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Abstract

Background: The molecular changes associated with the progression of intraductal papil-
lary mucinous neoplasm (IPMN) to pancreatic ductal adenocarcinoma (PDAC) and dis-
tant metastasis remain incompletely understood. Case Presentation: A man in his late 70s
underwent pancreaticoduodenectomy and partial hepatectomy for a pancreatic head tu-
mor with synchronous liver metastasis. Histology showed a 4.5 cm moderately differen-
tiated PDAC arising in an IPMN with high-grade dysplasia (pT3N1M1). Genomic analysis
of the IPMN, PDAC, and liver metastasis identified KRAS p.G12D, CDKN2A deletion, and
GNAS p.R201H in the IPMN; additional SMAD4 p.R361C in the PDAC; and KRAS p.G12D,
CDKN2A deletion, SMAD4 p.R361C, and APC p.R1450Ter in the liver metastasis. The APC
alteration was confirmed by targeted sequencing and was accompanied by loss of hetero-
zygosity at the APC locus. 3-Catenin showed membranous expression in the IPMN and
PDAC, but nuclear accumulation in the liver metastasis. Discussion: The shared KRAS,
CDKN2A, and SMAD#4 alterations support a common clonal origin of the PDAC and met-
astatic tumors. The absence of a detectable GNAS alteration in the liver metastasis and the
presence of a metastasis-specific APC alteration are compatible with, but do not prove,
branching evolution and selection of a metastatic subclone. Conclusions: This case shows
a metastasis-specific heterozygous APC truncating alteration with loss of heterozygosity,
accompanied by nuclear -catenin accumulation, in an IPMN-associated PDAC.

Keywords: pancreatic ductal adenocarcinoma; intraductal papillary mucinous neoplasm;
liver metastasis; APC; [3-catenin; clonal evolution; case report

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a lethal malignancy with a poor prog-
nosis [1-3]. Because early disease is often clinically silent, many patients present with lo-
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cally advanced or metastatic tumors. The presence of metastatic disease at diagnosis and
genomic studies of pancreatic cancer evolution suggest that metastatic competence may
be acquired during tumor progression before clinical detection [4]. The liver is one of the
most frequent sites of distant spread and is a major determinant of mortality in patients
with PDAC [5].

Metastasis is a multistep and heterogeneous process involving dissemination from
the primary tumor, survival in the circulation, adaptation to a foreign microenvironment,
and colonization of the distant organ [6,7]. Genomic analyses have shown that metastatic
PDAC generally retains major driver alterations from the primary tumor, while additional
alterations and microenvironmental adaptations may emerge during progression [8,9].
Previous genomic studies comparing primary PDACs and matched metastases have
shown that metastatic lesions usually retain major driver alterations from the primary tu-
mor, with additional patient-specific or site-specific changes. However, most studies have
focused on invasive PDAC and its metastases. Fewer reports have examined the matched
precursor lesion, associated invasive carcinoma, and synchronous distant metastasis from
the same patient. Such cases may help clarify whether metastatic clones arise through
simple linear accumulation of alterations or through branching evolution and subclonal
selection.

Here, we report a case of intraductal papillary mucinous neoplasm (IPMN)-associ-
ated PDAC with synchronous liver metastasis in which matched IPMN, invasive PDAC,
and liver metastasis were analyzed separately. This case addresses the clonal relationship
among the three lesions and describes a metastasis-specific heterozygous APC truncating
alteration accompanied by nuclear -catenin accumulation in the liver metastasis.

2. Case Presentation
2.1. Clinical and Pathological Findings

A man in his late 70s presented with abdominal discomfort. Physical examination
was unremarkable, and his medical history included hypertension and diabetes mellitus.
Laboratory findings were as follows: aspartate aminotransferase/alanine aminotransfer-
ase, 85/71 IU/L (reference range, 0-40 IU/L); alkaline phosphatase, 585 U/L (35-105 U/L);
total bilirubin, 5.19 mg/dL (0.2-1.1 mg/dL); and gamma-glutamyl transferase, 896 IU/L (8-
73 IU/L). Abdominal computed tomography revealed an irregular enhancing lesion in-
volving the pancreatic head, distal common bile duct, and second portion of the duode-
num, with diffuse biliary dilatation. An ill-defined enhancing mass was also identified in
the left hepatic lobe. Imaging findings suggested a pancreatic solid and cystic malignancy
with synchronous liver metastasis.

