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A 14-gene gemcitabine resistance
gene signature is significantly
associated with the prognosis

of pancreatic cancer patients

Xing Wei', Xiaochong Zhou?, Yun Zhao**®, Yang He**>, Zhen Weng?3*5>! & Chunfang Xu**

To identify a gemcitabine resistance-associated gene signature for risk stratification and prognosis
prediction in pancreatic cancer. Pearson correlation analysis was performed with gemcitabine half
maximal inhibitory concentration (IC50) data of 17 primary pancreatic cancer lines from Genomics of
Drug Sensitivity in Cancer (GDSC) and the transcriptomic data from GDSC and Broad Institute Cancer
Cell Line Encyclopedia, followed by risk stratification, expression evaluation, overall survival (OS)
prediction, clinical data validation and nomogram establishment. Our biomarker discovery effort
identified a 14-gene signature, most of which featured differential expression. The 14-gene signature
was associated with poor OS in E-MTAB-6134 (HR 2.37; 95% Cl 1.75-3.2; p<0.0001), pancreatic
cancer-Canada (PACA-CA) (HR 1.76; 95% Cl 1.31-2.37; p=0.00015), and 4 other independent
validation cohorts: pancreatic cancer-Australia (PACA-AU) (HR 1.9; 95% Cl 1.38-2.61; p<0.0001), The
Cancer Genome Atlas (TCGA) (HR 1.73; 95% Cl 1.11-2.69; p=0.014), GSE85916 (HR 1.97; 95% Cl 1.14—
3.42; p=0.014) and GSE62452 (HR 1.82; 95% Cl 1.02-3.24; p=0.039). Multivariate analysis revealed
that the 14-gene risk score was an independent pancreatic cancer outcome predictor in E-MTAB-6134
(p<0.001) and TCGA (p=0.006). A nomogram including the 14-gene was established for eventual
clinical translation. We identified a novel gemcitabine resistance gene signature for risk stratification
and robust categorization of pancreatic cancer patients with poor prognosis.

Pancreatic cancer is one of the most dangerous malignancies worldwide, with a 5-year overall survival of less than
5% and an approximately 6-8-month median survival after diagnosis"* Surgical resection followed by adjuvant
treatment with the nucleoside analog drug gemcitabine is the standard management of pancreatic cancer patients
in clinical practice’. Moreover, nab-paclitaxel plus gemcitabine (Nab-Gem) and FOLFIRINOX (folinic acid,
5-fluorouracil, irinotecan and oxaliplatin) represent the standard regimens for the first-line treatment of locally
advanced and metastatic pancreatic cancer*’. However, the majority of patients treated with gemcitabine chemo-
therapy eventually develop gemcitabine resistance®. Obviously, the effectiveness of gemcitabine chemotherapy
is related to the prognosis of pancreatic cancer and therefore could be employed as a baseline for treatment and
prognosis improvement of this fatal disease.

Many studies have been carried out to elucidate the possible mechanisms involved in gemcitabine resistance’~,
which are considered to be related to transport and metabolism behavior and are thought to involve multiple
enzymes and signaling pathways, including human concentrative nucleoside transporters (hCNTs), human
equilibrative nucleoside transporters (hENTs), deoxycytidine kinase (dCK), and ribonucleotide reductase (RR),
or increased activity of the detoxifying enzyme cytidine deaminase (CDA), and PI3K/Akt, MAPK and NF-kB
pathways. Based on these findings, changes in multiple genes at the functional and expression levels could be
a reasonable phenomenon during the development of gemcitabine resistance. Recent advances in microarray
gene chip technology and high-throughput sequencing have resulted in protocols for evaluating the expres-
sion level changes of multiple genes at the same time. Moreover, the generation of large public databases with

!Department of Gastroenterology, The First Affiliated Hospital of Soochow University, Suzhou 215006,
China. 2MOE Engineering Center of Hematological Disease, Soochow University, Suzhou 215123, China. 3Cyrus
Tang Hematology Center, Soochow University, Suzhou 215123, China. “National Clinical Research Center for
Hematologic Diseases, The First Affiliated Hospital of Soochow University, Suzhou 215006, China. "MOH Key
Lab of Thrombosis and Hemostasis, Jiangsu Institute of Hematology, The First Affiliated Hospital of Soochow
University, Suzhou 215006, China. ®Collaborative Innovation Center of Hematology, Soochow University,
Suzhou 215006, China. *email: zhweng@suda.edu.cn; xcf601@163.com

