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Abstract
Objective: Thyroid cancer (TC) is the most common endocrine malignancy, with 90%-95% of the cases representing non–medullary thyroid 
cancer (NMTC). Familial cases account only for a few of all cases and the underlying genetic causes are still poorly understood.
Methods: We whole-genome sequenced affected and unaffected members of an Italian NMTC family and applied our in-house developed 
Familial Cancer Variant Prioritization Pipeline (FCVPPv2) which prioritized 12 coding variants. We refined this selection using the VarSome 
American College of Medical Genetics and Genomics (ACMG) implementation, SNAP2 predictions and further in silico scores.
Results: We prioritized 4 possibly pathogenic variants in 4 genes including Ret proto-oncogene (RET), polypeptide N- 
acetylgalactosaminyltransferase 10 (GALNT10), ubinuclein-1 (UBN1), and prostaglandin I2 receptor (PTGIR). The role of RET point mutations in 
medullary thyroid carcinoma is well established. Similarly, somatic rearrangements of RET are known in papillary TC, a specific histotype of 
NMTC. In contrast to RET, no germline variants in PTGIR, GALNT10, or UBN1 have been linked to the development of TC to date. However, 
alterations in these genes have been shown to affect pathways related to cell proliferation, apoptosis, growth, and differentiation, as well as 
posttranslational modification and gene regulation. A thorough review of the available literature together with computational evidence 
supported the interpretation of the 4 shortlisted variants as possibly disease-causing in this family.
Conclusions: Our results implicate the first germline variant in RET in a family with NMTC as well as the first germline variants in PTGIR, 
GALNT10, and UBN1 in TC.
Keywords: RET, GALNT10, PTGIR, UBN1, familial non–medullary thyroid cancer, germline variant, whole-genome sequencing

Significance

Germline genetics of familial non–medullary thyroid cancer (NMTC) is poorly known. We applied whole-genome sequen
cing in an Italian NMTC family followed by stringent bioinformatics filtering and variant prioritization pipeline to identify 
novel predisposition genes for NMTC. Our results implicated the first germline variant in the proto-oncogene Ret 
proto-oncogene (RET) in a family with NMTC as well as the first germline variants in prostaglandin I2 receptor 
(PTGIR), polypeptide N-acetylgalactosaminyltransferase 10 (GALNT10), and ubinuclein-1 (UBN1) in thyroid cancer 
(TC). Although these variants and genes were identified in only one family, their involvement in cancer-related pathways 
and their clustering in a family suggest that these variants may jointly contribute on NMTC development in this family.
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Introduction
Thyroid cancer (TC) is the most common endocrine malig
nancy with an estimated 586 000 new cases and 43 600 deaths 
in 2020, making it the ninth most frequent cancer in that 
year.1 Non–medullary thyroid carcinoma (NMTC) is the 
most common type of TC accounting for over 95% of all 
TC cases. Familial NMTC (FNMTC) accounts for a few per
cent of NMTC and can be categorized into syndromic and 
non–syndromic forms.2,3 Familial risk of NMTC is one of 
the highest of all cancers and there is a difference in risk be
tween the parent and offspring (3.8), and between siblings 
(5.0).4 Familial risk is highest for the concordant type of 
NMTC.5 Germline susceptibility genes for syndromic forms 
are known, although these entities are very rare.6 A few poten
tial susceptibility genes have been identified in families and 
low-risk variants have been identified in genome-wide associ
ation studies.6-9 In general, the genetic basis of non–syndromic 
FNMTC is still not well understood and is the subject of our 
research.

