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Abstract: Pancreatic ductal adenocarcinoma (PDAC) is known for its poor prognosis with few long-term survivors. 
This study aimed to establish a prognostic score using unique transcriptomic profiles of long-term survivors to be 
used as a patient selection tool for meaningful clinical intervention in PDAC. In TCGA PDAC cohort, 16 genes were 
significantly upregulated in the long-term survivor tumors. A prognostic score was established using these 16 genes 
by LASSO Cox regression, and PHKG1, HOXA4, ISL2, DMRT3 and TRA2A gene expressions were included in the 
score. The prognostic value was confirmed in both testing and validation cohorts. The characteristics of the high 
score tumor was investigated by bioinformatical approach. The high score tumor was associated with TP53 muta-
tion but not with other commonly enhanced signaling pathways in PDAC. The high score tumor was associated with 
higher tumor mutational burden and unfavorable tumor microenvironment (TME), such as lower infiltration of CD8-
positive T cells and dendritic cells, and less cell composition of mature blood vessels and fibroblasts. The high score 
tumor was also associated with enhanced cell proliferation and margin positivity after surgery. The impact of score 
component genes on the cell proliferation was investigated by in vitro experiments. Silencing of the score compo-
nent genes promoted cell proliferation. In conclusion, the prognostic score predicted PDAC patient survival and was 
associated with cancer aggressiveness such as unfavorable TME and enhanced cell proliferation.

Keywords: Pancreatic ductal adenocarcinoma, long-term survivor, transcriptome, score, survival cancer, HOX

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is 
one of the most aggressive and lethal cancers, 
ranking third in cancer-related cause of death 
in the USA, with an increasing incidence of 
57,600 estimated new cases in 2020 [1]. More 
than half of PDAC patients have metastatic dis-
ease at the time of diagnosis resulting in a dis-
mal prognosis, with median survival of 3-6 
months and 5-year survival rate of approxi-
mately 10% [2]. Surgical resection is the only 
curative therapeutic option currently available. 
However, due to the anatomical location and 
function of the pancreas, surgery is accompa-
nied with a relatively higher rate of severe com-

plication. Gemcitabine monotherapy has been 
the standard of care in unresectable or recur-
rent tumors for decades. Recently FOLFIRINOX 
and nab-paclitaxel together with gemcitabine 
became an alternative treatment option. Un- 
fortunately, multiple agent combination ther- 
apy has shown severe toxicity limiting its use. 
Given severe adverse effects and complica-
tions of the available medical and surgical  
treatments, as well as poor prognosis, identify-
ing a biomarker that predicts patient prognosis 
may be useful for appropriate patient selection 
to guide treatment.

Known clinical factors that are associated with 
poor prognosis in PDAC include AJCC TNM stag-
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ing, surgical margin positivity, perineural and 
lymphovascular invasion, and elevated tumor 
markers [3, 4]. Some of these clinical factors 
are also associated with long-term survival of 
PDAC [5]. PDAC has a complex tumor micro- 
environment (TME) that includes extracellular 
matrix, immune cells, blood and lymphatic ves-
sels and fibroblasts. TME plays a crucial role in 
cancer biology and affects patient prognosis in 
a myriad of cancers, including PDAC [6, 7]. 
Thus, some TME signatures, assessed by pa- 
thology or genetic profiles, can predict patient 
prognosis [8-11]. We, and others, have report-
ed specific molecules and signaling pathways 
associated with patient prognosis in PDAC [3, 
12, 13]. Additionally, prognostic scoring sys-
tems have been proposed, by combining spe-
cific characteristics, such as proliferation and 
TME [14]. However, these characteristics are 
only a part of many biological factors, and any 
unknown factor is not considered when mak- 
ing these scoring systems. Thus, an unbiased 
strategy to identify prognostic factors may be 
more straightforward in predicting patient  
prognosis. Some of the previous studies that 
used such strategies identified candidate 
genes by comparing normal and cancerous tis-
sues [15-19]. We argue that differentially 
expressed genes between normal and cancer 
tissues may reflect carcinogenesis, generation 
of cancer from a normal cell, instead of cancer 
progression, which is worsening of an already 
existing cancer. Previous studies identified 
these genes by comparing PDAC patient’s with 
short survival (defined as less than 1 year) to 
those who lived longer than a year [20, 21]. 
However, many recent surgical cases live lon-
ger than a year, making this comparison less 
clinically relevant. To this end, we believe com-
paring long-term survival PDAC patient’s (more 
than 5-year survival) to common clinical cour- 
se (less than 3-year survival) is more clinically 
meaningful. Additionally, patients who undergo 
surgical resection show better prognosis com-
pared to patients with non-resectable tumors. 
Therefore, they should be separately analyzed 
in order to refine the population. In this study, 
we aimed to establish a prognostic score for 
surgically resectable PDAC using long-term sur-
vivor unique transcriptomic signatures, identi-
fied by unbiased strategy, and to investigate 
underlying PDAC biology associated with pati- 
ent prognosis utilizing large patient cohorts.