Scientific Reports |

(2021) 11:6087 | https://doi.org/10.1038/s41598-021-85680-x nature portfolio


http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-021-85680-x&domain=pdf

www.nature.com/scientificreports/

Figure 1. Identification of 14-gene signature and evaluation of the gene expression in multiple GEO datasets
with different cell and clinical samples. (A) Venn diagram of the positive and negative gemcitabine resistance
correlated genes derived from E-MTAB-3610 and CCLE datasets. (B) Venn diagram of identification of 22
survival related genes by Univariate Cox analysis via using E-MTAB-6134 and PACA-CA containing above
gemcitabine resistance correlated genes and the clinical data. (C,D) Fourteen genes were identified by Lasso
Cox regression analysis; Lasso coeflicients profiles (C) and Lasso deviation profiles (D). Gene expression

level evaluation of the 14 genes in GSE140077 (gemcitabine resistance cells; FPKM: Fragments Per Kilobase

of transcript per Million mapped reads; (E), GSE62165 (PDAC and normal tissues; (F), GSE91035 (PDAC,
benign and normal tissues; (G) and GSE19650 (multiple different pre-pancreatic carcinoma stage tissues; IPMA:
intraductal papillary-mucinous adenoma; IPMC: intraductal papillary-mucinous carcinoma; IPMN: intraductal
papillary-mucinous neoplasm; (H).

abundant clinicopathological information and molecular profiling data, including genomic, transcriptomic and
epigenomic data, of multiple different types of cancer has facilitated cancer research. In particular, The Cancer
Genome Atlas (TCGA)'® with over 20,000 primary cancer and matched normal samples from 33 cancer types,
the International Cancer Genome Consortium'! (ICGC, containing Pancreatic Cancer-Canada [PACA-CA],
and Pancreatic Cancer-Australia [PACA-AU]) with 50 different cancer types, and the international functional
genomics public data repositories Gene Expression Omnibus (GEO) and ArrayExpress'? are the most commonly
accessed repositories. In addition, drug activity information for approximately 1400 cell lines is available from
the Genomics of Drug Sensitivity in Cancer (GDSC)" and the Broad Institute Cancer Cell Line Encyclopedia
(CCLE)™. However, although high-throughput-sequencing-based studies have revealed several prognosis-related
gene signatures based on differentially expressed mRNAs for predicting overall survival (OS) in pancreatic
cancer'>", few studies have employed a gemcitabine resistance-related gene signature for those purposes in
pancreatic cancer (according to our literature search results).

In the present study, by including genes related to gemcitabine resistance in pancreatic cancer, we performed a
systematic and comprehensive discovery and validation of biomarkers to identify and generate a gene expression
signature for the effective prognostic prediction of patients with pancreatic cancer by using multiple datasets.
We identified a novel 14-gene signature comprising genes related to gemcitabine resistance, which could offer
excellent accuracy for patient risk stratification and prognosis prediction.

Results

Identification of the gemcitabine resistance- and survival-related gene signature, establish-
ment of the prognostic signature and evaluation of the expression of the identified genes. A
total of 1208 (550 positively correlated and 658 negatively correlated genes) and 1983 (1294 positively cor-
related and 689 negatively correlated genes) gemcitabine resistance-related genes were identified from the
E-MTAB-3610 and CCLE datasets, respectively (Fig. 1A). The intersection of these two datasets revealed 509
genes (292 positively correlated and 217 negatively correlated). After combination analysis of the clinical data
from E-MTAB-6134 and PACA-CA, 92 and 70 survival-related genes were obtained, respectively, and 22 inter-
secting genes were found (Fig. 1B). Finally, the efficacy of a 14-gene signature was calculated by Lasso Cox
regression (Fig. 1C,D), and the detailed gene screening data of each step are shown in the Supplementary file.
These genes included CCDC148, SH3RF2, CACNA1D, POLD3, PARP1, AP1M2, C4orfl9, ANO1, VGLLI,
SCEL, INPP4B, NET1, INSIG2 and BVES, and 6 of these genes were reported by previous studies (detailed
shown in the discussion). We then established the following equation: Risk score=— 0.2750x CCDC148 —
0.1514 x SH3RF2 — 0.1332x CACNAID - 0.1250x POLD3-0.0932 x PARP1 — 0.0244 x AP2 — 0.0105 x C4orf1
9+0.0238 x ANO1 +0.0387 x VGLL1 +0.11 x SCEL +0.1158 x INPP4B + 0.1943 x NET1 +0.2316 x INSIG2 + 0.3
211 x BVES (Table 1). Next, we evaluated the expression profiles of these 14 genes in 4 different Gene Expression
Omnibus (GEO) datasets, and out of the 14, the numbers of differentially expressed genes in the GSE140077
(gemcitabine-resistant cells; Fig. 1E), GSE62165 (PDAC and normal tissues; Fig. 1F), GSE91035 (PDAC, benign
and normal tissues; Fig. 1G) and GSE19650 (multiple different pre-pancreatic carcinoma stage tissues; Fig. 1H)
datasets were 10, 7, 7 and 10, respectively (Table 2), suggesting that most of these genes had abnormal expression
in pancreatic cancer.

