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Abstract

Alterations in KRAS, CDKN2A (p16), TP53, and SMAD4 genes have been major drivers of pancreatic
carcinogenesis. The clinical course of patients with pancreatic cancer in relation to these driver alterations
has not been fully characterised in large populations. We hypothesised that pancreatic carcinomas with
different combinations of KRAS mutation and aberrant expression of CDKN2A, p53, and SMAD4 might
show distinctive recurrence patterns and post-operative survival outcomes. To test this hypothesis, we
utilised a multi-institutional cohort of 1,146 resected pancreatic carcinomas and assessed KRAS mutations
by droplet digital polymerase chain reaction and CDKN2A, p53, and SMAD4 expression by immunohisto-
chemistry. Multivariable hazard ratios (HRs) and 95% confidence intervals (Cls) for disease-free survival
(DFS) and overall survival (0OS) were computed according to each molecular alteration and the number of
altered genes using the Cox regression models. Multivariable competing risks regression analyses were
conducted to assess the associations of the number of altered genes with specific patterns of recurrence.
Loss of SMAD4 expression was associated with short DFS (multivariable HR, 1.24; 95% Cl, 1.09-1.43) and
OS times (multivariable HR, 1.27; 95% Cl, 1.10-1.46). Compared to cases with 0-2 altered genes, cases
with three and four altered genes had multivariable HRs for OS of 1.28 (95% Cl, 1.09-1.51) and 1.47
(95% Cl, 1.22-1.78), respectively (pieng < 0.001). Patients with an increasing number of altered genes
were more likely to have short DFS time (pyeng = 0.003) and to develop liver metastasis (pieng = 0.006)
rather than recurrence at local or other distant sites. In conclusion, loss of SMAD4 expression and an
increasing number of altered genes were associated with unfavourable outcomes in pancreatic cancer
patients. This study suggests that the accumulation of the four major driver alterations can confer a high
metastatic potential to the liver, thereby impairing post-operative survival among patients with pancreatic
cancer.
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Sons Ltd.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited and is not used for commercial purposes.


http://wileyonlinelibrary.com
https://orcid.org/0000-0002-6952-4043
https://orcid.org/0000-0002-3937-2755
mailto:masugi@z6.keio.jp
mailto:hamada-tky@umin.ac.jp
http://creativecommons.org/licenses/by-nc/4.0/

340

Y Masugi, M Takamatsu, M Tanaka et al

Keywords: cohort studies; oncogenes; pancreatectomy; pancreatic ductal adenocarcinoma; outcome

Received 28 November 2022; Revised |18 February 2023; Accepted 30 March 2023

No conflicts of interest were declared.

Introduction

Alterations in KRAS, CDKN2A (pl6), TP53, and
SMAD4 genes have been major drivers involved in
pancreatic carcinogenesis [1-3]. Clinical studies sug-
gest that each molecular alteration may be a biomarker
for an unfavourable prognosis of pancreatic cancer
patients with a modest increase in the mortality hazard
[4-9]. Further clinical data implicate that the mortality
hazard among pancreatic cancer patients is elevated
according to an increasing number of the driver gene
alterations, suggesting additive tumour-promoting
effects of those drivers [5-10]. However, the reported
associations of alterations of the four driver genes with
survival outcomes have been heterogeneous largely
due to a lack of data derived from large populations.
Accumulating mechanistic evidence links alterations
of the four driver genes to an aggressive phenotype of
pancreatic cancer, characterised by high potentials of
invasion, metastasis, and immune evasion [2,3,11-17].
However, there has been a paucity of data on how com-
binations of the four altered genes may affect tumour
behavioural patterns in pancreatic cancer populations or
mouse models. For instance, it is largely unknown
whether the accumulation of those molecular alterations
provokes premature post-operative recurrence through a
hematogenous or lymphogenic mechanism. In a pooled
analysis of 20 randomised clinical trials investigating
adjuvant chemotherapy, disease-free survival (DFS) was
well correlated with overall survival (OS) among patients
with resected pancreatic cancer [18], suggesting the
importance of regulating tumour progression during the
short-term post-operative period. A better understanding
of tumour behaviour according to molecularly defined
subtypes would help us to refine post-operative surveil-
lance programmes and develop new treatment strategies
for this highly lethal malignancy [19]. We hypothesised
that pancreatic cancers with different combinations of the
four major driver alterations might show distinctive
recurrence patterns and post-operative survival outcomes.
To test our hypothesis, we assessed KRAS mutations
by droplet digital polymerase chain reaction (ddPCR)
and CDKN2A, p53, and SMAD4 expression by immu-
nohistochemistry (IHC) in 1,146 patients within a
large multicentre cohort of resected pancreatic tumours
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with comprehensive data on clinical and pathological
parameters. The current study found that combinations
of the four driver alterations were associated with dis-
tinct recurrence patterns and post-operative outcomes.

