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Vascular remodeling is a pathological basis of various disorders. Therefore, it is necessary to understand the occurrence,
prevention, and treatment of vascular remodeling. Kriippel-like factor 5 (KLF5) has been identified as a significant factor in cardio-
vascular diseases during the last two decades. This review provides a mechanism network of function and regulation of KLF5
in vascular remodeling based on newly published data and gives a summary of its potential therapeutic applications. KLF5
modulates numerous biological processes, which play essential parts in the development of vascular remodeling, such as cell
proliferation, phenotype switch, extracellular matrix deposition, inflammation, and angiogenesis by altering downstream genes
and signaling pathways. Considering its essential functions, KLF5 could be developed as a potent therapeutic target in vascular

disorders.
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Introduction

Cardiovascular disease is the leading factor of disability and
death all over the world. The understanding of disease patho-
genesis remains unclear. Cardiovascular diseases often accom-
pany vascular structure changes. Accumulating evidence has
indicated vascular remodeling, a pathological basis for cardio-
vascular disease as well as other lethal diseases. Vascular
remodeling contributes to occlusion, narrowing, stiffening, dis-
tension, or even rupture of blood vessels, thus impeding the
physiologic functions of vessels (contraction and oxygenation)
and leading to severe defects. It is of great significance to un-
derstand the molecular mechanisms and develop therapeutic
targets for the prevention and treatment of vascular
remodeling.
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Kriippel-like factor 5 (KLF5) is a member of a zinc-finger (ZF)-
containing transcription factor family consisting of 20 members
that play critical roles in diverse biological processes. Its name,
Kriippel, means ‘cripple’ in German, which was derived from a
mutation in Drosophila, leading to their body patterning and
segmentation (Nisslein-Volhard and Wieschaus, 1980).
Several KLF members have been proved to play vital roles in
the progression of cardiovascular diseases, such as KLF2
(Chandra et al., 2011), KLF4 (Shankman et al., 2015), KLF11
(Yin et al.,, 2013), and KLF15 (Lu et al., 2013). In vascular
smooth muscle cells (VSMCs), KLF5 was initially isolated from
rabbit aorta and has been identified downregulated as develop-
ment but re-induced in the neointima after injury in the adult
aorta (Watanabe et al., 1999). KLF5 is highly expressed in hu-
man skin, esophagus, colon, and small intestine, but scarcely
in the heart, brain, or spleen (Fagerberg et al., 2014).

KLF protein structures are highly conserved in their three
Cys2His2-type ZF domains at the carboxyl-terminal ends. Its ZF
domains could specifically bind to the GC-rich sequences
located in the promoter of target genes, promoting DNA binding
and nuclear localization (Basu et al., 2007). The functional di-
versity of KLF proteins is mostly carried out by the N-terminal
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ends, which facilitate specific protein—protein binding, as well
as repressive and active transcriptional modulation, and
provide sites for post-translational modifications (PTMs)
(McConnell and Yang, 2010). KLF5 contains a proline-rich trans-
activation domain (TAD) besides the three ZF domains at the
amino-terminal end, allowing KLF5 to induce or suppress target
gene expression (Nagai et al., 2005). The TAD in humans was
suggested at the region of amino acids 324-338 (Kojima et al.,
1997). KLF5 could directly interact with a range of co-
activators, co-repressors, and PTM regulators, thus acting to-
gether to modulate target gene expression in various biological
processes. The interaction of KLF5 and the cofactor retinoic
acid receptor-o. (RARa) activates the expression of platelet-
derived growth factor subunit A (PDGF-A), leading to VSMC pro-
liferation (Kada et al., 2008). PTMs alter the protein level and
transactivating function of KLF5. KLF5 can be phosphorylated
on the sites Ser 153 (5153) and S303 in humans and S406 in
rats by protein kinase C (PKC), glycogen synthase kinase 3 ki-
nase, and p38, respectively (Zhang and Teng, 2003; Liu et al.,
2010; Zhao et al., 2010). Phosphorylation promotes the trans-
activating function of KLF5. Acetylation at Lys 369 (K369) is ex-
ecuted by p300, while histone deacetylase 1 (HDAC1) and SET
deacetylate KLF5 (Miyamoto et al.,, 2003; Matsumura et al.,
2005). SUMOylation on K162 and K209 by enzyme SUMO1 con-
verts KLF5 from a transcription activator to an inhibitor (Du
et al., 2008; Oishi et al., 2008). KLF5 can also be ubiquitinated
by E3 ubiquitin ligases WWP1 and FBW7, which does not influ-
ence the transcription ability but regulates the protein level of
KLF5 (Chen et al., 2005; Zhao et al., 2010).

Studies on KLF5 have been going on for nearly two decades.
KLF5 exerts considerable effects on cardiovascular diseases,
such as atherosclerosis (Wang et al., 2019b), cardiac hypertro-
phy (Shindo et al., 2002), hypertension (Yao et al., 2008), and
restenosis (Hoshino et al., 2000). The vascular role of KLF5 is
first uncovered when it was reported to bind to the promoter of
the smooth muscle myosin heavy chain (MHC) gene, MYH10
(Watanabe et al., 1999). This review will focus on the pathologi-
cal actions and regulations of KLF5 in cellular processes of vas-
cular remodeling and summarize current gaps to propose
potential research thoughts targeting KLF5.

