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Summary

Hypertrophic cardiomyopathy is the most common, heritable cardiac disease. 
Generally, hypertrophic cardiomyopathy is seen as a disease of the sarcomere as 
most of the mutations associated with its pathogenesis are found in genes encoding 
sarcomeric proteins. given this, transcriptional regulators that govern the expression 
of sarcomeric genes may play an important role in the development of hypertrophic 
cardiomyopathy as well. recently, the transcriptional regulator was identified as an 
important repressor of hypertrophic gene regulation, and loss of kruppel-like factor 
15 augments the cardiac hypertrophic response in mice. We screened two cohorts of 
patients with hypertrophic cardiomyopathy for the presence of variants in this gene 
and identified six novel mutations in conserved regions of the protein which were 
absent in healthy controls. Luciferase assays subsequently showed that some of those 
mutations in kruppel-like factor 15 modulate the repression of the transcription factor 
gaTa4. we show for the first time that mutations in the transcriptional regulator 
kruppel-like factor 15 are associated with hypertrophic cardiomyopathy and may 
modify severity of the disease.
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InTrOducTIOn

 Hypertrophic cardiomyopathy (HCM) is the most common heritable cardiac 
disease, affecting approximately 1 in 500 people1, 2. HCM is an autosomal dominant 
trait, HCM is characterized by left ventricular hypertrophy, myocyte disarray and fibrosis 
and is the most common cause of sudden cardiac death in subjects under 35 years 3-5. 
HCM is regarded as a disease of the sarcomere, since the majority of mutations that 
are associated with its pathogenesis are found in genes encoding sarcomeric proteins5. 
Over 450 mutations in 10 sarcomeric genes have been described, however most of 
the mutations are found in only two genes: β-myosin heavy chain (MYH7) and myosin- 
binding protein C (MYBPC3) as mutations in these two genes explain 50-60% of familial 
HCM3, 5, 6. Large cohort family studies have demonstrated that the HCM phenotype 
is extremely heterogeneous often showing a variety of phenotypes and variable 
penetrance. Within families, carriers of the same mutation often demonstrate variable 
phenotypes, suggesting that genetic differences beyond the causative mutation may 
contribute to the phenotype. Such disease modifiers can be identified using genome 
wide association studies (GWAS) or by whole genome sequencing of preferably large 
families7, and in recent years it has become evident that the identification of modifying 
genes may be as important as finding new disease causing genes. 
 Not only structural proteins, such as the sarcomeric proteins associated 
with HCM disease pathogenes, but also other proteins have a constitutive role in 
the cardiac myocyte and could play a role in the development of this disease. For 
instance, we and others identified the zinc finger transcriptional regulator krüppel-like 
factor 15 (KLF15) to be a repressor of cardiac hypertrophy 8, 9. KLF15 null mice have 
normal cardiac development but upon pressure loading develop exaggerated cardiac 
hypertrophy accompanied by severe cardiac dysfunction 8, 10. KLF15 is highly expressed 
in the normal healthy heart, but its expression decreases upon pressure overload as 
seen in hypertension or aortic stenosis. KLF15 was shown to function as a constitutive 
repressor of hypertrophic gene expression by inhibiting SRF mediated transcription9 
(Chapter 4). The concomitant loss of repressive activity by KLF15 thereby permits the 
development of cardiac hypertrophy leading us to hypothesize that variants in KLF15 
could underlie hereditary forms of cardiac hypertrophy. Therefore, we screened two 
groups of patients diagnosed with HCM for variants in KLF15. The first group consists of 
1061 patients diagnosed with HCM of which the majority is negative for mutations in the 
nine most common HCM genes. Secondly we studied whether KLF15 could modify HCM 
by assessing the presence of KLF15 variants in a population of 329 carriers of a single 
causal founder mutation in MYBPC3 of which 50% is diagnosed with HCM. 
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MATERIALS AND METHODS

Academic Medical Center (AMC), Amsterdam
The AMC HCM cohort used in this study consisted of 329 individuals (81 probands, 246 
relatives). Part of this (the relatives) were previously described11. The cohort comprises 
carriers of the pathogenic mutation 2373_2374insG in MYBPC3, the most important 