In recent years different approaches have been implemented 
to understand the genetic basis of FNMTC. These include 
genome-wide association studies, linkage analyses, targeted 
sequencing, whole-exome, and whole-genome sequencing 
(WGS). Several genes and loci, including low-penetrance var
iants near or in FOXE1, DIRC3, SRGAP1, TITF-1/NKX2-1, 
NF1, and CHEK2, have been suggested to affect non– 
syndromic FNMTC susceptibility.6,8,9 Our research group 
has performed WGS on 5 Italian NMTC families to identify 
rare, high-to-moderate-penetrance variants. In a previous 
study, we identified and functionally validated a pathogenic 
variant in the POT1 gene (p.V29L).10 More recently, we iden
tified potentially disease-causing variants in CHEK2, EWSR1, 
and TIAM1.11

In this study, we analyzed WGS data of a family, in which 
multiple individuals were diagnosed with FNMTC, and short
listed variants using our in-house developed Familial Cancer 
Variant Prioritization Pipeline (FCVPPv2)12 in conjunction 
with additional in silico tools. We identified 4 novel potential
ly disease-causing germline variants in prostaglandin I2 
receptor (PTGIR), Ret proto-oncogene (RET), polypeptide 
N-acetylgalactosaminyltransferase 10 (GALNT10), and 
ubinuclein-1 (UBN1). Although available literature suggests 
the involvement of the identified genes in cancer pathways, 
no germline cancer predisposition variants have yet been re
ported in PTGIR, GALNT10, or UBN1. To our knowledge, 
we report the first of such germline variants in these 3 genes.

Methods
Patients
A family of Italian origin with NMTC aggregation was recruited 
through the International Consortium for the Genetics of Non– 
Medullary Thyroid Carcinoma. The epidemiological and clinic
al characteristics of this family collection have been reported 
elsewhere.13 Briefly, the criterion for eligibility of the families 
was to have at least 2 first- or second-degree relatives affected 
with NMTC. Family members having benign thyroid diseases, 
such as goiters, adenomas, or thyroiditis, were also sampled. 
The study was conducted in accordance with the Declaration 
of Helsinki. It was approved by the Committee for Protection 
of Persons in Biomedical Research of Lyon (CCPRB A-96.18), 
by the IARC Ethical Review Board (Project 101 95-050, 

amendment 01-013) and by the Comitato Etico Indipendente 
dell’Azienda Ospedaliero-Universitaria di Bologna, Policlinico 
S. Orsola-Malpighi (prot n. 736/2016). Written consent was ob
tained from each patient or subject after full explanation of the 
purpose and nature of all procedures used and a blood sample 
(10 mL) was drawn from family members who agreed to partici
pate to the study. A clinical questionnaire was also proposed to 
the patients, and their pedigrees were constructed. For the Italian 
family presented in this study, patients III-1 and III-3 developed 
papillary thyroid cancer (PTC) at an early age, as indicated in 
Figure 1A, and were subjected to partial/total thyroidectomy fol
lowing diagnosis. Patients IV-3 and IV-4 had also a total thyroi
dectomy after diagnosis at an early age. Patient III-4 developed 
PTC-positive nodules at an older age (54 years) compared to 
her spouse and offspring and was subsequently operated for 
breast cancer. She was included in the study to exclude the pos
sibility of recessive inheritance of the disease in her children. 
WGS was conducted on genomic DNA derived from peripheral 
blood of 3 affected members (III-1, III-3, and IV-3), one un
affected member (no thyroid disease[s] or nodules at ultrasound 
IV-2), one potential carrier with benign nodules and no evidence 
of cancer at time of analysis (IV-1), and one family member by 
marriage (III-4, see Figure 1A). Genomic DNA was extracted 
from blood using the QiAMP DNA Blood Mini kit following 
the manufacturer’s instructions.

Whole-genome sequencing
WGS was performed using Illumina-based short-read sequen
cing. BWA mem (version 0.7.8) was used to map the results to 
the human reference genome (assembly GRCh37 version 
hs37d5), and duplicates were removed with biobambam (ver
sion 0.0.148).14 Small nucleotide variants and InDels were 
called with Platypus through joint calling on all samples 
from the family.15 All variants were annotated using data 
from ANNOVAR, 1000 Genomes, dbSNP, and ExAC.16-19

We retained variants based on QUAL scores (>20) and cover
age (>5×), as well as those that passed all of the internal 
Platypus filters. We selected rare variants with minor allele 
frequency (MAF) < 0.1% in the 1000 Genomes Phase 3 and 
non–TCGA ExAC data. To search for sample swaps and fam
ily relatedness, a pairwise comparison of shared rare variants 
was performed.

