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The exponential increase in the use of molecular biomarkers
as diagnostic, prognostic, and predictive aids in the manage-
ment of cancer patients highlights the increasing importance
of molecular biology in oncology. The clinical utility of
some molecular biomarkers like KRAS (Kirsten rat sarcoma
viral oncogene homolog), BRAF (B-Raf protooncogene,
serine/threonine kinase), PIK3CA (phosphatidylinositol-4,5-
bisphosphate 3-kinase, catalytic subunit alpha), KIT (com-
monly known as cKit) (v-kit Hardy-Zuckerman 4 feline sar-
coma viral oncogene homolog), ERBB2 (commonly known
as HER2) (erb-b2 receptor tyrosine kinase 2), and EGFR
(epidermal growth factor receptor) among others has been
validated in gastrointestinal and pancreatobiliary tumors.
However, the clinical utility of some of molecular biomarkers
is still being investigated and validated. Although technically
not a “molecular biomarker,” the utility of “molecular imag-
ing” is being elucidated.

This special issue covers some of the biomarkers cur-
rently in current clinical use and others being investigated,
including the following: (i) MMP14 (previously known
as MT1-MMP) (matrix metallopeptidase 14 (membrane-
inserted) or previously known asmatrix metalloproteinase 14
(membrane-inserted)) and role in colorectal cancer, potential
utility being described in other cancers [1–4], (ii) SLC6A14
(solute carrier family 6 (amino acid transporter), member
14) and potential role in pancreatic cancer, potential utility in
other cancers being described [5–7], (iii) molecular profiling
[8–14] of tumors to detect potentially actionable mutation
or variant in pancreatic cancers, and (iv) potential utility of
Raman spectroscopy in evaluation of gastrointestinal lesions.

Potential utility of this technology has been described in other
tumors [15–20].

Michael O. Idowu
Jennifer Laudadio

Kathryn Rizzo
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This multicenter cohort study assessed the impact of molecular profiling (MP) on advanced pancreaticobiliary cancer (PBC). The
study included 30 patients treated with MP-guided therapy after failing ≥1 therapy for advanced PBC. Treatment was considered as
having benefit for the patient if the ratio between the longest progression-free survival (PFS) on MP-guided therapy and the PFS
on the last therapy before MP was ≥1.3. The null hypothesis was that ≤15% of patients gain such benefit. Overall, ≥1 actionable (i.e.,
predictive of response to specific therapies) biomarker was identified/patient. Immunohistochemistry (the most commonly used
method for guiding treatment decisions) identified 1–6 (median: 4) actionable biomarkers per patient. After MP, patients received
1–4 (median: 1) regimens/patient (most commonly, FOLFIRI/XELIRI). In a decision-impact analysis, of the 27 patients for whom
treatment decisions beforeMPwere available, 74.1% experienced a treatment decision change in the first line afterMP. Twenty-four
patients were evaluable for clinical outcome analysis; in 37.5%, the PFS ratio was ≥1.3. In one-sided exact binomial test versus the
null hypothesis, P = 0.0015; therefore, the null hypothesis was rejected. In conclusion, our analysis demonstrated the feasibility,
clinical decision impact, and potential clinical benefits of MP-guided therapy in advanced PBC.

1. Introduction

Pancreaticobiliary cancers are relatively rare malignancies. In
the US, pancreatic cancer represents 3% of all new cancers

and gallbladder/other biliary cancers represent 0.6% of all
new cancers [1]. Despite its rarity, pancreatic cancer is
responsible for 7% of cancer deaths [1], reflecting a need for
better therapeutic approaches and better clinical outcomes in
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this disease. The 5-year survival rate for patients with early
stage pancreatic cancer is less than 25%; once the disease
metastasizes, it is uniformly fatal with a median overall
survival (OS) of 6–11 months [2].

Gemcitabine-based treatment is the most common first-
line therapy in locally advanced and metastatic pancreatic
cancer [3]; however, most patients progress relatively quickly.
In clinical trials and retrospective analyses of patients in
clinical practice, 16–57% of gemcitabine-pretreated patients
proceeded to receive second-line therapy [4–11]. Second-line
regimens are potentially effective [12]; however, at present,
treatment options are limited to a few drugs. The combi-
nation of fluorouracil (5-FU) and oxaliplatin has become
a commonly used regimen in the second-line setting after
a randomized trial in patients with gemcitabine-refractory
pancreatic cancer demonstrated that the OFF/FF regimen
(FF: 5-FU plus folinic acid or leucovorin (LV); OFF: FF
plus oxaliplatin) was associated with a significantly longer
progression-free survival (PFS) and OS compared with FF
alone [13]. However, in a recent randomized phase 3 trial
evaluating 5-FU/LV with or without oxaliplatin for the treat-
ment of gemcitabine-refractory pancreatic cancer, adding
oxaliplatin was not associated with PFS benefit [14]. Non-
gemcitabine-based therapy such as folinic acid plus 5-FUplus
irinotecan plus oxaliplatin (FOLFIRINOX) is an additional
effective first-line treatment in the metastatic setting [15].
Data on second-line therapy after first-line treatment with
FOLFIRINOX are limited [16, 17].

Precision treatment of cancer individualizes therapies
according to the molecular profile of patients’ tumors, as
determined using methodologies such as immunohisto-
chemistry (IHC), fluorescence/chromogenic in situ
hybridization (FISH/CISH), microarray (MA) analyses,
reverse transcription polymerase chain reaction (RT-PCR)
analysis, and next-generation sequencing (NGS). This
approach has made great progress in recent years due to
advances in predictive biomarker research and the molecular
understanding of cancer. Recently, molecular profiling-
(MP-) guided treatment has proven to be an effective
approach in advanced tumors [18–21]. Specifically, Von Hoff
and colleagues, in their pilot study evaluating 66 patients with
a variety of refractory cancers (including 2 with pancreatic
carcinoma) whose treatment was MP-guided, demonstrated
that this approach led to PFS that was ≥30% longer than the
last regimen on which patients progressed (before MP) in
27% of patients [18].

The current study was designed to assess the MP-guided
treatment approachusingCarisMolecular Intelligence (CMI)
tumor profiling service (Caris Life Sciences, Irving, TX) in a
cohort of patients with advanced pancreaticobiliary cancer.
Specifically, this study aimed to characterize the molecular
profile of patients’ tumors, to evaluate the impact of MP on
clinical decisionmaking, and to evaluate the potential clinical
benefit of MP-guided therapy. Clinical benefit was assessed
by comparing clinical outcomes using MP-guided therapy
to those of the most recent regimen on which the patient
experienced disease progression before MP.

2. Materials and Methods

2.1. Study Design and Patient Population. This was a multi-
center retrospective study evaluating patients with advanced
pancreaticobiliary cancer who (i) failed at least one line
of therapy for their advanced disease before undergoing
MP; (ii) had their tissue sample tested using CMI; and
(iii) were treated with MP-guided therapy after MP. The
study was approved by the institutional review boards of the
participating institutions.

2.2. Data Source. Information on patients’ baseline char-
acteristics, physicians’ initial treatment recommendations,
actual treatments received, and clinical outcomes were col-
lected from patients’ files. Progression was determined based
on clinical evaluation, imaging (mostly computed tomog-
raphy (CT) and positron emission tomography (PET)/CT),
and biomarker analyses (CA 19-9 and carcinoembryonic
antigen (CEA)). CMI results were provided by Teva-Oncotest
Pharmaceutical Industries Ltd., the representative of Caris
Life Sciences in Israel.

2.3. Molecular Profiling. CMI analyses were performed in
Caris Life Sciences laboratories (Phoenix, AZ) on paraffin-
embedded tumor samples taken during (i) biopsies of the
primary tumors, (ii) surgical procedures performed (e.g.,
Whipple procedure, total pancreatectomy), or (iii) biopsies of
metastatic lesions.

The MP included IHC analysis of up to 18 biomarkers,
FISH/CISH analysis of up to 3 biomarkers, gene expression
MA analysis of up to 88 genes, RT-PCR analysis of 8
biomarkers, sequencing analysis by the Sanger method of up
to 3 genes (epidermal growth factor receptor (EGFR), KRAS,
and BRAF), and NGS of 45 genes. The types of analyses
performed and the specific biomarkers tested depended on
the amount of tissue sample available (i.e., if the amount
was insufficient, the analyses were prioritized by the treating
physician) and the specific timeframe in which the testing
occurred. The panel of tests evolved over time as new
biomarker informationwas published and taken into account
by CMI. “Actionable” biomarkers were defined as those
predictive of response to specific commercially available
chemotherapeutics or biologic agents (the use of these agents
in pancreaticobiliary cancer could be either on-label or off-
label) [18].

2.4. Statistical Analysis. Descriptive statistics were used to
summarize patient and tumor characteristics, planned treat-
ment before MP, and actual treatments received. A treatment
decision change was defined as any change from before MP
recommendation to actual treatment received.These changes
could include omitting/replacing/adding agents to a recom-
mended regimen that was specified by the treating physician
before MP, deciding on a specific regimen if before MP the
treating physician was unsure which treatment should be
administered or deciding to treatwith an anticancer therapy if
the treating physician initially recommended best supportive
care.
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Patients with advanced
pancreaticobiliary cancer

who underwent MP
(N = 55)

Lack of data:
∙ Lack of patient data (incomplete/lost to follow-up) (n = 3)

Patients not proceeding with MP-guided therapy due to

In patients proceeding with MP-guided therapy:
∙ No treatment for advanced disease prior to MP (n = 8)

Not evaluable for PFS analysis
∙ Developed rapidly progressing disease
during their 1st cycle of MP-guided
therapy (n = 5)
∙ Discontinued treatment and lost to
follow-up (n = 1)

Evaluable for PFS analysis
(n = 24)

Patients proceeding with MP-guided
therapy after failure of ≥1 line of treatment

for advanced disease
(n = 30)

worsening disease and rapid decline in PS (n = 4)

Figure 1: Patient disposition.

MP-guided therapy was defined as having a clinical
benefit if the PFS ratio between the longest PFS on MP-
guided therapy and the PFS on the last therapy beforeMPwas
≥1.3 (i.e., using patients as their own controls) [22, 23]. One-
sided exact binomial test versus a null hypothesis of ≤15% of
patients with PFS ratio ≥1.3 was performed at a significance
level of 0.05 [18].

3. Results

3.1. Patient Disposition. A total of 55 patients with advanced
pancreaticobiliary cancer, who were treated in the partici-
pating institutions, underwent MP between July 2008 and
February 2013. Of these 55 patients, 25 (45.5%) were excluded
from the MP analysis, mostly because they did not proceed
with MP-guided therapy due to worsening disease and rapid
decline in PS or because they had no prior therapy for
advanced disease (Figure 1). Thus, thirty patients (54.5%)
were included in the MP analysis as they were treated
with MP-guided therapy after failure of at least one line of
treatment for their advanced disease. Six patients (10.9%)
were further excluded from the PFS analysis, mainly because
they developed rapidly progressing disease during their first
cycle of MP-guided therapy, and therefore their PFS after MP
could not be determined and compared with their last PFS
before MP (Figure 1).

3.2. Baseline Patient and Tumor Characteristics. Baseline
patient and tumor characteristics for the study group of
30 patients are presented in Table 1. Patients were mostly
males (73.3%) and the median (range) age at diagnosis
was 57 (29–80) years. Twenty-two patients (73.3%) had
pancreatic cancer and 8 (26.7%) had biliary cancer. The
majority of patients (60.0%) had Eastern Cooperative
Oncology Group (ECOG) performance status (PS) value
of 1. Before MP, patients received 1–4 treatment regimens
for their advanced disease, with the majority of patients
(63.3%) receiving 1 treatment regimen in this setting (6
patients progressed on adjuvant therapy, and their adjuvant
gemcitabine monotherapy regimen was considered first-line
treatment for advanced disease for the purpose of the current
analysis). Together, the patients received 47 before-MP
treatment regimens, including gemcitabine monotherapy
(6), gemcitabine-based doublets (19), 5-FU/capecitabine-
based doublets (10), FOLFIRINOX (3), 5-FU/capecitabine
monotherapy, erlotinib monotherapy, poly(ADP-ribose)
polymerase inhibitor (PARPi) monotherapy (2 regimens
each), as well as 5-FU plus cisplatin plus epirubicin, and
monotherapy regimens with docetaxel or cisplatin (1 regimen
each).

3.3. MP Findings. In 15 patients (50%), MP was per-
formed on samples derived from the primary tumor and in
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Table 1: Baseline patient and tumor characteristics.

Characteristic 𝑁 = 30
Gender, N (%)

Male 22 (73.3)
Female 8 (26.7)

Age,1 years
Median (range) 57 (29–80)

Tumor type, N (%)
Pancreatic cancer 22 (73.3)
Biliary cancer 8 (26.7)

Performance status (ECOG),2 𝑁 (%)
0 1 (3.3)
1 18 (60.0)
2 10 (33.3)
Unknown 1 (3.3)

Number of lines of therapy for
advanced disease before MP,3 𝑁 (%)

1 19 (63.3)
2 7 (23.3)
3 2 (6.7)
4 2 (6.7)

1At diagnosis.
2At MP.
3For 6 patients who progressed on adjuvant therapy, their adjuvant regimen
was considered first-line treatment for advanced disease.
ECOG: Eastern Cooperative Oncology Group; MP: molecular profiling.

the remaining 15 patients (50%), MP was performed on
samples derived frommetastatic lesions (liver, 9 patients; soft
tissue, 2 patients; appendix, small intestine, lymph node, and
pancreas (in a biliary cancer patient), 1 patient each). Each
patient’s sample underwent 1–4 types of analyses (median,
2.5).

Physicians received reports specifying drug associations
as known at the time of testing.Overall, at least one actionable
biomarker was identified for each patient (median: 8.0;
range: 1–22). In both IHC analyses (conducted for the entire
cohort) and MA analyses (conducted for 17 patients), at least
one actionable biomarker was identified for each patient
(IHC: median, 4; range, 1–6; MA: median, 8; range, 3–20).
Sequencing results were available for 13 patients (by the
Sanger method for 12 patients and by NGS for 1 patient)
and identified actionable biomarkers in 4 patients (30.8%).
FISH/CISH results, which were available for 12 patients,
did not identify any actionable biomarker. Sample from
one patient underwent RT-PCR analysis which identified 3
actionable biomarkers.

The most common IHC-identified actionable biomarker
(27 of 28 evaluated samples, 96.4%) was low/negative
thymidylate synthase (TS), which may be associated with
response to fluoropyrimidines and other folate analogs [24–
26]. Other actionable biomarkers commonly identified by
IHC included negative/low ribonucleotide reductaseM1 sub-
unit (RRM1; 23 of 26 evaluated samples, 88.5%), which may
be associated with response to gemcitabine [27], and high

topoisomerase 1 (TOPO1; 22 of 28 evaluated samples, 78.6%),
which may be associated with response to irinotecan [28, 29]
(Table 2).

The most common MA-identified actionable biomarker
(13 of 17 evaluable patients, 76.5%) was overexpression of
the gene for topoisomerase II alpha (TOP2A), which may
be associated with response to anthracyclines [30, 31]. Other
common actionable biomarkers included overexpression of
the hypoxia-inducible factor 1-alpha gene (H1F1A; 9 of 17
evaluable patients, 52.9%), which may be associated with
response to sorafenib [32], and overexpression of the gene for
beta-type platelet-derived growth factor receptor (PDGFRB;
9 of 17 evaluable patients, 52.9%), which may be associated
with response to imatinib [33] (Table 2).

Of the 13 patients for whom KRAS sequencing was
performed, 4 patients (30.8%) had wild-type KRAS, which is
associated with response to anti-EGFR therapy in colorectal
cancer [34, 35]. In the sample that underwent RT-PCR
analysis, the 3 actionable biomarkers included low TS, low
RRM1, and high TOP2A.

3.4. Treatments Received after MP: The Impact of MP on
Clinical Decision Making. In total, after MP, 47 treatment
regimens were administered to the 30 evaluated patients,
with a median (range) of 1 (1–4) line of therapy per patient.
The median (range) duration between collecting the sample
used for MP and the initiation of MP-guided therapy was
9.5 (0.8–45.2) months.The treatments administered (Table 3)
were mostly selected based on IHC findings (MA findings,
sequencing results, and RT-PCR findings impacted treat-
ment selection in one patient each). Treatments included
both drugs and regimens that are commonly used in this
setting (e.g., 5-FU plus irinotecan (FOLFIRI), capecitabine
plus irinotecan (XELIRI), and gemcitabine plus oxaliplatin
(GEMOX)) and drugs that are not used in clinical practice
in this setting such as sorafenib which is Food and Drug
Administration- (FDA-) approved for renal cell carcinoma
and hepatocellular carcinoma [36] and temozolomide which
is FDA-approved for glioblastoma multiforme and anaplastic
astrocytoma [37].

Information on treatment recommendations prior to the
MP report was available for 27 patients. In 20 of these patients
(74.1%), a treatment recommendation change was noted in
the first after-MP treatment. These 20 patients included
12 patients where the treatment recommendation change
included omitting/replacing/adding agents to the specific
regimen that was recommended by the treating physician
beforeMP; 2 patients where the treating physicianwas unsure
which treatment to administer and the change entailed a
decision on a specific regimen; and 6 patients, where the
treating physician recommended best supportive care, and
the change included a treatment with an anticancer therapy.

3.5. MP and Clinical Outcomes. Twenty-four patients were
included in the PFS analysis. The median (range) PFS on
their last before MP treatment was 3.3 (0.8–23.1) months.
In the first after MP treatment (24 evaluable patients),
the median (range) PFS was 2.4 (0.8–10.6) months, and
in the second treatment (8 evaluable patients) it was
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Table 2: Actionable biomarkers (i.e., biomarkers predictive of
response to specific therapies) identified by immunohistochemistry
and microarray analysis.

Target

Number of
patients out of
evaluable

patients (𝑁/𝑁)

Frequency, %

Immunohistochemistry
Negative/low TS 27/28 96.4
Negative/low RRM1 23/26 88.5
High TOPO1 22/28 78.6
Negative/low ERCC1 19/26 73.1
High EGFR 3/5 60.0
Positive TLE3 3/6 50.0
High SPARC1 12/30 40.0
Negative/low MGMT 11/29 37.9
High PDGFR 5/17 29.4
High TOPO2A 5/25 20.0
High c-Kit 4/24 16.7
Positive PgR 2/27 7.4
Positive HER2 0/30 0.0
Positive ER 0/27 0.0
Positive AR 0/27 0.0

Microarray analysis
TOP2A overexpression 13/17 76.5
HIF1A overexpression 9/17 52.9
PDGFRB overexpression 9/17 52.9
SRC overexpression 8/17 47.1
TOP2B overexpression 7/17 41.2
VDR overexpression 7/17 41.2
RRM2B underexpression 6/17 35.3
ASNS underexpression 5/17 29.4
BRCA1 underexpression 5/17 29.4
BRCA2 underexpression 5/17 29.4
KIT overexpression 5/17 29.4
PDGFRA overexpression 5/17 29.4
ERCC1 underexpression 4/17 23.5
MGMT underexpression 3/17 17.6

1SPARC levels were considered high if either of the analyses (using mono-
clonal or polyclonal antibodies) demonstrated high SPARC expression levels.
5-FU: 5- fluorouracil; AR: androgen receptor; ASNS: asparagine synthetase;
BRCA 1/2: breast cancer 1/2, early onset; EGFR: epidermal growth factor
receptor; ER: estrogen receptor; ERCC1: excision repair cross complemen-
tation 1; FISH: fluorescent in situ hybridization; HER2: human epidermal
growth factor receptor 2; HIF1A: hypoxia-inducible factor 1-alpha; IHC:
immunohistochemistry; MGMT: O-6-methylguanine-DNA methyltrans-
ferase; PDGFR: platelet-derived growth factor receptor; PgR: progesterone
receptor; RRM1: ribonucleotide reductase M1 subunit; RRM2B: ribonu-
cleotide reductase M2 B; SPARC: secreted protein acidic, rich in cysteine;
TLE3: transducin-like enhancer of split 3; TOP2B: topoisomerase II beta;
TOPO1: topoisomerase 1; TOPO2A: topoisomerase IIA; TS: thymidylate
synthase; VDR: vitamin D receptor.

