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Abstract

Objective: The aim of the study was to perform mRNA-miRNA regulatory network analyses to 

identify a miRNA panel for molecular subtype identification and stratification of high-risk PDAC 

patients.

Summary and Background data: Recent transcriptional profiling effort in pancreatic ductal 

adenocarcinoma (PDAC) has led to the identification of molecular subtypes that associate with 
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poor survival; however, their clinical significance for risk-stratification in PDAC patients has been 

challenging.

Methods: By performing a systematic analysis in TCGA and ICGC cohorts, we discovered a 

panel of miRNAs that associated with squamous and other poor molecular subtypes in PDAC. 

Subsequently, we used logistic regression analysis to develop models for risk-stratification and 

Cox’s proportional hazard analysis to determine survival prediction probability of this signature 

in multiple cohorts of 433 PDAC patients, including a tissue cohort (n=199) and a preoperative 

serum cohort (n=51).

Results: We identified a panel of 9-miRNAs that were significantly upregulated (miR-205–5p 

and −934) or downregulated (miR-192–5p, 194–5p, 194–3p, 215–5p, 375–3p, 552–3p and 1251–

5p) in PDAC molecular subtypes with poor survival (squamous,AUC=0.90; basal,AUC=0.89; and 

quasi-mesenchymal,AUC=0.83). The validation of this miRNA panel in a tissue clinical cohort 

was a significant predictor of OS (HR=2.48, p<0.0001), and this predictive accuracy improved 

further in a risk-nomogram which included key clinicopathological factors. Finally, we were able 

to successfully translate this miRNA predictive signature into a liquid-biopsy based assay in 

pre-operative serum specimens from PDAC patients (HR: 2.85, p=0.02).

Conclusion: We report a novel miRNA risk-stratification signature that can be used as a 

non-invasive assay for the identification of high-risk patients and potential disease-monitoring 

in PDAC patients.

MINI ABSTRACT

In this study, by performing a mRNA-miRNA regulatory network analyses, we identified a 

novel miRNA risk-stratification signature that can be used as a non-invasive assay for the 

identification of high-risk patients and potential disease-monitoring in patients with pancreatic 

ductal adenocarcinoma.
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INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is currently the fourth leading cause of cancer-

related deaths, but is projected to become the second most common cancer in the Western 

countries in the next decade 1. The prognosis for PDAC patients is quite poor, with 5-year 

survival rates less than 9%. This dismal prognosis is in part due to disease diagnosis at an 

advanced stage, when the patients are unable to undergo curative resection of their tumor 
2. Furthermore, even those patients who undergo curative surgery generally experience 

high frequency of tumor recurrence; and neoadjuvant treatment or chemoradiotherapy 

has only moderately improved survival outcomes in PDAC patients 3. Moreover, unlike 

other cancers, conventional clinicopathological features are often inadequate at providing 

an accurate measure of prognosis in PDAC patients. One possible explanation for this 

variable prognosis in PDAC is the inherent tumor heterogeneity, as well as unusually higher 
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stromal content 4. Several driver mutations have been identified in PDAC, including KRAS, 

p16, TP53, CDKN2A, and SMAD4 genes 5–7; and transcriptomic data has repeatedly 

confirmed that majority of patients have diverse genomic alterations 8, making it harder 

to precisely target this disease. This highlights the need to gain additional insights into the 

molecular characteristics of PDAC patients for tailoring personalized treatment strategies 

and improving disease outcomes in this lethal malignancy.