Roles of KLF5 in vascular remodeling

In native vessels, the vascular wall keeps in a quiescent,
contractile state. Under pathologic conditions, vascular remod-
eling occurs, and the structure and function of the vessel wall
are adjusted to accommodate the new environment, which is
characterized by aberrant growth, thickening, and impaired
elasticity of the layers of the vascular wall. In addition to car-
diovascular diseases, vascular remodeling has also been ob-
served in stroke, diabetes, and cancers (Fan et al., 2017).
Vascular remodeling activates multiple intracellular signaling
pathways to regulate vascular cell phenotype, proliferation, mi-
gration, apoptosis, extracellular matrix (ECM) synthesis and

degradation, inflammation, and oxidative stress production.
The expression of KLF5 protein was found re-induced in rat aor-
tic neointimal smooth muscle cells to stimulate cell prolifera-
tion and angiogenesis after injury, revealing the promising role
of KLF5 in vascular injury response (Watanabe et al., 1999).
KLF5 heterozygous-deficient (K1f5+/’) mice showed attenuated
neointimal formation, adventitia thickening, angiogenesis, and
fibrosis (Shindo et al., 2002). Therefore, as a transcription fac-
tor, KLF5 regulates many genes involved in multiple biological
processes contributing to vascular remodeling (Table 1) and
exerts functions in smooth muscle cells as well as endothelial
cells (ECs) and fibroblasts (Figure 1).

KLF5 and cell proliferation

Vascular cell proliferation is a crucial inducer of vascular
remodeling. Vascular ECs locate in the inner layer of vessels,
while VSMCs constitute the media, the major part of the vessel
wall. The disrupted proliferation of any vascular cells may
cause intima—media thickening, undermining the homeostasis
of the vessel wall. Numerous molecules participate in the regu-
lation of vascular cell proliferation, which fall into three clas-
ses: growth factors like vascular endothelial growth factor
(VEGF) and PDGF, cell cycle promoting proteins, such as cyclins
(e.g. cyclin A, cyclin D, and cyclin E), cyclin-dependent kinases
(CDKs), and cyclin-dependent kinase inhibitors (CKls, e.g. p21
and p27), and DNA repair proteins such as proliferating cell nu-
clear antigen (PCNA).

As a transcription factor, KLF5 could alter the expression of
genes involved in cell proliferation and apoptosis. Many stud-
ies demonstrated that KLF5 plays a driving role in the prolifera-
tion of VSMCs. Angiotensin Il (Ang Il) induces KLF5 expression
through angiotensin Il type 1 receptor (AT1R), PKC, mitogen-
activated protein kinase (MAPK) pathway, and reactive oxygen
species (ROS) activation in the VSMCs, which promotes cell
proliferation in VSMCs (Gao et al., 2006). KLF5 suppresses p21
via interaction with c-Jun, thus inducing the proliferative re-
sponse of Ang Il (He et al., 2009). Additionally, KLF5 forms a
complex with RARa and HDAC2 to block the expression of p21
(Zheng et al., 2011). The KLF5—p21 signaling is also activated
in serine/arginine-rich splicing factor 1 (SRSF1)-mediated cell
proliferation and neointima formation (Xie et al.,, 2017).
Cooperating with p50, KLF5 activates the promoter of PDGF-A
chain (Nagai et al., 2005). And KLF5 knockdown suppresses
the expression of AT1R and PDGF-BB, thereby arresting cell
cycle at the GO/G1 phase and inhibiting VSMC proliferation
(Li et al., 2011). KLF5 activates cell cycle proteins as well, in-
cluding cyclin A1, cyclin D1, and cyclin E1. Silencing of KLF5
leads to a remarkable reduction in cyclin D1 in VSMCs (Gao
et al.,, 2015a). Transforming growth factor-B (TGF-B) inhibits
KLF5-induced cyclin D1 expression via Smad, preventing the
progression of VSMCs from G1 phase to S phase (Martin-
Garrido et al., 2013). KLF5 is also a target gene of metastasis-
associated lung adenocarcinoma transcript 1 (MALAT1); the
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Table 1 Target genes of KLF5 in functional processes involved in vascular remodeling.

Function Target genes References
Proliferation CDKN1A, PDGFA, PDGFB, CCNA1, CCND1, CCNE1, PCNA, NOS3 Nagai et al. (2005); He et al. (2009); Li et al. (2011); Gao et al. (2015a);
Wang et al. (2019a, ¢)
Apoptosis BIRC5, CASP3, CASP9 Bafford et al. (2006); Li et al. (2016a)
Phenotype switch  CNN1, ACTA, TAGLN, MYH10, SERPINE1, EGR1, Nagai et al. (2001); Fujiu et al. (2005); Zhang et al. (2014, 2016)
VEGFR, PDGFA, RUNX2
Inflammation IL1B, IL6, IL17, TNFA, CD38, CCL2, RELA Kumekawa et al. (2008); Jiang et al. (2015); Zhang et al. (20174, 2018);
Wang et al. (2019b)
Hypoxia HIF1A Lietal. (2016a)
Angiogenesis VEGFA, PDGFA, FGFBP1, TNFAIP2, AGGF1, NOS3 Zheng et al. (2009); Gao et al. (2015b); Nakajima et al. (2016);
Yang et al. (2017a); Jia et al. (2018); Wang et al. (2019¢);
ECM remodeling MMP2, MMP3, MMP9, SERPINE1, RUNX2 Delgado-Olguin et al. (2014); Zhang et al. (2014); Xu et al. (2018);
Adnot et al. (2019)
Others ANO1, MYO9B, PPARG, PI3K Zhang et al. (2015); Li et al. (2016b); Ma et al. (2017b); Yang et al. (2017a)
Phenotype switch
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Figure 1 The roles of KLF5 in vascular remodeling. KLF5 induces the processes of cell phenotype switch, inflammation, and ECM remodel-
ing, and exerts double-edged effects on cell proliferation and hypoxia-related angiogenesis, indicating a crucial role of KLF5 in vascular
remodeling.