2.1 (1.6–13.4) months. Together, the 24 patients had 40 lines
of treatment after MP, with a median (range) PFS of 2.0

Table 3: Chemotherapy regimens received aftermolecular profiling.

Treatment Number Frequency %
Combination therapy
FOLFIRI/XELIRI 16 34.0
GEMOX 3 6.4
FOLFOX/XELOX 2 4.3
FOLFIRI + cetuximab 2 4.3
Capecitabine + cisplatin 1 2.1
5-FU + mitomycin 1 2.1
5-FU + adriamycin + methotrexate 1 2.1
Gemcitabine + nab-paclitaxel 1 2.1
Gemcitabine + paclitaxel 1 2.1
Oxaliplatin + bevacizumab 1 2.1
Pegylated liposomal doxorubicin +
cetuximab 1 2.1

Monotherapy
5-FU/capecitabine 5 10.6
Nab-paclitaxel 5 10.6
Sunitinib 1 2.1
Cetuximab 1 2.1
Gemcitabine 1 2.1
Sorafenib 1 2.1
Temozolomide 1 2.1
Mitomycin 1 2.1
Everolimus 1 2.1
Total of regimens received 47 100
5-FU: 5-fluorouracil; FOLFIRI: 5-fluorouracil/irinotecan; FOLFOX:
5-fluorouracil/oxaliplatin; GEMOX: gemcitabine/oxaliplatin; XELIRI:
capecitabine/irinotecan; XELOX: capecitabine/oxaliplatin.

(0.8–13.4) months. In 9 of the 24 evaluable patients (37.5%),
the ratio between the longest PFS on MP-guided therapy
and the PFS on their last before MP regimen was ≥1.3
(Figure 2). These 9 patients had a median (range) PFS
of 2.1 (0.8–5.3) months in their last regimen before MP
and 4.9 (2.6–13.4) months in their longest PFS after MP.
They received (after MP) various drugs/regimens including
capecitabine monotherapy (3 cases), FOLFIRI/XELIRI (2
cases), nab-paclitaxel monotherapy (2 cases), gemcitabine
with paclitaxel, and oxaliplatin with bevacizumab (1 case
each) (Figure 2). A one-sided exact binomial test performed
versus a null hypothesis of 15% or less of patients having PFS
ratio ≥1.3 reached statistical significance (𝑃 = 0.0015) and
the null hypothesis was rejected. Patients with PFS ratio of
<1.3 and ≥1.3 received a similar number of treatments for
advanced disease before MP (mean (SD) of 1.5 (0.8) and 1.6
(0.7), resp.).

4. Discussion

This retrospective study demonstrated the feasibility of the
MP-guided therapy approach for patients with advanced



6 BioMed Research International

0

2

4

6

8

10

12

14

16

PFS before MP
Longest PFS after MP

Patient number: 1 2 3 4 5 6 7 8 9

high SPARChigh SPARClow TS
low TS

low TSlow TS
low RRM1

Therapy: XELIRI capecitabine FOLFIRI capecitabine capecitabine
bevacizumab paclitaxel

e actionable biomarker used to guide therapy (>1 actionable marker may have been identified for each patient).

Actionable
biomarker (IHC)

∗ : low ERCC1

low TS

nab-
paclitaxel

nab-
paclitaxel

Pr
og

re
ss

io
n-

fre
e s

ur
vi

va
l (

m
on

th
s)

high TOPO1 + high TOPO1 + high TLE3 +

oxaliplatin + gemcitabine +

∗Th

Figure 2: Comparison between the longest PFS on MP-guided therapy (dark grey) and PFS on last regimen on which patients progressed
before MP (light grey) in 9 patients for whom this ratio was ≥1.3.

pancreaticobiliary cancer. For each patient, at least one poten-
tially actionable biomarker was identified, with IHC identify-
ing 1–6 actionable biomarkers per patient (most commonly,
negative/lowTS, negative/lowRRM1, and highTOPO1), all of
which were observed in more than half of evaluable patients.
Identifying actionable biomarkers impacted treatment deci-
sions in the majority of patients (74%) and the modified
treatment regimens were associated with clinical benefit in
37.5% of patients (statistically significantly more than 15%).

IHC was the most common methodology used for MP
in our study. Other technologies like NGS which has become
increasingly used in translational oncologymay not be thera-
peutically relevant in pancreatic cancer. In this disease, KRAS
mutations, which currently are not successfully targeted, are
very common, occurring in themajority of patients (reviewed
by Chiu et al. [38]). In a recent analysis of 2,400 pancreatic
cancer patients of whom 82% were found to have mutated
KRAS, mutations in BRAF, EGFR, HER2, FLT3, HRAS,
PDGFRA, and PTEN were identified exclusively in KRAS
wild-type patients, and even there, only rarely (8%) [39].
Thus, in pancreatic cancer, sequencing is unlikely to identify
actionable mutations and IHC remains the methodology of
choice for MP.

MP led to administration of commonly used drugs/
regimens in the advanced pancreaticobiliary setting (e.g.,

FOLFIRI, XELIRI, GEMOX) as well as drugs that are not
used in clinical practice in this setting (e.g., sorafenib and
temozolomide). Although the use of the latter drugs was not
associatedwith favorable clinical outcomes, the small number
of patients treated with these drugs limits our ability to draw
specific conclusions.

Overall, the findings of our study are consistent with
those of recent studies describing the potential benefit of
MP-guided therapy including a pilot trial conducted by
Von Hoff and colleagues in 66 patients with a variety of
refractory solid tumors and recent studies in patients with
previously treated metastatic pancreatic cancer, metastatic
breast cancer, or rare/advanced refractory cancers [18–21].
Notably, in the pancreatic cancer study involving 49 heavily
pretreated metastatic patients, IHC identified at least 2
actionable biomarkers in most patients, and clinical activity
was demonstrated (median OS of 5 months) [20]. Our
findings are also consistent with recent studies describing the
molecular makeup of pancreatic tumors from 1,029 patients
and 2,400 patients [39, 40].

Advanced pancreaticobiliary cancermay be a goodmodel
to demonstrate the utility of the MP-guided approach in
the second-line setting: almost all patients fail first-line
systemic therapy relatively quickly; nonetheless, up to 57%
of patients are willing and fit enough to pursue second-line
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treatment at disease progression [4–11]. However, evidence
for the efficacy of various regimens in this setting is lim-
ited and no standard of care currently exists [41]. Studies
suggest that patients gain clinical benefit from second-
line chemotherapy and a recent retrospective analysis of
10 prospective randomized controlled trials demonstrated
that second-line treatment was an independent predictor
of OS and that approximately half of the median OS of
patients with advanced pancreatic cancer was attributed to
second-line therapy [42]. Furthermore, in recent years, the
unmet clinical need in advanced pancreaticobiliary cancer
has intensified, as nowadays more advanced patients have
good PS and may benefit from second-line therapy. That is
because of increasingly effective first-line treatment options
and advances in imaging and relevant biomarker assess-
ment that leads to earlier detection of progression. These
characteristics of the advanced pancreaticobiliary cancer
patient population along with the availability of multiple
targets and potential regimens make MP-guided therapy
a promising approach that could potentially optimize patient
care.

Although promising, the MP-guided therapy approach
has a number of limitations. For example, there may be
additional biomarkers that were not tested and may be
more appropriate for the individual patient. In addition,
intrapatient/intratumor heterogeneitymay lead to discordant
responses and redundancy in signal-transduction pathways.
Only for IHC and FISH/CISH it is easy to differentiate
between the tumor cells and adjacent cells (e.g., tumor-
infiltrating immune cells); for gene expression or sequencing
analyses, a microdissection needs to be performed under
supervision of skilled pathologists. Furthermore, pharma-
cokinetic effects on drug distribution as well as the effect of
the tumor microenvironment are not taken into account by
MP. All of these factors could influence the effectiveness of
the chosen therapy.

The current study has a number of limitations. It is a
retrospective, nonrandomized study, with a limited sample
size, and the use of PFS ratio as an endpoint is relatively new
and is a subject of debate [18, 22, 23, 43]. Furthermore, PFS
determination could have been biased as patient monitoring
was not standardized. Our study was also limited by the
types of analyses performed and the heterogeneity in the MP
analyses that stemmed from limitations associated with the
amount of tissue available for each patient (i.e., if the amount
was insufficient, only a subset of analyses was performed) as
well as changes in the panel of tests performed over time
due to advances in technology and accumulating evidence
linking biomarkers and response/resistance to treatment.
Notably, the MP analyses performed in our study did not
include (for the most part) sequencing and therefore, muta-
tions (either somatic or germline mutations with relevant
familial implications) were not identified. Another source
of heterogeneity in our study is the source of the tissue
sample used for MP (primary tumors versus metastases) and
the duration of time between collecting the sample for MP
and the initiation of the MP-guided treatment. In several
cases, this duration was long because a new biopsy was not
performed prior to MP, most commonly due to the lack of

tissue accessibility and poor PS of the patient. As tumors
are known to evolve over time [44], use of the primary
tumors for guiding treatment of a metastatic disease and
a longer duration between tissue sampling and treatment
initiation may reduce the effectiveness of the MP-guided
therapy approach. In our study, there was no imbalance
between primary and metastatic source of tissue for MP
between the 9 patients with clinical benefit and the other
patients. An additional limitation is the potential for selection
bias, as CMI is not covered under the Israeli National Health
Insurance Law and therefore patients may have elected not to
undergo testing for financial reasons. The strengths of this
study include its well-defined cohort of patients with pancre-
aticobiliary cancer and its representation of real-life clinical
practice.

Given that, for patients with advanced disease who failed
≥1 line of therapy, no standard of care exists, the treating
oncologist has a few alternatives. Either a treatment can be
selected based on chance or prior personal experience in
other patients or MP can be performed to generate a view
of the molecular properties of a particular patient’s tumor.
In this context, even biomarkers that have only a low level of
evidence linking them with specific therapeutics or evidence
that was generated in another type of cancer become highly
relevant for treatment selection. We suggest that this study
is hypothesis-generating with respect to the role of MP-
directed treatment decisions in pancreaticobiliary cancer.
The strength of this approach depends on the evolution
and validation of predictive markers. Notably, our findings
suggest that MP-guided therapy may be more beneficial in
earlier lines of advanced disease, as many patients in our
study progressed rapidly and were therefore unable to receive
such therapy.

5. Conclusions

Our retrospective analysis of a well-defined cohort of 30
patients with advanced pancreaticobiliary cancer demon-
strated the feasibility of the MP-guided therapy approach in
clinical practice and showed that MP influenced treatment
decisions in the majority of patients. Over one-third of the
patients experienced clinical benefit under MP-guided ther-
apy (PFS ratio of≥1.3), suggesting that this approachmight be
clinically beneficial. Further studies are warranted to explore
the predictive power of MP in pancreaticobiliary cancer.
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Currently, positive endoscopic biopsy is the standard criterion for gastric cancer diagnosis but is invasive, often inconsistent, and
delayed although early detection and early treatment is themost important policy. Raman spectroscopy is a spectroscopic technique
based on inelastic scattering of monochromatic light. Raman spectrum represents molecular composition of the interrogated
volume providing a direct molecular fingerprint. Several investigations revealed that Raman spectroscopy can differentiate normal,
dysplastic, and adenocarcinoma gastric tissuewith high sensitivity and specificity.Moreover, this technique can indentifymalignant
ulcer and showed the capability to analyze the carcinogenesis process. Automated on-line Raman spectral diagnostic system raised
possibility to use Raman spectroscopy in clinical field. Raman spectroscopy can be applied in many fields such as guiding a target
biopsy, optical biopsy in bleeding prone situation, and delineating the margin of the lesion. With wide field technology, Raman
spectroscopy is expected to have specific role in our future clinical field.

1. Introduction

In the era of minimally destructive treatment, the early diag-
nosis is more important than anything. Diagnosis and treat-
ment for gastric cancer is also following this innovation.
Gastric cancer is one of themost common cancer in theworld
and second most common cause of cancer-related deaths [1–
3]. When gastric cancer is detected in an advanced stage, the
5-year survival rate is low: 10%–20% [4]. However, the 5-year
survival rates of patients with early gastric cancer, limited to
the mucosa or the submucosa, were 99% and 96%, respec-
tively [3, 5]. Introducing endoscopic submucosal dissection
(ESD) changed the paradigmof gastric cancer treatment. ESD
currently has settled as the standard treatment for patients
with a lower mortality risk from metastasis as compared to
that from surgery [6]. Thus, early diagnosis and early resec-
tion have enormous influence on the quality of life and saving
stomach, as well as the survival of patients with gastric cancer.
Considering recent advancement of therapeutic endoscopic
practice, it cannot be more important to emphasize accurate
diagnosis of small early lesions.

The advance of optic technology has led the remarkable
evolutions in endoscopic images. Currently, the resolution

power of white light endoscopy is as high as to detect objects
10–71 microns in diameter, compared with the naked eye
which can discriminate objects 125–165 microns in diameter
[7]. Adding to this, enhancement technologies including
surface enhancement, color enhancement, and edge enhance-
ment were efficiently used to help finding out suspicious
mucosal changes more easily [8]. High pixel image and
special enhancement technologies are the basis of current
endoscopic image system. Magnification endoscopy usually
involves the use of a movable lenses that allows the endo-
scopist to zoom in on a small area of mucosa and magnify
it up to 150 times [9]. Narrow Band Image added significant
power to magnifying endoscopy for investigating microana-
tomy of gastrointestinal mucosa. The combination of two
technologies produced clinically applicable outcomes for
identifying gastric cancer [10–12]. Confocal laser endomicro-
scopy enables the endoscopist to obtain real-time in vivo his-
tologic images, which is called optical biopsies for gastric
cancer [13–15]. However, these advances were only focused
on investigating morphologic changes not on biochemical
or molecular analysis of target tissues. Currently, positive
endoscopic biopsy is the standard criterion for gastric cancer
diagnosis, but is invasive and impractical for screening
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high-risk patients who may have multiple suspicious lesions
[16]. In addition, endoscopic biopsies are often small (about
3mm in diameter) and maybe inconclusive both in making
the diagnosis and in determining the type of gastric ade-
nocarcinoma [17]. Additionally, adenomas were frequently
revealed to be carcinomas after endoscopic resection [18–
20]. Furthermore, it is not uncommon that pathologic results
are not concordant among pathologists [21]. Considering this
circumstance, there is a clear need for an objective imaging
diagnostic tool, which relies on biochemical or molecular
analysis of target tissues rather than an individual’s assess-
ment of cellular appearance.

Raman spectroscopy represents a unique optical vibra-
tional technique based on the fundamental premise of inelas-
tic light scattering for tissue diagnosis and characterization
[22–24]. Taking advantage of the Raman spectroscopic ability
of harvesting a wealth of fingerprint information from inter-
and/or intracellular components such as proteins, lipids, and
DNA in cells and tissue, Raman spectroscopy has shown great
promise for histopathologic assessments at the biomolecular
level [23–26]. Many investigations have been conducted to
reveal the biomolecular fingerprint of gastric cancer com-
pared with normal tissue. In this review, basic principle, bio-
medical fingerprinting, instrumentation, and clinical impli-
cation for gastric cancer of Raman spectroscopywere covered
with specific physical explanation.

2. Principle of Raman Spectroscopy

Raman spectroscopy is a spectroscopic technique based on
inelastic scattering of monochromatic light, usually from a
laser source [27]. Inelastic scattering is a phenomenon that
the frequency of photons changes upon interaction with a
sample. When a molecule is excited by the photons of the
laser light and then reemitted photons, frequency of the
reemitted photons is shifted up or down compared with ori-
ginal monochromatic frequency. This is called the Raman
effect [28, 29]. This shift of frequency provides unique
information of molecules. Monochromatic laser light with
frequency 𝜐

0
excites molecules and transforms them into

oscillating dipoles. Such oscillating dipoles emit light of three
different frequencies when they return to lower energy level
[28]. Raman scattering separated into two types: stoke and
antistoke. Stoke is a phenomenon that emitted frequency
is lower than exciting frequency. A photon with frequency
𝜐
0
excited Raman-active molecule which at the time of

interaction is in the basic vibrational state. Part of the
photon’s energy is transferred to the Raman-activemodewith
frequency 𝜐

𝑚
and the resulting frequency of scattered light is

reduced to 𝜐
0
− 𝜐
𝑚
(Figure 1). When an emitted frequency

is higher than an excited frequency, this scattering is called
as antistoke. A photon with frequency 𝜐

0
excited a Raman-

active molecule, which, at the time of interaction, is already
in the excited vibrational state. Excessive energy of excited
Raman active mode is released, molecule returns to the basic
vibrational state and the resulting frequency of scattered light
goes up to 𝜐

0
+ 𝜐
𝑚

(Figure 1). Only about 0.001% of the
incident photons generates Raman signal with frequencies
𝜐
0
± 𝜐
𝑚
; approximately 99.999% of incident light undergo

Virtual energy state

1

3
2

4

0
Rayleigh 
scattering

Stoke
Raman

Antistoke
Raman

𝜐0 − 𝜐m 𝜐0 + 𝜐m

Figure 1: Three types of scattering: Rayleigh, Stoke, and Antistoke.
Rayleigh scattering is a interaction that the excited molecule returns
back to the same basic vibrational state and emits light with the same
frequency 𝜐

0
as an excitation source. Raman scattering occurs when

a photon with frequency 𝜐
0
is excited by Raman-active molecule.

Stoke frequency is generated by the part of the photon energy
is transferred with frequency 𝜐

𝑚
and the resulting frequency of

scattered light is diminished to 𝜐
0
− 𝜐
𝑚
. Antistoke frequency is

released when a photon with frequency 𝜐
0
is excited by a Raman

active molecule with already excited vibrational state. The energy
level goes up to 𝜐

0
+ 𝜐
𝑚
. Finally released frequency of scattered light

from high virtual energy state to the ground state coincides with
𝜐
0
+ 𝜐
𝑚
.

