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Abstract

Pancreatic cancer (PC) is considered one of the deadliest cancers worldwide, and the
number of PC-related deaths is expected to increase. Early diagnosis of PC is crucial
for improving treatment outcomes. Despite improvements in overall survival (OS) in
metastatic and unresectable PC due to systemic therapy, there is still a need to search for
novel therapies and factors predictive of response to treatment. Cancer profiling based on
genome sequencing can be used to develop targeted therapies and improve prognostics
and treatment outcomes. Therefore, this review was conducted to evaluate the clinical
value of molecular subtyping in pancreatic cancer as a prognostic and predictive factor in
pancreatic cancer. Due to its limitations, including the lack of a registered protocol and
risk of bias assessment for the included studies and those whose results were not included,
this study should be considered a narrative review with a structured search strategy rather
than a systematic review.

Keywords: molecular subtypes; RNA sequencing; pancreatic cancer; clinical utility

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal cancers worldwide.
The estimated 5-year survival rate ranges from 5% to 11.5%, depending on the data source [1,2].
This is mostly due to late diagnosis and the asymptomatic course of PDAC in early stages.
Pancreatic cancer (PC) was estimated to be the 12th most common cancer worldwide in 2022
(510,566 new cases; 2.6% of all cancer cases) and was responsible for 467,005 cancer-related
deaths (4.8%; the sixth most common cause of cancer-related deaths worldwide) [3]. In Poland
in 2022, PC was the sixth and ninth most commonly diagnosed cancer and fifth and sixth most
common cause of cancer-related deaths in women and men, respectively [4]. It is estimated
that by 2030, PDAC will be the second and third leading cause of cancer-related deaths in the
USA and Europe, respectively [5-7].

PDAC remains the most common histopathological subtype of PC, accounting for
about 85% of PC diagnoses. Other subtypes are rare and usually have prognostic value
with little impact on treatment decision-making [8,9]. Obesity, diabetes mellitus, a diet

Curr. Issues Mol. Biol. 2026, 48, 502

https://doi.org/10.3390/cimb48050502


https://crossmark.crossref.org/dialog?doi=10.3390/cimb48050502&domain=pdf&date_stamp=2026-05-21
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cimb
https://www.mdpi.com
https://orcid.org/0000-0002-7915-6563
https://orcid.org/0009-0000-2682-1884
https://orcid.org/0000-0002-0873-4952
https://orcid.org/0000-0002-6320-0224
https://doi.org/10.3390/cimb48050502

Curr. Issues Mol. Biol. 2026, 48, 502

2 of 20

rich in processed meat, a lack of physical activity, and tobacco smoking are the most
commonly referenced risk factors of PC, along with genetic factors such as p53, K-ras, p16,
and PRSS1 [10,11].

In early stages, pancreatoduodenectomy is the choice of treatment in resectable cases
(which are approximately 10-15% of all cases) [12]. Neoadjuvant treatment, which can
either be systemic treatment with multi-drug regimens or chemoradiation, is still considered
a debatable choice in cases of locally advanced pancreatic cancer (LAPC) and resectable or
borderline resectable disease. Systemic adjuvant treatment with a modified FOLFIRINOX
regimen is recommended for all eligible PDAC patients. In metastatic PDAC, systemic
therapy with multi-drug regimens such as FOLFIRINOX or gemcitabine with nab-paclitaxel
or monotherapy with gemcitabine are the preferred treatments [13]. Conroy et al. compared
a FOLFIRINOX regimen to gemcitabine in monotherapy and found that the median time
of overall survival (OS) was 11.1 months with FOLFIRINOX compared to 6.8 months in the
gemcitabine group [14]. In a study by Sahoo et al. comparing gemcitabine accompanied
by nab-paclitaxel to gemcitabine in monotherapy, OS was found to be 8.5 months in the
dual-drug regimen compared to 6.7 months in the monotherapy [15].

Despite the improvements in OS in metastatic PDAC achieved with systemic therapy,
its effectiveness is likely limited by the microenvironment surrounding the growing tumor.
The desmoplastic response of the surrounding tissues and low angiogenesis reduce the
effectiveness of chemotherapy [16]. The most recent and promising therapies, which include
non-selective RAS inhibitors such as daraxonrasib, are currently undergoing clinical trials
(NCT06625320). Therefore, the search for predictive factors remains necessary.

Rapid advances in the molecular pathophysiology of cancers demonstrate that even
histologically similar neoplasms can harbor various molecular changes that can affect the
clinical approach to patient treatment. Cancer profiling based on genome sequencing can be
used to develop targeted therapies and improves prognostics and treatment outcomes [17].
Molecular subtyping for PDAC is gradually being developed; however, its clinical utility is
still debatable. There have been several attempts to describe PDAC molecular subtypes.
In 2011, Collisson et al. defined three molecular PDAC subtypes based on transcrip-
tional profiling of PDAC samples and cell lines—*“classical”, “quasi-mesenchymal”, and
“exocrine-like”—with poorer survival for the quasi-mesenchymal subtype compared to
the classical [18]. In 2016, Moffitt et al. utilized non-negative matrix factorization (NMF)
to analyze gene expression in a cohort of PDAC tumors, cell lines and normal samples.
They identified two tumor subtypes—a “basal-like” subtype (worse outcome) and a “clas-
sical” subtype—and two stromal subtypes: “normal” and “activated” [19]. In the same
year, Bailey et al. presented their classification based on genomic analysis of recurrently
mutated genes, defining four molecular subtypes—"squamous”, “pancreatic progenitor”,
“immunogenic”, and “aberrantly differentiated endocrine exocrine” (ADEX)—with poor
prognosis for the squamous subtype [20]. The Cancer Genome Atlas Research Network
(TCGA) analysis from 2017 provided data that indicated that the proposed classifications
overlap [21]. There have since been attempts to standardize the classifications [22].

Aims:

Itis a valid and important task to check the clinical utility of the molecular subtyping of
PDAC. The primary aim of this study was to review the current evidence for the prognostic
utility of PDAC molecular profiling. The second aim was to summarize the currently
available evidence on the potential association between PDAC molecular subtypes and
systemic treatment outcomes.
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2. Materials and Methods

Due to its limitations, this article should be considered a narrative review with a
structured search strategy. The articles included in this review dated from 2010 to 2025.
They were evaluated based on their titles and abstracts. The eligibility criteria were as
follows: participants were patients with PDAC; interventions were molecular subtyping of
PDAC based on gene expression analysis or ribonucleic acid (RNA) sequencing, evaluation
of prognostic value by a comparison of overall survival (OS) between different subtypes,
and evaluation of predictive value through comparison of the effectiveness of the systemic
therapy regimens in different molecular PDAC subtypes.

PubMed and EMBASE databases were searched with the term “(pancreatic cancer or
pancreatic adenocarcinoma) and (whole genome sequencing or RNA sequencing or molecular
subtypes)”. We also performed a manual search of potentially eligible studies based on
reference lists of extracted reviews. The search was performed from 11 to 29 August 2025.
Two authors (J.W. and W.S.) performed the study screening and full-text assessment.

The extracted data included the specimen type used in molecular subtyping, the molec-
ular subtype classification utilized in the study, the histopathological neoplasm diagnosis,
neoplasm clinical stage, the prognostic utility of the classification system based on OS or other
measures such as disease-specific survival (DSS), and the predictive utility of the classification
based on the comparison of systemic therapy effectiveness in different subtypes.

Limitations

This study was not initially planned as a systematic review. This study lacks a risk
of bias assessment for both the included studies and the studies whose results were not
included. No review protocol was created and the study was not registered. The growing
interest in molecular subtyping led Robertson et al. to perform a systemic review. In
their analysis, the authors focused not only on transcriptome PDAC subtyping but also on
biomarker and IHC profiling [23]. In our analysis, we aimed to contribute new evidence
to the predictive value research of molecular subtyping of PDAC, as demonstrated in the
studies of Singh et al. [24] and Wenric et al. [25], and to distinguish between immuno-
histochemical surrogates for PDAC molecular subtyping. We also wanted to emphasize
the ongoing efforts to understand the predictive value of PDAC molecular subtyping, as
presented in the ‘Challenges in implementing molecular subtyping into clinical practice
and future directions’ paragraph.

In several cases, the studies included in this analysis had overlapping populations
since the authors used publicly available datasets or continued their previous studies.

The pre-analytical variability, primarily arising from the different choices of sample mate-
rial and handling prior to RNA sequencing, makes it difficult to compare the included studies.

3. Results

We searched the term “(pancreatic cancer or pancreatic adenocarcinoma) and (whole
genome sequencing or RNA sequencing or molecular subtypes)” and found 3681 entries in
PubMed and 9741 in EMBASE. An additional seven studies were selected for further study
after analyzing reviews. Following the initial search, 140 studies were selected for further
analysis. After duplicate removal, 80 remained. The titles and abstracts of these studies were
reviewed, and 23 were selected for full review. Out of these studies, one was excluded due to
being a non-primary study, five due to being only abstracts or conference papers, one due to
being an early report of results from another study for which the final results were available,
and two due to a lack of data on molecular subtyping based on RNAseq or gene expression
assay. Finally, 14 articles were included in the analysis [18-20,24,26-34]. The literature search
approach is presented in Figure 1. The purpose of Figure 1 is illustrative rather than being
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a mandatory component of the PRISMA guidelines, given that this text is not a systematic
review. Table 1 shows the prognostic value of the various proposed molecular subtypes of
PDAC classifications. Details of the selected studies are presented in Supplementary Table S1.

