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Simple Summary: Pancreatic ductal adenocarcinoma (PDAC) has a rising incidence and poor
prognosis due to late diagnosis and limited treatments. Currently, treatment is based solely on TNM
staging, without considering molecular tumor characterization. In the present study, we validated a
combined amplification refractory mutation system (ARMS) and high-resolution melting analysis
(HRMA) technique for detecting mutations in codon 12 of KRAS in PDAC tumor and plasma samples
and assessed its prognostic value. We included 88 newly diagnosed PDAC patients, treated with
either surgery, chemotherapy, or best supportive treatment only. Both tumor and plasma samples
were analyzed, and the most frequent mutations were G12D (36%) and G12V (25%). KRAS mutations
G12D and/or G12C in tumors and plasma were associated with lower progression-free survival (PFS)
and overall survival (OS) independently of disease stage or treatment performed. ARMS-HRMA
offers a rapid, cost-effective method for detecting KRAS mutations and can aid in prognosis and
treatment decisions.

Abstract: Background/Objectives: Pancreatic ductal adenocarcinoma (PDAC) incidence is rising,
and prognosis remains poor due to late diagnosis and limited effective therapies. Currently, patients
are treated based on TNM staging, without molecular tumor characterization. This study aimed
to validate a technique that combines the amplification refractory mutation system (ARMS) with
high-resolution melting analysis (HRMA) for detecting mutations in codon 12 of KRAS in tumor
and plasma, and to assess its prognostic value. Methods: Prospective study including patients with
newly diagnosed PDAC with tumor and plasma samples collected before treatment. Mutations
in codon 12 of KRAS (G12D, G12V, G12C, and G12R) were detected using ARMS-HRMA and
compared to Sanger sequencing (SS). Univariate and multivariate analyses were used to evaluate the
prognostic significance of these mutations. Results: A total of 88 patients, 93% with ECOG-PS 0-1,
57% with resectable disease. ARMS-HRMA technique showed a higher sensitivity than SS, both in
tumor and plasma (77% vs. 51%; 25 vs. 0%, respectively). The most frequent mutation was G12D
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(n =32, 36%), followed by G12V (n = 22, 25%). On multivariate analysis, patients with G12D and/or
G12C mutations, either in tumor or plasma, had lower PFS (HR 1.792, 95% CI 1.061-3.028, p = 0.029;
HR 2.081, 95% CI 1.014-4.272, p = 0.046, respectively) and lower OS (HR 1.757, 95% CI 1.013-3.049,
p =0.045; HR 2.229, 95% CI 1.082-4.594, p = 0.030, respectively). Conclusions: ARMS-HRMA is
a rapid and cost-effective method for detecting KRAS mutations in PDAC patients, offering the
potential for stratifying prognosis and guiding treatment decisions. The presence of G12D and G12C
mutations in both tumor and plasma is associated with a poorer prognosis.

Keywords: pancreatic cancer; KRAS mutations; liquid biopsy; ctDNA; amplification refractory
mutation system; ARMS-HRMA; prognosis

1. Introduction

According to current projections, pancreatic cancer (PC) is on track to become the
second leading cause of cancer-related deaths and the most fatal gastrointestinal cancer
by 2030 [1,2]. Pancreatic ductal adenocarcinoma (PDAC) will account for approximately
85% of these cases and, unfortunately, the overall 5-year survival rate is only 9% across
all stages [3]. This poor outcome is primarily related to a late diagnosis coupled with the
absence of effective treatments. Surgical resection of the tumor, followed by 6 months of
adjuvant chemotherapy (ChT), is the only potentially curative option, but less than 20% of
patients have resectable disease at diagnosis [4]. For patients with borderline resectable
disease, neo-adjuvant ChT is recommended [5]. These decisions are taken considering
only TNM staging on the CT scan, irrespective of tumor molecular biology, which certainly
accounts for tumor heterogeneity in terms of prognosis and response to medical or surgical
therapies. In this way, the development of new biomarkers for early diagnosis, prediction of
treatment response, and as potential targets for personalized therapies could help improve
survival rates [6].

KRAS gene mutations arise early in the development of pancreatic cancer, occurring in
at least 80% of PDAC cases [7,8]. More than 90% of these mutations are found in codon 12 of
the KRAS protein (p.G12D, p.G12V, p.G12R, p.G12C, or p.G12A), which result from single
nucleotide changes [9,10]. Despite some discrepancies, several studies have demonstrated
the prognostic significance of KRAS mutations in both tumor tissue and liquid biopsies
from PDAC patients [11]. Whereas the KRAS G12D mutation has been systematically
associated with a predicted poorer overall survival [12-14], there have been conflicting
studies regarding KRAS G12V mutation’s prognostic significance [15-18].

Additionally, the presence and quantity of circulating tumor DNA (ctDNA) containing
KRAS mutations have been associated with worse overall survival in PDAC patients [11].
Changes to ctDNA levels during chemotherapy have been found to be better indicators
of treatment response than changes in CA 19.9 levels [19-22]. Previous studies found that
ctDNA levels correlated well with disease status with decreases after neo-adjuvant therapy
or tumor removal, suggesting a link between ctDNA levels and tumor burden [11,22].

Besides serving as indicators of prognosis and tumor response, KRAS mutational
status in patients with PDAC is also an opportunity for tailored treatment. Treatment with
a selective inhibitor targeting KRAS G12C mutations in patients with advanced PDAC
yielded promising results [23] and other inhibitors targeting KRAS, selectively or not, are
also being developed [24-26].

Despite previous demonstrations that KRAS mutation subtype could influence thera-
peutic decisions in PDAC patients, the lack of rapid, sensitive, and cost-efficient methods
for their detection has certainly limited their use in clinical practice [27]. In a recent pilot
study with 30 patients, our group proposed the use of the amplification refractory mutation
system (ARMS) coupled with high-resolution melting analysis (HRMA)—ARMS-HRMA—
as a sensitive, specific, and straightforward method for detecting KRAS mutations, focusing
on G12D and G12V mutations [28].
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Herein, the objectives of this study were: (1) to further validate the ARMS-HRMA
technique for detecting the most common four types of mutations in codon 12 of KRAS in
tumor and plasma samples from a larger cohort of PDAC patients and (2) to evaluate its
usefulness in predicting disease progression and overall mortality.

2. Materials and Methods
2.1. Study Design and Inclusion Criteria

We conducted a multicenter, prospective cohort study involving patients newly diag-
nosed with histologically confirmed PDAC at two referral centers: Hospital Beatriz Angelo
(Loures, Portugal) and Hospital da Luz (Lisbon, Portugal), between October 2017 and
November 2022. Patients were assigned either to immediate surgery or ChT based on
tumor stage and performance status (PS). For those referred to ChT, endoscopic ultrasound-
guided fine-needle biopsy (EUS-FNB) was performed to confirm the tumor’s histological
characteristics. During this period, 247 newly diagnosed PDAC patients were treated at
both hospitals. A total of 92 PDAC patients had fresh frozen tumor available and were
included in the present study. Four of them were later excluded from the final analysis
because we could not extract tumor DNA for mutational analysis by ARMS-HRMA. There-
fore, a total of 88 PDAC patients were included. In 17 patients, blood samples were not
collected upon admission, and the final number of plasma samples analyzed were 71. A
total of 30/88 patients were previously included in our previous study [28], where we only
tested for G12D and G12V mutations. End of follow-up was in May 2024.

The exclusion criteria encompassed patients who had prior treatments, including
surgery, chemotherapy, or radiotherapy; those referred for neoadjuvant or palliative
chemotherapy with biopsies conducted at other institutions; individuals unable to un-
dergo surgery or EUS-FNB for histologically confirmed PDAC; and patients who had direct
surgery for pancreatic tumors that were not PDAC.

The study was conducted according to the guidelines of the Declaration of Helsinki
and approved by the Ethics Committee of Hospital Beatriz Angelo (1372/2015_CMOEB
(approved on 31 December 2015)) and Hospital da Luz (CES/13/2018/ME (approved on
12 April 2018)), registered on the appropriate platforms and informed written consent was
obtained from all participants.