Clinical Parameters 
AMC cohort

all mutation 
carriers

mutation carriers 
with clinical HCM

mutation carriers 
without clinical HCM

N 329

Male/Female (% male) 164/165 (50) 103/61 (63) 61/104 (37)

Age at diagnosis (yrs) 40.4 ± 17 43.3 ± 17 38.2 ± 16

Proband/relatives (%proband) 81/246 (25) 80/82 (49) 1/164 (1)

Clinical diagnosis of HCM 164 (50)

Atrial fibrillation (%) 4 (1) 2 (1) 2 (1)

Palpitations (%) 48 (15) 23 (14) 25 (15)

Chest pain (%) 17 (5) 14 (9) 3 (2)

MLVWT (mm) 12.6 ± 5 16.3 ± 5 9.1 ± 2

LVOT gradient (mmHg) 17.4 ± 26 27.3 ± 35 7.9 ± 4

Extreme left ventricular 
hypertrophy (%)

4 (1) 4 (2) -

Non-sustained VT (%) 20 (6) 15 (9) 5 (3)

<50 (%) 9 (6) 8 (12) 1 (1)

>50 (%) 11 (16) 7 (19) 4 (12)

Abnormal blood pressure 
response (%)

29 (9) 12 (7) 17 (10)

<50 (%) 20 (12) 8 (12) 12 (13)

>50 (%) 9 (13) 4 (11) 5 (15)

Unexplained syncope (%) 11 (3) 6 (4) 5 (3)

Fam Hx of SCD (any) 48% 38% 58%

ICD n (%) 10 (3) 9 (6) 1 (1)

Mutation n (%) 329 (100)

c.2373_2374insG (%) 255 (78) 134 (82) 121 (73)

Other truncating mutations (%) 62 (19) 27 (17) 35 (21)

Missense mutations (%) 10 (3) 2 (1) 8 (5)

Table 1. Demographic data of the AMC HCM cohort
HCM, hypertrophic cardiomyopathy; MLVWT, maximal left ventricular wall thickness; LVOT, left ventricular 
outflow tract; VT, ventricular tachycardia, Hx, history; SCD, sudden cardiac death; ICD, implantable cardioverter 
defibrillator. 
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founder mutation in Dutch HCM12. Carriers are divided into patients with or without 
overt clinical HCM (Table 1). All study participants gave written consent for scientific 
research. This study was performed according the local ethics committee guidelines.
Mayo Clinic, Rochester
For this IRB approved study, 1061 unrelated patients (633 male) with HCM were enrolled 
(Table 2). All participants signed informed consent, after genomic DNA was extracted 
from peripheral blood lymphocytes. Clinical data was obtained pertaining HCM and was 
saved blinded from patients genotyped.

Genetic analysis
Genetic analysis was performed on the coding region of KLF15, located to exon 2 and 3 
(NM_014079.3), and both exons were PCR-amplified using primers complementary to 
flanking intronic sequences and the purified PCR products were sequenced using BigDye 

Terminator 3.1 (Applied Biosystems, 
Foster City, CA, USA) chemistry 
or subjected to denaturing high 
performance liquid chromatography 
(DHPLC;WAVE, Transgenomic, 
Omaha, NE, USA) and direct DNA 
sequencing. All mutation were 
confirmed on a second test sample 
to rule out contamination or sample 
mix-up. The absence of mutations 
was verified in 500 healthy controls 
(Mayo Clinic: 300, AMC: 200).
Plasmid constructs
The human KLF15 open reading 
frame (orf) was cloned into the NotI 
and XbaI cloning sites of a pcDNA3.1 
expression vector containing an 
N-terminal FLAG-tag using primers 

Table 2. Demographic data of the Mayo Clinic HCM cohort
MLVWT, maximal left ventricular wall thickness; LVOT, left 
ventricular outflow tract; Hx, history; HCM, hypertrophic 
cardiomyopathy; SCD, sudden cardiac death; ICD, implantable 
cardioverter defibrillator; VT, ventricular tachycardia.

