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Multi-omic study to unmask genes involved in prostate
cancer development in a multi-case family

Dear Editor,

Hereditary prostate cancer (PC) comprises 5%-10% of all
PC cases. The increased risk of PC in men with a family his-
tory of the disease is well known and is commonly caused
by germline mutations, leading to clinical guidelines men-
tioning various genes for identifying high-risk individuals.
However, the complex inheritance patterns involving mul-
tiple single nucleotide polymorphisms (SNPs) make it a
genetically heterogeneous disease, with genetic testing still
in its early stages. Current guidelines, such as those from
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Adenomatous polyposis coli; ATM, Ataxia telangiectasia mutated;
AXIN2, Axin2, conductin; BARDI, BRCA1 associated RING domain 1;
BMPRIA, Bone morphogenetic protein receptor type 1A; BRCAI, Breast
cancer type 1 susceptibility protein; BRCA2, Breast cancer type 2
susceptibility protein; CDHI, Cadherinl; CDK4, Cyclin-dependent
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the National Comprehensive Cancer Network (NCCN),
are insufficient to identify and stratify all PC patients [1].
To improve testing and screening for familial PC, we report
a multi-omic analysis (Supplementary Figures S1-S2) in
a PC multi-case family of seven members (two healthy,
four PC, and one breast cancer) (Figure 1A, Supplementary
Table SI) combining exome, transcriptome and epige-
nomic analyses (whole-DNA methylation and small-RNA
sequencing), offering a unique perspective on the under-
standing of hereditary PC to date. Each family is a small
genetic unit that differs significantly from others with the
same pathology but different genetic origins. Therefore,
individualized studies may be the key to unravel the het-
erogeneity of this disease. However, we need to consider
that conducting futuremetabolomic analysis would be next
steps to reinforce present data, as well as reproducible
analysis in other PC families.

We selected 34 genes based on NCCN (v1.2023) and
European Association of Urology (EAU, v2.0) clinical
guidelines and literature [2, 3] (Supplementary Table S2).
We found 268 variants in 26 of these genes (APC, ATM,
AXIN2, BARDI, BMPRIA, BRCA1/2, CDHI, CDK4, CHEK?2,
DICERI, MLHI, MSH2/3/6, MUTYH, NF1, PMS2, POLDI,
POLE, PTEN, RAD51C/D, SMAD4, STK11 and TP53), most
of which were intronic (91.4%) and/or unreported (84.3%)
(Supplementary Figure S3 and Supplementary Table S3).
In addition, genome-wide analysis of high-impact variants
revealed only four mutations affecting the major isoforms
of the ANAPCI, HIBCH, and MOK, but none of these
genes have been previously reported in PC (Supplemen-
tary Table S4). Interestingly, despite being high-risk cancer
patients, the individuals in the present study’s family did
not show any pathogenic mutations in the genes specified
by clinical guidelines. Furthermore, this is added to the
growing evidence for the potential of non-coding muta-
tions, both near-exonic and deep-intronic mutations, in
carcinogenesis. There is already evidence of how known
tumor suppressor genes are affected by intronic mutations
[4]. Exome analysis also reported ten identical mutations
in three genes, one in AXIN2, two in DICERI and seven
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FIGURE 1 Overview of multi-case family pedigree and Wnt signaling pathway regulation. (A) Present multi-case family pedigree.

(B) Wnt signaling pathway regulation. (i) In the absence of Wnt (Off), the destruction complex phosphorylates 3-catenin for further
degradation. (ii) In the presence of Wnt (On), S-catenin is stabilized in the nucleus and activates target genes. (iii) The target gene AXINZ is
part of the degradation complex that negatively regulates the pathway. Abbreviations: APC, adenomatosis polyposis coli; AXIN, Axin

inhibition protein; BRCA, Breast cancer susceptibility protein; CKI, kinases casein kinase 1; DVL, Dishevelled protein; FZD, Frizzled receptor;

GSK3p, Glycogen synthase kinase-383; LRP, lipoprotein receptor-related protein; TCF, T cell factor/lymphoid enhancer-binding factor; WNT,

Wingless-related integration site.
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in BARDI, in all PC patients (Supplementary Table S3),
suggesting that these mutations may be responsible for
the development of cancer in this family. Among these
ten identical mutations, three in BARDI (c.2001+66A>C,
¢.1811-69T>C, and c.1811-77A>G) and one in AXIN2 (c.-116-
1330C>G) stood out with a frequency less than 0.05 in the
European population. Next, we mainly focused on novel
genetic markers interacting with the -catenin pathway,
AXINZ and DICERI, although other relevant data are also
mentioned.

