicuous result
for both prognostic effect and the response to chemotherapy
(DCR) in during chemotherapy group than prechemother-
apy group. The same result for prognostic effect was also
observed in other studies [11, 15, 19]. As for the conspicuous
result in during chemotherapy group, we thought it may be
because CTCs can be eliminated by chemotherapeutic drugs
through direct and indirect mechanisms, such as cytotoxic
and antimetabolic effects. And the remaining CTCs after
chemotherapy may be more aggressive than before, and it
may be easy to formmetastases or cause recurrence. Accord-
ing to the results in ourmeta-analysis, we thought that CTCs-
high status exhibited during chemotherapy may indicate
more resistance to the chemotherapy and be useful for
monitoring therapeutic effect. Furthermore, for data from
during chemotherapy, we confirmed that the pooled results
were stable and the heterogeneity was caused by the study of
Matsusaka et al., and this may be explained by the limited
CTC-high patients number in Matsusaka et al. [19]. Gener-
ally, CTCs-high during chemotherapy could provide earlier
opportunities for early intervention or for the adjustment of
chemotherapy by changing the chemotherapeutic regimen,
intensity, and/or period.

Besides, as shown in another meta-analysis for colorectal
cancer [34] and one study [10] involved in our meta-analysis,
fluctuations in CTC levels before and during chemother-
apy were closely associated with the tumor response to
chemotherapy andprognosis, and the decreases and increases
of CTC number in posttherapy were associated with superior
and inferior survival, respectively. But for the lack of the
related data, we failed to analyze the fluctuations of CTCs.
So, for the predicted role of the changes in CTCs, more high
quality related articles were needed.

There are some limitations in our meta-analysis. Firstly,
the meta-analysis used the pooled data which was extracted
from heterogeneous studies, not original data from the
individual patients. The total number of patients from the
involved studies was relatively small. Large prospective stud-
ies for gastric cancer were absent in this meta-analysis.
Secondly, multiple methods for CTCs detection were used in
our meta-analysis, and the standard for CTCs-high status in
our retrieved studies was also different.These may contribute
to the heterogeneity and limit its uses. Besides, approaches
based on cytological method have biologic specificity and
can quantify the number of CTCs, but the efficiency and
sensitivity for the detection of CTCs are relatively low com-
pared with the molecular methods. At last, little studies were
designed for the predicted role of the fluctuations in CTC, so
this meta-analysis did not carry out the relative conclusion.

5. Conclusion

In conclusion, our meta-analysis has evidenced the signif-
icant prognostic value of CTCs detected for both PFS and
OS in gastric cancer patients, and the detection of CTCs was
associated with some clinic-pathological characteristics. For
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the patients treated with chemotherapy alone, we proved that
CTCs detected by cytological method showed a significant
prognostic value and poor response to chemotherapy. But,
large prospective studies are needed to validate the prognostic
values of the changes in CTC. Meanwhile, more high quality
randomized controlled trials are needed to provide more
information. And the same standardized detection platforms
and number of the favorable CTCs are expected to normalize
and reduce the inconsistencies across studies.
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Poly(ADP-ribose) polymerase (PARP) inhibitors have proven to be successful agents in inducing synthetic lethality in several
malignancies. Several PARP inhibitors have reached clinical trial testing for treatment in different cancers, and, recently, Olaparib
(AZD2281) has gained both United States Food and Drug Administration (USFDA) and the European Commission (EC) approval
for use in BRCA-mutated advanced ovarian cancer treatment. The need to identify biomarkers, their interactions in DNA damage
repair pathways, and their potential utility in identifying patients who are candidates for PARP inhibitor treatment is well
recognized. In this review, we detail many of the biomarkers that have been investigated for their ability to predict both PARP
inhibitor sensitivity and resistance in preclinical studies as well as the results of several clinical trials that have tested the safety and
efficacy of different PARP inhibitor agents in BRCA and non-BRCA-mutated cancers.

1. Introduction

DNA damage can be acquired through endogenous and
exogenous sources that, if left unrepaired, can contribute to
genomic instability and oncogenesis. Indeed, defects in the
DDR signaling pathway are often found in various human
cancers [1–3]. The concept of “synthetic lethality” between
two genes becomes relevant when a mutation to either
separately is still compatible with viability, but mutations
to both genes lead to death [4]. If an oncogenetic gene
mutation is viewed as the first “hit,” targeting a partner
gene or gene product should theoretically induce synthetic
lethality in neoplastic cells. This therapy would also have
minimal side effects on healthy cells with normal gene
function [5]. A relevant example of synthetic lethality quickly
moving to clinical application is the use of poly(ADP-ribose)
polymerase (PARP) inhibitors for the treatment of BRCA-
associated cancers. BRCA1 and BRCA2 are tumor suppressor
genes encoding proteins that play important roles for DNA
double-stranded break (DSB) detection for the homologous

recombination (HR) repair pathway [6, 7]. Deficiencies in
BRCA1/2 function are associated with compromised HR
repair, genomic instability, and oncogenesis [8–10]. PARP is
a nuclear protein in the base excision repair (BER) pathway
that recruits BER machinery to DNA single-stranded break
(SSB) sites [5]. Inhibition of PARP would cause a collapse
in the BER pathway and result in the accumulation of SSBs
that break down to DSBs upon undergoing DNA replication
[11–13]. In healthy cells, PARP inhibition would be of no
large consequence because of effective DSB repair. However,
in the context of BRCA-mutated cancers with compromised
HR repair, breakdown of the BER pathway brought on by
PARP inhibition would kill tumor cells from the buildup
of DSBs [13–15]. The efforts to take advantage of synthetic
lethality with PARP inhibitors have led to drug development
for the treatment of patients with germline mutations in
BRCA1/2. Olaparib is a PARP1/2 inhibitor that has gained
approval by both the FDA and EC for use in patients
with BRCA-mutated advanced, recurrent, platinum-sensitive
serous ovarian cancer [16]. Meanwhile, Veliparib, Niraparib,
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Table 1: PARP inhibitors currently undergoing development.

PARP inhibitors Tumor types
Most advanced
developmental stage
in progress

Key clinical trials References

Olaparib
FDA approved for ovarian cancer
Being tested for breast, prostate,
and pancreatic cancers

FDA approved

Phase II trial found that Olaparib
monotherapy in patients with BRCA1/2
mutated ovarian cancer following ≥3
chemotherapy treatments resulted in 31%
response rate
Phase II trial found that Olaparib
maintenance therapy in patients with
platinum- (Pt-) sensitive recurrent serous
ovarian cancer with mutated BRCA1/2
resulted in median progression free
survival of 6.9 months longer than those
receiving placebo

[150, 151]

Talazoparib

Being tested for ovarian, breast,
and various advanced/metastatic
solid cancers (primary peritoneal
carcinoma, fallopian tube
carcinoma, etc.)

Phase III

Phase II trial for Talazoparib
monotherapy in patients with deleterious
BRCA1/2 mutated ovarian cancer who
had prior PARP inhibitor treatment
currently recruiting
Phase III trial for Talazoparib
monotherapy in patients with BRCA1/2
mutated, advanced, or metastatic breast
cancer currently recruiting

[152, 153]

Veliparib

Being tested for breast,
pancreatic, non-small-cell lung
cancers, lymphoma, and multiple
myeloma, mostly in combination
with chemotherapy

Phase III

Phase I/II trial of Veliparib and Topotecan
for relapsed ovarian cancer of negative or
unknown BRCA status completed
Phase II trial of Veliparib alone or with
Gemcitabine and Cisplatin in patients
with locally advanced or metastatic
pancreatic cancer currently recruiting
Phase I/II trial for Veliparib,
Bendamustine HCl, and Rituximab in
patients with relapsed lymphoma and
multiple myeloma completed

[154–156]

Rucaparib Being tested for ovarian and
pancreatic cancers Phase III

Phase III trial for Rucaparib maintenance
therapy in patients with Pt-sensitive
recurrent ovarian cancer, fallopian tube,
or primary peritoneal cancers currently
recruiting
Phase II trial for Rucaparib monotherapy
in patients with BRCA1/2 mutated, locally
advanced, or metastatic pancreatic cancer
currently ongoing

[157, 158]

Niraparib
Being tested for ovarian and
breast cancers and Ewing
sarcoma

Phase III

Phase III trial for Niraparib monotherapy
in patients with HER2 negative, BRCA1/2
mutated breast cancer currently
recruiting
Phase II trial for Niraparib monotherapy
in patients with ovarian cancer following
≥3 chemotherapy treatments currently
recruiting

[159–161]

Rucaparib, CEP9722, andBMN673 are all undergoing clinical
trials to oversee their potential for treating common BRCA-
associated cancers (Table 1) [17–21]. Several other PARP
inhibitors that are mentioned in this review are being used
in in vitro studies but have not yet been tested clinically.