140 results identified
by database searching

|
CGO duplicates remove@
|

60 results identified by database searchin@

|

(23 full texts assessed for eligibility>

14 articles for review

* 2 lack of molecular subtyping data

9 excluded due to:
1 nonprimary study

5 abstract/conference only

1 early results report

Figure 1. The course of the literature search.

Table 1. Prognostic utility of PDAC molecular subtypes in selected studies (OS—overall survival,
QOM-PDA—quasi-mesenchymal pancreatic ductal adenocarcinoma, FFPE—formalin-fixed paraffin-

embedded, NMF—non-negative matrix factorization, DFS—disease-free survival, DSS—disease-

specific survival).

Molecular Prognostic
Study Samples Analyzed Subtyping Clinical Stage Outcome Prognostic Outcome
Method Measure
Resected tumor .
. . Global gene Resectable tumor, Classical
Collisson et al. [18] material, . . . (OF]
: . expression analysis celllines subtype—better OS
microdissected
Classical
. FFPE . subtype—better OS
Moffitt et al. [19] (NMF clustering) RNA sequencing Resectable tumor oS Normal stroma
subtype—better OS
. Resected tumor . Squamous
Bailey et al. [20] material RNA sequencing Resectable tumor (OS] subtype—worse OS
DEFS better for k2.cl1
Resected tumor Gene expression Resectable tumor, compared to k2.cl2
Janky et al. [29] material (NMF p . ! DFS and OS DFS better for
) profiles metastatic PDAC
clustering) k3.cllcompared to
k3.cl2
Moffitt: classical
subtype—better OS
; Resected tumor . Bailey: squamous
Birnbaum et al. . Gene expression
material, . Resectable tumor (O3] subtype—worse OS
[28] . . profiles .
microdissected Collisson:
quasi-mesenchymal—
worse OS
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Table 1. Cont.

Molecular Prognostic
Study Samples Analyzed Subtyping Clinical Stage Outcome Prognostic Outcome
Method Measure
Basal-like
subtype—the worst
outcome
Puleo et al. [31] FFPE RNA sequencing Resectable tumor DEFS and OS Pure classical ?md
immune classical
subtypes—
equivalently good
outcomes
_ . Resectable tumor, Basal-like
Roa-Peria et al. [32] FFPE RNA sequencing metastatic PDAC (OS] T —
Basal-like—worse OS
Fresh-frozen tumor Stromal
Maurer et al. [33] tissue RNA sequencing Resectable tumor (O] subtypes—better
prognosis than
ECM-rich tumors
Fresh-frozen tumor
tissue which
, . Resectable tumor, Basal like
O’Kane et al. [34] undergoes laser RNA sequencing metastatic fumor 0os subtype—worse OS
capture
microdissection
Suurmeijer etal.  Fresh-frozen tumor . Basal-like
[30] tissue RNA sequencing Resectable tumor oS subtype—worse OS
RNA sequencing
Dreyer et al. [26] Fresh—fr.ozen fumor and microarray Resectable tumor DSS Squamous
tissue . subtype—worse OS
gene expression
Singh et al. [24] FFPE RNA sequencin Metastatic PDAC 0S Strongly basal-like
g - ! & subtype—worse OS
Biopsy after laser Unresectable Basal like
Knox et al. [27] capture RNA sequencing tumor, metastatic (O] subtvpe—worse OS
microdissection PDAC ubtyp
RNA sequencing P;ﬁg tbaseag-rlllge
Zhao et al. [35] FFPE and microarray Resectable PDAC DFS and OS yP

gene expression

stroma-activated
subtype—worse DFS

3.1. Patient Demographics
The studies included in this review were published between 2011 and 2025. The

studies comprised 6860 patients in general, of whom 6584 had survival data available. Most
of the studies included patients with resectable PDAC, but five also included patients with
metastatic disease [24,27,29,32,34], with two of them restricting survival analysis only to
unresectable and metastatic disease [24,27].

3.2. Outcome Measures

Out of 14 studies included, 13 used overall survival (OS) as an outcome measure.
Other measures included DSS (disease-specific survival) as the only means of measure in
one study [26] and DFS (disease-free survival)in three cases [29,31,35].

3.3. Material Used in Studies

Out of 14 studies, 4 used freshly frozen tumor tissue (FFIT) for their analy-
sis [26,30,33,34], 5 used formalin-fixed paraffin-embedded (FFPE) tissue [19,24,31,32,35],
2 mentioned only that the material came from PDAC resection [20,29], 1 used resected
material that underwent microdissection [18], 1 used biopsied material that underwent
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microdissection [27], and 1 used material from both resected PDAC tissue and resected
PDAC tissue that underwent microdissection [28].

3.4. Techniques Used to Determine Molecular Subtypes

Studies included in this analysis described molecular subtyping based on either
RNA sequencing [19,20,26,27,30-35] or whole-gene expression [18,26,28,29]. One study
mentioned using the PurIST algorithm [36] based on RNA sequencing [24].

3.5. Classification Used

Two studies used the classification presented in Bailey et al. [20,32], two used the
classification from Collisson et al. [18,27], and seven used Moffitt classification (either
tumor or stromal classification) [19,28-31,33,34] with the modified stromal classification of
Maurer et al. [33] One study [24] used its own five-subtype classification, and one study [28]
compared Bailey, Moffitt, and Collisson classifications using publicly available datasets.
A study by Zhao et al. used a six-subtype classification for tumors and stroma [35]. The
details of the classifications used in the studies are presented in Table 2.

3.6. Prognostic Utility
3.6.1. Overall Survival

In Collisson et al., the classical subtype tumors presented better OS than the quasi-
mesenchymal subtype in a univariate analysis (p = 0.038), and the molecular subtype
remained an independent predictor of OS in Cox multivariate analysis (p = 0.024) [18].
In Jankys et al. [29] (which referenced Collisson classification), no statistically significant
difference in OS was observed between the k2.cl1 (classical subtype) and k2.cl2 subtype,
nor between the three subtypes separately (p = 0.193) in univariate analysis. This study,
however, observed differences in DFS, which we will discuss in the next section.

In Moffitt et al., patients with basal-like subtype tumors had worse median OS
(11 months) compared to patients with classical subtype tumors (19 months) (p = 0.007).
Moffitt classification also distinguished stromal subtypes. Patients with an activated stroma
subtype a had worse median survival of 15 months compared to patients with a normal
stroma subtype (median of 24 months) [19]. Similar results were presented in Roa-Pefa
et al. (worse prognosis for the basal-like subtype, HR 1.799, p = 0.0094) [32], Maurer et al.
(worse prognosis for the basal-like epithelial subtype compared to the classical subtype,
based on Kaplan-Meier survival plots) [33], Suurmejier et al. (worse OS in the basal-like
compared to the classical subtype: 11 versus 16 months, p = 0.035; confirmed by Cox’s
multivariate analysis) [30], Singh et al. (the strong basal subtype in metastatic PDAC had
significantly worse OS compared to patients with the strong classical subtype in metastatic
PDAC: median of 5.7 [95% CI: 5.3-6.1] vs. 10.0 [95% CI: 9.3-10.6] months, respectively) [24],
and Knox et al. (the basal-like subtype had worse prognosis in Cox’s multivariate analysis:
HR 2.213 (CI 1.522-3.217), p < 0.001) [27].

In Bailey et al., the squamous subtype of PDAC had significantly worse OS compared
to other subtypes (13.3 months), which was confirmed in multivariate analysis (HR: 2.23
(1.23-4.07); p = 0.0086) [20]. Similar results were presented by Dreyer who used DSS to
measure prognostic utility, which are discussed further below [26].

Puleo et al., who present results for five PDAC molecular subtypes (basal-like, stroma-
activated, desmoplastic, pure classical, and immune classical), confirmed the worst OS
for the basal-like subtype (median OS of 10.3 months), while the pure classical and the
immune classical subtypes showed an equivalently good prognosis (median OS values of
43.1 and 37.4 months, respectively). The five-subtype model was significantly associated
with survival in both univariate (OS log-rank test, p = 4 X 10~?) and multivariate analyses.

https://doi.org/10.3390/cimb48050502
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The study also used DFS as the measure of prognostic value, and observations for OS were

similar in the case of DFS [31].

