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Abstract

Kruppel-like factors (KLF) are zinc-finger DNA binding transcription factors that are critical
regulators of tissue homeostasis. Emerging evidence suggests KLFs are critical regulators of
muscle biology in the context of cardiovascular health and disease. The focus of this review is to
provide an overview of the current state of knowledge regarding the physiologic and pathologic
roles of KLFs in the three lineages of muscle: cardiac, smooth, and skeletal.

Introduction

Cardiovascular disease remains the leading cause of morbidity and mortality in the world
(1). Although recent advances in clinical modalities and pharmacotheraputiecs lessen
disease burden, a more detailed understanding of molecular mechanisms that drive disease
initiation and progression is required for further therapeutic impact. The two predominant
cell types in the heart and blood vessel are the cardiomyocyte and vascular smooth muscle
cell (VSMC), respectively. The primary function of these cell types is contraction, thus
enabling sufficient blood flow and oxygenation to peripheral tissues. Dysfunction of muscle
leads to a broad spectrum of cardiac and vascular states that can impair their physiologic
role. As such, understanding the molecular mechanisms governing cellular function in health
and disease is critical for the development of novel therapies.

Kruppel-like factors: General considerations

Kruppel-like factors are members of the zinc-finger class of DNA-binding transcription
factors whose name was derived from the German word kruppel (meaning “cripple”) (2).
The original Kruppel gene was identified in Drosophila as a developmental gene critical in
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early stage body patterning and segmentation (3). The first mammalian KLF was identified
in 1993, and to date, 18 family members have been identified and numbered chronologically
based on their order of discovery (2). The KLFs share sequence homology in their C-
terminal zinc-finger domains characterized by three Cys,/His, zinc-finger regions connected
by a conserved TGEKP(Y/F)X amino acid sequence. DNA binding and specificity are
mediated through this zinc-finger region via consensus sequences including CACCC- GC-
or GT- box elements located in proximal promoters and enhancers. Structural and functional
divergence of the KLF family is determined by the non-DNA binding N-terminal domains
that regulate protein-protein interaction and informs transcriptional activation or repression.
Moreover, phylogenetic analysis of the mammalian KLF family reveals structural
homologies within the N-terminal domain that correlates with functional similarities. As
such, these structure / function characteristics allow for the classification of KLF family
members into three distinct groups: Group 1 (KLFs 3, 8, and 12) are transcriptional
repressors that interact with carboy-terminal binding protein, Group 2 (KLFs 1, 2, 4, 5, 6)
are predominately transcriptional activators, and Group 3 (KLFs 9, 10, 11, 13, 14, and 16)
act to repress transcriptional activity (via interaction with the co-repressor Sin3A) while
KLF15 and 17 are more distantly related (2). While some KLFs are expressed ubiquitously,
others display tissue restriction allowing for redundant and non-redundant roles in response
to various physiological stimuli. Expressed predominately in the nucleus, KLFs are subject
to various post-transcriptional modifications and responsible for recruitment of
transcriptional co-activator / co-repressor complexes which modifies their DNA-binding and
functional activity, respectively, to exert their cellular effects. Since their identification,
these factors have been implicated as critical regulators of diverse cellular processes
including metabolism, growth, proliferation, hematopoiesis, immunity, determination of
pluripotency, and, important for this review, muscle remodeling and cellular differentiation /
plasticity (2). This review will thus focus on the role of KLFs in the physiology and
pathophysiology of muscle function.

KLFs and cardiac muscle

Despite the appreciation that transcriptional inputs guide cardiac function in health and
disease, the role of KLFs are only beginning to burgeon. This topic was last reviewed seven
years ago, and since this time, additional evidence has provided mechanistic insights and
expanded previously known roles of KLFs in cardiac function while new biologic themes
have emerged (4). As will be discussed below, seminal observations have broadly
implicated KLFs as critical mediators of cardiac development, hypertrophy / remodeling,
metabolism, and electrical activity.