Clinical parameters
Mayo Clinic cohort

Total

N 1061

Strong (%) 270 (5)

Male/Female (% male) 633/428 (60)

Age at diagnosis (yrs) 44.4 ± 19

MLVWT (mm) 20.9 ± 6

LVOT gradient (mmHg) 43.9 ± 44

Fam Hx of HCM (any) 32%

Fam Hx of SCD (any) 20%

Myectomy n(%) 469 (45)

ICD n(%) 185 (18)

Septal ablation n(%) 108 (10)

Pacemaker n(%) 192 (19)

Genotype pos n(%) 395 (37)

  Multi 31 (3)

  Intronic 23 (2)

Septal shapes n(%)

  Reverse curve 315 (31)

  Sigmoid 428 (42)

  Neutral 196 (19)

  Apical 70 (7)
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5’-ATAAGAATGCGGCCGCTAGTGGACCACTTACTTCCAG and 
5’-CTAGTCTAGATCAGTTCACGGAGCGCACGGAGC. A commercially available human KLF15 
clone (SC122796, OriGene Technologies, Rockville, USA) was used as a PCR template. 
Site directed mutagenesis was performed to introduce single base pair mutations in 
the human KLF15 orf. Mutagenesis primers were designed according to manufacturer’s 
protocol (QuikChange Site-Directed Mutagenesis Kit, #200519, Agilent Technologies, 
the Netherlands). See Supplementalemental data for primer sequences (Supplemental 
Table 1). Myocardin (935aa) pcDNA expression plasmids as well as SM22 (505bp),and 
the ANF(638bp) luciferase reporters are described previously9. The 2xGATA-luciferase 
reporter was described previously13. All reading frames were carefully verified by 
sequencing.

Immunostaining
To determine cellular distribution of the KLF15 mutants, COS-7 cells were seeded in 
24-well plates and transfected with 300ng wild-type (WT) or mutant pcDNA3.1-FLAG-
hKLF15 plasmids. Linear polyethylenimine (PEI) was used as a transfection reagent 
(linear, 25kDa, Brunswick) in a DNA:PEI ratio of 1:4. Twenty-four hours after transfection, 
cells were washed with PBS and fixed with 4% paraformaldehyde for 15 minutes at 
room temperature. Cells were then twice washed with PBS and permeabilized for 
10 minutes with 0.1% triton-X in PBS. After two PBS washes, cells were incubated at 
370C for 45 minutes with a primary antibody against the FLAG epitope (anti-FLAG-M2, 
1:250, Stratagene). Cells were washed with PBS and exposed at 370C for 45 min with an 
Alexa488-conjugated goat-anti mouse antibody (# A-11017, 1:200, Invitrogen, Molecular 
probes). 

Luciferase assay
COS-7 cells were seeded into 24-well plates and transfected at a density of 80% using PEI 
with a DNA:PEI ratio of 1:4. Per well, 75ng reporter plasmid (2x GATA-luc or ANF(638)-
luc), 40ng pcDNA-MYOCD or pcDNA-GATA4, 40ng wt or mutant pcDNA-KLF15 and 
5ng renilla was transfected. Forty-eight hours post-transfection, cells were lysed and 
prepared using the Renilla Luciferase Assay System (#E2820, Promega). Luciferase and 
renilla signals were measured using a GloMax®-96 Luminometer. Experiments were 
performed in triplicate with 3 replicates of each mutant per experiment. 

GST pulldown
A GST-MYOCD fusion protein was generated by cloning the orf of MYOCD (935aa) into 
a pGEX-KG vector. This pGEX-KG-MYOCD plasmid was transformed into Bl21-Gold (DE3) 
cells (Stratagene) and protein translation was induced by adding 0.5mM Isopropyl 
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β-D-1-thiogalactopyranoside (IPTG). Proteins were isolated and bound to Glutathione 
Sepharose 4B Beads (GE Health Care, 17-0756-01). Quality of the GST proteins was 
checked by running 5ul of protein on a 10% SDS gel followed by staining with PageBlue™ 
protein staining solution (Fermentas) (Supplemental Fig 2). KLF15 WT and mutant 
proteins were translated using a cell free TNT quick coupled translation system 
(Promega, L1170) and labelled with 35S methionine (Perkin Elmer). Proteins labelled with 
35S were assayed for binding to GST-myocardin.

