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Abstract KLF5 (Kruppel-like factor 5) is a basic tran-

scription factor binding to GC boxes at a number of gene

promoters and regulating their transcription. KLF5 is

expressed during development and, in adults, with higher

levels in proliferating epithelial cells. The expression and

activity of KLF5 are regulated by multiple signaling

pathways, including Ras/MAPK, PKC, and TGFb, and

various posttranslational modifications, including phos-

phorylation, acetylation, ubiquitination, and sumoylation.

Consistently, KLF5 mediates the signaling functions in cell

proliferation, cell cycle, apoptosis, migration, differentia-

tion, and stemness by regulating gene expression in

response to environment stimuli. The expression of KLF5

is frequently abnormal in human cancers and in cardio-

vascular disease-associated vascular smooth muscle cells

(VSMCs). Due to its significant functions in cell prolifer-

ation, survival, and differentiation, KLF5 could be a

potential diagnostic biomarker and therapeutic target for

cancer and cardiovascular diseases.
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Introduction

Transcription factors regulate diverse cellular processes,

including proliferation, cell cycle, apoptosis, migration,

and differentiation, by controlling gene expression. Accu-

mulating evidence suggests that genetic aberrations of

SP/KLF (Kruppel-like factor) transcription factors are

involved in the development of various human diseases,

including cancer and cardiovascular diseases, as reviewed

previously [1–7]. The KLF family consists of *20 mem-

bers in humans, and is structurally characterized by three

tandem zinc-finger domains at the C-terminus. Several

members of the KLF family, such as KLF2 [8], KLF4 [9,

10], KLF5 [11], KLF6 [12, 13], and KLF8 [14], have been

demonstrated to play vital roles in the development of

various human cancers.

KLF5, also named BTEB2 [15] and IKLF, belongs to the

KLF family. KLF5 is widely expressed at varying levels in

different tissues. As a basic transcription factor, KLF5

regulates a number of important target genes, such as cyclin

D1, cyclin B, PDGFa, and FGF-BP. KLF5 has essential

roles in cell cycle regulation, apoptosis, migration, and

differentiation. In recent years, the study of KLF5 has been

dramatically expanded. This review article comprehen-

sively summarizes the biochemical and molecular aspects

of KLF5, including its gene and protein structures,

expression patterns, protein posttranslational modifications,

interacting proteins, downstream target genes, and upstream

regulators. Following that, we review the functions of KLF5

in various physiological and pathological cellular processes,

including cell proliferation, survival, migration, differenti-

ation, and stemness. Additionally, we outline all in vivo

studies of KLF5 transgenic mouse models. Finally, the

relationships of KLF5 and human diseases are summarized

and future research directions for KLF5 are proposed.
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Biochemistry

The gene and protein structures

The KLF5 gene is located at 13q21, spanning *18.5 kb

genomic DNA with four exons. The full-length cDNA

of human KLF5 consists of 3,350 bp with a 324-bp

50-untranslated region (UTR), a 1,652-bp 30-UTR, and a

1,374-bp sequence coding for a 457 amino acid polypep-

tide (Fig. 1). Similar to other KLFs, the C-terminus of

KLF5 protein contains three zinc-finger (ZF) domains,

which function in DNA binding. KLF5 has a proline rich

transactivation domain (TAD) before the ZF domains

[15, 16].

Expression

KLF5 is widely expressed at varying levels in different

tissues. Based on Northern blot analysis, high levels of

KLF5 mRNA are present in the human and mouse diges-

tive tract including intestine, colon, and stomach, and

pancreas, placenta, testis, prostate, skeleton muscle, and

lung [15, 17, 18]. KLF5 mRNA was also detected in human

and rabbit bladder and uterus [19, 20]. Although the

expression of KLF5 appears mostly to be epithelial, KLF5

is also expressed in cardiovascular SMCs [19], cornea [21],

lymphoid cells [22], and neuronal cells [23]. While most

tissues express a 3.3-kb transcript of KLF5, that expressed

in the testis is about 1.5 kb [18].

Accumulated evidence suggests that KLF5 is more

highly expressed in proliferating cells than in differentiated

cells [17]. For example, KLF5 shows temporal changes in

expression during embryogenesis [17, 24, 25]. During

mouse development, KLF5 mRNA continues to accumu-

late at a high rate in the basal layer of the epidermis and in

the base of the intestinal crypts [24]. Consistently, the

KLF5 protein is also exclusively expressed in proliferating

epithelial cells at the base of the crypts of the intestine but

not in the terminally differentiated epithelial cells in the

villi [11].

The KLF5 protein is primarily expressed in the nucleus

[18]. However, KLF5 also contains a nuclear export signal

(NES) located next to a sumoylation site (Fig. 1) [26]. Du

et al. [26] found that sumoylation facilitates KLF5 nuclear

localization by inactivating NES.

Posttranslational modifications

KLF5 proteins undergo different posttranslational modifi-

cations that modulate the protein level or transactivation

activities of KLF5. Such modifications include phosphor-

ylation, acetylation, ubiquitination, and sumoylation

(Fig. 1). While KLF5 phosphorylation positively regulates

its activity and KLF5 ubiquitination negatively regulates its

protein level, the function of acetylation and sumoylation is

context-dependent.

KLF5 phosphorylation by PKC at S153 increases the

transactivation activities of KLF5 [27]. Zhang et al. [27]

reported that a point mutation (S153A) reduces its trans-

activation function, and that phosphorylation of KLF5

enhances its interaction with CREB-binding protein (CBP).

Whether KLF5 is also phosphorylated at other sites by

other kinases is still unclear.

KLF5 has been documented to be acetylated by p300

and deacetylated by HDAC1 and SET [28, 29]. Miyamoto

et al. [28] reported that the acetyl transferase, p300,

Fig. 1 The human KLF5 gene and protein structures. The human

KLF5 genome contains four exons (exon 1, 585 bp; intron 1,

2,272 bp; exon 2, 874 bp; intron 2, 1,089 bp; exon 3, 60 bp; intron 3,

11,824 bp; and exon 4, 1,831 bp). The KLF5 protein contains three

zinc-finger (ZF) domains, one major transactivation domain (TAD)

with a PY motif (PPSY328), and a nucleus export signal (NES). The

KLF5 protein undergoes different types of posttranslational modifi-

cations, including phosphorylation (P at S153), acetylation (Ac at

K369), ubiquitination (Ub), and sumoylation (Su at K162 and K209)
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acetylates KLF5 at K369, which appears to enhance the

transactivation activity of KLF5. The notion was fully

confirmed by an independent study: using a KLF5 K369

acetylation specific antibody, Guo et al. [30] demonstrated

that TGFb recruits p300 to acetylate KLF5. The SET his-

tone chaperone was shown to negatively regulate the

function of KLF5 in DNA binding and cell proliferation,

which is accompanied by an inhibition of KLF5 acetylation

[28]. The deacetylase HDAC1 can also interact with KLF5

to inhibit the binding of KLF5 to DNA as well as KLF5-

mediated promoter activation through inhibiting the KLF5

acetylation by p300 [29].

