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Abstract
The Kruppel-like Factor (KLF) family of zinc-finger transcription factors are critical regulators of
cell differentiation, phenotypic modulation and physiologic function. An emerging body of evidence
implicates an important role for these factors in cardiovascular biology, however, the role of KLFs
in muscle biology is only beginning to be understood. This article reviews the published data
describing the role of KLFs in cardiomyocytes, smooth muscle cells, and skeletal muscle and
highlights the importance of these factors in cardiovascular development, physiology and disease
pathobiology.
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Introduction
Cardiovascular disease remains one of the most prevalent causes of morbidity and mortality
worldwide [1] and a better understanding of the molecular underpinnings of disease
pathogenesis will be invaluable for therapeutic advancement. The heart and vasculature are
comprised of two important muscle cell types that play central roles in the development of
cardiovascular disease – the cardiomyocyte and the vascular smooth muscle cell (SMC). In
addition, phenotypic changes in skeletal muscle that occur with vascular insufficiency or
chronic heart failure are becoming increasingly recognized as significant component of disease
pathobiology [2–4]. As such, dissecting the molecular mechanisms that drive dysfunction in
these cell types represents fertile ground for the development of novel therapies [5].

A number of cytosolic signaling pathways involved in development and remodeling of the
heart, vasculature and periphery have been elucidated in cardiomyocytes [6], SMC [7] and
skeletal muscle [8]. Importantly, many of these pathways converge on a critical set of
transcription factors that can serve as signal integrators and produce alterations in gene
expression, cellular identity, proliferative state, and physiologic function [4,9–14]. Of these
transcriptional regulators, the Kruppel-Like Factor (KLF) family of zinc-finger transcription
factors has recently been a subject of intense investigation in human health and disease [12,
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15–17]. This review will focus on the emerging role of the KLF family of transcription factors
in the biology of cardiomyocytes, vascular smooth muscle cells and skeletal muscle.

Kruppel-Like Factors (KLFs)
KLFs are a subfamily of the zinc-finger class of DNA-binding transcriptional regulators.
Several features distinguish KLFs from the larger family of zinc-finger transcription factors.
First, KLFs contain three Cysteine2/Histidine2 containing zinc fingers located at the extreme
C-terminus of the protein [18,19]. Second, KLFs share a highly conserved seven residue
sequence between zinc fingers, TGEKP(Y/F)X [20]. Third, most KLFs are able to bind
consensus sequences such as the CACCC element or GT box and such DNA-binding specificity
is dictated by three critical residues within each zinc finger [19,20]. In contrast to the zinc-
finger regions, the non-DNA-binding regions are highly divergent, modulate transactivation
and transrepression, and often mediate protein-protein interactions.

The name “Kruppel-like factor” is derived from the shared homology of these proteins to the
DNA-binding domains of the Drosophila protein kruppel (a German word meaning “cripple”).
Kruppel is an early developmental fly gene whose role in body patterning was described in the
pioneering work of Nusslein-Volhard and Weischaus who observed that Drosophila embryos
deficient in kruppel died as a result of abnormal thoracic and abdominal segmentation and thus
appeared “crippled” [21–24]. The first mammalian kruppel homolog, termed erythroid
Kruppel-like factor (EKLF/KLF1), was identified in 1993 as a factor specifically expressed in
the red blood cell lineage [25]. Gene targeting approaches have demonstrated an essential role
for EKLF/KLF1 in β-globin gene induction and erythrocyte development [8,26]. Since the
identification of EKLF/KLF1, a total of 17 mammalian KLFs have been identified (designated
KLF1 through KLF17, based on their chronologic order of identification) and are known to be
expressed in a broad range of cell types. These factors have been shown to have important roles
in a diverse array of cellular processes including cardiac remodeling [27,28], hematopoiesis
[8,12,26], angiogenesis [29], neoplasia [15,30], flow-mediated endothelial gene expression
[31,32], gluconeogenesis [33], monocyte activation [34,35], and determination of pluripotent
stem cell fate [36]. In this review, we will discuss the published studies that implicate KLFs
as important regulators of cardiac, VSMC and skeletal muscle biology (summarized in Table
1).