In spite of the push to develop PARP inhibitors, opportu-
nities for their optimal application remain largely unclarified.

While defects in HR pathways signify opportunities for
synthetic lethality, there is a push to look beyond BRCA
mutational status to assess HR dysfunction, especially since
only 15% of ovarian epithelial cancers are deficient in HR due
to mutations of BRCA1/2 [22, 23] and only 5–10% of breast
and ovarian cancers are associated with BRCA germline
mutation [24].Meanwhile, it is increasingly apparent that HR
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defects are not always predicted by germline BRCA status.
For example, several phase II clinical trials that stratified
patients according to BRCA1/2 germline mutational status
showed less than 50% objective response rate (ORR) to
Olaparib compared to control [25, 26]. It appears that a
significant subset of sporadic cancers with “BRCAness,” a
BRCA-like phenotype resulting fromHRdeficiencies, are also
hypersensitive to PARP inhibitors. For example, Gelmon et
al. showed that a significant fraction of ovarian and breast
cancer patients with an intact BRCA gene responded to
PARP inhibitors [27]. However, this expanded arsenal for
PARP inhibitor therapy will remain untapped unless effective
strategies are in place for patient stratification. Given the fact
that BRCAness is a prerequisite for hypersensitivity to PARP
inhibitors, the optimization of synthetic lethality relies on
having biomarkers to predict BRCAness.

In this review, we detail select predictive and modula-
tory biomarkers for PARP inhibitors of clinical-translational
significance that will help reap the benefits of personalized
cancer therapy.

2. Biomarkers in the HR Pathway

2.1. Partner and Localizer of BRCA2 (PALB2). PALB2 is a
tumor suppressor [28] and binding partner of BRCA2 that
facilitates the nuclear localization and HR capabilities of
BRCA2 [28]. During HR, PALB2 association with RAD51
and DNA stimulates strand invasion [28]. Mutations in
PALB2 have been demonstrated in 1.1% of patients with
familial breast cancer [29] and the c.1592delT frameshift
mutation has been linked to a 6-fold increase in likelihood
of developing breast cancer [30]. PALB2mutations were also
identified in 0.6% of patients with familial pancreatic cancer
[31]. PALB2-deficient lymphoblasts EUFA1341 cells displayed
increased cytotoxicity in response to Olaparib compared to
their controls [28]. Due to the fact that PALB2 helps to
regulate BRCA2/RAD51-mediated HR and has demonstrated
its ability to induce synthetic lethality in the presence of PARP
inhibition, PALB2 deficiency in tumors is an interesting
prospect for future clinical trials regarding PARP inhibitor
sensitivity.

2.2. Fanconi Anemia (FA) Complementation Group (FANC).
FANC members include FANCD1 (BRCA2), FANCD2,
FNAC31, and FANCN and play a major role in HR [32].
These proteins are related by their common association in
a nuclear complex. After DNA damage, activation of the FA
repair pathway involves the colocalization of FANCD2 with
BRCA1 [33] in a manner dependent on monoubiquitination
[34]. Thus, the functional biomarker of the FA pathway
activation is nuclear FA protein/BRCA foci formation. The
impairment of nuclear FA protein/BRCA foci formation after
DNA damage is a powerful method for assessing function-
ality of the FA repair pathway [32, 35] and an important
biomarker for HR defects. Powerful metrics are available to
detect FANCD2/BRCA1 foci formation, such as the FA triple-
staining immunofluorescence based method (FATSI), which
identified a subset of non-small-cell lung cancer (NSCLC)
tumors that were deficient in FANCD2/BRCA1 foci and

thus were repair deficient [32]. Subsequently, these NSCLC
cells were hypersensitive to Veliparib, BMN673, and ABT263
[32]. It was also shown that HeLa cervical cancer cells with
defective FANCD2, FANCA, or FANCC exhibited cellular
hypersensitivity to KU0058948 [4]. Thus, deficient FANCD2
manifested by absent foci formation after DNA damage may
be a valuable biomarker to predict PARP inhibitor sensitivity.

2.3. Rad51. Rad51 is crucial for repair of DSBs via the
HR pathway. RAD51 nucleates on single-stranded DNA
molecules (ssDNA), which initiates the search for its homol-
ogous sequence and strand invasion [32, 36]. RAD51 also
interacts with PALB2, BRCA1, and BRCA2 during HR [37,
38]. Formation of RAD51 nuclear foci in response to DNA
damage is a functional biomarker for intact HR [39, 40] and
lack of foci predicts deficient HR and breast cancer sensitivity
to chemotherapy [35, 41]. Graeser et al. showed that sporadic
breast cancers with lower Rad51 scores (Rad51 foci forma-
tion following anthracycline-based chemotherapy) showed
decreased HR and increased sensitivity to anthracycline-
based chemotherapy [42]. Furthermore, Rad51 paralog C
deficiency caused Olaparib sensitivity in a gastric cancer
xenograft model [43]. Increased sensitivity to KU0058948
was also observed in HeLa cells with deficient Rad51 and
Rad54 [4]. Mukhopadhyay et al. demonstrated that 93% of
ovarian cancer cells that showed no increase in Rad51 foci
upon exposure to Rucaparib, and thus had deficient HR,
subsequently showed cytotoxicity. Conversely, ovarian cancer
cells that showed increased Rad51 foci, and thus had adequate
HR, did not demonstrate cytotoxicity [44].These results show
that lack of Rad51 foci in response to DNA damage is a
predictor of defective HR and thus can predict sensitivity to
PARP inhibition.

3. Biomarkers in the DDR Pathways

3.1. Ataxia Telangiectasia Mutated (ATM). ATM is autophos-
phorylated on Ser1981 in response to DNA DSBs and phos-
phorylates several proteins within the nucleus ofmitotic cells,
including BRCA1, p53, CHK2, RAD17, and RAD9, resulting
in DSB repair and arrest of the cell cycle [45]. McCabe et al.
showed that HeLa cells treated with an ATM kinase inhibitor
or siRNA targeting ATM were hypersensitive to KU0058948
[4]. Furthermore, Williamson et al. showed that Granta519
and UPN2 mantle cell lymphoma cells with low ATM
expression levels were hypersensitive to Olaparib compared
to their controls [46]. Interestingly,ATM deficiency predicted
PARP1 inhibitor sensitivity in p53-null gastric cancer cells,
and it was speculated that combined inhibition of ATM and
PARP1 is a potential therapy for p53-disrupted gastric cancer
[47].

3.2. Serine-Threonine Protein Phosphatase (PP2A). PP2A is a
phosphatase in the Ser/Thr protein family with 4 regulatory
subunits, PPP2R2A, PPP2R2D, PPP2R5A, and PPP2R3C. It is
vital toDSB repair and activation of cell cycle checkpoints due
to DNA damage [48] but has also been shown to negatively
regulate ATM, CHK1/2, and other proteins necessary for DSB
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repair [48]. This may be explained by the fact that different
PP2A complexes have different functions at different points
of the repair process [48]. PPP2R2A dephosphorylates ATM
at S367, S1893, and S1981, which mediates its retention at
sites of DSBs and facilitates HR [48]. Kalev et al. showed
that 40% of NSCLCs exhibited decreased PPP2R2A levels
and consequently had increased phosphorylation of ATM at
S1981, decreased retention at sites of DSBs, and decreased
HR [48]. Also, HeLa cells treated with shRNAs specific for
PPP2R2A and lung carcinoma cell lines with intrinsically
decreased levels of PPP2R2A showed increased sensitivity
to Veliparib in comparison to their respective controls [48].
These facts demonstrate the importance of PPP2R2A in
maintaining ATM function integrity and the potential usage
of decreased PPP2R2A expression as a predictor of PARP
inhibitor sensitivity.

3.3. Mre11. Mre11 is part of the Mre11-Rad50-Nbs1 (MRN)
complex, which contributes toDSB sensing and scaffolding of
HR effector proteins at DSB sites [49]. Deficiency inMRE11 is
commonly found in endometrial cancer, and Koppensteiner
et al. found that these MRE11-deficient endometrial cancers
are hypersensitive to BMN673 [50]. Loss ofMre11 in head and
neck cancer cells confers hypersensitivity toGPI15427 both in
vitro and in vivo using a mouse xenograft [51]. Furthermore,
Cal51 breast cancer cells [50] and various acute myeloid
leukemia (AML) cell lines [52] with deficient Mre11 showed
hypersensitivity to KU58948 and BMN673, respectively.

