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Abstract 

Background  Patients with pancreatic ductal adenocarcinoma (PDCA) carrying impaired mismatch repair 
mechanisms seem to have an outcome advantage under treatment with conventional chemotherapy, whereas 
the role for the tumor mutation burden on prognosis is controversial. In this study, we evaluated the prognostic role 
of the mutated genes involved in genome damage repair in a real-life series of PDAC patients in a hospital-based 
manner from the main Institution deputed to surgically treat such a disease in North Sardinia.

Methods  A cohort of fifty-five consecutive PDAC patients with potentially resectable/border line resectable PDAC 
(stage IIB-III) or oligometastatic disease (stage IV) and tumor tissue availability underwent next-generation sequencing 
(NGS)-based analysis using a panel containing driver oncogenes and tumor suppressor genes as well as genes 
controlling DNA repair mechanisms.

Results  Genes involved in the both genome damage repair (DR) and DNA mismatch repair (MMR) were found 
mutated in 17 (31%) and 15 (27%) cases, respectively. One fourth of PDAC cases (14/55; 25.5%) carried tumors 
presenting a combination of mutations in repair genes (DR and MMR) and the highest mutation load rates (MLR-
H). After correction for confounders (surgery, adjuvant therapy, stage T, and metastasis), multivariate Cox regression 
analysis indicated that mutations in DR genes (HR = 3.0126, 95% CI 1.0707 to 8.4764, p = 0.0367) and the MLR 
(HR = 1.0018, 95%CI 1.0005 to 1.0032, p = 0.009) were significantly related to worse survival.

Conclusions  The combination of mutated repair genes and MLR-H, which is associated with a worse survival in our 
series of PDAC patients treated with conventional chemotherapy protocols, might become a predictive biomarker 
of response to immunotherapy in addition to its prognostic role in predicting survival.

Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/. The Creative Commons Public Domain Dedication waiver (http://​creat​iveco​
mmons.​org/​publi​cdoma​in/​zero/1.​0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Journal of 
Translational Medicine

†Maria Cristina Sini, Maria Grazia Doro and Laura Frogheri contributed equally 
to this work.

*Correspondence:
Giuseppe Palmieri
gpalmieri@yahoo.com
Full list of author information is available at the end of the article

http://orcid.org/0000-0002-4350-2276
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12967-024-04923-3&domain=pdf


Page 2 of 13Sini et al. Journal of Translational Medicine  (2024) 22:108

Introduction
Pancreatic ductal adenocarcinoma (PDAC) is a highly 
lethal disease, with an estimated annual incidence of 
62,210 cases and 49,830 related deaths in 2022 in the 
United States [1]. Although, complete surgical resection 
(R0 resection) represents the only potentially curative 
treatment, only 15%-20% of pancreatic cancer patients 
undergo primary tumor resection since cancer early 
spreads to other organs and/or peripancreatic vessels, 
limiting its role [2]. Overall, the introduction of new 
surgical techniques and medical therapies such as 
laparoscopic techniques and neo-adjuvant chemo-
radiotherapy has only led to modest improvements in 
outcomes [3].

Unfortunately, due to lack of early diagnostic tools and 
initial specific symptoms, up to 80% of patients presents 
with either unresectable or metastatic disease and a 
5-year relative survival rate of approximately 11.5% [4, 
5]. Moreover, prognosis remains poor also for patients 
who are diagnosed with localized tumor and who are 
treated by potentially curative surgery [4, 5] because of 
a high rate of either, local or, distant disease recurrence 
despite next adjuvant treatment such as chemotherapy or 
chemo-radiotherapy [6–9].

Palliative systemic chemotherapy represents the 
standard treatment of advanced PDAC; it is delivered 
with the aim to improve patient’s symptoms, quality 
of life, and survival. There are well-established options 
for first-line advanced PDAC treatment with the choice 
depending on the patient’s Eastern Cooperative Oncology 
Group (ECOG) performance status, comorbidity, 
and patient’s preferences. Usually, these options 
include combination chemotherapy regimens such as 
FOLFIRINOX (oxaliplatin, irinotecan, leucovorin, and 
5-fluorouracil) [10] and gemcitabine plus nab-paclitaxel 
[11] when the patient’s performance status is good. For 
patients with poorer performance status or older age, 
gemcitabine single-agent treatment represents a valid 
option [12].

Despite the introduction in clinical practice of new 
chemotherapeutic schedules [10, 11] and drugs [13], 
only little progresses have been made in recent years. 
This may be potentially due to the diversity of pancreatic 
cancer genomic landscape, identifying subgroups of 
patients with distinct biological and clinical tumor 
behavior [14, 15]. Considering all driver alterations 
in primary and metastatic tumors detected by whole-
genome sequencing, pancreatic neuroendocrine 

carcinomas have been reported to show a significantly 
intense transformation of the genomic landscape 
during tumor progression, whereas PDACs belong to a 
large group of cancer types displaying variable genomic 
differences within a substantially conserved portrait of 
gene driver alterations [15].

Immune checkpoint inhibitors (ICI) as monoclonal 
antibodies (mAbs) against the programmed death-1 
(PD-1)/programmed death- ligand 1 (PD-L1) axis 
are particularly active in gastrointestinal cancers 
with deficient mismatch repair (dMMR) system 
or high microsatellite instability (MSI-H) [16–18]. 
However, there are few data on the use of checkpoint 
inhibitors in MSI-H/dMMR mPDAC. Marabelle 
et  al. [16] investigated treatment with the anti-PD-1 
Pembrolizumab in a cohort of MSI-H patients suffering 
from metastatic PDAC, which were enrolled in the 
Keynote 158-Study. Among 22 patients, an ORR of 
18.2% was reported. Median PFS was 2.1  months 
while median OS was 4 months. Interestingly, patients 
responding to the treatment exhibited a longer duration 
of response (13.4  months), though only a limited 
subgroup of patients with MSI-H/dMMR appears to 
substantially benefit from an ICI treatment [16].

Previous studies showed that PDCA patients carrying 
a proficient MMR (pMMR) system and treated with 
conventional chemotherapy have a survival advantage 
compared to dMMR patients, suggesting that MSI 
status can be considered a potential predictor of 
sensitivity to different treatments [19–21].

Independently from MSI-H/dMMR, the role of 
high tumor mutational burden (TMB-H) in selecting 
patients to be addressed to ICI treatment remains 
largely unclear, though preliminary data suggests a 
possible role of immunotherapy in selected cases of 
PDAC [22, 23]. In a retrospective cohort study, the 
TMB-H—which was found in a tiny fraction (3.3%) 
among 48.606 gastrointestinal tumors—was not able 
to predict antitumor immune response due to a poor 
correlation with the infiltration of immune cells and 
immune signatures within the tumor environment [24].

In another retrospective analysis, about one fourth 
of 1.856 patients with pancreatic cancer were found 
to carry actionable molecular alterations and among 
those who received a matched therapy a significantly 
longer overall survival was reported as compared 
with patients without a druggable targets [25]. This 
is consistent with observation that PARP inhibitor 
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Olaparib does improve progression-free survival 
when used as a maintenance therapy in the subgroup 
of patients with metastatic PDAC and a BRCA1-2 
germline mutation, that benefits from platinum-based 
chemotherapy [26]. Such evidence represented a clear 
indication that the BRCA1-2 mutational status should 
be routinely investigated in metastatic PDAC—though 
the expected occurrence of mutations in these genes for 
this malignancy is lower than 4% (any BRCA mutation: 
3.3%; 1.7% to 5.3% [27]) within the Caucasian/white 
population.

Therefore, an increasingly extensive use of the 
molecular classification of the advanced PDAC patients 
seems to become mandatory to tailor treatment 
decision in the context of the management of this highly 
malignant neoplasm. In other words, characterization 
of the mutation genomic landscape may offer chance to 
improve the management and outcome of PDAC patients 
with non-localized disease. The aim of the current study 
is to provide additional clues about the prognostic role 
of the main molecular alterations in a real-life series of 
N + PDAC patients molecularly classified in a hospital-
based manner diagnosed at the main Institution deputed 
to surgically treat patients with pancreatic cancer across 
the entire North Sardinia.

Methods
Samples
A cohort of fifty-five consecutive patients with a 
histologically proven diagnosis of PDAC at disease stage 
IIB (T1-3, N1, M0) or higher stage (III-IV)—according 
to the American Joint Commission on Cancer (AJCC)/
TNM 2017, eighth edition, guidelines [28]—and 
availability of primary tissue samples was retrieved from 
the archives of the Anatomic Pathology Institute of the 
University of Sassari, during a period of time from July 
2014 to June 2020 in order to have a follow-up coverage 
of at least 3 years. Demographic, clinical and pathological 
data of all patients were obtained from clinical records 
and histology reports exclusively for the purposes of the 
study. At the time of diagnosis, all patients gave their 
informed consent for the use of their archival samples 
and clinical data for the purposes of translational 
researches and studies, in an anonymous way. The 
study was performed in accordance with the principles 
of the declaration of Helsinki and was approved by the 
Committee for the Ethics of the Research and Bioethics 
of the National Research Council (CNR).

Mutation analysis
For mutation analysis, DNA was extracted from 
formalin-fixed paraffin-embedded (FFPE) primary 
PDAC tumors using the GeneRead DNA FFPE tissue 

Kit (QIAGEN, Hilden, Germany). Briefly, FFPE blocks 
were firstly sectioned to permit adequate morphologic 
assessment by hematoxylin and eosin staining and 
then, using light microscopy, tissue sections underwent 
manual macrodissection by removing surrounding 
healthy tissues in order to obtain tumor samples with 
a minimum of 50% of neoplastic cells (range 50%-
80%). Isolated genomic DNA and correspondent 
libraries were accurately quantified using fluorescence-
based quantification method such as Qubit dsDNA 
HS (Invitrogen, Life Technologies, USA) in order to 
minimize technical problems due to the insufficient DNA 
sample quality.