2.2. Tumor Sample Collection

A tumor sample was obtained at diagnosis before any treatment in one of two sce-
narios: (1) during resection surgery for patients undergoing upfront surgery, or (2) during
EUS-FNB for patients receiving neoadjuvant or palliative chemotherapy as first-line treat-
ment. For surgical specimens, 5 mm of the tumor tissue was placed in a sterile 1 mL
Eppendorf tube, kept at 4 °C, and then immediately frozen in liquid nitrogen before being
stored at —80 °C for future molecular analysis. EUS was conducted under intravenous
propofol anesthesia using a curved linear array echoendoscope (model GF-UCT180, from
Olympus®, Tokyo, Japan) connected to an Aloka ultrasound machine. EUS-FNB was
performed with a 22-gauge needle, with at least two passes made for diagnostic pur-
poses. Sample adequacy was determined by either rapid on-site evaluation (ROSE) by
a pathologist in the endoscopy suite or by macroscopic on-site evaluation (MOSE). Core
biopsy samples were transferred into Cytolyt media and used for histological diagnosis in
accordance with standard clinical practices.

2.3. Blood Sample Collection

Blood samples were obtained at diagnosis prior to any treatment. A small volume of
blood (8 mL) was drawn into two EDTA tubes and immediately kept at 4 °C. These samples
were transported to the laboratory, maintaining the 4 °C temperature, within a maximum
of four hours, ideally within two. Blood components were separated by centrifugation at
2000x g at 4 °C and transferred into cryotubes: four containing plasma and one containing
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white blood cells. The cryotubes were then flash-frozen in liquid nitrogen and stored at
—80 °C for future analysis.

2.4. KRAS Mutation Analysis
2.4.1. Cell Lines

The HT-29 cell line with an epithelial morphology isolated from a primary tumor
obtained from a 44-year-old white female patient with colorectal adenocarcinoma was
used as a control for the wild-type (WT) KRAS. Other human tumor cell lines were used
as controls for each KRAS mutation: LS174T cell line (G12D mutation), isolated from the
colon of a white 58-year-old female adenocarcinoma patient with colorectal cancer; H358
cell line (G12C mutation), an epithelial-like cell that isolated from the bronchiole of a male
patient with bronchioalveolar carcinoma; SW480 cell line (G12V mutation), isolated from
the large intestine of a Dukes C colorectal cancer patient; PSN-1 cell line (G12R mutation),
an epithelial-like morphology isolated from the pancreas of a patient with adenocarcinoma.
All cell lines were obtained from the American Type Culture Collection (ATCC®, Manassas,
VA, USA).

2.4.2. Cell Culture

The HT-29 tumor cell line was cultured in Dulbecco’s Modified Eagle Medium (DMEM;
Gibco™, ThermoFisher Scientific, Waltham, MA, USA). PSN-1 and H358 cell lines were
grown in Roswell Park Memorial Institute Medium (RPMI; Gibco™, ThermoFisher Sci-
entific), while the SW480 cell line was maintained in Leibovitz’s L-15 Medium (Gibco™),
which includes 2 mM L-glutamine but no sodium bicarbonate. The LS5174T cell line was
cultured in Eagle’s Minimum Essential Medium (EMEM; Gibco™), modified to contain
Earle’s Balanced Salt Solution, non-essential amino acids, 2 mM L-glutamine, 1 mM sodium
pyruvate, and 1500 mg/L sodium bicarbonate. All media were supplemented with 10%
(v/v) fetal bovine serum (FBS; Gibco™) and 1% (v/v) antibiotic/antimycotic (Gibco™) and
maintained in 25 cm? culture flasks (VWR, Radnor, Pensilvania, EUA) at 37 °C in a 99%
humidified atmosphere with 5% (v/v) CO, (CO, incubator, SANYO CO, Incubator, Electric
Biomedical Co., Osaka, Japan).

2.4.3. DNA Extraction

DNA extraction from all tumor cell lines, as well as patients’ tumor and plasma
samples, was carried out using the High Pure PCR Template Preparation Kit (Roche, Basel,
Switzerland) following the manufacturer’s protocol, with the following modifications:
for tumor samples, 30 s were added to the centrifugation times and the Elution Buffer
volume was reduced to 50 uL or 30 uL for tumor samples or plasma samples, respectively.
DNA quantification was performed using a Nanodrop spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA).

2.4.4. Polymerase Chain Reaction (PCR)

PCR amplification was performed on extracted DNA from control cells and tumor
samples to assess the presence of each respective mutation in exon 2 of the KRAS gene
through Sanger sequencing (SS). The PCR mixture was comprised of 100 ng of template
DNA, 0.12 uM of each primer (forward: 5'-GGT GGA GTA TTT GAT AGT GTA-3' and re-
verse: 5'-TGG ACC CTGA CAT ACT CCC AAG-3'), 1 x DreamTaq™ Buffer (Thermofisher,
Waltham, MA, USA), 0.8 mM of dNTPs Mix (NzyTech, Lisbon, Portugal), 0.15 units Dream-
Taq™ (NzyTech, Lisbon, Portugal), resulting in a final volume of 20 pL. The reactions were
performed on a DNA Engine® Thermal Cycler (Bio-Rad, Hercules, CA, USA) using the
following program: an initial denaturation step for 5 min at 95 °C, followed by 30 cycles of
95 °C for 30 s, 61 °C for 30 s for tumor samples or 53 °C for 30 s for plasma samples, and
72 °C for 20 s. KRAS exon 2 amplification products from tumor samples were sequenced
in STABVIDA (Setubal, Portugal). The chromatograms were analyzed using the FinchTV
software (Geospiza, Inc., Seattle, WA, USA, version 1.4.0).
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2.4.5. ARMS-HRMA

Tumor and plasma samples were analyzed using the combination of the ARMS and
HRMA techniques [28]. The ARMS-HRMA mixture was comprised 50 ng of template DNA
(in plasma samples, 1 uL was used regardless of the concentration), 0.3 pM of a mutation-
specific forward primer (G12D—5'-CTT GTG GTA GTT GGA GCT TA-3/, G12V—5'-CTT
GTG GTA GTT GGA GCTTT-3/, G12R—5'-CTT GTG GTA GTT GGA GCGC-3/, G12C—5'-
CTT GTG GTA GTT GGA GCGT-3') and 0.3 uM of a common reverse primer (5'-CTC TAT
TGT TGG ATC ATA TTCG-3'), 2% (v/v) of DMSO (Merck KGaA, Darmstadt, Germany),
and 1x of Supreme NZYTaq II Green Master Mix (NzyTech, Lisbon, Portugal), resulting
in a final volume of 10 puL. The reactions were performed in a QIAGEN Rotor-Gene Q
Real-time PCR cycler 5plex (Qiagen, Hilden, Germany) using the following program: an
initial denaturation step of 3 min at 95 °C, followed by 10 cycles of 30 s at 95 °C, 15 s
at 54 °C for G12D mutation, 52 °C for G12V mutation, 57 °C for G12R mutation, 56 °C
for G12C mutation, and then 10 s at 72 °C, followed by 25 cycles at 30 s of 95 °C, 45 s at
60 °C, and 10 s at 72 °C. The HRMA step was performed with a temperature increase from
45 °C t0 90 °C, with a 90 s of pre-melt conditioning on first step and then a 1 °C increase
in each step/5 s wait each step. The melting profile and derivative plot were generated
and analyzed using Rotor-Gene Q Series Software 2.3.5 (Qiagen, Hilden, Germany). Each
ARMS-HRMA reaction included a positive “mutant” control (gDNA from LST174T, SW480,
PSN-1, and H358 cell lines for the G12D, G12V, G12R, and G12C mutations, respectively),
a “wild-type” control (gDNA from the HT-29 cell line), and non-template control to rule
out contamination. After subtracting the fluorescence values of the negative control, the
fluorescence value at 78.5 °C (for G12D, G12V, and G12C mutations) or 79.5 °C (for G12R
mutation) of every sample was normalized using the fluorescence values of the “mutant”
and “WT” controls.

2.5. Variables and Endpoints

Baseline demographic and clinical data include factors such as gender, age, date of
diagnosis, Eastern Cooperative Oncology Group Performance Status (ECOG-PS), disease
stage according to the American Joint Committee on Cancer (AJCC) TNM classification,
and resectability status based on National Comprehensive Cancer Network (NCCN) guide-
lines [29]. During follow-up, the following variables were monitored: the occurrence and
timing of disease progression (whether local or metastatic), as identified through computed
tomography, magnetic resonance cholangiopancreatography and/or blood analysis with
CA 19.9, as well as the date of the last follow-up or death. The primary endpoint was
the frequency of KRAS codon 12 mutations identified in the primary tumor and liquid
biopsies of patients with PDAC using ARMS-HRMA technology and its concordance with
SS. Secondary endpoints included the association of KRAS mutations in tumor and liquid
biopsies with disease progression and mortality during the follow-up period.

