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Abstract
Background: Adjuvantchemotherapy(AC)plays a substantial role in the treatment of locally advanced
gastric cancer (LAGC), but the response remains poor. Weaims to improve its e�cacy in LAGC.

Methods: We identi�ed the expression of eight genes closely associated with platinum and �uorouracil
metabolism (RRM1, RRM2, RRM2B, POLH, DUT, TYMS, TYMP, MKI67) in the discovery cohort (N=291).
And we further validated the �ndings in TCGA (N=279) and GEO. Overall survival (OS) was used as an
endpoint. Univariate and multivariate Cox models were applied. A multivariate Cox regression model was
simulated to predict theOS.

Results: In the discovery cohort,the univariate Coxmodelindicated that AC was bene�cial to high-RRM1,
high-DUT, low-RRM2, low-RRM2B, low-POLH, low-KI67, low-TYMS or low-TYMP patients, the results were
validated in the TCGA cohort. The multivariate Cox model showed consistent results. Cumulative analysis
indicated that patients with low C-Score respond poorly to the AC, whereas thehigh and mediumC-Score
patients signi�cantly bene�t from AC. A risk model based on the above variables successfully predicted
the OS in both cohorts (AUC=0.75 and 0.67, respectively). Further validation in a panel of gastric cancer
cell (GC) lines (N=37) indicated that C-Score is signi�cantly associated with IC50 value to �uorouracil.
Mutation pro�ling showed that C-Score was associated with the number and types of mutations.

Conclusion: In this study, we successfully simulated a predictive signature for the e�cacy of AC in LAGC
patients and further explored the potential mechanisms. Our �ndings could promote precision medicine
and improve the prognosis of LAGC patients. 

Introduction
Gastric cancer (GC) is the third most common cause of cancer mortality worldwide, killed over 780,000
patients in 2018 (1). For early GC, which is con�ned to mucosa or submucosa (T1), endoscopic
submucosal resection could improve 5-year survival rate to 84% (2, 3). However, the prognosis of locally
advanced GC (LAGC, stage II/III) patients remains poor despite curative surgery, and adjuvant therapies
are employed (4). Post-operative chemotherapy has been proved effective; still, many patients showed
rapid relapse of the disease and poor overall survival (OS) (5–8). Therefore, how to improve the e�cacy
of chemotherapy in LAGC patients is a problem urgently needed to be solved.

Multiple strategies have been implemented to enhance the e�cacy of chemotherapy, such as
neoadjuvant chemotherapy. The MAGIC trial demonstrated that patients received pre-operative ECF
(epirubicin, cisplatin, and �uorouracil) chemotherapy showed improved 5-year OS rate (from 23–36%)
compare to postoperative setting (9). FFCD9703 trial improved 5-year OS rate from 24–38% by
combining cisplatin and �uorouracil pre-operatively (5, 10). ARTIST trial indicated that post-operative
chemoradiation failed to reduce the recurrence rate after curatively resection of GC compared to
chemotherapy (11). Notably, ACTS-GC and CLASSIC trials highlight the e�cacy of S-1 and capecitabine
plus oxaliplatin regimens in improving the 5-year OS rate of post-surgery (R0 resection plus D2
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lymphadenectomy) in stage II/III GC patients (6, 7). However, still, over 30% of LAGC patients showed
progressive disease (PD) to chemotherapy, in which mechanisms remain unknown.

Platinum and �uorouracil are the most common reagents in chemotherapy for LAGC (12). It has
suggested ribonucleotide reductase (RR), thymidine synthase (TYMS), thymidine phosphorylase (TYMP),
deoxyuridine triphosphatase (DUT) and dihydropyrimidine dehydrogenase (DPD) playing substantial
roles in the metabolism of 5-Fluorouracil (13). The genetic variants, mRNA, and protein expression of
TYMS, TYMP, RR, and DPD were identi�ed as prognostic factors or predictors of chemotherapy response
in GC patients (14–19). DNA repair-related genes like excision repair cross-complementing 1 (ERCC1),
DNA polymerase η (POLH) were reported to be associated with platinum resistance (14, 20). Despite this,
resistance to chemotherapy still occurred for lack of valid signature, which eventually results in PD. A 72-
gene signature of acquired resistance to cisplatin and 5-�uorouracil chemotherapy was identi�ed in 123
metastatic GC patients, which could predict time to progress (21). Another Singaporean study with 318
gastric cancer patients categorized the patients into three subtypes that may be sensitive to different
chemo-reagents (22). Among these studies, RR, TYMS, DUT, TYMP, POLH were considered playing key
roles in the resistance to cisplatin and 5-�uorouracil (23). However, to date, no consensus has reached in
signature for chemotherapy in LAGC.