82 | Xieetal

MALAT1/hsa-miroRNA (miR)-124-3p.1/KLF5 axis is pivotal in
cell cycle progression of pulmonary artery hypertension.
Suppression of any links in the axis results in decreased ex-
pression of PCNA, cyclin A1, cyclin D1, and cyclin E1 and
arrests in cell cycle progression (Wang et al.,, 2019a).
Moreover, the mutual interaction between KLF5 and survivin,
an inhibitor of apoptosis protein, shows to promote cell prolif-
eration and prevent apoptosis in veins and pulmonary arteries
(Bafford et al., 2006; Hofmann et al.,, 2014). In rat basilar
smooth muscle cells, TMEM16A, also a known downstream sig-
nal of KLF5, was reported to induce VSMC differentiation and
inhibit VSMC proliferation by upregulating smooth muscle 22a
(SM22a) and suppressing cyclin D (Wang et al., 2012). KLF5
inhibits TMEM16A transcription by blocking the positive feed-
back loop between myocardin and TMEM16A via competitive
binding with myocardin, thus leading to VSMC proliferation
(Zhang et al., 2015). KLF5 is also upregulated in intracranial
aneurysms. Cell Counting Kit-8 assay indicates that KLF5 indu-
ces VSMC proliferation, resulting in aneurysms formation and
growth (Xu et al., 2018). Beyond those roles, KLF5 is involved
in VSMC contact inhibition. PI3-kinase/Akt/miR-145/KLF5 path-
way contributes to the disruption of contact inhibition, which
could be abrogated by KLF5 knockdown (Sun et al., 2018).

In ECs, knockdown of KLF5 downregulates PCNA, AT1R, and
PDGF-BB, which dampens EC proliferation and results in attenu-
ated intimal hyperplasia (Li et al., 2011). Additionally, KLF5 is
shown to bind directly with the promoter of VEGF and induce
transcription and protein formation. Decreased KLF5 attenuates
VEGF mRNA expression and protein secretion (Zhou et al.,
2019). However, KLF5 plays a different role in EC proliferation
under hyperinsulinemia condition (Wang et al., 2019c¢). In type
2 diabetes mellitus mouse model, KLF5 is induced by high in-
sulin level in the blood, and overexpression of KLF5 signifi-
cantly inhibits nitric oxide synthase 3 (NOS3) transcription and
diminishes the level of endothelial nitric oxide synthase
(eNOS), thus compromising EC proliferation and blunting angio-
genic response. Congruently, the previous study has reported
that KLF5-overexpressing VSMCs transfer miR-155 by exosomes
to ECs, causing inhibited proliferation/migration and disrupted
tight junctions of ECs. The miR-155 transfer is triggered by KLF5
overexpression, which implies that KLF5 may be necessary in
mediating the link between VSMCs and ECs (Zheng et al.,
2017). Altogether, KLF5 stimulates VSMC proliferation and
plays a double-edged role in the proliferation of ECs under cer-
tain circumstances, thus providing mechanistic evidence for in-
timal hyperplasia, media thickening, and other vascular
pathological changes.

KLF5 and phenotype switch

VSMCs usually stay in a quiescent and differentiated state,
but they maintain a high degree of plasticity. Under pathologi-
cal and experimental status, VSMCs migrate to the intima and
shift from contractile phenotype to synthetic phenotype

(Allahverdian et al., 2018). This phenomenon, named pheno-
type switch, is a major component of vascular neointimal for-
mation. Synthetic VSMCs, also called dedifferentiated VSMCs,
show a phenotype featured as loss of contractility, increased
proliferation, reduced expression of contractile markers and se-
cretion of elastase, as well as increased expression of metallo-
proteinase and proinflammatory factors. a-smooth muscle
actin (a-SMA), SM22a, smooth muscle myosin heavy chains
(SM-MHQ), serum response factor (SRF), and calponin are typi-
cal contractile marker proteins reduced or lost during pheno-
type switch (Allahverdian et al., 2018). KLF5 is also reported to
stimulate the switch of VSMCs to a synthetic phenotype. In ani-
mal models, VSMCs are highly differentiated in the injured ar-
teries of K1f5+/’ mice compared with control mice. The
expression of KLF5 is also elevated in aortas of patients with
thoracic aortic dissection and atherosclerosis (Yan et al., 2016;
Zhang et al., 2016). Overexpression of KLF5 exhibits dedifferen-
tiation of human aortic smooth muscle cells (HASMCs) charac-
terized by downregulated contractile proteins and increased
migration. Consistently, downregulating KLF5 abrogates the
phenotype switch of HASMCs (Yan et al., 2016). KLF5 achieves
phenotype switch by regulating the expression of smooth mus-
cle marker genes (both contractile and synthetic) in direct and
indirect ways. Knockdown of KLF5 suppresses the downregula-
tion of SM-MHC and o-SMA in cultured VSMCs (Fujiu et al.,
2005). Transient reporter transfection assays indicate that KLF5
increases the expression of MYH10 gene by directly binding to
its promoter. In addition to MYH10, KLF5 transactivates other
genes predominant in synthetic SMCs including plasminogen
activator inhibitor-1 (PAI-1), early growth response 1 (EGR-1),
VEGF receptor (VEGFR), and PDGF-A (Nagai et al., 2001).
Besides, KLF5 also directly binds to the promoter of runt-
related transcription factor 2 (RUNX2) to activate its transcrip-
tion, resulting in vascular calcification and the coupling of
VSMC phenotypic switch (Zhang et al., 2014). Alternative splic-
ing of KLF5 by DHX9-bridged YB-1 disrupts its nuclear localiza-
tion and reduces its ability of transactivation, thus alleviating
phenotype conversion from contractile to synthetic (Huan
et al., 2019). Furthermore, the miR-145/KLF5/myocardin axis
plays a crucial role in the phenotype switch (Zhang et al.,
2016). Myocardin, a downstream signaling molecule of KLF5,
facilitates contractile marker gene expression in an SRF-
dependent manner (Huang et al., 2015). VSMCs from patients
with atherosclerosis exhibit a significant upregulation of KLF5.
The increase of KLF5 concomitantly suppresses the expression of
the contractile markers o-SMA and calponin, along with downre-
gulation of miR-145 and myocardin (Zhang et al., 2016). Silencing
of KLF5 and upregulation of myocardin by miR-9 mimic hinder the
progression of phenotype switch (Lu et al., 2019). In spontane-
ous hypertension, overexpression of complement 3 enhances
the promoter activity of KLF5, inducing the switch to the syn-
thetic phenotype of VSMCs (Negishi et al., 2018). Besides,
KLF5 is critical in the tumor necrosis factor-o. (TNF-o)-mediated
phenotype switch. TNF-a strikingly induces the promoter activ-
ity of KLF5. Overexpression of KLF5 attenuates the expression