3.4. Tumor Protein p53 (TP53). TP53 is a tumor suppressor
in the DDR pathway that causes transient cell cycle arrest,
senescence, and apoptosis in response to DNA damage [53].
Almost all BRCA1-mutated breast cancers have a deleterious
TP53 mutation, resulting from genomic instability-mediated
complex and truncating mutations [54]. This suggests that
TP53 deficiency may represent a biomarker for BRCAness
and hypersensitivity to PARP inhibitors [54, 55]. Further-
more, over 90% of basal-like breast cancers (triple-negative,
high-grade breast carcinomas) have a deleterious TP53
mutation and exhibit a molecular phenotype reminiscent of
BRCA1-deficient breast cancer [54]. A recent study showed
that depletion of TP53 in various breast cancer cell lines
displayed hypersensitivity to the PARP inhibitor IQD in
comparison to their respective controls [56].

3.5. 𝛾H2AX. 𝛾H2AX is a variant of the H2A histone family
that is phosphorylated on Ser139 by ATM and ATM-Rad3-
related (ATR) in the PI3K pathway of DNA repair and
functions to recruit other DNA repair proteins in response
to DNA damage [57, 58]. Importantly, 𝛾H2AX foci form in
response toDSBs [57], and the presence of foci can be utilized
as a biomarker to measure DNA damage induced by PARP
inhibition [59]. BRCA1-mutated acutemyeloid leukemia cells
that were exposed to Olaparib subsequently formed 𝛾H2AX
foci, suggesting that 𝛾H2AX foci formation may be a useful
biomarker for successful PARP inhibition [59]. Furthermore,
there have been two completed phase I trials for Veliparib
in which investigators found that 𝛾H2AX was a reliable

biomarker to measure sensitivity to PARP inhibition of cir-
culating tumor cells of metastatic solid tumors or lymphomas
[60, 61].

4. Biomarkers in the BER Pathway

4.1. Poly(ADP-Ribose) (PAR). PAR chains are linear and
branched chains of up to 200 ADP-ribose units whose forma-
tion is catalyzed by PARP1/2 [62, 63]. PARPs play a significant
role in BER, and PARylation acts as a specific indicator of
PARP activity in DNA repair. PARylation also plays a role
in chromatin modification, transcription, telomere cohesion,
cell death, insulator function,mitotic apparatus function, and
energy metabolism [62, 64], which affect genome stability,
inflammation, neuronal function, aging, and carcinogenesis
[64]. A subset of head and neck cancers has an elevation in
basal PARylation [65]. Interestingly, head and neck cancer
cells with elevated PAR are hypersensitive to Veliparib [65],
suggesting that high PAR levels predict sensitivity to PARP
inhibition. Further studies should be done to determine the
significance of elevated PAR in different tumors.

4.2. PARP1-Binding Protein (PARP-BP). PARP1-binding pro-
tein (PARP-BP) is encoded by the gene C12orf48 and directly
interacts with PARP1 to enhance its activity and the repair
of DNA breaks [66]. Its expression is upregulated in pan-
creatic ductal adenocarcinomas (PDACs) and a number of
other malignancies, which indicates increased PARP activity.
Knockdown of C12orf48 in PDACs decreased PARP-BP
expression, which subsequently caused decreased PARP1
activity and cell viability, while increasing sensitivity to
Adriamycin, UV irradiation, and hydrogen peroxide [66].
This highlights the importance of PARP1 activity in the
viability of PDACs with upregulated PARP-BP and should
be further explored to determine if these tumors may be
hypersensitive to PARP inhibitors.

4.3. X-Ray Repair Cross-Complementing 1 (XRCC1). XRCC1
is a key player in the DNABER pathway, which is recruited in
response to PAR chain formation at SSB sites by PARP1 [67].
XRCC1 is deficient in 16% of breast cancers and is associated
with high grade, triple negativity, loss of hormone receptors,
and basal-like breast cancers [68]. XRCC1-deficient Chinese
hamster ovary (CHO) EM9 cells showed accumulation of
SSBs [67] and were hypersensitive to PARP inhibitors due
to the supplementary effect of PARP inhibitors in preventing
DNA ligation [67]. Mouse fibroblasts deficient in XRCC1
were hypersensitive to the PARP inhibitor 4-amino-1,8-
naphthalimide (4-AN) [69], and XRCC1 knockdown breast
cancer cells were hypersensitive to KU0058948 [70].

5. (Other) Biomarkers

Lastly, there are other proteins and abnormalities in DNA
expression that do not play a direct role in HR or DDR but
can indirectly affect the process. These “other biomarkers”
indirectly affect DNA repair through regulation of BRCA1/2,
ATM, or other proteins responsible for its execution. Thus,
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their abnormal expression may be predictive biomarker for
PARP inhibitor sensitivity.

5.1. E26 Transformation Specific or E-Twenty-Six (ETS). ETS
genes belong to a large family of transcription factors that
regulate cell differentiation, proliferation, migration, cell
cycle control, apoptosis, invasion, and angiogenesis [71, 72].
ETS gene fusions occur widely in many cancers includ-
ing Ewing’s sarcoma, acute myeloid leukemia (AML), and
prostate cancer [73]. Baker et al. found that ETS-2 complexes
with components of SWI/SNF repress BRCA1 in MCF7 cells
[74]. ETS-1 expression is a poor prognostic marker for breast,
lung, colorectal, and ovarian cancer [71, 75, 76]. Interestingly,
Legrand et al. revealed that ETS-1 activates the catalytic
activity of PARP1, which then PARylates ETS-1 [76], revealing
a novel link between ETS-1 and DDR pathways. They also
found that PARP inhibition upregulatesETS-1 transcriptional
activity and led to its nuclear accumulation and selective
cytotoxicity in ETS-1 expressingHeLa cells [76].This suggests
that nuclear ETS-1 expression may be a predictive biomarker
for PARP inhibitor sensitivity. However, in a phase 1 dose-
escalation study, no correlation was found between ETS gene
rearrangement and sensitivity to Niraparib in prostate cancer
[20]. Further studies should be performed to determine the
significance of nuclear ETS-1 expression in PARP inhibitor
sensitivity.

5.2. Transforming Growth Factor 𝛽 (TGF𝛽). TGF𝛽 is a
cytokine whose presence at tumor sites has classically been
associated with poor prognosis [77]. TGF𝛽 has been shown
to inhibit the expression of ATM, mutS homolog 2 (MSH2),
and BRCA1 in BT474 breast cancer cells through microRNA,
specifically the miR-181 family [77], inducing a BRCAness
phenotype. Similarly, treatment of MDA-MB-231, MDA-
MB-468, and BT474 breast cancer cells with TGF𝛽 caused
increased sensitivity to Veliparib [77]. Thus, the presence of
increased TGF𝛽 signaling may be an indicator of BRCAness
and subsequent hypersensitivity to PARP inhibition.

5.3. MicroRNAs (miRNAs). miRNAs are small noncoding
RNAs that mediate posttranscriptional repression and degra-
dation of mRNA transcripts [77, 78]. Usage of miRNA is
an effective and clinically tolerable method for inducing
BRCAness and hypersensitivity to PARP inhibitors.ThemiR-
181 family is induced by TGF𝛽 to suppress ATM, MSH2,
and BRCA, promoting BRCAness, as previously described
[77]. Furthermore, more aggressive breast cancers exhibited
increased expression of miR-181 [79]. Similarly, miR-182
downregulates BRCA1 expression in various breast cancer
cell lines in vitro and in vivo, resulting in defective HR-
mediated repair and increased sensitivity to irradiation and
Olaparib [80]. Mouse xenograft of MDA-MB-231 cells sta-
bly expressing miR-182 showed increased PARP inhibitor
sensitivity to 4-amino-1,8-naphalamide (ANI) and Veliparib
compared to their controls [80]. miR-103 and miR-107 target
Rad51 and inhibit formation of Rad51 foci in response to
DNA damage in osteosarcoma cells [81, 82] and subsequently
increase sensitivity to Olaparib [81]. Furthermore, it was

demonstrated that ovarian cancer cells with high levels of
hsa-miR-107were sensitive toOlaparib, and inhibition of hsa-
miR-107 eliminated this sensitivity. Similarly, overexpression
of miR-96 in osteosarcoma U2OS cells reduced the levels of
Rad51 by directly targeting its coding region [83], decreasing
the efficiency of HR and enhancing sensitivity to Olaparib.