KLFs in the Heart
Despite significant progress in the understanding of KLFs in human health and disease over
the past decade, the expression and function of KLFs in the heart is only beginning to be
elucidated. To date, there are four published reports describing the function of KLFs in the
heart – KLF5 in cardiac fibroblasts [28], KLF15 (postnatal) [27] and KLF13 (embryonic)
[37] in cardiomyocytes, and a brief report describing a cardiac phenotype in systemic KLF10-
null mice [38]. Figure 1 highlights some of these published findings pertaining to KLFs in the
myocardium.

KLF5
KLF5 (also known as BTEB2/IKLF) was first identified from a human placental library using
a homology screening strategy [39]. An appreciation for the importance of this factor in cardiac
biology has been elegantly developed principally through studies in the laboratory of Dr. Ryozo
Nagai [28]. As will be described later in this review, KLF5 has also been implicated as a central
regulator of vascular smooth muscle cell differentiation, growth and gene expression. In the
heart, the published evidence to date suggests that KLF5 is expressed principally in cardiac
fibroblasts while expression is undetectable in cardiomyocytes. In primary cultured cardiac
fibroblasts, KLF5 expression was shown to be upregulated with angiotensin II stimulation in

Haldar et al. Page 2

J Mol Cell Cardiol. Author manuscript; available in PMC 2009 September 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



a parallel fashion to PDGF-A (a well-described angiotensin target gene in cardiac fibroblasts).
From a mechanistic standpoint, angiotensin-induced induction of PDGF-A was shown to be
dependent on KLF5 recruitment to the PDGF-A promoter.

In an effort to study the role of KLF5 in cardiovascular biology in vivo, the mouse KLF5 gene
was targeted systemically [28]. Complete absence of KLF5 is embryonic lethal by embryonic
day E8.5 though the precise developmental defect in these mice has not been well characterized.
However, KLF5(+/−) mice are viable into adulthood and partial deficiency of KLF5 in vivo
resulted in an attenuated hypertrophic response to angiotensin II infusion as assessed by cardiac
mass, wall thickness, cardiac fibrosis, and PDGF-A expression [28]. In addition, angiotensin-
induced expression of TGF-β and collagen type IV were also attenuated in KLF5(+/−) hearts
suggesting that induction of these important angiotensin effectors may also be KLF5
dependent. Interestingly, these investigators also found that KLF5 can physically interact with
the retinoic acid receptor-alpha (RARα) and their data raises the possibility that RARα
activation modulates KLF5-dependent myocardial remodeling. Taken together, these data
implicate KLF5 expression in cardiac fibroblasts plays an important role in cardiac remodeling
[28].

KLF15
As KLF5 was principally expressed in cardiac fibroblasts, the possibility that KLFs were
expressed in cardiomyocytes and had important roles in cardiomyocyte biology remained
unanswered. Our group identified KLF15 as being expressed in cardiomyocytes [40] and has
recently provided evidence that this factor functions as a negative regulator of hypertrophic
remodeling thus demonstrating a novel role for this family of transcription factors in postnatal
cardiomyocyte function [27]. In addition, we have shown that KLF15 is also expressed in
primary cardiac fibroblasts [27], however, the significance of this finding has not been
completely elucidated. Figure 1A shows β-galactosidase staining of tissues from adult KLF15
(+/−) mice (in which a nuclear localized lacZ gene was “knocked in” to the KLF15 locus by
homologous recombination) and clearly illustrates robust KLF15 expression in all three muscle
types.

KLF15 has an intriguing expression pattern in the heart – it is not detectable during embryonic
development and is expressed only at very low levels in the early postnatal period. However,
KLF15 expression is robustly upregulated by 30 days postnatally, at a time when genes such
as ANF, BNP and cyclin-A [40] are downregulated. Furthermore, KLF15 expression is
dramatically reduced with pressure overload hypertrophy in murine models as well as in human
subjects with valvular aortic stenosis. [27,40] KLF15 expression is also reduced by
pharmacologic agonists known to induce cardiomyocyte hypertrophy such as phenylephrine
and endothelin-1 [27]. Finally, a recent report detailing expression profiles in cultured
myocytes treated with hydrogen-peroxide to induce oxidative stress revealed over 50%
reduction in KLF15 expression [41] although the physiologic relevance of this finding is not
known.