reSuLTS

Patients
AMC -The AMC cohort consisted of in total 329 mutation carriers (81 probands and 
246 relatives) (Table 1). Although all participants carried a putative pathogenic MYBPC3 
mutation, not all participants were diagnosed with clinically evident HCM. In the total 
cohort the distribution male/female is equal, however, more males than females (63% 
vs 37%) were diagnosed with HCM. The average age at diagnosis in the group of affected 
mutation carriers is 43.3 ± 17 with a mean maximum left ventricular wall thickness 
(MLVWT) of 16.3 ± 5 mm compared to 9.1 ± 2 mm in the mutation carriers with HCM. 
Forty-eight % of all mutation carriers has a positive family history for sudden cardiac 
death.
Mayo Clinic -Overall, 1061 unrelated patients with HCM from Mayo Clinic were included 
in this study (Table 2). Briefly, there were more males than females (63% male) with an 
average age at diagnosis of 44.4 ± 19 and a MLVWT of 20.9 ± 6 mm. About 1/3 of patients 
had a family history of HCM and 20% reported a family history of sudden cardiac death.  

Genetic Screening (AMC) 
Initially, we screened 329 MYBPC3 mutation carriers for variants in the coding region of 
KLF15. In three related subjects diagnosed with HCM, we found a cytosine to adenine 
change at position 824 (C824A) in KLF15 resulting in a proline to histidine substitution at 
position 275 (p.Pro275His) (P275H) (Figure 1A); this variant was not present in the 1000 
alleles of healthy controls and were also not found in databases such as dbSNP and the 
1000 genome project14.

KLF15 variants in a family with MYBPC3-related HCM (AMC cohort) 
The pedigree of the family in which the p.Pro275His mutation in KLF15 was identified, 
is shown in Figure 1B. Patient III:9 is the index who was initially screened for HCM. This 
initial analysis revealed the MYBPC3 2373_2374insG mutation. Subsequently, six family 
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members were screened and five of them were found to have the same MYBPC3 mutation. 
Subject III:1 is an obligate carrier since his son (IV:3) also is a mutation carrier. Except 
for one female patient (IV:8) all mutation carriers were diagnosed with HCM. However, 
hypertension was documented in a 69 year old man (III:4), and was related to only mild 
LVH in the presence of the MYBPC mutation. (Table 3). In patient III:7 asymmetrical 
hypertrophy was documented in the clinical records, yet no echocardiography or MRI 
data could be retrieved.
 We sequenced the KLF15 open reading frame in all family members whose DNA 
was available (including non carriers of the familial MYBPC3 mutation). In three subjects 
who were known to carry the MYBPC3 mutation, we also found the KLF15 P.Pro275His 

C   T    G    C   C    C    T    C    C    A     A    G   T     T    T

C   T    G   C  C/A C   T     C    C    A    A    G    T    T    T

Leu Pro                 Ser                Lys      Phe

Leu Pro/His            Ser                Lys          Phe

WT

Mutant

Figure 1. A KLF15 mutation in a family with HCM. A) Sequence trace of the cytosine (C) to adenosine (A) 
substitution at position 824 in KLF15 (NM_014079.3). This substitution results in a proline (Pro) to histidine 
(His) change at position 275. B) Pedigree of a family with both the MYBPC3 2373insG (MYBPC3+) and the 
p.Pro275His KLF15 (KLF15+) mutation. The presence of hypertrophic cardiomyopathy (HCM) is shown as 
indicated in the figure. The arrow indicates the index patient. 

I:1            I:2

II:1            II:2 II:3           II:4

III:1          III:2      III:3           III:4         III:5   III:6          III:7         III:8             III:9         III:10      III:11      III:12            III:13

IV:1          IV:2          IV:3           IV:4   IV:5      IV:6      IV:7          IV:8          IV:9      IV:10                       IV:11

V:1          V:2            V:5 

MYBPC3 +
KLF15     +

MYBPC3 +
KLF15      -

MYBPC3 +
KLF15      -

MYBPC3 +

KLF15     +

MYBPC3 +
KLF15     +

MYBPC3 +

KLF15      -

MYBPC3 +
KLF15     +

MYBPC3  -

KLF15     +

HCM

a

b
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mutation. The above described individual (III:7) with asymmetrical hypertrophy was 
shown to carry the KLF15 mutation but does not carry the MYBPC3 mutation.