AXIN2 and APC have important roles in the Wnt
signaling pathway as part of the f-catenin destruction
complex. Partial or complete loss of these genes’ activi-
ties can lead to increased f-catenin activity, resulting in
aberrant activation of target genes, promoting cell pro-
liferation and survival (Figure 1B) [5]. Recently, DICERI
has also been proposed as a target gene for f-catenin.
Furthermore, in liver tumors, mutations in DICERI have
been associated with mutations in f-catenin, leading to
its activation. The co-occurrence of mutations in these
two genes had also been observed in endometrioid carci-
noma and well-differentiated fetal lung adenocarcinoma
[6]. Based on this scientific background, we found an
identical S-catenin mutation (c.*13-8742G>A) in present
cancer patients studied. This intronic mutation was found
in the nonsense-mediated decay isoform (CTNNBI-212) of
this gene and could affect both its regulation and qual-
ity control against transcriptional errors [7]. Activation of
the Wnt signaling by mutations in APC or S-catenin has
been observed in several cancer types and in up to 22% of
castration-resistant PC [8].

All the aforementioned findings are supported by tran-
scriptome and epigenetic analyses. The transcriptome
study showed significant overexpression of a target gene
for -catenin, whose expression has been associated with
oncogenic transformation in PC progression, ALDH1AI (P-
value = 2.816 x 107>, Log2-fold change (1ogFC) = 1.638)
[9] (Supplementary Table S5). Overexpression of KIFCI,
RRM2 and CYPIBI has been observed to activate the Wnt
signaling pathway. On the other hand, other cancer studies
have shown that alterations in the Wnt signaling pathway
co-occurred with alterations in the expression of HLA-
DQB2, CEACAM6, PTPNI2, RGS18, VCAN, JMJD6 and
SOCS3. These genes were differentially expressed (DE)
in the sibling samples, and epigenetic analyses indicated
that these changes were influenced by DNA methyla-
tion patterns and/or miRNAs. Further details about the
epigenetic study can be found in Supplementary Tables
S6-S7 (miRNA-mRNA integration) and Supplementary
Tables S8-S9 (Methylation quantitative trait locus anal-
ysis). Additionally, the integration study revealed that
STKII, AXIN2 and APC are interconnected based on the
Search Tool for the Retrieval of Interacting Genes/Proteins

(STRING) database (Supplementary Figure S4 and Sup-
plementary Table S10). STKII underexpression enhances
WNT/{-catenin, promoting tumor progression in cholan-
giocarcinoma [10]. Enrichment analysis, predicted by the
Kyoto Encyclopedia of Genes and Genomes (KEGG) and
performed on the DE miRNAs according to their P-value
< 0.05 and logFC > 1.3, associated eight miRNAs (hsa-
miR-4443, 136-5p, 539-5p, 582-5p, 889-5p, 221-3p, 432-5p
and 2115-5p) with the Wnt signaling pathway (Supplemen-
tary Figure S5 and Supplementary Table S11). Remarkably,
none of the miRNAs mentioned above have been reported
to date in PC. This result supports the findings from
exome analysis and emphasizes the importance of intronic
mutations in genes involved in the aberrant activation
of this pathway. When increased cell survival is accom-
panied by low efficiency of cell cycle control genes in
response to DNA damage, the ideal environment for can-
cer development is created. Thus, we also focused on
highlighting the most frequently mutated gene, BARDI
(12.31%), in the present cohort (Supplementary Figure S3)
and on previously published data [2]. This last finding,
together with the above-mentioned aspects, forms the
linchpin for discerning the origin of this case of familial
cancer.

Overall, the application of various omics approaches
has also revealed dysregulated pathways typically observed
in cancer. The DE genes identified are closely associated
with immune system activation (Supplementary Figures
S6-S8 and Supplementary Tables S12-S13), while the miR-
NAs reported are linked to PI3K-AKT-mTOR and FoxO
pathways, as well as certain cancer types (Supplementary
Figure S5 and S9). Furthermore, differentially methylated
loci demonstrated a highly significant association with
pathways related to cell membrane components, cell adhe-
sion, metabolism and transport regulation (Supplementary
Figure S10 and Supplementary Table S14). Finally, the inte-
gration of all the data showed significant correlation with
immune system activation (Supplementary Figures S4 and
S11 and Supplementary Tables S15-S19).

In conclusion, targeting the activation of the Wnt signal-
ing pathway could improve the classification of inherited
forms of PC. These findings suggest the importance of
including DICERI and AXIN2 in the gene panel of clini-
cal guidelines for familial PC, and deeper analysis of other
PC families is needed to reinforce these preliminary data.
The high prevalence of previously unreported intronic
mutations in these genes underscores the significance of
studying non-coding regions and including them in the
genetic analysis of PC. We also highlight the importance
of including these above-described genes for improving the
identification of individuals at risk of cancer; it will allow
the development of effective prevention and treatment
strategies.
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SUPPORTING INFORMATION

Additional supporting information can be found online
in the Supporting Information section at the end of this
article.
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