To understand the role of KLF15 in cardiac biology, we undertook gain and loss of function
studies [27]. Overexpression of KLF15 in neonatal rat ventricular myocytes potently inhibits
three cardinal features of hypertrophic remodeling (cell growth, protein synthesis and
hypertrophic gene expression) under both basal and stimulated conditions. To study the role
of KLF15 deficiency in vivo we targeted the mouse KLF15 gene to create systemic KLF15(−/
−) mice. These KLF15(−/−) mice are viable, fertile and do not have cardiac hypertrophy at
baseline (8–12 weeks age). Despite their seemingly “normal” baseline cardiac phenotype, these
animals are exquisitely sensitive to stress and develop a severe form of eccentric hypertrophic
remodeling in response to pressure overload characterized by cavity enlargement, depressed
systolic function, and exaggerated fetal gene expression (Figure 1C). The morphologic changes
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in KLF15(−/−) hearts are likely due to a primary cardiomyocyte defect as isolated myocytes
from failing hearts are eccentrically hypertrophied (large and elongated). There was no
significant apoptotic activity in these hearts after one week of aortic constriction, suggesting
that apoptotic cell dropout was not contributing to the observed phenotype.

From a mechanistic standpoint, KLF15 can potently inhibit the transcriptional activity of MEF2
and GATA4 [27] – two well-characterized transcriptional activators of hypertrophic
remodeling that can function synergistically in the myocardium [42,43]. The primary
downstream mechanism by which MEF2 and GATA4 carry out their pro-hypertrophic effects
is via enhanced DNA binding. Consistent with this observation, KLF15 appears to be able to
inhibit the ability of these factors to bind target promoters although the molecular basis for this
inhibitory effect remains to be elucidated.

Interestingly, there are striking similarities between the phenotypes of KLF15-deficient mice
and mice with transgenic overexpression of either MEF2 or GATA4 in the myocardium.
Transgenic overexpression of MEF2A and MEF2C leads to a dose-dependent dilated
cardiomyopathy that is dramatically worsened with pressure overload [44]. Cardiomyocytes
from these MEF2-transgenic hearts have large and elongated myocytes [44] similar to those
observed with KLF15-deficiency [27]. Transgenic overexpression of GATA4 in the heart at
high levels results in a severe cardiomyopathy and premature death [45]. Even modest GATA4
overexpression results in a spontaneous cardiomyopathy characterized by increased heart mass
and hypertrophic gene expression [45]. Given that MEF2 and GATA4 factors can cooperate
and serve as integrators for multiple upstream signaling pathways, it is not surprising that
heightened activity of these two factors leads to a marked decompensation in KLF15(−/−) mice
in response to stress. The inhibition of MEF function by KLF15 may also have implications
for postnatal cardiac development. Previous studies by the Molkentin and colleagues [46]
showed an increase in MEF2 binding and activity in the postnatal period. In this context, the
induction of KLF15 expression in the heart after birth constitutes an intriguing expression
pattern. It is interesting to speculate that KLF15 may serve as a transcriptional “brake” on
excessive MEF2 activity during the transition from neonatal to adult myocardium [27]. Further
studies in our laboratory are actively underway to further dissect the precise function and
regulation of KLF15 in the cardiomyocyte and cardiac fibroblast – both in the postnatal period
and in response to various hypertrophic stimuli.

KLF13
KLF13 (also known as FKLF-2/BTEB3) has previously been reported to have restricted
expression in erythroid cells, T-lymphocytes, heart and skeletal muscle [47,48]. Low-level
detection of KLF13 transcripts has been detected by RT-PCR in other adult mouse tissues
[49] although the full significance of this finding is unclear. In the mouse embryo, there is
robust developmental expression of KLF13 in the heart, cephalic mesenchyme, dermis, and
epithelial layers of the gut and urinary bladder [50]. There are a number of reports describing
the important role of KLF13 in the transcriptional regulation of erythroid gene expression
[51,52] and its critical role in the induction of RANTES expression in activated T-lymphocytes
[48,53].

A role for KLF13 in the embryonic myocardium was recently elucidated by the Nemer
laboratory in elegant studies of BNP gene regulation and Xenopus development [37]. A
proximal BNP promoter that is sufficient for maximal cardiac transcription has been previously
defined by this group [54]. Interestingly, there is an evolutionarily conserved KLF consensus
site (CACCC) in this proximal BNP promoter that is flanked by nearby GATA sites and is
essential for promoter activity. Based on this finding, the investigators hypothesized that a KLF
family member may be important in regulation of BNP expression. Indeed, KLF13 was shown
to be expressed in cardiac myocytes (atria > ventricles), and that its ability to bind the CACCC
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element in the proximal BNP promoter was critical for transactivation. KLF13 was also shown
to activate multiple cardiac promoters (BNP, ANF, β-MHC, α-cardiac actin) in a synergistic
fashion with GATA4. In addition, KLF13 was shown to physically interact with GATA4 and
detailed structure-function analyses mapped the site of this interaction to the N-terminal zinc
finger of GATA4 [37].

