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Gastrointestinal (GI) cancer is a major cause of morbidity and mortality worldwide.
Among the top seven malignancies with worst mortality, GI cancer consists of five cancers:
colorectal cancer (CRC), liver cancer, gastric cancer (GC), esophageal cancer, and pancreatic
cancer, which are the second, third, fourth, sixth, and seventh leading causes of cancer
death worldwide, respectively [1]. To improve the prognosis of GI cancers, scientific and
technical development is required for both diagnostic and therapeutic strategies.

1. Diagnostic Biomarker

As for diagnosis, needless to say, early detection is the first priority to prevent can-
cer death. The gold standard diagnostic tool is objective examination using an imaging
instrument, including endoscopy and computed tomography, and the final diagnosis is
established with pathologic diagnosis using biopsy samples obtained through endoscopy,
ultrasonography, and endoscopic ultrasonography. Clinical and pathological information
is definitely needed before the initiation of treatment because they could clarify the specific
type and extent of disease. However, these imaging examinations have not been recom-
mended as screening tests for healthy individuals due to their invasiveness and high cost.
Hence, the discovery of novel non-invasive biomarkers is needed in detecting GI cancers.
In particular, non-invasive samples, such as blood, urine, feces, and saliva, are promising
diagnostic biomarker samples for screening.

Stool-based tests, including guaiac fecal occult blood test (gFOBT) and fecal im-
munochemical test for hemoglobin (FIT), for CRC have been some of the most successful
screening tests for GI cancers. Although the gFOBT is the only non-invasive method
that demonstrated a reduction in CRC mortality [2], the FIT recently gained popularity
because the FIT has a higher sensitivity for CRC and adenoma than gFOBT [3] due to its
specificity for human globin. However, since both gFOBT and FIT aim to detect only blood
contamination in feces, which is not cancer-specific, sensitivity for early-stage cancer and
advanced adenoma is quite low. Moreover, in handling stool samples, stool-based tests
are challenging for both patients and investigators, and the quality of sample collection by
patients may affect the results.

Fortunately, recent technical and mechanical developments have enabled the detec-
tion of slight differences in factors that are modified in physical condition, which might
contribute to novel biomarker discovery for GI cancers. Analytical targets include a wide va-
riety of factors, including DNA mutation, DNA methylation, miRNA, protein, and metabo-
lites [4]. Moreover, many types of body fluids are target samples. Although blood is the
most popular biomarker sample, other samples, including urine, saliva, and sweat are also
attractive tools because of their non-invasiveness.

Diagnostic biomarkers are mostly developed in the field of CRC, including blood- and
stool-based biomarkers. As expected, blood-based test is more preferred than a stool-based
test as an alternative noninvasive test, and Epi proColon® 2.0 CE is an FDA-approved blood
test for CRC screening, which detects methylated Septin9 DNA [5]. However, this blood-
based test has not been recommended as a screening test for CRC due to its low sensitivity
and limited data [6]. Presently, many researchers are trying to explore reliable blood-based
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biomarkers for detecting GI cancers. Among these, cell-free DNA, miRNA, and proteomics
approaches are the most common targets. However, these novel biomarkers are still under
study, and we expect future clinical application with reliable validation.

In contrast, there are far fewer studies on urinary biomarkers than on blood-based
biomarkers for GI cancers. We and another group previously reported the usefulness
of urinary protein and miRNA biomarkers in detecting GI cancers [4,7–10]. As urine is
a completely non-invasive sample, urinary biomarker enables screening tests at home.
The advantages of urinary biomarkers with easy access and low cost might improve
screening compliance, which may result in a reduction in GI cancer mortalities.

2. Treatment Biomarker

In terms of treatment biomarkers, since patients have already been diagnosed with
some types of cancers, invasive sampling from tissue, bile, and pancreatic juice is accepted,
which can be generally obtained through close examination. Indeed, some tissue-based
biomarkers have already been applied to clinical practices of GC and CRC. Positive expres-
sion of human epidermal growth factor receptor 2 (HER2) in GC tissues is a predictive
biomarker for anti-HER2 antibody, trastuzumab, in advanced GC [11] as well as HER2-
positive breast cancer.

Tumor RAS mutation representing mutation in exons 2, 3, and 4 of KRAS and NRAS is a
negative predictive biomarker for anti-EGFR antibody therapy against metastatic CRC [12].
Moreover, BRAF inhibitor has been applied for metastatic CRC with BRAF V600E mutation
in tumor tissues [13]. Likewise, immune checkpoint inhibitors have been applied for
metastatic CRC with high microsatellite instability or mismatch-repair deficiency [14,15].
Precision medicine based on these predictive biomarkers contributes to not only better
prognosis and safety but also cost reduction by avoiding unnecessary treatment.

Moreover, liquid biopsy detecting circulating cell-free DNA has been recently applied
as an alternative test to the tissue-based RAS mutation test, which showed a high concor-
dance rate between plasma and tissue-based results [16]. Liquid biopsy, which comprises
body fluid-based biomarkers, has a huge benefit compared to tissue-based biopsy because
it easily enables repeated sampling depending on the systemic physical situation. This ben-
efit is especially useful in monitoring during a specific therapy and follow-up observation
after tumor resection. Since malignant tumors consist of heterogenous cells, the char-
acteristic of dominant cancer cells might be dynamically changed in a time-dependent
manner. Additionally, the microenvironment surrounding tumors also changes dynami-
cally. Since liquid biopsy through circulating body fluid might systemically capture these
dynamic changes, it can be applied for monitoring biomarker beyond treatment biomarker.
In fact, a SignateraTM test detecting custom-built plasma cell-free DNAs could predict
relapse after surgical resection of stage I–III CRC with high sensitivity [17]. Liquid biopsy
is presently in the initial phase, and future development is expected in many fields of GI
cancers for predicting efficacy, adverse events, and recurrence.
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Simple Summary: Early diagnosis is critically important to achieve life-saving therapy for colorectal
cancer (CRC). Since colonoscopy is not suitable as a screening method for CRC due to its invasiveness
and high-cost, reliable and non-invasive diagnostic biomarkers are hopeful for CRC. In this case-
control study, we established completely non-invasive, novel urinary microRNA (miRNA) biomarker
panel combining miR-129-1-3p and miR-566 for the diagnosis of CRC. In the independent age-
and sex-matched three cohorts comprising 415 participants, urinary levels of these miRNAs were
consistently elevated in the CRC group compared to the healthy controls. Notably, the panel of
combining miR-129-1-3p and miR-566 revealed an AUC of 0.845 for stage 0/I CRC that can be treated
with endoscopic resection.

Abstract: Since noninvasive biomarkers as an alternative to invasive colonoscopy to detect colorectal
cancer (CRC) are desired, we conducted this study to determine the urinary biomarker consisting of
microRNAs (miRNAs). In total, 415 age- and sex-matched participants, including 206 patients with
CRC and 209 healthy controls (HCs), were randomly divided into three groups: (1) the discovery
cohort (CRC, n = 3; HC, n = 6); (2) the training cohort (140 pairs); and (3) the validation cohort
(63 pairs). Among 11 urinary miRNAs with aberrant expressions between the two groups, miR-129-1-
3p and miR-566 were significantly independent biomarkers that detect CRC. The panel consisting of
two miRNAs could distinguish patients with CRC from HC participants with an area under the curve
(AUC) = 0.811 in the training cohort. This panel showed good efficacy with an AUC = 0.868 in the
validation cohort. This urinary biomarker combining miR-129-1-3p and miR-566 could detect even
stage 0/I CRC effectively with an AUC = 0.845. Moreover, the expression levels of both miR-129-1-3p
and miR-566 were significantly higher in primary tumor tissues than in adjacent normal tissue. Our
established novel biomarker consisting of urinary miR-129-1-3p and miR-566 enables noninvasive
and early detection of CRC.

Keywords: colorectal cancer; biomarker; urinary miRNA; miR-129-1-3p; miR-566

1. Introduction

Colorectal cancer (CRC) is a frequent cause of cancer deaths worldwide [1]. Because
early-stage CRC is curable by minimally invasive therapy in many cases, early detection
through mass screening is important for reducing mortality. The gold standard for CRC

Cancers 2022, 14, 461. https://doi.org/10.3390/cancers14020461 https://www.mdpi.com/journal/cancers5
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diagnosis is pathological diagnosis using biopsy samples obtained through a colonoscopy
(CS). Although CS screening shows high CRC detection rates and adenomas [2], it has
not been widely applied for screening tests due to its invasiveness and high cost. The
fecal immunochemical test (FIT) has been established as a widely recommended screening
tool to detect CRC [3,4]. However, it has been reported that 20–40% of CRC, especially
stage 0/I CRC, is not detectable by FIT [5–7]. In recent years, the multitarget stool DNA
screening test that detects CRC-related genetic mutations has been developed to detect
CRC [8,9]; however, there is insufficient evidence to warrant its replacement of FIT. In
addition, it is challenging to handle stool samples because of bacterial abundance, odor, and
contamination of food residues. Although serum tumor markers, such as carcinoembryonic
antigen (CEA) and carbohydrate antigen 19-9 (CA19-9), are often used as noninvasive
CRC markers during medical checkups, they are inappropriate as screening tools due to
their low sensitivity, especially for early disease [10–12]. It is thus important to establish a
noninvasive biomarker for the early diagnosis of CRC.

MicroRNAs (miRNAs) are short non-coding RNAs that regulate the expression of
target genes through messenger RNA degradation. Their aberrant expression seems to
be involved in carcinogenesis [13,14]. Because miRNAs form complexes with Argonaute
proteins, some lipids, and microvesicles when transported [15], they are protected from
degradation and considered relatively stable under various storage conditions [16–19].
Therefore, they should act as biomarkers. Although many researchers have reported
diagnostic biomarkers for CRC using serum or plasma miRNAs [20,21], there are no known
biomarkers consisting of urinary miRNAs [22]. Urine is an ideal sample for medical
checkups because of its noninvasiveness, easy handling, and low cost. We have made
a longstanding effort to discover urinary biomarkers and established urinary protein
biomarkers for diagnosing gastric cancer (GC) and CRC [23–26]. Moreover, we have also
identified the urinary miRNA biomarker to detect GC [27] and esophageal cancer (EC) [28].
Based on this background, we conducted this study to establish reliable and noninvasive
urinary miRNA biomarkers for CRC.

2. Materials and Methods

2.1. Patients and Study Design

We studied 522 urine samples from 223 patients with CRC and 299 healthy controls
(HCs). All samples were collected from September 2012 to August 2018 at three Japanese
institutions. We included males and females aged 20–90 years. Patients with CRC (CRC
group) had an existing cancer diagnosis, established by histological and endoscopic find-
ings, and no prior treatment on entry. HCs were recruited from healthy individuals without
any symptoms, and had no neoplasms as confirmed by a medical checkup. Individuals
with previous cancer or other malignancies within the past 5 years were excluded from the
study. There were no criteria for timing of urine collection and for preparation before urine
collection. To ensure the accuracy and comprehensiveness of reporting in this case-control
biomarker study, we complied with both the REMARK guidelines [29] and the STROBE
statement [30]. This study was registered with the University Hospital Medical Information
Network Clinical Trials Registry (UMIN000021350).

2.2. Samples and Definition

Urine samples were collected from each patient with CRC before any treatment
and immediately stored at −80 ◦C until analyzed, as reported previously [23–25,27]. All
patients with CRC were classified based on Tumor Node Metastasis staging and the Union
for International Cancer Control guidelines, version 7 [31].

2.3. miRNA Extraction

The procedure was described in a previous report [27]. Briefly, 200 μL (600 μL
for microarray use) of urine or serum was used for extracting miRNA by miRNeasy
Serum/Plasma Kit (Qiagen, Valencia, CA, USA) according to the manufacturer’s instruc-
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tions. Extraction of miRNAs from formalin-fixed paraffin-embedded (FFPE) tissues was
conducted using the miRNeasy FFPE Kit (Qiagen).

2.4. miRNA Microarray Assay

The miRNA microarray assay was conducted as described in a previous report [27].
Briefly, Cyanine-3 (Cy3) labeled cRNA were synthesized using the miRNA Complete
Labeling and Hyb Kit (Agilent, Santa Clara, CA, USA) according to the manufacturer’s
protocol. Cy3-labeled miRNA specimens were hybridized to the Agilent Human miRNA
Microarrays (G4872A). After overnight for hybridization, microarrays were scanned by
the Agilent DNA Microarray Scanner (G2539A). The obtained images were analyzed with
Feature Extraction Software 11.0.1.1 (Agilent).

2.5. Quantitative Reverse Transcription-Polymerase Chain Reaction (qRT-PCR)

The protocol was also described previously [27]. Briefly, complementary DNA (cDNA)
was prepared from miRNA samples using TaqMan Advanced MicroRNA cDNA Synthesis
Kit (Applied Biosystems, Foster, CA, USA), according to the manufacturer’s instructions.
Quantitative PCRs were conducted in duplicate using the TaqMan Advanced MicroRNA
Assay (Applied Biosystems) and TaqMan Fast Advanced Master Mix (Applied Biosystems)
by 7500 Fast Real-Time PCR system (Applied Biosystems). We calculated cycle threshold
(Ct) values to quantify miRNA expression using the 2−ΔCt method. Internal controls
for normalization in qPCR of urinary miRNA were determined using a global mean
normalization method with the microarray results [32]. Therefore, miR-4669 and miR-6756-
5p were determined to be the internal normalization controls for qPCR of urinary and
serum miRNAs, as shown in the previous study [28]. As the internal normalizer for the
qPCR of miRNA in FFPE tissues, we used RNU6B. The reagents used in qRT-PCR were
listed in Table S1.

2.6. In Silico Analyses

Kaplan–Meier curves showing the relationship between miRNA expression and sur-
vival time of the patients of rectal adenocarcinoma was downloaded from Kaplan–Meier
Plotter (https://kmplot.com/analysis/index.php?p=service&cancer=pancancer_mirna (ac-
cessed on 17 November 2021)).

2.7. Statistical Analyses

Matching between the CRC and HC groups was conducted using a propensity score
(PS) determined by a logistic regression model (age and gender). The two groups were
randomly matched one-to-one using the nearest-neighbor method within a caliper width
of 25% of the standard deviation of the PS logit.

The Mann–Whitney U test, Student’s t-test (for serum creatinine values), and chi-
squared test were used for detection of the significant differences as appropriate. We
evaluated correlation using Spearman’s rank method with a coefficient (r). Receiver oper-
ating characteristic (ROC) curve analysis was used to calculate the area under the curve
(AUC) for each biomarker, and the AUC value with a 95% confidence interval (CI) was
shown as the representative value. Logistic regression modeling was used to estimate the
odds ratio (OR) with 95% CI and construct a formula for scoring, which, in turn, was used
to draw the ROC curve to compute the AUC for the combination biomarker. Instead of the
actual measured values, the Z score’s adjusted values were used to calculate OR. Statistical
analyses were carried out using R software (https://www.R-project.org/, (accessed on 17
November 2021)) or IBM SPSS statistics, version 25 (IBM Corp., Tokyo, Japan), respectively.
All p values were two-sided, and those <0.05 were considered statistically significant.
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3. Results

3.1. Participants

The study flowchart is shown in Figure 1. Among 522 participants comprising 223 pa-
tients with CRC and 299 HC subjects, 415 age- and sex-matched participants were enrolled
in the study (206 patients from the CRC group and 209 participants from the HC group).
Afterward, this cohort was randomly divided into three groups, with nine participants
(three patients from CRC group and six participants from HC group) in the discovery
cohort, 280 participants (140 pairs) in the training cohort, and 126 participants (63 pairs)
in the validation cohort. There were no significant differences for all factors between the
two groups. About two-thirds of CRC group had sigmoid or rectal cancer, and 66 patients
(32.0%) with CRC had stage 0 or I CRC (Table 1).

 

Figure 1. Study profile. HC, healthy control; CRC, colorectal cancer; qPCR, quantitative polymerase
chain reaction.

Table 1. Patient characteristics.

Item
HC CRC p Value

(n = 209) (n = 206)

Age (years) Median
(IQR) 69 (63–74) 69.5 (63–75) 0.275

Gender, n Male 123 117 0.672
Female 86 89

Serum Cr (mg/dL) Mean ± SD 0.78 ± 0.18 0.77 ± 0.26 0.787
Histological grade, n, % well to mod 189 (91.7)

por 17 (8.3)
Location, n, % Cecum 20 (9.7)

Ascending 29 (14.1)
Transverse 22 (10.7)
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Table 1. Cont.

Item
HC CRC p Value

(n = 209) (n = 206)

Descending 8 (3.9)
Sigmoid 54 (26.2)
Rectum 73 (35.4)

Stage, n, % 0 22 (10.7)
I 44 (21.4)
II 44 (21.4)
III 48 (23.3)
IV 48 (23.3)

HC, healthy control; CRC, colorectal cancer; IQR, interquartile range; Cr, creatinine; SD, standard deviation; well
to mod, well to moderately differentiated adenocarcinoma; por, poorly differentiated adenocarcinoma.

3.2. Urinary miRNA Difference between HC and CRC Groups

First, to detect differences in urinary miRNAs between the HC and CRC groups
comprehensively, we conducted an miRNA microarray analysis in the discovery cohort
(HC = 6 vs. CRC = 3). Eleven urinary miRNAs showed significantly aberrant expressions
between the HC and CRC groups (Figure S1).

3.3. Development of Urinary miRNA Biomarker

Among 11 candidate miRNAs identified through microarray analysis, eight miRNAs
revealed unstable urine sample expression. Consequently, we quantitated three miRNAs
using qRT-PCR in the next training cohort.

Univariate analysis showed that urinary expression levels of miR-129-1-3p, miR-566,
and miR-598-5p were significantly higher in the CRC group than in the HC group (p < 0.001).
Moreover, multivariate analysis revealed that urinary levels of miR-129-1-3p (OR: 5.59
[95% CI, 2.82–11.10]; p < 0.001) and miR-566 (OR: 1.64 [95% CI, 1.09–2.45]; p = 0.017) were
also independent biomarkers for the diagnosis of CRC (Table 2). Based on these results,
we established a diagnostic biomarker panel of CRC consisting of urinary miR-129-1-3p
and miR-566 using a logistic regression model. This urinary miRNA biomarker panel
showed satisfactory power to distinguish patients with CRC from HC participants with an
AUC = 0.811 (95% CI, 0.762–0.861), which was higher than that of either miR-129-1-3p or
miR-566 alone (Figure 2A). When the cut-off point was determined at the Youden index,
this logistic regression model showed good efficacy, with 80.7% sensitivity, 70.7% specificity,
and 75.7% accuracy for detecting CRC.

Table 2. Urinary miRNA expression in the training phase.

Variable

2−ΔCt (Median, IQR)
Univariate Multivariate
Analysis Analysis

HC CRC
p Value

Odds Ratio
(95% CI)

p Value
(n = 140) (n = 140)

miR-129-1-3p 0.00054 0.00150
<0.001 5.59 (2.82–11.10) <0.001(0.00019–0.00101) (0.00082–0.00326)

miR-566
0.050 0.184

<0.001 1.64 (1.09–2.45) 0.017(0.029–0.163) (0.071–0.438)

miR-598-5p 0.122 0.273
<0.001(0.070–0.266) (0.130–0.402)

IQR, interquartile range; 95% CI, confidence interval.
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(A) (B) 

Figure 2. Receiver operating characteristics curves. (A) Training cohort. (B) Validation cohort. AUC,
area under the curve; 95% CI, 95% confidence interval.

3.4. Validation of Urinary miRNA Biomarker

Further validation of this diagnostic biomarker panel was performed in an indepen-
dent cohort (the validation cohort) to ensure extrapolation. Urinary expression levels of
both miR-129-1-3p and miR-566 were significantly higher in the CRC group than in the
HC group (p < 0.001). These results were consistent with findings in the training cohort
(Table 3). The combination biomarker panel also showed a good AUC = 0.868 (95% CI,
0.806–0.931) with 88.9% sensitivity, 76.2% specificity, and 82.5% accuracy in the validation
cohort (Figure 2B).

Table 3. Urinary miRNA biomarker in the validation cohort.

Variable

2−ΔCt (Median, IQR)
Univariate Multivariate
Analysis Analysis

HC CRC
p Value

Odds Ratio
(95% CI)

p Value
(n = 63) (n = 63)

miR-129-1-3p 0.00025 0.00141
<0.001 5.03 (1.99–12.70) <0.001(0.00015–0.00079) (0.00095–0.00218)

miR-566
0.040 0.222

<0.001 2.99 (1.13–7.89) 0.027(0.017–0.105) (0.100–0.526)

IQR, interquartile range; 95% CI, confidence interval.

Since background factors may affect urinary miRNA expression, we investigated
the relationship between urinary levels of these miRNAs and clinical parameters (age,
gender, degree of differentiation, and serum creatinine level). Although age, degree of
differentiation, and serum creatinine level were not correlated with the expression of
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urinary miRNAs, both urinary miRNAs were significantly higher in female than in male
(Figure S2A). However, gender was not significant upon the multivariate analysis, and our
established urinary miRNA biomarker panel showed good efficacy in both the male and
female cohorts with an AUC = 0.882 (95% CI, 0.839–0.925) and 0.773 (95% CI, 0.703–0.843),
respectively (Figure S2B).

Next, we investigated the diagnostic ability for early-stage CRC. In a comparison
between HC participants and patients with early-stage CRC, both urinary miR-129-1-3p
and miR-566 showed significantly higher levels in the stage 0/I CRC group than in the
HC group (p < 0.001) (Figure 3A). This urinary miRNA biomarker panel also showed
excellent power to distinguish patients with stage 0/I CRC from HC participants with
an AUC = 0.845 (95% CI, 0.798–0.893) (Figure 3B). Conversely, expression levels of both
miR-129-1-3p and miR-566 in urine did not correlate to the disease stage (Figure S3). In
Kaplan–Meier curves based on the Kaplan–Meier Plotter, both miR-129 (logrank p = 0.37)
and miR-566 (logrank p = 0.21) had no correlation with overall survival of the patients with
rectal adenocarcinoma. Regardless of disease stage, this urinary biomarker was superior to
currently used tumor markers (serum CEA and CA19-9) (Figure S4). Of note, this urinary
combination biomarker panel showed 82.8% sensitivity for stage 0/I CRC, whereas both
serum CEA and CA19-9 showed only 11.1% sensitivity for stage 0/I CRC. These results
suggest that our established urinary biomarker panel is a useful noninvasive screening tool
for the early detection of CRC.

 
 

(A) (B) 

Figure 3. Urinary miRNA biomarker in stage 0/I CRC. (A) Boxplots. (B) Receiver operating char-
acteristics curves. HC, healthy control; CRC, colorectal cancer; IQR, interquartile range; AUC, area
under the curve; 95% CI, 95% confidence interval.

In addition, regardless of the degree of differentiation, these urinary miRNA biomark-
ers showed significantly higher expression levels in the CRC group than in the HC group
(Table S2).

3.5. Analysis Using Serum and Tissue Samples

Next, we analyzed serum levels of miR-129-1-3p and miR-566, but no significant
correlations were found between urine and serum levels. Nevertheless, serum miR-566
showed a significantly higher expression level in the CRC group than in the HC group, and
serum miR-129-1-3p showed the same tendency (Table S3). Because it is unclear whether
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urinary miR-129-1-3p and miR-566 are derived from CRC tissues, we also measured the
expression levels of these miRNAs in tissue samples. Interestingly, expression levels of
both miR-129-1-3p and miR-566 were significantly higher in the primary tumor tissues than
in the adjacent normal tissues (Figure S5). Table S4 shows the characteristics of patients
with CRC for tissue miRNA analysis.

4. Discussion

This large sample study, including three independent cohorts, clearly showed that
the urinary biomarker panel combining miR-129-1-3p and miR-566 is a novel diagnostic
noninvasive biomarker to detect CRC, even at an early stage. While the sensitivity of
FIT for detecting advanced adenoma (i.e., stage 0 CRC) was reportedly 11–56% [5–7], our
urinary biomarker showed good sensitivity of 82.8% for detecting stage 0/I CRC patients.
Although we cannot simply compare the two methods, our established urinary miRNA
biomarker might overcome FIT in point of early detection of CRC.

Urine is an ideal sample for mass screening because of its easy handling and collection.
Previous studies have reported the usefulness of urinary methylated or mutated genes for
CRC detection [22]; however, additional investigation is needed because of low sensitivity
and lack of information for early detection. Moreover, such genetic markers may not be
able to pass through the glomerulus because of their high molecular weight [33]. Because
miRNAs are small molecules consisting of 20–25 nucleotides, miRNAs have an advantage
as urinary biomarker targets. Indeed, miR-129-1-3p and miR-566 expression levels were also
elevated in both serum and tissue samples in this study, suggesting that the overexpression
of these miRNAs in CRC tissues would be secreted into the serum and finally excreted into
the urine. These results were consistent with our previously identified urinary miRNA
biomarkers for GC and EC [27,28]. No direct correlations were found for the two urinary
miRNAs between urine and serum levels. Similarly, the previous study reported different
miRNA profiles between plasma and other fluids [34]. We also showed different signatures
between serum and urinary miRNAs in the previous biomarker study of EC [28]. These
results have suggested that serum miRNAs might be susceptible to other abundant factors
in serum, and the present miRNA urinary biomarkers revealed ideal performance of
predictability for the presence of CRC in urine through the selective filtering process.

There are several reports using serum/plasma and fecal miRNAs to detect CRC. One
study showed that the expression level of serum miR-1290 is increased in patients with
CRC and distinguished patients with CRC efficiently [21]. Another study indicated that
the diagnostic panel consisting of fecal miR-421, miR-27a-3p, and hemoglobin showed
better efficacy than hemoglobin alone [35]. However, there are no known reports of urinary
miRNA biomarkers to detect patients with CRC. Because urine contains only small amounts
of miRNA compared with serum/plasma and feces, it would appear to be difficult to detect
the small difference in urinary miRNA expression. However, it is also a strong advantage
that urine contains very few substances such as bacteria and protein that cause some
expression analysis noises. In addition, urinary miRNAs seem stable under various storage
conditions [17,36].

miR-129 family members are generally considered tumor suppressors with decreased
expression in various cancers, which often refers to miR-129-5p [37–39]. In terms of miR-
129-1-3p, its downregulation was associated with tumor progression via the c-Src pathway
in CRC cells and tissues [40], in opposition to our results. Another study indicated that
miR-129-1-3p promoted cell proliferation via programmed cell death in GC cells [41]. In our
study, miR-129-1-3p was overexpressed in CRC tissues, but its inhibition did not affect cell
proliferation and migration (data not shown). Although the function of miR-129-1-3p as
related to CRC is controversial, overexpressed miR-129-1-3p may be a result accompanied
with carcinogenesis and not a key oncogenic driver.

miR-566 stimulates epidermal growth factor receptor pathway via von Hippel–Lindau
disease [42]. In addition, another study reported the oncogenic behavior of miR-566 in
renal cell carcinoma (RCC) and upregulated expression in RCC tissues and cells [43].
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These conclusions support our findings that miR-566 was upregulated in CRC tissues.
Conversely, other studies showed that reduced expression of miR-566 was correlated to
CRC development [44] and was involved in epithelial–mesenchymal transition (EMT)
driven by Alu RNA [45]. Our study showed the urinary level of miR-566 was elevated even
in the patients with early-stage CRC, which is generally unrelated to EMT, suggesting that
miR-566 may be involved in the carcinogenesis of CRC in complicated ways.

This study has two limitations. First, the oncogenic function of miR-129-1-3p and
miR-566 in CRC remains unknown. However, the significant results reported here were
consistent among the three independent cohorts. Furthermore, our established urinary
miRNA biomarker could efficiently detect stage 0/I CRC, which was a major advantage
for developing a mass screening tool. Notably, this urinary miRNA biomarker could show
a much higher detection rate than the serum tumor markers currently used. Although
additional basic studies are also needed to clarify these miRNAs’ mechanism as related
to CRC, we think that our urinary miRNA biomarker could be the next-generation CRC
screening test. Second, we need to set an optimal cut-off value for the future clinical use.
A prospective study is essential to validate the efficacy of this urinary biomarker and set
a cut-off with well-balanced sensitivity and false positive rate. We are thus planning the
prospective cohort study for the future clinical application.

5. Conclusions

In conclusion, a novel urinary biomarker consisting of miR-129-1-3p and miR-566 has
made it possible for the early detection of CRC in a completely noninvasive manner.
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with well to poorly differentiated CRC, Table S3: Expression of miR-129-1-3p and miR-566 in serum
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Simple Summary: Hepatocellular carcinoma (HCC) is the third most commonly diagnosed cancer in
the world, and surgical resection is the commonly used curative management of early-stage disease.
However, the recurrence rate is high after resection, and liver fibrosis has been thought to increase
the risk of recurrence. Conventional histological staging of fibrosis is highly subjective to observer
variations. To overcome this limitation, we used a fully quantitative fibrosis assessment tool, qFibrosis
(utilizing second harmonic generation and two-photon excitation fluorescence microscopy), with
multi-dimensional artificial intelligence analysis to establish a fully-quantitative, accurate fibrotic
score called a “combined index”, which can predict early recurrence of HCC after curative intent
resection. Therefore, we can pay more attention on the patients with high risk of early recurrence.

Abstract: Background: Liver fibrosis is thought to be associated with early recurrence of hepatocel-
lular carcinoma (HCC) after resection. To recognize HCC patients with higher risk of early recur-
rence, we used a second harmonic generation and two-photon excitation fluorescence (SHG/TPEF)
microscopy to create a fully quantitative fibrosis score which is able to predict early recurrence.
Methods: The study included 81 HCC patients receiving curative intent hepatectomy. Detailed
fibrotic features of resected hepatic tissues were obtained by SHG/TPEF microscopy, and we used
multi-dimensional artificial intelligence analysis to create a recurrence prediction model “combined
index” according to the morphological collagen features of each patient’s non-tumor hepatic tis-
sues. Results: Our results showed that the “combined index” can better predict early recurrence
(area under the curve = 0.917, sensitivity = 81.8%, specificity = 90.5%), compared to alpha fetoprotein
level (area under the curve = 0.595, sensitivity = 68.2%, specificity = 47.6%). Using a Cox propor-
tional hazards analysis, a higher “combined index” is also a poor prognostic factor of disease-free
survival and overall survival. Conclusions: By integrating multi-dimensional artificial intelligence
and SHG/TPEF microscopy, we may locate patients with a higher risk of recurrence, follow these
patients more carefully, and conduct further management if needed.

Keywords: liver fibrosis; hepatocellular carcinoma; recurrence; SHG/TPEF microscopy; artificial
intelligence
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1. Introduction

Hepatocellular carcinoma (HCC) is the fourth most common cause of cancer deaths
around the world [1]. It is also the fifth most commonly diagnosed cancer and is the second
most common cause of cancer deaths in Taiwan [2]. The majority of HCC (75–80%) cases
are attributable to persistent viral infections with the hepatitis B virus (HBV) (50–65%)
and hepatitis C virus (HCV) (10–15%) in Taiwan [3]. Carcinogenesis of HCC is a very
complex multi-factor process, including viral or non-viral causes such as alcoholic hepatitis
and nonalcoholic steatohepatitis (NASH) [4]. Chronic hepatitis infection causes liver
inflammation and damage, subsequent fibrosis, and liver regeneration that may lead
to malignant transformation of the liver [5]. In early-stage HCC, potentially curative
treatments are available. They include surgical resection, percutaneous ablation, and liver
transplantation. Percutaneous ablation and liver transplantation can only be applied in
carefully selected patients depending on the patient’s tumor status and general condition
as well donor availability. Therefore, surgical resection is the most commonly used curative
management of HCC. However, the recurrence rate is high after resection, especially within
the first two years [6]. About 50% to 90% of postoperative deaths after curative resection are
a result of recurrence of the disease, and intrahepatic recurrence accounts for the majority
of cases. Liver fibrosis has been thought to increase the risk of intrahepatic recurrence after
hepatectomy in the case of HCC [7].

Conventional histological staging of fibrosis, such as the Ishak fibrotic score, is highly
subjective and prone to sampling error and observer variations. Second harmonic genera-
tion and two-photon microscopy was first used as a comprehensive, morphology-based,
quantified method for scoring liver fibrosis [8–10]. qFibrosis uses a system of second
harmonic generation plus two-photon excitation fluorescence (SHG/TPEF) microscopy
to image tissue samples and establish an index by (i) identification of different collagen
patterns, (ii) extraction of collagen architectural features, and (iii) statistical analysis of
features of the respective collagen patterns. qFibrosis scoring has been analyzed employing
Metavir and Ishak fibrosis staging as standard references and has been established as
a fully-quantitative, innovative method incorporating histological features to facilitate
accurate fibrosis scoring in animal models and chronic hepatitis B patients [11]. Besides
this, it was also applied to quantitatively identify subtle changes of liver fibrosis in chronic
hepatitis B patients following antiviral therapy as well as to accurately assess fibrosis in
non-alcoholic fatty liver disease patients in more recent studies [12–14]. Therefore, this
study involves the use of this more accurate fibrosis scoring method to evaluate the fibrotic
status of the hepatic tissue of patients with HCC after hepatectomy.

The application of qFibrosis is intended enable the prediction of early recurrence
after curative intent hepatectomy according to the fibrotic features of hepatic tissue. Thus,
patients identified as high-risk for early recurrence can be followed more carefully in
shorter intervals following hepatectomy. In this study, we generated a “combined index”
using multi-dimensional artificial intelligence analysis of qFibrosis with the features of
fibrosis from 81 patients receiving partial hepatectomy. When the combined index is larger
than 0.501, early recurrence is more likely.

2. Materials and Methods

2.1. Study Population

Adult patients who were diagnosed and staged by liver tumor biopsy, abdomen
triphasic computed tomography (CT), and alpha fetoprotein (AFP) as resectable HCC with
known HBV or HCV infection and planning to have curative intent surgical resection
were enrolled in this study. Patients with co-infection of HBV and HCV, inadequate tissue
samples or history of other malignancy within 2 years prior to screening were excluded
(detailed inclusion and exclusion criteria as Table S1). These patients receive regular follow-
up with abdomen triphasic CT after surgery. Informed consent regarding use of tissue
samples, clinical data, and medical records for this research was obtained from all enrolled
patients. The clinical and pathological staging used in this study was The American Joint
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Committee on Cancer (AJCC) 7th edition. All experimental protocols and study methods
conformed to the ethical guidelines of the Declaration of Helsinki and were approved by
the Institutional Review Board of Human Research at National Cheng Kung University
Hospital and Chi Mei Medical Center.

2.2. Image Acquisition System

Images were acquired on unstained sections of non-tumor liver samples, using a
Genesis (HistoIndex Pte. Ltd, Singapore) system, in which second harmonic generation
(SHG) microscopy was used to visualize collagen, and the other cell structures were
visualized using two-photon excited fluorescence (TPEF) microscopy.

The samples were laser-excited at 780 nm; SHG signals were recorded at 390 nm,
and TPEF signals were recorded at 550 nm. Image acquisition was performed at a 20×
magnification for each 200 × 200 μm2 image. Multiple adjacent images were captured to
encompass large areas. To cover most of the sample areas, 10 five-by-five multi-tile images
were acquired for each human sample, with a final image size of 10 mm2 (10 × 1 × 1 mm).

2.3. Image Quantification

Total collagen percentages and other collagen features, including specific collagen
strings and collagen connectivity-related measurements, were used to predict early recur-
rence (disease free (DF) < 1 year) and late recurrence (DF ≥ 1 years) post operation HCC.

A total of 100 morphological features were initially used in this study. Collagen in the
overall region was classified into three specific areas: portal collagen (portal expansion),
septal collagen (bridging fibrosis), and fibrillar collagen (fine collagen distributed in the
pericellular/perisinusoidal space) [11]. Furthermore, in addition to the total measures,
collagen was also measured in two different patterns, namely, distributed collagen (fine
collagen) and aggregated collagen (large patches). For each pattern in these specific regions
(portal, septal, and fibrillar), collagen strings were categorized into short strings, long
strings, thin strings, and thick strings according to string length and width (Figure 1a,b).
Based on the 100 collagen morphological features, another 76 relativistic features were con-
structed. Each relativistic feature was the ratio of two morphological features, such as the
ratio of the number of short strings to the number of long strings (NoShortStr/NoLongStr)
and the ratio of aggregated collagen to distributed collagen (AGG/DIS). Thus, total 176 fea-
tures were used for model construction (Figure 2a).

 

Figure 1. Schematic illustration of the studied collagen features for the prediction of early recurrence. (a) Representation of
collagen in portal, septal, and fibrillar regions, which are denoted in blue, green, and red, respectively. (b) Representation of
some features of collagen strings.
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Figure 2. Flowchart of model construction. (a) Total 100 morphological features were detected from portal, septal, fibrillar,
and overlap regions. Another 76 relativistic features were constructed based on the morphological features. (b) The method
of portal index is for example. Sequential feature selection method was performed to reduce the dimensionality of data by
selecting only a subset of collagen features. A total of 11 features were selected to build the model using multivariable linear
regression method. To validate the prediction model, leave-one-out cross-validation method was used. The methods for
septa index, fibrillar index, overlap index, and combined index are similar. For combined index, a total of 18 features were
selected from 176 features to build the model.

2.4. Model Construction

To predict early recurrence in patients with hepatocellular carcinoma after curative
hepatectomy, a prediction model was developed based on the quantified collagen features.

Firstly, each feature was normalized to a value between 0–1 according to its maximum
and minimum values. Secondly, feature selection was performed to reduce the dimension-
ality of data by selecting only a subset of collagen features. A common method of feature
selection, named sequential feature selection was used in this study [15]. In the procedure
of sequential feature selection, a linear regression model was used whereby the criterion
was the residual sum of squares and the search algorithm was sequential forward selection.
In total, 64 cases with HBV or HCV but no NASH were used to find the most significant
collagen features related with early recurrence.

Next, a model was trained to predict early recurrence in patients with hepatocellular
carcinoma after curative hepatectomy using a “combined index”, which was constructed
from the previously mentioned 64 cases with multivariable linear regression method. To
validate the prediction model, leave-one-out cross-validation method was used [16,17].
Briefly, one sample is randomly retained as the validation data while the remaining 63 cases
are used as training data to construct the model. The performance of the prediction model is
then tested on the single validation case. The cross-validation process is repeated 64 times,
with a different case left out each time. The data of combined index for statistical analysis
in the study, in the absence of special note was the prediction values by leave-one-out
cross-validation method.
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Thus, for each HCC patient after hepatectomy, a combined index can be calculated
on the SHG/TPEF image using the recurrence prediction model (Figure 2b). This feature
indicates that a higher value of the combined index correlates with early recurrence.

2.5. Statistical Analysis

The two-tailed Wilcoxon rank-sum test was performed to estimate the statistical
differences of combined index between early and late recurrence. To assess the predictive
effect, a receiver operating characteristic curve analysis was used to estimate the area
under the curve. Disease-free curves were calculated using the Kaplan–Meier method, and
distributions were compared using the log-rank test. Disease-specific overall survival was
calculated from the date of diagnosis until disease-caused death or the end of follow-up.
A univariate COX regression analysis was used to assess the association between each
variable and survival/recurrence. A Cox proportional hazards model was used in the
multivariate analyses and was also used to estimate Hazard Ratios (HRs) and their 95%
confidence intervals (CIs).

3. Results

3.1. Patient Enrollment and Characteristics

A total of 97 patients who had received curative hepatectomy for HCC from June
2007 to January 2013 at National Cheng Kung University Hospital and Chi Mei Medical
Center were screened. Among 97 patients, 81 patients were finally enrolled, and 16 patients
were excluded due to co-infection of HBV and HCV, incomplete patient data, inadequate
qFibrosis image or inevaluable NASH status. These 81 patients were further separated into
2 groups, 64 patients without NASH and 17 patients with NASH features (Figure A1). The
characteristics of the 81 patients studied are summarized in Table A1.

Most of the enrolled patients in this study were treatment naïve. In the non-NASH
group, local treatment such as transarterial embolization (TAE), radiofrequency ablation
(RFA) or partial hepatectomy were performed previously in 5 patients; TAE and RFA were
done in 2 patients in the NASH group. No patients received systemic treatment before
enrollment. After recurrence, 16 ptients received RFA, 16 patients received transcatheter
arterial chemoembolization (TACE)/TAE, 10 patients had medical treatment, 8 patients
received surgical intervention, 8 patients had radiotherapy, 2 patients received hepatic
arterial infusion chemotherapy, and 2 patients received percutaneous ethanol injection.

3.2. Features for Constructing the Combined Index

qFibrosis is a powerful automated computer-aided image system intended to assess
patterns of collagen and quantify liver fibrosis. We used this new technology to evaluate
the fibrotic status of hepatic tissue removed from the enrolled patients. To predict early
recurrence of viral infection related to HCC after a hepatectomy, a “combined index” was
calculated using qFibrosis with the tissue sample for the 64 non-NASH patients. The
acquired SHG/TPEF images of liver sections were processed and the combined index
was obtained.

The model construction process selected 18 features to construct the prediction model
and compute the combined index. Of the 18 features, 9 were in the 100 features and other
9 features were the relativistic features. The coefficients of features for the linear model
were estimated based on the 64 samples (Table 1).
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Table 1. The list of estimated coefficients of 18 selected features for constructing the combined index
of the HBV or HCV patients without NASH.

No. Features Estimated Coefficients Region

0 Intercept 3.838 -
1 SHG 4.300 Overlap
2 StrOrientation 1.280 Overlap
3 StrAreaPA −2.413 Portal
4 StrAreaPD −1.269 Portal
5 NoThickStrS 3.182 Septal
6 NoThinStrSA −2.486 Septal
7 Fibrillar −2.591 Fibrillar
8 NoThickStrF −1.889 Fibrillar
9 NoThickStrFA 1.735 Fibrillar
10 NoShortStr/NoLongStr −3.733 Overlap/Overlap
11 StrLengthP/StrWidthP −0.859 Portal/Portal
12 NoThickStrPD/NoStrPD −0.771 Portal/Portal
13 NoThinStrPD/NoThickStrPD −0.599 Portal/Portal
14 SeptalAGG/Septal −1.782 Septal/Septal
15 StrLengthSD/StrWidthSD −0.761 Fibrillar/Fibrillar
16 NoThinStrFA/NoThickStrFA 0.957 Fibrillar/Fibrillar
17 NoThickStrFD/NoStrFD −0.443 Fibrillar/Fibrillar
18 StrLengthFD/StrWidthFD 1.067 Fibrillar/Fibrillar

3.3. Using the Combined Index of qFibrosis to Predict Early Recurrence of HCC

We employed qFibrosis to evaluate the fibrotic status of the hepatic tissue from patients
with HCC, and the architectural features of the studied collagen were separated into 3
regions: portal, septal, and fibrillar, as illustrated in Figure 1a. In Figure 3, we show the
results of hematoxylin and eosin (H&E) staining, Masson staining, and SHG/TPEF images
in the HCC liver samples with early and late recurrence. The detailed different collagen
regions and part of the modal features used for the combined index were shown in Figure 4.
Although the Ishak scale scores were the same (Ishak both = 2 in Figure 4a; both = 6 in
Figure 4b), the combined index can be used to tell the difference in the fibrotic status, which
may predict early and late recurrence (combined index = 0.564 and 0.121 in Figure 4a;
=0.963 and 0.267 in Figure 4b). These results indicate that the combined index was better
able to distinguish the fibrotic status compared to the conventional Ishak scale. From
the training data, we found that a combined index cut-off value of 0.501 was useful to
differentiate early recurrence (<1 year; combined index > 0.501) from late or no recurrence
(≥1 year; combined index ≤ 0.501) (Figure 5a), where the receiver operator characteristic
(ROC) curves for the prediction of early recurrence versus late or no recurrence was 0.986
(AUC = 0.986, Figure 5b). The validation confirmed that the combined index showed high
performance (AUC = 0.917, Figure 5c,d).

We also applied the combined index in other 17 patients having HCC with NASH
features, and the result suggested that it is a poor predictor for early recurrence in these
NASH patients (AUC = 0.336, Table A2 and Figure A2). On the other hand, the current
model showed promising performance in the 28 cirrhotic patients (AUC = 0.947, Figure A3).
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Figure 3. H&E staining, Masson staining, and SHG/TPEF images in the HCC liver samples. (a) Ishak
score = 2, disease free (DF) < 1 year and > 1 year. (b) Ishak score = 6, DF <1 year and >1 year.

 

Figure 4. Examples of different collagen regions. (a) Ishak score = 2, disease free (DF) < 1 year and > 1 year.
(b) Ishak score = 6, DF < 1 year and > 1 year. Overlap region includes three collagen patterns (portal/septal/fibrillar).
Model features shows two collagen features including aggregated (purple color) and distributed (blue-green color) collagen
in septal region used was for the combined index, which is to predict early recurrence in patients with hepatocellular
carcinoma after curative hepatectomy.
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Figure 5. ROC curves for the prediction of early recurrence versus late recurrence for the HBV or
HCV patients without NASH. (a) A combined index cut-off value of 0.501 is capable of differentiating
between early and late recurrence in the training group. (b) ROC curve for combined index showed
great predictive value of early recurrence (AUC = 0.986) in the training group. (c) The predicted
combined index values for 64 patients were calculated by leave-one-out cross-validation method.
(d) ROC curve for the combined index predicted by leave-one-out cross-validation method showed
great predictive value of early recurrence (AUC = 0.917). Note: The red plus sign represents outlier.

3.3.1. Combined Index Is a Better Predictor of Early Recurrence than Alpha Fetoprotein

Previous studies reported that HCC patients with high-level serum AFP (>20 ng/mL)
had higher postoperative 2-year recurrence rates and lower 24-month survival rates [18,19].
Compared to elevated alpha fetoprotein (AFP >20 ng/mL), the high combined index
(>0.501) showed better predictive value for early recurrence, including AUC (0.917 vs. 0.595),
sensitivity (81.8% vs. 68.2), specificity (90.5% vs. 47.6%), false positive rate (9.5% vs. 52.4%),
and false negative rate (18.2% vs. 31.8%), as shown in Table A3. Disease-free probability
was lower in the high-risk group (combined index >0.501, n = 22) than in the low-risk
group (combined index ≤ 0.501, n = 42), and the p value was 0.035 (Figure 6). In addition,
the correlation of the AFP level and combined index was low in patients after hepatectomy
using a Pearson’s analysis (Figure A4).

In the univariate analysis, vascular invasion (yes vs. no, p = 0.021), tumor size
(>5 vs. ≤5 cm, p = 0.005), pathological stage (III/IV vs. I/II, p = 0.029), clinical stage
(III/IV vs. I/II, p = 0.005), and the combined index (>0.501 vs. ≤0.501, p < 0.001) seemed to
predict poor survival (Table 2).
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Figure 6. Disease-free probability analysis for HCC patients. A significant difference was noted
between the high-risk group (combined-index > 0.501) and low risk group (combined-index ≤0.501)
(n = 22 and 42, p < 0.001).

Table 2. Univariate Analysis of Variables Potentially Predictive of Survival in HCC.

Variable Number of Patients
Death

p-Value
Number Percent

Gender 0.126
Male 47 21 44.7

Female 17 4 23.5

Groups 0.703
HBV + cirrhosis 20 7 35.0

HBV 31 13 41.9
HCV+cirrhosis 8 4 50.0

HCV 5 1 20.0

Liver cirrhosis 0.974
No 36 14 38.9
Yes 28 11 39.3

Histologic grade 0.431
Well 6 1 16.7

Moderate 50 20 40.0
Poor 8 4 50.0

Vascular invasion 0.021 *
No 37 10 27.0
Yes 27 15 55.6

Tumor size (cm) 0.005 *
≤5 37 9 24.3
> 5 27 16 59.3

AFP (ng/mL) 0.066
≤20 27 7 25.9
>20 37 18 48.6

Pathological Stage 0.029 *
Stage I, II 54 18 33.3

Stage III, IV 10 7 70.0

Clinical Stage 0.005 *
Stage I, II 50 15 30.0

Stage III, IV 14 10 71.4

Combined Index <0.001 *
≤0.501 42 9 21.4
>0.501 22 16 72.7

* p < 0.05.
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Using a Cox proportional hazards analysis, we found the combined index (high risk
vs. low risk; HR: 3.821, 95% C.I.: 1.596–9.153, p = 0.003) and Model for End-Stage Liver
Disease (MELD) score (≥10 vs. ≤9; HR: 4.167, 95% C.I.: 1.173–14.803, p = 0.027) to be
poor prognostic factors of disease-free survival. We also found the combined index (high
risk vs. low risk; HR: 4.509, 95% C.I.: 1.366–12.058, p = 0.012), AFP (>20 vs. ≤ 20; HR:
4.639, 95% C.I.: 1.358–15.84, p = 0.014), MELD score (≥10 vs. ≤9; HR: 7.628, 95% C.I.:
1.393–41.757, p = 0.019) and Clinical Stage (III/IV vs. I/II; HR: 4.285, 95% C.I.: 1.160–15.825,
p = 0.029) to be poor prognostic factors of overall survival (Table 3). According to these
data, we conclude that the combined index has better predictive value of early recurrence
as compared to the AFP.

Table 3. Cox Proportional Hazards Analysis of Prognostic Parameters in HCC.

Factors
Multivariate

HR 95%CI p-Value

Disease-free survival
Gender (Female vs. Male) 0.804 0.352 1.838 0.605

Liver cirrhosis (Yes vs. No) 1.344 0.660 2.735 0.415
Histologic grade (Moderate vs. Well) 0.815 0.260 2.554 0.725

Histologic grade (Poor vs. Well) 1.361 0.324 5.709 0.674
Vascular invasion (Yes vs. No) 0.635 0.265 1.518 0.307

Tumor size (>5 vs. ≤5) 1.546 0.688 3.476 0.291
AFP (>20 vs. ≤20) 1.510 0.651 3.501 0.337

Pathological Stage (III/IV vs. I/II) 1.960 0.692 5.547 0.205
Clinical Stage (III/IV vs. I/II) 2.029 0.816 5.047 0.128

MELD score (≥10 vs. ≤9) 4.167 1.173 14.803 0.027 *
BCLC Stage (B/C vs. 0/A) 1.444 0.601 3.466 0.411

Combined Index (High risk vs. Low risk) 3.821 1.596 9.153 0.003 *

Overall survival
Gender (Female vs. Male) 0.330 0.092 1.176 0.087

Liver cirrhosis (Yes vs. No) 1.517 0.580 3.970 0.395
Histologic grade (Moderate vs. Well) 1.998 0.168 23.790 0.584

Histologic grade (Poor vs. Well ) 3.534 0.218 57.208 0.374
Vascular invasion (Yes vs. No) 2.137 0.728 6.277 0.167

Tumor size (>5 vs. ≤5) 1.467 0.470 4.584 0.509
AFP (>20 vs. ≤20) 4.639 1.358 15.840 0.014 *

Pathological Stage (III/IV vs. I/II) 0.396 0.110 1.425 0.156
Clinical Stage (III/IV vs. I/II) 4.285 1.160 15.825 0.029 *

MELD score (≥10 vs. ≤9) 7.628 1.393 41.757 0.019 *
BCLC Stage (B/C vs. 0/A) 1.061 0.367 3.069 0.913

Combined Index (High risk vs. Low risk) 4.059 1.366 12.058 0.012 *

* p < 0.05.

3.3.2. The Combined Index Significantly Predicts Early Recurrence as Compared to Other
Regions and Features of Fibrosis

To further investigate the correlation with early recurrence, we evaluated fibrotic
features in different regions of non-tumor hepatic tissue using qFibrosis. In overlap,
portal, septal, and fibrillar regions, 8, 11, 11, and 13 features were selected, respectively
(Tables S2–S5). The results of the leave-one-out cross-validation method showed higher
correlations in the fibrillar region (AUC = 0.819) than in other (AUC = 0.700 in portal; 0.702
in septal) or overlap regions (AUC = 0.737) (Figure 7a). However, the combined index still
exhibited the best correlation (AUC = 0.917). The disease-free probability according to
high and low risk by fibrotic features in the overlap, portal, septal, and fibrillar regions of
a non-tumor liver are shown in Figure 7b (p < 0.001 in four regions). The features of the
diagnosis of early recurrence are listed in Table S6. With these data, the combined index is
suggested to be most predictive for early recurrence as compared to other regions.
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Figure 7. The prediction of early recurrence using features in the overlap, portal, septal, and fibrillar
regions by leave-one-out cross-validation method. The features of non-tumor liver in these regions
show poorer predictive ability compared with the combined index. (a) Box plots. The cut off values
were determined by the training data (n = 64). (b) Disease-free probability analysis. The high-risk
group and low risk group were separated by the corresponding cut-off value. Note: The red plus
sign represents outlier.

4. Discussion

Currently, HCC is still one of the leading causes of cancer deaths worldwide. Partial
hepatectomy remains the most commonly used method to cure patients. However, high
recurrence rates have been observed after curative intent hepatectomy. According to previ-
ous studies, liver fibrosis increases the risk of intrahepatic recurrence after hepatectomy or
radiofrequency ablation for HCC [7,20]. Traditional histological fibrotic staging systems,
such as the Ishak fibrotic score, although the current standard, are criticized for their subjec-
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tive interpretation due to either sampling error or observer variations. qFibrosis provides
a fully-quantitative method incorporating histological features to obtain more accurate
fibrosis scoring for the liver. Our study results indicated that the combined index calculated
using qFibrosis may predict early recurrence of HCC after curative intent hepatectomy.

qFibrosis has shown its ability to perform accurate fibrotic scoring of hepatic tissue in
animal models and chronic hepatitis B patients. Besides, it had been established as a better
way for screening and enrollment of NASH patients in clinical trials [21,22]. Our results
using the recurrence prediction model in 64 HCC patients after hepatectomy indicated that
early recurrence can be predicted when the combined index is more than 0.501. Ko et al.
reported that histological evidence of fibrosis of the underlying liver tissue is the most
significant predictive factor of intrahepatic recurrence. Our novel method can be used to
determine differences in fibrotic status when the samples are scored the same by the Ishak
system, as shown in Figure 4a,b. Therefore, using this method will make it possible to
follow high-risk patients more carefully and also consider other treatment according to the
risks of disease recurrence.

It is known that there are also many non-invasive tools for evaluation of fibrotic
status [23–27]. Many of them use serum markers, which may be influenced largely by
the inflammation status of the patient. In addition, some of these markers may not be
specific for the liver. Some image-based non-invasive methods arrive at indeterminate
results for fibrotic status in up to 33% of cases, which is not satisfactory by today’s medical
standards [28]. Artificial intelligence has been widely applied in modern precision medicine
for several years, with some applications focusing on digital pathology images [29], others
on interpretation of multiple data or radiological images [30–33]. In our study, we simply
used qFibrosis to obtain the accurate fibrotic status of the resected liver sample, and
processed the specific features with the clinical data using multi-dimensional artificial
intelligence analysis. As the result, the “combined index” showed good prediction ability
in early recurrence of HCC.

Viral and non-viral related HCC are thought to have different pathologic mechanisms
in progression of normal liver tissue to liver cancer. We had applied the combined index,
which derived from the viral related non-NASH HCC patients, in other HCC patients
with NASH features, and it was unable to predict early recurrence in these NASH patients.
Therefore, the fibrotic pattern of liver tissue may be different in the viral and non-viral
related HCC patients, and further study is needed.

There were some limitations to this study. First, it was hard for us to collect another
group of patients for external validation, so we used a leave-one-out cross-validation
method to overcome this problem. Second, although qFibrosis can provide more accurate
fibrotic status than conventional histological methods, sampling error may still have some
influence on the qFibrosis score. Besides, our study was unable to provide competing
risk analysis as Metroticket 2.0 model used in liver transplantation patients owing to the
complicated clinical situations and the study design [34,35]. Finally, our method needs liver
tissue to obtain its qFibrosis score, so it is not a non-invasive assessment of liver fibrosis.

5. Conclusions

This is the first study using the combined index calculated with qFibrosis to allow
accurate quantification of fibrotic status of the peri-tumor liver tissue, and it also provides
a good tool for prediction of early hepatocellular carcinoma recurrence after curative intent
surgery. Clinically, delayed treatment for recurrent disease may decrease the patient’s life
expectancy. As a result, patients identified to be at high-risk by the combined index should
be monitored in shorter time intervals, and further intervention may be provided earlier
if needed.
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Figure A1. Flowchart for patient enrollment (ICF: Informed Consent Form).
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Table A1. Demographic and disease characteristics of the enrolled patients.