Analysis and prioritization of coding variants
We filtered and prioritized variants according to the criteria of the 
FCVPPv2.12,20 For the present study, we updated the MAF data 
using the gnomAD_genomes_AF, gnomAD_genomes_NFE_AF 
and gnomAD_genomes_POPMAX_AF <0.1% (gnomAD 
v.4.0.0; https://gnomad.broadinstitute.org). Based on variant seg
regation with the disease in the family, the variant should be pre
sent in cancer patients, it may be present in individuals with 
benign nodules and it should not be present in unaffected individ
uals. We selected the variants belonging to the top 10% of prob
able deleterious variants in the human genome according to the 
web-based CADD tool v1.3.21 Variants predicted to be deleteri
ous by at least 60% of 12 tools accessed using dbNSFP, namely 
SIFT, PolyPhen V2-HDV, PolyPhen V2-HVAR, LRT, 
MutationTaster, Mutation Assessor, FATHMM, MetaSVM, 
MetLR, VEST3, PROVEAN, and RI, were selected.22

Evolutionary conservation of the genomic position of the variants 
was evaluated using 3 scores, Genomic Evolutionary Rate 
Profiling (GERP, >2), PhastCons (>3), and PhyloP (≥0.3).23-25
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We used scores derived from NHLBI-ESP6500, ExAC and a local 
dataset, all of which were developed using allele frequency data, 
to evaluate the intolerance of genes to functional variants.26

Two other scoring systems developed by the ExAC consortium 
with the help of large-scale exome sequencing data were regarded 
for loss-of-function (LOF) variants (pLI) and missense variants 
(Z-scores).

In silico studies, protein alignment, and structural 
modeling
We used additional in silico tools for final selection of the can
didate predisposition variants. We obtained the American 
College of Medical Genetics and Genomics (ACMG) classifi
cation of the selected variants via Varsome.27 DANN, 
ClinPred, and REVEL scores were generated using the web- 
based tool OpenCRAVAT.28 DANN is a deep learning–based 
approach to annotate pathogenicity of genetic variants and 
uses the same feature set and training data as CADD to train 
a deep neural network.29 REVEL is an ensemble method for 
predicting the pathogenicity of missense variants based on a 
combination of scores from 13 individual tools, that are also 
part of the FCVPPv2.30 Both REVEL and DANN scores can 
range from 0 to 1, with higher scores showing greater prob
ability that the variant is disease-causing. ClinPred is a ma
chine learning–based tool for identifying disease-relevant 
nonsynonymous variants. ClinPred scores >0.5 are defined 
as damaging.

We studied the tolerance of the proteins to amino acid (AA) 
substitution of the shortlisted variants using SNAP2, a neural 
network–based classifier.31 A heat map representation was 
generated and the area surrounding the variant as well as 
the variant itself was evaluated.

The conservation of the variants across species was as
sessed further. Orthologue gene groups for PTGIR, RET, 
UBN1, and GALNT10 were obtained from the National 
Center for Biotechnology Information (NCBI). Multiple 
homologous sequences were selected, aligned, visualized 

and formatted by COBALT, a constraint–based multiple 
alignment tool.32

The structural stability of the protein in response to the re
spective variant was evaluated using the mutation Cutoff 
Scanning Matrix (mCSM).33 We accessed the PDB entry and 
3D representation of human RET (4ux8) and human 
GALNT10 (2d7i) from the Protein Data Bank in Europe.34

PDB files of the complete human PTGIR and UBN1 proteins 
were not found and not evaluated for structural stability.

Validation of candidate variants
The sequencing data for the shortlisted variants were re
checked manually using the Integrative Genomics Viewer.35

We screened WGS data from the other 4 NMTC families 
that were part of our previous studies for rare variants in the 
selected genes,20 and found none that passed the criteria of 
FCVPPv2.