Table 2. Molecular subtype classifications used in selected studies.
Study Year Molecular Classification Tumor Subtypes Stromal Subtypes
Classical
Collisson et al. [18] 2011 Collisson classification Quasi-mesenchymal }
Exocrine-like
Classical Normal
Moffitt et al. [19] 2015 Moffitt classification - -
Basal-like Activated
Squamous
Progenitor -
Bailey et al. [20] 2016 Bailey classification ADEX
Immunogenic
Janky et al. [29] 2016 Correspondi.n'g to Collisson 2-and ?)jsuk?type )
classification classification
Collisson, . .
Birnbaum et al. [28] 2017 Moffitt, and Comparlso.n. of 3 different -
. . classifications
Bailey classifications
Pure basal-like
Stroma-activated
Puleo et al. [31] 2018 Puleo classification Desmoplastic
Pure classical
Immune classical
- Classical
Roa-Pena et al. [32] 2019 Moffitt classification - -
Basal-like
Classical Immune-rich
Maurer et al. [33] 2019 Moffitt clasilficatl.}).n apd own Extracellular
stromal classification Basal-like matrix-associated
pathways (ECM-rich)
; ificati Classical
Suurmeijer et al. [30] 2022 Moffitt cla551f1(31atlopkE>ased on PurIST _
algorithm Basal-like
Classical (including ADEX
) o and immunogenic
Dreyer et al. [26] 2023 Bailey classification subtype) -
Squamous
Singh et al. [24] Moffitt classification based on PurIlST Classical _
ingh et al. [24 2024 i
& algorithm Basal-like
Classical
Knoxetal. [27] 2025 Moffitt classification - -
Basal-like
. Inactive structural stroma
Classical
Acti
Zhao et al. [35] 2021 Based on Puleo classification ctivated stroma
Basal-like Inflammatory stroma
Immune stroma
Classical -
2019 Moffitt classification -
Basal-like

O’Kane et al. [34]

Birnbaum et al., who compared three different classifications in one study (Moffitt, Bai-

ley, and Collisson), confirmed the utility of Moffitt’s “tumor” classification (p = 1.56 x 10~2)
and Bailey classification (p = 1.69 x 10~2) in multivariate survival analysis, while finding

that Collisson classification did not have any prognostic value [28].
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Similar results were presented by O’Kane et al., where the classical subtype was asso-
ciated with better OS compared to the basal subtype (OS 9.3 months vs. 5.9 months) [34].

3.6.2. Disease-Specific Survival

In Dreyer et al., the squamous subtype of PDAC was associated with worse DSS
compared to other subtypes in univariate analysis (median survival 14.9 vs. 26.5 months,
p < 0.001), which was confirmed by multivariate analysis (squamous molecular subtype
was an independent risk factor for worse DSS (HR, 1.54; 95% CI, 1.04-2.28, p = 0.032) [26].

3.6.3. Disease-Free Survival

In Jankys et al. [29] (which used Collisson classification), univariate analysis found
DFS to be significantly better for k2.cll (classical subtype) than for k2.cl2 (exocrine-like
subtype and quasi-mesenchymal subtype) (p = 0.035); it was also better for k3.cl1 (classical
subtype) than k3.cl2 (exocrine-like subtype) (p = 0.026).

In Puleo et al., the worst DFS was associated with the basal-like subtype (4.57 months),
while the classical subtype had the best DFS (20.13 months) (log rank 2 x 10~7) [31].

In Zhao et al., the pure basal-like subtype and the stroma-activated subtype were
associated with worse DFS (medians of 10.23 months and 11.74 months, respectively).
Similar data were noted for OS, but were only available in the form of a figure [35].

3.7. Predictive Value in Different Molecular Subtypes

Five of the included studies directly referenced systemic therapy and its effectiveness
in the context of molecular subtypes of PDAC. Table 3 presents the results of systemic
treatment for different molecular subtypes. Details of the included studies can be found in
Supplementary Table S2. However, these results remain preliminary.

Table 3. Molecular subtypes and their influence on treatment outcomes (NAT—neoadjuvant treat-
ment, GemCAP—gemcitabine-capecitabine, mFFX—modified FOLFIRINOX, FEX—FOLFIRINOX).

Treatment (Adjuvant/

Study Year Neoadjuvant/Palliative) Regimens Treatment Outcomes
- mFFX
- Gemcitabine Squamous subtype—less likely to
Dreyer et al. [26] 2023 NAT and adjuvant - Chemoradiation receive adjuvant therapy; worse
with GemCAP prognosis
o QM-PDA subtype—sensitive to
Collisson et al. [18] 2011 Cell lines (in vitro) ] Erlotlr'ub i gemcitabine
‘ - Gemcitabine Classical subtype—sensitive to
erlotinib
- mFFX '
Knox et al. [27] 2025 Palliative - Gemcitabine + Basal-like subtype—worse
nab-paclitaxel prognosis on mFFX
- FRX o Strongly basal-like subtype—worse
Singh et al. [24] 2024 Palliative - Gemcitabine + prognosis, regardless of CTH
nab paclitaxel regimen
Classical subtype—favorable mFFX
’ - mFFX effect
O'Kane etal. [34] 2021 Basal-like subtype—little effect of
mFFX
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4. Discussion

Over the years, different molecular subtype classifications based on the transcriptome
(RNA profiling) have been proposed. First, in 2011, Collisson et al. used hybridization
array-based RNA expression methods to define three subtypes of PDAC: classical (with
high expression of adhesion-associated and epithelial genes), quasi-mesenchymal (with high
expression of mesenchyme-associated genes), and exocrine-like (with high expression of tumor
cell-derived digestive enzyme genes, supported by immunohistochemical staining) [18].

Moffitt et al. [19] derived a classification system distinguishing between two main
cell components present in the specimen: the tumor and stromal components. For tumor
classification, they defined classical and basal-like subtypes of PDAC, while for stromal
classification, they defined activated (genes associated with macrophages, genes associated
with tumor promotion: secreted protein SPARC, WNT family members, gelatinase B
(MMP9), stromelysin 3 (MMP11), and fibroblast activation protein (FAP)) and normal
(with high expression of pancreatic stellate cell markers: smooth muscle actin, vimentin,
and desmin) subtypes. They also noticed that Collisson et al.’s subtypes overlapped with
their classification. Collisson’s exocrine-like subtype had expression indistinguishable
from normal pancreatic tissue, the quasi-mesenchymal subtype had features of the basal-
like subtype and the stromal subtypes, while the classical subtypes overlapped in both
classifications [19].

Bailey classification described four subtypes: squamous, pancreatic progenitor, im-
munogenic, and aberrantly differentiated endocrine exocrine (ADEX). These subtypes were
also associated with histological characteristics. Three out of four overlapped directly with
Collisson classification: quasi-mesenchymal and squamous; classical and pancreatic pro-
genitor; exocrine-like and ADEX. The immunogenic subtype was associated with increased
immune infiltration [20].

The Cancer Genome Atlas Research Network attempted to summarize and unify the
overlapping classifications. Using the computational ABSOLUTE algorithm [37], they
divided their cohort into high-purity (>33%) and low-purity (<33%) groups to address the
challenge of low tumor cellularity of samples. Their observations led to the conclusion
that in high-purity samples, PDAC can be classified into a basal-like/squamous group and
a classical/progenitor group. Immunogenic and ADEX or exocrine-like subtypes were
associated with low purity samples [21].

Puelo et al. [31] addressed the problem of variable neoplastic cell levels in tumor
samples and the influence of stromal cells on the tumor microenvironment by proposing
a redefined classification with five molecular subtypes of PDAC: (1) pure classic (with
a low stromal signal), (2) immune classic (with a stronger stromal signal), (3) stroma-
activated (a basal subtype enriched with a stroma component), (4) desmoplastic (a low
tumoral component with strong stromal activation), and (5) pure basal-like (with a low
stromal signal). The first two could be referred to as classical subtypes in the previous
classifications, while the latter three are composed of classical and basal-like subtypes. The
tumor compartment of PDAC can be described by two subtypes (basal-like and classical),
as suggested in previous studies.

In 2019, Collisson et al. took a harmonized approach to classifying molecular PDAC
subtypes, dividing them into two main lineages created by the loss of endodermal-
pancreatic identity: squamous and classical-pancreatic. Both subtypes can be further
divided into classes [22]. One of the challenges of tumor analysis is the fact that gene
expression is averaged between tumor and stromal compartments. Thus, ensuring the use
of high-purity material remains crucial to the results. Differences in the material used in
the chosen studies were also significant. In the first study describing molecular subtypes,
to ensure a high number of PDAC cells in the tested material and to decrease the number
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of stromal cells and normal exocrine pancreatic cells causing interference, the epithelial
cells in the samples were physically microdissected [18]. In the study by Moffitt et al. from
2015, the problem of varied gene expression in stromal and tumor compartments was
addressed by using the non-negative matrix factorization (NMF) technique to perform
virtual microdissection [19], which has previously been reported to be useful in other
human neoplasms [38,39]. In Bailey classification from 2016, based on RNA sequencing
(RNAseq), the material used in the analysis was derived from bulk resected PDAC tumors
and metastases with a high epithelial content (>40% cellularity) to balance stromal gene
expression [20]. The summary of similarities and differences between main classifiers are
presented in Table 4.

Despite the low gene-level overlap across the signature gene lists, the prognostic
findings are remarkably concordant. Birnbaum et al. applied all four classifiers (Collisson,
Moffitt tumor, Moffitt stroma, and Bailey) to a pooled series of 846 PDAC samples from
15 public datasets and demonstrated a concordance rate of 73% to 86% when assigning
“good prognosis” or “poor prognosis” between the three tumor epithelium-based classi-
fiers (Collisson, Moffitt tumor, Bailey). The concordance was substantially lower (50-60%)
when comparing tumor-based classifiers with the Moffitt stroma classifier, reflecting the
complementary biological information captured by stromal gene lists. Cramer’s V analy-
sis showed the strongest agreement between Bailey classification and the Moffitt tumor
classifier. Multivariate survival analysis incorporating all four classifiers simultaneously
retained only Bailey classification and the Moffitt stroma classification as independently
prognostic, highlighting their complementarity [28].

