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The single nucleotide polymorphism in NOD2 (rs2066847) is associated with conditions that may
predispose to the development of gastrointestinal disorders, as well as the known BRCA1 and

BRCA2 variants classified as risk factors in many cancers. In our study, we analyzed these variants in

a group of patients with pancreatitis and pancreatic cancer to clarify their role in pancreatic disease
development. The DNA was isolated from whole blood samples of 553 patients with pancreatitis, 83
patients with pancreatic cancer, 44 cases of other pancreatic diseases, and 116 healthy volunteers. The
NOD2 (rs2066847), BRCA1 (rs80357914) and BRCA2 (rs276174813) were genotyped. The statistically
significant 3-fold increased risk of pancreatic cancer was detected among the patients with rs2066847
polymorphism (OR=2.77, p-value =0.019). We did not find the studied polymorphisms in BRCA1
(rs80357914) and BRCA2 (rs276174813). However, the adjacent polymorphisms have been detected
only in patients with pancreatic diseases. The studied variant in NOD2 occurs more frequently in
pancreatic patients and significantly increases the risk of pancreatic cancer. It can be considered as a
genetic risk factor that predisposes to cancer development. The analyzed regions in BRCA1 and BRCA2
may be a potential target in further search for a genetic marker of pancreatic diseases.
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Pancreatitis, regardless of whether it is acute or chronic, always carries the risk of malignant transformation
leading to the development of one of the most dangerous and most difficult to treat and diagnose cancers:
pancreatic cancer!—. Genetic background plays an important role here, but as is widely known, many genes are
involved in the metabolic pathways of the pancreas. The search for genetic markers differentiating patients with
pancreatic cancer or pancreatitis would be a huge achievement in advancing the development of personalized
therapies and prevention regimens against the development of these diseases™. Significant progress in
oncological treatment was made after the development of modern diagnostics and the introduction of molecular
drugs acting specifically against the molecular change in the cancer cell®8. The recent development of precision
medicine is crucial because, based on extensive data on epidemiology, clinical parameters, family history,
and genetic analyses, it can propose various strategic models for a given pancreatic disease’. An association
between germline single nucleotide variants (SNV) of many genes and an increased risk of pancreatic cancer
or pancreatitis has already been proven'®-3. However, no clear differences have yet been identified because the
same variants are often involved in different pathomechanisms of pancreatic diseases. Additionally, the influence
of hereditary susceptibility to pancreatic cancer is enhanced by environmental factors such as smoking or alcohol
consumption, which favors the formation of pathogenic somatic mutations leading to the development of
cancer'“. The literature often identifies germline mutations of many genes that increase the risk of pancreatitis or
pancreatic cancer!>~'7. This entails an increased risk of loss of heterozygosity or loss of function in somatic cells
(mostly in the KRAS, CDKN2A, TP53 and SMAD4/DPC4) often identified at different stages of the pancreatic
cancer development!'®-?2, Germline BRCA1/2 mutations occur in 4-7% of pancreatic cancers and they are the
most common mutated genes in familial pancreatic cancer, however, mutations in BRCA2 are more common
(5-17% of pancreatic cancer) and increase the risk of disease by 3.5-10 times??. Currently, the NCCN guidelines
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recommend testing all patients with pancreatic cancer for the presence of germline BRCA1/BRCA2 mutations.
This is related to attempts at early detection of pancreatic cancer in patients’ relatives by reccommending screening.
Other high-risk factors include, among others: having a first-degree relative with pancreatic cancer, diagnosis
of Peutz-Jeghers syndrome or Lynch syndrome, detection of a CDKN2A mutation?®. Recently, the role of other
genes has been reported, e.g. according to The Cancer Genome Atlas, CHEK2 gene mutations are observed in
0.7% of pancreatic cancer cases and it probably interacts with the BRCA gene, deepening DNA repair disorders
and contributing to cancer development?!. Another gene that is recently attracting increasing attention of
clinical geneticists is NOD2. This gene is associated with inflammatory bowel disease and pancreatitis. Recurrent
pancreatitis can lead to cancer development by stimulating cell proliferation, inducing DNA damage, and
stimulating angiogenesis. The conducted analyses for the NOD2 mutations among the patients with pancreatic
cancer have not revealed any significant correlations yet, but only served as the preliminary studies®. This well-
founded hypothesis needs to be further verified and explored on a bigger study group.

The aim of the study was to analyze the occurrence of three single nucleotide polymorphisms (SNP) in NOD2
and BRCAI, BRCA2 genes among patients with acute pancreatitis and pancreatic cancer, in comparison to
healthy volunteers. The results are an important scientific contribution to the knowledge on pathomechanisms
of pancreatic diseases and may have influence on the development of predictive schemes.