Characteristics NASH Patients (n = 64) Non-NASH Patients (n = 17) Total (n = 81)

Age (years)
median (range) 55 (27–81) 60 (33–74) 56 (27–81)

Gender
Male 47 (73%) 10 (59%) 57 (70%)

Female 17 (27%) 7 (41%) 24 (30%)

Viral hepatitis type
HBV 51 (80%) 13 (76%) 64 (79%)
HCV 13 (20%) 4 (24%) 17 (21%)

Liver cirrhosis
Yes 28 (44%) 11 (65%) 39 (48%)
No 36 (56%) 6 (35%) 42 (52%)

Histologic grade
Well 6 (9%) 2 (12%) 8 (10%)

Moderate 50 (78%) 14 (82%) 64 (79%)
Poor 8 (13%) 1 (6%) 9 (11%)

Vascular invasion
Yes 27 (42%) 2 (12%) 29 (36%)
No 37 (58%) 15 (88%) 52 (64%)

Tumor size (cm)
≤5 37 (58%) 16 (94%) 53 (65%)
>5 27 (42%) 1 (6%) 28 (35%)

AFP (ng/mL)
≤20 27 (42%) 10 (59%) 37 (46%)
>20 37 (58%) 7 (41%) 44 (54%)

Pathological Stage
I/II 54 (84%) 17 (100%) 71 (88%)

III/IV 10 (16%) 0 (0%) 10 (12%)

Clinical Stage
I/II 50 (78%) 16 (94%) 66 (81%)

III/IV 14 (22%) 1 (6%) 15 (19%)

MELD score
≤9 59 (92%) 16 (94%) 75 (93%)
≥10 5 (8%) 1 (6%) 6 (7%)

BCLC Stage
0/A 50 (78%) 14 (82%) 64 (79%)
B/C 14 (22%) 3 (18%) 17 (21%)

Child-Pugh class
A5 62 (97%) 17 (100%) 79 (98%)
A6 2 (3%) 0 (0%) 2 (2%)

ECOG PS
0 61 (95%) 16 (94%) 77 (95%)
1 3 (5%) 1 (6%) 4 (5%)

Creatinine level (mg/dL)
Median (IQR) 0.9 (0.79–1.0) 0.8 (0.665–0.94) 0.9 (0.705–0.995)

Liver function enzyme
AST (mg/dL)
Median (IQR) 48.5 (33–73) 37 (29–67.5) 47 (33–71)
ALT (mg/dL)
Median (IQR) 41.5 (31.5–80.25) 33.5 (28.5–37.75) 37.5 (30–64.5)
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Table A1. Cont.

Characteristics NASH Patients (n = 64) Non-NASH Patients (n = 17) Total (n = 81)

Comorbidities
Hypertension 13 (20%) 8 (47%) 21 (26%)

Diabetes mellitus 5 (8%) 3 (18%) 8 (10%)
Chronic kidney disease 4 (6%) 1 (6%) 5 (6%)
Coronary artery disease 1 (2%) 0 (0%) 1 (1%)

Cerebrovascular accident 1 (2%) 0 (0%) 1 (1%)

Abbreviation: AFP: alpha-fetoprotein; MELD score: Model for End-Stage Liver Disease score; BCLC stage: Barcelona Clinic Liver Cancer
stage; ECOG PS: Eastern Cooperative Oncology Group performance status; IQR: interquartile range; AST: aspartate aminotransferase; ALT:
alanine aminotransferase.

Appendix B

 
Figure A2. ROC curves for the prediction of early recurrence versus late recurrence for
NASH patients.

 

Figure A3. ROC curves for the prediction of early recurrence versus late recurrence for cirrhosis
patients. Note: The red plus sign represents outlier.

Table A2. Validation of the model on NASH patients.

Group p Value between DF Year < 1 and > 1 AUROC

NASH patients (n = 17) 0.477 0.366
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Appendix C

Table A3. AUC: sensitivity, specificity, false positive rate (FPR), and false negative rate (FNR) for the
combined index and AFP for the prediction of early recurrence.

Characteristics Combined Index > 0.501 AFP > 20 ng/mL

AUC 0.917 0.595
Sensitivity, % 81.8 68.2
Specificity, % 90.5 47.6

FPR, % 9.5 52.4
FNR, % 18.2 31.8

 
Figure A4. Correlation of AFP level and combined index. In patients after hepatectomy, there
is poor correlation shown between the AFP level and combined index as determined with a
Pearson’s analysis.
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Simple Summary: Gastric cancer shows an improved prognosis when diagnosed in its early stage.
However, non-invasive diagnostic markers for gastric cancer known to date have poor clinical
efficacies. Many studies have shown that gastric cancer patients have distinct microbial changes
compared to normal subjects. In the present study, we performed metagenome analysis using body
fluid samples (gastric juice, blood, and urine) to investigate the distinct microbial composition using
bacteria-derived EVs from gastric cancer patients. We could build diagnostic prediction models for
gastric cancer with the metagenomic data and analyzed the accuracy of models. Although further
validation is required to apply these findings to real clinical practice yet, our study showed the
possibility of gastric cancer diagnosis with the integration of liquid biopsy and metagenome analysis.

Abstract: Early detection is crucial for improving the prognosis of gastric cancer, but there are no
non-invasive markers for the early diagnosis of gastric cancer in real clinical settings. Recently,
bacteria-derived extracellular vesicles (EVs) emerged as new biomarker resources. We aimed to
evaluate the microbial composition in gastric cancer using bacteria-derived EVs and to build a
diagnostic prediction model for gastric cancer with the metagenome data. Stool, urine, and serum
samples were prospectively collected from 453 subjects (gastric cancer, 181; control, 272). EV portions
were extracted from the samples for metagenome analysis. Differences in microbial diversity and
composition were analyzed with 16S rRNA gene profiling, using the next-generation sequencing
method. Biomarkers were selected using logistic regression models based on relative abundances at
the genus level. The microbial composition of healthy groups and gastric cancer patient groups was
significantly different in all sample types. The compositional differences of various bacteria, based
on relative abundances, were identified at the genus level. Among the diagnostic prediction models
for gastric cancer, the urine-based model showed the highest performance when compared to that of
stool or serum. We suggest that bacteria-derived EVs in urine can be used as novel metagenomic
markers for the non-invasive diagnosis of gastric cancer by integrating the liquid biopsy method and
metagenome analysis.

Keywords: extracellular vesicles; gastric cancer; liquid biopsy; biomarker; microbiome; 16S rRNA
amplicon; metagenomics
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1. Introduction

Although the incidence of gastric cancer has been steadily decreasing worldwide, it
still remains one of the most common and fatal causes of cancer death in the world [1]. The
5-year survival rate of gastric cancer is particularly low in the advanced stage [2]. However,
the survival rate is much higher in countries where the majority of gastric cancers are newly
diagnosed in early stages. This finding is evident in Korea and Japan, where a national
screening program for gastric cancer is provided [3,4].

Endoscopic examination with pathologic confirmation is the primary diagnostic
modality for gastric cancer. Although relatively safe, endoscopy is an invasive proce-
dure and can cause serious complications occasionally. It can also be a burden in terms of
cost. Liquid biopsy is considered the most promising area for cancer diagnosis in that it
can be an alternative to traditional tissue biopsy methods, taking advantage of the recent
development of next-generation sequencing (NGS) technology [5]. The monitoring system
using liquid biopsy was initially studied based on cell-free DNA in blood, but it has recently
developed by using body fluids such as stool, urine, or saliva. Several studies have been
conducted or are now underway for serological diagnosis of gastric cancer [6]. However,
there are no non-invasive markers with significant accuracy in the early diagnosis of gastric
cancer yet, which can be used in real clinical settings.

Helicobacter pylori infection is a well-known risk factor for gastric cancer development.
Recently, the rapid development of microbiome research has focused much attention on
the possibility that microbiome other than H. pylori may be involved in the gastric carcino-
genesis process [7,8]. The human gastrointestinal tract is the most complex ecosystem well
known. The commensal microorganisms in it affect not only the immune system but also
numerous physiological and metabolic processes in the human body, suggesting their role
in the pathogenesis of various diseases [9,10]. Many studies are underway to establish the
relationship between gastric cancer and microbiomes [7,8,11]. Gut microbe-derived extra-
cellular vesicles (EVs) are emerging as novel proof of the relationship between commensal
bacteria and host health conditions [12,13]. The EVs can act as intercellular communication
mediators carrying various cargoes, including signaling molecules and transcription fac-
tors. Many studies have shown that EVs are associated with various immune responses in
humans, causing inflammation or inhibiting reactions [14,15]. However, in the context of
gastric carcinogenesis, few studies have been reported focusing on microbiome-derived
EVs. Studies linking the EVs to early diagnosis of gastric cancer are even more scarce.

In this context, we conducted a metagenome analysis using microbiome-derived EVs
in stool, urine, and serum samples from a large number of prospective cohorts of gastric
cancer patients and healthy controls. After identifying the potential microbial biomarkers,
we developed diagnostic prediction models for gastric cancer with various types of liquid
biopsy samples and validated the diagnostic performance of each model.

2. Materials and Methods

2.1. Subjects and Sample Collection

In total, 272 healthy people (159 males and 113 females) and 181 gastric cancer patients
(122 males and 59 females) were enrolled from Haewoondae Baek Hospital (Busan, Korea),
Chung-Ang University Hospital (Seoul, Korea), and Seoul National University Bundang
Hospital (Seongnam, Gyeonggi-do, Korea) between December 2016 and December 2019.
Among the patient’s medical records, medical history, age, sex, endoscopic diagnosis, and
pathologic results were reviewed. The inclusion criteria for the gastric cancer group were
patients newly diagnosed with gastric cancer who did not undergo endoscopic or surgical
resection or chemotherapy yet. The healthy control group included those without evidence
of dysplasia or gastric cancer on the endoscopic examination. Patients were excluded if
they had a previous history of gastrointestinal surgery, were pregnant, or were taking
antibiotics, probiotics, or acid-suppressing drugs within the previous 3 months, as these
conditions can temporarily alter the gut microbial composition. The minimum duration
of drug cessation was determined by referring to previous literature [16–19]. This study
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protocol was approved by the Institutional Review Board of Haewoondae Baek Hospital
(IRB No. 129792-2015-064), Chung-Ang University Hospital (IRB No. 1772-001-290), and
Seoul National University Bundang Hospital (IRB No. B-1708/412-301). Stool, serum, and
urine samples were collected from the subjects for metagenomics analyses. All participants
ate a regular Korean diet a day before sampling and did not smoke or drink alcohol. The
regular Korean diet is characterized by high levels of whole grains, vegetables, and low
levels of animal-derived foods and saturated fat, particularly in contrast to the Western-
style diet [20]. The stool sample was collected from the center of the stool, and placed in a
sterilized container, and stored at −20 ◦C. For serum collection, we drew 3 mL of blood
from each subject in an SST tube. The tube was then centrifuged (3000× g, 15 min, 4 ◦C)
immediately after collection, and the serum was extracted. The supernatant was stored in
Eppendorf tube 1 mL each at −20 ◦C. For urine, 40 mL of midstream urine was collected at
a clean urine container and transferred to a conical tube, which was kept frozen at −20 ◦C.

2.2. Bacterial and EV Isolation and DNA Extraction from Clinical Samples

Bacteria EVs were isolated from the urine and serum of individuals following the
procedure described previously [21,22]. Briefly, each urine sample was centrifuged at
10,000× g for 10 min at 4 ◦C. The supernatant was taken and passed through a 0.22 μm
membrane filter to eliminate foreign particles and then quantified based on protein con-
centration. For serum, after mixing 100 μL of serum and 900 μL PBS, it was centrifuged at
10,000× g for 10 min at 4 ◦C to eliminate other components. The supernatant was taken
and passed through a 0.22 μm membrane filter to eliminate foreign particles, and it was
quantified based on protein concentration. The stool sample was mixed with PBS for
dilution in a 1:10 ratio (1 g:10 mL) and maintained at 4 ◦C for 24 h. After dilution, the
sample was centrifuged (10,000× g, 10 min, 4 ◦C) to separate the bacteria portion and the
EV portion. The rest of the procedure was carried out in the same way as urine and serum.

Bacterial DNA extraction from prepared EVs was performed as described previ-
ously [23,24]. Briefly, isolated EVs (1 μg by protein, each sample) were boiled at 100 ◦C
for 40 min, centrifuged at 13,000× g for 30 min, and the supernatants were collected. Col-
lected samples were then subjected to bacterial DNA extraction using a DNA extraction
kit (PowerSoil DNA Isolation Kit, MO BIO, Carlsbad, CA, USA) following the manufac-
turer’s instructions. Isolated DNA was quantified by using the QIAxpert system (QIAGEN,
Hilden, Germany). In the case of stool, DNA was extracted by dividing the pellet (including
bacteria portion) and the supernatant (including EV portion) to compare each.

2.3. PCR Amplification, Library Construction, and Sequencing of 16S rRNA Gene Variable
Regions

To perform microbiome analysis, 16S rRNA gene amplicon metagenome analysis was
conducted. Prepared bacterial DNA was used for PCR amplification of the V3-V4 hyper-
variable regions of the 16S ribosomal RNA genes using the primer set of 16S_V3_F (5′-
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-3′) and
16S_V4_R (5′-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCT
AATCC-3′). The PCR products were used for the construction of 16S rRNA gene libraries
following the MiSeq System guidelines (Illumina Inc., San Diego, CA, USA). The 16S
rRNA gene libraries for each sample were quantified using QIAxpert (QIAGEN, Ger-
many), pooled at the equimolar ratio, and used for pyrosequencing with the MiSeq System
(Illumina Inc., San Diego, CA, USA) according to the manufacturer’s recommendations.

2.4. Analysis of Bacterial Composition in the Microbiome

Paired-end reads were trimmed by cutadapt (ver. 1.1.6). The resulting FASTQ files
containing paired-end reads were merged using CASPER and then quality filtered by
Phred (Q) score. After merging, any reads under 350 bp or over 550 bp were also discarded.
Next, a reference-based chimera detection step was performed using VSEARCH against
the SILVA gold database. The sequence reads were clustered into operational taxonomic
units (OTUs) using the de novo clustering algorithm, and the threshold was 97% sequence
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similarity. Finally, OTUs were classified using UCLUST under default parameters with
SILVA 132 database.

2.5. Diagnostic Prediction Models for Gastric Cancer

The selection of biomarkers for the diagnostic model was based on relative abundances
at the genus level. Candidates for bacterial biomarkers were chosen based on two criteria:
the statistically significant difference (p < 0.05) between control and cancer subjects, the
average relative abundance of 0.1% or more for each group. The whole data sets were
randomly divided into training sets and test set in a ratio of 8:2. The prediction model
was constructed using logistic regression models for each sample type, using the training
set. The biomarkers to be used in the model were selected through a stepwise method by
eliminating unnecessary variables, and Akaike’s information criterion (AIC) was used as a
criterion for selection variables in the prediction model. After the diagnostic prediction
models were built, the performance was evaluated on the test set for validation.

2.6. Statistical Analysis

To clarify the species abundancy between healthy control and gastric cancer group,
alpha diversity of the variance within each clinical sample was assessed using the alpha
diversity test in the phyloseq package in R for the total observed OTUs, richness estimates
Chao1, and the Shannon and Simpson diversity indices. In order to avoid the alpha
diversity bias, we rarified with the minimum read value for each sample. Dimension
reduction was conducted to assess the beta diversity between clinical samples based on
the Bray–Curtis dissimilarity using principal coordinate analysis (PCoA) and multiple
dimension scale (MDS) in the stats package in R. Permutational multivariate analysis
of variance (PERMANOVA) was used to validate either the centroid or the spread of
each sample are different between the groups. The significant difference between the
control group and the gastric cancer group was determined using a t-test, and p-values
were adjusted using the Benjamini–Hochberg method to reduce the false discovery rates.
Receiver operating characteristic (ROC) curves of gastric cancer diagnostic prediction
models were developed through stepwise selection of significantly altered genera. The
performance of the models was evaluated by assessing the area under the ROC curve
(AUC), sensitivity, specificity, and accuracy. p value < 0.05 was considered statistically
significant.

3. Results

3.1. Clinical Characteristics of Subjects

A total of 453 subjects were registered, including 181 gastric cancer patients and
272 healthy controls. Age and sex were matched between each sample group. A total
of 813 samples from enrolled subjects were used for analysis. There was no statistical
difference in sex and age between the gastric cancer group and control group in all four
sample types: ST-Bac (bacteria portion extracted by using centrifuged pellet in stool), ST-EV
(EV portion extracted by using centrifuged supernatant in stool), urine, and serum (Table 1).

Table 1. Basal clinical characteristics of each sample group.

Sample Type Age & Sex Control Gastric Cancer p-Value

ST-Bac Age (mean ± SD)
Sex (M:F)

63.6 ± 8.3
127 (93:34)

63.6 ± 9.5
140 (95:45)

0.9815
0.4088

ST-EV Age (mean ± SD)
Sex (M:F)

63.6 ± 8.3
127 (93:34)

63.6 ± 9.5
141 (96:45)

0.9853
0.4307

Urine Age (mean ± SD)
Sex (M:F)

63.5 ± 9.8
164 (114:50)

63.8 ± 9.8
168 (114:54)

0.8207
0.8362

Serum Age (mean ± SD)
Sex (M:F)

62.3 ± 9.4
105 (74:31)

63.7 ± 10.3
108 (73:35)

0.2891
0.7590

SD, standard deviation; M, male; F, female.
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3.2. Comparison of Alpha and Beta Diversity between Healthy Controls and Gastric Cancer
Patients

Read numbers of 16S rRNA amplicons and OTU counts derived from the NGS results
are shown in Table 2. In stool samples, alpha diversity did not show significant differences
between the two groups for all the diversity indices (Figure S1A,B). In urine and serum
samples, Simpson index and Chao1 index showed significant differences between the
two groups, respectively (Figure S1C,D). However, the differences in alpha diversity
were generally not obvious. To evaluate the alpha diversity that includes all samples,
a rarefaction curve analysis was performed with the Chao1 index to calculate species
abundance per sequence. The slope of the rarefaction curve was steeper in the healthy
control group than in the gastric cancer group in all sample types, indicating higher alpha
diversity in the control group than in the gastric cancer group (Figure 1A–D).

Table 2. Read numbers of 16S rRNA amplicons and OTU counts from the NGS results.

Sample Type Group
Read Count OTU

Mean Median SE Mean Median SE

ST-Bac Control
Gastric cancer

18,352.6
19,987.9

16,243.0
16,138.5

±1062.7
±1420.5

939.4
890.4

810.0
763.5

±64.5
±46.6

ST-EV Control
Gastric cancer

19,262.0
22,555.8

18,378.0
19,753.0

±961.6
±1227.5

550.7
556.9

453.0
510.0

±32.7
±22.7

Urine Control
Gastric cancer

12,766.7
12,968.7

12,412.5
9282.0

±598.8
±787.5

176.6
167.4

140.5
141.5

±11.6
±8.6

Serum Control
Gastric cancer

11,340.4
14,259.4

10,642.0
10,763.0

±841.3
±977.6

189.6
226.8

144.0
181.0

±17.3
±16.8

OTU, operational taxonomic unit; SE, standard error.

Figure 1. Comparison of alpha diversity between healthy controls and gastric cancer patients in
4 sample types. Estimated species richness (Chao1 measure) is demonstrated for the two groups
(A) in stool bacteria (ST-Bac) isolated from stool pellet, (B) in stool-derived extracellular vesicle
(ST-EV) isolated from stool supernatant, (C) in urine, and (D) in serum.

At the phylum level, the beta diversity showed significant differences between the
control group and the gastric cancer group in all sample types (Figure 2A). At the genus
level, these differences were repeatedly confirmed, with even higher statistical significances
(Figure 2B). Although we could not detect a significant reduction in microbial diversity
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in gastric cancer, the microbial composition in the gastric cancer group was significantly
different from that in healthy controls.

Figure 2. Comparison of beta diversity in phylum and genus levels between healthy controls and gastric cancer patients in
4 sample types. PCoA results based on Bray–Curtis similarity for beta diversity of bacteria are shown (A) in phylum level
and (B) in genus level.

3.3. Relative Abundance Differences between Healthy Controls and Gastric Cancer Patients

We compared the relative abundances of microbiome between the control group and
the gastric cancer group to identify the taxa that were differentially represented in the two
groups of subjects. In the comparison of phylum levels, heatmaps using ST-Bac samples
showed that Bacteroidetes were reduced, while Firmicutes were increased in gastric cancer
(Figures 3A and S2A). In ST-EV samples, Bacteroidetes were reduced, while Actinobacteria
were increased in gastric cancer (Figures 3B and S2B). In urine samples, Bacteroidetes and
Fusobacteria were both increased in gastric cancer, differently from ST-Bac and ST-EV
samples (Figures 3C and S2C). In serum samples, Verrucomicrobia were reduced, while
Actinobacteria were increased in gastric cancer (Figures 3D and S2D).
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Figure 3. Relative abundance differences in phylum level between healthy controls and gastric cancer patients in 4 sample
types. Heatmaps representing the relative abundances of microbiome between the two groups (A) in stool bacteria (ST-Bac)
isolated from stool pellet, (B) in stool-derived extracellular vesicle (ST-EV) isolated from stool supernatant, (C) in urine, and
(D) in serum.

When we compared the relative abundances in genus level, more bacteria became
candidates showing the differences between the control group and gastric cancer group.
In ST-Bac samples, Prevotella 9 was decreased, while Streptococcus, Subdoligranulum, En-
terobacter, Lactobacillus, Klebsiella, Ruminiclostridium 9 were increased in gastric cancer
(Figures 4A and 5A). In ST-EV samples, Acinetobacter was increased in gastric cancer
(Figures 4B and 5B). In urine samples, the largest number of bacterial candidates were
detected, revealing that Acinetobacter, Stayphylococcus, Bifidobacterium, and Sphingomonas
were decreased, while Corynebacterium 1, Neisseria, Fusobacterium, Diaphorobacter, Actino-
myces, Porphyromonas, Cloacibacterium, and Peptoniphilus were increased in gastric cancer
(Figures 4C and 5C). In serum samples, Bacteroides, Akkermansia, Muribaculaceae(f), and Lach-
nospiraceae NK4A136 were decreased, while Corynebacterium 1, Rhodococcus, Diaphorobacter,
Haemophilus, and Cloacibacterium were increased in gastric cancer (Figures 4D and 5D).
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Figure 4. Relative abundance differences in genus level between healthy controls and gastric cancer patients in 4 sample
types. Heatmaps representing the relative abundances of microbiome between the two groups (A) in stool bacteria (ST-Bac)
isolated from stool pellet, (B) in stool-derived extracellular vesicle (ST-EV) isolated from stool supernatant, (C) in urine, and
(D) in serum.

 

Figure 5. Compositional differences in genus level between healthy controls and gastric cancer patients in 4 sample types.
The bar plots highlight the average relative abundance of individual key taxa between the two groups (A) in stool bacteria
(ST-Bac) isolated from stool pellet, (B) in stool-derived extracellular vesicle (ST-EV) isolated from stool supernatant, (C) in
urine, and (D) in serum. *, p < 0.05; **, p < 0.01.
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3.4. Comparison of Diagnostic Prediction Models for Gastric Cancer between Healthy Controls and
Gastric Cancer Patients

To further define useful biomarkers from metagenomic biomarkers, optimal mod-
els were built using biomarkers to distinguish between gastric cancer group and control
group using logistic regression analysis (Figure 6A–D). Selected variables included in the
prediction models according to each sample type were as follows: ST-Bac-based model,
Klebsiella, Subdoligranulum, Prevotella 9, Streptococcus, Ruminiclostridium 9; stool EV-based
model, Acinetobacter; urine-based model, Peptoniphilus, Diaphorobacter, Neisseria, Staphylo-
coccus, Bifidobacterium, Corynebacterium 1, Actinomyces, Acinetobacter, Sphingomonas; serum-
based model, Diaphorobacter, Bacteroides, Corynebacterium 1, Rhodococcus, Cloacibacterium,
Haemophilus, Muribaculaceae(f), Akkermansia.

Figure 6. Comparison of gastric cancer diagnostic prediction models between healthy controls and
gastric cancer patients in 4 sample types. ROC curves of gastric cancer diagnostic prediction models
were developed through stepwise selection of significantly altered genera. Models were validated
by performance evaluation in the test set by assessing the area under the curve (AUC), sensitivity,
specificity, and accuracy. Performance indices of each model are demonstrated: (A) stool bacteria
(ST-Bac) isolated from stool pellet, (B) stool-derived extracellular vesicle (ST-EV) isolated from stool
supernatant, (C) urine, and (D) serum. SEN, sensitivity; SPE, specificity; ACC, accuracy.

As a result, the model using the urine samples showed the highest AUC value of
0.823 (Figure 6C). Although the sensitivity was rather low (67.7%) in this model, the
specificity (84.9%) and accuracy (76.1%) were high when compared to other models. The
ST-Bac-based model showed an AUC score of 0.764, lower than the urine-based model,
but their sensitivity (71.4%), specificity (76.9%), and accuracy (74.1%) were generally high
(Figure 6A). The ST-EV-based model and serum-based model revealed lower AUC values
and accuracies than the two models mentioned above (Figure 6B,D).
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To further analyze the performance of prediction models according to disease stages,
we divided the gastric cancer group into early gastric cancer (EGC) and advanced gastric
cancer (AGC) groups. The performance of the prediction model was higher in the AGC
group than in the EGC group in all sample types except for ST-Bac Figure S3A–H). For
EGC, the ST-Bac prediction model showed the highest AUC value of 0.830.

4. Discussion

We performed microbiome profiling of gastric cancer using various types of samples
through analyzing the bacteria-derived EVs to find out diagnostic biomarkers for gastric
cancer in correlation with gut microbes. There were significant differences in microbial
composition between the gastric cancer group and the control group in all of the sample
types. Diagnostic prediction models for gastric cancer were generated based on this
information on metagenomic biomarkers, and the model using the urine samples showed
the highest performance for the diagnosis of gastric cancer.

In this study, although there seemed to be a trend for reduced alpha diversity in
gastric cancer, further analysis with various indices showed that the differences in microbial
diversity between the two groups were not consistent among various sample types. This
could also be indirectly inferred from the finding that the OTU values of the gastric
cancer group and control group showed high standard deviations, which means that the
number of microbial taxa in the two groups overlapped each other to some extent. This
finding is different from previous reports, which suggest that reduced microbial diversity
is often a characteristic feature of diseased status [25,26]. Several studies showed dysbiotic
cancer-associated microbiome in gastric cancer, implying the role of microbial dysbiosis
in gastric carcinogenesis [8,25]. This discrepancy may be due to several reasons. We
used samples from extragastric area that reflect systemic circulation in this study, whereas
samples obtained from the stomach (gastric juice, gastric mucosa, etc.) were mainly used
in previous studies. Indirect analysis of microbiome using bacteria-derived EVs rather
than direct identification of microbiome might also be a possible explanation. However,
a comparison of beta diversity between the gastric cancer group and the control group
revealed that microbial composition in the gastric cancer group was significantly different
from that in healthy controls, which was evident with all four types of samples.

The composition of microbiota was further investigated with a relative abundance
of taxa. The five most dominant bacterial phyla in stool were Bacteroidetes, Proteobacteria,
Actinobacteria, Verrucomicrobia, and Firmicutes, which are consistent with previous litera-
ture [27,28]. EVs from these phyla were also highly abundant in urine and serum samples.
This finding implies that bacteria-derived EVs in systemic circulation can roughly reflect
the microbial composition of gastrointestinal microbes. Interestingly, Proteobacteria were
dominant in urine and serum EVs, while Firmicutes and Bacteriodetes were the most abun-
dant in stool samples at the phylum level. Firmicutes and Bacteriodetes generally comprise
more than 90% of the human gut microbiome, according to previous studies [28], similar
to the results from our study. In addition, Firmicutes were increased in stool, while EVs
from Firmicutes did not show a significant change in serum in gastric cancer. The relative
abundances of Bacteroidetes in stool and urine EVs also showed conflicting results. The
difference in microbial composition was even more evident at the genus level. Acinetobac-
ter (phylum Proteobacteria) were the most dominant in urine and serum EVs identically,
whereas Prevotella and Bacteroides (phylum Bacteriodetes) were the most dominant in stool
samples. Representative strains showing changes in gastric cancer were largely different
between stool and urine/serum samples. Moreover, the gross pattern of the microbiome
from urine and serum samples was similar, which can easily be inferred from the fact
that urine is basically filtrated from blood during systemic circulation. This result shows
that the microbial composition directly identified from the bacteria present in the gut
lumen differs from the composition of bacteria indirectly inferred from the EVs, which are
absorbed through the gut mucosa into the systemic circulation. It is recently recognized
that bacteria secrete EVs, which are intercellular communicasomes between the host and
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commensal microbes, that can act as biologically active metabolites or as mediators of
host-microbiome interaction [15,29,30]. Considering this, it can be inferred that there is
a significant difference between the microbiome simply existing in the gastrointestinal
tract and the core microbiome that are deeply involved in host-microbiome interaction,
actually affecting the health of the host. In fact, gastric juice and feces contain lots of
dead strains and strains with little clinical significance [31,32]. This might partly explain
why the microbial diversity between the gastric cancer group and the control group was
not consistent among various sample types. Although reduced microbial diversity in
the gastrointestinal tract is often a characteristic feature of diseased status, this does not
necessarily mean that the bacteria related to systemic circulation should also be less diverse
in exactly the same manner. We do not yet fully understand which bacteria play major roles
by host-microbiome interaction in certain diseases and how they systemically influence
the disease pathogenesis. In fact, blood was known as a sterile specimen except for sepsis,
but recent studies have shown that 16S rRNA gene-targeted NGS is possible with normal
human blood, suggesting the presence of bacteria-derived EVs in blood. It is known that
there is a difference in the EV composition in serum and plasma, and each of them has
its inherent advantage according to the type of EVs and purpose of EV analysis [33–35].
Especially in terms of platelet richness in the plasma, there are reports that platelet-rich
plasma (PRP) has some antibacterial effect [36,37]. Since 16s rRNA NGS analysis is based
on bacteria, the platelet-poor plasma would be preferred over PRP in metagenome analysis
using bacteria-derived EVs if plasma is used instead of serum. In brief, when performing
microbiome analysis from the perspective of systemic effect on the host, it should be noted
that circulating EVs found in blood or urine can have a greater meaning than analyzing
samples directly obtained from the gastrointestinal tract.

We tried to explore the possibility of a prediction model that can be used for the early
diagnosis of gastric cancer by using the microbiome data derived through EV analysis.
Currently, some Asian countries, such as Korea and Japan, where the incidence of gastric
cancer is very high, have been operating national cancer screening programs aiming to
detect gastric cancer early. These programs increased the early detection of gastric cancer
and lowered the mortality rate [3]. However, considering the socioeconomic costs of mass
screening for a large number of people and the discomfort or complications from invasive
procedures such as endoscopy, other new non-invasive diagnostic methods need to be
developed. With the results of microbiome analysis, we investigate the possibility of liquid
biopsy using diluted stool, urine, and serum.

In this study, prediction models were established for each sample type to distin-
guish gastric cancer patients from normal controls, and they were validated to evaluate
the performance. The AUC value was higher than 0.7 in urine- and ST-Bac-based mod-
els, which is good performance according to the evaluation criteria (0.9–1.0 = excellent,
0.8–0.9 = very good, 0.7–0.8 = good, 0.6–0.7= sufficient, 0.5–0.6 = bad, <0.5). = not use-
ful) [38], and the prediction model with urine showed the highest AUC value. However,
although the specificity (84.9%) of the urine-based model was high, the sensitivity (67.7%)
of this model was lower compared to that of the ST-Bac-based model (71.4%). When EGC
and AGC groups were separately analyzed, although the ST-Bac-based prediction model
showed the highest AUC value of 0.830 for EGC, the performances of prediction models
were generally higher in the AGC group than in the EGC group except for ST-Bac. This
indicates that the performances of prediction models differ by cancer stage and sample type.
Accurate prediction of EGC seemed more difficult than AGC as one might easily expect,
considering that the microbial changes would be more prominent in a more advanced
state of the disease. In order to evaluate the suitability as a diagnostic test, it is necessary
to consider various factors such as sensitivity, disease prevalence, cost-effectiveness, and
convenience of sample collection. Especially, an ideal screening method should show
adequate sensitivity and specificity, and there is typically a trade-off between these two
performance metrics. High sensitivity is especially important in this situation, as a low
value can lead to increased false-negative results, which means missing more cases with
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the disease of interest. Although the specificity of the urine-based model in our study was
about 85%, the low sensitivity of the model prevents it from being a suitable screening
method as it stands. However, despite the relatively low sensitivity of the urine-based
model, it should also be considered that urine is much easier to collect than stool samples.
Recent studies have also shown that the bacteria-derived EVs in urine samples contain
characteristic features in allergic airway disease with a significant correlation with total
IgE and eosinophil count, which further supports the possible role of microbial EVs in the
implication of microbiota in the diseased state [39,40]. To further investigate the effect of H.
pylori on the performance of the prognostic models, we tried to use stool samples to detect
H. pylori first. However, H. pylori was detected in ST-Bac samples in only 13.6% of the cases.
Furthermore, among the H. pylori-positive gastric cancer samples, the relative abundance
of H. pylori was lower than 0.1% in all but one case. These findings made us assume that
the validity of the analysis according to H. pylori status might be quite limited, especially
when the detection rate and relative abundance of H. pylori are low. It is reasonable to
investigate the gastric microbiome as a whole, the members of which influence each other
and change the adjacent environment. Therefore, we decided to assess the diagnostic
ability of prediction models using the whole integrated metagenome data, including H.
pylori, as a comprehensive biomarker.

This study has some limitations. First, we did not perform the microbiome analysis
according to H. pylori status. As H. pylori is the single most important pathogen for the
gastric carcinogenesis process, this might have influenced the interpretation of study
results. As the control subjects were recruited from health check-up programs, detailed
histological information on the degree of mucosal atrophy was not available. Hypoacidity
due to atrophic gastritis could alter the gut microbial composition, which is important
in regions with high H. pylori prevalence, such as Korea. Therefore, the findings of the
present study do not necessarily separate gastric cancer from atrophic pangastritis without
cancer. Nevertheless, we showed a possibility of discriminating between gastric cancer
patients and the general population without gastric cancer, using metagenomic data from a
relatively large number of subjects. Further biomarker studies are needed for the detection
of gastric cancer, and mucosal atrophy and H. pylori infection should be considered. Second,
the performances of diagnostic prediction models were suboptimal. The urine-based model,
which had the highest AUC value, showed rather low sensitivity. The results of our study
further need to be verified through external validation.

5. Conclusions

In this study, we have shown that bacteria-derived EVs in systemic circulation can be
used for demonstrating the changes in microbial composition in gastric cancer. Bacteria-
derived EVs in urine harbors a potential as a new diagnostic biomarker for gastric cancer,
suggesting that EVs might be a new standard substance for cancer diagnosis. Although it
would be difficult to directly apply the results from this study to real clinical practice yet
due to the suboptimal sensitivity and specificity of the diagnostic prediction models, these
findings still have great significance in that they showed the possibility of integrating a
liquid biopsy method with metagenome analysis for gastric cancer diagnosis.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
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healthy controls and EGC or AGC in 4 sample types.
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Simple Summary: Epigenetic mechanisms, such as DNA methylation/demethylation, covalent mod-
ifications of histone proteins, and chromatin remodeling, create specific patterns of gene expression.
Epigenetic deregulations are associated with oncogenesis, relapse of the disease and metastases, and
can serve as a useful clinical marker. We assessed the clinical relevance of integrity of the genes
coding for epigenetic regulator proteins by mutational profiling of 25 genes in 135 gastric cancer
(GC) samples. Overall, mutations in the epigenetic regulation genes were found to be significantly
associated with reduced overall survival of patients in the group with metastases and in the group
with tumors with signet ring cells. We have also discovered mutual exclusivity of somatic mutations
in the KMT2D, KMT2C, ARID1A, and CHD7 genes in our cohort. Our results suggest that mutations
in epigenetic regulation genes may be valuable clinical markers and deserve further exploration in
independent cohorts.

Abstract: We have performed mutational profiling of 25 genes involved in epigenetic processes on
135 gastric cancer (GC) samples. In total, we identified 79 somatic mutations in 49/135 (36%) samples.
The minority (n = 8) of mutations was identified in DNA methylation/demethylation genes, while
the majority (n = 41), in histone modifier genes, among which mutations were most commonly found
in KMT2D and KMT2C. Somatic mutations in KMT2D, KMT2C, ARID1A and CHD7 were mutually
exclusive (p = 0.038). Mutations in ARID1A were associated with distant metastases (p = 0.03). The
overall survival of patients in the group with metastases and in the group with tumors with signet
ring cells was significantly reduced in the presence of mutations in epigenetic regulation genes
(p = 0.036 and p = 0.041, respectively). Separately, somatic mutations in chromatin remodeling genes
correlate with low survival rate of patients without distant metastasis (p = 0.045) and in the presence
of signet ring cells (p = 0.0014). Our results suggest that mutations in epigenetic regulation genes
may be valuable clinical markers and deserve further exploration in independent cohorts.

Keywords: gastric cancer; epigenetic regulation genes; somatic mutations; molecular genetic markers

1. Introduction

Gastric cancer (GC) is the 5th most common tumor in the world, and is the 3rd leading
cause of cancer-related deaths worldwide. In 2018, more than 1,000,000 new GC patients
were identified [1].

Recently, knowledge about the molecular mechanisms of gastric carcinogenesis has
been intensively expanded. By using genome-wide approaches, The Cancer Genome Atlas
(TCGA) Research Network divided GC into four molecular subtypes: Epstein-Barr asso-
ciated (EBV), microsatellite instability (MSI), genomically stable (GS), and chromosomal
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instable (CIN) [2]. Next-generation sequencing (NGS) technologies have allowed identifica-
tion of genes with an increased frequency of somatic mutations in different types of tumors.
Those are the driver genes of carcinogenesis. Being used as targets for a therapy, such
genes allow effective treatment of patients. However, GC is not enriched with mutations
in known driver genes. Therefore, the targeted drugs that are useful in the treatment of
other types of tumors are not effective in GC. Despite the intensive search for new drugs
for cancer therapy, only trastuzumab and ramucirumab targeting HER2 and VEGFR2,
respectively, are currently approved for GC treatment. Therefore, the search for novel
genes with an increased somatic mutation frequency in GC is urgent to identify new clinical
and prognostic markers, as well as new targets for treatment.

Epigenetic mechanisms, including DNA methylation/demethylation, covalent modi-
fications of histone proteins (methylation, adenylation, phosphorylation, etc.), chromatin
remodeling, and the action of non-coding RNAs create stable and clear patterns of gene
expression during cell life. Epigenetic mechanism deregulations are associated with car-
cinogenesis, relapse of the disease, and metastasis, and can also serve as a useful clinical
marker and a marker of response to therapy [3]. Application of NGS allowed identification
of tumors without mutations in the known cancer driver genes that are, however, char-
acterized by mutations in genes encoding epigenetic factors and chromatin-modifying
enzymes. Today, deregulation of epigenetic mechanisms in different types of tumors has
been confirmed, but its causes are insufficiently studied [4,5].

Somatic mutation profiling of epigenetic regulation genes will help to identify causes
of epigenetic deregulation in GC and to suggest potential targets for successful therapy.

Using an NGS panel of 25 genes (DNMT1, MBD1, TET1, DNMT3A, DNMT3B, EZH2,
KDM6A, EP300, JARID1B, CREBBP, HDAC2, SIRT1, SMARCB1, SMARCA2, SMARCA4,
ARID1A, ARID2, BRD7, PBRM1, CHD5, CHD7, CHD4, KMT2A, KMT2D and KMT2C),
we performed somatic mutation profiling in 135 tumor samples obtained from patients
with GC.

2. Materials and Methods

2.1. Patients and Tumor Samples

The study included 135 patients with locally advanced GC who were treated in N.N.
Burdenko Faculty Surgery Clinic, I.M. Sechenov First Moscow State Medical University
from 2007 to 2015. The study was conducted in accordance with the Declaration of Helsinki
and was approved by the Institutional Ethics Committee of I.M. Sechenov First Moscow
State Medical University. Written informed consent was obtained from each participant in
this study. All patients underwent surgical treatment, and resected tumor samples, as well
as non-malignant gastric mucosa samples, were used in the study. GC was confirmed in all
patients by morphological examination of the surgical material. For TNM staging, ESMO
Clinical Practice Guidelines for diagnosis, treatment, and follow-up for gastric cancer [6]
were used. The distribution of patients in clinical groups is presented in Table 2.

2.2. Mutation Screening by NGS

A total of 5 to 7, 10 μm paraffin sections were manually dissected to ensure that
each sample contained at least 70% of neoplastic cells. Genomic DNA was isolated from
archived samples using a QIAamp DNA FFPE Tissue Kit (Qiagen, Hilden, Germany), as
recommended by the manufacturer.

Deep sequencing was performed using the Ion Torrent platform (ThermoFisher,
Waltham, MA, USA) following established protocol [7]. The protocol includes the prepa-
ration of libraries of genomic DNA fragments, clonal emulsion PCR, sequencing, and
bioinformatic analysis of obtained results. DNA fragment libraries were prepared using
Ion Ampliseq ultra-multiplex PCR technology.

An epigenetic regulation genes panel with 1376 primer pairs was designed to amplify
all coding regions, noncoding regions of the terminal exons, and putative splice site gene
regions for 25 human genes: DNMT1, MBD1, TET1, DNMT3A, DNMT3B, EZH2, KDM6A,
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EP300, JARID1B, CREBBP, HDAC2, SIRT1, SMARCB1, SMARCA2, SMARCA4, ARID1A,
ARID2, BRD7, PBRM1, CHD5, CHD7, CHD4, KMT2A, KMT2D and KMT2C. The panel was
designed by using the Ion Ampliseq Designer v. 7.03 (ThermoFisher, Waltham, MA, USA).
The total length of human genome sequences covered by the panel was 250,900 bp. The
panel reached 98.09% coverage by design; this applies to exons and 25 bp flanking intron
sequences. The information of the panel is shown in Tables S3 and S4. The selection of
epigenetic regulation genes for the panel was based on the estimation of the frequency of
their somatic mutations in GC, obtained from the COSMIC database and from the literature.
Genes reported to be mutated in >3.5% of GC samples were included in the panel.

Multiplex PCR and subsequent stages of the fragment library preparation were per-
formed using an Ion AmpliSeq Library Kit 2.0 (ThermoFisher, Waltham, MA, USA), ac-
cording to the manufacturer’s protocol. Aliquots from the prepared libraries were sub-
jected to clonal amplification on microspheres in the emulsion on the Ion Chef Instrument
(ThermoFisher, Waltham, MA, USA). Sequencing was performed on the Ion S5 genomic
sequencer according to the manufacturer’s protocol (ThermoFisher, Waltham, MA, USA)
with the targeted sequencing depth of 1000×. The results were analyzed with Torrent
Suite software consisting of Base Caller (the primary analysis of the sequencing results);
Torrent Mapping Alignment Program—TMAP (alignment of the sequences to the reference
genome GRCh37/hg19); and Torrent Variant Caller (analysis of variations in nucleotide
sequences) with the cut-off for variant allele frequency set at 0.1, and minimum read depth
of the variant allele set at 5. Genetic variants were annotated with ANNOVAR software [8].
Visual data analysis, manual filtering of sequencing artifacts, and sequence alignment were
performed using the Integrative Genomics Viewer (IGV) [9].

2.3. Sanger Sequencing

Sanger sequencing was performed in order to (1) validate mutations detected by NGS
screening and (2) distinguish somatic vs. germline mutations. For the second purpose,
DNA samples extracted from archived non-malignant gastric mucosa of the same patients
were used. The direct sequencing of individual PCR products from primers that flank areas
of specific mutations were performed on the automatic genetic analyzer ABI PRISM 3500
(ThermoFisher, Waltham, MA, USA) according to the manufacturer’s protocols.

2.4. Statistical Analysis

Samples were compared using Fisher’s exact test. For more than 3 groups comparison
Chi-squared test was used. Overall survival probability (OS) was calculated by the Kaplan–
Meier product-limit method from the date of surgery till death by any cause and compared
statistically using Mantel–Haenszel (log-rank) test. A groupwise mutual exclusivity test
was carried out using the DISCOVER (Discrete Independence Statistic Controlling for Ob-
servations with Varying Rates) method, which is based on overall tumor-specific alteration
rates to decide if alterations co-occur more or less than expected by chance and preventing
spurious associations in co-occurrence detection with increasing statistical power to detect
mutual exclusivities [10]. All calculations were conducted using R version 3.6.3 [R Core
Team (2020). R: A language and environment for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria. URL https://www.R-project.org/ accessed on
7 August 2021].

2.5. Pathogenicity Prediction for Novel Mutations

To predict the pathogenicity of identified novel missense variants, a combination of
PolyPhen2, PROVEAN, SIFT, and MutPred2 tools was used. I-Mutant 3.0 software was
used to calculate the stability of the mutant protein. Loss of protein function effects were
assessed with MutPred-LOF software. The effect of nonsynonymous substitutions on the
structure was illustrated using the Project HOPE3D portal.

51



Cancers 2021, 13, 4586

3. Results

3.1. The Spectrum of Detected Somatic Mutations

Using a targeted NGS panel for 25 epigenetic regulation genes, we performed mu-
tational profiling in 135 tumor samples obtained from patients with GC. Our panel in-
cluded the DNMT1, MBD1, TET1, DNMT3A, DNMT3B genes that control DNA methyla-
tion/demethylation; the EZH2, UTX, EP300, JARID1B, CREBBP, HDAC2, SIRT1, KMT2A,
KMT2D, and KMT2C genes encoding histone modifiers; and the SMARCB1, SMARCA2,
SMARCA4, ARID1A, ARID2, BRD7, PBRM1, CHD5, CHD7, CHD4 genes responsible for
chromatin remodeling. Mapped data depth and coverage for each sample are presented in
Table S5. For the analysis, we selected missense substitutions that were not annotated in
the ClinVar, COSMIC, dbSNP databases and/or substitutions with a population frequency
of MAF < 0.0005, as well as nonsense mutations and frameshift mutations. A total of
79 different mutations found in our cohort fulfilled the selection criteria. The variant allele
frequency, total read depth, reference, and variant allele read depths, etc., for each of these
mutations, are presented in Table S1. No appropriate mutations were found in the DNMT1,
DNMT3A, EZH2, UTX, SMARCB1 and SIRT1 genes. The identified mutations and their
characteristics are presented in Table 1.

Table 1. Somatic mutations detected in epigenetic regulation genes in 135 gastric tumors.

№ Gene/Mutation
Position

According
to hg19

rsID
MAF (gnomAD

Exomes)
ClinVar

# of
Cases

1 ARID1A:exon1:c.G544A:p.A182T chr1:27023438 - - - 1

2 ARID1A:exon16:c.G3902A:p.S1301N chr1:27100106 rs989613588 A = 4 × 10−6 Not Reported 1

3 ARID1A:exon18:c.G4245C:p.Q1415H chr1:27100963 - - Not Reported 1

4 ARID1A:exon20:c.C6706T:p.R2236C chr1:27107095 rs763691986 T = 2 × 10−5 Not Reported 1

5 ARID1A:exon20:c.C5483G:p.S1828X chr1:27105872 - - Not Reported 1

6 ARID1A:exon20:c.C5129T:p.P1710L chr1:27105518 - - Not Reported 1

7 ARID1A:exon2:c.G1330A:p.G444S chr1:27056334 rs541301347 A = 2.4 × 10−5 Not Reported 1

8 ARID1A:exon20:c.5881_5887del:p.S1961fs chr1:27106270 - - Not Reported 1

9 ARID1A:exon18:c.4713_4714del:p.N1571fs chr1:27101431 - - Not Reported 1

10 ARID2:exon1:c.53_57del:p.A18fs chr12:46123672 - - Not Reported 1

11 ARID2:exon8:c.C820T:p.R274X chr12:46230571 - - Likely pathogenic 1

12 ARID2:exon8:c.C985T:p.Q329X chr12:46230736 - - Not Reported 1

13 SMARCA2:exon7:c.C734T:p.T245M chr9:2192726 rs753433101 A = 3 × 10−5 Not Reported 1

14 SMARCA2:exon7:c.A1256G:p.K419R chr9:2056754 - - Not Reported 1

15 SMARCA2:exon7:c.G1202A:p.R401H chr9:2056700 rs745500947 T = 8 × 10−6 Not Reported 1

16 SMARCA4:exon18:c.C2738T:p.P913L chr19:11132522 rs778175819 T = 4 × 10−6 Not Reported 1

17 SMARCA4:exon3:c.C430T:p.Q144X chr19:11096939 - - Not Reported 1

18 SMARCA4:exon3:c.583delC:p.P195fs chr19:11097092 - - Not Reported 1

19 KDM5B:exon17:c.C2392T:p.R798W chr1:202711581 rs1189771603 A = 2.8 × 10−5 Not Reported 1

20 CHD4:exon28:c.C4216T:p.R1406C chr12:6692034 - - Not Reported 1

21 CHD4:exon4:c.417_419del:p.139_140del chr12:6711145 rs71584865 del(TCC)3 =
8 × 10−6 Not Reported 2

22 CHD4:exon4:c.C421G:p.P141A chr12:6710929 - - Not Reported 1

23 CHD5:exon2:c.119delT:p.F40fs chr1:6228298 - - Not Reported 1

24 CHD5:exon15:c.C2257A:p.L753M chr1:6202367 - - Not Reported 1

25 CHD5:exon7:c.G910A:p.A304T chr1:6211176 rs768430028 T = 1.3 × 10−4 Not Reported 2

26 CHD5:exon2:c.A156T:p.K52N chr1:6228261 rs964095593 A = 3 × 10−5 Not Reported 1
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Table 1. Cont.

№ Gene/Mutation
Position

According
to hg19

rsID
MAF (gnomAD

Exomes)
ClinVar

# of
Cases

27 CHD7:exon31:c.G6112A:p.D2038N chr8:61765396 rs747846723 A = 6 × 10−5 Uncertain
Significance 1

28 CHD7:exon35:c.A7819G:p.S2607G chr8:61773673 rs1424434796 G = 5 × 10−6 Not Reported 2

29 CHD7:exon22:c.G4859A:p.R1620Q chr8:61757431 rs768497646 A = 2.9 × 10−5 Not Reported 1

30 CHD7:exon1:c.G749A:p.R250H chr8:61654740 rs767475667 A = 6 × 10−5 Not Reported 1

31 CHD7:exon22:c.G5017A:p.D1673N chr8:61757589 rs769563309 A = 2.4 × 10−5 Not Reported 1

32 CHD7:exon29:c.G5828A:p.R1943Q chr8:61764740 rs753723769 A = 2.8 × 10−5 Uncertain
Significance 1

33 EP300:exon3:c.A752G:p.N251S chr22:41521890 rs142009367 G = 2.2 × 10−4 Benign 2

34 HDAC2:exon13:c.C1430A:p.T477N chr6:114262878 rs1341257540 - Not Reported 1

35 HDAC2:exon6:c.G511A:p.V171I chr6:114274569 - - Not Reported 1

36 CREBBP:exon30:c.C6335T:p.P2112L chr16:3778599 rs587783512 A = 1.6 × 10−5 Uncertain
Significance 1

37 CREBBP:exon2:c.C458T:p.P153L chr16:3900638 rs146538907 A = 3.35 × 10−4 Likely Benign 1

38 CREBBP:exon3:c.C922T:p.P308S chr16:3860657 - - Not Reported 1

39 CREBBP:exon18:c.A3421C:p.K1141Q chr16:3807998 - - Not Reported 1

40 BRD7:exon7:c.A871G:p.S291G chr16:50368638 rs200218240 C = 1.6 × 10−4 Not Reported 1

41 BRD7:exon5:c.C571T:p.Q191X chr16:50383954 - - Not Reported 1

42 PBRM1:exon17:c.C2032T:p.R678C chr3:52643864 rs1422119249 - Not Reported 1

43 KMT2A:exon27:c.T9737C:p.I3246T chr11:118376344 rs1259638674 C = 3 × 10−5 Not Reported 1

44 KMT2A:exon27:c.C9947T:p.A3316V chr11:118376554 rs201447376 T = 1.3 × 10−4 Not Reported 1

45 KMT2A:exon27:c.G10181A:p.G3394E chr11:118376788 rs782460936 A = 3 × 10−5 Not Reported 1

46 KMT2A:exon21:c.G5726A:p.W1909X chr11:118368712 - - Not Reported 1

47 KMT2A:exon27:c.G9247A:p.V3083I chr11:118375854 - - Not Reported 1

48 KMT2A:exon30:c.A10984G:p.S3662G chr11:118380746 rs201724738 G = 5.6 × 10−5 Not Reported 1

49 KMT2A:exon36:c.G11903A:p.R3968Q chr11:118392871 rs369182428 A = 3 × 10−5 Not Reported 1

50 KMT2A:exon30:c.A10975G:p.S3659G chr11:118380746 rs201724738 G = 1 × 10−4 Not Reported 1

51 KMT2C:exon43:c.G9987A:p.M3329I chr7:151860675 rs200804156 T = 6 × 10−5 Not Reported 1

52 KMT2D:exon10:c.T2284C:p.S762P chr12:49445182 - - Not Reported 1

53 KMT2C:exon10:c.C1384T:p.Q462X chr7:151949716 - - Not Reported 1

54 KMT2C:exon36:c.C6836T:p.P2279L chr7:151878109 rs150844259 A = 6 × 10−5 Not Reported 1

55 KMT2C:exon36:c.A6919G:p.R2307G chr7:151878026 rs772283102 C = 2.4 × 10−5 Not Reported 1

56 KMT2C:exon36:c.G5858A:p.C1953Y chr7:151879087 - - Not Reported 1

57 KMT2C:exon18:c.A2917G:p.R973G chr7:151927067 rs60244562 - Not Reported 2

58 KMT2C:exon18:c.G2877A:p.M959I chr7:151927107 rs4024402 - Not Reported 1

59 KMT2D:exon31:c.A7954C:p.M2652L chr12:49433599 rs147706410 G = 4.5 × 10−4 Likely Benign 1

60 KMT2D:exon41:c.G13780C:p.A4594P chr12:49424443 rs545972414 G = 2.5 × 10−4 Not Reported 2

61 KMT2D:exon28:c.C5921T:p.T1974M chr12:49436060 rs777415982 A = 6 × 10−5 Not Reported 1

62 KMT2D:exon48:c.G14893A:p.A4965T chr12:49420856 rs200747934 T = 1.53 × 10−4 Uncertain
Significance 2

63 KMT2D:exon39:c.G12686A:p.R4229Q chr12:49445262 rs753607446 T = 3.2 × 10−5 Not Reported 1

64 KMT2D:exon31:c.T7829C:p.L2610P chr12:49433724 rs200998047 G = 1.85 × 10−4 Uncertain
Significance 1

65 KMT2D:exon31:c.6673delG:p.E2225fs chr12:49434880 - - Not Reported 1

66 KMT2D:exon31:c.C7516T:p.L2506F chr12:49434037 rs749670394 A = 4 × 10−6 Not Reported 1
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67 KMT2D:exon39:c.C11179T:p.R3727C chr12:49427309 rs566069597 A = 3.6 × 10−5 Not Reported 1

68 KMT2D:exon10:c.C1628T:p.S543L chr12:49445838 rs776242478 A = 8 × 10−6 Not Reported 1

69 KMT2D:exon31:c.G8026T:p.E2676X chr12:49433527 - - Not Reported 1

70 KMT2D:exon31:c.C7136T:p.A2379V chr12:49434417 rs200842315 A = 6 × 10−5 Likely benign 1

71 KMT2D:exon39:c.C11495G:p.S3832C chr12:49426993 - - Not Reported 1

72 MBD1:exon9:c.G796A:p.E266K chr18:47801382 rs142015383 T = 5 × 10−4 Not Reported 1

73 MBD1:exon8:c.734delC:p.P245fs chr18:47801527 rs1173827934 - Not Reported 1

74 TET1:exon4:c.G2407A:p.A803T chr10:70404893 rs765094207 A = 2.4 × 10−5 Not Reported 1

75 TET1:exon2:c.G320A:p.R107Q chr10:70332415 rs1419371452 A = 8 × 10−6 Not Reported 1

76 TET1:exon4:c.G3476A:p.R1159Q chr10:70405962 rs140289196 A = 2.2 × 10−4 Not Reported 1

77 DNMT3B:exon19:c.G2138A:p.R713Q chr20:31390243 rs747182299 A = 3 × 10−5 Likely Pathogenic 1

78 DNMT3B:exon6:c.A680G:p.Y227C chr20:31379501 - - Not Reported 1

79 DNMT3B:exon17:c.G1855A:p.E619K chr20:31388054 rs576798456 A = 8 × 10−6 Not Reported 1

In total, we revealed 79 somatic mutations that fulfilled the selection criteria in 49/135
(36%) samples, and no mutations were found in the remaining samples. Among the
identified variants, 29/79 were not annotated in dbSNP, 32/79 were not mentioned in
gnomAD Exomes, and 68/79 were not mentioned in ClinVar.

