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Abstract

Background—~Familial dilated cardiomyopathy (DCM) is genetically heterogeneous and is
associated with mutations in at least 40 different genes. Apart from 77N encoding the giant
protein Titin, none of these genes have an expected diagnostic yield of more than 5 %
complicating genetic diagnosis. Whole exome sequencing (WES) is a powerful alternative for the
identification of the causal gene, however variant interpretation remains challenging. We report on
WES in a large family with autosomal dominant DCM complicated by end stage heart failure and
non-sustained ventricular arrhythmias in whom no causative mutation was identified using a
targeted gene panel including 28 genes.

Methods and results—WES was applied on 2 affected cousins. Stringent filtering of the
identified genetic variants was performed including population variant frequencies, in silico
analysis, orthologous and paralogous conservation. Subsequently Sanger sequencing was
performed for 10 potential disease causing variants in order to confirm the presence of the variant
and to evaluate co-segregation. Only one variant in exon 9 of the RBM20 gene (c.2714T>A,
p.-Met950Lys, NM_001334363) showed full co-segregation in the 7 affected family members
resulting in a maximum 2-point LOD score of 2.1 and suggesting this as the pathogenic mutation
responsible for the phenotype. Recently mutations in RBM20 have been linked to arrhythmogenic
dilated cardiomyopathy caused by defective splicing of the giant sarcomere protein titin and
abnormal calcium handling.
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Conclusions—We report the identification of a novel mutation in RBM20 by WES in a large
pedigree with DCM.
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Introduction

Familial dilated cardiomyopathy (DCM) is a genetically heterogeneous disease associated
with mutations in at least 40 different genes.(1) Apart from the giant protein Titin (77N),
none of these genes have an expected diagnostic yield of more than 5% complicating genetic
diagnosis.(2) Genetic testing in clinical practice has evolved from gene by gene mutation
scanning or Sanger sequencing to targeted gene panel testing. Whole exome sequencing
(WES) is a powerful alternative for the identification of the causal gene in genetically
heterogeneous diseases, however variant interpretation remains challenging. Identification of
the causal gene in DCM helps in appropriately counseling the family, arrange proper follow-
up for mutation positive family members and dismiss mutation negative family members
from further follow-up. Some recent data even suggest gene or mutation specific risk
stratification and treatment, for example in LAMNA mutation carriers and in a Dutch cohort
with a PLN founder mutation.(3, 4) We performed WES in a large Caucasian family with
autosomal dominant DCM complicated by end stage heart failure and non-sustained
ventricular arrhythmias. The index of this family was evaluated previously by means of
targeted gene panel analysis including 28 genes, but no causal mutation was found.(5)

Methods

Sequencing

Whole exome sequencing was performed at the Human Genome sequencing center (HGSC)
at Baylor College of Medicine through the Baylor-Hopkins Center for Mendelian Genomics
initiative. Using 0.5 pg of DNA an Illumina paired-end pre-capture library was constructed
according to the manufacturer’s protocol with modifications as described in the BCM-
HGSC protocol.(6) Six pre-captured libraries were pooled and then hybridized in solution to
the HGSC VCRome 2.1 design(7) (42Mb NimbleGen, Cat. No. 06266380001) according to
the manufacturer’s protocol NimbleGen SeqCap EZ Exome Library SR User’s Guide with
minor revisions. The sequencing run was performed in paired-end mode using the lllumina
HiSeq 2000 platform, with sequencing-by-synthesis reactions extended for 101 cycles from
each end and an additional 7 cycles for the index read. With a sequencing yield of 5.1 Gb,
the samples achieved 89% of the targeted exome bases covered to a depth of 20X or greater.
Illumina sequence analysis was performed using the HGSC Mercury analysis pipeline which
moves data through various analysis tools from the initial sequence generation on the
instrument to annotated variant calls.(8, 9) Detailed methodology is available upon request.
Informed consent was obtained from all family members and the study was approved by the
local ethics committee.
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Variant filtering