Results

A total of 796 DNA samples was used for the analysis of the selected single nucleotide variants in the 11th exon
of NOD2 (rs2066847), 2nd exon of BRCA1 (rs80357914), and 10th exon of BRCA2 (rs276174813). Research
material was isolated from 680 clinical patients and 116 healthy volunteers. The patients were distinguished
based on the type of the diseases: acute and chronic pancreatitis, pancreatic cancer, and other pancreatic diseases.
In further differentiation, the etiological factor of pancreatitis was considered, however in some cases it could
not be identified. The analyses were not performed for all samples due to technical problems (lack of research
material or PCR product, lack of HRM analysis/Sanger sequencing of sufficient quality). The final number of
samples for which genetic analysis was performed is shown in Table 1. Due to the small number of cases in
some factors of acute pancreatitis and chronic pancreatitis, the following groups were finally distinguished
for statistical analysis: idiopathic, biliary, alcoholic, other (postpartum, hyperlipidemia, drug-related, cancer-
related, autoimmunological) and the group not diagnosed with an etiological factor.

The allele frequencies in the studied group were determined, alongside the analysis of the frequencies of the
investigated genetic variants in both global and European populations, based on the ALFA Allele Frequency
Database (NCBI) and shown in Table 2 (https://www.ncbi.nlm.nih.gov). For the NOD2 gene variant (rs2066847),
the global allele frequency of the duplication variant is reported as 0.08544, with a notably higher prevalence in
European populations, where the frequency is 0.09429. In the studied population, the allele frequency was lower
and amounted to 0,0516 (Table 2). Regarding the BRCAI gene variant (rs80357914), the global allele frequency
of the CT variant is 0.00065, whereas in European populations, it is slightly lower at 0.00051. For the BRCA2
gene variant (rs276174813), data from the gnomAD Study were utilized. According to the database, the global
allele frequency for the delCTTAT variant is 0.000004, while in European populations, the frequency is slightly
higher at 0.000008. In our study, there were no cases of both variants. Further statistical analysis included the
assessment of variant frequencies in individual study groups, as well as for the etiological factor contributing to

Number of analyzed
samples in:
Total number of participants: NOD2 ‘ BRCA1 ‘ BRCA2
AP
I 71 71 61 63
B 222 | 222 200 210
Alc 141 | 141 132 135
Other AP
P 1 1 1 1
H 2 2 2 2
DR 6 5 6 6
CR 3 3 2 2
A 1 1 1 1
ND AP 85 |85 73 81
CP 21 |21 20 21
C 83 |83 70 80
Other 44 |43 36 42
Control 116 | 115 97 98

Table 1. The total number of participants included in the study and the number of samples with genetic
analysis in particular genes (NOD2, BRCAI, BRCA2). AP acute pancreatitis, CP chronic pancreatitis, C
pancreatic cancer, other other diseases; etiological factor of pancreatitis: I idiopathic, b biliary, Alc Alcoholic, P
postpartum, H hyperlipidemia, DR drug-related, CR cancer-related, a autoimmunological, ND not diagnosed.
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Allele frequency
Name All pancreatic diseases | Controls | Study population | Global | European
NOD2 (rs2066847) 0.055 0.03 0.052 0.085 0.094
BRCAI (rs80357914) | 0 0 0 0.00065 | 0.00051
BRCA2
(r5276174813) 0 0 0 0.000004 | 0.000008

Table 2. The allele frequency in study group and global and European population according to NCBI database.
[https://www.ncbi.nlm.nih.gov, Access date: 07.Dec. 2024].

152066847 NOD2
n (%)
Study groups Positive | Negative
Control (n=115) 7 (6.08) 108 (93.91)
AP & CP (n=552) 57 (10.32) | 495 (89.67)
AP (n=531) 54 (10.16) | 477 (89.83)
CP (n=21) 3(14.28) | 18(85.71)
AP-I (n=71) 5(7.04) |66 (92.95)
AP-B (n=222) 22(9.90) | 200 (90.09)
AP-Alc (n=141) 18 (12.76) | 123 (87.23)
Cancer (n=83) 14 (16.86) | 69 (83.13)
Other disease (n=43) 3(6.97) 39(93.02)
All pancreatic disease (n=680) | 74 (10.88) | 606 (89.11)
Female (n=347) 31(8.93) | 316(91.06)
Female—control (n=67) 4 (6.06) 63 (94.02)
Female—AP and CP (n=214) | 21(9.81) | 193 (90.18)
Female—cancer (n=40) 5(12.50) | 35(87.50)
Male (1=448) 50 (11.16) | 398 (88.83)
Male—control (n=48) 3(6.25) 45 (93.75)
Male—AP and CP (n=338) 36 (10.65) | 302 (89.34)
Male—cancer (n=43) 9(20.93) | 34(79.06)