The patient underwent pylorus-preserving pancreaticoduodenectomy and partial
hepatectomy. Histopathologic examination revealed an IPMN with high-grade dysplasia
(grade 3) and an associated 4.5 cm moderately differentiated tubular-type PDAC (Figure
1A,B). Lymphatic and perineural invasion were present. Metastatic carcinoma was iden-
tified in two of nine regional lymph nodes, and the hepatic lesion was confirmed as met-
astatic PDAC (Figure 1C). The pathologic stage was pT3N1MI.
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Figure 1. Histopathologic features of the matched lesions. (A) Intraductal papillary mucinous neo-
plasm with high-grade dysplasia (grade 3). The lesion showed irregular papillary projections lined
by mucin-producing epithelial cells, with irregular branching and cribriform architecture, accom-
panied by loss of nuclear polarity and nuclear pleomorphism. (B) Moderately differentiated tubular-
type pancreatic ductal adenocarcinoma. The tumor consisted of haphazardly distributed infiltrative
glands within desmoplastic stroma (C) Metastatic pancreatic ductal adenocarcinoma in the liver.
The hepatic lesion showed infiltrating atypical ductal structures within normal hepatic parenchyma.

Hematoxylin and eosin-stained section; original magnification, x200; scale bars, 200 um.

2.2. Genomic Analysis and Immunohistochemical Findings

To characterize molecular changes associated with invasion and metastasis, whole-
exome sequencing was performed separately on the IPMN, PDAC, and liver metastasis,
with matched blood and normal pancreatic duct tissue used as controls (Supplementary
Method S1). The IPMN harbored GNAS p.R201H, KRAS p.G12D, and CDKN2A deletion.
The PDAC retained GNAS p.R201H, KRAS p.G12D, and CDKN2A deletion and addition-
ally harbored SMAD4 p.R361C. The liver metastasis retained KRAS p.G12D, CDKN2A de-
letion, and SMAD4 p.R361C, showed no detectable GNAS alteration, and harbored a trun-
cating APC p.R1450Ter alteration (Table 1 and Supplementary Tables). This APC altera-
tion found by whole-exome sequencing (46/76 reads; VAF, 60.5%) was independently con-
firmed by targeted sequencing using the Ion Torrent Oncomine Comprehensive Assay v3
(478/721 reads; VAF, 66.3%). Copy-number and loss of heterozygosity (LOH) analysis
demonstrated LOH at the APC locus, supporting loss of the wild-type APC allele and bi-
allelic APC inactivation in the liver metastasis. Immunohistochemistry for -catenin (a
mouse monoclonal antibody, clone 14) was interpreted according to cellular localization,
as described in Supplementary Method S1. Nuclear accumulation was observed only in
the liver metastasis, whereas the IPMN and PDAC showed predominantly membranous
expression (Figure 2). For clarity, Table 1 summarizes Tier I/l alterations based on the
AMP/ASCO/CAP variant interpretation framework. An expanded list of additional fil-
tered somatic variants is provided in the Supplementary Tables.

Table 1. Genetic alterations of IPMN !, PDAC 2, and liver metastasis.

Genes IPMN PDAC _ VT Variant Type
Metastasis
GNAS p.R201H + + - Activating hotspot
KRAS p.G12D + + + Activating hotspot
CDKN2A deletion  + + + Likely oncogenic/functional alteration
SMAD4 p.R361C - + + Likely oncogenic/functional alteration
APC p.R1450Ter - - + Truncating

1 IPMN, intraductal papillary mucinous neoplasm; 2 PDAC, pancreatic ductal adenocarcinoma; +,
indicates detected; —, not detected.
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Figure 2. Immunohistochemical staining for -catenin (a mouse monoclonal antibody, clone 14) in
the matched lesions. Staining was interpreted according to cellular localization. IPMN (A) and pri-
mary PDAC (B) show predominantly membranous expression, whereas the liver metastasis (C)
shows nuclear $-catenin accumulation in approximately 80% of tumor cells. Scale bars, 100 um.