Materials and methods

Study population

Within the GTK (Good To Know) Pancreatic Cancer
consortium [20], we collected data on consecutive
patients who underwent surgical resection of pancre-
atic carcinoma between 2005 and 2017 at Cancer Insti-
tute Hospital, Japanese Foundation for Cancer
Research, The University of Tokyo Hospital, or Keio
University Hospital (all in Tokyo, Japan). Among
those patients, we included 1,146 cases with pancreatic
cancer where surgical specimens of the tumours
were available for molecular analyses. We excluded
(1) patients with ductal adenocarcinoma variants,
including intraductal papillary mucinous neoplasm-
derived carcinoma, undifferentiated carcinoma, and
colloid carcinoma, (2) patients with mixed tumours
(e.g. mixed ductal-neuroendocrine carcinoma), (3) patients
having advanced cancer of other origins concomitantly at
the time of the index surgery, or (4) patients with 30-day
or in-hospital mortality. In analyses of post-operative
recurrence, we further excluded patients with a resected
metastatic lesion, R2 resection margin (macroscopic
residual tumour), or no available cross-sectional imaging
following the index surgery. The patients were followed
until death or the end of follow-up (30 April 2022),
whichever came first.

The current study was designed and conducted
according to the guidelines in the Helsinki Declaration.
Given the retrospective study design, informed consent
was obtained from all patients on an opt-out basis.
The study was approved by the ethics committees at
Cancer Institute Hospital, Japanese Foundation for
Cancer Research, The University of Tokyo, and Keio
University School of Medicine (all in Tokyo, Japan);
and was registered with the UMIN registry (the Uni-
versity Hospital Medical Information Network regis-
try; registration number, UMIN000044027).
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Assessment of KRAS mutation status

As previously described [20], we conducted ddPCR
for mutations in KRAS codons 12, 13, and 61 using
the QX200 system (Bio-Rad Laboratories, Hercules,
CA, USA). Variant allele frequency of KRAS was cal-
culated as the ratio of the number of KRAS-mutant
droplets to that of droplets including KRAS-mutant sig-
nal and/or KRAS-wild type signal. As previously
described [20], tumours were classified as KRAS-
mutant when the variant allele frequency was >1% and
otherwise as KRAS-wild type.

Assessment of SMAD4, p53, and CDKN2A (p16)
expression

Based on a standardised protocol, we constructed tissue
microarrays (TMAs) from surgical specimens of the pri-
mary pancreatic carcinomas. Up to four tumour cores,
approximately 2 mm in diameter, were included from
each case. We conducted IHC of SMAD4 [21], p53 [21],
and CDKN2A (p16) using 4-pm-thick TMA sections in
an automated staining system (BOND-MAX; Leica
Biosystems, Wetzlar, Germany) with the use of BOND
Polymer Refine Detection Kit (Leica Biosystems). The
primary monoclonal antibodies used were clone B-8
(mouse; dilution, catalogue number sc-7966, 1:100,
Santa Cruz Biotechnology, Dallas, TX, USA) for
SMADA4, clone DO-7 (mouse; dilution, catalogue num-
ber M700101-2, 1:2000, Agilent Technologies, Santa
Clara, CA, USA) for p53, and clone EPR1473 for
CDKN2A (pl6) (mouse; dilution, catalogue number
ab108349, 1:1000, Abcam, Cambridge, UK). A single
pathologist (YM), blinded to other data, conducted all
IHC assessments of the tumours based on the previously
established criteria (Figure 1) [5,22,23]. For SMADA4,
tumours were defined as ‘intact’ when there was any
nuclear or cytoplasmic staining in carcinoma cells or
‘lost” when there was a complete loss of staining [5,22].
Tumours showing heterogeneous nuclear p53 staining
were classified as ‘intact’, whilst those showing diffuse
nuclear staining or complete loss of nuclear staining were
defined as ‘aberrant’ [5]. Nuclear expression levels of
CDKN2A (p16) were classified as ‘intact’ when any duc-
tal epithelial cells exhibited nuclear expression above the
cytoplasmic background; otherwise, they were classified
as ‘lost’ [23]. In a subset of cases (n = 312), expression
status was independently examined by a second patholo-
gist (KHar), and the agreements between the two pathol-
ogists were reasonable for all three markers with «
coefficients of 0.81 [95% confidence interval (CI),
0.74-0.87] for SMAD4, 0.92 (95% CI, 0.88-0.96) for
pS3, and 0.65 (95% CI, 0.55-0.76) for CDKN2A (p16).
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Based on our preliminary results suggesting no substantial
intratumour heterogeneity in expression levels of
SMAD4, p53, and CDKN2A in most of the invasive
components of pancreatic carcinomas, we used TMA
sections when available and used whole tissue sections
for tumours that were not available for the TMAs or
were not assessable in the TMA slides. The concor-
dances between the scores for different cores in a single
case were almost perfect with « coefficients of
097 (95% CI, 0.95-0.99) for SMAD4 (n = 837),
0.988 (95% CI, 0.979-0.998) for p53 (n = 854), and
0.96 (95% CI, 0.93-0.99) for CDKN2A (n = 857).
Regarding IHC of SMAD4, p53, and CDKN2A, we did
not observe significant staining differences between sur-
gically resected specimens and fine-needle aspiration
specimens from selected cases of pancreatic cancer
(supplementary material, Figure S1).