Next Generation Sequencing (NGS) analysis was 
performed on Ion S5 GeneStudio (Thermo Fisher 
Scientific, Waltham, USA), using a customized 
Oncomine™ Tumor specific gene panel requiring 
10  ng DNA/Pool consisting of two primer pools (1777 
amplicons; amplicon range: 125-175  bp) covering hot 
spot or entire coding regions of 40 oncogenic driver 
genes, including the main ones involved at different 
impact level in tumor onset and progression (KRAS, 
NRAS, BRAF, SMAD4, TP53, PIK3CA, PTEN, AKT3, 
CDKN2A, CDK4, RB1, CTNNB1, APC, FGFR2, KIT, 
EGFR, ALK, GNAQ/11, NF1, MYC, VHL) as well 
as in both genome damage repair by homologous 
recombination (ARID1/2, ATM, BAP1, BARD1, BRIP1, 
CDH1, CHEK2, FANCD2, PALB2, POLE, POLD1, 
RAD51C/D) and DNA mismatch repair (MLH1, MSH2, 
MSH3, MSH6, PMS2) mechanisms. About two thirds of 
PDCA cases (38/55; 69%) were previously found negative 
for mutations in both BRCA1 and BRCA2 genes, using 
a specific panel (Oncomine BRCA Assay, Thermo Fisher 
Scientific); in the remaining cases, mutational status 
of BRCA1-2 was not determined for low quality NGS 
analyses within these large and complex genomic loci.

The annotation and interpretation of all identified 
variants was performed using Ion Reporter™ Software 
(Thermo Fisher Scientific) a suite of bioinformatic tools 
that performs analysis on BAM files that are output from 
Torrent Suite™ Software. Output files result from the 
use of a specific VariantCaller plugin in Ion Reporter™ 
Software that provided a final annotated analysis file.

Considering the poor quality of the isolated DNA 
from archived tissue samples of our series (majority of 
them were sampled ≥ 5 years before)—thus affecting the 
NGS library quality, coverage of 100 reads or greater 
(≥ 100) and variant allele frequency (VAF) cutoff > 5%, 
anyway with at least 10 mutated alleles for each candidate 
amplicon, were adopted for mutation selection criteria.

Variants were screened against COSMIC v92 database 
(Catalogue of Somatic Mutations in Cancer; https://​
cancer.​sanger.​ac.​uk/​cosmic) and VARSOME (https://​

https://cancer.sanger.ac.uk/cosmic
https://cancer.sanger.ac.uk/cosmic
https://varsome.com/
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varso​me.​com/) to identify known somatic mutations and 
mutation types, respectively. The clinical significance of 
all identified variants was examined using the standards 
and guidelines for the interpretation of sequence variants 
recommended by American College of Medical Genetics 
and Genomics (ACMG Laboratory Quality Assurance 
Committee) and Association for Molecular Pathology 
(AMP).

Mutational load rate (MLR) estimates were directly 
computed by the Ion Reporter™ Software to nearly 
all (50/55; 91%) cases using the specific panel analysis 
workflow including only non-synonymous somatic 
mutations (ns-SNVs/indel) in coding regions, with 
computational germline status filtering. Limit of 
detection of variant minimum allele frequency was 
set to ≥ 10% (LOD10) since DNA sequence variants 
with lower allele frequencies are difficult to be reliably 
quantitated and classified. Considering that a NGS panel 
including a limited number of genes—such as the one we 
used in the present study (Oncomine™ Tumor specific 
gene panel)—is not able to produce a canonical tumor 
mutation burden (TMB) value, MLR can be estimated by 
targeting a group of only a few hundred genes of interest 
with average coverage of 120X to 150X, but it can be 
performed at a high depth even for the smaller panels 
as mutational load rate (MLR/0.17  Mb). To calculate 
the MLR for our panel, cutoff values were defined as 
MLR-very high (≥ 75 mutations), MLR-high (> 25 ≤ 75 
mutations), MLR-medium (> 10 ≤ 25 mutations) and 
MLR-low (≤ 10 mutations).

The panel was designed to characterize tumors for 
which the presence of predisposing mutations in BRCA1 
and BRCA2 was not required since these two genes were 
examined apart (see above); the panel was instead aimed 
at assessing the presence of “BRCAness” characterized by 
the occurrence of pathogenic mutations affecting non-
BRCA genes involved in the control of DNA repair by 
homologous recombination and determining a deficient 
genome damage repair (DR) mechanism.

Microsatellite Instability (MSI)
Microsatellite instability (MSI) analysis was performed 
on all FFPE primary tumors of the series by Easy PGX 
System (Diatech Pharmacogenetics, Jesi, Italy) assays, 
regardless of the mutation status of the MMR genes. 
Easy PGX kits are designed to identify the detection of 
8 mononucleotide "same-monomorphic" markers: BAT-
25, BAT-26, NR-21, NR-22, NR-24, NR-27, CAT-25 and 
MONO-27 by real time PCR and subsequent analysis of 
the targets based on the denaturation profile. The test 
allows, accurately and with reduced "hands-on time", 
to detect the microsatellite instability in tumor samples 
without comparison with normal tissue.

The presence/absence of MSI was also confirmed 
with a second real-time PCR array, the fully automated 
IDYLLA™ (Biocartis, Mechelen, Belgium) test that 
showed a concordance of 100%.

Copy number variation (CNV) analysis for KRAS gene
The Copy Number Variation (CNV) analysis was 
performed for the KRAS gene on all FFPE primary 
tumors by droplet digital PCR (ddPCR; Bio-Rad, 
Hercules, USA) assays, regardless of its mutational status. 
Each PCR reaction was carried out with 10  ng input 
DNA using QX200™ ddPCR (Bio-Rad) according to the 
manufacturer’s instructions. AP3B1 housekeeping gene 
was used as a reference. Droplets were generated using 
the QX200™ Droplet Generator. After PCR amplification, 
the fluorescence of each droplet was read on a QX200™ 
Droplet Reader and counted with QuantaSoft Software, 
version 1.7.4.0917. Using a modeling based on Poisson 
distribution, the software estimated the concentration 
of the target and reference gene in units of copies per 
microliters of amplified mix. An estimate of the target 
gene copy number was then determined by multiplying 
by 2 the ratio between the concentrations of the target 
and the reference gene.

Statistical analysis
Survival probability for demographic, clinical, and genetic 
parameters was estimated using the Kaplan–Meier curves 
and log-rank test. The independent association between 
genetic mutations and survival was separately assessed 
for each genetic variable, by correcting for confounders 
that have a p < 0.1 in univariate analysis (surgery, adjuvant 
therapy, stage T, stage N and metastasis). Variables with 
p < 0.1 were retained in the model. Statistical analyses 
were performed using MedCalc for Windows, version 
19.4.1 64 bit (MedCalc Software, Ostend, Belgium).

Results
In our series, 63 consecutively collected patients with 
potentially resectable/border line resectable PDAC (stage 
IIB-III; N = 55) or stage IV disease (N = 8) and tumor 
tissue availability were identified. Criteria to classify 
potentially resectable and border line resectable PDAC 
were as summarized in Jain et  al. 2023 [29]. Among 
them, eight patients were excluded because of the very 
low quality of the DNA extracted; the remaining 55 cases 
were included into the study and addressed to molecular 
screening. As shown in Table 1, a quite similar proportion 
of males and females (slightly preponderant into the 
latter ones) was present; median age was 69 years, range 
41–85  years. The majority of patients (36/55; 65.5%) 
presented with IIB AJCC stage disease, whereas about 
one tenth of them (5/55; 9.1%) was found to carry a 

https://varsome.com/
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potentially resectable oligometastatic PDAC (all of them 
constituted by synchronous metastases involving a 
single liver segment with one case also carrying a single 
secondary lesion into the lung) (Table 1).

Considering the first treatment, more than two thirds 
of cases (39/55; 70.9) underwent the surgical excision 
with or without (neo-) adjuvant therapy (Table 1). In the 
remaining 16 patients, once the radiological resectability 
"status" was defined, surgery was excluded after taking 
into account the clinical context of the patient (age, 
associated pathologies, etc.) as well as after careful 
evaluation of the surgical and anesthesiological risk 
factors. Vast majority of patients receiving neoadjuvant 
therapies was treated with the FOLFIRINOX regimen 
(16/20; 80%), whereas the Gemcitabine plus NAB 
Paclitaxel combination was administered in the 
remaining one fifth of cases. The Gemcitabine therapy 
was used in all 16 patients who underwent the adjuvant 
treatment (in three cases, preceded by a neo-adjuvant 
therapy). At disease progression, nearly half of the 
patients (26/55; 47.3%) received a first line systemic 
chemotherapy (Table 1).

A total of 665 pathogenic/likely pathogenic variants 
were detected in the 55 lesions examined; the median 
value for total variants in our cases was 4 (range 
1–61). Variants were classified as pathogenic or likely 

pathogenic in accordance with the criteria reported in 
COSMIC (FATHMM score > 0,70) and ClinVar databases. 
All the pathogenic/likely pathogenic variants detected 
are listed in Additional file 1: Table S1.