With recent advances in high-throughput molecular profiling technologies, most human 

cancers have now been comprehensively profiled, which has led to the recognition of 

previously unrecognized molecular subtypes 9–11. Most recently, the International Cancer 

Genome Consortium (ICGC) conducted an integrated genomic analysis of 456 PDAC 

patients to reveal four molecular subtypes in PDAC, which correlated with distinct 

histopathological characteristics: i) squamous, ii) pancreatic progenitor, iii) immunogenic, 

and iv) aberrantly differentiated endocrine exocrine (ADEX) 12. More importantly, this 

molecular classification discovered that PDAC patients with the squamous subtype exhibited 

significantly poor prognosis. Subsequently, three follow-up studies have identified similar 

molecular subtypes of their own, which particularly associate with poor outcomes in 

PDAC patients 13–15. Even though molecular subtypes are biologically intriguing, their 

translation into the clinic has been challenging. This has primarily because of a few 

key reasons including: each subtype comprises of several hundred genes, which makes it 

difficult to perform transcriptomic profiling in each patient, especially in RNA derived from 

paraffin-embedded tissues. In addition, each molecular subtyping effort proposed their own 

classification criteria for defining subtype(s) with poor prognosis, which leads to lack of a 

consensus gene panel for interrogation in clinical settings.

In this study, we attempted to address some of these concerns by performing a systematic 

and comprehensive biomarker discovery effort, which allowed us to develop a robust 

biomarker panel that represents all previously described molecular subtypes with poor 

outcomes in PDAC patients. We based our effort on the hypothesis that since a single 

microRNA (miRNA) can regulate expression of hundreds of target genes, perhaps a panel 

of miRNAs that control the expression of candidate genes within each PDAC subtype 

might offer a more robust and clinically meaningful signature. This approach gains further 

credence from the fact that previous studies have convincingly demonstrated that miRNA 

expression is frequently dysregulated in various malignancies 16, 17, including PDAC 18, 19; 

and emerging evidence indicates that miRNAs might serve as important biomarkers in 

PDAC patients 20, 21. Furthermore, considering that miRNA expression is generally stable in 

a variety of clinical specimens makes them attractive surrogates in situations where analysis 

of gene expression is challenging. In addition, due the ease of their detection in bodily 

fluids, miRNAs biomarkers have the potential for development into liquid biopsy-based 

assays for an easier translation into the clinic.

Herein, we undertook a comprehensive biomarker discovery effort by analyzing 

multiple high-throughput sequencing datasets to identify poor-prognostic subtype-associated 

miRNAs in PDAC. Following an extensive bioinformatic analysis and biomarker validation, 

we established a 9-miRNA panel that exhibited excellent prognostic potential in predicting 

survival in PDAC patients. More importantly, we successfully translated these tissue-based 
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biomarkers into blood-based liquid biopsy assays, highlighting their exciting translational 

potential as non-invasive prognostic and potential disease-monitoring biomarkers in PDAC 

patients, considering that majority of these patients have either an unresectable or a 

borderline resectable disease.

MATERIALS AND METHODS

Patients and datasets

During the biomarker discovery phase, datasets from the International Cancer Genome 

Consortium (ICGC, n=96) and the Cancer Genome Atlas (TCGA, n=183), were analyzed 

for the identification of candidate miRNAs specifically associated with the ‘squamous 

subtype’, and those which predicted poor overall survival in PDAC patients. The robustness 

and prognostic performance of candidate biomarkers was validated in two independent 

patient cohorts, comprised of tissue and serum specimens. A written informed consent 

was obtained from all patients, and the Institutional Review Boards of all participating 

institutions approved the study.

In the validation phase, we examined 199 retrospectively collected formalin-fixed paraffin-

embedded (FFPE) primary PDAC tissue and 51 preoperative serum specimens. The tissue 

specimens were collected from PDAC patients enrolled at the Kumamoto University 

Hospital, Japan from 2009–2014, and Nagoya University Hospital, Japan from 2002–2010. 

The serum specimens were collected from PDAC patients enrolled from 2010–2014, at 

the Medical College of Wisconsin, USA. Patient demographics and clinicopathological 

characteristics are summarized in Table 1.

Identification of squamous subtype-associated miRNA biomarkers

For these analyses, we acquired publicly available RNA sequencing data from the ICGC, as 

well as RNA and miRNA sequencing data from the TCGA HiSeq dataset. Within the TCGA 

cohort of 183 PDAC patients, we successfully analyzed expression profiles of 1046 miRNAs 

and 20,520 mRNAs. Since transcriptomic subtyping information was only available for the 

patients within the ICGC dataset, we used these data to predict PDAC subtypes in the 

TCGA cohort using ‘Prediction Analysis for Microarrays R’ tool (PAMR) 22. This allowed 

us to identify miRNAs specific for the squamous subtype using TCGA subtype labels. 