We conducted methylthioadenosine phosphorylase
(MTAP) IHC in a random sample of 208 cases, as the
MTAP gene is located at chromosome 9p21.3 close to
CDKN2A, and thus, loss of MTAP expression has
shown to be a good surrogate for homozygous deletions
of CDKN2A [24]. The primary antibody, clone 2G4
(mouse; dilution, catalogue number H00004507-MO1,
1:100, Abnova, Taipei, Taiwan), was used for MTAP
immunostaining. All the tumours with complete loss
of MTAP expression (65 out of 208 cases) were
categorised as ‘lost’ expression of CDKN2A.

Targeted sequencing of genomic DNA

Previously reported sequencing data from 53 patients
with pancreatic cancer were reanalysed in this study
[10,25]. Detailed methods of targeted sequencing were
described previously [10,25]. In brief, DNA was
extracted from formalin-fixed paraffin-embedded slides
of surgically resected pancreatic cancer using the
QIAamp DNA FFPE Tissue Kit (Qiagen, Venlo, Neth-
erlands) according to the manufacturer’s protocol.
Amplicon libraries were prepared from 10 ng DNA
per sample using the Ion AmpliSeq Cancer Hotspot
Panel v2 and the Ion AmpliSeq Library Kit 2.0
(Thermo Fisher Scientific, Waltham, MA, USA).
Sequencing variants for point mutations, insertions,
and deletions were called using the Ion Reporter
Software (Thermo Fisher Scientific).

Transcriptome analysis

As previously described [21], RNA was extracted
from frozen tissues of 20 patients with pancreatic
cancer and was analysed using a Clariom D Pico
Assay (Thermo Fisher Scientific) with a GeneChip
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Figure 1. Representative immunohistochemistry images of (A) SMAD4, (B) p53, and (C) CDKN2A (p16) and MTAP expression.
Asterisks indicate tumour cells with an aberrant ‘lost’ pattern of the corresponding marker. Tumours with diffuse nuclear p53
expression were classified as aberrant (B, middle). Note that cancer cells showed loss of both CDKN2A (C, middle) and MTAP
(C, right) expression, whereas pancreatic intraepithelial neoplasm lesions (daggers) preserved expression for these markers.

Bar = 250 pm.

Scanner 3000 7G System (Thermo Fisher Scientific).
The microarray data were deposited in NCBI’s Gene
Expression Omnibus database (accession number,
GSE157353). Tumours were categorised into classi-
cal and basal-like subtypes based on gene sets
associated with Moffitt and colleagues’ transcriptome
subtypes [21,26].

Statistical analysis

The statistical analysis is detailed in the Supplemen-
tary methods [27-34]. All statistical analyses were
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performed using the SAS software (version 9.4; SAS
Institute, Cary, NC, USA), and the two-sided a level
of 0.005 was used for statistical significance [34].