Identification of a 14-gene risk stratification signature for the prognosis of patients with pan-
creatic cancer and exploration of the expression pattern. Subsequently, we used multiple datasets
to validate the 14-gene signature. The results of Kaplan-Meier curve uncovered significantly favorable overall
survival in patients with a low risk score from the E-MTAB-6134 (HR 2.37; 95% CI 1.75-3.2; p <0.0001), PACA-
CA (HR 1.76; 95% CI 1.31-2.37; p=0.00015), PACA-AU (HR 1.9; 95%CI 1.38-2.61; p<0.0001), TCGA (HR
1.73;95% CI 1.11-2.69; p=0.014), GSE85916 (HR 1.97; 95% CI 1.14-3.42; p=0.014) and GSE62452 (HR 1.82;
95% CI 1.02-3.24; p=0.039) (Fig. 2A,D,G,J,M,P) datasets but not in the GSE71729 dataset (HR 0.98; 95% CI
0.63-1.51; Supplementary Fig. 1). Moreover, the prediction efficacy of the 14-gene signature was also evaluated
by ROC curves; in most of the datasets, the AUCs for 1-, 3- and 5-year OS was larger than 0.6 and close to 0.7.
The highest AUC was found in the E-MTAB-6134 set, and the AUCs for 1-, 3- and 5-year OS were 0.757, 0.716
and 0.717, respectively, while the AUCs for 3- and 5-year OS were relatively low in the TCGA set (0.560 and
0.458, respectively) (Fig. 2B,E,H,K,N,Q and Supplementary Fig. 1). Detailed information on the risk score and
survival status can be found in Supplementary Fig. 2. In addition, we evaluated the expression pattern of these
14 genes in the above datasets, and the heatmap results showed a pattern of differential expression of these genes
in patients with high and low risk scores (Fig. 2C,ELL,O,R and Supplementary Fig. 1). These results suggested
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Gene symbol | Coefficient number | Gene function

CCDC148 -0.275 Diseases associated include Tyrosinemia, Type Ii

SH3RF2 -0.1514 Gene Ontology (GO) annotations include ligase activity and protein phosphatase inhibitor activity

CACNA1D -0.1332 GO annotations include ion channel activity and ankyrin binding

POLD3 -0.125 GO annotations include DNA-directed DNA polymerase activity

PARP1 -0.0932 GO annotations include protein kinase binding

APIM2 0.0244 Among its relgted pathways are Clathrin derived vesicle budding and Nef-mediates down modulation of cell surface receptors by recruiting
them to clathrin adapters

C4orf19 -0.0105 NA

ANO1 0.0238 GO annotations include protein homodimerization activity and intracellular calcium activated chloride channel activity

VGLL1 0.0387 GO annotations include transcription coactivator activity

SCEL 0.11 Diseases associated with SCEL include Extrahepatic Bile Duct Adenocarcinoma

INPP4B 0.1158 GO annotations include lipid binding and phosphatidylinositol trisphosphate phosphatase activity

NET1 0.1943 GO annotations include guanyl-nucleotide exchange factor activity and GTP-Rho binding

INSIG2 0.2316 GO annotations include transcription factor binding

BVES 0.3211 GO annotations include structural molecule activity and cAMP binding

Table 1. Detailed information of the correlated genes. NA Not available.

Genes Downregulated genes Upregulated genes Total numbers
14-gene in GSE140077 ANOI1, NET1, PARP1, POLD3, SCEL, | C4orf19, CACNAI1D, CCDC148, INPP4B, SH3RF2 10

14-gene in GSE62165 C4orf19 ANOL, BVES, CACNA1D, INPP4B, NET1, SCEL 7

14-gene in GSE91035 C4orf19, PARP1 ANO1, CACNA1D, INPP4B, NET1, SCEL 7

14-gene in GSE19650 VGLL1 ?g;}){ll:,zcélorfw, CACNALID, INPP4B, NET1, SCEL, 10*

Table 2. Detailed information of the expression pattern of the correlated genes. *Expression pattern is not
consistent in different type of pancreatic cancer. The total number represents the genes differential expressed
pattern.

that the 14-gene signature could be effectively employed for predicting overall survival and that the differentially
expressed pattern of these 14 genes could be found in most of the patients.