Table 3. Occurrence of ¢.2938dup in NOD2 (rs2066847) among studied participants, n (%)number (percent)
of participants with positive or negative results for the occurrence of rs2066847, AP acute pancreatitis, CP
chronic pancreatitis; C pancreatic cancer, other other diseases; etiological factor of pancreatitis: I idiopathic, b
biliary, Alc Alcoholic, CR cancer-related, a autoimmunological, ND not diagnosed.

the disease occurrence. It should be mentioned that the frequency of alleles in specific populations is often lower
than the global average due to differences in genetic diversity and allele distribution across regions. An interesting
result was revealed for rs2066847 of NOD2 gene (Table 3). This polymorphism occurred least frequently among
the control group and patients with “other diseases” (6% of participants). Considering the type of pancreatitis,
the participants with the rs2066847 polymorphism seem to be more predisposed to chronic pancreatitis (CP),
the prevalence of the polymorphism was 4% higher in this group compared to acute pancreatitis (AP) (10% of
AP patients), but the difference was not statistically significant (Fisher’s exact two sided), probably due to due to
the small size of the CP group (n=21). In the AP group of patients, the polymorphism occurred least frequently
in the case of an idiopathic factor (7% of patients), and most frequently in the case of alcoholic acute pancreatitis
(12.76% of AP-Alc). This prevalence was not statistically significant compared to any other group of patients
(chi-square or Fisher’s exact two sided). In the AP-Alc group, polymorphism was detected in 18 patients: 17/132
males with AP-Alc and only one female among 12 females with AP-Alc. However, this difference was also
not statistically significant (Fisher’s exact two sided). The highest prevalence of the tested polymorphism was
revealed in the group of patients with pancreatic cancer (16.86% of patients). In general, there is a tendency for
the number of patients with the polymorphism to increase as the severity of pancreatic disease increases (Fig. 1).
The statistically significant three-fold increased risk of pancreatic cancer was detected among the patients with
rs2066847 polymorphism (OR 2.77, 95% CI 1.20-6.42; RR=3.13, 95% CI 1.23-7.94; p-value=0.019, Fisher’s
exact test, two-sided). When comparing the occurrence of the tested genetic polymorphism between the
remaining groups, no correlation was found (Tables 3 and 4).

The analysis of the genetic polymorphism was also performed considering the sex of the studied participants
(Table 3). The polymorphism was observed in 2% more males than females, as well as in the case of pancreatic
cancer—the polymorphism occurred almost twice as often in men. However, the difference was not statistically
significant, probably due to the size of the groups.
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Fig. 1. The occurrence of NOD2 polymorphism (rs2066847) in particular groups of participants: control
healthy volunteers, AP and CP patients with acute or chronic pancreatitis, PC pancreatic cancer, PD pancreatic
diseases (AP, CP, PC), OD other disease, positive percentage of patients with rs2066847, negative percentage of
patients without rs2066847.

OR (95% CI) RR (95% CI) p-value
Control vs. AP&CP 1.76 (0.80-4.08) | 1.68 (0.81-3.57) | 0.22
Control vs. cancer 2.77 (1.20-6.42) | 3.13 (1.23-7.94) | 0.019
AP&PC vs. cancer 1.76 (0.95-3.24) | 1.63 (0.94-2.72) | 0.09*
Control vs. pancreatic disease | 1.93 (0.89-4.40) | 1.82 (0.89-3.84) | 0.13

Table 4. Odds ratio (OR) and relative risk (RR) of NOD2 polymorphism (rs2066847) in the studied groups of
participants, p-value was estimated by Fisher’s exact or chi-square test*, two-sided.

In the case of BRCAI and BRCA2, we did not identify the studied single nucleotide polymorphisms in any
sample. However, all samples that showed a different curve in the HRM-PCR reaction (n = 13) revealed different
single nucleotide variants after sequencing (Table S2). All these samples belonged to patients with pancreatic
disease—84.6% of the patients had acute pancreatitis, one patient had pancreatic cancer, and one had another
pancreatic disease. Within these polymorphisms, 3 different ones have been identified for BRCAI (rs80357031,
rs766004110, rs80356839), and 4 different for BRCA2 (rs80358475, rs28897710, rs56328701, rs2137474144).
Only one of these samples had the studied NOD2 polymorphism. These genetic variants are classified as
nonpathogenic. In order to assess the sensitivity of the method, we randomly sequenced PCR products without
changes in the HRM curve. For BRCAI and BRCA2, 11 and 15 samples, respectively. Most samples did not show
polymorphic changes, but it should be emphasized that these methods are not intended to identify any change
but have been optimized for the detection of rs80357914 and rs276174813.

