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Abstract: Despite the efforts made in the management of PDAC, the 5-year relative survival rate of
pancreatic ductal adenocarcinoma (PDAC) still remains very low (10%). To date, precision oncology
is far from being ready to be applied in cases of PDAC, although studies exploring the molecular and
genetic alterations have been conducted, and the genomic landscape of PDAC has been characterized.
This study aimed to apply a next-generation sequencing (NGS) laboratory-developed multigene panel
to PDAC samples to find molecular alterations that could be associated with histopathological fea-
tures and clinical outcomes. A total of 68 PDACs were characterized by using a laboratory-developed
multigene NGS panel. KRAS and TP53 mutations were the more frequent alterations in 75.0% and
44.6% of cases, respectively. In the majority (58.7%) of specimens, more than one mutation was
detected, mainly in KRAS and TP53 genes. KRAS mutation was significantly associated with a shorter
time in tumor recurrence compared with KRAS wild-type tumors. Intriguingly, KRAS wild-type cases
had a better short-term prognosis despite the lymph node status. In conclusion, our work highlights
that the combination of KRAS mutation with the age of the patient and the lymph node status may
help in predicting the outcome in PDAC patients.

Diagnostics 2022, 12, 1058. https:/ /doi.org/10.3390/diagnostics12051058

https:/ /www.mdpi.com/journal /diagnostics


https://doi.org/10.3390/diagnostics12051058
https://doi.org/10.3390/diagnostics12051058
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/diagnostics
https://www.mdpi.com
https://orcid.org/0000-0001-6109-3675
https://orcid.org/0000-0002-8306-4653
https://orcid.org/0000-0002-3761-5135
https://orcid.org/0000-0002-4329-0859
https://orcid.org/0000-0003-2259-8675
https://orcid.org/0000-0002-2219-4972
https://orcid.org/0000-0002-3470-9494
https://orcid.org/0000-0001-5862-6151
https://orcid.org/0000-0001-9332-4677
https://orcid.org/0000-0003-0113-6682
https://orcid.org/0000-0002-0609-8817
https://doi.org/10.3390/diagnostics12051058
https://www.mdpi.com/journal/diagnostics
https://www.mdpi.com/article/10.3390/diagnostics12051058?type=check_update&version=1

Diagnostics 2022, 12, 1058

20f11

Keywords: pancreatic cancer; PDAC; next-generation sequencing; KRAS; TP53; mutations

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) still represents the major cause of death
in Western countries. Despite all the efforts made regarding the comprehension of the
cancerogenesis of PDAC and toward its genomic key alterations, the 5-year survival rate
of these patients is still very low (below 10%) [1,2] and, unfortunately, only a minority are
suitable for resection at the time of the diagnosis [3]. Several efforts have been performed in
the management of the PDAC with advances in the surgical, as well as the oncological fields
and its multimodal approach, but the prognosis remains poor and has not significantly
changed in the last decades [3]. To date, personalized therapy is at the basis of the modern
concept of oncological treatments and represents the precision medicine that is able to
target different specific proteins that control cancer growth, apoptosis, and or spread in
every single patient. These results have been obtained thanks to the advances in molecular
biology coupled with improvements in laboratory technology devices that have led to
the deepest insight into tumor biology. Currently, many types of tumors are treated with
targeted approaches with several choice drugs (such as gastrointestinal stromal tumors,
melanoma, breast tumors, ovarian cancers, colorectal cancers, and lung cancers [4-6]).