To identify an optimal signature for chemotherapy in LAGC, we retrospectively enrolled 291 post-
operative stage II/III GC patients, and we quantitated the signature of 8 biomarkers (RRM1, RRM2,
RRM2B, TYMS, TYMP, DUT, POLH and MKI67) in the �uorouracil and platinum metabolism pathways on
slides of patients by immunohistochemistry(IHC). Furthermore, we validated our model on TCGA (The
Cancer Genome Atlas, N = 279) and a cell lines microarray (N = 37) from GEO (Gene Expression
Omnibus). The �ndings were further analyzed in mutation pro�les of TCGA and GEO datasets, which
proposed the possible mechanism. Finally, a multivariable prediction model was addressed in both
cohorts to predict the e�cacy of �uorouracil and platinum-based chemotherapy for LAGC.

Materials And Methods

Ethics Statement
The protocol of this study was reviewed and approved by the institutional review board (IRB) of A�liated
Sir Run Run Shaw Hospital (SRRSH), Zhejiang University. Written informed consent was obtained from all
the patients enrolled in this study.

Study Design
The study design was depicted in Figure S1. Brie�y, we enrolled 472 GC patients who were treated at the
department of surgical oncology in A�liated Sir Run Run Shaw Hospital (SRRSH), Zhejiang University
between 1995 and 2011. The inclusion criteria were as followed: 1. Stage II and III Gastric
adenocarcinoma with pathology diagnosis, 2. Inform consented or waiver of consent provided by the
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patient. We excluded patients with the following criteria: 1. Metastatic or Stage I disease; 2. None-
adenocarcinoma or multiple cancer; 3. No tissue sample obtained; 4. Failure to provide consent inform; 5.
Loss of follow-up after surgery. A total of 291 out of 472 GC patients were �nally enrolled in the study. All
patients are Han Chinese. Among these patients, 173 of 291 patients had post-surgery adjuvant
chemotherapy (Table 1). The combination chemotherapy regimens included folinic acid, 5-�uorouracil
and oxaliplatin (FOLFOX6; 93 Cases); epirubicin, oxaliplatin, and Xeloda (EOX; 13 cases); epirubicin,
oxaliplatin and 5-�uorouracil (EOF; 49 cases), multiple chemo-regimen (12 cases), mitomycin and 5-
�uorouracil (4 cases) and oral S-1 regimen (2 cases). All patients were periodically followed up. The TNM
stage data for the participants were obtained from the clinical and pathological diagnoses and
determined according to the NCCN guidelines for GC (Version 3, 2016) (12). The human tissue samples
were obtained from surgery and stored at room temperature after formalin-�xed and para�n-embedded
(FFPE). Correlation result displayed storage time did not affect gene expression in statistical signi�cance
(P > 0.05).
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Table 1
Host characteristics of SRRSH and TCGA cohorts

Variables/Biomarkers SRRSH TCGA

†All cases 291 279

Age    

mean(SD) 59.7(11.6) 65.8(10.6)

Range 29–80 29–80

<=60 133 81

> 60 158 193

Sex    

Male 207 179

Female 84 100

TNM Stage    

II 111 117

III 180 162

*Tumor Grade    

low 35 6

medium 71 81

high 185 192

Histology    

Papillary 4 NA

Mucinous 24 NA

Signet ring cell 30 NA

Poor Differentiation 231 NA

Tumor location    

Proximal 61 NA

†: Among all biomarkers, there are part of patients' expression information missing: 49 patients in
RRM1,48 patients in RRM2, 46 patients in RRM2B, 49 patients in POLH, 47 patients in DUTPASE, 48
patients in KI-67, 46 patients in TYMS and 39 patients in TYMP in SRRSH cohort; In TCGA dataset,
age information in 5 cases were missing.

