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Preface

The Krüppel-like factor (KLF) transcription family plays important roles in the 
development and malfunction of cells and tissues, and this very fact has stimu-
lated increasing interest across the spectrum from basic biology to translational 
applications in medicine. KLFs have been studied extensively, yet many aspects 
of these molecules remain to be clarified, e.g., regulation of KLF gene expression 
at developmental stages or in cell–cell interactions; the interplay with cofactors 
amidst the transcriptional network; and their tertiary structures. This monograph 
brings together articles that review our current understanding of members of the 
KLF family, establishing a landmark as the first comprehensive publication on 
KLFs to cover basic biology, medical science, and translational research. It has 
been assembled to document not only the knowledge shared by the most active 
investigators in the field of KLF from around the world, but also their enthusiasm 
and energy to propel us into the future. This book project grew out of discussions at 
the 1st International Symposium on the Biology of Krüppel-like Factors held at the 
University of Tokyo, May 6–7, 2008. The symposium was part of the 21st Century 
Center of Excellence Program “Study of Diseases Caused by Environment–Genome 
Interactions” (Program Leader, R. Nagai) sponsored by the Japanese Ministry of 
Education, Science and Technology. This meeting, conducted in a collegial atmos-
phere, was highly informative and consolidated emerging themes that characterize 
KLFs. Reflecting one of the important goals of the meeting, the gathering also 
sparked new friendships that we hope will promote cooperation among investiga-
tors to further accelerate progress. Such collaborative efforts should yield a more 
comprehensive understanding of this family of factors by consolidating our collec-
tive expertise. The editors thank the authors for their invaluable contributions to 
this book, which we hope will stimulate current investigators and draw new talent 
into this important field.

March 2009 Ryozo Nagai
Scott L. Friedman

 Masato Kasuga
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Abstract Krüppel-like transcription factors (KLFs) participate in diverse 
physiological and pathological processes, such as cell growth, cell differentiation, 
tumorigenicity, metabolism, inflammation, and tissue remodeling in response to 
diverse external stress. The importance of KLFs has recently been appreciated as 
detailed mechanisms of their molecular functions have been rapidly unraveled. 
However, many questions remain to be addressed: for instance, (1) how is gene 
expression of KLFs regulated—in a developmental stage-specific manner or in 
terms of cell–cell interaction; (2) how do KLFs interplay with other cofactors amid 
the transcriptional network; and (3) need to explore the tertiary structure of KLFs. 
Given the importance of KLFs in disease biology, extensive investigations on KLFs 
are expected to lead to identification of therapeutic targets for many diseases.

Introduction

Mammalian Krüppel-like transcription factors (KLF) have recently gained 
recognition as critical regulators in cell proliferation and differentiation during 
normal development as well as in many disease states. KLFs constitute the KLF-half 
of the Sp1/KLF family of transcription factors, characteristically containing 
three consecutive and conserved cysteine and histidine (C2H2)-type zinc fingers in 
the DNA-binding domain located at the carboxyl terminal end. The paired cysteine 
and histidine in the DNA-binding domain are critical in spatially coordinating 
and anchoring the zinc atom. KLFs consist of at least 17 members that recognize 
GC- and GT-rich sequences and can either transactivate or repress target 
genes; and individual factors can act as both an activator and a repressor in a 
context-dependent manner.

Discovery of KLFs with DNA-binding properties similar to Sp1 have led us to 
reconsider the oversimplified notion that GC-boxes and CACCC-boxes (GT-boxes) 

Chapter 1
Krüppel-like Factors: Ingenious Three Fingers 
Directing Biology and Pathobiology

Ryozo Nagai, Ichiro Manabe, and Toru Suzuki
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are unique binding sites for Sp1, one of the first transcription factors to be cloned 
(Kadonaga et al. 1987). From early studies on Sp1, it was widely held that basal 
transcription levels of “housekeeping genes” are maintained by Sp1, which 
regulates GC-boxes or GT-boxes in promoter regions. However, KLF members 
are involved in a variety of cellular functions and even compete with Sp1 for their 
DNA-binding sites. Many gene promoters with GC- or GT-boxes are not necessarily 
constitutively active but are finely tuned by KLFs in cells during development 
and differentiation or in response to physical or metabolic stress. KLF members 
participate in regulation of gene transcription within a network of Sp/KLF 
factors through interaction with intracellular signal molecules and transcriptional 
cofactors, including nuclear receptors, histone chaperones, oncogenes, and tumor 
suppressors. Physiological and pathophysiological functions of KLF members have 
been studied extensively, and many important findings are rapidly accumulating. 
We present an overview here on the current understanding of the KLF family in 
biology and disease.

KLFs in Development, Morphogenesis, and Differentiation

The ancestral gene of KLF is Krüppel in Drosophila, which is a factor activated 
in the center of the embryoid body during early development and involved in 
segmentation of the thorax and abdomen. In mammals, many KLF members 
participate in embryogenesis and fetal development. Homozygous KLF5 knockout 
mice (KLF5−/−) die at early embryonal stage before E8.5 (Shindo et al. 2002). 
KLF2−/− embryos die between E12.5 and E14.5, and KLF4−/− mice die at birth (Kuo 
et al. 1997; Segre et al. 1999).

The importance of KLFs in embryonic stem (ES) cell biology has recently been 
shown by Yamanaka et al., who found that pluripotent ES-like cells can be generated 
from murine or human fibroblasts by the introduction of four genes (i.e., KLF4, 
Oct3/4, Sox2, and c-Myc (Takahashi et al. 2007; Takahashi and Yamanaka 2006)). 
Yamanaka’s group further demonstrated that KLF2 and KLF5 can replace KLF4 
in combination with the three other genes to convert fibroblasts into ES-like cells. 
Jian et al. also recently reported that KLF2, 4, and 5 constitute a core circuitry in 
self-renewal of ES cells in which simultaneous depletion of KLF2, 4, and 5 results 
in ES cell differentiation (Jiang et al. 2008). These three KLFs cooperatively 
activate self-renewal genes and suppress differentiation. Parisi et al., on the other 
hand, indicated that depletion of KLF5 alone resulted in differentiation of mouse 
ES cells, which did not occur by depletion of KLF2 or KLF4, suggesting a central 
role of KLF5 to maintain ES cells in the undifferentiated state (Parisi et al. 2008). 
KLF5 is reported to play a role in maintenance of pluripotency of ES cells by 
promoting phosphorylation of Akt1, and early embryonic lethality of KLF5−/− mice 
is due to an implantation defect (Ema et al. 2008).

KLF members regulate differentiation of various cell types during development 
and normal growth. KLF1, the founder factor of the KLF family and also known 
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as EKLF, plays a critical role in erythropoiesis (Miller and Bieker 1993). KLF1 is 
not required for erythroid commitment but promotes maturation of erythrocytes 
by inducing the β-globin gene or genes essential for integrity of the erythrocyte 
membrane, cytoskeleton, and heme synthesis (Hodge et al. 2006; Perkins et al. 
1995). KLF2 regulates the embryonic globin gene, whereas KLF13 is involved in 
the maturation of erythrocytes but its target genes remain elusive (Basu et al. 2005; 
Gordon et al. 2008). KLF6 also regulates hematopoiesis in the yolk sac (Matsumoto 
et al. 2006).

Adipocyte differentiation is another system intensively investigated in the 
context of transcriptional regulation by KLFs. KLF2, 3, 4, 5, 6, and 15 reportedly 
regulate adipogenesis (Birsoy et al. 2008; Li et al. 2005; Mori et al. 2005; Oishi 
et al. 2005; Sue et al. 2008; Wu et al. 2005); however, the mechanisms as to 
how these KLF members regulate adipogenesis are diverse. KLF2 and KLF3 
are abundantly expressed in 3T3-L1 preadipocytes and are downregulated during 
differentiation. KLF2 directly inhibits PPARγ, and KLF3 represses C/EBPα 
together with co-repressor CtBP. KLF5 and KLF15 promote adipogenesis through 
transactivating the PPARγ gene; however, KLF5 expression is elevated during 
early differentiation and reduced in mature adipocytes, whereas KLF15 is upregu-
lated later during adipocyte differentiation. KLF4 together with Krox20 is an early 
regulator of adipogenesis because they cooperatively activate C/EBPβ. Expression 
of KLF6 is increased during preadipocyte differentiation and in mature adipocytes. 
KLF6 together with HDAC3 inhibits Dlk1, which is a transmembrane protein 
containing an epidermal growth factor repeat domain and promotes preadipocyte 
proliferation. These studies clearly indicate that KLFs are involved in adipocyte 
differentiation, but how actions of these factors are orchestrated and whether they 
cooperatively interact is not known.

KLFs have also been implicated in epithelial cell differentiation (McConnell 
et al. 2007). In the intestinal epithelium, KLF4 and KLF5 show opposing 
roles in terms of proliferation and differentiation. KLF4 is expressed in terminally 
differentiated epithelial cells in the villi and upper crypt. KLF5, on the other hand, 
is localized to the proliferating epithelial cells at the base of the crypt. KLF4 is 
induced upon activation of the adenomatous polyposis coli (APC) gene and 
interacts with β-catenin, thus inhibiting its signaling (Dang et al. 2001). KLF4 also 
activates genes encoding negative regulators of the cell cycle, such as p27(Kip1), 
and suppresses cyclin D1 and cyclin B, which promote the cell cycle (Wei et al. 
2008). KLF4 regulates the Sprr gene clusters and the keratin families contributing 
to epidermal barrier integrity (Turksen and Troy 2002). KLF5, to the contrary, 
is a positive regulator of cell proliferation with transformation activities. KLF5 
regulates growth factor genes, such as platelet-derived growth factor (PDGF), 
fibroblast growth factor (FGF), and vascular endothelial growth factor (VEGF), in 
addition to the transforming growth factor–bone morphogenetic protein (TGF-BMP) 
signaling pathway (Wan et al. 2008).

Gene targeting of KLFs in mice has demonstrated their critical roles in the 
differentiation of many other cells: KLF2 in thymocytes, monocytes (Carlson 
et al. 2006), and vascular smooth muscle cells (SMCs) (Kuo et al. 1997); KLF4 in 
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monocytes (Alder et al. 2008), testicular Sertoli cells (Godmann et al. 2008), corneal 
epithelial and epidermal cells (Swamynathan et al. 2007); KLF5 in SMCs and 
respiratory epithelial cells (Shindo et al. 2002; Wan et al. 2008); KLF7 in olfactory 
sensory neurons (Kajimura et al. 2007); and KLF9 in intestinal epithelial cells 
(Simmen et al. 2007). KLF13 plays important roles in cardiac morphogenesis, as 
knockdown of the gene in the Xenopus embryo results in atrial septal defect and 
hypotrabeculation (Lavallee et al. 2006). Physical and functional interaction of 
KLF13 with GATA4, a transcriptional effector of cardiac development, may in 
part be responsible for this phenotype. However, the significance of KLF13 in the 
mammalian heart has not been reported to date.

KLFs in Cell Proliferation, Apoptosis, and Oncogenesis

KLF4, KLF5, and KLF6 have been extensively studied in cell growth. KLF4 
and KLF5 exhibit contrasting effects on cell growth in epithelial cells (Ghaleb 
et al. 2005). KLF5 is markedly induced in proliferating SMCs and fibroblasts, 
and it promotes proliferation of those cells, whereas KLF4 inhibits proliferation. 
Induction of KLF5 has been shown to be mediated by Erk-1 and the Wnt-1 signaling 
pathway (Kawai-Kowase et al. 1999; Ziemer et al. 2001). Introduction of KLF5 into 
NIH 3T3 and intestinal epithelial cells promotes growth and induces a transformed 
phenotype as indicated by anchorage-independent growth (Nandan et al. 2004). 
KLF5 positively regulates not only growth factor genes but also cell cycle promoting 
genes such as cyclin D1, cyclin B1, and dk1/Cdc2 (Nandan et al. 2005).

In KLF5+/− mice, proliferation of vascular SMCs and cardiac fibroblasts, which 
occurred in response to mechanical injury and angiotensin II treatment, was markedly 
diminished (Shindo et al. 2002). Furthermore, infection of KLF5+/− mice with 
Citrobacter rodentium, a gram-negative bacterium, attenuated a hyperproliferative 
response of epithelium in the colon (McConnell et al. 2008).

Tumorigenicity of KLF5 is still controversial. KLF5 has been implicated in 
progression of colorectal cancer (Ghaleb and Yang 2008), although there has been 
a report showing that expression of KLF5 is reduced in intestinal tumors (Bateman 
et al. 2004). However, at least in colorectal cancer with mutated (activated) KRAS, 
KLF5 has been implicated in tumor progression because inhibition of KLF5 
expression by mitogen-activated protein kinase/extracellular signal-regulated 
kinase (MEK) inhibitors or KLF5-specific small interfering RNA led to reduced 
proliferation and transformation (Nandan et al. 2008).

Antiapoptotic activity of KLF5 is mediated in part by interaction with a 24-kDa 
proteolytic fragment of poly(ADP-ribose) polymerase-1 (PARP-1), a nuclear 
enzyme important in apoptosis. KLF5, particularly when acetylated, binds a 
24-kDa proteolytic fragment of PARP-1 with high affinity and suppresses its 
apoptotic activities (Suzuki et al. 2007).

KLF4 and KLF6, on the other hand, are generally considered tumor suppressors. 
KLF4 inhibits the transition between the G

1
 and S phases of the cell cycle, 
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which has been shown to occur by coordinated regulation of expression of 
numerous cell cycle regulatory genes including induction of p21/WAF1 and G1/S 
checkpoint genes (Zhang et al. 2000). The significance of KLF4 as a tumor suppressor 
has been extensively investigated in vitro and in vivo. KLF4 is activated by the 
tumor suppressor APC; and when KLF4+/− mice were crossbred with APCmin/+ mice, 
which develop adenomas in the intestine, they developed more intestinal adenomas 
than the APCmin/+ mice (Ghaleb et al. 2007). These reports indicate a role for KLF4 
as a tumor suppressor in the gut. Conversely, experiments in cutaneous squamous 
epithelial cells showed KLF4 to be growth promoting because conditional overex-
pression of KLF4 in the basal layer of mouse skin led to hyperplasia, dysplasia, 
and squamous cell carcinoma (Foster et al. 2005). KLF4 levels are increased in 
mammary carcinoma and oropharyngeal squamous cell carcinoma (Foster et al. 
2000), and KLF4 can act as a context-dependent oncogene through suppression of 
p53 (Rowland et al. 2005).

KLF6 is ubiquitously expressed and inducible by various stimuli. KLF6 is also 
considered a tumor suppressor. KLF6 promotes G

1
 cell cycle arrest by inhibiting 

cell cycle-related gene expression; KLF6 upregulates expression of the p21/WAF1 
gene and represses the cyclin D1 gene, thus disrupting cyclin D1-cyclin-dependent 
kinase (cdk) 4 complexes (Benzeno et al. 2004; Shie et al. 2000). KLF6 has been 
studied in detail in human prostate cancer in which the KLF6 locus is frequently 
deleted or mutated (Narla et al. 2001). Loss of heterozygosity (LOH) of the KLF6 
gene is found in multiple cancers, including colorectal, hepatocellular, lung, 
and ovarian carcinomas (Narla et al. 2007; Watanabe et al. 2008). Furthermore, 
glioblastoma tumorigenicity could be suppressed by expression of KLF6 both in 
vitro and in vivo (Kimmelman et al. 2004). However, a role for KLF6 as a tumor 
suppressor is still controversial because silencing KLF6 leads to inhibition of cell 
proliferation and sensitization to apoptosis (Sirach et al. 2007). One explanation 
for this contradiction is the generation of splice variants of the KLF6 gene 
(KLF6-SV1-3) (Yea et al. 2008). KLF6-SV1 and SV2 are localized in the cytoplasm 
and antagonize the transcriptional activities of KLF6. Targeting KLF6-SV1 has 
been shown to induce spontaneous apoptosis in prostate cancer cells; and high 
levels of KLF6-SV1 expression in prostate tumor are associated with a low survival 
rate (Narla et al. 2008).

KLF2, KLF8, KLF10, and KLF11 have also been implicated in tumor growth. 
KLF2 inhibits cell growth by upregulating cell cycle checkpoint genes such as 
p21/WAF1 and WEE1. In ovarian cancer, KLF2 has been demonstrated to repress 
WEE1, which facilitates tumor cells to undergo apoptosis (Wang et al. 2005). KLF8 
is known to be expressed in several types of human cancer. KLF8 upregulates cyclin 
D1 and is required for v-Src-induced transformation in NIH3T3 cells (Wang and 
Zhao 2007). KLF10 and KLF11 are TGF-β-responsive genes (Ribeiro et al. 1999). 
KLF11 has been implicated in inhibition of cell growth in vitro and in vivo and in 
neoplastic transformation. The oxidative stress scavengers SOD2 and Catalase1 
are target genes of KLF11 and are downregulated in transgenic mice for KLF11. 
A complex of KLF11 and co-repressor mSin3a suppresses cell growth by repressing 
TGF-β-induced transcription from the Smad7 promoter (Fernandez-Zapico et al. 2003). 
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Phosphorylation of KLF11 by Erk-MAPK inactivates this pathway in pancreatic 
cancer cells with oncogenic Ras mutations (Ellenrieder et al. 2004). Despite these 
effects of KLF11, however, deletion of the KLF11 gene did not show any phenotypes 
in development and growth (Song et al. 2005).

KLFs in Inflammation

KLF2, KLF4, KLF5, and KLF13 are known to be involved in modulating inflam-
mation and/or differentiation of immune cells. KLF2 is expressed in lymphocytes, 
monocytes, and endothelial cells, playing a key role in thymocyte and T-cell migra-
tion by regulating sphingosine-1-phosophate receptor S1P1 (Carlson et al. 2006). 
KLF2 in monocytes and endothelial cells inhibits proinflammatory activation of 
these cells. Inhibition of KLF2 expression in monocytes by short interfering RNA 
increases inflammatory gene expression, whereas overexpression of KLF2 inhibits 
lipopolysaccharide (LPS)-mediated induction of proinflammatory cytokines and 
reduces phagocytosis, which are mediated by inhibiting the transcriptional activ-
ity of NF-κB (Das et al. 2006). KLF2 in endothelial cells also inhibits endothelial 
activation in response to proinflammatory stimuli (SenBanerjee et al. 2004). KLF2 
is thought to be atheroprotective, as KLF2+/− /ApoE−/− mice show increased diet-
induced atherosclerosis (Atkins et al. 2008).

KLF4 functions as a regulator of monocyte differentiation. Cre-excision of KLF4 
in hematopoietic stem cells (HSCs) resulted in a reduced number of monocytes and 
an increase in granulocyte formation, whereas overexpression of KLF4 in HSCs 
resulted in differentiation to monocytes (Feinberg et al. 2007). In KLF4−/− chimeras, 
which were generated by transplanting KLF4−/− fetal liver cells into irradiated 
wild-type mice, showed a lack of circulating inflammatory (CD115+Gr1+) monocytes 
and reduced numbers of resident (CD115+Gr1−) monocytes (Alder et al. 2008). 
In macrophages, KLF4 expression was induced by proinflammatory cytokines such as 
interferon-γ (IFN-γ), LPS, and tumor necrosis factor-α (TNF-α), and overexpression 
of KLF4 activated macrophage as shown by iNOS induction (Feinberg et al. 2005).

KLF5 regulates various genes involved in cell growth and angiogenesis, whereas 
proinflammatory cytokines, growth factors, angiotensin II, and S1P induce KLF5 
expression (Shindo et al. 2002; Usui et al. 2004). KLF5+/− mice showed reduced 
chronic inflammation when angiotensin II was infused or a foreign body was 
placed around the artery (Shindo et al. 2002). KLF5 binds p50 subunit of NF-κB 
and promotes PDGF-A gene activation by KLF5 alone (Aizawa et al. 2004). 
Furthermore, overexpression of KLF5 in fibroblasts induced S100A, a potent 
proinflammatory protein (unpublished data). In intestinal epithelial cells, KLF5 
mediates a LPS-induced proinflammatory response (Chanchevalap et al. 2006).