Rayleigh scattering, but this signal is not useful for molecular
characterization; Rayleigh scattering is an elastic interaction
between a photon and a molecule; a photon with the fre-
quency 𝜐

0
is absorbed by a molecule with no Raman-active

mode. After then, the excited molecule returns back to the
same basic vibrational state and emits light with the same
frequency 𝜐

0
as an excitation photon.

2.1. Biochemical Fingerprint by Raman Spectroscopy. Raman
spectroscopy enables elucidating the biochemical character-
ization of a tissue through estimating the molecular specific
inelastic scattering [27]. Raman spectroscopy needs a mono-
chromatic laser illumination to sample tissue. Subsequently,
collection and analysis of the scattered light is required.
Photons in the incident laser light undergo inelastic collisions
with molecules, causing an exchange of energy and therefore
a change in frequency. The frequency change is dependent
on the species of molecule. The shift is independent of the
wavelength of excitation, which means that the energy shift
is constant for each separate molecular species. The intensity
of the signal is directly proportional to the concentration of
the molecular constituents. Therefore, the Raman spectrum
representsmolecular composition of the interrogated volume
providing a direct molecular fingerprint. Raman spectrum
is the series of the scattered light intensity versus its change
in frequency. Raman frequency shifts are conventionally
measured in wave numbers (cm−1). The biological molecule
of cholesterol represented by Raman spectroscopy is demon-
strated in Figure 2 [27, 31]. Each band of scattered light
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Figure 2: Near-infrared Raman spectrum. Near-infrared Raman
spectrum of cholesterol indicating typical vibrational bands. The
background has been removed by subtracting a fourth-order poly-
nomial fit to the raw spectrum (adopted from Hanlon et al. Phys
Med Biol 2000; 45: R1-59) [27].

of Raman spectrum is the characteristic of specific molec-
ular vibrations, which, taken all together, are unique for
cholesterol. For example, the characteristic Raman peak at
1440 cm−1 is caused by the CH

2
and CH

3
deformation vibra-

tions, and the peak at 1670 cm−1 matches to C=C stretching
vibrations. If a sample of biological tissue has cholesterol,
these peakswill be observed in its Raman spectrum.Thus, the
Raman spectrum can provide a “fingerprint” of a substance
from which the molecular composition can be determined
[27]. Fortunately, the majority of biological molecules are
Raman active, each with their own fingerprint [32]. As a
result, Raman spectroscopy is a very sensitive tool to subtle
biochemical and molecular changes, which is crucial for dif-
ferentiating tissues (Figure 3). Additionally, water, the predo-
minant component of living tissue, gives a negligible Raman
signal due to the limited change in polarisability of the –OH
bond.This, thus, enables analysis of fresh, unprepared tissue,
both in vitro and in vivo [33]. These properties make Raman
spectroscopy potentially a very powerful diagnostic tool.

2.2. Basic Instrumentation. Spontaneous Raman scattering is
very weak and special measures should be taken to distin-
guish it from the predominant Rayleigh scattering [27]. A
Raman spectroscopy system typically consists of four major
components: illumination source and system (laser), light
collection optics, wavelength selector (filter or spectropho-
tometer), detector (photodiode array, charge coupled device
or photomultiplier tube) (Figure 4). A lens collects the light,
and a filter separates the Raman scatterings from the incident
light.These shifted wavelengths then traverse the monochro-
mator and detection system which measures their frequency.
The specific frequencies of the shifted scattered light reveal
the molecular structure of the sample material. Aside from
Rayleigh scattering, fluorescence phenomenon is another
hurdle to overcome for obtaining precise Raman scattering
signal because the intensity of fluorescence is very strong and
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Figure 3: In vivo mean Raman spectra ±1 standard deviations of
normal (𝑛 = 934), and cancer (𝑛 = 129) gastric tissue (adopted from
Huang et al. Biosens Bioelectron 2010; 26: 383–389) [30].
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Figure 4: Schematic presentation of Raman spectroscopy instru-
ment.When excitation light irradiates (green line), Rayleigh scatter-
ing (blue line) and Raman scattering (red dotted line) are released.
Rayleigh scattering is filtered, and pureRaman scattering is detected.

the signal spectrums overlap with Raman scattering. Using
near infrared excitation is an excellent solution because it
minimizes spectral disruption from tissue fluorescence [33].
Furthermore, near infrared light has less mutagenic effect
and deeper penetration capability than other light sources.
Ultraviolet-resonance Raman spectroscopy can be another
option because fluorescence spectrum is separated from
Raman spectrumwhen ultraviolet ray (wavelength< 270 nm)
was illuminated [34, 35]. However, this method can cause
mutagenesis and depth of tissue penetration is seriously
limited. The combination of Raman spectroscopy and wide
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field endoscopic system used by Huang et al. was depicted in
Figure 5.

3. Clinical Implementation

Huang et al. conducted many investigations to reveal the
fingerprint of gastric cancer and dysplasia developing appli-
cable algorithms [24, 30, 36–43]. This system consists of
a 785-nm diode laser, a transmissive spectrograph with a
Kaiser holographic grating, an near infrared-optimized back-
illuminated, deep-depletion charge-coupled device detector
(Princeton Instruments, Trenton, NJ, USA), and an in-house
developed fiber-optic Raman probe that can effectively elim-
inate interference from fiber-optic fluorescence and silica
Raman signals [44]. They fabricated a beveled fiber-optic
confocal Raman probe coupled with a ball lens for enhancing
in vivo epithelial tissue Raman measurements at endoscopy
[25]. The confocal Raman probe design can be optimized
for maximizing shallower tissue Raman measurements in
epithelial tissue; in addition, the ratio of epithelium to stro-
mal Raman photons collected using an optimized confocal
Raman probe is approximately 19-fold higher than that using
a volume-type Raman probe. The system acquired Raman
spectra over the wave number range of 800 to 1800 cm−1, and

each spectrum was acquired within 5s with light irradiance
of 1.56Wcm−2. The spectral resolution of the system is
4 cm−1.This group developed fully automated on-line Raman
spectral diagnostics framework integrated with amultimodal
image-guided Raman technique for real-time in vivo cancer
detection at endoscopy [45]. Prior to developing on-line sys-
tem, data-analysis hasmostly been limited to post-processing
and off-line algorithm development.

3.1. Ex Vivo Investigation. Teh et al. analyzed 76 gastric
samples, 55 normal and 21 dysplasia, from 44 patients who
underwent gastrectomyor endoscopic biopsieswith clinically
suspicious lesions. There are specific differences in Raman
spectra between normal and dysplasia tissue, particularly in
the spectral ranges of 1200–1500 cm−1 and 1600–1800 cm−1,
which contained signals related to amide III and amide I of
proteins, CH

3
CH
2
twisting of proteins/nucleic acids, and the

C=C stretchingmode of phospholipids, respectively.The nor-
mal tissue showed Raman peak intensity at 875 cm−1 whereas
the dysplasia demonstrated peak intensity at 1450 cm−1. Diag-
nostic algorithm based on principal components analysis
(PCA) and linear discriminant analysis (LDA) yielded the
diagnostic sensitivity of 95.2% and specificity 90.9% for sep-
arating dysplasia from normal gastric tissue [37]. Regarding
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Figure 6: Comparison of in vivo gastric Raman spectra measured with the reconstructed tissue Raman spectra through the employment of
the eight basis reference Raman spectra: (a) normal, and (b) cancerous gastric tissue. Residual of the fits are also shown on the same scale in
each plot (adopted from Huang et al. Biosens Bioelectron 2010; 26: 383–389) [30].

differentiating gastric cancer from normal tissue, classifica-
tion and regression tree, based on the recursive partitioning
for classification of different subgroups in complex datasets,
was introduced [36]. Raman peaks at 875 cm−1 and 1450 cm−1
were demonstrated in normal and dysplastic tissue, respec-
tively, and the diagnostic sensitivity and specificity of learning
dataset were 90.2% and 95.7%; the predictive sensitivity and
specificity of the independent validation dataset were 88.9%
and 92.9% (55 normal and 18 cancer samples) [36]. In 2013,
Luo et al. demonstrated substantial difference among nor-
mal tissue, adenoma, and adenocarcinoma. They employed
diverse statistical methods to develop effective diagnostic
algorithms for classifying the Raman spectra of different
types of ex vivo gastric tissues, including PCA, LDA, and
naive Bayesian classifier (NBC) techniques. Compared with
PCA-LDA algorithms, PCA and NBC techniques together
with leave-one-out, cross-validation method provide better
discriminative results of normal, adenoma, and adenocar-
cinoma gastric tissues, resulting in sensitivities of 96.3%,
96.9%, and 96.9%, and specificities of 93%, 100%, and 95.2%,
respectively.

3.2. In Vivo Precancerous Lesion and Adenocarcinoma Study.
The in vivoRaman spectroscopy study of gastric dysplasia and
normal tissue was reported by Huang et al. combined with
wide field endoscopy system, narrow band image, in 2010
[41]. There were significant differences between normal (𝑛 =
54) and dysplastic (𝑛 = 18) gastric tissue from 30 patients,
particularly in the spectral ranges of 825 to 950, 1000 to 1100,

1250 to 1500, and 1600 to 1800 cm−1. Multivariate analysis
analysis, based on PCA and LDA, together with the leave-
one tissue site-out, cross validation on in vivo gastric Raman
spectra yielded a sensitivity of 94.4% (17/18) and specificity of
96.3% (52/54) for distinction of gastric dysplastic tissue [41].

The first in vivo study of gastric cancer was firstly pre-
sented in 2010 also. [30].They revealed that the fit coefficients
from albumin, nucleic acid, phospholipids and histones were
found to be the most substantial features for construction of
the diagnostic model, giving rise to an overall accuracy of
93.7%, sensitivity of 94.0% (110/117), and specificity of 93.4%
(113/121) for in vivo discrimination of gastric cancer from
normal gastric tissue: result from 1063 in vivo Raman spectra
from 238 tissue sites of 67 patients, 121 normal tissue and 117
gastric cancer tissue (Figure 6) [30]. Subsequent study, 238
gastric tissues from 67 patients, using ant colony optimiza-
tion (ACO) integrated with LDA algorithm identified seven
diagnostically important Raman bands in the regions of 850
to 875, 1090 to 1110, 1120 to 1130, 1170 to 1190, 1320 to 1340, 1655
to 1665 and 1730 to 1745 cm−1 provided a diagnostic sensitivity
of 94.6% and specificity of 94.6% for distinction of gastric
cancer [26].

The carcinogenesis of gastric cancer includes several pre-
malignant cascade processes from chronic atrophic gastritis
to intestinal metaplasia and dysplasia [46]. Bergholt et al.
assessed the capability of Raman spectroscopy for multiclass
elucidation of intestinal-type gastric carcinogenesis sequence
in vivo. Raman spectroscopy integrated with semi-quan-
titative spectral modeling (e.g., DNA, lipids, glycoprotein,
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proteins and blood) reveals the progressive changes of
biochemical constituents in gastric tissue associated with
preneoplastic and neoplastic transformation [26]. Multiclass
probabilistic partial least square-discriminant analysis (PLS-
DA) diagnostic algorithms based on in vivo Raman spectra
are able to identify normal mucosa with sensitivity of 75.88%
and specificity of 87.21%; intestinalmetaplasia with sensitivity
of 46.67% and specificity of 87.55%; dysplasia with sensitivity
of 83.33%; specificity of 96.80%, and adenocarcinoma with
sensitivity of 84.91% and specificity of 95.57%. This study
probed that Raman spectroscopy is a sensitive biomolecular
probe formonitoring intestinal-type gastric carcinogenesis to
realize early diagnosis and detection of precancerous lesions
as well as gastric cancer. In vivo studies demonstrated that
image-guided Raman endoscopy technique has promising
potential for the noninvasive, in vivo diagnosis and detection
of gastric cancer and dysplasia at the molecular level.

In clinical field, differentiating malignant ulcers from
benign ulcers is quite important. However, this is not an easy
task using conventional technique. Bergholt et al. demon-
strated Raman spectroscopy can help clinicians in this point
[39]. A total of 1102 Raman spectra were acquired from 71
patients with gastric ulcers (111 Raman spectra from benign
ulcers, 67 Raman spectra from malignant ulcers, 924 Raman
spectra from normal tissue). Distinctive spectral differences
were observed in Raman spectra among three different
tissues; particular spectral ranges were 800 to 900, 1000 to
1100, 1245 to 1335, 1440 to 1450 and 1500 to 1800 cm−1. Raman
signal of a malignant ulcer is mainly associated with abnor-
mal nuclear activity and decrease in lipids as compared to
a benign ulcer. The partial least squares-discriminant algo-
rithm together with leave on tissue site-out, cross validation
technique yielded diagnostic sensitivities of 90.8%, 84.7%,
and 82.1%, and specificities of 93.8%, 94.5%, and 95.3%, resp-
ectively, for classification of normal mucosa, benign ulcers,
and malignant ulcerous lesions in the stomach [39].

The distinction between intestinal and diffuse types of
gastric adenocarcinoma is clinically relevant and may influ-
ence treatment strategy [2]. The clinical potential of near
infrared Raman spectroscopy for identifying different sub-
types of gastric adenocarcinoma was reported by Teh et al.
in 2010 [42]. There were significant differences in Raman
spectra between normal stomach and the two gastric adeno-
carcinoma subtypes, particularly in the spectral ranges 850–
1150, 1200–1500, and 1600–1750 cm−1, which contain signals
related to proteins, nucleic acids and lipids (Figure 7). The
predictive accuracies were of 88% with 92%. 94% for nor-
mal stomach, intestinal type adenocarcinoma, diffuse type
adenocarcinoma, respectively. This result was reproduced by
Kawabata et al.’s investigation [47].

3.3. Real Time on Line System. As above investigations pre-
sented, Raman spectroscopy is a notable method for under-
standing precancerous condition and adenocarcinoma in the
stomach. However, data-analysis has been mostly performed
after obtaining Raman spectrum in off line algorithm estab-
lishment before a fully automated on-line Raman spectral
diagnostic system was developed for real-time in vivo cancer
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Figure 7: Comparison of mean near-infrared Raman spectra of 70
normal stomach samples, (a) 18 intestinal-type adenocarcinomas
and 12 diffuse-type adenocarcinomas. (b) Difference spectra were
calculated from the mean Raman spectra among the three gastric
tissue types (adopted from Teh et al. Br J Surg 2010; 97: 550–557)
[42].

detection at endoscopy [45]. They tested this system with
a total of 2748 in vivo gastric tissue spectra (2465 normal
and 283 cancer) from 305 patients [45]. Free-running optical
diagnosis and processing time of no more than 0.5 s can
be achieved, which is critical to realizing real-time in vivo
tissue diagnostics during clinical endoscopic examination
[45]. The optimized partial least squares-discriminant anal-
ysis (PLS-DA) models based on the randomly resampled
training database provide the diagnostic accuracy of 85.6%,
sensitivity of 80.5%, and specificity of 86.2% for the detection
of gastric cancer. This on-line real time endoscopic Raman
spectroscopy definitely opened a door for clinical application.

4. Conclusion

The goal of endoscopic Raman spectroscopy in the stom-
ach is to accurate early diagnosis of gastric cancer which
can be under or over diagnosed by conventional methods.
Early accurate diagnosis provides a minimally invasive and
minimally destructive treatment such as ESD, so the quality
of patient is dramatically improved compared with surgical
treatment. However, the accurate diagnosis of small obscure
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lesion is not easy in conventional method including forceps-
biopsy. Several investigations demonstrated that adenoma
was frequently revealed to be carcinoma after endoscopic
resection within the range of 6% to 47% [18–20]. This
discrepancy between forceps-biopsied specimen and post-
resection specimen is inevitable limitation of forceps biopsy
due to the lack of specimens [48–51]; especially, in the case
of ESD, forceps-biopsy number is often significantly limited
in order to prevent possible fibrosis that multiple forceps-
biopsies can accompany. In this perspective, endoscopic
Raman spectroscopy has a substantial potential in several
points combined with wide filed technologies.

The most prominent feature of Raman spectroscopy is
objective, reliable, and reproducible histologic estimation
by molecular analysis making Raman spectroscopy differ-
ent from other optical biopsy technologies such as confo-
cal endomicroscopy. Confocal endomicroscopy is currently
applied in usual clinical practice and produced several results
regarding gastric cancer verification [52–54]. However, con-
focal endomicroscopy clearly needs long learning curve for
maneuvering an endoscopy and probe to acquire high quality
images although training for reading acquired picture may
not be difficult [55, 56]. The presence of moving artifacts
caused by breathing and heart beat disturb obtaining high
quality images. Furthermore, there are similar problems
that lurk in pathologic evaluation; interobserver discrepancy.
Contrasting to other optical biopsy technologies, Raman
spectroscopy automatically analyze the summation of specific
molecular components in a target tissue and provide objec-
tive and reproducible diagnostic value through complicated
algorithms [26, 30, 39, 41, 44, 45, 47]. This is a significant
edge of Raman spectroscopy, which enables us to evade inter-
and intra-observer discrepancies and to make consistent
therapeutic plans for patients with same disease.

There are also limitations in Raman spectroscopy. First,
Raman spectroscopy only identifies molecular features. Thus
if two molecules have the same molecular features, they may
be indistinguishable from each other, for instance, arachi-
donic acid and eicosapentaenoic acid. Second, fluorescence
of impurities or of the sample itself can hide the Raman spec-
trum. Third, sample heating through the intense laser radia-
tion can destroy the sample or cover the Raman spectrum.

Adding to diagnosing disease, Raman spectroscopy can
be applied for understanding themargin of the cancer for obt-
aining the ideal resection area also. Following ESD, Raman
spectroscopy can scan healed ulcer to confirm no cancer
recurrence, especially when hypertrophic scar is noticed.This
technology can guide accurate target biopsy instead of multi-
ple forceps-biopsies. Furthermore, small erosions, frequently
observed in elderly patients with anticoagulation therapy,
might be easily elucidated with Raman spectroscopy without
forceps-biopsy. For these applications, many prospective
investigations would be necessary to verify its capability.
Increased accuracy with developing updated algorithms and
developing on-line real time automatic analysis system clearly
opened a way to apply Raman spectroscopy for clinicians.
Raman spectroscopy is expected to provide us with accurate,
objective, and reliable diagnosis and may have potential to
replace multiple forceps biopsies.
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Colorectal cancer (CRC) is one of the leading causes of death from cancer in the western world, but tumor biology and clinical
course show great interindividual variation. Molecular and morphologic tumor characteristics, such as KRAS/BRAF mutation
status, mismatch repair (MMR) protein expression, tumor growth pattern, and tumor cell budding, have been shown to be of key
therapeutic and/or prognostic relevance inCRC.Membrane-type 1matrixmetalloproteinase (MT1-MMP) is amembrane-anchored
zinc-binding endopeptidase that is expressed at the leading edge of various invasive carcinomas and promotes tumor cell invasion
through degradation of the extracellular matrix. The aim of this study was to investigate possible associations between MT1-MMP
expression and molecular tumor characteristics as well as morphologic features of tumor aggressiveness in a consecutive series of
79 CRC tissue samples. However, although MT1-MMP was expressed in 41/79 samples (52%), there was no significant association
between MT1-MMP expression and KRAS/BRAFmutation status, MMR protein expression, presence of lymphovascular invasion,
tumor growth pattern, tumor-infiltrating lymphocytes, or tumor cell budding in our sample cohort (𝑃 > 0.05). Thus, we conclude
that although MT1-MMP may play a role in CRC invasion, it is not of key relevance to the current models of CRC invasion and
aggressiveness.