Several papers have demonstrated the association between clinicopathological features,
such as lymph node spread and positive surgical margins, and a worse outcome [7-10];
however, these characteristics have been found also in 20-40% of patients with a good
prognosis [7-10], suggesting that clinicopathological features are not the only determinant
for predicting PDAC prognosis. Precision oncology is far from being ready to be applied
in cases of PDAC, although studies exploring the molecular and genetic alterations have
been conducted, and the genomic landscape of PDAC has been characterized [11-13].
Furthermore, relatively few clinically drugable mutations have been identified, and there
are still not any targeted agents against the four major genes altered in PDAC that have
been validated. In fact, to date, no targetable molecules are available for personalized
treatment in the clinical practice of PDAC, as stated by the current ESMO (European
Society for Medical Oncology) guidelines [14,15]. Different types of molecular alterations
may be found in PDAC, from oncogenes mutations to inactivation of tumor suppressor
genes/genes controlling the repair of DNA damage [16]. The most frequently involved and
mutated genes in PDAC tumorigenesis are early events in cancerogenesis, such as KRAS
mutations or CDKN2A /p16 loss of function, and alterations occurring later in the neoplastic
progression, such as TP53 mutations and SMAD4/DPC4 loss [17-21]. Other alterations
involved with less frequency have been identified, such as those in the mismatch repair
deficiency (AMMR) genes (accounting for about 1-2% of PDAC), NTRK fusions (about
0.3%), or BRCA1/2 mutations (5-10%) [5,16,21-23].

Previous studies have demonstrated a worse prognosis in PDAC harboring mutations
in KRAS, TP53, CDKN2A, or SMAD4 genes [5,22-26]. In particular, KRAS mutations have
been associated with a decreased overall survival (OS), and TP53 alterations have been
associated with a poor prognosis [12,24,25].

The aim of this study was to apply an NGS laboratory-developed multigene panel to
treatment-naive PDAC samples in order to find any molecular alterations that could be
associated with histopathological features and clinical outcomes helping in the choice of
patient clinical management.

2. Materials and Methods
2.1. Case Selection

A total of 68 PDAC samples were retrieved from the archives of the Anatomic Pathol-
ogy of Maggiore Hospital (Bologna, Italy) and the Molecular Pathology Laboratory of
Bologna (Bologna, Italy).
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We retrospectively analyzed a total of 68 cases of treatment-naive PDAC that un-
derwent surgical resection upfront. The cases had been collected from the pathological
archives of the Molecular Pathology Laboratory (Bologna, Italy): 35 patients underwent
duodenocephalopancreasectomy, 20 patients had a total pancreatectomy, and in 13 patients
a distal pancreatic resection was performed. All patients underwent computed tomography
(CT) scan of the whole body, with contrast material, to evaluate the possible presence of
metastases and the resectability of the tumor. Moreover, CT allowed for the evaluation of
the presence of neoplastic dissemination in mesenteric and splenic vessels. In all cases, a
histological diagnosis of ductal pancreatic adenocarcinoma had been performed.

All cases had been revised by a GI-dedicated pathologist (DM and AF), blind to each
other, to collect the main histological variable (i.e., grading, lymph vascular invasion,
perineural invasion, surgical margins, and lymph node metastases) and to determine
the pathological stage according to the 8th Edition of AJCC (American Joint Committee
on Cancer) [27]. In controversial cases, a definitive diagnosis was made after a collegial
discussion and joint agreement.

In order to identify the main representative neoplastic area for NGS analysis, the
tumor area was marked on the control slide, and the proportion of neoplastic cells vs. non-
neoplastic cells (i.e., endothelial, stromal, and inflammatory cells) in the area marked on the
slide and used for DNA extraction was estimated after microscopic evaluation, providing
the tumor cell enrichment (i.e., neoplastic cells/total number of cells).

The mean follow-up was 44.2 + 54.3 months. At the end of the available follow-up,
32 of 64 (50.0%) died. Twenty-three of 32 (71.9%) died within the first 24 months after
the date of surgery. Nineteen patients (29.7%) were still alive 60 months after the date
of surgery.