‡ 33 cases in the SRRSH cohort and 4 cases in the TCGA cohort are undifferentiated, which were
included in high tumor grade.
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Variables/Biomarkers SRRSH TCGA

Body 63 NA

Distal 156 NA

Linitis Plastica 11 NA

‡Tumor Size    

Yes 108 NA

No 174 NA

Chemotherapy    

Yes 173 146

No 118 133

†: Among all biomarkers, there are part of patients' expression information missing: 49 patients in
RRM1,48 patients in RRM2, 46 patients in RRM2B, 49 patients in POLH, 47 patients in DUTPASE, 48
patients in KI-67, 46 patients in TYMS and 39 patients in TYMP in SRRSH cohort; In TCGA dataset,
age information in 5 cases were missing.

‡ 33 cases in the SRRSH cohort and 4 cases in the TCGA cohort are undifferentiated, which were
included in high tumor grade.

We validated our results in TCGA (24) and GC cell lines dataset (GSE22183) (22) from GEO. All clinical,
pathological information of 279 LAGC cases in 391 GC patients were enrolled in our study (Table 1). In
the GSE22183 dataset, 37 GC lines were sequenced with Genome-wide mRNA expression pro�les. Among
them, 28 gastric cancer cell lines were tested for the 50% growth inhibition (IC50) to �uorouracil (detailed
information was listed in Table S1).

Immunohistochemistry
The IHC was applied to determine the protein expression levels of biomarkers on FFPE human tissue
samples. To normalize the reaction conditions, we reassembled all FFPE tissue samples into multiple
tissue arrays as we previously described (15). The accuracy of IHC was validated by quantitative RT-PCR
(qRT-PCR) on two parallel samples. Brie�y, after depara�nization, the endogenous peroxidase activity
was blocked with 3% H2O2 (hydrogen peroxide). The array slides were later incubated with normal goat
serum and then applied with a primary antibody. After H2O2 treatment, the array slides were incubated
with horseradish peroxidase-labeled polymer conjugated diaminobenzidine and then counterstained with
hematoxylin (DAKO).

An automated imaging system was employed to obtain digital images of the stained sections for
subsequent quantitative analyses. Two investigators scored the expression values of biomarkers for each
sample in a double-blind manner. Score criteria of RRM1, RRM2, and RRM2B were similar to our previous
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studies (15, 25). Both immunoreactivities in the nucleus and cytoplasm were evaluated. Each image was
scored based on the following categories: subcellular localization, staining intensity, and/or percentage
of stained cells. Based on the intensity of the signal, biomarkers' expressions were classi�ed as negative
(-), weakly positive (+), positive (++), or strongly positive (+++) (Figure S2). An expression score of – or + 
was designated the low expression, and a score of + + or +++ was classi�ed as the high expression in the
following analysis.

Antibodies
The primary antibodies of RRM1 (1:50), RRM2 (1:10), and RRM2B (1:200) were generated, selected, and
tested in our previous experiments (25, 26). Thymidine Synthase antibody (1:5, Catalog#: MBS190051),
Ki67 (1:100, Clone: B56), dUTPase (DUT, 1:500, Clone: 1C9), Thymidine Phosphorylase (1:5, Catalog#:
ab180783) and DNA polymerase η (1:200, PA5-29063) were purchased from MyBioSource (San Diego,
CA), BD Bioscience (San Jose, CA), Novus (Littleton, CO), Abcam (Cambridge, MA) and Thermo Fisher
(Waltham, MA), respectively.

Statistics Analysis
All demographic data, clinicopathological information, and IHC results were coded and entered into the
database. Double data entry and logic checks were used for error reduction. SAS 9.4 (SAS Institute, USA),
JMP 8.0 Software (SAS Institute, USA) and GraphPad Prism 5.0 (GraphPad Software, USA) were used for
the statistical analysis and plotting. Contingency tables and Fisher’s exact test were used for the
categorical variables to evaluate the association between markers and the response to chemotherapy.
The OS was calculated from the date diagnosed to the date of death. Patients who were alive at the last
follow-up were censored at that time. The association of each marker with survival and chemotherapy
was analyzed using the Kaplan–Meier method and log-rank test. Multivariate analyses were carried out
using the Cox proportional hazards model adjust with age, gender, and the interaction effect between
chemotherapy and covariates of interest in both the SRRSH cohort and TCGA cohort. All tests were two-
sided, and P < 0.05 was considered statistically signi�cant.