Discussion

Pancreatic diseases are a serious health, social and economic problem worldwide, due to their often-severe
course, complications, and high risk of recurrence?®?”. Globally, the incidence of acute pancreatitis ranges from
30 to 40 cases per 100,000 individuals annually, with some regions in Europe reporting rates as high as 100 cases
per 100,000 individuals?®2°, In contrast, the average global incidence of pancreatic cancer is 4.9 cases per 100,000
individuals, while in Europe, the rates are higher, reaching 8-12 cases per 100,000 individuals*’. Considering
the relatively high incidence of pancreatitis, which is also etiological factors of pancreatic cancer, multifactorial
etiology of pancreatic diseases and the difficulties in prevention and treatment, the problem is undeniably
important and requires further research. They affect not only the organ itself, but the whole organism, limiting
the efficient functioning of a person in society, thus increasing the cost of maintaining the individual and
reducing the productivity of society. The most important are acute and chronic pancreatitis and malignant and
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non-malignant pancreatic tumours'®*"32. Pancreatic diseases pose difficulties not only for efficient diagnosis
but also for the development of effective methods of prevention and prediction. The reason for this is the
multifactorial and polygenic nature of these diseases**~*°. The specific and crucial genes for the pancreas show
activity that is not remarkably tissue-specific, but also highly inducible. This is why it is so difficult to find clear
pathways leading to a given pancreatic disease, especially when it comes to inflammation and cancer®®. Many
genetic polymorphisms correlated with pancreatitis or pancreatic cancer have already been detected, and new
ones are still being revealed®’. Progress in genetic research and the increase in interest in this area provide
a great opportunity to develop predictive schemes for the development of pancreatic disease and to propose
new therapeutic methods*~*°, The presented results of our work constitute an important contribution of an
additional polymorphism that significantly increases the risk of pancreatic cancer. We paid attention to the
three genes already mentioned and well known in the development of cancers and other related diseases, but
we focused particular attention on selected clinically important genetic polymorphisms: rs2066847 of NOD2,
rs80357914 of BRCAI, and rs276174813 of BRCA2. Recent studies suggest that BRCAI and BRCA2 mutations
affect cellular responses not only through DNA repair defects but also by altering immune signaling pathways.
For instance, BRCA1 mutations can dysregulate NF-«B signaling, a pathway also influenced by NOD2 activity.
NF-«B is critical in immune responses and inflammation, which are processes where NOD2 plays a key role.
Dysregulated NF-kB activity has been linked to cancer development and progression in BRCA-mutated cells.
This overlapping impact on NF-kB suggests a possible indirect connection between BRCA1/BRCA2 and NOD2
through immune regulation and inflammatory signaling pathways*42. Additionally, NOD25 role in autophagy
and cellular stress responses, mechanisms also implicated in BRCA-related tumor suppression, provides another
avenue for potential interaction. Aberrations in these shared pathways might contribute to a more comprehensive
understanding of cancer etiology, particularly in inflammation-driven cancers*2.

NOD?2 (nucleotide-binding oligomerization domain containing 2) known also as the CARDI5 gene is
located on chromosome 16q12.1 in humans and it encodes a pattern recognition receptor, which recognizes the
conserved motifs in bacterial peptidoglycan and is involved in apoptosis by activating the NF-kB protein®344.
Mutations in this gene have been associated with many inflammatory diseases, for example, Crohn’s disease,
Blau syndrome, severe pulmonary sarcoidosis*>*, as well as cancers in the colon, ovary, breast, lung, larynx,
Non-Hodgkin lymphoma, melanoma and many others*’~>°. Three NOD2 polymorphisms are of particular
importance: NOD2 (NM_001370466.1): ¢.2023 C>T p.(Arg675Trp) (rs2066844), NOD2 (NM_001370466.1):
€.2641G > C p.(Gly881Arg) (rs2066845) and NM_022162.3(NOD2): ¢.3019dup p.(Leul007fs) (rs2066847) due
to their association with increased risk of gastrointestinal cancers, but not with pancreatic cancer’'. The last one
is frameshift mutation NOD2 (NM_022162.3): ¢.3019dup p.(Leul007fs) (rs2066847) in exon 11 and results in
a prematurely truncated protein predicted to reduce its functional efficiency. This polymorphism was strongly
correlated with Crohn’s Disease®>>%. There is evidence that the pathophysiology of the pancreas is associated
with inflammatory bowel diseases, in particular Crohn’s disease®™, therefore, the role of NOD2 and rs2066847
polymorphism seems particularly interesting at this point. Contrary to previous reports, we have shown for the
first time this polymorphism clearly correlates with an increased risk of pancreatic cancer — 3 times higher risk
(Table 3) and shows a trend of increasing cases of pancreatic disease with an increasing number of mutations
in the studied groups of participants (Fig. 1). Congruent studies were conducted by Nej et al.?*; they showed a
similar frequency of this polymorphism occurrence in healthy individuals (7%) and families with a history of
pancreatic cancer (14%), but they did not confirm the association with an increased risk of familial pancreatic
cancer, probably due to the small size of the study groups. We would like to mention that in our research we
noticed the highest prevalence of polymorphism in the AP-Alc group compared to idiopathic AP cases, which
can suggest a potential interaction between genetic predisposition and environmental factors, such as alcohol
consumption. These results are consistent with previous studies indicating that NOD2 mutations may modulate
the response to alcohol-induced injury®®. NOD2 and the aforementioned rs2066847 should be investigated
further because of their reasonable association with inflammatory bowel and pancreatic diseases.