Results
Whole-genome sequencing and variant 
prioritization
This study is based on an Italian family, with 5 members diag
nosed with PTC across 2 generations and 1 member with be
nign nodules (Figure 1A). Three family members diagnosed 
with PTC were subjected to WGS (III-1, III-3, and IV-3), to
gether with the family member with benign nodules (IV-1) 
and one healthy family member (IV-2). Additionally, we se
quenced III-4, wife of the affected family member III-3, and 
mother of two affected family members IV-3 and IV-4. She 
was also affected by TC, however, at an older age (54 years) 
compared to her husband (34 years) and his first degree rela
tives (27, 32, and 34 years). The variants were filtered based 
on the pipeline shown in Figure 1B.

WGS of the family identified a total of 207 873 variants 
with a MAF < 0.1%. This number was reduced by pedigree– 
based filtering to 9373. Application of FCVPPv2 resulted in 

Figure 1. (A) Pedigree of the NMTC family with RET, GALNT10, PTGIR, and UBN1 variants. (B) An overview of the analysis of coding variants following 
the FCVPPv2.
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the prioritization of 12 coding variants that segregated with 
the disease20; the summary of the variants is shown in 
Table S1.

After inclusion only the variants with CADD >20 (repre
senting the top 1% of probable deleterious variants according 
to CADD) and exclusion of the variants with low intolerance 
scores (<60% of scores indicating intolerance), 7 variants re
mained (Table 1). These variants were further analyzed using 
SNAP2 prediction on impact of AA substitutions on proteins 
as well as DANN, REVEL, and ClinPred tools that have 
been shown to be very strong ensemble methods, and classified 
using ACMG criteria (Table 1). However, since DANN and 
REVEL are already included in the ACMG Varsome analysis, 
we did not weight these points as heavily to avoid double 
counting evidence. For these variants and their related genes, 
we looked at the available literature thoroughly and weighted 
this information strongly. We evaluated whether the 
loss-of-function is a known mechanism in genes with variants 
predicted to be null variants. We evaluated if the gene is 
known to play a role in cancer and which domains have 
been implicated so far. Another factor was whether the gene 
is involved in a pathway that has been implicated in the car
cinogenesis of thyroid or other cancers. Based on these data, 
we prioritized the variants in the genes PTGIR, RET, 
GALNT10, and UBN1. All the 4 variants were present in 
all TC cases, but not in the healthy individual or the family 
member by marriage (Figure 1A).

PTGIR and RET are involved in MAPK/ERK and PI3K/ 
AKT pathways
Two variants located in the genes PTGIR and RET, respect
ively, may have an effect on the mitogen-activated protein kin
ase/extracellular signal-regulated kinase (MAPK/ERK) and 
the phosphatidylinositol 3-kinase/AKT serine/threonine kin
ase (PI3K/AKT) pathways. The tolerance of AA substitutions 
at position 296 of the PTGIR protein was predicted by 
SNAP2, which showed that the arginine to histidine substitu
tion has a very strong effect with a score of 82 and expected 
accuracy of 91% (Table 1). The region immediately preceding 
this position is also shown to be highly intolerant to AA sub
stitutions as shown in the heat map (Figure 2A). Comparative 

sequence analysis of PTGIR showed the position (R296H) 
and the region preceding it to be highly conserved among se
lected representative species within the phylogeny 
(Figure 2B). As expected, the intolerant region in the SNAP2 
analysis (Figure 2A, red) and the highly conserved region in 
Figure 2B coincide with each other. PTGIR has an extracellu
lar N-terminus, followed by 7 transmembrane α-helices that 
are connected by 3 intracellular and 3 extracellular loops 
(Figure 2C). The variant is located immediately after the sev
enth helix of PTGIR in the intracellular space; a 3D model 
of PTGIR is shown in Figure 2D.