2.3. Clinical Follow-Up

The patient received three cycles of palliative gemcitabine. He was subsequently ad-
mitted because of peritoneal dissemination, and chemotherapy was discontinued because
of intolerance. He was transferred to a hospice care facility for supportive management.
The report was prepared in accordance with the CARE guidelines.

3. Discussion

Matched analysis of the three lesions provides a molecular snapshot of progression
from a noninvasive precursor to invasive and metastatic disease. The IPMN with high-
grade dysplasia harbored GNAS p.R201H, KRAS p.G12D, and CDKN2A deletion, which
were retained in the PDAC, together with an additional SMAD4 p.R361C alteration. KRAS,
GNAS, and CDKN2A are well-established early driver alterations in IPMN, whereas ab-
normalities involving SMAD4 and other tumor suppressor genes are enriched in invasive
lesions [10-13]. A multi-region genomic study of neoplastic pancreatic cysts and associ-
ated carcinomas found that SMAD4 and TGFBR?2 alterations were frequently restricted to
the invasive component and documented complex clonal dynamics during malignant
transformation [14]. In our case, the liver metastasis retained KRAS p.G12D, CDKN2A de-
letion, and SMAD4 p.R361C, showed no detectable GNAS alteration, and harbored a me-
tastasis-specific APC p.R1450Ter alteration accompanied by LOH at the APC locus, sup-
porting loss of the wild-type APC allele. The observed pattern is compatible with a com-
mon clonal origin of the PDAC and liver metastasis, followed by possible branching evo-
lution and subclonal selection. However, this interpretation remains provisional [15]. The
absence of a detectable GNAS alteration in the liver metastasis may reflect selection of a
subclone without GNAS alteration, but technical factors, including tumor cellularity, se-
quencing coverage, sampling bias, or assay sensitivity, cannot be excluded. In addition,
an alternative linear-evolution model with failure to detect GNAS in the metastatic sample
remains possible.

The preservation of major driver alterations between the PDAC and liver metastasis
is consistent with prior genomic studies. Makohon-Moore et al. demonstrated marked
concordance of known driver mutations among multiple untreated metastases from indi-
vidual patients with pancreatic cancer [16]. In a paired analysis of synchronous primary
PDACs and hepatic metastases, Yang et al. reported that synchronous primary PDACs
and liver metastases were genomically similar, but the metastases showed additional
changes in copy number, gene expression, metabolism, and the tumor microenvironment
[17]. Recently, Lovecek et al. compared whole-exome profiles of 20 matched primary
PDACs and site-specific metastases, and observed broadly similar frequencies of KRAS,
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TP53, CDKN2A, and SMAD4 alterations, together with site- and patient-specific genomic
differences [18]. The APC alteration in our case should not be interpreted as a recurrent or
universal driver of PDAC liver metastasis. Rather, it may represent a private alteration
enriched or selected in the hepatic metastatic clone.

APC is a core component of the B-catenin destruction complex and negatively regu-
lates canonical Wnt signaling [19]. Loss or impairment of APC function can stabilize -
catenin, promote its nuclear translocation, and activate transcriptional programs related
to proliferation, survival, and cellular plasticity. APC alterations have been reported in a
subset of PDACs, and epigenetic silencing of APC has also been described during pancre-
atic carcinogenesis [20,21]. However, experimental APC knockdown in PDAC cell-line
models does not necessarily induce -catenin nuclear localization or canonical Wnt path-
way activation, indicating that the relationship between APC loss and [3-catenin signaling
in PDAC may be context-dependent [21].

