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Abstract

Family studies have established that the heritability of blood pressure is significant and genome-wide association studies
(GWAS) have identified numerous susceptibility loci, including one within the non-coding part of Rho GTPase-activating
protein 42 gene (ARHGAP42) on chromosome 11q22.1. Arhgap42-deficient mice have significantly elevated blood pressure,
but the phenotypic effects of human variants in the coding part of the gene are unknown. In a Danish cohort of carriers with
apparently balanced chromosomal rearrangements, we identified a family where a reciprocal translocation t(11;18)(q22.1;
q12.2) segregated with hypertension and obesity. Clinical re-examination revealed that four carriers (age 50-77 years) have
had hypertension for several years along with an increased body mass index (34—43 kg/m?). A younger carrier (age 23 years)
had normal blood pressure and body mass index. Mapping of the chromosomal breakpoints with mate-pair and Sanger
sequencing revealed truncation of ARHGAP42. A decreased expression level of ARHGAP42 mRNA in the blood was found
in the translocation carriers relative to controls and allele-specific expression analysis showed monoallelic expression in the
translocation carriers, confirming that the truncated allele of ARHGAP42 was not expressed. These findings support that
haploinsufficiency of ARHGAP42 leads to an age-dependent hypertension. The other breakpoint truncated a regulatory
domain of the CUGBP Elav-like family member 4 (CELF4) gene on chromosome 18q12.2 that harbours several GWAS
signals for obesity. We thereby provide additional support for an obesity locus in the CELF4 domain.

Introduction

Hypertension is a chronic disease defined by a long-term
elevated blood pressure (BP), specifically BP > 140 mmHg
systolic or 290 mmHg diastolic. It is a major public health
challenge estimated to affect more than one billion adults
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worldwide [1, 2], contributing to morbidity and mortality
with hypertension-related complications such as an
increased risk of stroke, heart failure, kidney damage, and
atherosclerosis [2, 3]. Despite this, the pathogenesis of
hypertension remains largely unknown, in part, due to the
complexity of the trait involving interactions between genes
and environmental factors. Family studies have established
that the heritability of BP is 30-50%, suggesting that
unravelling the genetics of hypertension may be key to
understanding its pathogenesis, as well as identifying ther-
apeutic targets [2—4]. This is complicated by the fact that BP
variation, in the majority of patients, is determined by many
genes that each have only a small effect [3].

Currently, genome-wide association studies (GWAS)
have identified in excess of 120 loci, which contribute to
hypertension and BP regulation in general [4-9]. One such
locus was identified on chromosome 11 within the Rho
GTPase-activating protein 42 gene (ARHGAP42), where the
BP-associated allele is defined by single-nucleotide poly-
morphisms (SNPs) located in the non-coding part of the
gene [9-14]. The minor allele at this locus is protective and
ARHGAP42 mRNA is threefold higher in individuals
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homozygous for the minor allele, as compared with indivi-
duals homozygous for the major allele [13, 14]. The minor T
allele at the proposed functional SNP at this locus, rs604723:
C>T, binds serum response factor more readily than the
major C allele, increasing ARHGAP42 expression and
decreasing Ras homologue family member A (RhoA)-
dependent vascular smooth muscle cell contractility, thereby
modifying hypertension risk [14—16]. Moreover, genotyping
of a cohort of 346 human patients with untreated borderline
hypertension revealed a 5 mmHg decrease in BP in indivi-
duals homozygous for the minor allele compared with indi-
viduals homozygous for the major allele [13].

Variants within the coding part of ARHGAP42 have not
been described in humans but Arhgap428”¢' mice, homozygous
for a gene-trap-mediated reduction in Arhgap42 mRNA levels,
exhibit significant hypertension (+20-30mmHg) and
enhanced arterial contraction and BP in response to angiotensin
II and endothelin-1, with no other manifestations. Pre-treatment
with the RhoA kinase inhibitor, Y27632, completely abrogates
this response [15, 16]. A dose-dependent relationship between
ARHGAPA42 expression and BP is supported by heterozygous
Arhgap42™*/¢" mice having half the amount of vascular Arh-
gap42 mRNA, when compared with their wild-type counter-
parts [15]. These heterozygous mice also exhibit significant
hypertension (4-15 mmHg) [15, 16]. To our knowledge, no
human studies have previously described variants in the coding
part of ARHGAP42 and the consequences on human BP have
therefore been unknown.