To determine the role of KLF13 in heart development, its expression pattern was determined
in the mouse embryonic heart. Cardiac expression of KLF13 was first detected at E9.5 with
subsequent expression in the developing atrial myocardium, ventricular trabeculae, AV
cushions and the truncus arteriosus. Postnatally, KLF13 was substantially downregulated in
the heart with expression predominantly restricted to the valves and interventricular septum.
Given this expression pattern, the role of KLF13 in cardiac development was further explored
in elegant studies using KLF13 knockdown in the Xenopus embryo. Embryos with KLF13
deficiency developed atrial septal defects and ventricular hypotrabeculation (Figure 1D)
similar to that seen in humans or mice with hypomorphic GATA4 alleles [11]. This hypoplastic
phenotype was not associated with increased apoptosis and raises the possibility that KLF13
may be involved in regulating cardioblast proliferation. Interestingly, these defects could be
rescued with overexpression of GATA4 in a dose-dependent manner, suggesting that KLF13
and GATA4 are indeed mutual cofactors in heart development in vivo. These findings raise
the intriguing possibility that KLF13 may be a novel candidate gene for human congenital heart
disease. The function of KLF13 in the mammalian heart or any potential role in postnatal
cardiac function has not been reported to date.

KLF10
In contrast to KLF5,15, and 13 there is very little known about the role of KLF10/TIEG1 in
the heart. This transcription factor was first described in osteoblasts as a “TGF-β Inducible
Early Gene” and thus carried the name (TIEG-1)[55]. Subsequent studies from the laboratory
or Dr. Thomas Spelsberg have revealed an important role for this factor in the regulation of
bone mineralization [56], osteoclast differentiation [56] and epithelial proliferation [57,58].
KLF10 can modulate Smad signaling in osteoblasts and mice with systemic KLF10 deficiency
are osteopenic [59] and have impaired tendon healing in response to mechanical injury [60].

Since its first description, KLF10/TIEG1 was known to have low-level expression from whole-
heart RNA [55]. However, its precise cellular expression within the heart (myocytes vs.
fibroblasts) and functional role in the myocardium remain poorly understood. A recent report
by the Spelsberg laboratory described the cardiac phenotype of systemic KLF10(−/−) mice
[38]. It is not known whether KLF10 is expressed in the developing heart and embryonic defects
have not been described in KLF10(−/−) mice. However, male KLF10(−/−) mice (but not
females) examined at 16 months age have spontaneous pathologic cardiac hypertrophy with
increased heart mass, wall thickness, tissue fibrosis and myocyte disarray with preservation of
LV systolic function. The exact timing of this hypertrophic remodeling is not well
characterized, although no significant cardiac fibrosis was observed in 4 month-old KLF10(−/
−) mice. Expression profiling in these hypertrophic KLF10(−/−) hearts revealed that KLF10
may regulate the expression of Pituitary Tumor Transforming Gene (Pttg1), however the
functional significance of this finding has yet to be elucidated. In future studies, it will be
important to determine the cellular expression pattern of KLF10 in the heart, particularly
whether it is expresses in cardiomyocytes and/or cardiac fibroblasts. As TGFβ is a critical
mediator of cardiac fibrosis and angiotensin-mediated cardiac remodeling [61], further studies
are necessary to more precisely define the regulation and transcriptional function of KLF10 in
the heart.
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Important Questions for KLFs in the Heart
From the published studies described in this review, it is clear that KLFs play an important
role in cardiac development, maturation and postnatal function. However, several important
questions remain regarding the role of this family of factors in cardiac biology. It is likely that
other KLFs are expressed in the heart and have significant functions. The timing and relative
expression for all of the KLFs expressed in the myocardium must be determined. In addition,
there are multiple cell types found within the heart (cardiomyocyte, fibroblast, endothelial cell,
vascular smooth muscle cell, immune cells) and expression profile of these cardiac KLFs within
each cell type must be explored. For example KLF5 is expressed in cardiac fibroblasts and
VSMC [28], while KLF15 is expressed in all three muscle types [27,40]. We are actively
exploring the relative function of KLF15 in the cardiomyocyte vs. the cardiac fibroblast, as
both tissue play significant roles in myocardial remodeling and the response to angiotensin II.
It is likely that conditional gene targeting and inducible transgenesis, where feasible, will be
necessary to dissect the precise in vivo roles of these factors in cardiac biology. The overlapping
and divergent function of KLFs expressed within the same cell type (e.g. KLF13 and KLF15)
is also a critical area of investigation. For example, both KLF13 and KLF15 can modulate
GATA4 activity; however the former can activate multiple cardiac promoters in a synergistic
fashion with GATA4 [37] while the latter can potently repress GATA-mediated induction of
the these promoters [27]. These data raise the intriguing possibility that KLF15 may function
as a postnatal repressor, in part, via antagonism of KLF13 at critical promoters and that this
crosstalk may involve competition for GATA4 binding. Furthermore, the possibility that KLFs
directly regulate the expression of each other in the heart is another important area on inquiry
as such regulation has been demonstrated in other tissues [62]. In fact, the broad aspects of
regulation of the KLF expression in the myocardium is poorly understood and will provide
invaluable insights into their tissue-specific functions. Finally, the mechanism of KLF action
must be explored within the context of the multiprotein transcriptional complexes that operate
in the myocardium. It will be critical to define how each KLF interacts with other important
DNA-binding proteins, chromatin remodeling complexes, nuclear enzymes and transport
complexes, and RNA-modifying factors within the nucleus.