Oncogenically activated KRAS was preponderantly 
involved in PDAC patients from our series, being 
mutations in this gene detected in 34/55 (62%) (Fig.  1; 
Additional file 2: Table S2). In particular, vast majority of 
KRAS mutations (28/34; 82%) occurs in codon 12 of exon 
2, resulting in the replacement of glycine with aspartic 
acid (G12D: 19/28; 68%), valine (G12V: 6/28; 21%), 
and arginine (G12R: 3/28; 11%). Other substitutions 
were found in codon 61 of exon 3 involving different 
changes into the glutamine residue (Q61: 3/34; 9%) 
and in other distinct codons of exons 2 and 3 of KRAS 
(3/34; 9%). Considering that all mutations in NRAS 
(detected in 7 cases) and BRAF (in 6 cases) occurred 
within uncommonly involved codons—i.e. none in valine 
600 residue for BRAF and none but one in G12/13 or 
Q61 codons for NRAS, the mutated KRAS acts as the 
true driver oncogene into the MAPK signaling pathway 
(Additional file  1: Table  S1). Overall, 39 (71%) PDAC 
cases from our series carried mutation(s) in at least one 
of these three MAPK genes (Additional file 2: Table S2).

We then evaluated the potential correlation between 
the KRAS gene copy numbers (CNV) and the KRAS 
mutational status. Considering the KRAS-mutated cases, 
none of them showed co-occurrence of the KRAS gene 
amplification, even in PDAC samples with a mutation 
allele frequency above the median value of 11.6% (range, 
5–49%).

The other mostly mutated genes (> 30% of cases) were: 
TP53 (34/55; 62%), MYC (26; 47%), APC (21; 38%), 
NF1 (18; 33%), and SMAD4 (18; 33%). Considering the 
functional pathways, genes participating to the control 
of cell survival (PTEN, PIK3CA, and AKT3) and those 
involved into the regulation of the cell cycle progression 
(CDKN2A, CDK4, and RB1) were found mutated in 18 
(33%) and 25 (45%) PDAC cases, respectively (Fig.  1; 
Additional file 1: Table S1). In our series, a lower rate of 
mutations (8/55; 15%) was found in CTNNB1 gene and in 
nearly all cases they were associated with APC mutations; 
overall, these two genes acting downstream the WNT/β-
catenin signaling pathway were found mutated in two 
fifths (22/55; 40%) of PDAC cases from our series (Fig. 1).

Genes involved in the both genome damage repair (DR) 
and DNA mismatch repair (MMR)—see Methods for the 
gene lists—were found mutated in 17 (31%) and 15 (27%) 
cases, respectively (Fig. 1; Additional file 2: Table S2).

The microsatellite instability (MSI) is mostly due 
to genetic or epigenetic impairment of at least one 
MMR gene with subsequent deficient DNA repair 
mechanisms. However, it is widely recognized that 

Table 1  Patients’ characteristics

AJCC, American Joint Commission on Cancer; FOLFIRINOX regimen: 
5-fluorouracil, leucovorin, irinotecan, and oxaliplatin

Feature No %

Sex

 Female 29 52,7

 Male 26 47,3

AJCC Stage (TNM)

 IIB (T1-3, pN1, M0) 36 65,45

 III 14 25,45

 (T1-3, pN2, M0) 11 20,0

 (T4, any-N, M0) 3 5,5

 IV (any-T, any-N, M1) 5 9,1

First treatment

 Neoadjuvant plus surgery 14 25,5

 Neoadjuvant, no surgery 6 10,9

 Surgery plus adjuvant 13 23,6

 Surgery, no adjuvant 12 21,8

 No surgery, no therapy 10 18,2

1st line chemotherapy

 None 29 52,7

 Gemcitabine-based 20 36,4

 Capecitabine 5 9,1

 FOLFIRINOX 1 1,8
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the most appropriate approach to assess the existence 
of a MSI status is represented by the detection of the 
instability effects on tumor genomic DNA. At genomic 
level, MSI is indeed characterized by small insertion or 
deletion within short tandem microsatellite repeats in 
tumor DNA. In our study, a real-time PCR-based high-
resolution melting curve analysis using a specific assay 
with eight monomorphic homo-polymer biomarkers 
was performed for all DNA samples. Surprisingly, none 
of the 15 cases carrying mutations in MMR genes was 
found positive for high-MSI (MSI-H); the single sample 
carrying MSI-H was instead detected among the 
remaining 40 PDAC cases negative for mutated MMR 
genes (overall, 1/55; 1.8%).

Finally, we evaluated the mutational load rate (MLR) 
in our series. Due to the limited genomic coverage of 
our NGS-based multi-gene array, MLR was calculated 
using a specific panel analysis workflow taking into 
consideration all non-synonymous somatic mutations 
in coding regions. The MLR cutoff values were defined 
as MLR-very high (≥ 75 mutations), MLR-high (> 25 
and ≤ 75 mutations), MLR-medium (> 10 and ≤ 25 
mutations) and MLR-low (≤ 10 mutations). When 
we compared the MLR classification with the gene 
mutational status, nearly all mutations in DR/MMR 
genes involved in DNA repair occurred in subset of 
PDAC cases with MLR-very high (Fig. 2).

Log-rank test by Kaplan–Meier survival curves, 
reported in Table  2 showed no significant association 
between genetic variables and survival. As reported 
in Table  3, some confounders (like surgery, adjuvant 
therapy, stage T, and metastasis) may however mask this 
association.

Subsequently, multivariate Cox regression models with 
backward elimination were built to evaluate independent 
association between the genetic alterations and 
mortality. As reported in Table 4, mutations in SMAD4 
(HR = 2.4987; 95% CI, 1.0134–6.1607, p = 0.0467) and DR 
genes (HR = 3.0126, 95% CI 1.0707 to 8.4764, p = 0.0367) 
as well as the MLR (HR = 1.0018, 95%CI 1.0005 to 1.0032, 
p = 0.009) were significantly related to survival after 
correction for the above reported confounders. A trend 
towards statistical significance was also observed with 
mutated MMR genes (HR = 2.5218; 95% CI, 0.8906–
7.1406, p = 0.0815).

Discussion
In this study, we describe a somatic mutational profile 
with a NGS targeted panel in a retrospective cohort 
of 55 patients with PDAC, consecutively collected in a 
hospital-based manner and ascertained for Sardinian 
origin.

In our series, a high prevalence of oncogenic 
mutations was observed for KRAS gene (62%). 

Fig. 1  Oncoplot of somatic non-synonymous and pathogenic/likely pathogenic mutations. Total number of variants are reported non right side
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However, the frequency of activating mutations in 
KRAS was lower than expected since they are reported 
in literature to be present up to 80%-95% of PDACs 
[30, 31]; this lower prevalence may be probably due to 
the “genetic background” of the Sardinian population, 
showing strong founder effects for several genetic 
diseases. Indeed, as previously reported by our group 
for different neoplastic pathologies (colorectal and 
breast cancer, melanoma) [32–34]), the founder effect 
in Sardinia may mostly act at germline level but also 
underlay discrepant penetrance and distribution of 
mutations in candidate cancer genes at somatic level.

The spectrum of the KRAS activating mutations is 
instead highly consistent with data from literature [35], 
with G12D as the most prevalent variant (35%) and the 
G12V or G12R as the only mutations affecting codon 12 
into the nucleotide-binding pocket of the KRAS kinase 
domain (Additional file  1: Table  S1). It is noteworthy 
to underline that the most frequent G12D mutation 
is critical for the initiation and maintenance of PDAC 
and, at the same time, acts as a known repressor of 
tumor immunity [36]. In our series, the KRAS-G12C 
mutation was not detected—though this observation is 
not far from expected (the G12C variant is reported in 
approximately 1.5% of PDACs [37, 38]). Despite its very 
low prevalence, systematic search for this variant might 
open the way to the use of KRAS-G12C inhibitor (i.e. 

Fig. 2  Oncoplot of somatic non-synonymous and pathogenic/likely pathogenic mutations in MMR and DR genes. Mutation load rate (MLR) values 
are indicated according to the total number of detected mutations

Table 2  Hazard ratios of the genetic mutations under 
investigation obtained by log-rank test

HR, hazard ratio; CI, confidence interval; MMR, mismatch repair; DR, damage 
repair

Mutated genes HR 95% CI p-value

KRAS 1.2337 0.5509 to 2.7627 0.610

BRAF (nonV600) NRAS 
(uncommon)

2.0720 0.7344 to 5.8458 0.170

PIK3CA 0.4734 0.2129 to 1.0525 0.066

CDKN2A 1.2823 0.5525 to 2.9763 0.560

TP53 0.4730 0.2084 to 1.0736 0.073

SMAD4 1.1467 0.5033 to 2.6130 0.740

POLE / POLD1 0.7953 0.3472 to 1.8213 0.590

MMR genes 0.8510 0.3763 to 1.9246 0.700

DR genes 0.8795 0.3999 to 1.9344 0.750

Mutation Load Rate 0.5953 0.2553 to 1.3878 0.230

Table 3  Hazard ratios of demographic and clinical parameters 
obtained by log-rank test

In bold, significant values

HR, hazard ratio; CI, confidence interval

Characteristic HR 95% CI p-value

Age 1.7413 0.8202 to 3.6965 0.150

Sex 1.5123 0.7092 to 3.2250 0.280

Surgery 0.05810 0.01923 to 0.1755  < 0.0001
Adjuvant therapy 0.3638 0.1639 to 0.8076 0.013
Neo-adjuvant therapy 0.8056 0.3563 to 1.8213 0.600

First-line therapy 0.8185 0.3568 to 1.8773 0.630

T (T3-4 vs T1-2) stage 9.5881 1.4152 to 64.962 0.026
N (N2 vs N1) stage 2.3826 0.9539 to 5.9511 0.063