2.2. DNA Extraction and Next-Generation Sequencing Analysis

For each sample, a pathologist (AF and DM) evaluated the most representative neo-
plastic area, and DNA was extracted starting from two or three 10 um-thick sections,
using the “QuickExtract™ FFPE DNA Extraction Solution” kit (Lucigen Corporation, Mid-
dleton, WI, USA), and quantified by using Qubit dsSDNA BR Assay Kit (Thermo Fisher
Scientific, Waltham, MA, USA). An “extended version” of a previously published NGS
lab-developed multigene panel [28] was used. The “extended version” of the panel in-
cludes the following genomic regions (human reference sequence hg19/GRCh37, total of
343 amplicons, 21.77 kb): BRAF (exons 11, 15), ¢-Kit (exons 8, 9, 11, 13, 14, 17), CTNNB1
(exons 3, 7, 8), DICER1 (exons 10, 21, 26, 27, 29), DPYD (exons 11, 13, 22, chrl intronic
regions: g.98187018- 98187098, g.98045419- 98045499, g.97915570-97915789), EGFR (exons
18,19, 20, 21), EIF1AX (exons 1, 2, and chrX intronic region g.20148634-20148745), GNA11
(exons 4, 5), GNAQ (exons 4, 5), GNAS (exons 8, 9), H3F3A (exon 1), HRAS (exons 2-4),
IDH1 (exon 4), IDH2 (exon 4), KRAS (exons 2—4), MED12 (exons 1, 2), MET (exons 2, 14),
NRAS (exons 2—-4), PDGFR« (exons 12, 14, 18), PIK3CA (exons 8, 10, 21), PTEN (exon
5), RET (exons 5, 8, 10, 11, 13, 15, 16), RNF43 (exons 2-10), SMAD4 (exons 2-12), TERT
(promoter region, Chr5 g.1295141-1295471), and TP53 (exons 2-11), TSHR (exons 1-10),
VHL (exons 1-3). Briefly, about 50 ng of input DNA was used for NGS libraries prepara-
tion with the AmpliSeq Plus Library Kit 2.0 (Thermo Fisher Scientific). Templates were
then sequenced by using an Ion 530 chip, and the results were analyzed with the IonRe-
porter tools (version 5.16, Thermo Fisher Scientific) and IGV software (Integrative Genome
Viewer version 2.9.2—https:/ /software.broadinstitute.org/software/igv/, accessed on
22 December 2021). According to the previously reported validation [28], only mutations
present in at least 5% of the total number of reads analyzed and observed in both strands
were considered for mutational calls. The significance of alterations was checked by using
the Varsome database (https://varsome.com/, accessed on 22 December 2021) and “IARC
TP53 Database” (http://p53.iarc.fr/, accessed on 22 December 2021).
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2.3. Statistical Analysis

In this study, we chose to evaluate as our final end-point the occurrence of the death
of the patients as the major event. The p-values less than 0.05 were considered statistically
significant. Variables that were found to be significant on univariate analysis at p < 0.1 were
included in multivariate analysis in a backward stepwise fashion. Cox proportional hazards
models were generated for multivariate analysis. Statistical analysis was performed by
using SPSS Statistics 20.

3. Results

Clinicopathological and molecular characteristics of the cohort analyzed are reported
in Table 1.

Table 1. Clinicopathological and molecular characteristics of the cohort analyzed by NSG.

Clinicopathological Characteristics Number of Samples
Total cohort 68

Cases with DNA evaluable for NGS analysis 64 (94.1%)
Male 34 (53.1%)
Female 30 (46.9%)
Mean age (range) 65.8 & 9.5 years (4484 years)
Lymph-nodal status

NO 27 (42.2%)
N1 15 (23.4%)
N2 22 (34.4%)
Mean size, mm (range) 29.3 4+ 14.7 (10-70)
pT1 16 (25.0%)
p12 26 (40.6%)
pT3 22 (34.4%)
Margins status

RO 46 (71.9%)
R1 18 (28.1%)
Histological grade

2 22 (32.1%)
3 39 (57.2%)
4 3 (1.8%)
Vascular invasion

Yes 43 (67.2%)
No 21 (32.8%)
Perineural invasion

Yes 41 (64.1%)
No 23 (35.9%)
DNA evaluable for NGS analysis 64 (94.1%)
Samples mutated in at least 1 gene 52 (81.2%)
Samples WT 12 (18.8%)
KRAS 46 (71.9%)
TP53 25 (39.0%)
Other mutated genes 11 (17.2%)

NGS, next-generation sequencing; WT, wild type.