In the TCGA study, when only high-purity samples were considered, Bailey’s squa-
mous samples showed significant overlap with Moffitt’s basal-like samples, while Bailey’s
pancreatic progenitor samples and Collisson’s classical samples largely overlapped with
Moffitt’s classical samples [21].

The main PDAC molecular classification systems converge on a fundamental di-
chotomy between a classical / pancreatic progenitor lineage—associated with preserved
endodermal identity and a more favorable prognosis—and a basal-like/squamous lineage—
characterized by a loss of differentiation, EMT enrichment, and a poorer clinical outcome.
Additional subtypes identified in earlier studies (ADEX, exocrine-like, immunogenic) likely
reflect stromal, immune or normal tissue contamination and are not reliably reproduced
in high-purity or deconvoluted analyses. The high but imperfect concordance between
classifiers, driven in part by intratumoral heterogeneity and technical variability, shows the
need for standardized, clinically validated subtyping tools and prospective evaluation of
their impact on treatment decision-making.

Taken together, despite differences in methodology, nomenclature, and sample com-
position, the major transcriptomic classification systems of PDAC converge on a shared
biological framework. In practice, most tumors can be consistently mapped onto two prin-
cipal epithelial lineages: a classical /pancreatic progenitor group, associated with preserved
differentiation and more favorable outcomes, and a basal-like/squamous group, character-
ized by a loss of epithelial identity and poorer prognosis.

In retrospect, while preparing this review, it became increasingly clear to us that
many of the additional subtypes described across studies—such as ADEX, immunogenic,
or exocrine-like—are less consistently reproduced and are often influenced by stromal,
immune, or low-purity sample components rather than representing stable, tumor-intrinsic
categories. This perspective does not invalidate earlier classifications, but rather places
them within a more unified and biologically coherent framework.
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Table 4. Summary of main similarities and differences between molecular subtypes classifications

of PDAC (QM-PDA—quasi mesenchymal pancreatic ductal adenocarcinoma; ADEX—aberrantly

differentiated endocrine exocrine subtype).

Stromal Cells Subtvpes Similarities Differences
Classification Method Used ype Between Between
Influence Determined cp e cp
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QM-PDA
overlapping with
squamous and
hybridization epithelium was basal-like th of .
. . subtypes—due to  immunogenic
array-based microdissected lassical 1 f b 4
MRNA away from the classical, 0ss O subtype—due to
Collisson [18] . QM-PDA, endodermal lack of stroma
Non-negative stroma (lack of L . . .
) exocrine-like identity cells undergoing
matrix stromal cells . .
factorization influence) (poor prognosis)  analysis
exocrine-like (microdissected).
might be
overlapping with
ADEX subtype
basal-like
overlapping with
squamous and
QM-PDA
subtypes—due to

mRNA basal-like and loss of

. stromal .
expression . classical, and endodermal
: transcriptome . . .
microarray and subtracted from also described identity
Moffitt [19] RNAseq epithelial two stromal (poor prognosis)

Non-negative P . subtypes— activated stroma

. subtypes in .

matrix . normal and corresponding to
oL analysis . . .
factorization activated Immunogenic
subtype present
(due to
infiltration of
immunogenic
cells in stroma)
squamous
overlapping with
basal-like and
QM-PDA immunogenic
MRNA full range of squamous, subtypes— ‘ subtype present
. cellularity, pancreatic downregulation
. expression . . . . (due to
Bailey [20] ; including high progenitor, of endodermal NP
microarray and s : . infiltration of
RNAse epithelial content immunogenic, genes i mmuUnogenic
! (>40%) ADEX (poor prognosis) cells) &
ADEX might be
overlapping with
exocrine-like
subtype
pure classical, in high immune classical
immune cellularity subtvpe
. classical, basal-like YP .
RNA expression  full range of . . . (associated with
Puleo [31] : pure basal-like, overlapping with .~ .
array cellularity infiltration of
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activated and basal-like and cells) &
desmoplastic QM-PDA
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Framing the literature in this way may help reconcile some of the apparent inconsis-
tencies between studies and provides a clearer conceptual basis for interpreting the clinical
relevance of molecular subtyping in PDAC.

4.1. Methodological Differences

The classification systems differ not only in nomenclature but also in the technologies
and analytical approaches used. Collisson et al. [18] employed global gene expression
microarray analysis on surgically microdissected epithelial tumor samples and devel-
oped a 62-gene PDA signature. Moffitt et al. used microarray data in combination with
non-negative matrix factorization (NMF), a form of “virtual microdissection”, to com-
putationally separate tumor-specific and stroma-specific gene expression programs from
bulk tumor specimens, thereby defining both tumor subtypes (classical and basal-like)
and stromal subtypes (normal and activated) [19]. Bailey et al. combined whole-genome
sequencing with RNA sequencing of 456 resected specimens enriched for high epithelial
content (>40% neoplastic cellularity) and identified four subtypes through unsupervised
clustering of gene programs [20]. The Cancer Genome Atlas Research Network (TCGA)
subsequently performed integrated multi-platform profiling—including whole-exome
sequencing, RNAseq, miRNAseq, DNA methylation arrays and reverse-phase protein
arrays (RPPAs)—on 150 PDAC specimens that included tumors with characteristically low
neoplastic cellularity (median ABSOLUTE purity 33%) [21].

The transcriptome consists of the complete set of RNAs produced by a cell. Changes
in RNA expression levels are caused by different internal and external factors, including
developmental signals and environmental stress.

One method of testing gene expression is bulk RNA sequencing. This method utilizes
the NGS (next-generation sequencing) technique to measure levels of RNA expression.
However, this method can only provide information about the average expression profile
of a heterogeneous cell population since it relies on a bulk tissue sample [40].

Due to the infiltration of PDAC into the surrounding parenchyma, bulk tissue samples
may contain non-neoplastic, atrophic, or metaplastic cells, which can interfere with RNA
sequencing levels. One solution to this problem is laser capture microdissection (LCM),
which allows for the isolation of a compartment specific to the tumor epithelium, or
macrodissection. LCM employs special staining and cutting of formalin-fixed, paraffin-
embedded tumor specimens into 10-micrometer slices to ensure the separation of tumor
and stromal cells [41].

“Virtual” microdissection is another approach to separating tumor compartments with
different molecular signatures. It uses the non-negative matrix factorization (NMF) data
mining technique to identify modules in biological networks [42]. In the case of PDAC, it has
enabled virtual distinction between neoplastic and surrounding non-neoplastic tissue. This
method has been applied not only to PDAC but also to other human cancer samples [38,43].
However, the interaction effects between the identified modules can overlap, thus prompting
the proposal of other methods to improve this technique, such as NMFNA [44].

4.2. Material Source

The reliability of study comparisons is impacted by different tissue sources. While
FFPE samples are most commonly used in clinical practice due to their stability and low
storage costs, they may have low tumor cellularity, which can affect molecular testing.
In contrast, fresh-frozen or laser-captured microdissected samples provide higher-quality
DNA/RNA but are less practical for routine use, complicating the implementation and
comparability of molecular subtyping [20,45,46].
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In a study by Gao et al., the researchers compared fresh-frozen tissue with FFPE tissue
undergoing multi-gene profiling in colorectal cancer patients. The results were highly
concordant at the variant and gene levels, with some important differences. The authors
suggested that FFPE should not routinely replace fresh-frozen tissue, which is considered a
reasonable alternative [47].

Purity-aware analyses have shown that, when restricted to high-purity specimens,
PDAC tumors consistently segregate into two epithelial lineages (classical /pancreatic—
progenitor vs. basal-like/squamous), while additional subtypes become strongly enriched
in low-purity samples and largely reflect non-neoplastic components. These differences
in sample type, pre-analytic processing, and purity introduce important limitations when
comparing results across cohorts and likely explain part of the inconsistent prognostic
strength reported for some classifications. Therefore, tumor purity and sampling strategy
must be considered when interpreting subtype calls, and low-purity RNA-seq datasets
should be viewed in light of the increased risk of misclassification, especially if purity-
independent or deconvolution tools are not applied [21].

Importantly, these methodological and sample-related differences are not merely tech-
nical considerations but have direct implications for the interpretation of the available
evidence. In retrospect, while analyzing the included studies, it became increasingly appar-
ent to us that at least part of the variability in reported prognostic and predictive effects
may stem from differences in tumor purity, stromal admixture, and sample processing
rather than true biological discrepancies between cohorts. For instance, classifications
derived from bulk RNA sequencing of low-purity samples may partially reflect stromal or
immune components, which can lead to apparent subtype distinctions that are not entirely
tumor-intrinsic.

This may help explain why some studies report weaker or inconsistent associations
between molecular subtypes and survival outcomes, despite an overall trend favoring the
classical versus basal-like dichotomy. In other words, the heterogeneity observed across
studies should not be interpreted solely as a lack of robustness of molecular subtyping itself,
but rather as a consequence of differences in how the underlying biological signal is captured.

At the same time, this reinforces one of the central limitations of the current litera-
ture: without standardized approaches to sample selection, purity assessment, and data
processing, direct comparison between studies remains challenging. Therefore, method-
ological variability and sample composition should be explicitly considered when inter-
preting subtype classifications, and future research should aim to integrate purity-aware or
deconvolution-based approaches more consistently.