2.6. Follow-Up and Treatment

Following histological confirmation of PDAC, patients were treated according to
standard care practices and international guidelines. KRAS status in both tumor and
plasma samples was assessed at a later stage, and did not impact therapeutic decisions.

2.7. Statistical Analysis

Categorical variables were reported as frequencies and percentages, while continuous
variables were expressed as means with standard deviations or medians with interquartile
ranges, depending on their distribution. The distribution of categorical variables was
analyzed using the Chi-square test. For continuous variables, either the independent
sample t-test/one-way ANOVA or the nonparametric Mann-Whitney and Kruskal-Wallis
tests were applied, depending on whether the distribution was normal or non-normal,
respectively, and in line with the hypothesis being tested. Rates of progression-free survival
and overall survival were computed using Kaplan-Meyer estimates, along with 95%
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confidence intervals. Survival analysis was performed considering each mutation alone
and grouping mutations in WT, G12V, and G12R vs. other mutations, considering the
previously described prognosis impact. Survival curves were generated and compared
using Log Rank tests. Overall survival (OS) was defined as the time from diagnosis until
death from any cause. Progression-free survival (PFS) was defined as the time until disease
progression, recurrence, or death. Disease progression was defined as elevation of CA
19-9 or imaging-based disease progression during follow-up (whichever occurred first).
Fluctuations in CA 19-9 that were not confirmed as disease progression by imaging were
not considered significant. Multivariate Cox regression was applied to adjust the prognosis
associated with KRAS mutation status for other potential confounding factors.

3. Results
3.1. Population Baseline Characteristics

Patients” characteristics according to tumor KRAS mutational status are shown in
Table 1. A total of 88 patients were included, with a median age at diagnosis of 70 (IQR
63-75) years; 57% were male, 93% had ECOG-PS 0 or 1, 57% and 12% had a resectable
or borderline resectable disease, respectively, and 61% were treated with surgery, with or
without chemotherapy. In 71/88 patients, we had both tumor and plasma samples whereas
in the remaining 17 patients, only tumor specimens were available.

Table 1. Socio-demographic and clinical baseline characteristics, according to KRAS mutational status.

Total KRAS-WT KRAS-Mutated Value
n =88 n =20 n =68 P
Age at diagnosis (y),
median (IQR) 70 (63-75) 71 (67-75) 70 (63-76) 0.870
Gender, n (%)
Male 50 (57) 16 (80) 34 (50) 0.021
Female 38 (43) 4 (20) 34 (50) ’
ECOG-PS at diagnosis *, n
(%)
Oor1l 75 (93) 15 (94) 60 (92) 1.000
(2 6(7) 1(6) 5(8) '
Clinical Stage **, n (%)
Resectable 49 (57) 8 (44) 41 (60)
Borderline resectable 10 (12) 4(22) 6(9)
Locally advanced 2(2) 0 2(3) 0.321
Metastatic 25 (29) 6 (33) 19 (28)
Simplified TNM ***, n (%)
I 19 (22) 6 (30) 13 (20)
1I 22 (26) 4 (20) 18 (28) 0.767
111 15 (18) 3(15) 12 (19) )
v 29 (34) 7 (35) 22 (34)
Treatment, n (%)
Surgery (chemotherapy) 54 (61) 12 (60) 42 (62) 1.000
Palliative /BSC 34 (39) 8 (40) 26 (38) ’
KRAS mutations ****, n
(%)
WT 20 (23) 20 (100) 0
G12v 22 (25) 0 22 (32)
G12D 32 (36) 0 32 (47)
GI2R 10 (11) 0 10 (15) -
Gl12C 1(1) 0 1(1)
G12V/G12D 2(2) 0 2 (3)
G12D/G12C 1(1) 0 1(1)

* No data are available in n = 7 patients; ** no data are available in n = 2 patients; *** no data are available inn =3
patients; *** using ARMS-HRMA. BSC—best supportive care; ECOG-PS—Eastern Cooperative Oncology Group
Performance Status; WT—wild type; y—years.
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n=49

Ressectable

Among the 88 patients included, 68 (77%) presented a mutation in codon 12 of KRAS
protein by ARMS-HRMA. The most frequent mutation was G12D (36%), followed by
G12V (25%) and G12R (11%). One patient had a tumor mutated for G12C mutation,
and three patients carried more than one mutation. Wild-type genotypes were more
frequently present in male patients (80% vs. 50%, p = 0.021). No other differences in patient
characteristics were found between patients with wild-type and KRAS-mutated tumors
(Table 1).

Patient management based on clinical staging is outlined in Figure 1. No data were
available about clinical stage in n = 2 patients. All 10 patients with borderline resectable
disease received neoadjuvant chemotherapy (ChT) using the FOLFIRINOX regimen. Of
these, five patients underwent surgery, while the other five received palliative chemother-
apy due to disease progression or clinical decline. Among the 49 patients with resectable
disease, 2 were deemed unfit for surgery and were offered palliative chemotherapy, while 1
received neoadjuvant ChT. First-line adjuvant ChT regimens included FOLFIRINOX-like
treatments in 24 patients and gemcitabine-based regimens in 7, with the remaining patients
treated with other regimens. Of the 27 patients with locally advanced or metastatic disease,
22 received palliative ChT, while the remaining 5 experienced rapid deterioration and
received only best supportive care (BSC). First-line palliative ChT regimens consisted of
FOLFIRINOX-like treatments for 13 patients, gemcitabine-based regimens for 5, and other
regimens for the remaining 4 patients.

n=10 n=2 n=25

Bordeline ressectable Locally advanced Metastatic

n=?;/ n=46 Xjn=l Neoadjuvant ChT \Ln=2 n=2y Yjs
n:

Palliative ChT

=5 \/ \J n=5

Surgery ChT only Palliative ChT Palliative ChT BSC

n=38 [/ \1 n=8

Adjuvant

Surgery

Figure 1. Patient management according to clinical stage. No data were available about clinical stage
in n = 2 patients. BSC—best supportive care; ChT—chemotherapy.

3.2. Performance of ARMS—HRMA Technique Compared to SS
3.2.1. Tumor Samples

Mutation status results were successfully obtained with SS and ARMS-HRMA from
all the 88 tumor samples and are summarized in Figure 2. SS detected KRAS mutations
in 51.1% of tumor samples (n = 45): G12D in 22, G12V in 14, G12R in 7, and G12C in
2 patients. ARMS-HRMA was able to detect mutations in 77.3% of tumor samples (n = 68),
with total concordance with SS, except for the fact that ARMS-HRMA was able to detect
two mutations in patients with only one mutation detected by SS. Thus, according to
ARMS-HRMA, KRAS mutations in tumor samples were as follows: WT in 20, G12D in 32,
G12Vin 22, G12D/G12V in 2, G12R in 10, G12C in 1, and G12D/G12C in 1 patient.
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(a)

(o)

TUMOR SAMPLES - SS results

TUMOR SAMPLES
Ss Total =88 ARMS-HRMA
results results

(b)

G12D 37%

TUMOR SAMPLES - ARMS-HRMA results

G12D/G12V 2%

1 Vewiciva

3
7
1 [ ee1
1 16120/6121.

G12C1%
G12D/G12C 1%

Figure 2. Performance of ARMS-HRMA technique compared to SS—(a) KRAS mutations detected
in tumor samples, by SS, in relative frequency; (b) KRAS mutations detected in tumor samples,
by ARMS-HRMA, in relative frequency; and (c) comparison and correspondence between both
techniques, in absolute frequency.

3.2.2. Liquid Biopsies (Plasma Samples)

Plasma samples were obtained from 71 patients, with 25.4% (n = 18) having KRAS
mutations detected by ARMS-HRMA—G12V in 6 (8.5%), G12D in 8 (11.3%), G12R in 3
(4.2%), and G12V/G12D in 1 patient (1.4%). All mutations found in plasma agreed with
mutations found in primary tumors. No mutations in plasma samples were detected via
SS technique.

3.3. Prognostic Value of KRAS Mutations Detected by ARMS-HRMA

After a median follow-up of 12 months (IQR 2-19), 72 (82%) patients had disease
progression, and 69 (78%) patients had died.