Computational Modeling And Veri�cation
The Cox proportional hazard regression was performed to develop a model to assess and predict the
effect of chemotherapy on patients with different expressions of biomarkers adjusting for age, gender,
and tumor grade. The proportional hazards assumption was tested, and no violation has been detected
among variables of interest. Since the effect of chemotherapy may potentially be in�uenced by the
expression of biomarkers, as well as age, gender and tumor grade, we included interaction terms between
chemotherapy (yes/no) and each of the covariates above. The full model indicated that age, RRM1,
POLH, TYMS and the interaction terms between chemo and POLH, TYMS and TYMP remained to be
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statistically signi�cantly associated with survival after adjusting for other covariates and interaction
effects. To simplify the predictive model, we removed the expression of biomarkers that neither their main
effect nor interactive effect has signi�cantly contributed to the model. The Harrell’s C-statistic indicated
that removing the variables above and terms did not qualitatively decrease the accuracy of the model
prediction. To further simplify the model structure, we tried to remove interaction terms between chemo
and age, gender and tumor grade, but the prediction accuracy compromised signi�cantly; therefore, we
kept those terms within the model. The same model building process has been applied to both SRRSH
and TCGA cohort and yielded similar results, however, with a slightly higher Harrell’s C-statistic in the
SRRSH cohort.

Results
Expression of 5-Fluorouracil and platinum related markers in LAGC patients who received curative surgery
in the SRRSH cohort and TCGA cohort

We constructed a Multiple Tissue Array (MTA), including all patients enrolled, as we previously reported
(15). RRM1, RRM2, RRM2B, DUT, TS, TP, POLH, and Ki67 were stained on the slides of MTAs. All
demographic data and contingencies with biomarkers in the SRRSH cohort were listed in Table S2.
Among all the GC cases, positive expression of RRM1, RRM2, RRM2B, POLH, DUT, KI67, TS, TP were
110(45.4%), 135(55.6%), 137(55.1%), 154(63.6%), 140(57.4%), 155(63.8%), 141(57.5%), 59(23.4%),
respectively. All the biomarkers were higher in elderly and male patients except TYMP, compared to
younger and female patients. RRM1, DUT, and TYMS were preferentially higher in stage III, low tumor
grade and proximal GC patients, whereas RRM2, TYMS and TYMP were associated with poor
differentiation.

The baseline data and contingencies of biomarkers of the TCGA cohort were listed in Table S3. All the
mRNA expression of selected biomarkers was dichotomized with median levels. In 279 LAGC cases,
positive expression of RRM1, RRM2, RRM2B, POLH, DUT, MKI67, TYMS, TYMP were 136(49.0%),
140(50.0%), 126(45.0%), 150(54.0%), 146(52.0%), 135(48.0%), 136(49.0%), 155(56.0%), respectively.
POLH, DUT was associated with high tumor grade and younger age.

5-Fluorouracil and platinum related biomarkers predict the e�cacy of chemotherapy in LAGC

Univariate COX Proportional analysis indicated that adjuvant chemotherapy was bene�cial to high RRM1
(HR, 0.52, 95%CI 0.33–0.84), high DUT (HR,0.65, 95%CI 0.43-1.00), low RRM2 (HR,0.51, 95%CI 0.30–0.84),
low RRM2B (HR, 0.57, 95%CI 0.35–0.97), low POLH (HR,0.34, 95%CI 0.19–0.60), low KI67 (HR,0.52, 95%CI
0.29–0.92), low TYMS (HR,0.55, 95%CI 0.31–1.01) or low TYMP (HR,0.60, 95%CI 0.40–0.89) LAGC
patients (Table 2, Fig. 1). To avoid the confounding effect, we further conducted a multivariate Cox
proportional analysis. In low RRM2B, low RRM2, low POLH, low KI67 or low RRM1 patients,
chemotherapy remained to protect factors in LAGC (P < 0.05), whereas other biomarkers showed a
consistent trend with the univariate model.
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Table 2
Univariable and Multi-Variable Cox proportional hazard analysis in SRRSH cohort