KLF5 has been shown to be ubiquitinated. Chen et al.

[31] found that KLF5 is degraded through the ubiquitin-

proteasome pathway in epithelial cells. Like other crucial

transcription factors, such as p53 and c-MYC, KLF5 turns

over rapidly. The KLF5 protein half-life is *1.5 h by

pulse chase assays. The destruction domain is within TAD

of KLF5. Further investigation revealed that the WWP1 E3

ubiquitin ligase can bind to the PY motif of KLF5 in TAD

(Fig. 1), to ubiquitinate and degrade KLF5 [32]. Interest-

ingly, the WWP1 gene is frequently amplified and

overexpressed in both breast and prostate cancers [32–34].

The WWP1 protein is highly expressed in ERa positive

breast cancer while KLF5 appears to be expressed in ERa
negative breast cancer [35, 36]. Our unpublished results

suggest that KLF5 may also be ubiquitinated by other E3

ligases. Additionally, degradation of KLF5 by the protea-

some pathway can be ubiquitin-independent [37], although

the molecular mechanism is not fully understood.

KLF5 has been demonstrated to be sumoylated in two

recent studies [26, 38]. Du et al. [39] applied a yeast two-

hybrid screen to identify proteins that interact with KLF5

and identified the sumoylation E3 ligase PIAS1 as the

potential KLF5-interacting protein. Du et al. [26] further

demonstrated that mouse KLF5 is sumoylated at lysine

residues 151 and 202, and that sumoylation facilitates

nuclear localization and function of KLF5 by inactivating

NES located next to K151 (Fig. 1). The sumoylation of

human KLF5 was reported in an independent study [38].

KLF5 posttranslational modifications, including sumoyl-

ation and acetylation, can switch the function of KLF5.

Although KLF5 has no transcription repressor domain,

Oishi et al. [38] found that KLF5 directly inhibits tran-

scription of lipid metabolism genes, including Cpt1b, Ucp2,

and Ucp3 by recruiting co-repressors. After KLF5 is su-

moylated upon agonist stimulation of PPARd, KLF5

recruits co-activators to induce the Cpt1b, Ucp2, and Ucp3

transcription [38]. Similarly, KLF5 normally suppresses

p15 gene transcription. After KLF5 is acetylated upon

TGFb stimulation, KLF5 increases the p15 gene transcrip-

tion [30]. Thus, KLF5 can regulate the expression of the

same set of target genes toward opposite directions in

response to environment stimuli.

Transcriptional target genes

KLF5 has been demonstrated to regulate many genes

involved in cell proliferation, cell cycle, survival, migra-

tion, angiogenesis, stemness, and differentiation (Table 1)

in different contexts. Most KLF5 target gene proximal

promoters contain one or more GC rich sites [15, 16, 27].

Although KLF5 has been shown to bind to Sp1 sites, GC

boxes, and CACCC boxes, there are no strictly conserved

consensus core sequences [15, 16, 27].

Two genome wide microarray experiments have been

performed to systematically identify KLF5-regulated

genes. Chen et al. [40] stably expressed KLF5 in the TSU-

Pr1 bladder cancer cell line, and performed a microarray

analysis. At least 58 genes are differentially expressed

between KLF5-positive and KLF5-negative TSU-Pr1 cells

[40]. Many of the genes have been validated by different

approaches for their differential expression, including

HBP17/FGF-BP, B94/TGFAIP2, DUSP1MKP-1, ADRB2,

BCAR3, CD24, Dri42, DUSP5, EEF1A2, EMP1, EXT1,

ITGA6, Lipocortin III, MN1, p27, PIG12, RAIG1, SAS, Slit,

Table 1 Functional classification of direct KLF5 target genes

Functions Target genes References

Cell cycle Cyclin D1, Cyclin B1, Cdc2, p15, p27 [30, 40, 49, 75, 79, 128]

Angiogenesis PDGFa, VEGFa, FGF-BP [40, 41, 55, 59, 129]

Inflammation MCP-1, NF-jB [56, 124]

Apoptosis Survivin, Pim1 [45, 80]

Migration ILK, MMP9 [82, 100]

Stemness Nanog, Tcl1, Oct3/4, Esrrb, Fbxo15 [90, 92]

Differentiation SMemb/NMHC-B, SM22a, PAI-1, Egr-1, PPARc, iNOS [19, 46, 63, 117, 118, 130]

Fatty acid metabolism Cpt1b, Ucp2, Ucp3, FASN [38, 47]

Others Lactoferrin, TCR Db1, c-globin, MAO-A/B, KLF4, Lama1, DAF, EGFR [18, 22, 76, 131–137]
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TGFa, TGM2, TIMP2, TMOD, and Wnt7a. Wan et al. [41]

generated a lung-specific Klf5 knockout mouse model and

performed a microarray analysis. KLF5 regulates the

expression of hundreds genes associated with cell cycle,

angiogenesis, lipid metabolism, and several paracrine sig-

naling pathways (PDGF-FGF, VEGF, TGFb, and BMP)

[41]. Interestingly, the fibroblast growth factor binding

protein 1 (FGF-BP/HBP17) was identified as KLF5 target

gene in both studies, suggesting that FGF-BP is regulated

by KLF5 in vitro and in vivo. Our unpublished results

suggest that KLF5 functions through FGF-BP to promote

breast epithelial cell proliferation.