The second gene we analyzed further was RET. Although 
the newly created scores were not very strong (Table 1), we in
cluded RET in our further evaluation, as it is a proto-oncogene 
with a well-known role in medullary TC (MTC).37

Furthermore, somatic rearrangements of RET can cause 
PTC, a specific histotype of NMTC.37 The original 
FCVPPv2 analysis prioritized the V262A variant with a 
CADD score of 26.3, with supporting information from in
tolerance and deleteriousness scores (Table S1). The SNAP2 
analysis showed a weak effect (score = 1) for the valine to ala
nine change (Table 1). Most AA changes of this position and 
the area immediately after it are predicted to be intolerant 
(Figure 3A; shades of red), in contrast with the region prior 
to position 262, which is shown to be tolerant to substitutions 
(blue). Multiple sequence alignment of amino acids 257-285 
of RET from selected vertebrate species indicated the position 
of our variant to be highly conserved (Figure 3B). The 3D crys
tal structure of RET (PDB entry 4ux8) is shown in Figure 3C. 
We utilized the PDB entry for the mCSM analysis, which 
showed the V262A variant to cause destabilization of the 
RET protein, by predicting a negative thermodynamic change 
in Gibb’s free energy (ΔΔG = −2.388 kcal/mol, Figure 3D).

Since RET is an established proto-oncogene, many germline 
variants in RET have already been implicated and functionally 
validated in MTC and PTC.37,38 Also, germline LOF variants 
in RET are found in Hirschsprung disease.39 These 
variants and their positions can be seen in Figure 4. Known 
variants in multiple endocrine neoplasia, type 2 (MEN2) 
were checked with the MEN2 RET database developed by 
the ARUP Institute for Clinical and Experimental Pathology 
and last updated in 2020.38 The majority of germline variants, 

Table 1. Top 7 shortlisted variants with SNAP2, DANN, REVEL, and ClinPred scores as well as ACMG classifications.

Gene Variant position HGVSpa SNAP2 
predicted 

effect

SNAP2 
score

SNAP2 
expected 

accuracy (%)

DANN 
scoreb

REVEL 
scoreb

ClinPredc Varsome ACMG 
classification

PTGIR 19_47124811_C_T Arg296His Effect 82 91 0.9996 0.299 0.9810 VUS
GALNT10 5_153789322_G_C Glu462Asp Effect 17 59 0.9964 0.279 0.9700 Pathogenic
UBN1 16_4911084_G_A Arg364His Effect 30 66 0.9993 0.353 0.5095 VUS with minor 

pathogenic 
evidence

RET 10_43600559_T_C Val262Ala Effect 1 53 0.9908 0.748 0.1109 VUS with some 
pathogenic 
evidence

KLHL18 3_47385160_A_G Tyr485Cys Effect 36 66 0.9973 0.809 0.9820 VUS with minor 
pathogenic 
evidence

OSGIN2 8_90921899_A_T Glu50Val Effect 50 28 0.9883 0.205 0.1219 VUS
GSR 8_30585111_C_T Arg81His Neutral −85 93 0.9994 0.313 0.9161 VUS

aAmino acid change based on the human genome variant society (HGVS) nomenclature.
bScores can range from 0 to 1, with higher scores showing greater probability that the variant is disease-causing.
cScores >0.5 are defined damaging.
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Figure 2. In silico studies of PTGIR p. R296H. (A) Heat map representation of SNAP2 results depicting the likely impact of individual AA substitutions 
(y-axis) for each position (x-axis) on protein function. Substitutions with strong effects are depicted with dark red (score = 100), whereas weak 
substitutions are represented with blue (score = −100). White represents neutral substitutions. Black represents the corresponding wild-type residue. 
The R296H variant is shown with yellow rectangles. (B) Comparative sequence analysis across representative phylogeny. The variant site is shown with a 
blue box. The organisms and their sequence IDs are also included. Differences are highlighted in red. (C) Schematic diagram of PTGIR with all its domains. 
The variant identified in this study is marked in blue box. (D) 3D structure of PTGIR obtained via SwissModel (SMTL ID: 7d7m.1).36 The position of 
p. R296H is marked with a blue arrow.