Cardiac development

Congenital heart disease (CHD) is the leading cause of mortality in infants under the age of
one (5). Inherited forms of CHD have been linked to mutations in transcription factors that
are critical in heart development (6). Examples of such transcription factors include Thx5
and Nkx2.5 that act in a coordinated fashion with GATA4 to drive cardiac development (7).
Until recently, however, no known role for the KLF family in mediating cardiac
development has been described. Work from the Nemer laboratory first described KLF13 as
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essential for cardiac development in vivo (8). Cardiac KLF13 is expressed in both atria and
ventricles with expression first detected at E9.5 in the developing embryo. KLF13
expression is reduced postnatally with low levels detected in the adult valves and septum.
Embryonic deletion of KLF13 in Xenopus results in septal defects with hypotrabeculation
while murine deletion results in enlarged hearts suggesting a critical role for KLF13 in heart
development and function. Mechanistically, KLF13 interacts with GATAA4 to regulate
critical cardiac promoters including BNP and ANF during development (9). In addition to
KLF13, a more recent study has linked another KLF family member, KLF3, to embryonic
cardiomyopathy and perinatal lethality (10). Screening for dominant mutations that affect
cardiovascular function in N-ethyl-N-nitrosourea (ENU) mutagenized mice, Kelsey and
colleagues identified a missense mutation in KLF3 with homozygocity resulting in
embryonic lethality. Heterozygotes for the histidine to arginine mutation in the zinc finger
DNA-binding region that died were characterized by biventricular cardiac hypertrophy
while adult survivors exhibited reduced blood pressure along with enlarged cardiac
chambers and valvular stenosis. Taken together, these data suggest KLF13 and KLF3 are
critical in the developing heart and could serve as novel gene targets for therapeutic gain in
congenital heart disease.

Cardiac hypertrophy / remodeling

Hypertrophy is one of the strongest predictors for the pathogenesis of heart failure,
arrhythmia, and sudden cardiac death (11). Hypertrophy is an adaptive response to
hemodynamic and neurohormonal stress wherein the heart enlarges to increase its primary
function of contraction and maintain circulatory function while reducing myocardial wall
tension. In addition to myocyte enlargement, myocyte disarray, fibrosis, and alterations in
myocardial fuel utilization are linked to the pathogenesis of cardiac hypertrophy. This
pathologic response occurs through the activation of molecular and genetic pathways, and
over the past several years, multiple KLFs have emerged as critical regulators of
cardiomyocyte remodeling.

Work largely derived from the laboratory of Dr. Ryozo Nagai, one of the first KLFs
identified as critical in regulating cardiac function was KLF5 (12, 13). Early studies
indicated cardiac KLF5 expression is restricted to the fibroblast with limited detection in the
cardiomyocyte. KLF5 expression is upregulated in response to pro-hypertrophic stimuli such
as angiotensin Il while heterozygous deletion of KLF5 blunts the angiotensin Il hypertrophic
response. More recently, Takeda et al. showed that fibroblast KLF5 serves as a
cardioprotective factor by modulating cardiomyocyte hypertrophy through a paracrine
mechanism involving IGF-1 (14). These studies thus establish KLF5 as central to the
interplay between cardiac myocytes and fibroblasts in response to the pathogenesis of
cardiac hypertrophy and remodeling.

While KLF5 expression is restricted to the cardiac fibroblast, KLF15 expression is robust in
cardiac myocytes. Initial studies by the Jain laboratory demonstrated that cardiac KLF15
expression is induced postnatally, a time at which canonical hypertrophic gene makers (e.g.
ANF and BNP) are downregulated (15). Moreover, KLF15 expression is downregulated in
both rodent and human biopsies of heart failure as well as in vitro in response to
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hypertrophic stimuli including angiotensin 11, phenylephrine, and endothelin-1 (16). Germ-
line deletion of KLF15 results in mice which are viable and do not display a cardiac
phenotype at baseline. However, in response to pressure overload, these mice develop severe
eccentric hypertrophy characterized by systolic dysfunction through a molecular mechanism
involving transcriptional inhibition of MEF2 and GATAA4, thus establishing KLF15 as a
negative regulator of pathologic hypertrophy (15).

This molecular mechanism and the role for KLF15 in regulating cardiac hypertrophy /
remodeling have been recently extended and links KLF15 to both heart failure and aortic
aneurysm (discussed below) through a shared molecular mechanism involving acetylated-
p53 (16). Specifically, KLF15 deficient mice develop severe heart failure in response to
angiotensin Il infusion resulting in p53 hyperacetylation, findings that are recapitulated in
human disease. As acetylation of p53 is mediated by acetyltranferase activity of p300,
pharmacologic inhibition of p300 ameliorated the cardiac (and vascular) phenotype. These
results suggest KLF15 serves to not only inhibit cardiac hypertrophy through direct DNA-
binding activity, but also serves as an indirect epigenetic regulator by binding p300 and thus
dampening p53 hyperacetylation in response to stress. Given that p300 also acetylates
additional factors critical in cardiac remodeling, including GATA4, MEF2, and histones, we
speculate that KLF15 acts as a molecular brake that disrupts p300-dependent acetylation and
serves as a potent repressor of multiple pathologic transcriptional circuits.

