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Abstract

Purpose Inguinal hernia repair is one of the most com-
mon procedures in general surgery. Males are seven times
more likely than females to develop a hernia and have a
27 % lifetime ‘risk’ of inguinal hernia repair. Several
studies have demonstrated that a positive family history is
an important risk factor for the development of primary
inguinal hernia, which indicates that genetic factors may
play important roles in the etiology of the disease. So far,
the contribution of genetic factors and underlying mecha-
nisms for inguinal hernia remain largely unknown. The aim
of this study was to investigate a multiplex Estonian family
with inguinal hernia across four generations.

Methods The whole-exome sequencing was carried out in
three affected family members and subsequent mutation
screening using Sanger sequencing was performed in ten
family members (six affected and four unaffected).
Results Whole-exome sequencing in three affected fam-
ily members revealed a heterozygous missense mutation
¢.88880A>C (p.Lys29627Thr; RefSeq NM_001256850.1)
in the highly conserved myosin-binding A-band of the TTN
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gene. Sanger sequencing demonstrated that this mutation
cosegregated with the disease in this family and was not
present in ethnically matched control subjects.

Conclusion We report that missense variant in the A-band
of TTN is the strongest candidate mutation for autosomal-
dominant inguinal hernia with incomplete penetrance.

Keywords Inguinal hernia - Genetics - Titin - Whole-
exome sequencing

Introduction

Although the lifetime risk for inguinal hernia operation is
estimated to be 27 % for men and 3 % for women [1]
resulting in vast number of patients undergoing inguinal
hernia repair, our knowledge of the etiology of the disease
is insufficient. It is estimated that over 700,000 groin her-
nias are repaired annually both in the United States and
Europe; specific rates vary between countries from 100 to
300 per 100,000 population per year [2, 3].

Inguinal hernia is often classified into two subtypes
based on their localizations as direct and indirect [4, 5].
Indirect inguinal hernias emerge from the inguinal ring,
whereas direct inguinal hernias arise from Hesselbach’s
triangle [5, 6]. Indirect hernia is more common during
adolescent age and direct hernia in adults [7].

According to the European Hernia Society guidelines on
the treatment of inguinal hernia, smokers, patients with
patent processus vaginalis, after an open appendectomy
and prostatectomy, with ascites, on peritoneal dialysis,
after long-term hard work or with chronic obstructive
pulmonary disease have an increased risk of inguinal her-
nia development [8]. Connective tissue disorders, such as
Ehlers—Danlos and Marfan syndromes, and systemic
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collagen subtype imbalance have also been associated with
an increased risk of hernia [9, 10]. Positive family history
represents an important risk factor for development of
primary inguinal hernia and suggests the role of genetic
factors in the etiology of the disease [5, 11, 12]. There are
only a few studies that have investigated genetic predis-
position to inguinal hernia and therefore, the contribution
of genetic factors still remains largely unknown [11, 13,
14]. So far, autosomal dominant with incomplete pene-
trance and multifactorial inheritance are two mainly sug-
gested inheritance patterns [13, 15].

In this paper, we present the results of an investigation
on inguinal hernia in a large multiplex Estonian family
using a whole-exome sequencing strategy followed by
validation with Sanger sequencing.

Materials and methods
Subjects

Ethical approvals for the study were obtained from the
Ethics Review Committee on Human Research of the
University of Tartu. All participants in this study were
recruited from The Estonian Biobank cohort [16]. An
informed consent form was signed prior to enrollment in
this study by all participants. Genomic DNA was extracted
by standard procedures from peripheral lymphocytes of
affected individuals and unaffected siblings. All partici-
pants have filled the health questionnaires and the GPs
performed a standardized health examination of the par-
ticipants. Inguinal hernia patients’ diagnoses were con-
firmed according to medical records. The characteristics of
all individuals from an Estonian family who participated in
this study are in Table 1. Inguinal hernia was diagnosed

Table 1 Demographic characteristics of the family members

through five generations. Three patients had indirect her-
nias (hernias that occurs lateral to the epigastric vessels)
and two had direct inguinal hernias (hernias that occur
medial to the epigastric vessels). An average age at the
disease onset was 20.4 years (SD % 27.88). All patients
were non-smokers; calculated body mass indexes were
between 20.01 and 30.07 kg/m>.