Mayo Clinic
To validate the finding of the novel KLF15 variant in a family with HCM, we proceeded 

to screen a large, unrelated cohort of patients of which 67% has is mutation negative 
for the nine genes most commonly involved in HCM (MYBPC3, MYH7, TNNT2, TNNI3, 
TNNC1, TPM1, MYL2, MYL3, ACTC). Genetic screening revealed the presence of five novel 
variants in KLF-15 that result in an amino acid change: p.Ser100Ile (S100I), p.Pro114Leu 
(P114L), p.Pro126His (P126H), p.Arg280His (R280H) and p.Ala288Thr (A288T). Four of 
these patients are negative for mutations in the nine most commonly involved in HCM, 
whereas one patient hosting the KLF15 p.Pro114Leu variant also carried the E1356K 
mutation in MYH7, recently linked to HCM 15. The identified KLF15 variants were absent 
in 500 ostensibly healthy controls (Mayo Clinic: 300, AMC 200), and were also not found 
in databases such as dbSNP and the 1000 genome project 14 The clinical characteristics of 
all five patients hosting a novel KLF15 variant are summarized in Table 4.

Biochemical properties of the KLf15 variants
 Figure 2a depicts the location of KLF15 variants which shows that all variants 
identified in KLF15 are located within two clusters. The variants p.Ser100Ile, p.Pro114Leu 
and p.Pro126His are clustered within a moderately conserved 27 amino acids region 
located to the N-terminus, while the p.Pro275His, p.Arg280His and p.Ala288Thr (A288T) 
mutations are found within a strongly conserved 14 amino acid region found more 
C-terminally, close to the three DNA and protein binding zinc fingers (Figure 2a and 2b). 
 To evaluate whether the KLF15 variants have an effect on protein translation, 

 TABLE 3 

Patient  M/F  Age  MYPBC3 KLF15  LVH  MLVWT 
(ECHO) (mm) 

Septum 
(MRI) 
(mm) 

ASD  Hyper‐ 
cholesterolemia 

Hypertension  VES/VT 

III:4  M  69  2373insG  ‐  yes  11.4  N/A  yes  yes  yes  yes 

III:7  M  64  ‐  p.Pro275His  Asymm  N/A  N/A  no  yes  yes (borderline)  no 

III:9  M  63  2373insG  p.Pro275His  yes  14  N/A  no  yes  no  no 

IV:3  M  43  2373insG  p.Pro275His  yes  11.7  N/A  no  N/A  no  no 

IV:7  V  34  2373insG  p.Pro275His  Yes  IVS=9.2 
PWT =7.35 

11  no  no  no  yes 

IV:8  V  32  2373insG  ‐  no  IVS=8 
PWT 5.8 

N/A  yes  no  no  no 

IV:9  M  27  2373insG  ‐  yes  IVS=4.9 
PWT= 5.8 

13  yes  no  no  no 

Table 3. Clinical characteristics of the family in which both the MYBPC3 2373insG mutation and the KLF15 
p.Pro275His mutation are present. LVH, left ventricular hypertrophy; IVS, intraventricular septum;
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we transfected COS7 cells with plasmids encoding the human KLF15 WT open-reading 
frame and that of the six mutants. Proteins were isolated and analyzed using SDS-
PAGE using an antibody directed to the N-terminal FLAG-tag. No differences in protein 
expression were observed (Supplemental Fig 1).
KLF15 variants are correctly translocated to the nucleus.
 To act as a transcriptional regulator, KLF15 needs to be translocated to the 
nucleus to interact with DNA and/or other transcription factors. For most KLFs, the 
nuclear localization signal (NLS) is located in the C-terminal zinc-finger domain, but there 
are also reports that a KLF NLS can be located outside this region 16. To study whether 
the variants have an effect on nuclear localization we performed an immunostaining to 
determine the subcellular distribution. The six identified variants were introduced into 
a pcDNA3.1-N-FLAG-KLF15 construct and transfected into COS7 cells. Immunostaining 
using an antibody against the FLAG-tag showed that all variants were correctly located 
in the nucleus (Figure 3). 