Various growth factors, including transforming growth factor-b (TGFb), have been
implicated as upstream signals that convey a pro-hypertrophic phenotype in the heart.
Identification in 1995 of a TGFb inducible early gene-1 (TIEG1, latter termed KLF10) by
the Spelsberg laboratory revealed robust expression in the heart and has been implicated as
an important factor in regulating osteoclast differentiation and bone mineralization (17, 18).
KLF10 deletion in male mice (16 months of age) results in a cardiomyopathy characterized
by asymmetric septal hypertrophy with increase left ventricular mass, tissue fibrosis, and
myocyte disarray (18). Interestingly, this phenotype is restricted to male mice, as female
mice do not display signs of hypertrophy or fibrosis at any age suggesting that KLF10 acts
downstream of the estrogen pathway in the heart (18, 19). Transcriptomic profiling revealed
KLF10 negatively regulates the expression of Pituitary Tumor Transforming Gene (Pttg1,
also known as securin) suggesting a model wherein KLF10 acts as a hypertrophy suppressor
via downregulation of Pttgl (18). Given the heritability of hypertrophic cardiomyopathy, the
Spelsberg laboratory extended their early findings by identifying six novel missense
mutations within the four translated exons of the human KLF10 gene (20). Notably, 5 of the
6 KLF10 variants identified were associated with increased PTTG1 protein expression and
promoter activity. Collectively, these data suggest KLF10 is a novel hypertrophic
cardiomyopathy gene in humans.

While early reports identify KLF5, KLF15, and KLF10 as key transcriptional components of
the cardiac hypertrophic response, KLF4 has received more recent attention with regards to
cardiomyocyte physiology and pathophysiology. First identified as gut-enriched Kruppel-
like factor, KLF4 expression in the heart is present from late embryonic development
through adulthood (21). While our group and others have demonstrated a critical role for
KLF4 in regulating endothelial, myeloid, and, as will be discussed below, smooth muscle
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cell biology, the role of KLF4 in cardiac muscle is only beginning to be elucidated (22). Our
group provided the inaugural in vivo evidence that KLF4 serves as a negative regulator of
cardiac hypertrophy (23). Importantly, this work demonstrated that mice with
cardiomyocyte-specific deletion (driven the aMHC-Cre recombinase murine line) of KLF4
are characterized by high rates of mortality following pressure overload. Surviving mice
display cardinal features of cardiac hypertrophy including increased cardiac mass, cavity
dilation, and depressed LV systolic function with myocardial fibrosis and apoptosis. These
finding were enhanced by efforts from the Owens laboratory which showed KLF4 deletion
in both cardiac and vascular smooth muscle (using the SM22a-Cre recombinase murine line)
gives rise to a significant postnatal mortality rate with marked growth retardation despite
being born at expected Mendelian ratios (21). Surviving mice displayed attenuated cardiac
output at baseline in the absence of compensatory hypertrophy along with reduced cardiac
gene expression including GATA4. Moreover, using a pharmacological model of heart
failure, Yoshida and colleagues showed hearts deficient in KLF4 are sensitive to chronic
isoproterenol infusion via a molecular mechanism involving myocardin gene induction (24).
These findings provide compelling evidence that KLF4 is requisite for cardiac development
and maturation and serves as a negative regulator of cardiac hypertrophy.