5.4. Lysine-Specific Demethylase 1 (LSD1). LSD1 is an epige-
netic regulator of gene expression that demethylates histones
H3K4 and H3K9 [84]. LSD1 regulates genes associated with
proliferation including those for p21, ErbB2, and Cyclin A2
[84]. LSD1 is upregulated in many cancers and is a predictive
biomarker for aggressive biology in breast cancer and prostate
cancer [84]. Increased LSD1 levels show a positive correlation
with progression, proliferation, and invasion of breast cancer
cells [85], and pharmacological inhibition of LSD1 results
in growth inhibition [84]. One study found that LSD1 is
recruited to sites of DNA damage in a manner dependent on
Ring Finger Protein 168 (RNF168), suggesting its potential
role in DDR downstream of RNF168 [86]. Interestingly,
ectopic expression of LSD1 in basal-like breast cancer cells
promoted downregulation of BRCA1 and hypersensitivity
to Olaparib [87]. Thus, because LSD1 is upregulated in
various cancers, including breast and prostate, and there is
preliminary evidence of LSD1-dependent BRCA1 suppression
and PARP inhibitor sensitivity, further clinical validation
is required to explore LSD1 as an official biomarker for
responsiveness to PARP inhibitor.

5.5. Cyclin-Dependent Kinase 12 (CDK12). CDK12 is a kinase
that regulates cell cycle checkpoints and positively regulates
BRCA1 [88]. It is mutated in nearly 3% of high-grade serous
ovarian cancers, resulting in reduced BRCA1 levels and
compromised HR repair. CDK12 is also a key regulator in
the transcription of several other genes involved in DNA
repair including ATM/ATR, FANCL, and BRCA2 [89]. As
such, tumors with mutated CDK12 should show “BRCAness”
and are candidates for PARP inhibitor therapy [90]. A study
has shown that CDK12-deficient ovarian cancer cells are
more sensitive to Veliparib compared to their controls [90].
Furthermore, serous ovarian carcinoma cells with mutated
CDK12 exhibit hypersensitivity to Olaparib [91], platinum
derivatives, and alkylating agents [89].This provides evidence
that CDK12-deficient ovarian cancers could be targets for
PARP inhibitor therapy, and further work should be done
to evaluate PARP inhibitor efficacy in other CDK12-deficient
tumors.

5.6. Transforming Acidic Coiled-Coil Containing Protein 3
(TACC3). TACC3 is a member of the TACC family, which
consists of proteins that localize at centrosomes to facilitate
microtubule assembly and stabilization, enabling chromoso-
mal integrity during mitosis [92]. TACC3 has been shown to
regulatemicrotubule nucleation by interactingwith 𝛾-tubulin
ring complex proteins [93] and promoting plus-end micro-
tubule growth [94]. Both upregulation and downregulation of
TACC3 are found in human solid tumors [95, 96]. Silencing
of TACC3 results in microtubule destabilization and chro-
mosome misalignment [92]. Overexpression of TACC3 has
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been shown to lead to accumulation of DSBs and negative
regulation of ATM and subsequent DDR signaling in U2OS
cells [97]. Overexpression of TACC3 also impairs HR, NHEJ,
and normal cell cycle checkpoint function in U2OS cells
[97]. Moreover, it was found that nontumorigenic human
mammary epithelial MCF10A cells with elevated levels of
TACC3 showed hypersensitivity to Olaparib and NU1025
[97], suggesting its potential role in conferring synthetic
lethality. Further studies with different cell lines should be
employed to determine the role of TACC3 overexpression in
conferring hypersensitivity to PARP inhibition.

5.7. Aurora Kinase A (Aur A). Aur A is a protein kinase
necessary for construction of the mitotic spindle [98] and
phosphorylates cell division cycle 25 homolog B (CDC25B)
at theG2/M checkpoint, causingCDK1 activation andmitotic
entry [99]. Cazales et al. showed that, during DNA damage-
induced activation of the G2/M checkpoint, Aur A was not
activated, and the cell cycle did not progress in U2OS cells
[99]. However, ectopic expression of activated Aur A resulted
in a bypass of this checkpoint [99]. Aur A is overexpressed
in various solid tumors, including ovarian cancer [100],
cervical cancer [101], and colon cancer [102]. Sourisseau
et al. demonstrated that overexpression of Aur A impairs
formation of Rad51 foci in MCF10A cells and HR in human
embryonic kidney 293 (HEK293) cells. Overexpression of
Aur A in PIR12 (Capan 1-derived PARP inhibitor resistant
cell line) also induced sensitivity to KU0058948 [98]. Taken
together, these data suggest that Aur A overexpression may
predict sensitivity to PARP inhibition.

5.8. Phosphatase and Tensin Homolog (PTEN). PTEN is a
tumor suppressor that inactivates the P13K/AKT pathway
whose signaling is important for propagation of the cell cycle
[103]. PTEN deficiency is associatedwithmanymalignancies,
including breast [104] and prostate cancers [105], and disrupts
chromosomal integrity by causing centromere breakage and
translocations [106].Mendes-Pereira et al. showed that PTEN
deficiency leads to impairment of HR, which subsequently
leads to increased sensitivity to KU0058948 in HCT116 col-
orectal carcinoma and HEC1A endometrial adenocarcinoma
cells [107]. There are numerous reports of PTEN-deficient
cancer cell lines that show decreased Rad51 levels [106, 107]
and increased nuclear H2AX foci [106, 108, 109], suggesting
deficient HR that leads to accumulation of foci. Furthermore,
Shen et al. showed that PTEN potentiates activation of the
Rad51 promoter by E2F-1 in PC3 prostate cancer cells [106].
However, Fraser et al. showed that PTEN-deficient prostate
cancer cells do not have decreased Rad51, have sufficient
HR, and are insensitive to PARP inhibitors [108, 110]. This
discrepancy may be explained by the fact that prostate cancer
cells with an intrinsically null PTEN genotype have other
genomic aberrations that are not present in prostate cancer
cells with experimentally silenced PTEN, which can cause
different behaviors [111]. Regardless, further studies should
be pursued to examine the role of PTEN in HR in prostate
cancer to determine its utility as a biomarker for predicting
PARP inhibitor sensitivity.

5.9. Mitochondrial DNA (mtDNA). There is emerging evi-
dence linking mtDNA depletion with BRCA2 depletion.
mtDNA is depleted in breast, prostate, and thyroid trans-
formed cells [112], which promotes activation of cal-
cineurin/PI3Kinase/AKT signaling that causes upregulation
of miR-1245 and ubiquitin ligase Skp2, negative regulators of
BRCA2 [112]. This promoted HR deficiency and increased
sensitivity to Rucaparib [112]. Further studies with a larger
sample size are needed to further validate this promising
correlation and to determine whether mtDNA depletion can
be used as a biomarker for PARP inhibitor sensitivity.

5.10. Genomic Scar. A genomic scar is defined as a genomic
abnormality [113] that is present in a wide variety of cancers,
including breast, ovarian, pancreatic, esophagus, lung, and
prostate cancers [113]. Several known genomic scars have
been associated with BRCA1/2 dysfunction and homologous
repair dysfunction [113]. Telomeric allele imbalance (𝑁tAi),
loss of heterozygosity (LOH) clustering, mutational signature
3 (mutational signature D), and total number of somatic,
synonymous, and nonsynonymous coding mutations (𝑁mut)
are genomic scars that are predictive of BRCA1/2 dysfunction
[113] and thusmay predict responsiveness to PARP inhibitors.
Homologous recombination defects (HRD) and large-scale
transitions are genomic scars predictive of general HR
dysfunction and may also indicate responsiveness to PARP
inhibitors [113–116]. Further studies to evaluate the direct
relationship between these genomic scars and sensitivity to
PARP inhibitors should be performed.

6. Discussion

It is accepted that PARP inhibition mediates synthetic lethal-
ity in tumors with inherited BRCA deficiencies [117] and
that BRCA1 hypermethylation can predict sensitivity to PARP
inhibition [118–121]. However, it is increasingly clear that
deficient BRCA1/2 germline status is not enough to predict
PARP inhibitor sensitivity [48, 122–124]. This growing sense
is supported by clinical trials, which have shown that not all
BRCA1 mutation carriers are responsive to PARP inhibition
[26, 125]. Altogether, these results further underline the need
for nuanced biomarkers predictive of PARP inhibitor hyper-
sensitivity. This entails a paradigm shift away from reliance
on single predictive biomarkers for PARP inhibitor hyper-
sensitivity (such as deficient BRCA1 gene status) and towards
the idea of predictive algorithms and biomarker codes that
characterize various manifestations of “BRCAness” [126].