Results

Within our multicentre cohort, we examined the tumour
status of the four driver genes in 1,146 patients with
resected pancreatic cancer (supplementary material,
Figure S2). During the median follow-up time of
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55.9 months (interquartile range, 42.8-83.7 months) for
all censored cases, 812 (71%) patients were deceased.
Clinical and pathological characteristics of the patients
with pancreatic cancer, by alteration of each gene and
the number of altered genes, are summarised in Table 1
and supplementary material, Table S1, respectively.
KRAS was wild type and mutant in 23 (2.0%) and
1,123 (98%) cases, respectively. CDKN2A expression
was intact and lost in 168 (15%) and 978 (85%) cases,
respectively. p53 expression was intact and aberrant in
583 (51%) and 563 (49%) cases, respectively. SMAD4
expression was intact and lost in 512 (45%) and
634 (55%) cases, respectively. There were no statisti-
cally significant differences in clinical and pathological
characteristics between the molecular subgroups at
the a level of 0.005. Figure 2A demonstrates different
combinations of tumour status of the four major
drivers in strata of the number of altered genes.
We found reasonable correlations between expression
status by IHC and mutation status by targeted
sequencing among 53 patients with pancreatic cancer
(supplementary material, Table S2). IHC showed 95%
specificity and 61% sensitivity for TP53 mutation sta-
tus. For CDKN2A and SMAD4 mutations, IHC showed
high sensitivities (100 and 87%, respectively). In
exploratory analyses, we assessed the relationship
between the Moffitt tumour subtype and the number of
altered genes using transcriptome data from 20 pancre-
atic cancer specimens and did not observe any signifi-
cant association (supplementary material, Figure S3).

In our primary analyses, we examined associations of
the status of the four driver genes with survival out-
comes among pancreatic cancer patients (Table 2 and
supplementary material, Table S3). Loss of SMAD4
expression was associated with DFS [multivariable haz-
ard ratio (HR), 1.24; 95% CI, 1.09-1.43] and OS (multi-
variable HR, 1.27; 95% CI, 1.10-1.46). The status of
KRAS mutation, CDKN2A expression, or p53 expres-
sion was not associated with survival times in multivari-
able Cox regression analyses (p > 0.06). The number
of altered genes was inversely associated with DFS
and OS times: compared to cases with 0-2 altered
genes, cases with three and four altered genes had multi-
variable HRs for DFS of 1.22 (95% CI, 1.04-1.42) and
1.32 (95% CI, 1.10-1.59), respectively (pyena = 0.003);
and multivariable HRs for OS of 1.28 (95% CI, 1.09-
1.51) and 147 (95% CI, 1.22-1.78), respectively
(Pwena < 0.001). Kaplan—Meier survival curves demon-
strated similar associations of the gene alterations with
DEFS and OS (Figure 2B,C for the number of genes and
supplementary material, Figure S4 for each gene). In
meta-analyses, we observed no statistically significant
heterogeneity in the survival associations of the number
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of altered genes between the institutional cohorts
(Pheterogeneity > 0.58, Figure 2D,E) and, thus, pooled the
institutional cohorts for all survival analyses. When we
examined different combinations of altered genes in
cases with two or three altered genes, we observed no
differential associations with DFS and OS times by the
combinations (supplementary material, Table S4). The
limited number of KRAS-wild type cases precluded a
robust statistical assessment of different combinations in
this subgroup (data not shown). In addition, we investi-
gated the additive effect of loss of SMAD4 expression
on specific combinations of the other driver alterations
(supplementary material, Table S5). Loss of SMAD4
expression was associated with shorter DFS and OS if
additionally present in tumours with KRAS and
CDKN2A alterations. Such additive effect of SMAD4
loss was not observed in tumours with other combina-
tions of the other driver alterations. We observed no sta-
tistical interaction between the four driver alterations in
relation to survival times at the a level of 0.005
(Pinteraction > 0.007, supplementary material, Figure S5).
Among 907 patients receiving adjuvant chemotherapy,
the regimens were S-1 in 469 patients (52%),
gemcitabine-based in 337 (37%), others in 93 (10%),
and unknown in 8 (0.9%). In stratified analyses, similar
survival associations of SMAD4 expression and the
number of altered genes were observed irrespective of
receipt of adjuvant chemotherapy (pjneraction > 0-19, sup-
plementary material, Table S6). When we examined a
specific regimen (S-1 or gemcitabine-based), we also
observed no statistical interactions in relation to survival
times (pinteraction > 012)

In secondary analyses, we examined recurrence pat-
terns of resected pancreatic cancer (supplementary
material, Table S7) and their correlation with the num-
ber of altered genes. The number of altered genes was
positively associated with the risk of distant metastasis
[multivariable subdistribution HR 1.35 (95% CI,
1.11-1.64) and 1.23 (95% CI, 0.98-1.55) for three
and four altered genes (versus 2), respectively;
Pwend = 0.096], but not with the risk of local recurrence
(Puwena > 0.39, Table 3). When we further examined
specific patterns of distant metastasis, multivariable
competing risks regression analyses demonstrated a
stronger association of the number of altered genes for
liver metastasis (Pyena = 0.006) than for non-liver
metastasis (Pyenq > 0.35). Cumulative incidence curves
of the recurrence patterns by the number of altered
genes are presented in Figure 3. To investigate
whether pancreatic carcinomas harbouring only KRAS
mutation among the four drivers showed specific
recurrence patterns, we examined recurrence patterns
of KRAS-mutated tumours with or without other