Identification of the 14-gene signature as an independent risk and survival outcome predictor
in pancreatic cancer patients. We then performed univariate and multivariate Cox regression analyses
on this gene panel by including various clinicopathological features of pancreatic cancer patients in 3 datasets
with available clinical information. In the univariate analysis, the 14-gene risk score was identified as a sig-
nificant predictor of overall survival in all 5 datasets (E-MTAB-6134: p<0.001; TCGA: p=0.015; GSE62452:
p=0.042; PACA-AU: p<0.001; PACA-CA: p<0.001) (Fig. 3A-C and Supplementary Fig. 3). Further multivari-
ate analysis revealed that the 14-gene risk score was an independent predictor in pancreatic cancer patients
from the E-MTAB-6134 (p<0.001) and TCGA (p=0.006) datasets but not the GSE62452 dataset (p=0.241)
(Fig. 3A-C). Since there were relatively large numbers of patients in the E-MTAB-6134 and TCGA datasets, our
results verified that our 14-gene signature is quite robust and can be used as an independent factor for survival
prediction in pancreatic cancer patients.

The 14-genesignature robustly identifies poor molecular subtypesin pancreaticcancer. More-
over, recently discovered transcriptomic data-based molecular subtypes, including the squamous subtype
defined by Bailey'3, the quasimesenchymal (QM) subtype by Collisson'?, the basal-like subtype by Moffitt*’, and
the pure basal-like/stroma activated subtype by Puleo?, are predicted to have poor survival outcomes among
PDAC patients. Due to the incomplete clinical information in some of the datasets, we only verified the effective-
ness of our 14-gene signature for molecular subtype prediction in the E-MTAB-6134 and GSE71729 sets, and an
AUC value between 0.8 and 0.96 could be achieved by using our signature (Fig. 4).

Establishment of a risk nomogram for survival prediction in pancreatic cancer patients. To
further strengthen the accuracy of the predictive power of our 14-gene signature, we established a ready-to-use
and clinically applicable risk nomogram for survival prediction in pancreatic cancer patients from E-MTAB-6134
to assess the performance of this signature via a combination of other univariate significant patient characteristic
parameters (e.g., grade and N-stage). As shown in Fig. 5A, a higher total score calculated by adding the assigned
numbers of each factor included in the nomogram was associated with worse 3-year and 5-year overall survival
rates. For example, a patient with a higher grade and a higher 14-gene score could generate a total of 168 points
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Figure 2. Identification of 14-gene risk stratification signature for prognosis of patients with pancreatic cancer
and exploration of the expression pattern. Kaplan-Meier curve, receiver operator characteristic curves for 1,
3 and 5-year overall survival prediction and 14 genes expression heatmaps of different datasets were shown.
(A-C) E-MTAB-6134; (D-F) PACA-CA; (G-I) PACA-AU; (J-L) TCGA; (M-0) GSE85916; (P-R) GSE62452.

Scientific Reports|  (2021) 11:6087 | https://doi.org/10.1038/s41598-021-85680-x nature portfolio



www.nature.com/scientificreports/

A E-MTAB-6134

Univariate regression analysis

Hazard Ratio 95% Cl p-value
Gender (M vs F) 1.287 0.954-1.736 0.098 +—=—
Grade (G3/4 vs G1/2) 1.606 1.099-2.347 0.014 -
Resection margin (R1 vs RO) 1.868 1.289-2.706 <0.001 A
T-stage (T3/4 vs T1/2) 1.200 0.819-1.760 0.349 ———&—
N-stage (N1 vs NO) 1.873 1.296-2.705 <0.001 A
Risk score (High vs Low) 2.368 1.754-3.197 <0.001 s
I
1.0 2.0