Additionally, we need to understand the roles of PARP1/2
outside of BER that contribute to the “off-target” effects of
PARP inhibition, which induce cytotoxicity through mech-
anisms separate from dysfunctional HR repair, and can
modulate or amplify the net synthetic lethal effect of PARP
inhibitors. Even though synthetic lethality is mediated by
PARP inhibition, not all benefits of PARP inhibitors are
mediated through defects in HR repair. For example, while
the canonical role of PARP is through the DNA damage
repair pathway, PARP also plays a role in various net-
works including tumor-promoting inflammation, cell cycle
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checkpoint regulation, senescence, angiogenesis, epithelial-
mesenchymal transition (EMT), PARylation and remodel-
ing of chromatin during transcription, and programmed
cell death and metastasis [14, 127–130]. These off-target
mechanisms may modulate the tumor microenvironment
through a scenario known as “contextual” synthetic lethality
that further sensitizes tumor cells to PARP inhibition [131].
This concept is exemplified in the emerging link between
PARP inhibition and suppression of angiogenesis [130, 132–
134]. Interestingly, hypoxic conditions deregulate DNA repair
pathways and promote genomic instability through deregu-
lation of BRCA1/2 [135–137]. Meanwhile, it is also postulated
that PARP inhibitors inhibit BER to cause transient stalling of
replication forks that degenerate into DSBs [138, 139].

It is also important to consider the way PARP inhibition
relates to nononcogenic addiction, which is defined as the
hyperreliance on secondary regulatory pathways in response
to stressful conditions brought on by oncogene activation
and tumor progression [140, 141]. Interestingly, nononcogenic
addiction may represent underlying HR defects that can be
targeted through synthetic lethality. For example, elevated
PAR levels indicate PARP hyperactivity in response to under-
lying HR defects [65, 142, 143]. Thus, high PAR levels may
indicate compensatory dependence on the BER pathway and
therefore hypersensitivity to PARP inhibition [144]. As such,
awareness of nononcogenic addiction eventsmay enable us to
distinguish between biomarkers of primary HR deficiencies
versus biomarkers of secondary compensatory events both of
which may predict hypersensitivity to PARP inhibition.

While the contextual parameters of PARP inhibition may
be leveraged to our advantage, this may be a double-edged
sword due to the addition of a new layer of complexity
to the development of predictive biomarkers. For example,
increased TGF𝛽 signaling caused hypersensitivity to PARP
inhibition in BT474 but not in MCF7 cells [145]. Meanwhile,
knockdown ofATM by siRNA significantly increased sphere-
forming efficiency (SFE) in BT474 and MDA361 but not in
MCF7 cells. While these variations showcase the cell type-
dependent outcomes of ATM regulation by TGF𝛽 [146], they
also highlight the possibility that contextual variables may
inflate the perceived efficacy of PARP inhibition. Awareness
of such possibilities helps guard against falsely attributing net
cytotoxic effects to a single biomarker, since the observed
efficacy of PARP inhibition may really be the sum effect of
multiple mechanisms, not necessarily all due to synthetic
lethality due to HR defects.

It is crucial to proceed with caution when identifying
candidate predictive biomarkers. One example is the upreg-
ulation of EMSY, a putative oncogene that transcriptionally
silences exon 3 of BRCA2 that links the BRCA2 pathway to
sporadic breast and ovarian cancer [147]. It was suggested that
because EMSY amplification could mimic a BRCA2mutated
state [148], it could account for BRCAness in sporadic breast
and ovarian cancers with intact BRCA2 [122] and possibly
predict hypersensitivity to PARP inhibitors. However, it was
recently shown that cells with an amplified EMSY had the
same RAD51 foci formation efficacy, as well as sensitivity to
PARP inhibitors, as cells without EMSY amplification [149].
Taken together, these results underscore the importance of

triangulating BRCAness through a variety of biomarkers in
order to detect opportunities for synergism, avoid conflation
of various cytotoxic mechanisms, and customize treatment.
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[128] M. I. Rodŕıguez, A. González-Flores, F. Dantzer, J. Collard, A.
G. De Herreros, and F. J. Oliver, “Poly(ADP-ribose)-dependent
regulation of Snail1 protein stability,” Oncogene, vol. 30, no. 42,
pp. 4365–4372, 2011.

[129] S.-W. Yu, S. A. Andrabi, H. Wang et al., “Apoptosis-inducing
factor mediates poly(ADP-ribose) (PAR) polymer-induced cell
death,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 103, no. 48, pp. 18314–18319, 2006.
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As a special form of noncoding RNAs, circular RNAs (circRNAs) played important roles in regulating cancer progression mainly
by functioning as miRNA sponge. While the function of circular RNA-ITCH (cir-ITCH) in lung cancer is still less reported, in
this study, we firstly detected the expression of cir-ITCH in tumor tissues and paired adjacent noncancer tissues of 78 patients with
lung cancer using a TaqMan-based quantitative real-time PCR (qRT-PCR). The results showed that the expression of cir-ITCH
was significantly decreased in lung cancer tissues. In cellular studies, cir-ITCH was also enhanced in different lung cancer cell lines,
A549 andNIC-H460. Ectopic expression of cir-ITCHmarkedly elevated its parental cancer-suppressive gene, ITCH, expression and
inhibited proliferation of lung cancer cells. Molecular analysis further revealed that cir-ITCH acted as sponge of oncogenic miR-7
and miR-214 to enhance ITCH expression and thus suppressed the activation of Wnt/𝛽-catenin signaling. Altogether, our results
suggested that cir-ITCH may play an inhibitory role in lung cancer progression by enhancing its parental gene, ITCH, expression.

1. Introduction

Lung cancer is the most common incident cancer and the
leading cause of cancer-related death in China [1]. Although
continuous efforts have been devoted to improving the ther-
apeutic response and treatments for stage I lung cancer have
demonstrated survival benefits [2, 3], the overall five-year
survival rate of advanced lung cancer is still less than 15% [4–
6]. Therefore, the development of finding novel therapeutic
targets is of particular importance for the treatments of lung
cancers, and a further understanding of the molecular mech-
anismsunderlying lung cancer is essential to achieve this goal.

Circular RNAs (circRNAs) represent a large class of
endogenous RNAs with covalently closed continuous loop
[7]. For decades, circRNAs were mostly misinterpreted as
splicing errors that result from splicing artefacts or gene
rearrangements [8]. But recently (from 2012/2013), circRNAs
were rediscovered fromRNAsequencing (RNA-seq) data and
shown to be ubiquitous in mammalian cells and more abun-
dant (certain circRNAs are up to 200 times) than their linear
counterparts [9, 10]. Tissue, as well as development-specific
expression of circRNAs, further indicates that they originate

from nonrandom back-splice events [7, 11]. With regard to
their function, several studies reported that circRNAsmainly
serve as miRNA sponges to regulate gene expression [7, 12].
For at least one specific circRNA, ciRS-7, which harbors
more than 70 conventional miR-7 binding sites, impairs the
regulatory effect of miR-7 in vivo [12]. miRNAs regulate
a variety of essential biological functions such as cellular
differentiation, apoptosis, and proliferation and thus play
critical role in cancer progression [13]. Based on these clues,
circRNAs were found to be closely related to development of
different cancers, including esophageal squamous cell carci-
noma, colorectal cancer, gastric cancer, and ovarian cancer
[14–17]. Specifically, Hsa circ 002059 expression levels are
significantly correlated with distal metastasis and TNM stage
of gastric cancer and thus may be a potential novel and stable
biomarker for the clinical diagnosis of gastric cancer [17].

Aberrant activation of the Wnt/𝛽-catenin pathway plays
a critical role in tumor initiation, progression, and metastasis
of lung cancer [18–20]. The E3 ubiquitin (Ub) protein ligase
(ITCH) inhibits Wnt/𝛽-catenin signaling in cancers mainly
by promoting the ubiquitination and degradation of phos-
phorylated disheveled 2 (Dvl2) [21]. Circular RNA-ITCH
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Table 1: Baseline demographic and clinical characteristics of study populations.