M stage (M1 vs M0) 266 28 to 2563  < 0.0001
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Sotorasib, which was already evaluated in monotherapy 
in metastatic KRAS-G12C mutant PDAC, with a limited 
clinical benefit due to the rapid development of resistance 
[31]) given in sequence or combination with other drugs. 
Overall, our findings confirmed the central pathogenic 
role of KRAS mutations, which are highly abundant 
in pancreatic cancer, inducing to speculate that such a 
mutated oncogene may participate in early molecular 
events toward the progression from normal pancreatic 
tissues to malignant PDAC. Moreover, the KRAS-G12D 
mutation occurs in nearly half of PDAC patients and 
its oncogenic signaling has been reported to contribute 
in maintaining the immune evasive status of the tumor 
microenvironment (TME) in such cancer type [39, 40], 
by also suppressing PD-L1 expression, thus impairing the 
activity of immune checkpoint inhibitors (ICIs) in PDAC 
and explaining the observed low response of PDAC 
to immunotherapy [41–43]. Recently, KRAS-G12D 
mutations have been reported to drive the fibroblast 
expansion toward the creation of an immunosuppressive 
stroma from early stages of pancreatic malignant 
transformation [44]. In lung cancer, the detrimental 
activity of the oncogenic KRAS-G12D variant into the 
responsiveness to ICIs has been largely demonstrated 
[45, 46]. As a confirmation of the negative impact of the 
KRAS-G12D mutation on the immune responsiveness, 
inhibition of such mutant protein with MRTX1133, a 
specific small molecule inhibitor of KRAS-G12D variant, 
has been reported to somehow revert the immune 
suppressive status of TME by increasing the intra-tumor 
infiltrate of CD8+ effector T cells and contributing to 
make PDAC more immunogenic and better reactive to 
immunotherapy [47–49].

Table 4  Hazard ratios of the genetic alterations under 
investigation obtained by multivariate Cox regression models 
with backward elimination

Feature HR 95% CI p-value

Mutated (m)KRAS – – –

Surgery 0.1238 0.0508 to 0.3020  < 0.0001

Adjuvant therapy – – –

T – – –

N 2.7091 1.1919 to 6.1575 0.0170

M – – –

mBRAF (nonV600) 
mNRAS (uncommon)

– – –

Surgery 0.1238 0.0508 to 0.3020  < 0.0001

Adjuvant therapy – – –

T – – –

N 2.7091 1.1919 to 6.1575 0.0170

M – – –

mPIK3CA – – –

Surgery 0.1238 0.0508 to 0.3020  < 0.0001

Adjuvant therapy – – –

T – – –

N 2.7091 1.1919 to 6.1575 0.0170

M – – –

mCDKN2A – – –

Surgery 0.1238 0.0508 to 0.3020  < 0.0001

Adjuvant therapy – – –

T – – –

N 2.7091 1.1919 to 6.1575 0.1700

M – – –

mTP53 – – –

Surgery 2.7091 1.1919 to 6.1575  < 0.0001

Adjuvant therapy – – –

T – – –

N 2.7091 1.1919 to 6.1575 0.1700

M – – –

mSMAD4 2.4987 1.0134 to 6.1607 0.0467
Surgery 0.0891 0.0331 to 0.2397  < 0.0001

Adjuvant therapy – – –

T – – –

N 3.4631 1.4461 to 8.2934 0.0053

M – – –

mPOLE / mPOLD1 – – –

Surgery 2.7091 1.1919 to 6.1575  < 0.0001

Adjuvant therapy – – –

pT – – –

pN 2.7091 1.1919 to 6.1575 0.1700

M – – –

mMMR genes 2.5218 0.8906 to 7.1406 0.0815

Surgery 0.0814 0.0278 to 0.2379  < 0.0001

Adjuvant therapy – – –

T – – –

N 3.5458 1.4546 to 8.6434 0.0054

In bold, significant values for molecular markers are indicated

T, primary tumor; N, regional lymph node; M, distant metastasis

Table 4  (continued)

Feature HR 95% CI p-value

M – – –

mDR genes 3.0126 1.0707 to 8.4764 0.0367
Surgery 0.0957 0.0306 to 0.2998 0.0001

Adjuvant therapy 0.3642 0.1100 to 1.2057 0.0980

T – – –

N 0.2280 1.7129 to 10.4365 0.0180

M – – –

Mutation load rate 1.0018 1.0005 to 1.0032 0.0090
Surgery 0.1417 0.0510 to 0.3933 0.0002

Adjuvant therapy 0.2807 0.0750 to 1.0498 0.0590

T – – –

N 3.4240 1.2897 to 9.0905 0.0140

M – – –
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Regarding the relationship between CNV and mutation 
occurrence in KRAS gene, our data excluded any role of 
the gene amplification on determining a high frequency 
of KRAS mutant alleles in primary PDACs at baseline 
(such a scenario could be however modified during 
treatment course). This is quite consistent with data 
presented by our group about the minority of melanoma 
patients with concurrent high frequency of BRAF 
mutations and BRAF gene amplification [50].

In addition to KRAS, our PDAC cases displayed an 
increased frequency of genetic alterations in hallmark 
genes such as TP53 (62%), MYC (47%), APC (38%), NF1 
(33%), and SMAD4 (33%). The TP53 genetic alterations 
have been demonstrated to exert an impact on the 
homeostasis of the TME in PDAC tissues, acting the 
gene as one of the principal modulators of disease 
progression by shaping the tumor-stromal environment 
[51]. Recently, functional significance of the different 
TP53 mutations have been related to outcome of PDAC 
patients, with the pathogenic variants determining a gain 
of function of the TP53 gene being associated with worse 
overall survival [52].

Nevertheless, the activation of WNT/β-catenin 
signaling pathway—including the downstream WNT 
effectors CTNNB1 and APC, which were found mutated 
in a large fraction (22/55; 40%) of PDAC cases in our 
series—is another critical molecular mechanism for 
pancreatic tumor initiation and progression as well as 
for facilitating immune evasion and contributing to 
immunotherapy resistance of such a tumor [53]. The 
genes of this pathway act as common oncogenic drivers 
even in other non-PDAC malignancies [54].

Among the single genes screened in our series, SMAD4 
was the only one whose mutations remained significantly 
related to worse survival in multivariate analysis. SMAD4 
is a tumor suppressor gene that has been demonstrated 
to regulate cell proliferation and differentiation as 
well as interfere with the immune responses in PDAC 
[55]. The SMAD4 mutations have long been known for 
their negative impact on survival [56]; moreover, they 
were mainly associated with a poor prognosis in PDAC 
patients who do not harbor mutations in KRAS [57]

Altogether, such evidence on intracellular genetic 
signatures from our real-life study combined with above 
mentioned findings from literature markedly underline 
a consistently high refractoriness of PDACs to immune 
activation. Considering the content of the extracellular 
compartment, the TME of such a malignancy is similarly 
characterized by a preponderance of immunosuppressive 
elements—including regulatory T cells (Tregs) and 
myeloid-derived suppressor cells (MDSCs), strongly 
interfering with the recognition of cancer cells by the 
immune system—as well as a peculiar desmoplastic 

structure with a limited amount of tumor-infiltrating 
lymphocytes (TILs) [58–61]. Overall, this contributes 
to explain the historical disappointment for clinical 
benefits of treatment with ICIs in monotherapy among 
advanced PDACs, as compared to other cancers [62, 63]. 
Recent evidence suggests that immunotherapies may 
show promises when included in combined treatments 
with single- or multi-agent chemotherapy (alone or 
in chemoradiation protocols), vaccination, or other 
immunotherapeutic compounds targeting different 
mechanisms involved in T cell immune regulation [64, 
65].

High level of microsatellite instability (MSI-H), 
which is caused by a deficient DNA mismatch repair 
system, has been instead recognized as a highly effective 
biomarker to select good responders to immunotherapy 
in multiple cancer types, since its occurrence favors 
higher levels of CD8 + tumor infiltrating lymphocytes in 
TME [66]. Unfortunately, only a very limited subset of 
PDAC patients is harboring tumors with MSI-H or MMR 
deficiency (< 2%) [67]. On this regard, the prevalence of 
MSI-H in our series (1/55; 1.8%) was highly consistent 
with frequencies reported in literature.

High tumor mutation burden (TMB) has been 
indicated as a putative biomarker for predicting the 
response to immunotherapy in many cancers through 
an increased production of neoantigens, which in turn 
make the tumors more immunogenic [22]. However, 
clear evidence about the role of high TMB in predicting 
both the response to immunotherapy and/or a favorable 
outcome in PDAC is still lacking [68] as well as the 
relationship between TMB and MSI in determining the 
impact on survival. Some authors identified a PDAC 
subgroup with low TMB and MSI-H associated with 
prolonged OS [69], whereas others reported a better 
outcome in a PDAC subset harboring a tumor with high 
TMB and microsatellite stability [70].

In our series, mutated genes involved in DNA 
damage repair (DR) and high mutational load rate 
(MLR) were not significantly correlated with survival 
when taken singularly. In multivariate analysis models, 
which included the most relevant clinical confounders 
identified (disease stage, surgery, adjuvant treatments), 
such alterations were significantly associated with worse 
survival (HR 1.0018, 95% CI 1.0005 to 1.0032; p < 0.01). It 
was particularly interesting the fact that one fourth of our 
PDAC cases (14/55; 25.5%) carried tumors presenting a 
combination of mutations in repair genes (DR and MMR, 
including POLE and POLD1 genes participating to base 
excision repair mechanisms) and the highest mutation 
load rates (MLR-H; see Fig. 2). This represents a further 
confirmation that impairments of the genes controlling 
the DNA damage repair and DNA replication markedly 
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lead to the accumulation of mutations caused by 
replicative errors. One could speculate that the specific 
subset of PDAC patients carrying the combination 
of mutated repair genes and MLR-H, which is overall 
associated with a worse survival in our series treated 
with conventional chemotherapy protocols (Fig.  3), 
might have a good chance to be sensitive to ICI-based 
immunotherapies. If true, the combination of these 
alterations may act as a predictive biomarker of response 
to immunotherapy in addition to their prognostic role in 
predicting survival.