Detailed methodology for these analyses and a study design flow chart is provided in the 

Supplementary Figure 1.

RNA isolation and qRT-PCR assays

RNA enriched for small non-coding RNAs was extracted from the FFPE tissue and serum 

specimens using the miRNeasy FFPE Kit or the miRNeasy serum kit (Qiagen, Valencia, 

CA). The expression of miRNAs was quantified by TaqMan real-time qRT-PCR assays 

(Applied Biosystems, Foster City, CA) using QuantStudio™ 7 Flex Real-Time PCR System 

(Applied Biosystems). The assay IDs for qRT-PCR of miR-192–5p, miR-194–5p, miR-194–

3p, miR-205–5p, miR-215–5p, miR-375–3p, miR-552–3p, miR-934, and miR-1251–5p 

were as follows (Assay No: 000491, 000493, 002379, 000509, 000518, 000564, 001520, 

002177, and 002820, Catalog No: 4427975, Thermo Fisher Scientific, Waltham, MA). U6 
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and RNU44 (Assay No: 001973, and 001094, Cat no: 4427975, Thermo Fisher Scientific) 

were used as endogenous controls for data normalization. Expression of each miRNA was 

calculated using 2-ΔCT method.

Statistical analysis

The overall survival (OS) was determined from the date the patient underwent surgery 

until the date of death resulting from any cause (i.e. cancer-unrelated deaths were not 

censored), or last known follow-up for patients that were still alive. The Cox’s proportional 

hazards model was used to estimate hazard ratios (HRs) for death, and to predict other 

factors influencing OS. Receiver operating characteristic (ROC) curves were established to 

determine the cut-off thresholds for analyzing OS. Youden’s index was used to determine 

the optimal cutoff values for individual miRNAs, as well as the combined miRNA panel risk 

scores for dichotomizing patients into low and high expression groups. For time-to-event 

analyses, survival estimates were calculated using the Kaplan-Meier analysis and the groups 

were compared using the log-rank test. Forced-entry regression was used to include these 

variables in all multivariate analysis to analyze whether each of the predictors affected 

the outcome after adjustment for known confounders. To determine the accuracy of our 

9-miRNA panel in determining the squamous and other PDAC subtypes with poor outcomes 

published previously, we used a logistic regression model by including all 9-miRNAs. The 

logistic regression model derived from the 9-miRNA panel was used to plot the AUCs in 

all three cohorts. All p-values were 2-sided, and values <0.05 were considered statistically 

significant. All statistical analyses were performed using the Medcalc statistical software 

Ver.16.2.0 (Medcalc Software bvba, Ostend, Belgium), JMP software 10.0.2 (SAS Institute, 

Cary, NC), and GraphPad Prism Ver. 7.0 (GraphPad Software, San Diego, CA).

RESULTS

Identification of a miRNA network that associated with molecular subtypes associated 
with poor prognosis in PDAC

We first analyzed ICGC and TCGA datasets using PAMR and LIMMA-VOOM tools to 

identify miRNAs that were specifically deregulated in the squamous PDAC subtype. Firstly, 

for subtype prediction in the TCGA cohort, we computed the gene-wise variance for ICGC 

RNA-seq data and determined top 3,000 highest discriminant genes. Next, we identified a 

total of 2,049 overlapping genes between the TCGA and ICGC RNA-seq data. Next, for 

the training set analyses, we applied PAMR tool on the ICGC data containing these 2,049 

common genes and 96 labeled samples with known subtype information and obtained a cut-

off threshold (=2.0768) through cross-validation of samples where error-rate was minimum 

(=0.052; Figure 1A). As a test set, we then analyzed the TCGA dataset containing these 

2,049 common genes and 183 unlabeled samples with no subtype information and predicted 

poor molecular subtypes of this cohort using the same cut-off threshold (=2.0768) obtained 

in the test set.