Interacting proteins

To date, about 20 KLF5 interacting proteins have been

identified through yeast two-hybrid screening, mass spec-

trometry, and co-immunoprecipitation (Table 2). Besides

the KLF5 posttranslational modifiers described above,

KLF5 has been shown to assemble a transcriptional com-

plex at chromosome to regulate gene expression by

interacting with multiple proteins of the transcriptional

machinery. KLF5 interacts with components of the tran-

scriptional machinery including initiation factors, TFIIB,

TFIIEb, and TFIIFb as well as the TATA box-binding

protein (TBP) [16]. Recently, KLF5 has been demonstrated

to bind to PPARd and co-suppressors NcoR and SMRT at

the promoters of Ucp2/3 and Cpt1b [38]. KLF5 can also

mediate the modification of histone to regulate chromatin

in gene regulation. Munemasa et al. [42] recently found

that KLF5 recruits a novel histone chaperone named acidic

nuclear phosphoprotein 32B (ANP32B) onto gene pro-

moter, where ANP32B incorporates into promoter-region

specific histone to inhibit histone acetylation and repressess

the transcription of a KLF5-downstream gene.

The KLF5 protein has been shown to associate with

numerous transcription factors, such as retinoic acid receptor

(RAR/RXR), NFjB, p53, C/EBPb/d, and sterol-regulatory-

element-binding protein-1 (SREBP-1), to regulate gene

transcription. Fujiu et al. [43] reported that KLF5 forms

transcriptional complexes with RAR/RXR heterodimer on

PDGFa promoter. In a yeast one-hybrid screen using a

keratinocyte-specific NF-jB binding site as a bait, Sur et al.

[44] identified KLF5 as a factor cooperating with NF-jB in

epidermal epithelial cells. Zhu et al. [45] found that KLF5

interacts with p53 at the promoter of survivin gene in

leukemia. Similarly, KLF5 was shown to interact with

C/EBPb/d at the PPARc promoter in adipocyte cells [46].

Most recently, transcriptional regulation of fatty acid syn-

thase (FASN) involves an interaction between KLF5 and

SREBP-1 [47]. As an essential effector for the TGFb pathway,

KLF5 has been shown to interact with Smad2/3, Smad4, Myc,

Miz-1, and p300 to regulate the expression of p15 [140].

Besides transcription factors, KLF5 also specifically

interacts with poly(ADP-ribose) polymerase-1 (PARP-1), a

nuclear enzyme important in DNA repair and apoptosis

[48]. The protein interaction occurs at the proteolytic

fragment of PARP-1. It was believed that the interaction

has a pro-survival function through an unknown mecha-

nism [48].

Signaling pathways

KLF5 plays important roles in multiple important growth

factor signaling pathways, including Ras-mitogen-acti-

vated protein kinase (MAPK), PKC, TGFb, TNFa,

retinoid, and androgen (Fig. 2). As a basic transcription

factor, KLF5 could mediate the function of different sig-

naling pathways in different biological processes, including

cell proliferation and differentiation, which often involves

transcriptional regulation of KLF5.

First, the notion that KLF5 is induced by the Ras-MAPK

signaling pathway is supported by several lines of inves-

tigation (Fig. 2). In oncogenic H-Ras-transformed NIH3T3

cells, KLF5 is upregulated at both RNA and protein levels

that can be blocked by inhibiting MEK or Egr-1[49]. In

SMCs, KLF5 mRNA is rapidly and persistently induced by

phorbol 12-myristate 13-acetate (PMA) through Egr-1

[50]. Nandan et al. [51] found that induction of K-Ras

(V12G) results in increased expression of KLF5 in IEC-6

intestinal epithelial cells. Consistently, higher levels of

KLF5 are expressed in cell lines and primary tumors from

human colorectal cancer with mutated K-Ras, and primary

colorectal cancers induced by the K-Ras (V12G) mutation.

Additionally, KLF5 was found to be upregulated by the

NEU/ErbB2 oncogene, which encodes a receptor tyrosine

kinase and actions upstream of Ras [52]. Fetal bovine

serum, androgen, and fibroblast growth factor have been

Table 2 KLF5 interacting proteins

Function KLF5 interacting proteins References

Posttranslational modifiers WWP1, PKC, p300, HDAC1, SET, PIAS [27–30, 32, 39]

Basic transcription factors and co-activators TFIIB, TFIIEb, TFIIFb, TBP, CBP, p300, ANP32B, NcoR, SMRT [16, 27, 38, 42]

Co-transcription factors RAR/RXR, NFjB, p53, C/EBPb/d, SREBP-1, PPARd [38, 44–47, 59, 129]

Others PARP-1 [48]
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shown to induce KLF5 expression [53, 54]. Furthermore,

sphingosine 1-phosphate (S1P) induces KLF5 in VSMCs

and neointimal cells via Gi-protein-Ras-ERK/p38 pathway

[55]. Lipopolysaccharide (LPS) is a bacterially-derived

endotoxin that also induces KLF5 expression through ERK

in the IEC-6 intestinal epithelial cell line [56]. Consis-

tently, MAPK inhibitors PD98059 and U0126 inhibit the

KLF5 expression [49]. These results strongly support the

idea that KLF5 is an important mediator of the Ras-MAPK

pathway.

Second, KLF5 is regulated by Wnt and angiotensin II via

the PKC signaling pathway (Fig. 2). In a mouse mammary

epithelial cell line C57MG and a clone that overexpresses

Wnt-1, cDNA subtractive hybridization screen identified

KLF5 as one of the Wnt-responsive genes [57]. Similar

results have been detected in mammary tissues from a

transgenic mouse overexpressing Wnt-1 [58]. The regula-

tion of KLF5 by the Wnt-1 signaling is b-catenin-Lef/TCF-

independent but related to PKC [58]. Angiotensin II, which

plays a critical role in cardiovascular remodeling, functions

through KLF5, as knockout of KLF5 in mice attenuates

angiotensin II-induced cardiac hypertrophy and fibrosis

[59]. Consistently, in human venous SMCs treated with

angiotensin II, the expression of KLF5 is rapidly upregu-

lated at both the RNA and protein levels [60]. Even in

growth-arrested vascular SMCs, angiotensin II still induces

KLF5 expression and cell proliferation [61]. A PKC

inhibitor can block the KLF5 induction by angiotensin II

[61]. Finally, PMA and lysophosphatidic acid (LPA) may

also induce KLF5 partially through PKC [50, 62].

Third, KLF5 is also a functional mediator of TGFb. In

the study of SM22a regulation, Adam et al. [63] found that

both KLF5 and KLF4 play a role, and that they function by

binding to a TGFb-control element (TCE). The same group

further demonstrated an essential role of KLF5 and the

TCE in SM22a promoter activity in transgenic mice [64].