3.3.1. Tumor Samples

There was no statistical difference in PFS and OS between patients wild-type or KRAS-
mutated tumors (HR 1.292, 95% CI 0.739-2.257, log-rank p = 0.368; HR 1.234, 95% CI
0.695-2.192, log-rank p = 0.473, respectively). When we compared different mutations
individually with wild-type patients, differences were found between wild-type and G12C
patients, both in PFS (10.0 vs. 0 months, HR 12.759, 95% CI 1.517-107.313; log-rank
p =0.019) and OS (12.5 vs. 0 months, HR 12.815, 95% CI 1.523-107.838; log-rank p = 0.019).
When we grouped patients with WT, G12R, or G12V mutations and compared to patients
harboring G12D or G12C tumors, we observed that the latter had a trend towards lower PFS
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(9 vs. 4 months, HR 1.584, 95% CI 0.992-2.527; log-rank p = 0.054) and OS (12 vs. 7 months,
HR 1.516, 95% CI 0.941-2.444; log-rank p = 0.087)—Figures 3 and 4.
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Figure 3. Progression-free survival of patients with PDAC, according to (a) KRAS mutations and
(b) KRAS category mutations in tumor.
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Figure 4. Overall survival of patients with PDAC, according to (a) KRAS mutations and (b) KRAS
category mutations in tumor.
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3.3.2. Plasma Samples

Regarding stratification of KRAS genotype in plasma, no differences were found
between wild-type and different mutations, both in PFS and OS. When we grouped WT
and mutations in G12V and G12R and compared to patients harboring G12D mutations,
we observed that the latter had a lower PFS (7 vs. 2 months, HR 2.081, 95% CI 1.014-4.272;
log-rank p = 0.046) and OS (12 vs. 4 months, HR 2.229, 95% CI 1.082-4.594; log-rank
p = 0.030)—Figures 5 and 6. No differences were found in both PFS and OS in patients
with or without mutations detectable in plasma (HR 0.949 (95% CI 0.517-1.742); log-rank
p = 0.866; HR 0.898 (95% CI 0.490-1.644); log-rank p = 0.727, respectively).

Progression-free survival
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I
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— 1
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o 12 24 36 48 60
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Figure 5. Progression-free survival of patients with PDAC, according to (a) KRAS mutations and
(b) KRAS category mutations in plasma.

No association was found between KRAS mutational status and early relapse after
surgery (1 year or less) or response to different regimens or chemotherapy, i.e., FOLFIRINOX-
like or gemcitabine-based.
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Figure 6. Overall survival of patients with PDAC, according to (a) KRAS mutations and (b) KRAS
category mutations in plasma.

3.4. Uni and Multivariate Analysis

To minimize the influence of possible confounding factors in the association be-
tween KRAS mutational category and prognosis, a multivariate analysis was performed
with prognostic factors with a p-value < 0.100 in univariate analysis for PFS and OS.
Uni and multivariate analysis for factors associated with PFS and OS are shown in
Tables 2 and 3, respectively.

In respect to PFS (Table 2), in the univariate analysis, we observed that age, perfor-
mance status, metastatic disease, and palliative treatment were associated with lower
PFS. KRAS mutation status in tumor was marginally significant (p = 0.054). However, in
multivariate analysis, the presence of a G12D and/or G12C mutation in the tumor was
the only factor significantly associated with a lower PFS when compared with other KRAS
status (i.e., WT, G12R and G12V mutations) (HR 1.792, 95% CI 1.061-3.028, p = 0.029).

In respect to OS (Table 3), results were similar. In multivariate analysis, we observed
that ECOG-PS at diagnosis and tumors with a mutation on G12D and/or G12C were the
only factors associated with a lower OS (HR 2.885, 95% CI 1.112-7.487, p = 0.029; HR 1.757,
95% CI 1.013-3.049, p = 0.045, respectively).
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Table 2. Factors associated with progression-free survival (univariate and multivariate Cox regression

analysis).
Univariate Analysis Multivariate Analysis
HR CI 95% p-Value HR CI 95% p-Value
Age at diagnosis (y) 1.034 1.002-1.066 0.035 1.020 0.987-1.054 0.247
Gender
Female - - - - - -
Male 1.167 0.731-1.861 0.517 - - -
ECOG-PS at diagnosis

Oorl - - - - - -

>2 2.872 1.204-6.849 0.017 2.885 0.871-5.547 0.096
Clinical Stage

Non metastatic - - - - - -

Metastatic 1.970 1.187-3.270 0.009 1.632 0.724-3.682 0.238
Treatment

Surgery £ chemotherapy 0.505 0.311-0.820 0.006 0.685 0.307-1.529 0.355

Palliative/BSC - - - - - -

KRAS mutations in plasma
No - - - - - -
Yes 0.898 0.490-1.644 0.727 - - -
Tumor KRAS status

WT, G12V, G12R - - - - - -

G12D, G126, G12D/G12Y, 1.584 0.992-2.527 0.054 1.792 1.061-3.028 0.029

G12D/G12C

BSC—best supportive care; CI—confidence interval; ECOG-PS—Eastern Cooperative Oncology Group Perfor-
mance Status; HR—hazard ratio;, WT—wild type; y—years.

Table 3. Factors associated with overall survival (univariate and multivariate Cox regression analysis).

Univariate Analysis Multivariate Analysis
HR CI95% p-Value HR CI95% p-Value
Age at diagnosis (y) 1.043 1.011-1.077 0.009 1.020 0.987-1.054 0.247
Gender
Female - - - - - -
Male 1.308 0.808-2.120 0.275 - - -
ECOG-PS at diagnosis
Oor1l - - - - - -
>2 4.021 1.648-9.812 0.002 2.198 1.112-7.487 0.029
Clinical Stage
Non metastatic - - - - - -
Metastatic 2.204 1.130-3.709 0.003 1.689 0.707-4.038 0.238
Treatment
Surgery £ chemotherapy 0.434 0.264-0.714 0.001 0.550 0.234-1.290 0.169
Palliative/BSC - - - - - -
KRAS mutations in plasma
No - - - - - -
Yes 0.949 0.517-1.742 0.866 - - -
Tumor KRAS status
WT, G12V, G12R - - - - - -
G12D, G12C, G12D/G12V,
G12D/G12C 1.516 0.941-2.444 0.087 1.757 1.013-3.049 0.045

BSC—best supportive care; CI—confidence interval; ECOG-PS—Eastern Cooperative Oncology Group Perfor-
mance Status; HR—hazard ratio; WT—wild type; y—years.

4. Discussion
4.1. Summary of Main Findings

In this study, we prospectively analyzed a group of 88 patients newly diagnosed with
PDAC, applied and validated a method that combines ARMS with HRMA to detect KRAS
mutations in both tumor and plasma samples, and showed that having a mutation G12D
or G12C in tumor or plasma is associated with lower PFS and OS. To our knowledge,
this technique has not been used in previous clinical studies and certainly not for clinical
decisions in PDAC patients.
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4.2. Interpretation of Results

Our series includes, predominantly, patients who were treated with upfront surgery
(46/88) because we only included patients with collected tumor specimens, and these are
easier to collect during surgery. Nonetheless, the remaining 42/88 patients had tumor
samples collected during EUS-FNB needed for histologic confirmation before ChT, showing
that molecular characterization using EUS-FNB collected specimens is feasible.

We had previously shown that ARMS-HRMA methodology has higher sensitivity and
specificity for the detection of mutations in tumor and plasma samples from patients with
PDAC than SS [28]. The developed method stands out for its simplicity, costs, and reduced
time to results. Herein, we more than doubled the size of our population and still observed
the same performance, with SS detecting KRAS mutations in 51% of tumor samples (n = 45)
and ARMS-HRMA detecting mutations in 77% of tumor samples (n = 68). Additionally, in
plasma samples, only ARMS-HRMA could detect KRAS mutations. These were detected in
25.4% (n = 18) patients, in full accordance with mutations found in tumors. In the referred
previous validation paper by our group [28], using tumor/plasma DNA from 23 patients,
ARMS-HRMA methodology was compared to droplet digital PCR (ddPCR) for G12V and
G12D mutations. Very similar detection rates were observed between both methodologies,
but ARMS-HRMA was able to detect one additional G12D mutation in one of the plasma
samples that was not detected by ddPCR. This opens the window for ample use of liquid
biopsies in this field using a rapid and cheap technique.