In the present case, the truncating APC p.R1450Ter alteration was identified only in
the liver metastasis. The alteration was detected by whole-exome sequencing with 46 al-
ternate reads among 76 total reads (VAF, 60.5%) and by targeted sequencing with 478
alternate reads among 721 total reads (VAF, 66.3%). Copy-number and LOH analysis
demonstrated LOH at the APC locus, supporting loss of the wild-type APC allele in the
metastatic lesion. Thus, the APC p.R1450Ter alteration with LOH provides genomic evi-
dence compatible with APC inactivation in the hepatic metastatic clone. Nuclear 3-catenin
accumulation was observed in the same metastatic lesion, whereas the IPMN and primary
PDAC showed predominantly membranous {3-catenin expression. This finding raises the
possibility that 3-catenin pathway-related changes emerged in the metastatic clone (Fig-
ure 3). Experimental PDAC studies have likewise shown that enhanced -catenin signal-
ing can promote epithelial-mesenchymal transition, migration, invasion, tumor growth,
and metastatic behavior through regulators such as IQGAP1, WDR1, and FAMS83A [22-
24]. These observations provide biological context for the nuclear -catenin accumulation
observed in the metastatic lesion. Nevertheless, although the APC p.R1450Ter alteration
with LOH supports loss of the wild-type APC allele in the metastatic lesion, nuclear (-
catenin accumulation is not specific for APC-mediated pathway activation. In this case,
downstream canonical Wnt/B-catenin target genes, including MYC, CCND1, AXIN2,
BIRC5, BCL2, and MMP family members, were not assessed by qPCR, Western blotting,
RNA sequencing, or other functional assays. Therefore, these findings should be inter-
preted as hypothesis-generating and do not establish a causal role of APC alteration in
liver metastasis or functionally proven Wnt/f-catenin pathway activation [25].

IPMN with Primary PDAC Liver metastasis
high-grade dysplasia Moderately differentiated Synchronous hepatic metastasis
Precursor lesion tubular-type PDAC
prog i ic spread
o ——> | « KRASp.G12D —_—p | * KRASP.GI12D
P e * CDKN2A deletion
e GNAS p.R201H H
* GNASp.R201H : o SMAD4 p.R361C
o CDKN2A deletion e CDKN2A deletion Proposed 3}
interpretation: e APC p.R1450Ter
* SMAD4 p.R361C compatie wit s

truncating; LOH at APC locus

branching evolution / (biallelic inactivation)

subclonal selection

B-catenin: nuclear accumulation
(~80% of tumor cells)

B-catenin: membranous B-catenin: membranous

( Interpretation

e The liver metastasis retains key driver alterations (KRAS, CDKN2A, SMAD4) shared
with the primary tumor.

The metastasis harbors a private, truncating APC alteration with LOH, supporting loss
of the wild-type allele in the metastatic clone.

Nuclear B-catenin accumulation in the metastasis is compatible with altered B-catenin
localization, but APC-mediated Wnt/B-catenin pathway activation was not established.
These findings are compatible with branching evolution and subclonal selection, but do

not prove this model. L
(o e

Alternative explanation:
Alinear-evolution model with non-detection
of GNAS in the metastatic sample

cannot be excluded.

0
e

Technical factors (tumor purity, sequencing
coverage, sampling bias, or assay sensitivity)
may have contributed to the absence of
detectable GNAS alteration in the metastasis.

Figure 3. Schematic summary of matched lesions and proposed clonal evolution.
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This report has several limitations. First, it describes a single patient and therefore
cannot establish the prevalence or clinical significance of metastasis-specific APC altera-
tions in PDAC. Second, spatial intratumoral heterogeneity and differences in tumor purity
among the IPMN, PDAC, and liver metastasis may have influenced mutation detection.
Third, although APC p.R1450Ter was independently confirmed by targeted next-genera-
tion sequencing and LOH at the APC locus supported loss of the wild-type APC allele,
functional APC-mediated Wnt/p-catenin pathway activation was not directly demon-
strated. Fourth, nuclear (3-catenin accumulation is supportive of altered (3-catenin locali-
zation but is not specific for APC-mediated Wnt/[-catenin pathway activation. In addition
downstream Wnt/-catenin target genes were not evaluated by RNA- or protein-based
functional assays; therefore, functional activation of the canonical Wnt pathway was not
directly demonstrated. Fifth, the absence of a detectable GNAS mutation in the metastasis
may have either a biological or technical explanation. Finally, the three synchronously
resected specimens provide a cross-sectional view of tumor evolution rather than longi-
tudinal sampling.