More directly, Guo et al. [30] found that KLF5 is essential

for TGFb to inhibit epithelial cell proliferation, although

KLF5 alone is necessary for cell proliferation. The

underlying mechanism is that TGFb recruits p300 to

acetylate KLF5 (Fig. 2), which in turn mediates the

assembly of transcription factors for the regulation of

TGFb target genes.

Additionally, KLF5 could be involved in the retinoid/

retinoid receptor signaling. Based on results showing an

inhibitory effect of the synthetic RARa-specific agonist

Am80 on the activity of KLF5 in SMCs, Fujiu et al. [43]

conducted experiments to understand how Am80 inhibits

KLF5. They found that Am80 inhibits both the expression

and transcriptional function of KLF5. In mouse embryonic

stem (ES) cells, KLF5 appears to be repressed by the

Hoxa1 protein, as knockout of the Hoxa1 gene increased

the expression of KLF5 induced by retinoic acid [65].

Induction of klf5 expression has been detected in additional

cell systems receiving different treatments, including

cardiac myocytes undergo apoptosis after endothelin-1

treatment [66], bovine endometrium during the oestrous

cycle [67], dimethylnitrosamine-induced liver fibrosis in

rodents [68], radiation-induced vascular injuries in mouse

kidney and rectum [69], tissue factor-triggered blood

coagulation [70], and cultured gastric cancer cell line

infected with bacteria [71], although the underlying sig-

naling pathways are unknown.

Deletion analyses of the promoter region of rat KLF5

suggest that at least three regions are important for KLF5

transcription, including the GC box, CCAAT box, and

NF-1 binding site. Gel mobility shift assays (EMSAs)

demonstrated that factors Sp1, CBFa, and NF-1 bind to the

KLF5 promoter [72]. A Sp1 site is essential for a basal

human KLF5 promoter activity, and the binding of Sp1 to

this element has been confirmed by EMSA [54]. An Egr-1

binding site at human KLF5 promoter is essential for the

Fig. 2 The regulatory signaling

pathways for KLF5. KLF5 is

regulated by multiple signaling

pathways at the transcriptional

and posttranslational levels.

LPA Lysophosphatidic acid,

LPS lipopolysaccharide, PMA
phorbol 12-myristate 13-acetate,

S1P sphingosine 1-phosphate,

BIP bisindolyimalimide
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KLF5 induction by PMA [50]. Recently, Bialkowska et al.

[73] screened compounds that regulate the 1,959 bp KLF5

promoter and found that phosphoinositide 3-kinase (PI3K)

inhibitors (LY294002 and Wortmannin) and that receptor

tyrosine kinase (RTK) inhibitors (PDGFR inhibitor AG17

and ErbB2 inhibitor AG879) suppresses the KLF5 tran-

scription in colon cancer cell lines (Fig. 2). Interestingly,

AG17 appears to reduce the KLF5 expression through

inhibiting the EGR-1 protein expression in colon cancer

cell lines [73].

Cellular and physiological function

Cell cycle and proliferation

At present, the best known function of KLF5 is its stimu-

latory role in the proliferation of different types of cells,

including fibroblasts, epithelial cells, and SMCs. Sun et al.

found that ectopic expression of KLF5 into NIH3T3 cells

significantly increased the rate of cell proliferation and

caused a phenotype of transformation in a soft-agar assay

[53]. As described above, KLF5 is upregulated in onco-

genic H-Ras-transformed NIH3T3 cells [49]. Inhibition of

KLF5 expression with KLF5-specific small interfering

RNA (siRNA) leads to a decreased rate of proliferation and

a significant reduction in colony formation. Similarly,

Nandan et al. [51] found that K-Ras(V12G) also induces

KLF5 to promote the IEC-6 intestinal epithelial cell pro-

liferation. These findings indicate that elevated KLF5

expression is responsible for the pro-proliferative and

transforming activities of oncogenic Ras [49]. Addition-

ally, LPA stimulates cell proliferation through inducing the

KLF5 expression in colon cancer cell lines [62].

Retinoids are known inhibitors of epithelial cell prolif-

eration. In the intestinal epithelial cell line IEC-6,

treatment with all-trans retinoid acid (ATRA) inhibits cell

proliferation due to G1 cell cycle arrest. It was noted that

this inhibition is correlated with a decrease in the levels of

KLF5 mRNA [74]. On the other hand, stable overexpres-

sion of KLF5 in IEC-6 cells abrogates the growth

inhibitory effect of ATRA [74]. Furthermore, ATRA

appears to inhibit cell proliferation only in human colon

cancer cell lines that express a higher level of KLF5 but not

in those with low levels of KLF5. These studies suggest

that KLF5 is involved in the inhibitory effect of ATRA on

intestinal epithelial cell proliferation [74].

KLF5 promotes cell proliferation through accelerating

the G1/S and G2/M cell cycle progression. Chen et al. [40]

reported that overexpression of KLF5 in the bladder cancer

cell line TSU-Pr1 promotes the G1/S cell cycle progression

and tumorigenesis. Nandan et al. [51] demonstrated that

KLF5 also promotes the G2/M transition in Ras

transformed fibroblasts. In addition to inducing cyclin D1

and inhibiting p27 and p15 [40], KLF5 also upregulates

cyclin B1 and Cdc2 [75]. In mouse primary cultures of

esophageal keratinocytes, KLF5 increases cell proliferation

through upregulating EGFR and the MEK/ERK signaling

[76].

In contrast, KLF5 has also been found to inhibit cell

proliferation in several cancer cell lines in vitro. For

example, in the TE2 esophageal cancer cell line, stable

expression of KLF5 inhibits cell proliferation [77]. Chen

et al. [78] reported that KLF5 inhibits colony formation in

the DU145 and 22Rv1 prostate cancer cell lines. KLF5 has

shown a growth promoting role in the IEC-18 and IMCE

immortalized intestinal cell line but a growth inhibitory

role in several colon cancer cell lines [79]. In a recent study

by Guo et al. [30], KLF5 was identified as a TGFb
cofactor, and when TGFb was present, KLF5 plays an

inhibitory role in cell proliferation. The inhibitory effect of

KLF5 on the proliferation of cancer cells also appears to be

TGFb-dependent [30]. Based on these observations, KLF5

regulates cell proliferation in a context-dependent manner.