J Pathol Clin Res 2023; 9: 339-353
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Figure 2. Associations of the number of altered genes with survival times among patients with resected pancreatic cancer. (A) Different
combinations of tumour status of the four major drivers in strata of the number of altered genes. (B and C) Kaplan-Meier survival curves
of DFS and OS times, respectively, according to the number of altered genes (0-2 and 3 versus 4 genes). (D and E) Meta-analyses of
associations of the number of altered genes (3-4 genes compared to 0-2 genes) with DFS and OS times, respectively. Squares and hori-
zontal lines indicate multivariable-adjusted HRs and 95% Cls, respectively. The area of the square reflects cohort-specific weight (inverse
of the variance). Diamonds indicate pooled multivariable-adjusted HRs (centre) and 95% Cls (width). HRs were adjusted for the same set
of covariates as Table 2. JFCR, Japanese Foundation for Cancer Research; KU, Keio University; UT, The University of Tokyo.

studies have investigated the responsiveness of pancreatic In our study, pancreatic cancer with an increasing
cancer to conventional chemotherapy regimens  number of driver alterations was more likely to repre-
(i.e. 5-fluorouracil- or gemcitabine-based regimens) by sent hepatic metastasis at an earlier stage of the post-
the status of the four major driver alterations [44-46]. In  operative course. Our large multicentre study likely
the current study, the high mortality hazard associated  provides robust evidence supporting the roles of the
with those driver alterations appeared to be unamenable  four major driver genes in determining post-operative
to the administration of standard adjuvant chemotherapy. ~ tumour progression patterns as well as overall mortal-
The four major driver alterations have long been ity hazard. Interestingly, the number of altered driver
untargettable, and no molecular-targeted agents have been ~ genes was not associated with any histopathological
approved, resulting in poor prognosis of pancreatic cancer ~ features of pancreatic cancer, including the number of
patients. However, inhibitors selectively targeting KRAS  positive lymph nodes and histopathological lymphatic
G12C mutation (e.g. sotorasib) have emerged as promis-  invasion. Therefore, it is considered that pancreatic
ing therapeutics [47,48] and have opened opportunities  tumours with accumulated molecular drivers may
for precision oncology for pancreatic cancer. In addition, = metastasise through the hematogenous mechanism
investigations are underway to examine the effectiveness  rather than the lymphogenic mechanism. Accumulat-
of agents on tumours harbouring other driver mutations,  ing biallelic loss of cell-cycle regulation genes, includ-
such as 7TP53 mutations [49,50]. Our findings implicate ing CDKN2A, TP53, and SMAD4, has contributed to a

the importance of developing agents targeting the signal- stepwise acceleration in cell cycle progression in pan-
ling pathways altered by the four primary drivers. creatic cancer [51]. A previous study has suggested
© 2023 The Authors. The Journal of Pathology: Clinical Research published by The Pathological Society J Pathol Clin Res 2023; 9: 339-353
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Table 2. The tumour status of the four major drivers and survival among patients with resected pancreatic cancer
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DFS 0S
No. of No. of Univariable HR Multivariable HR* No. of No. of Univariable HR Multivariable HR*
cases events (95% Cl) (95% Cl) cases events (95% ClI) (95% Cl)

KRAS mutation

Wild 23 15 1 (reference) 1 (reference) 23 13 1 (reference) 1 (reference)

type

Mutant 1,070 850 1.23 (0.74-2.05) 1.06 (0.63-1.78) 1,123 799 1.27 (0.73-2.20) 1.07 (0.62-1.86)
P 0.43 0.83 0.40 0.81
CDKN2A (p16) expression

Intact 163 125 1 (reference) 1 (reference) 168 113 1 (reference) 1 (reference)

Lost 930 740 1.22 (1.00-1.47) 1.10 (0.91-1.33) 978 699 1.32 (1.08-1.61) 1.21 (0.99-1.48)
P 0.046 0.35 0.006 0.065
p53 expression

Intact 557 438 1 (reference) 1 (reference) 583 404 1 (reference) 1 (reference)

Aberrant 536 427 1.10 (0.96-1.26) 1.07 (0.94-1.23) 563 408 1.13 (0.98-1.30) 1.12 (0.98-1.29)
P 0.17 0.32 0.082 0.10
SMAD4 expression