1. Introduction

Worldwide, colorectal carcinoma (CRC) is the third most
common cancer in men and the second most common
cancer in women [1]. Invasion and metastatic dissemination
of tumor cells via blood and/or lymph vessels are key
determinants of patient prognosis [2, 3]. However, although
tumor staging according to TNM/UICC provides relevant
prognostic information in general, the individual outcomes
between otherwise comparable patients vary to a great extent;
this is true in particular for UICC stage II and III carcinomas
[4]. This limitation has motivated researchers to identify
additional risk factors and biologic subgroups thatmight help
to improve patient stratification and the resulting therapy
decisions. Multiple histomorphologic and molecular tumor

characteristics have been shown to be significantly associ-
ated with CRC aggressiveness: patients with microsatellite-
instable (MSI) tumors with a resulting loss of DNA mis-
match repair (MMR) protein expression frequently show
high numbers of tumor-infiltrating lymphocytes (TILs), and
while these features are associated with a better prognosis,
a diffusely infiltrating tumor growth pattern correlates with
poor outcome in rectal cancer [5–7]. These findings have
since then been confirmed by multiple independent studies,
underscoring the prognostic value of these characteristics in
CRC [8, 9].

Tumor cell budding, defined as invasion by single tumor
cells or small clusters of cells at the leading edge, is an
independent adverse prognostic factor in CRC and predicts
response to antiepidermal growth factor receptor (EGFR)
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therapy [8, 10]. This also applies to activating mutations in
RAS oncogenes (detectable in up to 45% of CRCs) and is the
reason whyNRAS/KRASmutational testing is nowadays rou-
tinely performed in patients with metastatic CRC (mCRC)
[11, 12]. The presence of an activating BRAF mutation, on
the other hand, does not seem to predict anti-EGFR therapy
response but is significantly associated with poor survival
especially in the microsatellite-stable (MSS) setting [13, 14].

Given the predictive and/or prognostic value of the
above-mentioned variables, we have analyzed possible cor-
relations between morphologic and molecular markers in
CRC to identify a possible biological pattern behind more
aggressive tumor behavior in a previous study [15]. However,
in that study, while confirming the association between
expanding tumor growth, tumor-infiltrating lymphocytes,
and loss of MMR protein expression, there was no such
association between the presence of KRAS/BRAF mutations
and a certain growth pattern or budding intensity in CRC
[15].

Membrane-type 1 matrix metalloproteinase (MT1-MMP)
is a membrane-anchored zinc endopeptidase and a key
enzyme in degradation of the pericellular extracellularmatrix
(ECM) [16]. It is delivered to the leading edge of invading
cancer cells and, besides its ability to digest ECMcomponents
such as fibronectin, vitronectin, and collagens I–III, is capable
of inducing functional conversion of targetmolecules, such as
matrix metalloproteinase 2, CD44, integrin, and laminin. In
accordance to its central role in ECMdegradation, it has been
shown that MT1-MMP expression is essential for invasion of
fibrosarcoma, gastric and breast cancer, and hepatocellular
carcinoma cells [17–19]. In prostate cancer, overexpression
of MT1-MMP induces epithelial-mesenchymal transition, a
process where cells lose epithelial and gain fibroblast-like
characteristics in support of a proinvasive phenotype [20, 21].

In colon cancer, it has been shown that MT1-MMP
is frequently upregulated downstream of the Wnt pathway
signaling as a target gene for 𝛽-catenin; MT-MMP1-mediated
cleavage of laminin 5 supports a migratory phenotype in
CRC cells [22, 23]. Furthermore,MT1-MMP gene expression,
although unrelated to any other established clinic-pathologic
feature, has been reported to be an independent prognostic
factor for overall survival in CRC [24]. However, to the best
of our knowledge, a possible association betweenMT1-MMP
protein expression and molecular (KRAS/BRAF mutation
status) and morphologic tumor characteristics (invasion
pattern/budding) has so far not been investigated. Therefore,
the aim of this study was to elucidate a possible link between
clinically relevant molecular or morphologic tumor subtypes
and MT1-MMP expression at the leading edge of invasive
CRC.

2. Materials and Methods

2.1. Ethics Statement. The current study is part of a project
that received institutional review board approval from the
ethics committee of the University of Ulm (Number 162/13).
Other results obtained from this cohort of CRC patients have
been previously published [15, 25].

2.2. Tissue Samples and Morphologic Classification. Seventy-
nine consecutive cases of invasive adenocarcinoma of the
colon and rectum were included in the study as previously
described [15]. In short, clinical data included patient age,
tumor localization, and the presence of lymph node or
organ metastasis. For each case, one representative paraffin-
embedded tissue block containing the invasive margin of
the tumor was selected and multiple 4𝜇m sections where
cut for hematoxylin/eosin (HE) and immunohistochemical
(IHC) stainings, respectively. Peritumoral lymphocytic (PTL)
infiltrate, configuration of the invasion margin (expand-
ing/infiltrating, following the criteria by Jass et al. [6, 8]),
tumor cell budding [8], tumor grade (well/moderately/poorly
differentiated), and lymphovascular/venous invasion were
assessed by one of the authors (KS) under supervision of
an experienced pathologist (KK). For assessment of PTL
infiltrate, we defined the following key criteria from the list
of criteria that has been originally proposed by Jass et al.
(1996): (1) presentation as a loose connective tissue lamina or
cap; (2) a “lichenoid” type arrangement of inflammatory cells;
(3) macrophages, eosinophils, and plasma cells that may be
interposed between lymphocytes and glands [6]. When the
inflammatory infiltrate at the invasive margin fulfilled two
of these three criteria, the case was valued as “PTL positive.”
Tumor cell budding was defined according to the criteria by
Mitrovic et al. (number of isolated single tumor cells/clusters
of fewer than five cells in a 20x objective field, referred to as
“intensity” of tumor cell budding) [26]. In “borderline” cases
(5–10 definite buds/20x field with possible additional tumor
cells), IHC for Pan-Keratin was performed (see below).

2.3. DNA Isolation and KRAS/NRAS/BRAFMutation Testing.
DNA isolation and pyrosequencing of KRAS/NRAS/BRAF
hotspot mutations were performed as previously described
[15]. In short, sections of the tissue block were cut and
transferred into 1.5mL tubes. DNA extraction was carried
out automatically using the Maxwell 16 instrument and the
Maxwell 16 FFPE LEV DNA purification kit (both from
Promega, Mannheim, Germany) according to the manu-
facturer’s instructions after Proteinase K digestion (conc.
10mg/mL, 70∘C overnight; Promega, Mannheim, Germany).
The presence of mutations in codons 12, 13, and 61 of the
KRAS and NRAS genes and in codon 600 of the BRAF gene
was determined using the Pyromark Q24 pyrosequencing
platform and the IVD approved therascreen KRAS, NRAS,
and BRAF pyro kits (Qiagen, Hilden, Germany) according to
the respective protocols.

2.4. Immunohistochemistry. Immunohistochemistry was
performed on a BenchMark autostainer (Ventana Medical
Systems, Tucson, Arizona, USA) according to the manufac-
turer’s protocol. The following monoclonal antibodies were
used in the study: MT1-MMP (catalytic domain, clone
114-6G6), 1 : 100, mouse (from Merck Millipore, Darmstadt,
Germany); Pan-Keratin (clone AE1/AE3/PCK26), mouse;
MLH1 (clone G168–728), mouse; MSH2 (clone G219–1129),
mouse; MSH6 (clone 44), mouse; PMS-2 (clone EPR3947),
rabbit (prediluted; obtained from Ventana Medical Systems,
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(a) (b)
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Figure 1: (a and b) Absence of MT1-MMP expression at the leading edge of invasive CRC. Note strong MT1-MMP immunostaining of
tumor-associated dendritic cells which serves as internal positive control (arrowheads). (c) Weak and (d) strong positivity for MT1-MMP at
the leading edge of invasive CRC. Scale bar (a)–(d): 100𝜇m.

Tucson, Arizona, USA). For MT1-MMP, cases with weak to
strong cytoplasmic and/or membranous immunostaining
at the leading edge of the tumor were classified as MT1-
MMP positive (Figure 1). Loss of MMR protein expression
required lack of nuclear immunostaining for MLH1, MSH2,
MSH6, or PMS-2 in tumor cells with retained positivity in
nonneoplastic epithelium, stromal and immune cells [27].

2.5. Statistical Analysis. Possible associations between inten-
sity of MT1-MMP immunostaining and molecular (KRAS
codon 12/13 mutation, BRAF codon 600mutation, andMMR
deficiency) or morphologic criteria (lymph/blood vessel
infiltration, budding intensity, and tumor growth pattern)
were evaluated applying Chi-square and Fisher’s exact test,
respectively. GraphPad Prism 6 software (GraphPad, La Jolla,
California, USA) was used for all statistical analyses. A 𝑃
value of <0.05 was regarded as statistically significant.

3. Results

3.1. Clinicopathologic Characteristics. Tissue samples from 79
patients (median age 75 years, range 25–92 years, IQR 15
years) were analyzed in this study. Clinicopathologic sample
characteristics are summarized in Table 1. All UICC stages
were included in the sample set; with regard to molecular
tumor characteristics, KRASmutations were present in 27/76
(36%) while BRAF mutations were present in 9/76 (12%) of

samples. 13 of the 40 KRAS/BRAF-wt cases were additionally
tested for the presence of NRAS mutations, revealing one
NRAS Q61H mutation. 8/68 tumors (12%) showed loss of
MMR protein expression. Morphologic hallmarks of tumor
aggressiveness such as presence of lymph and/or blood vessel
infiltration or high-grade tumor cell budding were detected
in 41/76 (54%) and 19/76 (25%) samples, respectively. 30/77
tumors (39%) displayed an infiltrating growth pattern with
ill-defined borders, while tumor-infiltrating lymphocytes
were present in 28/77 cases (36%).

3.2. MT1-MMP Immunostaining. Positive immunostaining
for MT1-MMP at the leading edge was detected in 41/79
CRC specimens (52%, Figure 1 and Table 1). Of these, 38
tumors (93%) showed weak to moderate while 3 tumors
(7%) showed strong staining intensity. 38 tumors (48%)
were negative for MT1-MMP expression. Strong MT1-MMP
immunostaining of tumor-associated dendritic cells has been
previously described and served as internal positive control
[28]; however, staining intensity of dendritic cells exceeded
the intensity of MT1-MMP immunostaining of tumor cells.
In MT1-MMP positive tumor cells, immunopositivity was
confined to the cytoplasm and to the cell membrane, while
nuclei were negative for MT1-MMP (Figure 1).

3.3. MT1-MMP Expression and Molecular and Morphologic
Tumor Characteristics. MT1-MMP immunostaining did not
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Table 1: Clinicopathologic sample characteristics and MT1-MMP expression.

Number of patients 79
m/f 45/34
Age (yrs, median/range/IQR) 75/25–92/15
Tumor localization (right/left colon/unknown) 27/48/4
MT1-MMP expression MT1-MMP− MT1-MMP+ P
Histopathological grading (𝑛 = 76)

Low-grade 15 16 1.0
High-grade 21 24

UICC stage (𝑛 = 78)
I 11 16

0.8934II 10 7
III 11 14
IV 4 5

T stage (𝑛 = 75)
T1/2 12 16 0.633
T3/4 24 23

N stage (𝑛 = 71)
N0 20 21 1.0
N1/2 14 16

KRASmutation status (𝑛 = 76)
KRASwt 24 25 0.812
KRASmut1 12 15

BRAF mutation status (𝑛 = 76)
BRAFwt 32 35 1.0
BRAFmut2 4 5

MMR protein expression (𝑛 = 68)
MMR proteins expressed 32 28 0.471
Loss of MMR protein expression3 3 5

Presence of lymphovascular invasion (𝑛 = 76)
L0V0 14 21

0.336L1/V1 15 13
L1V1 8 5

Tumor cell budding (𝑛 = 76)
Low-grade 26 31 0.609
High-grade 10 9

Growth pattern (𝑛 = 77)
Expanding 24 23 0.641
infiltrating 13 17

Tumor-infiltrating lymphocytes (TILs; 𝑛 = 77)
Absent 24 25 1.0
Present 13 15

1KRAS G12D, G12V, G12C, G12S, and G12R; G13D; Q61K; Q61L; 2BRAF V600E; 3MLH-1, MSH-2, MSH-6, and PMS-2; 4Chi-Square test for trend.

correlate with histopathological tumor grade or UICC stage
(𝑃 = 1.0 and 0.893, resp.). There was no association between
MT1-MMP expression and depth of tumor invasion (T stage)
or lymph node involvement (N stage; 𝑃 = 0.633 and
1.0). With regard to molecular tumor characteristics, MT1-
MMP expression did neither correlate with the presence of
an activating KRAS or BRAF mutation nor correlate with
MMR protein expression at the leading edge of the examined
tumors in our sample set (𝑃 = 0.812, 1.0, and 0.471, resp.).

Analysis of a possible correlation between the combined
KRAS/BRAFmutation status andMT1-MMP expression also
failed to reach statistical significance (𝑃 = 0.653). With
regard to morphologic hallmarks of tumor aggressiveness,
there was no association between MT1-MMP expression at
the leading edge of the tumor and the presence of lym-
phovascular invasion, high-grade tumor cell budding or an
infiltrating growth pattern in our sample set (𝑃 = 0.336,
0.609, and 0.641, resp.). Finally, there was no significant
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correlation between MT1-MMP expression and the presence
of tumor-infiltrating lymphocytes (𝑃 = 1.0).

4. Discussion

Molecular and morphologic characteristics that predict ther-
apy response or aggressive tumor biology are of help in the
risk stratification of patients with invasive CRC. Since MT1-
MMP is a key enzyme in the degradation of the extracellular
matrix and helps in the functional conversion of biologically
relevant target molecules, it is of central importance during
tumor cell migration and invasion as a prerequisite for
metastatic spread. Therefore, the aim of this study was to
examineMT1-MMPexpression at the leading edge of invasive
CRC and to elucidate possible associations with molecular or
morphologic tumor characteristics.

The investigated cohort might be regarded as represen-
tative in terms of patient and tumor characteristics, and
tumors of all UICC stages were included in the study [4].
The proportions of KRAS- and BRAF-mutant tumors among
our sample set (36% and 12%, resp.) also reflect data that
has been reported by other authors [12, 29]. The frequency
of BRAF mutations was slightly higher in our sample set
because one of our initial aims was to evaluate whether
the reported aggressiveness of MSS/BRAF-mutant tumors is
linked to MT1-MMP expression [30]. Loss of MMR protein
expression as an indicator for microsatellite instability was
observed in 12% of tumors, comparable to literature data [31].

Blood and/or lymph vessel invasion was present in 54%
of cases, which is in line with published data ranging from
11 to 89.5% (reviewed in [32]); we found high-grade tumor
cell budding in 25% of cases, consistent with data from
literature [8]. For both characteristics, however, it should
be noted that although their association with an adverse
outcome is widely accepted, comparability between studies is
significantly hampered by the lack of standardized evaluation
(reviewed in [32]). In the present study, we employed the
widely used classification for tumor cell budding in CRC that
has initially been introduced by Ueno et al. in the slightly
modified version as reviewed by Mitrovic et al. [8, 26]. We
have previously reported a significant correlation between
high-grade tumor cell budding, infiltrating growth pattern
and lymph and/or blood vessel infiltration among the cases
presented here in another study, underscoring the value of
these features as indicators of tumor aggressiveness [15].

Expression ofMT1-MMP togetherwith nuclear𝛽-catenin
and the MT1-MMP substrate laminin-2 chain at the leading
edge of invasive CRC has been previously described [23];
additionally, the authors of that study showed 𝛽-catenin-
mediated activation of MT1-MMP transcription in CRC cells
in vitro, confirming similar results from a previous paper
[22]. While MT1-MMP mRNA expression levels correlated
with advanced TNM stage, but not vascular invasion in one
study, weak expression of MT1-MMP has been reported to
be associated with favourable survival in CRC in another
study [33, 34]. Interestingly, treatment with the tyrosine
kinase inhibitor STI571/Imatinib (Glivec) reduced CRC cell
growth, MMP-2 activation, and MT1-MMP expression in
another study [35]; accordingly, we have previously shown

that Imatinib significantly reduces tumor cell adhesion, ECM
degradation, and invasion by CRC cells through inhibition
of Abi1 phosphorylation, a key regulator of cytoskeletal
dynamics during cell migration [25]. While these findings
indicate a central role for MT1-MMP in CRC tumorigenesis
and progression, therewas no association between expression
of the protein and infiltrative tumor growth, tumor cell
budding, or lymphovascular invasion in our sample set.
Moreover, MT1-MMP protein expression was not associated
with more advanced UICC stage. These findings stand in
contrast to previously published results that link MT1-MMP
expression to depth of tumor invasion and blood vessel
infiltration [36]; in the same paper, however, there was no
significant association between MT1-MMP expression and
lymph vessel infiltration, lymph node, or distant metastasis
in CRC, in line with our findings.

Although some reports indicate MT1-MMP upregulation
upon activating KRAS mutations, there was no significant
association between KRAS or BRAF status and MT1-MMP
expression in our sample set [37]. There was also no sig-
nificant correlation between hallmarks of MSI-H tumors
(expanding growth pattern, loss of MMR protein expression,
and presence of tumor-infiltrating lymphocytes) and MT1-
MMP expression; this finding, on the other hand, is in
line with previous reports from other groups [38]. It has
to be stated as a clear limitation to our study that not all
KRAS/BRAF-wt samples were also tested for NRAS muta-
tions. However, the presence of one NRAS Q61H mutation
among the 13 tested samples suggests that although the
prevalence of RAS isoform mutations might be slightly
underrated in our cohort, the expected number of additional
NRASmutations would not alter the statistical significance of
the findings.