Hazard ratio

Multivariate regression analysis

Hazard Ratio 95% Cl p-value
Gender (M vs F) 1.226 0.900-1.669  0.196 P
Grade (G3/4 vs G1/2) 1.650 1.112-2.447  0.013 A
Resection margin (R1 vs RO) 1.451 0.986-2.134 0.059 ]
N-stage (N1 vs NO) 1.505 1.029-2.200  0.035 A
Risk score (High vs Low) 2.090 1.532-2.850 <0.001 P
I T T T 1
071 1.0 141 20 283
Hazard ratio
B TCGA Univariate regression analysis
Hazard Ratio 95% Cl p-value
Gender (M vs F) 0.782 0.504-1.214  0.274 -
Age (260 vs <60) 1.302 0.796-2.131 0.294 ——
T-stage (T3/4 vs T1/2) 1.567 0.751-3.266 0.231  —
N-stage (N1 vs NO) 1.867 1.078-3.235  0.026 -
Stage (III/IV vs I/1l) 0.747 0.235-2.377  0.621
Grade (G3/4 vs G1/2) 1.292 0.813-2.053  0.279 ——
Risk score (High vs Low) 1.730 1.112-2.693 0.015 —a—
1 1T
0.25 0.50 1.0 2.0
Hazard ratio
Multivariate regression analysis
Hazard Ratio 95% Cl p-value
N-stage (N1 vs NO) 1.991 1.145-3.462  0.015 | |
Risk score (High vs Low) 1.878 1.200-2.940  0.006 b
T T T 1
1.0 1.41 2.0 2.83

Cc GSE62452

Hazard Ratio

Hazard ratio

Univariate regression analysis

95% Cl p-value

Grade (G3/4 vs G1/2) 2.008 1.103-3.656  0.023 A

Stage (III/IV vs I/11) 1.300 0.693-2.439 0414 +——=&—

Risk score (High vs Low) 1.819 1.023-3.236 0.042 —a—
T 1T

Grade (G3/4 vs G1/2)

Risk score (High vs Low)

Hazard Ratio

1.802 0.958-3.389

1.437 0.784-2.634

050 10 20 40
Hazard ratio

Multivariate regression analysis

95% Cl p-value

0.068 t——W—

0.241 ——

|
1.0 2.0
Hazard ratio

Figure 3. Performance of 14-gene signature as a predictor of risk and survival outcomes in pancreatic cancer
patients by univariate and multivariate Cox analysis including clinicopathological features. (A) E-MTAB-3164;
(B) TCGA; (C) GSE62452.
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Figure 4. The 14-gene signature robustly identifies poor molecular subtypes in pancreatic cancer. Using the
datasets E-MTAB-6134 and GSE71729, and a higher AUC value between 0.8 and 0.96 could be achieved by
using the 14-gene signature.

(68 points for high grade and 100 points 14-gene high), with predicted 1-year, 3-year and 5-year overall survival
rates of 73.0%, 25.0% and 13.0%, respectively. To validate the prediction model, the performance of the nomo-
gram was evaluated by the discrimination index calculation and calibration plot adjusting for the 1-year, 3-year
and 5-year survival. The accuracy of the predictive nomogram was higher than that of the 14-gene signature
alone, with an accompanying C-statistic discriminatory index value of 0.67. This higher C-statistic revealed that
the 14-gene signature in combination with sex, tumor grade, resection margin and N-stage was considerably
robust in discriminating subjects with variable outcomes. The 284-patient bootstrapped calibration plots for
the prediction of 1-year, 3-year and 5-year overall survival rates are shown in Fig. 5B-D. The calibration plots of
the 14-gene signature with sex, grade, resection margin and N stage exhibited excellent consistency between the
observed outcomes and predicted survival. These results further support the clinical significance of our 14-gene
signature in combination with sex, grade, resection margin and N stage, which has superior overall predictive
power for distinguishing survival outcomes in pancreatic cancer patients.

Discussion

In addition to the application of conventional clinicopathological parameters or AJCC staging for prognosticating
disease progression, molecular prognostic markers with the features of easy detection and simple quantifica-
tion by standard methods could be employed not only for early diagnosis and prognosis prediction but also
for novel therapeutic target discovery. Moreover, the combination of a panel of molecular biomarkers could
overcome the hurdles resulting from tumor heterogeneity. In order to strengthen the survival and prognosis
of pancreatic cancer patients, elucidate the mechanisms involved in gemcitabine resistance and discover novel
diagnostic, prognostic and therapeutic-related biomarkers, we performed a preset study focusing on the relation-
ship of gemcitabine resistance and overall survival. A novel 14-gene signature comprising CCDC148, SH3RF2,
CACNAI1D, POLD3, PARP1, AP1M2, C4orf19, ANO1, VGLLI, SCEL, INPP4B, NET1, INSIG2 and BVES and
a corresponding risk score formula were established for pancreatic cancer risk stratification and prognosis pre-
diction. Patients in the low-risk group had significantly better prognosis than those in the high-risk group. In
addition, we confirmed the effectiveness of the 14-gene signature in predicting 1-year, 3-year and 5-year overall
survival via AUC calculation.