We report a Danish family where hypertension and high
body mass index (BMI) segregate with a balanced reci-
procal translocation that truncates the ARHGAP42 gene.
Balanced chromosomal rearrangements, such as reciprocal
translocations, associated with phenotypic abnormalities are
a valuable resource to increase our understanding of the
human genome, as mapping of the breakpoints can provide
the link between a disease and the disease-causing gene or
mechanism [17]. Herein, we describe the phenotype of the
family, the mapping results, and the change in ARHGAP42
mRNA expression, with the aim of reporting the clinical
consequences of a loss-of-function variant in this gene. In
addition, we describe a potential association between obe-
sity and the other breakpoint truncating a cluster of three
obesity-associated SNPs that are located in the topological
associated domain of the CUGBP Elav-like family member
4 (CELF4) gene.

Materials and methods
Patients

A nationwide cohort of carriers of a balanced reciprocal
translocation or inversion has previously been re-examined

by questionnaires [18] and among these families we identi-
fied a family where a t(11;18) translocation segregated with
hypertension. This reciprocal translocation was originally
detected in 1990 by chromosome analysis of the proband,
because she had recurrent spontaneous abortions (Fig. 1a).
Subsequent cytogenetic analyses of relatives showed that her
mother, two brothers, and two of the brothers’ children were
all carriers of the translocation (Fig. 1b), whereas the two
brothers of the mother had normal karyotypes. When the
family participated in the re-examination in 2002, four of the
translocation carriers reported that they had hypertension:
the proband’s mother was diagnosed with hypertension at
the age of 35 years and with ventricular extra systoles at the
age of 73 years, the proband has been hypertensive since she
was 35-38 years and her two brothers since the age of 48
and 45 years, respectively. One of them had atrial fibrillation
since the age of 53 years. The mother’s brothers with normal
karyotypes are both reported to be healthy, without hyper-
tension, and with normal weight. The proband’s maternal
grandfather and grandmother are both deceased without
knowledge about hypertension.

The family was invited to a medical examination
including an oral glucose tolerance test at the Novo Nordisk
Foundation Center for Basic Metabolic Research in 2017
and five t(11;18) translocation carriers attended. Blood
samples for various clinical analyses were obtained from all
five carriers. In addition, samples for DNA and RNA ana-
lyses were obtained from four carriers whereas one carrier
only contributed with a blood sample for DNA analysis.
The study has been approved by the National Scientific
Ethics Committee (H-KF-2006-5901) and the Danish Data
Protection Agency (2012-54-0053). Written consent was
obtained from all participating carriers.

Mapping of the chromosomal breakpoints

Genomic DNA was extracted from the blood samples and
mate-pair sequencing (MPS) libraries were prepared as
described elsewhere [19]. The MPS libraries were sequenced
as 75bp paired-end reads on the Illumina NextSeq and
alignment of reads was done as previously described [19],
except the samples were aligned to GRCh38/hg38. The
chromosomal breakpoints were confirmed by Sanger
sequencing of the breakpoint-spanning fragments (please see
Supplementary Table 1 for primer sequences and conditions).
The mapping results and the phenotypes have been submitted
to ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/, accession
number: SCV000864009).

Evaluation of the truncated genomic regions

The genomic regions truncated by the balanced reciprocal
translocation were evaluated using public available
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Fig. 1 a Pedigree of the family [ ] Unknown karyotype
with the proband (IIL.5,
indicated with an arrow), her
mother (IL.2), two brothers (II1.2
and II1.4), niece (IV.4) and
nephew (IV.3) carrying a
t(11;18) reciprocal translocation.
Individuals with normal
karyotypes are indicated in grey,
whereas individuals not
analysed are indicated in white.
Phenotypes are as annotated 1

O Hypertension

[] Normal karyotype

. Translocation carrier t(11;18)(q22;912.2)