KLF13 is involved in the development of both B and T cells at multiple stages. 
In KLF13−/− mice, peripheral T cell activation was impaired. B-cell maturation in 
bone marrow was also impaired as revealed by partial arrest of B cells at the transi-
tion from CD43+ to CD43− pre-B cells (Outram et al. 2008).
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KLFs in Phenotypic Modulation of Cell and Tissue 
Remodeling

Phenotypic modulation of cells underlies various diseases. In the cardiovascular 
system, for example, external stress such as pressure overload or angiotensin II 
loading induces changes in gene expression of cells, leading to hyperplasia of 
vascular SMCs, hypertrophy of cardiac myocytes, and tissue fibrosis. Structural 
rearrangement in organs is referred to as tissue remodeling.

The role of KLFs in tissue remodeling has been most extensively studied in the 
cardiovascular system. KLF5 is involved in phenotypic modulation of vascular SMCs 
and fibroblasts. KLF5 regulates genes of cell growth-related genes such as PDGF-A 
and PDGF-B, TGF-β, and SMemb/NMHC-B, a molecular marker of dedifferentiated 
SMCs (Fujiu et al. 2005; Shindo et al. 2002; Usui et al. 2004; Wan et al. 2008; Watanabe 
et al. 1999). Introduction of short interference RNA into SMCs inhibits phenotypic 
modulation of the cell and increases expression of SMC differentiation markers (Liu 
et al. 2005). In KLF5+/− mice under various pathological conditions, hypertrophy and 
fibrosis in the heart, neointimal hyperplasia in the artery, fibrosis in the kidney, and angio-
genesis in implanted cancers were mitigated compared to that in wild-type mice (Fujiu 
et al. 2005; Shindo et al. 2002). In the cardiovascular system, a complex of RARα-RXR 
in SMCs and fibroblasts binds KLF5 as a coactivator and mediates KLF5-induced 
phenotypic modulation of cells and tissue remodeling (Shindo et al. 2002).

KLF4 has been thought to be a repressor of SMC differentiation markers in 
cultured SMCs such as smooth muscle α-actin, smooth muscle myosin heavy chain, 
and SM22α (Liu et al. 2005). KLF4 promotes phenotypic modulation of SMCs in 
vitro when stimulated with PDGF-BB. However, KLF4 can be a growth-promoting 
transcription factor in a context-dependent manner. Interestingly, conditional targeting 
of the KLF4 gene in vivo suppressed phenotypic modulation of SMCs but accelerated 
SMC proliferation in response to vascular injury (Yoshida et al. 2008). KLF15 
has also been implicated in SMC proliferation following vascular injury because 
KLF15−/− mice developed exaggerated neointimal formation (Wang et al. 2008a).

Null mutants of KLF2 show apparently normal angiogenesis and vasculogenesis, 
but null embryos die in utero because of hemorrhaging and abnormal blood vessel 
structure (Kuo et al. 1997). They show endothelial cell necrosis, thin tunica media, 
and a reduction in pericytes and differentiated SMCs. KLF2 in endothelial cells is 
inducible by laminar flow and 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) 
reductase inhibitors (statins). Statins upregulate heme oxygenase-1 (HO-1), endothelial 
nitric oxide synthase (eNOS), and thrombomodulin, each of which has an antiin-
flammatory and an antiatherosclerotic effect on the vasculature (Ali et al. 2007; 
Haldar et al. 2007; SenBanerjee et al. 2004; van Thienen et al. 2006).

In liver fibrosis, activation and proliferation of satellite cells are thought to play 
a critical role. KLF6 is induced in activated hepatic satellite cells and has been 
suggested to be involved in hepatic fibrosis (Friedman 2006; Ratziu et al. 1998). 
Another mechanism of organ fibrosis is epithelial-mesenchymal transition (EMT), 
which is mediated by TGF-β. In renal fibrosis due to high glucose levels, elevated 
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KLF6 in renal proximal tubules has been suggested to induce EMT (Holian et al. 
2008). KLF8, a downstream effector of focal adhesion kinase (FAK), has been 
implicated to play a crucial role in EMT in mammary gland epithelial cell lines. 
Aberrant expression of KLF8 in invasive human cancer is correlated with a decrease 
in E-cadherin expression; suppression of KLF8 in cancer cells restored E-cadherin 
expression and inhibited invasiveness of the cells (Wang et al. 2007).

In the presence of cardiac hypertrophy, gene expression in the myocardium is 
altered; that is, there is reduced expression of differentiation markers and induction 
of fetal genes. KLF10 is involved in the TGF-β–Smad pathway, and knockout 
of the gene results in hypertrophic cardiomyopathy (Subramaniam et al. 2007). 
KLF15 is also known to play a role in cardiac phenotypes, as knockout of the gene 
results in cardiac hypertrophy (Fisch et al. 2007).

KLFs in Metabolism

Roles of KLFs in adipocyte differentiation were described earlier in the chapter. 
In Caenorhabditis elegans, suppression of KLF1 gene expression by RNA interference 
results in increased fat accumulation in the intestine (Hashmi et al. 2008). In KLF5+/− 
mice did not develop obesity with a high-calorie diet as much as did wild-type mice, 
although they fed more (Oishi et al. 2005). This is due in part to enhanced lipid oxidation 
and energy uncoupling in skeletal muscles. SUMOylated KLF5 is associated with co-
repressors containing PPARδ; it represses CPT1b, UCP2, and UCP3 in skeletal muscles, 
thereby suppressing lipid metabolism (Oishi et al. 2008).

KLF15−/− mice developed severe hypoglycemia after an overnight fast, which is 
caused by defective amino acid catabolism in liver and skeletal muscles. KLF15 
regulates gene expression of alanine aminotransferase (ALT), which converts alanine 
to pyruvate (Gray et al. 2007). KLF15 also regulates insulin-sensitive glucose trans-
porter GLUT4 in both adipocytes and muscle tissues, which seems to be due to 
synergistic activation of the GLUT4 gene by KLF15 and MEF2A (Gray et al. 2002).

3,5,3′-Triiodothyronine (T
3
) is a biologically active thyroid hormone that 

regulates the basal metabolic rate in vertebrates. T
3
 is generated from prohormone 

thyroxine (T
4
) by deiodination enzymes Dio1 and Dio2. Dio1 is known to catalyze 

both activation and inactivation of T
4
. Expression of the Dio1 gene is strongly 

upregulated by KLF9, which is more enhanced in the presence of HNF4α and 
GATA4 (Ohguchi et al. 2008).

Transcriptional Regulatory Mechanisms of KLFs 
and Pharmacological Control

KLFs and Sp1 have common binding sites (i.e., GC-rich rich sites or CACCC-
boxes) and activate promoter reporter constructs containing these sites in in vitro 
promoter assays. However, these binding sites in vivo are selectively discriminated 
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by individual factors. The mechanisms whereby Sp/KLF family members exhibit 
their specific biological functions through these similar DNA-binding sequences 
remain to be elucidated. To our current knowledge, formation of a transcription 
complex that consists of transcription factors with co-activators/co-repressors and 
chromatin-associated factors is a key regulatory mechanism for gene expression 
in a context-dependent manner. Protein modification of transcription factors is 
another mechanism of gene expression that may affect binding activities of tran-
scription factors with cofactors. KLF5 has been thoroughly investigated in several 
laboratories, including ours, and provides an example of transcriptional regulation 
in which a member of KLF is incorporated. Therefore, we focus our discussion 
here on KLF5. In SMCs and fibroblasts, KLF5 forms a complex with RARα-RXR 
and activates the PDGF-A gene. KLF5 associates with the p50 subunit of NF-κB 
in phorbol ester-induced pathological conditions in SMCs, which promotes KLF5-
induced PDGF-A gene activation and possibly underlies the transition from acute 
to chronic inflammation (Aizawa et al. 2004). RARα-RXR-induced activation 
of KLF5 is repressed by the RARα agonist Am80 but further activates RARα 
antagonist LE135 (Shindo et al. 2002). All-trans retinoic acid (ATRA), Am80, and 
acyclic retinoid NIK-333 induce SMC differentiation and inhibit dedifferentiation 
in which KLF5 and possibly KLF4 are involved (Fujiu et al. 2005; Kada et al. 2007, 
2008; Wang et al. 2008b).

During adipocyte differentiation KLF5 binds C/EBPα and C/EBPβ and 
upregulates PPARγ

2
, which is essential for adipocyte differentiation (Oishi et al. 

2005). In skeletal muscles, a complex of KLF5 and PPARδ represses the UCP2 
gene. C/EBPα activates UCP2 promoter in both adipocytes and skeletal muscle 
cells. C/EBPα-induced activation of UCP2 promoter is further activated by 
KLF5 in adipocytes but inhibited in skeletal muscle cells (Oishi et al. 2008).

In skeletal muscles, SUMOylated KLF5 forms a transcriptionally repressive 
complex with C/EBPβ, unliganded PPARδ and corepressors, NCoR and SMRT, 
resulting in repression of the UCP2, UCP3, and CPT1b gene expression under basal 
conditions. The presence of a PPARδ ligand, GW501516, changes the composi-
tion of this complex by recruiting desumoylation enzyme SENP1 and acetylation 
enzyme CBP, which then induces chromatin remodeling and activation of UCP2, 
UCP3, and CPT1b genes (Oishi et al. 2008). SUMOylation of KLF5 is also indi-
cated to enhance nuclear localization and promote anchorage-independent growth 
of HCT116 colon cancer cells (Du et al. 2008). SUMOylation of KLFs leads to 
enhancement of their transrepression activities as known for KLF1 (Perdomo et al. 
2005; Siatecka et al. 2007) and KLF8 (Wei et al. 2006).

Acetylation of KLFs enhances transcriptional activity. KLF5 is acetylated at 
a lysine residue proximal to the DNA binding domain by p300/CBP, and HeLa 
cells transfected with nonacetylatable KLF5 are sensitive to TNFα-induced 
apoptosis (Miyamoto et al. 2003). Histone deacetylase1 (HDAC1), on the other 
hand, negatively regulates the transcriptional activity of KLF5 (Matsumura et al. 
2005). KLF5 activity is also inhibited by binding to SET/TAF-1β, an oncogenic 
protein that participates in chromatin assembly (Miyamoto et al. 2003). KLF5 
interacts with a histone chaperone, acidic nuclear phosphoprotein 32B (ANP32B), 
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leading to transcriptional repression of a KLF5-downstream gene. Recruitment 
of ANP32B onto the promoter region requires KLF5 and results in promoter 
region-specific histone incorporation and inhibition of histone acetylation by 
ANP32B (Munemasa et al. 2008).

Perspective

In recent years, many investigations on KLFs have been performed in laboratories 
worldwide. However, how KLFs show regulatory functions through binding to 
similar GC-rich sites or CACC-boxes remains an enigma. Multiple KLFs expressed 
in individual cells participate in differentiation of various cell types, some of which 
exert opposite functions. Furthermore, individual CACC-boxes existing in the 
same promoter region may respond to different types of stimuli as shown in the 
p21/Waf1 promoter (Gartel and Tyner 1999; Lu et al. 2000; Wang et al. 2000). It 
is important to note that DNA-binding characteristics likely differ in the in vivo 
context of chromatin DNA in vivo in contrast to the naked DNA state often used for 
biochemical experiments. One important example using transgenic mice showed 
that EKLF/KLF1 preferentially binds the β-globin locus site in vivo that had been 
shown to bind both EKLF and Sp1 in biochemical studies (Gillemans et al. 1998). 
Therefore, the KLF family apparently constitutes a complex network through 
which biological diversity and stress responses are regulated. However, whether 
individual KLF genes are independently regulated or gene expression of KLFs is 
coordinated through cross-talk among family members, as shown for KLF1, KLF3, 
and KLF8, requires more extensive examination (Eaton et al. 2008).

The mechanisms of action as a transcriptional factor are of primary importance 
in KLF research. Splice-variants of KLF6 transcripts have been reported to inhibit 
the native form of KLF6 (Narla et al. 2008). Whether similar splice-variants exist 
in other KLFs is not known and needs to be clarified. KLFs are subjected to 
posttranslational modifications as well—such as acetylation, phosphorylation, 
ubiquitination, and sumoylation—which at least in part are thought to affect their 
binding with transcriptional cofactors, thus mediating the differential biological 
effects of KLFs. Furthermore, KLFs interact with chromatin-associated factors 
including histone chaperones, acetylases/deacetylases, and nucleosome-remodeling 
enzymes, which allow the KLF transcription factor complex to access specific genes 
in packaged chromatin. KLFs may also posttranscriptionally modify other transcription 
factors and cofactors (Oishi et al. 2008). To understand the functions of KLFs, it 
is necessary to continue comprehensive analyses on each KLF member from these 
aspects. At the same time, molecular structures of KLFs need to be determined. 
In this volume, Chapter 2, contributed by Shigeyuki Yokoyama and colleagues, is 
devoted to the structures of KLFs. They reveal structures of DNA-binding domains 
and the protein-binding domains of KLFs. However, the structures of the N-terminal 
regions as a complex with co-activators or co-repressors have not been clarified. 
In analogy, Sp1 has been subjected to structural analysis of its cofactor complex 
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that acts through the regulatory region, and similar analyses are anxiously awaited 
for KLFs to understand their similarities and differences (Taatjes et al. 2002). It is 
important to determine the structures of the KLF–cofactor complex and examine 
how they recognize specific GC-boxes or CACC-boxes in the DNA sequences.

Many members of the KLF family are ubiquitously expressed, and their expression 
is closely associated with cell growth or growth inhibition, phenotypic modulation 
of cells, and tumorigenesis in which interactions between parenchymal cells and 
stromal cells (including inflammatory/immune cells and/or vascular cells) are 
implicated as playing critical roles. KLFs are involved in disease processes, including 
cardiovascular disease, certain types of cancer, and metabolic syndrome, in which 
the proinflammatory response to tissue stress or energy excess is underlying. It is 
therefore worthwhile to delete KLF genes in a cell type-specific manner and 
analyzing responses to external stress. Such experiments will provide new molecular 
and cellular insight into tumor growth and tissue remodeling.

Identification of low-molecular-weight compounds that can modulate the 
KLF–cofactor complex is another important research target given that this will 
lead to the development of new therapies. We discuss on this subject in detail 
in Chapter 18.

Research on the KLF family is still wide open and comprehensive understanding 
of family members will certainly help expand into new fields of molecular genetics, 
developmental cell biology and disease biology.
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Abstract The Krüppel-like factor (KLF) family regulates several biological 
processes, such as self-renewal, proliferation, differentiation, development, and 
tissue-selectively restricted events of a cell at the transcriptional level. The KLF 
family has a highly conserved array of three C2H2-type zinc fingers with similarity 
to Drosophila Krüppel at the C-terminus, comprising a GC-rich DNA-binding 
domain, to mediate activation and/or repression of transcription. In contrast, the 
N-terminal regions of KLFs contain several distinct domains that are required for 
binding to chromatin-associated proteins, such as CtBP or Sin3A. We describe the 
structure–function aspects of KLFs, with a primary focus on the DNA-binding 
domains and the protein-binding domains.

Introduction: Overview of KLF Proteins

DNA-Binding Domain

C2H2-type zinc fingers are found in various transcription factors (Wolfe et al. 
1999). In most cases, the C2H2 zinc finger is repeated from twice to more than 
30 times in the protein (Iuchi 2001). The zinc fingers of KLF are repeated three 
times, and the architecture and sequences are well conserved among the 17 human 
KLF proteins (Fig. 1). The first (ZF1), second (ZF2), and third (ZF3) zinc fingers 
are composed of 25, 25, and 23 amino acids, respectively. The linkers of each zinc 
finger are conserved in all of the KLF proteins, including five amino acid residues, 
TGEKP. Like most of the C2H2-type zinc fingers, the KLF zinc fingers bind DNA 
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and recognize a certain sequence. The amino acids located at positions −1, 2, 3, 
and 6 from the N-terminal residue of the α-helix directly interact with a DNA base. 
The DNA recognition modes of these amino acid residues were predicted from 
a previous structural analysis of non-KLF C2H2 zinc fingers (described below) 
(Wolfe et al. 1999).

Pro-rich, Ser/Thr-rich, Acidic, and Basic Regions

Transcription factors often have a Pro-rich region that is recognized by the SH3 
domain or the WW domain (Macias et al. 2002). The SH3 domain, found in a variety 
of intracellular or membrane-associated proteins, binds to the sequence motif 
PXXP, where X is any residue (Mayer 2001). Similarly, the WW domain, found in 
signal transduction pathways, binds to the Pro-rich sequence motif [A/P]PP[A/P]Y. 
Such Pro-rich regions are found in the N-terminal regions of KLF1 to KLF5, KLF8, 
and KLF16 (Fig. 1). The Pro-rich region of KLF5 interacts with the WW domain 
of the proteolysis-related protein ubiquitin ligase WWP1 (Chen et al. 2005). This 
interaction modulates the activity of KLF5 in gene regulation by ubiquitination and 
degradation (Chen et al. 2005).

Fig. 1 Human KLF family members. The domain architecture of each KLF is depicted based on 
the sequence conservation among species. The three C2H2 zinc fingers are shown as ZF1, ZF2, 
and ZF3. Pro-rich, Ser/Thr-rich, acidic, and basic regions are yellow, green, red, and blue rectangles, 
respectively. CtBP-binding regions and Sin3A-binding regions are indicated by arrows. The amino 
acid length of each KLF protein is shown on the right
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In addition to the Pro-rich region, there is a Ser/Thr-rich region in KLF4, KLF6, 
KLF8, KLF12, KLF16, and KLF17 (Fig. 1), The exact function of the Ser/Thr-rich 
region in the KLFs has not been elucidated.

In several KLFs, an acidic amino acid (Asp/Glu)-rich region (acidic region) 
exists in the N-terminal region (Fig. 1, shown by a red rectangle). The acidic region 
is thought to be required for transcriptional activation (Kaczynski et al. 2003; 
Ptashne 1988).

A basic amino acid (Arg/Lys)-rich region (basic region) can be found just before 
the repeated zinc fingers in several KLFs (Fig. 1, shown by a blue rectangle). 
The basic region might function as a nuclear localization signal (NLS) (Kaczynski 
2003). However, the basic region of KLF1 is not essential for its nuclear localiza-
tion, and several basic residues in the repeated zinc fingers are instead critical 
determinants for its nuclear localization (Pandya and Townes 2002). Furthermore, 
the basic region is absent in several KLFs, such as KLF9, KLF10, KLF11, KLF14, 
KLF15, KLF16, and KLF17 (Fig. 1), although the KLFs putatively function as 
DNA-binding transcription factors in the nucleus. The basic region may be utilized 
for interactions with other nuclear proteins.

CtBP-Binding Region

KLFs are known to interact with several chromatin-associated factors. Among 
these factors, C-terminal binding protein (CtBP) plays a key role in transcriptional 
repression (Criqui-Filipe et al. 1999; Schaeper et al. 1995; Turner and Crossley 
1998). KLF3, KLF8, and KLF12 contain a consensus sequence, PXDL(S/T), 
in their N-terminal regions (Fig. 1). This sequence is thought to bind to the 
C-terminal binding protein (CtBP), which is known as an E1A-binding transcrip-
tional co-repressor with sequence similarity to 2-hydroxy acid dehydrogenases 
(Chinnadurai 2002; Turner and Crossley 1998). Several transcription factors recruit 
the CtBP co-repressor (Shi et al. 2003; Turner and Crossley 2001). These transcrip-
tion factors, including the KLF family members, directly bind to the co-repressor 
through the consensus amino acids PXDL(S/T) (Chinnadurai 2002; Turner and 
Crossley 1998; van Vliet et al. 2000). The KLF family members containing 
the CtBP-binding motif thus repress transcription in collaboration with CtBP 
(Kaczynski 2003; Lomberk and Urrutia 2005; Turner and Crossley 2001; van Vliet 
et al. 2000).