Materials and methods

Data acquisition and pre-processing

There are 186 patients in The Cancer Genome 
Atlas (TCGA) pancreatic cancer cohort. The  
clinical data and the gene expression data  
from RNA-sequence were downloaded through 
cBioportal (TCGA provisional dataset) [22, 23]. 
Out of 185, 154 patients were pathologically 
diagnosed as PDAC. Of those, 147 patients 
have gene expression data from RNA sequen- 
ce. The patients were divided into long-term 
survivors who survived more than 5 years and 
common clinical course patients who died  
within 3 years after surgery. As a validation 
cohort, we obtained gene expression profiles 
together with survival data of 102 PDAC 
patients from the Gene Expression Omnibus 
(GEO) database, Gene Series Expression (GSE) 
21501 [24]. Since TCGA and GEO are de-iden- 
tified publicly available cohorts, institutional 
review board approval was waived, which was 
the case with previous publications [6]. 

Gene set enrichment analysis (GSEA)

Gene set enrichment analysis (GSEA) was car-
ried out comparing the high and low prognostic 
score PDACs using software provided by the 
Broad Institute (http://software.broadinstitute.
org/gsea/index.jsp) using hallmark gene sets, 
as we described previously [12, 25-31]. For 
each gene expression, the patients were divid-
ed by median cutoff. In the circumstance with 
more than half patient’s expression was lower 
limit, patients were divided into lower limit and 
above limit groups. False discovery rate (FDR) 
<0.25 was considered as significant.

Cell culture and reagents

Human PDAC cell line, MiaPACA-2 was obtain- 
ed from ATCC (Manassas, VA) and cultured in 
DMEM (Gibco, Gaithersburg, MD) with 10% 
fetal bovine serum (FBS) (Gibco) in a humidi- 
fied incubator at 37°C in 5% CO2. All cell lines 
were used within 20 passages after revival  
and were shown to be mycoplasma free using 
the PlasmoTest kit (InVivoGen, San Diego, CA). 
Short-hairpin RNA (shRNA) was used for knock-
down experiments. MiaPACA-2 cells were  
transduced with pGIPZ-shNT (non-targeting), 
pGIPZ-shPHKG1 (clone ID: V2LHS_58678), 
pGIPZ-shHOXA4 (clone ID: V2LHS_133124), 



Prognostic score of pancreatic cancer

4296 Am J Cancer Res 2021;11(9):4294-4307

pGIPZ-shISL2 (clone ID: V2LHS_57876), pGIPZ-
shTRA2A (clone ID: V2LHS_70113), and select-
ed by puromycin (Gibco) to establish stable 
knockdown cells. 

qPCR

Total RNA was extracted using RNeasy Mini Kit 
(Qiagen, Velno, Netherlands). Reverse tran-
scription was carried out using High-Capacity 
cDNA Reverse Transcription Kit (Applied Bio- 
systems, Waltham, MA) according to manufac-
turer’s instructions. β-actin was used as an 
internal control. Sequences of primers were 
shown in Table S1. Data were analyzed using 
ΔΔCt method and normalized by shNT cells. 