%)

with hypertension indicated by O
a white dot and body mass index

(BMI) written below.
Underneath each translocation
carrier, except individuals IV.3

and IV.4, who were unavailable
for investigation, the SNP 1 2
haplotypes from Sanger
sequencing of genomic DNA are
shown. b Partial karyogram of
the t(11;18)(q22.1;q12.2)
translocation, showing the
normal and derivative (der)
chromosomes 11 and 18. The
approximate breakpoint
positions are indicated by arrows

databases including UCSC Genome browser (https://
genome.ucsc.edu/) [20], Ensembl (https://www.ensembl.
org) [21], EXAC (http://exac.broadinstitute.org/) and gno-
mAD (http://gnomad.broadinstitute.org/) [22], Clinical
Genome Resource’s (https://clinicalgenome.org/) [23],
Genotype-Tissue Expression project (https:/www.gtexporta
l.org/home/) [24], and the 3D genome browser (http:/
promoter.bx.psu.edu/hi-c/) [25].

Quantitative real-time PCR and allele-specific
expression

RNA was isolated and complimentary DNA was prepared
from the translocation carriers and six unrelated control
individuals using random hexamer primers. Two primer
pairs were selected, one proximal (ARHGAP42E1) and one
distal (ARHGAP42E21) to the 11q22.1 translocation
breakpoint (see Fig. 2a for primer localization and Sup-
plementary Table 2 for primer sequences and conditions).
All samples were run in triplicates and all analyses of the
same gene were run on the same plate. Relative gene
expression was determined using the AACt approach as
detailed elsewhere [26]. Data were normalized with a geo-
metric mean normalization factor (geNorm calculation) as
previously published [27] using four reference genes
(GAPDH, COX4A, B2M, and HPRT) and data are presented
as mean rescaled normalized relative quantities + SD. Sta-
tistical analysis and Grubb’s test for outliers was performed
and normality was assessed visually with O-Q plots.
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Statistical significance was determined using an unpaired
Student’s #-test with Welch’s correction and a p-value of <
0.05 was considered significant.

Allele-specific expression analysis of ARHGAP42 was
performed by Sanger sequencing of a synonymous SNP in
exon 10 (rs543146, hg38 chrl1:2.100943839 A>G) of
ARHGAP42 (see Fig. 2a for SNP localization and Supple-
mentary Table 3 for primer sequences and conditions).

Results
Clinical findings

At the general medical examination in 2017, the four car-
riers with hypertension (II:2, III:2, III:4, and III:5, Fig. 1a)
were all treated by medical antihypertensive treatment.
These four carriers were also found to have a BMI > 30 with
a body fat percentage exceeding the recommended of whom
one (II:2) had type 2 diabetes based on fasting plasma
glucose of 7.5 mmol/L, whereas the three others had pre-
diabetes with fasting plasma glucose >6 mmol/L. Three
individuals (II:2, III:2, and III:4) also had borderline high
cholesterol level. The proband’s 23 years old niece, a
translocation carrier, was found to be normotensive and
with normal BMI. The results of the medical examination
are presented in Table 1 together with the medicine taken by
the carriers. For the proband, the first prescribed anti-
hypertensive  medicine was a thiazide diuretic
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Fig. 2 a The chromosome 11 breakpoint truncates ARHGAP42
between exons 4 and 5 as illustrated in the GRCh38/hg38 UCSC
Genome Browser [20] view of the 11g22.1 breakpoint and indicated
with a black arrow. The positions of the SNPs known to be associated
with hypertension and discussed in the main text are illustrated below
the gene. The position of the qPCR primers are indicated with arrows:
the black arrows show the position of the ARHGAP42E1 qPCR pri-
mers and the grey arrows show the position of the ARHGAP42E21
qPCR primers. b, ¢ ARHGAP42 mRNA expression in blood from

(Bendroflumethiazide, age 35-38 years) and this was sub-
sequently supplemented with a calcium channel blocker
(Felodipine, age 38 years), but because of insufficient effect
an angiotensin II receptor blocker (Losartan, age 40 years)
was added. She used this combination of medicine from the
age of 40-50 years (as listed in Table 1). However,
6 months ago she stopped using the thiazide diuretic,
reduced the dosage of the calcium channel blocker (from 10
to 5 mg daily), while continuing the angiotensin II receptor
blocker on the same dosage without increasing her BP.