Figure 3. In silico studies of RET p.V262A. (A) Heat map representation of SNAP2 results depicting the likely impact of individual AA substitutions (y-axis) 
for each position (x-axis) on protein function. Substitutions with strong effects are depicted with dark red (score = 100), whereas weak substitutions are 
represented with blue (score = −100). White represents neutral substitutions. Black represents the corresponding wild-type residue. The V262 position is 
shown with yellow rectangles. (B) Comparative sequence analysis across representative phylogeny. The position of the variant is shown in blue box. 
Differences are highlighted in red. (C) 3D crystal structure of PDB 4ux8; p.V262A is marked with an arrow. (D) Thermodynamic change in Gibb’s free 
energy caused by the p.V262A substitution as predicted by the mCSM.
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especially those implicated in MTC and MEN2, are located in 
the extracellular cysteine–rich region or the intracellular tyro
sine kinase domain (Figure 4). Only a few variants have been 
found in the cadherin-like domains of RET, where the V262A 
variant is located. So far, these have only been implicated in 
Hirschsprung disease.

Variants in GALNT10 and UBN1 are potentially 
predisposing to NMTC
Two other variants were located in the genes GALNT10 and 
UBN1, respectively, that have functions relevant to cancer de
velopment. GALNT10 is involved in posttranslational modi
fication of proteins and UBN1 has been implicated in 
chromatin regulation. For GALNT10, we attained relatively 
strong results from the in silico tools (Table 1). The ACMG 
classification of this variant was pathogenic. The SNAP2 re
sults show that the substitution E462D has a slightly deleteri
ous effect (score = 17). The region immediately surrounding 
this position is also shown to be intolerant to substitutions 
(Figure 5A). Comparative sequence analysis of amino acids 
448-480 of GALNT10 from selected representative species 
within the phylogeny shows the variant site and the residues 
surrounding it to be highly conserved (Figure 5B). The protein 
consists of an N-terminal glycosyltransferase domain involved 
in manganese coordination, substrate binding, catalytic 

reaction, and UDP-Gal binding (Figure 5C). The C-terminal 
ricin B-type lectin domain, in which the variant identified in 
our study is located, binds to GalNAc and contributes to the 
glycopeptide specificity.40 The 3D crystal structure of 
GALNT10 along with the mCSM analysis results of this 
PDB entry are shown in Figure 5D and E, respectively. 
E462D was shown to cause destabilization of the GALNT10 
protein (ΔΔG = −1.609 Kcal/mol).

For UBN1, SNAP2 predicted the arginine to histidine sub
stitution at position 364 to have a moderately strong effect 
(score = 30; Table 1, Figure 6A). Comparative sequence ana
lysis of UBN1 showed the position (R364H) to be highly con
served among selected representative species within the 
phylogeny (Figure 6B). The variant identified in this study is 
located in the middle domain of UBN1. A schematic diagram 
of the structure is shown in Figure 6C, in which the domains 
and their interactions with histones and histone cell cycle regu
lator (HIRA) are shown.

Discussion
In recent years, WGS has emerged as a “state-of-the art” tool 
in the identification of novel cancer-predisposing genes in 
Mendelian diseases. Unlike MTC, the genetic basis of 
FNMTC is not yet well understood. A consensus as to the 
mode of inheritance, whether monogenic or polygenic or 

