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Chapter 8

Cardiac gene expression is tightly regulated during all cardiac physiological and 
pathophysiological changes (from early cellular differentiation to cardiac adaptation of 
the adult myocardium during disease). It is the result of external signals that activate 
transmembrane receptors, that subsequently trigger a series of intracellular molecular 
events that then merge to a rather confined group of transcriptional regulators1. These 
genes code for proteins that are crucial for the myocardium to function properly, like 
contractile proteins. Besides the classical cardiac transcription factors that have been 
known for years (e.g. GATA4, NKX2.5, MEF2), the number of novel transcriptional 
regulators is expanding rapidly (Nab1, KLF15)2.

Multiple kruppel-like factors regulate cardiac gene-expression
In this thesis the repressive roles of KLF15 in the healthy and hypertrophied 

myocardium have been extensively described. KLF15 is a member of a larger family of 
kruppel-like factors which is characterized by their highly conserved zinc fingers in their 
C-terminal region and the unique amino terminal end which contains repression and 
activation domains3. The vast majority of kruppel-like factors is ubiquitously or broadly 
expressed and therefore their tissue specific effects are most likely due to the presence 
of other tissue specific transcription factors3. The fact that kruppel-like factors share a 
common C-terminal domain, but are otherwise unique from each other, could implicate 
that multiple kruppel-like factors could impinge on a single target but have different 
(opposing or enhancing) effects.

When evaluating the role of all 17 members of the family of kruppel-like factors 
it became evident that a large number of them is playing a crucial role during several 
phases of cardiac biology, such as cellular reprogramming4, early cardiac development5, 
maintenance of adult cardiac biology and adult cardiac disease (Figure 1)3. The growing 
number of studies and mouse models over the last few years has rapidly increased our 
knowledge on the variety of functions kruppel-like factors exert in the heart. But it also 
raises the question if, and how cardiac kruppel-like factors can cooperatively regulate 
cardiac development en function.

Kruppel-like factors as common regulators of GATA4 activity

Although it has been shown that KLFs can interact with myocardin (Chapter 
4)6, MEF2a7 and p3008, a number of studies have shown that KLFs function by 
modulating the activity of GATA transcription factors. GATA4 is an essential cardiac 
transcription factor in cardiac development, as it has been shown that GATA4 null mice 
die at E12.5 due to multiple cardiac defects9, 10.
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When focussing on early cardiac development, it has been shown that KLF13 
is a critical regulator of cardiac development. Loss of KLF13 in Xenopus results in atrial 
septal defects and hypotrabeculation. This phenotype is explained by the fact that KLF13 
can functionally associate with the zinc fingers of the GATA4 and thereby it enhances its 
activity5. To date, no functional role for KLF13 in the healthy or diseased adult heart is 
known. Interestingly, KLF15 associates with the same region of GATA4, but then acts as 
a repressor (Chapter 5). Recently KLF4 has also been implicated to play a role in cardiac 
biology and especially in the cardiac hypertrophic response (Chapter 2)11, 12. Liao et al. 
showed that like KLF15, also KLF4 acts a repressor of cardiac hypertrophy, although the 
different knockout models that exist do show some contradictions11, 12. It was also shown 
that KLF4 regulates the expression of GATA4 by binding to a KLF binding site in the gata4 
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Figure 1. The various roles of cardiac kruppel-like factors in cardiac development and disease. Kruppel-like 
factors (KLF) play important roles in all stages of cardiac development. KLF4 plays a role in the reprogramming 
of fibroblasts into pluripotent stem cells. These cells can directly be reprogrammed into cardiomyocytes. These 
cells show increased levels of GATA4. Based on studies in adult mice it is known that KLF4 can regulate GATA4 
expression, so it could be possible that the increased expression of GATA4 is caused by KLF4. In the developing 
heart, KLF13 has been shown to regulate the expression of BNP, together with GATA4. In the adult heart, 
KLF15 represses the expression and/or activity of pro-hypertrophic and pro-fibrotic genes like myocardin, 
GATA4, MEF2, p300 and CTGF. In the adult heart however, the expression of these genes is activated since the 
expression of KLF15 is decreased. Simultaneously, an increased expression of KLF5 activates hypertrophic gene 
expression and fibrosis. KLF4 and 10 on the other hand repress the hypertrophic process. This shows that a 
number of kruppel-like factors play crucial roles in the developing, adult and diseased myocardium.
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promoter region, thereby increasing the promoter activity12. The above implies that KLF4, 
-13 and -15 could simultaneously regulate GATA4 mediated gene expression. KLF4 and 
-13 act as activators of cardiac gene expression by promoting the expression or activity 
of GATA4 whereas KLF15 acts as a dual-repressor by a) preventing GATA4 to associate 
with the DNA 7 and b) by preventing activation of GATA4 by KLF13. There is currently 
no data available on the role of KLF15 in the development of the heart. However, it is 
known that KLF15 levels are low during development. This seems logical since KLF15 
would otherwise repress GATA4 activity, which is vital for a proper cardiac architecture. 
To obtain more insight into the role of the various kruppel-like factors during cardiac 
development, thorough studies should be performed to study the expression pattern 
of the cardiac kruppel-like factors in different parts of the developing myocardium. 
This could provide information on the specific role of the kruppel-like factor in the 
development of specific cardiac structures. When the expression pattern of the kruppel-
like factors is known, it should be investigated if and how several kruppel like factors can 
regulate the development of these structures. 
 The above shows that multiple kruppel-like factors, with a variety of functions 
and expression behaviour can regulate cardiac gene expression by regulating one single 
transcription factor. It would be of interest to investigate whether other cardiac kruppel-
like factors like KLF5 and -10 could also regulate GATA4. 