Cardiac metabolism

Considered an endurance machine, the mammalian heart is one of the largest consumers of
energy, thus requiring the oxidation of multiple carbon substrates to meet this energetic
demand (25). In the healthy myocardium, the preferred fuel source is fat with ~70% of ATP
production being derived from oxidative metabolism of fatty acids; the remainder coming
from glucose (~20%) as well as lactate and ketones (26). However, the metabolic
myocardium is highly plastic. During periods of heightened physiologic demand, the heart
guards against energy depletion by augmenting appropriate transcriptional circuits to meet
its metabolic need. Importantly, loss of this plasticity has been linked to cardiomyopathy
with dysregulated lipid flux serving a causal role in heart failure progression (27, 28).
Coordinated lipid flux involves appropriate sarcolemmal lipid uptake, activation of lipids to
acyl-CoA moieties and import to the mitochondrial matrix for subsequent -oxidation, TCA
cycle, and oxidative phosphorylation (26). This myocardial lipid flux is under robust
allosteric and transcriptional control. With respect to the latter, much of this work has been
ascribed the nuclear receptor family of transcription factors (i.e. peroxisome proliferator-
activated receptor; PPARS) (29). In particular, PPAR and PPAR / are essential regulators of
cardiac fuel utilization, and through genetic gain- and loss-of-function studies, have been
linked to inappropriate lipid utilization and cardiac dysfunction (29). However, current
pharmacotherapies that target PPARs are associated with unfavorable side effects (30). As
such, despite being one of the largest energy consumers, there exists a paucity of evidence
outside the nuclear receptor field with regards to transcriptional control of cardiac energetics
in health and disease, and elucidation of such transcriptional pathways could provide novel
therapeutic approaches.

Our recent report implicates KLF15 as a novel and independent regulator of cardiac lipid
metabolism (31). As postnatal maturation of the mammalian heart is characterized by
increase reliance on lipids, we first observed increased KLF15 expression following birth in
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both rodent and human hearts. Moreover, as cardiomyopathy has been linked to diminution
of lipid utilization, KLF15 levels are reduced in diseased human hearts; an effect that is
reversed with mechanical unloading of the myocardium. Using the isolated working heart to
model substrate flux, KLF15 knock-out hearts are characterized by a significant reduction in
fatty acid oxidation with a parallel increase in glucose oxidation. Importantly, these
alterations in myocardial substrate energetics occur in the presence of preserved contractile
function with no difference in hemodynamic indices. Unbiased transcriptomic analysis
reveals a strong KLF15-dependent signature for myocardial substrate metabolism, most
notably genes involving lipid flux. These functional and genetic alterations observed in the
KLF15-KO hearts occurred, however, in the absence of significant alterations in the
expression of known metabolic transcriptional regulators or co-activators (e.g. PPARs and
PGC1, respectively). Moreover, these observations phenocopy, at both the functional and
genetic level, previous known roles ascribed to PPARs in regulating cardiac metabolism (32,
33). This allows one to speculate whether nuclear receptors and KLFs operate in a
coordinated fashion. With previous reports giving rise to this possibility in other tissues and
biological contexts, the interplay of KLFs and nuclear receptors in coordinating complex
genetic networks to physiological responses is an emerging theme, and such investigations
will provide novel avenues for therapeutic exploration (34).

Arrhythmogenesis

Worldwide, the leading cause of mortality from cardiovascular disease is sudden cardiac
death secondary to ventricular arrhythmias (35). A sobering reality, however, is the current
pharmacotherapeutic landscape to combat this dreadful disease is woefully inadequate with
the only effective modality remaining ventricular defibrillators. Ventricular arrhythmias are
driven, at least in part, by alterations in either the duration (short- and long-QT syndromes)
or pattern (Brugada) during the repolarization phase of the ventricular action potential and
are classified as either acquired (heart failure; short- and long-QT) or inherited (Brugada)
syndromes (36-38). Although structure / function studies have revealed the importance of
these repolarizing potassium currents in arrhymogenesis, little is known regarding the
molecular control of cardiac electrical stability.

Interestingly, clinical observations reveal ventricular arrhythmias exhibit a diurnal variation
suggesting a time of day dependence with peak abnormalities occurring in the early morning
hours (39). A physiologic process that oscillates with a periodicity of ~24 hours is said to be
circadian and is controlled at the molecular level by the biologic clock which consists of
both positive and negative transcriptional feedback loops centered around the DNA-binding
transcription factors Bmal and Clock (40, 41). However, a role for KLFs in myocardial
circadian biology in general, and cardiac electrophysiology in particular, had not been
elucidated.