4.3. Prognostic Utility of Molecular Subtyping of PDAC

The studies included in this analysis consistently suggest that quasi-mesenchymal,
squamous, or basal-like subtypes of PDAC are associated with poorer prognosis based
on OS, DFS, or DSS. However, while the direction of this association appears relatively
stable across studies, its strength and statistical robustness are not uniform. In particular,
not all classification systems retain independent prognostic value in multivariate analyses,
and their performance may vary depending on study design, patient population, and
methodological factors.

Birnbaum et al. compared different molecular subtypes based on publicly available
data. According to their study, threeof the tested classifications (Moffitt, Bailey, and Col-
lisson) had statistically significant results in univariate analysis. However, only Moffitt
and Bailey classifications remained significant in multivariate analysis, and Collisson
classification was found to have no prognostic value [28].
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Zhao et al. compared the prognostic utility of the six previously described molecular
subtypes [31] and their transcriptomic components, and found that the components showed
better performance in predicting DFS and OS for the patients included in their study [35].
Based on this, they formed a prognostic model, including clinic pathological factors such as
lymph node assessment and surgical margin status, which resulted in a model significantly
associated with DFS [35].

Taken together, these findings suggest that although multiple classification systems
capture a similar underlying biological signal, they differ in their reproducibility and
prognostic performance. Among the commonly used classifiers, those proposed by Moffitt
and Bailey appear to demonstrate more consistent prognostic value across studies and are
more likely to retain significance in multivariate analyses. In contrast, other systems, such as
the Collisson classification, show greater variability in their prognostic performance, which
may reflect differences in methodology, sample composition, or cohort characteristics.

4.4. Predictive Utility of Molecular Subtyping in PDAC

A growing but still limited body of evidence suggests that PDAC molecular subtypes
may have predictive value for systemic therapy. Although several studies report consistent
differences in treatment response between classical and basal-like tumors, the available
data remain relatively sparse and are derived largely from retrospective analyses, with
only a small number of studies directly addressing treatment outcomes in this context.
Therefore, these findings should currently be interpreted as emerging evidence rather than
as a basis for routine clinical decision-making.

Classical /pancreatic—progenitor tumors appear to be better treated by intensified
regimens such as modified FOLFIRINOX, whereas basal-like/squamous tumors have
consistently poorer outcomes and seem relatively chemoresistant across both FOLFIRINOX
and gemcitabine plus nab-paclitaxel. This pattern highlights the need for further studies to
evaluate the potential role of molecular subtyping in identifying patients who are more
likely to benefit from aggressive combination chemotherapy, as well as recognizing those
for whom escalation of standard cytotoxics may offer limited additional benefit. Basal-like
tumors appear to show biological features associated with treatment resistance, including
a loss of pancreatic lineage specifiers, enrichment of EMT and stem-like programs, and
activation of MYC/ANp63-driven signaling, which provides a plausible mechanistic basis
for their inferior responses.

Preclinical studies by Collisson et al. provided preliminary evidence of differences
in drug sensitivity among subtypes. On average, cell lines with a QM-PDA (quasi-
mesenchymal/basal-like) phenotype were more sensitive to gemcitabine, while erlotinib
was more effective against the classical subtype. These results support the relevance of dis-
tinct signaling pathway activity between the subtypes, including classical PDAC’s greater
dependence on EGFR signaling [18].

In Dreyer’s analysis, the squamous/basal-like subtype had a notably less favorable
clinical course. These patients were less likely to qualify for adjuvant treatment, and their
prognosis was significantly worse, regardless of the therapy applied. This suggests a
biologically based resistance to standard regimens, such as FOLFIRINOX or gemcitabine,
used in chemotherapy. Conversely, the classical subtype was characterized by greater
chemosensitivity, consistent with previous observations that tumors with a dominant
glandular phenotype respond better to fluoropyrimidines and platinum derivatives [26].

The data from Knox et al. concerning patients with unresectable, largely metastatic
PDAC may indicate that tumors with a basal-like phenotype respond particularly poorly
to modified FOLFIRINOX. The median survival of 6.5 months is significantly shorter than
that observed in population analyses of tumors with a classical phenotype. These findings
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likely indicate the aggressive nature of the basal-like subtype and its limited responsiveness
to intensified chemotherapy [27].

After completing the literature review for this paper, a study by Wenric et al. [25]
was published presenting real-world data evaluating PurIST classifier terms for therapy
selection in PDAC. The study confirmed that the basal subtype had a poorer prognosis
compared to the classical subtype (OS of 7 months vs. 11.8 months, respectively). The
study also provided data showing that in the case of the classical subtype, the FOLFIRI-
NOX regimen might be associated with better relative risk reduction in death than the
gemcitabine + nab-paclitaxel regimen. There was no comparable risk reduction in basal
subtype patients [25].

The basal-like subtype is considered chemoresistant based on the results of the studies
mentioned above [18,21,27,34,48]. A study by Martinelli et al. provided data indicating that
a loss of GATAG6 expression (which appears to be associated with the basal-like subtype
of PDAC) might be related to chemoresistance. Silencing of GATA6 was associated with
downregulation of E-cadherin and upregulation of vimentin, leading to increased cell
scattering in colonies and convergence towards epithelial-mesenchymal transition (EMT),
which may be associated with chemoresistance and increased metastatic dissemination
in PDAC [49,50]. Conversely, GATA6 overexpression led to the formation of more com-
pact colonies, demonstrating that GATAG6 is responsible for the epithelial phenotype in
PDAC [51]. Cells with a loss of GATA6 expression were also more likely to invade in vitro
and were associated with a lower response to 5-fluorouracil, as analyzed using xenograft
cell lines (TKCC) and patients recruited in the ESPAC-3 trial [52]. This effect was not
observed in relation to gemcitabine or paclitaxel. Furthermore, knocking down GATAG6 in
TKCC cell lines with high GATA6 expression and high 5-FU sensitivity did not decrease
their drug sensitivity. This has led researchers to conclude that GATAG6 is part of a molecular
phenotype involved in drug response, but is not its major driver [51].

In the study by Singh et al., the microenvironment of strongly basal-like tumors
expressed a significantly higher IFNYy signature than strongly classical tumors, with high
PD-L1 expression. The authors hypothesize that this phenomenon may be related to a good
response to immune checkpoint inhibitors [53,54].

In this context, the Purity-Independent Subtyping of Tumors (PurlST) classifier is a
clinically attractive, purity-independent tool that assigns tumors to classical or basal-like
categories using a limited gene set. It has been analytically validated on routine FFPE
material, with real-world data confirming worse survival in basal tumors and suggesting
preferential benefit from FOLFIRINOX in classical cases; however, prospective biomarker-
stratified trials are still required before confirming its routine predictive use [36,55].

4.5. Challenges in Implementing Molecular Subtyping into Clinical Practice and Future Directions

RNAseg-based molecular classification of PDAC has not yet entered routine clinical
practice, mainly because it requires costly next-generation sequencing, specialized bioin-
formatics, standardized pre-analytic handling, and sufficient high-quality tissue, which
are not universally available. In addition, differences between platforms, gene panels,
analytic pipelines, and cut-offs complicate harmonization across institutions and limit the
development of widely accepted clinical algorithms.

Another challenge is associated with material source for molecular testing, as described
above in previous paragraphs. In routine practice, most of diagnostic material for PDAC
comes from fine-needle biopsy, resulting in a small amount of collectable material, which
prevents the effective collection of high-cellularity material [56].

Another challenge in the clinical implementation of molecular classification using
RNAseq is the time required for analysis, which typically lasts several weeks, given the
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rapid progression of pancreatic adenocarcinoma. Future research should focus on methods
that enable faster diagnosis.

To improve feasibility, immunohistochemical surrogates such as GATA6 (classical/
pancreatic—progenitor) and KRT17 or related basal keratins (basal-like/squamous) have
been proposed as lower-cost alternatives; however, they still suffer from variability in
staining and scoring, lack of consensus thresholds, and limited prospective validation, so
they remain complementary rather than definitive substitutes for transcriptomic subtyp-
ing [57,58]. Therefore, these surrogates remain feasible for further research.

O’Kane et al. describe attempts to reduce the cost of molecular subtyping, and cor-
related the Moffitt classifier and GATA6 expression using an in situ hybridization assay
(ISH). A higher semiquantitative score for GATA6 expression was present in the classical
subtype. To facilitate clinical application, GATA6 expression was also examined using im-
munohistochemical diagnostic tests (IHCs) with an anti-GATA6 antibody, which correlated
with ISH. However, the number of samples available for comparison was relatively low in
this study, and further analysis is required. Furthermore, post hoc analysis of this study
revealed that keratin 5 (CK5) exhibited the most significant expression differences between
basal-like and classical tumors, complementing GATA6 expression [34].