Identification and evaluation of the t(11;18)
translocation breakpoints

The karyotype of the balanced reciprocal translocation was
revised to t(11;18)(q22.1;q12.2) by MPS. Both chromosomal
breakpoints were subsequently validated by Sanger sequen-
cing revealing a 2 bp duplication (AG) at the der(11) break-
point and a 1bp deletion (T) at the der(18) breakpoint (see
Supplementary Table 4). These indels (insertions and dele-
tions) are described according to the Human Genome Varia-
tion Society nomenclature [28] as g.100863853_
100863854dupAG and g.39025190delT (hg38), respectively.

carriers

translocation carriers (grey) and unrelated controls (white) using the
two different primer sets: b proximal primer pair (ARHGAP42E1), p-
value = 0.0828 and c distal primer pair (ARHGAP42E21), p-value =
0.0219. For the experiments, four translocation carriers (I1.2, IIL.2,
III.4, and IIL.5 in Fig. 1A) and six unrelated controls were investigated,
and values represent the mean rescaled normalized relative quantities
+SD. Results are depicted as fold change relative to the minimum
ARHAGP42 expression level

Microhomology was observed at the der(11) breakpoint,
whereas the der(18) breakpoint was located within a repetitive
sequence. Furthermore, a 1 bp insertion (A) was observed at
the der(11) junction. The 11g22.1 breakpoint was within
intron 4 of ARHGAP42, truncating the canonical transcript of
the gene (Fig. 2a) according to Ensembl release 93. The
18q12.2 breakpoint did not disrupt any known genes but was
found to truncate the putative regulatory domain of CELF4
(Fig. 3). No fusion transcripts were deduced from the
sequence. The karyotype according to ISCN 2016 [29] of the
proband was found to be 46,XX,t(11;18)(q23.3;q21).seq
[GRCh38] t(11;18)(q22.1;q12.2) with the genomic positions:
g.[chrl1:pter_cen_100863854::AGA::chr18:39025191_qter]
g.[chr18:pter_cen_39025189::chr11:100863853_gter].

ARHGAP42 expression analysis

To elucidate the effect of truncating ARHGAP42 on the
expression of the gene, we investigated the ARHGAP42
gene expression in the four available translocation carriers
and in six non-related control individuals as illustrated in
Fig. 2b, c. Quantitative PCR (qPCR) analysis with the distal
primer pair (ARHGAP42E21) revealed a statistically

SPRINGER NATURE
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Table 1 Results from the clinical examination of the five translocation carriers

1.2 L2 1.4 M5 (Proband) v4
Gender Female Male Male Female Female
Age (years) 77 57 54 50 23
BMI (kg/m?) 36.1 343 35.5 42.6 20.8
Body fat percentage (%) 47.2 33.8 32.6 49.6 30.1
Fasting p-glukose 7.6 6.0 6.0 6.2 4.8
(mmol/L)
Oral glucose tolerance 11.0 59 39 6.7 54
test, p-glucose at 120 min
(mmol/L)
Fasting s-insulin (pmol/L) 125 141 62 137 43
Oral glucose tolerance 940 361 111 373 173
test, s-insulin at
120 min (pmol/L)
HbAlc (mmol/L) 42 37 38 38 N/A
Plasma cholesterol 5.1 6.0 5.1 4.2 4.8
(mmol/L)
Urinary test Blank Blank Blank Blank Blank
ECG Normal Normal Atrial fibrillation Normal Normal
Blood pressure 126/73* 130/90° 134/87* 134/95* 121/64
(systolic/diastolic mmHg)
Antihypertensive From 35 years From 48 years From 45 years From 35-38 years
treatment
Medicine in 2017 Losartan-Hydrochlorothiazide Enalapril 10mg x 1 Captopril 25 mg x 3; Losartan 100mg x 1;  None

100 mg/12.5 mg x 1; Metoprolol
25 mg x 1; Acetylsalicyl acid
75mg x 1

Other diseases Psoriasis

Felodipine 5mg x 1;
Warfarin 2.5 mg x 3
Bendroflumethiazide/
potassium chloride
2.5mg/573 mg x 1