PDAC prognosis remains poor, with only 9% of patients being alive after five years [3].
In addition to late diagnoses in most cases, there has been little progress in developing
personalized treatments, leading to uniform therapies that do not account for molecular
differences between tumors. Treatment decisions are currently based solely on cTNM
staging, even though prior studies have demonstrated the prognostic relevance of KRAS
mutations, which are an early and almost universal event in pancreatic cancer development.
One major reason preventing molecular analysis from being incorporated into treatment
decisions in PDAC patients is the complexity and high cost of such analyses, a considerable
obstacle to obtaining results quickly enough to influence clinical decisions [27].

In agreement with previous studies [15-18], we also found that KRAS mutations
detected in tumor and plasma seem to hold prognostic value, allowing for patients to
be split into two categories—better and worse prognosis—according to type of KRAS
mutations. Patients with tumor samples with G12D or G12C mutations have both a lower
PFS (HR 1.792, 95% CI 1.061-3.028, p = 0.029) and OS (HR 1.757, 95% CI 1.013-3.049,
p = 0.045) when adjusted for confounding factors as age, ECOG-PS, clinical stage, and,
more importantly, type of treatment. Despite being less sensitive for plasma samples, we
also demonstrated that patients with G12D KRAS mutations in plasma also had a lower PFS
(HR 2.081, 95% CI 1.014-4.272; p = 0.046) and OS (HR 1.516, HR 2.229, 95% CI 1.082-4.594;
p =0.030). The dismal prognosis of G12D tumors in patients treated with ChT had been
shown in previous studies [12-14] but in our population, G12D and G12C mutations were
also a negative prognostic factor in operated patients, which reinforces its utility in clinical
decisions, across all stages of disease.

4.3. Comparison with the Existing Literature

We found mutations in codon 12 of KRAS in 77.3% of patients, which is aligned with
what has been reported in the literature [30] using more advanced methods like next-
generation sequencing (NGS) or ddPCR. However, ARMS-HRMA is significantly quicker
(capable of determining KRAS mutation status in just six hours), and much more affordable,
than NGS, making it easier to apply in clinical practice. In our cohort, KRAS mutation
frequency distribution is in line with what is described in other studies, where G12D is the
most frequent, followed by G12V and G12R [31-33].

While sensitivity was much higher for tumor samples, ARMS-HRMA also identified
mutations in 25.4% of plasma samples. This is below what has been reported in the
literature (ranging from 44% to 67%) [34-37] using different technologies such as ddPCR or
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NGS. As stated before, these are more expensive, time-consuming, and not readily available
to be used in clinical practice. Recently, Lee et al. [38], using ddPCR for detection of KRAS
mutations in plasma samples from PDAC patients, detected mutations in 53% of patients. It
is worth noting that in this recently published study [29], most patients included (80%) had
metastatic disease, which can account for increased amounts of ctDNA [27,37,39]. In our
cohort, the majority of samples (83%) are from PDAC resectable/borderline patients, which
further highlights the potential of ARMS-HRMA for KRAS mutation detection in plasma
samples across all PDAC stages. We believe that ARMS-HRMA sensitivity in plasma can
be improved, namely sample processing and storage, which are of paramount importance
and may be further optimized.

Liquid biopsies are non-invasive tools and allow for longitudinal monitoring of re-
sponse to treatment [40]. Types of liquid biopsies include ctDNA, exosomes, and circulating
tumor cells. Although circulating tumor cells are the most sensitive, they involve complex
and costly technology, only available for research purposes. ctDNA, while less sensitive, has
proven effective in predicting overall and progression-free survival in PDAC patients [41]
and can help to monitor response to treatment, and predict relapse before it becomes visible
through imaging or increase in CA19.9 [13,42]. However, given the low levels of ctDNA in
plasma, highly sensitive molecular testing is necessary for accurate results [27].

Regarding the prognostic value of different KRAS mutations, they are in line with
what is described. KRAS G12D mutations have been shown to independently predict
worse survival outcomes [12,13,43,44], while G12V mutations may identify tumors with
better responses to therapy [45,46]. G12C mutations, although very rare, have also been
associated with a worse prognosis [15-18]. In our study, the prognostic value of these
mutation categories was observed both for tumor and plasma samples. These findings are
particularly important from our perspective because they may impact treatment decisions.
Currently, only a small number of PDAC patients proceed to upfront surgery, and this
decision is primarily based on the presence of vascular invasion detected through CT or
MRI Because PDAC is considered by some as a systemic disease from the beginning [11],
some authors advocate neo-adjuvant therapy in all patients [5]. However, in a recently
published phase 2 trial [47] in patients with resectable tumors, neoadjuvant chemotherapy
with modified FOLFIRINOX did not demonstrate a survival benefit compared with upfront
surgery. Overall, of patients with borderline resectable tumors who are recommended to
receive neo-adjuvant chemotherapy, only 50-60% of these patients are operated on, as the
disease progresses in the remainder [5]. Similarly, some patients, despite having resectable
tumors, experience early relapse in less than 6 months [48,49]. These scenarios put in
evidence the biological heterogeneity of these tumors, which is certainly related to their
molecular differences. Given that pancreatic surgery is still a highly invasive procedure with
significant morbi-mortality, even in high-volume centers, being able to identify patients
with aggressive tumors, more prone to relapse after surgery, could serve as an important
factor in surgical decision-making. We may hypothesize that tumors with KRAS G12D
and G12C mutations should be treated with medical therapy, chemo, or targeted therapy
already available for these specific genotypes, and response to treatment monitored by
liquid biopsies. In contrast, less aggressive tumors with WT, G12V, or G12R genotypes
could be operated on if no vascular invasion is present on the CT scan. As proposed by
Labori et al. [47], future translational research may reveal subgroup differences and novel
trials should be biomarker driven.

4.4. Strengths and Limitations

This is a prospective bicentric study, with a larger sample size than our previous study
and we additionally tested for G12C and G12R mutations, besides the G12D and G12V
mutations tested for previously. Our findings provide us with more robust results towards
validation and prognostic implication of mutation detection.

However, our study has some limitations. First, the sample size, which needs to be
further enlarged. Multicenter studies with larger sample sizes should be conducted to
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validate our findings, which, for the time being, should be considered as an exploratory
trial. Also, we analyzed only four KRAS mutations, all in codon 12 of KRAS protein,
since other mutations in codons 12, 13, or 61 are very rare. If one considers that this
strategy of mutation analysis may become practice changing, it may be easily extended
to the remaining mutations, and cost effectiveness assessed since these mutations are
extremely rare. Moreover, our analysis focused solely on ctDNA levels at diagnosis, but
recent research by Kruger et al. demonstrated that changes in KRAS-mutated ctDNA
during chemotherapy in 54 advanced PDAC patients were faster and more pronounced
than traditional biomarkers. A rapid drop in ctDNA levels indicated an early response to
therapy, and repeated measurements during follow-up proved more effective than CA 19.9
in detecting disease progression [34].

Despite these limitations, to the best of our knowledge, this is the first attempt to
propose a strategy of personalized treatment in patients with PDAC. With the development
of selective KRAS inhibitors, having a sensitive, cost-effective, and quick method for KRAS
mutations detection may become practice changing. Personalized treatment considering
tumor molecular characteristics has been proposed in various other neoplasms, such as
lung and colorectal cancer [50,51]. In regard to PDAC, although previous studies show
that tumors with G12D mutations have consistently worse prognosis [12-14] in contrast
to WT tumors, or those carrying G12R or G12V mutations [15-18], mutation profile is
not considered when treating these patients, probably due to the lack of readily available
methods. ARMS-HRMA methodology stands out as a very promising and sensitive
methodology to quickly detect KRAS mutations in all PDAC stages for personalized
patient management.

4.5. Recommendations for Future Research

A larger, prospective multicenter study with more patients would be necessary to
before implementing this strategy in clinical practice. There is also a need to improve
the sensitivity of this technique in plasma samples, which would be very useful for a
longitudinal follow-up of patients treated with multimodality therapies and highly prone
to relapse.

5. Conclusions

In summary, the ARMS-HRMA technique appears to be a rapid, accurate, cost-
effective, and reliable method for detecting KRAS mutations in PDAC tumors and plasma
samples. In our cohort, we were able to categorize patients according to KRAS mutations
in two groups with different prognosis—patients with G12D and G12C mutations had a
lower PFS and OS, both for those treated with surgery and/or ChT or just BSC. To the
best of our knowledge, this is the first realistic attempt for treating PDAC patients with
a personalized, biomarker-driven approach. Future studies should validate our findings,
paving the way for personalized therapy in PDAC patients.