Given the reduced expression of KLF15 in human and rodent models of heart failure, along
with KLF15 serving as a negative regulator of hypertrophic remodeling, we reasoned that
KLF15 might also regulate cardiac electrophysiology (42). This work led to the observation
that cardiac KLF15 expression is rhythmic with peak expression observed during the
transition from the inactive to active phase. Moreover, the time of day oscillation of cardiac
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ion-channel expression and the QT-interval duration (an index of myocardial repolarization)
are KLF15-dependent. At the molecular level, this is mechanistically linked to the KLF15-
dependet rhythmic expression of a critical subunit required for optimal transient outward
potassium current termed the Kv channel-interactin protein 2 (KChIP2). Finally, cardiac
restricted KLF15 gain- and loss-of-function studies provide a model wherein KLF15 excess
or deficiency results in perturbation of rhythmic QT intervals, abnormal repolarization, and
increased susceptibility to ventricular arrhythmias.

While these studies firmly link KLF15 as a clock-dependent driver of the circadian
transcription of ion channels and a critical regulator of cardiac electrophysiology /
arrhythmogenesis, important considerations remain. The above studies were performed in
rodent hearts, and, in contrast to murine repolarization that is largely driven by Ito, human
repolarization is driven by multiple repolarizing current, most notably Herg (43). Therefore,
additional studies are required to establish the importance of the clock-KLF15-
arrhymogenesis axis in human electrophysiology, an area of ongoing research by our group.
Finally, given the recent advances implicating KLF15 as a regulator of cardiac metabolism
and arrhythmogenesis, it is tempting to speculate whether KLF15 serves as a molecular
bridge for electro-metabolic coupling in the heart. Electro-metabolic coupling is an
emerging theme in cardiac biology supported by experimental and clinical observations
including the appreciation that metabolic disease is associated with increased risk of
ventricular arrhythmias (44). In addition, inborn errors of fatty acid oxidation predispose
children to arrhythmogenesis and sudden death (45, 46). These inborn errors of metabolism
are associated with deficiencies in carnitine-acylcarnitine translocase activity resulting in
increased accumulation of intermediate metabolites such as long-chain acylcarnitines.
Indeed, the long-chain acylcarnitines have been shown to affect not only potassium currents,
but also sodium and calcium transients (47-49). As such, the role of KLFs in general, and
KLF15 in particular, in cardiac electro-metabolic coupling is a fruitful and burgeoning area
of future investigation.

KLFs and vascular smooth muscle

The principal function of the differentiated vascular smooth muscle cells (VSMC) is
contraction to maintain vascular tone for blood flow distribution (50). This function is
coordinated at the molecular level by the expression of multiple contractile proteins
including smooth muscle actin and smooth muscle-myosin heavy chain (50). However,
unlike the cardiomyocyte, VSMC exhibit a high degree of phenotype plasticity, and, in
response to acute or chronic injury, are characterized by increased proliferation, migration,
and loss of contractile properties that drive both vessel repair and vascular disease
pathologies including stent restenosis or atherosclerosis (50). This phenotype plasticity is
controlled, at least in part, at the molecular level with DNA-binding transcription factors,
including serum response factor (SRF), and their coactivators (e.g. myocardin) driving the
differentiated phenotypic state (50). However, with transcriptional networks and epigenetic
regulation of cellular differentiation in response to injury as emerging themes, a more
complete understanding of the fundamental molecular mechanisms which control VSMC
biology are therefore needed. As such, KLFs offer a novel avenue for investigation, and, to
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date, have been implicated as critical molecular regulators of VSMC development /
differentiation along with VSMC injury and repair response.

VSMC development and differentiation

Vasculogenesis, angiogenesis, and maturation are distinct biologic features required for
proper blood vessel development (51). During development, the VSMC is highly migratory
and undergoes rapid cellular proliferation with elaboration of extracellular matrix
components. In contrast, the VSMC in adult vessels have a low rate of turnover with
minimal extracellular matrix production. This differentiated state is characterized by the
expression of marker genes controlled by both environmental and genetic factors. With
respect to the latter, while many KLFs have been linked to cellular development and
differentiation in the context of erythropoiesis (KLF1), epithelial cell mucosa (KLF4), and
adipogenesis (KLF2-7, 11, 15), only a few KLFs have been linked to these processes in
VSMC (2).