As a widely employed prognosis evaluation modality in clinical oncology, nomograms can integrate differ-
ent prognostic determinants, including molecular and clinicopathological characteristics?’. The different prob-
abilities of clinical events can be visualized and calculated into a total score for risk illustration. Compared to
conventional staging methods, nomograms may more effectively strengthen clinical decision-making regarding
prognosis prediction and thereby be beneficial for implementing timely treatment. The C-index and calibra-
tion curves identified that the 14-gene signature was effective for predicting 1-year, 3-year and 5-year overall
survival. An integrated nomogram using the 14-gene signature and clinicopathological characteristics was set
up for accurate overall survival prediction. As a supplement to AJCC staging and conventional clinicopathologi-
cal characteristics, the 14-gene signature and nomogram could be employed as useful high-risk indicators and
overall survival predictors.

With the advances in gene sequencing technologies, several groups have reported their own mRNA-level
prognostic gene signatures that have the ability to predict overall survival in pancreatic cancer. Birnbaum et al.
suggested a 25-gene signature based on clinicopathological parameters and gene expression data that predicts
postoperative OS independent of classical factors and molecular subtypes'”. Raman et al. reported a 5-gene
prognostic model comprising ADM, ASPM, DCBLD2, E2F7, and KRT6A for accurate prediction of overall sur-
vival using the PAAD datasets from the TCGA'. Yan et al. confirmed that a 4-gene signature (CDC6, IGF2BP2,
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Figure 5. Nomograms Predicting Survival by 14-gene signature in pancreatic cancer patients. (A) The
nomogram for 1-, 3- and 5-year overall survival prediction was established based on 4 independent prognostic
factors; (B,C,D) Calibration plots for predicted and actual 1-, 3- and 5-year overall survival probabilities
comparison. The 284-patient bootstrapped calibration plot for 1-, 3- and 5-year overall survival prediction is
exhibited. The dotted line stands for the ideal fit; circles stand for nomogram-predicted probabilities; stars stand
for the bootstrap-corrected estimates; and error bars stand for the 95% Cls of these estimates.

KNTC1, and LYRM) was significantly related to the progression and prognosis of pancreatic cancer'. Most
recently, Wu et al. identified a nine-gene signature comprising ANKRD22, ARNTL2, CEP55, COL17A1, ITGB6,
MCOLNS3, MET, KLK10, and SLC25A45 for predicting overall survival of pancreatic cancer®. In addition, Kandi-
malla et al. identified a 15-gene immune, stromal and proliferation (ISP) gene signature comprising TNFRSF4,
TNFSF18, TNFSF10, RFC4, PVRL3, PLD4, KDM6B, INHBA, IL32, IL4, IFIT3, FOXP3, CDC20, CD160, and
AHR with favorable prediction of poor OS and identification of the molecular subtype of PDAC?. Considering
that recent progress in combination therapies includes various chemotherapeutic regimens, especially the fre-
quent use of gemcitabine in neoadjuvant and palliative therapies of pancreatic cancer patients, genes related to
gemcitabine resistance could be a group of strong candidate genes in the identification of robust prognostic and
predictive risk-stratification biomarkers for pancreatic cancer patients. Moreover, plenty of the available clinical
and gene expression information from previous studies (including International Cancer Genome Consortium
[ICGC], TCGA and GEO) could be used to validate the predictive power of these genes.