Characteristics Population cir-ITCH relative expression# 𝑝 value
𝑁 (%)

Age (years)
≤40 10 12.82 0.0607 ± 0.0169

0.0076∗40–60 31 39.74 0.0466 ± 0.0307
≥60 37 47.44 0.0357 ± 0.0155

Sex
Male 45 57.7 0.0432 ± 0.0257 0.9704
Female 33 42.3 0.0434 ± 0.0225

Family history
Yes 23 29.49 0.0441 ± 0.0290 0.8437
No 55 70.51 0.0429 ± 0.0221

Smoking
Never 53 67.95 0.0487 ± 0.0283 0.1713
Ever 25 32.05 0.0407 ± 0.0230

Drinking
Never 33 42.3 0.0478 ± 0.2352 0.1568
Ever 45 57.7 0.0399 ± 0.0244

Tumor type
Adenocarcinoma 29 37.18 0.0443 ± 0.0267

0.9183Large cell carcinoma 25 32.05 0.0436 ± 0.0250
Squamous cell carcinoma 24 30.77 0.0416 ± 0.0218

Stage
I 18 23.08 0.0605 ± 0.0273

0.0011∗II 21 26.92 0.0444 ± 0.0260
III 22 28.21 0.0375 ± 0.0182
IV 17 21.79 0.0309 ± 0.0142

∗

𝑝 < 0.05 means statistically significant difference existed within subgroups.
#Relative expression value was normalized to GAPDH expression level.

(cir-ITCH) shared some miRNAs binding sites with the 3-
untranslated region (UTR) of ITCH, including those formiR-
7, miR-17, miR-214, miR-128, and miR-216b [7, 12, 15]. As
sponge of oncogenicmiR-7, miR-17, andmiR-214, cir-ITCH in-
creases the level of ITCH and thus indirectly inhibits the acti-
vation ofWnt/𝛽-catenin pathway; these effects finally result in
the suppression of esophageal squamous cell carcinoma [16]
and colorectal cancer [15]. However, there are no reported
studies on the functional roles of cir-ITCH in lung cancer.

As two oncogenic miRNAs, miR-7 and miR-214 are
overexpressed in lung cancer cells, enhance radiotherapy
response, and promote the progression of lung cancer [22,
23].Thus, in this study, we hypothesized that cir-ITCHmight
compete with ITCH to bind to miR-7 and miR-214 and
may be involved in lung cancer development. To address
this hypothesis, we detected the expression of cir-ITCH in
primary tumor tissues and different lung cancer cell lines.
Then, the functional relevance of cir-ITCH with lung cancer
was further examined by biochemical assays.

2. Materials and Methods

2.1. Participants and Tissue Samples. The study was approved
by the Ethical Review Board for Research in Tongji Hospital,

affiliated to Tongji Medical College of Huazhong University
of Science and Technology. 78 lung cancer biopsy specimens
and paired adjacent normal tissues were obtained from
Department of Pathology of Tongji Hospital. Tissues were
acquired and immediately stored at liquid nitrogen until use.
There were no limitations on the age, sex, histology, or stage
of lung cancer.The patients’ characteristics were summarized
in Table 1.

2.2. Cell Culture. Human lung cancer cell lines A549 and
NCI-H460 were purchased from the Cell Bank of Type
Culture Collection of the Chinese Academy of Sciences,
Shanghai Institute of Cell Biology. Cells were cultured in
DMEM medium (Gibco, CA, USA) and supplemented with
10% fetal bovine serum (Gibco), 2 𝜇ML-glutamine, 100U/mL
penicillin, and 100 𝜇g/mL streptomycin sulfate. Cells were
incubated at 37∘C in a humidified atmosphere containing 5%
CO
2
.

2.3. Circular RNA Plasmid Construction. Human cir-ITCH
cDNA was synthesized by GeneWiz (Suzhou, China) and
cloned into pcDNA3.1 (Invitrogen, CA, USA) as previously
described [15, 16]. Recombinant plasmid pcDNA3.1-cir-ITCH
was verified by direct sequencing.
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Table 2: The sequences of primers used in this study.

Gene Forward (5-3) Reverse (5-3) Probe
cir-ITCH GCAGAGGCCAACACTGGAA TCCTTGAAGCTGACTACGCTGAG CCGTCCGGAACTATGAACAACAATGGCA
GAPDH CCATGACCCCTTCATTGACC TTGATTTTGGAGGGATCTCG CTGAGAACGGGAAGCTTGTC
Linear
ITCH TAGACCAGAACCTCTACCTCCTG TTAAACTGCTGCATTGCTCCTTG

Circular
ITCH ACAGAGACAACCGAGAAACAGTG GCCTTGATACTTGTTACCGTCGA

c-Myc TTCGGGTAGTGGAAAACCAG CAGCAGCTCGAATTTCTTCC
cyclinD1 GAGGAGCAGCTCGCCAA CTGTCAAGGTCCGGCCAGCG
GAPDH GAAGGTGAAGGTCGGAGTC GAAGATGGTGATGGGATTTC

2.4. RNA Extraction and Real-Time Quantitative Polymerase
Chain Reaction. Total RNA was isolated from cells and
tissues using the TRIzol reagent (Invitrogen) according to the
manufacturer’s instructions. RNA was reversely transcribed
into cDNA using First Strand cDNA Synthesis Kit (Toyobo).
The relative gene expression of cir-ITCH was quantified
using a real-time RT-PCR with the TaqMan probe. GAPDH
was used as an internal control [24], and all reactions were
performed in triplicate. The primers used for polymerase
chain reaction (PCR) amplification are listed in Table 2.

2.5. RNase R Digestion. The RNase R digestion reaction was
performed following previously published procedures. The
digestion and precipitation reactions were repeated twice
with a ratio of 3U of enzyme/1mg of RNA [25].

2.6. Transient Transfections and Luciferase Assays. A549 and
NCI-H460 cells were seeded in 24-well plates (1× 105 cells per
well) and cultured to about 70% confluence before transfec-
tion. Then, cells were transfected with 800 ng of the reporter
plasmids described above using Lipofectamine 2000 (Invit-
rogen). Cells were cotransfected with the miRNAs according
to the manufacturer’s instructions [26]. Each group included
6 replicates, and triplicate independent experiments were
performed. 24 h after transfection, the cells were collected
using 100𝜇L passive buffer, and Renilla luciferase activity was
detected using the Dual-Luciferase Reporter Assay System
(Promega); the results were normalized against the activity
of the Renilla luciferase gene [16].

2.7. Actinomycin D Assay. A549 and NCI-H460 cells were
seeded at 5 × 104 cells per well in 24-well plate overnight
and then transiently transfected with 1 or 40 pmol of miRNA
mimics (Ambion) using Lipofectamine 2000 with or without
40 pmol ofmiRNA inhibitor as indicated. 24 h later, cells were
then exposed to 2mg/L actinomycin D (Sigma) for 1, 2, and
3 h.The cells were harvested and the stability of the cir-ITCH
mRNA was analyzed using quantitative reverse transcription
PCR (qRT-PCR).

2.8. Western Blotting. Protein was isolated from cell lysis
using Mammalian Protein Extraction Reagent (Thermo
Fisher Scientific, Rockville, MD, USA). Equivalent amount
of protein was loaded on 10% SDS-PAGE gel (Invitrogen)
and then transferred onto polyvinylidene difluoride (PVDF)

membranes (Millipore, Billerica, MA, USA). The PVDF
membranes were blocked with 5% nonfat milk for 1 hour at
37∘C. Membranes were incubated overnight at 4∘C with anti-
Wnt3a antibody (1 : 1000 dilution, Santa Cruz Biotechnology,
Santa Cruz, CA, USA), anti-𝛽-catenin antibody (1 : 1000 dilu-
tion, Santa Cruz Biotechnology), or 𝛽-actin (1 : 5000 dilution,
Abcam, Cambridge, MA, USA) and then incubated with
secondary HRP-goat anti-rabbit/mouse antibodies (1 : 10000
dilution, Santa Cruz Biotechnology). Signals were detected
using ECL detection reagent (Millipore) following the man-
ufacturer’s instructions.

2.9. Cell Viability Assay. Cell viability assay was carried out
with a Cell Counting Kit-8 (Beyotime, Shanghai, China)
according to the manufacturer’s instructions [27]. 1 × 104
cells in 100 𝜇L of A549 and NCI-H460 cells were seeded
into 96-well plates (BD Biosciences), respectively. 24 h after
transfection, cells were incubated for another 1, 2, and 3 days.
Thenumbers of cells per well were detected by the absorbance
(450 nm) of reducedWST-8 at the indicated time points. The
absorbance (450 nm) was measured by using SpectraMax�
i3x microplate reader (Molecular Devices, Sunnyvale, CA,
USA). There were 6 replicates for each group, and the
experiments were repeated at least 3 times.

2.10. Statistical Analysis. All data are presented as mean
± SD and analyzed by using the GraphPad Prism version
5.00 software (GraphPad Software, CA, USA). Spearman
correlation test was used to assess the association between cir-
ITCH expression and the mRNA expression of ITCH in lung
cancer tissues. Comparison between two groups for statistical
significance was performed with two-tailed Student’s 𝑡-test.
For more groups, one-way ANOVA followed by Newman-
Keuls post hoc test was used. 𝑝 < 0.05 was considered
statistically significant.