Exome sequencing

Three affected family members (IV:3, IV:6 and IV:16;
Fig. 1) were analyzed by the whole-exome sequencing as
described previously [17]. Briefly, exome capture was
performed using the Agilent SureSelect Human All Exon
50 Mb kit (Agilent Technologies Inc., Santa Clara, CA).
The captured DNA was sequenced on Illumina HiSeq 2000
according to the manufacturer’s protocol. 100-bp paired-
end sequence reads were aligned to the human reference
genome (hgl9, GRCh37) using the Burrows—Wheeler
Aligner (BWA, version 0.6.1) [18]. Single-nucleotide
substitutions (SNVs) and small indel variants were called
with SAMtools (version 0.1.18), Picard tools (version 1.60;
http://picard.sourceforge.net/), and a Genome Analysis
Toolkit (GATK, version 1.5.21) and annotated with in-
house scripts [19, 20]. Retained SNVs and indels with
Phred-like quality scores of >20 were filtered against
dbSNP138 and the 1000 Genomes project to exclude pre-
viously identified variants, and a comparison with our in-
house database of Estonian exomes and full genomes was
then performed to further reduce the number of candidate
mutations. We focused on heterozygous SNVs and inser-
tions/deletions affecting coding regions or canonical
splicing sites. PolyPhen-2 and MutationTaster software
tools were used to predict the functional effects of
mutations.

No. Age (years) Sex BMI Career Smoking Hernia Age of diagnosis Type Site

1r:2 97 F 22.31 Retired No Yes NA NA NA

Iv:3 68 M 26.81 Farming No Yes 68 Direct Left-sided
Iv:6 63 M 26.22 Specialist No Yes 21 Direct Unilateral
Iv:7 64 F 27.22 Specialist No No - - -

IV:16 60 F 22.68 Sales No Yes 0 Indirect Both-sided
Iv:17 56 F 30.81 Official No No - - -

V4 39 M 20.01 Specialist No Yes 0 Indirect Right-sided
V:6 36 F 20.52 Specialist No No - - -

V7 33 M 30.07 Official No Yes 2 Indirect Unilateral
V:14 40 F 20.73 Specialist No No - - -

F female, M male, BMI body mass index (kg/mz), NA not available
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Fig. 1 Pedigree of the analyzed family and confirmation of the 7TN
mutation by Sanger sequencing. Symbols marked with capital A (dark
blue) indicate individuals with inguinal hernia. Symbols marked with
capital U (green) indicate unaffected individuals. Symbols marked
with yellow indicate individuals whose disease status in unknown. A

Segregation analysis

Sanger sequencing was used to confirm that mutations iden-
tified by exome sequencing segregated with the disease. Pri-
mer sequences are presented in the Supplementary Table 1.
Sequencing was performed using the BigDye® Terminator
v3.1 Cycle Sequencing Kit (Applied Biosystems, USA)
according to the manufacturer’s protocol with a 3730x1 DNA
Analyzer (Applied Biosystems, USA). Mutation analysis was
performed on ten family members (III:2, IV:3, IV:6, IV:7,
V:i4,V:6,V:7,1V:16,1V:17, V:14; Fig. 1; Table 1).

Linkage analysis

Linkage analysis was performed on nine family members
(II:2, 1IV:3, 1V:6, IV:7, V4, V:6, 1V:16, IV:17, V:14;
Fig. 1; Table 1). All indicated samples were genotyped
using an Illumina OmniExpress BeadChip (Illumina, San
Diego, CA, USA). Multipoint linkage analysis was per-
formed using MERLIN 1.1.2 [21] under the autosomal
dominant inheritance model with a mutant allele frequency
of 0.0001 and incomplete penetrance.

Results

Whole-exome sequencing was performed in three affected
individuals (IV:3, IV:6, IV:16; Fig. 1; Table 1); two brothers
and their niece. The exomes were covered at least 50-fold and
the mean read depth was 108. In each individual, between
58,194 and 61,242 single nucleotide variants (SNVs) and
4641-6460 small insertions—deletions were identified. In each
individual, 613-832 SNVs and 655-998 indels were not pre-
sent in dbSNP138 or the 1000 Genomes project database.
After exclusion of variants found in healthy individuals, and

@ m B o

v:9 v:12 v:13 v:14

v:18

plus sign indicates individuals whose DNA was available for this
study. Individuals IV:3, IV:6 and IV:16 underwent exome sequenc-
ing; individuals III:2, IV:3, IV:6, IV:7, V4, V:6, V:7, IV:16, IV:17,
V:14 underwent Sanger sequencing

by further filtering against in-house exomes database, three
heterozygous mutations remained for segregation analysis
(Fig. 2a). Sanger sequencing confirmed that only heterozy-
gous  missense  mutation  (c.88880A>C;  RefSeq
NM_001256850.1; p.Lys29627Thr) in exon 339 within Ig-
like 135 domain of TTN co-segregated with inguinal hernia
(Fig. 2a, b). This mutation was present in all affected indi-
viduals who were descendants of III:2 or III:4, and in an
unaffected carrier female V:14 (Fig. 1). The mutation was not
detected in unaffected family members V:6, IV:17, IV:7 and
in affected individual V:7. This mutation was not present in
Estonian control exomes of 334 individuals with unrelated
conditions and in full genomes of 2340 Estonians. Both
PolyPhen-2 and MutationTaster predicted this mutation as
probably damaging or disease causing. The Lys29627 posi-
tion is highly conserved (phyloP score 5.199) in TTN proteins
from other vertebrate species (Fig. 2c).