Figure 4. Schematic primary structure of the RET protein with its domains. Germline variants in RET identified thus far are shown next to their domains. 
The variant identified in the present study, p.V262A, is marked with an asterisk (*). Variants of unknown significance (VUS) are detonated as such.
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both, has yet to be reached.6 In the present study, we applied 
the FCVPPv2, followed by additional in silico tool evaluation, 
to prioritize WGS-identified variants in an Italian NMTC fam
ily. This led to the identification of 4 potentially deleterious 
coding variants in PTGIR, RET, GALNT10, and UBN1. 
All the 4 variants were present in all TC cases, but not in the 
healthy individual or the family member by marriage, who 
also was diagnosed with TC, although at an older age than 
the other TC-affected family members. Thus, a polygenic in
heritance model might explain the TC clustering in the family. 
The variants were rare (MAF < 0.1% in the gnomAD genome 
data), and we did not find any variants in these genes fulfilling 
our prioritization pipeline criteria in 4 other families from our 
previous studies.20 Unfortunately, we did not have access to 
other, sporadic, cohorts of TC, or benign thyroid diseases. 
However, the moderate to strong results of the in silico ana
lyses were supported by the available literature that implicated 
the involvement of the corresponding proteins in cancer- 
related processes: PTGIR and RET as mediators of the 
MAPK/ERK and PI3K/AKT pathways, UBN1 as a regulator 
of senescence and gene expression, and GALNT10 as an initi
ator of posttranslational mucin-type-O-glycosylation. While 
RET is a known proto-oncogene in MTC and is also frequent
ly mutated in Hirschsprung disease, or megacolon congeni
tus,37,39 we report here the first germline variant in 
predisposition to NMTC. Similarly, to our knowledge, no oth
er germline variants in PTGIR, GALNT10, and UBN1 have 
been implicated in cancer to date.

In our previous pathway analysis study, G-protein coupled 
receptor (GPCR) driven pathways like MAPK/ERK and PI3K/ 

AKT were enriched in families affected by TC.20 The MAPK 
pathway is one of the most frequently mutated signaling path
ways in human cancer and plays a central role in the stimula
tion of biological responses, including cell proliferation, 
differentiation, growth, migration, and apoptosis.41 The 
PI3K/AKT pathway is also involved in similar biological proc
esses and has been extensively linked to carcinogenesis in the 
past.42 Akin to GPCRs, the overexpression or aberrant activa
tion of receptor tyrosine kinases, such as RET, can result in the 
upregulation of the MAPK/ERK and PI3K/AKT pathways. 
Thus, the RET and PTGIR variants found in this study could 
jointly play an important role in the development of TCs in the 
studied family.

PTGIR is a GPCR with 7 transmembrane domains, from 
which the last one has been shown to play a vital role in the 
signal transduction of GPCRs.43 The variant R296H is located 
in the intracellular space, immediately after the seventh trans
membrane domain of PTGIR. As a GPCR, PTGIR activates 
MAPK/ERK and PI3K/AKT signaling and regulates various 
important biological processes, such as metabolism, growth 
and homeostasis and is involved in cancer initiation and pro
gression. Furthermore, GPCRs are important targets for many 
currently prescribed drugs.44

RET is a well-known oncogene in MTC and it is also rear
ranged leading to its ectopic activation in PTC.37 Thus, the 
germline and somatic RET variants in these diseases are 
well-characterized.37-39 Many of the variants are located in 
the intracellular tyrosine kinase region. Interestingly, some 
variants, especially in MEN2A, are located in the extracellular 
domains, including the cadherin-like domains, in which the 

Figure 5. In silico studies of GALNT10 p.E462D. (A) Heat map representation of SNAP2 results depicting the predicted impact of individual AA 
substitutions (y-axis) for each position (x-axis) on protein function. Substitutions with strong effects are depicted with dark red (score = 100), whereas 
weak substitutions are represented with blue (score = −100). White represents neutral substitutions. Black represents the corresponding wild-type 
residue. The E462D variant is shown with yellow rectangles. (B) Comparative sequence analysis across representative phylogeny. The variant site is 
shown with a blue box. The organisms and their sequence IDs are also included. Differences are highlighted in red. (C) Schematic diagram of the 
GALNT10 protein with its domains. The variant identified in this study is marked with an arrow. (D) 3D crystal structure of PDB 2d7i. AA position 462 is 
marked with an arrow. (E) Thermodynamic change in Gibb’s free energy caused by the p.E462D substitution as predicted by the mCSM.
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V262A variant from our study is located.45 In vitro experi
ments conducted by Wang et al.39 have confirmed LOF effects 
for nine Hirschsprung disease-associated RET mutations. The 
LOF effects were manifested either as disruption of RET phos
phorylation or the production of a truncated protein with sub
cellular mis-localization or aberrant splicing.