Initially, in the case of the BRCA1 and BRCA2 genes, the analysis was aimed at detecting two polymorphisms:
rs80357914 and rs276174813, which have clinical importance (pathogenic) for breast and ovarian cancers™.
BRCAI and BRCA2 genes are tumor suppressor genes that are primarily involved in cell cycle control, DNA
repair pathways, and regulation of apoptosis. They are expressed in various cells, therefore mutations in these
genes may predispose to multi-organ cancers, mostly including breast and ovary but also others such as colon,
and prostate. There is evidence that mutations in these genes may also increase the risk of pancreatic cancer™.
The primary research including homogenic populations indicated the germline mutation rates in pancreatic
cancer cases ranged from 1 to 11% for BRCAI and 0-17% for BRCA2%%>°. More recent studies that used panel
testing confirm the presence of pathogenic or likely pathogenic variants up to 3% for BRCAI and up to 6% for
BRCA2 among patients with pancreatic cancers®®®!. Nevertheless, single nucleotide polymorphisms in these
genes are common and they are often associated with a founder effect®-%4. The rs80357914 of BRCA1 represents
¢.68_69delAG frameshift mutation in codon 23 of exon 2 and creates the STOP codon in position 39, which leads
to premature termination of translation and significant truncation of the protein. This mutation was described
for the first time in the Ashkenazi Jews as founder mutation®-%® and now it is present in 1-16% of the patients
with a family history of breast or ovarium cancer, depending on the region of the Polish population®. This
aggressive mutation was not detected in any of our studied samples., nor was the second polymorphism studied
- 15276174813 of BRCA2. The population frequency of the analyzed mutations is very low, as indicated by the
data presented in Table 2, that is probably why no positive case could be found in the study group. Doraczynska-
Kowalik et al. revealed in the Polish population of patients with breast or ovarian cancer, approximately 0.69%
had the tested mutations (rs276174813 and rs80357914)%”. There are no data regarding the involvement of these
polymorphisms in pancreatic cancer or pancreatitis. However, other adjacent polymorphisms were detected
based on the changed HRM-PCR curve in the samples (Table S2). In BRCA 1, three polymorphisms were detected,
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in BRCA2—four polymorphisms. They have uncleared clinical significance, but it is worth emphasizing that they
were present only in patients, mostly with acute pancreatitis. It is worth examining this on a larger group of
patients. Perhaps screening in this region could be used to determine the risk of patients with pancreatic disease
or to select a genetic panel for this purpose.

To sum up our research, the group of patients with pancreatic cancer stands out. The statistically significant
three-fold increased risk of pancreatic cancer in the case of rs2066847 carriers (OR 2.77, p=0.019) is the
most significant result of this study. This may suggest that NOD2 influences the mechanisms of pancreatic
carcinogenesis. Literature indicates that NOD2 mutations may lead to immune response dysfunction, which
promotes chronic inflammation and neoplastic progression®®.

However, we would like to point out some limitations of the work. The lack of correlation of genetic
determinants with pancreatitis may be due to many other etiological factors. Population studies on large
numbers of highly homogeneous groups and experimental studies examining the biochemical pathways of the
studied polymorphism may be the key to solving this issue. We would like to underline that the prevalence of
rs2066847 was higher in patients with chronic pancreatitis (CP) compared with acute pancreatitis (AP). These
differences were not statistically significant, but the small size of the CP group may have contributed to the
lack of significance, emphasizing the need for larger cohort studies. In the literature, polymorphisms in the
NOD?2 gene have been associated with various inflammatory conditions, including Crohn’s disease, suggesting a
potential molecular mechanism related to the regulation of the immune response and susceptibility to chronic
inflammation in the pancreas®. It is worth adding that the literature on the research topic is poor and most of the
articles are of an experimental nature, the limited literature on this topic determines the lack of a full discussion
of the obtained results. Nevertheless, our results indicate a stronger link between pancreatic cancer and a genetic
basis than in other cases examined. As already mentioned at the beginning of this work—pancreatic cancer is
one of the most devastating diseases with extremely high mortality associated with late diagnosis, limitations of
surgical treatment, and resistance to systemic therapy®’?. It is one of the worst prognosis cancers with a 5-year
survival rate of 5-8%. According to the National Cancer Registry, in 2021, in Poland, pancreatic cancer cases
accounted for 2.2% of cancers in men and 2.2% of cancers in women, while deaths accounted for 4.6% and
5.5% of all cancer-related deaths, respectively. Current statistics from the Global Burden of Disease Study 2019
confirm initial predictions, with an estimated incidence of +0.6% in 2004-2019. As the incidence increased, the
mortality rate also increased, although at a slower rate of +0.3% per year’!. Healthcare expenditures showed
a positive correlation with morbidity and an inverse correlation with mortality, which was especially true for
expenditures on medical care and hospital care. Pancreatic cancer is projected to become the second leading
cause of cancer-related deaths in the United States in the next decade. While advances in the treatment of
other types of cancer have increased lifespan, mortality from pancreatic cancer has not changed significantly’2.
Most patients are diagnosed at an advanced stage of the disease and are treated mainly with chemotherapy
regimens such as Fofirinox and gemcitabine with nab-paclitaxel’”. The overall survival for patients with
metastatic pancreatic cancer is less than one year. Significant progress in oncological treatment was made after
the introduction of molecularly targeted drugs. This is related to modern diagnostics of changes in the genome
of cancer cells®”. Detection of various genetic disorders in pancreatic cancer cells may become a diagnostic and
therapeutic goal®-. Gene mutations detected in pancreatic cancer cells are germline and somatic mutations.
The influence of hereditary pancreatic cancer susceptibility genes is enhanced by environmental factors such as
smoking or alcohol consumption, which favors the formation of pathogenic somatic mutations leading to the
development of cancer'*.