    Univariable Model   Multi-Variable Model  

Gene signatures Treatment HR (95%CI) P †HR (95%CI) P

RRM1          

low Surgery alone Reference   Reference  

  Surgery + AC 0.74(0.45–1.23) 0.25 0.72(0.42–1.23) 0.23

high Surgery alone Reference   Reference  

  Surgery + AC 0.52(0.33–0.84) 0.007 0.66(0.40–1.10) 0.11

RRM2B          

low Surgery alone Reference   Reference  

  Surgery + AC 0.57(0.35–0.97) 0.04 0.55(0.31–0.99) 0.045

high Surgery alone Reference   Reference  

  Surgery + AC 0.70(0.45–1.09) 0.12 0.85(0.72–1.92) 0.51

RRM2          

low Surgery alone Reference   Reference  

  Surgery + AC 0.51(0.30–0.84) 0.008 0.54(0.32–0.89) 0.02

high Surgery alone Reference   Reference  

  Surgery + AC 0.78(0.49–1.24) 0.3 0.97(0.57–1.66) 0.92

POLH          

low Surgery alone Reference   Reference  

  Surgery + AC 0.34(0.19–0.60) 0.0003 0.37(0.20–0.68) 0.001

high Surgery alone Reference   Reference  

  Surgery + AC 0.92(0.60–1.42) 0.71 1.05(0.66–1.67) 0.84

dUTPase (DUT)          

low Surgery alone Reference   Reference  

  Surgery + AC 0.63(0.35–1.11) 0.11 0.63(0.35–1.31) 0.13

high Surgery alone Reference   Reference  

  Surgery + AC 0.65(0.43-1.00) 0.05 0.82(0.51–1.31) 0.41
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    Univariable Model   Multi-Variable Model  

Ki67          

low Surgery alone Reference   Reference  

  Surgery + AC 0.52(0.29–0.92) 0.02 0.49(0.25–0.95) 0.034

high Surgery alone Reference   Reference  

  Surgery + AC 0.74(0.48–1.13) 0.17 0.85(0.55–1.33) 0.48

TYMS          

low Surgery alone Reference   Reference  

  Surgery + AC 0.55(0.31–1.01) 0.05 0.60(0.37–1.14) 0.12

high Surgery alone Reference   Reference  

  Surgery + AC 0.78(0.52–1.18) 0.25 0.90(0.57–1.42) 0.65

TYMP          

low Surgery alone Reference   Reference  

  Surgery + AC 0.60(0.40–0.89) 0.01 0.67(0.44–1.03) 0.07

high Surgery alone Reference   Reference  

  Surgery + AC 0.84(0.45–1.57) 0.6 0.97(0.47–1.97) 0.92

Chemo-signature        

low Surgery alone Reference   Reference  

  Surgery + AC 1.37(0.65–2.97) 0.41 2.11(0.84–5.56) 0.11

medium Surgery alone Reference   Reference  

  Surgery + AC 0.61(0.37-1.00) 0.05 0.64(0.38–1.10) 0.1

high Surgery alone Reference   Reference  

  Surgery + AC 0.39(0.21–0.72) 0.003 0.44(0.23–0.83) 0.01

* Indicate p-value < 0.05, AC: Adjuvant Chemotherapy †: Adjusted by age and sex.  

The result was validated in the TCGA cohort. Univariate COX model showed high RRM1 (HR, 0.47, 95%CI
0.24–0.90), low RRM2 (HR, 0.42, 95%CI 0.23–0.76), low RRM2B (HR,0.38, 95%CI 0.20–0.69), low POLH
(HR,0.34, 95%CI 0.19–0.60), low MKI67 (HR, 0.40, 95%CI 0.21–0.72), low TYMS (HR, 0.36, 95%CI 0.19–
0.66) or low TYMP (HR, 0.35, 95%CI 0.16–0.69) LAGC patients, high DUT was marginally associated with
chemotherapy e�cacy (P = 0.05), whereas low DUT demonstrated high responsiveness to chemotherapy
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(P = 2.0E-04). The multivariate Cox model also showed consistent results with the univariate model (Table
S4).