Our data on prevalence of TMB in PDAC are not 
consistent with those reported in literature (less than 
5% of cases with high-TMB) [23, 71], though it should 
be kept in mind that our MLR estimate cannot be 
considered as a canonical TMB value. On the other 
hand, higher rates of mutations within different cancer 
types carrying altered MMR and/or DR genes have been 
reported in literature; such data are thus highly consistent 
with our findings [71–73].

From the practical point of view, our study further 
demonstrated that NGS-based profiling of PDAC is 
nowadays needed to offer the opportunity to better 
dissect the genomic landscape of the disease, helping to 
identify and characterize the distinct molecular patients’ 
subgroups. More comprehensive genomic profiling assays 
may provide some advantages for the management of 
PDAC patients, being able to identify actionable targets 
and biomarkers of immune sensitivity or resistance. 
These efforts may pave the way for combination or 
sequence of tailored treatments. A recent retrospective 
study has indeed clearly indicated that PDAC patients 

who carry actionable molecular alterations can derive 
considerable benefit from receiving a matched targeted 
therapy [25].

We are aware that several limitations are present in 
this work, including its retrospective nature and the 
limitedness of our patients’ collection. The small sample 
size of our retrospective series is mostly due to the 
quality of the genomic DNA isolated from archive tumor 
specimens that underwent different tissue handling 
processes and non-codified pre-analytical procedures 
during a quite long past time period (from July 2014 
to June 2020, aimed at having a longer follow-up and 
a better survival correlation: see Methods). In other 
words, factors affecting samples’ quality reduced the 
suitability for a highly performing NGS analysis. For 
the retrospective nature of the study, the absence of 
some types of additional clinical information (i.e. T-cell 
infiltration density, more detailed data about course and 
comorbidities of the patients), which might somehow 
influence the outcome, enforces us to plan a prospective 
study including a larger sample size of PDAC patients at 
various stages of the disease.

Conclusion
All information coming from translational trials and real-
life studies as ours may contribute to identify patterns 
of molecular alterations as innovative biomarkers useful 
to manage patients into the clinical practice. Although 
chemotherapy will surely remain a milestone of PDAC 
treatment, the future successful direction to treat such 
a disease cannot rely on a one-size-fits-all approach 
but on the identification of specific tumor-associated 

Fig. 3  A model representing the main effects of the occurrence of combined mutations in repair genes in our PDAC series
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targets and molecular alterations as a turning point for 
the development of a more extensive armamentarium of 
therapeutic options and the subsequent assessment of 
treatment algorithms for optimizing the cure of PDAC 
patients. In this sense, our findings—obtained in a real-
world hospital-based collected series—open the way 
to address to ICI-based immunotherapies the subset 
of PDAC patients carrying the combination of mutated 
repair genes and MLR-H, which instead was found to 
be associated with a poorer survival under conventional 
chemotherapy-based treatments.

Abbreviations
AJCC	� American Joint Commission on Cancer
ECOG	� Eastern Cooperative Oncology Group
CNV	� Copy number variation
DR	� Damage repair
FFPE	� Formalin-fixed paraffin-embedded
MLR	� Mutation load rates
MMR	� Mismatch repair
MSI	� Microsatellite instability
NGS	� Next-generation sequencing
OS	� Overall survival
PDCA	� Pancreatic ductal adenocarcinoma
TMB	� Tumor mutational burden
TME	� Tumor microenvironment
TNM	� Tumor-node-metastasis
VAF	� Variant allele frequency

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12967-​024-​04923-3.

Additional file 1: Table S1. All somatic non-synonymous variants found 
in each PDAC sample. Variants were classified as pathogenic or likely 
pathogenic in accordance with the criteria reported in COSMIC and 
ClinVar databases (see text), also indicating the Oncomine gene variant 
classes. Coverage (total number of sequence reads) and frequency of the 
mutated alleles are also indicated.

Additional file 2: Table S2. Synthesis of pathogenic/likely pathogenic 
mutations detected in our series. Results of mutation analysis are 
reported for main candidate genes involved in PDAC pathogenesis: 
KRAS, uncommon NRAS variants (NRASuncom), BRAF nonV600 variants 
(BRAFnonV600), PIK3CA, CDKN2A, TP53, SMAD4, POLE, and POLD1. 
Occurrence of mutations in mismatch repair (MMR) and damage repair 
(DR) genes as well as results from the analysis of microsatellite instability 
(MSI) and the total amount of variants observed (mutation load rate: 
number of mutations per megabase) are also reported. In table columns, 
“0” and “1” values mean absence and presence of the genomic alterations, 
respectively.

Acknowledgements
Authors are grateful to all patients who donated their archival samples and 
the accession to their clinical data for the use in translational research studies. 
The authors would like to thank Giuseppe Mameli for his technical assistance.

Author contributions
Conceptualization: MCS, GiP; Methodology: MCS, MGD, LF, PP, AC, GiP; 
Sequencing analysis: MCS, MGD, LF, IP, GrP; Microsatellite instability analysis: 
GBM; Resources: PP, AP, FS, DD, DAS, AC; Statistical analysis, AZ, PP; Writing-
original draft preparation: MCS, AZ, PP, GiP; Writing-review and editing: 
MCS, MGD, LF, AZ, PP, IP, GrP, GBM, AC, GiP; Funding acquisition: MCS, GiP. All 
authors have read and agreed to the submission of the present version of the 
manuscript.

Funding
This research was partially funded by “Fondazione Banco di Sardegna” 
n. 2023/651 and Regione Autonoma della Sardegna, Assessorato della 
Programmazione. GP received research funds by “Progetto Dipartimento 
Scienze Biomediche (DSBM) 2023” of the University of Sassari, Italy.

Availability of data and materials
All data generated during the current study, including results from mutational 
analysis, are available from the corresponding author on reasonable request; 
most of them has already been included as supplementary Tables and Figures.

Declarations

Ethics approval and consent to participate
The study was approved by the Committee for the Ethics of the Research and 
Bioethics of the National Research Council (CNR), n. 12629-2019/19-02-2019.

Consent for publication
All patients gave their informed consent for the use of their clinical data for 
the purposes of translational researches and studies, in an anonymous way.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Unit of Cancer Genetics, Institute of Genetic Biomedical Research (IRGB), 
National Research Council (CNR), Sassari, Italy. 2 Department of Biomedical 
Sciences, University of Sassari, Sassari, Italy. 3 Department of Medicine, Surgery 
and Pharmacy, University of Sassari, Traversa La Crucca 3, 07100 Sassari, Italy. 
4 Oncology, Civil Hospital, Alghero, Italy. 5 Immuno‑Oncology & Targeted 
Cancer Biotherapies, University of Sassari, Sassari, Italy. 

Received: 28 December 2023   Accepted: 22 January 2024
Published: 27 January 2024

References
	1.	 American Cancer Society. Cancer statistics center. Cancer facts & figures. 

Atlanta: American Cancer Society; 2022.
	2.	 van der Geest LGM, Lemmens VEPP, de Hingh IHJT, van Laarhoven CJHM, 

Bollen TL, Nio CY, et al. Dutch Pancreatic Cancer Group. Nationwide 
outcomes in patients undergoing surgical exploration without resection 
for pancreatic cancer. Br J Surg. 2017;104:1568–77. https://​doi.​org/​10.​
1002/​bjs.​10602.

	3.	 McGuigan A, Kelly P, Turkington RC, Jones C, Coleman HG, McCain RS. 
Pancreatic cancer: a review of clinical diagnosis, epidemiology, treatment 
and outcomes. World J Gastroenterol. 2018;24(43):4846–61. https://​doi.​
org/​10.​3748/​wjg.​v24.​i43.​4846.

	4.	 National Cancer Institute. Cancer stat facts. Pancreatic Cancer. 2022. 
https://​seer.​cancer.​gov/​statf​acts/​html/​pancr​eas.​html.

	5.	 Li D, Xie K, Wolff R, Abbruzzese JL. Pancreatic cancer. Lancet. 
2004;363:1049–57. https://​doi.​org/​10.​1016/​S0140-​6736(04)​15841-8.

	6.	 Conroy T, Hammel P, Hebbar M, Ben Abdelghani M, Wei AC, Raoul JL, et al. 
FOLFIRINOX or Gemcitabine as adjuvant therapy for pancreatic cancer. 
N Engl J Med. 2018;379:2395–406. https://​doi.​org/​10.​1056/​NEJMo​a1809​
775.

	7.	 Oettle H, Neuhaus P, Hochhaus A, Hartmann JT, Gellert K, Ridwelski 
K, et al. Adjuvant chemotherapy with gemcitabine and long-term 
outcomes among patients with resected pancreatic cancer: the CONKO-
001 randomized trial. JAMA. 2013;310:1473–81. https://​doi.​org/​10.​1001/​
jama.​2013.​279201.

	8.	 Neoptolemos JP, Palmer DH, Ghaneh P, Psarelli EE, Valle JW, Halloran 
CM, et al. Comparison of adjuvant gemcitabine and capecitabine with 
gemcitabine monotherapy in patients with resected pancreatic cancer 
(ESPAC-4): a multicentre, open-label, randomised, phase 3 trial. Lancet. 
2017;389:1011–24. https://​doi.​org/​10.​1016/​S0140-​6736(16)​32409-6.