Genome-wide linkage analysis revealed no significant
logarithm of odd scores.

Discussion

Although inguinal hernia repair is one of the most commonly
performed procedures in general surgery, the pathogenic
mechanisms of inguinal hernias are not completely under-
stood. Inguinal hernia has been proposed to be hereditary [11,
22], but the possible inheritance pattern is uncertain yet and
there are no reported genetic studies for humans that could be
considered as whole-genome level or genome-wide.

In the current study, whole-exome sequencing has
revealed a heterozygous missense mutation c.88880A>C
(p.Lys29627Thr) in the TTN gene, encoding for titin, that
co-segregated with inguinal hernia in an Estonian multi-
plex family. This mutation was present in all affected
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Fig. 2 a Validation of the A
identifled ¢.88880A>C ] Chr  Gene name Position dbSNPID  Reference Variant Qupstitution  PolyPhen
mutation. b Sanger sequencing 2 TIN 179412550 1s200766837 A C Lys2962 0.997
confirmed the A to C Lys29627Thr

o - 10 CDH23 73556953  not present G C Glu2267GIn 0,923
substitution (indicated by an
arrow) corresponding to 21 KRTAPI2-4 46074342 rs201843345 T G Ser64Arg 0,991
¢.88880A>C in exon 339
(NM_001256850.1), shown in B
affected individual IV:6 and TAC c c GACAG cc| [Tac c c GACAG cc

unaffected individual IV:17.

¢ Multiple sequence alignment
of TTN sequences across
species. Asterisks mark the
positions of fully conserved A |'.
amino acids. The Lys29627 (| ' p

position is marked with black
border
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individuals (except V:7, who descends from a different
family tree) and also in a female carrier V:14 without onset
of inguinal hernia during her lifespan. It is common that
individuals with a family history of hernia may not expe-
rience any symptoms until an older age. This is supported
by the fact that her two sons both have already a diagnosed
inguinal hernia, unfortunately they were unavailable to be
included to the current study. It is more likely that inher-
itance pattern in this family is autosomal-dominant with
incomplete penetrance. This is consistent with previous
studies focusing on genetic background of inguinal hernia
that have proposed inguinal hernia to be a polygenic trait
that may possibly occur as an autosomal-dominantly
inherited disease with reduced penetrance in familial cases
[13, 15]. The family used in the current study consists of
patients with both direct and indirect hernias. It has been
proposed that indirect hernia is more common during
adolescent age and direct hernia in adults [7], this may
suggest that the children and the adult inguinal hernia can
have different etiologies [11]. Thus, although we have both
types on hernias in the family used in the study, which
either can be considered as the weakness of the current
study or there are some additional genetic factors that could
be common to the both types of inguinal hernias. Further
studies with this family may provide new information.
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TTN is an extremely large protein and is abundantly
expressed in highest levels in heart and skeletal muscle [23],
where it spans half of the sarcomere and runs from the Z-disc
through the I-band and A-band all the way to the M-line [24].
The human titin gene encompasses ~ 300 kb on chromo-
some 224 and its coding sequence is comprised of 363
exons (ENSG00000155657). The ¢.88880A>C transversion
is located in exon 339 within the myosin-binding A-band
segment of titin and leads to the substitution of basic posi-
tively charged lysine to uncharged threonine. The A-band of
titin, the largest part of the molecule arranged in 7- and
11-domain super-repeats [25], is very stable and highly
conserved [26]. TTN gene is known to be involved in muscle
contraction, sarcomerogenesis, and skeletal muscle myosin
filaments assembly; TTN mutations have been reported as
clinically associated variants for both human skeletal muscle
and heart diseases. Several studies have described mutations
in the A-band of titin to be associated with dilated car-
diomyopathy or hereditary myopathy with early respiratory
failure [27, 28]. The c.88880A>C is reported in dbSNP138
as an rs200766837; however, this variant is monomorphic in
Estonian general population based on genotyping data of
4534 randomly selected individuals from the Estonian Bio-
bank. Only a few TTN mutations that are associated with
heart or skeletal muscle disease have also been identified in



Hernia (2017) 21:95-100

99

general population, although polymorphisms in the TTN
gene are rather abundant in healthy individuals [29, 30]. The
possible consequences of ¢.88880A>C may lead to disrupted
interactions with titin-binding proteins (e.g. ANKRDI,
ANK1, CAPN3), and/or misfolding of defective titin protein.

We therefore conclude that reported missense variant in
the A-band of TTN is the strongest candidate mutation for
autosomal dominant inguinal hernia with incomplete pene-
trance. Our study provides support with the previous studies
suggesting that the inheritance pattern of familial inguinal
hernia could be autosomal dominant. Further studies will be
needed to clarify the genotype—phenotype correlations in the
patients with rare deleterious mutations in 7TN.
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