Sin3A-Binding Region

The Sin3 co-repressor functions as a platform for a co-repressor complex comprising 
multiple proteins (Silverstein and Ekwall 2005). Sin3 recruits transcription factors, 
such as KLFs and histone deacetylases (HDAC) (Silverstein and Ekwall 2005). 
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KLF9, KLF10, KLF11, KLF13, KLF14, and KLF16 contain a hydrophobic consensus 
sequence, φφXXLφX(Μ/Ι)X (where φ is a hydrophobic residue), in their N-terminal 
regions (Fig. 1). The φφXXLφX(Μ/Ι)X motif is known to bind the transcriptional 
co-repressor mSin3A (Kaczynski et al. 2001; Zhang et al. 2001). The Sin3A co-
repressor complex is one of the best characterized HDAC-associated regulator 
complexes identified from yeasts to humans (Silverstein and Ekwall 2005). The KLF 
members containing the Sin3A-binding motif play a key role in repressing their target 
genes through their association with mSin3A (Kaczynski et al. 2003; Lomberk and 
Urrutia 2005).

DNA-Binding Domains of KLFs

Putative DNA Recognition Sequences

The C2H2-type zinc fingers of the KLF members consist of 25, 25, and 23 amino 
acids, in order. Each zinc finger holds one zinc ion between a β-hairpin at the 
N-terminus and an α-helix at the C-terminus. An example of a KLF zinc finger 
structure is shown in Figure 2 (Nagashima et al. unpublished data). The zinc 
ion is coordinated by two Cys residues on the β-hairpin and two His residues on 
the α-helix (Fig. 2A, B). Each zinc finger recognizes three base pairs in double-
stranded DNA, and thus the three zinc finger repeats of the KLFs recognize nine 
base pairs in total. The DNA recognition mode of the KLF zinc fingers can be 
predicted based on the structural analysis of the Zif268–DNA complex (Wolfe et al. 
1999). The four amino acids at positions −1, 2, 3, and 6 from the N-terminal end 
of the α-helix play the most critical role in direct base recognition (Fig. 2A,B). 
Most of these four amino acid residues are conserved among the KLFs (Fig. 2C). 
In ZF1, Ala and Ser, which presumably have little preference for DNA bases, 
appear at the 6th position (Fig. 2C). Furthermore, the Lys at position −1 also has no 
preference for DNA bases. Collectively, ZF1 should prefer the sequence 5′-NGN-3′, 
where N is any base (Fig. 2D). As for ZF2, the four positions are completely conserved 
among the KLFs, and ZF2 should prefer the sequence 5′-GCG-3′ (Fig. 2D). In the 
case of ZF3, Leu, Lys, and Gln appear at the 6th position (Fig. 2C). The Leu residue 
would have no preference for a DNA base, whereas Lys and Gln prefer G or T, and 
A, respectively. The ZF3 fingers of KLF1 to KLF8, and KLF12 should thus prefer 
the sequence 5′-NGG-3′. In the same manner, the ZF3 fingers of KLF9, KLF10, 
KLF11, KLF13, KLF14, KLF15, and KLF16 should prefer 5′-(G/T)GG-3′, and 
the ZF3 finger of KLF17 may prefer 5′-AGG-3′ (Fig. 2D). These predictions of the 
DNA recognition, shown in Figure 2D, are essentially consistent with numerous reports 
on the sequence preferences of KLFs to the CACCC-box (GC-box) in promoter 
or enhancer regions (Izmailova et al. 1999; Jiang et al. 2008; Nielsen et al. 1998; 
Philipsen and Suske 1999).
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Structures of DNA-Binding Domains

There is presently no structural information available for DNA-bound KLFs. 
We have analyzed several solution structures of KLFs in complex with DNA and 
completed the nuclear magnetic resonance (NMR) structure calculations on one of 
the KLF zinc fingers in complex with a GC-box DNA (Nagashima et al. unpub-
lished). Without the double-stranded DNA, we found that the two tandem KLF zinc 
fingers are independently structured, and the two zinc fingers are randomly oriented 
in solution (Fig. 3, left). The fold of each C2H2 zinc finger is rigid, and the linker 
between the fingers has a random conformation (Fig. 3). Each zinc finger binds one 
zinc ion coordinated by two Cys and two His residues in the same manner as 
the other C2H2-type zinc fingers (Figs. 2B, 3). In contrast, when the KLF protein 
is incubated with double-stranded GC-box DNA, the zinc fingers dock on the 
major groove of the predicted DNA sequence with a defined spatial alignment 
(Fig. 3, right). As a result, the linker between the zinc fingers is fixed on the DNA 
(Fig. 3). The conformational change that occurs upon binding to the double-stranded 
DNA appears to lead to specific, high-affinity recognition of the DNA sequence.

Fig. 2 Prediction of the DNA recognition sequences of the KLF family members. A Sequence of 
a typical KLF finger structure (the second finger of KLF5). The two Cys and two His residues that 
coordinate a zinc ion are indicated in yellow and blue letters, respectively. The two β-strands and 
the α-helix are indicated as green arrows and a red cylinder, respectively. The putative DNA 
recognition residues are shown as red letters (positions −1, 2, 3, and 6). B Typical KLF finger 
structure (the second finger of KLF5). C Alignment of the putative DNA recognition sequences 
of the KLFs. The residues differing among the KLF family members are highlighted. D Putative 
DNA recognition sequences of KLFs. Note that the 5′-end bases of the DNA sequence have 
diverged between the KLF subgroups
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The solution structure of the zinc fingers of the KLF family revealed the 
structural basis for recognition of the specific GC-box DNA sequence. Concerning 
prediction of the DNA recognition, the NMR structure confirmed that positions −1, 
2, 3, and 6 of the zinc finger recognized the DNA sequence by direct interactions 
(Nagashima et al. unpublished).

Comparison to the EGR1/Zif268 Structure

The solution structure of the KLF–DNA complex resembles the crystal structure of 
the EGR1/Zif268 zinc fingers in complex with DNA (Elrod-Erickson et al. 1996). 
ZF1, ZF2, and ZF3 of EGR1/Zif268 recognize the DNA sequences GCG, TGG, 
and GCG, respectively (Elrod-Erickson et al. 1998). The sequence alignment and 
structural comparison between KLF and EGR1/Zif268 indicate that the DNA 
recognition modes of ZF2 and ZF3 of the KLFs are almost the same as those of 
ZF1 and ZF2 of EGR1/Zif268, respectively (Fig. 4) (Nagashima et al. unpublished). 

Fig. 3 Solution structures of a typical KLF zinc finger domain. Twenty solution structures of a 
tandem KLF zinc finger are superposed. Green and blue helices indicate the second and third zinc 
fingers, respectively. Without DNA, each KLF zinc finger is structured, but the two fingers con-
nected by a linker sequence are randomly oriented (left). The entire domain containing the two 
zinc fingers becomes structured upon DNA binding (right)

Fig. 4 Superposition of the KLF and EGR1/Zif268 structures
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This implies that the KLFs and EGR1/Zif268 bind the same DNA sequence, 
5′-(T/G)GGGCG-3′, while the recognition of one DNA triplet is different between 
the KLFs and EGR1/Zif268.

Protein-Binding Domains of KLFs

CtBP-Binding Domain

CtBP interacts with the repression domains of transcription factors (e.g., KLF3, 
KLF8, KLF12) and with repressor complexes containing histone deacetylases 
(Chinnadurai 2002; Turner and Crossley 2001). The complex structures of CtBP3 
and the PIDLSKK peptide were reported (Nardini et al. 2003). Some KLFs share 
sequence homology with this peptide (Fig. 5B). In the CtBP-binding motif PXDLS, 

Fig. 5 Typical protein-binding motifs within KLFs. The structures of the Sin3B and CtBP3 
motifs are indicated. A Sequence alignment of the CtBP-binding motif of KLFs. The CtBP-binding 
motifs are colored yellow and cyan. B Sequence alignment of the region including the Sin3-binding 
motif. Amino acid codes colored blue indicate that structural information is available. Rows in cyan, 
magenta, and yellow indicate hydrophilic interaction, hydrophobic interaction, and important 
hydrophobic interaction with the pocket on the PAH domain, respectively. Note that types I and II 
have opposite directions of the amino acid sequence, and their binding to the PAH domain of Sin3 
occurs in opposite helical orientations. C Complex structure of CtBP3 and the designed CtBP3-
binding motif peptide. CtBP3 and the peptide are colored gray and red, respectively (PDB-ID: 
1HL3). D Complex structure of PAH1 of Sin3B and the transcription factor REST (Nomura et al. 
2005) (PDB-ID: 2CYZ). The PAH domain forms a four-helix-bundle (gray), and REST forms one 
helix (red) on the pocket of the PAH domain. The arrow indicates the orientation of the REST 
helix (type I). E Complex structure of PAH1 of Sin3A and the Sin3-associated peptide (SAP25) 
(Sahu et al. 2008) (PDB-ID: 2RMS). This figure is shown from the same viewpoint as in D. Note 
that the SAP25 helix is placed in the opposite orientation (type II) on the PAH domain
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X is often Leu or Val. Leu or another hydrophobic residue at X docks on 
a hydrophobic patch of CtBP, and the Asp and Ser residues of the motif form 
hydrogen bonds. KLF3, KLF8, and KLF12 are known to repress their target genes 
through the enzymatic activities of CtBP and HDAC (Lomberk and Urrutia 2005).

Sin3-Binding Motif

Sin3 consists of a repeated PAH domain and an HDAC-interacting motif. The PAH 
domain has a four-helix-bundle fold (Sahu et al. 2008). The complex structures 
between PAH and the Sin3-binding motif in several transcription factors revealed 
that the Sin3-binding motif forms an α-helix in a pocket on the PAH domain 
(Nomura et al. 2005; Sahu et al. 2008; Swanson et al. 2004). Interestingly, the PAH 
domain can bind to two types of peptide in opposite directions (Swanson et al. 2004). 
In the group containing MAD1 and the REST transcription factor, the binding motif 
is φxxφφxAAxxφ(E/D), where φ is a hydrophobic residue. On the other hand, in 
the opposite direction of the binding mode, the group containing KLF and the HBP 
transcription factor has the motif A(A/V)xφφxxφ. The hydrophobic residues in the 
binding motif are located within a hydrophobic pocket on the PAH domain in the 
helix bundle.

Other Potential Functional Domains in KLF5

In terms of protein–protein interactions, KLF5 is the most extensively characterized 
among the KLF family members. In carcinogenesis, KLF5 modulates cell 
proliferation, differentiation, and cell cycle regulation through direct interactions 
with several nuclear factors, such as WWP1 (Chen et al. 2005), Poly (ADP-ribose) 
polymerase-1 (PARP-1) (Suzuki et al. 2007), histone deacetylase HDAC1 
(Matsumura et al. 2005), histone acetyltransferase p300 (Miyamoto et al. 2003), 
the histone chaperones SET (Miyamoto et al. 2003) and ANP32B (Munemasa et al. 
2008), and the transcription activator STAT1 (Du et al. 2007). However, structural 
information about these complexes is still needed.

WWP1 functions as an E3 ubiquitin ligase for KLF5, and it plays a role in the 
degradation of KLF5 (Chen et al. 2005). WWP1 recognizes KLF5 as a substrate 
through a direct interaction between the WW domain of WWP1 and the NLTPPPSY 
motif of KLF5 (Chen et al. 2005). KLF5 may form a complex with WWP1 in the 
same manner as the complex between the WW domain and the motif peptide 
(Macias et al. 2002). PARP-1, which plays a key role in cell death and survival, 
directly interacts with the acetylated basic region of KLF5, and this interaction 
regulates apoptosis (Suzuki et al. 2007). The p300 histone acetyltransferase and its 
negative regulator SET also interact with the zinc finger region of KLF5 (Miyamoto 
et al. 2003). The histone chaperone ANP32B interacts with the KLF5 zinc fingers, 
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which leads to transcriptional repression of a KLF5 target gene (Munemasa et al. 
2008). STAT1 interacts with the N-terminal region of KLF5, which increases 
the transcriptional activity of KLF5 (Du et al. 2007). The interaction between the 
histone deacetylase HDAC1 and the basic region and ZF1 of KLF5 suppresses 
the transactivation of KLF5 (Matsumura et al. 2005).

Conclusions

The DNA sequence recognized by the DNA-binding domains of the KLFs can be 
predicted from several known structures of non-KLF zinc fingers. Basically, KLF1 
to KLF8 and KLF12 should prefer 5′-NGGGCGNGN-3′; KLF9 to KLF11, KLF13, 
KLF14, KLF15, and KLF16 should prefer 5′-(G/T)GGGCGNGN-3′; and KLF17 
should prefer 5′-AGGGCGNGN-3′. Our ongoing structural analysis of the KLFs 
revealed the structural resemblance to known C2H2 zinc fingers, the DNA-binding 
mode of the KLFs, and the structural basis for the sequence preference. In contrast, 
the N-terminal regions of the KLFs are variable, with several different characteristic 
sequences and/or protein-binding sites. However, no structural information on 
KLFs complexed with interactive proteins has been reported. To understand the 
molecular mechanisms of the KLF activities in the processes of self-renewal, 
proliferation, differentiation, and development of a cell, structural analyses of the 
KLF complexes must be performed.
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Abstract Krüppel-like factors (KLFs) are transcription regulatory proteins. Members 
of this protein family are characterized by a highly conserved C-terminus that has 
three zinc finger domains that bind to GC-rich sequences in DNA. The N-terminal 
domains of these proteins contain regulatory regions that can activate or repress 
transcription in a context-specific manner. KLFs interact with a wide range of 
co-activators or co-repressors to accomplish their transcription regulatory function. 
These interactions provide a complex stage for the chromatin dynamics to unfold 
and regulate diverse biological functions. This chapter focuses on expanding our 
understanding of molecular mechanisms of transcription regulation by KLFs and 
their impact on chromatin dynamics.

Introduction

Krüppel-like factors (KLFs) constitute a family of diverse transcription regulatory 
proteins characterized by an N-terminal domain that contains transcriptional 
regulatory motifs (Bieker 2001; Black et al. 2001; Cook et al. 1999; Cook and 
Urrutia 2000; Turner and Crossley 1998) and a highly conserved C-terminus that 
has three Cys2His2 zinc finger domains to bind to DNA. The members of this 
family bind to similar, yet distinct GC-rich target sequences, and they function 
either as activators or repressors (Bieker 2001; Lomberk and Urrutia 2005; Turner 
and Crossley 1998). KLF activator proteins, such as KLF1 and KLF4, function by 
interacting with histone acetylases, requiring interaction with the co-activator CBP/
p300 and p300/CBP-associated factor (PCAF) (Geiman et al. 2000; Zhang et al. 
2001a). On the other hand, KLF repressor proteins form a repressor complex with 
CtBP through use of a canonical PVDLS/T motif, a CtBP-interacting domain 
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(KLF3 and KLF8) (Turner and Crossley 1998; van den Ent et al. 1993), or they 
utilize the SIN3A-HDAC complex, which binds to a SIN3A-interacting domain, or 
SID (KLF10, KLF-11, KLF-13, KLF-16). Such complex formation has profound 
effects on chromatin dynamics, which affect virtually all known biological processes 
governing normal and abnormal mammalian development, differentiation, survival, 
and aging. Among others, histones play a central role in the chromatin dynamics as 
their N-terminal tails are subject to covalent modifications by the opposing actions 
of histone acetyltransferases (HATs) and histone deacetylases (HDACs), as well 
as other enzymatic activities. This reversible acetylation along with other histone 
modifications—collectively known as the Histone Code—alter either focal or global 
chromatin domains and thereby influence the activation or repression of gene 
transcription. In this chapter, we discuss the molecular mechanisms that have emerged 
during last two decades that have shed light on the transcriptional regulation by 
KLF family members and their effect on chromatin dynamics.

Classification of KLF Proteins and Their Co-repressor/
Co-activator Interactions

The discovery of Sp1 as a transcriptional regulator led to an extensive search, 
during last two decades, for proteins that are structurally and functionally related 
to Sp1. During the early 1990s, our laboratory characterized two novel, transforming 
growth factor-β (TGF-β)-inducible Sp1-like proteins—transcription factors TIEG1 
and TIEG2—which are now known as KLF10 and KLF11, respectively (Cook 
et al. 1998; Tachibana et al. 1997). Since then, database comparisons and library 
screening in addition to extensive work performed by many dedicated laboratories 
worldwide have revealed the existence of 24 different proteins that share a 
remarkable similarity with Sp1 within their zinc finger domains and also bind to 
GC-rich sequences to regulate gene expression, thus belonging to the KLF/Sp1-like 
family of proteins (Buttar et al. 2006; Kaczynski et al. 2003; Lomberk and Urrutia 
2005). For instance, we and several others have shown that both KLF10 and KLF11 
proteins bind to and regulate the function of promoters that contain Sp1-like 
sequences (Cao et al. 2005; Fernandez-Zapico et al. 2003; Lomberk et al. 2008; 
Neve et al. 2005; Subramaniam et al. 2007; Wang et al. 2007; Zhang et al. 2007). 
The existence of a family of Sp1-like proteins posed several important biological 
questions regarding their function. For example, do Sp1-like proteins: (1) have 
redundant or distinct roles in mammalian cell physiology; (2) form homodimers 
and/or heterodimers; (3) work in a cell type-specific manner; (4) participate in a 
hierarchical cascade of gene expression; and/or (5) antagonize each other’s 
functions to fine-tune specific cellular processes?

Several seminal publications with promising results by our group and several 
others over last two decades have helped move this field forward in addressing these 
questions. The ubiquitous expression of Sp1 in murine cells suggests that most, 
if not all, mammalian cells require Sp1 for proper function. The validity of this 
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hypothesis was supported by finding that the knockout of this gene leads to gross 
morphological defects in a large number of tissues (Liu et al. 1996; Marin et al. 
1997). In contrast, several other members of the Sp1-like family (e.g., KLF1, 
KLF2, Sp4) are expressed in a tissue-enriched manner (Abdelrahim et al. 2004; 
Carlson et al. 2006; Lin et al. 2005; Nielsen et al. 1998; Safe and Abdelrahim 2005; 
Watanabe et al. 1998). This selective pattern of expression raises the possibility 
that these proteins have a cell-specific function. This is particularly true in the case 
of KLF1 knockouts, where there are selective defects in erythropoiesis (Drissen et 
al. 2005; Eaton et al. 2008; Funnell et al. 2007). Because several Sp1-like proteins 
that recognize identical DNA sequences can be co-expressed in a single mammalian 
cell, it raised the question of redundancy or distinct transcriptional regulatory 
activity. By utilizing the biochemical comparison paradigm, we identified that 
whereas Sp1 acts as a potent transcriptional activator on reporter plasmids carrying 
GC boxes, KLF10 and KLF11 proteins act as transcriptional repressors (Cao et 
al. 2005; Fernandez-Zapico et al. 2003; Kaczynski et al. 2002; Neve et al. 2005). 
Moreover, there is a competition between Sp1-like proteins that function as “on” 
or “off” switches for similar promoters (Kaczynski et al. 2001; Sogawa et al. 1993; 
Turner and Crossley 1999). Another interesting finding is that certain members 
of the Sp/KLF family can activate transcription if the promoter contains multiple 
GC boxes but behave as repressors on promoters containing a single copy of this 
sequence (Imataka et al. 1992). This supports the notion that the regulation of gene 
expression by Sp1-like proteins may depend on promoter context. Overall, the 
discovery of Sp1-like transcriptional repressors, in addition to those members that 
activate transcription, has represented a significant step in the transcriptional field, 
and it challenged the early paradigm of “Sp1 activates all GC-rich sites.” As modeled 
by the current, more accurate paradigm, GC-rich sites are not necessarily the target 
of Sp1 in isolation; rather, these sites may be activated or repressed depending on 
the family member by which it is recognized. Collective studies in this field have 
emphasized the complex nature of the biological effects generated by the existence 
of various KLF proteins, which in large part are dictated by the co-activators and 
co-repressors that facilitate the chromatin dynamics occurring on a given promoter.