C-Score is an ideal predictor for adjuvant therapy e�cacy in LAGC

Cumulative analyses were conducted based on the risk scores (C-Score) generated from the identi�ed
candidate biomarkers that were signi�cantly associated with chemotherapy e�cacy. The C-Score was
calculated as the sum of dichotomized biomarkers (0/1), the value of RRM1 and DUT were labeled as
positive for their expressions associating with high e�cacy, whereas the rest biomarkers were labeled as
a minus for low e�cacy. The formula was as following: C-Score = RRM1 + DUT-RRM2-RRM2B-POLH-
MKI67-TYMS-TYMP. The sum was further categorized as three groups, score − 4 and − 5 were group low,
score − 2 and − 3 were group medium, score − 1,0,1 were group high. The univariate COX model indicated
that high group response to chemotherapy better than group medium (HR, 0.39, 95%CI 0.21–0.72 vs. HR,
0.61, 95%CI 0.37-1.00), but the group low had an inadequate response to chemotherapy (HR, 1.37, 95%CI
0.65–2.97). The multivariate Cox model indicated similar results (Table 2). Kaplan-Meier analysis
showed that patients who received chemotherapy had signi�cantly better OS than patients who received
surgery only in group high and group medium (log-rank P = 0.003, and 0.05, respectively, Fig. 2). The
validation in the TCGA cohort also showed similar results that patients in group high and medium
response to chemotherapy better than patients who only received surgery (HR, 0.36, 95%CI 0.15–0.75, HR,
0.47, 95%CI 0.25–0.84, respectively). The patients in group low demonstrated no difference in death risk
and OS in surgery plus chemotherapy and surgery alone GC patients.

To further explore the value of C-Score, we developed a predictive model by including interaction terms
between chemotherapy and each of the other covariates. The concordance test indicated that including
the interaction effect has signi�cantly improved the prediction accuracy. After performing model selection
logic, the �nal model included age, gender, chemo, tumor grade, RRM1, POLH, TYMD, TYMP, and
interaction terms between chemo and each of the other covariates. The model accuracy based on the
SRRSH cohort (Harrel’s C = 0.7212) was slightly higher compared to that of the TCGA cohort (Harrel’s C
0.6823). Also, due to the limited number of observations with survival time longer than three years in the
TCGA cohort, here we only reported the model parameters estimated based on the SRRSH cohort. The
ROC curves and AUC at speci�c time points have been presented in Fig. 3A. The AUC �uctuated between
0.75 to 0.81 across different survival tie points. Due to the limited number of observations with survival
time longer than 84 months, the ROC value remained the same after the 84th month measurement. The
time-dependent AUC and corresponding 95% con�dence limits were presented in Fig. 3B, which indicated
that the model prediction accuracy was comparatively stable before the 84th month. Therefore, we
suggest applying this model for estimation of no-longer than 5 to 6-year survival outcomes.

Based on this model, we developed a calculator to predict the hazard ratio of receiving chemotherapy
against not receiving chemotherapy for individual patients with different characteristics and biomarker
pro�les. A sample calculator is available in the supplementary materials in the excel spreadsheet format.
The information needed to calculate the HR(chemo/non-chemo) includes gender (0-male/1-female), age
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in year, grade (1 to 4), RRM1, POLH, TYMS, and TYMP (0-no/1-yes) (Attached �le1). One limitation of this
calculator is that the prediction for low-grade patients may not be applicable. Since chemotherapy has a
very signi�cant protective effect for most low-grade patients, which could have potentially masked the
modi�cation effect from biomarker pro�le differences, our predictive model cannot detect the difference
due to the biomarker pro�le variance.

The C-Score is associated with mutation type and burden in LAGC

To identify the possible mechanism underlying the predictive e�cacy of C-Score, we analyzed the
mutation pro�les of the LAGC from the TCGA cohort. The mutation pro�les in group low demonstrated a
signi�cantly higher rate of functional mutations than group median and high group (Fig. 4). Notably, the
mutation type in low group cases was mainly frame shift ins/del, non-sense, and splice site, which could
distinctly alter the protein translating, whereas the primary mutation type in group median and high was
missense mutation. The highest frequency of the mutated gene in group low was ARID1A, and in group
median and high was TP53.

To further validate our �ndings, we analyzed the association between C-Score biomarkers’ expression and
IC50 value to 5-�uorouracil in GC cell lines from a published study (22). The result demonstrated that the
IC50 value was signi�cantly correlated with chemo-signature in GC cell lines (P = 0.044, Table 3).
Moreover, the mutation pro�le showed a similar distribution pattern to the data from the TCGA cohort,
which also showed that high frequency of frameshift mutations in group low and high frequency of
missense mutation in group median and group high. The highest mutated gene was EP300 in group low
and TP53 in group median and high (Fig. 4).