KLFs in Smooth Muscle Biology
Vascular smooth muscle cells (VSMC) are a critical cellular constituent of the blood vessel
wall. Indeed, these cells exhibit remarkable plasticity and can readily change phenotype in
response to a diverse array of external stimuli including mechanical injury, growth factors and
oxidative stress [63]. As VSMC mature, they are relatively quiescent, proliferating at a low
rate and exhibiting a differentiated, contractile phenotype [64]. These properties allow the
VSMC to carry out its primary function under physiologic conditions - regulating vessel tone
by contraction and relaxation. The VSMC is also capable of a multitude of other functions
including vessel repair. In response to vascular injury, VSMC undergo a dramatic change in
phenotype — from that of a quiescent / differentiated cell to one that dedifferentiates,
proliferates, migrates, re-expresses fetal isoforms of contractile proteins and elaborates
extracellular matrix [64–67]. These features contribute to the development of occlusive
vascular diseases such as atherosclerosis, restenosis, and transplant arteriopathy [68,69].
Despite its importance, the molecular mechanisms that control VSMC development and
differentiation have yet to be fully elucidated [70]. Recent investigations have defined an
important role for KLFs in the regulation of VSMC biology and a summary these published
findings are provided in Table 1.

KLF5
Multiple lines of evidence strongly implicate KLF5 as an important regulator of SMC gene
expression and function. Initial insights can be gleaned from the expression pattern of this
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factor in the embryonic and adult vasculature. KLF5 expression is robust in fetal but not adult
SMC. However, expression can be re-induced in adult SMCs after vascular injury or with
angiotensin II treatment. [71–73] Importantly, KLF5 expression in injured human vessels is
most abundant in neointimal SMCs and the development of restenosis is associated with
increased neointimal expression of KLF5. Finally, pro-survival (e.g. survivin) [74] or pro-
proliferative pathways (e.g. mitogen-activated protein kinases) [75] that are activated
following vessel injury can, in turn, augment KLF5 expression. These key observations suggest
that KLF5 may be an important regulator of the SMCs response to vascular injury.

The most cogent evidence implicating KLF5 in the SMC injury response is derived from loss-
of-function experiments [28]. As stated previously, complete absence of KLF5 is
embryonically lethal while KLF5(+/−) mice are viable and fertile. In contrast to wild-type mice,
KLF5(+/−) mice exhibit a marked reduction in neointima formation and SMC proliferation
following vascular injury (Figure 1B, top). Furthermore, in response to angiotensin II infusion,
KLF5 (+/−) mice also demonstrate reduced perivascular fibrosis suggesting an important role
in adventitial remodeling following vessel injury (Figure 1B, bottom). Direct evidence that
KLF5 can influence gene expression and cellular behavior is derived from overexpression
studies. Forced overexpression of KLF5 can promote cellular proliferation [76,77] and can
induce expression of a number of factors that are well-known to influence the vascular injury
response such as PDGF-A/B, PAI-1, iNOS, and the VEGF receptors [72]. Thus, through
increases in cellular proliferation and alterations in gene expression, KLF5 can critically
regulate vascular remodeling.