Intact 490 373 1 (reference) 1 (reference) 512 346 1 (reference) 1 (reference)

Lost 603 492 1.20 (1.05-1.38) 1.24 (1.09-1.43) 634 466 1.25 (1.08-1.43) 1.27 (1.10-1.46)
P 0.008 0.002 0.002 0.001
No. of altered genes

0-2 350 263 1 (reference) 1 (reference) 362 238 1 (reference) 1 (reference)

3 487 391 1.29 (1.10-1.51) 1.22 (1.04-1.42) 513 367 1.36 (1.15-1.60) 1.28 (1.09-1.51)

4 256 211 1.36 (1.13-1.63) 1.32 (1.10-1.59) 271 207 1.52 (1.26-1.83) 1.47 (1.22-1.78)
Pt,emfr <0.001 0.003 <0.001 <0.001

*The multivariable Cox regression model initially included age, sex, year of diagnosis, tumour location, histological type, cancer stage, resection margin status,
receipt of neoadjuvant chemotherapy, and receipt of adjuvant chemotherapy. Backward elimination with a threshold p of 0.05 was conducted to select variables
for the final models. The variables that remained in the final models are described in supplementary material, Table S2.

+Ptrend was calculated by entering the number of altered genes (continuous, 0-4) in the Cox regression model.

that an increasing number of genetic alterations of
KRAS, CDKN2A, TP53, and SMAD4 confer niche
independency in engineered organoid models of pan-
creatic cancer [52]. Another mechanistic study using
pancreatic cancer organoids has shown that SMAD4
inactivation is required for the collective invasion of
tumour cells [53]. These lines of evidence suggest that
the four driver alterations in pancreatic carcinoma cells
may co-ordinately drive highly metastatic phenotype.
Future basic research is warranted to better understand
the mechanisms underlying the development of liver-
specific metastasis of pancreatic cancer.

In pancreatic carcinomas, SMAD4 has been inactivated
through homozygous deletion in 35% and a monoallelic
mutation with loss of the other allele in 20% [54].
CDKN2A alterations in pancreatic carcinomas occur
based on homozygous deletion in 40%, a monoallelic
mutation with loss of the other allele in 40%, and
hypermethylation in the gene promoter in 15% [54,55].
In our NGS (next-generation sequencing)-based analysis
of 53 pancreatic cancer specimens, the prevalence of
mutations in SMAD4 and CDKN2A genes was 28 and
18%, respectively. This result is likely reasonable
because the mutation calling by targeted sequencing
approach underestimates the alterations in SMAD4 and

© 2023 The Authors. The Journal of Pathology: Clinical Research published by The Pathological Society
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CDKNZ2A as this assay cannot detect uncommon muta-
tions, large genomic deletion, or hypermethylation in pro-
moter regions. In our IHC-based assessment, loss of
expressions of SMAD4 and CDKN2A was found
in 55 and 85%, respectively. Of note, IHC of SMAD4
and CDKN2A could detect genetic mutations in
corresponding genes with high sensitivity (87 and 100%,
respectively). SMAD4 THC has been a powerful tool for
detecting the genetic status of SMAD4 [5,22]. Previous
studies have also suggested that IHC may be a surrogate
method to detect CDKN2A promoter methylation and
subsequent gene silencing in various cancer types. For
example, a previous study of 766 colorectal carcinomas
has shown that loss of immunohistochemical expression
of CDKN2A is more common in CDKN2A-methylated
carcinomas than in CDKNZ2A-unmethylated carcinomas
(61% versus 8.7%, respectively) [56]. Collectively, IHC
may be a simple and useful method in assessing SMAD4
and CDKN?2A alterations in pancreatic cancer.

On the other hand, we should acknowledge a limita-
tion of the IHC-based approach for assessing 7P53 sta-
tus. The TP53 gene is inactivated in 75% of pancreatic
adenocarcinoma cases by loss of one allele coupled with
an intragenic mutation in the second allele [54]. In the
current study, the prevalence of aberrant p53 status