To first understand the function ascribed to these transcription factors and 
subsequently their effect on chromatin dynamics, it is important briefly to revisit a few 
basic structural properties of these proteins. At least three domains are required for 
any family member of these Sp/KLF transcription factors: the DNA-binding zinc 
finger domain, a nuclear localization signal (NLS) domain, and a transcriptional 
regulatory domain. Within the DNA-binding domain, comprised of three Cys

2
His

2
 

zinc finger motifs each of 25–30 amino acid residues, the sequence identity among 
the family members is higher than 65%, again emphasizing a role in the regulation 
of similar promoters (Kaczynski et al. 2003). Some zinc finger proteins recognize 
DNA sequences slightly different from the one that is predicted from its amino acid 
sequence, which is likely to be due to a mechanism of cooperative binding when 
the interaction of one finger with DNA modifies the selectivity of another finger. 
Similarly, DNA recognition by these zinc fingers may reflect a “wobbler effect” 
similar to the one that operates during peptide synthesis. Regardless of the exact 
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mechanism, currently Sp1-like proteins have been divided into two groups based 
on the selectivity between two highly similar GC-rich sites, either a CGCCC or 
CACCC core sequence (Crossley et al. 1996; Hagen et al. 1995; Kingsley and 
Winoto 1992; Matsumoto et al. 1998; Shields and Yang 1998; Thiesen 1990). Returning 
to the basic questions of KLF biology that remain to be answered, whether proteins 
compete against each other for recognition of these two different sites or acquire 
different binding selectivity by posttranslational modifications or combinations of 
homo-/hetero dimerization must be determined. Because there are several thousands 
of these sites genome-wide, this information would be useful to advance a large 
number of studies that are focused on the mechanism of expression of distinct 
genes while utilizing caution against adopting an Sp1-centric assumption.

In contrast to the high conservation of the zinc finger domain that defines the 
members of this family, the structure and function of the transcriptional regulatory 
domain in the N-terminal portion of the proteins, as well as the location of their 
NLS, are variable. The location of the NLS can categorize these proteins into two 
major groups: one containing the signal within the zinc finger domain and the 
second with the NLS directly upstream of this region (Pandya and Townes 2002; 
Shields and Yang 1997). Along with the structural variability in the N-terminus, the 
ability of distinct family members to regulate transcription and subsequently affect 
cellular processes are divergent as well. For instance, KLF11 behaves as a potent 
transcriptional repressor, distinguishing it from the powerful transcriptional activa-
tion of Sp1 (Cook et al. 1998). The functional distinctions between the members 
of this family are embedded within the high level of variability in the N-terminal 
portion of the protein, which contains specific activation and repression domains. 
These domains, in turn, interact with distinct co-activators and co-repressors, thus 
regulating the chromatin dynamics and consequently transcription of a promoter 
in its own unique manner. In summary, although the presence of the similar zinc 
finger domain classifies these proteins in the KLF family, it is the N-terminal region 
thatprovides the functional identity to each member.

Structural and Epigenetic Aspects of KLF–Co-activator 
Interactions

Several members of the Sp/KLF family of transcription factors have been 
shown to interact with co-activators. Interestingly, the interaction of the Sp/KLF 
proteins and their co-activators appears to be selective and may contribute to tran-
scriptional specificity. Beyond physical interaction, however, functionally most 
important is the chromatin remodeling capacity that KLF recruitment of these 
co-activators to a promoter facilitates. Some Sp/KLF members are able to promote 
transcription through glutamine-rich regions within their N-terminal domain, 
such as Sp1 and Sp3, which interact with components of the general transcription 
factor TAFII130 to recruit the RNA polymerase II complex (Gill et al. 1994). 
However, because the DNA of promoter regions is not in isolation but, rather, is 
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within the context of the chromatin landscape, generally speaking transcriptionally 
activating KLF proteins require the assistance of co-activators, which can remodel 
the chromatin at the target site via complexes containing histone acetyltransferase 
(HAT) activity, such as p300/CBP and PCAF. CBP (CREB-binding protein) and 
p300 (EP300, E1A binding protein) are transcriptional co-activators that are 
structurally and functionally closely related.(Vo and Goodman 2001). Together 
with an acetylase (p300/CBP associated factor, or PCAF) they have been shown 
to bind numerous transcription factors. Transcription factor binding by these 
co-activators generally results in increased target gene expression.

All of these transcriptional co-activators contain intrinsic histone/protein 
acetyltransferase domains (HAT/PAT). Functionally, histone acetylation at target 
gene promoters provides a binding site for bromodomain-containing proteins, 
including the HATs themselves and the SWI/SNF family of chromatin remodelers, 
allowing structural relaxation of chromatin, thereby facilitating access to transcrip-
tional machinery (Yang 2004). In addition to histone acetylation, p300/CBP and 
PCAF have been shown to acetylate several transcription factors. The functional 
significance of transcription factor acetylation is still under investigation, although 
it has been speculated that it affects their stability, DNA binding, and interaction 
with other proteins (Chen et al. 1999; Gu et al. 2001).

One KLF family member found to utilize the p300/CBP co-activator complex 
through direct transcription factor acetylation is KLF1 (erythroid KLF, or EKLF). 
KLF1 is necessary for the establishment of optimized chromatin structure and high-level 
expression of the β-globin gene that is characteristic of the erythroid cell lineage 
(Zhang et al. 2001b). CBP/p300 acetylates KLF1 at residues Lys288 and Lys302. 
Interestingly, KLF1 acetylation is necessary for transactivation of β-globin expression. 
Acetylation of KLF1 also facilitates interaction with the SWI/SNF chromatin 
remodeling complex, which further facilitates target gene expression. In contrast 
to KLF1, however, the acetyltransferase activity of CBP/p300 is not necessary for 
KLF13 (FKLF2)-mediated transactivation of human γ-globin expression (Song et al. 
2002). KLF13 instead depends on the PCAF acetyltransferase to upregulate γ-globin. 
Interestingly, although CBP/p300 cooperatively facilitates KLF13 DNA binding 
and hence γ-globin transactivation along with PCAF, only PCAF (not CBP/p300) 
acetyltransferase activity is necessary for this response. In addition, CBP and PCAF 
acetylate KLF13 in its zinc finger domain, causing differential effects (Song et al. 
2003). Acetylation by CBP disrupts the DNA binding of KLF13; and the regulation 
of DNA binding by KLF13 via PCAF and CBP can be synergistic or antagonistic, 
depending on acetylation status. This is exemplified by the observation that PCAF 
blocks CBP acetylation and thus prevents CBP disruption of KLF13 binding to DNA, 
whereas CBP-mediated acetylation of KLF13 prevents PCAF stimulation of KLF13 
DNA binding. Selective recruitment of specific co-activator domains in addition to 
selective utilization of co-activators may be one mechanism conferring target gene 
specificity of the diverse but structurally related Sp/KLF family members.

A different mechanism underlies regulation of the KLF4-mediated inflamma-
tory response in macrophages (Feinberg et al. 2005). KLF4 acts downstream of 
pro-inflammatory cytokines—e.g., interferon-γ (IFN-γ) and tumor necrosis factor-α 
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(TNF-α)—and activates inducible nitric oxide synthase expression (iNOS). In doing so, 
KLF4 antagonizes the antiinflammatory signal mediated by TGF-β1 and Smad3 via 
plasminogen activator inhibitor 1 (PAI1). Rather than binding the PAI1 promoter 
directly, KLF4 competes with Smad3 for CBP/p300 binding. Thus, KLF4 is an 
indirect trans-repressor of PAI1 by competitive antagonism via co-activator binding.

All of these mechanisms are operative to some extent in the regulation of KLF5 
(Matsumura et al. 2005). HDAC1 deacetylase competes with p300 for a common 
binding site on the first zinc finger of KLF5. HDAC1 has been shown to bind 
KLF5 directly and diminish its DNA-binding affinity. Conversely, p300 acetylates 
and activates KLF5-mediated transcription. The HDAC1-mediated reduction in 
DNA binding causes a decrease in expression of platelet derived growth factor 
A (PDGF-A), a KLF5 target gene. HDAC1 therefore inhibits KLF5 directly by 
decreasing DNA binding as well as indirectly by competitively antagonizing 
binding of acetylase p300. Studies continue to emerge with more KLF family 
members utilizing CBP/p300 as a co-activator, such as KLF2 (SenBanerjee et al. 
2004) and more recently KLF11 (R. Urrutia and R. Stein, unpublished results). 
These direct interactions with CBP/p300 recruit HAT activity to the site of the 
promoter and thus presumably facilitate an active chromatin state for transcription 
(Fig. 1). Further investigations will likely reveal additional KLF members that not 
only interact with CBP/p300 but with PCAF as well to allow more dynamic control 
of the chromatin landscape surrounding the Sp/KLF site.

Fig. 1 Chromatin dynamics of KLF-mediated activation. Using KLF11 as an example, this 
cartoon depicts a model for KLF-mediated activation that involves the recruitment of CBP/p300 
to a target gene promoter. The recruitment of CBP/p300 to the promoter also provides histone 
acetyltransferase (HAT) activity, which facilitates modification of surrounding histones to create 
“active” chromatin with acetylated histones. Addition of acetylated marks to histones signals 
activation of transcription through recruitment of other bromodomain-containing proteins, such as 
the SWI/SNF family of chromatin remodelers, allowing structural relaxation of chromatin and, 
thus, access to transcriptional machinery. A similar mechanism is proposed for the KLF family 
members that utilize p300/CBP-associated factor
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The Sp/KLF family is comprised of distinct but structurally related transcription 
factors. As our understanding of this family has evolved, it has become clear that no 
single classification scheme can accurately characterize the function of any member 
distinctly. Individual KLF transcription factors function as activators or repressors 
in a context-dependent manner. In addition to co-activator binding, recruitment 
of selective cofactors in specific complexes further determines the specificity of 
KLF-directed gene regulation. As mentioned for KLF1 and KLF5, the KLF 
transcription factors themselves are subject to post-translational modifications, such 
as acetylation, further augmenting or regulating their specific biological capability. 
The development of novel inhibitors of specific enzymatic activity of PCAF, CBP, 
and p300 acetyltransferases will not only the elucidate the role of these cofactor–KLF 
complexes but also contribute to novel therapeutic possibilities.

Structural and Epigenetic Aspects of KLF-Co-repressor 
Interactions

In 1998, the primary functional subfamilies of KLF transcriptional repressors were 
identified and characterized almost concurrently. A subset of KLF family members 
were found to utilize the C-terminal-binding protein (CtBP) co-repressors (Turner 
and Crossley 1998), and our laboratory discovered the KLF/TIEG TGF-β-inducible 
early gene subfamily of transcriptional repressors that function via the Sin3-HDAC 
system (Cook et al. 1998, 1999; Zhang et al. 2001a). Subsequently, an extended 
subfamily of Sin3-mediated repressors was described, known as the KLF/BTEBs 
[BTE (basic transcription element)-binding proteins] (Kaczynski et al. 2001, 2002). 
Initially, these KLF subfamilies were classified based entirely on structural features; 
however, because KLF/TIEGs and KLF/BTEBs utilize the same co-repressor system 
(i.e., Sin3-HDAC), these two groups may actually represent the same functional 
subfamily. Therefore, to focus on the relation of KLF proteins to chromatin dynamics, 
we discuss the KLF proteins according to their mechanisms of action—i.e., 
CtBP- and Sin3-dependent KLF repressors.

Ctbp-Dependent KLF Repressors

The CtBP-dependent KLF repressors include KLF3, KLF8, and KLF12, which have 
a five-amino-acid motif, PXDLS (Pro-Xaa-Asp-Leu-Ser), that interacts with CtBP 
(Schuierer et al. 2001; Turner and Crossley 1998; van Vliet et al. 2000). It is 
noteworthy that outside of this small CtBP-recognition motif, no additional 
significant similarity occurs in the N-terminal region of these three KLF proteins. 
Originally characterized as the binding protein of the C-terminal portion of the 
adenovirus E1A protein, CtBPs are highly evolutionarily conserved and share 
significant amino acid similarity to NAD-dependent 2-hydroxy acid dehydrogenases 
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(Boyd et al. 1993; Schaeper et al. 1995). Although the function of CtBPs as 
transcriptional co-repressors has been well established, their mechanism of action 
is still emerging (Cook et al. 1998; Nibu et al. 1998a, 1998b; Poortinga et al. 1998; 
Postigo and Dean 1999). One mechanism for gene silencing via CtBP proteins is 
through the recruitment of HDACs (Koipally and Georgopoulos 2000; Sundqvist et al. 
1998). However, evidence exists for the involvement of additional co-repressors 
as CtBP transcriptional repression also occurs independently of HDACs (Koipally 
and Georgopoulos 2000; Meloni et al. 1999; Phippen et al. 2000). Other transcrip-
tional repressor families have been reported to interact with CtBP, including Ikaros 
and members of polycomb (Koipally and Georgopoulos 2000; Sewalt et al. 1999). 
Therefore, gene silencing via CtBP appears to occur also through the physical 
rearrangement of nucleosomes, as several of these interacting proteins are 
fundamental parts of chromatin-remodeling complexes. During KLF-CtBP-mediated 
repression, it remains unclear as to which co-repressor CtBP recruits and whether 
the choice of co-repressor is KLF- or promoter-dependent.

Even though KLF3 was initially assumed to function only as an activator, as 
shown in studies on a minimal promoter, the achieved activation was still signifi-
cantly less than other KLF proteins, and this effect required an excess of KLF3 
protein (Crossley et al. 1996). Subsequently, KLF3 was found to be a potent 
repressor that mapped to a domain located within a 74-amino-acid sequence in the 
N-terminus (Turner and Crossley 1998). Using yeast two-hybrid screening, CtBP2 
was identified as the co-repressor for this KLF family member. KLF3 appears to 
have additional co-repressors as disruption of CtBP interaction does not completely 
abolish its transcriptional repression. Additional two-hybrid screening revealed 
an interaction between KLF3 and FHL3, a member of the FHL (four and a half 
LIM domain) family (Turner et al. 2003). FHL proteins have been implicated in 
cytoskeletal organization and more recently observed within the nucleus, associated 
with co-regulation of transcription (Du et al. 2002; McLoughlin et al. 2002; Muller 
et al. 1991). Thus, similar to the KLF proteins that interact with various co-activators, 
KLF3 interacts with distinct multiprotein complexes to achieve transcriptional 
repression of GC-rich promoters.

Identified “in silico” owing to its similarity to KLF3, KLF8 also associates 
with CtBP through a PVDLS recognition motif (van Vliet et al. 2000). Similar to 
KLF3, the N-terminus, specifically the CtBP-binding site, of KLF8 is responsible 
for its transcriptional repression activity but not complete. Again, loss of CtBP 
binding does not abolish the repression capacity of KLF8, suggesting the existence 
of additional co-repressors for this KLF protein (van Vliet et al. 2000). Whether 
a FHL protein also interacts with KLF8, as with KLF3, or other, yet unidentified 
co-repressors are involved in its full repression activity remains to be determined.

Originally identified from studies of its target gene, KLF12 is a repressor of the 
activator protein-2α (AP-2α) gene, which also encodes a mammalian transcription 
factor (Imhof et al. 1999). This repression occurs through a PVDLS sequence 
located within the N-terminus of KLF12, which facilitates a direct interaction with 
CtBP1 (Schuierer et al. 2001). Although much of KLF12 repression is associated 
with its binding to CtBP, the C-terminal portion of KLF12 containing the three zinc 
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fingers is also capable of partial repression of the same promoter, AP-2α, suggesting 
that the zinc finger domain may provide a site for an additional co-repressor 
interaction or sterically interfere with activator binding to nearby sequences (Roth 
et al. 2000). Interestingly, a mechanism of trans-regulation exists between KLF12 
and its gene target, as induction of KLF12 expression leads to subsequent 
downregulation of AP-2α expression and vice versa with AP-2α acting as a negative 
regulator of KLF12 expression (Roth et al. 2000). The biological relevance of 
this reciprocation remains unknown; however, it is clear that although KLF12 is a 
CtBP-mediated transcriptional repressor it shows distinct structural and functional 
differences from KLF3 and KLF8.

Sin3-Dependent KLF Repressors

As mentioned, the KLF/TIEGs and KLF/BTEBs, which include KLF9, KLF10, 
KLF11, KLF13, and KLF16, utilize the HDAC system to facilitate transcriptional 
repression through direct interaction with the scaffold co-repressor protein Sin3A 
(Lomberk and Urrutia 2005). Mammalian Sin3 (mSin3) proteins, part of large, 
multiprotein complexes capable of local chromatin modification, are orthologues of 
the Sin3p transcriptional repressor in Saccharomyces cerevisiae (Kadosh and Struhl 
1998; Kasten et al. 1997; Vidal et al. 1991; Wang et al. 1990). The mSin3-HDAC 
complexes are composed of many subunits, including mSin3A/mSin3B, HDAC1, 
HDAC2, RBAP46 [Rb [retinoblastoma protein (Rb)-associated protein 46], 
RBAP48 (Rb-associated protein 48), SAP18 (Sin3-associated polypeptide 18), and 
SAP30 (Sin3-associated polypeptide 30) (Hassig et al. 1997; Laherty et al. 1992; 
Zhang et al. 1997). The Sin3 protein has multiple protein interaction domains, which 
allows it to function as a central scaffold for assembly of the entire complex. HDAC 
activity is essential for mediating the repression capacity of the complex, evidenced 
by significant disruption of repression activity on either mutation of the HDAC 
binding site in Sin3 or treatment with HDAC inhibitors (Kadosh and Struhl 1998; 
Sommer et al. 1997). The structure of Sin3 itself is comprised of four evolutionarily 
conserved imperfect repeats of ∼100 residues, each predicted to form a four-helix-
bundle fold, known as a paired amphipathic helix (PAH) region (Ayer et al. 1995; 
Halleck et al. 1995; Wang et al. 1990). To facilitate recruitment to a specific 
target sequence on a promoter, these PAH domains mediate binding with various 
transcription factors, such as the KLF proteins.

Initial biochemical characterization of these proteins demonstrated that the 
N-terminal domains of both KLF/TIEGs (KLF10 and KLF11) contain three distinct 
transcriptional repressor domains (R1, R2, R3) (Cook et al. 1999). Within KLF11, 
the repression of reporter gene activity achieved a minimum of 75% in the R1 
(amino acids 24–41), R2 (151–162), and R3 (273–351) domains (Cook et al. 
1999). Based on low-resolution secondary structure prediction algorithms, the R1 
domain had been predicted to adopt an α-helical conformation, which was later 
confirmed by circular dichroism analysis (Zhang et al. 2001a). Congruent with this 
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idea, proline mutations in the central core of the R1 domain (amino acids 30–39; 
AVEALVCMSS) disrupted its repression activity (Cook et al. 1999). Subsequent 
studies using either the wild-type R1 domain or its mutant led to the purification 
of a 160-KDa R1-binding protein. This high-affinity binding protein was later identified 
as Sin3a (Zhang et al. 2001a), and the core R1 domain was characterized as the 
α-helical repression motif SID (Sin3-interacting domain), which is further 
discussed below. Upon detailed biochemical and functional analyses, the KLF11 
SID was found to interact specifically with the PAH2 domain of Sin3a to repress 
transcription. Subsequent analysis of the N-terminal domains of three other repres-
sor proteins discovered in our laboratory—KLF13, KLF14, KLF16—clearly showed 
related R1 domains that function as Sin3-interacting-domains (SIDs), analogous to 
the corresponding domain in KLF10 and KLF11 (Kaczynski et al. 2001, 2002; 
Zhang et al. 2001a). KLF9, which is the first identified and cloned of this subfamily 
of KLF proteins that bind to BTE sites (Ratziu et al. 1998), also shares a SID in its 
N-terminus.(Zhang et al. 2001a). Thus, because the SID is a defining structural and 
necessary functional feature of these KLF repressors, this subset of KLF members 
are intricately linked to HDAC-mediated chromatin modification and transcription 
repression via mSin3A binding (Fig. 2) (Hassig et al. 1997). For instance, we have 
found that KLF14 represses the TGFβRII promoter via a co-repressor complex 
containing mSin3A and HDAC2 (Truty et al. 2008). Furthermore, TGF-β pathway 

Fig. 2 Chromatin dynamics of KLF-mediated repression. Using KLF11 as an example, this car-
toon depicts a model for KLF11-mediated repression that involves the recruitment of histone 
deacetylases (Sin3a-HDACs ) to a target gene promoter (through the SID of KLF11 and PAH2 
domain of Sin3a) and inhibition of Sp1 binding through competition. The recruitment of Sin3a-HDAC 
to the promoter facilitates remodeling of surrounding chromatin with silencing marks, namely the 
deacetylation of histones. (This process would be similar for the CtBP-dependent KLF repressors 
because at least one mechanism also involves the recruitment of HDACs.) Removal of acetylation 
signals short-term repression of a target gene and, in addition, primes the histone for receiving 
additional long-term silencing marks, such as methylation of K9 on histone H3, through the 
interaction between KLF11 and HP1
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activation leads to the recruitment of a KLF14-mSin3A-HDAC2 repressor complex 
to the TGFβRII promoter, as well as remodeling of chromatin to decrease histone 
marks that associate with transcriptional activation (e.g., histone acetylation) and 
increase marks associated with transcriptional silencing (e.g., methylated K20 
of histone H4) (Truty et al. 2008). Interestingly, at the time that this domain was 
discovered in the KLF family, a similar SID was thought to be a unique domain 
described only for the tumor suppressor and MYC oncogene inhibitors Mad1, 
Ume6, and Pf1 (Brubaker et al. 2000; Washburn and Esposito 2001; Yochum and 
Ayer 2001). This discovery marked a high point in the study of tumor-suppressor 
proteins by demonstrating that the presence of the SID domain is not exclusive 
to Mad1 but, rather, a more widespread molecular mechanism used by tumor 
suppressors in epithelial cells.