Given the importance of KLF5 in cardiovascular biology, the mechanisms regulating its
activity has been the subject of intense interest. While several pathways have been described,
a particularly intriguing mechanism was revealed by Shindo and colleagues who demonstrated
that KLF5 interacts with retinoic acid receptors (RAR) [28]. Importantly, these investigators
found that an RARα agonist suppresses KLF5 function whereas an RARα antagonist activates
KLF5. These studies suggest that the interaction of KLF5 with RARα maybe important in
vascular remodeling and that manipulation of this interaction may provide a novel means of
regulating this process. Indeed, Fujiu and colleagues have recently demonstrated that Am80,
a synthetic RARα that has been successfully used in the treatment of promyelocytic leukemia,
inhibits the transcriptional activity of KLF5. Furthermore, oral administration of Am80
significantly blunts the development of in-stent neointimal proliferation in a rabbit stent model
[78].

KLF5 has also been shown to interact with factors best known for their role in chromatin
remodeling. For example, KLF5 activity is increased via its interaction with the coactivator
and acetylase p300 [76]. Importantly, this augmentation of KLF5 function is, at least in part,
mediated by acetylation of KLF5 itself. Two factors that can inhibit KLF5 activity have also
been identified — the myeloid leukemia associated oncoprotein SET (identified as a KLF-
interactor by MALDI-TOF mass spectroscopy) and HDAC1 [76]. Previous studies suggest
that SET serves as a histone chaperone that can help displace and/or assemble nucleosomal
histones [79]. SET was shown to negatively regulate the ability of KLF5 to bind DNA,
transactivate target promoters and exert its pro-proliferative effects. Similarly, HDAC1 can
also interact with KLF5 and inhibit its ability to bind DNA though the mechanistic basis for
the inhibitory effects of SET and HDAC are distinct. In the case of SET, this is thought to
occur by noncatalytic inhibition of p300-meidated KLF5 acetylation. In contrast, the inhibitory
effect of HDAC1 is thought to occur through direct interaction with KLF5 and interference of
the p300-KLF5 activation complex. Indeed, these data highlight that potent factors such as
KLF5 have multiple layers of regulation in the nucleus.
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KLF4
Kruppel-like factor 4 was first identified as being highly expressed in epithelial cells and gain/
loss of function studies in vivo have confirmed a critical role for this factor in epithelial cell
differentiation [80–82]. Subsequent work has implicated KLF4 as being important in a broad
range of cellular processes such as endothelial pro-inflammatory activation [83], macrophage
gene expression [35], tumor cell development [30] and stem cell biology [36,84].

Studies from several laboratories have also identified KLF4 in smooth muscle cells. Like
KLF5, KLF4 expression is very low under basal conditions. However, in rodent models of
vascular injury, KLF4 expression is rapidly induced achieving peak levels by 1–2 hours and
returning to baseline by 24 hours. In addition, potent growth factors that regulate smooth
muscle cell proliferation, differentiation, and extracellular matrix formation such as PDGF-bb
and TGFβ1 can regulate KLF4 expression [85,86]. Using siRNA approaches, studies from the
Owens’ laboratory suggest that KLF4 mediates, at least in part, the repressive effects of PDGF-
bb on SMC gene expression. This effect may occur as a consequence of KLF4 mediated
repression of myocardin – a critical transcriptional coactivator involved in SMC differentiation
[85,87–90]. In contrast to PDGF-bb, TGFβ1 is known to induce SMC gene expression.
Although KLF4 can also be induced by TGFβ1, in this setting it is has been shown to repress
the TGFβ1-dependent increase in SMC differentiation markers such as α-SMC actin and
SM22α. Taken together, these studies suggest that KLF4 may promote the de-differentiated
phenotype seen in response to vascular injury. However, while these in vitro studies have
provided critical insights into KLF4 function, the role of this factor in SMC biology in vivo
has not been elucidated.