of SM22a and a-SMA, and thus facilitates the loss of Ang II-
induced contraction (Kim et al., 2015). The cross-regulation
of KLF8 and KLF5 is also detected in the TNF-a-
induced phenotypic switch of VSMCs. Suppressed KLF8 expres-
sion and increased KLF5 expression contribute to the reverse of
contractile phenotype (Ha et al., 2017). In vein graft, VSMC
phenotype switch is a significant component of pathological
adaption. After implantation, a sudden increase of KLF5 and
following GATA binding factor (GATA6) appears to reduce
the transcription of contractile phenotype markers trangelin,
a-actin, and MHC, resulting in the conversion of VSMC pheno-
type and remodeling response of vein graft (Klein et al., 2017).
Phenotype switch is a critical factor of vascular remodeling,
which influences the ability of cell proliferation and migration.
Synthetic VSMCs could secrete ECM-related enzymes,
cytokines, and cell adhesion molecules, thus boosting ECM
degradation and immune cell recruitment and aggregation.

KLF5 and inflammation

Inflammation includes three key parts: initiation of proin-
flammatory signals, macrophage infiltration, and leukocyte re-
cruitment  (Kreuger and Phillipson, 2016). Aberrant
inflammation is a pivotal pathological basis of many vascular
diseases. Under pathological stimuli, the immune reaction is
activated, which leads to aggregation of immune cells in the
target organs and secretion of cytokines, resulting in inflamma-
tory responses and causing tissue injuries. In K[f5+/_ mice, a
reduced level of granulation tissue together with diminished in-
flammatory cells and microvessels was detected in cuff-injured
arteries, compared with wild-type mice (Shindo et al., 2002).
Increasing evidence demonstrates KLF5 as a critical mediator
for proinflammatory response by regulating the production of
various cytokines. Atherogenesis is termed as a process of
chronic inflammation depending on complex interactions
among VSMC proliferation, endothelial dysfunction, and lipid
deposition (Boulanger et al., 2017). Upregulation of KLF5 sig-
nificantly increases the expression of interleukin-1 (IL-1), IL-6,
TNF-a,, and CD38, accelerating the activation and infiltration of
macrophages, leading to the pathogenesis of atherosclerosis
(Wang et al., 2019b) and intracranial aneurysms (Zhang et al.,
2018). KLF5 silence suppresses TNF-a-mediated monocyte che-
moattractant protein-1 expression, which is a crucial cytokine
contributing to the migration of monocytes into the intima,
macrophage activation, and vascular inflammation (Kumekawa
et al., 2008). Also, lipid deposition, plaque size, and intima/
media ratio were significantly decreased in KLF5 knockout mice
than those in wild-type mice (Zheng et al., 2018).

Furthermore, elevated expression of KLF5 is also found in
portal hypertension, accompanied by increased IL-1pB, IL-6,
IL-17, and TNF-o. Inhibition of KLF5 prevents endothelial dys-
function and overexpression of proinflammatory cytokines,
thus abrogating the progression of splenomegaly in portal hy-
pertension (Jiang et al., 2015). Multiple studies imply the KLF5
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induces proinflammatory response by activating NF-kB. KLF5 ni-
tration by inducible NO synthase (iNOS)-mediated peroxynitrite
production drives diabetic vascular inflammation through inter-
action with p50 subunit of NF-kB and cooperatively inducing
the generation of TNF-a and IL-1B (Zhang et al., 2017a).
Consistently, miR-145 inhibits LPS-induced NF-kB activation by
targeting KLF5, and the overexpression of miR-145 suppresses
macrophage infiltration in the diabetic mouse model (He et al.,
2020). Vitamin D receptor competes with KLF5 for binding to
NF-xB p50, thus alleviating LPS-induced macrophage prolifera-
tion (Ma et al., 2017a). Besides, KLF5-mediated Myo9b and
downstream RhoA activation is involved in podosome forma-
tion and promotes macrophage migration during the develop-
ment of abdominal aortic aneurysm (Ma et al., 2017b). In KLF5
knockdown mouse models, M2-type rather than M1-type mac-
rophages are predominant in abdominal aortic aneurysm tis-
sues, which exert an anti-inflammatory effect (Ma et al.,
2017b). However, KLF5 plays a different role in cardiomyocyte
inflammation. Overexpression of KLF5 ameliorates oxygen—glu-
cose deprivation- or reperfusion-induced myocardial inflamma-
tion through downregulating the levels of inflammatory
cytokines (IL-1B, IL-6, IL-8, and TNF-o) and activating myocar-
dial ischemia/reperfusion-protective proteins, peroxisome
proliferator-activated receptor y (PPARy) and PPARy-coactiva-
tor-1o (Li et al., 2016b). The dual roles of KLF5 in inflammation
are dependent on tissues and stimuli and require further study.

KLF5 and ECM remodeling

ECM remodeling is a process composed of degradation and
re-synthesis. At first, ECM degradation executed mainly by ma-
trix metalloproteinases (MMPs) leads to expansion and
increases vascular wall compliance to accommodate the pres-
sure load. As remodeling proceeds, ECM synthesis and reorga-
nization lead to imbalance among structural elements in the
vascular wall, such as elastin and collagen, thus contributing
to vessel wall thickening, fibrosis, calcification, and finally stiff-
ness (Lemarié et al., 2010). ECM degradation, which increases
wall compliance but eventually results in rigidity and outward
expansion, characterizes aortic aneurysm; re-organized ECM
leading to vascular fibrosis, calcification, and stiffness is ob-
served in hypertension and atherosclerosis. Therefore, ECM
remodeling is recognized as a crucial process in the pathogen-
esis of multiple vascular diseases (Ma et al., 2020).