The largest number of mutations was determined in histone modifier genes (41),
and in chromatin remodeling genes (37). The smallest number was in DNA methyla-
tion/demethylation genes (8). Taking into consideration variation in the gene size, we
normalized the mutation numbers in these three groups. Of the genes under study, histone
modifier genes contained collectively 24,207 codons; chromatin remodeling genes, 16,891
codons, and DNA methylation/demethylation genes, 6188 codons. Thus, frequencies of
mutations in these three groups were 0.0017, 0.0022, and 0.0013 per codon, respectively.
These figures support a somewhat lower somatic mutation burden on the DNA methyla-
tion/demethylation genes, although the differences were not statistically significant. The
distribution of variants in the epigenetic regulation genes in our patient samples was as
follows: KMT2D-16, ARID1A-9, KMT2A-8, KMT2C-8, CHD7-7, CHD5-5, CHD4, CREBBP-4
each, ARID2, SMARCA2, SMARCA4, DNMT3B and TET1-3 each, HDAC2, EP300, BRD7
and MBD1-2 each, and PBRM1, JARID1B-1. In 23/49 samples, a combination of more than
one mutation in different genes was demonstrated, but mutations in KMT2D, KMT2C,
ARID1A, and CHD7 were significantly rarely found in one and the same sample (p = 0.038).

3.2. Pathogenicity Analysis of the Detected Mutations by Prediction Programs

For all novel mutations that fulfilled the selection criteria, pathogenicity analysis
was performed by using prediction programs. By in silico analysis of pathogenicity for
somatic alterations, we determined that 15/63 alterations were pathogenic according to
more than two prediction tools. PolyPhen2-HumDiv predicted 26 of those as ‘Probably
damaging’, and the other 15 were ‘Possibly Damaging’, whereas PolyPhen2-HumVar
predicted 17 alterations as ‘Probably damaging’, 11 alterations as ‘Possibly damaging’,
while other 35 alterations were ‘Benign’. However, it should be noticed that PolyPhen2-
HumVar is more effective in mutations pathogenicity prediction for Mendelian disorders.
26/63 somatic alterations were predicted as ‘Deleterious’ by PROVEAN prediction tool;
42/63 variants were indicated as ‘Damaging’ by SIFT.

MutPred2 and MutPred-LOF are machine learning approaches, which incorporate
genetic and molecular information to predict whether the alteration is pathogenic or not.
We assigned a threshold value of 0.68 for pathogenic, as recommended by developers,
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because it yields a false positive rate of 10%. With this assumption, 11/63 somatic missense
variants were predicted as pathogenic, as well as and 10/16 nonsense and frameshift
variants, by MutPred-LOF with a cut-off value of 0.50 (as recommended for MutPred-LOF).

I-Mutant 3.0 predicts protein stability changes based on a protein sequence or protein
structure by using a support vector machine training algorithm. The I-Mutant 3.0 predicted
a decrease in protein structure stability for 44 somatic alterations and an increase for the
other 19 (Table S2).

3.3. Analysis of Clinical Significance of Mutations in Epigenetic Regulation Genes

The distribution of mutations in our patient cohort aligned to clinical features is shown
in Figure 1.

 

Figure 1. Spectrum of epigenetic regulation genes somatic mutations in gastric cancer. Gene names are marked according to
functions of the encoded proteins: histone modifiers, blue; chromatin remodeling, red; DNA methylation/demethylation,
magenta.

We found no associations of overall somatic mutation status (absence of mutations
vs. presence of at least one mutation) of epigenetic regulation genes with gender, age,
tumor size, lymph node metastases, stage, anatomical localization, Lauren type, distant
metastases, and presence of signet ring cells (Table 2). As for individual genes, we have only
discovered that mutations in ARID1A were associated with distant metastases (p = 0.03).
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Table 2. Clinical characteristics of patients and their distribution by groups with mutations (mut+)
and without mutations (mut−) in epigenetic regulation genes.

Parameters Total Cases Mut− Mut+ p-Value *

135 86 49

Age
<50 35 22 13

1
>50 100 64 36

Sex
m 83 51 32

0.58
f 52 35 17

Survival
status

Alive 59 42 17
0.14

Dead 76 44 32

5-year
survival

status

Alive 60 42 18

0.19Dead 69 40 29

<5 years follow-up 6 4 2

T

T1-2 49 33 16

0.46T3-4 84 51 33

is 2 2 -

N
N0 56 37 19

0.71
N1-3 79 49 30

M

M0 89 59 30

0.55M1 42 25 17

Unknown 4 - -

Lauren
classification

Diffuse 59 41 18

0.26Intestinal 64 38 26

Not Differentiate 12 7 5

Stage
I-II 57 39 18

0.36III-IV 76 45 31

Unknown 2 - -

Anatomical
localization

Stomach body 75 52 23

0.10

Antrum 36 22 14

Cardia 20 11 8

Stomach stump 3 0 3

Subtotal lesion 1 0 1

Pyloric 1 1 0

Signet ring
cells

yes 42 29 13
0.69

no 89 57 32

Unknown 4 0 4

* patients group with mutations in epigenetic regulation genes (mut+) vs. without mutations (mut−).

In the analysis of survival using the Kaplan–Meier method, we found that the overall
survival of patients in the group with metastases and the group of tumors with signet ring
cells was significantly reduced in the presence of mutations in the epigenetic regulation
genes (p = 0.036 and p = 0.042, respectively) comparing with patients without mutations
(Figure 2).
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Figure 2. Overall survival in patients with and without somatic mutations of the epigenetic regulation genes in their gastric
tumors, and (a) with distant metastases; (b) with the presence of signet ring cells in tumors.

Somatic mutations in the chromatin remodeling genes correlate with a low survival
rate of patients in the absence of distant metastases (p = 0.045) and with the presence of
signet ring cells in tumors (p = 0.0014) (Figure 3).

For the group of histone-modifying genes, no significant clinical correlations were
found. The group with mutations in the DNA methylation/demethylation genes included
only 8 patients and was too small to perform statistical analysis.

 

Figure 3. Overall survival in patients with and without somatic mutations of the chromatin remodeling genes in their
gastric tumors, and (a) with distant metastases; (b) with the presence of signet ring cells in tumors.

4. Discussion

Somatic mutations in epigenetic regulation genes are not very common in GC and
were determined only in 36% samples (49/135) in our study. Mutations were most rarely
detected in genes regulating DNA methylation/demethylation. We have not found any
somatic mutations in DNMT1 and DNMT3A. Besides, the group of patients with mutations
in the DNA methylation-related genes (MBD1, TET1, DNMT3B) was the smallest one with
only 8 out of 135 patients. Such a low frequency may be a result of the cancer type being
investigated. Chai-Jin Lee et al. demonstrated that frequencies of somatic mutations in
genes associated with DNA methylation and demethylation (DNMT1, DNMT3A, MBD1,
MBD4, TET1, TET2 and TET3) significantly varied in different types of cancers. Thus, in
myeloid leukemia samples, the frequency of DNMT1 and DNMT3A mutations was high,
whereas, in glioblastoma, renal cell carcinoma, and colon carcinoma, the total mutation
rate was less than 9% [11]. The low frequency of mutations in the DNA methylation
drivers in solid tumors is consistent with our results. Many studies have been published
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demonstrating DNA methylation as a clinical marker of carcinogenesis; however, the role
of somatic mutations in genes regulating methylation/demethylation in solid tumors has
not yet been sufficiently investigated. Moreover, although we did not find any DNMT3A
mutations in our samples, they were identified in other solid tumors. In 1.2% of papillary
thyroid carcinoma cases, mutations and/or loss of DNMT3A expression were associated
with aggressive clinical course and poor outcome [12].

In our work, the largest number of mutations was detected in histone modification
genes (52%, 41/79), with 16 mutations in KMT2D, 8 in KMT2C, and 8 in KMT2A. The pro-
teins encoded by these KMT2 (histone-lysine N-methyltransferases subclass 2) genes were
components of a COMPASS-like complex that performs mono-, di-, and trimethylation
of lysine 4 (H3K4) in histone 3 and is associated with transcription activation, facilitating
access of transcription factors to the promoter and enhancer regions of genes [13]. The
functions of COMPASS complexes are vitally important for the normal development of
an organism, and mutations in genes encoding their protein components are associated
with carcinogenesis [14]. KMT2C and KMT2D proteins restrain cell proliferation and
could be considered tumor suppressors [15]. In addition to lysine methylation associated
with transcription activation, methyltransferases KMT2C and KMT2D play an important
role in the maintenance of genomic stability and DNA repair [16]. Besides, these pro-
teins, together with PTIP (PAX transactivation-domain interacting protein), a subunit of
the KMT2C/KMT2D complexes, were found to increase the instability and induce the
degradation of the MRE11-dependent replication fork in BRCA-deficient cells [17].

The KMT2D and KMT2C genes are among the most frequently mutated in cancers,
which is also confirmed by our study. Mutations were detected in various types of solid
tumors, such as melanoma, urothelial carcinoma, lung cancer, as well as in esophageal and
stomach cancers [18].

In our study, KMT2D mutations had the highest frequency of 12% and were distributed
throughout the gene (Figure 4). Mutations of the KMT2D gene are mainly localized in the
central part of the gene coding sequence, which corresponds to the protein region between
the PHD-finger domain and the SET domain. This is also in concordance with the data
obtained by other authors [19].

 
Figure 4. Distribution of the KMT2D mutations detected in this study, along the gene.

According to the analysis by pathogenicity prediction programs, one of the novel
somatic missense mutations that we identified in the KMT2D gene, p.R3727C, was deter-
mined as pathogenic by almost all prediction tools. This substitution results in disruption
of the leucine zipper motif, which was necessary for the protein–protein interactions or
dimerization [20]. Disruption of the leucine zipper motif seriously alters the function of
proteins, which leads to a deregulation of protein interactions and blocking transcription.
Directed alterations of the leucine zipper motif are currently created in synthetic proteins
that are used as antitumor drugs [21].

The analysis of pathogenicity of unannotated mutations identified by us in KMT2C
revealed three mutations (p.R973G, p.M959I, p.C1953Y) that were pathogenic according
to three or more prediction tools. The first two of them were located in the PHD-finger
domain of the gene, and p.C1953Y was located in the disorder domain. Disorder domains
are characterized by high instability, and substitutions in this region can change the protein
conformation. Recent studies have demonstrated that around 20% of mutations in cancers
are located in these regions, causing abnormalities of protein conformations and func-
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tions [22]. Mutations in KMT2C in diffuse GC are associated with epithelial–mesenchymal
transition (EMT) and acquisition of the mesenchymal phenotype by cells and are also
markers of a poor prognosis [23]. Mutation distribution along the KMT2C gene is shown in
Figure 5.

Figure 5. Distribution of the KMT2C mutations detected in this study, along the gene.

In our study, mutations in the KMT2D and KMT2C were significantly rarely combined
in one sample (p = 0.038). There is a hypothesis that mutually exclusive genomic events
are functionally related by common biological pathways, and mutually exclusive genes
act on the same downstream effectors, thereby demonstrating functional redundancy.
Therefore, the aberration of one of these genes is enough to completely disrupt their
common pathways [24]. The KMT2D and KMT2C are components of similar COMPASS
complexes that perform the same function. Deregulation of either KMT2C or KMT2D
separately can serve as a driver mutation at the early stages of carcinogenesis, leading to
changes in the epigenomic landscape. As was demonstrated for bladder cancer, tumor cells
with low KMT2C activity experienced a deficiency of DNA repair mediated by homologous
recombination and suffer from endogenous DNA damage and genomic instability, and
their treatment with the PARP1/2 inhibitor olaparib leads to synthetic lethality [16]. The
high frequency of KMT2D and KMT2C mutations in GC and its associations with repair
processes allows considering them as targets for tumor treatment using PARP inhibitors,
causing the lethality of tumor cells.

We compared our result on mutual exclusivity of KMT2D and KMT2C mutations with other
GC mutation databases. Three datasets were acquired using cBioPortal (http://cbioportal.org
accessed on 7 August 2021): Gastric Cancer (OncoSG, 2018), Stomach Adenocarcinoma
(Pfizer and UHK), and TCGA PanCancer Stomach Adenocarcinoma (STAD). Visual analysis
suggested that KMT2D and KMT2C mutations in these datasets were not mutually exclusive
(Figure 6). For statistical analysis, we retained only sequenced samples with mutation
data (without Copy-Number Alterations) in all three studies. For the groupwise mutual
exclusive test, p-values were as follows: 0.088 for Onco SG, 0.016 for TCGA STAD, and
0.5 for the Pfizer study. Using the wFisher p-value combination method [25] with sample
size for each experiment, we obtained the p-value of the mutual exclusive test under the
nominal significance level of 0.05 (Figure 6a). Another interesting observation was that
considering missense mutations only, mutations in KMT2D and KMT2C visually were
almost mutually exclusive in these three datasets, as they were in our study (Figure 6b),
although calculated differences did not approach a significance level of 0.05, which we
attributed to the sample sizes. In this respect, we paid attention to the studies of bigger
sample size, though of another cancer localization, namely, Breast Cancer METABRIC,
Nature 2012, and Nat Commun 2016 (2509 samples) and Breast Cancer MSK, Cancer Cell
2018 (1918 samples), and in these datasets, we witnessed obvious mutual exclusivity of
somatic mutations in KMT2D, KMT2C, and ARID1A. Although this may be a cancer type-
specific observation, we altogether cannot rule out sample size effect and/or peculiarities
of mutation detection/interpretation in different studies.
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Figure 6. Analysis of mutual exclusivity of KMT2D and KMT2C mutations on the data presented in this article and in
other gastric cancer mutation databases. Portions of samples without mutations in KMT2D or KMT2C are shown in grey;
(a) analysis of all types of mutations, excluding amplification and deep deletions, portions of samples with mutations in
KMT2D or KMT2C are colored black; (b) analysis of missense mutations only, portions of samples with missense mutations
in KMT2D or KMT2C are colored blue.

The ARID1A and CHD7 genes that are related to chromatin remodeling were often
mutated in our patient samples. The ARID1A is often mutated in esophageal and gastric
cancers and is the canonical cancer gene according to the Cosmic Cancer Gene Census [26].
The proteins encoded by the ARID1A, SMARCA1, SMARCA2, and SMARCA4 are subunits
of the conservative multisubunit SWI/SNF complex, which uses the energy of ATP hy-
drolysis to mobilize nucleosomes and remodel chromatin. The expression of these genes is
often deregulated in the esophagus and gastric cancers [27].

ARID1A substitutions that we identified in gastric tumors, not annotated in human
mutation databases, namely p.R2236C, p.Q1415H, and p.P1710L, are of interest since
they can lead to deregulation of molecular mechanisms important for cancer progression.
According to the results of in silico analysis, the p.R2236C substitution results in aberration
of ADP-ribosylation, which is important for the DNA damage repair, as well as for the
formation of an allosteric site at p.R2233 that can be used to bind therapeutic agents. Today,
the search and targeting of allosteric sites are one of the strategies in the development of
antitumor drugs [28].

ARID1A:p.Q1415H and ARID1A:p.P1710L amino acid substitutions demonstrate an
overall predicted loss of O- and C-linked glycosylation. Post-translational modifications,
such as glycosylation, affect the transport, stability, and folding of the protein, changing
its biochemical and biophysical properties. Numerous studies confirmed that changes
in protein glycosylation have a great impact on carcinogenesis and contribute to the
appearance of more aggressive cell phenotypes [29].

Recent studies demonstrated that mutations in genes and abnormal expression of
the ISO/SNF complex proteins that participate in chromatin remodeling were associated
with a more aggressive course of the disease, as well as with EBV and MSI subtypes of
GC [30]. In our study, somatic mutations in the chromatin remodeling genes were also
found to be associated with worse overall survival in patients (without distant metastases,
p = 0.045; and in the presence of signet ring cells, an indicator of the aggressive course in
GC, p = 0.00011). H. Takeshima et al. investigated the role of chromatin remodelers in GC
and suggested that deregulations of chromatin remodeling occur at an early stage of gastric
carcinogenesis and are involved in the formation of the field cancerization [31].

Investigation of GC using NGS previously revealed that 47% of gastric adenocar-
cinomas were characterized by mutations of chromatin remodeling genes, and somatic
mutations of ARID1A had a high frequency, as it was in our study. It was shown that
gastrointestinal tumors with ARID1A mutations demonstrated high immune activity [32].
Gastric carcinomas with somatic ARID1A mutations were characterized by a more intense
PD-L1 expression than tumors without mutations. PD-L1 overexpression contributes to a
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more active response to immunotherapy and a better prognosis of survival for patients with
mutations in ARID1A compared to tumors with wild-type ARID1A. ARID1A mutations can
serve as a biomarker for the identification of patients with gastrointestinal cancer who are
sensitive to immunotherapy [33]. Clinically, the loss of ARID1A expression was correlated
with larger tumor size, deeper invasion, lymph node metastasis, and a poor prognosis [34].
In line with these observations, in our study, mutations in ARID1A were associated with
distant metastases (p = 0.03).

5. Conclusions

As a result of somatic mutation profiling of epigenetic regulation genes in GC, we have
revealed associations of the presence of such mutations in tumors with a decrease in patient
survival and the risk of developing distant metastasis, making the presence of mutations
a marker of a poor prognosis. Studying mutations in epigenetic regulation genes can
also contribute to the development of new approaches to drug therapy for GC treatment,
adding to them PARP inhibitors for the treatment of tumors with mutations in genes of the
KMT2 family and immunotherapy for the treatment of tumors with ARID1A mutations.
According to our results, this may be a significant group of patients, as the total frequency
of mutations in the chromatin remodeling genes and histone modifiers in our sample were
approximately 25% of all patients with mutations in epigenetic regulation genes.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
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and coverage for each sample.
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Simple Summary: We studied the association between the unfolded protein response (UPR) and
carcinogenesis, cancer progression, and survival in hepatocellular carcinoma (HCC). We studied
655 HCC patients from 4 independent cohorts using an UPR score. The UPR was enhanced as
normal liver became cancerous and as HCC advanced in stage. The UPR was correlated with
cancer cell proliferation that was confirmed by multiple parameters. Significantly, a high UPR
score was associated with worse patient survival. Interestingly, though UPR was associated with
a high mutational load, it was not associated with immune response, immune cell infiltration, or
angiogenesis. To our knowledge, this is the first study to investigate the clinical relevance of the
unfolded protein response in HCC.

Abstract: Hepatocellular carcinoma is a leading cause of cancer death worldwide. The unfolded
protein response (UPR) has been revealed to confer tumorigenic capacity in cancer cells. We hypoth-
esized that a quantifiable score representative of the UPR could be used as a biomarker for cancer
progression in HCC. In this study, a total of 655 HCC patients from 4 independent HCC cohorts
were studied to examine the relationships between enhancement of the UPR and cancer biology and
patient survival in HCC utilizing an UPR score. The UPR correlated with carcinogenic sequence
and progression of HCC consistently in two cohorts. Enhanced UPR was associated with the clinical
parameters of HCC progression, such as cancer stage and multiple parameters of cell proliferation,
including histological grade, mKI67 gene expression, and enrichment of cell proliferation-related
gene sets. The UPR was significantly associated with increased mutational load, but not with immune
cell infiltration or angiogeneis across independent cohorts. The UPR was consistently associated with
worse survival across independent cohorts of HCC. In conclusion, the UPR score may be useful as a
biomarker to predict prognosis and to better understand HCC.

Keywords: unfolded protein; hepatocellular cancer; GSVA; unfolded protein score

1. Introduction

Primary liver cancer is the sixth most common cancer worldwide with hepatocellular
carcinoma (HCC) compromising the majority of cases [1]. Incidence and mortality rates
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have decreased in high-risk regions in the worlds, yet prognosis remains poor, with an
expected 5-year survival rate less than 40% [2]. Improved outcomes may be achieved in the
10–15% of patients in whom surgical resection is possible, but the majority of patients with
a nonresectable disease have limited benefit from systemic chemotherapy [3]. A biomarker
based on tumor biology can help optimize treatment choices when linked to prognosis.

Cancer cells have the unique ability to evoke adaptive mechanisms to acquire malig-
nant characteristics necessary for cancer progression. Of these mechanisms, known as the
“hallmarks of cancer”, protein homeostasis as regulated by the Endoplasmic Reticulum (ER)
is a recognized process involved in cancer progression [4]. ER stress activates the Unfolded
Protein Response (UPR) and has been implicated in a variety of cancers, including HCC.
The UPR signal transduction cascade is directly activated as a response to prolonged ER
stress conditions including nutrient deprivation, hypoxia, acidosis, drug-induced toxicity,
and irradiation. In response to stressors, UPR response plays a major role in regulation
of the expression of genes responsible for calcium and redox homeostasis, protein traf-
ficking, ER quality control, autophagy, and lipid synthesis [5]. The UPR is inherently cell
protective, aiming to alleviate damage and restore cellular homeostasis via transcriptional
induction of specific molecular chaperones [6]. Due to the exposure of chronic stressors,
cancer cells learn to adapt to prolonged ER stress by creating pro-survival alterations in the
UPR signaling pathway and subsequently drive carcinogenesis [7]. Three major ER stress
transducers, IRE1, PERK, and ATF6, are recognized as primary drivers of the UPR [5,8].
The role of protein homeostasis and the UPR in HCC has been studied to highlight of
role of a specific UPR signal transducer, IRE1α, in HCC carcinogenesis via a metabolic
inflammation mechanism [9]. A downstream regulator of the PERK-dependent branch of
the UPR signaling pathway has been recognized to promote tumor cell proliferation via
limiting oxidation DNA damage [10].

Hepatocellular carcinogenesis is etiologically linked to viral infection, chemical car-
cinogens, and other environmental and host factors that cause chronic liver injury. The ac-
cumulation of genomic alterations, DNA rearrangements, and chromosomal amplifications
initiates the oncogenic progression of a normal hepatocyte to hepatocellular carcinoma [11].
In a related but distinct process from carcinogenesis, cancer progression is defined as
the evolution of existing cancer from local regional advancement to metastatic disease,
which is often recognized with clinical staging. Given the role of the UPR activation in
carcinogenesis, we hypothesized that UPR activation could be recognized with pathological
progression, mutational accumulation, clinical stage advancement, and survival in HCC.

Our previous work has reported the utility of scoring the genetic expression profile
using gene set variation analysis (GSVA) to understand the relationship between signaling
pathways and cancer biology in patients. For example, the G2M checkpoint pathway score
identified margin-positive resection in pancreatic cancer [12] and metastasis in estrogen
receptor-positive breast cancer patients [13], both resulting in poor survival. The DNA
repair pathway was shown to be associated with cell proliferation and worse survival
in HCC [14]. Given this background, we hypothesized in this study that the UPR was
associated with unique characteristics and worse survival in HCC patients. To test our hy-
pothesis, we analyzed a total of 655 HCC patients from The Cancer Genome Atlas (TCGA)
Liver Hepatocellular Carcinoma (TCGA-LIHC; n = 358), GSE6764 (n = 75), GSE89377
(n = 107), and GSE76427 (n = 115) cohorts to examine the role of Unfolded Protein Response
in clinical outcomes.

2. Materials and Methods

The hepatocellular carcinoma cohorts consisted of the mRNA-sequencing data of
358 hepatocellular carcinoma patients in The Cancer Genome Atlas (TCGA) Liver Hepato-
cellular Carcinoma cohort (TCGA_LIHC, n = 358), which was obtained from the Genomic
Data Commons Data Portal (GDC). American Joint Committee on Cancer (AJCC) stage and
pathological grade were obtained from GDC. We used the cohorts from Wurmbach et al.
(GSE6764; n = 75) [15], Eun et al. (GSE89377; n = 107) [16], Brandon et al. (GSE56545;
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n = 42) [17], and Grinchuk et al. (GSE76427; n = 167) [18] to investigate the association be-
tween the DNA repair pathway scores and HCC patients’ clinicopathological characteristics
and outcomes from the Gene Expression Omnibus (GEO) repository. Pathological classi-
fication of the samples in GSE6764 followed the guidelines of the International Working
Party [19]. Four pathological HCC stages were defined: (i) Very early HCC (n = 8), which
included well-differentiated tumors <2 cm in diameter with no vascular invasion/satellites
(size range: 8–20 mm); (ii) early HCC (n = 10), which included tumors measuring <2 cm
with microscopic vascular invasion/satellites; well- to moderately differentiated tumors
measuring 2–5 cm without vascular invasion/satellites; or 2–3 well-differentiated nodules
measuring <3 cm (size range: 3–45 mm); (iii) advanced HCC (n = 7), which included
poorly differentiated tumors measuring >2 cm with microvascular invasion/satellites or
tumors measuring >5 cm; and (iv) very advanced HCC (n = 10), which included tumors
with macrovascular invasion or diffuse liver involvement. All genomic analyses used
were log2 transformed normalized transcriptomic data. The average value was used for
genes with multiple probes. Given that the TCGA and all GEO cohorts used in this study
are de-identified in the public domain, approval from the Institutional Review Board
was waived.

The UPR score was used as a surrogate for quantified UPR activity. The activity of UPR
was quantified as the degree of enrichment of the “HALLMARK_UNFOLDED_PROTEIN_
RESPONSE” gene set (Table S1 lists all the genes included in this gene set) defined and
generated as one of the Hallmark gene set collections of the Molecular Signatures Database
(MSigDB) [20] using the gene set variation analysis (GSVA) algorithm [21] in the Bioconduc-
tor package (version 3.10). We have previously reported the clinical relevance of multiple
signaling pathways and responses using a similar approach [12–14,22–39].

The publicly available software (GSEA version 4.0.3) and the gene set enrichment anal-
ysis (GSEA) algorithm [40] was used in this study. Statistical significance was determined
to a false discovery rate (FDR) of 0.25 as recommended by the GSEA software (Table S4).

The xCell algorithm [41] was used to calculate the immune cell infiltration in the tumor
microenvironment through transcriptomic data. The xCell data were obtained through the
xCell website (https://xcell.ucsf.edu/, accessed on 23 February 2021), as we previously
reported [22–26].

The score values of the intratumor heterogeneity, single-nucleotide variant (SNV)
neoantigens, indel neoantigens, silent mutation, non-silent mutation, leukocyte fraction,
lymphocyte infiltration, and interferon (IFN)- response score were calculated and pub-
lished by Thorsson et al. [42]. Thorsson et al. [42] performed an extensive analysis of
TCGA, which includes immune and genomic data from than 10,000 tumors across vari-
ous cancer types. The study characterizes different immune subtypes by differences in
immune cell signatures, extent of neoantigen load, overall cell proliferation, expression
of immunomodulatory genes, and prognosis. The results and data analysis offers the
structure of our methods.

The median value of the UPR score within cohorts was used to divide the patients into
low and high UPR score groups. Statistical significance for comparison analysis between
groups was determined to a p-value less than 0.05 by the Kruskal-Wallis test, the Mann-
Whitney U test, and two-tail Fisher’s exact tests. Tukey-type boxplots showed the median
and interquartile level values. R software (R Project for Statistical Computing, Table S4)
and Microsoft Excel (Table S4) were used for all data analysis and data plotting.

3. Results

3.1. Unfolded Protein Response (UPR) Was Positively Correlated with Clinical Parameters of
Carcinogenesis and Cancer Progression as Well as the AJCC Cancer Stage of HCC Patients

Unfolded Protein Response (UPR) was quantified by the GSVA score of the Molecular
Signatures Database (MSigDB) Hallmark gene set using the methodology we previously
described [12–14,27–34]. Based on previous basic research studies that have elucidated the
role of UPR activation in carcinogenesis [9], we hypothesized that the UPR is enhanced
through the step-wise progression of a normal liver into HCC in patients. To test this
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hypothesis, the UPR score was measured at each stage of histological progression—from
normal liver, dysplasia, cirrhosis, low- and high-grade chronic hepatitis, to early and
advanced HCC—in the GSE6764 and GSE89377 cohorts. UPR was significantly enhanced
in early to advanced HCC compared to normal liver, dysplasia, cirrhosis, and very early
HCC in the GSE6764 cohort (Figure 1A; p < 0.001). These results were replicated and
validated in the GSE89377 cohort where the UPR was significantly enhanced in HCC
compared with dysplasia, cirrhosis, and chronic hepatitis (Figure 1A; p < 0.001). As a
measure of clinical cancer progression, UPR was also noted to be significantly enhanced in
tumors with advanced American Joint Committee on Cancer (AJCC) staging (Figure 1B,
p = 0.001).

Figure 1. Association between Unfolded Protein Response (UPR) and hepatocarcinogenesis and progression. (A) Boxplots
of the comparison of the unfolded protein response score by multistep hepatocarcinogenesis, including normal liver tissue
(n = 8), dysplasia (n = 17), cirrhosis (n = 13, very early hepatocellular carcinoma (HCC) (n = 8), early HCC (n = 10), advanced
HCC (n = 7), and very advanced HCC (n = 10) defined by the GSE764 cohort (n = 75); and dysplasia (n = 35), cirrhosis
(n = 12), low-grade (n = 8) and high-grade (n = 12) chronic hepatitis, early HCC (n = 5), and grades 1–3 (n = 9, 12, and 14,
respectively) of HCC defined by the GSE98377 cohort (n = 107). The p-value of normal/dysplasia vs. each class of HCC
analyzed using the Mann–Whitney U test in the GSE6764 cohort. The p-value of dysplasia vs. each class of HCC analyzed
using the Mann–Whitney U test in the in GSE89377 cohort. The overall p-value was calculated using a Kruskal–Wallis test.
(B) Boxplot of the comparison of the unfolded protein response and the American Joint Committee on Cancer (AJCC) stage
I-III (n = 166, 81, and 84, respectively) in the TCGA cohort. The overall p-value was calculated using a Kruskal–Wallis test.
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3.2. UPR Was Positively Correlated with Multiple Parameters of Cell Proliferation, including
Histological Grade, MKI67 Gene Expression and Enrichment of Cell Proliferation-Related Gene
Sets by Gene Set Enrichment Assay (GSEA)

Given the finding that UPR was associated with HCC cancer progression, we decided
to investigate the association with cancer cell proliferation. We found that UPR was
positively correlated with a higher pathological grade as compared to a lower grade HCC
tumor in the TCGA cohort (Figure 2A, p = 0.024). The expression of MKI67, a commonly
used marker for cell proliferation in the clinical setting, was found to be significantly
different between UPR groups when divided into low and high UPR score groups using
the median value as a cut-off. The high UPR group was significantly associated with a high
expression level of MKI67. In comparison, the low UPR group was associated with a low
expression level of MKI67 (Figure 2C, p < 0.001).

 

Figure 2. Association between Unfolded Protein Response and histological grade, MKI67 gene expression and cell
proliferation-related gene sets. (A) Boxplot of the comparison of the unfolded protein response score with histological
grade G1- 4 (n = 53, 168, 121 and 11, respectively). The p-value was calculated using a Kruskal–Wallis test. (B) Boxplot
of the comparison of the high vs. low unfolded protein response and the MKI67 gene expression (both n = 179) in the
TCGA cohort. The p-value was calculated using the Mann–Whitney U test. (C) Bar plot of the comparison of low and high
groups of the unfolded protein response score and MKI67 expression. The p-value was calculated using Fisher’s exact test.
(D) Gene set enrichment analysis (GSEA) of the Hallmark gene sets by high vs. low unfolded protein response score of HCC
in the GSE76427 and TCGA cohorts. Enrichment plots with the normalized enrichment score (NES) and false discovery rate
(FDR) for proliferation-related gene sets. An FDR of 0.25 was used to determine statistical significance as recommended by
the GSEA software (version 4.1.0, accessed on 27 February 2021) (Table S4).
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The MSigDB Hallmark defines six gene sets as cell proliferation-related in GSEA.
The UPR high HCC group significantly enriched five cell proliferation-related gene sets,
including E2F targets, G2M checkpoint, MYC targets v1, MYC targets v2, and Mitotic
spindle consistently in both TCGA and GSE76427 cohorts (Figure 2D, all False Detection
Rate (FDR) < 0.25). Reviewed in their entirety, our results indicated that UPR was correlated
with multiple measures of cell proliferation consistently, which validates the score as a
parameter for cancer proliferation.

3.3. UPR Was Significantly Associated with Increased Mutational Load

As cancer cell proliferation is associated with high mutational rates [36], it was of
interest to investigate the relationship between the UPR and mutation rate in HCC. Homol-
ogous recombination deficiency is representative of defective DNA repair and is a surrogate
marker for increased mutational load. A high UPR score was significantly associated with
homologous recombination deficiency, fraction altered, silent mutations, and non-silent
mutations (Figure 3A, p = 0.002; Figure 3B, p < 0.001, p = 0.027, p = 0.030, respectively). The
UPR score was not associated with single-nucleotide variants (SNV) neoantigens, or indel
neoantigens (Figure 3B, p = 0.087, p = 0.290). This study found that a high UPR score was
significantly associated with the mutation load.

Figure 3. Association between Unfolded Protein Response and mutation-related scores. Boxplots of the comparison of the
high vs. low unfolded protein response and (A) homologous recombinant defects score; (B) fraction altered, silent mutation,
non-silent mutation, single-nucleotide variants (SNV) neoantigens, and indel neoantigens. The p-value was calculated using
the Mann–Whitney U test. Bold format: significant p values.

3.4. There Was No Consistently Significant Association between the UPR and Immune Response
or Immune Cell Infiltration

A high tumor mutational burden has been suggested to increase neoantigen produc-
tion that can generate an anti-cancer immune cell infiltration in many types of cancers
including HCC [36,43]. Thus, it was of interest to investigate the correlation between
UPR and the immune response and immune cell infiltration, since a high mutation rate,
but not neoantigens, was associated with high UPR. Although statistically significant
(all FDR < 0.25), Normalized Enrichment Scores (NES) were uniformly low in all of the
inflammation-related gene sets enriched to high UPR including TNFα signaling, IL6/STAT3
signaling, and complemented in both the TCGA and GSE76427 cohorts (Figure 4A). There
was no significant increase in pro-cancer immune cell infiltration as estimated by the xCell
algorithm in the UPR high HCC cohort, except for type2 Helper T cells in the TCGA cohort
alone (Figure 4B). There was a noted significant increase in infiltration of type1 helper T
cells, which are anti-cancer cells, in the TCGA cohort alone (Figure 4B, p = 0.017). Low
UPR score had a noted increase in M2 macrophages, a pro-cancer immune cell, in the
TCGA cohort alone (Figure 4B, p = 0.029). Interestingly, with a high degree of mutational
variation in the analyzed cohorts and a presumed increase of antigen presentation, there
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was no consistent immune cell infiltration into the tumor microenvironment of UPR high
HCC. There was no correlation between the UPR score and expression of PD-1 or PD-L1
(Figure S1).

Figure 4. Association between Unfolded Protein Response and inflammation-related gene sets as well as infiltrating immune
cells in the TCGA and GSE76427 cohorts. (A) Enrichment plots with the normalized enrichment score (NES) and false
discovery rate (FDR) for the TNFα signaling via NFKB, IL6/JAK/STAT5, and complement gene sets of the Hallmark gene
sets. (B) Boxplots of the anti-cancer immune cells including CD8+ T cells, CD4+ T cells, T helper type 1 (Th1) cells, M1
macrophages and dendritic cells; and pro-cancer immune cells including regulatory T cells, T helper type (Th2) cells, and
M2 macrophages. The p-value was calculated using the Mann-Whitney U test. Bold format: Significant p values.

3.5. UPR Was Not Consistently Associated with Angiogeneis across Independent Cohorts of HCC

It was of interest to investigate the association between UPR and angiogenesis because
UPR has been shown to mediate angiogenesis through the regulation of transcription
factors [44]. The angiogenesis gene set was not enriched to HCC with high UPR in either
of the TCGA and GSE76427 cohorts (Figure 5, NES = 1.16 and FDR = 0.268; NES = 1.15
and FDR = 0.306). HCC with high UPR was also associated with a decreased infiltration of
lymphatic vessel related cells, including endothelial cells and lymphatic endothelial cells,
as well as adipocytes in the TCGA cohort (Figure 5, p < 0.001, p = 0.016, p < 0.001), but this
result was not validated in the GSE76427 cohort.
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Figure 5. Association between Unfolded Protein Response and angiogenesis in the TCGA and GSE76427 cohorts.
(A) Enrichment plots with the normalized enrichment score (NES) and false discovery rate (FDR) for the angiogene-
sis gene sets of the Hallmark gene sets. (B) Boxplots of the angiogenesis related gene sets adipocytes, fibroblasts, endothelial
cells, mother vessel (mv) endothelial cells, and lymphatic (ly) endothelial cells. The p-value was calculated using the
Mann-Whitney U test. Bold format: Significant p values.

3.6. The Unfolded Protein Response Score Was Consistently Associated with Worse Survival across
Independent Cohorts of HCC

As previous studies have reported that enhanced UPR was associated with worse
survival in other cancer, most notably in glioblastoma multiform [45,46], it was of interest
to investigate a similar relationship with survival in HCC patients. We analyzed the UPR
score as related to overall survival (OS), disease-free survival (DFS), risk-free survival (RFS),
and disease-specific survival (DSS) in the TCGA, as well as RFS in GSE76427 cohorts. Each
cohort was divided into low and high UPS groups using the median value. The high UPS
was significantly associated with worse OS, DFS, RFS, and DSS in all cohorts of TCGA,
and poor RFS in GSE62452 (Figure 6). In addition, through univariate and multivariate
cox regression analysis using OS in the TCGA cohort, the UPR score and AJCC stage were
demonstrated to be independent prognostic factors for HCC patients (Table S2). These
results suggest that Unfolded Protein score is able to quantify the biological aggressiveness
of HCC and has the potential to be used as a prognostic biomarker for survival in HCC.
We have previously published that cell proliferation-related scores that are associated with
patient survival including MYC [30], G2M checkpoint [12], and E2F target [32] scores in
breast cancer.
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Figure 6. Association between the Unfolded Protein Response and HCC patient survival. (A) Kaplan–Meier survival curves
comparing the low and high unfolded protein response score in HCC to demonstrate disease-free survival, disease-specific
survival, and overall survival in the TCGA cohort (n = 358). (B) Kaplan–Meier survival curves comparing the low and
high unfolded protein response score in HCC to demonstrate recurrence-free survival in the TCGA and GSE76427 (n = 167)
cohorts. We divided the cohort into low and high unfolded protein response score groups using the median value as the
cut-off. The p-value was calculated using a log rank test.

We also reported that the G2M checkpoint pathway alone is associated with drug
response and survival among cell proliferation-related pathways in pancreatic cancer [12].
However, we have never compared or analyzed which of these scores correlate most
with survival in HCC. To this end, we analyzed the clinical benefit of UPR and each cell
proliferation-related gene sets, including E2F targets, G2M checkpoints, MYC target v1 and
v2, MITOTIC spindle, and MKI67 expression by a Cox Proportional Hazards model. As
demonstrated in Supplemental Table S3, the hazard ratio of UPR was the highest among all
the biomarkers, which offers it a higher degree of correlation over our previously analyzed
cell proliferation-related scores.

4. Discussion

In this study, we looked at the association of the unfolded protein response (UPR), as
measured by the UPR Score, with clinical relevance in HCC. Our findings suggested that the
UPR was positively correlated with each histological progression in the carcinogenesis and
progression of HCC. The UPR high HCC cohort was significantly associated with multiple
parameters of cell proliferation including histological grade, MKI67 gene expression, and
enrichment of cell proliferation-related gene sets by GSEA and mutational load. On the
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contrary, the UPR high HCC cohort was not associated with angiogenesis or increased
immune activity. The UPR was also consistently associated with worse survival across
independent cohorts of HCC. To our knowledge, this is the first study to investigate the
clinical relevance of the unfolded protein response in HCC.

The UPR signaling network operates as a pro-oncogenic mechanism that drives
several aspects of cancer progression by increasing cancer cell survival and adapting to
intrinsic changes and environmental challenges. Most evidence suggests that the UPR
is involved in most hallmarks of cancer, including cell proliferation, immune evasion,
angiogenesis, and treatment resistance [4,5]. Chronic environmental stressors, including
nutrient deprivation, hypoxia, acidosis, drug-induced toxicity, and irradiation, drives the
UPR to adopt a pro-survival mechanism that is co-opted by cancer cells for continued
proliferation and survival. These changes are demonstrated in gene expression alteration
and changes in protein signal transduction. The role of protein homeostasis and the UPR
in HCC has been studied to highlight of role of a specific UPR signal transducer, IRE1α, in
HCC carcinogenesis via a metabolic inflammation mechanism [9]. A downstream regulator
of the PERK-dependent branch of the UPR signaling pathway has been recognized to
promote tumor cell proliferation via limiting oxidation DNA damage [10]. Our findings
highlighted a significant correlation between UPR activation through each histological stage
in the carcinogenesis of normal liver tissue to hepatocellular cancer. These results offer a
clinical observation of the previously defined pre-clinical role of the UPR in carcinogenesis.
It is tempting to speculate that this observation offers a translation target for targeted
therapy to interrupt hepatocellular carcinogenesis.

Cancer progression is defined as the advancement of existing cancer, from local re-
gional advancement to metastatic disease, which is measured by parameters of clinical stag-
ing. Utilizing an in vivo preclinical model, one study noted that cancer failed to progress if
a downstream UPR-activated chaperone protein was suppressed, directly demonstrating
the role of UPR-related proteins in cancer progression [47]. With the observed preclinical
data that elucidates the role of UPR in cancer progression, it can be reasonably assumed
that the UPR would be associated with cancer stage. Our study observed the significant
enrichment of the UPR in advancing AJCC staging, with high UPR enrichment in stage IV
HCC and lower UPR enrichment in stage I HCC.

The UPR is difficult to quantify in the clinical setting. Prior studies have analyzed
the actions of three major ER stress transducers, IRE1, PERK, and ATF6, as a measure of
the UPR and its adaptive response to ensure cell survival [5,8]. Without gene expression
profiling and protein transduction studies, there is a lack of a translational method to
quantify the UPR. GSEA allows us to capture genetic activation by the UPR across the
transcriptomes of multiple large HCC patient cohorts and create a quantifiable entity in
the UPR score. We can then use this score to study its association with common clinical
parameters of cancer proliferation and progression. The Hallmark gene sets utilized in
this study are widely accepted and recognized as representing well-defined biological
processes. The aim of this study was to investigate the clinical relevance of the existing
Hallmark Unfolded Protein Response gene set, and not to generate a novel gene set that
reflects the UPR. We have previously reported the association of several pathways with
clinical outcomes in various cancers [12,13,31,32].

The common histological assessments of grade and MKI67 expression are used as
clinical correlates to recognize degrees of cell proliferation in cancer. A prior study of UPR
activation demonstrated that downstream UPR signal transducers were overexpressed
more frequently in the higher-grade breast cancers than in lower-grade breast cancers
indicating that activation of the UPR can correlate with a clinically more aggressive pheno-
type [48]. This study observed a similar correlation in that UPR gene set activation was
highly enriched with higher grade HCC, and not as highly enriched with lower grade HCC.
In addition, the enrichment of cell proliferation gene sets supports the finding of significant
UPR association with increased cell proliferation as measured by mKI67 expression.
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Neoplastic progression requires several genetic alterations and mutations that allow
the cell to ignore growth controls and disable apoptotic signaling. The accumulation of
a mutational load is associated with a high rate of proliferation as we have previously
observed in breast cancer [36], and so it was interest to investigate if a high mutational
load cancer is associated with a high UPR. This study found that a high UPR score was
significantly associated with the mutation load. In general, the tumor microenvironment
(TME) is manipulated by cancer cells by the release of pro-inflammatory mediators. This
results in the recruitment of immune cells, which are involved in angiogenesis, invasion,
as well as metastasis [49]. It has been shown that this change in the TME is a form of ER
stress that is influenced by sustained activity of IRE1α, a main sensor of the UPR signaling
pathway [50]. In addition, in vitro experimental data have shown that macrophages
activate UPR when cultured with ER-stressed cancer cells. Furthermore, these macrophages
recapitulate, amplify, and expand the proinflammatory response of cancer cells [50]. Thus,
we hypothesized that UPR activation would be associated with inflammation in the TME.
Interestingly, we did not observe a consistent association between UPR activation and an
immune response. In addition, as higher mutational load cancer has been associated with
increased neoantigen presentation and subsequent immune cell infiltration [36], this same
relationship was not observed in HCC cohorts.

Angiogenesis is crucial to the progression of cancer [31,37–39,51–53]. Rapid tumor
growth and inadequate vascularization creates environmental stress that propagates the
activation of stress response pathways, include the unfolded protein response. Studies
have indicated that cells suffering from insufficient blood supplies experience ER stress and
activate the UPR to help cancer cells continue to grow and spread rapidly [54,55]. The UPR
has also been shown to play a role in mediating angiogenesis through the regulation of
VEGFA transcription factor [44]. Though much pre-clinical evidence points to a correlative
relationship, it is conceivable that the activation of the angiogenic and UPR pathways could
synergize in some cases and be antagonistic in others [56]. Interestingly, our analysis did
not show a consistent relationship between the UPR and angiogenesis across TCGA and
GSE76427 cohorts.

This study observed the association of the UPR with clinical parameters of cancer
aggressiveness and progression. By extension, it was reasonable to assume that high UPR
activation would also be associated with worse survival. Our results indicated a statistically
significant and validated correlation with recurrence-free survival across two cohorts of
HCC patients. Overall survival was also worse with high UPR activation in the TCGA
cohort. Though the aim of the study was not to report a new mechanism of the unfolded
protein response in HCC, it does highlight the ability of the UPR score to predict survival
in HCC.

The current study has obvious limitations. The uses of databases have an inherent
inability to analyze tissue samples directly, thus limiting our ability to perform further
comprehensive histological analysis. As we used publicly available cohorts, our results
may not reflect the heterogeneity among the patients due to the limited sample size of the
databases. Although we believe that the statistical significance is real when the difference
exists despite the small sample size, we may not be inclusive of all findings. Another
limitation of this study is that is does not accurately reflect the composition of the tumor
microenvironment as represented by immunological milieu of the original cancer tissue,
which cannot be reliably replicated outside of in vivo experiments. Finally, the cohorts
we access do not contain treatment data and it is assumed that the patients underwent
standard-of-care treatments. In the future, our result needs validation with prospectively
analyzing UPR score in patient samples with treatment data.

5. Conclusions

The unfolded protein response (UPR) was associated with carcinogenesis and progres-
sion of HCC, with multiple parameters of cell proliferation, including histological grade,
MKI67 gene expression, and cell proliferation-related gene sets, with increased mutational
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load, but not with immune infiltration nor angiogenesis, and with worse survival across
independent cohorts of HCC. Thus, the UPR score may be useful as a biomarker to predict
prognosis and to better understand HCC.
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Simple Summary: Although pathologic complete response (pCR) to neoadjuvant chemoradiation
(nCRT) in locally advanced rectal cancer (LARC) is associated with better outcomes, a subset of tumors
exhibit resistance to nCRT. Therefore, there is a need of biomarkers to predict the nCRT response and
increment efforts for personalized therapeutic options. To this end, we analyzed pretreatment plasma
proteome of a mouse model of rectal cancer treated with concurrent chemoradiation, resulting in
identification and validation of plasma VEGFR3 as a potential predicting biomarker. In addition,
plasma levels of EGFR and COX2, previously validated tissue-based predicting biomarkers, were
significantly higher in non-pCR than pCR LARC patients, indicating that EGFR and COX2 can also
serve as blood-based biomarkers. The performance of the biomarker panel combining VEGFR3,
EGFR, and COX2 were significantly improved compared to that of each marker alone, providing a
rationale for further integration and refinement of the biomarker panel and validation in the larger
sample sets.

Abstract: The current standard of care for patients with locally advanced rectal cancer (LARC) is
neoadjuvant chemoradiation (nCRT) followed by total mesorectal excision surgery. However, the
response to nCRT varies among patients and only about 20% of LARC patients achieve a pathologic
complete response (pCR) at the time of surgery. Therefore, there is an unmet need for biomarkers that
could predict the response to nCRT at an early time point, allowing for the selection of LARC patients
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who would or would not benefit from nCRT. To identify blood-based biomarkers for prediction of
nCRT response, we performed in-depth quantitative proteomic analysis of pretreatment plasma from
mice bearing rectal tumors treated with concurrent chemoradiation, resulting in the quantification
of 567 proteins. Among the plasma proteins that increased in mice with residual rectal tumor after
chemoradiation compared to mice that achieved regression, we selected three proteins (Vascular
endothelial growth factor receptor 3 [VEGFR3], Insulin like growth factor binding protein 4 [IGFBP4],
and Cathepsin B [CTSB]) for validation in human plasma samples. In addition, we explored whether
four tissue protein biomarkers previously shown to predict response to nCRT (Epidermal growth
factor receptor [EGFR], Ki-67, E-cadherin, and Prostaglandin G/H synthase 2 [COX2]) also act as
potential blood biomarkers. Using immunoassays for these seven biomarker candidates as well
as Carcinoembryonic antigen [CEA] levels on plasma collected before nCRT from 34 patients with
LARC (6 pCR and 28 non-pCR), we observed that levels of VEGFR3 (p = 0.0451, AUC = 0.720), EGFR
(p = 0.0128, AUC = 0.679), and COX2 (p = 0.0397, AUC = 0.679) were significantly increased in the
plasma of non-pCR LARC patients compared to those of pCR LARC patients. The performance
of the logistic regression model combining VEGFR3, EGFR, and COX2 was significantly improved
compared with the performance of each biomarker, yielding an AUC of 0.869 (sensitivity 43% at 95%
specificity). Levels of VEGFR3 and EGFR were significantly decreased 5 to 7 months after tumor
resection in plasma from 18 surgically resected rectal cancer patients, suggesting that VEGFR3 and
EGFR may emanate from tumors. These findings suggest that circulating VEGFR3 can contribute to
the prediction of the nCRT response in LARC patients together with circulating EGFR and COX2.

Keywords: rectal cancer; neoadjuvant chemoradiation; mouse model; proteomics; biomarkers

1. Introduction

The current standard of care for patients with clinical stage II or III locally advanced
rectal cancer (LARC), defined as T3–T4 or node-positive non-metastatic disease, is neoad-
juvant chemoradiation (nCRT) followed by total mesorectal excision (TME) surgery to
improve resectability, anal sphincter preservation, and long-term outcome [1,2]. However,
the response to nCRT in LARC varies among patients. After nCRT, about 20% of LARC pa-
tients achieve a pathological complete response (pCR), which is associated with favorable
5-year disease-free survival compared to those without complete response (non-pCR) [3,4].
Conversely, while ~40% of LARC patients achieve a wide range of partial responses, a
subset (~20%) of tumors exhibit resistance to nCRT, demonstrating either progression or
only minimal regression/stable disease [5].

Given the achievement of pCR in a significant proportion of patients undergoing nCRT
and the adverse effects of major TME surgery such as perioperative mortality, anastomotic
leak, stoma-related complications, and long-term urinary and sexual dysfunction [6–8],
there is a growing interest in organ preservation for LARC patients who achieve a clinical
complete response (cCR) after nCRT. Since 2004, a series of studies have reported the
promising potential of a watch-and-wait strategy to avoid major TME surgery [9–12].
Recent large datasets from meta-analyses and registry studies indicated that 5-year overall
survival did not differ between patients treated with a watch-and-wait and those with
surgery [13,14], suggesting that the watch-and-wait strategy can be an alternative to TME
surgery with low oncological risk. However, the significant limitation of the watch-and-
wait strategy is the poor concordance between pCR and cCR, which can result in local
regrowth after nCRT [13–15]. Therefore, there is an immense need for biomarkers for safe
adoption of the watch-and-wait strategy to predict pCR and identify patients who may
potentially avoid surgery after completion of nCRT.

A wide variety of clinical, pathologic, and radiologic factors, including tumor size,
differentiation, clinical T and N stages, and tumor regression rates, have been associated
with nCRT response [16–19]. Several potential tissue- or blood-based molecular biomarkers
to predict the nCRT response, including DNA methylation, protein, miRNA, and cfDNA,
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have also been described [20–23]. As carcinoembryonic antigen (CEA) is routinely used for
disease monitoring in colorectal cancer, the relationship of CEA and the nCRT response has
been most widely studied. A recent meta-analysis suggest that pretreatment CEA levels
were significantly and inversely correlated with the rate of pCR [24]. However, to date,
none of these clinicopathological, radiological, or molecular biomarkers have yet reached
the clinic due to inadequate sensitivity and specificity.

In this study, we sought to identify blood-based biomarkers that can differentiate
patients who will achieve a pCR versus non-pCR by analyzing the plasma proteome of
a mouse model with rectal cancer that recapitulate molecular and biological features of
human rectal cancer [25]. This approach allows minimization of extraneous variability
and blood sampling at defined pre-therapeutic time points during the course of tumor
progression [26]. In addition, we investigated whether previously validated tissue-based
biomarkers for nCRT response [20] can also serve as blood-based biomarkers for predict-
ing pCR.

2. Materials and Methods

2.1. Mouse Model

All animal experiments were conducted in accordance with institutional and national
guidelines and regulations with approval by the Institutional Animal Care and Use Com-
mittee at The University of Texas MD Anderson Cancer Center. At 8 weeks of age, mice
were administered with a 4-hydroxytamoxifen (4-OHT) enema (1 mg/mL) and doxycy-
cline [25]. Beginning at 4 weeks post-induction, tumor size was measured as the percentage
of tumor occlusion of the lumen by weekly colonoscopy. Once the percentage of tumor
occlusion of the lumen reached 50%, intraperitoneal injection of 5-FU (30 mg/kg) and
concurrent radiation (5 Gy per fraction) were administered to four mice with rectal tumors
for 5 consecutive days, resulting in two mice showing complete tumor regression and two
mice with residual tumors. Four control mice at the same age without Cre DNA recombi-
nase were also treated with the same regimen. Five days prior to the treatment, plasma was
collected, and Magnetic resonance imaging (MRI) was performed to assess rectal tumors.
Mice were euthanized a week after chemoradiation and response to chemoradiation was
pathologically evaluated.

2.2. Mass Spectrometry Analysis of Pretreatment Mouse Plasma Samples

An independent pool of pretreatment plasmas from two mice with rectal tumors
achieving regression, two mice with residual rectal tumors after chemoradiation, and
four control mice were created. Each pool of mouse plasma was subjected to immunode-
pletion, whereby the top three abundant proteins (albumin, IgG, and transferrin) were
removed using an Immunodepletion column (Agilent Technologies, Santa Clara, CA,
USA). The remaining low abundant proteins in each sample were treated with 25 mM
tris(2-carboxyethyl)phosphine (TCEP) for Cys reduction and subsequently labeled with
Iodoacetyl Tandem Mass Tag (IodoTMT) sixplex isobaric label reagent (Thermo Fisher
Scientific, Waltham, USA). The mixture of labeled samples was separated by an orthogonal
two-dimensional high-performance liquid chromatography (2D-HPLC) system (Shimadzu,
Kyoto, Japan) with eight fractions of anion-exchange (Agilent Technologies, Santa Clara,
USA) as the first dimension followed by 12 reversed-phase fractions by RPGS reversed-
phase column (4.6 mm I.D. × 150 mm, 15 μm, 1000 Å, Column Technology Inc, Fremont,
CA, USA) as the second dimension. Collected protein fractions were lyophilized, digested
with trypsin, and analyzed by nano LC–high definition MSE (HDMSE) with Synapt G2Si
ion-mobility quadrupole time-of-flight (Q-TOF) mass spectrometry (Waters, Milford, USA).

The 2 h gradient elution was performed in a capillary column (C18, 3 μm 120 Å,
75 μmID × 25 cmL, Column Technology, Inc., Fremont, USA) at 500 nl/min with the
mobile phase A 0.1% formic acid (FA) in 2% acetonitrile (ACN) and B 0.1% FA in 98% ACN.
The mass spectrometer was operated with a resolving power of at least 20,000 full width
at half maximum (FWHM) at m/z 785.843 (+2, Glu1-fibrinopeptide B) nano electrospray
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ionization (ESI) source with a NanoLockSpray. The lock mass channel was sampled every
60 s.

Accurate LC-HDMSE data were acquired in an alternating low energy (HDMS) and
high energy (HDMSE) mode with mass scan range from m/z 50 to 1800 under a capillary
voltage of 2.8 kV, a source temperature of 100 ◦C, and a cone voltage of 30 V. The spec-
tral acquisition in each mode is 1.0 s with a 0.1 s inter-scan. In HDMS mode, data are
collected at a collision energy of 2 eV in both Trap and Transfer cell. In HDMSE mode,
the collision energy is ramped up from 25 to 55 eV in the Transfer cell. The acquired data
were processed through ProteinLynx Global Server (PLGS, WATERS, Milford, USA) and
searched against the Uniprot mouse database at 4% false discovery rate (FDR). The identi-
fied proteins were filtered with ≤ 5 ppm mass accuracy of sequenced peptides. Quantile
normalization approach was used to normalize the peak intensities of reporter ions before
protein quantification.

2.3. Human Plasma Samples

All human plasma samples were obtained following Institutional Review Board
approval and informed consent. Plasma samples were collected from 34 treatment-naïve
LARC patients undergoing neoadjuvant chemoradiation (50.4 Gy in 28 daily fractions
of 1.8 Gy with concurrent capecitabine (an oral prodrug of 5-fluorouracil)) at the MD
Anderson Cancer Center, and used for validation of biomarker candidates (pretreatment
LARC set). After completion of chemoradiation, patients underwent surgical excision, and
standardized pathological procedures were followed for the assessment of residual disease.
An independent set of plasma samples collected at the time of diagnosis and 5 to 7 months
after surgery from 18 surgically resected rectal cancer patients at the Aichi Cancer Center
was used to assess the association between biomarker candidates and surgical resection
(pre-and post-surgery RC set). All patients in the pre- and post-surgery RC set were treated
by surgery alone.