Cell proliferation and drug sensitivity assay

5,000 cells were seeded per well of 96-well 
plate. Cell proliferation was measured at the 
indicated time point using Cell Counting Kit-8 
(Dojindo, Japan), according to the manufactur-
er’s protocol.

Statistical analysis

Heatmap was generated by Morpheus (https: 
//software.broadinstitute.org/morpheus). The 
prognostic score was shown to be higher in 
worse prognosis patients by LASSO Cox re- 
gression. Survival analysis was conducted by 
Kaplan-Meier curve with log-rank test. The 
patients were divided into the high and low 
score groups using median cutoff. Clinical de- 
mographics were compared by Fisher’s exact 
test. Continuous value was compared by 
Student’s t-test. Cell composition fraction of 
the tumor was estimated by xCell algorithm 
[32] and compared by Wilcoxon test. Correla- 
tion analyses were conducted using Pearson’s 
correlation coefficiency. Two-sided P<0.05 was 
considered as statistically significant for all 
tests. All statistical analyses were performed 
using R software (http:///www.r-project.org/), 
Bioconductor (http://bioconductor.org/) and 
GraphPad Prism 9.0 (GraphPad Software).

Results

Multiple genes are upregulated in PDAC long-
term survivors

We investigated transcriptomic profiles using 
TCGA PDAC cohort. Median overall survival  
(OS) of the entire PDAC cohort in TCGA was 
18.7 months (Figure 1A). Since 3-year OS rate 

was approximately 20%, we defined the pa- 
tients who died within 3 years after surgery as 
common clinical course PDAC (n=76). Conver- 
sely, there were 4 patients who survived more 
than 5 years after surgery (Figure 1B). Sur- 
prisingly, we found that all the patients in  
the long-term survivor group were Stage II, 
whereas all stages were represented in the 
common clinical course PDAC group (6, 67, 1 
and 2 patients of Stage I, II, III and IV, respec-
tively), suggesting that clinical staging based 
upon anatomical morphology alone is not en- 
ough to predict long-term survival. There was 
no significant difference in patient demograph-
ics investigated between long-term survivor 
and common clinical course PDAC groups 
(Table S2).

In order to investigate long-term survivor uni- 
que transcriptomic signatures, gene expres-
sion profiles were compared between the long-
term survivor and the common clinical course 
groups. 16 genes were identified as signi- 
ficantly differentially expressed genes with 
Bonferroni adjusted P<0.05 (Figure 2A). Inter- 
estingly, 6 out of 16 genes were members of 
HOXA family, which were reported as onco-
genes [33]. Nevertheless, they were upre- 
gulated in the tumor of the long-term survivor. 
There were 4 clusters by correlation analysis, 
and 4 of HOXA genes were in the same cluster 
with high correlation (Figure 2B). All of them 
were upregulated in the long-term survivor 
group (Figure 2C).

We have explored the mechanism by which 
these 16 genes are highly expressed in long-
term survivor by GSEA using TCGA cohort. 
Interestingly, although these genes were high- 
ly expressed in the long-term survivor, 4 of 
them were significantly associated with epithe-
lial-mesenchymal transition (EMT) (Figure S1). 
In addition, 3 of them were significantly asso- 
ciated with interferon (IFN)-α response (Figure 
S1). Contrarily, 4 of them were negatively  
associated with glycolysis and 3 of them were 
associated with mTORC1 signaling and protein 
secretion (Figure S1). Taken together, these 
genes may associate with high anti-cancer 
immunity and with less glycolysis and mTOR 
signaling, resulting in long-term survival, but 
also associate with EMT.