Taken together, although MT1-MMP immunostaining
was positive in the majority of examined samples here
(52%) and partly contradictory to results previously reported,
expression of the protein was not associated with any molec-
ular or morphologic tumor feature in our sample set. More-
over, MT1-MMP immunostaining was stronger in tumor-
associated dendritic cells than in the tumor cells.One possible
explanation is that althoughMT1-MMPplays a central role in
tumor cell invasion in a variety of malignancies, its mode of
action is dependent on the interaction with other members
of the metalloproteinase family as well as tissue inhibitors of
metalloproteinases (TIMPs); accordingly, hierarchical cluster
analysis including IHC sores for MMP-1, MMP-2, MMP-3,
MMP-7, MMP-9, MMP-13, MT1-MMP, and MT2-MMP as
well as TIMP-1, TIMP-2, and TIMP-3 successfully identified a
subgroup of stage III CRCs with poor prognosis in a previous
study [39]. This indicates that the individual MMP/TIMP
composition at the leading edge of each tumor might create a
fine-tuned microenvironment irrespective of (and of higher
prognostic relevance than) expression of one MMP or base-
line oncogenic mutations, such as KRAS or BRAF. With that
in mind, further studies should focus on the leading edge
of tumors and take into account the complete MMP/TIMP
network to gain a more detailed insight in the biology of
ECM degradation and tumor cell invasion as a prerequisite
for CRC metastasis. This knowledge might then allow for
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the development of specific MMP inhibitors to prevent the
gain of a metastatic phenotype in CRC.
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We used a target-centric strategy to identify transporter proteins upregulated in pancreatic ductal adenocarcinoma (PDAC)
as potential targets for a functional imaging probe to complement existing anatomical imaging approaches. We performed
transcriptomic profiling (microarray and RNASeq) on histologically confirmed primary PDAC tumors and normal pancreas tissue
from 33 patients, including five patients whose tumors were not visible on computed tomography. Target expression was confirmed
with immunohistochemistry on tissue microarrays from 94 PDAC patients. The best imaging target identified was SLC6A14 (a
neutral and basic amino acid transporter). SLC6A14 was overexpressed at the transcriptional level in all patients and expressed at
the protein level in 95% of PDAC tumors. Very little is known about the role of SLC6A14 in PDAC and our results demonstrate that
this target merits further investigation as a candidate transporter for functional imaging of PDAC.

1. Introduction

Early detection and surgical resection of pancreatic ductal
adenocarcinoma (PDAC) confined to the pancreas offers the
best hope for cure or extension of lifespan. Recent break-
throughs in serum profiling, most notably mass spectral
and antibody array technologies, provide hope for screening
patients with asymptomatic disease [1, 2]. However, evenwith
screening, two critical problems remain: (1) localization of
small or diffusely infiltrative occult lesions in the pancreas
and (2) detection of small metastatic deposits.

Themajority of large PDACs are detectedwith anatomical
imaging techniques such as computed tomography (CT),

magnetic resonance imaging (MRI), and ultrasound. Multi-
detector, helical CT with intravenous administration of con-
trast material is the most commonly used imaging procedure
to detect and stage suspected PDAC. Diagnostic accuracy
decreases, however, with decreasing tumor size [3–5] and
in patients with chronic pancreatitis [6, 7]. There is also
a subgroup of tumors (about 10%) that are isoattenuating
to normal pancreas. These are typically diffusely infiltrative
rather than mass-forming, which renders them invisible on
CT despite tumor dimensions greater than the expected
size for detection [8, 9]. Functional imaging with 2-
deoxy-2-[18F]fluoro-D-glucose positron emission tomogra-
phy (18FDG-PET), combined with CT or MRI, is a highly
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sensitive diagnostic tool for many tumor types, but its utility
in PDAC is hampered by low tumor signal-to-background
ratios that limit its sensitivity for detection of lesions below
the realized resolution of PET (approximately 1 cm). A new
functional imaging probe that selectively targets PDAC with
high sensitivity is a critical unmet need in PET/CT or PET/
MRI that could transform patient management by allowing
earlier PDAC detection and surgical intervention and that
could improve preoperative staging of disease to decrease
the number of unwarranted surgeries in patients who might
benefit from experimental systemic therapy.

One of the greatest success stories in functional imaging
is sodium iodide symporter- (NIS-) mediated imaging for
thyroid cancer. NIS is a membrane transporter from the SLC
family (SLC5A5) that is responsible for the uptake of iodine
in thyroid follicular cells as the first step in the synthesis of
thyroid hormone. The combined action of NIS and a second
trapping (or organification) step allow thyroid cancer cells
to accumulate radiolabeled iodine >1000-fold above blood
levels at 48 hours after administration [10]. This efficient
2-compartment system permits highly sensitive detection
of primary and metastatic thyroid cancer deposits with
gamma-camera, single-photon emission computed tomogra-
phy (SPECT), and PET imaging as well as the effective use
of 131I (iodine 131) radiotherapy for thyroid cancer. Another
well-characterized SLC family member useful in functional
imaging is SLC2A1 (GLUT1), a major glucose membrane
transporter that is upregulated in tumor cells (glycolytic rates
in tumors can be more than 30-fold higher than in normal
cells) [11, 12]. 18FDG is a glucose analog that is taken up by
GLUT 1 in tumor cells and phosphorylated by hexokinase,
thus trapping it in the cell. This accumulation of 18FDG
within tumor cells serves as the basis for PET imaging of a
wide variety of cancers.

Our previous work with NIS [13–15] and the success of
SLC transporter-mediated functional imaging in other tumor
models led us to investigate the potential of SLC-mediated
functional imaging for PDAC. In this study, we performed
gene expression profiling in human PDAC samples using
laser capture microdissection (LCM) and RNA sequencing
(RNASeq) to search for upregulated SLC transporters in
PDAC compared with normal pancreatic tissue and normal
liver tissue (the major site of PDAC metastases). Our tran-
scriptomic results were validated at the protein expression
level using immunohistochemistry and tissue microarray
analysis. The top candidate transporter (upregulated at the
transcriptional level in all patients studied) identified in our
search was SLC6A14.

SLC6A14 (also known as ATB0, +) is a Na+ and Cl−
dependent solute transport system in the SLC6 family that
is capable of active transport of all neutral and basic amino
acids except glutamate and aspartate which are nonessential
[16, 17]. Because of its broad substrate specificity and the fact
that the transporter is expressed only at low levels in many
normal tissues, SLC6A14 has received considerable attention
for its potential as a drug delivery system. Recent studies
have shown the anticancer potential of inhibitors of this
transporter system [12, 18–21]. SLC6A14 has been shown to be
upregulated in primary and metastatic colorectal cancer [21],

cervical cancer [22], and estrogen receptor-positive breast
cancer [18]. Kandaswamy et al. recently determined that
SLC6A14 is upregulated severalfold in cultured pancreatic
cancer cell lines (compared with the normal ductal cell line)
and that blockade of the transporter with 𝛼-methyltryp-
tophan led to decreased proliferation of PDAC cells in vitro
and in a mouse xenograft model [23]. However, very little is
known about SLC6A14 expression, subcellular localization,
and transporter function at the protein level in any of these
tumor types. The goal of our study was to further investigate
the expression of SLC6A14 in primary human PDAC tissues
and determine its potential as a target for the development of
a new functional diagnostic imaging probe.

2. Materials and Methods

In addition to our retrospective review of patients’ medical
records, we analyzed PDAC specimens contained in the
institutional pancreatic cancer tissue registry after approval
of our study protocol by theMayo Clinic Institutional Review
Board. Between January 1, 2002, and September 30, 2012, a
total of 616 patients with surgically resected PDAC had con-
sented to be included in the pancreatic cancer tissue registry,
which is maintained by the Mayo Clinic SPORE (Specialized
Program of Research Excellence (National Cancer Institute))
in Pancreatic Cancer. Tissues from a total of 33 patients were
included in our transcriptomic studies, and tissues from a
total of 94 patients were included in our protein expression-
profiling studies.

2.1. Microarray Analysis. We first performed microarray
analysis on frozen bulk PDAC tumor samples from 12 patients
and 5 (matched) normal human pancreas samples. Tissues
were mounted on glass slides and macrodissected with razor
blades. RNA was isolated and characterized as described
below with the LCM-captured samples. Complementary
DNA (cDNA) libraries constructed from the purified RNA
were run on a U133 plus 2.0 Affymetrix (Santa Clara, CA)
array.

2.2. Laser Capture Microdissection (LCM). LCM was per-
formed on frozen pancreatic tissues from an additional
21 patients including 5 with CT-isoattenuating tumors
(described below) from the pancreatic cancer tissue registry
with histologically confirmed PDAC for whom both tumor
and normal pancreas tissues were available. Tissues were cut
into 10 𝜇m sections on nuclease-free polyethylene naphtha-
late (PEN) membrane slides (Carl Zeiss, Thornword, NY)
prechilled at 4∘C. After tissues were sectioned, the slides were
placed on dry ice and then stored at −80∘C. Slides to be
microdissected were removed from freezer storage, stained
with cresyl violet in accordance with the Ambion LCM
Staining Kit protocol (Life Technologies, Grand Island, NY),
dehydrated with two 90-second xylene washes, and allowed
to air-dry for 5 minutes. Regions of interest from the dehy-
drated tissue sectionswere subsequentlymicrodissected from
the PEN membrane slides using an Arcturus Veritas Laser
Capture Microdissection instrument (Life Technologies),
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utilizing both its ultraviolet cutting laser and its infrared
capture lasers. Captured cells were collected onto CapSure
Macro LCM caps (Life Technologies). The amount of tissue
on each cap was approximately one-third to one-half the area
of the LCM cap. Multiple LCM caps were used, as needed,
for each patient case. After microdissection, each LCM cap
was immediately placed on top of a 0.5mL polymerase chain
reaction (PCR) tube containing 125 𝜇L ofQIAzol lysis reagent
(QIAGEN, Germantown, MD), which was then inverted to
allow the reagent to cover the captured tissue before it was
placed on dry ice. These samples were then stored at −80∘C
until processed for RNA extraction.

2.3. Patient and ImagingDataCollection for CT-Isoattenuating
Tumors. To ensure that our results were applicable to CT-
isoattenuating tumors and that these tumors were similar at
the transcriptional level to the classic hypoattenuating PDAC
tumors, we searched the pancreatic cancer tissue registry to
identify a subset of CT-isoattenuating cases. We searched
for patients who had histological confirmation of pancreatic
adenocarcinoma on resected tissue but did not have a mass
evident on a preoperative contrast-enhanced CT scan. Of the
616 patients in the registry, 49 had both frozen tumor and
frozen normal pancreatic tissue as well as a CT scan prior to
treatment which were available for review.

All 49 patients had undergone high-resolution, thin-
section, dynamic, intravenous contrast-enhanced imaging on
multidetector row CT scanners using a pancreatic protocol
that included biphasic imaging in the pancreatic phase
(approximately 45 seconds after contrast injection) and in the
portal venous phase (70 seconds after contrast injection). Ini-
tial review of the CT images by an abdominal radiologist (S.
K. C.) on our institution’s imaging archive software identified
5 patients (3 men, 2 women; mean age, 59 years (range, 47
to 76 years)) with pancreatic tumors that appeared to be CT-
isoattenuating (imperceptible changes in contrast to the adja-
cent pancreatic parenchyma upon visual inspection in both
the pancreatic and portal venous phases of contrast enhance-
ment), so they were included in this study.

2.4. RNA Isolation. RNA was extracted from all dissected
tissues using the miRNeasy Mini Kit protocol and the auto-
mated QIAcube instrument (QIAGEN). For cases in which
multiple LCM caps were used to collect an identical cell type,
the extracted material from those LCM caps was consol-
idated.

2.5. mRNASeq Library Preparation and Sequencing of Forma-
lin-Fixed Paraffin-Embedded-Derived RNA. RNA libraries
were prepared according to the manufacturer’s instructions
for the NuGEN Ovation RNASeq FFPE (formalin-fixed
paraffin-embedded) and Ultralow Library Systems (San Car-
los, CA). Briefly, first strand cDNA was generated from 10 ng
of total RNA using DNA/RNA chimeric primers and reverse
transcriptase to create a cDNA/RNA hybrid. Second strand
cDNA was then synthesized containing a DNA/RNA duplex.
The resulting double-stranded cDNAmolecule was amplified
by Single Primer Isothermal Amplification (SPIA), using

a chimeric SPIA primer, DNA polymerase, and RNase H
(NuGEN). After amplification, the products were modified
by random priming and extension to create double-stranded
products suitable for generating libraries for sequencing.The
double-stranded products underwent blunt-end repair, and
unique index molecules were ligated to the 5 and 3 ends of
each fragment to facilitate PCRamplification of the fragments
and to produce the final library. The concentration and size
distribution of the resulting libraries were determined on an
Agilent Bioanalyzer DNA 1000 chip (Santa Clara, CA) and
then confirmed by Qubit fluorometry (Life Technologies).
Libraries were loaded onto paired-end flow cells with 3
samples per lane at concentrations of 8 to 10 pM to generate
cluster densities of 700,000/mm2 following the standard
protocol using the Illumina cBot and cBot paired-end cluster
kit version 3 (San Diego, CA). The flow cells were sequenced
as 51 × 2 paired-end reads on an Illumina HiSeq 2000 using
TruSeq SBS sequencing kit version 3 and SCS version 1.4.8
data collection software. Base-calling was performed using
Illumina’s RTA version 1.12.4.2.

2.6. RNASeq Data Acquisition and Analysis. TheMayo Anal-
ysis Pipeline for RNA Sequencing (MAP-RSeq), developed
by the Bioinformatics Core at Mayo Clinic, was used to
perform the thorough processing of the paired-end RNASeq
data. MAP-RSeq integrates a suite of open source bioinfor-
matics tools with in-house developed methods to analyze
paired-end RNASeq data. The application processes the
reads produced by the sequencer in the following manner:
quality control, genomic alignments, reference and novel
transcriptomic junction alignments, alignment cleanup,
identification of genomic features per sample, and summary
of data across samples. Postanalysis quality control measures
were taken computationally and manually to verify that
the analysis was successful. Such computational measures
included estimating the distance between paired-end reads,
sequencing depths at alternate splicing sites, the rate of
duplicate reads, and evaluating coverage across genes. These
and other metrics were measured using RSeQC software
[24]. Paired-end reads were aligned by TopHat 2.0.6 [25]
against the hg19 genome build with the Bowtie1 aligner [26]
as a backbone. Gene counts for evaluating RNA fold change
within and across samples were generated using HTseq soft-
ware (http://www.huber.embl.de/users/anders/HTSeq/doc/
overview.html) and the gene annotation files used were
obtained from Illumina (http://cole-trapnell-lab.github.io/
cufflinks/).

2.7. Tissue Microarray Screening. An adenocarcinoma tissue
microarray (TMA) containing samples from 140 patients
without prior chemotherapy was stained with hematoxylin-
eosin or colorimetrically developed with antibodies against
SLC6A14 or KRT19 (positive control cytokeratin 19) in the
Pathology Research Core of Mayo Clinic, Rochester, MN.
TMA slides were placed in the BOND III (Leica Biosystems,
Chicago, IL, USA) stainer for online processing. Slides were
treated with Epitope Retrieval 2 solution for 20 minutes,
stained with rabbit polyclonal anti-SLC6A14 (Sigma, St.
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Figure 1:Heatmap of transcriptomic analysis. Analysis shows results for pancreatic ductal adenocarcinoma samples from 12 patients (samples
5 and 6 are from 1 patient) and 5 matched bulk normal pancreas patient samples. Samples were macrodissected and run on an Affymetrix
U133 plus 2.0 array. Black indicates low level of transcripts and white indicates high level of transcripts. SLC1A2 and SLC6A16 were detected
by two probes in the array. All SLC transporters shown were significantly (𝑃 < 0.05) upregulated or downregulated compared to normal
pancreas.

Louis, MO, HPA003193) at 1 : 100 dilution (in Bkg reducing
diluent, Dako, Carpinteria, CA, S3022) for 30 minutes or
mouse monoclonal anti-KRT19 (Dako, RCK108) at 1 : 200 for
15 minutes. Detection was achieved using the Polymer Refine
Detection kit following the manufacturer’s instructions
(Leica Biosystems). Counterstaining was performed for 5
minutes with hematoxylin-eosin. Slides were dehydrated
through increasing concentrations of alcohol, cleared in
xylene, and coverslipped in xylene-based mounting media.
The TMAs were evaluated microscopically at 400x magnifi-
cation for SLC6A14 expression by a trained pancreatic pathol-
ogist and were scored as strong, moderate, weak, or absent.
Subcellular localization of the staining was noted for each
core. In the final analysis, 174 tumor cores from 94 unique
patients retained sufficient tissue on the slide with a large
enough region of histologically identifiable adenocarcinoma
to permit scoring. Information across the multiple evaluable
cores per patient was reduced to one observation per unique
subject by using the core which stained with the highest
expression.

3. Results

3.1. Transcriptomic Profiling Studies. Our work with NIS led
us to investigate the differential expression of othermetabolic
genes in the SLC family that may be upregulated in PDAC
cells compared with normal pancreas. We first performed a
pilot study of 12 macrodissected frozen human PDAC sam-
ples and 5 (matched) normal human pancreas samples. We

isolated RNA from these samples and ran libraries on a U133
plus 2.0 Affymetrix array. In these samples, we found 15 SLC
transporters that were overexpressed in bulk tumor tis-
sue versus normal tissue (Figure 1). The most promising
upregulated candidate gene was the amino acid transporter
SLC6A14. This technique also identified the glucose trans-
porter SLC2A1 and the lactate exporter SLC16A3 (Figure 1).
SLC2A1 and SLC16A3, along with hexokinase II, facilitate
trapping of 18FDG. However, PDAC tumors have a large
stromal cell component and it was not clear which of the
SLCs were specifically upregulated in tumor epithelial cells or
which were simply present on expanding or invading stromal
cells, such as myofibroblasts, macrophages, and lymphocytes.

To specifically address the issue of cell-type contribution,
we used LCM to isolate PDAC cells and control cells in an
additional 21 PDAC patient samples including 5 tumor and
matched normal pancreas frozen specimens from patients
with CT-isoattenuating tumors that were not visualized on
preoperative CT imaging studies (Figure 2).We then purified
RNA from the samples and performed RNASeq analysis. As
we found in the bulk tumor samples, SLC6A14 was highly
overexpressed in this patient group after LCM (Table 1).
SLC6A14 was overexpressed at least 2-fold in all 21 patients
versus normal pancreas (Table 1). For the comparison with
tumor tissue, we harvested 3 different control tissues. Adja-
cent normal ducts were collected from all 16 patients not
selected for CT-isoattenuating characteristics. Acinar tissue
adjacent to the tumor was also recovered from the slides of 5
patients.These tumor-adjacent controls provide some insight
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(a) (b)

Figure 2: Contrast-enhanced computed tomography images obtained during the pancreatic phase. (a) Axial CT image of the pancreatic head
shows abrupt termination of amarkedly dilated pancreatic duct (arrow) due to a surgically proven pancreatic cancer causing duct obstruction.
No mass is visualized in the region of the duct-obstructing tumor (arrowhead). (b) Image of the pancreatic head 1 cm inferior to image (a)
shows homogeneous enhancement without evidence of hypoattenuation changes ormass effect despite the presence of large (3.9 cm) diffusely
infiltrating pancreatic ductal adenocarcinoma tumor.

into whether a gene is upregulated specifically in adenocarci-
noma cells or is simply a response of epithelial cells to the
tumor microenvironment. For the CT-isoattenuating cases,
we used acinar tissue from a region of the resected pancreas
distant from the tumor. The distant acinar control was
included because it best reflects the background one would
encounter when imaging a pancreas from a patient without
cancer.