KLf15 variants do not affect myocardin-KLf15 interaction
We have previously shown that KLF15 can directly bind to myocardin, an established 
transcriptional activator of cardiac gene expression, thereby repressing its transcriptional 
activity 9. To analyze whether the six KLF15 mutants would have different binding 
affinities to myocardin, we performed GST pulldown assays. To this end, GST-myocardin 
fusion proteins were assayed for binding to in vitro translated KLF15 mutants. As seen 
previously, WT KLF15 is able to bind the 935aa myocardin isoform and does not bind to 
GST itself 9. Input levels of in vitro translated 35S labelled KLF15 variants were relatively 
similar (Figure 4a). The GST pulldown of myocardin showed that the introduced 
mutation in KLF15 did not alter its ability to interact with myocardin (Figure 4b). Finally, 
luciferase assays reveal that the KLF15 mutations do not have an effect on myocardin 

 TABLE 4 

 

Mutation  Nucleotide  Gender Age 
Dx 

MLVWT 
(mm) 

Fam 
History 

Therapy  Other 

p.Ser100Ile  AGT>ATT  F  51  23  HCM  ‐  ‐ 

p.Pro114Leu  CCT>CTT  F  38  22  HCM  Myectomy  MYH7 
E1356K 

p.Pro126His  CCT>CAT  F  58  30  HCM  ‐   

p.Arg280His  CGC>CAC  M  24  13 
 

SCA/HCM  ICD   

p.Ala288Thr  GCC>ACC  F  61  20  no FH  Ablation  Hx of 
hypertension

Table 4. Patient characteristics of the five Mayo Clinic patients harboring a KLF15 mutation. Dx: diagnosis; 
MLVWT, maximal left ventricular wall thickness; SCA, sudden cardiac arrest; HCM, hypertrophic cardiomyopathy; 
FH, family history; ICD, implantable cardioverter defibrillator; Hx, history. 
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mediated activation of the ANF(638) luciferase and SM22(505) luciferase (data not 
shown) reporters. (Figure 4d. and Supplemental Fig 3). 

effects of KLf15 mutations on repression of gaTa transcription factors
It has also been shown previously that KLF15 represses the activity of the transcriptional 
regulators MEF2A and GATA4 8. We performed luciferase assays to assess whether the 
identified mutations in KLF15 alter the repressive activity on these transcription factors. 
Since in our model systems we could not show the repressive effect of KLF15 on MEF2 
responsive reporters (data not shown), we focused on the effects of the KLF15 mutants on 
GATA4 activity. This showed a clear repressive effect of WT KLF15 on a GATA4 responsive 
reporter. When we assessed the effect of the KLF15 mutations we observed a moderate, 
but statistically significant gain-of-function of the variants on GATA4 mediated activation 
(Figure 4c). These gain-of-function effects indicate that the identified KLF15 mutations 
may repress GATA4 more than normal KLF15, and thereby alter the balance of effects of 
KLF15 on cardiac gene expression. 

Figure 3

Zn1 Zn3Zn2

0 100                                              200                                               300                400         

S100I     P114L    P126H              P275H    R280H     A288T  

Figure 2. Location and evolutionary conservation of the six KLF15 mutations. A) The location of the six 
mutations within the human KLF15 protein (416 amino acids). The mutations are clustered in two regions. 
B) Alignment of the KLF15 protein from 7 different species shows that the identified mutations fall within 
evolutionary conserved regions. The mutations are shown in the top row. 
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dIScuSSIOn

 Hypertrophic cardiomyopathy (HCM) is a common heritable cardiac disease 
affecting approximately 0.2% of the adult population1. The hallmark abnormality, 
unexplained left ventricular hypertrophy, is vastly heterogeneous. HCM is generally seen 
as a disease of the sarcomere and currently over 450 mutations have been identified in 

Figure 3
FLAG DAPI Overlay

WT

S100I

P144L

P126H

P275H

R280H

A288T

Figure 3. Cellular localization of the 
KLF15 mutant proteins. Constructs for 
overexpression of FLAG-tagged wildtype 
(WT) and the six mutated human KLF15 
open reading frames were transfected 
in COS7 cells. Immunostainings using 
an primary antibody against the FLAG 
revealed that all mutants are localized in 
the nucleus, similar to WT KLF15.
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sarcomeric genes5. Mutations in non-sarcomeric genes have also been described and 
can be categorized into two groups: calcium handling and metabolic genes 17. 