During these analyses, 12 cases segregated into ADEX subtype, 19 into Immunogenic, 59 

into Squamous and remaining 93 into Pancreatic Progenitor subtype. We then conducted 

LIMMA-VOOM (Figure 1B) statistical analysis using pairwise class-label information 

Kandimalla et al. Page 5

Ann Surg. Author manuscript; available in PMC 2023 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and the p-value correction and identified a panel of 9 differentially expressed miRNAs 

(DEMIRs) associated with a poor molecular PDAC subtypes (Figure 1C and D). This 

included two miRNAs (hsa-mir-205 and hsa-mir-934) that were up-regulated (URMIRs), 

while the remaining seven (hsa-mir-192, hsa-mir-215, hsa-mir-375, hsa-mir-1251, hsa-

mir-552, hsa-mir-194.1 and hsa-mir-194.2) were down-regulated (DRMIRs). The AUC 

values of all individual miRNAs for identifying squamous subtype from Bailey, basal 

from Moffitt and quasi-mesenchymal from Collisson classifications are illustrated in 

Supplementary Table 1. Our combined 9-miRNA panel yielded an AUC of 0.90, 0.89 and 

0.83 for the identification of squamous (Figure 1E), basal and quasi-mesenchymal subtypes 

respectively (Supplementary Figures 2A and 2B). Taken together, our miRNA-mRNA 

network-based approach allowed us to identify a clinically translatable miRNA classifier 

that robustly detected poor molecular PDAC subtypes.

The 9-miRNA panel significantly allowed risk-stratification and predicting survival 
outcomes in PDAC patients

To evaluate the prognostic significance of the 9-miRNA panel identified in the discovery 

phase, we first interrogated the relationship between their expression levels and overall 

survival (OS) in PDAC patients in the TCGA cohort. The patients with high expression 

of miR-205–5p and miR-934 exhibited worse survival vs. the low-expression group 

(p=0.001 and p=0.005, respectively). Likewise, low expression of miR-192–5p, miR-194–

5p, miR-194–3p and miR-375–3p, significantly associated with poor OS (p=0.009, 0.04, 

0.04 and 0.003, respectively) in PDAC patients. On similar lines, low-expression of 

miR-215–5p and miR-1251–5p also depicted a similar trend for unfavorable survival 

(p=0.06 and p=0.05; Supplementary Figure 3).

Next, we performed a multivariate cox-regression analysis by combining all 9-miRNAs 

together and used Youden’s index to dichotomize all patients into high- and low-risk groups. 

As expected, patients with miRNA high-risk scores exhibited a significantly reduced 5-year 

OS (5.1%) vs. the miRNA low-risk group (47.6%), with a corresponding HR of 2.46 

(95% CI: 1.60–3.79, p=0.0001; Figure 1F). The waterfall plot shown in Supplementary 

Figure 2C, also demonstrates the robust prognostic performance of our 9-miRNA signature. 

Collectively, these results illustrate the clinical significance of our miRNA signature in 

risk-stratification for predicting survival in PDAC patients.

The 9-miRNA signature successfully validated in an independent PDAC patient cohort

To determine the translational potential of our miRNA signature in identifying high-risk 

PDAC patients, we next examined its performance in an independent patient cohort. The 

association between various clinicopathological factors and the relative expression level of 

individual miRNAs is shown in Supplementary Table 2. Using Kaplan Meier analysis, we 

examined whether the expression of 9-miRNAs panel is predictive of survival outcomes 

in PDAC patients. In agreement with the TCGA discovery cohort data, among the group 

of miRNAs overexpressed in the poor molecular subtype, patients with high expression 

of miR-205–5p and miR-934 significantly associated with poor OS compared to the low 

expression group (p=0.01 and 0.002, respectively). Similarly, for all seven downregulated 

miRNAs (miR-192–5p, miR-194–5p, miR-194–3p, miR-215–5p, miR-375–3p, miR-552–3p 
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and miR-1251–5p), the low expression group significantly correlated with poor survival 

(p=0.03, 0.002, 0.03, 0.0008, <0.0001, 0.02, and 0.005, respectively, Figure 2).