Apoptosis

KLF5 has an anti-apoptosis function. In leukemia, Zhu et al.

[45] found that KLF5 induces the expression of survivin, a

survival factor making cells resistant to apoptosis. Down-

regulation of KLF5 by siRNA decreases the expression of

survivin and thus makes cells prone to doxorubicin-induced

apoptosis. Mechanistically, KLF5 binds to the promoter

of survivin gene and interacts with p53 to abrogate

p53-repressed survivin expression [45]. KLF5 can also

modulate apoptosis in a p53-independent manner [80].

When KLF5 is knocked down by RNAi, cells become more

sensitive to 5-fluorouracil induced apoptosis, regardless of

p53 status. KLF5 siRNA-induced apoptosis is associated

with reduced BAD phosphorylation and with downregula-

tion of PIM1, and transfection of wild-type (WT) Pim1 is

sufficient to rescue the phenotype [80]. KLF5 can also make

SMCs resistant to apoptosis. Suzuki et al. found that KLF5

confers apoptotic resistance in vascular lesions through

interacting with PARP-1, a nuclear enzyme important in

DNA repair and apoptosis. Acetylation of KLF5 under

apoptotic conditions increases the interaction, and the

acetylation-deficient mutant of KLF5 loses the capability to

inhibit apoptosis [48]. Our recent results suggest that KLF5

can promote breast epithelial cell survival by increasing the

MKP-1 protein levels [81].

Migration

KLF5 promotes the migration of epithelial cells, which is

an important process in normal epithelial homeostasis in
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the gut and skin [82]. The mechanism involves the

induction of integrin-linked kinase (ILK), which in turn

activates Cdc42 and myosin light chain to regulate cell

migration and motility [82]. When KLF5 is stably

expressed in TSU-Pr1 [40], cell migration is also increased,

as shown by a scratch assay (unpublished data).

Differentiation

Based on a large number of published papers, it is

becoming evident that KLF5 regulates the differentiation

of epithelial cells, SMCs, and adipocytes.

KLF5 plays an essential role in epithelial differentiation

and homeostasis. During epithelial homeostasis, stem cells

divide to produce progenitor cells, which further proliferate

to generate the cell mass for mature epithelia [83]. KLF5 is

highly expressed in proliferating epithelial cells such as

immortal but untransformed epithelial cell lines and pro-

liferating primary cultures of epithelial cells, which mostly

represent progenitor cells [74, 78, 79, 84]. In normal

intestine, KLF5 is expressed at a higher level in basal

rapidly proliferating cells, but at a lower level in mature

and differentiated cells [59], and knockout of one KLF5

allele significantly reduced the size of villi in mouse

intestine [59]. In another in vivo study, overexpression of

KLF5 in epidermis caused hyperplasia of basal cells but

lack of mature skin [85]. In the HaCaT epidermal epithelial

cell line treated with TGFb, which represents a model of

TGFb-induced epithelial differentiation, KLF5 plays an

essential role [30].

Although KLF5 is associated with the proliferative

phenotype of SMCs, it is induced in activated SMCs to

modulate the state of differentiation in response to injury

and contribute to vascular regeneration [86–88]. KLF5

upregulates the expression of genes involved in the SMC

differentiation, including SMemb/NMHC-B [19] and

SM22a [63].

KLF5 is also necessary for adipocyte cell differentia-

tion. In 3T3-L1 pre-adipocyte cells, which differentiate in

the presence of micro-molar arsenic, arsenite treatment

induces the expression of KLF5 [89]. A role of KLF5 in

adipose differentiation was further demonstrated in a

mouse model, where neonatal heterozygous KLF5 knock-

out mice exhibit a marked deficiency in white adipose

tissue development [46]. In 3T3-L1 preadipocytes, KLF5

expression is induced at an early stage of differentiation,

which is followed by the expression of PPARc2. Consti-

tutive overexpression of dominant-negative KLF5 inhibits

adipocyte differentiation, whereas overexpression of WT

KLF5 induces differentiation even without hormonal

stimulation. Embryonic fibroblasts from KLF5 (±) mice

also have an attenuated adipocyte differentiation [46].

Mechanistically, it appears that KLF5 expression is

induced by C/EBPb and d, and, in turn, KLF5 acts in

concert with C/EBPb/d to activate the PPARc2 expression

[46].

Stemness

Accumulated evidence suggests that KLF5 may be essen-

tial for self-renewal of embryonic stem cells (ESCs). Jiang

et al. [90] reported that Klf5, Klf4, and Klf2 redundantly

maintain mouse ESC self-renewal and pluripotency

through regulating the Nanog, Tcl1, Esrrb, and Fbxo15

expression, and Klf4 and Klf5 showed the same pattern of

expression changes during the differentiation of embryonic

stem cells [91]. Indeed, Parisi et al. [92] not only confirmed

that Klf5 plays an important role in self-renewal of mouse

ESCs but also found that Klf5 knockdown alone causes

differentiation of ESCs. Furthermore, constitutive expres-

sion of Klf5 attenuates the differentiation of ESCs, likely

through direct regulation of genes involved in stem cell

renewal including Nanog and Oct3/4 [92]. Consistently,

Ema et al. [93] demonstrated that homozygous disruption

of Klf5 results in the failure of ESC and early embryonic

lethality due to an implantation defect. Klf5 null ESCs

show increased expression of several differentiation marker

genes and frequent, spontaneous differentiation [93].

Conversely, overexpression of Klf5 in ESCs suppressed the

expression of differentiation marker genes and maintained

pluripotency in the absence of extrinsic factor LIF [93].

Recently a combination of four transcription factors

including KLF4, Oct4, Sox2, and c-Myc was shown to

reverse differentiated cells to a pluripotent state [94–96].

Klf5 can replace Klf4 to generate induced pluripotent stem

(iPS) cells from differentiated MEF cells in spite of lower

efficiency [97].

However, KLF5 appears to be expressed at a lower level

in adult stem cells in vivo. A study comparing global gene

expression patterns between isolated hair follicle stem cells

and non-bulge basal keratinocytes showed that KLF5 is

expressed at a lower level in stem cells [98]. Consistently,

transgenic expression of Tcf3, a component of the Wnt

signaling pathway, represses differentiation of epidermal

cells by repressing the expression of KLF5 and other genes

and inducing the expression of genes that are associated

with an undifferentiated state and shared by embryonic and

postnatal stem cells [99].