Establishment of prognostic score in PDAC

In order to establish a prognostic score for 
PDAC, we applied LASSO Cox regression to the 
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Figure 1. Pancreatic ductal adenocarcinoma 
(PDAC) cohort of TCGA. A. Overall survival of 
TCGA PDAC cohort. B. Patient classification 
of long-term survivor and common clinical 
course groups of TCGA pancreatic cancer co-
hort.

whole PDAC cohort of TCGA utilizing the identi-
fied 16 genes for OS. Utilizing cross-validation 
in the LASSO Cox regression model, the partial 
likelihood deviance is plotted in log(λ) in which 
vertical lines are shown at the optimal values 
by minimum criteria and 1-SE criteria (Figure 
3A). Among the identified 16 genes, 5 genes 
were selected for use in the prognostic score, 
including PHKG1, HOXA4, ISL2, DMRT3 and 

TRA2A. Coefficient profile graph was shown in 
Figure 3B. The prognostic score was generated 
using these identified 5 genes, correlating with 
higher scores and worse prognosis patients as 
shown in Figure 3C.

To confirm the prognostic value of the score, 
whole PDAC patients in TCGA cohort were  
divided into the high and the low score groups 
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by median cutoff. As expected, the patients 
with the high score tumor showed significantly 
worse prognosis in both disease-free survival 
(DFS) (median survival time: 10.1 vs 25.1 
months, P<0.001) and OS (median survival 
time: 15.6 vs 30.0 months, P<0.001) in the 
testing TCGA cohort (Figure 4A, 4B). The high 
prognostic score patients were confirmed to 
have significantly worse OS in the validation 
cohort, GSE21501 with 102 PDAC patients 
(P=0.009) (Figure 4C). On the other hand, the 
previously reported factors, including AJCC pT, 
pN and stage did not show significant differ-
ence in OS (Figure S2). This is most likely due  

to patient distribution since most of the pa- 
tients were diagnosed as pT3 (84%) and Stage 
II (88%) surgically resected PDACs.

No association of prognostic score with spe-
cific signaling pathway

We investigated if the prognostic score is asso-
ciated with specific gene mutations or known 
enhanced signaling pathways in PDAC. We 
found that TP53, KRAS, SMAD4, and TITIN 
(TTN) were the top 4 highly mutated genes in 
TCGA PDAC cohort. TP53 mutated tumors have 
a higher prognostic score than non-mutated 

Figure 2. Transcriptomic differences between long-term survivors (LTSs) and common clinical course patients in 
pancreatic ductal adenocarcinoma (PDAC). A. Genes significantly differentially expressed comparing the tumors of 
long-term survivor and common clinical course patients with Bonferroni P<0.05 in TCGA. B. Correlation matrix of 
significantly differentially expressed genes in the whole TCGA PDAC cohort. C. Heatmap of significantly differentially 
expressed genes in LTSs and common clinical course course patients in TCGA.
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Figure 3. Establishment of the prognostic score in pancreatic ductal carcinoma (PDAC). A. Cross-validation for turn-
ing parameter selection in the LASSO Cox regression model. λ is the turning parameter. The partial likelihood devi-
ance is plotted in log(λ), in which vertical lines are shown at the optimal values by minimum criteria and 1-SE criteria. 
B. Coefficient profiles of 16 identified genes in the LASSO Cox regression model. C. Formula of the prognostic score.

Figure 4. The prognostic score predicts pan-
creatic ductal adenocarcinoma (PDAC) patient 
prognosis. A. Disease-free survival comparing 
the patients with the high and low prognostic 
score tumors in TCGA. B. Overall survival com-
paring the patients with the high and low prog-
nostic score tumors in TCGA. C. Overall survival 
comparing the patients with the high and low 
prognostic score tumors in GSE21501.
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tumors (P=0.012) (Figure 5A). However, there 
was no significant difference in the prognostic 
score between non-mutated and mutated 
tumors among KRAS, SMAD4, or TTN (Figure 
5A). We further investigated the association of 
the prognostic score with signaling pathways, 
including K-ras, TGF-β, Wnt/β-catenin, and 
Hedgehog signaling, which are known to be 
enhanced in PDAC [34] and p53 pathway. Un- 
expectedly, GSEA revealed that none of these 
gene sets were associated with the prognostic 
score (Figure 5B).