Two distant affected family members were chosen for whole exome sequencing. First,
shared heterozygous variants (single nucleotide variants, small insertions and deletions)
located inside the exon or at the exon/intron boundary (up to 3 nucleotides intronic) were
selected. Synonymous variants were excluded, except if they were located at the exon/intron
boundary. Variants with a minor allele frequency of >0.1% in publicly available exome
databases (1000 Genomes(10), Exome Variant Server(11), EXAC(12)) were excluded.
Furthermore, variants that were present in an in-house exome cohort (N = 80) performed at
the same laboratory for other disease entities were also excluded since these probably
represent local genetic variation or incorrect calling. The remaining variants were evaluated
using a comprehensive scoring system specifically developed for variants in cardiomyopathy
genes that includes different /n silico analysis tools, orthologous and paralogous
conservation and population frequencies.(13) Variants of unknown significance and (likely)
pathogenic variants were further evaluated by Sanger sequencing for co-segregation
analysis. Finally, the variants with matching co-segregation were also evaluated using the
ACMG-AMP criteria.(14) Co-segregation in the ACMG-AMP criteria was assessed using
the recommendations of Jarvik and Browning.(15)

Results

Clinical data

The family of interest concerns a 3 generation pedigree with dilated cardiomyopathy (figure
1 and table 1). They first came to our attention in 2001. The index of the family (I11-2) is a
male (°1987) who was initially admitted in another hospital with heart failure due to a
dilated cardiomyopathy with a decreased ejection fraction. He was transferred to our center
in cardiogenic shock, after an apical thrombus embolized to his right carotid artery and left
coronary artery. The resulting left hemiplegia fortunately subsided within hours, but the
occlusion of both his lateral branches caused a large area of persisting akinesia in the
posterolateral part of his already diffusely weakened left ventricle. A temporary left
ventricular assist device was inserted, but six days after the initial presentation an urgent
heart transplantation had to be performed due to refractory cardiogenic shock. Histology of
the explanted heart showed diffuse myocardial necrosis with a lymphocytic infiltrate without
clear cause. An underlying myocarditis might have triggered the cardiomyopathy, however
viral infection could not be proven.

His twin sister presented 8 months later with an episode of congestive heart failure and a
severely depressed left ventricular ejection fraction. Inotropic therapy and 1V diuretics were
temporarily started with good clinical response. Standard heart failure treatment was started
including bisoprolol, enalapril and spironolactone. Since this first episode, she remained
asymptomatic with recovery of the cardiac function (LVEF = 50%). Their father (11-1) was
diagnosed with DCM during screening after the cardiac transplant of his son. He had an
asymptomatic mildly reduced LVEF (50%) with moderate dilatation (LVEDD 60mm) at
presentation. Treatment with bisoprolol and losartan was started. During follow-up mildly
symptomatic episodes of non-sustained ventricular tachycardia (polymorphic, up to 30 beats,
up to 180 BPM) were documented on 24 holter recordings, however without syncope. The
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LVEF fluctuated between 50% and 25% during follow up. There was one episode of mild
congestive heart failure necessitating the addition of hydrochlorothiazide to his drug regimen
in 2006. One of the paternal uncles of the index (11-4) was diagnosed with DCM in 1999 in
another center. At presentation he had a very severely reduced LVEF (10%) and was
evaluated for cardiac transplant at that time. However his cardiac function partially
recovered with standard heart failure therapy. His LVEF fluctuated between 30 and 45% and
he was admitted several times for decompensated heart failure. Since 1999 episodes of non-
sustained ventricular tachycardia have been documented, but without syncopal events. He
received an ICD in 2007. Since implantation, antitachycardia pacing terminated 4 episodes
of VT, no shock was delivered. His two sons have an asymptomatic borderline (111-5) and
definite (111-6) DCM.

The grandmother (1.1) developed symptoms of heart failure shortly after she gave birth to
her youngest son (11.4) and died many years later at age 72. Patient 11-3 suffered a
myocardial infarction at age 38 and died 7 years later. Unfortunately more information is
lacking as he was treated at another hospital.

Filtering and interpretation of pathogenicity

WES was performed on 2 distant affected family members (111-2 and 111-6 in the pedigree).
Filtering of variants is illustrated in figure 2. After filtering, 19 variants were scored using
the pre-specified protocol. Of these, 9 were classified as variants of unknown significance
and 1 as likely pathogenic. These 10 variants were further evaluated with co-segregation
analysis (table 2). Only the variant in RBMZ20was present in all affected or borderline
affected patients and not present in the unaffected individuals. The variant was classified as
likely pathogenic according to the ACMG-AMP criteria due to strong co-segregation,
absence from controls (1000G, ESP and EXAC) and the fact that missense variants in this
gene cause disease. The LOD score for this variant was 2.1, the maximum score obtainable
in this pedigree. A variant in CPNI was present in all tested individuals apart from one who
did not have DCM. CPNI encodes kininase, which is not linked to cardiac phenotypes or
expressed in cardiac tissue and therefore presumably has no effect on the DCM observed in
this pedigree.