4. Conclusions

In conclusion, this matched three-stage case demonstrates shared driver alterations
among an IPMN, associated PDAC, and synchronous liver metastasis, together with a
metastasis-specific APC p.R1450Ter alteration with LOH at the APC locus and nuclear f3-
catenin accumulation in the liver metastasis. These findings are compatible with, but do
not prove, branching evolution and subclonal selection. Although the APC alteration with
LOH raises the possibility of altered [-catenin signaling in the metastatic lesion, nuclear
[-catenin accumulation is not specific for APC-mediated pathway activation, and func-
tional Wnt/B-catenin pathway activation was not established. Additional studies with
complete multi-region sequencing, formal phylogenetic analysis, and functional pathway
assessment are required.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/jcm15155782/s1, Method S1: Whole exome sequencing and
immunohistochemistry; Table S1: Whole exome sequencing data of IPMN; Table S2: Whole exome
sequencing data of PDAC; Table S3: Whole exome sequencing data of liver metastasis. References

[26-36] are cited in the Supplementary Materials.

Author Contributions: Conceptualization, CG.W., KJ., ] K, E.-GK. and O.-].L.; methodology,
C.G.W,, KJ. and ]J.K; formal analysis, K.J. and J.K; investigation, C.G.W.; data curation, C.G.W.;
writing —original draft preparation, C.G.W. and O.-].L.; writing—review and editing, C.G.W., KJ.,
J.K., E-G.K. and O.-].L,; supervision, E.-G.K. and O.-].L. All authors have read and agreed to the

published version of the manuscript.

Funding: This work was supported by the National Research Foundation of Korea (NRF) grant
funded by the Korean government (MSIT) (RS-2020-NR049557).

Institutional Review Board Statement: The study was conducted in accordance with the Declara-
tion of Helsinki and approved by the Institutional Review Board of Chungbuk National University
Hospital (protocol code 2024-05-021; date of approval: 1 July 2024).

Informed Consent Statement: Written informed consent has been obtained from the patient to pub-

lish this paper and the accompanying images.

Data Availability Statement: The genomic and histopathological data presented in this study are
available from the corresponding author upon reasonable request. The data are not publicly availa-

ble because they contain potentially identifiable patient-specific genomic information.

https://doi.org/10.3390/jcm15155782

7



J. Clin. Med. 2026, 15, 5782 7 of 9

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

Abbreviations
The following abbreviations are used in this manuscript:
IPMN  Intraductal Papillary Mucinous Neoplasm

PDAC Pancreatic Ductal Adenocarcinoma
LOH Loss of Heterozygosity

References

1.

10.

11.

12.

13.

14.

15.

16.

Simoes, P.K.; Olson, S.H.; Saldia, A.; Kurtz, R.C. Epidemiology of pancreatic adenocarcinoma. Chin. Clin. Oncol. 2017, 6, 24.
https://doi.org/10.21037/cco0.2017.06.32.

Siegel, R.L.; Miller, K.D.; Wagle, N.S.; Jemal, A. Cancer statistics, 2023. CA Cancer ]. Clin. 2023, 73, 17-48.
https://doi.org/10.3322/caac.21763.

Vincent, A.; Herman, J; Schulick, R; Hruban, R.H. Goggins, M. Pancreatic cancer. Lancet 2011, 378, 607-620.
https://doi.org/10.1016/s0140-6736(10)62307-0.

Valastyan, S.; Weinberg, R.A. Tumor metastasis: Molecular insights and evolving paradigms. Cell 2011, 147, 275-292.
https://doi.org/10.1016/j.cell.2011.09.024.

Tsilimigras, D.I.; Brodt, P.; Clavien, P.A.; Muschel, R.J.; D’Angelica, M.I,; Endo, I.; Parks, RW.; Doyle, M.; de Santibafies, E.;
Pawlik, T.M. Liver metastases. Nat. Rev. Dis. Primers 2021, 7, 27. https://doi.org/10.1038/s41572-021-00261-6.