KLF5 is proposed to induce ECM degradation by promoting
the expression and secretion of MMPs. Upregulation of KLF5
reverses the function of miR-143/145 in VSMCs, thus promot-
ing the expression of MMP2 and MMP3, as well as the growth
and development of intracranial aneurysm (Xu et al., 2018).
Histone methyltransferase Ezh2 protects vasculature from ECM
degradation by inhibiting the activity of MMP9 via epigenetic
repression of KLF5 in the endothelium (Delgado-Olguin et al.,
2014). The activating effect of KLF5 on NF-xB has been reported
before (Ma et al., 2017a; Zhang et al., 2017a; He et al., 2020).
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The NF-xB pathway exerts essential effects on early ECM degra-
dation. In TGF-a-deficient mice, reduced NF-xB activation
causes repressed MMP activity and collagen deposition in aor-
tic wall compared with wild-type mice (Lemarié et al., 2010).
TMEM16A could inhibit ECM degradation via suppressing the
expression of MMP9 by with-no-lysine 1 (WNK1) in VSMCs,
thus preventing cerebrovascular remodeling during hyperten-
sion (Zeng et al., 2019). Consequently, KLF5 may also promote
MMP activity and ECM degradation indirectly by targeting NF-xB
and TMEM16A. Moreover, KLF5 silencing prevents the differen-
tiation of fibroblasts into myofibroblasts and abrogates the re-
lease of MMPs and collagen from fibroblasts in pulmonary
vessels of patients with chronic obstructive pulmonary disease
(Abe et al., 2016).

On the other hand, KLF5 induces ECM reorganization and
production. KLF5 activates the promoter of PAI-1, an inhibitor
of fibrin degradation, thus contributing to ECM accumulation
and leading to vascular wall thickening and cardiac hypertro-
phy (Nagai et al., 2003; Adnot et al., 2019). TGF-B, which lies
downstream of KLF5, plays a crucial role in ECM deposition and
fibrosis by regulating the synthesis of various ECM components
like collagen, elastin, and fibronectin (Shindo et al., 2002;
Meng et al., 2016). Besides, KLF5 is a key mediator of
VSMC calcification. Overexpression of KLF5 greatly induces the
transcription of RUNX2 in VSMCs, a marker gene of bone mor-
phogenic protein, which promotes the conversion of VSMCs
into osteogenic cells and results in vascular calcification
(Zhang et al., 2014). Furthermore, inflammation is also implied
as a driver of ECM remodeling by breaking up the balance be-
tween proteolytic enzymes (MMPs) and their inhibitors TIMPs
(Jain et al., 2014). KLF5 may be a core link between inflammation
and ECM deposition. Overexpressed KLF5 dramatically increases
the expression of inflammatory cytokines like IL-1, IL-6, and TNF-o.
These cytokines trigger endothelial-to-mesenchymal transition
(EndoMT), a process that ECs converse to myofibroblast-like cells,
which then increases the expression of collagen and vimentin
and secretion of MMPs, contributing to collagen deposition and
crosslink (Stenmark et al., 2016). As a consequence, inflamma-
tion and ECM remodeling are not independent factors but have
an association, and their cumulative effects eventually result in
vascular remodeling and diseases.

KLF5 and hypoxia

Hypoxia plays a critical role in triggering cardiovascular dis-
eases. Several studies depict the master role of hypoxia-
inducible factor-1 (HIF-1) in hypoxia-induced vascular remodeling
(Patten et al., 2010). HIF-1 includes two structurally related subu-
nits (HIF-1o and HIF-1pB) and binds to the target gene promoters
containing hypoxia response elements (HREs) (Chung et al.,
2010). HIF-1a activation triggers vascular inflammation by recruit-
ing macrophages in Ang ll-induced vascular remodeling and pro-
motes the progression of aortic dissection via induction of ECM
degradation and elastic plate breakage (Lian et al., 2019).

KLF5-HIF-1o interaction plays a vital role in the progression
of hypoxia-induced pulmonary hypertension and pulmonary ar-
tery remodeling (Li et al., 2016a). The expression of KLF5 is
upregulated by hypoxia in the pulmonary artery in vivo and
in vitro. KLF5 acts as an upstream regulator of HIF-1oe and
increases its expression. The KLF5—HIF-1a axis promotes cell
proliferation and migration via activation of cyclin B1, cyclin
D1, and survivin as well as suppression of caspase-3 and
caspase-9. Interactions between KLF5 and HIF-1a have also
been widely reported in cancers that KLF5 is upregulated and
induces cell proliferation and angiogenesis.

KLF5 and angiogenesis

Angiogenesis denotes the growth of new capillaries from
existing ones, depending on the balance between pro-
angiogenic and anti-angiogenic signals. It is a substantially
ordered process based on the interactions between cytokines,
growth factors, various kinds of cells (ECs, stromal cells, peri-
cytes, etc.), ECM, and basement membrane (BM) (Chung et al.,
2010). Aberrant angiogenesis due to excessive angiogenic
signals forms tortuous and disorganized capillaries and facili-
tates the generation of tumor growth, vascular remodeling, and
several disorders (Jain, 2003).