KLF5 mouse models

Mouse models have been the most definitive way to clarify

the physiological role of a gene in development and dis-

eases. Several Klf5 knockout and transgenic mouse models

have been established for studying KLF5 function.
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Klf5 knockout mice

Based on the studies of Klf5 knockout mouse models, Klf5

has been implicated in pathological and physiological

processes including embryonic development, angiogenesis,

adipose tissue development, cartilage degradation during

skeletal development, energy metabolism, and lung

morphogenesis.

Conventional Klf5 homozygous knockout mice died

before embryonic day 8.5, indicating that Klf5 is essential

for mouse embryonic development. The Klf5 heterozygous

knockout mice show diminished levels of arterial-wall

thickening, angiogenesis, cardiac hypertrophy, and inter-

stitial fibrosis in response to external stress, suggesting a

role of KLF5 in linking external stress and cardiovascular

remodeling [59]. The heterozygous KLF5 knockout mice

exhibit a marked deficiency in white adipose tissue

development [46] and skeletal growth retardation in the

perinatal period [100]. While infection of WT mice with

bacteria increases the heights of colonic crypt and the

expression of KLF5, the KLF5 (±) mice show an attenu-

ated induction of hyperproliferative responses after

bacteria infection [101].

Recently, Wan et al. reported a conditional Klf5

knockout mouse model [41]. In this study, Klf5 was found

to be essential for lung morphogenesis and function [41].

When Klf5 is specifically knocked out in respiratory epi-

thelial cells in the fetal lung, lung maturation is inhibited

during the saccular stage of development, and phenotypic

abnormalities occur in different components including the

respiratory epithelium, the bronchiolar smooth muscle, and

the pulmonary vasculature. Mice with both Klf5 alleles

knocked out die of respiratory distress immediately after

birth [41]. A set of genes are abnormally regulated by the

knockout of KLF5 [41].

Klf5 transgenic (Tg) mice

Besides knockout mouse models, two tissue-specific Klf5

Tg mouse models have been developed [85, 102]. Klf5 has

been found to regulate esophageal basal epithelial cell

proliferation and stemness of epidermis.

Klf5 has been shown to promote basal epithelial cell

proliferation but is not sufficient to produce tumors [102].

Using the ED-L2 promoter of the Epstein–Barr virus,

Goldstein et al. expressed KLF5 throughout esophageal

epithelia in mice, and examined the role of KLF5 in the

proliferation of esophageal cells. While there was no evi-

dence of esophageal dysplasia or cancer, staining for

bromodeoxyuridine (BrdU) demonstrated increased pro-

liferation in basal cells but not in suprabasal cells, and did

not appear to affect the differentiation of esophageal epi-

thelium [102].

KLF5 has a role in the homeostasis of epidermis and

skin morphogenesis. Expression of KLF5 is at relatively

higher levels in keratinocytes throughout the adult human

epidermis. Expression is stronger in the matrix and the

inner root sheath cuticle layer of the hair follicle, sebaceous

glands, and sweat glands [44]. Using the keratin 5 pro-

moter, Sur et al. [85] specifically expressed KLF5 in the

basal layer of the epidermis, and demonstrated that KLF5

affects epidermal development and disrupts epithelial–

mesenchymal interactions necessary for skin adnexae for-

mation as well as craniofacial morphogenesis during

embryogenesis. The transgenic mice exhibit exencephaly,

craniofacial defects, persistent abdominal herniation, and

ectodermal dysplasia. In addition, the epidermis is hypo-

plastic and undergoes abnormal differentiation with

expression of keratin 8, a marker for single-layered epi-

thelia, in the stratified epidermis. Overexpression of KLF5

in adult mice leads to hyperkeratosis, follicle occlusion,

and epidermal erosions. Furthermore, a decrease in stem

cell population of bulge keratinocytes has been noticed, as

characterized by the expression pattern of integrin a6 and

CD34 markers.

Taken together, these in vivo studies using the knockout

and transgenic techniques support an important role of

KLF5 in embryonic and tissue development through reg-

ulating cell proliferation, differentiation, and stemness.

KLF5 and diseases

Cancer

Expression of KLF5 was found to be abnormal in many

cancer types. Functional studies also support that KLF5 is

an important cancer-related gene (Table 3). Based on its

positive role in cell proliferation and survival, KLF5 has

been suggested to be oncogene. However, some genetic,

expression, and functional studies imply that KLF5 could

be a tumor suppressor under some scenarios. It is

attempting to speculate that KLF5 has context-dependent

functions in carcinogenesis.

The KLF5 gene undergoes frequent genetic alteration in

different cancer types including prostate, breast, and sali-

vary gland tumors. The KLF5 gene is rarely mutated in a

large number of prostate and breast cancer cell lines [78,

84]. The KLF5 gene locus (13q21) is the second most

frequent deletion in different types of human cancers

according to a large number of comparative genomic

hybridization (CGH) studies [103]. The deletion of 13q21

associates with metastases and higher tumor grade in

prostate cancer [78, 104–107]. Analysis of human tumors

demonstrated that KLF5 centers the deletion at 13q21 in

prostate cancer. The majority of KLF5 deletions in prostate
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cancer are hemizygous deletion equivalent to haploinsuf-

ficiency [59], which inactivates KLF5 by reducing KLF5

expression. Consistently, KLF5 is excessively degraded in

human cancer cell lines by overexpressed WWP1 E3 ligase

[31–33]. However, a chromosomal region at 13q spanning

the KLF5 locus appears to be amplified in some salivary

gland tumors, as detected by CGH [108]. Thus, while

deletion at KLF5 is frequent, it can also be amplified in

human cancer.

Consistent with the genetic alterations, frequent

expression aberrations for KLF5 have been well docu-

mented. Chen et al. [78, 84] found that the expression of

KLF5 mRNA is frequently reduced or absent in many cell

lines from both breast cancer and prostate cancer compared

to immortalized cell lines. Similarly, in intestinal tumors

and adenomatous polyposis adenomas, reduced expression

of KLF5 mRNA occurs [79]. Even in Ras-mediated

transformation of IEC-18 and IMCE cells, KLF5 is mark-

edly downregulated [79]. In another study, analysis of 247

gastric carcinomas by immunohistochemical staining

showed that KLF5 is expressed in 46% (113/247) of tumor

tissues, and expression of KLF5 is more frequently detec-

ted in early stage tumors than in late stage tumors (63 vs.