One common feature of HCM related genes is that mutations are generally 
found in genes that are constitutively active in the cardiac myocyte. In that sense, 
constitutively active repressors of cardiac growth (like transcription factors) provide novel 
candidate mechanisms, since their loss or diminished function can result in enhanced 
cardiac growth18. However, no reports are available that have identified mutations in 
cardiac transcription factors in HCM. Our study is the first to suggest that mutations in 
the transcriptional repressor KLF15 are related to familial HCM with the discovery of six 
novel variants in KLF15. 

Although our array of functional assays did not directly demonstrate a profound 
abnormal protein function, there are compelling arguments favoring these variants, 
especially the KLF15 p.Pro275His variant, as contributors to HCM disease. Firstly, we 
show that in the case of the P.Pro275His-variant, the mutation co-segregates in a family 
also harboring a disease causing MYBPC3 variant. However, one subject in this family 
showed asymmetrical hypertrophy in absence of the familial MYBPC3 mutation yet in 
presence of this KLF15 mutation. Secondly, the variants that we found are absent in 1000 
alleles of healthy controls, and were also not found in databases such as dbSNP and the 
1000 genome project14. Thirdly, all six variants are located in two clusters that are highly 
conserved among species. Finally, it has been convincingly shown that KLF15 plays an 
important role during pressure overload-induced left ventricular hypertrophy 8-10. 
 KLF15 is a transcription factor which has been shown to be a constitutively 
active repressor of LVH. In the healthy adult heart, KLF15 is abundantly expressed and 
represses the cardiac transcription factors MEF2A, GATA4 and MYOCD. Upon pressure 
overload the levels of KLF15 decrease thereby preventing this transcriptional repression, 
which allows cardiac growth 8-10. Given its continuous repressive actions, altered activity 
of KLF15 could modulate the hypertrophic response to either common triggers or to 
other mutations in a sarcomeric protein. To explore a possible mechanism by which these 
mutations could trigger or aggravate HCM, we subcloned all KLF15 mutants in expression 
vectors and performed a series of in vitro experiments. None of the mutants affected 
nuclear localization of KLF15 or stability of the protein. However, when measuring the 
repressive activity of the KLF15 mutants on a GATA-dependent reporter we noticed a 
significantly stronger repression compared to the wild-type KLF15. Interestingly, the 
enhanced repressive effects of the KLF15 mutants on GATA4 activity appeared specific, 
as we did not observe altered repression of myocardin activity, the other transcription 
factor that KLF15 is known to repress. Based on these in vitro studies it may be suggested 
that altered activity of GATA4 in the KLF15 mutant carriers may contribute to HCM. 
Unfortunately, cardiac biopsies are needed to investigate whether GATA4 activity is 



138

Chapter 6

indeed altered in our patient cohorts and these are not available. 
The involvement of GATA transcription factors in cardiac hypertrophy and heart failure 
has been firmly established in mouse models. Specifically, heart specific deletion of 

GATA4 or GATA6 reduce the hypertrophic response to pressure overload, and GATA4 
heterozygous mice are more susceptible to heart failure 19-21. Although we were unable 
to reveal the precise mechanisms of action of the KLF15 mutants, our data do suggest 
that the GATA transcription factors may be involved. 
In vitro, the KLF15 mutations increased the suppression of GATA4, while at the same 
time they were clinically associated with hypertrophy. Loss of GATA4 has been associated 
with less hypertrophy however, heterzoygous loss of GATA-4 has been shown to actually 
induce heart failure19, 20. Therefore, the finding that KLF15 mutations increase repressive 
effects of KLF15 on GATA4 may suggest that these mutations favour heart failure 
development, and only secondarily associate with hypertrophy. 