As mentioned, the SID within KLF proteins has some structural and functional 
resemblance to the better characterized SID of Mad1, the basic helix–loop–helix protein 
that dimerizes with Max to antagonize the function of the c-Myc oncoprotein (Zhang et 
al. 2001a). Additional members of the Mad family, including Mad1, Mad3, Mad4, and 
Mxi-SR, also have an N-terminal SID, which interacts with Sin3a through its PAH2 
domain (Ayer et al. 1995). First found through circular dichroism (CD) and 
mutational analyses and then confirmed via nuclear magnetic resonance (NMR) 
structural analysis, the Mad1 SID was found to adopt an amphipathic α-helical 
conformation (Brubaker et al. 2000; Eilers et al. 1999). These findings also sup-
ported the concept hat this α-helical structure binds to the PAH2 domain by docking 
into a hydrophobic pocket in the base of this four-helix-bundle structure. As the 
SID interactions of KLF11 and Mad1 are both with the PAH2 domain, we sought to 
evaluate whether there are structural similarities (Pang et al. 2003; Truty et al. 2008). 
A comprehensive investigation into SIDs of KLFs and Mad1 repressor proteins 
suggested that SIDs of both KLFs and Mad1 have the AA/VXXL core consensus 
and a similar propensity for helix formation, but the two SIDs can be classified into 
two subtypes on the basis of their sequence—in particular, the residues outside the 
AA/VXXL core sequence (Zhang et al. 2001a). Even with structural similarities, 
the affinity of the KLF SID is lower than that of the Mad1 SID for the Sin3a PAH2 
domain. This difference in affinities was evaluated with molecular modeling 
experiments combined with molecular dynamics simulation of the Mad1 SID–PAH2 
complex, as compared with the KLF11 SID–PAH2 complex, to substantiate that 
this is a result of distinct binding mechanisms (Pang et al. 2003). These structural 
differences between the binding of KLF SID and that of the Mad1 SID offered new 
insight into transcriptional regulation via KLF repressor proteins.

The discovery of the SID in both the Mad1 and KLF repressor proteins also 
raised the question as whether these domains function in a constitutive or a regulated 
manner. Interestingly, we showed that the pro-proliferative EGF-ras-MEK1-ERK1 
pathway phosphorylates residues near the SID in KLF11, leading to its dissociation 
from Sin3a and consequent inactivation of the Sin3-dependent KLF11 repressor 
function (Ellenrieder et al. 2002). Thus, these data demonstrated that the SID 
functions in a manner that can be influenced by cell signaling. Because KLF11 
is induced by TGF-β to mediate an antiproliferative pathway, its inactivation by 
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EGF signaling may contribute to its inactivation in cells where this mechanism is 
hyperactive, such as pancreatic cancer. 

Future of KLF Proteins in Chromatin Dynamics

Recently, in Drosophila melanogaster, Sp/KLF proteins have been found to bind to 
a site necessary for the activity of a Polycomb-group response element (PRE) from 
the engrailed gene (Brown et al. 2005). These PREs are DNA elements recognized 
by the Polycomb-group (PcG) of transcriptional repressors through chromatin 
modification, suggesting further the complexity of chromatin cofactors involved in 
KLF-mediated transcriptional activation and/or repression.

In addition, in efforts to determine the interacting partners of the other repressor 
domains (R2, R3) of KLF11, our laboratory has discovered that KLF11 binds to the 
Gβ subunit of the heterotrimeric G-protein (Mathison et al. 2008; Zhang et al. 2007). 
This interaction occurs through the R3 domain of KLF11; and more specifically, 
mutation of alanine 347 to a serine significantly disrupts the binding between these 
two proteins. Interestingly, this mutation is naturally occurring in a French family with 
maturity-onset diabetes of the young (MODY) (Neve et al. 2005). These findings are 
significant, suggesting that activation of GPCRs can mediate short-term responses 
via their Gα-subunit and Gβγ complex, and long-term transcriptional effects can 
be triggered via Gβ translocation into the nucleus and functional cooperation with 
transcription factors such as KLF11. Concurrently, we also found that KLF11 
interacts with the chromatin protein HP1α through the extreme C-terminal tail 
after the zinc finger domains (Lomberk et al. 2008a, 2008b). HP1 proteins play a 
role as “gatekeepers” of long-term epigenetic gene silencing that is mediated by 
histone H3 lysine-9 methylation via recruitment of the G9a or SUV39H1 histone 
methylases (Lomberk et al. 2006). Therefore, this finding offers a new model for 
the function of KLF11, which may work not only in transient repression via HDAC 
but also in long-term repression via histone methylation/HP1 (Fig. 2).

Much remains to be discovered in regard to the role of KLF proteins in chro-
matin dynamics. Ongoing studies continue to implicate additional nonhistone 
chromatin proteins in mediating KLF function. We now understand that a gene 
promoter is not simply a DNA sequence to be recognized by a KLF protein. 
The promoter is occupied by a complex array of chromatin proteins associated 
with either an active or a repressed state. If this chromatin state opposes the 
necessary biological function at a given moment, the chromatin landscape requires 
modification and remodeling to switch a promoter “on” or “off,” which can be 
accomplished onlyby recruitment of the appropriate co-activators or co-repressors. 
These transitions between “active” and “inactive” chromatin states are catalyzed by 
the specific targeting of these megadalton multiprotein co-activators/co-repressors 
to DNA, which can be directed to a particular sequence only via sequence-specific 
DNA-binding proteins, such as the KLF proteins.
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Abstract Krüppel-like transcription factors (KLFs) comprise a family of gene 
regulatory proteins with diverse roles in cellular proliferation, survival, and differen-
tiation. KLFs contain three characteristic, highly conserved C-terminal zinc fingers 
that coordinate sequence-specific DNA binding. Despite having highly homologous 
DNA binding domains, family members are able to regulate the expression of 
diverse target genes, resulting in both temporal and tissue-specific control 
of differentiation. To do this, KLFs have evolved distinct N-terminal regulatory 
domains that allow interaction with various co-regulators. This chapter describes 
the cofactors that interact with KLFs and outlines how these interactions potentiate 
or inhibit KLF transcriptional activity, how they help define target gene specificity, 
and how they dictate whether a gene is activated or repressed.

Introduction

The 17 members of the Krüppel-like factor (KLF) family of gene regulatory pro-
teins share considerable homology in their C-terminal zinc finger DNA-binding 
domains. This homology means that family members have the potential to bind and 
regulate an overlapping set of target genes, implying both functional redundancy 
and cross regulation. However, KLFs also show a high degree of functional spe-
cificity that has been achieved partly through the evolution of distinct N-terminal 
regulatory domains that mediate the binding of different interacting protein 
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partners. These partners include co-activators, co-repressors, histone-modifying 
enzymes, and other transcription factors. Interaction with these partners mediates 
KLF activity by facilitating the assembly of multiprotein complexes at the promot-
ers of target genes, leading to remodeling of chromatin and subsequent activation 
or repression. This chapter describes the main categories of co-regulators and 
explains how these interactions contribute to specificity in gene regulation.

Co-regulators That Bind KLF Regulatory Domains

Phylogenetic analysis of the KLF family (van Vliet et al. 2006) reveals that the 
members can be divided into three groups based on structural homology (Fig. 1). 
In addition, the KLFs of each subgroup show some functional similarities that can 
be explained in part by homology in their N-terminal protein interaction domains. 
This allows each group to recruit similar partners to either activate or repress 
transcription by similar mechanisms. Group 1 consists of KLFs 1, 2, 4, 5, 6, and 

Fig. 1 Phylogenetic analysis of the KLF family. Structural analysis revealed that the KLF family 
can be divided into three distinct subgroups. The analysis was performed using the bioinformatics 
tool Phylogeny Analysis, which was provided by the Australian National Genome Information 
Service (ANGIS). (Adapted from van Vliet et al. 2006)
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7. Proteins in this group generally function as activators, although not exclusively. 
Group 2 contains KLFs 3, 8, and 12, all of which act as transcriptional repressors 
via recruitment of the co-repressor C-terminal binding protein (CtBP). Group 3 is 
made up of KLFs 9, 10, 11, 13, 14, and 16. These KLFs are capable of binding the 
co-repressor Sin3; accordingly, members of this group are generally thought of as 
inhibitors of gene expression. The following sections describe the co-regulators that 
interact with each of these subgroups.

Co-regulators That Bind Group 1 KLFs

This group of KLFs contains KLFs 1, 2, 4, 5, 6, and 7. Much of the information 
about group 1 co-regulators has been deduced from studying the molecular mecha-
nisms of gene regulation by KLF1/EKLF, which has most often been analyzed as 
a transcriptional activator that drives expression of a number of genes important in 
erythropoietic differentiation (Drissen et al. 2005; Hodge et al. 2006; Keys et al. 2007; 
Pilon et al. 2006). The most notable of these is the adult b-globin gene (b-major 
globin in mice), the expression of which is highly dependent on KLF1 in defini-
tive erythroid cells. The regulatory DNA elements that govern b-globin expression, 
including the proximal promoter and upstream locus control region (LCR), have 
been extensively characterized. The b -globin locus has thus commonly been used as 
a paradigm to explore the mode by which KLF1 activates transcription of its target 
genes. To date, several cofactors of KLF1 have been identified, including various 
histone-modifying enzymes and chromatin-remodeling complexes.

KLF1 has been shown to interact with several histone acetyltransferases 
(HATs) in vivo. These include p300, CREB-binding protein (CBP), and p300/CBP-
associated factor (PCAF). CBP and p300 acetylate KLF1 in vitro and potentiate 
KLF1’s activation of the β-globin promoter in reporter assays (Zhang and Bieker 
1998; Zhang et al. 2001b). Furthermore, this potentiation is dependent on the 
acetyltransferase activities of p300 and CBP. In contrast, PCAF does not detectably 
acetylate KLF1 in vitro and, in fact, inhibits KLF1’s transcriptional activity at the 
β-globin promoter (Zhang and Bieker 1998).

Two p300/CBP acetylation sites have been identified in KLF1: K288 and K302 
(Zhang et al. 2001b). Directed mutagenesis has shown that the stimulatory effects 
of p300 and CBP on KLF1’s transcriptional activity are dependent on K288 but not 
K302. Thus it appears that KLF1’s activity is modulated by its acetylation status, 
whereby acetylation of K288 by p300/CBP increases KLF1’s propensity to drive 
transcription from the β-globin promoter. K288 and K302 lie proximal to and 
within the zinc finger region of Klf1. Their acetylation might therefore be antici-
pated to have an influence on the DNA-binding activity of KLF1, however, this has 
not proven to be the case (Zhang et al. 2001b). How then does acetylation of KLF1 
augment its transcriptional activity?

One hypothesis stems from the observation that acetylation of K288 and/or 
K302 increases the affinity with which KLF1 interacts with the cofactor 
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Brg1 (brahma-related gene-1), a component of a SWI-SNF-related nucleosome-
remodeling complex (Zhang et al. 2001b). This complex is known as the EKLF 
co-activator remodeling complex 1 (E-RC1) and comprises the subunits Baf170 
(Brg1-associated factor, 170 kDa), Baf155, Baf47, and Baf57 (Armstrong et al. 
1998) (Fig. 2A). To activate transcription from the β-globin proximal promoter, 
KLF1 recruits E-RC1 through its zinc finger domain (Brown et al. 2002; Kadam 
et al. 2000). This is accompanied by ATP-dependent chromatin remodeling that 
renders the b-globin promoter transcriptionally accessible, as evidenced by the 
formation of a local DNase I hypersensitive site.

Truncation studies have revealed that whereas the zinc finger domain of KLF1 is 
sufficient to recruit E-RC1 (Armstrong et al. 1998) a region extending an additional 
92 amino acids N-terminal to this domain (to position 164 of hKLF1) is required 
for complete transcriptional activation of b-globin in vivo (Brown et al. 2002). This 

Fig. 2 Co-regulator complexes of group 1, 2, and 3 KLFs. a KLF group 1 co-regulator 
complexes. KLF1 recruits the histone acetyl transferases p300, CBP, and P/CAF and the EKLF 
co-activator remodeling complex 1 (E-RC1) to activate gene expression. Other members of this 
group may interact with similar complexes. b KLF group 2 co-regulator complexes. KLFs 3, 8, and 
12 recruit CtBP to mediate gene repression. CtBP = C-terminal binding protein; HMT = histone 
methyltransferase; HDAC = histone deacetylase; HLSD = histone lysine-specific demethylase. c 
KLF group 3 co-regulator complexes. KLFs 9, 10, 11, 13, 14, and 16 interact with Sin3 to mediate 
gene repression. SAP = Sin3-associated protein; RbAp = retinoblastoma-associated protein; 
MT = monosaccharide transferase; CR = chromatin-remodeling enzyme; HDAC = histone 
deacetylase; HMT = histone methyltransferase
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suggests that residues 164–362 of hKLF1 constitute an activation domain, and in 
support of this a separate study has shown that a region containing amino acids 
(aa) 140–358 of hKLF1 is also sufficient for maximal activation from the β-globin 
promoter (Pandya et al. 2001). Another potent activation domain has been defined 
at the N-terminus of KLF1 (aa 1–139 in hKLF1 and aa 20–124 in mKLF1) that enables 
a comparable degree of transcriptional activation when fused to the zinc finger 
DNA-binding domain (Chen and Bieker 1996; Pandya et al. 2001). Although the 
co-activators that interact with this N-terminal domain remain elusive, it has been 
shown that casein kinase II (CKII) phosphorylates mKLF1 at T41 and enhances its 
transactivation capability (Ouyang et al. 1998).

More recently, it has emerged that in some instances KLF1 may function as 
a transcriptional repressor. KLF1 interacts via its zinc finger domain with the 
co-repressors Sin3A and histone deacetylase 1 (Chen and Bieker 2001, 2004). 
In addition, when KLF1 is sumoylated at K74, it is able to recruit the Mi-2β 
subunit of the NuRD co-repressor complex (Siatecka et al. 2007). KLF1 is able to 
repress promoter constructs in reporter assays, although only when it is tethered 
to a target promoter and its zinc finger domain is not engaged in DNA binding 
(Chen and Bieker 2001, 2004; Siatecka et al. 2007).

Interestingly, K302 has been identified as a residue that is critical for the inter-
action between KLF1 and Sin3A, and the repressive activity of KLF1 is hampered 
by mutation of this site (Chen and Bieker 2004). This has led to the postulation 
that p300/CBP-mediated acetylation of K302 may act as a molecular switch that 
enables KLF1 to oscillate between being a transcriptional activator and a repressor. 
Similarly, the dual functionality of KLF1 may be modulated by its sumoylation 
status. In evidence of this, desumoylation of K74 abrogates the repressive function 
of KLF1 and causes KLF1 to function as a transcriptional activator (Siatecka et al. 
2007). It thus appears likely that KLF1 exerts its varied effects on transcription by 
exchanging its cofactors as dictated by dynamic posttranslational modifications 
such as acetylation, phosphorylation, and sumoylation.

In addition to KLF1, it is probable that other members of group 1 also interact with 
activator complexes containing acetyltransferases. The N-terminal regions of KLF2 and 
KLF4 have structural similarities to those of KLF1; they contain both activation and 
repression domains (Anderson et al. 1995; Conkright et al. 2001; Geiman et al. 2000; 
Yet et al. 1998) and, accordingly, can either stimulate or inhibit transcription of their 
target genes (Bai et al. 2007; Banerjee et al. 2003; Ghaleb et al. 2005; Rowland et al. 
2005; Wang et al. 2005; Wu and Lingrel 2004). Both KLF2 and KLF4 can interact 
with p300/CBP (Evans et al. 2007; SenBanerjee et al. 2004), and the K288 acetylation 
site of KLF1 is conserved in KLF2 and KLF4. Furthermore, the function of KLF4 as 
a transcriptional activator has recently been shown to be enhanced in vivo by p300/
CBP-mediated acetylation (Evans et al. 2007). KLFs 5, 6, and 7 also have N-terminal 
activation domains (Conkright et al. 1999; Koritschoner et al. 1997; Matsumoto et al. 
1998). A CBP interaction domain has been mapped for KLF5, although direct acetyla-
tion was not observed in vitro (Zhang and Teng 2003). Furthermore, KLF5 is acetylated 
by p300 in its DNA-binding domain, and co-transfection assays have shown that p300 
potentiates KLF5 activation (Miyamoto et al. 2003). Finally, KLF6 can bind CBP and 
PCAF and is acetylated at several sites (Li et al. 2005).
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To date, other than for KLF1, detailed co-regulator complexes have not been 
defined for the group 1 KLFs. However, it does appear that this group of KLFs 
is dependent on interaction with acetyltransferases and it is probable that further 
investigation will reveal additional partners similar to the E-RC1 and Sin3 
complexes used by KLF1.

Co-regulators That Bind Group 2 KLFs

Group 2 contains KLFs 3, 8, and 12. Although they do not show extensive sequence 
similarity outside their C-terminal DNA-binding domains, these KLFs are considered 
related transcriptional repressors. This is due, at least in part, to their interaction with 
the co-repressor C-terminal-binding protein (CtBP) (Schuierer et al. 2001; Turner 
and Crossley 1998; van Vliet et al. 2000). The founding member of the CtBP fam-
ily, human CtBP1, was first identified as a binding partner of the C-terminal region 
of adenoviral protein E1A, and this interaction is believed to negatively regulate 
the oncogenic capacity of the virus (Schaeper et al. 1995). In vertebrates such as 
zebrafish, Xenopus, and mammals, two CtBPs (CtBP1, CtBP2) have been identified 
(Hildebrand and Soriano 2002). The biological importance of CtBP proteins has been 
highlighted by gene ablation studies, which have revealed that CtBP2 knockout mice 
die early in utero owing to severe developmental defects. Compound heterozygotes 
show intermediate effects, and it is believed that CtBP1 and CtBP2 have both 
overlapping and unique roles (Hildebrand and Soriano 2002).