Conclusions

Single nucleotide polymorphism rs2066847 in NOD2 occurs more frequently in pancreatic patients and may
predispose to cancer development, it increases the risk of cancer threefold. There was no correlation of NOD2
variant with acute pancreatitis and chronic pancreatitis. We did not find significant mutations in BRCAI and
BRCA2, however, the studied regions may be a potential target for further analysis in pancreatic patients.

Materials and methods

Study group

The study included 553 patients with a history of pancreatitis, 83 patients with pancreatic cancer, 44 patients
with other pancreatic diseases (e.g. pancreatic cysts, pancreatic tumors, ampullary carcinoma), and 116 healthy
volunteers (control group) recruited in the Swietokrzyskie voivodeship from 2013 to 2024. The whole peripheral
blood was obtained from the healthy volunteers and patients of Provincial Hospital in Kielce, Holy Cross Cancer
Center, and St Alexander Hospital in Kielce, then stored at — 80 °C in the Department of Interventional Medicine
with the Laboratory of Medical Genetics, Collegium Medicum of The Jan Kochanowski University in Kielce,
Poland. The characteristics of the study group with the inclusion and exclusion criteria are presented in Table 5.
The study group size was determined based on the average incidence rates of the respective diseases. Specifically,
an incidence rate of 35 cases per 100,000 individuals was utilized for acute pancreatitis, while for pancreatic
cancer, the corresponding rate was established at 4.9 cases per 100,000 individuals, ensuring an evidence-based
and statistically robust approach?*-*°. The participants in the control group were not younger than 56 years
old, so age is not a differentiating factor between groups and minimizes the impact of young age on reducing
the risk of developing a given disease. The remaining study groups were not differentiated by age, because we
wanted to verify every case of the disease, regardless of age, in relation to the genetic factor. The etiology of
acute (AP, n=532) and chronic pancreatitis (CP, n=21) was divided into seven categories: idiopathic, biliary,
alcoholic, postpartum, hyperlipidemia, drug-related, cancer-related, autoimmunological. However, due to
the small number of cases with chronic pancreatitis, the etiological agent was reported only in supplements
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Mean age (range) | Median age (Q1, Q3) | Male n (%) | Female n (%)
AP and CP (n=553) | 54.27 (82) 54 (40, 68) 339 (61.30) | 214 (38.69)
C(n=83) 64.78 (39) 65 (61, 70) 43 (51.80) |40 (48.19)
Other (n=44) 64.88 (61) 67 (59, 72) 18 (40.90) | 26 (59.09)
Control (n=116) 64.21 (34) 62 (58, 70) 48 (41.37) | 68(58.62)

Inclusion criteria

1. Complete clinical data on the participants’ health condition

2. Peripheral blood stored in — 80 °C, without signs of hemolysis

3. Study group: patients over 18 years of age, diagnosed with pancreatic diseases or related

4. Control group: healthy volunteers over 55 years of age, without diagnosed pancreatic diseases

Exclusion criteria

1. Incomplete medical documentation

2. The stored material did not meet the conditions for genetic analysis

3. The amount of genetic material after isolation was insufficient

4. Insufficient quality of the obtained sequencing chromatograms for the correct interpretation
of the nucleotide sequence

Table 5. The characteristics of the study groups with the inclusion and exclusion criteria. AP acute
pancreatitis, CP chronic pancreatitis, C pancreatic cancer, other other diseases, Control healthy volunteers, n
number of participants.