2.4. Luminex Assays

Levels of Vascular endothelial growth factor receptor 3 (VEGFR3), Insulin like growth
factor binding protein 4 (IGFBP4), Carcinoembryonic antigen (CEA), Epidermal growth fac-
tor receptor (EGFR), and E-cadherin were measured using the Luminex kit (HANG2MAG-
12K, HIGFBMAG-53K, HCCBP1MAG-58K, and HSCRMAG-32K from Millipore, and
EPX010-12315-901 from Life Technologies), according to the manufacturer’s instructions.
Each sample was assayed in duplicate, and the absorbance was measured with a calibrated
Bio-Plex machine (Bio-Plex MAGPIX System, Bio-Rad, Hercules, CA, USA).

2.5. ELISA Assays

Levels of Cathepsin B (CTSB), Ki-67, and Prostaglandin G/H synthase 2 (COX2)
were determined using enzyme-linked immunosorbent assay (ELISA) kits (ab119584 from
Abcam, Cambridge, UK; DY7617-05 from R&D Systems, Minneapolis, MN, USA; and
RAB1034-1KT from Sigma-Aldrich, St. Louis, MO, USA) and according to the manufac-
turer’s protocol. For all ELISA experiments, each sample was assayed in duplicate, and
the absorbance was measured with a FLUOstar Omega microplate reader (BMG Labtech,
Ortenberg, Germany).

2.6. Statistical Analysis

Categorical data were compared by Fisher’s exact test or a chi-square test using Prism
7.05/e software (GraphPad). For all Luminex and ELISA assays, an internal control sample
was run in every plate, and each value of the samples was divided by the mean value of the
internal control in the same plate to correct the interplate variability. Individual biomarker
performance was assessed using the Welch’s t-test or the paired t-test. Sensitivity, specificity,
and the area under the curve (AUC) were determined by a receiver operating characteristic
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analysis. The likelihood ratio test was employed to assess the significance of the model
based on the biomarker panel combining VEGFR3, EGFR, and COX2.

3. Results

3.1. Proteomic Profiling of Pretreatment Plasmas from a Mouse Model of Rectal Cancer Treated
with Chemoradiation

To faithfully recapitulate the development of human locally advanced rectal cancer
(LARC), we utilized a genetically engineered mouse model of colorectal cancer, which
harbors a Doxycycline (Dox)-inducible oncogenic Kras allele and conditional null alleles of
Apc and Trp53 (iKAP) [25]. Approximately 25% of iKAP mice are expected to develop only
rectal tumors by colon-specific activation of Cre DNA recombinase with rectal enema of
4-OHT. Occurrence of rectal tumors in Dox-treated iKAP mice was confirmed by endoscopy,
MRI, and biopsy (Figure 1A). iKAP mice with rectal tumors and control mice without Cre
DNA recombinase received intraperitoneal injection of 5-FU (30 mg/kg) and concurrent
radiation (5 Gy per fraction) for 5 consecutive days (Figure 1B). To assess the response
to chemoradiation, mice were sacrificed a week after the treatment. Figure 1C depicts
macroscopic images of colons of iKAP mice with residual tumors (non-regression) (#1) and
with complete tumor regression (Regression) (#2), while rectal tumors of #1 and #2 mice
were not distinctively different before chemoradiation (Figure 1A).

To identify plasma proteins that can predict pCR before chemoradiation, plasma
samples were collected 5 days prior to chemoradiation from iKAP mice with rectal tumors
and control mice (Figure 1B). For mass spectrometry analysis, plasma samples from two
Regression mice, two Non-regression mice, and four control mice were respectively pooled.
In-depth quantitative proteomic analysis with using tandem mass tags (TMT) labeling
resulted in quantification of 567 proteins (393 unique genes). To gain insights into the
underlying biological difference of increased plasma proteins in Regression mice and Non-
regression mice, we performed a pathway analysis of proteins with more than a two-fold
increase in the plasma of either Regression mice or Non-regression mice compared to con-
trol mice using WebGestalt (http://www.webgestalt.org/, accessed on 25 March 2020) [27].
Over-Representation Analysis based on KEGG (https://www.genome.jp/kegg/, accessed
on 25 March 2020) [28] resulted in identification of 5 and 13 pathways that were significantly
associated with increased proteins in the plasma of Regression mice or Non-regression mice
compared to control mice, respectively (p values < 0.05, hypergeometric test, and with three
or more overlapping proteins) (Figure 2A and Supplementary Table S1). While four path-
ways commonly identified in the comparison of Regression vs. control and Non-regression
vs. control were associated with metabolism, nine pathways that were uniquely identi-
fied in the comparison of Non-regression vs. control were associated with the immune
system and infectious disease (Complement and coagulation cascades; Antigen processing
and presentation; Staphylococcus aureus infection; Pertussis), intracellular transport and
catabolism (Lysosome; Phagosome), focal adhesion (Focal adhesion; Proteoglycans in
cancer), and the endocrine system (Thyroid hormone synthesis) (Figure 2A,B).
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Figure 1. Chemoradiation treatment of iKAP mice with rectal tumors. (A). Endoscopic images (top)
and MRI scans (bottom) of rectal tumors. Red arrows in MRI scans indicate rectal tumors. (B). Outline
of the experimental design for intraperitoneal injection of 5-FU and concurrent radiation. (C). Macro-
scopic images of colons of iKAP mice with residual tumor (Non-regression) (#1) and with complete
tumor regression (Regression) (#2). A red arrow indicates residual tumors. CRT: chemoradiation.
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Figure 2. Proteomic analysis of pretreatment plasmas from iKAP mice with complete tumor regression and with residual
tumors. (A). Venn diagrams of pathways are significantly associated with more than a two-fold increase of proteins in the
plasma of Regression mice or Non-regression mice compared to control mice. (B). Pathways uniquely identified in the
comparison of Non-regression vs. control. p values were calculated by hypergeometric test. (C). Schema of mouse Vegfr3,
Ctsb, and Igfbp4. Gray bars indicate peptides identified in mouse plasma. Numbers indicate mass spectra counts for each
peptide. The amino acid sequences are based on P35917-1 for Vegfr3, P10605-1 for Ctsb, and P47879-1 for Igfbp4.

To determine biomarker candidates for prediction of pCR, we applied the following
criteria: (1) the number of quantified peptides ≥ 10, (2) Non-regression/Control ratio > 3,
and (3) Non-regression/Regression ratio > 3. Nine proteins passed these criteria (Table 1),
and intriguingly, Collagen type I alpha 1 chain (Col1a1), Cathepsin B (Ctsb), and Vascular
endothelial growth factor receptor 3 (Vegfr3) were included in the pathways uniquely asso-
ciated with increased plasma proteins in Non-regression mice (Supplementary Table S1),
suggesting a possible biological link between these proteins and rectal tumors resistant
to chemoradiation. In addition, Insulin like growth factor binding protein 4 (Igfbp4) is of
interest, as it can bind to and modulate the function of Insulin-like growth factor I (Igf1) [29],
which is also included in two pathways associated with focal adhesion (Supplementary
Table S1). Our mass spectrometry analysis yielded substantial peptide coverage for Vegfr3,
Ctsb, and Igfbp4 (Figure 2C and Table 1), and therefore, we selected these three proteins
for validation in human plasma samples.

3.2. Validation of Protein Biomarker Candidates in a Set of LARC Plasma Samples

VEGFR3, CTSB, and IGFBP4, as well as Carcinoembryonic antigen (CEA) were assayed
in the pretreatment LARC set consisting of plasma samples collected prior to nCRT from
34 patients with LARC. In the pretreatment LARC set, 6 (17.6%) patients achieved pCR
(pCR) and 28 (82.4%) patients had residual tumors after nCRT (non-pCR). While non-pCR
LARC patients had more advanced T stages, clinical factors did not show a statistically
significant difference between pCR and non-pCR LARC patients (Table 2).
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Table 1. Plasma proteins increased in Non-regression iKAP mice.

Protein
Total Number of

Peptides
Non-Regression/Control

Ratio
Non-Regression/Regression

Ratio

Igfbp4 38 9.9 3.6
Col1a1 13 8.1 3.7
Prdx6 10 6.4 5.2
Park7 13 4.9 5.0
F13b 138 4.2 3.7
Flna 20 4.1 3.4
Ctsb 44 4.0 3.0

Vegfr3 91 3.8 3.7
Blvrb 14 3.3 4.4

Igfbp4: Insulin like growth factor binding protein 4, Col1a1: Collagen type I alpha 1 chain, Prdx6: Peroxiredoxin-6,
Park7: Parkinson disease protein 7, F13b: Coagulation factor XIII B chain, Flna: Filamin-A, Ctsb: Cathepsin B,
Vegfr3: Vascular endothelial growth factor receptor 3, Blvrb: Biliverdin reductase B.

Table 2. Subject characteristics in the pretreatment LARC set.

Characteristics
pCR

(n = 6)
Non-pCR

(n = 28)
p Value

Gender
Female 3 13 >0.9999
Male 3 15

Age (years)
Mean (range) 56.0 (45–67) 56.5 (28–74)

<56 3 12 >0.9999
≥56 3 16

T stage
T2 3 3 0.0603
T3 3 21
T4 0 4

N stage
N0 0 1 0.2528
N1 6 18
N2 0 8

Stage
IIa 0 1 0.1379
IIIa 3 3
IIIb 3 22
IIIc 0 2

Tumor length (cm)
<4.5 2 13 0.6722
≥4.5 4 15

Distance from anal verge (cm)
<6.5 4 13 0.6562
≥6.5 2 15

p values were calculated by Fisher’s exact test or a chi-square test.

In addition to three selected biomarker candidates, as many potential tissue-based
biomarkers have been associated with nCRT response [20], we sought to determine whether
tissue-based protein biomarkers in blood also can have the potential to predict pCR.
According to prior studies, we selected four proteins, including Epidermal growth factor
receptor (EGFR), Ki-67, Prostaglandin G/H synthase 2 (COX2), and E-cadherin, for testing
in the pretreatment LARC set.

Plasma levels of VEGFR3, EGFR, and COX2 were significantly higher in non-pCR
LARC compared to pCR LARC (VEGFR3: p = 0.0451, EGFR: p = 0.0128, COX2: p = 0.0397,
Welch’s t-test) (Figure 3A). CEA and other four biomarker candidates were not significantly
different between pCR and non-pCR LARC patients (CEA: p = 0.1940, CTSB: p = 0.7894,
IGFBP4: p = 0.3469, Ki-67: p = 0.1547, E-cadherin: p = 0.3836, Welch’s t-test).
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Figure 3. Validation of biomarker candidates in the pretreatment LARC set. (A). Levels of VEGFR3,
CTSB, IGFBP4, CEA, EGFR, Ki-67, COX2, and E-cadherin in plasmas collected before nCRT from
LARC patients who achieved pCR (pCR; n = 6) and LARC patients who had residual tumors after
nCRT (non-pCR; n = 28). Horizontal lines indicate mean and standard deviation. p values were
calculated using Welch’s t-test. (B). Receiver operating characteristic curves for VEGFR3, EGFR,
COX2, and their combination in the pretreatment LARC set. CEA: Carcinoembryonic antigen, EGFR:
Epidermal growth factor receptor, COX2: Prostaglandin G/H synthase 2, AUC: the area under
the curve.
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We explored whether a combination rather than individual biomarkers allows for
better discrimination of pCR and non-CR. The combination of VEGFR3, EGFR, and COX2
using logistic regression yielded an area under the curve (AUC) of 0.869 with a sensi-
tivity of 43% at 95% specificity in the comparison of pCR and non-pCR LARC patients,
which was significantly higher than AUC of each marker alone (VEGFR3: AUC = 0.720,
p = 0.0152, likelihood ratio test; EGFR: AUC = 0.679, p = 0.0160, likelihood ratio test; COX2:
AUC = 0.679, p = 0.0151, likelihood ratio test) in the pretreatment LARC set (Figure 3B).

3.3. Correlation of VEGFR3, EGFR, and COX2 in the Plasma of Rectal Cancer Patients Before and
After Surgery

We next determined whether plasma levels of VEGFR3, EGFR, and COX2 are associ-
ated with surgical resection of rectal cancer. For this analysis, VEGFR3, EGFR, and COX2
were assayed in an independent set of plasma consisting of samples collected from 18 rectal
cancer patients at the time of diagnosis and 5 to 7 months after surgical resection (pre-and
post-surgery RC set; Figure 4A). All these rectal cancer patients remained disease-free for
five years after surgery. Plasma levels of VEGFR3 and EGFR were significantly decreased
after tumor resection (VEGFR3: p = 0.0119, EGFR: p = 0.0058, paired t-test) (Figure 4B).
Levels of plasma COX2 did not change significantly after surgery compared to presurgical
levels (p = 0.1867, paired t-test).

Figure 4. Correlation of plasma VEGFR3, EGFR, and COX2 with surgical resection in patients with
rectal cancer. (A). Subject characteristics in the pre-and post-surgery RC set. (B). Levels of VEGFR3,
EGFR, and COX2 in plasmas collected at the time of diagnosis (Before) and 5 to 7 months after
surgery (After) from 18 rectal cancer patients. p values were calculated by paired t-tests.
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4. Discussion

In this study, we profiled the pretreatment plasma proteome of a mouse model of
rectal cancer treated with concurrent chemoradiation to identify potential blood-based
biomarkers for predicting pCR in LARC patients. Among plasma protein signatures associ-
ated with Non-regression, proteins involved in focal adhesion are of particular interest, as
deregulation of integrin-mediated focal adhesion has been shown to lead to therapeutic
resistance [30]. We found that levels of Vegfr3, one of the proteins in the “Focal adhesion”
pathway, was significantly increased in the pretreatment plasma of Non-regression mice
compared to Regression mice and control mice. Increased levels of circulating VEGFR3
were validated in plasma collected prior to nCRT from non-pCR LARC patients compared
to pCR LARC patients. We also demonstrated that plasma VEGFR3 levels were signif-
icantly decreased after surgical resection of rectal tumors. Yeh et al. recently showed
a significant correlation between circulating VEGFR3 levels and expression of VEGFR3
in tumor tissues [31]. These findings suggest that circulating VEGFR3 emanated from
tumor tissues. VEGFR3 is crucial for the development and maintenance of blood and
lymphatic vascular systems [32]. While VEGFR3 is primarily expressed in lymphatic
endothelial cells, VEGFR3 and its main ligand VEGF-C are expressed in tumor cells of
various types of cancer, including colorectal cancer [33]. Higher expression of VEGFR3
in tumor tissues has been also associated with advanced TNM stages, the occurrence of
metastasis, and poor prognosis in colorectal cancer [31,34]. Recent studies have revealed
that activation of VEGF-C/VEGFR3 signaling promotes tumor growth and invasion by
disrupting the lymphatic endothelial barrier and by recruiting and inducing immunosup-
pressive tumor-associated macrophages in colorectal cancer [34,35]. Given the emerging
evidence suggesting crucial roles of VEGF-C/VEGFR3 axis in cancer progression, multiple
therapeutic strategies for VEGF-C/VEGFR3-targeted therapies, including small molecule
VEGFR3 inhibitors, monoclonal antibodies targeting VEGF-C, and neutralizing antibodies
or peptides that block VEGFR3 signaling, have been developed [33]. Therefore, while our
findings indicated the potential of circulating VEGFR3 as a biomarker for nCRT response,
circulating VEGFR3 may also serve as a biomarker for the prediction of prognosis and
response to VEGF-C/VEGFR3-targeted therapies.

In this study, we also explored whether tissue-based biomarkers that have been associ-
ated with nCRT response can serve as blood-based biomarkers for pCR prediction. Among
four tissue-based biomarkers selected for testing, we observed significantly increased levels
of circulating EGFR and COX2 in plasmas collected prior to nCRT from non-pCR LARC
patients compared to pCR LARC patients.

Several studies have reported the significant association of tissue EGFR expression
and response to nCRT in LARC [36]. A recent study indicated that higher expression
of EGFR in the nucleus is associated with poor survival in LARC patients treated with
nCRT [37]. While we demonstrated for the first time that circulating EGFR could be used
as a potential biomarker for predicting pCR in rectal cancer, circulating EGFR has been
associated with response to therapy in several types of cancer [38]. Interestingly, Okada
et al. demonstrated that downregulation of EGFR in tumor tissue after treatment with
anti-EGFR antibodies was significantly correlated with therapeutic response in patients
with colorectal cancer [39]. Although a recent meta-analysis indicated the addition of
EGFR inhibitors did not improve the efficacy of neoadjuvant therapy in KRAS-wild type
LARC patients [40], monitoring circulating EGFR may help determine whether to continue
EGFR-targeted therapy or not.

Regarding tissue COX2 expression in LARC, previous studies have reported an asso-
ciation of COX2 overexpression and poor response to nCRT [20]. While we demonstrated
that circulating COX2 was significantly increased in the plasma of non-pCR LARC pa-
tients compared to pCR LARC patients, surgical resection of rectal tumors did not affect
circulating COX2 levels. As COX2 is induced by various inflammation mediators [41],
increased levels of circulating COX2 in LARC patients may be due to cancer-associated sys-
temic inflammation or some other physiological stress, such as infection. However, given
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that development of cancer-associated systemic inflammation is associated with a poorer
outcome [42] and that a recent phase II clinical trial of nCRT combining COX2 inhibitor
celecoxib in LARC improved efficacy and decreased toxicity [43], it would be interesting to
determine whether circulating COX2 levels can predict prognosis and response to nCRT
combined with COX2 inhibitors.

The logistic regression model combining circulating VEGFR3, EGFR, and COX2
yielded a significantly higher AUC in differentiating pCR and non-CR compared to that of
each marker alone. However, blood contains a wide variety of measurable molecules and
cellular materials, including exosomes, tumor-derived DNAs, microRNAs, autoantibodies,
and metabolites, making blood a rich resource of biomarkers. Therefore, it is critical to
determine the relevance and relative contributions of the different types of biomarkers
in the same samples [20], allowing to further refine the biomarker panel with integrating
other previously or newly identified biomarkers. In addition, due to a small sample size
in the current study, the performance of these three blood-based biomarkers will need to
be assessed in larger sample sets, and the biomarker panel will need to be further refined
with integrating other previously validated biomarkers.

5. Conclusions

In conclusion, we identified circulating VEGFR3 as a novel biomarker for predicting
pCR through proteomic analysis of plasmas from a mouse model of rectal cancer, and
further confirmed increased VEGFR3 levels in pretreatment plasmas from non-pCR LARC
patients compared to pCR LARC patients. We also demonstrated that levels of circulating
EGFR and COX2, known tissue-based biomarkers for nCRT response, were significantly
increased in pretreatment plasma of non-pCR LARC patients. Our findings provide a
rationale for further studies to safely adopt the watch-and-wait strategy with using blood-
based biomarkers in LARC patients.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
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Simple Summary: C-X-C chemokine receptor type 4 (CXCR4), a G-protein-coupled receptor, has
been demonstrated to stimulate proliferation and invasiveness of many different tumors, including
colorectal cancer. Through in vitro evidence, overexpression of CXCR4 has been identified as a
negative prognostic factor in colorectal cancer. The identification of prognostic biomarkers can
improve the prediction of disease evolution and disease characterization, and guide treatment
efforts. This systematic review with a meta-analysis was conducted to pool hazard ratios from
prognostic studies on CXCR4, provide an updated estimate of prognostic power of CXCR4, and
analyze modalities of evaluating and reporting CXCR4 expression.

Abstract: Background: This study was conducted to provide an updated estimate of the prognostic
power of C-X-C chemokine receptor type 4 (CXCR4) in colorectal cancer (CRC), and analyze modali-
ties of evaluating and reporting its expression. Methods: A systematic review with meta-analysis was
performed and described according to the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses statement. Studies were identified through PubMed and Google Scholar. The pooled
hazard ratios (HRs) for overall survival (OS) or progression-free survival (PFS) with 95% confidence
interval (CI) were estimated with the random-effect model. Results: Sixteen studies were selected
covering a period from 2005 to 2020. An immunohistochemical evaluation of CXCR4 was performed
in all studies. Only in three studies assessment of mRNA through RT–PCR was correlated with
prognosis; in the remaining studies, the authors identified prognostic categories based on immuno-
histochemical expression. In pooled analyses, significant associations were found between positive
or high or strong expression of CXCR4 and T stage ≥3 (P = 0.0001), and positive or high or strong
expression of CXCR4 and left side primary tumor localization (P = 0.0186). The pooled HR for OS was
2.09 (95% CI: 1.30–2.88) in favor of high CXCR4 expression; for PFS, it was 1.42 (95% CI: 1.13–1.71)
in favor of high CXCR4 expression. Conclusion: High CXCR4 expression is clearly associated with
increased risk of death and progression in CRC. However, strong methodologic heterogeneity in
CXCR4 assessment hinders direct translation into clinical practice; thus, a consensus to streamline
detection and scoring of CXCR4 expression in CRC is indicated.

Keywords: CXCR4; colorectal cancer; prognosis; overall survival

1. Introduction

C-X-C chemokine receptor type 4 (CXCR4) belongs to the G-protein-coupled receptor
superfamily, and it is expressed in a wide variety of cells, predominantly of hematopoi-

Cancers 2021, 13, 3284. https://doi.org/cancers13133284 https://www.mdpi.com/journal/cancers93
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etic origin. It binds to C-X-C motif chemokine ligand 1 (CXCL12), also called stromal
cell-derived factor-1α (SDF-1α) and mediates a potent chemotactic stimulus [1]. In em-
bryos, it has a major role in processes of neurogenesis, influencing the migration of neu-
rons from neuroprogenitor cells [2]; in adults, one of the most important biological roles
of the CXCR4/SDF-1α axis is the regulation of hematopoietic stem cell homing to the
bone marrow [3]. However, CXCR4 has been demonstrated to stimulate proliferation
and invasiveness of many different tumors including prostate [4], breast [5], lung [6–8],
melanoma [9,10], glioblastoma [11,12], lymphoma [13,14], and colorectal cancer [15,16].
Through in vitro evidence, overexpression of CXCR4 has been identified as a negative
prognostic factor in many different neoplasms [17–20].

Colorectal cancer (CRC) is the third most common cause of cancer-related deaths
worldwide. Survival rates at five years strictly depend on the stage at diagnosis, varying
from 90% of American Joint Committeeon Cancer 8th Edition (AJCC) stages I-II to 10% of
stage IV [21]. The survival rate of Stage III patients is about 40% and it has been improved
in recent years with the administration of adjuvant chemotherapy [22]. The survival of
metastatic colorectal cancer (mCRC) patients significantly improved in recent years with
the introduction of target-oriented drugs and a better selection of patients based on bio-
logic/molecular characteristics (KRAS/NRAS/BRAF mutations, MSI, HER-2 overexpression,
and other molecular markers) [23]. The identification of new prognostic cancer biomarkers
is important because it can improve the prediction of disease evolution, enhance disease
characterization, and guide treatment efforts. CXCR4 expression is considered a prognostic
marker in CRC. However, patients’ risk stratification requires rigorous scientific validation.
We previously reported that CXCR4 is able to predict progression-free (PFS) [24] and overall
survival (OS) [25] in CRC.

This study was conducted to pool hazard ratios from prognostic studies on CXCR4,
provide an updated estimate of prognostic power of CXCR4, and analyze modalities of
evaluating and reporting CXCR4 expression.

2. Materials and Methods

2.1. Search Strategy

This meta-analysis was performed and described according to the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) statement [26]. Two-hundred
seventy-three studies were identified through PubMed and Google Scholar searching with
the following key words algorithm: “colorectal cancer” OR “colorectal tumor” OR “colorec-
tal carcinoma” AND “CXCR4” OR “cxc chemokine receptor type 4” AND “prognosis” OR
“disease free survival” OR “progression” OR “survival” (last update on 16 December 2020).

2.2. Study Eligibility

A flowchart summarizing the criteria for studies selection and exclusion is reported
in Figure 1. Abstracts of studies in English language that were initially identified were
examined to exclude those not reporting prognostic information. Thereafter, all full texts
were retrieved and analyzed. Studies were included in the final analysis if they (1) re-
ported prognostic data (association with PFS or OS) about the expression of CXCR4 in
CRC patients, (2) reported hazard ratios (HRs) with 95% confidence intervals (CIs), and,
(3) had a sample size >30 patients. All the studies presented a score > 6 at the Newcastle–
Ottawa Scale for methodology quality assessment [27]. Articles reporting the prognostic
role of concomitant biomarker expression (i.e., CXCR4/SDF-1α, CXCR4/CD133, etc.)
were excluded.
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Figure 1. Overall selection criteria for study selection (A). Detailed flowchart reporting the criteria
for study selection and exclusion (B).

2.3. Data Extraction

The following data were extracted by four investigators for each publication: first au-
thor; year of publication; accrual time; number of patients; methods for CXCR4 assessment
(including details on IHC scores and eventual fresh tissue evaluation); information about
morphologic localization of immunohistochemical CXCR4 expression; eventual presence
of ancillary studies; information on study design; association with clinico-pathological
variables (age, sex, lymph-nodes involvement, stage, T, side, clinical response, and KRAS
mutational status); information on follow-up; HRs of progression and/or death with
95% CIs. Criticisms and/or discordances were discussed between all authors to reach
a consensus.

2.4. Hazard Ratio Interpretation

A hazard ratio of 1.0 indicates an identical risk (event probability (EP)) between high
and low CXCR4-expressing groups (EP CXCR4 high/EP CXCR4 low). An HR greater than
1.0 indicates that a high CXCR4-expressing group at the numerator has an increased risk of
death or progression. When a study reported an HR with low CXCR4 in the numerator
(CXCR4 low vs. high), the HR and CI were recalculated (the calculated HRCXC4 high vs. low
was 1/HRCXC4 low vs. high) according to Altman et al. [28] in order to harmonize the com-
parison trajectory (CXCR4 high vs. CXCR4 low).

2.5. Statistical Analysis

The present meta-analysis was performed in order to assess the prognostic impact
of CXCR4 expression in terms of OS and PFS in CRC. The secondary end-points were
the analysis of the association between CXCR4 and clinico-pathologic variables, and the
description of methods and scores used to assess it. Given the significant heterogeneity (see
above) among the selected studies, the analysis was performed with the random-effects
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model. It aims to provide a more conservative estimate of the pooled HR and it is the
preferred model when heterogeneity is present. Under the random-effects model, the
true effects are assumed to vary between studies, and the summary effect is the weighted
average of the effects reported in the different studies [29]. Meta-analysis is depicted in
classical forest plots, with point estimates, 95% CIs for each HR, and a final pooled HR.

Heterogeneity was evaluated through I2, that is, the percentage of observed total
variation across studies due to real heterogeneity rather than chance. It is calculated
as I2 = 100% × (Q − DF)/Q, where Q is Cochran′s heterogeneity statistic and DF is the
degrees of freedom. Negative values of I2 are set to be equal to zero so that I2 lies between
0% and 100%. A value of 0% indicates no observed heterogeneity, and larger values show
increasing heterogeneity [30]. The risk of publication bias was also evaluated with funnel
plot analysis and Egger’s test [31]. The latter is a test for the Y intercept = 0 from a linear
regression of normalized effect estimate (estimate divided by its standard error) against
precision (reciprocal of the standard error of the estimate). P < 0.005 indicates a significant
publication bias.

Associations between CXCR4 expression and clinico-pathological variables were
evaluated with the chi-square test.

Analyses were performed with the MedCalc Statistical Software (MedCalc® Statistical
Software version 19.6, MedCalc Software Ltd., Ostend, Belgium; https://www.medcalc.org
(accessed on 19 December 2020).

3. Results

3.1. Study Characteristics

Sixteen studies were selected covering a period from 2005 to 2020 [24,25,32–45]. The ac-
crual time varied from a minimum of 3 to 14 years. The number of enrolled patients ranged
from 31 to 684. Only four studies reported ancillary data including evaluation of CXCR4-
related biologic pathways. All studies were retrospective and had a Newcastle–Ottawa
Scale score ≥ 6 (Table S1). Most articles described the prognostic power of CXCR4 in stages
I-IV or stage IV disease (11/16). The reporting of association with clinico-pathological
characteristics was heterogeneous (lymph-nodal status: 13/16; T status: 7/16; side: 5/16);
however, very few studies reported data about association with clinical response (1/16) or
KRAS status (2/16) (Table S2).

3.2. CXCR4 Expression Methodology

The methodology to assess CXCR4 expression is crucial to identifying prognostic
categories and adequately interpreting results. Therefore, we performed a detailed analysis
of technical modalities of CXCR4 evaluation (Table 1). Immunohistochemical evaluation
of CXCR4 was performed in all studies. Evaluation of fresh tumor tissue was performed
only by Kim et al. In eight studies, an mRNA assessment was added (through RT-PCR or
FISH). In only three studies assessment of mRNA through RT-PCR was correlated with
prognosis; in the remaining studies, the authors identified prognostic categories based on
immunohistochemical expression. Ten studies differentiated nuclear versus cytoplasmic
CXCR4 expression. Only one study referred to membrane CXCR4 expression. Modalities
of building expression scores (number of categories, number of positive cells, and inclusion
of staining intensity) were heterogeneous. A detailed description is reported in Table 1.
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3.3. Association between CXCR4 Expression and Clinico-Pathological Characteristics of Colorectal
Cancer Patients

Exploration of association between a potential biomarker in cancer and patients′
clinico-pathological characteristics is important to generate hypotheses on its biologic
role, to improve disease extent prediction, and to prevent biases in subsequent prognostic
analyses. Table 2 reports a detailed description of the clinico-pathological characteristics
of the patients and tumors according to CXCR4 expression in the selected studies. In a
pooled analysis, significant associations were found between positive or high or strong
expression of CXCR4 and T stage > 3 (cancer growing outside the muscularis propria)
(P = 0.0001), and positive or high or strong expression of CXCR4 and left-side primary
tumor localization (P = 0.0186) (Table S3).

Table 2. Clinico-pathological characteristics according to CXCR4 expression.

Author Year
CXCR4
Scores

Age Sex T Side Lymph nodes

Young Old Male Female ≤2 ≥3 Left Right Involved
Not In-
volved

Kim J. 2005 Low 44 23 21 18 9 - - 8 36
High 48 22 26 11 19 - - 8 40

Ottaiano A. 2006 Neg 16 <70:10 ≥70:6 6 10 5 11 0 15
Low 25 <70:13 ≥70:12 15 10 13 12 8 18
High 31 <70:21 ≥70:10 17 14 11 20 7 24

Yoshitake N. 2008 Negative 13 - - 10 3 - - - - 7 6
Positive 47 - - 31 16 - - - - 38 9

Speetjens F.M. 2009 Low 35 <68.5:20 >68.5:15 16 19 - - 17 18 12 23
High 35 <68.5:15 >68.5:20 19 16 - - 17 18 11 24

Speetjens F.M. 2009 Strong 43 <69.7:21 >69.7:22 21 22 - - 22 21 15 28
Weak 15 <69.7:8 >69.7:7 7 8 - - 5 10 4 11

Ingold B. 2009 Negative 267 ≤65:115 >65:152 145 122 46 206 - - 133 119
Positive 135 ≤65:51 >65:84 69 66 23 108 - - 72 59

Wang SC. 2010 Negative 245 - - 180 65 138 107 186 59 142 141
Positive 143 - - 89 54 47 96 99 44 101 158

Yopp A.C. 2012 Negative 28 ≤60:11 >60:17 13 15 - - - - - -
Positive 47 ≤60:21 >60:26 38 9 - - - - - -

Sakai N. 2012 Low 56
(cytoplasm) <60:26 ≥60:30 36 20 - - - - - -

High 36
(cytoplasm) <60:10 ≥60:26 22 14 - - - - - -

Du C. 2014 Low 89 <65:39 ≥65:50 51 38 16 73 47 42 6 83
High 56 <65:19 ≥65:37 33 23 9 47 29 27 4 52

Gao Y. 2014 Negative 512 <55:243 ≥55:269 292 220 - - - - 201 311
Positive 208 <55:89 ≥55:119 120 88 - - - - 138 70

Stanisavljevic L. 2015 Low 78 - - 45 33 3 75 - - - -
High 186 - - 93 93 10 176 - - - -

Stanisavljevic L. 2015 Low 35 - - 20 15 6 29 - - - -
High 190 - - 110 80 28 162 - - - -

D′Alterio C. 2016 Negative/Low
10 - - - - - - - - - -

High 21 - - - - - - - - - -
Wu W. 2016 Low 40 - - - - - - - - - -

High 40 - - - - - - - - - -
Weixler B. 2017 Low 289 - - 145 144 51 230 205 82 142 141

High 267 - - 117 150 60 204 190 77 101 158
Xu C. 2018 Low 26 <60:21 ≥60:5 16 10 4 22 - - 1 25

High 22 <60:20 ≥60:4 18 4 5 17 - - 5 17

Ottaiano A. 2020 Negative/Low
26 ≤65:12 >65:14 17 9 - - 19 7 - -

High 52 ≤65:20 >65:32 27 25 - - 26 26 - -

3.4. Time to Outcome According to CXCR4 Expression

The primary endpoint of this meta-analysis was to provide a pooled and updated
estimate of the prognostic value of CXCR4 expression in CRC. Data regarding timeto
outcome (OS and/or PFS) were extracted and are reported in Table 3. Three studies
reported both OS and PFS, five reported PFS, and eight reported OS.

Funnel plots for the HRs of OS and PFS were asymmetric (Figure 2A,B) with a sig-
nificant I2 test for OS (P < 0.001). Egger’s test was significant for both OS (P = 0.04) and
PFS (P = 0.03). The meta-analysis was performed with the random-effects model in order
to obtain a more conservative and reliable estimate of the pooled HR, and no attempts
were made to conduct a subgroup meta-analysis. A forest plot of treatment effect on OS is
shown in Figure 3A. The pooled HR was 2.09 (95% CI: 1.30–2.88) in favor of high CXCR4
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expression. The effect on PFS is shown in Figure 3B where the pooled HR is 1.42 (95% CI:
1.13–1.71) in favor of high CXCR4 expression.

Table 3. Follow-up, time to outcome, and hazard ratios of progression and/or death in selected studies.

Author Year
Median

Follow-Up
(Months)

Median PFS
(Months)

HR CI P
Median

OS
(Months)

HR CI P

Kim J. 2005 28 NR 1.35 1.09–1.68 0.0065 High 9;
Low 23 2.53 1.19–5.40 0.016

Ottaiano A. 2006 23 NR 3.01 0.88–5.21 0.0991 NR
Yoshitake N. 2008 NR 5.08 0.65–40.00 0.123

Speetjens F.M. 2009 NR NR 2 1.1–3.7 0.03 NR 1.8 1–3.6 0.07
Speetjens F.M. 2009 NR NR 2.6 1–6.2 0.04 NR 3.7 1.35–11 0.02

Ingold B. 2009 32 NR 2.87 1.31–6.29 0.009

Wang SC. 2010 61

5 years DFS rate:
High 70%;
Low 55%

(Nuc CXCR4)

1.23 0.7–2.18 0.458

Yopp A.C. 2012 68 Pos. 15 vs Neg. 73 2.2 1.2–4.2 0.012

Sakai N.* 2012 38

3 years OS
rate:

High 67%;
Low 78%

Cyto:
0.43

Cyto:
0.18–1.02 Cyto: 0.056

Sakai N.* 2012 38

3 years OS
rate:

Pos 93%;
Neg 67%

Nuc:
4.05

Nuc:
1.19–13.8 Nuc: 0.025

Du C.* 2014 68.5
5 years DFS rate:

High 76.8%;
Low 84.3%

0.81 0.36–1.8 0.618

Gao Y. 2014 NR 1.3 1.38–1.85 0.001

Stanisavljevic L.* 2015 Min from
3–5 years

5 years DFS rate:
High 65%;
Low 85%

0.42 0.22–0.78 0.006

Stanisavljevic L.* 2015 Min from
3–5 years

High 82%;
Low 89% 0.89 0.31–2.61 0.838

D′Alterio C.* 2016 28 High 14 vs.
Neg/Low 46 3.405 1.70–17.33 0.004

High 28;
Neg/Low

46
0.079 0.062–0.480 0.0008

Wu W. 2016 Max 60 NR 5.38 2.42–9.13 0.002

Weixler B. 2017 NR

5 years OS
rate:

High 48%;
Low 48%

0.99 0.99–1.0 0.322

Xu C.* 2018 NR High 51;
Low 54 0.188 0.03–0.75 0.020

Ottaiano A. 2020 53
High 19;

Neg/Low
31

3.18 2.01–5.02 0.0312

* HR was transformed in forest plot (see Methods).CI: confidence interval; Cyto: cytoplasmic; DFS: disease-free survival; HR: hazard ratio;
Neg: negative; NR: not reported; Nuc: nuclear; OS: overall survival.

Figure 2. Funnel plots of selected studies for overall survival (OS) (A) and progression-free survival (PFS) (B).
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Figure 3. Forest plots for OS(A) and PFS(B) according to CXCR4 expression. Studies are reported by author’s first name,
HRs, 95% CIs and percent of the weighted effects (see Methods). The pooled effect is reported in the last line.

4. Discussion

Identification and validation of predictive and/or prognostic biomarkers in CRC have
revolutionized the management of the disease (BRAF, K-, N-RAS, and MSI), and others
will also be used in the near future in clinical practice (HER2 and PD-1/PD-L1) [23]. Given
relevant biologic reasons, CXCR4 has been explored for many years as a potential prog-
nostic marker in CRC. Our group and others previously reported that CXCR4 expression
predicted PFS and OS in CRC [24,25,32–45]. In the present study, we aimed to provide a
more accurate and updated estimate of the prognostic power of CXCR4 considering some
contradictory results, the maturity of available data, and the intense interest around the
role of CXCR4 in modulating the metastatic behavior of CRC.

The search of articles was systematic, and the selection primarily based on a few
characteristics indirectly related to the overall quality of the articles (>30 patients enrolled,
HRs and CXCR4 expression methods clearly reported, and evaluation of CXCR4 before
any treatment).

We found that high CXCR4 expression is clearly associated with increased risk of
death and progression (HR OS: 2.09; 95% CI: 1.30–2.88 and HR PFS: 1.42; 95% CI: 1.13–1.71).
However, the following major issue deserves to be evidenced and discussed: a strong
methodologic heterogeneity in CXCR4 assessment was identified. Table 1 shows a wide
heterogeneity in CXCR4 assessment methodology regarding techniques, scores, and cate-
gories. Some studies evaluated the membrane or nuclear expression values; however, the
evaluation of the total expression value can provide an objective determination of the level
of expression of CXCR4. CXCR4 nuclear localization is an atypical compartmentalization
of the receptor, likely linked to its still unknown functions, and an IHC determination not
sensitive enough to specifically detect the subcellular localization of a molecule, especially
in paraffin-embedded tissue can be affected by artifacts and by cell space overlapping. The
use of antibodies standardized for IHC studies should be recommended, and standard
methods of expression evaluation scores, including the apparent subcellular localization,
should be developed with an appropriate consensus between pathologists. Western blot-
ting analysis of protein expression should be avoided because it is a qualitative method
that does not distinguish the cell subtype source of the assessed protein and does not
assure that the protein has been extracted by cancer cells or other tumor microenvironment
cells. qRT-PCR is a quantitative technique, but it requires a strict standardization of the
procedure, the selection of the tumor area by a pathologist, and the extraction of RNA from
tumor tissues that are often paraffin-embedded, with the consequent decrease inthe RNA
sample quality. It is likely that the best procedure would be a world-standardized IHC pro-
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cedure performed with an automated test. Therefore, this methodological issue in CXCR4
assessment, along with the physiologic heterogeneity in treatments, a downsized sample
size (nine studies enrolled <100 patients), and the retrospective nature of all studies are
responsible for the large HR confidence intervals in some studies. Finally, the evidence of a
publication bias makes these heterogeneities even more relevant. In this regard, we cannot
rule out the hypothesis that selection of the studies we applied could have been influenced
by this publication bias. Moreover, all selected studies were retrospective. Therefore, their
nature is intrinsically biased by mostly unknown and uncontrolled clinical (patients’ loca-
tion, selection, treatments, etc.) and methodological (techniques, reagents, methods, etc.)
biases. Based on these considerations, our group is planning the first prospective evaluation
of CXCR4 in both primary and/or metastatic tissues (resected metastases or biopsies) in
order to predict the time to relapse after surgery and the response to therapy/subsequent
prognosis in CRC. Assessment of CXCR4 will be performed through IHC according to a
previously published homogeneous evaluation method (negative, low, high) [24,25]. The
hypothesis of the study is based on the following statistical assumptions: (i) HR for high
expression of CXCR4 of 2.09 (vs. negative/low), (ii) test power of 80%, (iii) alpha value
of the I-type error of 5%, and (iv) median survival of 18 months (in unselected mCRC
patients). The survival curves will be depicted with the Kaplan–Meier method, and the
statistical significance verified with a two-tailed log-rank test. The final sample will be
200 patients.

5. Conclusions

For the first time, we showed a detailed and critical analysis of technical approaches
applied to assess CXCR4 in CRC, finding a wide diversity in the modalities of assessment
and the reporting of the receptor expression. This strong methodological heterogeneity
hinders direct translation into clinical practice, suggesting that CXCR4 assessment should
be revised and harmonized. Based on this, a consensus among experts to harmonize
detection and scoring of CXCR4 expression in CRC should be reached; the present work
may represent a critical starting point to discussions about methodological issues regarding
the assessment of CXCR4 in CRC as a prognostic factor.
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Simple Summary: Liver cancer is one of the most common causes of cancer worldwide, but unfor-
tunately, current technology has a limited ability to detect it early in high-risk patients. This study
investigates a machine learning algorithm based on protein levels in the blood that can be used to
help with diagnosis. The test shows promising results, especially in patients with smaller tumors
and compared to current blood detection tests. This research suggests an important role in the future
for machine learning algorithm-based blood detection tests.

Abstract: Hepatocellular carcinoma (HCC) is one of the fastest growing causes of cancer-related
death. Guidelines recommend obtaining a screening ultrasound with or without alpha-fetoprotein
(AFP) every 6 months in at-risk adults. AFP as a screening biomarker is plagued by low sensitiv-
ity/specificity, prompting interest in discovering alternatives. Mass spectrometry-based techniques
are promising in their ability to identify potential biomarkers. This study aimed to use machine
learning utilizing spectral data and AFP to create a model for early detection. Serum samples were
collected from three separate cohorts, and data were compiled to make Development, Internal Valida-
tion, and Independent Validation sets. AFP levels were measured, and Deep MALDI® analysis was
used to generate mass spectra. Spectral data were input into the VeriStrat® classification algorithm.
Machine learning techniques then classified each sample as “Cancer” or “No Cancer”. Sensitivity and
specificity of the test were >80% to detect HCC. High specificity of the test was independent of cause
and severity of underlying disease. When compared to AFP, there was improved cancer detection for
all tumor sizes, especially small lesions. Overall, a machine learning algorithm incorporating mass
spectral data and AFP values from serum samples offers a novel approach to diagnose HCC. Given
the small sample size of the Independent Validation set, a further independent, prospective study
is warranted.
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1. Introduction

Primary liver cancer results in a significant global burden of disease, with studies
reporting it as the sixth most common cause of cancer and fourth most common cause of
cancer-related death worldwide in 2018. Hepatocellular carcinoma (HCC) makes up 75% to
85% of all primary liver cancers [1]. While reports have suggested a decrease in incidence
of HCC in Asia due to vaccination and treatment programs for viral hepatitis, HCC is the
fastest growing cause of cancer-related deaths in the United States [2]. Chronic liver disease
of any etiology remains the most significant risk factor, with 80% to 90% of new HCC cases
occurring in this population [3]. Surveillance programs have been developed for earlier
detection and mortality reduction. Current AASLD guidelines recommend surveillance
in adults with cirrhosis and high-risk patients without cirrhosis using ultrasound with
or without alpha-fetoprotein (AFP) assessment at six-month intervals [4]. Unfortunately,
screening ultrasound may be of limited use among select populations secondary to body
habitus, obesity, early HCC disease, and operator experience [5]. In such cases, biomarkers
may supplement ultrasound in the detection of early disease. However, the sensitivity
and specificity of AFP is barely satisfactory, necessitating the discovery of circulating
biomarkers with a higher diagnostic value [6]. In fact, neither European nor American
guidelines include quantification of serum AFP for HCC diagnosis, despite estimated
improvement of 6% to 8% in detection rate. Reasons for its suboptimal performance
include lack of sensitivity for detecting hepatocellular carcinoma in early stages and large
numbers of false-positive results [7].

Several candidate biomarkers are being studied for HCC diagnosis, with des-gamma-
carboxy prothrombin (DCP), lens cullinaris agglutin-reactive AFP (AFP-L3), osteopontin,
and midkine, amongst others, the most advanced in development. Nevertheless, significant
challenges exist, largely stemming from HCC molecular heterogeneity [8]. Furthermore,
many of these biomarkers continue to be plagued with low sensitivity, especially when used
without AFP [9]. Certain biomarkers, such as DCP and AFP-L3, are markers of advanced
tumoral stage, thus preventing their use for early cancer detection [10,11]. Recognizing
that HCC tumor biology is highly heterogeneous, composites of biomarkers and clinical
factors associated with risk of HCC have been investigated for early detection of HCC. One
such panel, the GALAD score, uses objective measures of gender, age, AFP, AFP-L3, and
DCP [12]. The sensitivity/specificity of GALAD at a fixed cutoff of −0.63 has ranged from
92%/90%, 71%/96%, and 88%/89% in cohorts from the UK, Japan, and Germany [13] to
79%/79% in a cohort from the USA [14].

Recently developed mass spectrometry-based techniques, such as proteomics,
lipidomics, and metabolomics, represent promising tools for the discovery and identi-
fication of proteins, peptides, lipids, and metabolites associated with various diseases [15].
Among various mass spectrometric techniques, matrix-assisted laser desorption/ionization
time-of-flight (MALDI-TOF) mass spectrometry is a high-throughput technology capable
of generating a molecular fingerprint. Thus, it has provided a powerful tool for discovery
of biomarkers in different kinds of cancers, including HCC [16–18]. However, traditionally
matrix-assisted laser desorption/ionization (MALDI)-based studies have been hampered
by lack of sensitivity. A new approach, the Deep MALDI® method, which averages over
many more laser shots than conventional methods, allows for a deeper probing of the
serum proteome [19]. Machine learning (ML) techniques have been applied to combine
MALDI mass spectral (MS) data with clinical data to generate molecular diagnostic tests
predictive of outcomes for cancer therapy [20,21].

Herein, we propose using this technology for test development and blinded validation
on three independent sample sets from healthy volunteers, patients with known cirrhosis
without HCC, and patients with HCC. The main goal of the study is to identify a signature
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of early HCC among patients with cirrhosis or high-risk patients with chronic liver disease.
We focus on the assessment of test performance in the patients with the smallest lesions,
where early detection and intervention is most important.

2. Materials and Methods

2.1. Patient Cohorts

Two patient cohorts were used for test development and initial validation: a cohort
of 100 pre-transplant patients (48 HCC and 52 cirrhosis) from University of Texas Health
Sciences Center San Antonio (UTHSCSA) and a cohort of 193 patients (110 HCC and
83 cirrhosis) from Democritus University of Thrace, Greece (Greek). A third cohort of 156
patients (97 HCC and 59 healthy volunteers) from Roswell Park Comprehensive Cancer
Center (Roswell) was used for blinded, independent validation of the test. Serum samples
had been collected from patients in the UTHSCSA cohort at time of liver transplant. Blood
collection protocols were approved by the respective institutional review committees, and
patient consent was obtained. The study conformed to ethical guidelines of the 1975
Declaration of Helsinki.

Of the UTHSCSA cohort containing 100 patients, 48 patients had HCC and 52 patients
had liver disease without HCC. Patients undergoing liver transplant for HCC generally
had much better liver function than those with other liver diseases. The predominant liver
disease etiologies across all 100 patients were alcohol-related cirrhosis and hepatitis C. The
Greek cohort consisted of 110 patients with HCC and 83 patients with liver disease without
HCC. Within this cohort, 68% of patients had hepatitis B. The Roswell cohort consisted of
97 patients with HCC and 59 healthy volunteers without HCC, totaling 156 patients.

As there were differences in liver function and liver disease etiology between the two
cohorts used for test development, the UTHSCSA and Greek cohorts were combined, split,
and stratified by presence/absence of HCC to create a Development set and an Internal
Validation set (Figure 1). All test development work was carried out using data from only
the Development set. Patient characteristics for all three cohorts and the Development set
and the Internal Validation set are provided in Table 1.

 

Figure 1. Consort diagram.
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2.2. Methods
2.2.1. Sample Collection and Storage

Serum samples were stored at −80 ◦C and were shipped frozen in batches to the
Biodesix laboratory (Biodesix, Boulder, CO, USA) for MS generation and AFP measurement.

2.2.2. Mass Spectral Acquisition

In total, 3 μL aliquots of each experimental sample were sufficient for generation
of mass spectra. To simulate sample collection procedures practical for clinical use with
sample shipment at ambient temperature, serum samples were spotted onto cellulose
serum cards (Therapak, Claremont, CA, USA), allowed to dry, and then re-eluted. Spectra
were obtained using a MALDI-TOF mass spectrometer (Ultraflextreme, Bruker, Billerica,
MA, USA). The Deep MALDI® method was used, providing data over a greater dynamic
range than standard MALDI approaches [19]. Eight hundred shot spectra were collected
from 63 pre-defined positions per MALDI spot (63 × 800 × 3 spots per sample), for a total
of 151,200 laser shots per sample. Spectra were collected from the UTHSCSA cohort in
November 2013, the cohort of 16 patients with no liver disease in July 2014, the Greek
cohort in March 2015, and the Roswell cohort in February 2018.

2.2.3. Mass Spectral Processing

All spectra were aligned (Table S1) and spectra failing quality control metrics were
discarded. At random, 140 spectra for each sample were selected and averaged to create
one average spectrum (from 112,000 laser shots) per sample. Average spectra then under-
went processing to make them comparable between samples (Figure S1). This involved
background subtraction, normalization (Table S2, Table S5), batch correction using spectral
data from reference samples, and alignment (Table S3). Full details of sample preparation
and spectral processing methods are provided in Supplementary Text S1.

Three hundred mass spectral features were defined (Table S4). Each MS feature is
defined as a mass/charge region and the value of a MS feature is the integrated intensity of
the processed, average spectrum within this mass/charge region. MS feature values were
calculated for each processed averaged spectrum for each sample.

2.2.4. AFP Measurement

Serum AFP levels were measured for each sample using the DAFP00 ELISA kit (R&D
Systems, Minneapolis, MN, USA) following manufacturer instructions as described in
Supplementary Text S1 by ELISA Tech (Aurora, CO, USA).

2.2.5. Application of an Existing MS-Based Serum Proteomic Test

The classification algorithm from a pre-existing serum proteomic test (the VeriStrat®

test, Biodesix, CO, USA) was applied to the generated mass spectra [16]. This test produces
a binary classification of Good or Poor and has been demonstrated to have prognostic and
predictive utility in advanced non-small cell lung cancer [22]. It has been observed that
Poor classifications are rarely observed in patients without cancer [23].

2.2.6. Development of the HCC Detection Test

1. Machine Learning Approach

Test development was carried out using machine learning with a dropout regularized
combination (the Diagnostic Cortex® system, Biodesix., Boulder, CO, USA) approach [24].
This method was designed to allow reliable estimates of test performance from relatively
small development sets in the setting where there are more measured attributes than
samples. Briefly, the Development set was divided into a training set and test set. The
300 MS features and AFP were used as attributes to classify the samples into “Cancer” or
“No Cancer” groups. Many simple, k-nearest neighbor, atomic classifiers were constructed
with the training set using subsets of the attributes. Atomic classifiers not showing any
ability to correctly classify the training set samples were discarded during a filtering step.
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The remaining atomic classifiers were combined using dropout regularized logistic regres-
sion to yield one master classifier. This was repeated for many splits of the Development
set into training and test sets, and an ensemble average was created to generate a final
score for each sample. As each sample was held in the test set for multiple training/test
split stratifications, reliable classification estimates could be obtained for all samples in
the Development set by ensemble averaging only test set data (out-of-bag estimation).
Application of a threshold to the resulting score yielded a binary classification of “Cancer”
or “No Cancer” for each sample. The family of tests produced from varying the threshold
value was assessed using receiver operating characteristic (ROC) methods. A final test
was produced by choice of a particular threshold best suiting clinical need in terms of its
associated sensitivity and specificity.

2. Test Development

As it has been observed that patients with serum samples classified as Poor by the
VeriStrat® classification algorithm or with very high AFP are very likely to have cancer,
patients meeting these criteria (n = 40) were assigned a “Cancer” classification. Data for the
remaining samples (n = 108) in the Development set were then used within the machine
learning platform for training of a classifier able to identify patients with or without HCC,
based on their serum AFP and values of the 100 mass spectral features showing the greatest
potential for classification (Table S6). Figure 2 shows a heatmap of the 100 MS features
used within the classification algorithm for the 108 samples used in classifier development,
grouped according to “Cancer” vs. “No Cancer”. A list of the feature definitions of the 100
MS features and assessment of the univariate associations of the features with presence
or absence of HCC is contained in the Supplementary Text S1. It is noteworthy that no
single feature provided outstanding classification alone. We observed that some pairs of
features, which individually had relatively poor classification power, provided much better
classification as an interaction (i.e., product of the two), indicating the multivariate nature
of the test.

Imbalances between the liver function of patients with HCC and without HCC were
observed in our cohorts, as evidenced by MELD and Child–Pugh scores. This was particu-
larly apparent in the UTHSCSA cohort. Samples were collected at the time of transplant or
resection. Hence, patients without HCC eligible for a liver transplant had very advanced
liver disease with associated poor liver function, while patients undergoing transplant or
resection for early stage HCC had better liver function, typical of the population at risk
for HCC (Table 1). Liver function is easily assessable from measurements of the serum
proteome, and serum mass spectra for patients with poor liver function display many
differences from those for patients with better liver function. Hence, our data were par-
tially confounded. The dropout regularized combination approach of test development is
well-suited to mitigate such confounding effects [24]. In addition to requiring that atomic
classifiers had a minimal level of performance classifying the training set, we required
that they also were able to classify spectra from serum of healthy patients to the “No
Cancer” group. More details on machine learning classifier development are provided in
Supplementary Text S1.

All test parameters, including the threshold for the binary result of “Cancer” or
“No Cancer” were set using only samples from the Development set and locked prior to
all validation.

110



Cancers 2021, 13, 3109

Figure 2. Heatmap of the natural logarithm of serum AFP and the MS features used for classification
for the 108 samples used in classifier development. + indicates samples from patients with HCC;
-indicates samples from patients without HCC. Features and samples are hierarchically clustered.

2.2.7. Application of the HCC Detection Test to Validation Samples

The HCC detection test was applied to any sample not used in its development
following the schema of Figure 3.

First, mass spectra were acquired from the serum sample, and serum AFP was as-
sessed following the protocols outlined above and in Supplementary Text S1. The VeriStrat
classification algorithm was then applied to the generated mass spectra and samples yield-
ing a Poor classification were assigned a “Cancer” classification. Samples with serum AFP
determined as equal to or exceeding 100 ng/mL were also assigned a “Cancer” classifi-
cation. Samples not yielding a VeriStrat Poor classification and with AFP < 100 ng/mL
were then classified as “Cancer” or “No Cancer” by the machine learning classifier, based
on their MS feature values and serum AFP measurement. Quality control metrics were
applied to the MS data, so that only samples generating mass spectra of sufficient quality
and not exhibiting evidence of sample contamination or degradation received a valid
test classification.

2.2.8. Independent Validation

Independent validation was performed using the fully locked test. Mass spectra were
generated from samples in the Roswell validation set more than 2 years after collection of
spectra used in test development and were classified blinded to all clinical data.
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Figure 3. Classification algorithm for the HCC Detection Test.

2.2.9. Statistical Methods

Analyses were performed using SAS 9.3 (SAS, Cary, NC, USA) and PRISM (Graph-
Pad, La Jolla, CA, USA). The area under the curve obtained from the test of Figure 3 was
compared with that obtained from AFP alone using the method of DeLong. Test perfor-
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mance was assessed using sensitivity, specificity, and accuracy of detection of HCC within
patient subgroups.

3. Results

Analysis of the spectra from the Development set accurately classified 66 of 80 (83%
sensitivity) HCC specimens and 57 of 68 (84% specificity) non-HCC specimens. Of the Inter-
nal Validation set, 63 of 78 (81% sensitivity) HCC specimens and 53 of 67 (79% specificity)
non-HCC specimens were accurately classified. Finally, of the Independent Validation
set, 85 of 97 (88% sensitivity) HCC specimens and 59 of 59 (100% specificity) non-HCC
specimens were accurately classified.