The CtBP binding site in E1A has been finely mapped to a small motif consisting 
of the amino acids PLDLS; and mutational analysis has shown that a DL to AS 
mutation is sufficient to abrogate the interaction (Schaeper et al. 1998). Similar 
CtBP binding motifs are present in all of group 2 KLFs; PVDLT is found in both 
human and mouse KLF3 (Turner and Crossley 1998); PVDLS occurs in human and 
mouse KLF8 and KLF12 (Schuierer et al. 2001; van Vliet et al. 2000). In KLF3, 
mutation of the CtBP-binding motif from PVDLT to PVAST (ΔDL) abolishes its 
interaction with CtBP. However, the lack of CtBP interaction only partially relieves 
KLF3’s repression activity, suggesting that other repression mechanisms may 
exist (Turner and Crossley, 1998). Indeed, KLF3 has been found to interact with 
the E2-conjugating enzyme UBC9 and is sumoylated at two lysine residues, K10 
and K197. Combined mutation of these sumoylation sites, as well as the PVDLT 
motif, turned KLF3 from a transcriptional repressor into an activator (Perdomo 
et al. 2005). Therefore, it is believed that KLF3 represses gene expression 
through both sumoylation and CtBP interaction. Similar to KLF3, KLF8 retains 
some repression activity when CtBP binding is abolished (van Vliet et al. 2000). 
Furthermore, KLF8 can be sumoylated, and it is reported that this sumoylation 
affects the transcriptional activity of KLF8 (Wei et al. 2006). Sumoylation of 
KLF12 has not been reported, and it is believed that the interaction with CtBP is 
sufficient for KLF12’s repression activity (Schuierer et al. 2001).

It is proposed that the recruitment of CtBP by group 2 KLFs allows assembly 
of larger repression complexes, as CtBP is known to bind other co-regulators, 
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such as histone deacetylases (HDACs) 1, 2, 4, 5, and 7 (reviewed by Chinnadurai 
2002) (Fig. 2B). It is thought that HDACs facilitate transcriptional repression 
by deacetylating lysine residues on histones H3 and H4, encouraging chromatin 
compaction and leading to reduced access by the basal transcriptional machinery 
(reviewed by Gaston and Jayaraman 2003; Sengupta and Seto 2004). However, 
the observation that HDAC inhibitors, such as trichostatin A, are unable to relieve 
CtBP-mediated repression implies that additional repression mechanisms must 
exist (Koipally and Georgopoulos 2000; Ryu and Arnosti 2003).

Other proteins involved in chromatin modifications, such as the histone methyl- 
transferases EuHMT and G9a and the lysine demethylase LSD-1 have also been 
found in CtBP repression complexes (Shi et al. 2003) (Fig. 2B). Histone methylation 
is implicated in both euchromatin and heterochromatin formation (Stewart et al. 
2005). Specifically, G9a methylates H3 at lysine 9, and this is associated with gene 
silencing (Schotta et al. 2002). In contrast, LSD-1 removes methylation on H3 
lysine 4 to facilitate gene repression (Shi et al. 2004). It is possible that group 2 
KLFs and CtBP repress transcription through the combined actions of the recruited 
HDACs, histone methyltransferases and histone demethylases. For instance, the 
HDAC may first remove acetyl groups at residues such as H3 lysine 9, which can 
then be methylated by the histone methyltransferase G9a to provide a repressive 
mark. Similarly, the histone demethylase may remove the activating mark, H3 
lysine 4, again leading to repression.

Co-regulators That Bind Group 3 KLFs

Group 3 consists of KLFs 9, 10, 11, 13, 14, and 16, all of which interact with Sin3, 
a co-regulator protein that modulates the expression of genes involved in a wide 
range of cellular processes. Sin3 was originally isolated and characterized in yeast, 
where it was implicated in the control of gene expression in several unrelated 
pathways. In total, Sin3 was discovered seven times and was varyingly described 
as a transcriptional repressor, a transcriptional activator, and an enhancer of gene 
silencing (Silverstein and Ekwall 2005). Mammals have two isoforms of Sin3, 
denoted Sin3a and Sin3b, both of which are highly conserved between species and 
possess the same basic structure. The Sin3 proteins do not appear to have DNA-binding 
activity or any intrinsic enzymatic function (Silverstein and Ekwall 2005). Their 
role is to act as a core around which large protein complexes are assembled by the 
formation of multiple protein–protein interactions.

Sin3 proteins are large and consist of a number of domains. There are four paired 
amphipathic α-helix (PAH1-4) domains arranged in tandem, a histone interaction 
domain located between PAH3 and PAH4, and a highly conserved region at the 
C-terminus (Ayer et al. 1995; Halleck et al. 1995; Wang and Stillman 1993). These 
domains provide a scaffold for the assembly of large multiprotein complexes (Fig. 2C). 
The core complex is made up of Sin3 and the histone deacetylases HDAC1 and 
HDAC2, which bind to the histone interaction domain of Sin3 (Laherty et al. 1997). 
The retinoblastoma-associated proteins RbAp46 and RbAp48 function to stabilize 
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the interaction between Sin3 (Hassig et al. 1997), the HDACs, and the nucleosome. 
Finally, two Sin3-associated proteins, SAP18 and SAP30, provide additional 
support to the Sin3–HDAC complex (Zhang et al. 1997). In addition to this core 
complex, other proteins with a range of enzymatic functions can associate with 
Sin3. Examples include histone methyltransferases (Yang et al. 2003), chromatin 
remodeling enzymes (Sif et al. 2001), and monosaccharide transferases (Yang et al. 
2002). In this way, Sin3 provides a bridge between DNA-binding transcription 
factors and the enzymes that alter chromatin structure. In different situations Sin3 
can recruit different combinations of enzymes to either activate or repress transcription.

For Sin3 proteins to be targeted to gene promoters, they must form interactions 
with DNA-binding proteins. Numerous transcription factors have been identified 
as partners of Sin3. The interaction between Sin3 and its partner transcription factors 
can be mediated via PAH domains 1 and 2, with PAH2 being the most common 
site for interactions. KLFs 9, 10, 11, 13, and 16 all share a conserved α-helical 
motif (AA/VXXL), which is located at or near the amino-terminus of the protein 
and forms the site for Sin3 interaction (Zhang et al. 2001a). This motif was first 
identified in KLF11 and is highly similar to the Sin3 interaction domain (SID) of 
the transcription factor Mad1 and to a previously proposed PAH2 interaction 
consensus sequence (Brubaker et al. 2000). The single helix of the SID motif fits 
into a cleft within the four-helix bundle of the PAH2 domain of Sin3 (Brubaker 
et al. 2000). Mutations in this binding motif reduce the ability of these KLFs to 
interact with Sin3 and repress gene expression (Fernandez-Zapico et al. 2003; 
Kaczynski et al. 2002; Zhang et al. 2001a).

In all cases described to date, the interactions between KLFs and Sin3 result in 
the repression of target gene expression. The KLF whose functional interactions 
with Sin3 are best characterized is KLF11, which interacts with the Sin3 isoform 
Sin3a. KLF11 regulates the expression of a number of genes involved in cell growth 
and cancer cell development. An intact SID is required for KLF11-mediated sup-
pression of cellular proliferation and neoplastic transformation. CHO cells trans-
fected with KLF11 display reduced proliferation. Deletion of the SID restores the 
proliferative capacity of these cells to that of untransfected controls (Fernandez-
Zapico et al. 2003). The KLF11–Sin3a interaction is also necessary for the ability 
of KLF11 to regulate expression of the oxidative stress pathway proteins SOD2 and 
Catalase1 (Fernandez-Zapico et al. 2003). KLF11 is able to repress the activity of 
the promoters of both genes in reporter assays, and deletion of the SID significantly 
reduces this repression. The recruitment of Sin3a by KLF11 plays a crucial role in 
the development of neural cells. Cell culture studies have shown that a functional 
SID is required for the promotion of apoptosis and enhancement of transforming 
growth factor-β (TGF-β) signaling by KLF11 in neural cells (Gohla et al. 2008). 
The ability of KLF11 to interact with Sin3a can be controlled by posttranslational 
modifications to KLF11. Phosphorylation of KLF11 at a region adjacent to the SID 
results in disruption of the interaction between KLF11 and Sin3a and ablation of 
target gene repression (Ellenrieder et al. 2002).

Although KLFs 9, 10, 13, and 16 all share a conserved SID motif with KLF11, 
relatively little is known about the interactions of Sin3 and these other KLFs. 



4 Co-regulator Interactions in Krüppel-like Factor Transcriptional Programs 59

KLF9 forms a complex at the growth hormone receptor (GHR) promoter with the 
transcription factors NF-Y and HMG-Y/I. This protein complex recruits Sin3b 
to repress activation of the GHR gene (Gowri et al. 2003). KLF13 interacts with 
both Sin3a and HDAC1 through its SID. This interaction is required for repression 
of reporter gene expression by KLF13 in transient transfections (Kaczynski et al. 
2001). The N-terminal SID of KLF16 interacts with Sin3a and is necessary for the 
repression of gene expression (Kaczynski et al. 2002). 

The Sin3 proteins are key partner proteins of the KLF transcription factor 
family, with group 3 KLFs recruiting Sin3 to effect gene repression in a number 
of biological contexts. Sin3 proteins achieve this by providing a framework for the 
assembly of large repression complexes, which alter chromatin structure, leading 
to gene silencing. 

Cofactors That Posttranslationally Modify KLFs

In addition to the recruitment of co-regulator complexes to target promoters, 
the transcriptional activity of the KLF family is regulated by interaction with 
several enzymes that direct posttranslational modifications, such as acetylation, 
 phosphorylation, ubiquitination, and sumoylation.

KLFs 1, 4, 5, 6, and 13 have all been shown to be acetylated, resulting in 
enhanced trans-activation activity (Evans et al. 2007; Li et al. 2005; Miyamoto et al. 
2003; Song et al. 2002; Zhang and Bieker 1998). For example, KLF1 is acetylated 
on K288 by p300/CBP, allowing interaction with components of a larger chromatin 
remodeling complex and resulting in activation of the β-globin promoter (Zhang and 
Bieker 1998; Zhang et al. 2001b). The phosphorylation of KLFs can both enhance 
and reduce their transcriptional activity. Phosphorylation of KLF1 by casein kinase 
II at T41 has been shown to enhance its activation potential (Ouyang et al. 1998). 
Likewise, phosphorylation of KLF5 by protein kinase C at S153 has been shown to 
play a role in gene activation, possibly by facilitating interaction with CBP (Zhang 
and Teng 2003). However, the phosphorylation of KLF11 by extracellular signal-
regulated kinase/mitogen-activated protein kinase (ERK/MAPK) in pancreatic 
cancer cells prevents it from interacting with its Sin3 co-repressor, thereby having a 
negative effect on repression activity (Ellenrieder et al. 2002).

Interaction with ubiquitin ligases can also affect KLF activity by directing 
degradation via the 26S proteasome. Addition of a single ubiquitin alters protein 
activity and subsequent polyubiquitination and then targets the protein to the 
proteasome (Wilkinson 2000). KLFs 1, 2, 5, and 10 are all targets of ubiquitination, 
leading to proteasomal degradation of the KLF (Chen et al. 2005; Johnsen 
et al. 2002; Quadrini and Bieker 2006; Zhang et al. 2004). In the case of KLF1, 
targeted degradation is used to help maintain normal cellular levels of the protein 
(Quadrini and Bieker 2006). This is in contrast to KLF2, where degradation by the 
proteasome (Zhang et al. 2004) may allow changes in gene regulation, promoting 
cellular differentiation in white adipose tissue.
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The transcriptional activity of KLFs 1, 3, and 8 is also regulated by sumoyla-
tion, a process that involves the addition of the small ubiquitin-like modifier 
(SUMO) to lysine residues. This is achieved by interaction with sumoylating 
enzymes in a process similar to that of ubiquitination (Verger et al. 2003). KLF3 
recruits the E2 ligase Ubc9 and is sumoylated at K10 and K197, altering repres-
sion activity (Perdomo et al. 2005). KLF1 has a single sumoylation site at K74 
that appears to play a role in KLF1-mediated repression and the suppression of 
megakaryocyte differentiation (Siatecka et al. 2007). KLF8 also has a single 
sumoylation site at K67, close to the CtBP interaction motif. Sumoylation of 
KLF8 reduces its ability to regulate transcription, and mutation of the sumoyla-
tion site can return expression to that of the unsumoylated protein (Wei et al. 
2006). These examples demonstrate that sumoylation can both promote and 
inhibit KLF function.

Transcription Factors That Interact with KLFs

KLF proteins are regulators of cellular differentiation and often interact with other 
transcription factors involved in the differentiation program. For example, several 
KLFs play a role in adipogenesis and do so by both regulating key adipogenic genes 
and interacting with other adipogenic transcription factors, such as C/EBP family 
members (Mori et al. 2005; Oishi et al. 2005; Sue et al. 2008). KLF5 and KLF15 
have both been shown to activate expression of the PPARγ gene, itself a key regu-
lator of adipogenesis. Recruitment of KLF5 and KLF15 to the PPARγ promoter 
occurs by cooperation with C/EBP proteins, with KLF5 interacting with C/EBPβ/δ 
and KLF15 with C/EBPα.

Conclusions

Despite having highly homologous DNA-binding domains, KLFs have evolved 
several mechanisms to ensure specificity in their target gene regulation. This is 
achieved to some extent by temporal and tissue-specific expression patterns and 
the existence of KLF regulatory networks. However, it is the interaction with 
a wide variety of co-regulators that may primarily define how different KLFs 
operate independently to control gene expression to achieve their biological roles. 
Their cofactors help determine the cellular concentration of a KLF, its activity, its 
choice of target gene, and whether it will trans-activate or repress. The co-regulator 
complexes have been well defined for some KLFs, such as the E-RC1 complex of 
KLF1, the CtBP complex of KLF3, and the Sin3 complex of KLF11. It is likely 
that future research will reveal similar or related complexes for other KLFs and also 
uncover new cofactors that help define KLF function.
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Part 3
Krüppel-like Factors in Development and 

Differentiation



Abstract Krüppel-like factors (KLFs) are members of an emerging family of 
DNA-binding transcriptional regulators with critical roles in development, differ-
entiation, and a number of other key cellular processes. The KLF family contains 
at least 17 members, many with overlapping patterns of expression and function, 
and all linked by a similar DNA-binding element. During development, KLFs may 
function as transcriptional activators or repressors depending on the cell or tissue 
context or even the stage of development. Here, we provide a brief introduction 
to the expression patterns and established roles of the KLFs in development. By 
examining these patterns and functions, we uncover a number of themes that are 
explored in detail in ensuing chapters.

Introduction

Members of the KLF family of transcription factors play an essential role during 
embryonic development and cell-specific lineage differentiation. In many cases, the 
expression of these factors during embryogenesis is spatiotemporally restricted and 
regulated. By binding to “CACCC” elements in the regulatory regions of specific 
target genes, KLFs control multiple intracellular signaling pathways important for 
cellular proliferation and differentiation, organogenesis, and stem cell commitment. 
Recently, the role of the KLFs in development has been expanded by the identi-
fication of a function for these factors in somatic cell reprogramming to induced 
pluripotent stem (iPS) cells (Jiang et al. 2008; Okita et al. 2007). Many of the 
KLFs can be either transcriptional activators or repressors depending on the cell 
or tissue context or even the developmental stage. In this review, we provide a 
brief introduction to the expression and the established roles of the KLFs during 
development (Table 1).

Chapter 5
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KLFs in Development

KLF1

Klf1 was first identified as an erythroid lineage-specific zinc finger transcription 
factor, named erythroid Krüppel-like factor (EKLF) (Miller and Bieker 1993). Klf1 
plays a essential role in the γ-hemoglobin to β-hemoglobin switch during fetal 
development, and inactivation of Klf1 in mice results in defective hematopoiesis 
in fetal liver and death from anemia, with a deficit in β-globin expression by E16, 
providing a model for β-thalassemia (Miller and Bieker 1993; Nuez et al. 1995; 
Perkins et al. 1995). Klf1 is expressed in the yolk sac as early as E7.5. Following 
the development of the hematopoietic system, Klf1 appears in fetal liver and the 
mesoderm near the hindgut toward the dorsal aorta at E10.5, and by E14.5 Klf1 is 
restricted to the fetal liver. Klf1 is not required for yolk sac hematopoiesis or expan-
sion of erythroid progenitors (Perkins et al. 1995) but is required for the last steps of 
erythroid differentiation (Drissen et al. 2005). Interestingly, Klf1 is down-regulated 
in megakaryocytes and inhibits the formation of megakaryocytes while stimulating 
erythroid differentiation (Frontelo et al. 2007).

KLF2

Klf2 is expressed temporally during early embryonic development and plays an 
important role in the development of the lungs, blood vessels, T lymphocytes, 
and adipocytes (Kuo et al. 1997a, 1997b; Wani et al. 1999; Wu et al. 2005). In 
the adult, Klf2 is highly expressed in the lung and thus was initially identified as 
lung Krüppel-like factor (LKLF) (Anderson et al. 1995). Expression of Klf2 is first 
seen in vascular endothelial cells throughout the developing mouse embryo at E9.5 
(Anderson et al. 1995; Kuo et al. 1997a; Wani et al. 1998). Klf2 is expressed at 
high levels between E9.5 and E12.5, especially in the umbilical arteries and veins, 
a critical time for both angiogenesis and blood vessel wall stabilization. At E14.5, 
Klf2 continues to be expressed in the vasculature and appears in the lung buds, 
vertebral column, and the bony structures of the head and rib cage. By E18.5, Klf2 
is expressed abundantly in the lungs and in blood vessels. Mice with homozygous 
deletion of Klf2 exhibit growth retardation and craniofacial abnormalities, and they 
die between E11.5 and 14.5 from severe intraamniotic and intraembryonic 
hemorrhage (Kuo et al. 1997a). Notably, blood vessels in these mice have an 
abnormally thin tunica media. Klf2 null mice also have defects in their lung 
development (Wani et al. 1999). In addition, Klf2 is developmentally induced 
during single-positive T-lymphocyte maturation, and Klf2-deficient T cells are 
spontaneously activated (Kuo et al. 1997b). Klf2 also inhibits adipogenesis by 
maintaining a preadipocyte state (Wu et al. 2005).
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KLF3

KLF3, or basic Krüppel-like factor (BKLF), is a highly basic KLF first identified 
in murine yolk sac and fetal liver erythroid cells (Crossley et al. 1996). Klf3 is 
highly expressed in embryonic hematopoietic tissues, brain, and several other 
tissues. It appears in the midbrain and anterior hindbrain at E8.5 and in the ventral 
anterior half of the embryo, midbrain–hindbrain junction, ventral midbrain, 
diencephalon, and forebrain at E9. At E10.5, expression becomes more widespread, 
with some staining of the developing limb buds (Crossley et al. 1996). Klf3-deficient 
mice are smaller than their littermates, and adipocyte differentiation is altered 
in murine embryonic fibroblasts from Klf3 knockout mice (Sue et al. 2008). 
Myeloproliferative disorders and abnormalities in hematopoiesis have also been 
reported (Turner and Crossley 1999).