Figure 4

A

C

B

D

Figure 4. Functional effects of the KLF15 mutants. A) GST pulldown input gel showing that all in vitro translated 
35S labelled KLF15 proteins display equal expression levels. B) GST pulldown assay showing that wild-type KLF15 
and all variants bind myocardin to a similar extent. Right lane of the gel shows that wild-type KLF15 does 
not bind to GST. C) Luciferase assay showing that GATA4 activates the 2xGATA-luciferase reporter. The GATA4 
induced activation is strongly repressed by wild-type KLF15. All KLF15 variants show a stronger repressive effect 
compared to wild type KLF15 (*p<0.005 compared to GATA4, #p<0.01 compared to WT KLF15). The observed 
gain-of-function effect of the KLF15 mutants was found in two independent experiments. D) All KLF15 mutants 
repress myocardin induced ANF reporter activity to the same extent as wild type KLF15 (*p<0.05 compared to 
MYOCD). 
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In addition, our knowledge on the function of the conserved regions of KLF15 is very 
limited 22, so it is very well conceivable that other functions of KLF15 may be disrupted 
or modulated by these mutations. 
 KLFs were initially thought to regulate transcription via direct binding of its zinc 
fingers to a CACCC motif in the promoter region of a gene22. For example, for KLF13 it has 
been shown that direct interactions between KLF13 and this motif regulate cardiac gene 
expression23. Since the three zinc fingers (the DNA binding region) of the KLF family are 
highly homologous, it is very likely that KLF15 is also able to regulate transcription via 
direct DNA binding. However, it is also known that repression by KLF15 does not solely 
depend on the presence of a KLF binding site (CACCC), but also on interactions with 
other transcriptional regulators and the presence of other transcription factor binding 
sites23, 24. The CACCC motif is present in the promoter region of cardiac genes like cardiac 
troponin I (TNNI3) and cardiac troponin C (TNNC1), of which mutations have been shown 
to result in HCM 2, 25, 26. 
 In conclusion we show for the first time that mutations in the transcriptional 
regulator KLF15 are associated with HCM and may possibly modify severity of the 
disease. This opens the possibility to identify more families with KLF15 mutations and 
hence possibly establish their roles more precisely. Our findings also show that mutations 
in cardiac transcription factors occur and that they may be associated with HCM. This 
makes KLF15, but also other constitutively present or active transcriptional regulators 
promising candidates for further genetic screening. 
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SuPPLemenTaL fIgureS and TaBLeS

Supplemental table 1 Oligos used for site directed mutagenesis

Supplemental table 2. Overview of the MYBPC3 mutations present in the AMC HCM cohort. 

CAATGTGCACAAACTTGGAGTGCAGGTTCAAGTTGGAGGAGRevP275H

CTCCTCCAACTTGAACCTGCACTCCAAGTTTGTGCACATTGFwdP275H

CGATCCAACAGGCTTGGTGGCAATGGGCACAGGRevA288T

CCTGTGCCCATTGCCACCAAGCCTGTTGGATCGFwdA288T

GGCACAGGGGCAATGTGCACAAACTTGGAGGRevR280H

CCTCCAAGTTTGTGCACATTGCCCCTGTGCCFwdR280H

CCTCCTGCACTGGCACCAGCTGGTGGAGGGGAACAGCRevG197A

GCTGTTCCCCTCCACCAGCTGGTGCCAGTGCAGGAGGFwdG197A

CATCAGGATCACCCAAATGAAACTCGGGCAAGCAGRevP126H

CTGCTTGCCCGAGTTTCATTTGGGTGATCCTGATGFwdP126H

GCTCCCCCTTCACAAGGGCCGCTGCCCTTCRevP114L

GAAGGGCAGCGGCCCTTGTGAAGGGGGAGCFwdP114L

CCCAGGCCACGGGGCCAATGCTGGCCCCAATGCRevS100I

GCATTGGGGCCAGCATTGGCCCCGTGGCCTGGGFwdS100I

5' --> 3OrientationMutation

Suppl table 2
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Suppl Fig 2

Supplemental figure 1. Western blot of the overexpressed KLF15 mutants in COS cells. No difference in 
expression between the mutants is observed. 

Supplemental figure 2. SDS PAGE showing 10ul of the GST fusion proteins