Regulation of kruppel-like factors by TGFβ1
As presented in this thesis and in previous studies, TGFβ1 is a powerful negative 

regulator of KLF15 expression in both the cardiomyocyte and fibroblast, thereby 
allowing cardiac hypertrophy and fibrosis (Chapter 4)6, 13. One important remaining 
question is how this down-regulation of KLF15 expression is regulated. To obtain insight 
into the expression regulation of KLF15, we have tried to identify a putative TGFβ 
responsive element in the promoter region of KLF15. For this purpose we have cloned 
an evolutionary conserved promoter region of 618 bp, located immediately upstream 
of the transcriptional start site of the mouse KLF15 gene into the pGL2 luciferase vector 
(region e1, Figure 3). Next we transfected this construct into H9C2 cells (rat cardiac cell 
line) and stimulated the cells with TGFβ1. A luciferase assay showed that TGFβ1 was not 
able to decrease the activity of the 618bp . This indicates that, although this region is 
conserved, this region is not responsive to TGFβ1. It is therefore unlikely that this region 
is responsible for the down-regulation of KLF15 expression upon TGFβ stimulation. 

Currently there are new techniques available to identify cis-regulatory regions/
elements. Especially, ChIP-seq (chromatin immunoprecipitation followed by next 
generation sequencing) has been shown successful to identify regulatory elements in 
the DNA. Several whole genome ChIP-Seq data sets have been published using cardiac 
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tissue and antibodies against transcription factors like p300, GATA4, SRF and TBX514, 15. 
When extracting information from these publicly available databases it became clear 
that these transcription factors bind to several places in the KLF15 region. However it is 
evident that a small and highly conserved region in the first intron of KLF15 is efficiently 
bound by the transcription factors GATA4, SRF, TBX5 and P300 (region e2, Figure 3). This 
suggests the presence of a possible transcriptional enhancer, but in vivo studies should 
be performed to confirm the functionality of this region. Of particular interest is the 
binding of GATA4 and SRF to this region. Since it is known that KLF15 regulates GATA4 
and SRF activity it could be possible that the expression of KLF15 is regulated by itself or 
by other kruppel-like factors that regulate these transcription factors. In addition to this 
it would also be of particular interest to use the ChIP seq technology to find out which 
genes are regulated by KLF15. Especially since it is known that KLF15 binding elements 
(CG rich sequences) are present in the regulatory regions of multiple cardiac genes like 
BNP, ANF, cardiac actin and β-myosin heavy chain 5, 16.

Besides the expression of KLF15, also the expression of the hypertrophic repressor 
KLF10 (TIEG1) is regulated by TGFβ1 and it has been shown that KLF10 also represses 
cardiac hypertrophy. However, a precise mechanism remains unknown. Additional in 
vitro and in vivo studies should be performed to study to what extent KLF10 interferes 
with other kruppel-like factors and and how they are regulated.

Kruppel-like factors and fibrosis
It is known that during hypertrophy TGFβ1 signaling increases the levels of 

connective tissue growth factor (CTGF). The elevated levels of CTGF subsequently induce 
the expression of extracellular matrix genes like collagens. An excessive accumulation of 
these proteins is called fibrosis. It is known that in the initial phase of hypertrophy, the 
extracellular matrix adapts to cope with the increased stress on the heart. In later stages, 
excessive fibrosis is detrimental to the heart as it impairs contractility and conduction17. 