KLF4

KLF4 is highly expressed in postproliferative epithelial cells of the gut and the 
epidermis and was thus named gut-enriched Krüppel-like factor (GKLF) and 
epithelial zinc finger (EZF) when it was initially characterized by two independent 
groups (Garrett-Sinha et al. 1996; Shields et al. 1996). Klf4 mRNA is found in the 
epidermal layer of the skin and in epithelial cells in the tongue, palate, esophagus, 
stomach, and colon of newborn and adult mice; and it is enriched in epithelial cells 
of the middle to upper colonic crypts, a region of cellular differentiation (Ton-That 
et al. 1997). Klf4 transcript is initially low in the whole embryo but begins to rise 
around E13, peaking on E17, the period in which the intestinal epithelium undergoes 
major transition from a pseudostratified to a columnar epithelium, before decreas-
ing prior to birth. Klf4 is seen in mesenchymal cells of the nasal prominence and 
first branchial arch, mesenchymal cells surrounding the cartilaginous primordia of 
the skeleton, and the metanephric kidney at E11.5, and it is upregulated in thymus 
epithelium at E18 (Garrett-Sinha et al. 1996; Panigada et al. 1999). Strong Klf4 
expression is also seen in postmeiotic germ cells undergoing final differentiation into 
sperm cells in postnatal mouse testis (Behr and Kaestner 2002). Mice homozygous 
for a null allele of Klf4 die shortly after birth due to apparent failure to establish 
proper skin barrier function and have a 90% decrease in the number of goblet 
cells in the colon (Katz et al. 2002; Segre et al. 1999). Klf4 has been identified as 
a critical regulator of pluripotency in embryonic stem cells and recently has been 
utilized, along with several other factors, to reprogram mouse and human somatic 
cells directly into pluripotent cells (induced pluripotent stem cells, or iPS cells) 
(Li et al. 2005b; Okita et al. 2007; Takahashi et al. 2007). This function in stem 
cells appears to be distinct from the role of KLF4 in a number of adult tissues and 
cell types (McConnell et al. 2007).
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KLF5

KLF5 (BTEB2) was initially cloned from a human placenta cDNA library using rat 
BTEB cDNA as a probe (Sogawa et al. 1993). Later, the murine homologue was 
identified and named intestinal-enriched Krüppel-like factor (IKLF) for its high 
level of expression in intestinal epithelia (Conkright et al. 1999). Temporal changes 
of Klf5 expression during embryogenesis indicate that this gene is developmentally 
regulated (Ohnishi et al. 2000). Klf5 transcript is abundant in the embryo at E7 
(Conkright et al. 1999) and is seen in the developing gastrointestinal tract by E10.5 
(Conkright et al. 1999; Ohnishi et al. 2000). Klf5 mRNA is also detected in the 
E15.5 meninges, E16.5 epithelia of the trachea and bronchi, and the outer layer of 
the tongue, as well as in the developing epidermis. Progressively, Klf5 expression 
in the skin and gastrointestinal tract becomes localized to the proliferative 
compartments, such as the basal layer of the epidermis and the small intestinal 
crypts (Ohnishi et al. 2000). KLF5 is also abundantly expressed in embryonic 
vascular smooth muscles and is downregulated in adult vessels (Ogata et al. 2000). 
Homozygous null mice for Klf5 die before E8.5, indicating an essential but unclear 
role for Klf5 in early embryonic development (Shindo et al. 2002). Heterozygotes 
appear grossly normal, but the arteries exhibit diminished levels of arterial wall 
thickening, angiogenesis, cardiac hypertrophy, and interstitial fibrosis in response 
to external stress. In addition, neonatal mice heterozygous for Klf5 deletion exhibit 
a marked deficiency in white adipose tissue (Oishi et al. 2005) and show skel-
etal growth retardation with impaired cartilage matrix degradation (Shinoda et 
al. 2008). Klf5 also appears to be involved in the maintenance of self-renewal in 
embryonic stem cells and is expressed in mouse embryonic stem cells, blastocysts, 
and primordial germ cells (Parisi et al. 2008).

KLF6

KLF6, also known as ZF9 or CPBP, was originally isolated from a cDNA library 
of human placenta (Koritschoner et al. 1997). Human KLF6 is expressed ubiqui-
tously with a high level in the placenta and adult liver, lung, intestine, and prostate 
(Blanchon et al. 2001; Narla et al. 2001; Ratziu et al. 1998). KLF6 is also seen in 
the developing cornea of the 7-week-old fetus, mostly in the cytoplasm, becoming 
more nuclear after birth (Nakamura et al. 2007). In the mouse, Klf6 is expressed in 
extraembryonic tissues at E10.5 and in undifferentiated mesenchyme surrounding 
the neural tube and brain vesicles by E11.5, with strong expression in the nervous 
system by E12.5 and low levels in the heart, ureteric bud, and lung buds (Fischer 
et al. 2001; Laub et al. 2001b). By E14.5, Klf6 is nearly undetectable except in 
the ventral horn at the level of the forelimbs. Subsequently, very strong Klf6 
expression is seen between E16.5 and E18.5 in the intestinal mucosa and in the 
fetal liver between E14 and E20 (Laub et al. 2001b; Ratziu et al. 1998). Like some 
of the other KLFs, expression of KLF6 plays a role in preadipocyte differentiation, 
in this case promoting differentiation by inhibiting delta-like 1 (Li et al. 2005a). 
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Homozygous null mice for Klf6 die by E12.5; they are small and pale with no 
obvious liver, have thin, poorly organized yolk sacs, and show significant defects 
in hematopoiesis (Matsumoto et al. 2006).

KLF7

KLF7 was initially cloned from human vascular endothelial cells by the polymerase 
chain reaction (PCR) using degenerate oligonucleotides corresponding to the 
DNA-binding domain of KLF1 (Matsumoto et al. 1998). Given its broad, low-level 
expression in adult tissues, KLF7 was termed ubiquitous Krüppel-like factor (UKLF). 
However, the predominant developmental expression of mouse Klf7 is in postmitotic 
neuroblasts of the developing central and peripheral nervous systems (Laub et al. 
2001a). Klf5 mRNA is first seen at E9.5 and is maximum around E11.5, with intense 
expression in the forebrain, midbrain, and hindbrain; the eye; and the trigeminal, 
geniculate, vestibulocochlear, petrosal, superior, jugular, nodose, accessory, and 
dorsal root ganglia. Klf7 expression is maintained in the dorsal root ganglia from 
E11.5 to E18.5, whereas expression declines in the neural tube and low levels of 
expression are seen diffusely throughout the embryo. Klf7 is also expressed in 
the olfactory epithelium at E16.5 and the neural retina at E17.5. Postnatally, Klf7 
expression is observed in a few regions of the brain but is later confined to the adult 
cerebellum, olfactory system, and dorsal root ganglia (Laub et al. 2001a). Loss of 
Klf7 in mice leads to neonatal lethality, with 98.5% of pups dying within 3 days 
of birth (Laub et al. 2005). Klf7 null mice have hypoplastic olfactory bulbs, with 
defects of axonal projections in the olfactory and visual systems, cerebral cortex, 
and hippocampus, as well as abnormalities of dendritic organization.

KLF8

Human KLF8 (ZNF741) was first cloned by PCR from K562 cells, a human 
hematopoietic cell line (van Vliet et al. 2000). KLF8 is broadly expressed in human 
tissues, with greatest expression in kidney, heart, and placenta. Multiple KLF8 
transcripts have been identified, and the relative levels of transcript expression appear 
to be similar in the various tissues. Little is known to date about Klf8 expression 
during development, and a Klf8 knockout has not been described.

KLF9

Klf9 (BTEB) was initially isolated from a rat liver cDNA library (Imataka et al. 
1992). Klf9 is widely expressed throughout mouse embryonic development, at 
least as early as E8 (Martin et al. 2001). By E11, Klf9 is highly expressed in the 
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cephalic mesenchyme of the developing brain, the epithelia and smooth muscle of 
the gut and bladder, and the skin epidermis. At E16, high levels of Klf9 are also 
observed in the thymus and vertebrae cartilage primordia. In the developing cere-
bral hemispheres, Klf9 is undetectable from E16 until birth and then rises dramati-
cally into adulthood, suggesting a possible role in neurite outgrowth (Denver et 
al. 1999). In addition, in mice, Klf9 expression increases dramatically in Purkinje 
cells of the cerebellum and in the pyramidal cells of the hippocampus at postnatal 
day 7, a time when synapses in the brain begin to form (Morita et al. 2003). Klf9 
null mice show a normal lifespan, are fertile, and exhibit no overt pathological 
defects; their general behavioral activities are unaffected (Morita et al. 2003). 
However, Klf9 null mice do show impairments in specific behavioral testing, such 
as rotorod tests and contextual fear conditioning tests. Ablation of Klf9 in female 
mice results in uterine hypoplasia, reduced litter size, and increased incidence of 
neonatal deaths in offspring, with parturition defects involving the progesterone 
receptor (Simmen et al. 2004; Zeng et al. 2008). In addition, Klf9 loss results in 
an intestinal phenotype, with short small intestinal villi, reduced crypt cell pro-
liferation, decreased migration along the villi, and altered cell lineage allocation 
(Simmen et al. 2007).

KLF10

KLF10 was identified by differential display PCR from normal human fetal 
osteoblasts following transforming growth factor-β (TGF-β) treatment and thus 
is also called TGF-β-inducible early gene 1 (TIEG1) (Subramaniam et al. 1995). 
Human KLF10 is expressed in keratinocytes; epithelial cells of the placenta, breast, 
and uterus; osteoblasts and other cells of the bone marrow and cerebellum; skeletal 
muscle; and pancreas with some cells showing cytoplasmic staining and others a 
nuclear localization (Subramaniam et al. 1995, 1998). Mouse Klf10, also called 
mGIF, is widely distributed in the adult with high levels in kidney, lung, brain, liver, 
heart, and testis (Yajima et al. 1997). During development, murine Klf10 is broadly 
expressed, including in the cerebral cortex, cerebellar primordium, kidney, intestine, 
liver, lung, bones, and the differentiating mesenchyme surrounding the nasal cavity 
and some of the skull (Yajima et al. 1997). Klf10 null mice initially appeared to be 
phenotypically normal, with no evidence of alterations in bone formation despite 
an increase in the number of osteoblasts (Subramaniam et al. 2005). These Klf10 
null osteoblasts display reduced expression of key differentiation markers and a 
decreased ability to support osteoclast differentiation in vitro. Subsequent analyses 
revealed that loss of Klf10 results in severe osteopenia in female animals only, with 
reduced cancellous and cortical bone and reduced bone strength (Hawse et al. 2008). 
Conversely, male but not female Klf10 null mice develop cardiac hypertrophy at 
16 months of age (Rajamannan et al. 2007). Klf10 null mice also show defects in 
the mechanical properties and healing potential of tendons (Bensamoun et al. 2006; 
Tsubone et al. 2006).
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KLF11

Human KLF11 was first described as TIEG2, another TGF-β-inducible gene that 
inhibits growth in cultured cells (Cook et al. 1998). Another homologue, FKLF, was 
cloned from fetal globin-expressing human fetal erythroid cells (Asano et al. 1999). 
KLF11 is ubiquitously expressed in adult human tissues, with the highest levels 
in the pancreas and skeletal muscle (Cook et al. 1998). KLF11 is also enriched in 
erythroid cells, with much higher expression in fetal liver than adult bone marrow 
(Asano et al. 1999). Klf11 null mice appear normal at all stages of development, are 
fertile, and show no abnormalities of hematopoiesis (Song et al. 2005).

KLF12

Klf12, formerly named AP-2rep, is a transcriptional repressor of the AP-2α gene 
identified by screening a mouse brain cDNA library (Imhof et al. 1999). Overall, 
Klf12 is seen in the adult kidney and at very low levels in the adult liver and lung 
but not in most other adult and embryonic tissues. Some Klf12 transcripts are 
seen in brain and kidney at E15.5 and E19.5 (Imhof et al. 1999), and Klf12 
expression in the developing kidney rises at postnatal day 15 (Suda et al. 2006). 
A knockout mouse for Klf12 has not been reported.

KLF13

KLF13 (RFLAT-1) was identified as an activator of RANTES (regulated upon 
activation normal T-cell expressed and secreted), a chemokine for T-cell activation 
(Song et al. 1999). KLF13 is ubiquitously expressed in human tissues, with two distinct 
transcripts, and the greatest abundance is seen in peripheral blood lymphocytes 
and thymus. In the mouse, Klf13 is widely distributed in adults (Scohy et al. 2000) 
and embryos (Martin et al. 2001), beginning by at least E8. Klf13 is expressed in 
primitive heart at E8 and in atria and ventricles of the developing heart at E11; 
it is seen less prominently at E13 and E16. Klf13 is also expressed at high levels 
in the cephalic mesenchyme of the developing brain, the thymus, vertebrae cartilage 
primordia, gut, bladder, and epidermis. Whereas Klf13 in the gut and bladder 
are expressed throughout the muscle and epithelia at E11 and E13, by E16 the 
expression is localized to the epithelia. Inactivation of Klf13 in mice results in 
decreased viability by 3 weeks after birth, with reduced numbers of circulating 
erythrocytes, an increase in less mature erythroblasts, prolonged survival of thymocytes 
due to decreased apoptosis, splenomegaly, and an enlarged thymus (Gordon et al. 
2008; Zhou et al. 2007). Klf13 null mice also show a trend toward reduced numbers 
of granulocytes and monocytes, suggesting abnormalities in pathways affecting 
differentiation or survival of hematopoietic cells (Gordon et al. 2008). Although 
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one report indicates an increase in the number of thymocytes, another reports a 30% 
decrease in thymocyte numbers (Gordon et al. 2008; Zhou et al. 2007). Knockdown 
of Klf13 in Xenopus embryos leads to atrial septal defects and hypotrabeculation 
(Lavallee et al., 2006).

KLF14

Klf14 was identified together with mouse Klf13 using the sequence of the Sp1 zinc 
finger DNA-binding domain as a probe to screen a mouse EST database (Scohy 
et al. 2000). Klf14 is ubiquitously expressed in adult tissues. Human KLF14 has 
been described as an imprinted gene with monoallelic maternal expression in all 
embryonic and extraembryonic tissues studied in humans and the mouse (Parker-
Katiraee et al. 2007). Expression is seen in placenta and fetal heart, liver, lung, and 
colon, as well as adult skeletal muscle, colon, stomach, and brain but not the liver 
or lymphoblasts. A gene knockout of KLF14 has not been described.

KLF15

KLF15 was cloned from a human kidney cDNA library as kidney Krüppel-like 
factor (KKLF) (Uchida et al. 2000). In human and rat tissues, KLF15 is expressed 
most abundantly in liver, with moderate levels in kidneys, heart, and skeletal muscle 
and no expression in bone marrow or lymphoid tissues. Klf15 is highly expressed in 
adipocytes and myocytes in vivo and is induced when preadipocytes differentiate 
into adipocytes (Gray et al. 2002). Klf15 shows minimal cardiac expression during 
embryonic development and is barely detectable in the rat heart at postnatal day 
3 but reaches adult levels by postnatal day 30 (Fisch et al. 2007). Klf15 null mice 
are viable, fertile, and born in expected Mendelian ratios. In response to pressure 
overload, Klf15 null mice develop cardiac fibrosis and an eccentric form of cardiac 
hypertrophy (Fisch et al. 2007; Wang et al. 2008). Klf15 null mice also develop 
severe fasting hypoglycemia (Gray et al. 2007).

KLF16

KLF16, also known as dopamine receptor regulating factor (DRRF), was initially 
cloned from a mouse neuroblastoma cell line (Hwang et al. 2001). In mice, Klf16 
is expressed in multiple adult tissues, including brain, heart, spleen, lung, liver, 
kidney, and testis. The highest levels of Klf16 are seen in multiple regions of the 
brain, including the olfactory tubercle, olfactory bulb, nucleus accumbens, striatum, 
hippocampal CA1 region, cerebral cortex, dentate gyrus, and amygdala (Hwang 
et al. 2001). During embryogenesis, the pattern of Klf16 in brain overlaps that 
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found in the adult and with the expression profile of dopamine receptors (Hwang et 
al. 2001). Klf16 is expressed at E12 in regions of the brain and skull and in muscles 
of the tongue and tail, with moderate expression in the heart and liver (D’Souza 
et al. 2002). At E14, KLF16 is highly expressed in the olfactory lobe and other 
regions of the brain, moderately expressed in the liver, and minimally expressed 
in the lung. At E16, KLF16 expression is seen in the brain, thymus, duodenum, 
and kidney, with lesser expression in the liver, heart, bladder, and lung. A KLF16 
knockout has not yet been described.

KLF17

Human KLF17 is a recently described member of the KLF family, which appears to 
be the human orthologue of the mouse gene Zfp393 (van Vliet et al. 2006; Yan et al., 
2002). Human KLF17 and murine Zfp393 have 54.8% identity at the protein level 
but have significantly higher similarity in their zinc finger regions (81.5% similar-
ity). Zfp393 is expressed exclusively in the testis and ovary, with specific expression 
in steps 3–8 spermatids and growing oocytes (Yan et al. 2002). The expression of 
human KLF17 has not been extensively studied, but based on the sources of human 
KLF17 ESTs it appears to be present in testis, brain, and bone, although likely at low 
levels (van Vliet et al. 2006). A knockout of Klf17 has not been reported.

Conclusion

The expression patterns of the individual KLFs vary during development and 
adulthood. A careful examination of the overlapping patterns of expression 
and function suggest a number of themes for the members of the KLF family. 
These themes, involving processes such as adipogenesis, cardiac hypertrophy, 
hematopoiesis, and the pluripotency of stem cells, are explored thoroughly in the 
ensuing chapters.
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Abstract Erythroid Krüppel-like factor (EKLF) is a transcriptional activator that 
was originally identified in 1993 and has since provided a significant window into 
the carefully orchestrated process of erythroid gene expression, particularly as it 
plays a critical role in ß-like hemoglobin switching. However, later observations 
have suggested other roles for this protein. This presentation discusses the lines of 
evidence that together open up a new hematopoietic horizon for EKLF function.

Introduction

For a number of years my laboratory has been interested in the control of lineage 
decisions during hematopoiesis, with particular focus on the study of erythroid 
cell differentiation. We initially took a subtractive cloning approach to this issue, 
whereby we isolated genes selectively expressed in the murine erythroleukemia 
(MEL) cell line but not in a monocyte-macrophage (J774) cell line. This led us to 
the identification of a gene product that contained three TFIIIA-like C2H2 zinc 
fingers at its carboxy terminus and that we named erythroid Krüppel-like factor 
(EKLF) because of their high homology to the Drosophila gap gene (Miller and 
Bieker 1993).

Our excitement about this gene product was heightened when we found that 
its expression is highly restricted to adult bone marrow and spleen and when 
we realized that the homology of its zinc fingers to a specific subset of C2H2 
zinc finger proteins enabled us to predict, from structural arguments, a potential 
DNA-binding target. This directed us to a conserved element already known to be 
important for ß-globin gene expression, the CAC box or CACCC element, located 
∼90 bp upstream of its transcriptional start site. Subsequent molecular and genetic 
studies have verified that EKLF interacts with this site in vivo, and that EKLF 
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plays a critical and necessary role in the switch to adult ß-globin expression during 
erythroid ontogeny (Donze et al. 1995; Feng et al. 1994; Im et al. 2005; Nuez et al. 
1995; Perkins et al. 1995). It does so by directing the onset of ß-globin expression 
and establishing the proper three-dimensional chromatin structure across the ß-like 
globin domain, a large region that includes the far upstream locus control region 
(LCR) (Armstrong et al. 1998; Drissen et al. 2004).

EKLF has been renamed KLF1 and is now the founding member of a large 
(17-member) family of transcription factors that play diverse roles in differentiation 
and development (Bieker 2001).

Although most of these and subsequent studies have focused on EKLF’s ability 
to activate transcription, we had been surprised by finding that EKLF also interacts 
with co-repressor proteins (Chen and Bieker 2001, 2004), suggesting that other roles 
lay hidden and remained to be discovered. Together, the activation and repression 
studies strongly suggested that posttranslational modifications of EKLF play an 
important role in establishing specific protein–protein interactions, and that these 
could lead to altered functional effects at both the molecular and cellular levels. 
For these reasons, we continued to probe EKLF function by concurrently undertaking 
a series of nominally unrelated studies that, in the end, unexpectedly converged and 
unraveled a deeper function for EKLF during hematopoiesis.

Four Experimental Avenues That Support an Expanded 
Role for EKLF/KLF1 During Hematopoiesis

EKLF Promoter Analyses

Examination of the onset and expression pattern of EKLF during development 
revealed that its mRNA first appears at the neural plate stage (∼E7.5), where it 
is strictly localized to the earliest morphologically identified erythroid cells in 
the blood islands of the yolk sac, followed by a switch to the fetal lever by E10.5 
(Southwood et al. 1996). This led to a series of analyses using varied approaches 
to determine the control elements responsible for this highly restricted pattern of 
expression. Initially (Chen et al. 1998), transfection of cloned DNA was used to 
determine that a 950 base pair (bp) region, located just upstream of the transcription 
initiation site, was sufficient to generate erythroid-specific expression in transient 
assays (Fig. 1). This region harbors erythroid-restricted DNAse hypersensitive sites, 
one of which behaves as a strong enhancer. This core region, in conjunction with 
the proximal promoter—with its important GATA and CCAAT sequences (Crossley 
et al. 1994)—accounted for EKLF’s tissue-specific expression. The importance of 
this short region was verified in vivo by the use of transgenic mice, where the 950 
piece was sufficient to drive reporter (lacZ) expression specifically to the yolk sac 
and fetal liver (Xue et al. 2004). Importantly, visualization of thin sections from the 
yolk sac showed reporter expression to be strictly localized to the hematopoietic, 
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not the endothelial or visceral endoderm, compartment. Finally, embryonic stem 
(ES) cells differentiating in serum-free medium were used to show that BMP4 is 
necessary and sufficient to induce EKLF expression as embryoid bodies (EBs) are 
being formed (Adelman et al. 2002). The involvement for the Smad pathway in 
this process was directly implicated by showing that interference by constitutive 
expression of a dominant negative BMP receptor or of the inhibitory Smad6 obviated 
EKLF expression even in the presence of serum. Together, these studies suggested 
that EKLF promoter regulation is controlled by a proximal 950 bp region that 
responds to BMP4 signals mediated by (likely) Smad1 or Smad5 (Fig. 1). However, 
the kinetics of its induction did not allow us to determine if the Smad1/5 effect was 
direct or was mediated indirectly via another protein (or a combination of the two).