3.1. Molecular Alteration in PDAC

DNA was amplifiable in 64 of 68 samples (94.1%), while, in four cases, the qual-
ity /quantity of DNA was not enough for us to obtain reliable results. In these cases, the
coverage obtained after the NGS analysis was too low (<100 reads per amplicon), and
then the samples were excluded from the following analyses. This inadequacy of the
specimens may be due to an over-degradation of the samples as a result of pre-analytic
conditions (e.g., prolonged formalin fixation). At least one gene alteration was detected in
52 of 64 cases (81.2%), while, in 12 cases (18.8%), no alterations were detected the in genes
analyzed.
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KRAS was the most frequently mutated gene (46 of 64 evaluable samples, 71.9%),
while TP53 was altered in 25 cases (39.0%). The more frequent KRAS mutation was the
p-Gly12Asp substitution (34.8% of KRAS mutated samples). No p.Gly12Cys mutation was
detected in our cohort. Other genes were found to be mutated in a few numbers of cases:
RNF43 in 5 of 64 (7.8%), GNAS in 4 (6.3%), SMAD4 in 2 samples (3.1%), and PIK3CA altered
in two tumors (3.1%) (Figure 1). All variants found in this cohort of pancreatic tumors were
pathogenic mutations (according to the Varsome database), except for one TP53 mutation,
two RNF43 variants, and two SMAD4 alterations (classified as VUS—variant of uncertain
significance).
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Figure 1. Number of mutations detected by multigene NGS panel. WT, wild type.

Concomitant Mutations in PDAC

In 28 of 52 mutated samples (53.8%), concomitant alterations were detected. The
most frequent combination was between KRAS and TP53, found altered together in 20
of 52 mutated specimens (28.5%). In four samples (8.7%) another two alterations were
found (one KRAS + GNAS, two KRAS + RNF43, and one KRAS + SMAD4). In three sam-
ples (4.3%) three concomitant mutations were observed (one KRAS + GNAS + RNF43, one
KRAS + TP53 + RNF43, and one KRAS + RNF43 + PIK3CA), and in one specimen (2.2%), four
variants were observed (KRAS + GNAS + SMAD4 + PIK3CA). In the remnant 24 samples,
single alterations were observed: 18 samples (75.0%) harbored a single KRAS mutation,
4 (16.7%) harbored only TP53 variants, and 2 cases (8.3%) contained one GNAS alter-
ation. The median overall survival (OS) was higher in patients with PDAC harboring no
KRAS/TP53 mutations (77 months) if compared to those with TP53 (OS: 19 ms), KRAS (OS:
15 ms), or KRAS and TP53 (OS: 12 ms) mutations (Figure 2).

3.2. Correlation between Molecular/Clinicopathological Features and Outcome

As far as the histopathological variable is concerned, the tumor stage (represented by
tumor size and lymph node status), as well as perineural invasion, vascular invasion, and
margin resection status, is a well-known predictive marker of recurrence and seems to be
related to survival in PDCA patients [29-33].

Considering the whole overall survival, for the univariate analysis, the statistically
significant features were TP53 mutations (p = 0.037) and the concomitant KRAS & TP53
mutations (p = 0.023) (Figure 3). On the contrary, the KRAS mutation alone was not
statistically significant (Figure 3).
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Figure 2. Median overall survival (OS) in patients with PDAC without KRAS/TP53 mutations (WT),
with a mutation in KRAS or TP53, and with mutations in KRAS and TP53 (KRAS + TP53). Months
are reported on the Y-axis.
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Figure 3. Kaplan—Meier curve comparing (a) PDAC KRAS-WT vs. KRAS-mut (p = 0.151); (b) PDAC
TP53-WT vs. TP53-mut (* p = 0.037); (¢) PDAC KRAS & TP53-mut vs. “other” PDAC (** p = 0.023);
(d) PDAC KRAS & TP53-mut vs. KRAS-mut or TP53-mut vs. KRAS-WT and TP53-WT (*** p = 0.016).
mut: mutated; WT, wild type.
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We evaluated the clinicopathological and molecular features of the patients who died
within the first 24 months after surgery (n = 23 patients—71.9%). Of these 23 PDAC
patients, 21 (91.3%) harbored KRAS mutations (p = 0.021), 13 (56.5%) had a TP53 mutation
(p = 0.047), and 12 (52.2%) had concomitant KRAS and TP53 alterations (p = 0.031) (Table 2).
Intriguingly, 15 PDACs (65.2%) showed perineural invasion (p = 0.028).