	9.	 Neoptolemos JP, Stocken DD, Friess H, Bassi C, Dunn JA, Hickey H, et al. 
European Study Group for Pancreatic Cancer. A randomized trial of 

https://doi.org/10.1186/s12967-024-04923-3
https://doi.org/10.1186/s12967-024-04923-3
https://doi.org/10.1002/bjs.10602
https://doi.org/10.1002/bjs.10602
https://doi.org/10.3748/wjg.v24.i43.4846
https://doi.org/10.3748/wjg.v24.i43.4846
https://seer.cancer.gov/statfacts/html/pancreas.html
https://doi.org/10.1016/S0140-6736(04)15841-8
https://doi.org/10.1056/NEJMoa1809775
https://doi.org/10.1056/NEJMoa1809775
https://doi.org/10.1001/jama.2013.279201
https://doi.org/10.1001/jama.2013.279201
https://doi.org/10.1016/S0140-6736(16)32409-6


Page 12 of 13Sini et al. Journal of Translational Medicine  (2024) 22:108

chemoradiotherapy and chemotherapy after resection of pancreatic 
cancer. N Engl J Med. 2004;350:1200–10. https://​doi.​org/​10.​1056/​NEJMo​
a0322​95.

	10.	 Conroy T, Desseigne F, Ychou M, Bouché O, Guimbaud R, Bécouarn Y, et al. 
FOLFIRINOX versus gemcitabine for metastatic pancreatic cancer. N Engl 
J Med. 2011;364:1817–25. https://​doi.​org/​10.​1056/​NEJMo​a1011​923.

	11.	 Von Hoff DD, Ervin T, Arena FP, Chiorean EG, Infante J, Moore M, et al. 
Increased survival in pancreatic cancer with nab-paclitaxel plus 
gemcitabine. N Engl J Med. 2013;369:1691–703. https://​doi.​org/​10.​1056/​
NEJMo​a1304​369.

	12.	 Burris HA 3rd, Moore MJ, Andersen J, Green MR, Rothenberg ML, Modiano 
MR, et al. Improvements in survival and clinical benefit with gemcitabine 
as first-line therapy for patients with advanced pancreas cancer: a 
randomized trial. J Clin Oncol. 1997;15:2403–13. https://​doi.​org/​10.​1200/​
JCO.​1997.​15.6.​2403.

	13.	 Wang-Gillam A, Chung-Pin L, Bodoky G, Dean A, Yan-Shen S, Jameson 
G, et al. Nanoliposomal irinotecan with fluorouracil and folinic acid in 
metastatic pancreatic cancer after previous gemcitabine-based therapy 
(NAPOLI-1): a global, randomised, open-label, phase 3 trial. Lancet. 
2016;387:545–57.

	14.	 Bailey P, Chang DK, Nones K, Johns AL, Patch AM, Gingras MC, et al. 
Genomic analyses identify molecular subtypes of pancreatic cancer. 
Nature. 2016;531:47–52. https://​doi.​org/​10.​1038/​natur​e16965.

	15.	 Martínez-Jiménez F, Movasati A, Brunner SR, Nguyen L, Priestley P, 
Cuppen E, Van Hoeck A. Pan-cancer whole-genome comparison of 
primary and metastatic solid tumours. Nature. 2023;618(7964):333–41. 
https://​doi.​org/​10.​1038/​s41586-​023-​06054-z.

	16.	 Marabelle A, Fakih M, Lopez J, Shah M, Shapira-Frommer R, Nakagawa 
K, et al. Association of tumour mutational burden with outcomes in 
patients with advanced solid tumours treated with Pembrolizumab: 
prospective biomarker analysis of the multicohort, open-label, phase 2 
KEYNOTE-158 study. Lancet Oncol. 2020;21:1353–65. https://​doi.​org/​10.​
1016/​S1470-​2045(20)​30445-9.

	17.	 Le DT, Diaz LA Jr, Kim TW, Van Cutsem E, Geva R, Jäger D, et al. 
Pembrolizumab for previously treated, microsatellite instability-high/
mismatch repair-deficient advanced colorectal cancer: final analysis of 
KEYNOTE-164. Eur J Cancer. 2023;186:185–95. https://​doi.​org/​10.​1016/j.​
ejca.​2023.​02.​016.

	18.	 Shimozaki K, Nakayama I, Hirota T, Yamaguchi K. Current strategy to treat 
immunogenic gastro-intestinal cancers: perspectives for a new era. Cells. 
2023;12(7):1049. https://​doi.​org/​10.​3390/​cells​12071​049.

	19.	 Riazy M, Kalloger SE, Sheffield BS, Peixoto RD, Li-Chang HH, Scudamore 
CH, et al. Mismatch repair status may predict response to adjuvant 
chemotherapy in resectable pancreatic ductal adenocarcinoma. Mod 
Pathol. 2015;28:1383–9. https://​doi.​org/​10.​1038/​modpa​thol.​2015.​89.

	20.	 Cloyd JM, Katz MHG, Wang H, Cuddy A, You YN. Clinical and genetic 
implications of DNA mismatch repair deficiency in patients with 
pancreatic ductal adenocarcinoma. JAMA Surg. 2017;152:1086–8. https://​
doi.​org/​10.​1001/​jamas​urg.​2017.​2631.

	21.	 Lupinacci RM, Bachet JB, André T, Duval A, Svrcek M. Pancreatic ductal 
adenocarcinoma harboring microsatellite instability/DNA mismatch 
repair deficiency. Towards personalized medicine. Surg Oncol. 
2019;28:121–7. https://​doi.​org/​10.​1016/j.​suronc.​2018.​11.​019.

	22.	 Samstein RM, Lee C-H, Shoushtari AN, Hellmann MD, Shen R, Janjigian 
YY, et al. Tumor mutational load predicts survival after immunotherapy 
across multiple cancer types. Nat Genetics. 2019;51:202–6. https://​doi.​
org/​10.​1038/​s41588-​018-​0312-8.

	23.	 Lawlor RT, Mattiolo P, Mafficini A, Hong SM, Piredda ML, Taormina SV, et al. 
Tumor mutational burden as a potential biomarker for immunotherapy 
in pancreatic cancer: systematic review and still-open questions. Cancers. 
2021;13:3119. https://​doi.​org/​10.​3390/​cance​rs131​33119.​PMID:​34206​554;​
PMCID:​PMC82​69341.

	24.	 Wang J, Xiu J, Farrell A, Baca Y, Arai H, Battaglin F, et al. Mutational 
analysis of microsatellite-stable gastrointestinal cancer with high 
tumour mutational burden: a retrospective cohort study. Lancet Oncol. 
2023;24(2):151–61. https://​doi.​org/​10.​1016/​S1470-​2045(22)​00783-5.

	25.	 Pishvaian MJ, Blais EM, Brody JR, Lyons E, DeArbeloa P, Hendifar A, et al. 
Overall survival in patients with pancreatic cancer receiving matched 
therapies following molecular profiling: a retrospective analysis of the 
know your tumor registry trial. Lancet Oncol. 2020;21(4):508–18. https://​
doi.​org/​10.​1016/​S1470-​2045(20)​30074-7.

	26.	 Ettrich TJ, Seufferlein T. Systemic therapy for metastatic pancreatic cancer. 
Curr Treat Options Oncol. 2021;22(11):106. https://​doi.​org/​10.​1007/​
s11864-​021-​00895-4.

	27.	 Paiella S, Azzolina D, Gregori D, Malleo G, Golan T, Simeone DM, et al. 
A systematic review and meta-analysis of germline BRCA mutations in 
pancreatic cancer patients identifies global and racial disparities in access 
to genetic testing. ESMO Open. 2023;8(2): 100881. https://​doi.​org/​10.​
1016/j.​esmoop.​2023.​100881.

	28.	 Amin MB, Edge S, Greene F, Byrd DR, Brookland RK, Washington MK, et al 
editors. AJCC cancer staging manual. 8th ed. New York, NY: Springer; 
2017.

	29.	 Jain AJ, Maxwell JE, Katz MHG, Snyder RA. Surgical considerations 
for neoadjuvant therapy for pancreatic adenocarcinoma. Cancers. 
2023;15(16):4174. https://​doi.​org/​10.​3390/​cance​rs151​64174.

	30.	 Prior IA, Hood FE, Hartley JL. The frequency of ras mutations in cancer. 
Cancer Res. 2020;80(14):2969–74. https://​doi.​org/​10.​1158/​0008-​5472.​
CAN-​19-​3682.

	31.	 Luo J. KRAS mutation in pancreatic cancer. Semin Oncol. 2021;48(1):10–8. 
https://​doi.​org/​10.​1053/j.​semin​oncol.​2021.​02.​003.

	32.	 Palomba G, Loi A, Uras A, Fancello P, Piras G, Gabbas A, et al. A role of 
BRCA1 and BRCA2 germline mutations in breast cancer susceptibility 
within Sardinian population. BMC Cancer. 2009;9:245. https://​doi.​org/​10.​
1186/​1471-​2407-9-​245.

	33.	 Casula C, Muggiano A, Cossu A, Budroni M, Caracò C, Ascierto PA, et al. 
Role of key-regulator genes in melanoma susceptibility and pathogenesis 
among patients from South Italy. BMC Cancer. 2009;9:352. https://​doi.​
org/​10.​1186/​1471-​2407-9-​352.

	34.	 Palomba G, Colombino M, Contu A, Massidda B, Baldino G, Pazzola 
A, et al. Prevalence of KRAS, BRAF, and PIK3CA somatic mutations in 
patients with colorectal carcinoma may vary in the same population: 
clues from Sardinia. J Transl Med. 2012;10:178. https://​doi.​org/​10.​1186/​
1479-​5876-​10-​178.