Table 3
Correlation analysis between C-Score and IC50 in 28 GC cell lines

IC50/C-Score 0 1 2  

Resistant 2(100%) 10(58.8%) 2(22.2%)  

Sensitive 0(0%) 7(41.2%) 7(77.8%) *P = 0.044

*Chi-square test        

Discussion
In this study, we identi�ed an optimal signature for LAGC in the SRRSH cohort and further validated the
results in the TCGA cohort. Eight biomarkers closely correlated with oxaliplatin and 5-�uorouracil
metabolisms were detected in 291 LAGC patients in the SRRSH cohort and further validated in 279 LAGC
patients in the TCGA cohort. Univariate COX model indicated that adjuvant chemotherapy was bene�cial
in high RRM1, high DUT, low RRM2, low RRM2B, low POLH, low KI67, low TYMS or low TYMP LAGC
patients in both SRRSH and TCGA cohorts. In the multivariable COX model, all the biomarkers
demonstrated similar results except DUT in the TCGA cohort, which only showed a consistent trend. C-
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Score based on these biomarkers indicated that patients with high C-Score responded to chemotherapy
better than the patients with medium and low C-Score in both cohorts. A Cox regression model (Harrel’s C)
including age, gender, chemotherapy (yes/no), tumor grade and eight biomarkers was employed to
predict the OS of LAGC in both cohorts, which showed that the AUC of SRRSH cohort was 0.7212, and the
AUC of TCGA cohort was 0.6823. A calculator based on our �ndings was developed to predict the bene�t
of chemotherapy. We found that the C-Score of GC cell lines were signi�cantly associated with an IC50
value of 5-�uorouracil, the GC cell lines with low C-Score had signi�cant higher functional mutation rate
compare to median and high C-Score, which suggested potential mechanisms. Further, a Calculator was
established based on C-Score and other clinic-pathological factors, which could successfully predict OS
of LAGC. Thus, we propose that C-Score could be a predictive factor in assisting strati�cation and
treatment decisions of LAGC patients.

The prediction model for chemotherapy e�cacy remains controversial in LAGC. A recently published
study suggested that the immunoScore signature could predict response to adjuvant chemotherapy in
stage II and III GC patients in subgroup analysis, but the result was not validated (27). Another two
studies reported that serum biomarkers based model in GC patients from single-center could classify the
patients who are suitable for chemoradiation or chemotherapy (28, 29). However, these models were
conducted in a small sample size and were not independently validated. The most extensive study in the
prediction model derived from the CLASSIC study, which includes 746 patients in the discovery set and
943 in the validation set. However, it is only a survival predicting model with clinical variables (30). In the
present study, we demonstrated a prediction model based on metabolic genes of chemo-reagents and
clinic-pathological variables with high accuracy in the prediction of chemotherapy e�cacy in two
independent cohorts of LAGC patients. The discriminative capability of our model is comparable to other
existing models (0.7–0.8), though the AUC in the TCGA cohort is relatively lower (0.67). It could be useful
in the decision-making chemotherapy of LAGC.

The sensitivity to chemotherapy was suggested associating with the genomic and epigenomic landscape
of GC. According to TCGA, GC was characterized into four molecular subtypes: Epstein–Barr virus (EBV)-
positive, micro-satellite instable (MSI), genomically stable (GS), and chrom instability (CIN). Among them,
ARID1A was the most frequently identi�ed mutated gene in EBV subtype, whereas TP53 and APC were
the genes enriched in CIN subtype, PI3KCA, and CDH1 were identi�ed in MSI subtype and GS subtype
(24), however, no speci�c drug sensitivity was tested in this study. Another Korean study indicated that
GC with mesenchymal phenotype was resistant to standard chemotherapy (31). In our study, besides
RRM1, DUT, TYMS, RRM2, TYMP, POLH, RRM2B and KI67, which were accessed in our two cohorts, the
difference in chemo-sensitivity may be also associated with the mutation numbers and types in LAGC
patients. The most commonly mutated gene in the high and medium chemo-signature group was TP53,
and ARID1A mutations were mostly identi�ed in low C-Score LAGC, which might be ascribed to CIN and
EBV subtypes, respectively. Regarding the epithelial and mesenchymal phenotypes, C-Score was not
associated with tumor grade in both cohorts (P > 0.05, data not shown), but we did �nd that high tumor
grade was higher in low C-Score LAGC compare to the median and high C-Score patients. Further, a high
functional mutation rate identi�ed in the low C-Score group indicated a high frequency of neo-antigens,
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which suggested that immunotherapy could be an ideal synergistic therapy with chemotherapy(32).
Therefore, we proposed that C-Score was associated with molecular subtypes and immunotherapy of
LAGC, though more research is warranted to decipher the underlying mechanisms.