Author Contributions: Conceptualization, A.C.B., B.M., PV.B.,, A.RE and M.C.; methodology, A.C.B.,
B.M., AL, RD.,B.O., AG., CM.-B., CE,LM.-L, M.PC.-S.,, ARF,RM.,, J.P,PV.B., ARE and M.C,;
formal analysis, A.C.B., A.R.F,, PV.B. and M.C.; writing—original draft preparation, A.C.B., AR.E,
P.V.B. and M.C.; writing—review and editing and visualization, all authors; supervision, PV.B., A.R.E.
and M.C. All authors have read and agreed to the published version of the manuscript.

Funding: This work (project reference LH.INV.F2019016) is partially co-financed by Luz da Hospi-
tal Lisboa under the initiative “Luz Investigagao.” and also funded by national funds from FCT—
Fundagao para a Ciéncia e a Tecnologia, I.P., in the scope of the project DOI:10.54499 /UIDP /04378 /2020
and DOI:10.54499/UIDB/04378/2020 of the Research Unit on Applied Molecular Biosciences—
UCIBIO, and the project LA/P/0140/2020 of the Associate Laboratory Institute for Health and

Bioeconomy—i4HB. FCT-MCTES is also acknowledged for 2020. 07660.BD for BO, and 2022.12161.

BD for AL.



Cancers 2024, 16, 3544 16 of 18

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki and approved by the Ethics Committee of Hospital Beatriz Angelo
(1372/2015_CMOEB (approved on 31 December 2015)) and Hospital da Luz (CES/13/2018/ME
(approved on 12 April 2018)).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Pourshams, A.; Sepanlou, S.G.; Ikuta, K.S.; Bisignano, C.; Safiri, S.; Roshandel, G.; Sharif, M.; Khatibian, M.; Fitzmaurice, C.;
Nixon, M.; et al. The global, regional, and national burden of pancreatic cancer and its attributable risk factors in 195 countries
and territories, 1990-2017: A systematic analysis for the Global Burden of Disease Study 2017. Lancet Gastroenterol. Hepatol. 2019,
4,934-947. [CrossRef]

Rahib, L.; Smith, B.D.; Aizenberg, R.; Rosenzweig, A.B.; Fleshman, ].M.; Matrisian, L.M. Projecting Cancer Incidence and Deaths
to 2030: The Unexpected Burden of Thyroid, Liver, and Pancreas Cancers in the United States. Cancer Res. 2014, 74, 2913-2921.
[CrossRef]

Rawla, P; Sunkara, T.; Gaduputi, V. Epidemiology of Pancreatic Cancer: Global Trends, Etiology and Risk Factors. World ]. Oncol.
2019, 10, 10-27. [CrossRef]

Kanno, A.; Masamune, A.; Hanada, K.; Kikuyama, M.; Kitano, M. Advances in Early Detection of Pancreatic Cancer. Diagnostics
2019, 9, 18. [CrossRef]

Ghaneh, P; Palmer, D.; Cicconi, S.; Jackson, R.; Halloran, C.M.; Rawcliffe, C.; Sripadam, R.; Mukherjee, S.; Soonawalla, Z.;
Wadsley, ].; et al. Immediate surgery compared with short-course neoadjuvant gemcitabine plus capecitabine, FOLFIRINOX, or
chemoradiotherapy in patients with borderline resectable pancreatic cancer (ESPACS5): A four-arm, multicentre, randomised,
phase 2 trial. Lancet Gastroenterol. Hepatol. 2023, 8, 157-168. [CrossRef]

Khomiak, A.; Brunner, M.; Kordes, M.; Lindblad, S.; Miksch, R.C.; Ohlund, D,; Regel, I. Recent Discoveries of Diagnostic,
Prognostic and Predictive Biomarkers for Pancreatic Cancer. Cancers 2020, 12, 3234. [CrossRef]

Giri, B.; Sethi, V.; Dudeja, V.; Banerjee, S.; Livingstone, A.; Saluja, A. Genetics of pancreatic cyst-cancer progression: Standing on
the shoulders of giants. Curr. Opin. Gastroenterol. 2017, 33, 404—410. [CrossRef]

Buscail, L.; Bournet, B.; Cordelier, P. Role of oncogenic KRAS in the diagnosis, prognosis and treatment of pancreatic cancer. Nat.
Rev. Gastroenterol. Hepatol. 2020, 17, 153-168. [CrossRef]

Fan, Z.; Fan, K.; Yan, C.; Huang, Q.; Gong, Y.; Cheng, H.; Jin, K,; Liu, C.; Ni, Q.; Yu, X,; et al. Critical role of KRAS mutation in
pancreatic ductal adenocarcinoma. Transl. Cancer Res. 2018, 7, 1728-1736. [CrossRef]

Huang, L.; Guo, Z.; Wang, E; Fu, L. KRAS mutation: From undruggable to druggable in cancer. Signal Transduct. Target. Ther.
2021, 6, 386. [CrossRef]

Liberko, M.; Kolostova, K.; Szabo, A.; Gurlich, R.; Oliverius, M.; Soumarova, R. Circulating Tumor Cells, Circulating Tumor DNA
and Other Blood-based Prognostic Scores in Pancreatic Ductal Adenocarcinoma—Mini-Review. Vivo 2021, 5, 31-39. [CrossRef]
Bournet, B.; Muscari, F.; Buscail, C.; Assenat, E.; Barthet, M.; Hammel, P.; Selves, J.; Guimbaud, R.; Cordelier, P.; Buscail, L. KRAS
G12D Mutation Subtype Is A Prognostic Factor for Advanced Pancreatic Adenocarcinoma. Clin. Transl. Gastroenterol. 2016, 7,
el57. [CrossRef]

Guo, S.; Shi, X; Shen, J.; Gao, S.; Wang, H.; Shen, S.; Pan, Y.; Li, B.; Xu, X.; Shao, Z.; et al. Preoperative detection of KRAS G12D
mutation in ctDNA is a powerful predictor for early recurrence of resectable PDAC patients. Br. J. Cancer 2020, 122, 857-867.
[CrossRef]

Till, J.E.; McDaniel, L.; Chang, C.; Long, Q.; Pfeiffer, S.M.; Lyman, J.P.; Padrén, L.].; Maurer, D.M.; Yu, ].X.; Spencer, C.N.; et al.
Circulating KRAS G12D but not G12V is associated with survival in metastatic pancreatic ductal adenocarcinoma. Nat. Commun.
2024, 15, 5763. [CrossRef]

Ako, S.; Nouso, K,; Kinugasa, H.; Dohi, C.; Matushita, H.; Mizukawa, S.; Muro, S.; Akimoto, Y.; Uchida, D.; Tomoda, T.; et al.
Utility of serum DNA as a marker for KRAS mutations in pancreatic cancer tissue. Pancreatology 2017, 17, 285-290. [CrossRef]
Cheng, H.; Liu, C; Jiang, J.; Luo, G.; Lu, Y,; Jin, K,; Guo, M.; Zhang, Z.; Xu, J.; Liu, L.; et al. Analysis of ctDNA to predict prognosis
and monitor treatment responses in metastatic pancreatic cancer patients. Int. J. Cancer 2017, 140, 2344-2350. [CrossRef]

Safi, S.A.; Haeberle, L.; Goering, W.; Keitel, V.; Fluegen, G.; Stoecklein, N.; Rehders, A.; Knoefel, W.T.; Esposito, I. Genetic
Alterations Predict Long-Term Survival in Ductal Adenocarcinoma of the Pancreatic Head. Cancers 2022, 14, 850. [CrossRef]
Reddy, A.V,; Hill, C.S,; Sehgal, S.; Ding, D.; Hacker-Prietz, A.; He, J.; Zheng, L.; Herman, ].M.; Meyer, J.; Narang, A K. Impact of
somatic mutations on clinical and pathologic outcomes in borderline resectable and locally advanced pancreatic cancer treated
with neoadjuvant chemotherapy and stereotactic body radiotherapy followed by surgical resection. Radiat. Oncol. |. 2021, 39,
304-314. [CrossRef]


https://doi.org/10.1016/S2468-1253(19)30347-4
https://doi.org/10.1158/0008-5472.CAN-14-0155
https://doi.org/10.14740/wjon1166
https://doi.org/10.3390/diagnostics9010018
https://doi.org/10.1016/S2468-1253(22)00348-X
https://doi.org/10.3390/cancers12113234
https://doi.org/10.1097/MOG.0000000000000382
https://doi.org/10.1038/s41575-019-0245-4
https://doi.org/10.21037/tcr.2018.10.19
https://doi.org/10.1038/s41392-021-00780-4
https://doi.org/10.21873/invivo.12229
https://doi.org/10.1038/ctg.2016.18
https://doi.org/10.1038/s41416-019-0704-2
https://doi.org/10.1038/s41467-024-49915-5
https://doi.org/10.1016/j.pan.2016.12.011
https://doi.org/10.1002/ijc.30650
https://doi.org/10.3390/cancers14030850
https://doi.org/10.3857/roj.2021.00815