Discussion

Comprehensive gene panel testing is the current cornerstone of clinical DNA testing for
cardiogenetic diseases. Especially in DCM, which is genetically very heterogeneous, this
approach makes clinical DNA testing feasible.(2) However, a definite mutation can only be
identified in about 40% of the cases.(2) Whole exome sequencing is a powerful alternative,
since it covers the whole protein coding sequence of the genome. Therefore, it might unravel
a mutation, which is located in a region, that is not yet known to be associated with a
specific disease and thus not included in a dedicated disease panel. Since WES results in an
enormous amount of genetic variants, identifying the disease-causing mutation remains
similar to looking for a needle in a haystack. Therefore, we applied WES on 2 distant
affected family members, thereby reducing the number of variants of interest to only 3.8%
of the initial number. After some additional filtering steps a limited number of variants
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remained, and co-segregation analysis by Sanger sequencing of these variants became
feasible. The RBMZ20 variant was the only that fully co segregated with the affected family
members. At the time the proband of the current pedigree underwent genetic testing,
RBMZ0was not yet established as a definite DCM causing gene and was not included on the
gene panel that was performed earlier.

Mutations in RBMZ20 (RNA Binding Motif 20) have been first identified in patients from 2
families with familial dilated cardiomyopathy in 2009.(16) In the following years, several
mutations have been described.(17, 18) Most of these were located in an arginine serine rich
mutation hotspot region in exon 9. In 2012, a comprehensive evaluation of the RBMZ20 gene
in a cohort of 283 individuals with DCM revealed a mutation in RBMZ20in 2.8%.(19) In
contrast to the first reports, these mutations were equally distributed across the gene.
Functional studies of mutations in the RBMZ20 gene showed the importance of the gene in
TTN splicing.(20) Missense mutations in RBMZ20result in increased expression of a longer
titin isoform by acting as a splicing repressor.(21) However, RBMZ0 not only regulates 77NV
splicing, it is also involved in splicing of several other genes that have been implicated in
DCM.(20) Furthermore, it was recently shown that mutations in RBMZ20also lead to
aberrant splicing of the calcium homeostasis related genes CAMKZD and RYRZ2and
subsequent activation of L type Calcium channels, intracellular calcium overload and
increased sarcoplasmic reticulum calcium content.(22) This leads to more pro-arrhythmic
spontaneous calcium releases from the sarcoplasmic reticulum. The combination of
disturbed titin splicing and function with disturbed calcium handling explains the more
severe phenotype of RBMZ20 mutation carriers compared to 77N mutation carriers.(22)
Indeed, a recent meta-analysis showed that RBA20 mutation carriers were transplanted at a
significant younger age compared to other gene related DCM.(23) Also in our pedigree, the
index patient presented with a refractory cardiogenic shock necessitating urgent heart
transplantation, however he suffered a second ischemic insult on top of his genetic
cardiomyopathy.

DCM is a heterogeneous disease with variable expression of disease severity in patients with
the same disease causing mutation.(24) This is also evident from this pedigree, where one
patient suffered severe heart failure necessitating urgent heart transplantation. Reasons for
this variable expression have been explored and include environmental triggers (eg arterial
hypertension, toxic exposure, cardiac inflammation, viral infection) but also co-inheritance
of disease modulating genetic variants.(25) In contrast to disease causing mutations, these
modulating variants might be more frequently observed in healthy population. We cannot
exclude that some of the identified rare variants in this pedigree play a modulating role in
disease expression and severity. However to unravel these more complex inheritance
patterns, large multicenter genotype-phenotype studies are deemed necessary.

Conclusion

Whole exome sequencing of two distant affected family members with DCM is a powerful
tool to identify a disease-causing mutation. This approach simplifies variant filtering and
interpretation. RBMZ20should be routinely evaluated in patients with familial DCM.
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Figure 1: Pedigree.
Circles illustrate females, boxes illustrate males, filled symbols illustrate affected

individuals, shaded symbols indicate borderline affected individuals, arrows indicate
individuals that underwent whole exome sequencing
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Filtering steps applied to the variants that were discovered by whole exome sequencing. Red

boxes indicate variants that were removed.

Acta Cardiol. Author manuscript; available in PMC 2021 December 01.



Page 10

Robyns et al.