KLF13
Martin and colleagues demonstrated that KLF13, also known as basic transcription element-
binding protein (BTEB 3), activates the minimal promoter for the smooth muscle specific
SM22α gene [91]. However, further studies are required to further delineate the role of this
factor in SMC biology.

KLF15
KLF15 was identified by our group and others as being highly expressed in several tissues
including adipose, liver, kidney, and all three muscle types [40,92]. Recent studies from our
group and others implicate KLF15 as an important regulator of cardiac hypertrophy [27],
glucose homeostasis [33] and adipocyte differentiation [33,40]. With respect to SMCs, KLF15
is expression is robust at baseline but strongly attenuated following vascular injury or in
response to pro-proliferative stimuli [93]. This is in marked contrast to the induction of KLF4
and KLF5 seen with vascular injury and indicates that KLF15 may have a distinct role in SMC
biology. In contrast to the pro-proliferative effects of KLF5, overexpression of KLF15 in
cultured SMC potently inhibits their proliferation. Consistent with this observation, mice
deficient in KLF15 exhibit an exaggerated neointimal response to vascular injury. These
studies implicate KLF15 as an important negative regulator of SMC proliferation [93].
Furthermore, the opposing effects of KLF5 and KLF15 in SMC biology suggests that the
balance of these two factors may be an important determinant of the vascular injury response.

KLFs in Skeletal Muscle
Despite the initial description of the Drosophila kruppel protein as a critical determinant of
myogenic fate in the developing fly [94], the role of KLFs in skeletal muscle is significantly
less developed than in cardiac or smooth muscle. Although a number of KLFs have been
identified as expressed in developing or mature skeletal muscle (KLF6 [95], KLF13 [47],
KLF15 [40]), there are very few reports describing their regulation and potential roles in this
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tissue (Table 1) [40,96]. Our group has demonstrated that KLF15 is robustly expressed in
skeletal muscle where it regulates expression of the glucose transporter GLUT4. Recently, we
have reported that KLF15(−/−) mice have severe fasting hypoglycemia which is caused by a
defect in the ability of critical amino acids to enter the gluconeogenetic pathway in the liver
[33] though the significance of this metabolic block in the heart or skeletal muscle has not been
fully determined. KLF15 has also been shown to regulate the fasting-induced transcriptional
activation of mitochondrial acetyl-CoA sythetase-2 in skeletal muscle [96]. Indeed, a deeper
understanding of the expression, regulation and functional significance of KLFs in skeletal
muscle has important implications for understanding the molecular pathways perturbed in
diseases such as diabetes and metabolic syndrome, congestive heart failure, and peripheral
arterial insufficiency [2–4].

Future Directions
The KLFs are emerging as important regulators of muscle biology with great pertinence to
cardiovascular disease. Further investigation is needed to better define the spatiotemporal
expression of the entire family of KLFs across these muscle tissues both developmentally and
postnatally. In addition, the mechanisms by which the KLFs themselves are regulated are not
well characterized. While there are multiple KLFs expressed in each tissue, their divergent
versus redundant roles must be elucidated as the timing and relative expression of these potent
transcription factors is a critical determinant of their physiologic function. As such, conditional
gene targeting and inducible transgenesis will likely be necessary to dissect the precise roles
of these factors in muscle biology in vivo. Defining target genes that are both induced and
repressed by KLFs in each tissue type using pathway-based analysis will provide invaluable
insights into the broad cellular processes that are modulated by each factor. Most importantly,
a deeper understanding of the precise molecular mechanisms by which these regulators activate
and repress gene expression (e.g. post-translational modification, domain mapping studies,
identification of interaction partners, modulation of chromatin remodeling) will be of
fundamental importance not only for cardiovascular biology, but also for a global
understanding of gene expression and cell differentiation.