3.2. Protein Expression Profiling Studies. Next we sought to
determinewhether SLC6A14 transcript upregulation resulted
in relevant upregulation at the protein level. For this analysis,
we used a pancreatic cancer TMA and immunohistochem-
istry with an antibody against SLC6A14 (Figure 3). A total of
174 tumor cores from 94 patients were evaluated for SLC6A14
staining intensity, percentage of tumor cells stained for
SLC6A14, and subcellular localization of SLC6A14 staining.
Of the 174 cores, 16 were scored as strong staining, 41 as mod-
erate, 97 as weak, and 20 as negative for SLC6A14. The 154
cores with weak to strong staining were then scored for the
percentage of tumor cells within the core that were stained for
SLC6A14. Of these, 116 cores had >75% of their tumor cells
stained, whereas 16, 14, and 8 cores exhibited staining in
50%–75%, 25%–50%, and <25% of tumor cells, respectively.
Staining was predominantly cytoplasmic in 153 cores; distinct
plasma membrane staining was found in only 1 core. Of the
153 cores with predominantly cytoplasmic staining, 3 were
noted to also have staining of the plasma membrane, and
10 were noted to have additional nuclear staining. Figure 3
illustrates a core that was scored as strong for SLC6A14 along
with an adjacent section of the TMA developed for KRT19
(a marker for all pancreatic ductal cells) immunohistochem-
istry. KRT19 staining was also scored as strong.

Whole sections from the 5 CT-isoattenuating cases were
also processed for SLC6A14 immunohistochemistry. Four
cases were found to have moderate cytoplasmic staining and
1 case was found to have strong cytoplasmic staining. A rep-
resentative case of moderate cytoplasmic staining is shown in
Figure 4. This case shows the diffusely infiltrating pathology

Table 1: Gene normalized levels of SLC6A14 mRNA.

Patient #
Adjacent
normal
duct

Adjacent
normal
acinar

Distant
normal
acinar

Tumor Tumor/normal1

1 2.54 138.68 54.60
2 0.84 36.16 43.05
3 0.17 1.51 8.88
4 1.16 119.89 103.35
5 10.31 0.13 62.44 6.06
6 1.34 0.10 11.82 8.82
7 0.29 7.83 27.00
8 1.10 29.73 27.03
9 6.66 0.37 54.33 8.16
10 0.22 342.69 1557.68
11 0.38 0.13 22.01 57.92
12 2.60 27.22 10.47
13 2.26 11.24 4.97
14 8.94 102.6 11.48
15 0.36 34.56 96.00
16 4.44 0.03 10.00 2.25
17 (CT-iso) 0.03 13.10 436.67
18 (CT-iso) 0.03 22.56 752.00
19 (CT-iso) 0.10 103.03 1030.30
20 (CT-iso) 0.02 439.30 21965.00
21 (CT-iso) 0.04 15.49 387.25
CT-iso, computed tomography-isoattenuating.
1Adjacent normal duct was used for the calculation in patients 1–16. Distant
normal acinar was used for patients 17–21. Values are in RPKM (mapped
reads per kilobase per million mapped reads).

that is a hallmark of CT-isoattenuating pancreatic adenocar-
cinoma histology [9, 27].

No staining of pancreatic epithelial cells (acinar cells or
duct cells) or hepatocytes was observed on control tissue
cores included on the TMA (3 cores of normal pancreas and 3
cores of normal liver).Occasionalmoderate to strong staining
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KRT19 

SLC6A14

Figure 3: Representative core staining of pancreatic adenocarcinoma by tissue microarray. Top panel was stained with an antibody to KRT19
(a marker for all pancreatic ductal cells). Bottom panel was stained with an antibody to SLC6A14.

(a) (b)

(c) (d)

Figure 4: Histology of CT-isoattenuating tumor. (a–c) Note the diffusively infiltrative invasive adenocarcinoma with ductal morphology
(open arrows), the relatively intact lobular architecture of the residual normal pancreas (solid arrows), and the regions of fibrosis with sparse
cellularity (area between arrows). Scale bar equals 1mm. (a) KRT19 immunohistochemistry of a formalin-fixed, paraffin-embedded (FFPE)
section. (b) Hematoxylin-eosin stain of a frozen section from the same patient. An adjacent section from this same frozen block was used for
laser capturemicrodissection. (c) An adjacent section from the FFPE block shown in panel (a) stained for SLC6A14. (d) Higher magnification
of region of panel (c) (rectangle) showsmoderate cytoplasmic SLC6A14 staining in adenocarcinoma cells (solid arrowhead), while the adjacent
normal acinar cells and a normal duct (open arrowhead) are unstained. Strong cytoplasmic/membranous staining was also observed in
scattered stromal cells. Scale bar equals 200 𝜇m.
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Table 2: SLC6A14 IHC staining intensity.

0: none (𝑁 = 5) 1: weak (𝑁 = 50) 2: moderate (𝑁 = 28) 3: strong (𝑁 = 11) Total (𝑁 = 94) 𝑝

value
Survival 0.1181
𝑁 5 42 24 8 79
Events 5 36 20 7 68
Median survival
days 633.0 (487.0–2532.0) 733.0 (405.0–1247.0) 595.0 (334.0–1281.0) 366.0 (253.0–641.0) 579.0 (419.0–962.0)

2 Yr survival rate 40.0% (0.0%–82.9%) 51.2% (35.9%–66.5%) 45.8% (25.9%–65.8%) 0.0% 44.2% (33.1%–55.3%)
Year 2𝑁 at risk 2 21 11 0 34

Age of onset 0.1099
𝑁 5 37 22 8 72
Mean (SD) 73.0 (7.0) 67.6 (10.6) 66.5 (9.2) 61.1 (9.0) 66.9 (10.0)
Median 75.0 69.0 70.0 59.5 69.0
Q1, Q3 74.0, 76.0 61.0, 75.0 60.0, 75.0 54.0, 68.0 60.0, 75.0
Range (61.0–79.0) (37.0–85.0) (48.0–76.0) (50.0–76.0) (37.0–85.0)
Median age of
onset 75.0 (61.0–79.0) 69.0 (64.0–73.0) 70.0 (60.0–74.0) 59.5 (50.0–69.0) 69.0 (66.0–72.0) 0.0978

Sex 0.2142
Missing 0 8 4 3 15
Female 1 (20.0%) 25 (59.5%) 10 (41.7%) 3 (37.5%) 39 (49.4%)
Male 4 (80.0%) 17 (40.5%) 14 (58.3%) 5 (62.5%) 40 (50.6%)

Obesity 0.2358
Missing 1 21 9 5 36
BMI < 30 2 (50.0%) 24 (82.8%) 17 (89.5%) 4 (66.7%) 47 (81.0%)
BMI 30+ 2 (50.0%) 5 (17.2%) 2 (10.5%) 2 (33.3%) 11 (19.0%)

Diabetes self-reported 0.6592
Missing 0 8 4 3 15
No DM 5 (100.0%) 33 (78.6%) 18 (75.0%) 6 (75.0%) 62 (78.5%)
DM 0 (0.0%) 9 (21.4%) 6 (25.0%) 2 (25.0%) 17 (21.5%)

Pancreatitis
self-reported 0.8622

Missing 0 8 4 3 15
No pancreatitis 4 (80.0%) 31 (73.8%) 18 (75.0%) 7 (87.5%) 60 (75.9%)
Pancreatitis 1 (20.0%) 11 (26.2%) 6 (25.0%) 1 (12.5%) 19 (24.1%)

Tumor grade 0.5917
2 0 (0.0%) 8 (16.0%) 1 (3.6%) 1 (9.1%) 10 (10.6%)
3 4 (80.0%) 31 (62.0%) 20 (71.4%) 6 (54.5%) 61 (64.9%)
4 1 (20.0%) 11 (22.0%) 7 (25.0%) 4 (36.4%) 23 (24.5%)

was observed in other cell types in the control tissues, includ-
ing stellate cells in the pancreas and Kupffer cells in the liver.
Lymphocytes within vessels in the control tissues were also
stained for SLC6A14. A complete catalog of normal tissue
staining with the SLC6A14 antibody we used can be found
on the website of the Human Protein Atlas (http://www
.proteinatlas.org/) [28].

We also examined the relationship between SLC6A14
staining intensity and patient demographics, including sur-
vival after resection, tumor stage, and tumor grade (Table 2).
For this analysis, patients with more than 1 core on the TMA
were grouped by the core with the highest intensity of the
SLC6A14 staining.Most (95% (89/94)) of the patients had 1 or

more cores exhibiting weak or greater SLC6A14 staining. No
significant relationship between SLC6A14 staining intensity
and patient or histological parameters was found.

4. Discussion

Traditional strategies for imaging SLCs (metabolic imag-
ing) have followed a probe-centric paradigm. Radiolabelled
“nutrients” were synthesized based on the concept that tumor
cells are metabolically active and must upregulate transport
and metabolic machinery. Trial-and-error biodistribution
studies were used to determine (1) which tumor types were
best visualized by a particular probe, (2) whether background
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uptake might interfere with localization, or (3) whether an
unacceptable dose of radiation had been administered to a
normal tissue in extreme cases. Some minimal mechanistic
studieswith inhibitors (primarily at the cell culture level) have
been used to identify transporters or transporter families
responsible for metabolic imaging probe accumulation, but
in many cases the transporters responsible for success-
ful metabolic imaging are not known. This probe-centric
approach has been quite successful. Notable achievements are
L-[18F-fluoro]dihydroxyphenylalanine [29, 30] for detection
of neuroendocrine tumors, L-[11C-methyl]methionine [31,
32] for many types of extracranial tumors, and 11C-choline or
18F-choline [33, 34] for detection of primary and metastatic
prostate cancer. However, for pancreatic cancer, none of these
strategies has been successful enough to reach routine use in
clinical practice. The main limitation is the high metabolic
and biosynthetic activity of the normal pancreas, which
results in massive accumulation of these probes [35–38].

Here we used a target-centric strategy using transcrip-
tomics and protein expression profiling from large numbers
of resected patient tissues. The aim was to find a particular
transporter that is specifically upregulated in pancreatic can-
cer versus normal pancreas that could serve as a target for the
future development of a PDAC-selective functional imaging
probe. Surprisingly, we found that SLC6A14 was overex-
pressed at the transcriptional level in all the patient samples
we studied when these were compared to either microdis-
sected normal ducts or macro- or microdissected acinar
tissue. Additionally, at the protein level, SLC6A14 staining of
weak or greater intensity was observed in 95% of patient
samples, with moderate to strong staining in 41% of patient
samples.

We also confirmed that SLC6A14 is overexpressed in CT-
isoattenuating PDAC, a subset of tumors with histological
and enhancement characteristics that make them notoriously
difficult to detect with anatomical imaging techniques.While
>90% of PDAC tumors (in symptomatic patients) present at
a late stage and are readily detectable by dual-phase contrast-
enhanced CT, 5% to 10% of patients present with tumor
masses that are not visualized on CT [8, 9, 27]. In most cases,
the CT-isoattenuating tumors on gross pathology are much
larger than the resolution of CT but are diffusely infiltrating
with sparse tumor tissue and abundant normal tissue, and
thus they do not appear as a distinct locus of hypoattenuation
[9, 27].

For the purposes of functional imaging, a transporter
protein needs to be expressed on the plasma membrane
in order to facilitate entry of a probe into the target cells.
While the function of SLC6A14 is being a plasma membrane
transporter, staining was predominantly cytoplasmic in the
majority of resected PDAC tissues in our study. A character-
istic of this and other related plasma membrane transporters
is a predominantly cytoplasmic localization (most likely
sequestered in vesicles) with translocation to the plasma
membrane after a stimulus [39]. For SLC6A14, protein kinase
C alpha activation results in a dramatic translocation to the
membrane and subsequent increase in transport activity [39].
At this point, we can only speculate as to why SLC6A14
was predominantly cytoplasmic in our PDAC samples. One

possibility is that the loss of blood supply prior to surgical
resection may have resulted in the downregulation of signals
required for membrane localization of SLC6A14. Interest-
ingly, in other tumor types (thyroid, cervical, and squamous
cell carcinoma of the head and neck), strong membrane
staining has been observed with the same SLC6A14 antibody
(http://www.proteinatlas.org/) [28].

Further understanding of the function, substrate speci-
ficities, and tissue distribution of SLC6A14 will aid in the
potential future development of a selective functional imag-
ing probe or the discovery of targeted therapeutic agents. An
exciting development towards this goal was the recent syn-
thesis ofO-2((2-[18F]fluoroethyl)methylamino)ethyltyrosine
or ([18F]FEMAET), a cationic amino acid PET probe that
demonstrates positive uptake in SLC6A14-positive xenografts
[40, 41]. Anticancer strategies (transporter inhibitors to
starve tumor cells of essential amino acids or cytotoxic mole-
cules that could be selectively transported by SLC6A14) are
also being actively explored for other tumor types which have
been shown to overexpress SLC6A14 [18, 42].

5. Conclusion

SLC6A14 appears to be a good candidate transporter for fur-
ther exploration as a functional imaging target for PDAC that
could complement existing anatomical imaging techniques
for both diagnosis and staging.
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Colorectal cancer is one of themajor causes of cancer-related death in theWesternworld. Patient survival is highly dependent on the
tumor stage at the time of diagnosis. Reduced sensitivity to chemotherapy is still a major obstacle in effective treatment of advanced
disease. Due to the fact that colorectal cancer is mostly asymptomatic until it progresses to advanced stages, the implementation of
screening programs aimed at early detection is essential to reduce incidence and mortality rates. Current screening and diagnostic
methods range from semi-invasive procedures such as colonoscopy to noninvasive stool-based tests. The combination of the
absence of symptoms, the semi-invasive nature of currently used methods, and the suboptimal accuracy of fecal blood tests results
in colorectal cancer diagnosis at advanced stages in a significant number of individuals. Alterations in gene expression leading to
colorectal carcinogenesis are reflected in dysregulated levels of nucleic acids and proteins, which can be used for the development
of novel, minimally invasive molecular biomarkers. The purpose of this review is to discuss the commercially available colorectal
cancermolecular diagnosticmethods aswell as to highlight some of the new candidate predictive and prognosticmolecularmarkers
for tumor, stool, and blood samples.

1. Introduction

In the United States (US), it is estimated that there are
more than a million people currently living with colorectal
cancer [1]. Unlikemany othermalignancies, colorectal cancer
(CRC) is a preventable and potentially curable disease if high-
risk adenomas and early stage tumors are removed. Patient
survival is highly dependent on the tumor stage at the time of
diagnosis. Only 40% of CRC cases are diagnosed at localized
stages in the US [2]. The overall 5-year survival of CRC
patients is close to 65%; 5-year survival rates range from 90%
for patients with localized disease to 70% and 13% for regional
and distant stages, respectively [2]. Due to the fact that CRC
ismostly asymptomatic until it progresses to advanced stages,
the implementation of screening programs aimed at early
detection is essential to reduce incidence and mortality rates.

Advances in molecular biology in the last three decades
have helped elucidate some of the genetic mechanisms
leading to colorectal carcinogenesis. Most CRC cases are due

to sporadic genetic and/or epigenetic changes, but up to
10–20% of all CRC cases have a familial component [3, 4].
Sporadic colorectal carcinogenesis is a result of complex
multifactorial processes resulting in the alteration of normal
colon epithelial cell cycle. Therefore, the substantial genetic
heterogeneity in colorectal tumors has to be taken into
account when developing novel molecular diagnostic meth-
ods since they may display features of multiple affected cellu-
lar pathways. There are three major molecular mechanisms
that cause aberrant gene expression resulting in colon car-
cinogenesis: microsatellite instability (MSI), chromosomal
instability (CIN), and the CpG island methylator phenotype
(CIMP) (Table 1).These pathways lead to a transition in lesion
pathology and progression to malignancy, which is accom-
panied by deregulated gene expression of tumor suppressor
genes and oncogenes.These cytogenetic alterations have been
considered as potential CRCmolecular markers because they
can provide the clinician with diagnostic, prognostic, and
predictive treatment response information.
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Table 1: Key characteristics of the three major CRC pathways.

Chromosomal instability (CIN) Microsatellite instability (MSI) CpG island methylation (CIMP)
Prevalence 80–85% 15–20% Up to 20%

Molecular
Events

Characterized by aneuploidy,
inactivation of APC/b-catenin, clonal
accumulation of genetic alterations in
oncogenes and tumor suppressor
genes, and allelic losses and gains
[49–51]

Mutations/epimutations in the MMR
genes result in extensive insertions
and/or deletions in microsatellites

Hypermethylation of multiple
promoter CpG island loci, such as
hMLH1 [9, 52]. BRAF mutations
[53]

Clinical
features

Associated with poor prognosis
[54, 55]

Associated with proximal tumor
location, lower staging, high grade
differentiation, and abundance of
tumor infiltrating lymphocytes [56, 57]

Correlates with proximal tumor
location, higher prevalence in
females, and BRAF mutations
[58–61]

Table 2: Currently used CRC screening tests.

Test Advantages Limitations

Colonoscopy

(i) Highest performance for CRC detection
(ii) Views entire colon
(iii) Can take biopsies
(iv) Can remove polyps

(i) May not detect some polyps, cancer, and
nonpolypoid lesions
(ii) Requires sedation
(iii) Requires bowel preparation
(iv) May cause tearing or perforation [62]

Flexible
sigmoidoscopy

(i) High performance for CRC detection in
rectum and lower one-third of the colon
(ii) Minimal Bowel preparation
(iii) Does not require sedation
(iv) Can take biopsies
(v) Can remove polyps

(i) Cannot detect abnormalities in the upper part of the
colon
(ii) Very small risk of tearing or perforation [62]

Double-contrast
barium enema

(i) High performance for CRC detection
(ii) Views entire colon
(iii) Does not require sedation

(i) May not detect small polyps and cancer
(ii) Requires bowel preparation
(iii) May indicate false-positive results
(iv) Colonoscopy is needed to remove polyps or
perform a biopsy if abnormalities are found

Computer
tomographic
colonography

(i) High performance for CRC detection
(ii) Views entire colon
(iii) Does not require sedation
(iv) Noninvasive

(i) May not detect some polyps, cancer, and
nonpolypoid lesions [63, 64]
(ii) Requires bowel preparation
(iii) Colonoscopy is needed to remove polyps or
perform a biopsy if abnormalities are found [65]

Fecal blood tests

(i) Intermediate performance for CRC detection
(ii) Noninvasive
(iii) No bowel preparation
(iv) Low cost

(i) Fails to detect most polyps and some cancers [66, 67]
(ii) May indicate false-positive results [66, 67]
(iii) Dietary restrictions may be needed
(iv) Needs a confirmatory colonoscopy for positive
results

Stool DNA test
(i) Intermediate performance for CRC detection
(ii) Noninvasive
(iii) No bowel preparation

(i) Will not detect some polyps and cancers
(ii) Costly
(iii) Uncertain interval for screening
(iv) Needs a confirmatory colonoscopy for positive
results

Based on information on colorectal cancer screening provided by the National Cancer Institute and the American Cancer Society [2].

Although some of the CRC screening tests available have
proven to be effective in the reduction of incidence and
mortality, a highly specific, noninvasive detection method
has yet to be discovered. The American Cancer Society
recommends various screening tests ranging from semi-
invasive procedures, such as colonoscopy, to noninvasive
stool tests (Table 2). Nevertheless, the combination of the
absence of symptoms, the semi-invasive nature of endoscopic
methods, and the suboptimal accuracy of fecal blood tests
results in diagnosis at later stages in a significant number of

individuals. Molecular tests are expected to be more sensitive
and specific than current methods. They will also provide
genetic information about the malignancy in progression.
Intense research efforts aiming at identifying molecular
markers (DNA, RNA, or protein) to develop novel, noninva-
sive biomarker detectionmethods for CRC in blood and stool
are underway.