KLF5 heterozygous knockout and KLF5-siRNA-silencing mice
not only reduce the expression of KLF5, but also exhibit low
numbers of CD31-positive cells, which are the prognostic an-
giogenic marker representing the level of angiogenesis (Shindo
et al., 2002). KLF5 regulates angiogenesis by modulating VEGF-
A, an important pro-angiogenic factor. In bladder carcinoma,
KLF5 promotes angiogenesis via binding to GC-boxes and
CACCC elements of the VEGF-A promoter and increasing its
expression (Gao et al., 2015b). /n vivo experiment showed that
inoculation of eukaryotic elongation factor 2-knockdown liver
cancer cells into mouse front legs suppresses EC proliferation
and tube formation via reducing the protein level of KLF5 and
preventing KLF5 binding to the VEGF promoter (Zhou et al.,
2019). Besides, PDGF and fibroblast growth factor (FGF), which
are crucial in angiogenic signals mediating vessel sprouting ini-
tiation, stalk elongation, recruitment, and stabilization of mural
cells and VSMCs, are both downstream target genes of KLF5
(Carmeliet and Jain, 2011). The reduction of KLF5 expression
leads to decreased mRNA level of PDGF-A together with dimin-
ished CD31-positive region ratio, hence inhibiting angiogenesis
and tumor growth of prostate cancer (Nakajima et al., 2016).
KLF5 induces fibroblast growth factor binding protein (FGF-BP)
expression by binding to a GC-box of the FGF-BP promoter.
Increased FGF-BP promotes breast cell proliferation and angio-
genesis in breast cancer (Zheng et al., 2009). This KLF5—FGF-BP
interaction is also involved in Yes-associated protein (YAP)-me-
diated tumorigenesis and angiogenesis in breast cancer. YAP over-
expression increases KLF5 and its target gene expression levels,
leading to new vessel formation, cell survival, and migration (Zhi
et al., 2012). Besides, KLF5 promotes breast cancer angiogenesis



in part through TNF-o-induced protein 2 (TNFAIP2), an angioge-
netic factor increasing capillary tube formation, and KLF5 posi-
tively regulates TNFAIP2 by directly binding to its promoter (Jia
et al., 2018). In addition, KLF5 boosts glioblastoma angiogene-
sis via enhancing the promoter activity of angiogenic factor
with G-patch and FHA domain 1 (AGGF1), which is identified as
a pro-angiogenic factor and associated with angiogenesis in
various cancers. Knockdown of KLF5 also represses PI3K, AKT,
and ERK1/2 activities, together with AGGF1, contributing to
suppressed angiogenesis in glioblastoma (Yang et al., 2017a).

Conversely, in type 2 diabetes mellitus model, a hyper-
insulin environment, both in vivo and in vitro experiments indi-
cate that KLF5 attenuates VEGF-induced endothelial migration
and proliferation and compromises angiogenic function by
inhibiting the expression of NOS3 (Wang et al., 2019c).
Moreover, PI3K/AKT pathway and expression of HIF-1a, VEGF,
PDGF-A, and PDGF-B are activated by KLF5 loss and blocked by
KLF5 overexpression in PTEN-deficient prostate cancer (Ci
et al., 2015). KLF5 plays an anti-angiogenetic role, which is op-
posite to previous studies. Therefore, KLF5 may have a cell-
specific bidirectional function.

Furthermore, inflammation and ECM degradation also partici-
pate in the angiogenetic process. Inflammatory cytokines initiate
pericytes detachment and vessel branching (Whiteford et al.,
2016); ECM provides newly formed sprouts with matrix support,
and MMPs and proteases degrade the basement membrane and
liberate angiogenetic factors like VEGF (Viallard and Larrivee,
2017). Hence, KLF5 exerts dual effects in angiogenesis by directly
mediating the expression of angiogenetic factors or through indi-
rect links like triggering inflammation and ECM remodeling.

Modulations of KLF5 in vascular remodeling

KLF5 controls vascular homeostasis by regulating multiple cel-
lular processes as discussed before. Therefore, modulators tar-
geting KLF5 could be considered in pharmacologic application to
alleviate vascular remodeling, thus decelerating or even halting
the progression of vascular diseases. Here, we give a summary of
modulators that regulate the expression and function of KLF5 dur-
ing the process of vascular remodeling (Figure 2).

Drugs

Several clinical trials targeting KLF5 activity have been
reported to ameliorate vascular injury and remodeling.
Salvianolic acid B is a widely used cardiovascular protective
drug. It has been demonstrated to reverse neointimal hyperpla-
sia and inhibit VSMC proliferation via decreasing the expres-
sion of KLF5, thus downregulating cyclin D1 (Zhao et al., 2019).
In addition to cell proliferation, inflammation is also a crucial
factor in neointimal hyperplasia. Tongxinluo, a traditional
Chinese drug, prevents neointimal hyperplasia by inhibiting
vascular inflammation. Tongxinluo exerts its anti-inflammatory
effect via blocking KLF5 expression in macrophages and
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regulating KLF5 PTMs (ubiquitination and SUMOylating) (Jiang
et al., 2016). Rosiglitazone is a kind of anti-diabetic medicine,
which activates PPARy. Rosiglitazone not only improves insulin
resistance but also attenuates VSMC proliferation by interfering
with the PKC/ERK1/2/Egr/KLF5 pathway. Egr could bind to the
promoter of KLF5, and inhibition of Egr will then decrease the
expression of KLF5 and following cyclin D1 (Gao et al., 2015a).
Acyclic retinoid is first used as an anti-tumor agent in hepa-
toma. But it also modulates cardiovascular remodeling by abro-
gating interaction of KLF5 and RARa and repressing the
transactivating function of KLF5 on PDGF-A chain promoter ac-
tivity, subsequently inhibiting EC growth and angiogenesis
(Kada et al., 2008). Another synthetic retinoic acid, AM80, has
also been shown to inhibit the interaction of KLF5 and RARa in
VSMCs by abrogating p38 signaling and subsequent KLF5
phosphorylation, which could be involved in therapeutic option
for vascular remodeling (Fujiu et al., 2005). Resveratrol, a natu-
ral polyphenol from grapes, has been reported to hinder vascu-
lar cell proliferation and migration and inhibit VSMC phenotype
switch. Resveratrol inhibits VSMC dedifferentiation by inhibit-
ing mTOR pathway and blocking KLF5 protein production, which
is considered as a novel anti-restenosis method (Zhu et al.,
2017). Besides, resveratrol also participates in lipid metabo-
lism by suppressing the expression of caveolin-1 (Cav-1), a
kind of membrane protein major in regulating the transporta-
tion of cellular cholesterol and maintaining energy metabolism.
Resveratrol activates KLF5 phosphorylation and inhibits the in-
teraction of KLF5 and c-Myc, thus blocking the transactivation
of Cav-1 by c-Myc and reversing the rising total cholesterol, tri-
glyceride, and low-density lipoprotein cholesterol levels in
high-fat diet-fed rats (Yang et al., 2017b). This function has not
been tested in the context of cardiovascular diseases but pro-
vides new insight into the treatment of atherosclerosis and hy-
perlipidemia. Furthermore, a study indicates that 2,3,5,4-
tetrahydroxystilbene-2-0-D-glucoside (THSG), a resveratrol ana-
logue, has a vascular protective effect. It is also an upstream
regulator of KLF5, which reduces KLF5 mRNA expression and
blocks its downstream pathways (Duan et al., 2015).