Table 2. Molecular characteristics of patients who died within 24 months compared to those of
patients with OS higher than 24 months.

Features Number of Cases with Number of Cases with Value
OS < 24 months (n = 23) OS > 24 months (n = 41) p

KRAS mutation

Yes 21 (91.3%) 14 (34.1%) p=0.021
No 2 (8.7%) 27 (65.9%)

TP53 mutation

Yes 13 (56.5%) 13 (31.7%) p = 0.047
No 10 (43.5%) 28 (68.3%)

KRAS & TP53 mutations

-KRAS & TP53 12 (52.2%) 9 (22.0%) p=0.031
KRAS or TP53 9 (39.1%) 21 (51.2%) ’
WT/WT 2 (8.7%) 11 (26.8%)

Taking into consideration the 19 patients with PDAC who were still alive after
60 months, in concordance with data reported in the literature, we found that these patients,
compared with those with overall survival of fewer than 60 months, showed the following:
(i) fewer incidences of vascular invasion (52.6% vs. 91.7%, respectively, p = 0.018) and (ii) a
lower incidence of lymph-nodal involvement (36.8% vs. 81.8%, p = 0.001).

As confirmation, at logistic regression, a multivariate analysis considering only the
histopathological variables of the lymph-nodal involvement was the most important pa-
rameter toward cancer-related death (Exp(B) = 1.349).

Including also molecular characterization of PDAC, the strongest feature was the
presence of concomitant KRAS & TP53 mutations (Exp(B) = 1.600).

Intriguingly, by combining the concomitant presence of KRAS & TP53 mutations and
N2 lymph-nodal status, we detected nine patients with a dramatic outcome (p = 0.007)
(Figure 4).

1.04 4

0.8 +4

0.6 -

0.4 4 |

Cumulative Survival
J

- - -

0.2 4

KRASmut + TP53mut + N2

0.0 4

T T T
0 50 100 150 200
Follow-up (months)

Figure 4. Kaplan-Meier curve of patients with PDAC harboring KRAS & TP53 mutations and N2
lymph-nodal status.
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4. Discussion

Pancreatic ductal adenocarcinoma (PDAC) is usually associated with a poor prognosis
and a low survival rate, less than 10% at five years [12]. Despite all the efforts in these
years to investigate and study the genetic and molecular alterations in pancreatic cancer,
the majority of patients present with locally advanced or metastatic disease at the time of
the diagnosis [12], and there are not still powerful druggable mutations that could be used
in the clinical practice.

The characterization of multiple markers in solid tumors, using the NGS approach,
has allowed for the translation of several molecular alterations into the clinical practice
of metastatic tumors, as in lung adenocarcinomas, colorectal cancers, prostate cancer,
ovarian carcinoma, and cholangiocarcinomas [34]. The clinical significance of molecular
alterations found in pancreatic ductal adenocarcinoma is still controversial. PDACs are
usually characterized by KRAS mutations, TP53 alterations, and/or loss of SMAD4 or
CDKN2A /p16 proteins [11-13,17-21].

In this study, we tested a multigene laboratory-developed NGS panel used to char-
acterize PDAC in daily clinical practice. Herein, we wanted to investigate the utility of
using a laboratory-developed multigene panel for the molecular characterization of PDAC,
aiming to identify prognostic biomarkers to improve the clinical management of PDAC
patients.

Our data confirm that KRAS and TP53 are the most common genes altered in a
series of PDACs, as previously described in the literature [23,25,28,35]. Other mutations
(i.e., RNF43, GNAS, SMAD4, and PIK3CA) have been rarely found in our cohort. As
previously reported [24], several PDAC samples showed concomitant alterations, mainly
in KRAS and TP53 genes.