High score PDACs are associated with unfavor-
able tumor immune microenvironment (TME)

It is well known that tumors with an enhanced 
anti-cancer immune microenvironment show 
better prognosis [35]. To this end, we investi-

gated whether the high prognostic score tu- 
mors have attenuated tumor immune microen-
vironments. High tumor mutational burden 
(TMB) is not only one of the aggressive charac-
teristics of cancer [36], but also known as an 
attractant of immune cells by production of 
neoantigens. We found that the high score 
tumors were associated with higher TMB as 
compared to the low score tumors (P=0.029) 
(Figure 6A). The high score tumors were as- 
sociated with significantly lower infiltration of 
CD8-positive T cells, which play a main role in 
anti-cancer immunity (P=0.004) (Figure 6B). 
Furthermore, dendritic cells, which are anti- 
gen-presenting cells that act as messengers 
between the innate and the adaptive immune 
systems, were also significantly lower in the 
high score tumors (P<0.001) (Figure 6B).

Figure 5. The association of the prognostic score with mutation of genes and signaling pathways in pancreatic 
ductal adenocarcinoma (PDAC). A. The prognostic score comparison in tumors between non-mutated and mutated 
TP53, KRAS, SMAD4 and TTN in TCGA PDAC cohort. B. Gene set enrichment analysis (GSEA) of signaling pathways 
comparing the low and high prognostic score PDACs in TCGA.
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Recently we reported that PDAC with more 
mature blood vessels, formed by endothelial 
cells and pericytes, have improved survival  
with enhanced anti-cancer immune response 
[6]. In accordance with this previous finding, 
high score tumors were associated with sig- 
nificantly lower amounts of endothelial cells 
(P=0.002) and pericyte (P<0.001) (Figure 6C). 
We also previously found that PDAC with high 
amounts of fibroblasts showed higher curative 
resection rates, leading to better prognosis 
[37]. As expected, high score tumors showed 
lower fibroblasts (P<0.001) (Figure 6C). These 
findings suggest that high prognostic score 
PDAC is associated with high TMB and un- 

favorable TME with less anti-cancer immune 
cell infiltration, less mature blood vessels and 
fibroblasts.

High score tumor is associated with enhanced 
cell proliferation and margin positivity after 
resection

Given that high score tumor is associated with 
high TMB and unfavorable TME, we hypothe-
sized that high score tumor is associated with 
cancer progression and aggressiveness. In- 
deed, MKI67 expression level, which encodes 
proliferation marker Ki-67, was significantly 
higher in the high score tumors (P=0.010) 

Figure 6. The association of the prognostic score and tumor microenvironment (TME) in pancreatic ductal adeno-
carcinoma (PDAC) in TCGA. A. The tumor mutational burden (TMB) comparison between the low and high prognostic 
score PDACs in TCGA. B. Infiltrated immune cell comparison between the low and high prognostic score tumors. C. 
Other component comparison between the low and high prognostic score tumors.
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(Figure 7A). Furthermore, the fraction of  
epithelial cells, which mainly reflect cancer 
cells, was higher in the high score tumors 
(P=0.022) (Figure 7A). Along these lines, 
tumors with positive margins, after resection 
(R1/2 resection), reflecting cancer invasive-
ness rather than surgical technique, showed 
significantly higher prognostic scores (P= 
0.010) (Figure 7B). Unexpectedly, prognostic 
score was not associated with histological 
grade or AJCC cancer staging (Figure 7B). 
However, GSEA revealed that high prognostic 
score tumors significantly enriched cell prolif-
eration related gene sets, including G2/M 
checkpoint (NES 1.86, P=0.023), E2F targets 
(NES 1.81, P=0.026), and MYC targets (NES 
1.66, P=0.036) (Figure 7C). Taken together, 
these findings suggest that high prognostic 
score tumor, reflecting short survival PDAC, is 
associated with enhanced cell proliferation.