	35.	 Qunaj L, May MS, Neugut AI, Herzberg BO. Prognostic and therapeutic 
impact of the KRAS G12C mutation in colorectal cancer. Front Oncol. 
2023;13:1252516. https://​doi.​org/​10.​3389/​fonc.​2023.​12525​16.

	36.	 Mahadevan KK, LeBleu VS, Ramirez EV, Chen Y, Li B, Sockwell AM, et al. 
Elimination of oncogenic KRAS in genetic mouse models eradicates 
pancreatic cancer by inducing FAS-dependent apoptosis by CD8+ T cells. 
Dev Cell. 2023;58(17):1562-1577.e8. https://​doi.​org/​10.​1016/j.​devcel.​2023.​
07.​025.

	37.	 Dunnett-Kane V, Nicola P, Blackhall F, Lindsay C. Mechanisms of resistance 
to KRASG12C inhibitors. Cancers. 2021;13(1):151. https://​doi.​org/​10.​3390/​
cance​rs130​10151.

	38.	 Merz V, Gaule M, Zecchetto C, Cavaliere A, Casalino S, Pesoni C, et al. 
Targeting KRAS: the elephant in the room of epithelial cancers. Front 
Oncol. 2021;11: 638360. https://​doi.​org/​10.​3389/​fonc.​2021.​638360.

	39.	 Tape CJ, Ling S, Dimitriadi M, Mcmahon KM, Worboys JD, Leong HS, et al. 
Oncogenic KRAS regulates tumor cell signaling via stromal reciprocation. 
Cell. 2016;165:910–20. https://​doi.​org/​10.​1016/j.​cell.​2016.​03.​029.

	40.	 Wang HC, Lin YL, Hsu CC, Chao YJ, Hou YC, Chiu TJ, et al. Pancreatic 
stellate cells activated by mutant KRAS-mediated PAI-1 upregulation 
foster pancreatic cancer progression via IL-8. Theranostics. 2019;9:7168–
83. https://​doi.​org/​10.​7150/​thno.​36830.

	41.	 Johnson BA 3rd, Yarchoan M, Lee V, Laheru DA, Jaffee EM. Strategies 
for increasing pancreatic tumor immunogenicity. Clin Cancer Res. 
2017;23:1656–69. https://​doi.​org/​10.​1158/​1078-​0432.​CCR-​16-​2318.

	42.	 O’reilly EM, Oh DY, Dhani N, Renouf DJ, Lee MA, Sun W, et al. Durvalumab 
with or without tremelimumab for patients with metastatic pancreatic 
ductal adenocarcinoma: a phase 2 randomized clinical trial. JAMA Oncol. 
2019;5:1431–8. https://​doi.​org/​10.​1001/​jamao​ncol.​2019.​1588.

	43.	 Kamath SD, Kalyan A, Kircher S, Nimeiri H, Fought AJ, Benson A 3rd, et al. 
Ipilimumab and gemcitabine for advanced pancreatic cancer: a phase Ib 
study. Oncologist. 2020;25:e808–15. https://​doi.​org/​10.​1634/​theon​colog​
ist.​2019-​0473.

	44.	 Velez-Delgado A, Donahue KL, Brown KL, Du W, Irizarry-Negron V, 
Menjivar RE, et al. Extrinsic KRAS signaling shapes the pancreatic 
microenvironment through fibroblast reprogramming. Cell Mol 
Gastroenterol Hepatol. 2022;13(6):1673–99. https://​doi.​org/​10.​1016/j.​
jcmgh.​2022.​02.​016.

	45.	 Liu C, Zheng S, Wang Z, Wang S, Wang X, Yang L, et al. KRAS-G12D 
mutation drives immune suppression and the primary resistance of 

https://doi.org/10.1056/NEJMoa032295
https://doi.org/10.1056/NEJMoa032295
https://doi.org/10.1056/NEJMoa1011923
https://doi.org/10.1056/NEJMoa1304369
https://doi.org/10.1056/NEJMoa1304369
https://doi.org/10.1200/JCO.1997.15.6.2403
https://doi.org/10.1200/JCO.1997.15.6.2403
https://doi.org/10.1038/nature16965
https://doi.org/10.1038/s41586-023-06054-z
https://doi.org/10.1016/S1470-2045(20)30445-9
https://doi.org/10.1016/S1470-2045(20)30445-9
https://doi.org/10.1016/j.ejca.2023.02.016
https://doi.org/10.1016/j.ejca.2023.02.016
https://doi.org/10.3390/cells12071049
https://doi.org/10.1038/modpathol.2015.89
https://doi.org/10.1001/jamasurg.2017.2631
https://doi.org/10.1001/jamasurg.2017.2631
https://doi.org/10.1016/j.suronc.2018.11.019
https://doi.org/10.1038/s41588-018-0312-8
https://doi.org/10.1038/s41588-018-0312-8
https://doi.org/10.3390/cancers13133119.PMID:34206554;PMCID:PMC8269341
https://doi.org/10.3390/cancers13133119.PMID:34206554;PMCID:PMC8269341
https://doi.org/10.1016/S1470-2045(22)00783-5
https://doi.org/10.1016/S1470-2045(20)30074-7
https://doi.org/10.1016/S1470-2045(20)30074-7
https://doi.org/10.1007/s11864-021-00895-4
https://doi.org/10.1007/s11864-021-00895-4
https://doi.org/10.1016/j.esmoop.2023.100881
https://doi.org/10.1016/j.esmoop.2023.100881
https://doi.org/10.3390/cancers15164174
https://doi.org/10.1158/0008-5472.CAN-19-3682
https://doi.org/10.1158/0008-5472.CAN-19-3682
https://doi.org/10.1053/j.seminoncol.2021.02.003
https://doi.org/10.1186/1471-2407-9-245
https://doi.org/10.1186/1471-2407-9-245
https://doi.org/10.1186/1471-2407-9-352
https://doi.org/10.1186/1471-2407-9-352
https://doi.org/10.1186/1479-5876-10-178
https://doi.org/10.1186/1479-5876-10-178
https://doi.org/10.3389/fonc.2023.1252516
https://doi.org/10.1016/j.devcel.2023.07.025
https://doi.org/10.1016/j.devcel.2023.07.025
https://doi.org/10.3390/cancers13010151
https://doi.org/10.3390/cancers13010151
https://doi.org/10.3389/fonc.2021.638360
https://doi.org/10.1016/j.cell.2016.03.029
https://doi.org/10.7150/thno.36830
https://doi.org/10.1158/1078-0432.CCR-16-2318
https://doi.org/10.1001/jamaoncol.2019.1588
https://doi.org/10.1634/theoncologist.2019-0473
https://doi.org/10.1634/theoncologist.2019-0473
https://doi.org/10.1016/j.jcmgh.2022.02.016
https://doi.org/10.1016/j.jcmgh.2022.02.016


Page 13 of 13Sini et al. Journal of Translational Medicine  (2024) 22:108	

anti-PD-1/PD- L1 immunotherapy in non-small cell lung cancer. Cancer 
Commun (Lond). 2022;42(9):828–47. https://​doi.​org/​10.​1002/​cac2.​12327.

	46.	 Ricciuti B, Alessi JV, Elkrief A, Wang X, Cortellini A, Li YY, et al. Dissecting 
the clinico-pathologic, genomic, and immunophenotypic correlates 
of KRASG12D-mutated non-small-cell lung cancer. Ann Oncol. 
2022;33(10):1029–40. https://​doi.​org/​10.​1016/j.​annonc.​2022.​07.​005.

	47.	 Bannoura SF, Khan HY, Azmi AS. KRAS G12D targeted therapies for 
pancreatic cancer: Has the fortress been conquered? Front Oncol. 
2022;12:1013902. https://​doi.​org/​10.​3389/​fonc.​2022.​10139​02.

	48.	 Mahadevan KK, McAndrews KM, LeBleu VS, Yang S, Lyu H, Li B, et al. 
KRASG12D inhibition reprograms the microenvironment of early and 
advanced pancreatic cancer to promote FAS-mediated killing by CD8+ T 
cells. Cancer Cell. 2023;41(9):1606-1620.e8. https://​doi.​org/​10.​1016/j.​ccell.​
2023.​07.​002.

	49.	 Kemp SB, Cheng N, Markosyan N, et al. Efficacy of a small-molecule 
inhibitor of KrasG12D in immunocompetent models of pancreatic cancer. 
Cancer Discov. 2023;13(2):298–311. https://​doi.​org/​10.​1158/​2159-​8290.​
CD-​22-​1066.

	50.	 Mandalà M, Palmieri G, Ludovini V, Baglivo S, Marasciulo F, Castiglione F, 
et al. BRAFV600 variant allele frequency predicts outcome in metastatic 
melanoma patients treated with BRAF and MEK inhibitors. J Eur Acad 
Dermatol Venereol. 2023;37(10):1991–8. https://​doi.​org/​10.​1111/​jdv.​
19281.

	51.	 Chirravuri-Venkata R, Dam V, Nimmakayala RK, Alsafwani Z, Bhyravbhatla 
N, Lakshmanan I, et al. MUC16 and TP53 family co-regulate tumor-
stromal heterogeneity in pancreatic adenocarcinoma. Front Oncol. 
2023;13:1073820. https://​doi.​org/​10.​3389/​fonc.​2023.​10738​20.

	52.	 Pan M, Jiang C, Zhang Z, Achacoso N, Alexeeff S, Solorzano AV, et al. TP53 
Gain-of-function and non-gain-of-function mutations are associated with 
differential prognosis in advanced pancreatic ductal adenocarcinoma. 
JCO Precis Oncol. 2023;7: e2200570. https://​doi.​org/​10.​1200/​PO.​22.​00570.