Fidler, L]. The pathogenesis of cancer metastasis: The ‘seed and soil” hypothesis revisited. Nat. Rev. Cancer 2003, 3, 453-458.
https://doi.org/10.1038/nrc1098.

Embuscado, E.E.; Laheru, D.; Ricci, F.; Yun, K.J.; de Boom Witzel, S.; Seigel, A.; Flickinger, K.; Hidalgo, M.; Bova, G.S.; Iacobuzio-
Donahue, C.A. Immortalizing the complexity of cancer metastasis: Genetic features of lethal metastatic pancreatic cancer ob-
tained from rapid autopsy. Cancer Biol. Ther. 2005, 4, 548-554. https://doi.org/10.4161/cbt.4.5.1663.

Du, Y.X;; Liu, ZW.; You, L.; Wu, WM.; Zhao, Y.P. Advances in understanding the molecular mechanism of pancreatic cancer
metastasis. Hepatobiliary Pancreat. Dis. Int. 2016, 15, 361-370. https://doi.org/10.1016/s1499-3872(15)60033-9.

Zhou, B.; Irwanto, A.; Guo, Y.M.; Bei, ].X.; Wu, Q.; Chen, G.; Zhang, T.P; Lei, ].].; Feng, Q.S.; Chen, L.Z; et al. Exome sequencing
and digital PCR analyses reveal novel mutated genes related to the metastasis of pancreatic ductal adenocarcinoma. Cancer Biol.
Ther. 2012, 13, 871-879. https://doi.org/10.4161/cbt.20839.

Tan, M.C.; Basturk, O.; Brannon, A.R.; Bhanot, U.; Scott, S.N.; Bouvier, N.; LaFemina, J.; Jarnagin, W.R.; Berger, M.F.; Klimstra,
D.; et al. GNAS and KRAS Mutations Define Separate Progression Pathways in Intraductal Papillary Mucinous Neoplasm-
Associated Carcinoma. ]. Am. Coll. Surg. 2015, 220, 845-854.e841. https://doi.org/10.1016/j.jamcollsurg.2014.11.029.

Amato, E.; Molin, M.D.; Mafficini, A.; Yu, J.; Malleo, G.; Rusev, B.; Fassan, M.; Antonello, D.; Sadakari, Y.; Castelli, P.; et al.
Targeted next-generation sequencing of cancer genes dissects the molecular profiles of intraductal papillary neoplasms of the
pancreas. |. Pathol. 2014, 233, 217-227. https://doi.org/10.1002/path.4344.

Kuboki, Y.; Shimizu, K.; Hatori, T.; Yamamoto, M.; Shibata, N.; Shiratori, K.; Furukawa, T. Molecular biomarkers for progression
of intraductal papillary = mucinous neoplasm  of the  pancreas.  Pancreas 2015, 44,  227-235.
https://doi.org/10.1097/mpa.0000000000000253.

Bailey, P.; Chang, D.K; Nones, K.; Johns, A.L.; Patch, A.M.; Gingras, M.C.; Miller, D.K.; Christ, A.N.; Bruxner, T.J.; Quinn, M.C.;
et al. Genomic analyses identify molecular subtypes of pancreatic cancer. Nature 2016, 531, 47-52. https://doi.org/10.1038/na-
ture16965.

Noé, M.; Niknafs, N.; Fischer, C.G.; Hackeng, W.M.; Beleva Guthrie, V.; Hosoda, W.; Debeljak, M.; Papp, E.; Adleff, V.; White,
J.R.; et al. Genomic characterization of malignant progression in neoplastic pancreatic cysts. Nat. Commun. 2020, 11, 4085.
https://doi.org/10.1038/s41467-020-17917-8.

