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Predictive medicine in a testis trio-family through
a combined multi-omics approach

Dear Editor,

* In a family trio, the father and the son have a distinct
kind of testicular cancer, and the mother has a personal
family history of adenocarcinoma.

* Second-generation (short-reads) by next-generation
sequencing nucleic acids sequencing and third-
generation Oxford Nanopore Technology (long-reads
and whole genome sequencing) together with epige-
netic DNA methylome were used to identify pathogenic
germline variations.

* Two pathogenetic variants were identified: one in the
ELAC?2 gene, inherited from the father, and one in the
CHEK?2 gene inherited from the mother which, together
with the differential methylation patterns observed, in
a short specific DNA segment of 50+/- kb, particularly
by deregulation of PPPIRI3L, ERCC2 and TEXI4 pro-
vide a basis to further elucidation of carcinogenesis
mechanisms in this kind of neoplasia.

This study takes a comprehensive approach that com-
bines targeted gene panel sequencing, whole genome
sequencing (WGS), and DNA methylation analysis of a
family trio with a history of seminoma and other tumours,
in an attempt to identify pathogenic variants and epige-
netic changes related to early onset of testicular cancer
(TC) in the proband (pl, 18 years old). We found poten-
tially pathogenic variants in the CHEK2 and ELAC2
genes, differentially methylated regions (DMRs) between
the proband/father and the mother in the PPPIRI3L
gene involved in TP53-mediated apoptosis and near the
ERCC2 DNA repair gene, with suggestive gene expression
changes, thus indicating possible roles in the proband’s
tumour development.

Testicular cancer is one of the most common malignan-
cies in young men.! Risk factors for TC are undescended
testis, a personal or family history of TC, HIV, age and
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ethnicity.! However, the pathogenetic mechanisms under-
lying TCs are mostly unknown.

The goals of this study were to (i) find putatively
causative variants in two sets of genes associated with sev-
eral cancer types including testis cancer, (ii) compare what
was found with next-generation sequencing (Illumina)
with that of the third-generation sequencing approach
(Oxford Nanopore Technology, ONT) and (iii) look for dif-
ferences in the DNA methylation profiles within the study
group.

The study of genetic variants was based on a candidate-
gene method using two separate sets of genes. The first
set is a customized panel of 56 genes that we designated
as “cancer-set”. We sequenced the latter using a short read
sequencing strategy (Illumina).>* The second set consists
0f133 genes associated with TCs that we designated “testis-
cancer-set”, which we sequenced with DNA long-reads
(ONT),* (Figure 1 and Tables S2 and S3).

From each subject (pl, p2 and p3) we extracted and
isolated nucleic acids (both DNA and RNA) from whole
peripheral blood, as well as from testicular tumour tissue
taken from the proband (p1) (see Supporting Information).

In the “cancer-set”, we prioritized in the proband
two “high-quality” mapped variants using Alissa soft-
ware (Agilent Technologies), and we applied the pipeline
described in Figure S1. The latter data were also confirmed
with ONT (see Table 1A).

The first variant is shared by the proband (pl) and
his mother (p3). It is an intronic variant in the CHEK2
gene, c.7214+3 A > T, rs587782849, which is reported in
the ClinVar database as a conflicting interpretation of
pathogenicity but, predicted to be a Likely Pathogenic
(LP) by the Franklin tool according to ACMG guidelines,
considering the evidence PS4, PS3, PM2 and PP3.>° The
second variant found is shared with his father (p2), it is
a nonsense mutation in the ELAC2 gene, c.2392G > T, p.
Glu798Ter, rs771225119, that is not reported in the ClinVar
database, but with a CADD score of 34. However, based on
the ACMG guidelines, it is predicted to be LP considering
the evidence of PVS1 and PM2.>°
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FIGURE 1 Case Study Pedigree and DNA sequencing workflow: (A) Pedigree depicting the trio case study. An 18-year-old boy (ID: p1,

proband), his father (ID: p2), and his mother (ID: p3) were selected for the study due to a neoformation of the left didymus in the proband.