One of the earliest described KLFs in blood vessel development and maturation was KLF2.
Originally termed lung-KLF, KLF2 deficient mice die during embryogenesis (E12.5-14.5)
from severe hemorrhaging characterized by endothelial cell necrosis despite normal
angiogenesis and vasculogenesis (52). With regards to the VSMC, this lethality is associated
with a thin tunica media along with aneurysmal dilatation (52). In the absence of KLF2,
VSMC failed to form a compact tunica media and displayed a significant reduction in the
number of differentiated VSMC (52). While these early studies suggest endothelial cell
dysfunction as a major cause for embryonic lethality in the KLF2 deficient mice, more
recent studies by the Lingrel laboratory suggest a more causal role for VSMC KLF2. While
KLF2 is unlikely necessary for VSMC specification, KLF2-/- embryos display a poorly
developed VSMC layer (53). In particular, VSMC were absent from the dorsal aortic surface
of KLF2-/- mice suggesting a defect in the migration or proliferation of VSMC (53). Taken
together, these studies suggest an important interplay between endothelial and smooth
muscle KLF2 in blood vessel stabilization.

Whereas a definitive role of KLF2 in regulating differentiation in the VSMC per se has yet
to be determined, a more specific role for KLF4 has been established. First identified as a
critical regulator of epithelial cell differentiation, KLF4 expression levels are relatively low
in VSMC under basal conditions (4). However, KLF4 expression is significantly increased
with VSMC dedifferentiation (50). In keeping with this pattern of gene expression, work
from the Owens laboratory has established KLF4 as a negative regulator of VSMC
differentiation. Specifically, a yeast one-hybrid identified KLF4 as binding to the TGF-b
control element of SM22a (54). Moreover, KLF4 expression is attenuated with TGFb
stimulation in VSMC while the TGF-b induction of the SM22a promoter is KLF4 dependent
(54). Additionally, as TGF-b promotes a differentiated VSMC phenotype, platelet-derived
growth factor BB (PDGF-BB) is a potent and efficacious inhibitor of VSMC differentiation,
thus promoting a synthetic phenotype. Importantly, KLF4 expression is induced in VSMC
treated with PDGF-BB, and acute knockdown of KLF4 blunts the PDGF-BB dependent
repression of SMC differentiation markers (55). Finally, KLF4 attenuates the myocardin-
induced activation SMC genes by a mechanism involving inhibition of serum response
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factor binding to CArG box elements (55). Taken together, these data suggest KLF4 is a
negative regulator of VSMC differentiation and promotes a synthetic VSMC phenotype,
and, as will be discussed below, may serve as a key mediator of VSMC phenotype switching
in response to injury.

VSMC injury and repair response

In response to acute (mechanical) and chronic (inflammatory) vascular injury, VSMC
dedifferentiate and are characterized as a synthetic phenotype with increased proliferative
and migratory properties that contribute to occlusive vascular diseases including stent
restenosis an atherosclerosis (56). As stated previously, this phenotype plasticity is
determined, at least in part, at the gene regulatory level whereby transcriptional inputs drive
VSMC differentiation marker gene repression. As described below, recent reports
demonstrate a causal role for KLFs in mediating VSMC response to injury.

Although KLF4 levels are low in the differentiated VSMC, KLF4 expression is rapidly
induced following vascular injury in vivo as well as in response to PDGF-BB and oxidized
phospholipids in vitro (55, 57). However, conditional deletion of KLF4 gives rise to
accelerated neointimal formation suggesting the KLF4 post-injury induction is likely a
negative feedback response (58). Taken together, these results suggest KLF4 is a critical
regulator of VSMC proliferation following acute vessel injury. Moreover, given VSMC
dedifferentiation is an early event in aneurysm formation, Salmon and colleagues recently
set out to test whether KLF4 is involved in aneurysm pathogenesis. Importantly, this study
demonstrated KLF4 levels are progressively increased in aortas following elastase perfusion,
and VSMC-specific loss of KLF4 conferred aneurysm protection (59). Finally, whereas
KLF4 expression is regulated by pathologic stimuli (i.e. 1-palmitoyl-2-(5-oxovaleroyl)-sn-
glycero-3-phosphocholine and other oxidized phospholipids) that accumulate in
atherosclerotic lesions, a definitive in vivo role for KLF4 in regulating chronic inflammatory
vasculitis remains undetermined.