A further critical limitation relates to the lack of consensus regarding the optimal
timing of molecular profiling. In many studies, subtyping is performed retrospectively or
on post-operative specimens, which restricts its utility to prognostic assessment rather than
treatment guidance. Only a small number of prospective trials have incorporated baseline
profiling prior to treatment initiation, and data directly comparing different time points of
assessment are scarce. Consequently, it remains unclear at which stage of the disease course
molecular subtyping should be performed to achieve maximal clinical benefit. The ongoing
clinical trials (the PANCREAS study and the NCT05314998 trial) are planned to address
these questions. Figure 2 presents a summary of the challenges that need to be overcome
before molecular subtyping can be implemented into clinical practice. The PANCREAS
study aims to examine the choice of adjuvant/neoadjuvant treatment in the context of
a molecular subtype based on the PurlST classifier (NCT04683315). The NCT05314998
study will investigate the choice of adjuvant treatment in resected PDAC. The plan is to
use either gemcitabine or oxaliplatin-based regimens. The decision will be made based on
standard clinical criteria or according to a transcriptomic treatment-specific stratification
signature. The PASS-01 study will include an evaluation of molecular subtypes in relation
to treatment choice in patients with untreated metastatic pancreatic ductal adenocarcinoma
(NCT04469556).

Challenges in implementing molecular subtyping into clinical practise

® High cost and limited accessibility of RNA-seq—based molecular classification.
e Limited availability of high-quality, high-cellularity tissue for RNA sequencing.

® |nadequately long RNA sequencing turnaround time for timely clinical decision-making.

Potential solutions:

e Validation of simplified molecular PDAC subtyping methods such as the PurlST
classifier as low-input alternatives to full RNA sequencing.

e Standardization and validation of immunohistochemical surrogate markers (GATA6, KRT17)
as low-cost alternatives enabling PDAC subtyping without the need for RNA sequencing.

Figure 2. Key clinical challenges with PDAC molecular subtyping implementation into
clinical practice.
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5. Conclusions

Molecular profiling of PDAC is a developing technique for which there is growing
evidence of clinical utility as a prognostic marker. Despite their methodological variability,
a consistent pattern emerges across the reviewed studies, with most classification systems
converging on a fundamental dichotomy between classical and basal-like tumor lineages.
Of the selected studies, the three most commonly used PDAC molecular subtype classifiers
were the Moffitt, Bailey, and Collisson classifications, which had the strongest evidence of
prognostic utility. However, differences in the technologies and analytical approaches used
in the various classifications mean that further research on this topic is required.

The predictive value of molecular subtyping in PDAC remains to be fully described,
with clinical trials in progress. Nevertheless, a worse response to chemotherapy has been
observed in cases of the basal-like and squamous subtypes. As only five studies on this
topic were included in this analysis, the predictive value of PDAC molecular subtyping
requires further research.

Both the lack of unified nomenclature and costs hinder the clinical implementation
of molecular subtyping into clinical practice. The development of methods for molecular
subtyping should focus on the use of easily accessible clinical materials, like FFPE tissues,
and reducing the testing time and cost.

Analysis of the material included in this review and the developmental directions of
molecular subtyping of PDAC suggests that it is moving towards the use of more readily
available materials (such as FFPE tissue samples, including biopsy samples) and analytical
methods based on data mining techniques (such as those used in the Moffitt classification
and the PurlIST algorithm). This could reduce the time required to obtain results and the
cost of the procedure.

However, due to the limitations mentioned earlier in this article, we would like to
emphasize that this review should be considered a narrative review with a structured
search strategy. Therefore, the strength of the recommended directions of developing
PDAC molecular subtyping and the conclusions is diminished.
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ADEX Aberrantly differentiated endocrine exocrine pancreatic cancer subtype
CRT Chemoradiation

DFS Disease-free survival

DSS Disease-specific survival

ECM-rich Extracellular matrix-associated pathways subtype of pancreatic cancer
EGFR Epithelial growth factor receptor

EMT Epithelial-mesenchymal transition

FFPE Formalin-fixed paraffin embedded

FOLFIRINOX/FFX Chemotherapy regimen: 5-fluorouracil, irinotecan, oxaliplatin
GemCAP Gemcitabine-capecitabine chemotherapy regimen

KRT17 Keratin 17

LAPC Locally advanced pancreatic cancer

LCM Laser capture microdissection

mFOLFIRINOX/mFFX  Modified FOLFIRINOX chemotherapy regimen
nab-paclitaxel Nanoparticle albumin-bound paclitaxel

NAT Neoadjuvant treatment

NMF Non-negative matrix factorization

oS Overall survival

PC Pancreatic cancer

PDAC Pancreatic ductal adenocarcinoma

PurIST Purity-Independent Subtyping of Tumors

QM-PDA Quasi-mesenchymal-pancreatic ductal adenocarcinoma

RAS “Rat sarcoma virus” group of genes

RNA Ribonucleic acid

RNAseq Ribonucleic acid sequencing

SB Strongly basal-like subtype of pancreatic cancer

SC Strongly classical subtype of pancreatic cancer

TCGA The Cancer Genome Atlas Research Network

References

1. National Cancer Institute (NCI) Cancer Stat Facts: Pancreatic Cancer. NCI Website. Available online: https:/ /seer.cancer.gov/
statfacts/html/pancreas.html (accessed on 4 October 2022).

2. Ghaneh, P; Costello, E.; Neoptolemos, J.P. Biology and management of pancreatic cancer. Gut 2007, 56, 1134. [CrossRef] [PubMed]

3. Bray, F; Laversanne, M.; Sung, H.; Ferlay, J.; Siegel, R.L.; Soerjomataram, I.; Jamel, A. Global cancer statistics 2022: GLOBOCAN
estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2024, 74, 229-263. [CrossRef]
[PubMed]

4. Wojciechowska, U.; Didkowska, J.A.; Baranska, K.; Miklewska, M.; Michalek, I.; Olasek, P.; Jawotowska, A. Nowotwory
Zlosliwe w Polsce w 2022 Roku. Cancer in Poland in 2022. 2024. Available online: https://onkologia.org.pl/sites/default/files/
publications/2025-02/Nowotwory_2022.pdf (accessed on 6 November 2025).

5. Arnold, M,; Abnet, C.C.; Neale, R.E.; Vignat, ].; Giovannucci, E.L.; McGlynn, K.A.; Bray, F. Global Burden of 5 Major Types of
Gastrointestinal Cancer. Gastroenterology 2020, 159, 335-349.e15. [CrossRef]

6.  Rahib, L.; Smith, B.D.; Aizenberg, R.; Rosenzweig, A.B.; Fleshman, ].M.; Matrisian, L.M. Projecting cancer incidence and deaths
to 2030: The unexpected burden of thyroid, liver, and pancreas cancers in the United States. Cancer Res. 2014, 74, 2913-2921.
Correction in Cancer Res. 2014, 74, 4006. [CrossRef]

7. Ferlay, ].; Partensky, C.; Bray, F. More deaths from pancreatic cancer than breast cancer in the EU by2017. Acta Oncol. 2016, 55,
1158-1160. [CrossRef]

8. Luo, G, Fan, Z,; Gong, Y,; Jin, K,; Yang, C.; Cheng, H.; Yu, X. Characteristics and Outcomes of Pancreatic Cancer by Histological
Subtypes. Pancreas 2019, 48, 817-822. [CrossRef]

9. Nagtegaal, 1.D.; Odze, R.D.; Klimstra, D.; Paradis, V.; Rugge, M.; Schirmacher, P.; Cree, I.A. The 2019 WHO classification of
tumours of the digestive system. Histopathology 2019, 76, 182. [CrossRef]

10. Mic, M,; Ilic, I. Epidemiology of pancreatic cancer. World |. Gastroenterol. 2016, 22, 9694. [CrossRef]

11.  McGuigan, A.; Kelly, P,; Turkington, R.C.; Jones, C.; Coleman, H.G.; McCain, R.S. Pancreatic cancer: A review of clinical diagnosis,
epidemiology, treatment and outcomes. World J. Gastroenterol. 2018, 24, 4846. [CrossRef]

12. Park, W,; Chawla, A.; O'Reilly, EIM. Pancreatic Cancer: A Review. JAMA 2021, 326, 851. [CrossRef] [PubMed]

https://doi.org/10.3390/cimb48050502


https://seer.cancer.gov/statfacts/html/pancreas.html
https://seer.cancer.gov/statfacts/html/pancreas.html
https://doi.org/10.1136/gut.2006.103333
https://www.ncbi.nlm.nih.gov/pubmed/18940950
https://doi.org/10.3322/caac.21834
https://www.ncbi.nlm.nih.gov/pubmed/38572751
https://onkologia.org.pl/sites/default/files/publications/2025-02/Nowotwory_2022.pdf
https://onkologia.org.pl/sites/default/files/publications/2025-02/Nowotwory_2022.pdf
https://doi.org/10.1053/j.gastro.2020.02.068
https://doi.org/10.1158/0008-5472.CAN-14-0155
https://doi.org/10.1080/0284186X.2016.1197419
https://doi.org/10.1097/MPA.0000000000001338
https://doi.org/10.1111/his.13975
https://doi.org/10.3748/wjg.v22.i44.9694
https://doi.org/10.3748/wjg.v24.i43.4846
https://doi.org/10.1001/jama.2021.13027
https://www.ncbi.nlm.nih.gov/pubmed/34547082
https://doi.org/10.3390/cimb48050502

Curr. Issues Mol. Biol. 2026, 48, 502 19 of 20

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Del Chiaro, M.; Sugawara, T.; Karam, S.D.; Messersmith, W.A. Advances in the management of pancreatic cancer. BMJ 2023,
383, €073995. [CrossRef] [PubMed]

