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Pur pose: Cardiovascular diseases are the most common cause of death globally. In
which atrioventricular block (AVB) isacommon disorder with genetic causes, but the
responsible genes have not been fully identified yet. To determine the underlying
causative genes involved in cardiac AV B, here we report a three-generation Chinese
family with severe autosomal dominant cardiac AVB that has been ruled out as being

caused by known genes mutations.

M ethods: Whole-exome sequencing was performed in five affected family members
across three generations, and co-segregation analysis was validated on other members

of this family.

Results: Whole-exome sequencing and subsequent co-segregation validation

identified a novel germline heterozygous point missense mutation, c.49287C>A
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(p.N16429K), in the titin (TTN, NM_001267550.2) genein al 5 affected family
members, but not in the unaffected family members. The point mutation is predicted
to be functionally deleterious by in-silico software tools. Our finding was further

supported by the conservative analysis across species.

Conclusion: Based on this study, TTN was identified as a potential novel candidate
gene for autosomal dominant AV B; this study expands the mutational spectrum of
TTN gene and is the first to implicate TTN mutations as AV B disease causing in a
Chinese pedigree.
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whole-exome sequencing

I ntroduction

Atrioventricular block (AVB) is a systemic disease characterized by the heart
conduction block between the atria and the ventricles. The degrees of AVB are
classified into three tiers according to the severity of the conduction impairment
between the sinoatrial node and atrioventricular nodes.™* Clinical diagnosisfor AVB
is mainly determined by the electrocardiographs (ECG). The first degree of AVB,
featured with a PR interval higher than 0.2 second, is typically asymptomatic,
whereas the third degree of AVB isthe most severe type and has serious symptoms
including, but not limited, dizziness, fatigue, and syncope.® Third degree of AVB has
no association between P waves and QRS complexes, and usually the auricular rate is
higher than the ventricular rate. A pacemaker implement is usually needed for the
third degree AVB patient.*®> AVB can result from various causes including ischemia,
cardiomyopathy, fibrosis or drugs.® The prevalence of third degree AVB is about
0.04% as reported previously.®
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The cardiac conduction system consists of gap junction proteins and ion channels on
the cell membrane. As reported previously, many gap junction and ion channel genes
such as KCNQ1, KCNE1L, KCNH2, KCNE2, KCNJ2, SCN5A, CASQ2, ANK2, GJA5
and HCN4 were known to relate with AV B.***° Besides, the structural protein TTN
mutation (TTN p.Glu5365Asp; TTN p.Arg3067His; TTN p.Arg8985Cys) was
reported previously to be detected among AVB patients.® TTN mutation was reported

1718 one of the potential causes

previously to be the genetic cause of cardiomyopathy,
of AVB. Recently, TTN was identified as being associated with atrial and

atrioventricular electrical activity though genome-wide association study.*® However,
the relationship between TTN and AVB is illusive; the underlying genetic mechanism

contributing to the third degree AVB is till not fully characterized."*

For rare and undiagnosed Mendelian diseases, whole exome sequencing (WES) is a
good way to analyze coding regions among thousands of genes simultaneously
through next generation sequencing method.” WES has an overall molecular
diagnostic rate of 25% to 50%,%*?* much higher than that of some other genetic tests
including chromosomal microarray analysis (15%-20%)>* and chromosome tests
(5%-10%).% WES can even hit a 68% diagnostic rate when the iterative approach was
performed.?® In this study, WES was performed to identify the underlying genetic

cause of AVB among the pedigree according to the procedure reported previously.?" %

Materials and Methods

Information of the pedigree

The pedigree of a three-generation Chinese family with AVB is presented in Fig 1A
and seems an autosomal dominant inheritance. The venous blood samples of five
affected and two unaffected family members were collected for this study.
Electrocardiographs (ECG) of the proband (affected) and his son (unaffected) are
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presented in Fig 1B and Fig 1C, respectively. This study was approved by the
Institutional Review Board on Bioethics and Biosafety of BGI and al the 7

participants signed the informed consent.