Like KLF4, KLF5 is a potent negative regulator of VSMC differentiation and drives a
synthetic phenotype (2). KLF5 expression profiling reveals robust detection in fetal aortas of
both humans and rodents localized to the tunica media with limited detection in adult tissue
(60). However, KLF5 expression is induced following vascular injury in neointimal VSMC.
A definitive role of KLF5 in vascular injury is derived from loss-of-function studies.
KLF5+/- mice display a marked reduction in neointima formation and VSMC proliferative
following both vascular injury and angiotensin 11 infusion (12). Furthermore, mechanistic
studies suggest KLF5 interacts with RARa and the acetyltransferase p300 thus mediating the
vascular remodeling phenotype through direct DNA-binding and chromatin remodeling,
respectively (12). Taken together, these studies suggest KLF5 serves as a nodal regulator of
smooth muscle proliferation and vascular injury in vivo.

In contrast to that of KLF4 and KLF5, KLF15 is minimally expressed in the developing
vessel but significantly increased during gestation and into adulthood (56). In both human
and rodent vessels, KLF15 expression is primarily restricted to the VSMC and is decreased
following vascular injury and pathologic stimuli (16, 61). As stated previously, our initial
report demonstrates KLF15—/— mice develop a severe aortopathy characterized by aortic
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aneurysm formation following angiotensin 11 stimulation in a p53-dependent and p300-
dependent fashion (16). To assess the role of KLF15 in response to vascular injury, KLF15
deficient mice were subjected to femoral wire injury (61). Importantly, loss of KLF15
results in enhanced neointimal formation with increased VSMC proliferation and migration
thus identifying KLF15 as a negative regulator of VSMC response to injury.

Collectively, the above studies highlight an important role for KLFs in mediating acute
vascular injury; however, a role for any KLF in chronic vascular disease has only recently
been determined. Inflammatory vascular disease such as atherosclerosis is characterized by
activation of various cell types that either reside in or migrate to the vessel wall, most
notably the VSMC (56). Given the expression profile and response to injury noted above,
we reasoned that VSMC KLF15 regulated proinflammatory activation and vascular disease.
Indeed, KLF15 expression is markedly reduced in human atherosclerotic tissues while
smooth muscle restricted deletion of KLF15 results in aggressive inflammatory
vasculopathy in response to carotid artery transplantation and diet-induced atherosclerosis
(62). These data suggest the KLF gene family (KLF4, KLF5, and KLF15 reported to date)
have both overlapping yet non-redundant roles in mediating VSMC biology and their
response to both acute and chronic pathologic stimuli.

KLFs and skeletal muscle

Despite the early identification of Kruppel by Ruiz-Gomez and colleagues nearly two
decades ago through myogenic fate mapping studies in the gestating fly, the role of KLFs in
skeletal muscle has, until recently, been under-developed compared to cardiac and smooth
muscle (63). Due to space limitations, we refer the reader to a recent review on the role of
KLFs in skeletal muscle biology and will only highlight key insights recently described as it
pertains to myogenesis / muscle fusion and skeletal muscle metabolism (64).

Myogenesis and muscle fusion

Skeletal muscle myogenesis is a multistep process in which multinucleated myotubes are
formed from mononucleate myoblast cell cycle withdrawal followed by fusion. This
differentiation process is regulated at the molecular level by myogenic regulatory factors,
including MyoD, Myogenin, and MEF, yet recent findings have demonstrated a critical role
of KLFs in muscle maturation (65). As such, Himeda and colleagues identified KLF3 as
capable of binding the Muscle Creatine Kinase (MCK) promoter thereby driving muscle
differentiation in an SRF-independent manner (66). In contrast, KLF6 has been recently
identified as a downstream effector of TGFb and molecular regulator of skeletal myoblast
proliferation (67). Acute knockdown of KLF6 drives myogenic differentiation phenotype
suggesting KLF6 is required for cell proliferation. Finally, as muscle fusion is critical for
myogenesis, Nishida and colleagues recently identified ERKS5 inducible KLFs 2/4 as critical
for muscle fusion in a MyoD and MEF2 independent manner (68). These studies
collectively link the KLF gene family to myogenesis and muscle maturation.

Trends Cardiovasc Med. Author manuscript; available in PMC 2016 May 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Prosdocimo et al. Page 11

Skeletal muscle metabolism

Skeletal muscle comprises roughly 40% of body mass and accounts for ~30% of energy
expenditure (69). Importantly, skeletal muscle structural and metabolic abnormalities are
often associated with cardiovascular disease (70). Like cardiac muscle, skeletal muscle
metabolism is efficiently coordinated at the gene regulatory level with PPARs, along with
their associated co-regulators, serving a central role (71). However, a role for the KLF gene
family in regulating skeletal muscle metabolism has only recently been elucidated. Early
work by the Nagai laboratory provided inaugural evidence that KLF5 is a nodal regulator of
skeletal muscle lipid utilization. In particular, KLF5+/- mice are resistant to diet induced
obesity, despite increased food intake, due to increased energy expenditure through a
molecular mechanism involving the nuclear receptor PPARd (72). As in cardiac muscle,
these data add to the growing appreciation that KLFs and nuclear receptors coordinate their
effects on metabolic gene targets for appropriate tissue homeostasis.