e1

Figure 3

e2

Figure 2. The -618 KLF15 reporter construct is not TGFβ 
responsive. To determine whether a conserved 618bp region 
upstream of the transcriptional start site of KLF15 is TGFβ 
responsive we cloned this region into the the pGL2 luciferase 
vector. We transfected an empty and a -618KLF15 pGL2 
vector into H9C2 cells and stimulated the cells with TGFβ 
for 24hrs. TGFβ had no effect on both vectors. From this 
experiment we conclude that the 618bp region upstream 
of KLF15 most likely does not contain a TGFβ responsive 
element.
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Wang et al. showed that KLF15 is a repressor of CTGF expression. Upon TGFβ1 signaling 
KLF15 levels decrease in cardiac fibroblasts which results in increased CTGF levels and 
fibrosis13. Interestingly, KLF5 has been shown to regulate the hypertrophic and fibrotic 
response of the heart in an opposite direction compared to KLF15. The heterozygous 
KLF5 mouse (KLF5+/-) is protected against Angiotensin II mediated hypertrophy and 
fibrosis, but this only occurs when KLF5 is lost from the cardiac fibroblasts. It could well 
be possible that KLF15 and KLF5 act on the same pathways but oppositely regulate the 
fibrotic response and maybe also the hypertrophic response. Cardiac- and/or fibroblast-
specific mouse models of KLF15 should be generated to establish this. 

Kruppel-like factors and genetic variation
Given the important role of kruppel-like factors in cardiac biology, it could be well 

possible that mutations or variants in these genes could underlie human pathologies. 
To date, no reports of causal genetic variations in any member of the kruppel-like factor 
family have been associated with cardiac disease. We are the first to identify mutations 
in a kruppel-like factor and associate them with cardiac disease (chapter 6). However, 
mutations have been found in other kruppel-like factors in other diseases. A variety 
of erythroid phenotypes have been associated with mutations in KLF118. Mutations in 
KLF6 were found in prostate cancer19. Several studies have been performed to study 
the relation between KLF11 and type 2 diabetes mellitus and it has been shown that 
mutation in KLF11 are associated with insulin sensitivity20, 21. The fact that kruppel-like 
factors are such important players in cardiac biology and disease should encourage 
geneticists to look for disease-associating variants and mutations in candidate kruppel-
like factors.

e1

Figure 3

e2

Figure 3. The first intron of KLF15 contains a putative enhancer region. To identify possible enhancers that 
regulate KLF15 transcription we analysed the genomic region around KLF15 using two publically available 
cardiac ChIP-seq databases. This revealed that the transcription factors GATA4, SRF, TBX5 and P300 bind a 
small highly conserved region in the first intron of KLF15 (e2). This implies that this region contains a putative 
enhancer
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Kruppel-like factors as therapeutic targets
As investigated in chapter 7, KLF15 could possibly be a therapeutic target for 

hypertrophy. Overexpression of KLF15 by using AAV9 results in a blunted hypertrophic 
response to pressure overload. Our study is not the first that shows that a KLF could be 
an interesting therapeutic target. Chen et al. showed that siRNA against KLF6 suppressed 
tumor growth in mice suffering from gastric cancer22. Another approach by which 
kruppel-like factors are used for therapeutics is the use of induced pluripotent stem cells 
(iPS cells). These cells have the ability to differentiate into other cell types and could 
then potentially be used as therapy. Recently it has been convincingly shown by Efe et 
al. that the combined overexpression of Oct4, Sox2, c-Myc and Klf4 can converse mouse 
fibroblasts into cardiomyocytes using a direct reprogramming strategy. This results in a 
marked expression of, among other cardiac markers, GATA44. Given the results from the 
KLF4 studies in adult mice, it could well be possible that KLF4 is (partly) responsible for 
the increased GATA4 expression in the reprogrammed cells. This makes also KLF4 one of 
the therapeutically interesting kruppel-like factors, also in cardiac disease23.

From the above it can be concluded that kruppel-like factors play major regulatory 
roles in the biology of the developing, healthy adult and diseased heart (Figure 1). 
At least a part of cardiac gene expression is or could be explained by a tight interplay 
between several kruppel-like factors and cardiac transcription factors like GATA4. 
Furthermore, the expression of a subset of kruppel-like factors is regulated by TGFβ 
signaling. It would be interesting to know whether signaling pathways downstream of 
TGFβ could also signal to other cardiac kruppel-like factors. The lack of extensive studies 
that mainly focus on the molecular pathways that regulate the expression of kruppel 
like factors, combined with the identification of transcriptional target proteins restrain 
us from developing a broad kruppel-like factor transcriptional network. A network in 
which multiple kruppel-like factors, either transcriptional repressors or activators can 
cooperatively regulate cardiac gene expression. We further stress that additional studies 
should be performed to identify pathogenic mutation in cardiac disease, preferably in 
combination with the identification of functional protein domains. 
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