Cancers 2024, 16, 3544 17 of 18

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Hadano, N.; Murakami, Y.; Uemura, K.; Hashimoto, Y.; Kondo, N.; Nakagawa, N.; Sueda, T.; Hiyama, E. Prognostic value of
circulating tumour DNA in patients undergoing curative resection for pancreatic cancer. Br. J. Cancer 2016, 115, 59-65. [CrossRef]
Pietrasz, D.; Pécuchet, N.; Garlan, F,; Didelot, A.; Dubreuil, O.; Doat, S.; Imbert-Bismut, F.; Karoui, M.; Vaillant, J.C.; Taly, V,;
et al. Plasma Circulating Tumor DNA in Pancreatic Cancer Patients Is a Prognostic Marker. Clin. Cancer Res. 2017, 23, 116-123.
[CrossRef]

Watanabe, F.; Suzuki, K.; Tamaki, S.; Abe, I.; Endo, Y.; Takayama, Y.; Ishikawa, H.; Kakizawa, N.; Saito, M.; Futsuhara, K.; et al.
Longitudinal monitoring of KRAS-mutated circulating tumor DNA enables the prediction of prognosis and therapeutic responses
in patients with pancreatic cancer. PLoS ONE 2019, 14, e0227366. [CrossRef]

Earl, J.; Barreto, E.; Castillo, M.; Fuentes, R.; Rodriguez-Garrote, M.; Ferreiro, R.; Reguera, P.; Mufioz, G.; Garcia-Seisdedos, D.;
Lopez, ].V.; et al. Somatic Mutation Profiling in the Liquid Biopsy and Clinical Analysis of Hereditary and Familial Pancreatic
Cancer Cases Reveals KRAS Negativity and a Longer Overall Survival. Cancers 2021, 13, 1612. [CrossRef]

Strickler, J.H.; Satake, H.; George, T.].; Yaeger, R.; Hollebecque, A.; Garrido-Laguna, I.; Schuler, M.; Burns, T.E,; Coveler, A.L.;
Falchook, G.S.; et al. Sotorasib in KRAS p.G12C-Mutated Advanced Pancreatic Cancer. N. Engl. |. Med. 2023, 388, 33—43.
[CrossRef]

Stickler, S.; Rath, B.; Hamilton, G. Targeting KRAS in pancreatic cancer. Oncol. Res. 2024, 2, 799-805. [CrossRef]

Wei, D.; Wang, L.; Zuo, X.; Maitra, A.; Bresalier, R.S. A Small Molecule with Big Impact: MRTX1133 Targets the KRASG12D
Mutation in Pancreatic Cancer. Clin. Cancer Res. 2024, 30, 655-662. [CrossRef]

Nusrat, F; Khanna, A.; Jain, A.; Jiang, W.; Lavu, H.; Yeo, C.J.; Bowne, W.; Nevler, A. The Clinical Implications of KRAS Mutations
and Variant Allele Frequencies in Pancreatic Ductal Adenocarcinoma. J. Clin. Med. 2024, 13, 2103. [CrossRef]

Sivapalan, L.; Kocher, H.M.; Ross-Adams, H.; Chelala, C. Molecular profiling of ctDNA in pancreatic cancer: Opportunities and
challenges for clinical application. Pancreatology 2021, 21, 363-378. [CrossRef]

Oliveira, B.B.; Costa, B.; Morao, B.; Faias, S.; Veigas, B.; Pereira, L.P.; Albuquerque, A.; Maio, R.; Cravo, M.; Fernandes, A.R;; et al.
Combining the amplification refractory mutation system and high-resolution melting analysis for KRAS mutation detection in
clinical samples. Anal. Bioanal. Chem. 2023, 415, 2849-2863. [CrossRef]

Tempero, M.A.; Malafa, M.P,; Al-Hawary, M.; Behrman, S.W.; Benson, A.B.; Cardin, D.B.; Chiorean, E.G.; Chung, V.; Czito, B,;
Chiaro, M.; et al. Pancreatic Adenocarcinoma, Version 2.2021, NCCN Clinical Practice Guidelines in Oncology. . Natl. Compr.
Cancer Netw. 2021, 19, 439-457. [CrossRef]

Sanchez-Vega, F.; Mina, M.; Armenia, J.; Chatila, WK,; Luna, A.; La, K.C.; Dimitriadoy, S.; Liu, D.L.; Kantheti, S.H.; Saghafinia, S.;
et al. Oncogenic Signaling Pathways in the Cancer Genome Atlas. Cell 2018, 173, 321-337.e10.

Luo, J. KRAS mutation in pancreatic cancer. Semin. Oncol. 2021, 48, 10-18. [CrossRef]

Cerami, E.; Gao, J.; Dogrusoz, U.; Gross, B.E.; Sumer, S.O.; Aksoy, B.A.; Jacobsen, A.; Byrne, C.J.; Heuer, M.L.; Larsson, E.; et al.
The cBio Cancer Genomics Portal: An Open Platform for Exploring Multidimensional Cancer Genomics Data. Cancer Discov.
2012, 2, 401-404. [CrossRef] [PubMed]

Gao, J.; Aksoy, B.A.; Dogrusoz, U.; Dresdner, G.; Gross, B.; Sumer, S.0.; Sun, Y.; Jacobsen, A.; Sinha, R.; Erik Larsson, E. Integrative
Analysis of Complex Cancer Genomics and Clinical Profiles Using the cBioPortal. Sci. Signal 2013, 6, 269. [CrossRef] [PubMed]

Kruger, S.; Heinemann, V.; Ross, C.; Diehl, F.; Nagel, D.; Ormanns, S.; Liebmann, S.; Prinz-Bravin, I.; Westphalen, C.B.; Haas, M.;
et al. Repeated mutKRAS ctDNA measurements represent a novel and promising tool for early response prediction and therapy
monitoring in advanced pancreatic cancer. Ann. Oncol. 2018, 29, 2348-2355. [CrossRef] [PubMed]

Lee, B,; Lipton, L.; Cohen, J.; Tie, J.; Javed, A.A.; Li, L.; Goldstein, D.; Burge, M.; Cooray, P; Nagrial, A.; et al. Circulating tumor
DNA as a potential marker of adjuvant chemotherapy benefit following surgery for localized pancreatic cancer. Ann. Oncol. 2019,
30, 1472-1478. [CrossRef]

Bernard, V.; Kim, D.U.; San Lucas, FA,; Castillo, J.; Allenson, K.; Mulu, EC,; Stephen, B.M.; Huang, J.; Semaan, A.; Guerrero, PA;
et al. Circulating Nucleic Acids Are Associated with Outcomes of Patients with Pancreatic Cancer. Gastroenterology 2019, 156,
108-118.e4. [CrossRef]

Patel, H.; Okamura, R.; Fanta, P; Patel, C.; Lanman, R.B.; Raymond, V.M.; Kato, S.; Kurzrock, S. Clinical correlates of blood-derived
circulating tumor DNA in pancreatic cancer. . Hematol. Oncol. 2019, 12, 130. [CrossRef] [PubMed]

Lee, M.R.; Woo, S.M.; Kim, M.K,; Han, S.; Park, S.; Lee, W.J.; Lee, D.E.; Choi, S.; Choi, W.; Yoon, K.A.; et al. Application of plasma
circulating KRAS mutations as a predictive biomarker for targeted treatment of pancreatic cancer. Cancer Sci. 2024, 115, 1283-1295.
[CrossRef]