Sequence region

Name Sequence (5'-3") PCR product (bp) | Gene (assembly) Exon | Location From To
BRCA1-e2-F GCGTTGAAGAAGTACAAA

111 BRCA1 (NG_005905.2) |2 NC_000017.11 | 43,123,966 | 43,124,077
BRCA1-e2-R | AGGAGATAATCATAGGAATCC
BRCA2-e10-F | AGCATTTGCTTCAAACTGGGC

162 BRCA2 (NG_012772.3) |10 NC_000013.11 | 32,333,188 | 32,333,350
BRCA2-e10-R | TCTGTAGCTTTGAAGAATGCAGGT

Table 6. Amplified regions of BRCA 1 gene, oligonucleotide primers and amplicons size (bp). F - forward, R -
reverse, bp — based pairs.

(Table S1). In 92 cases of pancreatitis, the etiological factor could not be determined based on the interview
and was classified as ND (not diagnosed). The pancreatic cancer stage TNM was classified according to the
American Joint Committee of Cancer (AJCC) 8th edition. The tumor grade and type of the cancer were classified
based on histological examination (64, 65). Detailed clinical data of patients including the type and etiology of
disease, family history, sex, and age of patients are presented in Table S1. Data collected in the family history
concerned the incidence of pancreatic diseases in general (diabetes, pancreatitis, pancreatic cancer). The data
were categorized according to the level of relationship and coded according to the following scheme: no diseases
in the family, illness in the mother or father, sick siblings, grandfather or grandmother’s illness, a sick son or
daughter, extended family.

DNA isolation and quality control

DNA isolation was performed using a commercial column kit Genomic Micro AX Blood Gravity (A&A
Biotechnology, Gdansk) according to the manufacturer’s protocol. Before DNA isolation, the blood was thawed,
and the tubes were mixed to homogenize the input material. The material was stored at 4 °C. The quality and
quantity of isolated DNA were spectrophotometrically analyzed using a droplet measurement device (DeNovix
Ds-11, DeNovix Inc., Wilmington, USA). Absorbance was checked for wavelengths of 230 nm, 260 nm, and
280 nm. The minimum DNA concentration required for the research was 10 ng/pl. Samples for which the above
criteria were not met were re-isolated.

PCRs

NOD2

For genotyping NOD2 (NM_001370466.1): ¢.2938dup (rs2066847) mutations TagMan SNP Genotyping assays
(ThermoFischer Scientifics) were used. The amplification and detection procedure were carried out in total
reaction volume 10 pl, containing 5 pl TagPathTM ProAmpTM Master Mix (Applied Biosystems), 0.25 ul
TagMan~ SNP Genotyping Assay (20x) (ThermoFischer Scientifics), 1 pl Genomic DNA (10ng) and 3.75 p
Nuclease-Free Water (ThermoFischer Scientifics). The PCR amplification was conducted using Rotor-Gene Q
(Qiagen) with an initial step of 95 °C for 10 min followed by 45 cycles of 95 °C for 15 s and 60 °C for 60 s.
Random positive samples were sequenced and compared to reference sequence.

BRCAI and BRCA2

BRCAI (NM_007294.4): c.68_69delAG (rs80357914) in exon 2 and BRCA2 (NM_ 000059.4): c. 1796_1800del
(rs276174813) in exon 10 to reference GRCh38 (https://www.ncbi.nlm.nih.gov/refseq/) were genotyped by PCR
amplification and high resolution melting (HRM) curve analysis using specific primers (Table 6) and Master Mix
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with DNA binding Dye (RT HS-PCR Mix EvaGreen’, A&ABiotechnology, Poland). The following sequences
of the primers were kindly provided by the Department of Molecular Diagnostics, Holy Cross Cancer Center,
Kielce, Poland.

All primers (synthesized by the oligo.pl company) were designed in this study using BLAST software (The
National Center for Biotechnology Information—NCBI) and verified by OligoAnalyzer™ Tool (Integrated DNA
Technologies, Inc.). The sequences of the primers, the size of PCR products, and the gene regions with accession
numbers are presented in Table 6.

The final volume of PCR reagents for each sample was as follows: 5 uL of EvaGreen MasterMix, 1 pL of each
10 pmol primer (Forward and Reverse), 1 pL (10 ng) of DNA or water in negative control, all filled up with water
to 10 pL of total volume. The analysis was conducted in a RotorGene Q 5-plex Thermalcycler (Qiagen, Germany)
according to the protocol: Initial denaturation 95 °C for 10 min followed by 40 cycles of 95 °C for 15 s, 67 °C
for 30 s (with touchdown 1 °C/10 cycles), 72 °C for 20 s. The fluorescent data were acquired at the end of each
extension step during PCR cycles (Excitation on 460 + 10 nm, detection on 510+5 nm). The HRM analysis was
preceded by incubation at 95 °C for 10 s and 40 °C for 20 s (heteroduplex formation). The melting analysis was
conducted on the temperature range 73-81 °C. The Rotor-Gene Q proprietary software (version 2.3.5) was used
to genotype the different genotypes. The negative derivative of fluorescence (F) over temperature (T) (dF/dT)
curve primarily displays the temperature of melting (Tm), the normalized raw curve depicting the decreasing
fluorescence versus increasing temperature, and difference curves were used. A sample without genetic variants
was used as a negative reaction control. The above testing protocol was optimized and validated using DNA
samples with BRCA1 (NM_007294.4): c.68_69delAG (rs80357914) in exon 2 or BRCA2 (NM_ 000059.4): c.
1796_1800del (rs276174813), which were derived from in-house sources. All samples with suspected genetic
variants (a different HRM normalization graph and melt curve analysis from the negative reaction control)
were verified using reference capillary sequencing using the SeqStudio Genetic Analyzer sequencer (Applied
Biosystems by ThermoFisher Scientific). The sequences of the PCR products were compared to the reference
sequences of BRCA1 or BRCA?2 available from GeneBank using the BLAST platform (Table 6).