Our study has the distinct advantages of relatively large sample size, two-phase design, validation in GC
cell lines, and multi-variate predictive model. We acknowledge several limitations. First, we validated the
mRNA level in the TCGA cohort, which was not consistent with the SRRSH cohort, which evaluated the
protein level (IHC) of the biomarkers. However, the principle of protein transcription and previous studies
indicated the linear correlation between mRNA level and protein level (33), though epigenetic factors
could not be ruled out (34). More independent cohorts using IHC detection for protein were required to
validate our �ndings. Second, the heterogeneity between the two cohorts, like race, age, and gender, could
not be alleviated, albeit the tumor stage, tumor grade and chemotherapy information were parallel. Third,
the chemo-regimens of included LAGC were not uni�ed, which may affect the results. However, all the
regimens were based on oxaliplatin and 5-�uorouracil, which means the fundamental anti-tumor
mechanisms were identical.

In summary, we identi�ed and validated an eight gene signature associating with the responsiveness of
chemotherapy in two independent cohorts of LAGC. Based on the signature and other clinical variables,
we generated a risk model that could predict the survival of LAGC patients. Moreover, we also validated
the results in a panel of GC cell lines. Mutation pro�ling based on the C-Score indicated that poor
response to the chemotherapy in the low C-Score group might be associated with the number and type of
mutations. The C-Score identi�ed in this study could not only contribute to the strati�cation of the
patients but also could help reduce the resistance to chemotherapy in LAGC.
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Figure 1

C-Score biomarkers predict the e�cacy of chemotherapy in LAGC in both SRRSH and TCGA cohorts C-
Score biomarkers were evaluated in both SRRSH and TCGA cohorts, Kaplan-Meier analysis indicated that
high RRM1 (A),low RRM2(B),low RRM2B(C), low POLH(D), high DUT (E), low TYMS(F), low KI67(G) or low
TYMP(H) were associated with better response to adjuvant chemotherapy compare to low RRM1, high
RRM2, high RRM2B, high POLH, low DUT, high TYMS, high KI67 or high TYMP, respectively.
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Figure 2

C-Scoreis an ideal predictor for adjuvant therapy e�cacy in LAGC A. In LAGC patients with low C-Score,
adjuvant chemotherapy demonstrated poor e�cacy in prolong OS (log-rank p=0.81 and 0.11 in SRRSH
and TCGA cohort, respectively). B. In LAGC patients with medium chemo-score, adjuvant chemotherapy
showed signi�cant improved OS compare to surgery only patients (log-rank p=0.03 and 0.01 in SRRSH
and TCGA cohort, respectively). C.In LAGC patients with highC-Score, adjuvant chemotherapy showed
signi�cant improved OS compare to surgery only patients (log-rank p=0.002 and 0.007 in SRRSH and
TCGA cohort, respectively)
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Figure 3

Prediction model based on C-Score could successfully predict e�cacy of adjuvant chemotherapy in
LAGC A.The ROC curves and AUC of the model, AUC values �uctuated between 0.75 to 0.81 across
different survival tie points, with the highest AUC in 84, 96 and 108 months (0.8126). B.The time-
dependent AUC and corresponding 95% con�dence limits were presented
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Figure 4

TheC-Score is associated with mutation type and burden in LAGC A.The waterfall plots of mutation
pro�les of LAGCs from TCGA were depicted, the patients with low C-Score demonstrated a signi�cantly
higher rate of functional mutations than group median and high group. B. The waterfall plots of mutation
pro�les of 28 gastric cancer celllines. Celllines with low chemo-signature (group low) showed high
frequency of frameshift mutations in and high frequency of missense mutation than group median and
group high celllines.
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