Fujikura, K.; Hosoda, W.; Felsenstein, M.; Song, Q.; Reiter, ].G.; Zheng, L.; Beleva Guthrie, V.; Rincon, N.; Dal Molin, M.; Dudley,
J.; et al. Multiregion whole-exome sequencing of intraductal papillary mucinous neoplasms reveals frequent somatic KLF4 mu-
tations predominantly in low-grade regions. Gut 2021, 70, 928-939. https://doi.org/10.1136/gutjnl-2020-321217.
Makohon-Moore, A.P.; Zhang, M; Reiter, ].G.; Bozic, I.; Allen, B.; Kundu, D.; Chatterjee, K.; Wong, F.; Jiao, Y.; Kohutek, Z.A.;
et al. Limited heterogeneity of known driver gene mutations among the metastases of individual patients with pancreatic can-
cer. Nat. Genet. 2017, 49, 358-366. https://doi.org/10.1038/ng.3764.

https://doi.org/10.3390/jcm15155782



J. Clin. Med. 2026, 15, 5782 8 of 9

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Yang, J.; Lin, P.; Yang, M.; Liu, W.; Fu, X;; Liu, D.; Tao, L.; Huo, Y.; Zhang, J.; Hua, R;; et al. Integrated genomic and tran-
scriptomic analysis reveals unique characteristics of hepatic metastases and pro-metastatic role of complement Clq in pancre-
atic ductal adenocarcinoma. Genome Biol. 2021, 22, 4. https://doi.org/10.1186/s13059-020-02222-w.

Love&ek, M.; Strouhal, O.; Cervenkové, L.; Stisova, S.; Hlavad, V.; Chottova Dvorakova, M.; Holy, P.; Liska, V.; Skalicky, P.;
Skanderova, D.; et al. Potential for Clinical Management of Pancreatic Cancer Through Whole Exome Profiling of Site-Specific
Metastases and Matched Primary Tumors. Lab. Investig. 2025, 105, 104205. https://doi.org/10.1016/j.1abinv.2025.104205.
MacDonald, B.T.; Tamai, K.; He, X. Wnt/beta-catenin signaling: Components, mechanisms, and diseases. Dev. Cell 2009, 17, 9—-
26. https://doi.org/10.1016/j.devcel.2009.06.016.

Peng, D.F.; Kanai, Y.; Sawada, M.; Ushijima, S.; Hiraoka, N.; Kitazawa, S.; Hirohashi, S. DNA methylation of multiple tumor-
related genes in association with overexpression of DNA methyltransferase 1 (DNMT1) during multistage carcinogenesis of the
pancreas. Carcinogenesis 2006, 27, 1160-1168. https://doi.org/10.1093/carcin/bgi361.

Cole, ].M.; Simmons, K.; Prosperi, J.R. Effect of Adenomatous Polyposis Coli Loss on Tumorigenic Potential in Pancreatic Ductal
Adenocarcinoma. Cells 2019, 8, 1084. https://doi.org/10.3390/cells8091084.

Hu, W.; Wang, Z.; Zhang, S.; Lu, X.;; Wu, J; Yu, K;; Ji, A,; Lu, W.; Wang, Z.; Wu, J; et al. IQGAP1 promotes pancreatic cancer
progression and epithelial-mesenchymal transition (EMT) through Wnt/B-catenin signaling. Sci. Rep. 2019, 9, 7539.
https://doi.org/10.1038/s41598-019-44048-y.

Li, H,; Liu, X;; Jiang, S.; Zhou, X,; Yao, L.; Di, Y,; Jiang, Y.; Gu, ].; Mao, Y.; Li, J.; et al. WD repeat-containing protein 1 maintains
-Catenin activity to promote pancreatic cancer aggressiveness. Br. J. Cancer 2020, 123, 1012-1023.
https://doi.org/10.1038/s41416-020-0929-0.

Zhou, C; Zhu, X,; Liu, N.; Dong, X.; Zhang, X.; Huang, H.; Tang, Y.; Liu, S.; Hu, M.; Wang, M.; et al. B-lymphoid tyrosine kinase-
mediated FAMS83A phosphorylation elevates pancreatic tumorigenesis through interacting with B-catenin. Signal Transduct.
Target. Ther. 2023, 8, 66. https://doi.org/10.1038/s41392-022-01268-5.