To investigate whether the genes included in 
the score relate to the promotion of cell prolif-
eration, we used human PDAC cell line, 
MiaPACA-2. Each gene was silenced by trans-
ducing shRNA. PHKG1, HOXA4, ISL2 and  
TRA2A knockdown was confirmed by qPCR in 
shRNA transduced cells (Figure 8A). DMRT3 
expression was undetectable in the control 
cells, thus excluded from further evaluation. 
We found that silencing of each of the 4 genes 
promoted cell proliferation as compared to  
control cells (shNT) (Figure 8B).

Discussion

In this study we established a prognostic score 
for PDAC patients with surgically resectable 
tumor utilizing long-term survivor unique tran-
scriptome profiles, identified by comparing ge- 
ne expression profiles of patients with greater 
than 5 years survival and patients with com-

Figure 7. The association of prognostic score and 
cancer aggressiveness in pancreatic ductal ad-
enocarcinoma (PDAC). A. MKI67 expression and 
epithelial cell composition comparison between 
the low and high prognostic score PDACs in TCGA. 
B. Prognostic score comparison by residual tumor 
status, histological grade, and AJCC stage in TCGA 
PDACs. C. Gene set enrichment analysis (GSEA) of 
cell proliferation related genes comparing between 
the low and high prognostic score PDACs in TCGA.
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mon clinical course who died within 3 years 
after surgery. Our method was unbiased and 
straightforward with higher scores able to pre-
dict patient prognosis. The score identified the 
PDAC patients with poor prognosis in the test-
ing TCGA cohort and confirmed in the vali- 
dation GSE21501 cohort. High score tumor 
was associated with TP53 mutation but no 
other commonly enhanced signaling pathways 
in PDAC. Additionally, high score tumor was 
associated with high TMB and unfavorable 
TME, including less anti-cancer immune cells, 
less mature blood vessels and fibroblasts.  
High prognostic score PDAC was associated 
with enhanced cell proliferation and positive 
surgical margin. Each score component gene 
promoted cell proliferation.

We found that 6 of HOXA genes were upregu-
lated in tumors of long-term survivors, includ- 
ing HOXA4, HOXA5, HOXA6, HOXA7, HOXA9 
and HOXA10. HOX genes are highly conserved 

genes encoding transcriptional factors [33]. 
There are 4 HOX families, HOXA, HOXB, HOXC, 
and HOXD, and each family has 9 to 11 mem-
bers [33]. Some of HOX genes have been re- 
ported as oncogenes in cancers. HOXA4 and 
HOXA9 play roles in stem cell differentiation, 
and promote self-renewal and proliferation of 
cancer stem cells in colorectal cancer [38, 39]. 
High expression of HOXA4 is associated with 
worse prognosis in colorectal cancer [33], and 
high expression of HOXA9 is associated with 
poor prognosis in acute myeloid leukemia  
[33]. Lymphoblastic leukemia with high expres-
sion of HOX genes, including HOXA4, HOXA5, 
HOXA7 and HOXA9 is associated with worse 
prognosis [40, 41]. Conversely, HOXA5 has 
been reported to induce apoptosis in breast 
cancer [42, 43]. Interestingly, we identified  
6 HOXA genes upregulated in the favorable 
prognosis PDAC patients, which is contradicto-
ry to a majority of previous reports.