Sequencing

Negative samples for BRCA I and BRCA2 mutations were randomly sequenced to confirm negative results, as well
as all samples suspected of polymorphism. Sequencing of individual samples consisted of four steps: purification
of the PCR products, sequencing reaction, purification of the products resulting from the sequencing reaction,
and capillary electrophoresis. ThermoFisher Scientific (MA, USA) reagent was used for this procedure. In the
first step, PCR products were visually assessed by agarose gel electrophoresis (band intensity), and the samples
were diluted twice if necessary. To 5 pL of the sample solution, 2 pL of ExoSap-IT Express PCR Product Cleanup
(cat. 75001.200.UL) was added. The samples were mixed and centrifuged (5 s at 1000 x g). The samples were
incubated in a Master Cycler X50 (Eppendorf, SE Hamburg, Germany) for 4 min at 37 °C and 1 min at 80 °C and
then placed on ice. The individual primers (Table 6) were diluted to 3.2 pM. For each primer, a reaction mixture
was prepared consisting 0.5 pL of BigDye Terminator v3.1 Ready Reaction Mix (from BigDye Terminator v3.1
Cycle Sequencing Kit, no cat. 4337458), 1 pL of BigDye Terminator v1.1 and v3.1 5x Sequencing Buffer (cat.
4336697), 6.5 L of deionized water (RNase/DNase-free), 1 uL of primer (3.2 uM), respectively multiplied by the
number of samples. The mixture was vortexed and centrifuged (5 s at 1000 x g). Nine microliters of the obtained
mixture and 1 pL of the PCR product purified in the previous step were then added to the plate. The plate was
sealed, vortexed for 3 s, centrifuged (5 s at 1000 X g), and incubated in a Master Cycler X50 (Eppendorf, SE,
Hamburg, Germany) under the following conditions: denaturation at 96 °C for 1 min, followed by amplification
for 25 cycles at 96 °C for 10 s, annealing for 5 s at 50 °C, and extension at 60 °C for 4 min, and 4 °C until
the samples were ready for purification. A mixture was then prepared per sample: 45 uL of SAM solution (no
cat. 4376497), 10 pL of XTerminator solution (cat. 4376493) vortexed, and 55 uL of the solution was added to
each well on the plate removed from the thermal cycler to prevent the balls from sinking to the bottom. After
resealing with foil, the mixture was vortexed for 20 min at 1800 rpm and centrifuged (2 min at 1000 x g). After
changing the foil to septa and checking the buffer level, the plate was inserted into a SeqStudio Genetic Analyzer
sequencer (Applied Biosystems by ThermoFisher Scientific) and sequenced on the Short Seq_BDX run module.
After the process was completed, the results were automatically saved on the disk in the abl format.

Statistical analysis

Qualitative data distributions were described by frequency and percentages. Frequencies were compared
using the chi-square test or Fisher’s exact test (in case the sample number is below #n=10). The normality of
the distribution was checked with the Shapiro-Wilk test. Due to the violation of the assumption of normality
verified by Shapiro-Wilk test (p<0.05), the distributions of quantitative features were compared using the
Mann-Whitney U test. All statistical tests were two-sided. The occurrence of specific SNVs between study
groups was determined by OR (odds ratio) and RR (relative risk) with confidence interval (95% CI) and it
was analyzed statistically using Fisher’s exact or chi-square test, two-sided. p <0.05 was considered statistically
significant. GraphPad Prism, version 9 (San Diego, CA, USA) was used for the analyses and derivation of figures.

Data availability

All data generated or analysed during this study are included in this published article and its supplementary
information files (Tables S1 and S2). Anonymized clinical data and detailed genetic results for the study par-
ticipants are available in Table S1, and HRM-PCR results are available in Table S2. Sequencing chromatograms
of PCR products for positive and negative control of BRCA1 and BRCA2 gene fragments as well as HRM-PCR
reaction curves is available from the corresponding author on reasonable request.
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