3. Results

3.1. Identification of the Circular RNA. We designed two sets
of primers for ITCH detection: a divergent set that was
expected to amplify only the circular form and an opposite-
directed set to amplify the linear forms. cDNA and genomic
DNA were used as templates. The circular form, namely, cir-
ITCH, was amplified by using the divergent primers on cDNA
(Figure 1(a), upper panel). And as expected, there was no
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Figure 1: The expression level of cir-ITCH is closely related to lung cancer. (a) cir-ITCH was amplified by RT-PCR with divergent primers in
cDNA but was not amplified in genomic DNA (gDNA). GAPDH, linear control. (b) qRT-PCR based on TaqMan probe was used to analyze
the expression level of cir-ITCH in lung cancer tissues and paired noncancerous tissues. GAPDH was used as endogenous control. (c) The
linear correlations between the cir-ITCH expression levels and linear ITCH were tested by Spearman analysis. The relative expression value
was normalized by GAPDH expression level. (d) Random primers and oligo dT primers were used, respectively, in the reverse transcription
experiments. The predicted circular RNA is absent in poly(A)-enriched samples. (e) The predicted circular RNA is resistant to RNase R
treatment. Data are presented as mean ± SEM from three independent experiments. ∗𝑝 < 0.05.

amplification when performing RT-PCR with the divergent
primers on genomic DNA (Figure 1(a), lower panel). Linear-
ITCH was amplificated from both of cDNA and genomic
DNA templates (Figure 1(a)). GAPDH was used as a linear
control (Figure 1(a)). Thus, we confirmed that cir-ITCH is
specifically amplified with divergent primers on cDNA.

3.2. cir-ITCH Is Overexpressed and Positively Correlated with
ITCH Expression in Lung Cancer Tissues. Next, cDNA of
cancer tissues and paired noncancerous tissues of 78 lung
cancer patients was extracted, and then the expression level
of cir-ITCH was evaluated with the divergent primer set. cir-
ITCH was expressed at a lower level in approximately 73.08%
of the lung cancer tissues compared to that of the paired

noncancerous samples (Figure 1(b)). Simultaneously, we fur-
ther evaluated the association between cir-ITCH expression
in lung cancer tissues and clinical characteristics of lung
cancer patients. As shown in Table 1, cir-ITCH expression
in lung cancer tissues was significantly associated with age
(𝑝 = 0.0076); however, it is not correlated with other clinical
characteristics including sex (𝑝 = 0.9704), family history
(𝑝 = 0.8437), smoking (𝑝 = 0.1713), drinking (𝑝 = 0.1568),
tumor type (𝑝 = 0.9183), and TNM stage (𝑝 = 0.2531) in
lung cancer patients. To study the correlation between cir-
ITCH and ITCH in lung cancer, we assessed the expression
of cir-ITCH in randomly selected 20 pairs of tissue samples
from the 78 patients. The results showed that patients with
higher cir-ITCH expression levels in lung cancer tissues had a
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Table 3: The sequence of the predicted miRNA binding sites on the 3-UTR region of ITCH and cir-ITCH.

MicroRNA miRNA binding sites 3-UTR miRNA binding sites in cir-ITCH
miRNA-7 GUGGCCACAUGUAUAUAGUCUUCCC UGAGGUAGUAGGUUGUAUAGUU
miRNA-214 UGUAUAUGUCUUCCCUGCUGU ACAGCAGGCACAGACAGGCAGU

substantial upregulation of linear ITCH (𝑅2 = 0.33, 𝑝 < 0.01;
Figure 1(c)).

3.3. Characterization of cir-ITCH in Lung Cancer Cells. To
further study the role of cir-ITCH in lung cancer progression,
we constructed a recombinant vector to express cir-ITCH in
lung cancer cell lines according to the previous studies [15,
16].Then, the constructed plasmidwas transiently transfected
into A549 and NCI-H460 cells. Next, random primers and
oligo (dT) primerswere used to reverse total RNAandmRNA
into cDNA, respectively. In contrast to the linear products,
we thought that circular products amplified with the diver-
gent primer set would be depleted in the poly(A)-enriched
RNA [28]. In our results, the expression of linear ITCH
(normalized to GAPDH) showed no difference between total
RNA and poly(A)-enriched RNA in both A549 cells and
NCI-H460 cells (Figure 1(d)), while the expression of cir-
ITCH was significantly decreased in poly(A)-enriched RNA
compared with total RNA in these two lung cancer cell lines
(Figure 1(d)).

Circular RNAs are resistant toward exonucleases for the
reason of lacking free ends [29, 30]. To further confirm the
circular characteristics of cir-ITCH in A549 cells and NCI-
H460 cells, the enzyme RNase R, a highly processive 3 to
5 exoribonuclease that does not react on circular RNAs, was
used to digest total RNA [31, 32], and then we performed RT-
PCR to evaluate linear ITCH and cir-ITCH expression. As
expected, in contrast to the linear ITCH, the predicted cir-
ITCH was resistant to the RNase R treatment (Figure 1(e)).

3.4. Interaction between cir-ITCH and miRNA. miR-7 and
miR-214 can bind to the 3-untranslated region (UTR) of
ITCH and cir-ITCH [16], and binding sites of these two
miRNAs were presented in Table 3. The stability of cir-ITCH
was firstly investigated with the presence of miRNAmimic or
inhibitor via actinomycin D assay. A549 and NCI-H460 cells
were cotransfected with the cir-ITCH plasmid and miRNA
mimic or inhibitor, respectively. And, then, cells were treated
with actinomycin D, a transcription inhibitor. Total RNAwas
extracted at indicated time points and the relative expression
of cir-ITCH was evaluated. There was almost no change in
cir-ITCH levels in both A549 cells and NCI-H460 cells with
miRNAmimic or inhibitor treatment (Figures 2(a) and 2(d)),
while the cir-ITCH levels in cells transfected with empty
vector remained only 20–30% (Figures 2(b) and 2(e)), which
were significantly lower than that in cells transfected with the
cir-ITCH plasmid (𝑝 < 0.01). These results suggest that miR-
7 and miR-214 can degrade cir-ITCH in lung cancer cells.

Next, the ITCH binding sequences of miR-7 and miR-
214 were inserted into psiCHECK-2 vector, respectively. The
constructed luciferase reporter of miR-7 or miR-214 and
cir-ITCH plasmid were transiently cotransfected into lung

cancer cells, and the luciferase activity was subsequently
detected. In bothA549 cells (Figure 3(a)) andNCI-H460 cells
(Figure 3(b)) transfected with empty vector (control of cir-
ITCH plasmid), luciferase activity was significantly decreased
in a concentration-dependent manner with the presence of
miR-7/miR-214 mimic. However, there were no significant
differences in luciferase activity of miR-7/miR-214 mimic in
cells with cir-ITCH hyperexpression (Figures 3(a) and 3(b)).
Thus, cir-ITCH can act as sponge of ITCH to interact with
miR-7 and miR-214 in lung cancer cells.

3.5. cir-ITCH Inhibits the Activation of Wnt/𝛽-Catenin Sig-
naling Pathway. ITCH protein promotes the degradation of
phosphorylated Dvl2, which is an important regulator for
Wnt/𝛽-catenin signaling activation [21]. cir-ITCH, acting as
a sponge of oncogenic miRNAs, can competitively inhibit
these miRNAs’ bind to ITCH and thus indirectly suppresses
the activation of Wnt/𝛽-catenin signaling in esophageal
squamous cell carcinoma [16]. To further confirm whether
cir-ITCH regulates the Wnt/𝛽-catenin signaling pathway in
lung cancer cells, we used a 𝛽-catenin/T-cell factor- (TCF-)
responsive luciferase reporter assay [33]. As shown in Fig-
ure 4(a), overexpression of cir-ITCH significantly suppressed
relative TCF transcriptional activity in both A549 cells and
NCI-H460 cells, which suggests that cir-ITCH inhibits 𝛽-
catenin expression. The expression level of 𝛽-catenin in
lung cancer cells with cir-ITCH hyperexpression was further
confirmed by western blotting analysis (Figure 4(b)), and
it was discovered that there was an obvious decrease in 𝛽-
catenin levels, while no change in Wnt3a expression was
shown. Oncogene c-Myc and cell cycle regulator cyclinD1
are two important downstream targets of 𝛽-catenin [33,
34]; then, we investigated the effect of cir-ITCH on the
mRNA expression of these two proteins. In lung cancer cells
transfected with cir-ITCH, mRNA expression of c-Myc and
cyclinD1 was significantly suppressed compared to empty
vector control (Figure 4(c)).