Felodipine 10 mg x 1;
Bendroflumethiazide/
potassium chloride
2.5mg/573 mg x 1

Cervical dysplasia

*Blood pressure when treated with antihypertensive medicine
BMI body mass index, ECG electrocardiography, p plasma, s serum

Values exceeding the recommended thresholds are indicated in bold

significant decrease (about half) in expression in the trans-
location carriers relative to the controls (p-value = 0.0219,
Fig. 2c), whereas qPCR analysis with the proximal primer
pair (ARHGAP42E1) revealed a nonsignificant decrease in
ARHGAP42 expression (p-value = 0.0828, Fig. 2b).

To investigate whether disruption of ARHGAP42
attenuates expression from the truncated allele specifically,
we performed allele-specific expression analysis of ARH-
GAP42 using a synonymous SNP in exon 10 (rs543146:A
>G) of ARHGAP42 (Fig. 2a). The G allele of SNP
rs543146:A > G segregated with the derivative chromosome
18 in the family (Fig. 1a), allowing us to use it as a cis
marker to test allele-specific expression of ARHGAP42 at
the locus. Translocation carrier III.2 and control individual
1, who were both investigated with qPCR (Fig. 2b, c¢), were
found to be heterozygous at the rs543146:A >G SNP, as
illustrated by Sanger sequencing of rs543146:A>G in
genomic DNA (Supplementary Figure 1). However, Sanger

SPRINGER NATURE

sequencing of the same SNP in cDNA revealed that
although control individual 1, as expected, is still hetero-
zygous, translocation carrier III.2 only express mRNA from
the non-truncated ‘A’ allele (Supplementary Figure 1, bot-
tom panel). Thus, translocation carrier III.2 and control
individual 1 showed monoallelic and bi-allelic expression of
ARHGAP42 mRNA, respectively, confirming that the
decrease in the overall ARHGAP42 expression seen in
gPCR was due to the truncated allele of the gene being
specifically silenced.

Discussion

In this study, we describe for the first time the consequence
of a heterozygous variant causing loss of function of
ARHGAP42 in humans. A search of the EXAC and gno-
mAD databases revealed ARHGAP42 to be consistently
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Fig. 3 The chromosome 18 breakpoint (black arrow) truncates the
putative regulatory domain of the CUGBP Elav-Like Family Member 4
(CELF4) gene. The HiC-heatmap of neural progenitor cells (NPC) and
the Virtual 4C-profile with CELF4 as anchor point [25] show that CELF4
has cis-interactions within a >5 megabase (Mb) region on 18q12.2
(tented region), within topological associating domain (TAD) boundaries
in embryonic (hESC) and IMR90 fibroblasts. Four obesity-associated
genome-wide association study (GWAS), signals are located within the
CELF4 -domain, including three single-nucleotide polymorphisms
(SNPs; 1s4327120:T>C, 1s9304204:G> A, 157226835:C>A) sur-
rounding the translocation breakpoint. Moreover, Capture-HiC from
GM12878 cells show the interactions of CELF4, where both the trans-
location breakpoints and the cluster of three obesity-associated SNPs are
located within the CELF4 interaction range

poorly represented, with no information about whether or
not the gene is a loss-of-function constraint gene [22].
Furthermore, there is a surprising lack of copy number loss
of this specific gene in The Clinical Genome Resources
[30]. The low sequencing coverage of ARHGAP42 is most
likely due to the high number of pseudogenes, as evident
from the high degree of similarity of the ARHGAP42
mRNA sequence to other places in the genome. Thus, the
finding of no, or very few, other patients with variants in the
coding part of ARHGAP42 may be explained by the low
sequencing coverage of this gene, e.g., when using whole-
exome and -genome sequencing techniques. In contrast, the
detection of a truncated gene by a reciprocal translocation is
not limited by low sequencing coverage of a gene as seen in
this family, illustrating that mapping of these balanced
chromosomal rearrangements is a valuable approach to
reveal disease-associated variants, disease genes, and
genetic mechanisms [18].