J Pathol Clin Res 2023; 9: 339-353
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Table 3. The number of altered genes in relation to incidences of specific recurrence patterns among patients with resected pancreatic

cancer

No. of altered genes

0-2

Distant versus local®
Distant only (n = 563)
n 159
Univariable SHR (95% Cl) 1 (reference)
Multivariable SHR (95% CI)* 1 (reference)
Distant + local (n = 128)
n 36
Univariable SHR (95% Cl) 1 (reference)
Multivariable SHR (95% CI)* 1 (reference)
Local only (n = 174)
n 68
Univariable SHR (95% Cl) 1 (reference)
Multivariable SHR (95% CI)* 1 (reference)
Specific site of distant metastasis
Liver (n = 283)%
n 65
Univariable SHR (95% Cl) 1 (reference)
Multivariable SHR (95% CI)* 1 (reference)
Peritoneum (n = 146)°
n 39
Univariable SHR (95% Cl) 1 (reference)
Multivariable SHR (95% CI)* 1 (reference)
Lung (n = 150)*
n 49
Univariable SHR (95% Cl) 1 (reference)
Multivariable SHR (95% CI)* 1 (reference)
Lymph node (n = 131)*
n 37
Univariable SHR (95% Cl) 1 (reference)
Multivariable SHR (95% CI)* 1 (reference)

SHR, subdistribution hazard ratio.

3 4 Ptrend*
271 133
1.40 (1.16-1.68) 1.27 (1.02-1.59) 0.037
1.35 (1.11-1.64) 1.23 (0.98-1.55) 0.096
57 35
1.30 (0.86-1.95) 1.41 (0.90-2.23) 0.11
1.28 (0.86-1.93) 1.39 (0.88-2.19) 0.12
63 43
0.63 (0.45-0.88) 0.87 (0.60-1.25) 0.47
0.61 (0.43-0.85) 0.84 (0.58-1.22) 0.40
137 81
1.55 (1.17-2.05) 1.63 (1.19-2.23) 0.003
1.44 (1.08-1.92) 1.58 (1.15-2.16) 0.006
76 31
1.37 (0.95-1.98) 1.01 (0.64-1.58) 0.72
1.37 (0.95-1.98) 1.01 (0.64-1.58) 0.72
70 31
0.93 (0.65-1.33) 0.76 (0.49-1.18) 0.36
0.94 (0.65-1.34) 0.76 (0.49-1.19) 0.36
63 31
1.22 (0.83-1.79) 1.10 (0.69-1.73) 0.52
1.22 (0.83-1.79) 1.10 (0.69-1.73) 0.52

*Pyeng Was calculated by entering the number of altered genes (continuous, 0-4) in the competing risks regression model.

Three recurrence patterns (distant only versus distant and local versus local only) were treated as competing risk events.

*The multivariable competing risks regression model initially included age, sex, year of diagnosis, tumour location, histological type, cancer stage, resection margin status, receipt
of neoadjuvant chemotherapy, and receipt of adjuvant chemotherapy. Backward elimination with a threshold p of 0.05 was conducted to select variables for the final models.
SIn an analysis of a specific site of distant metastasis, recurrence at other sites only was treated as a competing risk event.

examined by IHC was lower (51%) than expected. Indeed,
our THC-based assessment could predict 7P53 mutation
status with high specificity (95%) but with moderate sensi-
tivity (61%), suggesting that some 7P53 mutated tumours
might be misclassified as intact by IHC. This result is in
line with previous studies reporting the correlations
between IHC-based findings and 7P53 mutation status in
several types of malignancies [57,58]. Taken together,
IHC is not a perfect method but a surrogate for estimating
intragenic mutations of the 7P53 gene.
Transcriptome-based subtypes of pancreatic cancer
(i.e. basal-like subtype, squamous subtype, and quasi-
mesenchymal subtype) have been associated with poor
prognosis and liver metastasis [26,51,59-66]. In our
exploratory analysis of 20 pancreatic carcinomas, we
did not observe any significant association between
the number of altered genes and basal-like tumour

© 2023 The Authors. The Journal of Pathology: Clinical Research published by The Pathological Society
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subtypes. However, Bailey er al have attested to the
importance of 7P53 mutation in increasing squamous
subtype-related gene expressions in pancreatic cancer
[66], although TP53 mutation is not necessarily
accumulated in pancreatic cancer with squamous or
basal-like features [67,68]. Integrated whole-genome
analysis has demonstrated that 7P53 mutation,
CDKNZ2A loss, and mutated-KRAS amplification are
associated with basal-like pancreatic cancer subtype,
whereas complete SMAD4 loss is correlated with clas-
sical subtype [62]. Future comprehensive analyses of
genetic and epigenetic alterations of KRAS, CDKN2A,
TP53, and SMAD4 genes may unveil a potential link
between transcriptome-based subtypes and those driver
alterations in pancreatic cancer.