Our group established KLF15 as a fasting responsive gene that coordinates nutrient flux
across multiple tissue beds (73, 74). These early studies provided the framework for the
recent identification that KLF15 is a critical determinant of skeletal muscle lipid flux and
exercise capacity (75). This work implicates KLF15 as an important regulator of nutrient
catabolism and suggests upstream catabolic signals could regulate KLF15 expression.
Indeed, recent reports demonstrate glucocorticoids induce KLF15 expression (76, 77). The
in vivo significance of this axis was recently examined by Shimizu et al. who suggest that
the glucocorticoid induced muscle wasting is the result of enhanced KLF15-dependent
BCAA catabolism and diminished mTOR activity (78). However, in the absence of KLF15
loss-of-function studies in vivo, a definitive role for KLF15 in mediating this glucocorticoid-
induced atrophy response remains tenuous and should be the focus of future investigation.

Concluding remarks

Cardiovascular function is directed by the dynamic interplay between cardiac, smooth, and
skeletal muscle. The KLFs have emerged as important regulators of cellular differentiation /
proliferation along with various aspects of physiology / pathophysiology in muscle (Figure
1). Given that KLFs have been shown to regulate multiple biological processes, it is
tempting to speculate that a unifying mechanism may be operative that explains diverse
cellular effects. For example, cardiac KLF15 is known to regulate cardiac and vascular
physiology and disease. The same factor is also increasingly viewed as a master regulator of
metabolism, thereby raising the possibility that KLF15 regulation of cellular metabolism
may underlie the physiologic role of KFL15 in muscle tissues. In addition, this review
illuminates the importance of KLF interactions with co-activators/co-repressors (e.g. p300
and HDACSs) as well as other families of transcription factors (e.g. nuclear receptors) to
control the genetic and epigenetic landscape as a means to regulate cellular function; an
emerging theme of transcriptional control of cardiovascular disease in general, and KLF
biology in particular. Moreover, as multiple KLFs are expressed in each muscle bed, future
exploration should focus on the redundant vs. non-redundant roles of KLFs in health and
disease. Finally, a deeper understanding of upstream factors that regulate KLF expression in
the various biological processes mentioned above will help inform pharmacologic targeting
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of KLFs for therapeutic gain. Critical to this endeavor, high-throughput screening mediated
elucidation of novel small-molecules that regulate, directly or indirectly, the expression of
KLFs will provide novel therapeutic insights. Importantly, using a cell-based ultrahigh-
throughput screening approach, the Yang laboratory identified two potent compounds that
attenuated KLF5 expression and reduced viability of several colorectal cancer cell lines (79).
Although there exists a paucity of data using this high-throughput screening approach as it
pertains to KLFs and cardiovascular disease, these reports suggest this screening approach is
feasible and likely to be fruitful.

In addition to a high-throughput screening approach, studies focused on identifying KLF
single nucleotide polymorphisms (SNP) or mutations within their gene regulatory regions
will provide novel insights into the signaling pathways involved in the pathogenesis of
human cardiovascular disease. This is highlighted by the aforementioned missense
mutations identified in KLF10 from patients with hypertrophic cardiomyopathy that led to
the elucidation of Pttgl as a potential biomarker in maladaptive cardiac remodeling (20). In
addition, recent work from the Nagai laboratory identified a novel angiotensin-1I-MEF2A
signaling axis via a SNP in the proximal promoter of KLF5 that is associated with an
increase risk of hypertension (80). Using this combinatorial approach, future studies should
focus on KLF SNP / mutations to aid in the elucidation of novel cardiovascular disease
associated gene regulatory programs in humans.
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Figure 1. Kruppel-like factors (KLF) in muscle biology
KLFs are emerging as critical regulators of a transcriptional circuitry, along with nuclear

receptors (NR) and co-activator / repressor complexes, which governs muscle biology at the
cellular and organ level.
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