MicroRNAs

MicroRNAs (miRNAs) are a type of small (20-25 nucleotides)
non-coding RNAs regulating PTMs. Evidence from several stud-
ies has implied that miRNAs are essential factors in the mecha-
nisms of vascular remodeling (Khachigian, 2019). miR-145 is a
modulator of VSMC phenotype. It induces VSMC differentiation
and protects against neointimal lesion formation via decreas-
ing KLF5 expression and upregulating downstream myocardin
(Cheng et al., 2009). Also, miR-145 promotes cardiac fibroblast
transition to myofibroblasts in the same way by inhibiting the
expression of KLF5 (Wang et al., 2014). miR-145-5p counteracts
cell inflammation and apoptosis, at least in part via suppress-
ing KLF5, thus blocking the formation and secretion of MMP2,
MMP9, IL-6, IL-8, TNF-a, and CXCL8 (Dang et al., 2019). miR-
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Figure 2 Agents targeting KLF5 for vascular disorder treatment. The expression and function of KLF5 are altered at the transcriptional, trans-
lational, and post-translational levels. Sal B, salvianolic acid B; Ros, rosiglitazone; Resv, resveratrol; TXL, tongxinluo; ACR, acyclic retinoid;
P, phosphorylation; Ac, acetylation; Ub, ubiquitination; Su, SUMOylating.

152 decelerates the progression of atherosclerosis through
inhibiting the secretion of inflammatory factors from macro-
phages by downregulating KLF5 (Wang et al., 2019b). miR-448-
3p also regulates KLF5 directly in VSMCs. Downregulation of
KLF5 by miR-448-3p represses vascular wall thickening and
macrophage infiltration and activation, which alleviates the
pathogenesis of intracranial aneurysms (Zhang et al., 2018).
Besides, overexpression of miR-506 and miR-214 inhibits the
expression of KLF4 and KLF5, thus protecting cardiomyocyte in-
jury from ROS and cell apoptosis (Zhang et al, 2017b).
Therefore, miRNAs may apply as biomarkers or therapeutic tar-
gets for vascular complications. Newly developed agents that
alter miRNA activities, such as antisense oligonucleotides
(Shen and Corey, 2018), miRNA mimics (Lu and Rothenberg,
2018), tiny LNA (seed-targeting 8-mer locked nucleic acid)
(Obad et al., 2011), and miRNA sponges (Militello et al., 2017),
are promising therapies but still need more clinical trials.

Molecules targeting PTM of KLF5
PTMs modulate the protein level and activity of KLF5,
which may inform the targeting of KLFs for therapy. Such

modifications include phosphorylation, acetylation, ubiquitina-
tion, and SUMOylating (McConnell and Yang, 2010).
Phosphorylation of KLF5 could enhance its transactivating ef-
fect. Ang Il induces KLF5 phosphorylation leading to an in-
creased collaboration of KLF5 and c-Jun, subsequently
inhibiting p21 expression and promoting VSMC proliferation
(He et al.,, 2009). Dephosphorylation of KLF5 mediated by
Am80 abrogates KLF5 binding to RARa that modulates various
cellular processes (Zhang et al., 2009). The acetylation regula-
tion of KLF5 was first demonstrated by Miyamoto et al. (2003)
that p300 acetylated KLF5 whereas HDAC1 and SET deacety-
lated it. Succeeding findings reveal the effects of KLF5 acetyla-
tion on vascular remodeling. Acetylation of KLF5 augments the
affinity of KLF5 and PARP-1, a pro-apoptotic enzyme, resulting
in suppressed apoptosis of vascular cells (Suzuki et al., 2007).
KLF5 deacetylation stimulated by HDAC2 prevents the binding
between KLF5 and the p21 promoter, which compromises the
suppressive effect of KLF5 on p21 expression (Zheng et al.,
2011). Ras has also been documented as an upstream regula-
tor of KLF5 acetylation that Ras alters interaction between KLF5
and p300 and suppresses KLF5 acetylation (Guo et al., 2019).
Besides, ubiquitination usually downregulates KLF5 protein



level and inhibits its activities. miR-29a improves KLF5 stability
via decreasing the F-box and WD repeat domain containing 7
(Fbxw7)/CDC4-dependent ubiquitination of KLF5, which pro-
motes VSMC proliferation and induces atherogenesis (Zheng
et al., 2018). Moreover, drugs targeting PTMs of KLF5 have ac-
tive functions in clinical treatment. Tongxinluo increases KLF5
ubiquitination by Fbxw7 and inhibits KLF5 SUMOylating by
PI3K/Akt signaling, which facilitates the downregulation of
KLF5 and relieves vascular inflammation (Jiang et al., 2016).
Resveratrol ameliorates obesity and dyslipidemia via increas-
ing KLF5 phosphorylation and interfering with the interaction
between KLF5 and c-Myc, which subsequently modulates lipid
metabolism balance (Yang et al., 2017b). Taken together, PTMs
regulate KLF5 function and transcriptional activity, and a better
understanding of PTMs is particularly important for the study of
vascular disorders and the development of therapeutic agents.