Conroy, T.; Desseigne, F.; Ychou, M.; Bouché, O.; Guimbaud, R.; Bécouarn, Y.; Adenis, A.; Raoul, J.-L.; Gourgou-Bourgade, S.;
Fouchardiere, C.; et al. FOLFIRINOX versus gemcitabine for metastatic pancreatic cancer. N. Engl. ]. Med. 2011, 364, 1817-1825.
[CrossRef]

Sahoo, R.K.; Kumar, L. Albumin-bound paclitaxel plus gemcitabine in pancreatic cancer. N. Engl. J. Med. 2014, 370, 478-479.
Neesse, A.; Algiil, H.; Tuveson, D.A.; Gress, T.M. Stromal biology and therapy in pancreatic cancer: A changing paradigm. Gut
2015, 64, 1476-1484. [CrossRef]

Biankin, A.V.; Hudson, T.J. Somatic variation and cancer: Therapies lost in the mix. Hum. Genet. 2011, 130, 79-91. [CrossRef]
[PubMed]

Collisson, E.A.; Sadanandam, A.; Olson, P.; Gibb, W.].; Truitt, M.; Gu, S.; Cooc, J.; Weinkle, J.; Kim, G.E.; Jakkula, L.; et al. Subtypes
of Pancreatic Ductal Adenocarcinoma and Their Differing Responses to Therapy. Nat. Med. 2011, 17, 500. [CrossRef] [PubMed]
Moffitt, R.A.; Marayati, R.; Flate, E.L.; Volmar, K.E.; Loeza, S.G.H.; Hoadley, K.A. Virtual microdissection identifies distinct tumor-
and stroma-specific subtypes of pancreatic ductal adenocarcinoma. Nat. Genet. 2015, 47, 1168. [CrossRef]

Bailey, P; Chang, D.K.; Nones, K.; Johns, A.L.; Patch, AM.; Gingras, M.C. Genomic analyses identify molecular subtypes of
pancreatic cancer. Nature 2016, 531, 47-52. [CrossRef]

Raphael, B.J.; Hruban, R.H.; Aguirre, A.].; Moffitt, R.A.; Yeh, ].].; Stewart, C. Integrated Genomic Characterization of Pancreatic
Ductal Adenocarcinoma. Cancer Cell 2017, 32, 185. [CrossRef]

Collisson, E.A.; Bailey, P.; Chang, D.K.; Biankin, A.V. Molecular subtypes of pancreatic cancer. Nat. Rev. Gastroenterol. Hepatol.
2019, 16, 207-220. [CrossRef]

Robertson, F.P.; Cameron, A.; Spiers, H.V.M.; Joseph, N.; Taylor, E.; Ratnayake, B.; Jamieson, N.B.; Pandanaboyana, S. Evidence
for molecular subtyping in pancreatic ductal adenocarcinoma: A systematic review. HPB 2024, 26, 609-617. [CrossRef] [PubMed]
Singh, H.; Xiu, J.; Kapner, K.S.; Yuan, C.; Narayan, R.R.; Oberley, M. Clinical and genomic features of classical and basal
transcriptional subtypes in pancreatic cancer. Clin. Cancer Res. 2024, 30, 4932. [CrossRef]

Wenric, S.; Sangli, C.; Guittar, J.; Islam, F; Zander, A.; Won Hyun, S. Real-World Validation of the Purity Independent Subtyping
of Tumors Classifier for Informing Therapy Selection in Pancreatic Ductal Adenocarcinoma. JCO Precis Oncol. 2025, 9, €2500197.
[CrossRef]

Dreyer, S.B.; Rae, S.; Bisset, K.; Upstill-Goddard, R.; Gemenetzis, G.; Johns, A.L. The Impact of Molecular Subtyping on
Pathological Staging of Pancreatic Cancer. Ann. Surg. 2023, 277, E396—405. [CrossRef]

Knox, J.J.; Ho Jang, G.; Grant, R.C.; Zhang, A.; Ma, L.; Elimova, E. Whole genome and transcriptome profiling in advanced
pancreatic cancer patients on the COMPASS trial. Nat. Commun. 2025, 16, 5919. [CrossRef] [PubMed]

Birnbaum, D.J.; Finetti, P.; Birnbaum, D.; Mamessier, E.; Bertucci, F. Validation and comparison of the molecular classifications of
pancreatic carcinomas. Mol. Cancer 2017, 16, 168. [CrossRef]

Janky, R.; Binda, M.M.; Allemeersch, J.; Van den Broeck, A.; Govaere, O.; Swinnen, J.V. Prognostic relevance of molecular subtypes
and master regulators in pancreatic ductal adenocarcinoma. BMC Cancer 2016, 16, 632. [CrossRef] [PubMed]

Suurmeijer, J.A.; Soer, E.C.; Dings, M.P.G.; Kim, Y.; Strijker, M.; Bonsing, B.A. Impact of classical and basal-like molecular subtypes
on overall survival in resected pancreatic cancer in the SPACIOUS-2 multicentre study. Br. J. Surg. 2022, 109, 1150. Erratum in Br.
J. Surg. 2022, 110, 289. [CrossRef]

Puleo, E; Nicolle, R.; Blum, Y.; Cros, J.; Marisa, L.; Demetter, P. Stratification of Pancreatic Ductal Adenocarcinomas Based on
Tumor and Microenvironment Features. Gastroenterology 2018, 155, 1999-2013.e3. [CrossRef]

Roa-Pefia, L.; Leiton, C.V,; Babu, S.; Pan, C.H.; Vanner, E.A.; Akalin, A. Keratin 17 identifies the most lethal molecular subtype of
pancreatic cancer. Sci. Rep. 2019, 9, 11239. [CrossRef]

Maurer, C.; Holmstrom, S.R.; He, J.; Laise, P; Su, T.; Ahmed, A. Experimental microdissection enables functional harmonization
of pancreatic cancer subtypes. Gut 2019, 68, 1034. [CrossRef]

O’Kane, G.M.; Grunwald, B.T; Jang, G.H.; Masoomian, M.; Picardo, S.; Grant, R.C.; Denroche, R.E.; Zhang, A.; Wang, Y.; Miller,
J.K,; et al. GATAG6 Expression Distinguishes Classical and Basal-like Subtypes in Advanced Pancreatic Cancer. Clin. Cancer Res.
2020, 26, 4901-4910. Correction in Clin. Cancer Res. 2022, 28, 2715. [CrossRef]

Zhao, S.; Nicolle, R.; Augustin, J.; Svrcek, M.; de Mestier, L.; Le Corre, D. Prognostic Relevance of Pancreatic Adenocarcinoma
Whole-Tumor Transcriptomic Subtypes and Components. Clin. Cancer Res. 2021, 27, 6491-6499. [CrossRef]

Rashid, N.U.; Peng, X.L.; Jin, C.; Moffitt, R.A.; Volmar, K.E.; Belt, B.A. Purity Independent Subtyping of Tumors (PurIST), a
clinically robust, single sample classifier for tumor subtyping in pancreatic cancer. Clin. Cancer Res. 2019, 26, 82. [CrossRef]
Carter, S.L.; Cibulskis, K.; Helman, E.; McKenna, A.; Shen, H.; Zack, T. Absolute quantification of somatic DNA alterations in
human cancer. Nat. Biotechnol. 2012, 30, 413. [CrossRef] [PubMed]

Alexandrov, L.B.; Nik-Zainal, S.; Wedge, D.C.; Aparicio, S.A.J.R.; Behjati, S.; Biankin, A.V. Signatures of mutational processes in
human cancer. Nature 2013, 500, 415-421. Erratum in Nature 2013, 502, 258. [CrossRef] [PubMed]

https://doi.org/10.3390/cimb48050502


https://doi.org/10.1136/bmj-2022-073995
https://www.ncbi.nlm.nih.gov/pubmed/38164628
https://doi.org/10.1056/NEJMoa1011923
https://doi.org/10.1136/gutjnl-2015-309304
https://doi.org/10.1007/s00439-011-1010-0
https://www.ncbi.nlm.nih.gov/pubmed/21643984
https://doi.org/10.1038/nm.2344
https://www.ncbi.nlm.nih.gov/pubmed/21460848
https://doi.org/10.1038/ng.3398
https://doi.org/10.1038/nature16965
https://doi.org/10.1016/j.ccell.2017.07.007
https://doi.org/10.1038/s41575-019-0109-y
https://doi.org/10.1016/j.hpb.2024.02.001
https://www.ncbi.nlm.nih.gov/pubmed/38401998
https://doi.org/10.1158/1078-0432.CCR-24-1164
https://doi.org/10.1200/PO-25-00197
https://doi.org/10.1097/SLA.0000000000005050
https://doi.org/10.1038/s41467-025-60808-z
https://www.ncbi.nlm.nih.gov/pubmed/40593593
https://doi.org/10.1186/s12943-017-0739-z
https://doi.org/10.1186/s12885-016-2540-6
https://www.ncbi.nlm.nih.gov/pubmed/27520560
https://doi.org/10.1093/bjs/znac272
https://doi.org/10.1053/j.gastro.2018.08.033
https://doi.org/10.1038/s41598-019-47519-4
https://doi.org/10.1136/gutjnl-2018-317706
https://doi.org/10.1158/1078-0432.CCR-19-3724
https://doi.org/10.1158/1078-0432.CCR-21-1907
https://doi.org/10.1158/1078-0432.CCR-19-1467
https://doi.org/10.1038/nbt.2203
https://www.ncbi.nlm.nih.gov/pubmed/22544022
https://doi.org/10.1038/nature12477
https://www.ncbi.nlm.nih.gov/pubmed/23945592
https://doi.org/10.3390/cimb48050502

Curr. Issues Mol. Biol. 2026, 48, 502 20 of 20

39.