Kirchweger, P; Kupferthaler, A.; Burghofer, ].; Webersinke, G.; Jukic, E.; Schwendinger, S.; Weitzendorfer, M.; Petzer, A.; Fligger, R.;
Rumpold, H.; et al. Circulating tumor DNA correlates with tumor burden and predicts outcome in pancreatic cancer irrespective
of tumor stage. Eur. |. Surg. Oncol. 2022, 48, 1046-1053. [CrossRef] [PubMed]

Grunvald, M.W.; Jacobson, R.A_; Kuzel, T.M.; Pappas, S.G.; Masood, A. Current Status of Circulating Tumor DNA Liquid Biopsy
in Pancreatic Cancer. Int. J. Mol. Sci. 2020, 21, 7651. [CrossRef]

Fang, Z.; Meng, Q.; Zhang, B,; Shi, S.; Liu, J.; Liang, C.; Hua, J.; Yu, X.; Xu, J.; Wang, W. Prognostic value of circulating tumor DNA
in pancreatic cancer: A systematic review and meta-analysis. Aging 2021, 13, 2031-2048. [CrossRef]

Qi, ZH.; Xu, HX,; Zhang, SR.; Xu, ].Z,; Li, S.; Gao, H.L; Jin, W.; Wang, W.Q.; Wu, C.T.; Ni, Q.X; et al. The Significance of Liquid
Biopsy in Pancreatic Cancer. J. Cancer 2018, 9, 3417-3426. [CrossRef] [PubMed]


https://doi.org/10.1038/bjc.2016.175
https://doi.org/10.1158/1078-0432.CCR-16-0806
https://doi.org/10.1371/journal.pone.0227366
https://doi.org/10.3390/cancers13071612
https://doi.org/10.1056/NEJMoa2208470
https://doi.org/10.32604/or.2024.045356
https://doi.org/10.1158/1078-0432.CCR-23-2098
https://doi.org/10.3390/jcm13072103
https://doi.org/10.1016/j.pan.2020.12.017
https://doi.org/10.1007/s00216-023-04696-6
https://doi.org/10.6004/jnccn.2021.0017
https://doi.org/10.1053/j.seminoncol.2021.02.003
https://doi.org/10.1158/2159-8290.CD-12-0095
https://www.ncbi.nlm.nih.gov/pubmed/22588877
https://doi.org/10.1126/scisignal.2004088
https://www.ncbi.nlm.nih.gov/pubmed/23550210
https://doi.org/10.1093/annonc/mdy417
https://www.ncbi.nlm.nih.gov/pubmed/30346475
https://doi.org/10.1093/annonc/mdz200
https://doi.org/10.1053/j.gastro.2018.09.022
https://doi.org/10.1186/s13045-019-0824-4
https://www.ncbi.nlm.nih.gov/pubmed/31801585
https://doi.org/10.1111/cas.16104
https://doi.org/10.1016/j.ejso.2021.11.138
https://www.ncbi.nlm.nih.gov/pubmed/34876329
https://doi.org/10.3390/ijms21207651
https://doi.org/10.18632/aging.202199
https://doi.org/10.7150/jca.24591
https://www.ncbi.nlm.nih.gov/pubmed/30271504

Cancers 2024, 16, 3544 18 of 18

43.

44.

45.

46.

47.

48.

49.

50.

51.

Dai, M.; Jahanzaib, R.; Liao, Y.; Yao, F; Li, J.; Teng, X.; Chen, K.; Cheng, W. Prognostic value of KRAS subtype in patients with
PDAC undergoing radical resection. Front. Oncol. 2022, 12, 1074538. [CrossRef]

Hendifar, A.E.; Blais, EM.; Ng, C.; Thach, D.; Gong, J.; Sohal, D.; Chung, V.; Sahai, V.; Fountzillas, C.; Mikhail, S.; et al.
Comprehensive analysis of KRAS variants in patients (pts) with pancreatic cancer (PDAC): Clinical /molecular correlations and
real-world outcomes across standard therapies. . Clin. Oncol. 2020, 38, 4641. [CrossRef]

Ogura, T.; Yamao, K.; Hara, K.; Mizuno, N.; Hijioka, S.; Imaoka, H.; Sawaki, A.; Niwa, Y.; Tajika, M.; Kondo, S.; et al. Prognostic
value of K-ras mutation status and subtypes in endoscopic ultrasound-guided fine-needle aspiration specimens from patients
with unresectable pancreatic cancer. J. Gastroenterol. 2013, 48, 640-646. [CrossRef]

Kawesha, A.; Ghaneh, P.; Andrén-Sandberg, A Ograed, D.; Skar, R.; Dawiskiba, S.; Evans, ].D.; Campbell, F.; Lemoine, N.;
Neoptolemos, J.P. K-ras oncogene subtype mutations are associated with survival but not expression of p53, p16INK4A, p21WAEF-
1, cyclin D1, erbB-2 and erbB-3 in resected pancreatic ductal adenocarcinoma. Int. J. Cancer. 2000, 89, 469—474. [CrossRef]
[PubMed]

Labori, K.J.; Bratlie, S.O.; Andersson, B.; Angelsen, ]J.H.; Biérserud, C.; Bjérnsson, B.; Bringeland, E.A.; Elander, N.; Garresori, H.;
Grenbech, ].E.; et al. Neoadjuvant FOLFIRINOX versus upfront surgery for resectable pancreatic head cancer (NORPACT-1): A
multicentre, randomised, phase 2 trial. Lancet Gastroenterol. Hepatol. 2024, 9, 205-217. [CrossRef] [PubMed]

Jones, R.P; Psarelli, E.E.; Jackson, R.; Ghaneh, P; Halloran, C.M.; Palmer, D.H.; Campbell, E; Valle, ] W,; Faluyi, O.; O'Reilly, D.A.;
et al. Patterns of Recurrence After Resection of Pancreatic Ductal Adenocarcinoma. JAMA Surg. 2019, 154, 1038. [CrossRef]
Matsumoto, I.; Murakami, Y.; Shinzeki, M.; Asari, S.; Goto, T.; Tani, M.; Motoi, E; Uemura, K.; Sho, M.; Satoi, S.; et al. Proposed
preoperative risk factors for early recurrence in patients with resectable pancreatic ductal adenocarcinoma after surgical resection:
A multi-center retrospective study. Pancreatology 2015, 15, 674-680. [CrossRef]

O’Sullivan, E.; Keogh, A.; Henderson, B.; Finn, S.P,; Gray, S.G.; Gately, K. Treatment Strategies for KRAS-Mutated Non-Small-Cell
Lung Cancer. Cancers 2023, 15, 1635. [CrossRef]

Negri, F; Bottarelli, L.; de’Angelis, G.L.; Gnetti, L. KRAS: A Druggable Target in Colon Cancer Patients. Int. J. Mol. Sci. 2022, 23,
4120. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3389/fonc.2022.1074538
https://doi.org/10.1200/JCO.2020.38.15_suppl.4641
https://doi.org/10.1007/s00535-012-0664-2
https://doi.org/10.1002/1097-0215(20001120)89:6%3C469::AID-IJC1%3E3.0.CO;2-L
https://www.ncbi.nlm.nih.gov/pubmed/11102889
https://doi.org/10.1016/S2468-1253(23)00405-3
https://www.ncbi.nlm.nih.gov/pubmed/38237621
https://doi.org/10.1001/jamasurg.2019.3337
https://doi.org/10.1016/j.pan.2015.09.008
https://doi.org/10.3390/cancers15061635
https://doi.org/10.3390/ijms23084120

	Introduction 
	Materials and Methods 
	Study Design and Inclusion Criteria 
	Tumor Sample Collection 
	Blood Sample Collection 
	KRAS Mutation Analysis 
	Cell Lines 
	Cell Culture 
	DNA Extraction 
	Polymerase Chain Reaction (PCR) 
	ARMS–HRMA 

	Variables and Endpoints 
	Follow-Up and Treatment 
	Statistical Analysis 

	Results 
	Population Baseline Characteristics 
	Performance of ARMS–HRMA Technique Compared to SS 
	Tumor Samples 
	Liquid Biopsies (Plasma Samples) 

	Prognostic Value of KRAS Mutations Detected by ARMS–HRMA 
	Tumor Samples 
	Plasma Samples 

	Uni and Multivariate Analysis 

	Discussion 
	Summary of Main Findings 
	Interpretation of Results 
	Comparison with the Existing Literature 
	Strengths and Limitations 
	Recommendations for Future Research 

	Conclusions 
	References