Nonstandard Abbreviations
KLF  

Kruppel-like factor

PDGF  
platelet derived growth factor

TGFβ  
transforming growth factor β

MEF  
myocyte enhancer factor

HDAC  
histone deacetylase

MALDI-TOF 
matrix-assisted laser desorption ionization / time-of-flight
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Figure 1.
Kruppel-Like Factors are Important Regulators of Muscle Biology in the Cardiovascular
System. (A) KLF15 is expressed in cardiomyocytes, SMC and skeletal muscle [27,40]. KLF15
(+/−) mice were generated by targeting the native mouse KLF15 gene with a lacZ cassette
containing a nuclear localization signal. Histologic sections from KLF15 (+/+) vs. (+/−) tissues
are shown. KLF15 (+/−) tissues are shown both with and without eosin counterstaining.
(Adapted with permission from PNAS and JBC) (B) KLF5 (+/−) mice have reduced neointimal
formation in response to vascular injury (top) and reduced perivascular fibrosis in response to
angiotensin II infusion (bottom) [28]. (Adapted with permission from Nature Medicine). (C)
KLF15 (−/−) develop eccentric hypertrophy, severe LV dysfunction, and eccentric myocyte
enlargement with pressure overload [27]. (Adapted with permission from PNAS). (D) KLF13
knockdown in Xenopus embryos causes atrial septal abnormalities and defects in ventricular
trabeculation [37]. (Adapted with permission from EMBO Journal)
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Table 1
Summary of published findings pertaining to Kruppel-like Factors in Muscle Biology.

FUNCTION / OBSERVATION REFERENCES

HEART

KLF5 • Expressed in cardiac fibroblasts and induced by angiotensin II.

• Regulates expression of PDGF-A and TGF-β

• KLF5(+/−) mice have reduced hypertrophic remodeling in response to angiotensin II
infusion.

• Interacts with retinoic acid receptor alpha whose activation modulates KLF5 function.

[28]

KLF15 • Expressed in cardiomyocytes and cardiac fibroblasts.

• Not expressed in heart developmentally, but upregulated postnatally.

• Downregulated with hypertrophic stimulation.

• Functions as a transcriptional inhibitor of hypertrophy.

• Can inhibit GATA4 and MEF2 DNA-binding and transcriptional activity

• KLF15(−/−) mice develop severe eccentric hypertrophy and LV dysfunction with
pressure overload.

[27,40]

KLF13 • Expressed in developing cardiomyocytes with substantial reduction postnatally.

• Can bind and activate the BNP promoter.

• Transactivates multiple cardiac promoters synergistically with GATA4.

• Interacts with the zinc finger domain of GATA4.

• KLF13 knockdown in Xenopus embryos causes cardiac developmental defects (atrial
septal defects and ventricular hypotrabeculation) that can be rescued by GATA4.

[37,47,50]

KLF10 • Cell-specific and temporal expression within the heart not reported.

• KLF10(−/−) mice (males only) develop spontaneous pathologic hypertrophy by 16-
months age.

• Regulates expression of Pituitary Tumor Transforming Gene (Pttg1), although
significance of this finding is not known.

[38]

SMOOTH MUSCLE

KLF5 • Expressed in fetal SMC but downregulated postnatally

• Robust re-induction with vascular injury or angiotensin II stimulation that may involve
signaling through survivin and MAP-kinase pathways.

• KLF5 induces PDGF-A/B, PAI-1, iNOS, and VEGF-R and promotes SMC proliferation.

• KLF5(+/−) mice have reduced neointimal growth and perivascular fibrosis in response
to vascular injury and angiotensin II infusion.

• KLF5 activity is regulated by RARα as well as by interactions with p300, HDAC1 and
the SET oncoprotein.

[17,28,71–74,76,
77]

KLF4 • SMC expression is low under basal conditions but rapidly induced following vascular
injury.

• PGDF-bb mediated repressive effects on SMC gene expression/differentiation are, in
part, KLF4 dependent and may involve inhibition of myocardin.

• KLF4 can inhibit the TGFβ1-mediated induction of SMC differentiation markers α-SMC
actin and SM22α.

[85,86]

KLF15 • Robust expression in SMC at baseline with significant downregulation after vascular
injury.

• KLF15 overexpression prevents SMC proliferation.

[93]
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FUNCTION / OBSERVATION REFERENCES
• KLF15(−/−) exhibit an exaggerated neointimal response to vascular injury.

KLF13 • Activates the minimal promoter for the SMC differentiation marker SM22α. [91]

SKELETAL MUSCLE

KLF15 • Regulates expression of glucose transporter GLUT4.

• Interacts with MEF2A.

• Regulates fasting-induced transcriptional activation of mitochondrial acetyl-CoA
sythetase-2.

[40,96]

KLF13 • Expressed in skeletal muscle but role not known [47]

KLF6 • Expressed in skeletal muscle but role not known [95]
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