The ideal molecular marker should have the following
qualities: it should have high sensitivity and specificity; it
should be safe and affordable so that it can be broadly
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accepted by patients; it should be easy to measure; and it
should be consistently detected across genders and ethnic
groups [5–8]. A robust biomarker should detect genomic
alterations and/or variations in protein expression that specif-
ically correlate to the disease helping clinicians make an
accurate diagnosis. Molecular markers can also be used to
assess the risk of future disease, the aggressiveness of the
malignancy over the time, and the probability that a patient
will respond to a particular treatment, thereby helping the
clinicianmake personalized treatment decisions. Newmolec-
ular CRC detection methods are currently being evaluated,
but most of these still have to be validated in large, ran-
domized trials prior to implementation in the clinic. In this
review, we will outline the currently available and developing
tumor, stool, and blood sporadic CRC molecular diagnostic,
predictive, prognostic, and surveillance biomarkers.

Glossary. Types of molecular markers:

Diagnostic: used for risk stratification and early detec-
tion.
Prognostic: gives an indication of the likely progres-
sion of the disease.
Predictive: predicts treatment response.
Surveillance: used to monitor disease recurrence.

2. Tumor Biomarkers

Colorectal tumors can be classified according to molecular
markers.The current conventionalmolecular tests usedwhen
evaluating CRC patients include microsatellite instability
(MSI) analysis and BRAF and KRAS mutation analysis. The
presence of MSI and/or certain mutations or epimutations
in colorectal tumors provides clinicians with the information
needed to choose the appropriate treatment. Due to the high
variability of clinical responses to CRC treatment, there is a
need to identify novel predictive and prognostic molecular
classifiers tomake the best treatment decisions for the patient
taking into account their prognosis as well as their predicted
response to chemotherapeutics.

2.1. Currently Available Tumor-Based Tests
2.1.1. Microsatellite Instability (MSI). Mutations and/or epi-
mutations in genes involved in the DNA mismatch repair
system (MMR), MLH1, MSH2, MSH6, and PMS2, result in
alterations in highly repeated DNA sequences (microsatel-
lites). MSI is a hallmark of Lynch Syndrome, an inherited
CRC syndrome, and is used as a diagnostic marker for this
disease. In sporadic CRC, 10–15% of tumors display MSI
although somatic mutations in MMR genes are rarely found.
Methylation induced silencing ofMLH1 is responsible for the
majority of sporadic CRC with MSI [9].

A panel of five mononucleotide markers (Bat-25, Bat-
26, NR-21, NR-24, and MONO-27) is currently being used
by most clinical laboratories to detect MSI. The definition
of MSI (also known as MSI-high) is based on having
≥30% of unstable loci using monocleotide and dinucleotide

markers; tumors with 10–29% of unstable loci in the panel
are considered MSI-low. Absence of expression of the MMR
proteins in tumor tissue is also used as a surrogate test
indicative of MSI. Sporadic CRC tumors with MSI are
mostly located in the proximal colon, present with mucinous
or signet ring histology, are poorly differentiated, have an
abundance of tumor infiltrating lymphocytes, and haveBRAF
mutations [10–12].There is still controversy regarding if MSI-
low tumors are a CRC subtype.

Accumulating evidence suggests that MSI status may be
a useful prognostic and predictive sporadic CRC marker.
MSI is associated with increased patient survival and a favor-
able prognosis. Data from retrospective studies, population
studies, and meta-analyses support that patients with CRC
tumors with MSI have better outcomes than patients with
microsatellite stable tumors. In a population-based study
with 607 patients, the patients that had MSI had a more
favorable prognosis and decreased likelihood of lymph node
and systemic metastasis [13, 14]. Additional studies support
that MSI may be an independent predictor of less aggressive
disease and better outcomes [14–16]; however, the use of
MSI as prognosis biomarker has not yet been implemented
in the clinic. Although controversial, several studies have
reported an association between MSI and the development
of additional colorectal carcinomas in sporadic CRC patients
suggesting thatMSI statusmay also be useful as a predictor of
the risk of developingmetachronous CRC [17, 18]. Additional
studies are needed to provide solid evidence supporting that
sporadic CRC patient management should take MSI status
into consideration.

Accumulating evidence supports that MSI status may
predict responsiveness to adjuvant chemotherapy. Reports
from clinical trials, retrospective case series, and meta-
analysis have reported that patients with MSI tumors do not
benefit from 5-fluorouracil (5-FU) adjuvant chemotherapy
compared to patients withmicrosatellite stable tumors (MSS)
[16, 19–22]. In a meta-analysis based on studies stratifying
patient’s overall survival by 5-FU therapy, survival data in
patients with colorectal tumors with MSI was heterogenous
compared to individuals with MSS tumors. A significant
improved overall survival was only found in patients with
MSS tumors following 5-FU therapy [21]. In addition, some
studies have also proposed MSI status as a predictive marker
for response to irinotecan [23, 24].The value of usingMSI as a
predictive marker for chemosensitivity remains controversial
and is still under evaluation.

2.1.2. KRAS Gene Mutations. Mutations in genes associ-
ated with chemoresistance to particular compounds are
currently used as predictive markers in CRC in order to
identify the best treatment regime for patients. Detection
of KRAS mutations is currently the most utilized predictive
marker for response to the anti-EGFR (epidermal growth
factor receptor) antibody-based therapies, cetuximab and
panitumumab [25]. However, recent studies have reported
compelling evidence that, in addition to KRAS, mutations
in NRAS predict nonresponse to anti-EGFR therapy [26,
27]. These studies support the use of extended RAS (KRAS
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and NRAS) mutational analyses as negative predictive mark-
ers for anti-EGFR therapy in metastatic CRC (mCRC)
[28].

The KRAS protooncogene encodes a small G pro-
tein (guanosine triphosphate/guanosine diphosphate binding
protein) downstream of EGFR in the PI3K/PTEN/AKT and
RAF/MEK/ERK signaling pathways. Most of the activating
mutations, approximately 90%, are found in codons 12 and 13
of exon 1. Close to 5% of the mutations are found in codon 61
in exon 2 [11, 29]. NRAS (neuroblastoma RAS viral oncogene
homolog), a gene closely related to KRAS, is mutated in 3–5%
of CRC cases, mostly in codon 61. It has been associated with
poor responses to cetuximab and panitumumab-FOLFOX4
[26, 30, 31].

Activating KRASmutations have been significantly asso-
ciated with the lack of response to anti-EGFR therapies
in patients with mCRC [25, 32, 33]. Tumors with KRAS
mutations have response rates to cetuximab and panitu-
mumab ranging from 26-41% and from 11–17%, respectively.
Approximately 60–70%mCRC patients with wild type KRAS
have a limited response to EGFR antibody-based therapy,
which suggests that additional mutations may contribute
to anti-EGFR treatment response [34]. Clinical guidelines
established by the National Comprehensive Cancer Network
and the American Society of Clinical Oncology recommend
KRAS mutational analysis for mCRC patients prior to the
use of cetuximab and panitumumab. Furthermore, there
are reports supporting that mutations in codons 12 and 13
are associated with worse prognosis and poor survival in
mCRC patients [35, 36]. However, it has not been clearly
established if the worse prognosis associated with KRAS
mutations is independent of the treatment regime used. The
use of KRAS as a predictive biomarker for response to anti-
EGFR therapies is the standard of care in mCRC patients
[37] and the first instance of personalized medicine for these
patients.

2.1.3. BRAFGene. BRAF, aRAF gene family serine/threonine
kinase, is the immediate downstream effector of KRAS in
the Ras/Raf/MAPK signaling pathway. Mutations in the
BRAF gene have been associated with CRC development
[38, 39] and are present in 40–50% of sporadic MSI-high
CRC [40–42]. These are absent in Lynch syndrome patients,
making BRAF mutation status a very useful diagnostic
tool to distinguish between familial and sporadic CRC. A
missense mutation resulting in a valine to glutamic acid
substitution (V600E) is themost commonmutation observed
[43]. KRAS and BRAF mutations are generally mutually
exclusive in colorectal tumors [44]. Recent studies suggest
that BRAF mutations may also be used as predictive markers
for EGFR-targeted therapy [31, 44–48]. Mutations in BRAF
are associated with poor prognosis; however, it is still unclear
if this association is independent of treatment. The National
Comprehensive Cancer Network now recommends that in
cases with wild type KRAS, BRAF testing should be consid-
ered prior to deciding which treatment strategy is optimal for
the patient.

2.2. Innovative Tumor-Based Tests

2.2.1. CpG Island Methylator Phenotype. The molecular clas-
sification of tumors is evolving as we gain a comprehensive
knowledge about the mechanisms and processes resulting in
colorectal carcinogenesis. The epimutation status of tumors
has gained importance since the discovery that methylation-
driven transcriptional regulation leads to colorectal car-
cinogenesis and that the CpG island methylator phenotype
(CIMP) status correlates to a particular CRC subtype. CIMP
high colorectal tumors are more prevalent in women and are
associated with BRAF mutations. They display distinct char-
acteristics which include: proximal tumor location, poor dif-
ferentiation, mucinous histology, MSI, and low frequency of
TP53mutations [49–53]. Currently, the panel of methylation
markers used to define CIMP and the methylation detection
technique has not been standardized.The lack of a consensus
panel has resulted in controversial reports. Larger studies
using a consensus panel and sensitive, methylation detection
techniques will resolve the discrepancies in this field and will
likely yield a CRC-specific methylation signature that could
be developed into a diagnostic tool in the future.

2.2.2. RNA Expression. Gene expression analyses between
tumor and normal tissue have contributed to a better
understanding on the interplay between overexpressed or
underexpressed genes and the affected pathways resulting in
colorectal neoplasms. These efforts have resulted in a wealth
of publicly available RNA expression data used to iden-
tify differentially expressed transcripts, which can be used
to identify a CRC-specific signature. Expressed sequence
tags (EST), serial analysis of gene expression (SAGE), and
microarray data have identified numerous promising candi-
date tumor biomarkers. Validation of a 23-gene microarray-
based prognostic signature proposed by Wang et al. [77]
reported a 67% relapse predictive value [78]. A seven-gene
panel based on this study was tested in a larger study with a
better performance, but a robust multigene signature has not
yet been defined [79]. Efforts are underway to identify RNA
gene expression signature from paraffin-embedded tumor
tissue via real-time PCR, which will be validated in a cohort
of 2000 patients (QUASAR trial) [80].

2.2.3. MicroRNAs. Accumulating evidence supporting that
noncoding microRNAs (miRNAs) contribute to oncogen-
esis have resulted in multiple studies aiming at identify-
ing a miRNA biomarker panel. Studies examining miRNA
expression in CRC have shown a total of 362 differentially
expressed miRNAs when compared to noncancerous tissue;
242 were upregulated and 120 were downregulated [81]. The
use of different platforms for miRNA expression profiling
has resulted in contradictory reports; nevertheless, 101 of the
362 miRNAs were consistently reported to be dysregulated
in CRC. Further clinical and mechanistic studies are needed
to elucidate the clinical utility of miRNAs (individual or
panels of miRNAs) as diagnostic, prognostic, and/or possible
therapeutic tools.

2.2.4. EGFR Pathway. Beyond KRAS testing, other studies
have focused on identifying additional biomarkers to predict
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response to anti-EGFR treatment in patients with wild type
KRAS (up to 70% are unresponsive to cetuximab or panitu-
mumab [34]). Expression of the EGFR ligands amphiregulin
and epiregulin have been associated with increased response
to cetuximab [82, 83]. These ligands are being explored
as candidate predictive markers. A four-gene expression-
based biomarker panel including these ligands in addition to
DUSP6 (dual specificity phosphatase-6) and SLC26A3 (Solute
carrier family 26, member 3) has been shown to predict
response to cetuximab in patients with wild type KRAS [84].
EGFR signaling triggers two main intracellular cascades,
one involving KRAS and BRAF leading to the activation
of mitogen activated kinases and another resulting in the
phosphorylation of AKT1 via interactions between PIK3CA
and PTEN. Mutations in both PIK3CA and PTEN have
also been evaluated as predictive markers for anti-EGFR
therapies. Mutations within PIK3CA have been found to
independently affect the response to both cetuximab and
panitumumab. This gene is mutated in approximately 20%
of CRC patients [85] with most mutations occurring in
exon 9 and exon 20 [86]. Mutation analysis of PIK3CA has
been proposed as predictive marker in combination with
KRAS mutation testing prior to administering anti-EGFR
therapy. In addition, patients with PIK3CA mutations have
been reported to have worse clinical outcomes in terms
of progression free survival [48]. Loss of PTEN expression
occurs in approximately 30% of sporadic CRC cases and
has been associated with unresponsiveness to cetuximab [87]
and with worse overall survival in patients with mCRC [48].
Future studies will undoubtedly identify additional predictive
biomarkers to enhance and guide treatment strategies for
CRC patients.

3. Stool Biomarkers

The rationale behind stool-based molecular diagnostic tests
for CRC is based on the mechanisms leading to the presence
of these markers in stool. The presence of tumor markers in
stool can be attributed to leakage, exfoliation, or secretion
[88]. The disturbance of blood or vessels by tumor growth
results in the leakage of markers into the colon lumen. This
process may not be continuous and also occurs in non-
neoplastic lesions. As a result, leaked markers have limited
sensitivity and specificity. Exfoliated and secreted markers
come from colonocytes, both vital and apoptotic, shed in the
colorectal lumen. These types of stool markers are assumed
to be highly specific because they are directly derived from
the tumor. Although considerable efforts are being made to
identify DNA, RNA, and protein markers present in stool to
develop novel detection methods, only three clinically stool-
based tests for CRC diagnosis are currently available: gFOBT,
fecal immunochemical test (FIT), and detection of vimentin
methylation.

3.1. Currently Available Stool-Based Tests

3.1.1. Fecal Blood Tests. The gFOBTs are based on the detec-
tion of the pseudoperoxidase activity of heme in stool samples
resulting frombleeding in adenomatous or neoplastic lesions,

therefore detecting the presence of occult blood. The most
commonly used gFOBTs are the guaiac-infused Hemoccult
II and Hemoccult II SENSA (which has improved sensitivity)
(Beckman Coulter, Brea, CA). One of the disadvantages
of this method is that since colorectal bleeding might be
intermittent, this test has to be performed on multiple
occasions in order for it to be sensitive. In addition, gFOBTs
are not specific for human pseudoperoxidase and may detect
bleeding from any site in the gastrointestinal tract. Prior
to testing, patients need to adhere to a three-day diet that
eliminates meats and NSAIDs because ingestion of certain
foods and drugs may cause false-positive results. Neverthe-
less, randomized controlled clinical trials in theUnited States,
England, and Denmark have shown that gFOBT testing once
or twice a year significantly reduces CRC mortality [89–92].

An alternative to the gFOBT is the FIT, which has higher
sensitivity and an improved detection rate for advanced
neoplasia [93, 94]. This test uses monoclonal or polyclonal
antibodies to detect the globin in human hemoglobin using
an enzyme-linked immunosorbent assay (ELISA) [95]. The
FIT is specific to bleeding from the distal gastrointestinal
tract due to the fact that globin is gradually degraded as it
passes through the intestine. Two types of FIT have been
developed: a qualitative assay requiring visual interpretation
and a quantitative test, which is analyzed automatically and
determines the amount of hemoglobin present in the sample.
Quantitative FITs, such as theOC-SensaMicro (EikenChem-
ical, Tokyo, Japan; sold in the United States by Polymedco,
Cortland Manor, NY) and Insure (Enterix Inc., Quest Diag-
nostics Incorporated, Edison, NJ), have an advantage over
qualitative assays because they eliminate observer variations
in the interpretation of the results and have definitive cut-
off levels improving reproducibility. Despite the advances
made with fecal blood tests, they still have low sensitivity for
detectingCRCand adenomas due in part to the fact that other
gastrointestinal nonneoplastic conditions also cause bleeding
and that not all adenomas or cancers bleed.

3.1.2. DNA-Based Tests. The detection of CRC-specific DNA
markers in stool has been studied extensively. These types of
markers should have higher specificity since they are directly
derived from tumor cells. However, the only stool DNA test
that is commercially available in the US is ColoSure (Labo-
ratory Corporation of America, https://www.labcorp.com).
This test is based on the detection of vimentin methylation,
which is found in 53–83% of colorectal tumors [96, 97]. The
performance of this marker in detecting advanced adenomas
has not yet been defined, but the sensitivity and sensitivity
for colorectal cancer range from 72.5–83% and 53–86.9%,
respectively [70].

3.2. Innovative Stool-Based Tests

3.2.1. DNA-Based Tests. Shedding of neoplastic colonocytes
is known to be higher than the shedding of normal healthy
colonic cells in stool; therefore, CRC-specific biomarkers
should have high specificity. Technical advances in the
field, including improvements in the buffers used prior to
analysis and the detectionmethods employed, have propelled
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research in this field which began in the early 1990s. Publica-
tions reporting the detection of tumor DNA in stool emerged
in 1992 whenKRASmutations were detected in samples from
CRC patients [98]. Mutations in other key genes implicated
in CRC, such as TP53 and APC, were also detected, but the
detection of a single or a combination of mutation markers
did not achieve the specificity and sensitivity needed for
a screening method. Due to tumor heterogeneity and the
large amount of genes found to be mutated in CRC [99],
a screening stool test solely based on mutation biomarkers
would require testing a large number of genes. However, the
detection of mutations in key genes may complement panels
including other types of biomarkers.

Aberrantly methylated tumor-derived genes have been
studied as CRC diagnostic markers. Changes in methylation
occur early in carcinogenesis, appear to be stable, and can
be feasibly detected in both stool and blood-based samples,
making these markers ideal candidates for a noninvasive test
for early detection of CRC. Single as well as combinations of
methylation markers have been evaluated but have failed to
reach high levels of specificity and sensitivity needed for clini-
cal implementation. Recently, Imperiale et al. reported that in
a large study including 9989 participants, a multitarget stool
DNA test had higher sensitivity for the detection of advanced
adenomas (42.4%) and CRC (92.3%) than FITs [69]. This
cross-sectional study evaluated the screening potential of a
multitarget stool test that detected KRAS mutations, methy-
lation of NDRG4 and BMP3, quantification of 𝛽-actin as
a reference gene for DNA quantity, and immunochemical
detection of hemoglobin. Although more false positives were
detected using this panel, the screening value of this test is
promising because it was able to detect polyps, including
serrated adenomas, with high-grade dysplasia with a higher
rate of detection than FITs. Serrated adenomas are the
precursor lesions leading to serrated adenocarcinomas, a
colorectal tumor subset that accounts for about 10% of
all CRCs. Serrated adenocarcinomas are associated with
BRAF mutations, MLH1 methylation, and CIMP [100]. The
detection rates for serrated polyps and polyps with high-
grade dysplasia using this multitarget stool test were 42.4%
and 69.2% versus 5.1% and 46.2% using FIT, respectively.
Further studies are warranted to determine the diagnostic
accuracy, to reduce the number of false positives, and to
determine adequate testing intervals and costs, among other
factors, that may affect patient compliance to future CRC
screening using this method.