To compare the classification power of the family of tests obtained by varying the
threshold applied to the HCC test classifier with that of serum AFP level, ROC plots were
constructed. The ROC plots for the Development, Internal Validation, and Independent
Validation sets for AFP alone and the tests using mass spectrometry data and AFP are
shown in Figure 4. P values for comparison of the area under the curves (AUCs) between
the test and the AFP classification are shown on the right.

The similarity of AUCs between the Development and Internal Validation sets in-
dicates excellent generalization of classification performance. Increased performance in
the Independent Validation set is likely due to the differences in population. The test
showed significantly better performance than univariate AFP level in both Internal and
Independent Validation sets. In the Independent Validation set, at sensitivity of 88%, the
test specificity exceeded that of univariate AFP by 20%. At perfect specificity, the test
sensitivity exceeded that of univariate AFP by 13%.

Diagnostic performance of the commonly used cut-off for AFP of 20 ng/mL typically
produces sensitivities in the range of 41–65% and specificities of 80–90%, depending on
patient population [25,26]. In our study, detection of HCC by the 20 ng/mL cut-off (marked
on the ROC curves in Figure 4) resulted in sensitivities of 49%, 54%, and 71% in the
Development, Internal Validation, and Independent Validation sets, respectively, which is
markedly inferior to the results of the test. Specificity of using AFP cut-off as a biomarker
was high: 99%, 99%, and 100% in the respective cohorts.

Accuracy of test classification for patients with and without cancer in each of the
cohorts overall and in clinical subgroups defined by liver function, origin of the disease,
and lesion size is shown in Table 2.

Table 2. Accuracy of the test overall and by clinical subgroups depending on liver function and origin of the disease.

Cohort

Development
(n = 148)

Internal Validation
(n = 145)

Independent Validation
(n = 156)

HCC
(n = 80)

No HCC
(n = 68)

HCC
(n = 78)

No HCC
(n = 67)

HCC
(n = 97)

No HCC
(n = 59)

Overall, n (%) 66/80 (83) 57/68 (84) 63/78 (81) 53/67 (79) 85/97 (88) 59/59 (100)

Child–Pugh

A, n (%) 28/35 (80) 35/38 (92) 30/37 (81) 34/36 (94) unknown N/A
B, n (%) 16/16 (100) 3/3 (100) 11/11 (100) 2/4 (50) unknown N/A
C, n (%) 5/5 (100) 1/1 (100) 6/6 (100) 1/1 (100) unknown N/A

NA, n (%) 17/24 (71) 18/26 (69) 16/24 (67) 16/26 (62) unknown N/A

Liver Disease
Origin *

HBV, n (%) 36/41 (88) 28/29 (97) 31/35 (89) 29/31 (94) 3/3 (100) N/A
HCV, n (%) 14/18 (78) 10/15 (67) 18/20 (90) 8/13 (62) 26/26 (100) N/A

Other/NA, n (%) 20/26 (77) 21/26 (81) 18/27 (67) 18/26 (69) 56/68 (82) N/A

* One patient had both hepatitis B and hepatitis C; Abbreviations: not available (N/A).

The test demonstrated high specificity, independent of cause and severity of underly-
ing liver disease in the Internal Validation set. The test also showed excellent specificity in
the Independent Validation set, indicating that the utility is not restricted to patients with
impaired liver function or advanced liver disease. The results for HCC patients depending
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on cancer stage and lesion size confirm high sensitivity of the test for early stages and small
tumors (Table 3).

Figure 4. AUC curves for Development (A), Internal Validation (B), and Independent Validation (C)
sets. Red line represents the family of tests obtained by adjusting the cutoff of the classifier; the red
circle shows the results for the test with specified cutoff. Blue line corresponds to the classification
using AFP concentration; blue circle shows the results for the AFP cut-off 20 ng/mL.
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Table 3. Sensitivity of the test in HCC subgroups depending on tumor size and BCLC status.

Category

Cohort

Development
(n = 80)

Internal Validation
(n = 78)

Independent Validation
(n = 97)

BCLC status

A, n (%) 19/26 (73) 16/25 (64) unknown
B, n (%) 4/9 (44) 3/6 (50) unknown
C, n (%) 33/35 (94) 35/38 (92) unknown
D, n (%) 10/10 (100) 9/9 (100) unknown

Lesion size (cm)

<3, n (%) 6/8 (75) 4/6 (67) 5/5 (100)
≥3 and <5, n (%) 12/16 (75) 11/18 (61) 17/18 (94)
≥5 and <7, n (%) 10/12 (83) 9/10 (90) 11/14 (79)
≥7 and <10, n (%) 5/7 (71) 5/8 (63) 21/26 (81)
≥10 and <15, n (%) 10/12 (83) 10/11 (91) 16/16 (100)

≥15, n (%) 4/4 (100) 5/5 (100) 3/3 (100)
NA, n (%) 19/21 (90) 19/20 (95) 12/15 (80)

Figure 5 illustrates the sensitivity of the test in the combined Development/Internal
Validation sets and in the Independent Validation set depending on tumor size in compari-
son with the detection by applying the 20 ng/mL AFP concentration cut-off.

Figure 5. Sensitivity of HCC detection by the test and by AFP using cut-off 20 ng/mL (AFP20) in cancer patients. Plots
A and C show in red (Test) and blue (AFP20) lines % of correct identifications of HCC for patients with tumors up to the
threshold tumor size in the combined Development/Internal Validation set (A) and in the Independent Validation set (C).
Dotted grey line (corresponding to the right Y-axis) shows the number of patients with tumors up to the threshold size. Bar
charts B and D show sensitivity within the selected tumor size ranges in the Development/Internal Validation set (B) and in
the Independent Validation set (D).

115



Cancers 2021, 13, 3109

Cumulative plots (Figure 5A,C) and bar charts of sensitivity for groups within selected
tumor size ranges (Figure 5B,D) show that the test has improved cancer detection compared
to AFP for all tumor sizes and independently of the chosen tumor size threshold. The
advantage of the test is especially pronounced in diagnosis of small lesions. It detected
69% of HCC cases in BCLC A overall, 71% lesions <3 cm in combined Development and
Internal Validation sets, and 100% of tumors <3 cm in the Independent Validation set. The
test also correctly diagnosed 75% and 76% of grade I and II tumors, as well as 75% and 86%
of HCC in stage I and II patients in the Independent Validation set (see Table S7).

4. Discussion

MALDI-TOF has been a promising tool for the identification of serum biomarkers in
many cancers [27]. This technology has been applied to identify proteins, peptides, and
metabolites related to gastrointestinal, lung, prostate, renal, breast, ovarian and hemato-
logical cancers [27–29]. Furthermore, it has been combined with ML to create algorithms
for both diagnosis and patient stratification for cancer therapy [20,21,30]. The utility of
ML algorithms for detection of HCC or staging of chronic liver disease has also been
explored [31–33], although independent validation of the results is generally not yet avail-
able. Many such studies have relied on spectra generated from liver specimens, which are
difficult to acquire [32–34]. Thus, HCC detection tests utilizing serum markers, as in this
current study, have great potential for accessible use in the clinical setting.

Our current work set out to identify a robust signature of early HCC among high-
risk patients with chronic liver disease or cirrhosis and assess its performance in blinded
validation using serum samples from healthy volunteers, patients with known cirrhosis,
and patients with HCC. Our model incorporates both AFP measurements and MS-based
proteomics in a ML algorithm. Overall, the HCC detection test had greater sensitivity and
specificity compared to AFP alone and showed significantly better performance than AFP
alone in both Internal and Independent Validation sets. Even with differences in patient
demographics, test performance was consistent across Development, Internal Validation,
and Independent Validation sets. This is despite the collection of the retrospective sample
sets under independent protocols, at different institutions and geographic regions, and
with the samples run over a period of several years. These observations point toward the
generalizability of the ML-based test and the stability and reproducibility of the MS data
obtained. The test was able to detect HCC with a sensitivity of 81% or greater at specificity
of 79% or above in all three cohorts. In the Independent Validation set, at a sensitivity of
88%, the test specificity exceeded that of univariate AFP by 20%. It is noteworthy that test
specificity was high even though the cancer-free subjects in each cohort represented clearly
different populations in all three cohorts (liver transplant candidates in the UTHSCSA
cohort, high prevalence of hepatitis B in the Greek cohort, and subjects with healthy livers
in the Roswell cohort). Moreover, test sensitivity was high across liver disease etiology,
including hepatitis B and hepatitis C.

According to a systematic review, AFP with a cut-off value of 20 ng/mL (AFP20) had
a sensitivity and specificity of 49% to 71% and 49% to 86%, respectively [6]. However,
this analysis included mainly Asian studies with tumor size < 5 cm. In comparison,
AFP20 sensitivity in this current study was 49% to 71%, in line with two recently analyzed
US cohorts [14], while we found higher specificity in our cohorts of 99% to 100%. At
a cutoff of −0.63, GALAD score has demonstrated sensitivity/specificity of 92%/90%
in a UK cohort [13] and 79%/79% in a US cohort [14], the EDRN multicenter cohort of
545 subjects. Differences in cohorts make comparison of test performance across studies
extremely difficult. Unfortunately, AFP-L3 and DCP levels were not available for our
patients, precluding a direct comparison of the performance of our test with GALAD scores.
Future studies designed to assess these biomarkers in addition to our HCC detection test
would be necessary to reliably establish relative performance and whether MS data can
provide information that could supplement these scores.
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Early diagnosis of HCC, when resection or intervention may still be possible, is crucial,
given that the overall prognosis is dismal, with a 5-year survival rate of less than 10%. By
the time of diagnosis, only 20% to 30% of patients are eligible for curative therapy, e.g.,
with transplantation, surgical resection, or local ablative processes [35]. In our study, the
HCC detection test was able to recognize early stages of HCC. Notably, it detected 69% of
HCC cases in BCLC A overall, 71% lesions <3 cm in combined Development and Internal
Validation sets, and 100% of tumors <3 cm in the Independent Validation set. While AFP20
had similar performance for the smallest tumors in our Independent Validation set, its
performance was markedly worse in the Development/Internal Validation, and our test
detection rates were much higher than those reported for traditional univariate biomarkers,
such as AFP, AFP-L3, and DCP, when used for early detection [6].

Moreover, our test was performed both in cirrhotic and non-cirrhotic patients, demon-
strating excellent specificity both for Internal and Independent Validation sets regardless
of the underlying liver impairment status. While diagnosis of HCC for cirrhotic patients
can be established by imaging criteria using LI-RADS classification [36], diagnosis is more
difficult in non-cirrhotic patients given that the LI-RADS score cannot be applied and tissue
biopsy is mandatory to establish the diagnosis. Therefore, in the future, after prospective
validation, our test may help in establishing HCC diagnosis for non-cirrhotic patients
without the need for an invasive tissue biopsy procedure.

While the results of our study are promising, there are several weaknesses. First,
the study was retrospective, which introduces possibilities for confounding, and some
demographic data from all cohorts were incomplete. Liver function was dramatically
different between the patients with HCC in the UTHSCSA and Greek cohorts, which led to
these cohorts being combined and then split in two to generate a suitable Development set.
The Independent Validation set included only 156 patients, and the subjects without HCC
were not representative of patients at high risk of developing HCC. A larger scale validation
in patients at high risk of developing HCC would be helpful to ensure generalizability
of the results in the most relevant population. Second, in our study, AFP performed
surprisingly well in detection of hepatocellular carcinoma, with AFP20 demonstrating
very high specificity. Even though AFP had AUCs ranging from 0.82 to 0.92 (Figure 4), we
still observed significant differences in AUCs between AFP alone and the HCC detection
test. While the high specificity of AFP in the Independent Validation set may be due to it
consisting of healthy volunteers, the reason for the good performance of AFP in the other
cohorts is not readily apparent. Ongoing validation with larger sample sizes and a range
of control populations is needed. Lastly, as in most other studies, the number of patients
with early stage cancer in our cohorts was small, making it hard to accurately assess test
sensitivity in this population, where improved detection could be most beneficial.

Ultimately, the goal of this study was to use high-throughput MS-based techniques
to discover a serum signature for early HCC detection. The high-throughput nature of
MALDI mass spectrometry and the use of cards to allow ambient temperature shipment of
dried serum make the test practical in a clinical setting. Indeed, the VeriStrat MALDI-based
MS test, as used in clinical practice for assessment of patients with NSCLC, uses overnight
ambient shipping of dried blood-based samples to a centralized laboratory. However,
given that the signature is composed of unidentified features, clinicians would need to
become comfortable with relying on a result determined by the relative expression levels
of certain proteins without recognizing any obvious mechanistic basis. Nevertheless, this
limitation also applies to several biomarker profiles, including the GALAD score, as well as
other MS-based approaches. Future studies may further explore combining other protein
biomarkers and patient characteristics with AFP and Deep MALDI mass spectral data using
ML methods. New approaches to explainability of machine learning algorithms, protein
identification of the most important MS features used for classification, and translational
studies comparing patients correctly or incorrectly classified by the test may be useful to
increase physician trust in the test.
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Future studies may further explore combining other protein biomarkers and patient
characteristics, such as age, gender, and liver disease etiology, with AFP and Deep MALDI
mass spectral data using modern machine learning methods. Incorporating MS data
into existing, validated serological models (i.e., GALAD scores) may further contribute
to accurate diagnosis. A prospective trial in high-risk populations, including increased
numbers of patients with early stage disease, is necessary for further validation, comparison
with the GALAD score and other novel HCC detection tests, as well as determination of
clinical utility.

5. Conclusions

In summary, the results for our HCC detection test are positive, with impressive
sensitivity and specificity, especially on the Independent Validation set with blinded
validation. The test was able to identify small tumors in early stages, comparing favorably
to currently used biomarker panels. Lastly, the test was conducted on human serum, greatly
improving accessibility compared to HCC detection tests requiring liver biopsy samples.
Nevertheless, work remains to be carried out prior to adoption of the test in clinical practice.
A prospective trial in high-risk populations is necessary for further validation, comparison
with other validated scores, and assessment of generalizability and clinical utility.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
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mass spectral features, Table S5: m/z windows used in the final feature value normalization, Table S6:
Features used in classification (rounded to nearest Dalton for MS features) with measures of their
univariate association with presence/absence of HCC in the classifier development set of patients
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Simple Summary: Colorectal cancer is still one of the deadliest cancers, even though its detection
at early stages has been shown to be a key factor for reducing mortality. Screening methods are
available, but their efficacy for detecting early-stage lesions is limited. In the present discovery
stage study, we used a targeted mRNA assay in the stools to optimize the identification of patients
bearing precancerous lesions as well as colorectal cancers at curable stages with only five targets,
thus compatible with standard multiplex PCR. Although further validation is required, this assay
has high potential for improving colorectal cancer screening efficacy.

Abstract: Current approved non-invasive screening methods for colorectal cancer (CRC) include
FIT and DNA-FIT testing, but their efficacy for detecting precancerous lesions that are susceptible
to progressing to CRC such as advanced adenomas (AA) remains limited, thus requiring further
options to improve the detection of CRC lesions at earlier stages. One of these is host mRNA stool
testing. The aims of the present study were to identify specific stool mRNA targets that can predict
AA and to investigate their stability under a clinical-like setting. A panel of mRNA targets was
tested on stool samples obtained from 102 patients including 78 CRC stage I-III and 24 AA as well as
32 healthy controls. Area under the receiver operating characteristic (ROC) curves were calculated to
establish sensitivities and specificities for individual and combined targets. Stability experiments
were performed on freshly obtained specimens. Six of the tested targets were found to be specifically
increased in the stools of patients with CRC and three in the stools of both AA and CRC patients.
After optimization for the choice of the 5 best markers for AA and CRC, ROC curve analysis revealed
overall sensitivities of 75% and 89% for AA and CRC, respectively, for a ≥95% specificity, and up to
75% and 95% for AA and CRC, respectively, when combined with the FIT score. Targets were found
to be stable in the stools up to 3 days at room temperature. In conclusion, these studies show that the
detection of host mRNA in the stools is a valid approach for the screening of colorectal cancerous
lesions at all stages and is applicable to a clinical-like setup.

Keywords: colorectal cancer; advanced adenoma; screening; stool; mRNA

1. Introduction

Colorectal cancer (CRC) is one of the few cancer types for which screening has been
proven to reduce cancer mortality in average-risk individuals [1]. Indeed, the spread of
the disease in terms of local invasion as well as to lymph nodes and distant organs at
the time of diagnosis is an important prognostic factor, with five-year survival rates of
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more than 90% for individuals with localized lesions but only ~10% for those having their
CRC metastasized to distal organs [2]. Early detection is thus a key factor in reducing
mortality from CRC [3,4]. Advanced adenomas (AA) are also important to detect since
they are considered to be the precursors of CRC [5,6], while non-advanced adenomas
(<1 cm without advanced histology) may not be associated with increased colorectal cancer
risk [6]. Several screening regiments for CRC and AA are recommended such as fecal
occult blood testing and colonoscopy. While colonoscopy remains the gold standard for
the detection of colorectal lesions, compliance is not optimal owing to discomfort and
unpleasant preparation procedures [7]. The risk of complications, cost and access are other
limitations of this procedure [8]. On the other hand, the improved immunological version
of fecal occult blood testing also referred to as the fecal immunochemical test (FIT), which
detects human hemoglobin, has been used for some time with some success [1] but poor
precursor lesion detection rates (66–80% sensitivity for CRC but only 10–28% for AA) albeit
an excellent specificity (93–95%) limits its effectiveness [3,9–12]. It is therefore imperative to
explore alternate or complementary strategies with the potential to improve CRC screening
performance, especially for the detection of cancers at their early stages and AA.

In this context, a number of initiatives have been undertaken over the last ten years,
from stool testing as a noninvasive approach [1] to the implementation of personalized
CRC screening [13] trying to meet with desirable features for a CRC screening test [3].
Interestingly, many of the stool-based testing strategies are based on the high rate of tumor
cell exfoliation into the colon-rectal lumen, a parameter that appears to be independent of
blood release [14–17]. One of the best documented strategies is the FDA-approved multi-
target stool DNA test, an approach based on the detection of specific DNA aberrations
from the CRC cells shed into the stools in combination with FIT, which results in an
improvement of sensitivity for both CRC (92.3%) and AA (42.4%) detection compared to
FIT alone, although achieved through a reduction in specificity to 87% thus generating
almost three times more false positives [18]. At first sight, the cost–benefit of such new
methods for the medical system may temper screening recommendations [19] but the
high cost of CRC treatment, particularly for more advanced disease, is considered to
improve the cost-effectiveness of CRC screening [20,21]. Furthermore, higher threshold
costs for a biomarker test that could significantly increase the sensitivity of AA detection
while maintaining reasonable specificity, would likely be cost-effective relative to currently
available noninvasive tests [22,23].

Still based on the significant exfoliation of dysplastic cells from colorectal lesions into
the lumen, host mRNA has also been investigated in the stools as a potential biomarker.
While isolated from purified exfoliated colonocytes [24] or directly extracted from the
stools [25,26], host mRNA has been found to be a reliable source of biomarkers for detecting
colorectal cancers. Further analysis confirmed the target mRNAs originated from the tumor
or surrounding mucosa and that expression was affected by the number of exfoliated tumor
cells, exfoliation of inflammatory cells, tumor size and transcript expression level in the
tumor but not primary vs. distal location [27]. More recently, based on the analysis of a
series of transcripts previously reported to be upregulated in CRC cells [27–29] or linked to
CRC recurrence [30], it has been demonstrated that the inclusion of a multitarget mRNA
assay significantly strengthens both sensitivity and specificity for CRC detection [31,32].
Droplet digital PCR was also evaluated as a potential alternative to qPCR for stool mRNA
multiplex analysis [33]. However, one important question that remains to be tested for
the validation of a multitarget stool mRNA test pertains to AA detection since, up to now,
ITGA6 is the only target found to be overrepresented in stool samples of patients bearing
AA [32]. Another aspect that needs to be evaluated before considering a potential clinical
implementation is the robustness of the test under realistic preservation conditions, as
mRNA are considered to be relatively susceptible to degradation in the stools [34,35].
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2. Materials and Methods

2.1. Patients and Samples

Two sets of patient samples were used in the study. Both sets were analyzed retrospec-
tively. The first set of samples was collected from patients and healthy controls from the
Hamamatsu University School of Medicine with written informed consent. The study was
approved by the Institutional Research Ethics Committee of the Hamamatsu University
School of Medicine. Complete information about this set has been provided in previous
studies [31–33] which was further investigated to find the new data reported in this pa-
per. Briefly, the study cohort used herein included 24 patients with AA defined as being
10 mm or larger at their greatest dimension and 78 patients with CRC (24 stage I, 32 stage II
and 22 stage III) diagnosed by colonoscopy and histopathology as well as 32 healthy con-
trols. For controls and AA, stool samples were collected before colonoscopy. The FIT was
performed on all patients and controls as described [32].

The second set of samples was collected from 3 healthy controls and 3 patients di-
agnosed with CRC stage II or III by colonoscopy and histopathology from the Centre
Hospitalier Universitaire de Sherbrooke (CHUS) with written informed consent. The study
was approved by the Institutional Research Ethics Committee of the CHUS. This set of
samples was used for mRNA target stability experiments. Each sample was split into
13 aliquots stored under various conditions for up to 5 days as follows: #1, 5 days at −80 ◦C
used as control; #2, 5 days at −20 ◦C; #3, 5 days at −20 ◦C with a thaw/freeze cycle; #4–8,
1–5 days at 4 ◦C and #9–13, 1–5 days at 23 ◦C.

2.2. RNA Isolation, Reverse Transcription, Preamplification, and PCR Amplification

RNA was isolated from fecal samples and reverse transcribed as described previ-
ously [27,36]. For preamplification, the TaqMan PreAmp Master Kit (Applied Biosystems,
Thermo Fisher Scientific, Mississauga, ON, Canada) was used to provide unbiased, mul-
tiplex preamplification of specific amplicons for analysis with TaqMan gene expression
assays [33]. Commercially available TaqMan primer and probe mixtures were used for
the preamplification of the 27 preselected targets as described before [33] and detailed in
Table 1. Quantitative polymerase chain reaction (qPCR) was performed using the TaqMan
Gene Expression Assay with conditions described previously [31].

2.3. Data Presentation and Statistical Analysis

Stool mRNA data were calculated as copy number per μL of reaction. For each tran-
script, a standard reference curve was generated using a serial fivefold dilution of a cDNA
stock solution of the target sequence quantified on a NanoDrop 1000 Spectrophotometer
(NanoDrop, Wilmington, DE, USA). Prism 8 was used for calculating statistics. Compari-
son mRNA expression (in copy number) in stool controls and patients with AA and CRC
stage I-III lesions were expressed as median with interquartile range and analyzed by
the Kruskal–Wallis test followed by Dunn’s multiple comparison test. Area under the
receiver operating characteristic (ROC) curves were calculated to establish sensitivities
and specificities for each marker expressed in % with a 95% confidence interval. Scores
were calculated for each marker on a scale of 0 to 3 on the basis of three cut-off values
established from the ROC curve: (the lower cut-off corresponding to a sensitivity of 80%,
medium cut-off corresponding to a specificity of 90% and higher cut-off corresponding to a
specificity of 99%) as established previously [32]. Statistical significance was defined as
p < 0.05.
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Table 1. List of specific targets tested.

Gene Name TaqMan Assay I.D.
Consistently Over-Represented

Detected in Stools CRC Only AA and CRC

BGN Hs00156076_m1

CEACAM5 Hs00944025_m1 Y Y

CTNNB1 Hs00355049_m1

DYNC2H1 Hs00941787_m1

FAP Hs00990806_m1

GADD45B Hs00169587_m1 Y Y

GLI1 Hs00171790_m1

HMAN1B1 Hs01032463_m1

HNRNPA2B1 Hs00955384_m1

INHBA Hs04187260_m1

ITGA1 Hs00235006_m1 Y

ITGA2 Hs01673848_m1 Y

ITGA6A Hs01041013_m1 Y Y

ITGA6 Hs01041011_m1 Y Y

KI67 Hs01032434_m1

KIF3A Hs01126351_m1

KIF7 Hs00419527_m1

MACC1 Hs00766186_m1 Y Y

MLH1 Hs00179866_m1 Y

MSH1 Hs00954125_m1 Y

MTR Hs01090031_m1

MYBL2 Hs00942543_m1 Y Y

MYC Hs00153408_m1 Y Y

PTGS2 Hs00153133_m1 Y Y

S100A4 Hs00243202_m1 Y Y

VDAC2 Hs01075603_m1
All primer and probe mixtures were first tested on a subset of stool samples including controls, AA and CRC to
select those that were consistently detectable in the stools. Further analysis on the whole set of samples allowed
the selection of those specifically enriched in CRC and AA or only CRC.

3. Results

In this study, we first screened 27 specific targets chosen on the basis of their reported
over expression in colorectal cancerous lesions. Preliminary evaluation of these using a
subset of 30 samples (10 controls, 10 AA and 10 CRC) revealed that 14 were consistently
detected in the stools of patients bearing colorectal lesions (Table 1). Further testing with
other primer and probe mixtures for poorly detected targets was tried but not further
studied herein, since 14 appeared to be enough to run the validation assay considering that
for a clinical assay, the multiplex PCR capacity is limited to four to five targets depending
on the equipment provided by the manufacturer.

Further investigation of the 14 targets was performed on the set of 132 samples
obtained from healthy controls (n = 32) and patients bearing colorectal lesions (n = 24
AA and 78 CRC). As detailed in Table 1, six of the targets were found to be significantly
over-represented in samples from patients with CRC while three identified patients bearing
AA or CRC. As shown in Figure 1, the median copy numbers for the transcripts of the

124



Cancers 2021, 13, 1228

first group which included GADD45B, ITGA2, MYBL2, MYC, PTGS2 and S100A4 were
found to be significantly increased in the stools of patients with CRC as compared with
the controls, while only three, including CEACAM5, ITGA6 and MACC1, were found to be
over-represented also in patients with AA.

 

Figure 1. Detection and analysis of selected mRNA targets found to be overrepresented in stool samples of patients with
colorectal cancer (CRC) stages I-III (A) or advanced adenomas (AA) (B). A significant increase was observed for the targets
GADD45B, ITGA2, MYBL2, MYC, PTGS2 and S100A4 in CRC stages I-III as compared to controls (Ctrl) while for three of
the targets, CEACAM5, ITGA6 and MACC1, a significant increase was observed in samples from patients with CRC stages
I-III or AA as compared to controls (Ctrl). Results are expressed as median (interquartile range) of copy number relative to
control patients. * p < 0.05, ** p < 0.001 and *** p < 0.0005 using the Kruskal–Wallis test.
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ROC curves were calculated for each marker. As expected from the expression levels
between control, AA and CRC, the area under the curve (AUC) values were ≥0.8 for
all markers for identifying CRC and three markers for identifying AA (Figure 2). The
regrouping of the targets was then calculated for the two groups of markers, which can
identify CRC only or AA and CRC. As copy numbers varied considerably between the
targets, from ~200 for MYC to 40,000 for CEACAM5, individual scores were determined for
all targets by attributing a value of 0 to 3 for each patient sample based on the ROC curve
cut-off values of the targets, as described in Materials and Methods. Then, an overall score
for the each of the two groups of markers was determined for controls and patients with
AA or CRC. The overall score for the six markers of the first group significantly recognized
the samples from CRC patients vs. those of the controls while the overall scores of the three
markers of the second group distinguished the samples from patients bearing CRC or AA
from those of the controls (Figure 3).

Figure 2. ROC curves were determined for the nine targets characterized in Figure 1 and areas under
the curve were calculated to identify those equal or above 0.8 (dotted lines) for AA and CRC.

Figure 3. Based on the data from Figures 1 and 2, scores were calculated for the two groups of
markers using an algorithm for combining the six targets significant for CRC (A) and the three
targets significant for AA and CRC (B) lesions relative to controls. Results are expressed as median
(interquartile range) of scores relative to control patients. *** p < 0.0005 using the Kruskal–Wallis test.
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ROC curves were then produced for the two groups of targets significant for CRC
(Figure 3A, Group A) and for AA and CRC (Figure 3B, Group B). As shown in Table 2
(upper two rows) for >95% specificity, group A (Gr. A) displayed 85.2% sensitivity for
CRC but only 45% for AA while group B (Gr. B) showed 79% and 75% sensitivity (for 95%
specificity) for CRC and AA, respectively.

Table 2. Selection of the best combinations of targets.

AA CRC

AUC Sen 1 Spe 1 YI 2 Sen 3 Spe
≥95%

Spe 4 Sen
≥80%

AUC Sen 1 Spe 1 YI 2 Sen 3 Spe
≥95%

Spe 4 Sen
≥80%

Gr.
A 0.819 79.1 87.10 0.66 45.30 51.61 0.969 85.19 96.97 0.86 85.19 100.0

Gr. B 0.917 91.67 83.87 0.76 75.00 83.87 0.914 79.01 96.97 0.76 79.01 83.87

Gr. B +
GADD45B 0.900 75.00 87.88 0.63 70.83 72.73 0.923 79.01 96.97 0.76 79.01 87.88

Gr. B + ITGA2 0.900 79.17 90.91 0.70 70.83 66.67 0.929 83.95 96.97 0.81 83.95 96.97

Gr. B + MYBL2 0.915 79.17 93.94 0.73 75.00 78.79 0.924 85.19 93.94 0.79 80.25 96.97

Gr. B + MYC 0.918 83.33 93.94 0.77 66.67 93.94 0.939 85.19 94.94 0.79 80.25 96.97

Gr. B + PTGS2 0.905 79.17 90.32 0.70 66.67 70.97 0.944 86.42 93.55 0.80 81.48 96.97

Gr. B + S100A4 0.910 79.17 93.94 0.73 75.00 87.88 0.952 86.42 93.94 0.80 81.48 96.97

Gr. B + ITGA2 +
S100A4 0.897 79.17 90.91 0.69 70.83 84.85 0.958 86.42 93.94 0.80 82.72 96.97

Gr. B + ITGA2 +
S100A4 0.890 75.00 93.55 0.69 66.67 80.65 0.952 87.65 93.55 0.81 83.95 100.0

Gr.
B

+ PTGS2
+ S100A4

0.910 83.33 87.10 0.70 75.00 87.10 0.961 88.89 96.77 0.86 88.89 96.97

Gr A: GADD45B + ITGA2 + MYBL2 + MYC + PTGS2 + S100A4. Gr B: CEACAM5 + ITGA6 + MACC1. 1 Sensitivities (Sen) and Specificities
(Spe) were determined based on optimal cut-off values. 2 YI: Youden Index. 3 Sensitivity for specificity ≥95%. 4 Specificity for sensitivity
≥80%. Bold (last row): Best combination.

Considering that the detection 75% of the AA could be achieved using the three mark-
ers of the group B (i.e., CEACAM5, ITGA6 and MACC1), we then assayed various com-
binations of markers belonging to the group A in order to improve CRC detection using
a maximum of 5 targets while keeping AA detection at 75% (Table 2). The results show
that adding the two markers S100A4 and PTGS2 significantly improved the rate of CRC
detection up to 89% (for 95% specificity) (Table 2, lower row). Corresponding ROC curves
are provided in Figure 4A. FIT positivity was 29 % in AA (7/24) and 72% in CRC stage
I-III (56/72). Interestingly, considering the result of the FIT in combination with the multi-
target score further increased CRC detection up to 95% (for a 97% specificity), but had no
significant effect on AA detection (Figure 4B).

As the ultimate goal of the study was to evaluate the feasibility of using the multi-
target mRNA stool test in a clinical set-up, we evaluated the stability of the mRNA targets
in stool samples subjected to various conditions of preservation that mimic the clinical
reality. Stool samples were obtained from three controls and three patients diagnosed with
CRC. Four of the identified targets in stools were selected for testing, including two for each
group identified above: CEACAM5, ITGA6, ITGA2, and PTGS2. Conditions to be tested
included conventional freezing at −20 ◦C with and without a thaw cycle, conservation
at 4 ◦C and conservation at room temperature (23 ◦C), for a 5-day period. As shown
in Figure S1, the mRNA targets were found to be relatively stable under all frozen and
cooled conditions over the 5-day period while some individual variations were observed
in samples maintained at room temperature. Score compilation of the data confirmed the
relative stability of the targets for all conditions including ambient temperature for at least
3 days (Figure 5).
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Figure 4. ROC curve analysis of an optimized combination of five of the targets for the detection
of patients with AA or CRC as selected from data presented in Table 2. (A) ROC curve analysis
of the combination of the three targets identified for detecting AA and CRC, CEACAM5, ITGA6
and MACC1 with the two stronger targets for detecting CRC, PTGS2 and S100A4, for AA and CRC.
(B) Same combination as in A but including the FIT component. AUC is indicated and sensitivity
and specificity are provided in % (95% CI).

Figure 5. Target stability analyses in stool samples over a 5-day period. Target stability was tested
under various conditions of conservation and target detection was monitored throughout the 5 days
in samples maintained at −20 ◦C with (F/T 5d, −20) and without (5d −20) a thaw cycle, at 4 ◦C
(1 to 5d, 4) and at room temperature (1 to 5d, RT). Data for individual targets in copy number are
provided in Figure S1. Cumulative scores including the 4 tested targets PTGS2, CEACAM5, ITGA2
and ITGA6 showed that overall, the targets were relatively stable for the five days under all cooled
conditions and for three days at room temperature for both controls (Gray symbols) and CRC
(Blue symbols).
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4. Discussion

In this study, we confirm that a multitarget stool mRNA test represents a powerful
assay for detecting patients with colorectal cancers and demonstrate its usefulness to also
detect high risk adenomas. One interest of the procedure relies on its relative simplicity
considering that high sensitivities and specificities can be obtained with a selection of only
five targets, thus compatible with multiplex PCR in stool samples, an approach already in
place in the clinic to investigate gastrointestinal infections [37,38].

One strength of the multitarget stool mRNA test presented herein is that transcripts
are directly isolated from the stools by conventional extraction methods [25,32] thus being
compatible with automation rather than procedures that require enrichment protocols for
exfoliated colorectal cells prior to RNA extraction and processing [25,39]. Another strength
is the relatively low number of targets required to optimize the assay. It is worth mentioning
that an important part of this proof-of-concept study was finding specific targets to identify
samples from patients with AA among others that appear to be overrepresented in CRC
and then selecting the strongest combination to allow the detection of both AA and CRC.
Indeed, some of the targets have been previously assessed for CRC detection [25,32] but it
is noteworthy that one of the best markers identified herein for CRC detection, S100A4, is
reported for the first time. In the same direction, ITGA6 has been previously reported to be
a good candidate for the improvement of AA detection [32] while the current study show
that sensitivity and specificity for AA detection can be further improved by combining
ITGA6 with CEACAM5 and MACC1, two targets not yet tested before for this purpose.
Further study in this direction would be assisted by the development of specific algorithms
where a specific weight is assigned to each marker.

While we agree that our study is preliminary, based on a retrospective analysis of a
cohort of patients, as addressed below, it is nevertheless interesting to contextualize the
findings that this study, relying on the use of only five mRNA targets, allowed the detection
of 75% of the samples obtained from patients with AA and 89% of the samples obtained
from patients with CRC, using a specificity of ≥95%. We chose to express the data using this
optimal specificity which generates less than 5% of false positives in order to allow a fair
comparison to other tests such as FIT as detailed above. Incidentally, integration of the FIT
component to the mRNA data increased CRC sensitivity up to 95%, consistent with the fact
that the origins of exfoliated cells and blood in the stools are likely to be different [14–17].
Overall, a multitarget stool mRNA-FIT test allows the detection of 75% of the AA and
95% of the CRC with less than 4% of false positives. These numbers, although from a
preliminary study, compared advantageously to any other screening test for colorectal
cancerous lesions. As shown with the inclusion of the FIT component, diversification of
target types improves sensitivity. In this context, it would be interesting to investigate the
potential complementarity of the multitarget stool mRNA test with others approaches also
involving stool-derived nucleic acids [18,40,41] or proteins [15,42]. Incidentally, although
the extra costs and specific organizational requirements of the multitarget stool mRNA test
relative to the FIT are difficult to evaluate at this time, they should be substantially reduced
if performed in conjunction with another nucleic acid-based stool test such as the already
implemented multi-target stool DNA test [18].

Another finding from this study is the possibility of including a factor for predicting
AA vs. CRC, which could provide pertinent information ahead of colonoscopy. Indeed,
considered separately, the combination of the three targets CEACAM5, ITGA6 and MACC1
selected to predict AA provided 75% and 79% sensitivity (for 95% specificity) for AA
and CRC, respectively and the two targets S100A4 and PTGS2 selected to improve CRC
detection provided 29% and 80% sensitivity (for 95% specificity) for AA and CRC prediction,
respectively, suggesting that using distinct repertoires of targets for AA and CRC could
be used to improve patient stratification for colonoscopy. Specific analysis of S100A4
and PTGS2 scores for patients identified as positive in the multi-target stool mRNA test
could contribute to discriminating between patients carrying AA vs. those with CRC
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considering that, for instance, a patient with a score >4.5 for S100A4 and PTGS2 displays a
17% probability of having an AA vs. 73% odds of having a CRC.

Finally, the assessment of target stability revealed that stool sample collection to per-
form the multitarget stool mRNA test does not require specific conditions, being relatively
stable for at least 3 days, even at room temperature. Part of this relatively surprising
observation may result from the possibility that mRNA degradation is prevented in exfo-
liated cells, which are the main source of host mRNA in the stools [25,39]. Another part
results from the procedure used for selecting the mRNA targets. Incidentally, it was not
surprising that only half of the 27 selected targets were amplified in stool samples. The
efficient amplification of these targets was also dependent on the use of the TaqMan Gene
Expression Assay which was found to be more sensitive and specific than conventional
qPCR for stool samples [31] while requiring relatively short intact mRNA sequences.

The limitations of this study, as mentioned above, include the relatively small size
of the cohort of patients providing the two sets of samples from only two sites and the
fact that the samples were obtained retrospectively. Future investigations should include
a larger and multicentric prospective study. However, the relatively low incidence of
CRC in the asymptomatic population to be screened complicates this kind of study. Low
scale prospective analyses on higher risk cohorts such as FIT positive patients could then
be considered.

5. Conclusions

In conclusion, this study demonstrates the usefulness of host mRNAs as biomarkers
to identify patients carrying curable colorectal cancers as well as precancerous lesions.
In the context where various stool-based screening approaches are already implemented
or in progress, with their strengths and weaknesses, we suggest that the inclusion of a
multitarget stool mRNA component could contribute to getting closer to the “desirable
features of a screening test” [3].
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Simple Summary: Gastric cancer is characterized by poor survival rates despite surgery and
chemotherapy. Current research focuses on biomarkers to improve diagnosis and prognosis, and to
enable targeted treatment strategies. The aim of our review was to give an overview over the wide
range of novel biomarkers in gastric cancer. These biomarkers are targets of a specific treatment, such
as antibodies against human epidermal growth factor receptor 2. Other promising biomarkers for
targeted therapies that have shown relevance in clinical trials are vascular endothelial growth factor,
programmed cell death protein 1, and Claudin 18.2. There is a vast number of biomarkers based on
DNA, RNA, and protein expression, as well as detection of circulating tumor cells and the immune
tumor microenvironment.

Abstract: Overall survival of gastric cancer remains low, as patients are often diagnosed with
advanced stage disease. In this review, we give an overview of current research on biomarkers in
gastric cancer and their implementation in treatment strategies. The HER2-targeting trastuzumab is
the first molecular targeted agent approved for gastric cancer treatment. Other promising biomarkers
for targeted therapies that have shown relevance in clinical trials are VEGF and Claudin 18.2.
Expression of MET has been shown to be a negative prognostic factor in gastric cancer. Targeting
the PD-1/PD-L1 pathway with immune checkpoint inhibitors has proven efficacy in advanced
gastric cancer. Recent technology advances allow the detection of circulating tumor cells that may be
used as diagnostic and prognostic indicators and for therapy monitoring in gastric cancer patients.
Prognostic molecular subtypes of gastric cancer have been identified using genomic data. In addition,
transcriptome profiling has allowed a comprehensive characterization of the immune and stromal
microenvironment in gastric cancer and development of novel risk scores. These prognostic and
predictive markers highlight the rapidly evolving field of research in gastric cancer, promising
improved treatment stratification and identification of molecular targets for individualized treatment
in gastric cancer.

Keywords: gastric cancer; advanced gastric cancer; biomarker; targeted therapy

1. Introduction

Gastric cancer (GC), based on GLOBOCAN 2020 data [1], is the fifth most common
cancer and the fourth most common cause of cancer-related death in the world. Gastric
adenocarcinomas account for 5.6% of all new cancer cases and 7.7% of all cancer deaths
worldwide [1]. H. pylori infection is the strongest known risk factor for gastric cancer [2];
another pathogen associated with gastric cancer is the Epstein–Barr virus [3]. The incidence
of gastric cancer has steadily declined worldwide over the past 50 years, due to prevention
and treatment of H. pylori infection and changing of food preservation and diet [4]. Surgery
associated with chemotherapy still offers the best chance for curative therapy. Due to earlier
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detection of GC and achievements in chemotherapy and targeted therapy, mortality has
decreased in recent decades. Still, the overall survival of gastric cancer remains low,
with a reported 5-year survival rate of 32% in all stages combined, and of only 6% in
metastatic disease [5]. This is mostly due to the fact that gastric cancer is usually diagnosed
in an advanced and unresectable stage. If the cancer is diagnosed and treated before
it has spread outside the stomach, the 5-year survival rate is 70% [5]. Therefore, most
current new strategies aim to detect gastric cancer at an early stage, or to treat gastric
cancer at an advanced stage. Biomarkers are playing a crucial role in these strategies.
Cancer biomarkers can be soluble molecules derived from tumor cells, or can be soluble
or cell-bound molecules that are expressed by nontumorous cells. Genetic, epigenetic,
proteomic, glycomic, and imaging biomarkers can be used for cancer diagnosis, prognosis,
and epidemiology [6]. In recent decades, multiple novel biomarkers have been identified
in GC, and biomedical sciences and technology have developed at a rapid pace. The
Cancer Genome Atlas (TCGA) project has identified four major genomic subtypes of GC:
Epstein–Barr Virus (EBV)-infected tumors, tumors with microsatellite instability (MSI),
genomically stable tumors, and chromosomally unstable tumors, which might provide a
guide to targeted agents [7].

This review intends to give an overview of the literature on current and newly identi-
fied biomarkers and their roles in targeted therapies in gastric cancer (i.e., their function
as predictive markers). PubMed was searched for articles using the terms ‘biomarker’
and ‘gastric cancer’ on 28 March 2021. We analyzed English articles from the last 10 years
including clinical trials and randomized controlled trials. We obtained 295 articles. We ex-
cluded 150 articles that did not mention biomarkers in gastric or esophagogastric cancer or
did not differentiate results between either gastric or esophagogastric and other carcinomas.
The resulting 145 articles were analyzed. Another 49 articles were cited that were found
relevant to this article. Articles treating gastro-esophageal junction (GEJ) adenocarcinoma
were included in this review. Furthermore, clinical implementation of these biomarkers for
early diagnosis, prognosis, and prediction of drug efficacy is discussed.

2. Treatment-Related Biomarkers—Molecular Targeted Therapy

2.1. Human Epidermal Growth Factor Receptor 2

Human epidermal growth factor receptor 2 (HER2), also called ERBB2, is a receptor
tyrosine-protein kinase. It is an important biomarker and key driver of tumorigenesis in
GC [8]. HER2-positive tumors show HER2 gene amplification that is generally, although
not always, associated with protein overexpression, leading to tumorigenesis [9]. HER2
acts as an oncogene, mainly because high-level amplification of the gene induces protein
overexpression in the cellular membrane and subsequent acquisition of advantageous
properties for a malignant cell [10]. HER2 gene amplification can be detected by fluores-
cence in situ hybridization (ISH), whereas overexpression of HER2 protein is commonly
assessed by immunohistochemistry (IHC). Concordance between positive gene amplifica-
tion and protein overexpression has been observed in 96% of GC, whereby positive HER2
amplification was defined as a HER2/chromosome 17 centromere (CEP17) ratio ≥ 2.0 [11].

HER2-positivity rates by IHC in GC range between 10.9 and 27% [11–16]. HER2-
positivity rates are higher in papillary and tubular adenocarcinoma compared to poorly
differentiated adenocarcinoma or signet-ring cell carcinoma [13]. For clinical use, it has been
proposed to test the HER2 status in all adenocarcinoma of the stomach and carcinomas of
the GEJ by IHC first. In inconclusive cases, HER2 amplification status needs to be assessed
with ISH [17].

HER2-targeted therapy has dramatically improved outcomes for HER2-positive gastric
cancer. Trastuzumab is a monoclonal antibody targeting the HER2-receptor, causing
downregulation of HER2. The Trastuzumab for Gastric Cancer (ToGA) trial showed
improved overall survival (OS) of patients treated with trastuzumab in combination with
cisplatin and a fluoropyrimidine compared to chemotherapy alone in patients with HER2-
overexpressing advanced gastric or GEJ cancer (13.8 vs. 11.1 months, p = 0.005) [8]. A
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subgroup analysis of Japanese patients confirmed the benefit of adding trastuzumab to
chemotherapy [18]. Trastuzumab in combination with chemotherapy is the standard of
care when treating HER2-positive metastatic gastric and GEJ cancers. Furthermore, it is the
first molecular targeted agent approved as standard treatment in gastric cancer.

A retrospective analysis compared OS in advanced GC patients according to HER2
status and exposure to trastuzumab. It showed longer OS of HER2-positive patients
treated with trastuzumab than HER2-negative patients (24.7 vs. 13.9 months, p = 0.03),
with trastuzumab having a significant impact on OS. Interestingly, HER2-positive pa-
tients not treated with trastuzumab showed similar OS as HER-negative patients (13.5 vs.
13.9 months, p = 0.91). The authors concluded that trastuzumab improved prognosis of
HER2-positive beyond that of HER2-negative AGC patients, but HER2 status itself without
targeted therapy might have a small impact on survival in advanced GC [19].

Li et al. analyzed whether clinicopathological factors were predictive for progression-
free survival (PFS) of patients with trastuzumab-based first-line therapy. They found only
liver metastasis and poor performance status to be independently associated with worse
PFS [20].

Antibody–drug conjugates with trastuzumab that have been developed and tested
are listed in Table 1 [21–24].

Table 1. Targeted therapies and treatment outcomes.

Target Study Design
Patient

Number
Treatment Aim Outcome

HER2

Bang, Y.J. et al.
[8] RCT (phase 3) 594

Trastuzumab + CT vs. CT
alone in HER2(+) AGC

(ToGA trial)

OS: 13.8 vs. 11.1 months
(p = 0.005)

PFS: 6.7 vs. 5.5 months
(p = 0.0002)

ORR: 47 vs. 35% (p = 0.002)

Sawaki, A. et al.
[18] RCT (phase 3) 101

Trastuzumab + CT vs. CT
alone in HER2(+) AGC
(subgroup analysis of

ToGA trial)

OS: 15.9 vs. 17.7 months
PFS: 6.2 vs. 5.6 months

ORR: 64.4 vs. 58.5%

Shitara, K. et al.
[19]

Retrospective case
series 364

Trastuzumab + CT in
HER2(+) vs. CT in
HER2(−) AGC (1),
CT in HER2(+) vs.
HER2(−) AGC (2)

OS: 24.7 vs. 13.9 months
(p = 0.03) (1)

OS: 13.5 vs. 13.9 months
(p = 0.91) (2)

Li, Q. et al. [20]
Prospective

observational
study

107 Trastuzumab as first-line
treatment in HER2(+) AGC

OS: 16 months
PFS: 7.7 months

ORR: 58.9%

Shitara, K. et al.
[21] RCT (phase 2) 187

Trastuzumab deruxtecan
vs. CT in previously

treated HER2(+) AGC

OS: 12.5 vs. 8.4 months
(p = 0.01)

ORR: 51 vs. 14% (p < 0.001)

Thuss-Patience,
P.C. et al. [22] RCT (phase 2/3) 182

Trastuzumab emtansine vs.
Taxane as second-line

therapy in HER2(+) AGC
(GATSBY study)

OS: 7.9 vs. 8.6 months
(p = 0.86)

Shah, M.A. et al.
[23] RCT (phase 2/3) 182

Biomarker analysis of the
GATSBY study:

Trastuzumab emtansine vs.
Taxane as second-line

therapy in HER2(+) AGC

Subgroup with high HER2
expression in IHC:

OS: 9.5 vs. 8.3 months

135



Cancers 2021, 13, 5660

Table 1. Cont.

Target Study Design
Patient

Number
Treatment Aim Outcome

HER2

Shitara, K. et al.
[24] RCT (phase 2/3) 82

Trastuzumab emtansine vs.
taxane as second-line

therapy in HER2(+) AGC
(subgroup analysis of

GATSBY study)

OS: 11.8 vs. 10 months

Horita, Y. et al.
[25] Phase 2 28

Paclitaxel + trastuzumab in
previously treated HER2(+)

AGC

OS: 9.6 months
PFS: 4.6 months

ORR: 21.4%

Makiyama, A.
et al. [26] RCT (phase 2) 91

Paclitaxel + trastuzumab
vs. Paclitaxel as first-line
therapy of HER2(+) AGC

OS: 10 months (p = 0.20)
PFS: 3.7 vs. 3.2 months

(p = 0.33)
ORR: 33 vs. 32% (p = 1.00)

Ryu, M.H. et al.
[27] Phase 2 55

Trastuzumab +
capecitabine + oxaliplatin

in HER2(+) AGC

OS: 21 months
PFS: 9.8 months

ORR: 67%

Gong, J. et al.
[28] Phase 2 51

Trastuzumab + oxaliplatin
+ capecitabine as first-line
therapy in HER2(+) AGC

OS: 19.5 months
PFS: 9.2 months

ORR: 66.7%

Rivera, F. et la
[29] Phase 2 41

Xelox + trastuzumab as
first-line therapy of

HER2(+) AGC

OS: 13.8 months
PFS: 7.1 months

ORR: 46.7%

Roviello, G. et al.
[30] Phase 2 15

DOF (docetaxel, oxaliplatin,
5-FU) + trastuzumab in

HER2(+) AGC

OS: 19.4 months
PFS: 9.2 months

ORR: 60%

Mondaca, S. et al.
[31] Phase 2 26

mDCF (docetaxel, cisplatin
and 5-FU) + trastuzumab

as first-line therapy in
HER2(+) metastatic GC

OS: 24.9 months
PFS: 13 months

ORR: 65%

Kagawa, S. et al.
[32] Phase 2 23

Trastuzumab + docetaxel
as first-line therapy in

HER2(+) AGC

OS: 17.5 months
PFS: 6.7 months

ORR: 39.1%

Takahari, D. et al.
[33] Phase 2 75

Trastuzumab + S-1 +
oxaliplatin in HER2(+)

AGC

OS: 18.1 months
PFS: 8.8 months

ORR: 70.7%

Yuki, S. et al. [34] Phase 2 42

Trastuzumab + S-1 +
oxaliplatin as treatment of

HER2(+) advanced or
recurrent GC

OS: 27.6 months
PFS: 7.0 months

ORR: 82.1%

Kataoka, H. et al.
[35] Phase 2 22 Trastuzumab + S-1 +

cisplatin in HER2(+) AGC

OS: 15.3 months
PFS: 7.5 months

ORR: 41.2%

Miura, Y. et al.
[36] Phase 2 44 Trastuzumab + S-1 +

cisplatin in HER2(+) AGC

OS: 16.5 months
PFS: 5.9 months

ORR: 61%

Endo, S. et al.
[37]

Prospective
observational

study
15 Trastuzumab + cisplatin +

S-1 in HER2(+) AGC OS: 14.4 months

Kimura, Y. et al.
[38] Phase 2 51

Trastuzumab + S-1 in
patients 65 years or older

with HER2(+) AGC

OS: 15.8 months
PFS: 5.1 months

ORR: 40.8%
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Table 1. Cont.

Target Study Design
Patient

Number
Treatment Aim Outcome

HER2

Shah, M.A. et al.
[39] RCT (Phase 3b) 248

Standard-of-care vs.
higher-dose trastuzumab +
CT as first-line therapy in
HER2(+) metastatic GC

(HELOISE trial)

OS: 12.5 vs. 10.6 months
(p = 0.2401)

Tabernero, J. et al.
[40] RCT (phase 3) 780

Pertuzumab + trastuzumab
+ CT vs. placebo +

trastuzumab + CT as
first-line therapy of

HER2(+) AGC (JACOB
trial)

OS: 17.5 vs. 14.2 months
(p = 0.057)

Liu, T. et al. [41] RCT (phase 3) 163

Pertuzumab + trastuzumab
+ CT vs. placebo +

trastuzumab + CT as
first-line therapy of

HER2(+) metastatic GC
(subgroup analysis of

JACOB trial)

OS: 18.7 vs. 16.1 months
PFS: 10.5 vs. 8.6 months

ORR: 68.9 vs. 55.7%

Oh, D.Y. et al.
[42] Phase 2 27 Dacomitinib in previously

treated HER2(+) AGC

OS: 7.1 months
PFS: 2.1 months

ORR: 7.4%

Kim, T.Y. et al.
[43] Phase 2 32

Poziotinib + trastuzumab +
paclitaxel as second-line
therapy in HER2(+) AGC

OS: 29.5 weeks
PFS: 13 weeks
ORR: 21.9%

EGFR
HER2

Iqbal, S. et al.
[44] Phase 2 47

Lapatinib as first-line
therapy in advanced or

metastatic GC

OS: 4.8 months
PFS: 1.9 months

ORR: 9%

Satoh, T. et al.
[45] RCT (phase 3) 261

Lapatinib + paclitaxel vs.
paclitaxel alone as

second-line therapy in
HER2(+) AGC

OS: 11 vs. 8.9 months
(p = 0.10)

PFS: 5.4 vs. 4.4 months
(p = 0.24)

ORR: 27 vs. 9% (p < 0.001)

Lorenzen, S. et al.
[46] RCT (phase 2) 37

Lapatinib + capecitabine vs.
lapatinib alone

in HER2(+) AGC

ORR: 11.1% (LAP + CAP)
(study closed for futility)

Hecht, J.R. et al.
[47] RCT (phase 3) 545

Lapatinib +
capecitabine/oxaliplatin vs.

placebo +
capecitabine/oxaliplatin in

HER2(+) AGC

OS: 12.2 vs. 10.5 months
(NS)

PFS: 6.0 vs. 5.4 months
(p = 0.038)

ORR: 53 vs. 39% (p = 0.003)

Moehler, M. et al.
[48] RCT (phase 2) 29

Lapatinib + ECF/ECX vs.
placebo + ECF/ECX as

first-line therapy in
metastatic GC patients

EGFR(+) and/or HER2(+)

OS: 13.8 vs. 10.1 months
(NS)

PFS: 8 vs. 5.9 months (NS)
ORR: 42.9 vs. 21.4%

LaBonte, M.J.
et al. [49] Phase 2 68

Lapatinib as first-line
therapy in AGC

independent of HER2
status

OS: 6.3 months
PFS: 3.3 months

ORR: 17.9%

Sanchez-Vega, F.
et al. [50]

Prospective
observational

study
20

Afatinib in
trastuzumab-resistant

HER2(+) metastatic GC

OS: 7 months
PFS: 2 months

ORR: 25%
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Table 1. Cont.

Target Study Design
Patient

Number
Treatment Aim Outcome

EGFR

Waddell, T. et al.
[51] RCT (phase 3) 553

Panitumumab + CT vs. CT
alone in advanced EG
cancer (REAL3 trial)

OS: 8.8 vs. 11.3 months
(p = 0.013)

PFS: 6.0 vs. 7.4 months
(p = 0.068)

ORR: 46 vs. 42% (p = 0.42)

Stahl, M. et al.
[52] RCT (phase 2) 160

Panitumumab + CT vs.
placebo + CT in untreated

locally advanced
esophagogastric cancer

Similar histological
response and R0 resection

rate.

Satoh, T. et al.
[53] RCT (phase 2) 82

Nimotuzumab + irinotecan
vs. irinotecan alone as
second-line therapy in

AGC

OS: 251 vs. 232 days
(p = 0.978)

PFS: 73 vs. 85 days
(p = 0.567)

ORR: 18.4 vs. 10.3%

Lordick, F. et al.
[54] Phase 2 52

Cetuximab + CT as
first-line therapy in

metastatic GC

OS: 9.5 months
PFS: 7.6 months

ORR: 65%

Moehler, M. et al.
[55] Phase 2 49

Cetuximab +
irinotecan/folinic

acid/5-FU as first-line
therapy of HER2(+) AGC

OS: 16.5 months
PFS: 9 months

ORR: 46%
(higher response in

EGFR-expressing tumors,
PTEN expression

associated with longer PFS
and OS)

Lordick, F. et al.
[56] RCT (phase 3) 904

Cetuximab +
capecitabine-cisplatin vs.
capecitabine-cisplatin in

unresectable or metastatic
GC or EGJ cancer
(EXPAND trial)

PFS: 4.4 vs. 5.6 months
(p = 0.32)

Zhang, X. et al.
[57] Phase 2 47

Cetuximab +
cisplatin/capecitabine in
untreated unresectable or

metastatic GC

OS: 10.8 months
PFS: 5.2 months

ORR: 53.2%

Liu X et al. [58] Phase 2 61
Cetuximab + modified
FOLFIRI as second-line

therapy in metastatic GC

OS: 8.6 months
ORR: 33.3%

VEGF

Wilke, H. et al.
[59] RCT (phase 3) 665

Ramucirumab + paclitaxel
vs. placebo + paclitaxel as

second-line therapy in
AGC

OS: 9.6 vs. 7.4 months
(p = 0.017)

PFS: 4.4 vs. 2.9 months
(p < 0.0001)

ORR: 28 vs. 16%
(p = 0.0001)

Ohtsu, A. et al.
[60] RCT (phase 3) 774

Bevacizumab + CT vs.
placebo + CT as first-line

therapy in AGC
(AVAGAST trial)

OS: 12.1 vs. 10.1 months
(p = 0.1002)

PFS: 6.7 vs. 5.3 months
(p = 0.0037)

ORR: 46 vs. 37.4%
(p = 0.0315)
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Table 1. Cont.