The loss-of-function variant in ARHGAP42 segregated in
the current family with both hypertension and high BMI
from the age of 35 years. This is in accordance with reports
that hypertension and high BMI tend to rise with age in
general [31, 32]. The carriers were found to have lower
ARHGAP42 mRNA expression, due to allele-specific

expression of ARHGAP42, presumably due to non-sense-
mediated decay or silencing of the truncated allele. The role
of ARHGAP42 in BP homoeostasis has been studied in
Arhgap42-deficient mice where ARHGAP42 expression and
BP modify hypertension in a dose-dependent manner
[15, 16]. We propose that the loss-of-function variant of one
copy of ARHGAP42 results in haploinsufficiency and leads
to age-dependent hypertension in humans. Previous studies
in humans have exclusively reported non-coding variants
within ARHGAP42, with individuals homozygous for the
minor allele having lower BP and threefold higher ARH-
GAP42 mRNA levels, when compared with individuals
homozygous for the major allele [9-14]. These observations
are in accordance with the reduced amount of ARHGAP42
mRNA found in the translocation carriers and their
elevated BP.

Only about half of treated patients achieve reasonable
control of their BP [14] and a promising area for persona-
lized medicine is therefore to select antihypertensive drugs
based on individual genetic testing [33]. Thus, ours and
similar studies can have implications for the clinical man-
agement when the identified genetic aetiology can be used to
choose the optimal antihypertensive medicine for the spe-
cific patients. It has been reported that decreased ARH-
GAP42 expression leads to increased RhoA-dependent SMC
contraction [14, 16] and it has therefore been proposed that
hypertension patients with variants in ARHGAP42 could be
more responsive to antihypertensive therapies that target
vascular smooth muscle cell contractility and vessel tone
directly including antihypertensive drugs that target angio-
tensin II, angiotensin-converting-enzyme inhibitors, and
angiotensin receptor blockers [16]. We suggest that this is
also the case for patients with a loss-of-function variant of
ARHGAP42, because the four t(11;18)(q22.1;q12.2) trans-
location carriers with hypertension are all well treated by
antihypertensive medicine that target the angiotensin II
pathway. It is noteworthy that they are all treated with
dosages within the normal range, and that the angiotensin II
receptor blocker seems to be the most important anti-
hypertensive treatment for the proband, because she could
stop using most other medicine. It could be interesting to
study if this is also the case for hypertensive individuals who
are homozygous for the ARHGAP42 major allele or have
other variants in the coding part of the gene.

There is no evidence from GWAS studies or mouse
models that ARHGAP42 is associated with obesity or dia-
betes. In contrast, the breakpoint on chromosome 18 trun-
cates a cluster of obesity-associated SNPs that are located in
the topological associated domain [34] of CELF4, a brain-
specific RNA-binding protein (Fig. 3). Haploinsufficiency
of CELF4 has been associated with intellectual disability,
autism, and obesity [35], and apart from a complex seizure
disorder, hyperphagia-associated weight gain is one of the

SPRINGER NATURE
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features in heterozygotic Celf4"'~ mice [36, 37]. We cannot
assess CELF4 expression in the translocation carriers,
because it is exclusively expressed in the central nervous
system in adults [36, 38, 39]. However, based on the cir-
cumstantial genetic data about the CELF4 domain and
obesity, we speculate that the high BMI in the adult trans-
location carriers could be explained by a change of CELF4
gene regulation by a long-range positional effect.

Weight gain predisposes to hypertension in general by
shifting the BP frequency distribution towards higher levels
[31, 40]. The translocation carriers might be even more
susceptible, because they only have half the amount of
ARHGAP42 mRNA compared with unrelated controls and
as ARHGAP42 levels are important for modulating vessel
tone in response to signals that increase BP [14]. Thus, the
translocation carriers may be unable to counteract the cas-
cade of events, initiated by excess adipose tissue, and it
might thereby contribute to a higher BP [31]. This theory is
in agreement with the notion that progression from a nor-
motensive to hypertensive phenotype results from the
complex combination of genetic, environmental, beha-
vioural, and dietary factors [31, 41].

Altogether, our data support the conclusion that hap-
loinsufficiency of ARHGAP42 is involved in the aetiology
of age-dependent hypertension and also implicate that
genetic variants in the regulatory domain of CELF4 may be
associated with obesity.
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