Reassuringly, patients with high-risk scores derived from the combined miRNA panel 

exhibited significantly poorer 5-year survival vs. the ones with the low risk scores (HR: 2.48 

[95% CI-1.67–3.66]; p<0.0001; Figure 3A). Collectively, these findings from the clinical 

cohort are in line with our data from the discovery cohort, and yet again highlight that 

our miRNA panel is robust for risk stratification and predicts survival outcomes in PDAC 

patients.

Establishment of a nomogram for easier clinical translation and risk stratification in PDAC 
patients

We performed univariate and multivariate Cox regression analyses to determine whether our 

miRNA panel might serve as an independent predictor of patient prognosis, in the presence 

of other clinicopathological variables. Using Youden’s index, we dichotomized patients 

into low and high risk-groups. The univariate analysis revealed that pancreatic tumor 

location (pancreatic head; p<0.0001), poor differentiation (p=0.0005), advanced T-Stage 

(>T3; p=0.003), lymph node metastasis (p=0.0003), distant metastasis (p=0.002), lymphatic 

vessel invasion (p=0.0003), and the miRNA signature (p<0.0001) were all associated with 

poor OS in PDAC patients (Table 2). Subsequent multivariate analysis which included only 

the significant variables from the univariate model identified that tumor location within 

pancreatic head (p=0.03), distant metastasis (p=0.004), lymphatic vessel invasion (p=0.03), 

and the miRNA signature (p<0.0001) emerged as independent risk factors for OS in PDAC 

patients (Table 2 and Figure 3B).

We next asked whether inclusion of key clinicopathological factors that were found to be 

significantly associated with OS in multivariate analysis (tumor location, distant metastasis, 

and lymphatic vessel invasion), might further improve the robustness of our 9-miRNA panel. 

In support of our hypothesis, we discovered that a combination of the miRNA panel with 

these clinicopathological factors significantly improved its robustness in predicting patient 

survival in this clinical cohort (AUC improved from 0.65 to 0.73, Figure 3C).

Finally, for an easier translation of our findings into the clinic, we established a 

risk nomogram, which included data from the miRNA panel as well as significant 

clinicopathological variables (Figure 3D). Higher total score based on the sum of the 

assigned points for each of the factors within the nomogram were associated with a worse 

3-year and 5-year OS. For instance, a patient with a combined total of at least 80 points 

exhibited a less than 10% probability of 3-year and 5-year OS rates. Collectively, our data 

suggest that inclusion of clinicopathological factors into the miRNA panel further enhanced 

its predictive accuracy for the identification of high-risk PDAC patients with poor survival 

outcomes.

The miRNA signature demonstrated excellent prognostic performance in pre-operative 
serum

Availability of non-invasive prognostic biomarkers in PDAC patients could be of significant 

clinical impact, as these could improve clinical decision-making for which subsets 
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of patients might be candidate for neoadjuvant treatments (chemotherapy or chemo-

radiotherapy). Accordingly, we evaluated the feasibility of translating our tissue-based 

biomarkers into a liquid-biopsy assay by analyzing their performance in an independent 

cohort of patients where pre-operative serum specimens were available (n=51). The 

correlation between clinicopathological factors and the relative expression of each miRNA 

is shown in Supplementary Table 3. We observed that 6 of the 9 miRNAs demonstrated 

expression profiles in serum specimens that were consistent with the tissue-data; hence, 

we interrogated their prognostic potential in determining 5-year overall survival in PDAC 

patients (Supplementary Figure 4). Intriguingly, PDAC patients with high-risk scores for 

these miRNAs in serum exhibited significantly shorter 5-year OS rates vs. the patients 

with low-risk scores (8.6% vs. 48.4%; HR=2.85 [95% CI-1.41–5.76]; p=0.02, Figure 4A); 

highlighting that our miRNA signature has the potential to serve as a non-invasive survival 

prediction tool in PDAC patients.