Target Study Design
Patient

Number
Treatment Aim Outcome

VEGF

Meulendijks, D.
et al. [61] Phase 2 60

Bevacizumab + CT as
first-line therapy in

HER2(−) GC

OS: 12 months
PFS: 8.3 months

ORR: 70%

Meulendijks, D.
et al. [62] Phase 2 25

Bevacizumab +
trastuzumab + CT as
first-line therapy in

HER2(+) AGC

OS: 17.9 months
PFS: 10.8 months

ORR: 74%

VEGF
PDGF

Moehler, M. et al.
[63] Phase 2 51 Sunitinib monotherapy in

pretreated AGC

OS: 5.8 months
PFS: 1.3 months

ORR: 4%

Moehler, M. et al.
[64] RCT (phase 2) 91

Sunitinib + FOLFIRI vs.
placebo + FOLFIRI as
second- or third-line

therapy in AGC

OS: 10.4 vs. 8.9 months
(p = 0.21)

PFS: 3.5 vs. 3.3 months
(p = 0.66)

FGFR
VEGF
PDGF

Won, E. et al. [65] Phase 2 32
Nintedanip as second-line
therapy in metastatic EG

cancer

OS: 14.2 months
PFS: 1.9 months

ORR: 0%

FGFR Van Cutsem, E.
et al. [66] RCT 71

AZD4547 vs. paclitaxel as
second-line therapy in

AGC with FGFR2
polysomy or gene

amplification (SHINE
study)

OS: 5.5 vs. 6.6 months
(p = 0.8156)

PFS: 1.8 vs. 3.5 months
(p = 0.9581)

ORR: 2.6 vs. 23.3%
(p = 0.9970)

HGFR/MET

Iveson, T. et al.
[67] RCT (phase 2) 121

Rilotumumab (2 different
concentrations) vs. placebo
in advanced or metastatic

GC

PFS: 5.7 vs. 4.2 months
(p = 0.016)

Zhu, M. et al.
[68] RCT (phase 2) 121

Rilotumumab + ECX vs.
placebo + ECX in

MET-positive patients

High rilotumumab vs.
placebo vs. low
rilotumumab:

OS: 13.4 vs. 5.7 and
8.1 months (p = 0.017)

PFS: 7.0 vs. 4.4 and
5.5 months (p = 0.017)

Catenacci, D.V.
et al. [69] RCT (phase 3) 609

Rilotumumab + epiru-
bicin/cisplatin/capecitabine

vs. placebo + epiru-
bicin/cisplatin/capecitabine

as first-line therapy in
MET(+) AGC

OS: 8.8 vs. 10.7 months
(p = 0.003)

(study stopped early)

Shah, M.A. et al.
[70] RCT (phase 3) 499

Onartuzumab +
mFOLFOX6 vs. placebo +

mFOLFOX6 in
HER2-negative,
MET-positive

gastroesophageal
adenocarcinoma

OS: 11.0 vs. 11.3 months
(p = 0.24)

PFS: 6.7 vs. 6.8 months
(p = 0.43)

ORR: 46.1 vs. 40.6%
(p = 0.25)
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Table 1. Cont.

Target Study Design
Patient

Number
Treatment Aim Outcome

Claudin 18.2 Sahin, U. et al.
[71] RCT (phase 2) 161

Zolbetuximab + CT + vs.
CT alone in Claudin 18.2(+)
advanced or recurrent GC

(FAST trial)

Overall:
PFS: 7.5 vs. 5.3 months

(p < 0.0005)
OS: 13.0 vs. 8.3 months

(p < 0.0005)
≥70% Claudin 18.2(+):
PFS: 9.0 vs. 5.7 months

(p < 0.0005)
OS: 16.5 vs. 8.9 months

(p < 0.0005)

ATM Bang, Y.J. et al.
[72] RCT (phase 2) 124

Olaparib + paclitaxel vs.
placebo + paclitaxel in

recurrent or metastatic GC

OS—overall: 13.1 vs.
8.3 months (p = 0.005)

OS—ATM low: not reached
vs. 8.2 months (p = 0.002)
PFS: 3.91 vs. 3.55 months

(p = 0.131)
ORR: 26.4 vs. 19.1%

(p = 0.162)

AKT Bang, Y.J. et al.
[73] RCT (phase 2) 153

Ipatasertib + mFOLFOX6
vs. placebo + mFOLFOX6
in advanced or metastatic

GC

PFS: 6.6 vs. 7.5 months
(p = 0.56)

HDAC Yoo, C. et al. [74] Phase 2 45
Vorinostat + capecitabine +

cisplatin as first-line
therapy in AGC

OS: 12.7 months
PFS: 5.9 months

ORR: 42%

MMP9

Shah, M.A. et al.
[75] Phase 2 40

Andecaliximab +
mFOLFOX6 in advanced

GC

PFS: 7.8 months
ORR: 48%

Shah, M.A. et al.
[76] RCT (phase 3) 432

Andecaliximab +
mFOLFOX vs. placebo +

mFOLFOX

OS: 12.5 vs. 11.8 months
(p = 0.56)

PFS: 7.5 vs. 7.1 months
(p = 0.10)

ORR: 51 vs. 41%

PD-1/PD-
L1

Muro, K. et al.
[77] Phase 1b 36 Pembrolizumab in

PD-L1(+) AGC ORR: 22%

Fuchs, C.S. et al.
[78] Phase 2 259

Pembrolizumab in
previously treated AGC

(KEYNOTE-059 trial)

OS: 5.6 months
(PD-L1(+)/(−):
5.8/4.9 months)
PFS: 2.0 months

ORR: 11.6% (PD-L1(+)/(−):
15.5/6.4%, p = 0.02)

Kim, S.T. et al.
[79] Phase 2 61 Pembrolizumab in

metastatic GC
ORR: 85.7% in MSI-H,

100% in EBV+

Kawazoe, A.
et al. [80] Phase 2b 54

Pembrolizumab + S-1 +
oxaliplatin in PD-L1(+)
HER2-negative AGC

PFS: 9.4 months
ORR: 72.2%

Wang, F. et al.
[81] Phase 1b/2 76

1: Toripalimab
(chemo-refractory)

2: Toripalimab + CT
(CT-naïve)

in AGC

1: OS: 4.8 months, PFS:
1.9 months, ORR: 12.1%
2. OS: not reached; PFS:
5.8 months; ORR: 66.7%;
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Table 1. Cont.

Target Study Design
Patient

Number
Treatment Aim Outcome

PD-1/PD-
L1

Kang, Y.K. et al.
[82] RCT (phase 3) 493

Nivolumab or placebo in
CT-refractory AGC

(ATTRACTION-2 trial)

OS: 5.26 vs. 4.14 months
(p < 0.0001)

PFS: 1.61 vs. 1.45 months
(p < 0.0001)

ORR: 11.2 vs. 0%

Huang, J. et al.
[83] Phase 1 30

SHR-1210 in recurrent or
metastatic GC refractory or
intolerant to previous CT

ORR: 23.3%

Moehler, M. et al.
[84] Phase 3 499

Avelumab vs.
chemotherapy after
first-line induction

chemotherapy in patients
with gastric or GEJ cancer

OS: 10.4 vs. 10.9 months
(p = 0.18)

OS in PD-L1(+): 16.2 vs.
17.7 months (p = 0.64)

PD-1/PD-
L1

HER2

Janjigian, Y.Y.
et al. [85] Phase 2 37

Pembrolizumab +
trastuzumab as first-line

therapy in HER2(+)
metastatic GC

PFS: 70% at 6 months

Catenacci, D.V.
et al. [86] Phase 1b-2 trial 95

Pembrolizumab +
margetuximab in locally
advanced or metastastic

HER2(+), PD-L1-unselected
GE cancer

ORR: 18.48%

PD-1/PD-
L1

CTLA-4

Kelly, R.J. et al.
[87] RCT (phase 2) 63

Durvalumab +
tremelimumab vs.

durvalumab alone vs.
tremelimumab alone as
scond-line therapy in
CT-refractory AGC

OS: 9.2 vs. 3.4 vs.
7.7 months

PFS: 1.8 vs. 1.6 vs.
1.7 months

ORR: 7.4 vs. 0 vs. 8.3%

CIK-cells Shi, L. et al. [88] Non-randomized
controlled trial 151

3 cycles of CIK-cell therapy
vs. no CIK-cell therapy

after curative gastrectomy
and adjuvant

chemotherapy for gastric
adenocarcinoma

Intestinal type—
5-year OS: 46.8 vs. 31.4%,

p = 0.045
5-year DFS: 42.4 vs. 15.7%,

p = 0.023
Diffuse or mixed-type—
5-year OS: 7.4 vs. 7.7%,

p = 0.97
5-year DFS: 3.7 vs. 0%,

p = 0.96

Studies with biomarkers and relevance as to molecular targeted therapies are listed and grouped depending on the targeted biomarker. Study
design, patient number, treatment aim, and treatment outcomes including overall survival, progression-free survival and overall response
rate, if available, are shown. Abbreviations: AGC—advanced gastric cancer; CIK-cells—cytokine-induced killer cells; CPS—combined
positivity score; CT—chemotherapy; DFS—disease-free survival; EGFR—epidermal growth factor receptor; EGJC—esophagogastric
junction cancer; FGFR—fibroblast growth factor receptor; GC—gastric cancer; HDAC—histone deacetylase; HER2—human epidermal
growth factor receptor 2; HGFR—hepatocyte growth factor receptor; MMP9—matrix metalloproteinase-9; ORR—overall response rate;
OS—overall survival; PARP—poly ADP ribose polymerase; PD-1—programmed cell death protein 1; PD-L1—programmed cell death
ligand 1; PDGF—platelet-derived growth factor; PFS—progression-free survival; RCT—randomized controlled trial; VEGF—vascular
endothelial growth factor.

The use of trastuzumab in combination with paclitaxel in patients with tumor pro-
gression after first-line chemotherapy with or without trastuzumab did not show benefit
on OS, PFS, and overall response rate (ORR) compared to chemotherapy alone in patients
with HER2-positive advanced gastric or GEJ cancer [25,26].

Several phase 2 trials have tested different chemotherapies in combination with
trastuzumab as first line therapy in advanced or metastatic gastric or GEJ cancer. Studies
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that combined trastuzumab and different chemotherapies and treatment outcomes are
summarized in Table 1 [27–39].

Pertuzumab, another monoclonal antibody against HER2, was added to first-line
trastuzumab and chemotherapy in the JACOB trial, and did not show a significant survival
benefit [40,41].

While the irreversible pan-HER inhibitor dacomitinib showed only a limited re-
sponse [42], poziotinib, another irreversible pan-HER inhibitor targeting EGFR, HER2, and
HER4, showed an objective response rate of about 20% [43] (Table 1). The dual blockade
with a pan-HER inhibitor and trastuzumab might therefore be a promising strategy in
trastuzumab resistance.

Several studies that analyzed the impact of HER2 status on survival and treatment
response are listed in Table 2.

Table 2. Biomarkers and their impacts on outcomes.

Biomarker Study Design
Patient

Number
Aim Outcome

HER2

Iqbal, S. et al.
[44] Phase 2 47

Lapatinib as first-line
therapy in advanced or

metastatic GC

HER2(+) vs. HER(−): OS 6.8
vs. 3.0 months (p = 0.0031)

IL-8 high vs. IL-8 low
expression:

OS 3.0 vs. 5.6 months
(p = 0.016)

Shitara, K. et al.
[19]

Prospective
observational

study
364

Impact of HER2 status and
trastuzumab treatment on

prognosis of AGC

HER2(+) + trastuzumab vs.
HER(−): OS 24.7 vs.

13.9 months (p = 0.03)
HER2(+) w/o trastuzumab

vs. HER2(−): OS 13.5 vs.
13.9 months (p = 0.091)

Okines, A.F. et al.
[11] RCT 415

Prognostic and predictive
impact of HER2 status
(tissue samples from

MAGIC trial)

HER2 status not prognostic
and not predictive for

response to CT

Matsumoto, T.
et al. [13] Phase 2 89

HER2 expression in AGC
with extensive LNM,

correlation between HER2
status and survival

HER2(+) vs. HER2(−):
3-year OS 66.7 vs. 38.7%

(p = 0.022)
Multivariate analysis: HER2

status not prognostic

Press, M.F. et al.
[14] RCT 487

Screening of
adenocarcinoma for
HER2-amplification,

lapatinib in HER2(+) EG
cancer

16.1% HER2 amplification,
HER2 amplification levels

correlated with PFS
(p = 0.035), but not with OS

Feizy, A. et al.
[16]

Prospective
observational

study
210 Association of HER2

expression and survival

No association between
HER2 expression and

survival (p = 0.88)

Kim, S.T. et al.
[89] Phase 2 32 Capecitabine + oxaliplatin +

lapatinib in HER2(+) AGC

High vs. low level HER2
amplification: predictive for
treatment response (p = 0.02)

Shah, M.A. et al.
[23] RCT (phase 2/3) 182

Biomarker analysis of the
GATSBY study:

Trastuzumab emtansine vs.
taxane as second-line

therapy in HER2-positive
AGC

High vs. low HER2
expression associated with

longer OS; high HER2
expression predictor of OS
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Table 2. Cont.

Biomarker Study Design
Patient

Number
Aim Outcome

EGFR
HER2

Sanchez-Vega, F.
et al. [50] Phase 2 20

Afatinib in
trastuzumab-resistant

HER2(+) EG cancer

Treatment response
associated with EGFR +
HER2 coamplification

EGFR

Luber, B. et al.
[90] Phase 2 39

Cetuximab +
oxaliplatin/leucovorin/5-

fluorouracil in 1st line
metastatic EGJC or GC

Increased EGFR gene copy
numbers

associated with better OS
(p = 0.011)

Moehler, M. et al.
[55] Phase 2 49

Cetuximab +
irinotecan/folinic

acid/5-FU as first-line
therapy of HER2(+) AGC

EGFR-expressing vs.
nonexpressing tumors: ORR

84 vs. 23% (p = 0.041)

Zhang, X. et al.
[57] Phase 2 47

Cetuximab +
cisplatin/capecitabine in

untreated AGC

High vs. low EGFR
expression:

OS: 16.6 vs. 9.5 months
(p = 0.12),

PFS: 7.1 vs. 4.0 months
(p = 0.078)

Liu, X. et al. [58] Phase 2 61 Cetuximab + modified
FOLFIRI in metastatic GC

EGFR(+) vs. EGFR(−):
similar ORR and OS

Stahl, M. et al.
[52] RCT (phase 2) 160

Panitumumab + CT vs.
placebo + CT in untreated

locally advanced EG cancer

Shorter PFS and OS with
EGFR expression

VEGF

Moehler, M. et al.
[63] Phase 2 51 Sunitinib monotherapy in

pretreated AGC

VEGF-C expression vs. no
expression:

PFS: 1.2 vs. 2.9 months
(p = 0.012)

Van Cutsem, E.
et al. [91] RCT 774

Bevacizumab + CT vs.
placebo + CT (AVAGAST

study), correlations between
BM and clinical outcomes

Placebo group: baseline low
vs. high VEGF-A: OS: 12.9

vs. 8.3 months.
Bevacizumab group:
baseline high vs. low
VEGF-A: higher OS

(p = 0.07)

Moehler, M. et al.
[64] RCT (phase 2) 91

Sunitinib + FOLFIRI vs.
placebo + FOLFIRI as

second- or third-line therapy
in AGC

Baseline low vs. high
VEGF-A:

PFS: 166 vs. 91 days
(p = 0.017)

Baseline low vs. high
VEGFR2:

PFS: 107 vs. 167 days
(p = 0.044)

Liu, X. et al. [58] Phase 2 61 Cetuximab + modified
FOLFIRI in metastatic GC

Low vs. high baseline
plasma VEGF:

ORR: 55 vs. 5.3% (p = 0.001),
OS: 12 vs. 5 months

(p < 0.0001),
PFS: 14.0 vs. 6.8 months

(p = 0.035)

Van Cutsem, E.
et al. [92] RCT 637

Biomarker analysis from
RAINBOW trial (2nd line

ramucirumab + CT vs.
placebo + CT in AGC)

VEGF not predictive for
ramucirumab efficacy.
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Table 2. Cont.

Biomarker Study Design
Patient

Number
Aim Outcome

FGFR

Kim, S.T. et al.
[93] Phase 2 66 Pazopanib + CT in

metastatic or recurrent GC

FGFR2(+) vs. FGFR2(−):
PFS: 8.5 vs. 5.6 months

(p = 0.05)
OS: 13.2 vs. 11.4 months

(p = 0.055)
ORR: 85.7 vs. 59.6%

Won, E. et al. [65] Phase 2 32
Nintedanip as second-line
therapy in metastatic EG

cancer

FGFR2(+) vs. FGFR2(−):
PFS: 3.5 vs. 1.9 months

(p = 0.92)

HGFR/MET

Stahl, M. et al.
[52] RCT (phase 2) 160

Panitumumab + CT vs.
placebo + CT in untreated

locally advanced EG cancer

Shorter PFS and OS with
MET expression.

Sanchez-Vega, F.
et al. [50] Phase 2 20

Afatinib in
trastuzumab-resistant

HER2(+) EG cancer

Resistance associated with
MET amplification.

PD-1/PD-
L1

Fuchs, C.S. et al.
[78] Phase 2 259

Pembrolizumab in
previously treated
unselected AGC

(KEYNOTE-059 trial)

PFS: 2.1 vs. 2.0 months in
PD-L1(+) vs. PD-L1(−)
ORR: 15.5 vs. 6.4% in

PD-L1(+) vs. PD-L1(−)

Kim, S.T. et al.
[79] Phase 2 61 Pembrolizumab in

metastatic GC
ORR: 50 vs. 0% in PD-L1(+)

vs. PD-L1(−) (p < 0.001)

Wang, F. et al.
[81] Phase 1b/2 76

Toripalimab
(chemo-refractory) or

Toripalimab + CT (CT-naïve)
in AGC

PD-L1 overexpression not
associated with survival

Huang, J. et al.
[83] Phase 1 30

SHR-1210 in recurrent or
metastatic GC refractory to

CT

ORR: 23.1% in PD-L1(+) and
26.7% in PD-L1(−) (p = 1.0)

Choi, Y.Y. et al.
[94] RCT 592

PD-L1 expression as
prognostic and predictive

BM (BM study of CLASSIC
trial)

Multivariate analysis of DFS:
stromal PD-L1 independent
prognostic factors (p = 0.044)

Studies with biomarkers and their impacts on outcomes are shown. Studies are grouped depending on the biomarker. Study design,
patient number, treatment or study aim, and outcomes including overall survival, progression-free survival, and overall response rate, if
available, are shown. Only biomarkers that have already been addressed by targeted therapies (Table 1) are shown. Abbreviations: AGC—
advanced gastric cancer; CT—chemotherapy; DFS—disease-free survival; EGFR—epidermal growth factor receptor; EG—esophagogastric;
EGJC—esophagogastric junction cancer; FGFR—fibroblast growth factor receptor; GC—gastric cancer; HDAC—histone deacetylase;
HER2—human epidermal growth factor receptor 2; HGFR—hepatocyte growth factor receptor; LNM—lymph node metastasis; MMP9—
matrix metalloproteinase-9; ORR—overall response rate; OS—overall survival; PARP—poly ADP ribose polymerase; PD-1—programmed
cell death protein 1; PD-L1—programmed cell death ligand 1; PDGF—platelet-derived growth factor; PFS—progression-free survival;
RCT—randomized controlled trial; TGF-a—transforming growth factor-alpha; VEGF—vascular endothelial growth factor.

Taken together, the HER2 status itself without associated treatment has no direct
impact on survival in patients with advanced GC, and is therefore not a prognostic fac-
tor [11,13,16]. Nevertheless, HER2 has shown to be a predictive biomarker, as high HER2
expression is associated with better treatment response [23,89]. Furthermore, HER2 ex-
pression is associated with longer survival in patients with advanced GC following HER2-
directed treatment [19,44].

Treatment response to the tyrosine kinase inhibitor afatinib is associated with EGFR
and HER2 coamplification [50].
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2.2. Epidermal Growth Factor Receptor

Epidermal growth factor receptor (EGFR) overexpression is reported in 27–55% of GC,
and it is associated with shortened overall survival by multivariate analysis [51].

Lapatinib is a dual tyrosine kinase inhibitor that blocks both the HER2 and epidermal
growth factor receptor (EGFR) pathways. In a phase 2 trial, lapatinib was tested as first-line
single therapy in metastatic GC and showed only modest activity, with a PFS of 1.9 months
and an ORR of 9% (Table 1) [44]. Addition of lapatinib has not proven to be superior to
conventional chemotherapy in terms of OS and PFS, neither in first- nor in second-line
treatment of advanced GC [45–48]. In a phase 2 trial with lapatinib and capecitabine as
first-line treatment, lapatinib induced no changes in gene expression, and no associations
between single nucleotide polymorphisms and treatment outcome were found [49].

Panitumumab, a monoclonal antibody to EGFR, has shown no advantage in terms
of histological response, OS, and PFS in patients with untreated advanced esophageal,
gastric, or GEJ cancer when added to conventional first-line chemotherapy, compared to
chemotherapy alone (Table 1) [51,52].

Similarly, nimotuzumab, also a monoclonal antibody to EGFR, in combination with
irinotecan has shown no superiority in PFS compared to irinotecan alone as second-line
therapy in advanced GC (Table 1). Interestingly, there was a trend toward better response
rate, OS, and PFS with nimotuzumab in the subgroup with high EGFR expression lev-
els [53].

Cetuximab, another monoclonal antibody directed against EGFR, is primarily known
as a treatment in metastatic colorectal cancer. Several nonrandomized phase 2 trials
without a control group have investigated cetuximab in combination with conventional
chemotherapy. As a first-line treatment, overall response rates (ORR) between 45 and
65%, PFS between 5 and 9 months, and OS between 9 and 17 months have been reported
(Table 1) [54,55,57]. In the randomized EXPAND trial, cetuximab was tested in combination
with capecitabine and cisplatin compared to chemotherapy alone in previously untreated
advanced GC without any survival benefit [56]. As a second-line therapy, addition of
cetuximab to conventional chemotherapy has shown more limited treatment response
(Table 1) [58].

Studies analyzing the impact of EGFR expression on survival and treatment response
showed inconsistent results (Table 2). EGFR expression was associated with better OS and
a higher response rate in advanced GC under EGFR-directed therapy [55,90], while other
studies showed no impact of EGFR expression on survival and treatment response [57,58].
Taken together, it remains unclear if EGFR is a prognostic or predictive biomarker.

2.3. Vascular Endothelial Growth Factor

Vascular endothelial growth factor (VEGF) plays a role in pathogenesis and progres-
sion of GC.

Ramucirumab, a monoclonal antibody that binds to VEGF receptor-2, was tested in the
RAINBOW trial in combination with paclitaxel. This was a randomized placebo-controlled
and double-blind study of 665 patients with advanced gastric or GEJ cancer with disease
progression on or after first-line chemotherapy. Compared to paclitaxel alone, overall
survival was significantly longer with ramucirumab (Table 1) [59].

Bevacizumab, a monoclonal antibody to VEGF, was tested in the AVAGAST study
in untreated patients with advanced GC. Adding bevacizumab to chemotherapy did
not improve OS, but led to a longer PFS and higher ORR compared to chemotherapy
alone [60]. Meulendijks et al. investigated the efficacy of bevacizumab in combination with
chemotherapy in untreated advanced gastric and GEJ cancer in two phase 2 trials without
a control group. In HER2-negative patients PFS was 8.3 months and OS was 12 months,
while in HER2-positive patients, a combination of trastuzumab and bevacizumab led to a
PFS of 10.8 months and an OS of 17.9 months (see Table 1) [61,62].

Sunitinib, a tyrosine kinase inhibitor targeting platelet-derived growth factor (PDGF)
receptor and VEGFR, was tested as monotherapy in pretreated patients with advanced
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GC. It was associated with very limited tumor response (Table 1) [63]. Sunitinib did
not improve PFS or response as an adjunct to FOLFIRI compared to FOLFIRI alone in
chemotherapy-resistant GC [64].

Foretinib, another multikinase inhibitor targeting MET and VEGFR-2, lacked efficacy
in metastatic GC [95].

Several studies have analyzed the impact of VEGF on survival in advanced GC
(Table 2). They consistently showed a negative association between VEGF levels and sur-
vival, indicating that VEGF is a negative prognostic biomarker [58,63,64,91]. In a biomarker
study from the RAINBOW trial, all analyzed biomarkers including VEGF were not predic-
tive for ramucirumab efficacy [92].

2.4. Fibroblast Growth Factor Receptor

Won et al. tested the efficacy of a combined inhibition of VEGF receptors 1–3, PDGF
receptor, and fibroblast growth factor receptor (FGFR) 1–3 with the tyrosine-kinase inhibitor
nintedanip. In patients with metastatic esophageal or GEJ adenocarcinoma and disease
progression on first-line chemotherapy, treatment with nintedanip showed no partial or
complete response (Table 1) [65].

The selective FGFR 1–3 tyrosine kinase inhibitor AZD4547 was tested as a second-line
therapy in patients with advanced GC in the randomized controlled SHINE study, and did
not improve PFS compared to paclitaxel (Table 1) [66].

The prognostic value of FGFR was analyzed in advanced GC treated with multikinase
inhibitors (Table 2). FGFR2 expression was a significant prognostic factor for PFS with
pazopanib, while there was only a trend to better PFS with nintedanip [65,93].

2.5. Hepatocyte Growth Factor Receptor

Hepatocyte growth factor receptor (HGFR), also called c-Mesenchymal-Epithelial
Transition (MET), is a tyrosine kinase receptor. MET overexpression is highly heterogenous
and uncommon in GC by immunohistochemistry [96].

The MET signaling pathway plays an integral role in GC. An aberrant, overactivated
MET pathway promotes disease progression, and serves as a common mechanism of
resistance to HER-targeted therapy. Beyond anti-HER2 therapy, the MET pathway seems
to be a culprit of cancer invasiveness, with MET-overexpressing tumors having poorer
prognosis [97].

Rilotumumab, a monoclonal antibody to MET, was tested against placebo in combina-
tion with chemotherapy in advanced or metastatic gastric or GEJ adenocarcinoma without
testing MET status. PFS was longer with rilotumumab (Table 1) [67]. Zhu and colleagues
found that high rilotumumab exposure was associated with better PFS compared to low
exposure and placebo among patients with MET-positive tumors (Table 1) [68]. A random-
ized phase 3 trial testing rilotumumab against placebo in combination with chemotherapy
was stopped early due to higher mortality in the rilotumumab group (Table 1) [69]. MET
positivity was defined in both trials as 25% or more of membranous staining of tumor cells
in IHC.

Several other tyrosine kinase inhibitors targeting the HGF/MET pathway were studied
in MET-positive gastric cancer, but no substantial benefit was proven [98]. Thus, onar-
tuzumab was tested in a phase 3 trial against placebo in combination with chemotherapy
in HER2-negative, MET-positive gastroesophageal cancer and showed no improvement in
survival or response rates (Table 1) [70].

MET expression has been shown to be a prognostic factor in locally advanced gastric
and GEJ cancer treated with chemotherapy and panitumumab, as it was associated with
shorter PFS and OS (Table 2) [52]. Resistance to the kinase inhibitor afatinib was associated
with MET amplification in advanced GC (Table 2) [50]. Hence, MET might be predictive
for decreased treatment response.
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2.6. Claudin 18.2

In normal tissue, the tight junction molecule Claudin 18.2 is only expressed on the
membrane of differentiated epithelial cells of the gastric mucosa. Its expression is activated
in primary and GC and GC metastases, but also in malignancies of the pancreas, esophagus,
ovaries, and the lung [98]. Claudin 18.2 expression is found in 77–87% of primary GC,
and in 51–80% of lymph node metastasis [98,99]. The exclusive expression of Claudin 18.2
in differentiated gastric cells, in combination with the fact that transient gastrointestinal
toxicity is a frequent and manageable adverse event, makes this molecule highly attractive
as a target for the development of safe and potent drugs [98].

The monoclonal antibody zolbetuximab targets Claudin 18.2. In the FAST trial, pa-
tients with advanced gastric, GEJ, or esophageal adenocarcinoma and with moderate-to-
strong Claudin 18.2 expression in ≥40% of tumor cells received chemotherapy with or
without zolbetuximab. Patients treated with zolbetuximab had significantly higher PFS
and OS, with an even more pronounced difference in the subpopulation with very high
Claudin 18.2 expression (Table 1) [71]. The ongoing SPOTLIGHT study compares the effect
of zolbetuximab against placebo in combination with chemotherapy as a first-line therapy
in Claudin-18.2-positive and HER-2-negative advanced gastric or GEJ cancer [100].

2.7. Ataxia Teleangiectasia Mutated

Ataxia telangiectasia mutated (ATM) is a key activator of DNA damage response.
GC cell lines with low levels of ATM are sensitive to the poly ADP ribose polymerase
(PARP) inhibitor olaparib, which prevents tumor cells from repairing DNA damage from
chemotherapy. Olaparib was tested against placebo in combination with paclitaxel in
patients with metastatic GC and showed improved OS in both the overall population
and the population with low ATM levels, but no difference in PFS or response rates
(Table 1) [72].

2.8. AKT

Ipatasertib is a small molecule inhibitor of AKT, a key component of the PI3K/AKT
pathway. When tested in a randomized controlled trial in combination with FOLFOX6
against placebo, it did not improve PFS. No benefit was observed in biomarker-selected
patients (PTEN-low, PI3K/AKT-activated tumors) [73].

2.9. Histone Deacetylase

Vorinostat, an inhibitor of histone deacetylase (HDAC), was investigated in combi-
nation with capecitabine and cisplatin as a first-line chemotherapy in advanced GC, and
showed an ORR of 42% and a 6-month PFS rate of 44%. As in a previous phase 3 study
with capecitabine and cisplatin with a 6-month PFS rate of 40%, the addition of vorinostat
was not likely to enhance efficacy. A biomarker analysis using Western blotting included
plasma levels of atecyl-H3, HDAC2, and p21. None of these three biomarkers correlated
with PFS, but high baseline acetyl-H3 and p21 were significantly associated with worse
OS [74].

2.10. Matrix Metalloproteinase-9

Matrix metalloproteinases are proteases involved in degradation and remodeling of
the extracellular matrix and basement membranes. Matrix metalloproteinase-9 (MMP9),
which is expressed heterogeneously by tumor epithelia and infiltrating inflammatory
cells, has been associated with loss-of-tumor suppression activity, as well as oncogenic
activity [75].

Andecaliximab, a monoclonal antibody targeting MMP9, showed encouraging results
in a phase 2 trial, but failed to show improved OS in the ensuing randomized GAMMA-1
trial (Table 1) [76].
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2.11. Immunotherapy

Programmed cell death protein 1 (PD-1) is located at the surface of immune cells, and
functions as an immune checkpoint by regulating the immune response. Programmed cell
death ligand 1 (PD-L1) binds to PD-1 and inhibits the immune response through inhibition
of T-cell receptor-mediated lymphocyte proliferation and cytokine secretion, among other
mechanisms [101]. PD-L1 expression is measured with IHC, and PD-L1 positivity is defined
as a combined positivity score (CPS) ≥ 1, where CPS is the number of PD-L1-positive cells
(tumor cells, lymphocytes, and macrophages) divided by the total number of viable tumor
cells, multiplied by 100 [102].

In the molecular evaluation of gastric adenocarcinoma as part of the TCGA project, PD-
L1/2 expression was elevated in EBV-positive tumors, suggesting that PD-L1/2 antagonists
should be tested in this subgroup [7]. This was confirmed by Liu and colleagues, who
found PD-L1 expression significantly associated with MSI, EBV-positive, and H. pylori
status. There was a greater proportion of PD-L1 CPS ≥ 1 tumors among MSI-H versus
microsatellite stable (MSS), EBV-positive versus EBV-negative, and H. pylori-positive
as compared to H. pylori-negative tumors. PD-L1 CPS ≥ 1 was observed in 49.7% of
EBV-negative and MSS tumors [102].

Pembrolizumab, a monoclonal antibody to PD-1, was tested in the phase 1b KEYNOTE-
012 trial in patients with PD-L1-positive recurrent or metastatic gastric or GEJ adenocarci-
noma, and showed an objective response rate of 22% and a rate of grade 3–4 treatment-
related adverse events of 13% [77]. In the following phase 2 KEYNOTE-059 trial, pem-
brolizumab was tested in 259 patients with disease progression after two or more lines
of chemotherapy. PD-L1 expression was assessed in tumor biopsy samples by immuno-
histochemistry. Tumors were considered PD-L1 positive if the combined positive score
(number of PD-L1-positive cells including tumor cells, macrophages, and lymphocytes
divided by the total number of tumor cells, multiplied by 100) was 1 or greater. Response
to pembrolizumab treatment was observed in both PD-L1-positive and -negative tumors,
but was higher in patients with PD-L1-positive compared to PD-L1-negative tumors (15.5
vs. 6.4%, p = 0.02). There was no difference in OS between patients with PD-L1-positive
and PD-L1-negative tumors (5.8 vs. 4.9 months) (Table 1) [78].

Kim et al. observed very high ORR with pembrolizumab in patients with MSI-high
(85.7%) and EBV-positive (100%) metastatic GC [79]. These results were in line with
higher immunogenicity of MSI or virally induced tumors in other localizations, such as
gynecologic malignancies [103].

More recently Kawazoe et al. tested pembrolizumab in combination with the oral
fluorouracil derivate S-1 plus oxaliplatin as a first-line treatment in patients with PD-L1-
positive and HER2-negative advanced gastric or GEJ cancer, and observed high ORR
(Table 1) [80].

A recent single-arm phase 2 trial investigated the combination of pembrolizumab
with a HER2-targeting antibody as a proof of concept of synergistic antitumor activity.
Janjigian et al. tested trastuzumab and pembrolizumab plus conventional chemotherapy as
a first-line therapy in HER2-positive metastatic gastric or GEJ cancer. The PFS at 6 months
was 70% [85]. The combination of pembrolizumab and trastuzumab is currently being
further tested in the ongoing KEYNOTE-811 randomized controlled trial [104].

Margetuximab, a novel anti-HER2 monoclonal antibody, was evaluated in a single-arm
phase 1b-2 trial in combination with pembrolizumab in HER2-positive, PD-L1-unselected
gastric or GEJ cancer on progression after chemotherapy with trastuzumab. This phase
1b/2 trial showed a considerable ORR of 18.5%. This study confirmed that combined
targeting of HER2 and PD-1/PD-L1 could yield antitumor activity greater than that with
either approach alone [86].

The anti-PD-L1 antibody durvalumab and the anti-CTLA-4 antibody tremelimumab
were tested alone or in combination in patients with chemotherapy-refractory gastric or GEJ
cancer. ORR and PFS were low and did not differ between treatment arms (Table 1) [87].
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Toripalimab, a monoclonal antibody to PD-1, was given as monotherapy in a group of
patients with chemo-refractory GC, and in combination with chemotherapy in a group of
chemotherapy-naïve patients. With toripalimab, monotherapy ORR was 12.1%, while in
combination with chemotherapy, the ORR was 66.7% (Table 1) [81].

In the ATTRACTION-2 trial, the PD-1 antibody nivolumab was tested against placebo
in patients with advanced gastric or GEJ cancer refractory to two or more regimens of
chemotherapy. OS was significantly longer with nivolumab compared to placebo at 2-year
follow-up. The authors concluded that nivolumab might be a new treatment option for
heavily pretreated patients with advanced gastric or GEJ cancer (Table 1) [82].

The CheckMate 577 trial showed that Nivolumab was efficient as an adjuvant treat-
ment in patients with resected esophageal or GEJ cancer who had received neoadjuvant
chemoradiotherapy and had residual pathological disease. Disease-free survival was
22.4 months with nivolumab compared to 11 months with placebo (p < 0.001) [105].

The JAVELIN Gastric 100 trial, which tested the PD-L1 antibody avelumab against
chemotherapy maintenance after first-line induction chemotherapy in locally advanced or
metastatic gastric or GEJ cancer, showed no superior OS with avelumab, both in an overall
and PD-L1-positive population [84].

The anti-PD-1 antibody SHR-1210 was tested as a second-line treatment in advanced
GC, and showed an ORR of 26.7% [83].

Studies analyzing treatment outcome dependent on PD-L1 status are shown in Table 2.
ORR was higher in patients with PD-L1-positive (defined as a combined positive score
of 1 or greater) compared to PD-L1-negative tumors treated with pembrolizumab [78,79].
Furthermore, PD-L1 positivity was independently associated with longer disease-free
survival, regardless of PD-L1-directed treatment [94].

There was no association of PD-L1 expression with treatment outcome in advanced
GC treated with toripalimab and SHR-1210 [81,83].

In conclusion, PD-L1 is a prognostic biomarker and predictive for response to pem-
brolizumab therapy. Based on the results of the KEYNOTE-059 trial, pembrolizumab was
approved by the U.S. Food and Drug Administration (FDA) for the treatment of patients
with recurrent, locally advanced, or metastatic gastric or GEJ adenocarcinoma with dis-
ease progression on or after two or more systemic therapies, and whose tumors express
PD-L1 [78,106]. As mentioned above, there might be a role of combined targeting of HER2
and PD-1/PD-L1. The recently published CheckMate 577 trial showed that nivolumab is
also highly efficient as an adjuvant treatment in patients at risk for recurrence, regardless
of PD-L1 expression [105]. Therefore, the main role of immunotherapy may be to prevent
recurrence, rather than to treat metastatic or advanced disease in the future.

Adjuvant immunotherapy with autologous cytokine-induced killer cells has been as-
sessed in a nonrandomized study for patients after gastrectomy and subsequent chemother-
apy for locally advanced GC. Compared to a control group without immunotherapy, pa-
tients treated with cytokine-induced killer cells had longer 5-year disease-free survival. For
patients with intestinal-type tumors, OS and disease-free survival were significantly higher
for patients with immunotherapy. Subgroup analysis of patients with diffuse or mixed-type
tumors showed no survival benefit from adjuvant immunotherapy (Table 1) [88].

3. Diagnostic and Potential Target Biomarkers

3.1. DNA Methylation and Gene Expression

DNA methylation is an epigenetic mechanism leading to carcinogenesis in GC through
silencing of tumor-suppressor genes and activation of oncogenes [107].

Pirini et al. found lower global DNA methylation levels in endoscopic biopsies with
gastric cancer than in those with gastritis [108].

DNA methylation in the long interspersed nucleotide element-1 (LINE-1) is a good
indicator of global DNA methylation. LINE-1 methylation has been shown to be lower in
GC tissue than in matched noncancerous gastric mucosa. In addition, analysis of LINE-1
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methylation in GC specimens of 203 patients revealed that LINE-1 hypomethylation was
significantly associated with lower OS [109].

Reprimo-like (RPRML) is a member of the reprimo gene family that is a group of
poorly understood single-exon intronless genes, and whose loss of expression is related
to increased cell proliferation and growth in gastric cancer [110]. Alarcon and colleagues
observed that circulating methylated RPRML DNA in plasma samples significantly distin-
guished patients with GC from cancer-free controls, and that downregulation of RPRML
expression was associated with poor survival in advanced GC [111].

Bcl-2 homologous antagonist killer (BAK) is a protein belonging to the BCL2 family
and encoded by the BAK1 gene. BAK promotes cell death by apoptosis. Kubo et al.
showed that higher BAK protein expression in gastric cancer is associated with better
chemotherapeutic histopathological response to docetaxel, and with longer survival [112].

The tumor-suppressor characteristics of cyclin-dependent kinase 10 (CDK10) have
been demonstrated in nasopharyngeal carcinoma and breast cancer. You et al. investigated
the expression status of CDK10 and its prognostic significance in GC. They found that
CDK10 protein expression was decreased in GC, and loss of CDK10 expression corre-
lated with advanced tumor stage and unfavorable OS. CDK10 protein expression was an
independent predictor for survival [113].

The role of breast cancer 1 (BRCA1) gene expression by IHC in sporadic gastric
cancer was investigated by Kim et al. They found reduced expression of the BRCA1 gene
associated with more advanced-stage disease, perineural invasion, and decreased disease-
free survival. BRCA1 nuclear expression < 5% was predictive for the benefit of adjuvant
chemotherapy [114].

Li et al. investigated genotypic distribution of toll-like receptor 4 (TLR4) gene polymor-
phisms in Chinese patients with GC and patients with atrophic gastritis. The TLR4-2081G/A
gene polymorphism was negatively associated with occurrence of GC, indicating an influ-
ence on GC risk [115].

Alterations of deubiquitinating enzymes have been discussed in the pathogenesis of
various tumors [116]. Expression of ubiquitin-specific protease 42 (USP42) mRNA was
demonstrated to be higher in GC than in nontumorous tissues, and correlated with tumor
size, TNM stage, lymph node metastasis, and OS of patients with GC [116]. The expression
of proteasome-associated deubiquitinating enzyme UCHL5 was analyzed in a large cohort
study of 650 patients with GC undergoing surgery. Positive UCHL5 protein expression
was associated with better survival in the subgroup of patients with tumors <5 cm, disease
stages I-II, and age 66 years or older [117].

Two studies investigated the role of biomarkers in treatment of patients with advanced
GC refractory to chemotherapy with the mechanistic target of rapamycin (mTOR) inhibitor
everolimus, which inhibits the ability of mTOR to phosphorylate the ribosomal protein
S6, and thereby inhibits cell-cycle progression. Both studies found high expression of
phospho-S6 ribosomal protein (Ser240/4) associated with better clinical response or stable
disease, and prolonged PFS [118,119].

The excision repair cross-complementing gene 1 (ERCC1) is a key enzyme in the nu-
cleotide excision repair pathway that serves as a DNA repair mechanism. High expression
of ERCC1 mRNA in endoscopic biopsies of primary GC was shown to be associated with
poor prognosis, and was an independent prognostic factor for OS [120]. Several potential
predictive factors of the response to 5-fluorouracil (5-FU) or prognostic factors have been
reported in the metabolic pathway of 5-FU and folic acid. These include thymidylate
synthase (TS) and the cytosolic enzyme dihydropyrimidine dehydrogenase (DPD). High
mRNA expression of TS and DPD has been shown to predict a poor clinical outcome of
treatment with 5-FU [120].

Tsuburaya et al. analyzed mRNA expression of TS, DPD, topoisomerase I, ERCC1,
and thymidine phosphorylase (TP) in tumor specimens of 126 patients with advanced GC.
In patients treated with S-1 plus irinotecan compared to S-1 alone, low TS, low ERCC1, and
high TP mRNA levels were associated with a better prognosis [121].
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Sasako et al. analyzed expression of genes involved in pyrimidine metabolism, TS,
DPD, TP, and orotate phosphoribosyltransferase (OPRT). Expression of these genes was
determined in patients enrolled in a trial testing S-1 as an adjuvant chemotherapy for
gastric cancer. Results showed that high TS and DPD expression were associated with a
better OS, whereas TP and OPRT expression were not associated with survival [122].

Hirakawa et al. analyzed protein expression of damage DNA binding protein complex
subunit 2 (DDB2), which serves as an initial damage recognition factor during nucleotide
excision repair, and ERCC1 by IHC in tumor tissues pretreated with the combination
chemotherapy of docetaxel, cisplatin, and the oral fluorouracil derivate S-1. High expres-
sion of DDB2 and ERCC1 was more frequent in tissues of nonresponders compared to
responders (p = 0.0065 and p = 0.029, respectively). The authors showed that a combination
of DDB2 and ERCC1 expression could predict response or nonresponse to chemotherapy
in 82.5% [123].

3.2. Multiple Gene Expression Signatures

With next-generation sequencing (NGS), valuable tools to study GC at the molecular
level have been developed. With multiomics data from genome, transcriptome, proteome,
and epigenome levels, GC can been stratified to subtypes and correlated to therapeutic
outcomes [124].

Roh et al. performed a biomarker analysis on tumor samples collected from the
CLASSIC trial that compared capecitabine plus oxaliplatin-based adjuvant chemotherapy
to surgery alone after D2 gastrectomy [125]. The authors developed a single patient
classifier (SPC) assay using a combination of gene expression of nine genes, MSI status, and
EBV association to predict prognosis and responsiveness of adjuvant chemotherapy [126].
In this study, the SPC-assay score and MSI status were independent prognostic factors for
disease-free survival (DFS), while EBV status was not a prognostic factor [127].

Smyth et al. analyzed 200 genes by mRNA expression from tissue samples from
the MAGIC trial, in which patients had been pretreated with chemotherapy [128]. They
developed a seven-gene signature assay allowing stratification of patients into two risk
groups according to survival. Median OS in the high- and low-risk groups were 10.2
and 80.9 months, respectively. Risk groups and lymph node metastases (LNMs) were
independent prognostic factors for OS. In patients treated with surgery only from the
MAGIC trial, none of the seven genes were associated with OS. Therefore, the seven-gene
signature assay might help to predict prognosis in pretreated gastric, lower esophageal, or
GEJ cancer patients [129].

Sundar et al. analyzed tissue samples from patients with metastatic GC that were
treated with a PD-1 inhibitor. They measured alternate promoter utilization, an epigenetic
phenomenon that might be associated with immune evasion in early GC. High alternate
promoter utilization was found in 33% of GC, and was associated with a lower response
rate and survival. They concluded that alternate promoter utilization is a potential mecha-
nism of resistance to immune checkpoint inhibition and a novel predictive biomarker for
immunotherapy [130].

Li and colleagues performed a multiomics characterization of molecular features
of GC. They performed whole-genome, whole-exome, and RNA sequencing on tumor
samples from 35 GC patients before and after undergoing neoadjuvant chemotherapy.
Increased MSI and mutational burden were observed in nonresponse tumors, indicating
that MSI-H status may serve as a predictive marker for nonresponse to neoadjuvant
chemotherapy [131]. These results were in line with previous studies indicating that MSI-
H status and mismatch repair (MMR) deficiency were associated with less benefit from
chemotherapy. Furthermore, a significant positive prognostic effect of MSI-H status for
patients with resected gastric cancer without chemotherapy has been shown [132]. On the
other hand, strong immunogenicity and widespread expression of immune-checkpoint
ligands make the MSI subtype more vulnerable to the immunotherapeutic approach [133].
After analysis of individual mutated genes, only mutations of the C10orf71 gene were
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associated with treatment resistance. Analysis of somatic copy number alterations revealed
that amplification of the MYC gene, a proto-oncogene, was associated with better response
to chemotherapy, while amplification of another proto-oncogene, MDM2, was associated
with nonresponse [131].

Biopsies from untreated advanced gastric, GEJ, or esophageal adenocarcinoma from
the REAL3 trial were assessed for KRAS, BRAF, and PIK3CA mutations, and PTEN ex-
pression. In the REAL3 trial, the therapeutic efficacy of the EGFR-antibody panitumumab
was assessed in combination with chemotherapy, and showed no increase in OS [52].
Furthermore, these biomarkers were assessed in patients from the MAGIC trial. Here,
peri-operative epirubicin, cisplatin, and 5-fluorouracil improved survival in patients with
resectable lower esophageal, gastric, or GEJ adenocarcinoma [128]. None of the tested
biomarkers predicted resistance to treatment combined with panitumumab from the REAL3
trial, or were associated with survival in patients from the MAGIC trial [134].

The NanoString gene expression system captures and counts individual mRNA tran-
scripts by direct measurement of mRNA expression levels without enzymatic reactions or
bias [135]. Das et al. used the NanoString gene expression platform to analyze 105 gastric
tumors from a randomized cohort that was treated with irinotecan plus S-1 (IRI-S) versus
S-1 alone [121]. Increased expression level of CD14 was significantly associated with a
younger age of patients. Expression levels of the chemokines CCL5 and CXCL12 were
high in the diffuse type of GC. Increased mRNA expression of ADAMTS1, CCL19, and
CXCL12 was associated with peritoneal metastasis, suggesting that these genes related to
the tumor microenvironment may play a significant role in tumor progression. Elevated
expression levels of the DPYD gene, encoding the pyrimidine catabolic enzyme in the 5-FU
pathway, was associated with a younger patient age and the diffuse type of GC. Higher
expression of Wnt5A and lower expression of PTRF were associated with unresectable GC
and measurable lesions, respectively. Wnt5A downregulation was identified as a predictor
of improved PFS in S-1 but not in IRI-S treatment [136].

Microarrays of biopsies from advanced GC patients before chemotherapy were used
to identify biomarkers for predicting efficacy of S-1, cisplatin, and docetaxel combinatory
chemotherapy. A four-gene signature was identified, including platelet-derived growth
factor subunit B (PDGFB), polycomb group ring finger 3 (PCGF3), cytokine-inducible SH2-
containing protein (CISH), and annexin A5 (ANXA5). PDGFB plays an essential role in
the regulation of cell proliferation. PCGF3 is related to the signaling pathways regulating
pluripotency of stem cells. CISH acts as regulator of cytokine signal transduction. ANXA5
encodes an anticoagulant protein acting as indirect inhibitor of the thromboplastin-specific
complex. These four genes identified early- and nonresponders to chemotherapy with an
accuracy of 100%, and hence may serve as markers for efficacy of chemotherapy [137].

3.3. Noncoding RNA

Different noncoding RNAs, such as long noncoding RNA (lncRNA), circular RNA
(circRNA), and microRNA (miRNA), are involved in GC development [138].

The HOX transcript antisense intergenic RNA (HOTAIR), an lncRNA, has shown to
play an important role during GC tumorigenesis [139]. Du and colleagues investigated ge-
netic variations of HOTAIR and association with GC risk. They found the single nucleotide
polymorphism rs4759314 to be significantly associated with increased GC risk [140].

lncRNA and miRNA have been shown to be involved in GC progression: MiRNAs
function through regulation of gene expression, and their dysregulated expression has
been linked to tumor development and progression [141].

MiR-34 is downregulated in GC, and has been identified as a tumor suppressor in
GC [142]. Pan et al. analyzed the role of miR-34 polymorphisms in GC risk. They found
that the genotype miR-34b/c rs 44938723 might have a protective effect on GC risk [143].
Mu and colleagues identified miR-193b and miR-196a as promising prognostic markers in
GC [144].
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MiR-26a was found to be downregulated in GC, and decreased miR-26a expression
correlated with poor clinical prognosis. It was suggested that miR-26a functions as a tumor
suppressor in GC development and progression, and might be a prognostic biomarker and
potential therapeutic target [145].

Malhotra et al. examined 1032 microRNAs expressed in 29 cases of previously un-
treated advanced esophagogastric cancer. They could not identify an association between
tumor epithelial microRNA expression and disease progression [146].

Ahn et al. found specific miRNA single-nucleotide polymorphisms associated with GC
susceptibility and prognosis in the Korean population depending on diffuse- or intestinal-
type GC [147].

A systematic review identified eight consistently upregulated miRNAs (miR-21, miR-
223, miR-18a, miR-214, miR-93, miR-25, miR-106b, and miR-191) and five miRNAs that
were consistently downregulated (miR-375, miR-564, miR-155, miR-148a, and miR-92) in
GC. Furthermore, miR-940 and the combination of miR-21, miR-93, miR-106a, and miR-
106b were identified as a diagnostic biomarker for GC, while miR-204 and miR-15a were
associated with poor survival in GC [148].

Another study investigated whether circRNA is involved in pathological processes of
GC. The authors found circRNA Has_circ_0000745 was downregulated in GC tissues and
in plasma from patients with GC. Therefore, its expression level in plasma in combination
with the CEA level might be a promising diagnostic marker for GC [149].

3.4. Protein Expression

The adhesion molecule cadherin-17 (CDH17) is a potential marker for GC. It has been
shown to be upregulated in GC, and higher expression by IHC was associated with poorer
OS [150].

Human leucocyte antigen (HLA)-G expression, which is primarily seen in the placenta
and induces immune tolerance in pregnancy, has been reported in several human cancers,
including GC. HLA-G may represent one of the ways tumor cells escape immunosurveil-
lance. Immunohistochemistry in 52 GC patients showed that HLA-G-positive tumors were
associated with poorer OS than HLA-G-negative tumors, and HLA-G expression was an
independent predictor of OS [151].

Di Bartolomeo et al. found osteopontin overexpression by IHC to be associated with
a higher risk of tumor recurrence and metastases in radically resected GC. Osteopontin
overexpression was an independent prognostic factor for PFS and OS [152].

Similarly, caveolin-1 expression was associated with progression and poor prognosis
in GC patients after radical gastrectomy [153].

The prognostic value of 2,3-dioxygenase in GC was analyzed by Liu and colleagues:
2,3-dioxygenase expression in GC tissue after gastrectomy was an independent prognostic
factor, and high expression was associated with poor OS [154].

Expression of stromal monocarboxylate transporter 4 (MCT4), a plasma membrane
transporter, and the enzyme carbonic anhydrase IX have been investigated in GC speci-
mens of 143 patients. High stromal MCT4 expression was found in 50.3% and high carbonic
anhydrase IX in 51.7% of patients. High stromal MCT and carbonic anhydrase IX expres-
sion were correlated with advanced TNM stage. High stromal MCT expression was an
independent predictor of poor OS and DFS. Contrarily, carbonic anhydrase IX expression
was not predictive for survival [155].

Somatostatin receptor subtype 2A (SSTR2A) and human epidermal growth factor
receptor 2 (HER2) expression in GC tissues of 51 patients were analyzed by Romiti et al.
They observed SSTR2A expression in 74.5% of patients with a predominance in well and
moderately differentiated GC. HER2 expression, which was positive in 35% of patients,
was associated with SSTR2 expression in 95% of all HER2+ cases [156].

Autocrine motility factor receptor (AMFR) is a cell-surface cytokine receptor that is
involved in numerous physiological and pathological processes, including cell motility,
signal transduction, and protein ubiquitination [157]. Huang et al. investigated the expres-
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sion of AMFR in GC and its clinical significance. AMFR expression, which was positive
in 59.8% of GC, was associated with invasion depth and LNM, and reduced OS. AMFR
expression was also an independent predictor for OS and DFS. Therefore, expression of
AMFR was a risk factor for poor prognosis in GC patients after resection [157].

The proteins C-X-C chemokine receptor type 4 (CXCR-4) and VEGF receptor-3 have
been identified as potential new biomarkers for advanced esophagogastric carcinoma asso-
ciated with lymphangiogenesis, invasion, and metastasis [158]. Thomaidis et al. analyzed
the expression levels of CXCR-4 and VEGF receptor-3 in 72 patients with advanced gastric
or GEJ cancer treated with fluorouracil, leucovorin, and either oxaliplatin (FLO) or cisplatin
(FLP). Patients with strong expression of CXCR-4 end VEGF receptor-3 showed a trend
toward better OS when treated with FPL. In contrast, patients with weak CXCR-4 and
VEGF receptor-3 expression had significantly better OS when treated with FLO [158].

The protein trefoil factor 3 (TFF3) is normally not expressed in gastric mucosa, while it
may be detected in cases of GC [159]. TFF3 expression in GC correlates with the occurrences
of lymph node metastasis, muscularis propria invasion (≥T2), worse TNM stage, and
histological type, which indicates that TFF3 may be an adverse factor in GC progression
and metastasis [159].

The cytokine macrophage migration inhibitory factor (MIF) is highly expressed in
various tumors, including GC, and stimulates proliferation and inhibits apoptosis in cancer
cells [160]. He and colleagues observed higher MIF expression in GC compared to adjacent
normal tissue, and showed that MIF expression was an independent prognostic factor for
poor patient survival, as well as advanced clinical stage [160].

3.5. Serum Biomarkers

Serum biomarkers are usually analyzed by enzyme-linked immunosorbent assay
(ELISA). However, ELISA tests have limited detection sensitivity (≥1 pM), which is insuf-
ficiently sensitive for the detection of small amounts of biomarkers in the early stages of
disease or infection [161].

Angiopoietin-2 is a key driver of tumor angiogenesis. Its prognostic and predictive role
was assessed retrospectively in a biomarker study of the AVAGAST trial, which had shown
improved PFS but not OS with addition of bevacizumab to conventional chemotherapy
in patients with advanced GC [60]. Low baseline plasma levels of angiopoietin-2 were
associated with longer OS (13.7 vs. 10 months, p = 0.0055). While baseline angiopoietin-2
was an independent prognostic marker for OS, angiopoietin-2 levels did not predict efficacy
of bevacizumab [162].