The father had a history of seminoma at the age of 40, while the mother, at the time of counselling did not have a history of cancer but had
previously undergone a preventive colon polypectomy procedure. Furthermore, the mother (p3) reported a family history of oncological

diseases, specifically two cases of adenocarcinoma of the large intestine in her aunt and cousin. For each member of the family enrolled, we
collected two tubes of peripheral blood and, from the proband we collected two pieces of tumoral tissue taken at the moment of the surgery.
(B) We collected peripheral blood from each study subject enrolled in the project. In the case of the proband we also collected testicular
tumour tissue at the time of surgery (p1_K). From each sample, we then extracted nucleic acids (DNA and RNA), on which we performed
different molecular biology investigations. First, we evaluated SNVs, in a “cancer-set”, customized multi-gene panel related to predisposition
for breast and ovarian, colon, and prostate cancers. Then, we performed whole genome sequencing (WGS), with a long-reads strategy, and we
analyzed another 133 genes “testis-cancer-set” related to testicular cancer predisposition. Finally, we also investigated aspects related to DNA

methylation, focusing on regions in which the proband and father were similar but differed from the mother. In addition, we evaluated the

expression levels of differentially methylated genes by real-time polymerase chain reaction (PCR). (C) To investigate the genetic and

epigenetic factors underlying the neoformation in the proband, the trio was subjected to targeted sequencing of a panel of 56 cancer-related

genes in their blood using short-read technology. Additionally, WGS
methylation profiles and conduct differential methylation analyses.

The genotype concordance being 98.9% among DNA
sequences, obtained with the two approaches used, was
assessed with the Picard tool, which suggests that the long-
read sequencing data is a reliable method with which
to detect single nucleotide variants (SNVs) (see Table 1A
and Tables S4-S6). Moreover, with the “testis-cancer-set”

was performed using the Oxford Nanopore Technology to obtain

four more missense variants, all in a heterozygous state
were also identified.”® The first 2 were in the PLEC and
PCNT genes and shared by pl and p2; the other two
were in the TFCP2L1 and FANCM genes and shared by
pl and p3. Based on the ACMG, the four variants were
classified as a variant of uncertain significance (VUS)
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FIGURE 2

Properties of the differentially methylated regions (DMRs) with a similar methylation state within the couple pl-p2 and

different from p3 and Genomic location of DMRs unmethylated in p1 and p2 and methylated in p3: (A) The number of genomic sites with
methylation profiles similar in pl and p2 (31 methylated, 84 unmethylated), but different in p3. (B) Heatmap of the median log-likelihood ratio
of methylation in the differentially methylated regions (p-value < .005). Each bar represents one genomic region. Blue bars indicate
unmethylated regions in pl and p2 but methylated in p3, whereas red bars indicate an opposite pattern. The branching of the side tree
indicates that the methylation profile of pl and p2 is more similar among the three profiles. (C) Results of the overrepresentation tests of the
101 genes containing differentially methylated regions or being + 10 kb from it using the Reactome database. The analysis identified three
enriched pathways with five genes, including PPPIRI3L gene, which belongs to the testis panel and hosts a differentially methylated region
spanning its fifth and sixth exons. (D) DMR found in the PPPI1RI3L gene (DMR track, light green) and upstream of the ERCC2 gene implicated
in testis-cancer. (E) DMR found in proximity of the SEPTIN4 gene and its antisense and downstream to the testis-cancer gene TEX14, germ

cell-specific genes expressed in the testis.

(Table 1A), and could be considered candidates for further
investigation.

Data from ONT were used to analyze DNA methyla-
tion patterns, focusing on where the methylation profiles
of pl and p2 were similar but different from those of
the control (p3). This comparison revealed 256 DMRs,
(p-value < .001), of which 115 differentially methylated in
the son-father couple (p1-p2) significantly different from
that of the mother (methylated: n = 31; unmethylated:
n = 84, Figure 2A, B). We found that 51% of the DMRs-plp2

overlap annotated CpG island, suggesting that our method
is robust to identify novel methylation sites.