38%), in tumors without lymph node metastasis (54 vs.

40%), and in tumors smaller than 5 cm in size (53 vs. 38%)

[109]. In contrast, Tong et al. [110] examined the expres-

sion of KLF5 mRNA by qPCR in breast cancer, and found

a significant correlation between increased KLF5 expres-

sion and reduced disease-free and overall survival in

patients with breast cancer. KLF5 expression also appears

to positively correlate with HER-2 and MKI67 markers of

breast cancer and negatively correlate with patient age at

diagnosis [110]. In human prostate cancer tissues, Chaib

et al. [111] reported that KLF5 mRNA is upregulated in

prostate cancers compared to normal tissues. Stem-like

esophageal cancer cells, as defined by the side population,

have a higher level of KLF5 expression than other cells

[112]. More independent studies in primary tumors with

different approaches are required to clarify these incon-

sistent results. Nevertheless, the expression of KLF5 in

tumors appears to be altered during tumor development.

Functional studies in vitro have shown inconsistent results

in different cell lines. For example, in the TSU-Pr1 bladder

cancer cell line, expression of KLF5 promotes cell prolif-

eration [40]. Consistently, KLF5 promotes survival and drug

resistance in the HCT116 colon cancer cell line [80]. Fur-

thermore, knockdown of KLF5 could inhibit the

multicellular tumor spheroid formation in vitro [113]. In

contrast, KLF5 has shown a growth inhibitory function in

vitro in some cancer cell lines tested, including those from

Table 3 The role of KLF5 in different types of cancer

Cancers Genetic and expression Function References

Intestine and colon mRNA expression is decreased in APCmin

mouse adenomas and familial

adenomatous polyposis

Promotes cell proliferation [51, 73, 74, 79, 101]

Breast Gene copy number loss. mRNA is low in

ER ? cancer cell lines, high

in ER-tumors

Promotes MCF7 xenograft growth [36, 84, 110]

Prostate Gene copy number loss. mRNA is lost in

some cancer cell lines

Inhibits DU145 and 22Rv1 colony

formation

[78, 111]

Overexpression in some prostate cancers

Bladder mRNA is upregulated and downregulated

in cancer cell lines but not in tumor

samples

Promotes TSU-Pr1 xenograft growth [20, 40]

Leukemia mRNA is upregulated and downregulated

in cancer cell lines and acute

lymphoblastic leukemia by Northern

blot

Promotes EU-4 resistance to doxorubicin [45]

Esophageal mRNA level is high in stem-like cancer

cells by qRT-PCR

Inhibits cell proliferation, survival, and

invasion. Promotes basal cell

proliferation in KLF5 Tg mice

[77, 102, 112]

Salivary gland Gene copy number gain by CGH [108]

Gastric cancer Protein expression is high in early-staged,

lymph node metastasis negative, and

small sized tumors by IHC

[109]

Nasopharyngeal mRNA is down-regulated by microarray [138].

Melanoma mRNA is down-regulated in two Ras

mutated cancer cell lines by microarray

[139]
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the colon [79] and prostate [78]. In the TE2 esophageal

cancer cell line, which was derived from a poorly differen-

tiated esophageal squamous carcinoma, stable expression of

KLF5 inhibits cell proliferation and invasion, and decreases

cell survival [77].

Several in vivo studies suggest that KLF5 promotes

tumorigenesis. Chen et al. [40] directly demonstrated that

expression of KLF5 promotes TSU-Pr1 bladder cancer

cell line tumorigenesis in SCID mice. Similarly, expres-

sion of KLF5 in the MCF7 breast cancer cell line also

promotes xenograft growth in nude mice in the presence

of estrogen (unpublished results). Shindo et al. showed

that the angiogenesis of transplanted sarcoma 180 is

attenuated in the Klf5 (±) mice [59]. Similarly, the crypt

cell proliferation in the colon in response to pathogenic

bacterial infection is also reduced in the Klf5 (±) animals

[101]. Consistently, Klf5 promotes esophageal basal epi-

thelial cell proliferation although it is not sufficient to

produce tumors [102]. Based on these in vivo research

results, KLF5 could have context-dependent functions in

oncogenesis.

Based on the recent discovery of KLF5 as an essential

cofactor for TGFb in epithelial cells [30], it is likely that

the role of KLF5 in tumorigenesis is similar to that of

TGFb signaling, being a tumor suppressor in early stage

but a tumor promoter in late stage tumorigenesis [114–

116]. We are currently addressing this outstanding question

using knockout mouse models.

Cardiovascular diseases

KLF5 has been best studied in the physiology and

pathology of VSMCs. Based on a large number of

expression and functional analyses, KLF5 contributes to all

VSMC-related diseases, such as atherosclerosis, restenosis

after angioplasty, cardiac hypertrophy, and hypertension,

by regulating the expression of genes including SMemb/

NMHC-B, SM22a, Egr-1, PDGF, and others (Table 1).

KLF5 is preferentially expressed in proliferating SMCs

but reduced in differentiated cells under physiological and

pathological conditions. It has been reported that KLF5 is

abundantly expressed in embryonic smooth muscles and is

downregulated with vascular development [117, 118].

Consistently, KLF5 is abundantly expressed in fetal but not

in adult aortic SMCs of humans and rabbits [119]. The

expression of KLF5 is increased in the neointimal smooth

muscles in response to vascular injury [118]. In atherec-

tomy specimens from primary and restenotic lesions,

predominant expression of KLF5 was detected in SMCs. In

addition, restenotic lesions expressing higher levels of

KLF5 show higher incidence of restenosis than lesions

without [119]. In cultured SMCs from atherectomy speci-

mens obtained from patients with coronary restenosis after

angioplasty, Sakamoto et al. [120] also found a correlation

between KLF5 expression and SMC activity in outgrowth.

KLF5 also plays a role in the development of cardiac

allograft vascular disease. In rats, Ogata et al. performed

heterotopic cardiac transplantation, and examined KLF5

expression by IHC in all grafts. From 4 to 8 weeks after

transplantation, SMCs showed positive staining for KLF5

in diffusely thickened coronary arteries and the perivas-

cular space, and the level of KLF5 expression was

significantly higher in allografts compared to isografts

[121]. Using a heterotopic abdominal heart transplant

model in monkeys, Wada et al. [122] showed that KLF5

and Egr-1 are induced in VSMCs of rejected cardiac

allografts well before morphologic changes, such as intimal

thickening, can be detected, suggesting that expression of

KLF5 is one of the initial events in allograft angiopathy.