3.2.2. RNA-Based Tests. The detection of RNA markers in
stool has not been as extensively studied as DNA biomarkers
partly due to the fact that RNA is less stable than DNA in
stool. Technological advances in RNA preservation buffers
have made it feasible to study CRC tumor-specific RNA
transcripts as stool biomarkers. Detection of single and com-
binations of tumor mRNA transcripts, such as PTGS2 and
MMP7, have yielded high specificity for CRC [101]. Ongo-
ing research in colorectal tumor gene expression profiles
(transcriptomics) and noncoding RNA expression profiles
(such as miRNAs) are currently being evaluated to identify
candidate transcripts and explore their possible applications

as CRC detection tools. Recently, Link et al. showed high
reproducibility of miRNA extraction and expression analyses
in stool samples where miR-21 and miR-106a were found to
have higher expression in patients with adenomas or CRC
when compared to individuals free of neoplasia [102].

3.2.3. Stool Protein Detection. A novel method based on the
detection of tumor-derived proteins would greatly improve
the specificity of fecal CRC detection. Although the protein
markers tested to date have mostly been detected in blood
samples, proteins in stool such as calprotectin, CEA, and
DAF, among others, have also been evaluated for their
diagnostic potential. Thus far, the majority of the pro-
teins studied failed to achieve the specificity and sensitivity
required for CRC screening. Calprotectin was considered
a very promising CRC marker, but like many of the other
proteins evaluated, it was detected in stool from patients with
inflammatory bowel disease (IBD) with a higher sensitivity
and specificity [103]. Studies using haptoglobin, an acute-
phase response protein, as a stool biomarker marker also
showed encouraging results. CRC could be detected with
a sensitivity of 92% and specificity of 98% with increasing
sensitivity of 100% when combined with occult blood testing
[104]. However, false positives may arise due to the fact that
haptoglobin expression is mediated by inflammatory stimuli
[105].

4. Blood Biomarkers

Extensive efforts have been made to identify blood-based
markers for the early detection of CRC.Most of the candidate
markers have been evaluated in clinical settings and are
mostly detected in advanced stages. The availability of a
blood-based, noninvasive test promises to improve screening
compliance and to reduce the morbidity and mortality asso-
ciated with this malignancy. To date, the most widely used
blood-based CRC molecular marker is carcinoembryonic
antigen (CEA), which has only proved to be valuable as a
patient monitoring tool.

4.1. Currently Available Blood-Based Tests

4.1.1. Carcinoembryogenic Antigen. Extensive research has
been performed to identify CRC-specific antigens in blood.
However, there only two blood-based biomarkers available
to monitor CRC patients, CEA and carbohydrate antigen 19-
9 (CA19-9). CEA, a high molecular weight glycoprotein, is
found in embryonic tissue and colorectalmalignancies. It was
discovered in 1965 and is the only acceptable tumor marker
to monitor CRC recurrence to date. Elevated CEA levels are
considered a poor prognostic factor for resectable CRC and
correlate with cancer progression [106]. Using this marker,
the sensitivity increases according to tumor stage [107]; CEA
levels decrease after tumor resection. However, high levels
in blood are not specific for CRC and may be due to other
diseases such as IBD, liver disease, pancreatitis, and other
malignancies. Moreover, detection of this serum antigen
marker is not an effective method for CRC screening because
elevated levels of CEA are only detected in advanced stages of
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a fraction of all CRC patients.The CA19-9 antigen, compared
to CEA, is less sensitive and specific for CRC. However,
it is the best marker available to detect pancreaticobiliary
malignancies. Therefore, CEA is still the antigen of choice
to use as a prognostic marker after diagnosis and to monitor
disease progression.

4.2. Innovative Blood-Based Tests. Prognosis for patients with
advanced CRC is poor. Early detection is a key to reduce
the morbidity and mortality associated with this disease. The
availability of a noninvasive, blood-based CRC biomarker
has the potential to increase patient adherence to CRC
screening thereby increasing the number of tumors detected
at earlier, more treatable stages. Technological advances
in combination with a more comprehensive understanding
of the molecular mechanisms contributing to colorectal
carcinogenesis, have fueled intense efforts to identify CRC
biomarkers detectable in blood. Circulating nucleic acids,
proteins, and tumor cells have been evaluated as CRC diag-
nostic toolswith promising levels of sensitivity and specificity.
However, a new blood-based biomarker for CRC has not yet
been implemented in the clinic.

4.2.1. Cell-Free Nucleic Acids. The origin of cell-free nucleic
acids in circulation is less well-defined than in stool. The
release of DNA, RNA, and noncoding RNAs in cancer
patients into circulation is attributed to a combination
of tumor cell necrosis, apoptosis, and possibly secretion.
Changes in the concentration and detection of tumor-specific
alterations in DNA and/or dysregulated RNA expression
profiles have been proposed as CRC-specific biomarkers.The
development of diagnostic methods based on the detection
of tumor-specific alterations in circulating DNA and/or RNA
expression is particularly appealing because they can provide
valuable molecular information about the tumor that may be
used for diagnostic, predictive, and prognostic purposes.

Extracellular DNA in blood can be detected in the plasma
or serum of patients suffering from a variety of diseases
(including cancer) as well as in healthy individuals. Higher
levels of cell-free DNA (cfDNA) in plasma or serum are
generally found in cancer patients. This fact has led to
intense research efforts focused on developing strategies to
take advantage of this source of analyzable tumor-derived
DNA [108]. Based on the premise that CRC patients have
higher levels of cfDNA in blood, Frattini et al. examined the
quantification of cfDNA as both a screening and surveillance
tool. Prior to surgery, CRC patients had 25 times higher
levels of cfDNA in plasma than healthy donors; cfDNA levels
decreased after tumor resection while they increased in those
with recurrence ormetastasis [109]. In contrast, elevatedCEA
values were detected in only 37% of the cases.

4.2.2. Integrity of Cell-Free DNA. The cfDNA strand integrity
has also been explored as a CRC biomarker. Presumably,
cfDNA released fromnecrotic cancer cells varies in size and is
not uniformly truncated like cfDNAresulting fromapoptosis.
A small study reported that CRC patients had a significant
increase in serum DNA integrity when compared to healthy
individuals [110]. Although reports have highlighted the

potential usefulness of cfDNA concentration and integrity as
CRC biomarkers, the main limitation is that these changes in
cfDNA are not specific for CRC.

4.2.3. Genetic and Epigenetic Alterations in Circulation.
Detection of tumor-derived genetic and epigenetic alterations
in blood samples has been explored as candidate CRC
biomarkers. Detection of mutations in cfDNA isolated from
serum and plasma has mostly concentrated in point muta-
tions inKRAS.Thesensitivity levels achieved usingmutations
in this gene were 43% at the highest with a specificity of
93% [111–113]. However, the diagnostic usefulness of tests
based on the detection of tumor-derived DNA mutations
is unclear since mutation status of the tumor has to be
known beforehand. Circulating DNA methylation biomark-
ers have also been evaluated. The use of the individual
methylation status of Vimentin, NGFR, SEPT9, and TMEFF2
had sensitivities ranging from 48–72% and specificities from
69-93% [114–116]. Other genes evaluated as methylation
markers include p16, APC, hMLH1, HLTF, and DAPK [117].
A PCR-based assay to identify SEPT9 methylation has been
developed as an automated, commercially available kit, (Epi
proColon Early Detection Assay, Epigenomics, Germany)
which reportedly detects CRC with 70% sensitivity and 90%
specificity [118]. Although available in Europe, it is still
unavailable in Canada or the US. In a genome-scale plasma
methylation marker study, two new biomarker candidates
(THBD and C9orf50) with a high sensitivity and specificity
for early colorectal cancer detection were identified [119].
Further studies are warranted to validate these candidate
markers as CRC diagnostic tools. Furthermore, additional
research efforts aimed at determining if combinations of the
most promising candidate circulating methylation markers
would be necessary to determine if panels, rather than
single methylation markers, can improve sensitivity and
specificity for CRC. Currently, the diagnostic, predictive,
prognostic, and surveillance values of mutations and/or
epimutations are unclear. Further analyses are needed to
evaluate the CRC screening utility and clinical relevance
of a blood test based on the detection of tumor-derived
DNA.

4.2.4. Detection of CRC Tumor mRNA in Circulation. Most
investigations have focused on detecting CEA, CK19, and
CK20 transcripts. Varying degrees of sensitivities and speci-
ficities were achieved for each transcript individually, but
none were optimal for the development of a CRC detection
method. The combination of these markers showed a slight
improvement in CRC specificity (60%–89%) and sensitivity
(78%–100) [120–124], but the fact that these transcripts can be
detected in patients with IBD and other malignancies, makes
them unsuitable as CRC screening biomarkers. Some of the
other gene transcripts that have also been studied include
TERT,GCC,MAGEA, TS, CGM2, and L6, of which onlyGCC
and L6 showed sensitivity higher than 80% and specificity
greater than 95% [125–130]. The candidate circulating CRC-
specific transcripts need to be further validated in large,
randomized trials to determine their clinical utility as CRC
screening tests.
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4.2.5. Noncoding RNAs in Circulation. Since the discovery of
miRNAs and the association of particularmiRNAswithCRC,
intense research efforts have focused on the identification of
CRC-specificmiRNA transcripts as potential blood biomark-
ers. One study reported that a 69-gene miRNA signature
panel in plasma could differentiate between CRC and healthy
patients [131]. A small study reported that a panel of eight
miRNAs (miR-532-3p, miR-331, miR-331, miR195, miR-17,
miR142-3p, miR15b, miR532, and miR-652) could accurately
detect polyps [132]. Another group evaluated a three-miRNA
panel (miRNA 193a-3p, miR23a, and miR-338-5p) for CRC
detection achieving 80% sensitivity, 84.4% specificity, and
83.3% accuracy [133]. Although promising, these screening
panels need to be tested in a larger studies to determine
their clinical usefulness. Other investigations have focused
on individual miRNAs, such as miR-92a. Overexpression
of miR-92a has been reported to detect CRC with 89%
sensitivity and 70% specificity [134]. Promising results were
shown for miRNA-92, which was found to be upregulated
in both tumor and plasma samples from CRC patients.
Plasma levels decreased after tumor resection suggesting
that miRNA-92 could be developed as both a screening and
monitoring tool [134]. The expression levels of miR21 were
found to correlate with disease recurrence and mortality
suggesting that miR21 could be evaluated as a prognostic
marker in the future [135]. Evaluation of new miRNA can-
didate markers, both individually and in panels, in large
independent studies is necessary to determine if miRNA
markers can be implemented as screening, diagnostic, and/or
prognostic tools in the future.

4.2.6. Biomarker Proteins. With the limited clinical appli-
cability of CEA and CA19-9, additional candidate proteins
have been proposed as CRC diagnostic protein markers.
A single protein marker, TIMP-1, has detected CRC with
42–65% sensitivity and 95% specificity [136]. It is currently
being tested in a large prospective study. The detection of
circulating tumor-associated autoantigens and the use of
commercial protein arrays have facilitated the identification
of proteins that are differentially expressed and circulating in
CRC patient sera. Babel et al. [137] reported 43 proteins that
could distinguish betweenCRCpatients and healthy controls.
This group developed a diagnostic ELISA using two of these
proteins, MAPKAPK3 and ACVR2B, which detected CRC
with a specificity of 73.9% and sensitivity of 83.3%. Three
additional colon-specific antigens, CCSA-2, CCSA-3, and
CCSA-4, were identified by proteomic analysis of structural
proteins. These proteins show very promising results as CRC
diagnostic biomarkers [138, 139]. Other putative diagnostic
markers that have been evaluated are the matrix metallopro-
teinase 9, S100A8, and S100A9 [140, 141]. Future studies with
all of the proposed protein biomarkers are needed to validate
the individual or panels of proteins as clinically relevant CRC
molecular diagnostic tools.

4.2.7. Circulating TumorCells. Thepresence of CTCs in blood
is associated with progressive or metastatic disease. With
the development of more advanced detection techniques, the
clinical utility of CTCs as predictive or prognostic biomarkers

for CRC management shows promise. Not only was it shown
that presence of CTC in blood correlates with disease state
[142], but also that patients with low CTCs have more favor-
able median progression-free and overall survival rates when
compared to patients with elevated CTC levels [143, 144].
In addition, elevated CTC levels at pre- and postoperative
time points in stage III and IV CRC patients undergoing
curative resection were associated with postoperative relapse
[145]. One of the advantages that detection of CTCs may
have is that it may be used to monitor advanced stage disease
in patients who do not have measurable levels of other
surveillance markers in blood, such as CEA. In 2004, the
US Food and Drug Administration approved the Cellsearch
System (Veridex LLC, Raritan, NJ) for CTC detection for
breast cancer and subsequently, for prostate and CRC. Future
research will undoubtedly shed light on other clinical appli-
cations for CTCs as a predictive, prognostic, and/or surveil-
lance marker to help clinicians make treatment decisions,
predict future metastasis, and monitor disease recurrence,
respectively.

5. Concluding Remarks

Despite numerous significant technological andmethodolog-
ical advances, CRC research has not yielded a novelmolecular
biomarker or biomarker panel suitable for population-wide
screening purposes. Future studies are warranted to settle
the controversy surrounding the predictive and prognostic
values of some of the currently used and proposed molecular
biomarkers. The presently available and developing CRC
molecular markers are summarized in Table 3. Advances in
genomics, transcriptomics, and proteomics will potentially
identify novel candidates directly derived from the tumor cell,
which in theory should be more specific. High throughput
sequencing technology will undoubtedly be instrumental in
accelerating the identification of novel candidate biomarkers
specific for CRC and will also lead to a more comprehensive
understanding of the mechanisms contributing to colorectal
carcinogenesis.

The discovery of an effective, noninvasive blood-based
molecular CRC screening method that could detect early
stage colorectal neoplasia would be ground breaking. Patient
adherence to a blood-based screening method would likely
increase, resulting in an improved patient outcomes. Molec-
ular markers also promise to shift the field to a more
individualized approach to CRC treatment by taking into
account the molecular background of tumor. Ultimately, the
goal is to identify clinically relevant biomarkers that are cost
effective, are easily assayed in a clinical setting, and contribute
to patient management decisions, resulting in direct benefits
for the patient.
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Table 3: Summary of conventional and innovative CRC molecular
diagnostic and screening methods.

Sensitivity
(%)

Specificity
(%) Status

Tumor
IHC¥ 83 90 In use
MSI¥ 55–91 90 In use

CIMP∗∗ N/A N/A Under
evaluation

Stool
gFOBT 11–64 91–98 In use
iFOBT 56–89 91–97 In use
Vimentin∗∗ 72.5–83 53–86.9 In use

Multitarget stool test∗
42.4

(advanced
adenomas)
92.3 (CRC)

986.6 Clinical
validation

Blood
CEA∗∗∗ 30–63 63–100 In use
CA 19-9∗∗∗ 18–52 79–100 In use

TIMP-1∗∗∗ 55 95 Clinical
validation

CTCs 32–94 ND- 94 Clinical
validation

¥For diagnosis of Lynch Syndrome [68]. ND: not determined; N/A: not
applicable. ∗[69], ∗∗[70], and ∗∗∗[71].
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[100] M. J. Mäkinen, “Colorectal serrated adenocarcinoma,”
Histopathology, vol. 50, no. 1, pp. 131–150, 2007.

[101] T. Takai, S. Kanaoka, K.-I. Yoshida et al., “Fecal cyclooxygenase
2 plus matrix metalloproteinase 7 mRNA assays as a marker for
colorectal cancer screening,” Cancer Epidemiology Biomarkers
and Prevention, vol. 18, no. 6, pp. 1888–1893, 2009.

[102] A. Link, F. Balaguer, Y. Shen et al., “Fecal microRNAs as novel
biomarkers for colon cancer screening,” Cancer Epidemiology
Biomarkers and Prevention, vol. 19, no. 7, pp. 1766–1774, 2010.

[103] A. C. von Roon, L. Karamountzos, S. Purkayastha et al.,
“Diagnostic precision of fecal calprotectin for inflammatory
bowel disease and colorectalmalignancy,”TheAmerican Journal
of Gastroenterology, vol. 102, no. 4, pp. 803–813, 2007.

[104] P. X. Xing, G. P. Young, D. Ho, M. A. Sinatra, P. B. Hoj, and I. F.
McKenzie, “A new approach to fecal occult blood testing based
on the detection of haptoglobin,” Cancer, vol. 78, no. 1, pp. 48–
56, 1996.

[105] I. K. Quaye, “Haptoglobin, inflammation and disease,” Transac-
tions of the Royal Society of Tropical Medicine and Hygiene, vol.
102, no. 8, pp. 735–742, 2008.

[106] G. Y. Locker, S. Hamilton, J. Harris et al., “ASCO 2006 update
of recommendations for the use of tumor markers in gastroin-
testinal cancer,” Journal of Clinical Oncology, vol. 24, no. 33, pp.
5313–5327, 2006.

[107] S. Hundt, U. Haug, and H. Brenner, “Blood markers for early
detection of colorectal cancer: a systematic review,” Cancer
Epidemiology Biomarkers and Prevention, vol. 16, no. 10, pp.
1935–1953, 2007.

[108] K. Jung, M. Fleischhacker, and A. Rabien, “Cell-free DNA in
the blood as a solid tumor biomarker—a critical appraisal of
the literature,” Clinica Chimica Acta, vol. 411, no. 21-22, pp. 1611–
1624, 2010.

[109] M. Frattini, G. Gallino, S. Signoroni et al., “Quantitative and
qualitative characterization of plasma DNA identifies primary
and recurrent colorectal cancer,” Cancer Letters, vol. 263, no. 2,
pp. 170–181, 2008.

[110] N. Umetani, J. Kim, S. Hiramatsu et al., “Increased integrity
of free circulating DNA in sera of patients with colorectal or
periampullary cancer: direct quantitative PCR forALU repeats,”
Clinical Chemistry, vol. 52, no. 6, pp. 1062–1069, 2006.

[111] P. Anker, F. Lefort, V. Vasioukhin et al., “K-ras mutations are
found in DNA extracted from the plasma of patients with
colorectal cancer,”Gastroenterology, vol. 112, no. 4, pp. 1114–1120,
1997.

[112] J. B. de Kok, W. W. van Solinge, T. J. M. Ruers et al., “Detection
of tumour DNA in serum of colorectal cancer patients,” Scandi-
navian Journal of Clinical and Laboratory Investigation, vol. 57,
no. 7, pp. 601–604, 1997.

[113] M. S. Kopreski, F. A. Benko, C. Kwee et al., “Detection ofmutant
K-ras DNA in plasma or serum of patients with colorectal
cancer,” British Journal of Cancer, vol. 76, no. 10, pp. 1293–1299,
1997.

[114] M. Li, W.-D. Chen, N. Papadopoulos et al., “Sensitive digital
quantification of DNA methylation in clinical samples,” Nature
Biotechnology, vol. 27, no. 9, pp. 858–863, 2009.



BioMed Research International 13
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