3.6. cir-ITCH Inhibits Cellular Proliferation of Lung Cancer.
cir-ITCH inhibits cell proliferation in both esophageal squa-
mous cell carcinoma and colorectal cancer [15, 16]. To further
confirm the role of cir-ITCH in lung cancer cell proliferation,
lung cancer cells were transfected with cir-ITCH with or
withoutmiR-7 andmiR-214.We noticed thatmiR-7 andmiR-
214 significantly promoted cell proliferation of A549 cells and
NCI-H460 cells compared to simple empty vector transfec-
tion, while cell proliferationwas dramatically decreasedwhen
cir-ITCH was overexpressed with the presence of miR-7 and
miR-214 treatment compared to the controls. In lung cancer
cells transfected with cir-ITCH with or without miR-7 and
miR-214, treatment showed no significant difference (Figures
4(d) and 4(e)).
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Figure 2: cir-ITCH inhibits the expression of miR-7 and miR-214. A549 cells were, respectively, transfected with cir-ITCH (a) and empty
control vector (b) and simultaneously treatedwithmiR-7 (upper) andmiR-214 (lower) for 24 h.Cellswere then further exposed to actinomycin
D for 1, 2, and 3 h. The stability of cir-ITCH mRNA was analyzed by qRT-PCR relative to 0 h after actinomycin D treatment. (c) GAPDH as
endogenous control. ((d)–(f)) Similar to A549 cells, the stability of cir-ITCH mRNA in NCI-H460 cells was evaluated by qRT-PCR. Data are
presented as mean ± SEM, normalized to GAPDH.
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Figure 3: cir-ITCH acts as microRNA sponges of miR-7 and miR-214. (a) A549 (left) and NCI-H460 (right) cells were cotransfected with
psiCHECK-2-ITCH constructs and cir-ITCH or empty control vector, respectively. Cells were further simultaneously treated with miR-7
mimic or inhibitor for 24 h. Then, relative luciferase activity of psiCHECK-2-ITCH constructs was evaluated. (b) Similar to miR-7, relative
luciferase activity of the psiCHECK-2-ITCH constructs in A549 and NCI-H460 cells with the presence of miR-214 was evaluated. Data are
presented as mean ± SEM from six replicates for each group. ∗𝑝 < 0.05.

4. Discussion
Recently, many studies have confirmed the widespread and
abundant presence of circular RNA in eukaryotic cells [35–
38]. Specifically, cir-ITCH has been reported to inhibit the
progression of esophageal squamous cell carcinoma and
colorectal cancer mainly by regulating the Wnt/𝛽-catenin

pathway [15, 16]. However, the function of cir-ITCH in
lung cancer is still unclear. In this study, we compared
the expression level of cir-ITCH in lung cancer issues by
using a TaqMan-based RT-PCR and found that cir-ITCH was
dramatically decreased in lung cancer tissues, indicating cir-
ITCH may play a role in regulating lung cancer progression.
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Figure 4: cir-ITCH can regulate theWnt/𝛽-catenin signaling pathway and cellular proliferation of lung cancer cells. (a) A549 and NCI-H460
cells were transfected with cir-ITCH or empty control vector; then, a 𝛽-catenin/T-cell factor- (TCF-) responsive luciferase reporter assay
was performed. The luciferase activity was normalized to the Renilla luciferase activity. (b) The protein levels of Wnt3a and 𝛽-catenin were
assessed in A549 cells and NCI-H460 cells by western blotting. 𝛽-actin was used as endogenous control. (c) The mRNA level of c-Myc and
cyclinD1 in A549 cells and NCI-H460 cells was detected by qRT-PCR after being transfected with cir-ITCH or empty control vector. (d) A549
and (e) NCI-H460 cells were seeded in 96-well plates after being transfected with cir-ITCH and empty control vector, and cell proliferation
was detected daily for 3 days by using the CCK-8 assay. Data are presented as mean ± SEM from six replicates for each group. ∗𝑝 < 0.05.

cir-ITCH, located on chromosome 20q11.22, is aligned in
a sense orientation to the known protein-coding gene, ITCH,
amember of the E3 ubiquitin ligases [16]. Correlation analysis
showed that cir-ITCH expression in lung cancer tissues
was not correlated with clinicopathological characteristics
except age. This is likely to be because the incidence of lung
cancer increases with age, particularly after the age of 60
[39], and we still need to confirm this result in a larger
sample population. As parental gene of cir-ITCH, ITCH also
decreased in lung cancer patients and positively correlated
with cir-ITCH. Hence, we speculated that ITCH may play
a tumor suppressive role in lung cancer, and there is a
possible connection between ITCH and cir-ITCH. ITCH
involved in cancer progression mainly depends on its ability

to regulate protein stability [40–42] and the target proteins
including p63 [43], p73 [44], Notch1 [45], Dvl2 [21], RASSF5
[42], and LATS1 [41]. These proteins usually associated with
tumor formation and chemosensitivity serve as either tumor
suppressor or enhancer; thus, the role of ITCH in tumor
progression is complicated.

Concerning the function of cir-ITCH, it is speculated that
cir-ITCH serves as epigenetic miRNA sponges to competi-
tively block the bind between miRNA and ITCH. Previous
research has shown that miR-216b, miR-17, miR-214, miR-7,
miR-20a, and miR-128 could bind to the 3-UTR of ITCH
and cir-ITCH [15, 16]. In our study, we found that miR-
7, miR-214, and miR-128 (data not shown) decreased ITCH
expression by binding to its 3-UTR in lung cancer cell lines,
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and cir-ITCH acts as a sponge for miR-7 and miR-214, except
miR-128. These results were not fully consistent with study
in cell lines of esophageal squamous cell carcinoma [16], in
which cir-ITCH acts as a sponge for five miRNAs: miR-216b,
miR-17, miR-214, miR-7, and miR-128. The reason may be
owing to the difference of cancer origin, as the expression
and function of circRNAs occupy tissue- and development-
specific properties [11]. cir-ITCH also did not act as a sponge
for miR-214 but for miR-20a in colorectal cancer [15]. As two
oncogenic miRNAs, miR-7 and miR214 are involved in the
progression of many cancers including lung cancer [22, 23,
46–49]. In lung cancer cells, we found thatmiR-7 andmiR214
promoted cell proliferation; this activity was totally abrogated
with ectopic cir-ITCH hyperexpression. Thus, cir-ITCH is
involved in lung cancer progression by interacting miRNAs.
However, with regard to other tumor-related activities, like
migration, invasion, and colony formation, the antitumor
effects of cir-ITCH in lung cancer still need to be further
investigated.

ITCH is crucial in the control of proteasome degrada-
tion of Dvl2, which inhibits Wnt/𝛽-catenin signaling [21,
50]. Deregulated Wnt/𝛽-catenin signaling with cancers has
been well documented in tumor initiation, progression, and
metastasis, including lung cancer [18–20, 51, 52]. Blocking
𝛽-catenin signaling for cancer treatment has thus generated
significant interests [53]. The beneficial effect of nonsteroidal
anti-inflammatory drugs (NSAIDs) in cancer prevention and
therapy has been attributed partially to the perturbation of 𝛽-
catenin signaling [54]. In our study, cir-ITCH inhibitsWnt/𝛽-
catenin signaling in lung cancer cells with the evidence that
hyperexpression of cir-ITCH significantly suppressed relative
TCF transcriptional activity in 𝛽-catenin/TCF-responsive
luciferase reporter assay.This result was further confirmed by
western blotting analysis.

At last, we examined the impacts of cir-ITCH on two
important downstream targets of Wnt/𝛽-catenin pathway,
c-Myc and cyclinD1, which are continually overexpressed
in many cancers and have crucial roles in regulating cell
growth, apoptosis, and differentiation [55]. Hyperexpression
of cir-ITCH significantly suppressed the mRNA expression
of c-Myc and cyclinD1 in lung cancer cells. Combined with
previous studies [15, 16], we are able to conclude that cir-
ITCH has an antitumor role in lung cancer by controlling
miRNA activity, which increases the concentration of ITCH
and results in suppression of the canonical Wnt/𝛽-catenin
pathway.

In conclusion, our study demonstrates that the cir-ITCH
acts as a sponge for miR-7 and miR-214, promotes the
expression of their target gene ITCH, and thus regulates lung
cancer cell proliferation by indirectly inhibiting the activation
of Wnt/𝛽-catenin pathway. Further characterization of the
function of circular RNAs in cancer progression will have
great implication for the development of new RNA-based
cancer diagnosis and therapy.
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