Serum pepsinogen is an established marker of chronic atrophic gastritis. Its predictive
value for the development of GC was studied in the Hisayama study, which followed
2446 community-dwelling Japanese aged 40 or older for 10 years who underwent a screen-
ing examination regardless of previous history of gastritis. The authors found a serum
pepsinogen I level of 59 ng/mL or less and a pepsinogen I/II ratio of 3.9 or less as most
predictive for GC development, independently from H. pylori infection status and history
of peptic ulcer [163]. Although various cut-off values have been suggested, pepsinogen I
≤70 ng/mL and pepsinogen I/II ratio ≤ 3 have been proposed for the prediction of chronic
atrophic gastritis and GC, and have been confirmed in several meta-analyses [164].

Nagel et al. analyzed serum levels of cytokeratin-18 fragments in patients enrolled in
the SUN-CASE study by comparing sunitinib or placebo as adjunct to standard chemother-
apy. They found that baseline full-length cytokeratin-18 correlated with treatment failure
and PFS. The cytokeratin-18 fragment M30 at day 14 was identified as an independent
predictor of treatment response [165].

Serum levels of vascular adhesion protein-1 (VAP-1) were measured before treatment
of operable and metastatic GC. Decreased VAP-1 levels were associated with shortened
OS [166].

Chemerin is a chemokine linked to adipogenesis and chemotaxis of the innate immune
system. Plasma chemerin levels analyzed in 196 GC patients before surgery were found to
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be higher than in 196 matched healthy controls. Plasma chemerin level was an independent
predictor for OS and DFS in GC patients, with a high chemerin level associated with poor
OS [167].

C-C motif chemokine ligand 22 (CCL22) is a protein secreted by dendritic cells and
macrophages that interacts with cell-surface chemokine receptors. CCL22 serum levels and
CCL22 expression in tumor beds were shown to be higher in GC patients than in healthy
controls. Furthermore, a high CCL22 serum level before surgery was an independent risk
factor for early recurrence [168].

Xu et al. found a preoperative C-reactive protein/albumin ratio of 0.131 or greater to
be a predictor of early recurrence (<12 months) and of response to postoperative adjuvant
chemotherapy [169]. Another study found the preoperative C-reactive protein/prealbumin
ratio to be predictive of recurrence, with a higher predictive value than the C-reactive
protein/albumin ratio [170].

Visfatin, also called pre-B-cell colony-enhancing factor (PBEF), is a proinflammatory
cytokine secreted by adipocytes, macrophages, and inflamed endothelial tissue. High
expression levels of visfatin have been found in tissues of several cancers, including GC,
and were shown to be associated with poor OS [171]. Lu et al. showed higher visfatin
levels in plasma of GC patients compared to healthy individuals, and found preoperative
visfatin levels in GC patients to serve as an independent predictor of OS [172].

3.6. Peritoneal Biomarkers

Measurement of carcinoembryonic antigen (CEA) in peritoneal fluid can be used to
detect cancer cells in the fluid. Fujiwara et al. determined CEA mRNA using the technique
of transcriptase-reverse transcriptase concerted reaction (TRC). They observed CEA mRNA
in 54% of peritoneal fluids obtained during resection of GC in 137 patients. Presence of
CEA mRNA was associated with poorer OS, and it was an independent prognostic factor
for survival [173].

Peritoneal lavage fluids of 140 patients with advanced GC undergoing surgery were
analyzed by RT-PCR targeting the markers CEA and CK-20 mRNA. In patients with
negative lavage cytology, those with both CEA and CK-20 positivity showed a poorer
OS. By multivariate analysis CEA alone correlated with peritoneal recurrence, CK-20
alone correlated with OS and combination of CEA and CK-20 correlated with peritoneal
recurrence and OS after surgery [174].

Xie et al. compared CEA expression levels in samples of peritoneal washing fluids
during D2 resection of GC with or without complete mesogastric excision. CEA expression
level after gastrectomy was lower in the group with complete mesogastric excision. In
patients with low CEA expression before gastrectomy, D2 gastrectomy with complete
mesogastric excision was associated with better disease-free survival [175].

3.7. Cell Biomarkers

Circulating tumor cells (CTCs) are metastatic cells that are released from the primary
tumor into the blood stream, and are easily accessible in a liquid biopsy from peripheral
blood. Several studies have shown that peripheral blood CTCs are useful to predict
prognosis and monitor therapy in GC patients [176].

Pernot et al. used immunomagnetic and fluorescence imaging technology for the
isolation and enumeration of CTCs in peripheral blood from patients with advanced gastric
and GEJ cancer. The authors found CTC counts were significantly associated with worse
survival at baseline and during treatment, with the optimal threshold at 2 CTCs [177].
This was confirmed by Sclafani and colleagues, who assessed the prevalence of CTCs in
metastatic esophagogastric cancer. They found an increased response rate to chemotherapy
and increased PFS and OS in patients with less than 2 CTCs compared to more than 2 CTCs
detected at baseline [178].

CD44 has been identified as a GC stem cell marker. Li et al. analyzed CD44 expression
on CTCs by fluorescence microscopy in peripheral blood samples from 45 GC patients
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before treatment. They found the presence of CD44-positive CTCs and TNM stage were
independent predictors for recurrence of GC [179].

3.8. Tumor Microenvironment

The tumor microenvironment (TME) corresponds to the aggregation of tumor cells
and neighboring nontumor cells, such as stromal and immune cells, extracellular matrix,
and soluble factors. The TME has been shown to play a crucial role in tumorigenesis by
activating immune cells to favor tumor growth and progression. Thus, tumor-associated
macrophages and tumor-associated neutrophils can exert protumoral functions by enhanc-
ing tumor cell invasion and metastasis, angiogenesis, and extracellular matrix remodeling
while inhibiting antitumoral immune surveillance [180].

Immunohistochemical analysis of 52 primary GC tissues revealed that high numbers
of tumor-infiltrating Tregs and low numbers of tumor infiltrating CD8+ T cells were
associated with shortened OS [151].

Tada et al. analyzed peripheral blood mononuclear cells (PBMCs) and tumor-infiltrating
lymphocytes (TILs) in primary advanced GC before and after VEGFR2-targeting therapy
with ramucirumab. They observed reduced effector regulatory T cells (Treg cells) and
reduced PD-1 expression by CD8+ T cells in TILs compared to PBMCs after therapy. Before
therapy, effector Treg cells in TILs were more frequent in patients with partial response or
stable disease than those with progressive disease. Thus, effector Treg cell frequency in
TILs could represent a novel biomarker for stratifying clinical responders [181].

Analysis of circulating and selected intratumoral immune cells was correlated with the
Lauren classification subtype and prognosis in patients with untreated advanced GC [182].
Diffuse or mixed-type advanced GC showed lower rates of CD8+ TILs, circulating natural
killer (NK) cells, and Treg cells than the intestinal type of GC. While Treg cells were not
a prognostic factor, higher CD8+ TIL and NK cell numbers were associated with better
OS [182].

Zeng and colleagues analyzed the TME infiltration patterns of 1524 GC patients and
developed the TME score as an independent prognostic biomarker and a predictive factor
for response to immune-checkpoint inhibitors. The high-TME-score GC subtype was
characterized by immune activation, while the low-TME-score subtype was considered
T-cell suppressive and associated with worse prognosis [183].

Li and colleagues [184] evaluated the prognostic significance of major stromal and
immune cells within the TME. They identified NK cells, fibroblasts, and endothelial cells as
the most robust prognostic markers, and developed a TME risk score by combining these
cell types. Higher TME risk scores were consistently associated with worse survival.

Zhang and colleagues used transcriptome profiling to predict peritoneal recurrence of
advanced GC. They developed an immune cell infiltration score that was an independent
predictor for peritoneal recurrence [185].

Furthermore, Li et al. investigated the relationship between regulatory B (Breg) cells
in peripheral blood and clinical outcome in XELOX-treated patients with advanced GC.
Patients with decreased Breg frequencies after XELOX treatment had a longer PFS than
those with increased Breg frequencies (7 vs. 5 months, p = 0.01) [186].

Platelet-to-lymphocyte ratio (PLR) has been reported to be a prognostic biomarker of
GC [187]. Chen and colleagues analyzed the prognostic value of PLR in patients before
neoadjuvant therapy and gastric resection. They observed better DFS and OS in patients
with low PLR compared to high PLR, with a cutoff PLR value of 162 [188].

Finally, high preoperative neutrophil/lymphocyte ratio (NLR) (4 or more) in pri-
mary gastric cancer has been identified as independent risk factor for reduced survival
(p = 0.003) [189].

156



Cancers 2021, 13, 5660

4. Discussion

Our review gives an overview of the wide range of novel biomarkers in GC. As shown,
multiple targeted therapies beyond HER2-antibodies have already been developed, and
show promising results in GC.

An attempt to compare therapies targeting different biomarkers remains difficult.
HER2 remains, to date, the most relevant biomarker in the targeted therapy of GC. Other
promising biomarkers for targeted therapies that have shown relevance in clinical trials
are VEGF, PD-1, and Claudin 18.2. Expression of MET has been shown to be a negative
prognostic factor in GC.

There is a vast number of biomarkers based on DNA, RNA, and protein expression
analyses, as well as detection of CTCs and more recently, the immune TME that has been
proven to be prognostic factors and may be used for therapeutic stratification in the future.

Up to now, it has been difficult to predict which of these numerous biomarkers will
be useful in which clinical scenario. One of the problems is the multitude of molecular
markers to be assessed in a single tumor.

An efficient way to assess multiple markers is molecular profiling: Kim and colleagues
performed molecular profiling on a cohort of 93 patients with advanced or metastatic GC
using next-generation sequencing (NGS) and IHC. IHC comprised analysis of expression
of 10 proteins, including the mismatch repair (MMR) proteins MLH1, PMS2, MSH2, and
MSH6; the receptor tyrosine kinases HER2, EGFR, and MET; as well as PTEN and p53.
NGS was performed with a commercially available assay that enabled detection of variants
in 52 genes relevant to solid tumors. In this prospective study, one group of patients was
treated with matched therapy based on NGS or IHC results. Matched therapy based on
NGS included trastuzumab for ERBB2 amplification, Akt inhibitor for PIK3CA mutation,
and FGFR inhibitor for FGFR2 amplification. Matched therapy based on IHC consisted
of trastuzumab for ERBB2 amplification, pembrolizumab for MMR deficiency, pan-ERBB
inhibitor for EGFR+, and PI3Kbeta inhibitor for PTEN loss. The nonmatched group received
either ramucirumab or standard chemotherapy. The overall response rate was higher with
matched compared to nonmatched therapy (55.6 vs. 13.1%, p = 0.001) with a trend to
higher PFS with matched therapy (7.1 vs. 5.2 months, p = 0.7). The authors concluded
that, as the matched group experienced significantly better responses and survival, their
pilot study justified the need for further umbrella trials in GC [190]. Umbrella trials are
prospective clinical trials that test multiple targeted interventions for a single disease based
on predictive biomarkers or other predictive patient risk factors [191].

Future studies should include gene panels and not only gene classifiers to cover a
large number of genes and potential targets for future therapy.

Genomic profiling often presents practical challenges due to tissue availability [190].
There is certainly great potential for circulating biomarkers from liquid biopsies due to
their availability. Beyond CTC and circulating tumor DNA, other circulating biomarkers
such as RNA, proteins, and metabolites are still in early phases of development, and need
to be explored further before broad clinical use as screening or monitoring markers [192].

From an economical point of view, molecular profiling might at this point be reserved
for patients with GC resistant to chemotherapy or with metastatic disease. As techniques
of molecular profiling are further improved, however, they will become more readily
available and less expensive in the future.

5. Conclusions

In conclusion and from a clinical point of view, biopsies from patients with locally
advanced or metastatic GC should be tested for HER2 overexpression, as trastuzumab is
indicated in HER2-positive tumors in combination with palliative chemotherapy. Before
instauration of palliative chemotherapy, tumors should also be tested for Claudin 18.2 over-
expression, as targeted therapy to Claudin 18.2 has proven efficacy. In case of resistance
to first-line chemotherapy, VEGF is a promising target. Tumors refractory to two or more
regimens of chemotherapy should be tested for PD-L1 expression, as immune checkpoint
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inhibitors have proven efficacy. MSI-high tumors have shown to be especially responsive
to immunotherapy. Testing tumors for MET expression might be predictive for decreased
treatment response.
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Simple Summary: Pancreatic and biliary tract cancers are malignant tumors that have a very poor
prognosis and are resistant to chemotherapy. The later a cancer is detected, the worse the prognosis
becomes; therefore, early detection is important. Biomarkers are physiological indices that serve as
a guide to indicate the presence or absence of a certain disease, or its progression. The purpose of
our research is to summarize previously reported biomarkers for the diagnosis and prognosis of
pancreatic and biliary tract cancers.

Abstract: Background: pancreatic cancer (PCa) and biliary tract cancer (BTC) are cancers with a poor
prognosis and few effective treatments. One of the reasons for this is late detection. Many researchers
are tackling to develop non-invasive biomarkers for cancer, but few are specific for PCa or BTC. In
addition, genetic abnormalities occur in cancer tissues, which ultimately affect the expression of
various molecules. Therefore, it is important to identify molecules that are altered in PCa and BTC.
For this systematic review, a systematic review of Medline and Embase to select biomarker studies of
PCa and BTC patients was conducted. Results: after reviewing 72 studies, 79 biomarker candidates
were identified, including 22 nucleic acids, 43 proteins, and 14 immune cell types. Of the 72 studies,
61 examined PCa, and 11 examined BTC. Conclusion: PCa and BTC are characterized by nucleic acid,
protein, and immune cell profiles that are markedly different from those of healthy subjects. These
altered molecules and cell subsets may serve as cancer-specific biomarkers, particularly in blood.
Further studies are needed to better understand the diagnosis and prognosis of PCa and BTC.

Keywords: biomarker; chemoresistance; liquid biopsy; microRNA; long non-coding RNA

1. Introduction

Pancreatic cancer (PCa) is the fourth most common cause of death in Japan. Indeed,
there were an estimated 496,000 (234,000 in Asia) new cases annually worldwide in 2020,
and the number of new cases is estimated to be 802,000 (424,000 in Asia) in 2040 [1]. Despite
the rapid evolution of cancer treatments in recent years, the 5-year survival rate for PCa
is only 5–6% [2]. Biliary tract cancer (BTC), which includes cholangiocarcinoma (both
intrahepatic cholangiocarcinoma (ICC) and extrahepatic cholangiocarcinoma (ECC)) and
gallbladder cancer, also has a poor prognosis [3]. BTC has a low incidence, accounting for
about 3% of all adult cancers [4]. Most cases are unresectable [3], and even if they could
be found in the resectable stage, recurrence rates are very high [5,6]. The 5-year survival
rate for BTC is about 5–15% [7,8]. Since PCa and BTC are less symptomatic, these cancers
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are generally hard to detect at an early stage. Furthermore, PCa and BTC have similar
pathological characteristics, which makes it difficult to discriminate them just by blood
biomarkers. Therefore, identifying good biomarkers for the diagnosis and prognosis of PCa
and BTC is important for both early diagnosis and treatment. This review comprehensively
summarized the current state of blood biomarker studies for PCa and BTC, which may
lead to early detection and improved prognosis.

2. Methods

A systematic electronic search of the Medline (https://pubmed.ncbi.nlm.nih.gov,
accessed on 10 February 2021) and Embase (https://www.embase.com, accessed on
10 February 2021) databases was performed to identify studies reporting the characteristics
of PCa and BTC patients (Figure 1). The search was performed using the following terms
with Boolean operators: (biliary OR bile OR cholangiocarcinoma OR pancreatic OR pan-
creas) AND biomarker AND (checkpoint OR chemoresistance) AND (blood OR serum OR
plasma). The same terms were used on Medline and Embase, and duplicated articles were
deleted. Articles that were not written in English, review articles, conference abstracts, and
articles about cancer types other than PCa or BTC were excluded. A systematic review of
articles that met the selection criteria was performed. Abstract and in-text reviews were
performed by a single reviewer (H.T.). The selected research articles were cross-searched
to identify additional relevant studies. This review also introduces tissue biomarkers and
other biomarkers that can be applied as blood biomarkers.

 
Figure 1. Flow diagram of literature search.

3. Results

3.1. Characteristics of PCa
3.1.1. Non-Coding RNA

Many circulating microRNAs were reported as biomarkers for PCa patients (Table 1).
Meta-analysis revealed that, compared with healthy controls, elevated plasma miR-744
levels in PCa patients were a poor prognostic factor, contributing to reduced progression-
free survival [9]. Serum miR-21 levels were also elevated and were even higher in patients
with gemcitabine-resistant PCa; these elevated levels correlated with poor survival [10,11].
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Serum miR-7 expression was lower in PCa patients than in controls and had an adverse
effect on prognosis [12]. In addition, plasma miR-34a and miR-150 levels, and expression
of miR-34a and miR-150 in tumor tissue, were lower in PCa patients than in healthy
controls [13]. Plasma miR-107, miR-126, miR-451, miR-145, miR-491-5p, and miR-146b-5p
levels decreased in PCa patients, with miR-107 being the most decreased miRNA [14]. PCa
patients showed high amounts of miR-191, miR-21, and miR-451a in serum exosomes, and
high miR-21 was associated with overall survival and resistance to chemotherapy [15].
MiR-200b and miR-200c were overexpressed in serum exosomes from PCa patients, and
high expression of miR-200c in total serum exosomes and miR-200b in EpCAM-positive
serum exosomes correlated with shorter overall survival (OS). In PCa patients, nucleic
acids other than mRNA were also altered; for example, serum LINC01559 expression was
markedly increased than in healthy controls and correlated with survival [16]. Expression
of let-7 family members (especially let-7d) in the plasma of PCa patients correlated inversely
with overall survival [11].

Table 1. Biomarker candidates for non-coding RNA identified in the present systematic review.

Cancer
Type Biomarker Diagnosis Prognosis Chemoresistance Species Plasma Serum

Serum
Exosome

Tissue Ref.

PCa

miR-205 X X Human,
Mouse Y [17]

miR-7 X X Human Y [12]
miR-200b,
miR-200c X Human Y [18]
miR-191,
miR-21,

miR-451a
X X Human Y [15]

miR-744 X X Human Y [9]
LINC01559 X X Human Y [16]

miR-34a,
miR-150 X X Human Y Y [13]
miR-21 X Human Y [10,11]

let-7 X X Human Y Y [11]
miR-107 X X Human Y [14]

BTC miR-155HG X X Human Y [19]

PCa, pancreatic cancer; BTC, biliary tract cancer.

3.1.2. Protein Expression

A very large number of protein biomarker candidates were extracted (Table 2). High
expression of colon carcinoma-1 (MACC1) oncogene in serum of PCa patients correlated
with lymph node metastasis, distant metastasis, and a later TNM stage [20]. Plasma IL-8
was the circulating factor that correlated most significantly with the overall survival of PCa
patients [21]. PIM-1 expression was upregulated significantly in PCa tissues compared
with normal tissues. In addition, plasma PIM-1 levels were significantly increased and
were associated with TNM stage (II/III/IV) [22]. Although protein levels in the blood
are unknown, many proteins that can be tissue biomarkers for PCa were also identified
by our search algorithm. 72% of PCa patients expressed activated insulin/IGF receptors
on tumor cells [23]. Expression of CD133, Notch1, Notch2, and Notch4 receptors was
significantly higher in PCa tissues than in pancreatic tissues from patients with benign
lesions [13]. Patients with lower levels of lactate and higher levels of human equilibrium
nucleoside transporter (hENT1) in PCa tissue had better survival rates [24]. Disheveled-
axin (DIX) domain (DIXDC1), a protein containing a coiled-coil domain and a DIX domain,
was also highly expressed in PCa tissues and correlated with worse OS [25]. By contrast,
expression of the V-domain Ig suppressor of T cell activation (VISTA) in PCa tissues was
significantly associated with prolonged OS [26], and while expression of PD-1 or PD-
L1 in pancreatic neuroendocrine tumors was rare, expression of PD-L2 was common in
neuroendocrine tumor subtypes. Expression of immune-related proteins was also altered,
with well-differentiated pancreatic neuroendocrine tumors expressing low levels of PD-
1 and PD-L1 [27]. Cancer-associated pancreatic fibroblasts isolated from the tumors of
PCa patients showed higher expression of PD-L1 than primary dermal fibroblasts from
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healthy subjects [28]. Low HLA class I expression in PCa tissues was the only risk factor
for poor survival; PD-L1-negative and HLA class I high-expressing PCa was significantly
associated with an increased number of infiltrating CD8+ T cells in the TME, and with
improved prognosis [29]. The spindle and kinetochore-associated genes SKA1-3 were
highly expressed in PCa tissues; high expression of SKA1 and SKA3 was associated with a
poor prognosis [30].

Table 2. Biomarker candidates for proteins identified in the present systematic review.

Cancer
Type Biomarker Diagnosis Prognosis Chemoresistance Species Plasma Serum Tissue Cell

Cell
Exosome

Ref.

PCa

EphA2 X Human Y [31]
Galectin-9 X X Human Y [32]

FAK X X Mouse Y [33]
CD11b X X Human Y [34]
MLL1 X Human,

Mouse Y [35]
CD47 X Human Y [32]

Granulin X Human,
Mouse Y Y [36]

EHF X Mouse Y [37]
IFNγ X Human Y [38]
PDL-2 X Human Y [27]

CD38/CD101 X X Human Y Y [39]
ATP, HMGB1 X Mouse Y [40]

Gastrin X Mouse Y [41]
IL8 X X Human Y [21]

PD-L1, PD-L2 X Human Y [28]
CDH3, PLAU,

LFNG X Human Y [42]
CD16 X Human Y [43]
PIM-1 X X Human Y [22]

IL3 X Mouse Y [44]
Lactic acid X X Human Y [24]

CD171 X Mouse Y [45]
EpCAM, CD3 X Human Y [46]

DIXDC1 X X Human Y [25]
sVCAM-1 X Human,

Mouse Y Y [47]
VISTA X X Human Y [26]

IGF X Human Y [23]
LOX family X Human,

Mouse Y [48]
MACC1 X X Human Y [20]

ETF X Mouse Y [37]
IRE1α X Human,

Mouse Y Y [49]
Slug X Human Y [50]

ADAM family X X Human Y [51]
HLA class I X Human Y [29]
SKA1, SKA3 X X Human Y [30]

BTC

GITR, CTLA4 X X Human Y [52]
HHLA2 X X Human Y [53]

PD-1 X X Human Y [52,54]
FasL, MCP-1,

IFNγ
X Human Y [55]

C24-Ceramide X X Human Y [56]
Csk2 X X X Human Y [57]

BUB1B X Human Y [58]
MFAP5 X X Human Y Y [59]

PD-1/PD-L1 X X Human Y [60]

PCa, pancreatic cancer; BTC, biliary tract cancer.

3.1.3. Immune Cell Types

Several biomarker candidates were also extracted for immune cells (Table 3). High
CD38/CD101 co-expression by PD-1+ CD8+ T cells in the peripheral blood of PCa patients
or tumor-infiltrating lymphocytes (TILs) in PCa tissues correlated significantly with tu-
mor/node/metastasis (T/N/M) classification, and with clinical stage and survival [39].
Immune cell changes were more common in tumor tissue. Cytokines and chemokines asso-
ciated with immune cells that were altered in tumor tissues may be potential biomarkers in
blood. In PCa, the paraneoplastic stroma containing cancer cells harbored fewer CD8+ T
cells than stroma without cancer cells [61]. By contrast, the number of tumor-infiltrating
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CD68+M, CD163+M2, and CD47 cells was higher, and these cells were significantly asso-
ciated with decreased OS [32]. Expression of tumor antigens MYPT1, PSMC5, and TRFR
was also significantly higher in PCa tissues than in healthy controls; patients with antibod-
ies specific for these antigens showed improved disease-free survival after granulocyte
macrophage colony-stimulating factor-secreting pancreatic cancer vaccine (GVAX) ther-
apy [62]. Tumor-infiltrating T cells showed higher expression of galectin 9 than normal T
cells [63].

Table 3. Biomarker candidates for immune cells identified in the present systematic review.

Cancer
Type Biomarker Diagnosis Prognosis Chemoresistance Species Serum Tissue Cell Ref.

PCa

ILC2 X Human,
Mouse Y Y [64]

CD8(+) T cells X X Human,
Mouse Y [61,65,66]

Myeloid cells X Mouse Y [67]
Mesothelin-

specific
cells

X Human Y [68]

M2-type
macrophages X Mouse Y [69]

MYPT1, PSMC5,
TRFR X Human Y [62]
TAM X Mouse Y [70]

CD4+ T cells X Mouse Y [66]
Treg X Human Y [71]

T cells,
NK cells X Mouse Y [72]

BTC PD-1(+)/CD8(+)
TILs X Human Y [73]

PCa, pancreatic cancer.

3.2. Characteristics of BTC
3.2.1. Non-Coding RNA

No candidate blood biomarkers for BTC were extracted. Cholangiocarcinoma (CCA)
tissues showed lower expression of the lncRNA miR-155 host gene (miR-155HG). In
addition, miR-155HG was closely associated with improved OS [19].

3.2.2. Protein Expression

MFAP5 levels in the serum of ICC patients and expression of MFAP5 in the ECC
tissues was lower than in healthy controls [59]. The co-stimulatory receptor GITR, and
co-inhibitory receptors PD-1 and CTLA4, were overexpressed by TILs when compared with
T cells in blood and normal tissues [52]. Some candidate biomarkers in blood that had been
altered in the tissue were also extracted. In GBC tissues, elevated expression of SPTLC1 and
CERS2, and that of their product C24-ceramide, was associated with tumor stage, distal
metastasis, and poor prognosis [56]. Expression of BUB1B was increased in CCA tissues,
and ECC patients with high expression of BUB1B showed worse OS and recurrence-free
survival than those with low expression of BUB1B [58]. Cks2 was significantly elevated in
BTC tissues, and its overexpression was associated with poor differentiation, CA19-9, and
a poor prognosis [57].

3.2.3. Immune Cell Types

Serum soluble FasL, MCP-1, and interferon-γ also correlated with poor prognosis in
BTC patients [55]. Some immune cells that had been altered in the tissue were extracted.
The percentage of cytotoxic T cells and natural killer cells was lower in CCA tissues
than in normal tissues; however, the percentage of regulatory T cells was higher [52].
In ECC patients, a higher ratio of PD-1(+)/CD8(+) TILs meant lower OS, recurrence-
free survival, and distant metastasis-free survival [73]. The number of PD-1+ T cells
and expression of PD-L1 in the tumor tissues of ICC patients were elevated, which had
a negative impact on prognosis. By contrast, high numbers of PD-1+ T cells or high
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expression of PD-L1 in normal tissues had no effect on prognosis [60]. Furthermore,
expression of HHLA2 in ICC tissues was more common than that of PD-L1 (49.0% vs.
28.1%, respectively); overexpression of HHLA2 was associated with decreased CD3 + TIL
and CD8 + TIL numbers and higher CD4+ Foxp3+/CD8 + TIL ratios, which affected OS.
By contrast, infiltration of the tumor by PD-L1-expressing T cells and CD163+ tumor-
associated macrophages were not associated with OS [53].

3.3. Treatment of PCa and BTC
3.3.1. PCa, BTC, and Immune Checkpoint Inhibition

In recent years, immune checkpoint inhibitors have been used to treat cancer. CD8+
cytotoxic T cells are important effectors of the immune response against cancer. Immune
checkpoint inhibitors are effective only when CD8+ T cells infiltrate the tumor; thus,
immune checkpoint inhibitors alone are ineffective against PCa because CD8+ T cells do
not infiltrate the tumor [74,75]. Many factors regulate the movement of CD8+ T cells,
including activation of the tumor endothelium by T cell-derived IL-3, which triggers T cell
infiltration [44], and deficiency of tumor ETS homology factor, which causes a decrease in
the number of regulatory T cells, myeloid-derived suppressor cells, and tumor-infiltrating
CD8+ T cells [37]. Although metastatic PCa tumors are largely resistant to anti-PD-1
therapy, blockade of PD-1 in granulin-depleted tumors restores anti-tumor immunity [36].
PD-1/PD-L1 and CD8 T cells are closely related, as PD-1 blockade can increase CD8
T cell and tumor-specific interferon-γ production in the tumor microenvironment [38]
or produce anti-tumor effects by increasing KLRG1 + LAG3 - TNFα+ tumor-specific
T cells in tumors [76]. Bone marrow cells inhibit CD8+ T cell anti-tumor activity by
inducing expression of PD-L1 by tumor cells in an epidermal growth factor receptor
(EGFR)/mitogen-activated protein kinase (MAPK)-dependent manner [67]. In addition,
there are many pathways that alter immune cells, such as when gastrin is stimulated
concurrently with PD-1 AB administration, tumors have less fibrosis, inhibitory Treg
lymphocytes, and tumor-associated macrophages [41]. The combination of an anti-PD-L1
mouse monoclonal (MAb) and a TGF-β type I receptor small molecule kinase inhibitor
(LY364947) results in the long-term survival of mice due to the influx of CD8α T cells into the
TME [77]. Moreover, the combination of entinostat (ENT), a histone deacetylase inhibitor,
and immune checkpoint inhibition significantly alter the infiltration and function of innate
immune cells, allowing for a more potent adaptive immune response [65]. Inhibition
of MLL1, a PD-L1 transcriptional activator, in combination with an anti-PD-L1 or an
anti-PD-1 antibody, effectively suppresses pancreatic tumor growth in a FasL- and CTL-
dependent manner [35]. In addition, immune checkpoint inhibitors are important in
combination with other drugs, as inhibition of over-activated focal adhesion kinase (FAK)
greatly reduces tumor fibrosis and the number of tumor-infiltrating immunosuppressive
cells, making them sensitive to T-cell immunotherapy and PD-1 antagonists [33]. The
role of CD8+ T cells in immune checkpoint inhibition is very important; for example,
treatment with a small glutamine analog (6-diazo-5-oxo-L-norleucine [DON]) reduces the
amount of hyaluronan and collagen in the TME, leading to extensive remodeling of the
extracellular matrix and increased infiltration by CD8+ T cells [78]. On the other hand, other
immune cells have also been implicated in anti-tumor effects, such as CD4+-dependent
anti-tumor effects [66] and innate lymphocytes (ILC2), which are anticancer immune cells
in PCa immunotherapy and emerge as tissue-specific enhancers of cancer immunity that
amplify the efficacy of anti-PD-1 immunotherapy [64]. Partial activation of CD11b leads to
repolarization of tumor-associated macrophages, reduced numbers of tumor-infiltrating
immunosuppressive myeloid cells, and enhanced dendritic cell responses, all of which
improve anti-tumor T cell-mediated immunity and make checkpoint inhibitors effective in
previously unresponsive PCa models [34]. Targeting immune cells is important; indeed,
the combination of a CD40 agonist and a PD-1 antagonist MAb exerts anti-tumor effects,
which are manifested through tumor infiltration by IFNγ-, Granzyme B-, and TNFα-
secreting effector T cells [79]. The combination of agonist antibodies (ABS) targeting the
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immunostimulatory CD40 receptor plus MEK inhibitors suppressing M2 macrophages,
bone marrow-derived suppressor cells, and T regulatory cells generates a potent synergistic
anti-tumor effect [69]. Mice with EHF-overexpressing tumors responded significantly better
to anti-PD-1 therapy than those with control tumors [37]. In addition, anti-PD-L1 therapy
sensitized pancreatic cancer cells to antiangiogenic therapy and, conversely, antiangiogenic
therapy improved anti-PD-L1 therapy [80].

3.3.2. Resistance of PCa and BTC to Chemotherapy

Although gemcitabine is used as a drug to treat PCa, cancer often becomes resistant;
this is one of the reasons PCa is difficult to treat [81]. Cancer stem-like cells (CSLC), which
can differentiate into a variety of mature cell types, have a high rate of metastasis and
are implicated in resistance to chemotherapy [82]. Chemoresistant cancer cells possess
stem-like characteristics, such as the ability to form spheres and high expression of can-
cer stem cell-like surface markers CD44/CD133 [83]. Therefore, it is important to target
CSLCs. The combination of activated T cells and cutamaxomab eliminates CSLCs [46].
Soluble vascular cell adhesion molecule-1 (SVCAM-1) increases tumor resistance to gem-
citabine [47]; however, combining gemcitabine with inhibition of the adhesion molecule
L1CAM (CD171) reduces VEGF expression and the number of CD31-positive vessels, re-
sulting in a stronger anti-tumor effect [45]. Cell adhesion molecules are also implicated in
chemotherapy resistance. Knockdown of Slug, which regulates epithelial-mesenchymal
transition (EMT), makes cells sensitive to gemcitabine [50]. Increased activity of LOX
family proteins promotes chemoresistance because LOX proteins mediate collagen cross-
linking and reinforce the tumor stroma and extracellular matrix (ECM), thereby promoting
resistance to chemotherapy [48]. In addition, miRNAs are involved. MiR-205 reduces
the expression of chemoresistance markers and re-sensitizes cells to gemcitabine [17]. In
addition, the combination of ursolic acid and gemcitabine decreases Ki67 and miR-29A
expression, thereby inhibiting tumor cell proliferation [84]. Expression of exosomal ephrin
A receptor 2 (EphA2) may induce chemoresistance [31], whereas suppression of the NF-κB
pathway may make cells sensitive to gemcitabine [85].

4. Discussion

There were many more studies of PCa (n = 61) than of BTC (n = 11), which may
reflect the overwhelmingly larger numbers of PCa patients compared with BTC patients.
However, such as PCa, BTC is a cancer that is difficult to diagnose/treat and has a poor
prognosis; therefore, it is important to identify biomarkers for this cancer type. In addition,
for clinical application, it is important to clarify whether PCa biomarkers can be used as
BTC biomarkers in PCa and BTC, which have similar characteristics. We found differential
expression of many miRNAs in PCa and BTC patients compared with healthy individuals.
MiRNAs are small non-coding RNAs that negatively regulate the expression of most
of the mRNAs in cells and have unique and diverse expression patterns in cancers [86].
Because miRNAs expression is altered not only in cancer tissues but also in plasma, blood-
borne miRNAs such as miR-21 and miR-107 are promising biomarkers for diagnosis and
prognosis of PCa and BTC. Protein expressions and immune cell compositions are also
different in cancer tissues and normal tissues. Usually, tissue biomarkers are useful for
predicting cancer prognosis and resistance to treatment but cannot be used for diagnosis.
However, we found that many biomarkers in tissue also appeared in the blood. Thus,
it is important to investigate the expression of tissue biomarkers in blood. In addition,
there are many therapeutic targets for PCa and BTC, which can be useful biomarkers in
blood. For example, the number of immune cells, such as cytotoxic T cells and natural killer
cells, was low in PCa and BTC, whereas expression of immune checkpoint molecules, such
as PD-1/PD-L1 and PD2/PDL2, was high. Immune checkpoint inhibitors are promising
cancer drugs, but they are only effective when CD8+ T cells can infiltrate the tumor [74].
Hence, disease prognosis and sensitivity to immune checkpoint inhibitors can be predicted
by examining immune checkpoint molecules, such as PD-1/PD-L1, and immune cells, such
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as CD8 + T cells, in the blood. In addition, stem cell markers may be useful biomarkers of
chemotherapy resistance. Currently, cell-free DNA sequencing is in progress in the US, and
miRNA testing technology is being developed in Japan. Especially, the methylation status
of cell-free DNA is one of the most promising circulating biomarkers for various cancer
detection [87].

5. Conclusions

A large number of miRNAs were extracted as candidate biomarkers in blood for
the diagnosis and prognosis of PCa and BTC. A total of 37 biomarkers for diagnosis,
22 biomarkers for prognosis, and 23 biomarkers for treatment resistance were detected.
Thus far, it is hard to predict which markers would be better than the others, thus that
we should keep on investigating and verifying many kinds of biomarkers in parallel.
Ultimately, some combinations of several different types of biomarkers will be applied to
future clinical practice. Further research for biomarkers in the blood is warranted for early
detection and proper management of PCa and BTC.
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Simple Summary: Patients with gastric and oesophageal adenocarcinomas (GOCs) have short life
expectancies as their tumours spread to other sites early. This is facilitated by the increased expression
of the urokinase plasminogen activation system (uPAS); a feature of the majority of GOCs. There
is increasing appreciation of the importance of uPAS expression in a range of cell types within the
tumour microenvironment. Abundant clinical evidence indicates that altered expression of uPAS
proteins is associated with worse outcomes, including time to tumour recurrence and patient survival.
Emerging technologies, including liquid biopsy, suggest a role of uPAS for the detection of circulating
tumour cells, which are responsible for the dissemination of cancers. We review and summarise
pre-clinical and clinical data that supports the use of uPAS as a biomarker in GOC.

Abstract: Gastric and oesophageal cancers (GOCs) are lethal cancers which metastasise early and
recur frequently, even after definitive surgery. The urokinase plasminogen activator system (uPAS)
is strongly implicated in the invasion and metastasis of many aggressive tumours including GOCs.
Urokinase plasminogen activator (uPA) interaction with its receptor, urokinase plasminogen activator
receptor (uPAR), leads to proteolytic activation of plasminogen to plasmin, a broad-spectrum protease
which enables tumour cell invasion and dissemination to distant sites. uPA, uPAR and the plasmino-
gen activator inhibitor type 1 (PAI-1) are overexpressed in some GOCs. Accumulating evidence
points to a causal role of activated receptor tyrosine kinase pathways enhancing uPAS expression in
GOCs. Expression of these components are associated with poorer clinicopathological features and
patient survival. Stromal cells, including tumour-associated macrophages and myofibroblasts, also
express the key uPAS proteins, supporting the argument of stromal involvement in GOC progression
and adverse effect on patient survival. uPAS proteins can be detected on circulating leucocytes,
circulating tumour cells and within the serum; all have the potential to be developed into circulating
biomarkers of GOC. Herein, we review the experimental and clinical evidence supporting uPAS
expression as clinical biomarker in GOC, with the goal of developing targeted therapeutics against
the uPAS.

Keywords: urokinase plasminogen activator (uPA); urokinase plasminogen activator receptor
(uPAR); plasminogen activator inhibitor type 1 (PAI-1); circulating tumour cell (CTC); biomark-
ers; gastric cancer; oesophageal cancer; serine proteases; tumour microenvironment; serpins
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1. Introduction

Gastroesophageal cancers (GOC) are amongst the leading causes of cancer related
morbidity and mortality worldwide [1]. Gastric cancers are ranked fifth for incidence and
third for deaths worldwide [1]. Oesophageal carcinomas join gastric cancers in the global
top 10 for both incidence (9th) and mortality (6th) [1]. GOCs often present at an advanced
stage owing to its aggressiveness and early metastasis formation, with 25–50% of GOC
presenting as metastatic at diagnosis [2–4]. Henceforth, GOC will refer to adenocarcinomas
arising from any location within the oesophagus or stomach, otherwise individual locations
will be identified.

The plasminogen activation system is a multi-component regulatory system that,
under normal conditions, functions in the clearance of blood clots and degradation of
the extracellular matrix (ECM) and basement membranes (BM) during tissue remodelling
processes such as wound healing [5–10]. However, unregulated plasminogen activation
via the urokinase plasminogen activator (uPA) is implicated in key events in tumour
progression, specifically solid tumour invasion and metastasis [5–10]. Through binding
of uPA to the uPA receptor (uPAR), which is typically cell-surface-bound, co-localised
plasminogen is converted to plasmin [6,11]. As a broad-spectrum serine protease, plasmin
then directly and indirectly (via the activation of pro-metalloproteinases) degrades a wide
range of proteins in the ECM and BMs. This process enables tumour cell dissemination
around the body, a key step required for the seeding of tumour cells at distant sites to form
metastases [6,7,11–15]. Tissue plasminogen activator (tPA) is the intra-vascular counterpart
to uPA, involved in fibrin degradation to prevent blood clot formation [13]. However, tPA
does not appear to play a significant role in the development of solid tumours [16].

Overexpression of components of the uPA system (uPAS) in GOCs, on tumour cells
and/or associated stromal cells in the tumour microenvironment (TME), is strongly associ-
ated with worse tumour staging [17–20], clinicopathological features [21–27] and reduced
patient survival [12,17,18]. Here we review the important role the uPAS plays in the de-
velopment and progression of GOC and summarise the available evidence of its role as a
biomarker in GOC.

2. Major Components and Function of the uPAS

The key components of the uPAS include uPA, uPAR, plasminogen and specific uPA
and plasmin inhibitors. uPA is a single stranded extracellular protein, secreted as an
inactive double stranded zymogen (pro-urokinase), which is produced by leucocytes,
fibroblasts and the urogenital system in normal physiological conditions [7]. Upon binding
to its receptor uPAR, pro-uPA is converted to active uPA by proteolytic cleavage via plasmin
and potentially cathepsin, plasma kallikrein or mast cell tryptase in the TME, resulting
in the conversion of co-localised plasminogen to plasmin (via a number of potential
cell-surface localised proteins containing c-terminal lysins) (reviewed by Ranson and
Andronicos [6]). This positive feedback loop of plasmin-mediated pro-uPA activation
and uPA-mediated plasminogen activation, results in increased proteolytic activity at the
cell surface which is protected from inhibition by plasmin-specific inhibitors (e.g., α2-
antiplasmin) [6,13,28]. Bound plasmin then also cleaves a range of multiple downstream
extracellular targets, including ECM proteins such as fibrin, fibronectin and laminin and
pro-metalloproteinases (pro-MMPs) (reviewed by Deryugina and Quigley [29]). Plasmin
and MMP activity can also regulate cellular growth and migration through cleavage of
extracellular components to release or activate chemokines, cytokines and growth factors
(e.g., hepatocyte growth factor (HGF)/scatter factor, macrophage-stimulating protein,
transforming growth factor (TGF) and basic fibroblast growth factor) [30,31] (Figure 1).
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Figure 1. Overview of the urokinase plasminogen activation system. The binding of urokinase plasminogen activator (uPA)
to its receptor, urokinase plasminogen activator receptor (uPAR) and generation of cell surface localised plasmin (which is
protected from inhibition by α2-antiplasmin) instigates multiple extracellular and intracellular (signaling) effects resulting in
tissue remodeling and cellular proliferation, cell survival as well as altered cellular adhesion and migration. In cancer, uPAS
components including uPA, uPAR and plasminogen activator inhibitor-1 (PAI-1) are upregulated in an uncontrolled fashion
and contribute to inappropriate cell signaling and proteolysis. Upregulators of the plasminogen activation system include,
but are not limited to, the Epidermal Growth Factor (EGF), Hepatocyte Growth Factor (HGF), Prostaglandin-E2 (PGE-2)
and Tumour Growth Factor-beta (TGF-β). See text for details. Created with BioRender.com (accessed on 17 June 2021).

uPAR is a heavily glycosylated protein and is either membrane-bound via a glycosyl-
phosphatidylinositol anchor or found in its soluble forms [7]. uPAR consists of three simi-
larly structured domains, made up of approximately 90 residues each, with domain 1 (D1)
responsible for uPA binding leading to plasmin generation at the cell surface. Through com-
plex direct and indirect interactions with a range of binding partners (including vitronectin,
integrins, growth factor receptors and others), uPA-bound uPAR can also modulate down-
stream cell signalling pathways (Figure 1) [31–33]. Thus, the combined proteolytic and
signalling outputs of the uPAS activate many downstream events driving ECM degradation,
cell proliferation, adhesion and migration.

Soluble uPAR (suPAR) is produced through cleavage of the membrane bound uPAR;
this cleavage occurs between the glycosylphosphatidylinositol (GPI)-anchor molecule and
domain 3 of uPAR facilitated by plasmin, cathepsin G and GPI-specific phospholipase-D
and can be identified in plasma, ascites and urine [34]. Vascular endothelial cells, monocytes
and neutrophils are all known producers of suPAR [35]. Three detectable subgroups of
suPAR have been identified: intact suPAR (I-III), domain 1 (D1)-suPAR(I) and intact and
cleaved domains 2 (D2) and 3 (D3)-suPAR (I-III)+(II-III) [36]. suPAR (I-III) competes with
membrane-bound uPAR for binding to uPA through its D2 and D3 domains and maintains
its cell adhesion role through vitronectin binding with the D1 domain [37,38]. Fragmented
suPAR (suPAR (I) and suPAR (II-III)) lose their ability to bind with vitronectin, resulting in
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reduced cell adhesion [38]. D1 is required for uPA binding, however suPAR (I) alone has
low affinity for uPAR in the absence of D2 and D3 [39]. suPAR (II-III) has been shown to be
a chemotactic molecule through 7TM receptor FPR-like receptor 1, attracting immune cells
to cancers [40–42].

A key level of control in the regulation of plasmin activity arises through inhibition of
uPA (and tPA) via the serine proteinase inhibitors (serpins) plasminogen activator inhibitor
(PAI)-1 and PAI-2 (Figure 1). While the expression of both PAI proteins can be stimulated by
various factors, including inflammatory conditions, under normal physiological conditions
PAI-1 is mainly produced by endothelial cells and PAI-2 by synciotrophoblasts of the
placenta in late pregnancy [13]. Activation of uPAS, such as infection and inflammation,
results in increased PAI-1 expression in fibroblasts, adipocytes, smooth muscle cells and
macrophage cells, whereas increased PAI-2 expression is detected in endothelial cells,
macrophages, monocytes and platelets [11,43]. Both PAI-1 and PAI-2 irreversibly bind to
and inhibit uPAR-bound uPA [11]. The uPA-PAI/uPAR complex is then taken up into
the cell via low density lipoprotein receptor-related protein-mediated endocytosis [44–46].
uPAR is then recycled to the cell surface for further uPA interaction [44–46]. The two PAI
proteins bestow different effects on cancer: cancers with high PAI-1 expression have been
consistently demonstrated to have poorer clinical outcomes, whereas the effect of elevated
PAI-2 expression levels are less well defined and the impact on clinical outcomes less
pronounced [11,47]. Even though both PAI proteins mediate uPA/uPAR endocytosis,
there are clear differences in functional outcomes from these interactions with endocytosis
receptors [46,48]. For example, PAI-2 inhibits and clears cell surface uPA (and hence
proteolytic activity) without influencing the promitogenic signalling pathways activated
via PAI-1 [48]; this has been explained by distinct structural elements that underlie the
interactions of these serpins with endocytic receptors [46]. PAI-1 also has established
roles in various other cancer-promoting activities including resisting tumour cell death,
increased cell migration and angiogenesis, via a variety of mechanisms that affect cell
adhesion and signalling pathways (reviewed in detail by Kubala and Declerck 2019 [47]).
Thus, while both serpins have anti-plasminogen activation activity, and loss or gain of
PAI-2 expression has been shown in a cancer context-specific manner to be associated with
worse or improved outcomes, respectively [11]; the clinical data showing that increased
PAI-1 expression is strongly correlated with poor cancer outcome is highly convincing [47].
Moreover, PAI-1 levels can predict a response to chemotherapy in breast cancer, with
increased PAI-1 levels associated with improved outcomes following administration of
chemotherapy [49]. PAI-1 is thus also considered an important cancer biomarker.

3. Regulation of the uPAS

The expression and activity of the uPAS is tightly regulated during physiological
processes to prevent unnecessary ECM remodelling through the production of excessive
plasmin at the cell surface and dysregulated downstream signalling [11,50,51]. Certain
cells secrete uPA and express uPAR at low levels [52] however, hormones [53–56], growth
factors [55,57–59], cytokines [60,61] and tumour promoters [62–64], which also affect cellu-
lar proliferation and differentiation, induce overexpression of these components [65] in a
variety of cancer cell lines.

Key cancer signalling pathways also alter uPAS mRNA and protein expression in GOC
cell lines and xenografts. uPAS expression can be modulated by targeting key pathways
with drug blockade [66,67], transfection of interfering or promoting RNA [68–71] and
exposure to exogenous stimulating proteins [72–77]. Table 1 summarises the molecules
and pathways linked to the regulation of uPAS in GOC cell lines.
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Exposure to exogenous growth factors such as epidermal growth factor increases uPAR
mRNA expression, and this appears to occur through the mitogen-activated protein kinase
(MAPK)/extracellular signal-related kinases (ERK) signalling pathway [72]. uPA and uPAR
are both also upregulated upon HGF exposure, again, uPAS expression is reportedly linked
to the MAPK/ERK pathway rather than phosphoinositide 3-kinase (PI3K) pathway [70].
Increased prostaglandin E2 levels (including as a result of nicotine exposure) resulted in
increased uPA and uPAR levels via the cyclooxygenase-prostaglandin pathway [74,75].
Upregulation of transforming growth factor-beta (TGF-β) pathway also results in increased
uPA and uPAR expression via the MAPK/ERK but also via the PI3K and Jun-N-terminal
kinases pathways [67,71,76].

4. The Clinical Relevance of uPAS Expression in GOCs

The expression of uPAS in tumour tissue, stroma and liquid biopsies correlates to
both clinicopathological features of tumours [18–20] and patient survival data [12,17,18,27].
In general, the assessment of the uPAS relies on protein or mRNA expression and levels,
opposed to assessment of the function (or activity) of the individual proteins of the system.
Immunohistochemistry (IHC) and enzyme-linked immunosorbent assay (ELISA) are the
most used methods for protein assessment.

4.1. Tumour Expression and Association with Clinicopathological Features

A meta-analysis by Brungs et al. evaluated uPAS expression in GOCs, which demon-
strated the following expression levels: uPA 52.8%, uPAR 56.8%, PAI-1 53.3% and PAI-2
57.5% of all patients with GOC [17]. Reporting of PAI-2 expression in oesophageal ade-
nocarcinomas (via ELISA) is variable with some studies showing reduced levels and
downregulation [81,82].

Activation of the uPAS system is a requirement for tumour cells to invade deeper into
the ECM or seed at distant metastatic sites [83]. Therefore, it is not unexpected to find that
increased expression of the uPAS proteins in GOC is associated with worse clinicopatholog-
ical features including depth of invasion (T score), presence of metastasis (N score-lymph
nodes, M score-distant metastasis) and histological grade of disease (Table 2).

Table 2. Key references demonstrating the association of overexpression of each uPAS protein with
clinicopathological features.

Clinicopathological Feature uPA uPAR PAI-1

Key References

T stage [22–24] [21,23,26] [21,23–26]

Lymph nodes [22–24] [21,23,26] [21,23–26]

Distant metastasis [22–24] [24]

Vascular invasion [22–24] [21,23,26] [21,23,25,26]

Lymphatic invasion [22–24] [21,23,26] [21,23,25,26]

Peritoneal disease 1 [22,23]

Serosal involvement 1 [22,23]

Depth of invasion [21,23,26] [21,23–26]

Histological grade [21,23,26] [24]

Empty boxes demonstrate no reported evidence found. 1 Gastric cancer only. Key: T stage = tumour invasion stage.

Relative uPA expression levels are biologically important: where >20% of primary
tumour cells stained positive for uPA, higher tumour staging and histological grading
was seen [84]. As will be discussed below, the combination of uPA and PAI-1 has been
shown to be useful as biomarkers of worse prognosis, however one study found that PAI-1
negative, highly uPA-expressing gastric adenocarcinomas were associated with increased
volume and number of metastases [22]. Comparison of high nodal and low nodal stage III

187



Cancers 2021, 13, 4097

gastric adenocarcinomas confirmed SERPINE1 gene expression (encoding for PAI-1) was
higher in those patients with increased nodal disease (>2x compared to healthy tissue) [85].
It can thus be concluded that upregulated PAI-1 expression is an important regulator of
malignant lymph node development [85].

To date, PAI-2 alone has not been associated with any clinicopathological features as
described in Table 2 [22,86]. However, advanced clinical staging of GOCs is associated with
high uPA protein expression but absence of PAI-2 [86]. Gastric adenocarcinoma patients
with a higher nodal status (>5 involved lymph nodes) was seen with low PAI-2 protein
expression [87]. A lack of PAI-2 is therefore likely to be associated with worse tumour
staging in combination with other uPAS protein dysregulation.

The peritoneum of patients with GOC peritoneal metastases shows generalised uPAS
upregulation compared to uninvolved peritoneum of patients with GOC metastases at
other sites [88]. uPAS expression (uPA, uPAR, PAI-1), however, did not alter between ma-
lignant and non-malignant peritoneum within the patients with peritoneal metastases [88].
Translational investigations confirm the role of altered uPAS expressing cell lines in the
development of peritoneal metastasis [89] and increased ascites formation [90].

Retrospective analysis of GOCs with lymph node metastases showed uPAS protein
expression in the primary tumour was correlated with lymph nodal metastases [19]. 82%
of patients with malignant lymph nodes had strong uPA expression in the primary gastric
cancer (IHC ≥ 50%), while in lymph node-negative disease, the primary cancer only
showed uPA expression in 52% of cases [19]. uPAS expression in malignant lymph nodes
demonstrates the critical role of uPAS in tumour invasion at secondary sites [18,20].

4.2. Tumour Expression and Association with Clinical Outcomes

uPAS overexpression is associated with poorer disease-free and overall survival (OS) of
patients with GOCs (meta-analysis results of IHC, ISH and ELISA shown in Table 3) [17]. In
individual studies, uPAS expression showed variable strength of association with prognosis
(reviewed by Brungs et al., 2017 [17]).

Table 3. Urokinase plasminogen activation system association with relapse-free- and overall sur-
vival (combined immunohistochemistry, in situ hybridisation and enzyme-linked immunosorbent
assay data).

Recurrence-Free Survival
HR (95% CI)

Overall Survival
HR (95% CI)

uPA 1.90 (1.16–3.11, p = 0.01)
3 studies, 467 patients

2.21 (1.74–2.80, p < 0.0001)
12 studies, 1094 patients

uPAR 2.69 (NR, p = 0.03)
1 study, 203 patients

2.19 (1.80–2.66, p < 0.0001)
11 studies, 1036 patients

PAI-1 1.96 (1.07–3.58, p = 0.03)
3 studies, 467 patients

1.84 (1.28–2.64, p < 0.0001)
10 studies, 839 patients

PAI-2 NR no studies 0.97 (0.48–1.94, p = 0.92)
2 studies, 145 patients

CI = Confidence intervals, HR = Hazard Ratio, NR = not reported. Brungs et al. [17].

Subgroup analysis of uPAS expression in intestinal and diffuse gastric adenocarci-
nomas was assessed by Heiss et al. [91]. In this study uPA and uPAR were assessed on
intestinal-type gastric adenocarcinomas and could not be associated with prognosis or
recurrence-free survival; however, PAI-1 overexpression was an independent factor for
recurrence-free survival [91]. In diffuse-type gastric adenocarcinoma, overexpression of
uPA, uPAR and PAI-1 was associated with poorer overall- and recurrence-free survivals [91];
PAI-2 showed association with OS but not recurrence-free survival [91]. These subgroup
findings may not be truly representative due to possible under powering with reduced
numbers in the subgroup analysis.
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Oesophageal adenocarcinomas that show uPAS overexpression are associated with
poorer prognosis with elevated uPA protein levels shown to be associated with reduced
median OS [24].

4.3. Intra-Tumoural Heterogeneity

uPAS expression shows significant intra-tumoural heterogeneity in GOC and can vary
widely within patients, within the same tumour, between the primary tumour and its
metastatic tumour or between different tumour histology types. For example, Alpízar-
Alpízar et al. demonstrated uPAR overexpression at the invading front of gastric adenocar-
cinomas but not the tumour core [12]. This expression pattern was significantly associated
with poorer OS in multivariate analysis (Hazard ratio (HR) = 2.39; 95% confidence interval
(CI): 1.22–4.69; p = 0.011) [12].

We have investigated uPAR expression at the tumour core and invasion front in
an Australian cohort of GOC patients [92]. uPAR IHC was assessed by an experienced
anatomical pathologist with the following cut off values: 0—no uPAR positive cells, 1—less
than 1% uPAR positive cells, 2—1–5% uPAR positive cells, 3—5–10% uPAR positive cells
and 4—more than 10% uPAR positive cells. We found that increased uPAR expression
at the invasion front (uPAR IHC 0–1 vs. >2) was significantly associated with worse
patient survival (Figure 2a). uPAR expression within the tumour core was not significantly
associated with OS (Figure 2b).

 
Figure 2. Kaplan-Meier curve showing association of GOC tumour uPAR score and overall survival
(OS). Low uPAR (0–1) and high uPAR expression (>2) on tumour cells assessed by immunohisto-
chemistry (IHC) at (a) tumour invasion front (n = 43; p = 0.02) and (b) tumour core (n = 24; p = 0.2).

uPAR overexpression at the invading front of tumours has been supported in a number
of other studies [18,21]. Increased uPA [22] and PAI-1 [21] expression at the leading edge
of the cancer is also recognised. The higher uPAS expression at the invasion front is critical
to facilitate tumour progression through the surrounding stroma.