Furthermore, in the serum cohort, univariate analysis revealed that lymph node metastasis 

(p=0.003), distant metastasis (p<0.0001), lymphatic vessel invasion (p=0.001) and the 

miRNA signature (p=0.01) were significant predictors of poor survival in PDAC (Table 

2). Likewise, in multivariate analysis, distant metastasis (p=0.0003) and the miRNA 

signature (p=0.001) emerged as independent risk factors for OS (Table 2). As was the 

case in the tissue cohort, the serum cohort also exhibited a significant improvement in 

prognostic accuracy when the miRNA signature was combined together with significant 

clinicopathological factors (AUC increased from 0.70 to 0.78; Figure 4B). Collectively, 

these data demonstrate that our miRNA signature, both in tissue and serum, offers an 

attractive potential for predicting patient survival in PDAC patients.

DISCUSSION

Recently, multiple transcriptomic-based efforts have led to the identification of distinct 

molecular subtypes in PDAC, including the most recent classification from Bailey and 

colleagues 12, which categorized all PDACs into four distinct subtypes; with the squamous 

subtype exhibiting the worst prognosis. Given the challenge of measuring expression of 

hundreds of genes in clinical settings, we exploited miRNA-mRNA regulatory network, to 

identify a panel of miRNA biomarkers that represent gene expression changes associated 

with poor molecular subtypes in PDAC. Given the ubiquitous and cancer-specific expression 

of miRNAs in clinical specimens, these are emerging as important biomarkers candidates 

with a promise for easier clinical translation – both in tissues, as well as from non-invasive 

bodily fluids. Previously, we discovered that miR-200 family is an important driver for 

mesenchymal subtype with poor prognosis in colorectal cancer 23. While miRNA-mRNA 

regulatory network is a well-known concept that can provide additional insights into the 

biology of PDAC, subtype-specific miRNAs and their prognostic significance remains 

unexplored. Accordingly, in this by undertaking a systematic biomarker discovery effort 

through analyses of multiple high-throughput datasets, we identified a panel of 9 miRNAs 

that strongly associated with all three major molecular subtypes associated with poor 

survival outcomes in PDAC patients (Basal by Moffitt et al 15, Quasi-mesenchymal by 

Collison et al 14 and Squamous by Bailey et al 12). Subsequently we evaluated their 

prognostic potential in tissue and pre-operative serum specimens from two independent 
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clinical cohorts. In the end, for an easier clinical translation, we established a risk nomogram 

that included the miRNA panel and other significant clinicopathological features.

Currently, FOLFIRINOX (oxaliplatin, irinotecan, fluorouracil, and leucovorin) or 

gemcitabine plus abraxane (albumin-bound paclitaxel) is the standard of care in the first-line 

metastatic PDAC patients 2, 24. Despite these newer regimens have somewhat improved 

the survival rates, the overall survival in PDAC remains quite poor compared to other 

solid cancers. Therefore, it is important to develop risk-stratification biomarkers that can 

help predict prognosis and identify high-risk PDAC patients. Several clinicopathological 

factors such as tumor size, histologic grade, vascular invasion, perineural invasion, lymph 

node metastases, and distant metastases have been recognized as prognostic factors, 

but identifying clinically translatable molecular markers is an important step towards 

implementation of precision medicine in pancreatic cancer 25. In this regard, the miRNA 

classifier we identified has an exciting potential, and the fact that we can quantify the 

expression these miRNAs non-invasively in serum is even more encouraging.