Among our panel of 14 genes included in the signature, 6 genes were previously studied in pancreatic can-
cers. PARP-1 plays critical roles in DNA damage repair during intrinsic cell death, and cytoplasmic PARP-1 was
recently confirmed to promote pancreatic cancer tumorigenesis and resistance”. ANO1 located on amplicon
11q13 is usually amplified in human cancers with poor prognosis and is pivotal in PDAC cell migration?.
SCEL is a potential biomarker for the prognosis of pancreatic cancer confirmed by Cheng et al’. INPP4B,
which was first described by Zhai et al., is an oncogenic gene in pancreatic cancer and could serve as a potential
diagnostic marker and an independent prognostic marker, suggesting that it is a novel therapeutic target for
pancreatic cancer®. INSIG2 overexpression is related to the malignant phenotype of pancreatic cancer under
hypoxic conditions?. BVES, as a novel regulator of the Racl and Cdc42 signaling cascades, controls cell shape
and movement in multiple cancers, including pancreatic cancer®. In addition, CACNA1D was found to be
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expressed on pancreatic islets and play a vital role in insulin secretion, which is involved in B-cell physiology
and pathophysiology®, and AP1M2 expression was found to be upregulated only in pancreatic cancer®?. Other
genes, such as CCDC148%, SH3RF2*, VGLL1*® and NET1%, were found to regulate different cell behaviors
(such as cell proliferation and migration, cell death and cell cycle) involved in the development and progression
of gastric cancer, whereas POLD3 was reported to be required for cell cycle progression and DNA synthesis and
to be responsible for the high frequency of genomic duplications in human cancers®. No study was found on
role of C4orf19 in cancers. Since most of the genes were previously reported to be involved in cancer biology,
the findings of our panel are believable and could be useful. Moreover, since the 14 genes were selected using
the Lasso regression method, the inconsistency in the expression patterns of the 14 genes at different levels
(cell lines, normal vs. cancer, and specimens of different disease stages) could be neglected. In addition, we did
not observe statistically significant correlations between the gemcitabine IC50 data and the mRNA expression
levels of SPARC (r=—- 0.444 and p=0.074 in E-MTAB-3610, and r=- 0.503 and p=0.056 in CCLE), hENT1
(r=-10.162 and p=0.535 in E-MTAB-3610, and r=— 0.450 and p=0.093 in CCLE) and dCK (r=0.303 and
p=0.236 in E-MTAB-3610, and r=0.242 and p=0.386 in CCLE), despite previous reports describing their roles
in gemcitabine resistance’~’.

There are several limitations in this study. First, although datasets from several databases were employed,
including the E-MTAB-6134, ICGC, TCGA and GEO databases, the main information on clinical characteris-
tics and gene expression was from white, black or Hispanic populations mainly living in Europe and the United
States; therefore, caution should be taken when applying the results to other ethnicities. Second, the establish-
ment and verification of the nomogram were only performed using the E-MTAB-6134 database due to the lack
of complete clinical information in other datasets. We did not include a clinical cohort of pancreatic cancer for
validation due to failure to obtain enough clinical samples and related follow-up information in a relatively short
study period. Third, missing clinical information (age, etc.) in some of the datasets (E-MTAB-6134, GSE85916,
GSE62452) resulted in the inability to perform univariate and multivariate prognostic analyses. Fourth, the
molecular mechanisms of the genes identified here and their roles in the pathogenesis and progression of pan-
creatic cancer require further experimental studies. Therefore, sample collection with complete experimental
and clinical information should be performed for future validation.

In conclusion, we believe that the 14-gene signature obtained in the present study could provide an efficient
platform for better managing patients with this devastating malignancy in clinical practice.

Methods

Acquisition of gene expression, half maximal inhibitory concentration (IC50) of gemcitabine
and clinical data. Gene expression data and gemcitabine IC50 data of specific pancreatic cancer lines were
obtained from GDSC (https://www.cancerrxgene.org/). Simultaneously, RNAseq data (CCLE_RNAseq_rsem_
genes_tpm_20180929.txt.gz) and related annotation files (gencode.v19.genes.v7_model.patched_contigs.gtf.gz)
were obtained from the CCLE (https://portals.broadinstitute.org/ccle).

The mRNA expression and related experimental and clinical data of pancreatic cancer samples were down-
loaded from GEO (http://www.ncbi.nlm.nih.gov/geo/) using the search terms “pancreatic cancer’, “gemcitabine
resistance” and “expression profiling by array”. The gene expression microarray datasets GSE140077, GSE19650,
GSE62165, GSE62452, GSE71729, GSE85916 and GSE91035 were selected and downloaded. The criteria for
dataset selection were as follows: cell lines with gemcitabine resistance features or clinical samples with detailed
clinical, survival and gene expression information. Among these datasets, GSE140077, GSE62165, GSE91035 and
GSE19650 were used for validation of the expression level of the 14 identified gemcitabine resistance genes at the
cellular and tissue levels, whereas clinical and gene expression data from GSE85916, GSE62452, and GSE71729
were used for validation of 14-gene signature in predicting prognosis. Detailed information on these microarray
datasets is listed in Supplementary Table 1.