Wang, S.; Zheng, Y.; Yang, F.; Zhu, L.; Zhu, X.Q.; Wang, Z.F.; Wu, X.L.; Zhou, C.H,; Yan, J.Y.; Hu, B.Y,; et al. The molecular
biology of pancreatic adenocarcinoma: Translational challenges and clinical perspectives. Signal Transduct. Target. Ther. 2021, 6,
249. https://doi.org/10.1038/s41392-021-00659-4.

Leggett, R.M.; Ramirez-Gonzalez, R.H.; Clavijo, B.].; Waite, D.; Davey, R.P. Sequencing quality assessment tools to enable data-
driven informatics for high throughput genomics. Front. Genet. 2013, 4, 288. https://doi.org/10.3389/fgene.2013.00288.

Martin MJEj. Cutadapt removes adapter sequences from high-throughput sequencing reads. 2011; 17: 10-12.

Li, H.; Durbin, R. Fast and accurate short read alignment with Burrows—Wheeler transform. Bioinformatics 2009, 25, 1754-1760.
https://doi.org/10.1093/bioinformatics/btp324.

McKenna, A.; Hanna, M.; Banks, E.; Sivachenko, A.; Cibulskis, K.; Kernytsky, A.; Garimella, K.; Altshuler, D.; Gabriel, S.; Daly,
M.; et al. The Genome Analysis Toolkit: A MapReduce framework for analyzing next-generation DNA sequencing data. Genome
Res. 2010, 20, 1297-1303. https://doi.org/10.1101/gr.107524.110.

Cingolani, P.; Platts, A.; Wang, L.L.; Coon, M.; Nguyen, T.; Wang, L.; Land, S.J.; Lu, X.; Ruden, D.M. A program for annotating
and predicting the effects of single nucleotide polymorphisms, SnpEff: SNPs in the genome of Drosophila melanogaster strain
w1118; iso-2; iso-3. Fly 2012, 6, 80-92. https://doi.org/10.4161/fly.19695.

Liu, X.; Wu, C,; Li, C,; Boerwinkle, E. dbNSFP v3.0: A One-Stop Database of Functional Predictions and Annotations for Human
Nonsynonymous and Splice-Site SNVs. Hum. Mutat. 2015, 37, 235-241. https://doi.org/10.1002/humu.22932.

Forbes, S.; Bhamra, G.; Bamford, S.; Dawson, E.; Kok, C.; Clements, J.; Menzies, A.; Teague, J.; Futreal, P.; Stratton, M. The
Catalogue of Somatic Mutations in Cancer (COSMIC). Curr. Protoc. Hum. Genet. 2008, 57, 10.11.1-10.11.26.
https://doi.org/10.1002/0471142905.hg1011s57.

Landrum, M.J.; Lee, ].M.; Riley, G.R.; Jang, W.; Rubinstein, W.S.; Church, D.M.; Maglott, D.R. ClinVar: public archive of rela-
tionships among sequence variation and human phenotype. Nucleic Acids Res. 2014, 42, D980-D985.
https://doi.org/10.1093/nar/gkt1113.

Genomes Project Consortium; Auton, A.; Brooks, L.D.; Durbin, R.M.; Garrison, E.P.; Kang, H.M.; Korbel, ].O.; Marchini, J.L;
McCarthy, S.; McVean, G.A.,; et al. A global reference for human genetic variation. Nature 2015, 526, 68-74.
https://doi.org/10.1038/nature15393. PMID: 26432245; PMCID: PMC4750478

https://doi.org/10.3390/jcm15155782



J. Clin. Med. 2026, 15, 5782 9 of 9

35. NHLBI Exome Sequencing Project (ESP) Exome Variant Server. Available online: https://evs.gs.washington.edu/EVS/ (accessed
on 18 December 2020).

36. Karczewski, K.J.; Weisburd, B.; Thomas, B.; Solomonson, M.; Ruderfer, D.M.; Kavanagh, D.; Hamamsy, T.; Lek, M.; Samocha,
K.E.; Cummings, B.B.; et al. The ExAC browser: displaying reference data information from over 60000 exomes. Nucleic Acids
Res. 2017, 45, D840-D845. https://doi.org/10.1093/nar/gkw971.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(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/10.3390/jcm15155782