Figure 8. The association of prognostic 
score component genes and cell prolif-
eration in pancreatic ductal adenocar-
cinoma (PDAC). A. mRNA expression by 
qPCR in shRNA transduced cells. B. Cell 
proliferation assay quantified by CCK-8 in 
shRNA transduced cells. n=6, each.
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In addition to HOXA gene, PHKG1, ISL2,  
DMRT3 and TRA2A genes were utilized in the 
prognostic score. PHKG1 plays roles in angio-
genesis and glycolysis in cancer [44, 45]. ISL2 
has never been reported to have any role in 
cancer, thus this is the first report to demon-
strate its association with a better prognosis  
in cancer. DMRT3 is also a transcription factor 
that associates with heterogeneity of lung 
squamous cell carcinoma, and regulates ge- 
nes involved in epithelial cell differentiation 
together with TP63/SOX2, which are known as 
oncogenic transcription factors [46]. TRA2A 
plays a role in the regulation of pre-mRNA  
splicing. TRA2A promotes chemo-resistance in 
breast cancer [47], and aggressive cancer 
characteristics, such as proliferation, migra-
tion, invasion and epithelial mesenchymal  
transition in glioblastoma [48]. Our finding that 
PHKG1, DMRT3 and TRA2A were upregulated 
in the PDACs of favorable prognosis patients is 
also contradictory to previous reports. PDAC 
may have unique transcriptome profiles com-
pared to other cancers.

TMB reflects neoantigen production, resulting 
in high anti-cancer immunity and improved 
prognosis [35], yet we found that high TMB is 
also associated with cancer aggressiveness 
[36]. Studies have shown that PDAC is less 
immunogenic and less TMB compared to other 
tumors [49], and high TMB in PDAC is inversely 
correlated with CD8-positive T cells, leading it 
to be used as a poor prognostic indicator in 
PDAC [50]. In the current study, we observed 
that high prognostic score patient with worse 
prognosis was associated with the high TMB 
and attenuated anti-cancer immunity, includ- 
ing less CD8-positive T cells. This finding impli- 
es that the clinical significance of TMB varies 
among different types of cancer.

We recently found that PDAC tumors with high 
amounts of mature blood vessels have en- 
hanced anti-cancer immunity with better prog-
nosis [6]. We also found that higher fibroblast 
composition in PDAC is associated with higher 
rates of negative surgical margins, along with 
high mature blood density and less cancer  
cells in the tumor [37]. The fraction of cancer 
cells within a tumor is thought to reflect  
cancer cell proliferation [9]. This current study 
is consistent with these findings in that high 
prognostic score tumors with worse survival 
were associated with enhanced cell prolifera-
tion, shown by high number of epithelial cells, 
high MKI67 expression, as well as less mature 

blood vessel cells and fibroblasts. Further- 
more, high prognostic score tumor was associ-
ated with cell proliferation related gene sets, 
G2/M checkpoint, E2F targets and MYC tar-
gets, of which we have recently reported to be 
enriched in aggressive breast cancer [51, 52]. 
Given these results, our newly established 
prognostic score enables us to detect PD- 
AC with high TMB, unfavorable TME, enhanced 
cell proliferation, and poor survival.

In this study, we established the prognostic 
score by analyzing resectable PDAC patients. 
Our results demonstrated that the knockdown 
of the genes that constitute the score, which 
were highly expressed in the tumor of long- 
term survivor, promoted cell proliferation. 
Furthermore, the score was associated with 
residual tumor status. These findings suggest 
that long-term survival may be achieved by  
a less invasive phenotype due to suppressed 
cell proliferation, resulting in R0 resection.