Among the panel of 9 miRNAs we identified, miR-375–3p is the most widely studied. In 

fact, miR-375–3p was first identified from murine pancreatic beta-cell line as a pancreatic 

islet-specific miRNA regulating insulin secretion 26, and its low expression was reported 

to associate with poor prognosis in PDAC 20 and other malignancies 27, 28. Furthermore, 

miR-375 targets PDK1 and suppresses proliferation through Akt signaling pathway 29 in 

PDAC. Upregulation of miR-205–5p is reported to be associated with poor prognosis in 

lung cancer 30. Although its overexpression is reported in PDAC tissues 18, 20, 31, ours is 

the first report for its prognostic potential. With regards to miR-192–5p, it is reported to 

play a tumor suppressor role in hepatocellular carcinoma via silencing oncogenic LncRNA 

HOTTIP, and its low expression has been shown to associate with poor prognosis in 

hepatocellular carcinoma patients 32. In addition, miR-194–5p was reported to play a major 

role in suppressing proliferation, migration or metastatic potential in lung, gastric, and breast 

cancer 33–35. Finally, as for miR-934, it is linked with increased cellular proliferation of head 

and neck squamous carcinoma 36. Intriguingly, the expression levels of miR-192–5p and 

miR-375 are also reported to be downregulated in epithelial mesenchymal transition (EMT) 

related subtype of colorectal cancer (consensus molecular subtype: CMS4 class subtype) 
23. Recently, three molecular subtypes have been reported based on the interaction between 

tumor cells and the immune cells within the tumor microenvironment. Intriguingly, the 

patients belonging to the “immune escape” subtype showed the worst prognosis. Though 

we are unable to directly compare our miRNA classifier with the proposed immune 

subtypes, it is exciting to see that the poor “immune escape” subtype is correlated with 

squamous and quasi-mesenchymal subtypes as seen with our miRNA risk classifier. Overall, 

these biological roles for the panel of miRNAs we have identified in this report are of 

great interest, as all of them have already been shown to play bona fide roles in cancer 

and PDAC; hence providing further support in their role as important risk-assessment 

biomarkers in PDAC. The risk nomogram developed in this study can be used to accurately 

predict outcomes in patients with pancreatic cancer. Implementing this nomogram-based 

risk stratification in the clinic can help the clinicians in identifying patients belonging to 

high-risk groups and this can further help in refining treatment decisions.
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Our present study has been quite comprehensive; however, the patient cohorts analyzed 

were retrospective in nature, and these findings must be validated in other retrospective and 

prospective cohorts prior to further consideration for their clinical translation. In addition, 

while our serum data is quire robust and encouraging, the patient cohort that was available to 

us was rather modest in size.

In conclusion, we for the first time report a novel panel of miRNA biomarkers, that 

can help identify poor molecular subtypes, allow identification of high-risk patients and 

predict prognosis in PDAC patients. Pending further validation in future prospective cohorts, 

these data highlight the potential clinical significance of these biomarkers in improved risk-

stratification and improving survival outcomes in patients suffering from a lethal malignancy 

such as pancreatic cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Identification of a panel poor molecular PDAC-subtype associated miRNAs and their 
potential for predicting survival outcomes in PDAC patients.
(A) Selection of threshold through cross-validation of underlying PDAC cases with a 

minimum misclassification error-rate used for sample subtype prediction in the TCGA 

RNA-seq data through PAMR classifier. (B) Voom normalization plot prior to Limma fit 

(empirical Bayes test using linear model) in which the read counts were converted into 

logCPMs (log2 counts per million) while considering the mean-variance relationship in 

the profile. (C) Volcano plot showing p-value and log2 fold change filtering to identify 

differentially expressed miRNAs (up-regulated miRNAs and down-regulated miRNAs). (D) 
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Heatmap of the 9-squamous subtype associated miRNAs in the TCGA PDAC cohort. (E) 

Receiver operating characteristic (ROC) curve of the combined 9-miRNA signature for 

the detection of squamous subtype in Bailey classification. (F) Kaplan-Meier plot of the 