Exome sequencing protocol

Five milliliter of peripheral blood was taken from each affected family member into
an EDTA tube. Genomic DNA was extracted with a QlAamp DNA Blood Mini Kit
(Qiagen, Germany). The DNA integrity was examined viathe gel electrophoresis.
One microgram genomic DNA was fragmented randomly to an average size of 250
base pair (bp) through the Covaris Acoustic System. After end-repairing and
adenylation, adapters were ligated to the ends of the DNA fragments. The products
were then amplified by ligation-mediated polymerase chain reaction (LM-PCR), and
then hybridized with Roche 64 M whole exome capture kit to capture the target

regions. Quantitative PCR was performed to evaluate the enrichment. Then the
qualified library was sequenced on Hiseq2500 ( Illuminalnc., San Diego, CA, USA )

for 100 bp paired-end run.

Reads alignment, variant calling, annotation

[llumina Pipeline (version 1.3.4) was used for generating the primary sequence data.
The clean data containing pair-end reads was mapped to human genome
(NCBI37/hg19) using BWA software (Burrows Wheeler Aligner
http://sourceforge.net/projects/bio-bwa/). SNV's (single nucleotide variants) were
called by using SOAP SNP software (http: //soap.genomics.org.cn/) and small InDels
(insertions and deletions) were called by SAM tools Pileup software
(http://sourceforge.net/projects/samtool s/). The variants called out were annotated
using Gaea, an annotation pipeline in-house developed by BGI, to provide
information regarding their effect on protein, alele frequency in the genera
population database, the relation between the phenotype and genotype, and the
in-silico tools prediction results. The public databases used to cal culate the frequency
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in normal population include 1K genome database (http://www.1000genomes.ord/),

ESP6500 database, doSNP database, and BGI local database, which includes whole
exome data of 2087 normal subjects. The software tools used for non-synonymous
functional predictions in the annotation pipeline includes MutationTaster,” SIFT,*
PROVEAN,* and Ens Condel.* The data are available in the China Genebank

Nucleotide Sequence Archive (https://db.cngb.org/cnsa, accession number

CNP0000271).

Sanger Sequencing

Sanger sequencing of all reported potential pathogenic variants was performed
for the proband as well as the other family members as shown in Figure 1A. Primers
were designed to amplify products ranging from 300 to 600 base pair in length
harboring the site of interest. TTN primers are as followed: forward
5 -GCTGCCACCATCATCATCTG-3; reverse
5 -ATGTTGTGGAGAGACGAGCA-3'. PCR amplifications were conducted in a 25
ul reaction volume containing 1x PCR buffer with 1.5 mM MgCl,, 200 uM each
dNTPR, 0.25 U Tag DNA polymerase, 1.5 uM primers and 50 ng genomic DNA. The
PCR condition was 94 °C for 4 min, 35 cycles of 94 °C for 30 s, 59 °C for 30 s, and
72 °C for 45 s, and a final 72 °C extension for 10 min. The PCR products were
purified and sequenced on an ABI3730x| sequencer. The Sanger chromatogram was
analyzed by the Sequencing Analysis 5.2.

Results

Characteristic of the patients
The pedigree is shown in Figure 1A. This three generation Chinese family with five
affected AVB patients and two unaffected members is from the north of China. The

pattern of inheritance seems to be autosome dominant (AD).
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The ECG photographs of the proband (12) and his unaffected son (114) are shown in
Figure 1B and Figure 1D respectively. The proband is affected with typical three
degree AVB as is betrayed in Figure 1B (before a pacemaker implementation) and in
Figure 1C (after a pacemaker implementation), whereas one of his son is unaffected
with AVB as shown in Figure 1D. Asis shown in Figure 1B, atypica three degree
AVB can be observed with the ECG features that the association between P waves and
QRS complexes are unestablished, and the auricular rate is higher than the ventricular

rate. Figure 1C and Figure 1D show a hormal ECG feature.

The characteristics of al 7 family members are shown in Table 1, among them three
patients (11, 12, and 113) were implemented with a pacemaker to facilitate cardiac
beating conduction from the inception date at not determined (N.D.), 47 and 38 years
old respectively, two of them (11 and 12) progressed into heart failure, while the other

one (113) has not yet shown signs of heart failure at 49 years old.

Exome sequencing and potential pathogenic mutations

Generally, about 10 Gigabases raw data output were generated for each patient,
providing an average of 101 million sequencing reads with a 100-bp length mapped to
target region and a higher than 110-fold mean depth across the target region. Also, the
average coverage at >10x read depth of the exome was 93%, which is within the
expected coverage and depth for WES studies. An average of 24,441 variants were

identified in the exomes of each patient.

After the frequency filtration, appropriate functional and inheritance pattern anaysis
for this pedigree, all known AVB causing genes were excluded as the pathogenic
reason in this pedigree. Eventually a total of 11 variants from 10 genes were called as
potential pathogenic variants associated with AVB in this pedigree with autosome
recessive (AR) pattern or AD pattern (Table 2). To validate the variants identified by
WES, Sanger sequencing was performed for both affected and unaffected family
members (Figure 1A).
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After the sanger sequencing validation among the whole pedigree, only TTN:
€.49287C>A (p.N16429K) (Figure 2A) was determined to be segregated with AVB
phenotype in the proband as well as in the other affected members in this pedigree,
whereas absent in unaffected family members as well as healthy population controls,
in an autosome dominant inheritance pattern. This amino acid mutation site is
evolutionarily conservative across species spectrum as shown in Figure 2B, implying
a potential important and indispensable role for the proper protein function and
execution. Meanwhile, the in-silico software tools including MutationTaster, SIFT,
and PROVEAN predict this mutation as deleterious for the correct protein function
(Table 2).

Taken together, according to the American College of Medical Genetics and
Genomics (ACMG) guidelines issued in 2015%, this TTN mutation (TTN:
€.49287C>A) can be interpreted as Likely Pathogenic (LP) which means greater than

90% certainty of this variant being disease-causing.

Conclusion

Despite the fact that TTN has been reported to be associated with AVB, our study,
for the first time, validates TTN as the disease-causing gene for AVB in a
three-generation Chinese pedigree. The novel TTN gene variant c.49287C>A
identified by WES is supportive for the genotype-phenotype correlation, and is
co-segregated with AVB in this Chinese pedigree. Yet, the underlying mechanisms of
TTN geneinvolved in AVB are for further exploration. Nevertheless, our new findings
expand the mutational spectrum of TTN gene, provides evidence to understand the
function of TTN gene in AVB, and shed light on the clinic diagnosis and potential

treatment for the cardiac AVB disease.
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Figure Legends

Fig 1. Pedigree and ECG photographs. (A) AVB pedigree of the three generation
Chinese family. Full symbols represent affected members with AVB phenotypes, and
open symbols represent members with normal phenotype. Squares and circles
represent male and female members, respectively. The slash indicates the deceased
member. The arrow represents the proband. All members shown have their venous
blood samples collected. (B) ECG photographs of the proband before a pacemaker
implementation. (C) ECG photographs of the proband after a pacemaker
implementation. (D) ECG photographs of the proband’s son. BPM, beats per minute.

Fig 2. Identification and validation of the heterozygous pathogenic variant
€.49287C>A in TTN. (A) Sequencing chromatogram of the wild type and the
heterozygous ¢.49287C>A in TTN; (B) Schematic diagram of the conservativeness

across species.
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Table 1. The clinical characteristics and genetic testing results of the AV block
pedigree.

Table 2. Summary of variantsidentified in the WES gene sequencing data.

Reference

1 Lu, D., Zhang, H., Chen, C., Wang, K. & Shan, Q. Clinical outcomes with biventricular
versus right ventricular pacing in patients with atrioventricular conduction defects.
Heart Fail Rev, doi:10.1007/s10741-018-9699-7 (2018).

2 Bacanovic, S., Steffen, C., Benz, D. C., Kaufmann, P. A. & Pazhenkaottil, A. P.
Third-degree atrioventricular block: tip of the iceberg of a systemic disease. Eur Heart
J38, 1349, doi:10.1093/eurheartj/ehx041 (2017).

3 Shah, R. V. ef al. Third-degree atrioventricular block followed by syncope, labile
hypertension, and orthostatic hypotension in a patient with nasopharyngeal cancer:
baroreflex failure. Am J Cardiovasc Dis 8, 39-42 (2018).

4 Kobayashi, A. & Misumida, N. Prediction of Delayed Atrioventricular Block and
Pacemaker Implantation After Transcatheter Aortic Valve Replacement With
CoreValve. Am J Cardio/ 121, 393-394, doi:10.1016/j.amjcard.2017.09.037 (2018).

5 Kiehl, E. L. ef al. Incidence and predictors of late atrioventricular conduction recovery
among patients requiring permanent pacemaker for complete heart block after cardiac
surgery. Heart Rhythm 14, 1786-1792, doi:10.1016/j.hrthm.2017.08.009 (2017).

6 Liu, N. ef al. Genetic Mechanisms Contribute to the Development of Heart Failure in

Patients with Atrioventricular Block and Right Ventricular Apical Pacing. Sci Rep7,


https://doi.org/10.1101/506824
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/506824; this version posted December 27, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available

10

11

12

13

14

under aCC-BY-NC-ND 4.0 International license.

10676, doi:10.1038/541598-017-11211-2 (2017).

Behling, J., Kaes, J., Munzel, T., Grabbe, S. & Loquai, C. New-onset third-degree

atrioventricular block because of autoimmune-induced myositis under treatment with

anti-programmed cell death-1 (nivolumab) for metastatic melanoma. Melanoma Res

27, 155-158, doi:10.1097/CMR.0000000000000314 (2017).

Zhang, S., Yang, J., Jin, X. & Zhang, S. Myocardial infarction, symptomatic third

degree atrioventricular block and pulmonary embolism caused by thalidomide: a case

report. BMC Cardiovasc Disord 15, 173, doi:10.1186/s12872-015-0164-4 (2015).

Kojic, E. M., Hardarson, T., Sigfusson, N. & Sigvaldason, H. The prevalence and

prognosis of third-degree atrioventricular conduction block: the Reykjavik study. J

Infern Med 246, 81-86 (1999).

Saito, Y. ef al. HCN4-Overexpressing Mouse Embryonic Stem Cell-Derived

Cardiomyocytes Generate a New Rapid Rhythm in Rats with Bradycardia. /nf Heart J

59, 601-606, doi:10.1536/ihj.17-241 (2018).

Cuneo, B. F. The beginnings of long QT syndrome. Curr Opin Cardio/30, 112-117,

doi:10.1097/HCO.0000000000000135 (2015).

Cuneo, B. F. ef al. In utero diagnosis of long QT syndrome by magnetocardiography.

Circulation 128, 2183-2191, doi:10.1161/CIRCULATIONAHA.113.004840 (2013).

Danielsson, C. ef al. Exploration of human, rat, and rabbit embryonic cardiomyocytes

suggests K-channel block as a common teratogenic mechanism. Cardiovasc Res 97,

23-32, d0i:10.1093/cvr/cvs296 (2013).

Stams, T. R. G. ef al. Deleterious acute and chronic effects of bradycardic right


https://doi.org/10.1101/506824
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/506824; this version posted December 27, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available

15

16

17

18

19

20

21

22

under aCC-BY-NC-ND 4.0 International license.

ventricular apex pacing: consequences for arrhythmic outcome. Basic Res Cardiol

112, 46, doi:10.1007/s00395-017-0636-z (2017).

Asadi, M. ef al. Genetic analysis of Iranian family with hereditary cardiac arrhythmias

by next generation sequencing. Adv Biomed Res 5, 55,

doi:10.4103/2277-9175.178801 (2016).

Murray, L. E. ef al. Genotypic and phenotypic predictors of complete heart block and

recovery of conduction after surgical repair of congenital heart disease. Heart Rhythm

14, 402-409, doi:10.1016/j.hrthm.2016.11.010 (2017).

Herman, D. S. ef al. Truncations of titin causing dilated cardiomyopathy. N Eng/ J Med

366, 619-628, doi:10.1056/NEJMoa1110186 (2012).

Gerull, B. ef a/ Mutations of TTN, encoding the giant muscle filament titin, cause

familial dilated cardiomyopathy. Naf Genet 30, 201-204, doi:10.1038/ng815 (2002).

van Setten, J. ef al. PR interval genome-wide association meta-analysis identifies 50

loci associated with atrial and atrioventricular electrical activity. Nat Commun 9, 2904,

doi:10.1038/s41467-018-04766-9 (2018).

Timmer, S. A,, Boswijk, D. J., Kimman, G. P. & Germans, T. A case of reversible

third-degree AV block due to Lyme carditis. J Efectrocardiol 49, 519-521,

doi:10.1016/j.jelectrocard.2016.05.006 (2016).

Adams, D. R. & Eng, C. M. Next-Generation Sequencing to Diagnose Suspected

Genetic Disorders. N Engl J Med 379, 1353-1362, doi:10.1056/NEJMra1711801

(2018).

Need, A. C. et a/. Clinical application of exome sequencing in undiagnosed genetic


https://doi.org/10.1101/506824
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/506824; this version posted December 27, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available

23

24

25

26

27

28

29

30

under aCC-BY-NC-ND 4.0 International license.

conditions. J Med Genet49, 353-361, doi:10.1136/jmedgenet-2012-100819 (2012).

Lee, H. ef al Clinical exome sequencing for genetic identification of rare Mendelian

disorders. JAMA 312, 1880-1887, d0i:10.1001/jama.2014.14604 (2014).

Miller, D. T. ef al. Consensus statement: chromosomal microarray is a first-tier clinical

diagnostic test for individuals with developmental disabilities or congenital anomalies.

Am J Hum Genet 86, 749-764, doi:10.1016/j.ajhg.2010.04.006 (2010).

Shaffer, L. G., American College of Medical Genetics Professional, P. & Guidelines, C.

American College of Medical Genetics guideline on the cytogenetic evaluation of the

individual with developmental delay or mental retardation. Genef Med 7, 650-654,

doi:10.109701.gim.0000186545.83160.1e (2005).

Shashi, V. ef al. A comprehensive iterative approach is highly effective in diagnosing

individuals who are exome negative. Genet Med, doi:10.1038/s41436-018-0044-2

(2018).

Yang, Y. ef al. Clinical whole-exome sequencing for the diagnosis of mendelian

disorders. N Eng/ J Med 369, 1502-1511, doi:10.1056/NEJMoa1306555 (2013).

Yang, Y. ef al. Molecular findings among patients referred for clinical whole-exome

sequencing. JAVA 312, 1870-1879, doi:10.1001/jama.2014.14601 (2014).

Schwarz, J. M., Rodelsperger, C., Schuelke, M. & Seelow, D. MutationTaster

evaluates disease-causing potential of sequence alterations. Naf Methods7, 575-576,

doi:10.1038/nmeth0810-575 (2010).

Ng, P. C. & Henikoff, S. SIFT: Predicting amino acid changes that affect protein

function. Nucleic acids research 31, 3812-3814 (2003).


https://doi.org/10.1101/506824
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/506824; this version posted December 27, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available

31

32

33

under aCC-BY-NC-ND 4.0 International license.

Choi, Y. & Chan, A. P. PROVEAN web server: a tool to predict the functional effect of

amino acid substitutions and indels. Bioinformatics 31, 2745-2747,

doi:10.1093/bioinformatics/btv195 (2015).

Gonzalez-Perez, A. & Lopez-Bigas, N. Improving the assessment of the outcome of

nonsynonymous SNVs with a consensus deleteriousness score, Condel. American

Journal of human genetics 88, 440-449, doi:10.1016/j.ajhg.2011.03.004 (2011).

Richards, S. ef a/. Standards and guidelines for the interpretation of sequence variants:

a joint consensus recommendation of the American College of Medical Genetics and

Genomics and the Association for Molecular Pathology. Genef Med 17, 405-424,

doi:10.1038/gim.2015.30 (2015).


https://doi.org/10.1101/506824
http://creativecommons.org/licenses/by-nc-nd/4.0/

111

10mm/mV 25 mm/s 10mm/mV

60 BPM : 3 J*
Il N /W—Jl/w

St Sl e B T e R S e i

Before a pacemaker it :\L«W‘,ﬂwp\,ww[/\* /\\_,,,f—“ / \,\/—x} /ﬂ
implementation

N R _,____V_/\/_,,._\_\/\,\,/J\//\m

- VG
! avk

H PR SRS | r_,\,\\_,_,\_,___af\f’\/f-—\—»—#\ e} ﬁ\—‘—

100 mm/mV 25 mm/s 5mm/ mV

p W

no 1 P ,le,A»«_,_. S (- _1\/~L_ ~L /“’““‘va

i . o /,ﬂ‘ R e

12 . A o L. P “_i /’\_. __l ﬁ/ < -
g (._/N~_,‘A.A\v ‘W/\.,me,_w,_;_m i \ L

60 BPM
[ A | vy A Y
I PETI PO BRI v G DRSS LA P Pt T »J -
After a pacemaker oo f | \ J
. . W WA {1 S o SR Es e S ~ A B, S S
implementation " ~ - R e r “‘J

noav N A 7\ A i
N Y v 5| s | |
\ | _d — ~— ] ‘,«‘w——l\ —
| v N \J \ \J
I | A N V6| { 1
= D S i e e e e ey

100 mm/mV 25 mm/s . 5mm/mV

T T L T e s e i e o
PV SR R VN R Tt e Y I | / i I /
1L | X l ‘ ‘ g S PYONSIRY PP NS P 7 SR | N
| i | f | f f f
80 BPM LRI Y N S VN T SRS RSN RPN | | i | | \‘w
1 | i
Lo

I S o0 NEN 5% N R e S PN
‘ I “

! | .‘ a‘ ! v

e

7 avk
i, oty oo i et i Mn\ V4 |

i B ‘: v | ! : B n ke

i 1 I e —‘f/\_—Nl i ‘F/\A V/\ ‘/

avl V5
a V5

L 1 1 S ik | | ' | | | | |
P it s o et M“*”“wfv“——&‘r/\—w{/w‘/\__«;t/birf\.-ﬂ»

avF v
| | \
\ \ A ! \ A | % il
b it S At A M rmnir D e AT ol S S (I o S e M~



https://doi.org/10.1101/506824
http://creativecommons.org/licenses/by-nc-nd/4.0/

CCATACATU BTTTTCTGLC

TTNWT

CCATACAT ET T TTTOCT GOC
TTN Mutation
(p-N16429K) l

N16429K
Human RVAAENMYGVG
Mouse RVAAENMYGVG
Bovine RVAAENMYGVG
Horse RVAAENMYGVG
Dog RVAAENMYGVG

Zebrafish RVYAENQFGIG
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