40.

41.

42.
43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Biton, A.; Bernard-Pierrot, I.; Lou, Y.; Krucker, C.; Chapeaublanc, E.; Rubio-Pérez, C. Independent Component Analysis Uncovers
the Landscape of the Bladder Tumor Transcriptome and Reveals Insights into Luminal and Basal Subtypes. Cell Rep. 2014, 9,
1235-1245. [CrossRef]

Tzec-Interian, J.A.; Gonzalez-Padilla, D.; Géngora-Castillo, E.B. Bioinformatics perspectives on transcriptomics: A comprehensive
review of bulk and single-cell RNA sequencing analyses. Quant. Biol. 2025, 13, e78. [CrossRef] [PubMed]

Makino, H.; Uetake, H.; Danenberg, K.; Danenberg, P.V.; Sugihara, K. Efficacy of laser capture microdissection plus RT-PCR
technique in analyzing gene expression levels in human gastric cancer and colon cancer. BMC Cancer 2008, 8, 210. [CrossRef]
Lee, D.D.; Seung, H.S. Learning the parts of objects by non-negative matrix factorization. Nature 1999, 401, 788-791. [CrossRef]
Alexandrov, L.B.; Nik-Zainal, S.; Wedge, D.C.; Campbell, PJ.; Stratton, M.R. Deciphering Signatures of Mutational Processes
Operative in Human Cancer. Cell Rep. 2013, 3, 246. [CrossRef]

Ding, Q.; Sun, Y,; Shang, ].; Li, F; Zhang, Y.; Liu, ]. X. NMFNA: A Non-negative Matrix Factorization Network Analysis Method
for Identifying Modules and Characteristic Genes of Pancreatic Cancer. Front. Genet. 2021, 12, 678642. [CrossRef]

Biankin, A.V.; Waddell, N.; Kassahn, K.S.; Gingras, M.C.; Muthuswamy, L.B.; Johns, A.L. Pancreatic cancer genomes reveal
aberrations in axon guidance pathway genes. Nature 2012, 491, 399-405. [CrossRef]

Waddell, N.; Pajic, M.; Patch, A.M.; Chang, D.K.; Kassahn, K.S.; Bailey, P. Whole genomes redefine the mutational landscape of
pancreatic cancer. Nature 2015, 518, 495-501. [CrossRef] [PubMed]

Gao, X.H,; Li, J.; Gong, H.F; Yu, G.Y,; Liu, P; Hao, L.Q. Comparison of Fresh Frozen Tissue With Formalin-Fixed Paraffin-
Embedded Tissue for Mutation Analysis Using a Multi-Gene Panel in Patients With Colorectal Cancer. Front. Oncol. 2020, 13, 10.
[CrossRef] [PubMed]

Espona-Fiedler, M.; Patthey, C.; Lindblad, S.; Sarré, L.; Ohlund, D. Overcoming therapy resistance in pancreatic cancer: New
insights and future directions. Biochem. Pharmacol. 2024, 229, 116492. [CrossRef]

Weadick, B.; Nayak, D.; Persaud, A.K.; Hung, S.W.; Raj, R.; Campbell, M.]. EMT-Induced Gemcitabine Resistance in Pancreatic
Cancer Involves the Functional Loss of Equilibrative Nucleoside Transporter 1. Mol. Cancer Ther. 2021, 20, 410-422. [CrossRef]
Rhim, A.D.; Mirek, E.T.; Aiello, N.M.; Maitra, A.; Bailey, ].M.; McAllister, E. EMT and dissemination precede pancreatic tumor
formation. Cell 2012, 148, 349-361. [CrossRef] [PubMed]

Martinelli, P.; Carrillo-De Santa Pau, E.; Cox, T.; Sainz, B.; Dusetti, N.; Greenhalf, W. GATA®6 regulates EMT and tumour
dissemination, and is a marker of response to adjuvant chemotherapy in pancreatic cancer. Gut 2016, 66, 1665. [CrossRef]
Neoptolemos, ].P; Stocken, D.D.; Bassi, C.; Ghaneh, P.; Cunningham, D.; Goldstein, D. Adjuvant chemotherapy with fluorouracil
plus folinic acid vs gemcitabine following pancreatic cancer resection: A randomized controlled trial. JAMA 2010, 304, 1073-1081.
[CrossRef]

Ayers, M.; Lunceford, J.; Nebozhyn, M.; Murphy, E.; Loboda, A.; Kaufman, D.R. IFN-y-related mRNA profile predicts clinical
response to PD-1 blockade. |. Clin. Investig. 2017, 127, 2930-2940. [CrossRef] [PubMed]

Cristescu, R.; Mogg, R.; Ayers, M.; Albright, A.; Murphy, E.; Yearley, J. Pan-tumor genomic biomarkers for PD-1 checkpoint
blockade-based immunotherapy. Science 2018, 362, eaar3593. Erratum in Science 2019, 363, eaax1384. [CrossRef] [PubMed]

Li, Y.; Merker, ].D.; Kshatriya, R.; Trembath, D.G.; Morrison, A.B.; Kuhlers, P.C. Purity Independent Subtyping of Tumors (PurIST)
Pancreatic Cancer Classifier: Analytic Validation of a 16-RNA Expression Signature Distinguishing Basal and Classical Subtypes.
J. Mol. Diagn. 2024, 26, 962. [CrossRef]

Chantrill, L.A.; Nagrial, A.M.; Watson, C.; Johns, A.L.; Martyn-Smith, M.; Simpson, S. Precision Medicine for Advanced Pancreas
Cancer: The Individualized Molecular Pancreatic Cancer Therapy (IMPaCT) Trial. Clin. Cancer Res. 2015, 21, 2029-2037. [CrossRef]
[PubMed]

Duan, K;; Jang, G.H.; Grant, R.C.; Wilson, ].M.; Notta, F.; O’Kane, G.M. The value of GATA6 immunohistochemistry and
computer-assisted diagnosis to predict clinical outcome in advanced pancreatic cancer. Sci. Rep. 2021, 11, 14951. [CrossRef]

van Eijck, CW.F,; Real, FX.; Malats, N.; Vadgama, D.; van den Bosch, T.P.P,; Doukas, M. GATAG6 identifies an immune-enriched
phenotype linked to favorable outcomes in patients with pancreatic cancer undergoing upfront surgery. Cell Rep. Med. 2024, 5, 101557.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/cimb48050502


https://doi.org/10.1016/j.celrep.2014.10.035
https://doi.org/10.1002/qub2.78
https://www.ncbi.nlm.nih.gov/pubmed/41675508
https://doi.org/10.1186/1471-2407-8-210
https://doi.org/10.1038/44565
https://doi.org/10.1016/j.celrep.2012.12.008
https://doi.org/10.3389/fgene.2021.678642
https://doi.org/10.1038/nature11547
https://doi.org/10.1038/nature14169
https://www.ncbi.nlm.nih.gov/pubmed/25719666
https://doi.org/10.3389/fonc.2020.00310
https://www.ncbi.nlm.nih.gov/pubmed/32232001
https://doi.org/10.1016/j.bcp.2024.116492
https://doi.org/10.1158/1535-7163.MCT-20-0316
https://doi.org/10.1016/j.cell.2011.11.025
https://www.ncbi.nlm.nih.gov/pubmed/22265420
https://doi.org/10.1136/gutjnl-2015-311256
https://doi.org/10.1001/jama.2010.1275
https://doi.org/10.1172/JCI91190
https://www.ncbi.nlm.nih.gov/pubmed/28650338
https://doi.org/10.1126/science.aar3593
https://www.ncbi.nlm.nih.gov/pubmed/30309915
https://doi.org/10.1016/j.jmoldx.2024.07.002
https://doi.org/10.1158/1078-0432.CCR-15-0426
https://www.ncbi.nlm.nih.gov/pubmed/25896973
https://doi.org/10.1038/s41598-021-94544-3
https://doi.org/10.1016/j.xcrm.2024.101557
https://doi.org/10.3390/cimb48050502

	Introduction 
	Materials and Methods 
	Results 
	Patient Demographics 
	Outcome Measures 
	Material Used in Studies 
	Techniques Used to Determine Molecular Subtypes 
	Classification Used 
	Prognostic Utility 
	Overall Survival 
	Disease-Specific Survival 
	Disease-Free Survival 

	Predictive Value in Different Molecular Subtypes 

	Discussion 
	Methodological Differences 
	Material Source 
	Prognostic Utility of Molecular Subtyping of PDAC 
	Predictive Utility of Molecular Subtyping in PDAC 
	Challenges in Implementing Molecular Subtyping into Clinical Practice and Future Directions 

	Conclusions 
	References