Posttranslational modification of proteins and its dysregu
lation has been described as a hallmark of many cancers.46

Aberrant mucin-type-O-glycosylation, initiated by 
N-acetylgalactosaminyltransferases (GALNTS), is an im
portant posttranslational modification that is frequently as
sociated with uncontrolled proliferation, invasion and 
metastasis.47 Human GALNT10 is ubiquitously expressed, 
with intermediate levels in the thyroid gland.46 The ACMG 
annotation of this variant identified it as a possible null vari
ant, as it is predicted to affect splicing. LOF is a known mech
anism of disease in GALNT10, hence this prediction 
indicates a possible pathogenicity.

Cellular senescence is a hallmark of tumor suppression and 
depends on control of chromatin.48 UBN1 is a protein in
volved in gene regulation through its effect on chromatin as
sembly. It is a member of the HIRA histone chaperone 
complex, composed of HIRA, UBN1, and CABIN1.49 The 
HIRA complex specifically binds to and deposits H3.3 at se
lected genomic regions, including gene regulatory elements, 
gene bodies, and sites of DNA damage.50,51 The variant iden
tified in this study is located in the UBN1 middle domain, 
which has dimer formation activity and binds to H3/H4.52

Another histone chaperone complex consisting of ATRX 
and DAXX is essential for H3.3 deposition at heterochromatic 
loci. This pathway has previously been shown to suppress 
the development of pancreatic neuroendocrine tumors and 
pediatric glioblastomas.53 In contrast, not much has been 
reported on the HIRA complex’s role in cancer. It was initially 
identified through a study of DiGeorge syndrome patients and 
has since been linked to abnormalities in embryogenesis.54

HIRA’s role in establishing and maintaining senescence 
has only more recently been discovered.48 In that study the 
complex was required to suppress oncogene-induced neo
plasia in a mouse model.48 Therefore, aberrant function of 
UBN1, as a member of the HIRA chaperone complex, may 
influence cell proliferation, DNA damage repair, and gene 
regulation.

The prioritization of the variants in our study was based on 
a set of in silico tools. We acknowledge this as a limitation of 
our study. In silico tools can only offer predictions, particular
ly because different algorithms are based on similar datasets. 
We recognize that a conclusive classification of variants is 
only possible with the help of functional studies. Therefore, 
further functional studies will be required to determine if the 
variants in genes identified in our study represent pathogenic 
variants for FNMTC and to test if these variants indeed act 
in synergy.

In conclusion, WGS of an Italian family affected by NMTC 
combined with a thorough literature review allowed us to pri
oritize 4 potentially disease-causing variants in this family. 

Figure 6. In silico studies of UBN1 p. R364H. (A) Heat map representation of SNAP2 results depicting the predicted impact of individual AA substitutions 
(y-axis) for each position (x-axis) on protein function. Substitutions with strong effects are depicted with dark red (score = 100), whereas weak 
substitutions are represented with blue (score = −100). White represents neutral substitutions. Black represents the corresponding wild-type residue. 
The R296H variant is shown with yellow rectangles. (B) Comparative sequence analysis across representative phylogeny. The organisms and their 
sequence IDs are also included. Differences are highlighted in red. The variant identified in this study is marked in blue box. (C) Schematic diagram of the 
UBN1 protein with all domains and their interactions, listed from the N-terminal to the C-terminal, these are N-terminal Hpc2-related domain (NHRD), 
HRD, and the middle domain. The variant identified in this study is marked in blue.
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The affected genes were reported to be involved in important 
cancer-related pathways and processes, such as cell prolifer
ation, differentiation, growth, DNA repair, migration, apop
tosis, senescence, and gene regulation. One of the novel 
variants was located in an established oncogene, RET, known 
to cause MTC, MEN2, and PTC. In the present study, we pro
pose a polygenic mode of inheritance in this family and aim to 
perform functional studies to further characterize these var
iants in the context of cancer predisposition. We hope to con
tribute to the growing database of known germline variants in 
NMTC to improve the current understanding of NMTC 
inheritance.
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