	53.	 Aguilera KY, Dawson DW. WNT ligand dependencies in pancreatic cancer. 
Front Cell Dev Biol. 2021;9: 671022. https://​doi.​org/​10.​3389/​fcell.​2021.​
671022.

	54.	 White BD, Chien AJ, Dawson DW. Dysregulation of Wnt/beta-catenin 
signaling in gastrointestinal cancers. Gastroenterology. 2012;142:219–32. 
https://​doi.​org/​10.​1053/j.​gastro.​2011.​12.​001.

	55.	 Song Y, Wang Y, Yu T, He Y, Wang C, Wang F, et al. Prognostic value and 
the immune microenvironment-associated role of SMAD4 in pancreatic 
adenocarcinoma. Anticancer Res. 2023;43(12):5393–408. https://​doi.​org/​
10.​21873/​antic​anres.​16743.

	56.	 Blackford A, Serrano OK, Wolfgang CL, Parmigiani G, Jones S, Zhang X, 
et al. SMAD4 gene mutations are associated with poor prognosis in 
pancreatic cancer. Clin Cancer Res. 2009;15(14):4674–9. https://​doi.​org/​
10.​1158/​1078-​0432.​CCR-​09-​0227.

	57.	 Singh H, Keller RB, Kapner KS, Dilly J, Raghavan S, Yuan C, et al. Oncogenic 
drivers and therapeutic vulnerabilities in KRAS wild-type pancreatic 
cancer. Clin Cancer Res. 2023;29(22):4627–43. https://​doi.​org/​10.​1158/​
1078-​0432.​CCR-​22-​3930.

	58.	 Feig C, Gopinathan A, Neesse A, Chan DS, Cook N, Tuveson DA. The 
pancreas cancer microenvironment. Clin Cancer Res. 2012;18:4266–76. 
https://​doi.​org/​10.​1158/​1078-​0432.​CCR-​11-​3114.

	59.	 DeNardo DG, Ruffell B. Macrophages as regulators of tumour immunity 
and immunotherapy. Nat Rev Immunol. 2019;19:369–82. https://​doi.​org/​
10.​1038/​s41577-​019-​0127-6.

	60.	 Huber M, Brehm CU, Gress TM, Buchholz M, Alashkar Alhamwe B, von 
Strandmann EP, et al. The immune microenvironment in pancreatic 
cancer. Int J Mol Sci. 2020;21:7307. https://​doi.​org/​10.​3390/​ijms2​11973​07.

	61.	 Zhu YH, Zheng JH, Jia QY, Duan ZH, Yao HF, Yang J, et al. 
Immunosuppression, immune escape, and immunotherapy in pancreatic 
cancer: focused on the tumor microenvironment. Cell Oncol. 2023;46:17–
48. https://​doi.​org/​10.​1007/​s13402-​022-​00741-1.

	62.	 Brower V. Checkpoint blockade immunotherapy for cancer comes of age. 
JNCI J Natl Cancer Inst. 2015;107(3):djv069. https://​doi.​org/​10.​1093/​jnci/​
djv069.

	63.	 Hilmi M, Delaye M, Muzzolini M, Nicolle R, Cros J, Hammel P, et al. The 
immunological landscape in pancreatic ductal adenocarcinoma and 
overcoming resistance to immunotherapy. Lancet Gastroenterol Hepatol. 
2023;8(12):1129–42. https://​doi.​org/​10.​1016/​S2468-​1253(23)​00207-8.

	64.	 Chouari T, La Costa FS, Merali N, Jessel MD, Sivakumar S, Annels N, et al. 
Advances in immunotherapeutics in pancreatic ductal adenocarcinoma. 
Cancers. 2023;15(17):4265. https://​doi.​org/​10.​3390/​cance​rs151​74265.

	65.	 Warren EAK, Lesinski GB, Maithel SK. Top advances of the year: pancreatic 
cancer. Cancer. 2023;129(24):3843–51. https://​doi.​org/​10.​1002/​cncr.​
35031.

	66.	 Yang G, Zheng RY, Jin ZS. Correlations between microsatellite instability 
and the biological behaviour of tumours. J Cancer Res Clin Oncol. 
2019;145(12):2891–9. https://​doi.​org/​10.​1007/​s00432-​019-​03053-4.

	67.	 Salem ME, Puccini A, Grothey A, Raghavan D, Goldberg RM, Xiu J, et al. 
Landscape of tumor mutation load, mismatch repair deficiency, and 
PD-L1 expression in a large patient cohort of gastrointestinal cancers. 
Mol Cancer Res. 2018;16(5):805–12. https://​doi.​org/​10.​1158/​1541-​7786.​
MCR-​17-​0735.

	68.	 Ott PA, Bang YJ, Piha-Paul SA, Razak ARA, Bennouna J, Soria JC, et al. 
T-Cell-inflamed gene-expression profile, programmed death ligand 1 
expression, and tumor mutational burden predict efficacy in patients 
treated with pembrolizumab across 20 cancers: KEYNOTE-028. J Clin 
Oncol. 2019;37(4):318–27. https://​doi.​org/​10.​1200/​JCO.​2018.​78.​2276.

	69.	 Tang R, Liu X, Wang W, Hua J, Xu J, Liang C, et al. Role of tumor mutation 
burden-related signatures in prognosis and immune microenvironment 
of pancreatic ductal adenocarcinoma. Cancer Cell Int. 2021;21(1):196. 
https://​doi.​org/​10.​1186/​s12935-​021-​01900-4.

	70.	 Karamitopoulou E, Andreou A, Wenning AS, Gloor B, Perren A. High tumor 
mutational burden (TMB) identifies a microsatellite stable pancreatic 
cancer subset with prolonged survival and strong anti-tumor immunity. 
Eur J Cancer. 2022;169:64–73. https://​doi.​org/​10.​1016/j.​ejca.​2022.​03.​033.

	71.	 Quintanilha JCF, Storandt MH, Graf RP, Li G, Keller R, Lin DI, et al. Tumor 
mutational burden in real-world patients with pancreatic cancer: 
genomic alterations and predictive value for immune checkpoint 
inhibitor effectiveness. JCO Precis Oncol. 2023;7: e2300092. https://​doi.​
org/​10.​1200/​PO.​23.​00092.

	72.	 Zhu S, Zhang C, Cao D, Bai J, Yu S, Chen J, et al. Genomic and TCR profiling 
data reveal the distinct molecular traits in epithelial ovarian cancer 
histotypes. Oncogene. 2022;41(22):3093–103. https://​doi.​org/​10.​1038/​
s41388-​022-​02277-y.

	73.	 Challoner BR, Woolston A, Lau D, Buzzetti M, Fong C, Barber LJ, et al. 
Genetic and immune landscape evolution in MMR-deficient colorectal 
cancer. J Pathol. 2024;262(2):226–39. https://​doi.​org/​10.​1002/​path.​6228.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.1002/cac2.12327
https://doi.org/10.1016/j.annonc.2022.07.005
https://doi.org/10.3389/fonc.2022.1013902
https://doi.org/10.1016/j.ccell.2023.07.002
https://doi.org/10.1016/j.ccell.2023.07.002
https://doi.org/10.1158/2159-8290.CD-22-1066
https://doi.org/10.1158/2159-8290.CD-22-1066
https://doi.org/10.1111/jdv.19281
https://doi.org/10.1111/jdv.19281
https://doi.org/10.3389/fonc.2023.1073820
https://doi.org/10.1200/PO.22.00570
https://doi.org/10.3389/fcell.2021.671022
https://doi.org/10.3389/fcell.2021.671022
https://doi.org/10.1053/j.gastro.2011.12.001
https://doi.org/10.21873/anticanres.16743
https://doi.org/10.21873/anticanres.16743
https://doi.org/10.1158/1078-0432.CCR-09-0227
https://doi.org/10.1158/1078-0432.CCR-09-0227
https://doi.org/10.1158/1078-0432.CCR-22-3930
https://doi.org/10.1158/1078-0432.CCR-22-3930
https://doi.org/10.1158/1078-0432.CCR-11-3114
https://doi.org/10.1038/s41577-019-0127-6
https://doi.org/10.1038/s41577-019-0127-6
https://doi.org/10.3390/ijms21197307
https://doi.org/10.1007/s13402-022-00741-1
https://doi.org/10.1093/jnci/djv069
https://doi.org/10.1093/jnci/djv069
https://doi.org/10.1016/S2468-1253(23)00207-8
https://doi.org/10.3390/cancers15174265
https://doi.org/10.1002/cncr.35031
https://doi.org/10.1002/cncr.35031
https://doi.org/10.1007/s00432-019-03053-4
https://doi.org/10.1158/1541-7786.MCR-17-0735
https://doi.org/10.1158/1541-7786.MCR-17-0735
https://doi.org/10.1200/JCO.2018.78.2276
https://doi.org/10.1186/s12935-021-01900-4
https://doi.org/10.1016/j.ejca.2022.03.033
https://doi.org/10.1200/PO.23.00092
https://doi.org/10.1200/PO.23.00092
https://doi.org/10.1038/s41388-022-02277-y
https://doi.org/10.1038/s41388-022-02277-y
https://doi.org/10.1002/path.6228

	Combination of mutations in genes controlling DNA repair and high mutational load plays a prognostic role in pancreatic ductal adenocarcinoma (PDAC): a retrospective real-life study in Sardinian population
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Samples
	Mutation analysis
	Microsatellite Instability (MSI)
	Copy number variation (CNV) analysis for KRAS gene
	Statistical analysis

	Results
	Discussion
	Conclusion
	Acknowledgements
	References