Limitations

Our review has demonstrated that KLF5 regulates various
aspects of vascular remodeling. The crucial role of KLF5 in car-
diovascular diseases has been first reported in 2002 (Shindo
et al.,, 2002); since then, newly updated data have dug out
more details of its role in diverse cellular processes and pro-
vided novel thinking for treatment application. However, the
mechanisms of KLF5 action in vascular remodeling are still far
from clear, and most approaches targeting KLF5 (e.g. miRNAs,
antibodies, and inhibitors) in vascular disorder treatment are
based on cell or animal experiments, while their clinical safety
and effect are still obscure. The future challenges of miRNA
therapy, including delivery safety, efficacy, site-directed target-
ing, and cellular stability, cannot be underestimated.
Optimizing delivery system is also indispensable in treatments
using chemically synthesized and natural products targeting
KLF5. Besides, some drugs acting on KLF5 (e.g. rosiglitazone
and resveratrol) are not specific, which target many other
known function sites. Drugs like acyclic retinoid, which was
demonstrated to alleviate the activity of KLF5, may become a
potential therapy for cardiovascular diseases. However, clinical
trials on acyclic retinoid in cardiovascular diseases are cur-
rently deficient. Furthermore, KLF5 plays a context-dependent
role in different aspects. Opposing modulation of target genes
accounts for the altered functions of KLF5. Accumulated evi-
dence has shown that KLF5 can switch from a transactivator to
transrepressor for the same sets of target genes (Guo et al.,
2009; Parisi et al.,, 2010). A variety of studies have demon-
strated that KLF5 promotes cell proliferation and angiogenesis
via activating target genes, such as PDGF and VEGF. (Li et al.,
2011; Zhou et al., 2019). Conversely, Ci et al. (2015) found that
overexpression of KLF5 repressed the expression of HIF-1a,
VEGF, PDGF-A, and PDGF-B, thus exerting an anti-angiogenetic
and anti-proliferative effects in prostate cancer. This switch
may be due to the PTM of KLF5 or the state and type of the cell.
Additionally, hormones are also reported to be associated with
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the functions of KLF5. KLF5 dampens cell proliferation under
estrogen treatment in estrogen receptor-positive breast cancer
cells, while no significant effects have been shown in estrogen
receptor-negative cancer cells and untreated cells (Guo et al.,
2010). In a hyper-insulin environment, KLF5 plays an inhibitory
role in EC proliferation by repressing the expression of VEGF
and NOS3. It is postulated that high insulin level may alter
KLF5 functions and adverse its effects on cell proliferation.
Therefore, a deeper understanding of mechanistic knowledge
and working on targeted therapy are of great importance.

Perspectives

Vascular remodeling is strictly relevant to the progression of
multiple vascular complications. Most vascular disorders, such
as hypertension and atherosclerosis, have very complex etiolo-
gies. Therefore, studying the pathological mechanism of vascu-
lar disorders and exploring potential intervention targets are of
great significance for the control and treatment of vascular dis-
eases and reducing the damage to target organs.

KLF5 plays a promising role in the treatment of vascular dis-
orders. Upstream regulators and molecules targeting PTMs of
KLF5 in diverse signaling pathways could provide insight into
therapeutic application. Co-immunoprecipitation, mass spec-
trometry, and RNA sequencing can be used to identify nuclear
proteins and RNA directly interacted with KLF5 in cardiovascu-
lar diseases. Targeting protein—protein and protein—RNA inter-
actions is a solid way to develop effective inhibitors of
transcription factors like KLF5. Besides, miRNAs have been
documented as dramatic therapeutic targets. miRNAs regulate
both the expression and activities of KLF5, and miRNA thera-
pies have shown successful outcomes of cardiovascular disor-
ders in preclinical experiments. It is reported that RNA
modifications can influence the efficacy and specificity of
miRNA via epi-transcriptomic changes. Therefore, further appli-
cation of RNA modification on related miRNA of KLF5 may im-
prove the feasibility of miRNA therapy in clinical practice. Given
the cell-specific bidirectional property of KLF5, specific delivery
is needed to ensure the safety and efficacy of therapeutic
agents. For VSMCs, unique markers (e.g. a-SMA) and surface
receptors could serve as delivery targets and improve the spe-
cificity. Moreover, epigenetic modifications are also critical in a
deep understanding of mechanisms of vascular remodeling.
Innovation of diagnostic, therapeutic, and preventive methods
can be developed based on epigenetic modifications, such as
gene silencing by DNA methylation. Potential methods or drugs
could be developed to reverse the aberrant epigenetic modifi-
cations in vascular disorder treatment. We propose that with
further studies, epigenetic changes of KLF5 expression can be-
come biomarkers of vascular disorders, and targeted molecules
(e.g. demethylating agents) will serve as therapeutic strategies.
Additionally, to silence or regulate target gene expression
(KLF5 or its upstream regulators), RNA interference-mediated
methods (e.g. siRNA and shRNA) and gene editing technologies
(e.g. CRISPR/Cas9) are favorable approaches, but more clinical
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trials are needed to prove their effects and safety in the human
body.

KLF5 could also be developed as a biomarker for diagnosis
in cardiovascular diseases. Research focusing on recognizing
single-nucleotide polymorphisms (SNPs) or mutations is an at-
tractive and novel way to find disease-associated genes and
guide next-step treatment. Oishi et al. (2010) revealed that an
SNP located at —1282 bp within the KLF5 functional locus is as-
sociated with human hypertension. Genetic variations contrib-
ute to the susceptibility of multiple diseases; genotyping and
sequencing can help us uncover the mystery of genetic dis-
eases and prevent them in advance.

As a result, identification of KLF5 binding partners and gene
targets and elucidation of KLF5 biological functions will better
develop prevention and therapy of vascular disorders.
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