The use of reliable assays for KRAS mutation was a
strength of our study. Low tumour cellularity due to

J Pathol Clin Res 2023; 9: 339-353
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Figure 3. Cumulative incidence curves of recurrence at specific sites among patients with resected pancreatic cancer according to the
number of altered genes. (A) Distant metastasis (with or without local recurrence), (B) local recurrence only, (C) liver metastasis, and

(D) recurrence at sites other than the liver.

abundant desmoplastic stroma characteristic of pancreatic
cancer [69,70] has hampered DNA-based molecular
annotation in clinical tumour samples [14]. As previously
described [20], the use of ddPCR allowed for the sensi-
tive detection of KRAS mutations in decades-old FFPE
(formalin-fixed paraffin-embedded) tissue samples of
pancreatic cancer. The current study has other notable
strengths, including the large sample size based on three
independent patient populations. The large sample size
allowed us to conduct various subgroup analyses with
sufficient statistical power. In this multicentre study, we
observed no statistically significant heterogeneity
between the institutional cohorts in our main findings,
supporting the generalisability of our data. The

© 2023 The Authors. The Journal of Pathology: Clinical Research published by The Pathological Society
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availability of comprehensive clinical data on pre- and
post-operative chemotherapy regimens and various sur-
vival outcomes (e.g. various recurrence types and
all-cause death) was another strength.

The current study has several limitations. First, there
might be unmeasured confounding factors in our sur-
vival analyses. Nonetheless, our multivariable models
included a variety of clinical and pathological character-
istics, including established prognostic factors in patients
with pancreatic cancer, and the adjustment did not alter
the results materially. Second, a lack of gold-standard
criteria for IHC assessments of CDKN2A, p53, and
SMAD4 expression is another limitation; nonetheless, it
is more likely that misclassifications of the expression

J Pathol Clin Res 2023; 9: 339-353
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status would have driven the survival associations of the
altered expression levels toward the null hypothesis.
Third, our study population consisted of patients with
resected pancreatic ductal adenocarcinoma. Therefore,
the usefulness of the driver alterations as prognostic bio-
markers should be validated in patients with locally
advanced or distant adenocarcinomas and other adeno-
carcinoma variants (e.g. intraductal papillary mucinous
neoplasm-derived carcinoma and colloid carcinoma).
Finally, a vast majority of the study population was
Japanese. Therefore, our findings should be validated in
independent populations with racial diversity.

We have demonstrated the feasibility of IHC-based
assessments of these driver alterations in small tissue sam-
ples obtained via fine-needle aspiration. As described,
ddPCR has been shown to provide a reliable mutation call-
ing in specimens with low DNA amounts. In the current
practice, an increasing number of patients diagnosed with
pancreatic cancer are referred to neoadjuvant chemother-
apy. A further investigation is warranted to examine the
potential of those simple and cost-effective analyses in
identifying patients with highly aggressive tumours who
are less likely to benefit from neoadjuvant chemotherapy
and thus are candidates for upfront surgery.

In summary, the current study suggests that the accumu-
lation of the four major driver alterations involved in
pancreatic carcinogenesis can confer a high metastatic
potential to tumours, thereby impairing post-operative sur-
vival among patients with pancreatic cancer. The elevated
mortality hazard associated with an increasing number of
the altered genes appeared not to be offset by the standard
chemotherapy regimens used in the current clinical prac-
tice. Therefore, further research is warranted to identify tar-
getable molecular and immune parameters in resected
pancreatic cancer with the accumulated molecular alter-
ations and, thereby, improve clinical outcomes of patients
with this highly lethal tumour subgroup.
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Figure S1. Microscopic images of H&E and immunohistochemistry staining in a fine-needle aspiration specimen from a patient with pancreatic cancer
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Figure S2. Flow diagram of the selection of patients with resected pancreatic cancer in a multi-institutional cohort
Figure S3. Association between the Moffitt tumour subtype and the number of altered genes

Figure S4. Kaplan—Meier survival curves of patients with pancreatic cancer according to altered genes/proteins
Figure S5. Interactions of altered genes in relation to survival patients with pancreatic cancer

Table S1. Clinical and pathological characteristics of pancreatic cancer cases by the number of altered genes

Table S2. Correlations of tumour status based on immunohistochemical expression of CDKN2A (p16), p53, and SMAD4 with mutation calls by
targeted sequencing

Table S3. The tumour status of the four drivers and survival among patients with pancreatic cancer (the final multivariable models)
Table S4. Specific combinations of the four major driver alterations and survival among patients with resected pancreatic cancer
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Table S6. The tumour status of the four drivers and survival among patients with pancreatic cancer, stratified by administration of adjuvant
chemotherapy

Table S7. Recurrence patterns of resected pancreatic cancer by the number of altered genes
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