4.4. Expression in Tumour-Associated Stromal Cells

The invasion of cancer cells into normal tissues relies on interactions between the
tumour and the surrounding stroma. There is increasing evidence of the importance of
stroma in initiating and regulating the speed of invasion [93–95]. The stromal cells within
the TME of particular interest are immune cells such as leucocytes and tumour-associated
macrophages, as well as fibroblasts, blood- and lymphatic endothelial cells [96]. uPAS
overexpression is seen in the immediate adjacent stromal cells where it assists in the
degradation of the stromal laminin and fibronectin [12].

As expected, the most critical tumour region for uPAS expression in the stroma is at the
advancing tumour front. Macrophages and myofibroblasts at the invading front of GOCs
express increased uPAR compared to the tumour core [12,18]. In adenocarcinomas arising
from the oesophagus, gastroesophageal junction and cardia, strongly uPAR-expressing
macrophages at the invasion front are inversely correlated to OS when compared to those
with lower expressing macrophages (multivariate, HR 6.26, 95%CI 2.37–16; p = 0.0002) [18].
This was not replicated in distal gastric adenocarcinomas [12]. Conflicting results may
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be due to the dual role of macrophages in tumours as either pro-tumourigenic or anti-
tumourigenic; thus, assessment of uPAR alone may be insufficient to describe the role of
macrophages in cancer progression [97]. In addition, intra-observer variability in assessing
uPAR expression was high which may have confounded results [18].

uPAR-expressing myofibroblasts (defined by expression of α-smooth actin) are not
significantly associated with patient outcomes in GOC [12,18]. However, further work
is needed to clarify if uPAR expression on the population of so-called cancer-associated
fibroblasts, a fibroblast subpopulation which are more likely to be involved in cancer
modification, is prognostic.

Similarly, in other solid tumours, stromal uPAS expression is significantly linked
with tumour-associated stromal cells, and in the case of colon cancer poorer clinical out-
comes [27]. There is evidence in breast-, colon- and lung cancer of strong association of
uPAS expression on both macrophages and fibroblasts (Table 4). In colon cancer, there
is further supporting evidence of stromal uPAS expression being inversely associated
with disease free survival times (multivariate HR 1.71, 95%CI 1.05–2.80; p = 0.002), and a
tendency to worse OS (p = 0.07) [27].

Table 4. Urokinase plasminogen activation system expression in the tumour microenvironment of
other solid tumours.

Tissue Cell Type uPA uPAR PAI-1 PAI-2

Breast, ductal
Macrophages +

[98]
+

[99,100]
+

[101]

Fibroblasts +
[98,102]

Weak
[102]

Weak
[102]

Colon
Macrophages +

[103]

Fibroblasts +
[104]

+
[103]

Lung
Macrophages +

[105]
+

[105]
+

[105]

Fibroblasts
Key references noted in each positive box. Boxes unfilled demonstrate no available evidence. Abbreviations:
uPA = urokinase plasminogen activator; uPAR = urokinase plasminogen activator receptor; PAI-1 = plasminogen
activator inhibitor 1; PAI-2 = plasminogen activator inhibitor 2; + = medium to strong positivity.

4.5. Interactions of the uPAS with Other Proteolytic Enzymes

There are many MMPs with different functional roles, with variable association with
cancer occurrence and progression [106]. In one study of gastric adenocarcinoma, both uPA
and MMP-9 mRNAs were shown to be expressed in 58% of tumours, but co-expression
was not explored [107]. However, both uPA and MMP-9 were shown to be independent
prognostic factors, in addition to standard prognostic tumour features [107]. Co-expression
of MMP-2 with uPA, uPAR, PAI-1 or PAI-2 is seen in gastric cancer, with co-expression
of MMP-2 and uPAR associated with worse OS [108]. Gastric adenocarcinoma tissues
overexpressing MMP-2 mRNA are associated with lymph node metastases, histological
differentiation and diffused or mixed Lauren’s classification when compared to normal
adjacent tissues [109].

Cathepsin B is a cysteine protease which has indirect proteolytic activity through
interactions with pro-uPA, pro-MMPs, TGF-β and toll-like receptor 3, therefore it has an
important role in cell proliferation, differentiation and angiogenesis [110,111]. Cathepsin B
is localised in mitochondria and here it initiates apoptosis [111]. Cathepsin B helps catalyse
pro-uPA to its active form urokinase [112]. Serum Cathepsin B and soluble uPA levels were
shown to be higher in gastric cancer patients when compared to patients with premalignant
adenomas, which were higher again than normal controls [113]. Increased serum levels of
both Cathepsin B and uPA were also seen in metastatic compared to localised GOCs [113].
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5. uPAS Assessment in Blood

Peripheral blood sampling allows for minimally invasive assessment of patient’s
tumour and immune response. The uPAS has been assessed in serum [35,36,114–117],
immune cells [118] and circulating tumour cells (CTCs) [92]. However, assessment of
peripheral circulating uPAS proteins in serum or plasma can be complicated by elevated
uPAS expression levels seen in non-malignant conditions including renal failure, sepsis,
inflammatory arthritis and cardiovascular disease [119,120]. Overall, there is poor corre-
lation of each individual uPAS protein assessed in the plasma and primary cancer tissue
samples in patients with gastric adenocarcinoma, with plasma uPAS levels not associated
with cancer staging or severity [121]. However, higher uPAR mRNA levels were seen
in the peripheral blood of patients with gastric cancer compared to those with benign
gastric diseases and the mRNA levels were also associated with more advanced tumour
stages [114].

5.1. Soluble uPAS Proteins in the Serum

To date, only two studies have investigated the role of serum uPA levels in GOC with
inconsistent findings. Herszényi, et al. showed serum uPA levels were associated with a
diagnosis of GOC and the severity of disease [113]. However, Vidal, et al. showed serum
uPA levels in surgically curative gastric adenocarcinoma patients compared to healthy
controls were comparable, with no significant associations seen with pathological features
or clinical outcomes [115]. The lack of serum uPA discrimination may be due to the early
stage of these cancers or participant selection. The prognostic role of blood uPA levels were
however reported in advanced and metastatic breast cancer [122].

ELISA [35] and time-resolved fluoroimmunoassay [123] are both methods which are
available for detection of suPAR. However, neither of these techniques are used routinely in
clinical practice and would currently be considered for research use only. In GOC patients,
levels of all suPAR subunits were reported at almost double that of aged-matched healthy
individuals ([ng/mL] 5.74 ± 5.3 vs. 2.77 ± 0.77; p < 0.0001), and significantly higher in
those with metastatic disease compared to non-metastatic disease ([ng/mL] 7.00 ± 6.13 vs.
4.75 ± 4.43; p > 0.05) [35,36]. In vitro models have shown that tumour-associated suPAR
can direct migration, promote mitosis and angiogenesis of human umbilical vein endothe-
lial cells demonstrating the potential role of suPAR in the progression of tumours [116].

suPAR has been better characterised in other gastrointestinal cancers. In colon cancer,
increased pre-operative suPAR levels are significantly associated with poorer progno-
sis [117]. Interestingly, the dynamics of suPAR also appear important. In patients with
paired pre-operative and six-month post-operative suPAR recordings, a rising suPAR level
was associated with shorter survivals, while the converse was seen for those with a falling
post-operative suPAR [124]. Those patients with highest suPAR levels following liver
metastases had worse prognosis [124]. Increased levels of suPAR are postulated to be a
product of more aggressive cancer and demonstrating non-radiological invasive disease,
hence it has potential as a prognostic biomarker.

5.2. uPAS Expression on Peripheral Blood Mononuclear Cells in GOC

Peripheral blood mononuclear cells (PBMCs), identified by gradient centrifugation of
blood, includes the majority of leukocytes. In malignancy, monocytes may display both
pro-tumoural and anti-tumoural effects on cancers [118]. As such, assessment may be able
to aid prognostic decision making.

uPA mRNA assessed in peripheral blood monocytes in treatment naïve patients,
following gastrectomy, demonstrated that patients with more advanced disease showed
higher relative levels prior to adjuvant chemotherapy (stage III vs. I or II; p = 0.014) [125].
OS was also significantly reduced in patients with uPA mRNA expression above the median
value (p = 0.014) [125].
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5.3. Evidence of uPAS on Circulating Tumour Cells

In addition to leukocytes, the PBMC layer also contains CTCs, which are a critical
link in the development of distant metastases. High CTCs numbers in GOCs show worse
prognosis and poor response to therapy [126,127].

Current food and drug administration agency approved CTC isolation utilises ep-
ithelial cell adhesion molecule (EpCAM) expression as a positive marker for CTCs [128].
EpCAM is a marker of the epithelial phenotype and, as such, may not capture CTCs that
have undergone epithelial to mesenchymal transition (EMT) [128]. uPAR is a known
translocator of cells to the mesenchymal phenotype [129]. Given the propensity of cells at
the invasive front in GOC to overexpress uPAR (Figure 2) and likely give rise to CTCs that
have undergone EMT, uPAR has the potential to be utilised as an alternate CTC capture
target molecule.

Brungs et al. assessed 43 patients from whom CTCs were isolated using the stan-
dard EpCAM isolation methods at any clinical stage of GOC. In 93% of patients, where
EpCAM selected CTCs were identified, a proportion also co-expressed surface uPAR
(CK+/EpCAM+/DAPI+/CD45-/uPAR+ CTCs) [130]. In further analyses, we found that
where more than 60% of these EpCAM selected uPAR+ CTCs also co-expressed uPAR,
histological tumour uPAR IHC scoring was also increased (Figure 3). Metastasis formation
and OS was not associated with proportional assessment of CTCs (more than 60% of
EpCAM-selected showed uPAR-positivity) in this cohort of patients (Figure 4b). There was
a trend to poorer OS in this highly selected group of patients where absolute number of
EpCAM+/uPAR+ CTCs was greater than 10, but this would likely be attributed to absolute
higher CTC numbers opposed to proportional cut offs (Figure 4a). Intriguingly, higher
CTC numbers may be linked to uPAR-positivity; however, any such connection needs to
be more closely investigated.

Figure 3. Tissue expression of uPAR is increased in patients where more than 60% of their epithelial
cell adhesion molecule (EpCAM) selected circulating tumour cells (CTCs) co-expressed uPAR. Mean
score in the lower group 1.3, higher group 3.3 (n = 18, p = 0.0008).

 
Figure 4. Kaplan Meier curves showing OS demonstrating (n = 43): (a) a trend of improved survival
seen in patients with less than 10 EpCAM+/uPAR+ CTCs (p = 0.06); (b) no survival benefit seen
where more than 60% of EpCAM+ CTCs also co-expressed uPAR (p = 0.5).
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6. Therapeutics and Diagnostics Directed towards the uPAS Pathway

It is clear that in many carcinoma types, including GOC, the uPAS is a driver of
tumour aggressiveness. Not surprisingly, several experimental anti-cancer and imaging
approaches targeting various components of the uPAS have been pursued (reviewed
in detail by Lin et al. [131], Mahmood and Rabbani [15] and Yuan et al. [132]). Briefly,
anti-uPAS therapeutic approaches include antagonists of uPAR and various uPAR ligand
(e.g., uPA, vitronectin, integrins, etc) interactions, small molecule and antibody inhibitors
directed against uPA protease activity, PAI-1 inhibitors and uPA-therapeutic drug con-
jugates [15,131,132]. Our group has previously described the use of PAI-2 conjugated
cytotoxins and therapeutic radioisotopes, which were effective in mouse models of hu-
man breast and colon cancer [133–137]. We have also recently described novel amiloride
analogues with low nanomolar uPA inhibitory activity, high target selectivity and potent
antimetastatic activity in mouse models of human lung and orthotopic pancreatic cancer
metastasis [138,139]. To date, most of these experimental approaches have not progressed
beyond pre-clinical models and very few have utilised models of GOC [68,140,141]. One
orally active small molecule uPA inhibitor upamostat (the prodrug form of WX-UK1) was
efficacious in a Phase 2 trial for locally advanced non-resectable pancreatic cancer in combi-
nation with gemcitabine showing a 17% increase in 1-year survival over gemcitabine or
upamostat alone and an acceptable safety profile [142]. However, upamostat shows broad
activity across many serine proteases and is currently being tested in other indications
including a Phase 2/3 study for patients with symptomatic COVID-19 (NCT04723537).
Nevertheless, this highlights the promise of perhaps more selective uPAS drugs for the
treatment of advanced disease. Small molecule uPAR binding peptides and antibodies
targeting uPAR and uPA conjugated to imaging radioisotopes are also being developed
that have been shown to successfully detect primary tumours and metastases (which
overexpress uPA/uPAR) with ongoing clinical trials aiming to determine the utility of
these approaches for prognostication and/or response to therapy (reviewed in Mahmood
and Rabbani [15]). To the best of our knowledge, none of these trials yet includes patients
with GOC.

7. Conclusions

The uPAS is an important pathway whose upregulation contributes to uncontrolled
ECM remodelling and cell signalling resulting in increased tumour, invasion and metastasis.
uPA, uPAR and PAI-1 all have clear prognostic associations with GOCs, with evidence
supported by a multitude of individual studies and a meta-analysis. Further, the expression
of uPAS is associated with adverse clinicopathological features of GOCs. Therefore, GOC
tumour levels of uPA, uPAR and PAI-1 can be considered a significant prognostic biomarker,
with increased expression resulting in worse outcomes for patients.

Tumour-associated stroma is infiltrated with immune cells; the role of this stroma is
the focus of ongoing research uncovering a deeper understanding of its role in tumour
progression. uPAS expression is elevated in macrophages and myofibroblasts in GOC.
GOC (except distal gastric) stromal macrophage uPAR expression is associated with a
poorer prognosis. The role of the uPAS in the stroma is under-investigated in GOCs; larger
cohorts and prognostic assessment are required to understand the role of the uPAS protein
expression in the stroma.

An optimal biomarker for GOCs would offer real time prognostic and/or predictive
qualities, as such liquid biopsy is of keen interest. suPAR shows promise as a diagnostic
biomarker with increased expression reported in patients with GOCs. Unfortunately, to
date, suPAR has failed to yield a prognostic association in GOCs in the same way as it
has for colon cancer. For this reason, it is not currently considered a useful predictive
biomarker. uPAR mRNA isolated from circulating immune cells from the peripheral blood
monocyte layer has been shown to have prognostic potential, when assessing reduction in
OS. These findings offer potential of a uPAS-related prognostic biomarker being identified
in the circulating blood.
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In summary, uPAS has a highly active role in the progression of GOC, and compelling
evidence of its relationship with prognosis and clinicopathological features regardless of
its assessment in the primary tissue or as a circulating biomarker. GOC uPAS expression
in tumour-associated stroma requires further investigation to further specify the stromal
role in tumour progression. We have demonstrated primary tissue assessment of the uPAS
as a useful prognostic biomarker in GOCs and highlighted the exciting potential of liquid
biopsies to be added to the list of prognostic biomarkers. Through ongoing investigation
and drug development to target this pathway, there is significant potential for the uPAS as
a predictive biomarker of uPAS directed therapies.
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Simple Summary: Currently, colorectal cancer screening typically involves stool tests, but a blood
test might be more acceptable for screening participants. Most research on blood biomarkers for
colorectal cancer has been conducted using samples from patients and may not be as predictive
for early-stage cancer or pre-cancerous tumors. This systematic review summarizes the evidence
from studies that used samples collected before the onset of symptoms. The quality of the studies
was generally high, but very few potential biomarkers showed consistent, clinically relevant results
across more than one study. Of these, the anti-p53 antibody was the most promising marker. Panels
of biomarkers performed better than single markers. The results of this review underscore the need
for validation of promising colorectal cancer biomarkers in independent pre-diagnostic settings.

Abstract: This systematic review summarizes the evidence for blood-based colorectal cancer biomark-
ers from studies conducted in pre-diagnostic, asymptomatic settings. Of 1372 studies initially iden-
tified, the final selection included 30 studies from prospective cohorts and 23 studies from general
screening settings. Overall, the investigations had high quality but considerable variability in data
analysis and presentation of results, and few biomarkers demonstrated a clinically relevant discrim-
inatory ability. One of the most promising biomarkers was the anti-p53 antibody, with consistent
findings in one screening cohort and in the 3–4 years prior to diagnosis in two prospective cohort
studies. Proteins were the most common type of biomarker assessed, particularly carcinoembryonic
antigen (CEA) and C-reactive protein (CRP), with modest results. Other potentially promising
biomarkers included proteins, such as AREG, MIC-1/GDF15, LRG1 and FGF-21, metabolites and/or
metabolite profiles, non-coding RNAs and DNA methylation, as well as re-purposed routine lab
tests, such as ferritin and the triglyceride–glucose index. Biomarker panels generally achieved higher
discriminatory performance than single markers. In conclusion, this systematic review highlighted
anti-p53 antibodies as a promising blood-based biomarker for use in colorectal cancer screening
panels, together with other specific proteins. It also underscores the need for validation of promising
biomarkers in independent pre-diagnostic settings.

Keywords: colorectal neoplasms; cancer screening tests; biomarkers; liquid biopsy; early detection
of cancer; precision medicine

1. Introduction

Colorectal cancer is the second most common cancer in men and women globally [1],
affecting roughly one in twenty people over the course of their lifetime. Largely a disease
of older age, colorectal cancer incidence rates can be expected to rise as life expectancy
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increases in a population, but trends have been reversed in some countries, including
the United States [2], largely due to the implementation of age-based general screening
programs [3].

The gold standard for colorectal cancer screening is full colonoscopy. In addition to
providing the best chance of detecting colorectal cancer through, ideally, inspection of
the entire colorectal epithelium, colonoscopy has important advantages as a screening
technique. In particular, diagnostic biopsies can be taken directly from tumors found,
and many precancerous lesions can be removed. Screening colonoscopy is, therefore, a
tool not only for early detection of asymptomatic colorectal cancer, but also for primary
prevention. However, the implementation of colonoscopy for general screening is limited
by several factors. The procedure is resource demanding, dependent on qualified personnel,
uncomfortable for the patient and entails a small, but non-negligible, risk of complications
such as bleeding or intestinal perforation. Achieving adequate uptake is a challenge, which
is further hampered by inabilities to adequately capture all socioeconomic and ethnic
groups [4].

Many countries have implemented fecal blood testing into colorectal cancer screening
programs, using guaiac-based fecal occult blood tests (gFOBT) or, increasingly, quantitative
fecal immunochemical tests (FIT). FIT can also be supplemented with a multitargeted tumor
DNA test (FIT-DNA) that is approved for use in the United States [5]. Fecal blood testing
is generally followed by sigmoidoscopy in patients with a positive result and sometime
extended to full colonoscopy upon detection of polyps. Whereas full colonoscopy is
effective at 10-year intervals, fecal testing is generally performed every one to three years.
Moreover, limiting to sigmoidoscopy misses the roughly one third or more of colorectal
cancer occurring in the proximal colon, which is more common at higher ages and in
women [6,7].

In order to optimize colorectal cancer screening, there is a need for continued improve-
ment of testing methods with respect to acceptability (i.e., less invasive tests), accessibility
(i.e., lower costs and staffing demands) and performance. Blood-based biomarkers repre-
sent an enticing avenue toward achieving these goals. To date, one blood test, entailing
measurement of methylated Septin 9 gene (mSEPT9) in plasma, has been approved for
colorectal cancer screening in some regions including the United States (in people who
decline other screening methods). Although the discriminatory performance of mSEPT9 is
lower than for other screening methods currently in use [8,9], this may be compensated
by an increased willingness of potential screening participants to undergo phlebotomy
compared to stool testing or colonoscopy. The discriminatory ability of biomarkers is
typically evaluated using measures such as sensitivity, specificity and receiver-operating
characteristics (ROC) probability curves, in which the false positive rate is plotted on the
x-axis against the true positive rate on the y-axis. The area under the ROC curve (AUC, or
AUROC) ranges from 0.5, indicative of no power to separate cases from non-cases, to 1,
indicative of perfect discrimination. To be clinically meaningful, biomarkers should have
an AUC value as close to 1 as possible. There are no pre-defined performance thresholds
for screening tests; the accuracy of novel biomarkers is generally evaluated in comparison
with existing, approved tests. For FIT, the most recent systematic review from the US
Preventive Services Task Force reported a pooled sensitivity of 0.74 for colorectal cancer
and 0.23 for advanced adenoma, both with a specificity of approximately 0.95 [10], though
the discriminatory performance varies depending on setting, test and cut-off.

Blood-based testing has several potential uses, not only as diagnostic biomarkers to
help select people most likely to benefit from endoscopy and avoid unnecessary endoscopy
in general screening programs, but also for risk stratification to help refine and individualize
screening recommendations [11]. Risk-predictive biomarkers, in contrast to diagnostic
biomarkers, would not necessarily indicate the presence of a tumor, but rather the risk
of colorectal cancer over a longer time period. Such a test could be used, for example,
at younger ages (e.g., 30–45 years, prior to the typical screening start at 50–60 years), to
help decide when a person should enter a general screening program and perhaps what
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modality and frequency of screening would be most appropriate. Although colorectal
cancer at ages under 50 years is rare, rates are increasing, especially for rectal cancer, and
younger age groups are therefore an emerging target population for risk stratification and
precision screening [12]. Risk-prediction algorithms using age, family history of cancer,
genetic risk variants and lifestyle-related factors show some promise for colorectal cancer
risk stratification [13–16], but have not achieved sufficient performance to guide precision
screening. Novel blood-based biomarkers could, therefore, have clinical value for both risk
prediction and diagnosis of colorectal cancer.

Research into blood-based biomarkers for colorectal cancer has expanded rapidly
in recent years, as summarized in recent reviews [17,18]. The types of biomarkers as-
sessed vary widely, and some of the most promising findings have been based on tumor
DNA [19,20], either genetic or epigenetic. Other types of biomarkers, such as proteins,
microRNA, antibodies and metabolites have also been reported to distinguish between
colorectal cancer patients and controls. However, the bulk of research to date has used sam-
ples collected from patients diagnosed in clinical settings. Although such biomarkers could
be very valuable for disease monitoring, their ability to detect colorectal cancer may not
apply in the asymptomatic, pre-diagnostic period targeted by general screening. Studies
conducted to identify and/or validate biomarkers in settings directly relevant for colorectal
cancer screening, i.e., true screening settings or prospective cohorts, may be particularly
valuable for the translation of findings from observational research to randomized trials
and, ultimately, to clinical implementation.

The aim of this systematic review was to summarize the evidence for blood-based
risk-predictive and diagnostic biomarkers of colorectal cancer identified in studies us-
ing pre-diagnostic samples from asymptomatic individuals, i.e., samples collected in
prospective cohorts or general screening settings. Overall, few biomarkers demonstrated a
clinically relevant discriminatory ability, especially with consistent results in more than
one study. Proteins were the most common type of marker investigated, whereas markers
including anti-p53 antibodies and DNA methylation at specific sites showed more con-
sistent and stronger results, respectively. Multi-marker panels generally achieved higher
discriminatory performance than single markers.

2. Materials and Methods

2.1. Eligibility Criteria

We included original, peer-reviewed, human studies presented in English and pub-
lished in the past 10 years, i.e., between 1 January 2011 and 4 February 2021. Under these
conditions, short reports, null results in brief and letters could be considered eligible,
whereas pre-prints and conference abstracts were ineligible. The time period was chosen
to balance a broad search intent with a manageable return of papers to assess for inclusion.
In line with the intent of the review, only studies of blood-based biomarkers, analyzed in
pre-diagnostic samples, i.e., collected in prospective cohorts or general screening settings,
for the purpose of risk prediction or early diagnosis of colorectal cancer were considered
eligible. Given the importance of precancerous lesions in colorectal cancer, studies includ-
ing colorectal adenoma were included. Survival and therapeutic response outcomes were
ineligible. We set a generous, arbitrary lower limit for sample size of 25 study subjects in at
least one relevant endpoint group and in the comparison (control) group. Hereditary col-
orectal cancer, such as hereditary non-polyposis colorectal cancer or familial adenomatous
polyposis, was an exclusion criterion, as were non-general screening settings including
high-risk groups, such as familial cancer, inflammatory bowel disease and surveillance due
to previous adenoma.

2.2. Information Sources

Searches were carried out in PubMed on 4 February 2021 and, with a modified search
string, on 9 February 2021. Review articles, the reference lists of papers found in the
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searches, the article collections of the authors as well as post hoc searches of PubMed were
used to identify additional studies not captured by the original search strings.

2.3. Search Strategy

The initial search string run was:
“(Marker OR Biomarker) AND (Serum OR Plasma OR Blood OR Circulating) AND

(Diagnosis OR Screening OR “Early Detection of Cancer” [Mesh]) AND (Prospective
OR “Prediagnostic” OR “prediagnostic” OR “Pre-diagnostic” OR “pre-diagnostic”) AND
(Colorectal OR Colon OR Rectal) AND (Cancer OR Adenocarcinoma OR Carcinoma
OR Adenoma)”.

In an informal quality check using the authors’ collections, we found that the search
string missed relevant papers lacking the prospective/pre-diagnostic term. Adding the
word “screening” to the term resolved the issue, but returned a dramatically higher number
of hits. Therefore, we used both search strings, but for the second string including the word
“screening”, we filtered the search to title and abstract only:

“(Marker [Title/Abstract] OR Biomarker [Title/Abstract]) AND (Serum [Title/Abstract]
OR Plasma [Title/Abstract] OR Blood OR Circulating [Title/Abstract]) AND (Diagnosis
[Title/Abstract] OR Screening [Title/Abstract] OR “Early Detection of Cancer” [Mesh])
AND (Screening [Title/Abstract] OR Prospective [Title/Abstract] OR “Prediagnostic” [Ti-
tle/Abstract] OR “prediagnostic” [Title/Abstract] OR “Pre-diagnostic” [Title/Abstract]
OR “pre-diagnostic” [Title/Abstract]) AND (Colorectal [Title/Abstract] OR Colon [Ti-
tle/Abstract] OR Rectal [Title/Abstract]) AND (Cancer [Title/Abstract] OR Adenocarci-
noma [Title/Abstract] OR Carcinoma [Title/Abstract] OR Adenoma [Title/Abstract]).”

2.4. Selection Process

The study selection process is summarized in Figure 1. Two of the authors (S.H. and
B.V.G.) perused all study titles independently of each other and marked clearly ineligible
studies for exclusion, due to obviously wrong endpoint (e.g., wrong disease, response
to therapy), obviously post-diagnostic samples, samples that were not blood or studies
that were completely off topic. Articles with congruent exclusion decisions were excluded.
Articles with incongruent assessments or congruent short-list assessments underwent
abstract examination. The same two authors then read the abstracts of all remaining studies
and provided comments on why a study should be excluded. Studies with incongruent
abstract assessments were discussed, and in some cases, the methods section of the full
paper was checked, and if agreement was not immediately reached, we erred on the side
of shortlisting for examination of the full paper. All remaining papers were read in full
by either S.H. or B.V.G., and papers with uncertainties were read by all authors to reach a
consensus decision. Additional studies fulfilling the inclusion criteria were identified from
reference lists, reviews, article collections of the authors and post hoc searches of PubMed.
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Figure 1. Flow diagram illustrating the selection of studies assessing blood-based risk-predictive
and diagnostic biomarkers of colorectal cancer using pre-diagnostic samples from asymptomatic
individuals, i.e., samples collected in prospective cohorts or general screening settings. During data
extraction, an additional five studies were excluded due to lack of key information (n = 1), too small
sample size (n = 2) or non-general screening population (n = 2). * Other sources included reference
lists, review articles, the article collections of the authors and post hoc searches of PubMed.

2.5. Data Collection Process

For data extraction and presentation, studies were classified according to setting,
either prospective cohort (hereafter sometimes referred to simply as prospective) or general
screening, from which data were extracted by S.H. and B.V.G, respectively. Additionally,
the extracted data for a random selection of approximately 10% of the studies from both
settings were checked by M.G., with no corrections.

2.6. Data Items

Data on study design, numbers of study participants, sample medium, biomarker
analyses and main findings were tabulated, separately for prospective cohort and screening
studies. Effect measures extracted were limited to area under the receiver operating curve
(AUC), sensitivity and specificity (highest specificity presented in the study) and estimates
of risk (odds ratio (OR), hazard ratio (HR), relative risk (RR)). Results for colorectal cancer
and advanced adenoma endpoints were prioritized in the summary of main findings. For
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studies including multiple data sets, e.g., discovery, internal validation and/or external
validation, results were extracted only for data sets meeting the criteria for inclusion in the
systematic review.

2.7. Quality Assessment

In order to provide an overview of study quality, we used the Newcastle–Ottawa Scale
(NOS) for assessing the quality of non-randomized studies in meta-analyses [21], which
we adapted for biomarker studies in prospective cohorts (including nested case-control
studies) and screening settings. Categories and rating scales, i.e., maximum numbers of
stars per category, were retained. In the case-control scale, high-quality record linkage or
registry data for case definition were considered adequate. For ascertainment of exposure
in both the case-control and cohort scales, we made an overall assessment of sample
handling and analytical method quality. For the comparability of cases and controls,
age was considered the most important factor, whereas other factors could include sex,
follow-up time from sampling to diagnosis, lifestyle factors, etc. The systematic review
was registered in PROSPERO (registration number CRD42021236073), including a brief
presentation of the review process.

3. Results and Interpretation

3.1. Study Selection

Searches yielded 1146 and 592 hits for search string 1 and 2, respectively. After
exclusions for duplicates, articles not in English and review articles, 1372 articles remained.
Based on a generous assessment of their titles (excluding only articles that were deemed
clearly irrelevant by both S.H. and B.V.G.), 370 were selected for abstract screening. Among
the screened abstracts, 69 were selected for full article assessment. The most common
reason for excluding an abstract was the use of post-diagnostic blood samples (n = 139). In
addition, several studies used an approach focused on risk and etiology, with no clear intent
to identify or validate biomarkers from the perspective of risk prediction or early detection
(n = 59) or had an unclear or irrelevant study setting (n = 34), which was confirmed by
a specific check of the methods section of the full paper when the independent author
assessments were incongruent. Interrater congruence was 84% at the title stage and 88% at
the abstract stage. Four additional articles were identified from other sources, including
reference lists, reviews, the article collections of the authors and post hoc searches of
PubMed, for a total of 58 studies selected for data extraction (Figure 1).

3.2. Study Characteristics

We identified 31 studies conducted in a prospective cohort setting, of which one was
excluded due to lack of key information (number of cases and outcome measure) [22]. Of
the remaining 30 studies fulfilling the inclusion criteria, one [23] investigated adenoma and
the remainder colorectal cancer. The majority of the prospective studies (n = 23) utilized a
nested case-control design, and a few used a cohort or case-cohort design. The number of
cases ranged from 32 to 4210 cases, rarely more than 500.

A total of 27 studies included data potentially stemming from a general screening set-
ting, of which four were excluded due to small sample size or non-general screening [24–27].
Of the remaining 23 studies, 17 presented results for colorectal cancer, and 15 presented
results for advanced adenoma. Case-control design was most common, of which six studies
used matched controls and the remainder unmatched. Two studies used a cohort design.
The number of colorectal cancer cases ranged from 25 to 59, and the number of advanced
adenoma cases ranged from 37 to 420, generally fewer than 150. Half of the screening
studies were based on the BliTz (Begleitende Evaluierung innovativer Testverfahren zur
Darmkrebsfrüherkennung) study, a well-characterized cohort in southern Germany.

For both the prospective and screening studies, plasma or serum were the most
common sample media. A few studies used other media such as extracted nucleic acids or
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circulating white blood cells. Most prospective studies reported either OR, AUC or both,
whereas in the screening studies AUC, sensitivity and specificity were most common.

The quality of the studies included in the review was evaluated using an adaptation
of the NOS score. All studies scored high, in part because studies with a weak design, or
performed in an unclear setting, were excluded at an earlier stage of the article selection
process. Some studies received a lower score on selection due to lack of information on
how the cases were ascertained, what the matching factors were and, for the prospective
cohort studies, whether the controls were free from cancer at the start of the study.

3.3. Biomarkers
3.3.1. Proteins

Protein markers represented the most common target in both the prospective cohort-
based studies (11 of 30 selected studies) and in the screening studies (11 of 23 selected
studies) (Table 1). The most frequently evaluated protein was carcinoembryonic antigen
(CEA), which was included in six studies [28–33]. CEA is a known marker of colorectal can-
cer progression, used for surveillance of colorectal cancer patients [34]. As a single marker,
CEA performed modestly well when colorectal cancer was the outcome, with AUCs rang-
ing from 0.59 in samples collected prospectively between 3–4 years before diagnosis [31]
to 0.63 for samples collected in a screening setting [30]. It performed best when included
in multi-marker panels; for example, CEA combined with p53 auto antibodies yielded
an AUC of 0.85 for colorectal cancer from samples collected in a screening setting [33].
However, for detecting adenomas, the highest reported AUC for panels including CEA
was 0.56, which indicates that it does not have sufficient discriminatory ability to be useful
for early detection or risk stratification.

Other proteins identified as potentially promising colorectal cancer biomarkers were
proteins known to be either directly involved in or strongly associated with inflammation.
They included C-reactive protein (CRP) (five studies [23,30,35–37]), macrophage chemoat-
tractant protein-1 (MCP-1) (two studies [36,38]), interleukin-6 (IL-6) (two studies [23,28]),
macrophage inhibitory cytokine 1, also known as growth differentiation factor 15, (MIC-
1/GDF15) (three studies, [23,28,39]), amphiregulin (AREG) (three studies [28,39,40]) and
Leucine-rich alpha-2-glycoprotein-1 (LRG1) (two studies [29,41]). The inflammatory pro-
tein included in most studies was CRP, a common marker of acute inflammation [42].
However, CRP failed to reach the top markers in two of the five studies that included
it [23,36]; did not detect advanced adenoma in Tao et al., with an AUC of 0.5 [37]; and per-
formed only modestly as an early detection biomarker in the remaining two studies, with
an AUC of 0.64 for advanced adenoma in Lim et al. [30], and a combined AUC (CRP+SAA)
of 0.62 for colorectal cancer in Toriola et al. [35].

Of the remaining inflammatory proteins, those that showed the strongest potential
as future colorectal cancer biomarkers were AREG, LRG1 and potentially MIC-1/GDF15.
AREG performed well on its own, with an AUC consistently above 0.6 [28,39,40]. When
included in a multi-marker panel (that also included MIC-1/GDF15), the AUC was above
0.8 for colorectal cancer and reached 0.6 for advanced adenomas in two of the three
studies [39,40]. However, AREG was evaluated as part of three screening studies that all
stemmed from the BliTz screening trial. Therefore, before any general conclusions can be
drawn about its performance, it would need to be evaluated in samples collected in an
independent setting.

LRG1, on the other hand, was included as a marker in one prospective study based
on samples from the Women’s Health Initiative (WHI) cohort [29], and in a screening
study from 2020 [41]. In the case-control setting, using samples collected at least 3 months
before colorectal cancer diagnosis, a panel containing LRG1 reached an AUC of 0.72. In
the screening setting, a multi-marker panel containing HP, LRG1 and PON3 had an AUC
of 0.65 for detection of advanced adenomas and another panel, optimized for detecting
colorectal cancer, reached an AUC of 0.79.
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MIC-1/GDF15 was evaluated as part of several larger panels without reaching the
top-ranked markers. It was included as a separate marker for adenomas in Song et al. [23],
where it performed reasonably well with an OR of 1.55 (95% CI: 1.03–2.32), AUC not
shown. It is noteworthy that MIC-1/GDF15 had also been favorably evaluated in a study
of recurrent adenoma, not included in the systematic review selection [43].

Some studies assessed candidate protein biomarkers that have shown promise in
clinical colonoscopy settings. One such example is CYFRA 21-1 (cytokeratin 19 frag-
ment) [44–46], which showed an AUC of 0.73 for detecting advanced adenomas in a
general cancer screening setting [30]. CYFRA 21-1 was also selected for inclusion in at least
one multi-marker panel tested in a screening setting [32], whereas in a prospective cohort
setting, it was deemed unsuitable as a screening marker [31].

Several studies used a proteomics approach, measuring large panels of proteins in
their first phases (sometimes a clinical or patient setting) and typically proceeding with vali-
dation of top hits. For example, one prospective study [47] nested within the North Sweden
Health and Disease Study and five studies from the BliTz screening cohort [28,38–40,48]
used Proseek Multiplex immunoassays (Olink Proteomics, Uppsala, Sweden), though most
top hits differed. Many of the highest ranked proteins were only included in one study,
making it difficult to assess reproducibility. One notable exception was fibroblast growth
factor 21 (FGF-21), elevated levels of which were associated with a higher risk of colorectal
cancer in the Swedish study, in which both the discovery and validation phases used pre-
diagnostic samples [47], and in the BliTz validation set [48]. However, the discriminatory
ability of FGF 21-1 in both studies was insufficient for clinical implementation.
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3.3.2. Metabolites

The metabolome was evaluated in four of the cohort-based studies [55–58] and one
of the screening studies [59] included in this review (Table 2). Methods and materials
differed between studies and included both liquid and gas chromatography, as well as
both plasma and serum samples. One of the earlier prospective studies used a combination
of methods to measure 676 metabolites in serum samples from 254 case-control pairs
collected at a median of approximately 8 years prior to diagnosis [55]. Of 447 metabolites
successfully identified, none were significantly associated with colorectal cancer risk. In
contrast, an AUC of 0.81 was reported for a panel of 14 metabolites identified in serum by
gas chromatography in a study of 31 advanced adenoma patients and 254 healthy controls
from a screening program, using an approach with a training and test set [59].

A prospective study based on samples from two Shanghai cohorts, the Shanghai
Women’s Health Study (SWHS) and the Shanghai Men’s Health Study (SMHS), identified
metabolites using both Gas Chromatography-Time of Flight Mass Spectrometry (GC-
TOFMS) and Ultra-performance Liquid Chromatography and Quadrupole Time-of-flight
Tandem Mass Spectrometry (UPLC-QTOFMS) for global metabolic profiling of plasma
samples from 250 case-control pairs [58]. In that study, 35 metabolites were significantly
associated with colorectal cancer, nine of which retained significance after multivariable
adjustments. A panel containing the top nine produced an AUC of 0.76.

The two remaining metabolomics studies both used samples collected as part of the
EPIC cohort. One was a case-cohort study from EPIC-Heidelberg [56], and the other was
a nested case-control study with samples from EPIC-Turin [57]. The EPIC-Heidelberg
study, which included 163 colorectal cancer cases and a subcohort of 774 participants [56],
analyzed levels of 120 metabolites in plasma, of which one (lysophosphatidylcholine 18:0)
was inversely associated, and another (phosphatidylcholine PC ae C30:0) was positively
associated, with colorectal cancer risk. Both metabolic markers may be more likely to
function as risk factors rather than early disease biomarkers. The study from EPIC-Turin
analyzed serum from 66 case-control pairs [57], using an untargeted metabolomics ap-
proach focused on lipophilic molecules, and identified nine features that they deemed to
be of further future interest.

Important to note is that although some metabolomics studies yielded high enough
AUCs to be clinically useful, there is a lack of replication of individual metabolites. Until
more studies evaluating the same targets are produced, metabolomic markers are more
likely to contribute to the understanding of colorectal cancer etiology, rather than be used
as biomarkers for risk prediction and early diagnosis.
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3.3.3. Antibodies

Among the studies selected for this review, seven included evaluations of antibod-
ies [33,39,60–64], five evaluated antibodies only (listed in Table 3) and two evaluated
combinations of protein panels and antibodies (listed in Table 1). A majority of the studies
analyzed auto-antibodies to p53. Antibodies towards this tumor suppressor have lately
attained increasing interest as a promising early detection biomarker for colorectal cancer.
In the studies included in this review, two evaluated the independent association between
levels of p53 autoantibodies and colorectal cancer risk [61,64], whereas an additional three
included it in a multi-marker panel [33,39,62]. Teras et al. used a nested case control design
with 392 cases and 774 controls drawn from the Cancer Prevention Study-II Nutrition
Cohort. They found significant associations for the full case set, which were strength-
ened when limiting the analysis to participants diagnosed within 3 years of blood draw
(RR = 2.26, 95% CI = 1.06–4.83). This time dependency was corroborated by Butt et al. in
2020 [61], using a much larger dataset including 3702 colorectal cancer cases and an equal
number of controls. When stratified by follow-up time, the association in this study was
significant only among cases diagnosed within 4 years of blood draw, with similar risk
estimates to those presented in Teras et al. (OR = 2.27, 95% CI = 1.62–3.19).
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3.3.4. Nucleic Acids

In the category nucleic acids, we included all studies evaluating non-coding RNAs
(five in total, [65–69]), as well as studies evaluating DNA markers, such as DNA methyla-
tion [8,70–74], mitochondrial DNA [75] and circulating tumor DNA [19] (Table 4).

Among the non-coding RNA studies, microRNAs have been most extensively in-
vestigated, but few have produced significant results. The earliest study identified in
our search used a TaqMan microRNA array, as well as an in-depth literature search, to
identify 12 potential microRNA targets [65], none of which reached significance in valida-
tion tests including samples from adenoma patients. Of the four studies of microRNAs,
three used samples collected in screening settings [65,67,69] and one [68] used prospective
samples from the Northern Sweden Health and Disease Study. In the prospective study,
12 candidate microRNAs were measured in plasma samples collected at both pre- and
post-diagnostic time points from the same patients, with the top four giving an AUC for
colorectal cancer detection of 0.93. However, only one (miR-21) showed a time trajectory
consistent with potential use as an early detection marker for colorectal cancer, elevated
approximately three years prior to diagnosis. The other two microRNA studies [67,69] both
used an approach including FIT-positive and unselected patients from general screening.
Using a multi-marker microRNA panel containing six markers Marcuello et al. reached an
AUC of 0.80, while Zanuttoa et al., using a similarly sized panel with different microRNAs,
observed an AUC of 0.61, in both studies for the detection of advanced adenomas.

One recent cohort-based study [66] analyzed a PIWI interacting RNA (piR-54265) in
serum samples from 307 colorectal cancer cases and 614 matched controls from the prospec-
tive cohort study of Dongfeng-Tongji (DFTJ) in China. They found it to be significantly
associated with colorectal cancer risk, primarily in individuals diagnosed within 2–3 years
after blood draw. For other non-coding RNA studies included in this review, independent
validation of results is lacking.

Among DNA-based markers, the most well studied is DNA methylation of Septin 9,
with somewhat mixed results [76]. Our search identified two studies that included SEPT9
methylation, both based on samples collected at screening [8,74] and both published before
2015. More recent studies on DNA methylation included one that evaluated genome-wide
DNA methylation in leukocytes and identified three CpG sites (cg04036920, cg14472551
and cg12459502) that together produced a c-statistic of 0.74 [72]. Another DNA methy-
lation study specifically evaluated methylation in four genes (SFRP1, SFRP2, SDC2 and
PRIMA1) [70], with an AUC of 0.93 for the multi-marker panel for detecting adenoma.
DNA methylation in circulating tumor DNA was also the focus of a recent study using
a newly constructed panel (PanSeer) with the ability to detect multiple different cancer
types [19]. For colorectal cancer, a pre-diagnostic sensitivity of 94.9% was reported for
samples collected up to four years before diagnosis.
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3.3.5. Other Markers

Aside from the types of markers already described, which were included in multiple
studies, some types of biomarkers were only included in single studies (Table 5). One
example is a recent investigation of the triglyceride–glucose index (TyG index) published in
2020 [79]. This easily accessible marker gave an AUC of 0.69, which is not as high as some
biomarkers but would be much easier to implement. Another example of re-purposing of
routine lab tests is the iron-storage protein and inflammatory marker ferritin, which was
included in a promising multi-marker panel [33].
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All markers, including top findings, are presented in Tables 1–5.

4. Discussion

4.1. Limitations of the Evidence

The investigations identified in this review were generally of high quality but varied
considerably with respect to data analysis and presentation of results, and few biomarkers
demonstrated a consistent, clinically relevant discriminatory ability across more than one
study. As expected, the performance of the biomarkers summarized in this review was
generally not sufficient for clinical implementation. The ideal circulating biomarker for
screening would be released from the tumor into the bloodstream in sufficient quantities to
achieve high discriminatory ability. Colorectal tumors present in asymptomatic people,
particularly if they are early-stage carcinoma or advanced adenoma, may not release
adequate amounts for detection, even as technological advances achieve increasingly high
sensitivity. Perhaps even more importantly, not all tumors are likely to possess a given
biomarker, such as a specific genetic or epigenetic alteration, or produce a specific marker
protein. Testing a panel including different types of biomarkers could help overcome
this limitation, as exemplified by studies including panels with both proteins and p53
autoantibodies [33,39].

Some studies presented results stratified for early- and late-stage colorectal cancer.
Since detection of early-stage colorectal cancer is a premise of effective colorectal can-
cer screening, such analyses are highly relevant, particularly for studies conducted in a
screening setting. Stage-specific results were not presented in the results tables in this
review, mainly because of the generally small subgroup sizes. Colorectal cancer screening
also targets the detection and removal of advanced adenoma. Of the studies included
in this review, a majority of those with samples collected in general screening settings
presented results for advanced adenoma as an endpoint. In contrast, only one of the
studies conducted in a prospective cohort setting investigated advanced adenoma [23]. In
general, findings for precancerous lesions were weak to null, with some exceptions, such
as in Marcuello et al. [67], in which a panel of six microRNAs reached an AUC of 0.80 for
detecting advanced adenomas in FIT+ participants in a screening setting.

A major challenge in biomarker discovery is the risk of over-fitting and chance find-
ings. At the very least, bootstrapping, cross-validation, consideration of multiple testing
and/or other statistical methods to reduce the risk of false positive findings should be ap-
plied, which was not always conducted rigorously in the studies identified for this review.
Validation of discovery-stage findings is also a critical step in biomarker development,
though not always possible within the same study setting as the discovery analyses. For
example, the rarity of colorectal cancer events in general screening programs typically
prevents division into separate discovery and validation sets. This issue can be addressed
through collaborative efforts, as in most of the BliTz studies included in this review, for
example, by joining forces with clinical cohorts. However, few to no biomarkers have a
demonstrated clinically relevant discriminatory ability in more than one pre-diagnostic
data set.

An advantage of studies set in prospective cohorts is the opportunity to address the
temporality of biomarker performance. A biomarker that becomes detectable or demon-
strates altered levels close to diagnosis would be a strong candidate for a screening test
to supplement or replace fecal testing, whereas a biomarker that differentiates future
cases from controls but without a clear time trajectory would more likely be a biomarker
of risk. The latter could still have relevance for screening, primarily to improve risk-
prediction algorithms to inform precision screening protocols with respect to starting age
and screening frequency.

In order to distinguish between potential risk-predictive and diagnostic biomarkers,
repeated pre-diagnostic samples represent a particularly valuable resource. We previously
used such a design in a validation study inspired by promising findings from the Alpha-
Tocopherol, Beta-Carotene (ATBC) cohort for the gut hormone ghrelin [85]. Murphy et al.
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observed dramatically higher colorectal cancer risk in ATBC participants with low circulat-
ing total ghrelin concentrations in samples collected within 10 years prior to case diagnosis
(OR: 10.86, 95% CI 5.01 to 23.55), whereas an inverse association was observed at longer
follow-up times. This relationship was not replicated in our analysis of a unique set of
60 matched case-control pairs with repeated, pre-diagnostic plasma samples (one sample
collected within 5 years prior to case diagnosis and one sample collected 10 years earlier),
despite adequate statistical power [86]. There was no obvious explanation for the diverging
findings, which demonstrates the value of validation studies in observational settings prior
to clinical testing.

A major disadvantage of prospective cohorts for cancer biomarker research is the
inherently limited sample volumes available for analysis. Whereas plasma/serum volumes
of several milliliters are typically required for analyses of circulating tumor DNA, especially
for asymptomatic patients with low tumor burden, analyses in biobank samples must
usually be limited to sample volumes of 500 μL or less.

4.2. Limitations of Review Processes

A major limitation of the review process was the use of general search strings for a
broad topic, which included many different types of exposures. Studies using the specific
name of the biochemical analyte or platform, without referring to them as biomarkers or
markers, would be missed in our searches. Furthermore, search string 2 could potentially
miss relevant research published in a form with no abstract, such as a short report or letter.
The aforementioned ghrelin publication by the authors was missed for this reason [86].

We also found it difficult to establish defined criteria to distinguish between studies
focusing on etiology versus studies aimed towards identifying suitable biomarkers for
screening. This problem was especially prominent for the prospective cohort studies.
Although biomarkers investigated to help elucidate etiological mechanisms could certainly
have relevance as biomarkers for screening, we recognize that the studies identified in our
searches represent a minute fraction of all such publications. Therefore, we only included
studies for which risk prediction or early diagnosis was clearly in focus, for example,
as a specified aim or with calculation of discriminatory ability. Although this is in line
with the stated purpose of this review, it was not noted specifically as a restriction in the
PROSPERO registration.

Limiting the review to papers published from 2011 and onward may have led to
relevant studies being missed. We accepted this risk based on the consideration that
important novel biomarkers identified more than 10 years ago would likely have been
validated in studies during the past 10 years. Our eligibility criteria will also have missed
any promising biomarkers published only in non-English papers.

In order to assess the quality of the studies included in this review, we applied the
Newcastle–Ottawa Scale (NOS) for assessing the quality of non-randomized studies in
meta-analyses. We adapted the scale for use in assessing biomarker studies, making an
effort to minimize the modifications. This may have introduced a bias toward higher
scores, particularly with respect to the scoring category for exposure in the case-control
scale. For example, using the same method of exposure ascertainment for cases and controls
is standard procedure in this type of biomarker study design. However, the generally
high scores noted also reflect the inclusion criteria for the review, which were set to ensure
selection of studies with sampling prior to diagnosis, i.e., high-quality study designs. Most
studies also accounted for factors such as age, typically by matching of cases and controls
or by multivariable adjustment, and were thus awarded two NOS stars for the category
on comparability of cases and controls. However, for cancer screening, the practice of
matching controls has been called into question [87], and some studies, therefore, made an
active decision not to use matched controls [28,39,53].
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4.3. Implications for Practice and Policy

Taken together, this systematic review did not identify any single biomarker or
biomarker panel that consistently demonstrated a discriminatory ability on par with
FIT, suggesting that stool testing in general colorectal cancer screening is unlikely to be
replaced by a blood test in the foreseeable future. Though not accurate enough to be used
alone, autoantibodies to p53 showed consistently promising results as a marker for early
diagnosis of colorectal cancer and might serve as a supplement to methylated Septin 9
testing or in a future multi-marker panel. In general, panels of biomarkers performed
better than single markers. The results of this review underscore the need for validation
of promising colorectal cancer biomarkers in independent pre-diagnostic settings prior to
clinical testing and implementation.

Translation of biomarkers to clinical implementation requires consideration of factors
beyond discriminatory ability. The optimal biomarker would be insensitive to variable
pre-analytical conditions, such as time of day for sample collection, fasting status and
sample handling. It would be collected in standard phlebotomy tubes and be analyzed
on equipment available at larger hospital laboratories. Many of the more promising
biomarkers in this review, including anti-p53 antibodies, could be developed to fulfill
these considerations. However, these are not absolute requirements for a clinical blood
test. For example, interleukins degrade rapidly at room temperature, but IL-6 is routinely
analyzed in clinical practice. Metabolites are often sensitive to fasting status [88], which
could be a disadvantage if samples are to be used in biomarker panels for risk stratification,
but a metabolomics-based diagnostic biomarker reflecting the tumor itself might be less
likely to be affected by food intake. The results of a biomarker test should also be easy
to interpret, which does not exclude the possibility of multi-marker or omics-based tests
requiring advanced data analyses to generate results. The explosion of genomic and
transcriptomic tumor testing in recent years, such as FoundationOne and PAM50, and the
rapid implementation in clinical oncology practice, illustrate the willingness of clinicians
to adopt and familiarize themselves with modern, data-heavy analyses.

A health-economical evaluation is central to the implementation of any medical
testing, including cancer screening. Demonstrating cost effectiveness for a colorectal
cancer screening test with a discriminatory performance on par with current fecal testing
alternatives should not be difficult given the high and increasing costs of therapy, as
the drug arsenal expands and survival during therapy continues to improve. However,
for a test with a high positivity rate, cost effectiveness approaching that of colonoscopy
screening might be achieved simply by chance, i.e., by the high proportion of screening
participants selected for colonoscopy. This issue has been raised for annual SEPT9 testing,
which would send 70% of screenees to colonoscopy within 5 years [89]. Conversely, the
potential of a highly discriminatory biomarker test to reduce unnecessary colonoscopy,
beneficial from both a patient and health-economy perspective, should not be overlooked.
Risk stratification, using prediction algorithms, potentially supplemented with biomarkers,
might not only be helpful to select and encourage high-risk individuals to attend earlier or
more frequent screening, but also to identify very low-risk individuals who might safely
postpone their screening start.

Risk-prediction and diagnostic biomarkers could also have value in the clinical setting,
to help shorten the time to diagnosis in patients with symptoms potentially consistent
with a colorectal tumor but otherwise low suspicion of malignancy. Such an aid to clinical
decision could be implemented in referral guidelines [90], similar to the recent addition
of FIT to the NICE guidelines for example [91]. From a secondary prevention perspective,
effective and personalized risk stratification could help guide surveillance strategies after
adenoma removal.

In addition, there are other potential preventative benefits of blood-based biomarkers
(Figure 2). The minimally invasive nature of blood testing should be conducive not only to
improving overall screening uptake, but ideally also to reducing socioeconomic disparities
in participation rates. A biomarker panel indicative of risk over a longer time period could
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be used for precision lifestyle counselling and/or pharmacoprevention, especially if it
could detect specific negative physiological effects of poor lifestyle behaviors or metabolic
health. Candidate pharmacopreventive drugs exist, for example the antidiabetic drug
Metformin and aspirin and other non-steroidal anti-inflammatory drugs [92–94] and a
targeted approach might improve both compliance and numbers needed to treat/harm.

Figure 2. Potential applications of pre-diagnostic biomarkers for prevention and early detection of
colorectal cancer.

4.4. Future Research Perspectives

The numbers of studies using pre-diagnostic blood samples to investigate colorectal
cancer biomarker is limited compared to the overwhelming volume of publications based
on patient samples. In part, this is likely due to the relatively large volumes of blood re-
quired for some types of biomarkers, such as tumor DNA-based markers and extra-cellular
vesicles (especially in asymptomatic tumor bearers), rendering such analyses generally un-
feasible in prospective cohort biobanks. Prospective cohorts have also traditionally focused
primarily on etiological biomarker studies, with the aim of elucidating how colorectal
cancer arises and grows, including mechanistic links between lifestyle-based exposures
and carcinogenesis. However, with the rapid expansion of large-scale proteomics and other
technologies using smaller sample volumes, prospective cohorts seem poised to become
a key asset for translating biomarkers to the clinic. Furthermore, novel collaborative ef-
forts such as the international Colorectal Cancer Pooling Project (C2P2, originally planned
with a risk factor and etiology focus) may prove invaluable as a resource for research of
blood-based risk-predictive and diagnostic biomarkers, with large sample sizes allowing
for analyses of various time points prior to diagnosis and of clinical and molecular tumor
subgroups. Such resources could also provide opportunities for validation in various
geographical, ethnic and socioeconomic settings. The extensive etiological biomarker
data previously collected in many prospective cohorts might also be revisited to identify
multi-marker panels for risk stratification, using, for example, machine learning methods.

For future studies, we would stress the importance of a clear and complete description
of the samples used, in particular distinguishing between screening, clinical and mixed
colonoscopy settings. In new etiological studies in prospective cohorts, scientists might
consider the possible additional value of evaluating the biomarkers also from the per-
spective of risk prediction, with appropriate statistical analyses and lag-time stratification
as pre-specified analyses. We also support standardized reporting of results according
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to published guidelines and checklists, such as the Standards for Reporting Diagnostic
Accuracy (STARD) statement [95], and the Transparent Reporting of a multivariable pre-
diction model for Individual Prognosis Or Diagnosis (TRIPOD) Statement [96], to aid
interpretation of findings.

5. Conclusions

In this systematic review, we evaluated 53 articles that investigated risk-predictive or
diagnostic biomarkers of colorectal cancer using blood samples collected in a pre-diagnostic,
asymptomatic setting. All studies used samples collected either in prospective cohorts
(months to years before diagnosis) or in general screening settings. The quality of the
studies was generally high, but very few potential biomarkers showed consistent results in
more than one study. The vast majority focused on protein biomarkers in plasma or serum,
but even when combined into multi-marker panels, proteins alone did not achieve sufficient
discriminatory ability to be clinically useful as an alternative to FIT in general colorectal
cancer screening. However, one of the most promising biomarkers, p53 autoantibodies,
consistently performed well, especially in combination with protein markers, which may
warrant development as a supplement to current screening tests. In general, panels of
biomarkers performed better than single markers.

The search for colorectal cancer biomarkers that can detect early carcinomas or ad-
vanced adenomas, or aid in the identification of high-risk individuals, has relied too heavily
on samples collected from patients after diagnosis, whose tumor burden and systemic
response may not be representative of the general screening setting. The findings of this
review underscore the need for discovery and validation of biomarkers in independent, pre-
diagnostic, asymptomatic settings, in order to improve the chances of successful translation
to clinical implementation.
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