Microarray gene expression data from E-MTAB-6134 (N =288; training cohort), transcriptomic data of
PACA-CA (N=214; validation cohort) and PACA-AU (N =266; validation cohort) from ICGC and transcrip-
tomic data from the TCGA (N = 148; validation cohort) were used for validation of 14-gene signature in predict-
ing prognosis. The clinical and normalized ICGC RNA-sequencing data for PACA-CA and array-based gene
expression data for PACA-AU were downloaded from the ICGC Data Portal (https://dcc.icgc.org/), and the
clinical and microarray-based gene expression data from E-MTAB-6134 were downloaded from ArrayExpress
(Supplementary Table 2). The basic clinical information of these data is listed in Table 3.

Identification of survival-related genes from gemcitabine resistance-related genes and estab-
lishment of the prognostic gene signature. Genes related to gemcitabine resistance were identified
with gemcitabine IC50 data of pancreatic cancer cell lines from GDSC and the gene expression data from both
the E-MTAB-3610 and CCLE datasets using Pearson correlation with the criterion of p<0.05 as determined
cor.test () function in the R base package. Among the cells with IC50 data, a total of 17 and 15 primary pancre-
atic carcinoma-derived cell lines were obtained from GDSC and CCLE, respectively, and detailed information
on the cell lines used in the present study is listed in Supplementary Table 3. The intersecting genes from the
above E-MTAB-3610 and CCLE datasets were then used for survival-related gene screening by the combined
use of the clinical data from the E-MTAB-6134 and PACA-CA datasets by univariate Cox analysis with the
criterion of p <0.05. Lasso-penalized Cox regression analysis based on the glmnet package in R was performed
with the intersection of the survival-related genes to further minimize the gene numbers in the selected panel
while maintaining the best predictive performance using tenfold cross validation. A pancreatic cancer patient
prognostic gene signature using the risk score was calculated based on a linear combination of the regression
coefficients (B) from the Lasso Cox regression model multiplied by the corresponding expression level of mRNA,
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E-MTAB-6134 PACA-CA PACA-AU* GSE85916 GSE62452
(n=288) (n=214) (n=266) TCGA (n=148) | (n=79) (n=65)
Sex
Male 166 128 142 79 NA NA
Female 122 86 124 69 NA NA
Age (mean£SD, |\ 65.2+11.0 66.6+10.6 65.0+10.8 NA NA
years)
Status
Alive 107 34 106 67 22 16
Dead 181 180 160 81 57 49
Follow-up
(mean £ SD, 29.8+26.9 22.6+£20.8 18.3+£13.7 17.5£13.9 28.0+£30.5 20.2+16.7
Months)
T-stage
T1 12 NA NA 5 NA NA
T2 39 NA 3 16 NA NA
T3 237 NA 4 123 NA NA
T4 0 NA NA 3 NA NA
N-stage
NO 72 NA 5 39 NA NA
N1 216 NA 1 108 NA NA
Nx 0 NA 6 1 NA NA
M-stage
MO NA NA NA 67 NA NA
M1 NA NA NA 4 NA NA
Mx NA NA NA 77 NA NA
AJCC stage
I NA 55 1 12 NA 4
II NA 89 2 127 NA 44
111 NA 8 NA 3 NA 10
v NA 0 NA 4 NA 6
Uncertain NA 62 NA 2 NA 1
Grade
Gl 110 NA NA 20 NA 2
G2 130 NA NA 84 NA 32
G3 48 NA NA 43 NA 29
G4 0 NA NA 1 NA 1
Gx 0 NA NA 0 NA 1

Table 3. Basic information of patient from the included datasets. *The downloaded data from PACA-AU
on T stage, N stage and AJCC stage was not complete and the number represents the available data. NA Not
Available.

and an optimal 14-gene combination was obtained using Ln (lambda.min). Risk scores were divided into high-
and low-risk groups based on the median risk score. The flowchart of the data processing procedure is shown
in Fig. 6.

Statistical analysis. Statistical analysis was carried out using R version 3.6.0. Student’s t-test was used for
between-group comparisons, while one-way ANOVA was used for multiple-group comparisons. Kaplan-Meier
(KM) analysis was carried out to determine survival outcomes. The median values were used as cutoff thresholds
to plot the KM curves, and the statistical significance was evaluated by the log rank test (survival and survminer
R packages). The survival probability prediction for 1-, 3- and 5-year survival was calculated by receiver opera-
tor characteristic (ROC) curves and the area under the curve (AUC) (survivalROC and ROCR R packages).
Univariate and multivariate Cox regression analyses with all the available clinical information were performed
for survival predictive nomogram construction and validation (forestplot and rms R packages). The hazard ratio
(HR) and 95% confidence interval (CI) were employed to confirm genes associated with overall survival. Unless
specifically mentioned, P<0.05 was considered statistically significant.
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