Furthermore, 23 DMRs-plp2 fall within regulatory gene
elements (promoters/enhancers) and 67 within the panels
used (Tables S7 and S8). We focused on two DMRs-plp2
specifically: the first, localized on chromosome 19, con-
tains the PPPIRI3L gene and upstream ERCC2 gene; in
the second one, on chromosome 17, falls SEPTIN4 (not
included in our panels) and its antisense and downstream
TEX14 gene (Figure 2D,E and Table 1B).
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FIGURE 3 Quantitative estimation of gene expression of several genes found in the proximity of differentially methylated regions

(DMRSs): (A) Excision repair 2 (ERCC2) gene expression in the proband’s blood and tumour tissue is lower than in the parents, despite the fact
that the gene is expressed more in the proband’s tissue than in his blood. (B) Protein Phosphatase 1 Regulatory Subunit 13 Like (PPPIRI3L)
expression is low in the blood of all trio members. However, PPPIRI3L expression is increased in the proband’s cancer tissue (pl_k). (C) Testis
Expressed 14 (TEX14) is poorly expressed in the blood of all trio members, however, its expression in the tumour tissue (p1_k) is 40-fold

greater than in the blood of pl. (D) Furthermore, Tumor Protein P53 (TP53) gene expression levels are lower in both the proband samples (pl

and pl_k) than in the parents (p2 and p3). This may indicate that decreased methylation of PPPIRI3L in the proband leads to its increased

gene expression, which may influence the decreased TP53 gene expression with respect to both parents.

PPPIRI3L belongs to the regulative pathway of TP53
activity (Reactome pathway ID R-HSA-6804759), adjusted
p-value of .05 (Figure 2C), it is related to DNA repair and
cell survival and inhibits the function of TP53 that sup-
presses the activation of apoptosis.” Moreover, the ERCC2
gene is involved in the nucleotide excision repair (NER)
pathway, which is responsible for repairing DNA damage.

The TEXI4 gene is related to spermatogenesis and
fertility, and changes in its expression are related to sper-
matogenic deficiency and male infertility. Therefore, to
evaluate the effect of methylation on the expression of can-
didate genes, we evaluated it using real-time polymerase
chain reaction of the above genes: ERCC2, PPPIRI3L,
TEXI4, TP53 and GAPDH used as a normalizer (see Sup-
porting Information). This evaluation was performed on
RNA extracted from the peripheral whole blood of the 3
subjects (pl, p2 and p3) and the proband’s tumour tissue
(pl_k). Indeed, the gene PPPIRI3L is poorly expressed in
the blood of all members of the trio, however, we note an
increased expression in the tumour tissue of the proband
(pl_k, Figure 3). On the other hand, TP53 expression levels
are lower in the proband (p1 and p1_k) than in the parents’
blood (p2 and p3). PPPIRI3L and TP53 expression patterns
are consistent with the effect of reduced methylation of
PPPIRI3L. The expression of ERCC2, particularly in the
blood of p1 and tumour tissue, is lower than in the blood of

the parents, but it is higher in the tissue (p1_k) than in the
blood of pl (Figure 3). This pattern of expression is com-
patible with dysregulation mechanisms of NER and DNA
repair pathway existing in tumour tissue, which is much
less evident in blood because of the mechanism that reg-
ulates secretion from tumour tissue; this is also reported
in the literature.'’ The TEXI4 gene is poorly expressed in
the blood of all trio members. However, its expression in
the tumor tissue is 40-fold greater than that in the blood
of pl. Specifically, this high increase in tumor tissue can be
due to the higher specificity in TCs,"! being also this gene
connected with spermatogenesis and subsequent fertility.
In conclusion, this study takes a comprehensive and
combined multi-omics approach to analyze a family
trio with a history of TC and other tumours. Using this
approach, we identified highly putative pathogenic alter-
ations at the genomic level, as well as DMRs between the
proband/father and different from the mother considered
also as control, particularly along the pathway of apoptosis
and DNA-repair related genes. Gene expression analysis
provided supporting evidence of functional effects of
these genetic and epigenetic alterations, that all together
may contribute to the early onset of TCs. A limitation
of the study is that it is a trio-case study, and therefore,
starting from the data described in this paper any direct
functional assays, aimed at investigating the links between
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methylation and gene expression, will be a matter of
further studies.
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