There are limitations in this study. First, there 
were only 4 patients who survived more than 5 
years after diagnosis of pancreatic cancer in 
TCGA cohort resulting in a less than ideal sam-
ple size for long-term survivor group statistical 
analyses. This was because 1) PDAC is not the 
most common type of cancer, 2) PDAC has very 
poor prognosis with 5 year survival of approxi-
mately 5% that severely limits availability of 
tumor samples with both transcriptome and 
clinical parameters from patients that survived 
for more than 5 years. As a result, the current 
study is the first, to the best of our knowledge, 
which was able to generate a score using tran-
scriptomics of pancreatic cancer patients who 
survived more than 5 years. Future prospective 
study should be conducted to confirm our find-
ings using large cohorts with additional long-
term survivors. Second, there are some impor-
tant analyses missing because we could not 
obtain those data within TCGA PDAC cohort.  
We are unable to show the superiority of the 
score compared to previously reported factors, 
including anatomical factors (resectability 
according to the NCCN guideline), biological 
factors (positivity of lymph node metastasis, 
tumor markers) and conditional factors (per- 
formance status, immune-nutritional status). 
Optimal treatment selection is essential to 
achieve long-term survival in PDAC. Unfortu- 
nately, we were unable to access any PDAC 
cohort with both transcriptome and treatment 
response on long-term survivor’s data large 
enough to conduct bioinformatic analyses 
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despite an exhaustive, comprehensive search. 
TCGA cohort does not include detailed treat-
ment information, therefore prohibiting us from 
analyzing the relationship between treatment 
selection and patient survival. We were also 
unable to analyze the relationship between 
tumor markers, such as CEA and CA19-9, and 
patient prognosis, including score superiority 
compared to tumor markers, despite their role 
as predictors of patient survival in PDAC. In 
addition, TCGA cohort includes only surgically 
resected PDACs, accounting for only 20% of 
PDAC cases. Therefore, the score utility in non-
resectable PDAC is unknown. Further, the me- 
chanistic analysis was conducted using only 
bioinformatic analysis and a few in vitro experi-
ments, thus, the exact roles of genes in the 
prognostic score are also not elucidated. To 
investigate it, further experimental approach is 
needed.

In conclusion, we established a prognostic 
score for PDAC patients who underwent surgi-
cal resection using long-term survivor unique 
transcriptomic profiles. We found that poor 
prognosis patients with a high score were  
associated with aggressive characteristics 
such as unfavorable TME and enhanced cell 
proliferation. This score may be useful in clini-
cal practice to decide treatment strategy by 
predicting patient prognosis.
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Table S1. qPCR primer sequence
Gene F R
PHKG1 CACCTTGAGTGAGAAGGAAACC GAGTTTGTGCAAGGTGCAGAT
HOXA4 CACCAGGGAAAGCACAAAC AAGATTATATGGAGGAGGGAACG
ISL2 CATCAAGTGCGCCAAGTG TCGATGTGGTACACGCTGTC
DMRT3 CCAAGCCAGATTTGACTG CCTTACTCTTTGCCACAT
TRA2A TCTGAATCCCATTCTCGATCA GGATCTGGATCGAGTGTAACG
ACTB GTGGCCGAGGACTTTGATTG CCTGTAACAACGCATCTCATATT

Table S2. Patient demographics of the long-term survivor and common clinical course patients in 
TCGA PDAC cohort

Long-term survivor (n=4) Common clinical course (n=76) P
Sex
    Male 2 (50.0%) 37 (487%) >0.999
    Female 2 (50.0%) 39 (51.3%)
Age 66.0±4.2 65.3±11.1 0.797
Race
    CA 3 (75.0%) 68 (91.9%) 0.319
    others 1 (25.0%) 6 (8.1%)
Primary Site
    Body/Tail 1 (25.0%) 11 (14.5%) 0.485
    Head 3 (75.0%) 65 (85.5%)
Residual Tumor
    R0 2 (100%) 40 (56.3%) 0.505
    R1/2 0 (0%) 31 (43.7%)
Tumor Size 3.47±0.64 3.98±1.55 0.299
Grade
    G1 1 (25.0%) 8 (10.5%) 0.386
    G2/3 3 (75.0%) 68 (89.8%)
pT
    pT1/2 0 (0%) 10 (13.2%) >0.999
    pT3/4 4 (100%) 66 (86.8%)
pN
    pN0 1 (25.0%) 15 (20.0%) >0.999
    pN1 3 (75.0%) 60 (80.0%)
Stage
    Stage I 0 (0%) 6 (7.9%) >0.999
    Stage II 4 (100%) 67 (88.2%)
    Stage III/IV 0 (0%) 3 (76.0%)
CA: Caucasian American.
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Figure S1. Gene set enrichment analysis (GSEA) of genes which were highly expressed in the long-term survivor. 
NES: normalized enrichment score.

Figure S2. The relationship of the AJCC staging system and overall survival in TCGA PDAC cohort. A. Overall survival 
by pT classification. B. Overall survival by pN classification. C. Overall survival by stage.