BIPJEIAYIE] JeJNDLIIUBA PBUIBISNS UOU = | ASU ‘8]ge[IeAR JOU = YN ‘UONJEI) UOII8[8 JeIndLIuSA Ya| = 43/\] ‘JslsWelp J1[0ISeIp pud JB[NILIUBA Yo = AQIAAT H20[qIway
Joudiue Ya| = gHWVT 90]q yauelq ajpung Ya| aijdwiodul = ggg1 ‘Iole||Lqiap Jauanolpled ajgeiueldwi = gO| ‘uejdsuen Leay = X1 H ‘ainjies Leay aAnsabuod = 4HD ‘aseasip Alape A1euolod = avo
£13%20]g-18q = g9 ‘18%20]q 101da2a1 uisualolbuy = gy ‘adAiousyd anijebau e Jo ased ay) Ul uoiren|ens 1si1y Jo sisoubelp 1e abe = aby ‘103qiyul swAzus Buiienuod uisusiolbuy = |-30V ‘yresp abe =

1

(wnoe) +  (1L0) - - 9 or [ewou a9 - Woa ST 9l

- N + G5 0S [ew.ou ag - WDQ@saulspiod LT Gl

. VN - s 09 [ewLiou - - Bau 2 v

- wN - 14 09 [ew.ou - - Bou ve el

- + - 9 74 [euliou XLH uabin + Woa A

- wN + 09 e [ewJou ad + a4v + Woa 2T T

wN (ovo)-  + 65 01 aggTr  uxobip+9g+1-30v+adl  + Woa 6 vl

VN + VN WN VN N N YN dwWoomweyst  Sry o gl

. WN - A 1. [ewou - - Bau 8y il

- (ov2) - + 2L 14 gHv1 a9 + auv + Woa 5 T

VN VN wN WN VN VN wN +  dWOwnuedusd 0¥ T

[oyoo| v avo  Lasu (ww)aa3anl (%) 43A1 903 Juewyes | 4HO adAjousyd aby
BIep [ed1ulD
‘T alqel

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Acta Cardiol. Author manuscript; available in PMC 2021 December 01.



Page 11

Robyns et al.

(%¥9) . - et uejoud
- - - . -+ -4+ - GEIZUIE el TOSSKOTION WN  Diveezies V<OVTL b s U7 SETANZ
- - s - F o+ o+ 4+ - 0seTaIR %N%_@w §'879220 WN usvpzzall V<119 €T T uIsusL TSNL
- - - - - -+ = gz 89 pigiezod AN nioseTAID V<Or0y L v yIVOELS
€ sse|D asesajsueAfeIS
_ _ _ (%eL) . — £ 0z ure1oid J1ow
+ 4+ o+ e+ oeoTel0 AU TEOEVETION WN  SAT506 vawz o O Ny 0eE
-4 - S+ = 44+ BIETZIO %Nmﬂww y'S8YZ00 NN 7aSISIHZERIY  19PY6 €6 z UUGIN NEN
-+ 4 - + o+ + 4+ - gIeeTIo %Mowww T'SZb00TTO0 NN «6EEBIY 1<0ST0T 5 umowUN  S680VVIM
(966) - ¢ urjoud
- - s + s = e+ 4 OBEZT0 el TZZZVETTON NN UI60VDIV v<o9zzT € Xogoauioy Xl
sionbou|
(%9v) . - uranpsuen
o+ 4 - 4+ o+ v - BWIZUT  gmg E2U2500 WN BIVEEZIEA <1869 9 ybetsowon  ZLVNO
£+ - + S+ o+ 44+ ZeETZIO %Nmﬂww TBOETOO WN  PT.SIOIIVTESUd  VSUIOVE 666 9 aseuIUI INdD
_ dsoyd
Burouanbas 19BUes Aq PULILIIOD 10N oopsorse  A8%) ZETETEOWN  OTRIVZOVAID  BPSEET T Tmeeer 1dd v
21035 . i
pUL SN 20 SN 9l ZI T v T T owxa glt adiosuesy d o) uox3 apnded ateo
aniedoN auljleplog aA1Is0d
adAlouayd

WIAlSAS 91095 uonelaldiaiul JueLiea ay) BuiAjdde pue Buiisyjiy Jaye syueleA oluaboyred Aja1] 10 30URIILIUBIS UMOUMUN JO SIUBLIRA PaljIuapP|

Author Manuscript

‘¢ 9lgeL

Author Manuscript

Author Manuscript

Author Manuscript

Acta Cardiol. Author manuscript; available in PMC 2021 December 01.



	Abstract
	Introduction
	Methods
	Sequencing
	Variant filtering

	Results
	Clinical data
	Filtering and interpretation of pathogenicity

	Discussion
	Conclusion
	References
	Figure 1:
	Figure 2:
	Table 1:
	Table 2:

