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ORIGINAL RESEARCH

KLF13 Loss-of-Function Mutations
Underlying Familial Dilated Cardiomyopathy

Yu-Han Guo, MD*; Jun Wang, MD*; Xiao-Juan Guo, MD*; Ri-Feng Gao, MD; Chen-Xi Yang, MD; Li Li, PhD;
Yu-Min Sun &, MD; Xing-Biao Qiu, MD; Ying-Jia Xu “=, MD; Yi-Qing Yang “*, MD

BACKGROUND: Dilated cardiomyopathy (DCM), characterized by progressive left ventricular enlargement and systolic dysfunc-
tion, is the most common type of cardiomyopathy and a leading cause of heart failure and cardiac death. Accumulating evi-
dence underscores the critical role of genetic defects in the pathogenesis of DCM, and >250 genes have been implicated in
DCM to date. However, DCM is of substantial genetic heterogeneity, and the genetic basis underpinning DCM remains elusive
in most cases.

METHODS AND RESULTS: By genome-wide scan with microsatellite markers and genetic linkage analysis in a 4-generation fam-
ily inflicted with autosomal-dominant DCM, a new locus for DCM was mapped on chromosome 15q13.1-q13.3, a 4.77-cM
(=3.43Mbp) interval between markers D1551019 and D15S1010, with the largest 2-point logarithm of odds score of 5.1175 for
the marker D15S165 at recombination fraction (6)=0.00. Whole-exome sequencing analyses revealed that within the mapping
chromosomal region, only the mutation in the KLF13 gene, ¢.430G>T (p.E144X), cosegregated with DCM in the family. In addi-
tion, sequencing analyses of KLF13 in another cohort of 266 unrelated patients with DCM and their available family members
unveiled 2 new mutations, ¢.580G>T (p.E194X) and ¢.595T>C (p.C199R), which cosegregated with DCM in 2 families, respec-
tively. The 3 mutations were absent from 418 healthy subjects. Functional assays demonstrated that the 3 mutants had no
transactivation on the target genes ACTC7 and MYH?7 (2 genes causally linked to DCM), alone or together with GATA4 (another
gene contributing to DCM), and a diminished ability to bind the promoters of ACTC7 and MYH7. Add, the E144X-mutant KLF13
showed a defect in intracellular distribution.

CONCLUSIONS: This investigation indicates KLF13 as a new gene predisposing to DCM, which adds novel insight to the mo-
lecular pathogenesis underlying DCM, implying potential implications for prenatal prevention and precision treatment of DCM
in a subset of patients.
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tricular enlargement with systolic dysfunction at the

exclusion of other usual clinically detectable causes
responsible for impaired global contractile function, is the
most prevalent form of myocardial disease in humans,
with an estimated prevalence of up to 1 in 250 individuals
worldwide."-® Notably, there is a significant sex difference
in the incidence of DCM, with an overall combined mean
male:female sex ratio of 2.5:1.# DCM confers a signifi-
cantly enhanced risk for heart failure, ventricular and

Dilated cardiomyopathy (DCM), defined by left ven-

supraventricular dysrhythmias, cardiac transplantation,
and death.>9 Factually, DCM is the second most prev-
alent cause of heart failure next to coronary heart dis-
ease, accounting for 30% to 40% of all heart failures, and
the most common indication for cardiac transplantation
worldwide, with an average 5-year survival rate of ap-
proximately 50% after diagnosis of DCM, though a signif-
icant improvement of heart function has been achieved
by evidence-based therapy for heart failure.#'9-* It was
reported that in female patients the annual incidence of
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CLINICAL PERSPECTIVE
What Is New?

e By genome-wide screening with microsatel-
lite markers and genetic linkage analysis in a
4-generation family suffering from autosomal-
dominant dilated cardiomyopathy (DCM), a new
locus for DCM was mapped on chromosome
15013.1-g13.3.

e A novel mutation in the KLF13 gene, ¢.430G>T
(p.E144X), was identified by whole-exome se-
quencing analysis to cosegregate with DCM in
the family within the mapping chromosomal re-
gion; sequencing analyses of KLF13 in another
cohort of 266 unrelated patients with DCM and
their available family members revealed 2 novel
mutations, ¢.580G>T (p.E194X) and ¢.595T>C
(p.C199R), which cosegregated with DCM in 2
families, respectively.

e The 3 mutants had no transactivation on the tar-
get genes ACTCT and MYH?7, alone or together
with GATA4, and the 3 mutations showed a di-
minished ability to bind the promoters of ACTC7
and MYH?7; the E144X-mutant KLF13 showed a
defect in intracellular distribution.

What Are the Clinical Implications?

e The discovery of a new DCM-causative gene
has potential implications for antenatal prophy-
laxis and precise management of DCM.

e The DCM-associated genetic data may be used
for prognostic risk stratification of patients with
DCM.

Nonstandard Abbreviations and Acronyms

DCM
WES

dilated cardiomyopathy
whole-exome sequencing

DCM-related death was about 2%, whereas in male pa-
tients, the annual incidence of DCM-causative death was
nearly 4%, and in the United States alone, DCM contrib-
uted to =46 000 hospitalizations and ~10000 deaths an-
nually.3'® Obviously, DCM causes substantial morbidity
and mortality as well as medical care cost, imposing an
enormous socioeconomic burden on humans. Despite
the clinical significance, the molecular pathogenesis un-
derlying DCM remains incompletely understood.
Epidemiological investigations demonstrate that
DCM is frequently associated with miscellaneous
structural heart diseases, systemic comorbidities,
and other environmental predisposing factors, in-
cluding valvular heart disease, coronary heart dis-
ease, tachycardia-mediated cardiomyopathy, viral
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myocarditis, neuromuscular disease, essential hyper-
tension, autoimmune disorder, endocrine homeostatic
imbalance, inadequate epigenetic modifier, nutritional
deficiency, hemochromatosis, systematic amyloidosis,
alcohol abuse, and exposure to cardiotoxic chem-
icals.3*1116 However, there is accumulating evidence
highlighting the pivotal role of genetic defects in the
pathogenesis of DCM, especially for familial DCM,
which is considered when >2 first-degree relatives
have been diagnosed with DCM or have experienced
sudden cardiac death with ages <35years."** Familial
DCM, accounting for approximately 20% to 50% of
all DCM, is predominantly inherited in an autosomal-
dominant mode, although other inheritance patterns,
encompassing autosomal-recessive, X-linked reces-
sive, and mitochondrial inheritance, are also reported.!”
To date, DCM-causing variations in >250 genes have
been implicated with the development of DCM, of
which the vast majority code for sarcomere proteins,
nuclear envelope proteins, cytoskeleton proteins, Z-
band proteins, intercalated disc proteins, ion channel
proteins, gap junction channel proteins, RNA-binding
proteins, mitochondrial proteins, and transcriptional
factor proteins.=418-55 Additionally, genome-wide as-
sociation studies have led to the discovery of many
new common variants involved in DCM, in addition to
novel rare variants involved in DCM.3® Nevertheless,
the genetic architecture of DCM is highly complex and
diverse owing to pronounced genetical heterogeneity,
and the genetic determinants underpinning DCM in a
large proportion of cases remain to be identified.%®

METHODS

The supporting data are available within the article,
its online supplemental files, and upon reasonable
request. Data analysis came from our institutional
laboratories, including the cardiovascular research
laboratory and central laboratory of Shanghai Fifth
People’s Hospital, Fudan University, Shanghai, China.

Recruitment of Study Participants

For the current research, a 43-member Chinese family
spanning 4 generations with a high incidence of DCM
was identified, and the available family members were
recruited. Another cohort of 266 probands with DCM
and their available family members were enlisted. A
total of 418 unrelated healthy individuals, who were
matched with the patients for ethnicity, sex, and age,
were enrolled as controls. This cohort of DCM patients
with DCM and their family members was specifically
included for the purpose of this study, and the same for
the healthy individuals. They were recruited from the in-
patient and outpatient individuals of the Shanghai Fifth
People’s Hospital. All research participants underwent
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a comprehensive clinical assessment, encompass-
ing a thorough review of personal, familial, and medi-
cal histories, detailed physical examination, standard
12-lead electrocardiogram, transthoracic echocardio-
gram, and routine laboratory tests. All patients with
DCM also experienced coronary artery angiography
and exercise performance tests, but cardiovascular
magnetic resonance imaging, coronary computed to-
mography angiography, and endomyocardial biopsy
were performed only when indicated. DCM was di-
agnosed as described elsewhere: a left-ventricular
end-diastolic diameter >117% of the predicted value
corrected for body surface area and age and a left-
ventricular ejection fraction <45% and/or a fractional
shortening <25%, in the absence of abnormal loading
conditions, coronary artery disease, toxin exposure,
and other systemic diseases.?%” The inclusion criteria
for the patients with DCM were consistent with the di-
agnosis of DCM.? The exclusion criteria included peri-
partum DCM and secondary DCM caused by other
cardiovascular diseases, systemic diseases, or known
environmental risk factors, including rheumatic heart
disease, ischemic heart disease, viral myocarditis, pri-
mary hypertension, metabolic disorder, and exposure
to toxic chemicals. The current investigation involving
human participants complies with the tenets of the
Declaration of Helsinki. All study procedures used in
this research were approved by the Medical Ethics
Committee of Shanghai Fifth People’s Hospital, Fudan
University, Shanghai, China (approval number 2020-
011). Before recruitment into the study, all study par-
ticipants signed informed consent. Approximately 6 mL
of whole blood sample was collected from each study
subject.

Genome-Wide Screening With
Microsatellite Markers and Genetic
Linkage Analysis

Genomic DNA was extracted from blood leuko-
cytes using the Wizard Genomic DNA Purification Kit
(Promega, Madison, WI). Genome-wide screening for
genotyping in Family 1 with DCM was implemented
with the ABI PRISM Linkage Mapping Set (Applied
Biosystems, Foster City, CA), using 386 polymor-
phic microsatellite markers spaced at a mean resolu-
tion of x10cM from chromosomes 1 to 22. Multiplex
amplification of markers was conducted using the
AmpliTag Gold DNA Polymerase (Applied Biosystems)
by polymerase chain reaction (PCR) under the T100
Thermal Cycler (Bio-Rad, Hercules, CA). Genotyping
was carried out on the ABI PRISM 3130XL Genetic
Analyzer (Applied Biosystems) as per the manufac-
turer's protocol. Genetic linkage analysis was made
with the software Statistical Analysis for Genetic
Epidemiology (http://darwin.cwru.edu/sage/), under an
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autosomal-dominant mode of inheritance with the al-
lele frequency and penetrance rate of DCM being set
at 0.1% and 95%, respectively.5® A 2-point logarithm of
odds (LOD) score between each marker and the dis-
ease locus was calculated as described previously.®®
To finely map the chromosomal region determined
by the marker D15S165 with an initial supportive LOD
score, 5 additional markers (D15S51002, D15S1019,
D1583976, D15S1010, and D15S144) near the region
were genotyped to delimit the critical chromosomal in-
terval by refining the recombination boundaries. The
distances between loci and marker order were derived
from the Généthon genetic map.%8 A haplotype map of
Family 1 with DCM was constructed with the software
Cyrillic v2.1.3 (Cherwell Scientific, Oxford, UK) to reveal
the shared genomic regions among affected members
from the DCM family and confine the recombination
boundaries.

Sequencing Analysis of the Candidate
Genes Within the Mapped Chromosomal
Region

Whole-exome sequencing (WES) and bioinformat-
ics analyses in 3 affected family members (-5, IlI-11,
and llI-16) and 2 unaffected family members (lI-6 and
llI-14) from Family 1 were completed as described
elsewhere.%°-%2 Briefly, for each family member se-
lected to undergo WES, 3ug of genomic DNA were
used for construction of a whole exome library, which
was captured with the SureSelect Human All Exon
V6 Kit (Agilent Technologies, Santa Clara, CA) follow-
ing the manufacturer’s manual. The captured exome
libraries were sequenced on the lllumina HiSeq 2000
Genome Analyzer (llumina, San Diego, CA), with the
HiSeq Sequencing Kit (lllumina) according to the man-
ufacturer’s protocol. Raw image data were processed
by the Pipeline software to call bases and generate the
set of sequence reads. Sequence reads were mapped
to the human referential genome (hg19, GRCh37)
through the Burrows-Wheeler Aligner software.
Sequence variants were called via the GATK software.
When a potential DCM-causative variation was identi-
fied by WES analysis within the mapped chromosomal
region, Sanger sequencing analysis in the whole fam-
ily with DCM was fulfilled to confirm it. Once a gene
possessing an identified DCM-causing variation was
discovered, Sanger sequencing analysis of the gene
was carried out in another cohort of 266 index patients
with DCM, the available family members of the index
patients harboring an identified DCM-causing varia-
tion, and 418 unrelated healthy subjects. For a verified
deleterious mutation, such population genetics data-
bases as the UK Biobank (https:/www.ukbiobank.
ac.uk/), the Single Nucleotide Polymorphism database
(https://www.ncbi.nlim.nih.gov/snp/), and the Genome
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Aggregation Database (http://gnomad.broadinstitute.
org/) were consulted to check its novelty.

Construction of Eukaryotic Gene
Expression Plasmids

Isolation of total MRNA from discarded human heart
tissue and production of cDNA by reverse-transcription
PCR were described previously.?® The full-length
cDNA of the human KLF13 gene (GenBank accession
no. NM_015995.4) was yielded by PCR amplification
of the produced cDNA with the PfuUltra High-Fidelity
DNA Polymerase (Stratagene, Santa Clara, CA) and
a specific pair of primers (forward primer: 5-GAGG
AATTCGCGGATGCGCGGCTGACGAC-3; reverse
primer:  5-CTCTCTAGAGCGGCTGCTCATGGCTGTG
G-3'). The yielded KLF13 cDNA was doubly digested
with restriction endonucleases EcoRIl (NEB, Ipswich,
MA) and Xbal (NEB) and then ligated to the plasmid
pcDNASB.1 (Invitrogen, Carlsbad, CA) at the EcoRI-
Xbal sites to generate the eukaryotic gene expression
plasmid of wild-type (WT) KLF13-pcDNA3.1. Each
mutant-type KLF13-pcDNAS.1 plasmid was generated
by site-targeted mutagenesis of WT KLF13-pcDNAS.1
with the QuikChange Site-Directed Mutagenesis Kit
(Agilent Technologies, Santa Clara, CA), as well as a
complementary pair of primers, and was confirmed by
Sanger sequencing analysis. Similarly, the entire open
read frame of the human GATA4 gene (GenBank ac-
cession no. NM_001308093.3) was yielded by PCR
amplification of the produced cDNA with the PfuUltra
High-Fidelity DNA Polymerase (Stratagene) and a spe-
cific pair of primers (forward primer: 5-ACTGAATTCG
CGTGGCTCCTTGACCTGCG-3'; reverse primer: 5-AG
TTCTAGACTCCAAGTCCCAGGTCCGTG-3), cut with
EcoRI (NEB) and Xbal (NEB), and then inserted to the
plasmid pcDNAS3.1 (Invitrogen) at the EcoRI-Xbal sites
to construct WT GATA4-pcDNA3.1. A 680-bp genomic
DNA fragment (from —620 to +60, with the transcrip-
tional start site numbered as +1) of the human ACTTC1
gene (GenBank accession no. NC_000015.10) was
amplified from human genomic DNA by PCR with a
specific pair of primers (forward primer: 5-TCCGCTA
GCGAGCCCAGCACCAGCTCTCT-3; reverse primer:
5-GGACTCGAGCCGGGCGCTGACTCACCGTC-3’
), digested with Nhel (NEB) and Xhol (NEB), and in-
serted into the pGL3-Basic vector (Promega) to create
the ACTCT promoter-driven firefly luciferase reporter
(ACTC1-luc). Similarly, a 628-bp upstream of the trans-
lation start site (from —1 to —627) of the human MYH7
gene (GenBank accession no. NC_000014.9) was am-
plified with a specific pair of primers (forward primer:
5-GCAGCTAGCCCATCTCTAAGCTCCATGGT-3;  re-
verse primer: 5-TGCCTCGAGGGAGCCAGACCTGGT
CTCAG-3/), cut with Nhel (NEB) and Xhol (NEB), and
subcloned into the pGL3-Basic vector (Promega) to
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construct the MYH7 promoter-driven firefly luciferase
reporter (MYH7-luc).

Cell Culture, Transfection, and Dual-
Luciferase Assays

Hela cells were cultured in Dulbecco’s modified Eagle’s
medium (Invitrogen) containing 10% fetal bovine serum
(Invitrogen) in an atmosphere with 5% CO, at 37 °C.
Twenty-four hours before transient transfection using
the Lipofectamine™ 3000 Transfection Reagent
(Invitrogen), cells were seeded into 24-well plates at
a density of 1x10° cells per well. Different amounts
(ranging from 0.025 to 0.8 ug) of WT KLF13-pcDNAS.1
were used to assess its dose-dependent activation
of ACTC1-luc and MYH7-luc (1.0 g, respectively). For
the analysis of the transactivation of ACTCT promoter
by KLF13, Hela cells were transfected with 0.4ug of
empty pcDNAS3.1 or 0.4ug of WT KLF13-pcDNAS.1
or 0.4ug of mutant KLF13-pcDNA3.1 or 0.2ug of WT
KLF13-pcDNASB.1 plus 0.2ug of empty pcDNA3.1 or
0.2ug of WT KLF13-pcDNASB.1 plus 0.2ug of mutant
KLF13-pcDNA3.1, together with 1.0pug of ACTC1-luc
and 0.04 ug of pRL-TK (Promega). For the analysis of
the transactivation of MYH7 promoter by KLF13, the
quantity of WT or mutant KLF13-pcDNAS3.1 or empty
pcDNA3.1 were halved whereas the amount of MYH7-
luc or pRL-TK (Promega) remained the same as de-
scribed previously. For measurement of the synergistic
transcriptional activation between KLF13 and GATA4,
the same amount (0.1ug) of empty pcDNA3.1, WT
KLF13-pcDNAS.1, mutant KLF13-pcDNAS.1, or GATA4-
pcDNAB.1 was used alone or together, in the presence
of 1.0ug of ACTC1-luc or MYH7-luc and 0.04ug of
pRLTK (Promega). The pRLTK plasmid expressing
Renilla luciferase (Promega) was used for the normali-
zation of transfection efficiency. Cells were harvested
48hours after transfection and the luciferase activity
was assayed by using the Dual-Luciferase Reporter
Assay System (Promega). The promoter activity value
was expressed as fold activation of firefly luciferase to
Renilla luciferase. Experiments were conducted inde-
pendently 3 times in triplicate for each sample.

Nuclear Protein Isolation and
Electrophoretic Mobility Shift Analysis
Nuclear extracts were prepared from Hela cells trans-
fected with 10ug of WT KLF13-pcDNA3.1 or mutant
KLF13-pcDNA3.1 by using the NE-PER Nuclear and
Cytoplasmic Extraction Reagents (Thermo Scientific,
Rockford, IL) according to the manufacturer’s instruc-
tions. Oligonucleotide probes used for electropho-
retic mobility shift analysis were synthesized, purified,
and 5" end-labeled with biotin. For the binding reac-
tions, biotinylated probes (0.2pmol) were incubated
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with nuclear extracts (5pug) and the binding buffer
(Beyotime Biotechnology, Shanghai, China) for 20 min-
utes at room temperature. Of note, unlabeled cold
probes (20pmol) were preincubated with the nuclear
extracts for 10 minutes. The mixture was fractionated
on a 6% nondenaturing polyacrylamide gelin 0.5x Tris-
borate-EDTA buffer at 100V for 1 hour, transferred to a
nylon membrane (Beyotime Biotechnology) in ice-cold
0.5x Tris-borate-EDTA buffer at 380 mA for 30 minutes,
and crosslinked by ultraviolet irradiation for 20 minutes.
The biotin-labeled probe was detected by using the
streptavidin-horseradish peroxidase conjugate and the
chemiluminescent substrate (Beyotime Biotechnology)
according to the manufacturer’s instructions.

Cellular Immunofluorescence Assay of the
KLF13 Proteins

Hela cells (5 x 10%) grown on glass coverslips in a 12-
well plate were transfected with 0.4 ug of WT or mutant
KLF13-pcDNA3.1. After 48 hours, cells were harvested
and fixed with 4% paraformaldehyde for 15minutes,
heated in antigen retrieval buffer at 95 °C for 10 minutes,

KLF13 Mutations in DCM

and permeabilized with 0.5% TritonX-100 for 20 min-
utes. Subsequently, cells were blocked with 3% bovine
serum albumin at room temperature for 30 minutes and
incubated with rabbit anti-KLF13 polyclonal antibody
(Affinity, 1:100) overnight at 4 °C, followed by incuba-
tion with the conjugated secondary antibody, goat
antirabbit Alexa-Flour 594 (Affinity, 1:100) for 1 hour at
room temperature in the dark. Nuclear staining was
conducted by using 4',6-diamidino-2-phenylindole
for 1minute. Finally, coverslips were mounted with
ProLong Glass Antifade Mountants (Thermo Fisher
Scientific, Waltham, MA) and sealed with clear nail pol-
ish. The images were acquired by using confocal laser-
scanning fluorescence microscopy (Leica, Mannheim,
Germany) under an oil objective (Leica).

Statistical Analysis

Continuous variables were presented as mean=SD
and compared between the 2 groups using the
Student’s unpaired t test. Categorical variables were
expressed as numbers and percentages and com-
pared between the 2 groups using the Fisher’s exact

Family 1
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Figure 1. Pedigree and haplotypes for Family 1 affected with dilated cardiomyopathy.

The 4-generation family with a high incidence of autosomal-dominant dilated cardiomyopathy was designated as Family 1, with
members identified by generations-numbers (Roman-Arabic numerals) shown below member symbols. A vertical bar beneath a
member denotes the chromosomal region defined by genetic linkage analysis. Polymorphic markers spanning the linkage region
on chromosome 15g13.1-q13.3 were displayed to the left of the pedigree, with members’ genotypes (represented by numbers) for
markers given next to the chromosome bars. The filled bars mean disease haplotype. Key recombination events occurred with marker
D15S1019 in member 111-16, and with marker D15S1010 in member l11-3. “+” indicates a carrier of the heterozygous mutation of c.430G>T

in the KLF13 gene; an “=” indicates a noncarrier.
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test. A 2-tailed P value of <0.05 was considered sta-
tistically significant.

RESULTS

Demographic and Clinical Features of the
Research Participants

As shown in Figure 1, a 43-member 4-generation
family suffering from autosomal-dominant DCM (Family
1) was identified from the Chinese Han population, in-
cluding 40 living family members (19 male members
and 21 female members, with ages ranging from 21 to
68years). The proband of Family 1 (lI-5, Figure 1) was
initially diagnosed with DCM at the age of 45years and
received pharmacologic therapy for heart failure. His
brother (II-1, Figure 1) and father (-1, Figure 1) had a
past medical history of DCM and died of progressive
congestive heart failure caused by DCM at ages 63
and 69years, respectively. In Family 1 (Figure 1), all the
affected members had echocardiogram-documented
DCM, whereas the unaffected family members had
neither history of DCM nor symptoms of DCM, with
normal echocardiographic findings. None had struc-
tural heart diseases or other diseases contributing to
DCM, such as valvular heart disease, coronary heart
disease, viral myocarditis, and essential hypertension.
The demographic and baseline clinical features of the
affected family members alive from Family 1 are sum-
marized in Table 1. Additionally, another cohort of 266
probands inflicted with DCM was clinically investigated
in contrast to a total of 418 unrelated healthy subjects
without a history of DCM and found that the control
individuals (217 male people and 201 female people,
with a mean age of 48years ranging between 37 and
65years) were matched with the DCM probands (136
male patients and 130 female patients, with an average

KLF13 Mutations in DCM

age of 48years varying from 36 to 64 years) for ethnic-
ity, age, and sex, as shown in Table S1.

Mapping of a Novel Genetic Locus for
DCM on Chromosome 15g13.1-q13.3

A genome-wide scan was fulfilled in the 40 living mem-
bers from Family 1 with a high incidence of DCM (Figure 1)
with 386 microsatellite markers with a 10 cM-resolution.
Genetic linkage analysis suggested a significant linkage
of DCM to marker D155165, with a maximum 2-point
LOD score of 5.117510 at recombination fraction (0)=0.00
(Table 2). The 2-point LOD scores for D155165 remained
>3 regardless of variations in the penetrance from 60%
to 99% and variations in the phenocopy prevalence
from 0% to 5%. The pairwise LOD scores indicated no
significant linkage to markers in other chromosomal re-
gions (Table 2). To confine the DCM-linked chromosomal
region, 5 additional markers (D1551002, D15S1019,
D15S3976, D1551010, and D15S144) near the marker
D15S165 were genotyped, and based on haplotype
analysis (Figure 1), a novel genetic locus for DCM was
ultimately mapped to chromosome 15q13.1-g13.3
(GRCh38, c¢chr15:29371221-32798467), a 4.77-cM
(=3.43 Mbp) interval between markers D15S1019 and
D15S1010. There are 99 genes defined within the locus
between markers D15S1019 and D15S1010, includ-
ing 27 protein-encoding genes, 35 nonencoding RNA
genes, and 37 pseudogenes (Table S2).

Identification of DCM-Causative
Mutations in KLF13

WES was carried out for 3 affected members (II-5, Ill-
11, and llI-16) and 2 unaffected members (II-6 and Il1-14)
from Family 1. Analysis of the candidate genes within
the mapping locus from marker D1551019 to D1551010,

Table 1. Demographic and Phenotypic Characteristics of the Living Pedigree Members Inflicted With Dilated
Cardiomyopathy Harboring the Heterozygous KLF13-E144X Mutation

Individual

(Family 1) Sex Age,y Phenotype

LVEDD, mm

LVESD, mm LVEF, % LVFS, %

-4

68

DCM

69

60

31

15

1I-5

66

DCM

63

54

33

17

11-9

61

DCM, ASD

7

66

29

14

-2

47

DCM

68

55

38

19

11I-3

45

DCM

74

63

30

16

-9

44

DCM

56

48

30

14

-1

44

DCM

60

50

39

19

l-16

40

DCM

58

46

47

24

119

36

DCM, ASD

56

44

44

22

V-2

LN =Gl B = = =l B = =

22

DCM

54

43

43

29

V-6

<

21

DCM

53

4

46

24

ASD indicates atrial septal defect; DCM, dilated cardiomyopathy; F, female; LVEDD, left ventricular end-diastolic diameter; LVEF, left ventricular ejection

fraction; LVESD, left ventricular end-systolic diameter; LVFS, left ventricular fractional shortening; and M, male.
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Table 2. Two-Point Logarithm of Odds Scores for the Markers on Chromosome 15q13.1-q13.3 at Different Recombination

Fractions (0) in Family 1 With Dilated Cardiomyopathy

LOD scores at 6

Marker 0.00 0.01 0.05 0.10 0.20 0.30 0.40

D15S975 (—o0) 0.063799 1.283779 1.619547 1.580413 1.169251 0.545682
D1551002 (—o0) 1.339973 2.415505 2.594912 2.276644 1.690878 0.691651
D1551019 5117510 5.034579 4.694259 4.248125 3.276644 2.180703 0.964652
D155165 5117510 5.034579 4.694259 4.248125 3.276644 2.180703 0.964652
D15S976 4.816480 4.737913 4.415505 3.992852 3.072524 2.034575 0.885471
D15S1010 3.913390 3.847918 3.579244 3.227035 2.460170 1.596620 0.658374
D15S144 (—e0) 2.742278 3.136751 3.038610 2.470470 1.667027 0.719827
D1581007 (—o0) 2.320679 2733177 2.658946 2.144605 1.408812 0.569412

0 indicates recombination fraction; and LOD, logarithm of odds.

only the mutation chr15: 31619845G>T (GRCh37.p13:
NC_000015.9), equivalent to chr15:31327642G>T
(GRCh38.p14:  NC_000015.10) or NM_015995.4:
€.430G>T;p.E144X in the KLF13 gene, coding for an im-
portant cardiac transcription factor, was identified and
validated to be in cosegregation with DCM in Family 1
by Sanger sequencing analysis. The sequence chro-
matograms illustrating the heterozygous ¢.430G>T vari-
ation in KLF13 and its WT control sequences are given
in Figure 2A. Notably, in the mapped chromosomal
region, only the rare variant in the KLF13 gene was
confirmed to cosegregate with DCM in the family, and
no other rare variants were shared by all affected fam-
ily members and were absent in the unaffected family
members. Additionally, via sequencing analysis of the
coding regions and splicing junctions of KLF13 in an-
other cohort of 266 index patients inflicted with DCM,
2 new KLF13 mutations, NM_015995.4:c.580G>T;p.
E194X and NM_015995.4:c.595T>C;p.C199R, were
discovered in 2 index patients, respectively. The se-
quence electropherograms showing the heterozygous
KLF13 mutations ¢.580G>T and ¢.595T>C and their
WT control sequences are exhibited in Figure 2B and
2C, respectively. The pedigrees of the 2 index patients
carrying the discovered KLF13 mutations from Family 2
and Family 3 are displayed in Figure 3. Genetic analy-
sis of the available members from Family 2 or Family 3
showed that the discovered KLF13 mutation cosegre-
gated with autosomal-dominant DCM in the whole fam-
ily, with complete penetrance. The demographic and
baseline clinical characteristics of the affected family
members alive from Family 2 and Family 3 are sum-
marized in Table 3. Notably, these families had high in-
cidences of miscarriages, of which women members
-2 and II-16 in Family 1, member llI-6 in Family 2,
and member llI-4 in Family 3 had a history of miscar-
riage. The 3 heterozygous KLF13 mutations were nei-
ther observed in 418 unrelated controls nor released
in multiple population genetics databases including
the UK Biobank, the Single Nucleotide Polymorphism
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database, and the Genome Aggregation Database, in-
dicating novel mutations.

Failed Transactivation Function of the
Mutant KLF13 Proteins

As shown in Figure 4A and 4C, WT KLF13 transcrip-
tionally activated the ACTCT or MYH7 promoter in a
dose-dependent pattern. Specifically, 0.025, 0.05, 0.1,
0.2, 0.4, and 0.8 ug of WT KLF13-pcDNAS3.1 transcrip-
tionally activated the ACTC7 promoter in Hela cells by
~8 (7.5442+2.0915)-fold, =13 (13.3960+0.3900)-fold,
~22 (21.8076+0.4779)-fold, ~27 (26.6103+0.4405)-fold,
~33 (83.4114+0.8934)-fold, and ~33 (32.7506+1.6561)-
fold, respectively (Figure 4A); while 0.025, 0.05, 0.1, 0.2,
0.4, and 0.8ug of WT KLF13-pcDNAS3.1 transcription-
ally activated the MYH7 promoter in Hela cells by ~18
(18.1939+0.8119)-fold, =21 (21.0893+0.4158)-fold, ~38
(38.3222+0.1754)-fold, =44 (44.3251+1.4307)-fold, ~44
(43.7500+1.5372)-fold, and =44 (44.3071+1.6442)-fold,
respectively (Figure 4C). As shown in Figure 4B, the
same amount (0.4 ug) of WT E144X-, E194X-, and C199R-
mutant KLF13-pcDNAS3.1 transcriptionally activated the
ACTCT1 promoter in Hela cells by =28 (27.6201+1.1025)-
fold, =5 (5.2639+0.6986)-fold, ~7 (6.9302+0.5445)-fold,
and =9 (8.7595+0.9887)-fold, respectively (WT ver-
sus E144X: t=29.6671, P=0.0001; WT versus E194X:
t=29.1432, P=0.0001; WT versus C199R: t=22.0597,
P=0.0003); when the same amount (0.2 ug) of WT KLF13-
pPcDNAS.1 was cotransfected with empty pcDNA3.1 or
E144X- or E194X- or C199R-mutant KLF13-pcDNA3.1,
the induced transactivation of the ACTCT promoter was
~15 (14.7123+1.0725)-fold, =12 (11.6692+0.8285)-fold,
~14 (14.0204+2.1855)-fold, and =14 (14.3422+1.3787)-
fold, respectively (WT versus WT+E144X: t=20.0334,
P=0.0004; WT versus WT+E194X: t=9.6231, P=0.0023;
WT versus WT+C199R: t=13.0278, P=0.0014). Similarly,
as shown in Figure 4D, homozygous WT KLF13 tran-
scriptionally activated the MYH7 promoter by =49
(48.5386+2.2430)-fold whereas homozygous E144X-,
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A Gly Ser Gly Glu Pro Gly Leu

Mutant type

Figure 2. New KLF13 mutations responsible for dilated cardiomyopathy.
Sequencing electropherograms showing 2 nonsense mutations and 1 missense mutation
in the KLF13 gene as well as their corresponding wild-type sequences were exhibited.
Arrows direct to the heterozygous mutations or homozygous wild-type sequences. A,
Sequencing electropherograms of the affected proband and an unaffected member from
Family 1, showing the heterozygous KLF13 mutation ¢.430G>T and its wild-type control.
B, Sequencing electropherograms of the affected proband and an unaffected member
from Family 2, showing the heterozygous KLF13 mutation ¢.580G>T and its wild-type
control. C, Sequencing electropherograms of the affected proband and an unaffected
member from Family 3, showing the heterozygous KLF13 mutation ¢.595T>C and its wild-
type control.
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Figure 3. Pedigrees of Family 2 and Family 3 inflicted with dilated cardiomyopathy.
The 2 families with a high incidence of dilated cardiomyopathy were designated arbitrarily as Family 2 and Family 3, respectively, with
members recognized by generations-numbers. “+” a carrier of the heterozygous KLF13 mutation c.580G>T in Family 2 or ¢.595T>C in

Family 3; “~”, a noncarrier.

E194X-, and C199R-mutant KLF13 activated the
MYH7 promoter by =14 (13.7403+1.6790)-fold, ~13
(13.0757+1.1269)-fold, and ~15 (15.2651+2.0540)-fold,
respectively (WT versus E144X: t=21.5118, P=0.0003;
WT versus E194X: t=24.4700, P=0.0001; WT versus
C199R: t=18.9490, P=0.0005); whereas heterozygous
E144X-, E194X-, and C199R-mutant KLF13 activated
the MYH7 promoter by =20 (20.2243+0.8723)-fold,
~22 (21.9228+1.0852)-fold, and ~22 (22.0585+1.2527)-
fold, respectively (WT versus WT+E144X: t=20.3774,
P=0.0002; WT versus WT+E194X: t=18.5013, P=0.0008;
WT versus WT+C199R: t=17.8525, P=0.0004). These
results indicate that E144X-, E194X-, and C199R-mutant
KLF13 proteins have decreased transcriptional activa-
tion in either homozygous or heterozygous status com-
pared with their WT counterparts.

Disrupted Synergistic Transactivation
Between Mutant KLF13 and GATA4

As shown in Figure 5A, the same amount
(O1pg) of WT, E144X-, E194X-, and C199R-mutant

KLF13-pcDNA3.1 transactivated the ACTCT promoter by
~22 (21.8553+2.1319)-fold, ~3 (3.0649+0.2210)-fold, ~3
(3.0519+0.0946)-fold, and ~3 (2.9397+0.3180)-fold, re-
spectively (WT versus E144X: t=12.4275, P=0.0006; WT
versus E194X: t=12.4710, P=0.0006; WT versus C199R:
t=12.4631, P=0.0006); when cotransfected with 0.1 ug
of GATA4-pcDNA3.1, the transcriptional activation effect
of each group became =43 (43.0359+2.7444)-fold, ~6
(6.3061+0.7807)-fold, ~7 (6.5421+0.8767)-fold and ~6
(5.7587+0.3689)-fold, respectively (WT+GATA4 versus
E144X+GATA4: t=22.2965, P=0.0001; WT+GATA4 ver-
sus E194X+GATA4: t=21.9398, P=0.0001; WT+GATA4
versus 199R+GATA4: t=23.3169, P=0.0001). Similarly,
as shown in Figure 5B, 0.1 ug of the WT, E144X-, E194X-,
and C199R-mutant KLF13-pcDNA3.1 transcriptionally
activated the MYH7 promoter by ~36 (36.3427+1.3384)-
fold, ~10 (9.6471+0.3500)-fold, ~11 (10.7531+0.7837)-
fold, and =11 (10.3900+0.8694)-fold, respectively (WT
versus E144X: t=383.4224, P<0.0001; WT versus E194X:
t=28.5768, P=0.0001; WT versus C199R: t=28.1653,
P=0.0001); whereas in the presence of GATA4-
pcDNA3.1, the transcriptional activation effect became

Table 3. Clinical Features and KLF13 Mutations of the Living Family Members Suffering From Dilated Cardiomyopathy

Family Individual Sex |Age,y Phenotype LVEDD, mm LVESD, mm LVEF, % LVFS, % | KLF13 mutations
Family 2 II-8 F 62 DCM 77 66 29 14 ¢.580G>T

11-3 M 66 DCM 57 47 37 18 ¢.5680G>T

111-6 M 61 DCM, atrial septal defectt 62 53 32 16 ¢.580G>T

1-10 F 47 DCM 57 46 40 20 c.580G>T

V-2 M 45 DCM 56 44 44 22 c.580G>T
Family 3 -3 M 65 DCM 63 55 26 13 ¢.595T>C

-4 F 41 DCM 58 45 43 22 ¢.595T>C

DCM indicates dilated cardiomyopathy; F, female; LVEDD, left ventricular end-diastolic diameter; LVEF, left ventricular ejection fraction; LVESD, left ventricular

end-systolic diameter; LVFS, left ventricular fractional shortening; and M, male.
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Figure 4. Decreased transcriptional activity of the mutant KLF13 proteins.

A, In cultivated Hela cells, WT KLF13 showed dose-dependent transactivation of the ACTC7 promoter. B, Activation of the ACTC1
promoter-driven firefly luciferase in Hela cells by WT, E144X, E194X, or C199R mutant, alone or together, showed significantly decreased
transactivation by the mutant KLF13 proteins. C, WT KLF13 displayed dose-dependent transcriptional activation of the MYH7 promoter
in cultured Hela cells. D, Activation of the MYH7 promoter-driven luciferase in Hela cells by WT or E144X, E194X, C199R, separately or
in combination, showed significantly reduced transactivation by the mutants. All the experiments were performed in triplicate, with the
results shown as mean+SD. Here, each * indicates P<0.005, when compared with the same amounts of WT. WT indicates wild type.

~78 (78.2231+3.7218)-fold, =15 (15.0268+0.6177)-fold,
~16 (15.9773+0.8759)-fold, and =16 (16.1415+0.5888)-
fold, respectively (WT+GATA4 versus E144X+GATA4:
t=29.0132,P=0.0001; WT+GATA4 versus E194X+GATA4:
t=28.1974, P=0.0001; WT+GATA4 versus 199R+GATA4:
t=28.5364, P=0.0001). These results suggest that the
E144X, E194X, and C199R mutations abolished the
synergistic transactivation between KLF13 and GATA4
when compared with their WT counterparts.

Diminished DNA-Binding Ability of the
Mutant KLF13 Proteins

As is shown in Figure 6, nuclear extracts form
Hela cells transfected with WT KLF13-pcDNAS.1 had

J Am Heart Assoc. 2022;11:e027578. DOI: 10.1161/JAHA.122.027578

the ability to specifically bind to biotinylated ACTC1-
or MYH7-DNA probes because the binding could be
competed by the corresponding excess cold probes.
The ability of E144X-, E194X-, or C199R-mutant KLF13
protein to bind to the ACTC7-DNA probes diminished
to an undetectable level (Figure 6A). Similarly, E144X-,
E194X-, or C199R-mutant KLF13 protein showed a
diminished binding ability to the MYH7-DNA probes
(Figure 6B).

Distinct Nuclear Distribution of the Mutant

KLF13 Proteins
As shown in Figure 7, in transfected Hela cells, WT,
E194X-, or C199R-mutant KLF13 protein was normally
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Figure 5. Disrupted synergistic transactivation between
mutant KLF13 and GATA4.

A, Incultured Helacells, the transactivation of the ACTC1 promoter
by GATA4 in synergy with E144X, E194X or C199R mutant was
abolished by each mutation when compared with that by GATA4
and WT KLF13. B, In the presence of GATA4, transactivation of
the MYH7 promoter-driven luciferase in Hela cells by WT, E144X,
E194X, or C199R mutant revealed that the mutations ablated the
synergistic transcriptional activation between each mutant and
GATAA4. All the experiments were performed in triplicate, with the
results expressed as mean+SD. Here, each * indicates P<0.001,
in comparison with its WT counterpart. WT indicates wild type.

localized to the cellular nuclei. However, the E144X-
mutant KLF13 protein was distributed not only in the
nuclei but also in the cytoplasm.

DISCUSSION

In the current investigation, by sequencing analysis
of the candidate genes in the mapped region, human
chromosome 15g13.1-g13.3, 3 mutations in the KLF13
gene, ¢.430G>T (p.E144X), ¢.580G>T (p.E194X), and
c.595T>C (p.C199R), were identified to cosegregate
with the DCM phenotype in 3 families, respectively,
with complete penetrance. Functional assays demon-
strated that the 3 mutants had no transactivation on
the target genes ACTCT and MYH7, 2 genes causally

J Am Heart Assoc. 2022;11:e027578. DOI: 10.1161/JAHA.122.027578
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linked to DCM.'-363-65 Fyrthermore, the 3 mutations
abrogated the synergistic transactivation between
KLF13 and GATA4, another gene contributing to
DCM.%6-68 Besides, the 3 mutants failed to bind the
promoters of ACTCT and MYH7, and the E144X-mutant
KLF13 showed a defect in cellular nuclear distribution.
Hence, it is very likely that genetically defective KLF13
contributes to DCM in these mutation carriers.

In human beings, KLF13 maps on chromosome
15g13.3, coding for a Krlppel-like transcription factor
(KLF) with 288 amino acids, which belongs to a family
of transcription factors containing 3 classical zinc fin-
ger DNA-binding domains and binds to GC-rich DNA
sequences as well as related GT and CACCC boxes in
the promoters of target genes.®° In addition to the DNA-
binding domains, which function to bind the promoters
of target genes and interact with other transcription-
ally cooperative partners, the KLF13 protein pos-
sesses 3 other key structural domains, encompassing
a transcriptional activation domain, which serves to
transactivate the expression of downstream genes, a
transcriptional inhibition domain, which works to tran-
scriptionally inhibit the expression of target genes, and
a nuclear localization signal responsible for cellular
nuclear localization.”® Previous studies have demon-
strated that KLF13 is highly expressed in the hearts
of both humans and vertebrates during the whole life
from embryos to adults and plays a pivotal role in car-
diovascular morphogenesis and postnatal structural
remodeling.”"="" Recently, multiple experimental inves-
tigations together with our present research have sub-
stantiated that KLF13 transactivates the expression of
multiple downstream genes, including MYH7, ACTCT,
CCND1, NPPB, NPPA, and VEGFA, alone or synergis-
tically with GATA4, GATAG, and TBX5.7>"* Moreover,
pathogenetic mutations in its target genes MYH7 and
ACTCT1 as well as its transcriptionally cooperative part-
ners GATA4, GATAB, and TBX5 have been reported
to cause DCM in humans.t3-6878-81 These findings
strongly indicate that KLF13 haploinsufficiency is an
alternative molecular mechanism of DCM in a subset
of patients.

Interestingly, 2 members from Family 1 and 1
member from Family 2 also had an atrial septal de-
fect. Notably, previous investigations have implicated
KLF13 loss-of-function mutations with distinct types
of congenital heart disease, including transposition of
the great arteries, double outlet of the right ventricle,
tricuspid valve atresia, ventricular septal defect, patent
ductus arteriosus, bicuspid aortic valve, and atrial sep-
tal defect.”"8 Li and coworkers’' sequenced KLF13
in a cohort of 309 patients with congenital heart dis-
ease and identified 2 heterozygous variants, ¢.487C>T
(P163S) and c.467G>A (p.S156N), in 2 patients with
tricuspid valve atresia and transposition of the great ar-
teries, respectively. Functional analyses demonstrated

11



Guo et al

KLF13 Mutations in DCM

A <
&
o FoS &
D
KLF13 N AT AP o
Unlabeled probe - -+ - 4+ - + - + - +
Bound ACTC1 probe '

Free ACTC1 probe

B o"&
@
S oo &
L > & Q)
KLF13 R R\ S S ¢
Unlabeled probe - -+t -+ - 4+ -+ -+
Bound MYH7 probe E

Free MYH7 probe

.hh. |~-u---in

Figure 6. Diminished DNA-binding ability of the mutant KLF13 proteins.

A, The ability of WT KLF13, E144X, E194X or C199R mutant to bind to the ACTC7-DNA probe. B, The ability of wild-type KLF13
(WT), E144X, E194X, or C199R mutant to bind to the MYH7-DNA probe. Electrophoretic mobility shift assay indicated that WT bound
specifically to the ACTC7-DNA probe (A) or the MYH7-DNA probe (B), whereas all the mutants showed diminished DNA-binding affinity
to the ACTC7-DNA (A) or MYH7-DNA probe (B). WT indicates wild type.

that the variant c.467G>A (p.S156N) had significantly
increased functionality, including increased protein
expression, enhanced transactivation on the BNP
promoter, and increased physical and functional inter-
actions with TBX5; whereas the other variant, c.487C>T
(p.P163S), inhibited the transcriptional activation of the
target gene and the physical and functional interac-
tions with TBX5, with no abnormality in protein expres-
sion.”" Wang and colleagues® made a whole-exosome
sequencing analysis in a Chinese family with double-
outlet right ventricle and ventricular septal defect and
found a novel heterozygous variation in the KLF13
gene, ¢.370G>T (p.E124*), which cosegregated with
the disease. Biological analysis revealed that the E124*-
mutant KLF13 protein failed to transactivate its cardiac
target genes ACTC7 and ANP and disrupted the syn-
ergistic transactivation between KLF13 and GATA4, as
well as GATAB.82 Additionally, pathogenetic mutations
in its target genes MYH7 and ACTC1 as well as its tran-
scriptionally cooperative partners GATA4, GATAB, and
TBX5 have also been reported to cause multiple forms
of congenital heart disease in humans.23-8 Therefore,
this study supports the notion that genetically compro-
mised KLF13 predisposes to congenital heart disease.
Of note, in clinical practice, we do see some patients
with previous atrial septal defect surgery present years
later with DCM. Two rare diseases in the same individ-
ual seem unlikely so this does make sense and would
recommend that this is the subject of future research.
Analyzing the databases of adult congenital heart dis-
ease would be very interesting.

It has been revealed in experimental animals that
genetically compromised KLF13 contributes to heart
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disease. In Xenopus, ample expression of KLF13 in the
heart and vessels was observed during embryogene-
sis, and knockdown of K/f13 in the embryos gave rise
to myocardial trabecular hypoplasia and atrial septal
defect, similar to those observed in mice or humans
carrying hypomorphic alleles of GATA4.”® Moreover,
defects in growth, proliferation and differentiation of
cardiac progenitor cells were observed in Xenopus em-
bryos with downregulated KLF13 levels.” Additionally,
in Xenopus embryos, KLF13-depletion led to an almost
complete absence of GATA4, GATA5 and TBX5 gene
expression, a severely reduced expression level of
GATAB, NKX2.5 and CCND1.”® Expression of ANP as
well as aMLC was severely reduced at an early stage
in KLF13-depleted embryos but was upregulated at a
late stage, reflecting cardiac dysfunction.”® The phe-
notypes of the Xenopus embryos with Kif13 knocked
down, small hypoplastic hearts, pointed to an import-
ant role of KLF13 in cardiac cell survival, proliferation
and differentiation. Consistent with the findings that
KLF13 and GATA4 are mutual cofactors, the injection of
GATA4 mRNA rescued the cardiac defects of KLF13-
depleted embryos in a dose-dependent manner.”® In
mice, KLF13 is abundantly expressed at all stages of
embryogenesis in the heart, including ventricular tra-
beculae, atrioventricular cushion, truncus arteriosus,
and atrial myocardium.”®# In mice with homozygous
deletion of KIf13, heart enlargement, cardiac vacuolar
lesion, and embryonic lethality occurred.8” Although
mice with heterozygous knockout of Kif73 showed no
obvious cardiac structural anomaly, compound het-
erozygous ablation of both Thx5 and KIf13 remark-
ably decreased the postnatal viability and increased
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Figure 7. Distinct subcellular distribution of the mutant KLF13 proteins.

Subcellular localization of WT KLF13, E144X, E194X, and C199R mutant in Hela cells were
detected by immunofluorescence. The red color shows the Alexa-Fluor 594 conjugated
secondary antibodies against the anti-KLF13 antibody and the nuclei were stained with
4',6-diamidino-2-phenylindole (DAPI; blue). WT, E194X, and C199R mutant were localized
exclusively to the nuclei whereas E144X mutant was distributed not only in the nuclei but

also in the cytoplasm. Bar=50pum. WT indicates wild type.

the penetrance of cardiac septal abnormality resulted
from Tbx5 haploinsufficiency.”® In rat cardiomyocytes,
down-regulating expression of KLF13 suppressed cell
viability and promoted cell apoptosis; whereas overex-
pression of KLF13 increased cell viability and decreased
cell apoptosis.”” In addition, as a major mediator of glu-
cocorticoid receptor signaling key to the regulation of
myocardial function, KLF13 protected adult cardiomy-
ocytes from DNA damage and demise.”® Besides, as
a direct target gene of KLF13, CCND17 could suppress
DCM caused by TTN insufficiency.®® Taken collectively,
these results suggest that KLF13 dysfunction contrib-
utes to congenital heart disease and DCM.

During the past few years, the field is trying to make
a better distinction between monogenic causes of
DCM and polygenic contributors. The ClinGen con-
sortium curated a long list of DCM-associated genes
and concluded that only a handful of genes were truly
monogenic associated with DCM. Other studies came
to the same conclusion.?¥” In the current study, the
discovery of KLF13 as a new DCM-associated gene
was based on a genome-wide scan and functional

ascertainment and adequately accounted for back-
ground population variation. Therefore, KLF13 is likely
to be the monogenic cause of DCM, though we could
not rule out the possibility that other genes might also
make a minor contribution. Presently, the diagnostic
gene panels that are used to test patients with DCM
are being reduced in the number of genes. Only the
true robust DCM-associated genes are being tested,
also to reduce the number of reported variants of un-
certain significance.>®” Hence, it is better to include
this gene in diagnostic gene panels for DCM after more
immediate evidence is available. The prevalence of
KLF13 variants in other cohorts of patients with DCM
will be of extreme importance in the validation of KLF13
as a DCM-associated gene. In addition, in a knock-in
animal model expressing a mutant KLF13, DCM spon-
taneously occurs.

Notably, 2 patients with peripartum DCM were ex-
cluded from the current investigation. Specifically, the
2 patients with peripartum DCM were prospectively ex-
cluded from the extended cohort of 268 probands with
DCM, and neither was in family 1 or family 2, hence
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not included in the analysis. However, peripartum car-
diomyopathy has been reported as a part of familial
DCM,® and aggregating evidence has demonstrated
the strong genetic basis of familial peripartum cardio-
myopathy.®%°" Factually, in roughly 20% of patients
with peripartum DCM, screening for cardiomyopathy-
causative genes reveals pathogenic mutations, with
TTN truncations most commonly implicated, occur-
ring in approximately 10% of patients with peripartum
DCM.2"2 Hence, it is the right time to offer genetic
testing to patients with peripartum DCM,%® and refer-
ral for genetic testing should be considered if there is
a positive family history of cardiomyopathy or sudden
cardiac death.*®

In the current research, we used the traditional
positional candidate gene analysis strategy to iden-
tify a new disease-causing gene, as we did previ-
ously.5994-9 Recently, with the rapid advances in
massively parallel sequencing approaches, the old
approach of Sanger sequencing of a single candidate
gene is being replaced by new sequencing technolo-
gies, including whole-exome and whole-genome se-
quencing technologies, which are applied more and
more in genetic diagnostic routines because of a high
ratio of efficiency to cost.”” Next-generation sequenc-
ing provides the opportunity to fulfill parallel analysis of
a large number of genes in an unbiased approach and
has been demonstrated to be successful in identifying
novel pathogenic mutations responsible for Mendelian
diseases.”” However, though it is slow and costly, tradi-
tional Sanger’s method has higher fidelity as compared
to next-generation sequencing methods and there are
limitations associated with next-generation sequenc-
ing methods themselves, including limited bioinformat-
ical tools, existence of functionally-undefined genes
and failure to analyze noncoding regions for WES.®"%

CONCLUSIONS

In conclusion, this research maps a novel genetic locus
of DCM on human chromosome 15g13.1-g13.3 and
identifies KLF13 as a new gene underpinning DCM,
which adds new insight into the molecular pathogen-
esis underlying DCM, implying potential implications
for precision medicine of DCM in a subset of patients.
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Table S1. Clinical Characteristics of Another Cohort of 266 Unrelated Patients Affected with

Dilated Cardiomyopathy.

Parameters Patients (n=266)  Controls (n=418)  P-value
Age (years) 48+ 9 48 =+ 8 >(0.9999
Male, n (%) 136 (51) 217 (52) 0.9027

Positive family history of DCM, n (%) 93 (35) 0 (0) <0.0001
Body mass index (kg/m?) 23+3 23+4 >0.9999
Systolic blood pressure (mmHg) 117+ 10 1189 0.1755

Diastolic blood pressure (mmHg) 777 77£6 >0.9999
Rest heart rate (bpm) 78 £ 11 77+ 10 0.2206

LVEDD (mm) 67+8 46+ 6 <0.0001
LVESD (mm) 55+6 35+5 <0.0001
LVEF (%) 35+7 62+6 <0.0001
LVES (%) 20+4 35+3 <0.0001

NYHA classification of cardiac function

L n (%) 53 (20) NA NA
I, n (%) 93 (35) NA NA
1L, n (%) 88 (33) NA NA
IV, n (%) 32 (12) NA NA

Data were given as mean + standard deviation or n (%).
DCM, dilated cardiomyopathy; LVEDD, left ventricular end-diastolic diameter; LVESD, left
ventricular end-systolic diameter; LVEF, left ventricular ejection fraction; LVFS, left ventricular

fractional shortening; NA, not applicable; and NYHA, New York Heart Association.



Table S2. A List of All the 99 Genes Mapped to the Defined Chromosomal Locus, between the two

Boundaries of Markers D15S1019 and D15S1010.

FAM189A1 TUBBPS LOC100130111 LOC105370743  TJP1
(pseudo) (uncharacterized) (uncharacterized)
HMGN2P5 NCAPGP2 SYNGR2P1 GOLGASJ RN7SL673P
(pseudo) (pseudo) (pseudo) (pseudo)
DNM1P28 ULK4P3 (pseudo) GOLGAST RN7SL469P DNMI1P30
(pseudo) (pseudo) (pseudo)
LOC105370747  LINCO02249 LOC728424 RNU6-17P LOC102724055
(uncharacterized) (intron) (pseudo) (pseudo) (uncharacterized)
CHRFAM7A LOC105370751  DNMI1P29 GOLGASR LOC101927788
(uncharacterized) (pseudo) (uncharacterized)
RN7SL196P LOC100288482  LOC105376704  LOC100288203  LOC100652840
(pseudo) (uncharacterized) (uncharacterized) (uncharacterized) (uncharacterized)
LOC100996413 GOLGASQ RN7SL796P DNM1P50 ULK4P2 (pseudo)
(pseudo) (pseudo)
LOC102725021 GOLGASH RN7SL628P ARHGAP11B LOC100288637
(uncharacterized) (pseudo) (pseudo)
LOC107984025 LOC101930434 RN7SL82P HERC2P10 LOC100629121
(pseudo) (pseudo) (pseudo)
LOC388104 FAN1 MTMR10 RNU6-466P TRPM1
(pseudo) (pseudo)
LOC105370752  MIR211 (intron)  LINC02352 LOC238710 KLF13
(uncharacterized) (intron) (uncharacterized)
LOC105376707  LOC105370939  UBE2CP4 LOC400347 LOC107987220
(uncharacterized) (uncharacterized) (pseudo) (pseudo) (uncharacterized)
OTUD7A LOC105370753  DEPDCIPI LOC105370940  CHRNA7
(uncharacterized)  (pseudo) (uncharacterized)
LOC105370754  LOC102724078  RNU6-18P LOC644110 LOC105376709
(uncharacterized) (uncharacterized) (pseudo) (pseudo) (uncharacterized)




LOC112268159  DNMI1P31 GOLGASK LOC107987221 = RN7SL185P
(uncharacterized) (pseudo) (uncharacterized) (pseudo)
ULK4P1 (pseudo) DNMI1P32 GOLGASO RN7SL539P LOC100289543

(pseudo) (pseudo) (pseudo)
LOC105376710  LOC101060588  LOC100653133 LOC107987215  LOC107987222
(uncharacterized) (uncharacterized) (pseudo) (uncharacterized)
WHAMMP1 LINC02256 LOC101928042  GOLGASN RN7SL286P
(pseudo) (intron) (uncharacterized) (pseudo)
ARHGAPI11A ARHGAP11A- SCGS LOC105370757  LOC105370756

SCGS5 (uncharacterized) (uncharacterized)
GREM1 LOC100131315  FMNI1 LOC107984089

(uncharacterized) (uncharacterized)
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