Additional studies provide direct evidence for the role of

KLF5 in the modulation of cardiac hypertrophy and

hypertension. Angiotensin II plays a critical role in car-

diovascular remodeling through KLF5, as knockout of

KLF5 in mice attenuates angiotensin II-induced cardiac

hypertrophy and fibrosis [59]. Knockout of KLF5 also

diminishes levels of smooth muscle and adventitial cell

activation [59]. In a spontaneous hypertensive rat model,

VSMCs change to the synthetic phenotype, which involves

the complement 3 (C3) gene. Yao et al. [123] found that C3

increases the transcription of KLF5 in SMCs.

Other diseases

KLF5 may play a role in inflammatory diseases. The pro-

inflammatory factors TNFa and LPS induce KLF5

expression in human umbilical vein endothelial cells,

venous SMCs, and intestinal epithelial cells [60, 124]. The

expression induction of monocyte chemoattractant protein-

1 (MCP-1) by TNFa depends on KLF5, as knockdown of

KLF5 by RNAi inhibits the effect of TNFa on MCP-1

expression [124]. Similarly, knockdown of KLF5 by RNAi

reduced the expression of p50 and p65 subunits of NF-jB

and its downstream target genes, TNFa and IL-6, in

response to LPS [56]. Finally, KLF5 has been shown to

directly interact with NF-jB in epidermal epithelial cells

[44].

KLF5 may also have a role in obesity. Recently, a role

of KLF5 in energy metabolism has been established. Oishi

et al. [38] found that mice with one Klf5 allele knocked out

are resistant to high fat-induced obesity despite consuming

more food than WT mice. This effect appears to be med-

iated by the function of KLF5 in gene regulation, as

expression of genes involved in lipid oxidation and energy

uncoupling is upregulated in Klf5 (±) mice.

Involvement of KLF5 in additional pathological pro-

cesses has also been reported. During intestinal obstruction,
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which causes dramatic phenotypic changes in intestine

smooth muscles, expression of KLF5 initially increases but

then decreases [125]. KLF5 is among the genes downreg-

ulated in human tissues from ulcerative colitis, an

inflammatory bowel disease [126]. In addition, KLF5 could

be involved in the pathophysiology of schizophrenia [23].

Conclusions

In summary, KLF5 is an essential transcription factor that

regulates the transcription of a large number of genes in dif-

ferent contexts. The transcription of KLF5 itself is also

regulated by different signaling pathways, including MAPK,

PKC, and PI3 K, generally with an increased expression

during cell proliferation and a decreased expression during

differentiation, although it is also necessary for signaling-

induced differentiation. Different protein modifications

including phosphorylation, acetylation, ubiquitination, and

sumoylation, which could be mediated by different signaling

pathways, occur on KLF5 protein and regulate its transacti-

vation activities and expression levels. Biologically, KLF5

appears to be essential not only for the proliferation of dif-

ferent types of cells including stem and progenitor cells but

also for the differentiation of progenitor cells, which likely

underlies the function of KLF5 in such physiologic and

pathologic processes as epithelial homeostasis, development,

tumorigenesis, cardiovascular remodeling, inflammation, and

apoptosis. The expression of KLF5 is frequently altered in

human diseases, including cancer and cardiovascular diseases.

Perspectives

Although KLF5 is a key transcription factor involved in

multiple signaling cascades, whether the KLF5 pathway

can be developed as a diagnostic tool and a therapeutic

target remains to be elucidated. It is important to further

understand KLF5 regulation and mechanisms of action

under physiological and pathological conditions, to

develop reagents and methods to accurately and conve-

niently measure KLF5 expression and activity changes in

pathological specimens, and to develop treatments target-

ing the KLF5 pathway.

Although our biochemical and cellular knowledge of

KLF5 has rapidly increased in the last decade as reviewed

above, the roles of KLF5 in normal tissue development and

disease progress are still far from clear. The ubiquitous

expression of KLF5 in different types of cells and tissues,

the diversified posttranslational modifications and inter-

acting proteins, the numerous context-dependent target

genes, and redundancy among the KLF5 family members

contribute to the complexity of KLF5 study. It is important

to develop inducible and tissue-specific animal models of

KLF5 expression for human diseases because KLF5 is

temporally and spatially regulated under physiological and

pathological conditions.

KLF5 has potential as a biomarker for diagnosis and

prognosis in cancers and cardiovascular diseases. The

expression of KLF5 mRNA associates with reduced survival

in patients with breast cancer [110]. KLF5 expression also

appears to correlate positively with a higher incidence of

restenosis [119]. Given that IHC is widely used in the clinic

for diagnosis and prognosis, it is necessary to establish the

standard IHC techniques for KLF5 to evaluate the potential

of KLF5 as useful clinical biomarker or as a potential stand-

alone prognostic factor. So far, KLF5 protein expression has

only been analyzed by IHC in gastric cancer [109].

Although multiple anti-KLF5 antibodies are commer-

cially available, the specificity appears to be unsatisfactory.

Future studies focusing on accurately measuring KLF5

expression and activity changes in a large number of

pathological specimens will be necessary.

Transcription factors are usually not ideal for targeted

therapy using small molecular inhibitors. However, KLF5

directly interacts with RARa to regulate downstream target

genes in cardiovascular remodeling [127]. The synthetic

RARa agonist Am80 was shown to inhibit the activity of

KLF5 [43, 118]. Acyclic retinoid (ACR) also attenuates the

functional interaction of KLF5 and RARa [127]. These

small molecules have the potential to be developed as

drugs for cardiovascular diseases. With the development of

siRNA delivery technology, anti-KLF5 siRNAs could also

be developed into drugs. Additionally, several RTK and

PI3 K small molecular inhibitors (AG17, LY294002, and

Wortmannin) were identified as inhibiting KLF5 tran-

scription and colon cancer cell proliferation by cell-based

high throughput screening [73]. Once the KLF5 pathway

is clearly understood, the positive upstream regulators

(e.g., protein kinases) and downstream target proteins (e.g.,

FGF-BP) could be inhibited by small molecular inhibitors

or monoclonal antibodies.
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