9-miRNA signature for overall survival (OS) in the TCGA discovery cohort.
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Figure 2: Expression of individual miRNAs and their association with OS in the independent 
clinical tissue validation cohort.
OS analyses of the expression of individual squamous subtype associated miRNAs in the 

independent clinical tissue validation cohort. Each miRNA is dichotomized using Youden’s 

index and the p-values are derived from log-rank test.
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Figure 3: Predictive potential of the 9-miRNA panel in an independent clinical validation cohort.
(A) Kaplan-Meier analysis of the 9-miRNA signature for OS. (B) Forest plot depicting 

hazard ratios and 95% confidence intervals of the univariate significant clinicopathological 

variables as well as miRNA signature. Parameters colored in red are significant risk factors 

in multivariate analysis. (C) ROC for OS of the combined 9-miRNA signature and key 

clinicopathological parameters. (D) Nomogram derived from the combination of 9-miRNA 

signature and key clinicopathological parameters.
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Figure 4: Predictive value of 6-miRNA signature in an independent clinical serum validation 
cohort.
(A) Kaplan-Meier analysis of the 6-miRNA signature for OS. (B) ROC for OS of the 

combined 6-miRNA signature and key clinicopathological parameters.
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Table 1:

Clinicopathological characteristics of patients in the clinical cohorts

Tissue cohort Serum cohort

Variable number number

Gender
male 116 30

female 83 21

Age at operation median (range) 67 (35 – 90) 67 (45 – 87)

CA19-9 value (U/ml) median 133.8 79.5

Neoadjuvant chemotherapy

No 183 8

Yes 16 35

Missing 0 8

Tumor location
pancreatic head 146 37

pancreatic body or tail 53 14

Tumor size (mm) median (range) 30 (4 – 65) 30 (9 – 110)

Histological type
well or moderate 169 45

poorly 30 6

T factor
T1 or T2 10 9

T3 or T4 189 42

Lymph node metastasis
negative 56 27

positive 143 24

Distant metastasis
negative 186 41

positive 13 10

UICC Stage

IA or IB or IIA 55 22

IIB or III 131 19

IV 13 10

Lymphatic invasion
negative 34 27

positive 165 24

Venous invasion
negative 63 NA

positive 136 NA
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Table 2:

Multivariate cox proportional hazard model for overall survival in clinical cohorts

Univariate analysis Multivariate analysis

Variable HR 95%CI P-value HR 95%CI P-value

Tissue cohort (n=199)

Age ≧ 68 0.91 0.63–1.32 0.63

Male 1.09 0.76–1.58 0.64

Pancreatic head cancer 2.37 1.53–3.81 <0.0001 1.66 1.04–2.74 0.03

Tumor size > 30mm 1.4 0.95–2.04 0.08

Poorly differentiated histology 2.37 1.48–3.64 0.0005 1.59 0.98–2.49 0.06

T-Stage ≧3 4 1.50–16.26 0.003 1.82 0.63–7.71 0.29

Lymph node metastasis positive 2.17 1.41–3.45 0.0003 1.22 0.77–2.01 0.41

Distant organ metastasis positive 3.28 1.59–6.03 0.002 3.12 1.49–5.89 0.004

Lymphatic vessel invasion positive 2.58 1.51–4.84 0.0003 1.94 1.07–3.81 0.03

Venous invasion positive 1.09 0.75–1.61 0.65

MiRNA combined signature high risk 2.52 1.74–3.66 <0.0001 2.43 1.65–3.59 <0.0001

Serum cohort (n=51)

Age ≧ 68 1.31 0.67–2.53 0.43

Male 1.11 0.56–2.26 0.77

Pancreatic head cancer 0.6 0.31–1.22 0.15

Tumor size > 30mm 1.06 0.55–2.09 0.85

Poorly differentiated histology 0.49 0.14–1.27 0.15

T-Stage ≧3 1.74 0.73–5.10 0.22

Lymph node metastasis positive 2.87 1.45–5.75 0.003 2.39 0.83–6.93 0.11

Distant organ metastasis positive 9.44 3.89–22.16 <0.0001 7.19 2.51–21.76 0.0003

Lymphatic vessel invasion positive 3.27 1.61–6.91 0.001 1.27 0.44–3.48 0.65

Venous invasion positive NA NA NA

MiRNA combined signature high risk 2.88 1.22–8.45 0.01 4.46 1.73–14.16 0.001

HR, Hazard Ratio; CI, Confidence Interval; NA, Not available. Bold indicates a statistically significant.
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