In our study, we demonstrated that PDCA patients’ survival is related to the presence
of the TP53 or KRAS mutation: the presence of PDAC harboring TP53 mutations worsens
the survival if compared to the TP53 wild-type tumors. Even if KRAS mutations are not
significantly associated with overall survival, it should be considered that it seems to affect
the outcome of the patients in the first part of the survival curve (Figure 3). Considering
that patients died within the first 24 months from surgery, almost all (91.3%) harbored a
KRAS mutation, more than half (56.5%) of them had a TP53 alteration, and concomitant
KRAS and TP53 alterations were detected in about a half (52.2%). Intriguingly, only two
patients who died within 24 months had a PDAC without KRAS and/or TP53 alterations.
Moreover, patients with PDAC harboring the concomitant mutations in KRAS and TP53
have a significantly worse OS if compared to those with PDAC, with only one of the two
genes mutated, or with both KRAS and TP53 wild-type (Figure 3).

Analyzing the clinicopathological features, we see that the only statistically significant
variable in a logistic regression multivariate analysis was represented by the lymph-nodal
status. The other histological parameters that the literature reported to be predictive of
recurrence and to be related to survival in PDCA patients (i.e., the tumor stage, the presence
of perineural or vascular invasion, and the margin resection status) did not demonstrate a
significant prognostic value in term of OS in our patient cohort.

Combining the KRAS and TP53 double-mutated tumor phenotype with the above-
mentioned lymph-nodal stage at the time of surgery, we observed a dramatic prognosis in
the double-mutated PDAC patients with an N2 stage compared to all the other patients
(wild-type phenotype or tumors harboring just one mutation, without lymph-nodal spread,
NO, or with limited ones, N1) (Figure 4).

Based on our NGS analysis, the current study confirms the data reported by the
literature about the main driver genes (i.e., KRAS and TP53) found mutated in PDAC.

The KRAS p.G12C variant is a mutation that could be targeted by specific inhibitor
molecules [36]. However, we have not found the KRAS p.G12C mutation in our cohort of
patients.

In 2020, the ESMO outlined the indications for the use of NGS in the characterization
of several metastatic cancers, including pancreatic ductal adenocarcinoma. According
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to these guidelines, it is not currently recommended to perform multigene NGS in daily
practice, even if multigene sequencing is encouraged in order to get access to innovative
drugs [34]. Moreover, NGS can be an alternative technique to PCR-based assays if it is not
associated with extra costs for the public healthcare system and if the patient is informed
about the putative benefits of this analysis [34]. Our results confirm that, in daily practice
testing, KRAS and TP53 alone may be sufficient to improve the clinical management of
the patients, and that NGS multigene panels can be used in clinical research centers to
increase access to innovative clinical study. Moreover, our data highlight that PDACs with
KRAS and TP53 wild-type may represent a distinct molecular subtype of pancreatic cancer
that could benefit from tailored treatments [37]. This double-negative PDAC may also
be investigated for the presence of HRR genes alterations, detecting a putative cohort of
patients that could benefit from PARP inhibitors treatment. On the contrary, the analysis of
KRAS and TP53 genes in PDAC patients would help to identify those subjects with worse
overall survival (i.e., KRAS and TP53 mutated PDAC).

5. Conclusions

In conclusion, our work highlights that PDCAs harboring both KRAS and TP53
mutation have a shorter OS compared to wild-type tumors or PDCAs harboring only
one mutation. The presence of a high lymph-nodal patient’s stage at the time of surgery,
combined with the presence of a double mutated tumor phenotype, is indicative of a
dramatically short OS.

A clinical implication that can be gathered from our study is the possibility to translate
the knowledge of KRAS and TP53 mutational status pre-operatively from cytological mate-
rial and fine-needle biopsy tissue, conditioning the future clinical management of patients
with PDAC. It should be considered that the recent improvement in the needles for endo-
scopic ultrasound-guided fine-needle biopsy (EUS-FNB) has allowed us to obtain a large
amount of material also in preoperative procedures, providing enough cells for molecular
analysis in pancreatic lesions [38,39]. Moreover, a good concordance between EUS-FNB and
surgical (both formalin-fixed paraffin-embedded) specimens has been demonstrated [40].
For these reasons, the analysis of KRAS and TP53, using NGS or other molecular techniques,
could be easily used also in preoperative specimens. The molecular analyses performed on
preoperative material of pancreatic lesions, together with the lymph node status, may help
to hypothesize patients’ outcomes and influence the decision-making process, for example,
pushing toward neoadjuvant chemotherapy.
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