This set the stage for a more detailed analysis of the EKLF promoter (Lohmann 
and Bieker 2008). A seven species alignment of a 30 kB genomic region encom-
passing the mammalian KLF1 gene indicated that the most significant homology, 
in addition to the protein coding exons, resided in the same 1 kB proximal promoter 

Fig. 1 Regulation of the EKLF promoter, circa 2003. Top right The 950-bp region just upstream 
of the EKLF transcription start site, showing the chromatin structure and location of erythroid 
hypersensitive sites (EHS), conserved promoter motifs, regions responsible for reconstitution of 
tissue specific expression in transient assays, and the minimal core enhancer element (Chen et al. 
1998; Crossley et al. 1994). Bottom left Summary of the need for the BMP4/BMP receptor/Smad 
pathway for EKLF induction, indicating the effects of dominant negative receptor or inhibitory 
Smad6 on the process (Adelman et al. 2002). The question mark in the middle suggests that these 
experiments had not determined whether the BMP4 pathway exerted its effects on the EKLF 
promoterin in a direct or indirect manner
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region that had been functionally mapped. A short peak of homology also resided 
within the first intron. However, a more detailed view of these regions not only 
revealed transcription factor-binding motifs but also that their architectural layout 
was exquisitely conserved across species. Of particular interest were Gata and Smad 
binding motifs, located precisely within the upstream enhancer and proximal pro-
moter sequences previously mapped by functional assays, and within the intronic 
region. Their functional importance were tested using a novel application of the 
Kyba/Daley ES/EB differentiating system (Fig. 2A), whereby an EKLF promoter/
GFP transgene was developed that faithfully recapitulated the onset of endogenous 
EKLF expressing during EB differentiation. Mutation of conserved Gata and Smad 
sites verified that this assay was sensitive enough to distinguish their importance for 
directing the onset, maintenance, or optimal levels of transcription.

The proteins that interact with these regions were identified in two ways. First, 
chromatin immunoprecipitation (ChIP) of GATA proteins revealed a switch in 
their occupancy when comparing early versus late times of EB differentiation, 
corresponding to GATA2 occupancy in the progenitor stage, followed by GATA1 
occupancy after lineage commitment. Second, the Kyba/Daley system was again 
modified and used to generate a doxycycline-inducible shRNA line (Fig. 2B) 
directed against Smad5 expression, which verified its critical importance for EKLF 
expression. Together with the promoter analyses, these data enable us to propose a 
two-tiered mechanism for transcriptional regulation of EKLF, providing low levels 

Fig. 2 Modifications of the Kyba/Daley system. The three modifications of the original inducible 
expression system described by Kyba and Daley (Kyba et al. 2002) used in the experiments 
described in the presentation are shown. All schematics are shown after their unidirectional, single-
copy integration into the single endogenous modified HPRT locus. A The EKLF promoter (950 
bp; P-EKLF) was placed upstream of the GFP reporter (Lohmann and Bieker 2008). These 
experiments did not utilize the tet operon but, rather, relied on the EKLF promoter to drive expression 
of GFP. B The miR30 backbone was inserted into an intron in the GFP expression cassette 
(Lohmann and Bieker 2008). This provides a slot into which any desired shRNA can be inserted; 
in the present case, they were directed against Smad5. The tet operon is operative and inducible 
by doxycycline. C Flag-tagged EKLF was inserted upstream of an IRES-GFP gene (Frontelo et al. 
2007), providing a doxycycline-inducible construct to provide dose-dependent expression of 
EKLF at any desired time point during embryonic stem (ES) cell differentiation
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that depend on GATA2 and SMAD5 proteins at early stages, followed by high 
levels of EKLF transcript after GATA1 protein is produced (Fig. 3).

A prediction from these studies was that selection of EKLF promoter/GFP+ 
cells should enrich for erythroid progenitors. We therefore established an EKLF 
promoter/GFP reporter mouse, isolated GFP+ fetal liver cells, and monitored their 
capacity for colony formation in methylcellulose. Indeed, this selected for erythroid 
progenitors, but the additional surprise was that this population was also enriched 
for megakaryocyte progenitors. This was also true when similar assays were 
performed with EB-derived cells. As a result, there is a line of evidence suggesting 
that EKLF is positioned by its promoter activity to play an earlier role in hematopoiesis 
than was originally apparent.

EKLF Gain-of Function and Loss-of-Function Analyses

Although genetic ablation of EKLF led to embryonic lethality due to a profound 
ß-thalassemia, its expression pattern during embryogenesis (described above) in 
addition to its presence in some multipotential cell lines suggested other, more 
subtle functions. In earlier studies, we had used the Kyba/Daley system in its 
original design for expression of chimeric EKLF proteins (Manwani et al. 2007). 
Given the enigmatic expression pattern of EKLF cell lines, we used this system 
(Fig. 2C) to ask whether increased expression of EKLF could alter normal patterns 
of hematopoiesis during EB differentiation (Frontelo et al. 2007). This powerful 
system provides a dose-dependent way to increase the target protein at the desired 

Fig. 3 Model for two-tiered, stage-dependent induction of EKLF during early development. 
The status of the EKLF promoter is shown before (progenitor) and after (erythroid cell) lineage 
commitment based on the experiments described in the presentation (Lohmann and Bieker 2008). 
Multispecies alignments, promoter mutations, ChIP, and shRNA knockdowns suggest that SMAD5 
and GATA2 play an initial, necessary role early to generate low levels of EKLF expression, but 
this switches to a GATA1-dependent, high-level expression pattern after GATA1 protein is induced. 
Additional proteins (Tal1, CP1, although likely no longer Smad5) may also play a role by binding 
to other conserved sites
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time point and in all the cells within a developing EB. This approach was combined 
with disaggregation and plating on OP9 stromal cells. By monitoring cell surface 
marker expression in cells from EBs that had been induced to overexpress EKLF by 
the addition of doxycycline, we found that megakaryopoiesis (as judged by CD41/
CD42d expression) was repressed. This was not a general effect, as c-kit levels were 
increased and CD71 levels were not affected. At the same time, however, erythro-
poiesis was accentuated, as Ter119 levels increased during this time, an effect that 
was visibly apparent by quantitative morphological examination of the cells.

As a complement to these studies, we monitored megakaryocyte status in 
EKLF-null fetal livers, harvested at E13.5 just prior to lethality. EKLF-null fetal 
livers contained a higher percentage of megakaryocytes than did the wild type, 
judged by both CD41/42d and CD41/42b FACS analyses, which also expanded to 
a greater extent following cell culture.

We then addressed whether these increased numbers of megakaryocytes 
resulted from an increase in progenitors. Colony assays using total fetal liver cells, 
lineage-depleted (lin-) cells, or CMP-sorted cells all led to increased numbers of 
megakaryocyte colonies if they were derived from EKLF-null material. An unan-
ticipated aspect of these assays was that the EKLF-null megakaryocytic colonies 
were of greater size than those derived from wild-type material. In total, these 
data provide a second line of evidence that EKLF functions in hematopoiesis 
prior to erythroid differentiation, as its levels play a critical role in the extent of 
megakaryopoiesis.

EKLF Expression During Normal Adult Hematopoiesis

Our earlier studies had focused on EKLF expression patterns during normal 
mammalian embryonic development but had not addressed this issue during normal 
hematopoietic differentiation that emanates from the hematopoietic stem cell 
(HSC). We utilized well-established cell surface marker criteria for isolation of 
specific subpopulations of cells emanating from long-term hematopoietic stem 
cells and analyzed them for EKLF presence by reverse transcription-polymerase 
chain reaction (qRT-PCR) (Frontelo et al. 2007). The analyses (Fig. 4) demonstrated 
that EKLF is expressed at barely detectable levels in hematopoietic stem cells and 
multipotent progenitors. A clear difference in expression subsequently becomes 
established, with EKLF absent in common lymphoid progenitors and their B- and 
T-cell progeny, yet increased in the common myeloid progenitor (CMP). At this 
point there is another clear demarcation in expression within the CMP progeny, as 
EKLF levels become higher in the megakaryocyte/erythroid progenitor (MEP) but 
decline further in the granulocyte/macrophage progenitor (GMP). EKLF expression 
in the GMP does not develop any further. These data show that there is a gradual 
restriction in expression of EKLF as hematopoiesis proceeds even though its levels 
are steadily increasing in more the differentiated cells that express it. Of particular 
interest, however, the bipotential differentiation of MEPs leads to a dramatic 
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difference in EKLF expression, with erythroid progenitors exhibiting an 80-fold 
greater level of expression than megakaryocyte progenitors. This demarcates 
EKLF as having significantly different properties from GATA1, FOG, GFi1b, 
and SCL—transcription factors whose presence are required for both erythroid 
and megakaryocytic expansion and differentiation. These data provide a third line 
of evidence that EKLF is expressed earlier in hematopoiesis and show that it is 
normally downregulated as MEPs differentiate down the megakaryocytic lineage 
although being retained at high levels in the erythroid lineage. This also explains 
the gain-of-function data, which can now be seen as having misregulated the 
normal shut-off of EKLF in megakaryocytes.

Relevance of EKLF Posttranslational Modifications

EKLF undergoes a range of functionally important posttranslational modifica-
tions that encompass phosphorylation (Ouyang et al. 1998), acetylation (Zhang 
and Bieker 1998), and ubiquitylation (Quadrini and Bieker 2006). Some of these 
have been shown to alter subsequent protein–protein interactions (Chen and Bieker 
2004; Zhang et al. 2001). We noted that mammalian EKLF protein contains a 
conserved motif near its amino terminus that matches the consensus target site 
for sumoylation (Siatecka et al. 2007). As a result, we directly tested whether the 
modification occurs and found that EKLF is sumoylated at a single site within the 
conserved motif (K74 in the murine sequence), and that PIAS1 plays a critical role 
in this process. Mutation of this site affects EKLF’s repression capability but has 
no discernible effect on its ability to activate a target promoter. Repression by the 
wild-type protein can be altered by co-expression of a dominant-negative Ubc9 
or the SUMO-specific isopeptidase SSP. EKLF nuclear localization proceeds 
equivalently irrespective of its sumoylation status. Similar to the other modifications, 
sumoylated EKLF provides an efficient platform for its protein interactions, 

Fig. 4 EKLF expression during normal hematopoiesis. Cell populations from murine bone marrow 
were sorted and monitored for EKLF expression by a quantitative reverse transcription-polymerase 
chain reaction, leading to “very low,” “low,” “high,” and “very high” categories based on their 
relative expression levels. CMP = common myeloid progenitor; MEP = megakaryocyte erythroid 
progenitor; MkP = megakaryocyte progenitor; ErP = erythroid progenitor. Shown are a subset of 
the total results (Frontelo et al. 2007)
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in this case with the Mi2ß subunit of the NuRD repression complex, providing a 
molecular explanation for its effects in vivo.

When considering the functional importance of EKLF sumoylation, we were 
fortunate to have obtained, by then, the data on EKLF’s ability to repress 
megakaryopoiesis (summarized above). The data strongly suggested to us that they 
might provide a means to test whether the two observations are related. We did this 
in two ways. First, we established K562-derived cell lines that contain stable 
zinc-inducible EKLF constructs, one with wild type and the other with the 
sumoylation mutant (K74R). K562 cell lines are an erythroleukemic cell line that 
can be further directed toward erythropoiesis (fetal hemoglobin expression) by 
the addition of hemin, or redirected toward megakaryopoiesis by addition of the 
phorbol ester TPA. Importantly, these cells do not express endogenous EKLF. 
We found that induction of megakaryopoiesis was inhibited by the presence of 
wild-type EKLF compared to that seen in the presence of K74R EKLF, which 
exhibited little inhibition of the process. This suggested that the modification might 
play an important functional role in megakaryocyte repression.

To further support this idea in vivo during normal hematopoiesis, we cloned 
EKLF downstream of the megakaryocyte-specific platelet factor 4 (PF4) promoter 
and established transgenic lines from these DNA constructs. Lines that expressed 
the transgenes in the bone marrow were examined by cellular and molecular analyses. 
Already at harvest, bone marrow cells from transgenic mice expressing WT-EKLF 
displayed a threefold decrease in megakaryocyte cellularity in WT-EKLF 
transgenic bone marrow. This demonstrates that mis-expression of EKLF in the 
megakaryocyte lineage has a repressive effect on megakaryocyte formation, 
consistent with our analyses (see above). However, transgenic bone marrow from 
the K74R-EKLF line revealed no effect of mutant EKLF transgene expression on 
megakaryocyte cellularity. We also determined whether transgene expression also 
altered megakaryocyte colony formation and found a trend similar to that seen 
with the cell assay: WT-EKLF transgenic bone marrow contained fivefold less 
megakaryocyte colony-forming potential than the nontransgenic control, and the 
K74R-EKLF transgenic bone marrow was not affected. We concluded that 
availability of the SUMO modification site in EKLF is absolutely critical for it to exert 
its normal inhibition of megakaryopoiesis prior to red blood cell onset and provides 
the fourth line of evidence for its functional importance earlier in hematopoiesis.

Conclusions and Future Perspectives

These four lines of evidence suggesting that EKLF plays a functional role 
prior to erythropoiesis leads to a testable working model (Fig. 5). The model 
includes the results of studies (not presented) supporting the idea that Fli1, an 
ETS-related transcription factor that is also expressed in the MEP but critical for 
megakaryocyte differentiation, is negatively regulated by EKLF, providing a 
molecular basis for EKLF’s ability to repress megakaryopoiesis (Frontelo et al. 2007). 
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As a result, we postulate that within the MEP, EKLF and Fli1 can antagonize each 
other by protein or transcriptional inhibition mechanisms. Stochastic variation in 
levels, external influences (lightning bolt), or asymmetrically distributed molecules 
(trapezoid) can enable progeny to attain either an erythroid or a megakaryocyte 
fate. Also critical is the modification state (mod) of EKLF during these cellular 
decisions. After cell division, in the erythroid precursor cell EKLF completes the 
repression of Fli1 while activating downstream red blood cell targets, whereas the 
converse happens in megakaryocyte precursors as a result of Fli1 suppression of 
EKLF. Hence, EKLF gain- or loss-of-function leads to divergent effects on the 
bipotential decision by the MEP. At the same time, and in contrast to the actions of 
EKLF, other transcription factors (e.g., GATA1, FOG, SCL, Gfi1b) are positively 
required for both erythroid and megakaryocytic lineages. An interesting exception 
is c-myb, as hypomorphs have been shown to exhibit effects on MEP bipotential 
decisions similar to those of EKLF (Mukai et al. 2006).

Recent studies have lent further support for the concepts put forward in this 
chapter. For example, the role of EKLF in bipotential decisions within the MEP 
that lead to megakaryocytic repression and erythroid expansion have been 
supported by directly altering its levels within these progenitor cells and noting 
their downstream effects (Bouilloux et al. 2008). The importance of single EKLF 
posttranslational modifications, in this case acetylation of K288, has been shown 
to be critical for recruiting CBP and the subsequent modification of histone H3, 
opening the chromatin structure, and transcriptional activation of adult ß-globin 
(Sengupta et al. 2008). Finally, point mutations in human EKLF have been shown 
to lead to phenotypic variation of red blood cell antigen expression even in 
the heterozygous state (Bieker 2008; Singleton et al. 2008). Putting these ideas 
together leads to the exciting prediction that genetic mutation of EKLF, at sites 
critical for its protein modification, may in the future be shown to be a causative 
factor for a specific subset of hematopoietic aberration and disease.

Fig. 5 Model of EKLF’s role in erythroid and megakaryocytic decisions. See the text for details.



92 J.J. Bieker

Acknowledgments I particularly wish to recognize the contributions of the present laboratory 
members Felix Lohmann, Deepa Manwani, Mirka Siatecka, and Li Xue and our collaborator 
Holger Karsunky to the studies summarized in this presentation. The studies have been supported 
by funding from the National Institutes of Health (DK46865, DK48721, HL28381).

References

Adelman CA, Chattopadhyay S, Bieker JJ (2002) The BMP/BMPR/Smad pathway directs 
expression of the erythroid-specific EKLF and GATA1 transcription factors during embryoid 
body differentiation in serum-free media. Development 129: 539–549.

Armstrong JA, Bieker JJ, Emerson BM (1998) A SWI/SNF-related chromatin remodeling 
complex, E-RC1, is required for tissue-specific transcriptional regulation by EKLF in vitro. 
Cell 95: 93–104

Bieker JJ (2001) Kruppel-like factors: Three fingers in many pies. J Biol Chem 276: 
34355–34358

Bieker JJ (2008) Blood group antigens reveal their maker. Blood 112: 1554–1555
Bouilloux F, Juban G, Cohet N et al (2008) EKLF restricts megakaryocytic differentiation at the 

benefit of erythrocytic differentiation. Blood 112: 576–584
Chen X, Bieker JJ (2001) Unanticipated repression function linked to erythroid Kruppel-like 

factor. Mol Cell Biol 21: 3118–3125
Chen X, Bieker JJ (2004) Stage-specific repression by the EKLF transcriptional activator. Mol 

Cell Biol 24: 10416–10424
Chen X, Reitman M, Bieker JJ (1998) Chromatin structure and transcriptional control elements of 

the erythroid Kruppel-like factor (EKLF) gene. J Biol Chem 273: 25031–25040
Crossley M, Tsang AP, Bieker JJ et al (1994) Regulation of the erythroid Kruppel-like factor 

(EKLF) gene promoter by the erythroid transcription factor GATA-1. J Biol Chem 269: 
15440–15444

Donze D, Townes TM, Bieker JJ (1995) Role of Erythroid Krüppel-like Factor (EKLF) in human 
g- to ß-globin switching. J Biol Chem 270: 1955–1959

Drissen R, Palstra RJ, Gillemans N et al (2004) The active spatial organization of the beta-globin 
locus requires the transcription factor EKLF. Genes Dev 18: 2485–2490

Feng WC, Southwood CM, Bieker JJ (1994) Analyses of ß-thalassemia mutant DNA interactions 
with erythroid Krüppel-like factor (EKLF), an erythroid cell-specific transcription factor. 
J Biol Chem 269: 1493–1500

Frontelo P, Manwani D, Galdass M et al (2007) Novel role for EKLF in megakaryocyte lineage 
commitment. Blood 110: 3871–3880

Im H, Grass JA, Johnson KD et al (2005) Chromatin domain activation via GATA-1 utilization of 
a small subset of dispersed GATA motifs within a broad chromosomal region. Proc Natl Acad 
Sci U S A 102: 17065–-17070

Kyba M, Perlingeiro RC, Daley GQ (2002) HoxB4 confers definitive lymphoid-myeloid 
engraftment potential on embryonic stem cell and yolk sac hematopoietic progenitors. Cell 
109: 29-37

Lohmann F, Bieker JJ (2008) Activation of Eklf expression during hematopoiesis by Gata2 and 
Smad5 prior to erythroid commitment. Development 135: 2071–2082

Manwani D, Galdass M, Bieker JJ (2007) Altered regulation of beta-like globin genes by a 
redesigned erythroid transcription factor. Exp Hematol 35: 39–47

Miller IJ, Bieker JJ (1993) A novel, erythroid cell-specific murine transcription factor that binds 
to the CACCC element and is related to the Krüppel family of nuclear proteins. Mol Cell Biol 
13: 2776–2786

Mukai HY, Motohashi H, Ohneda O et al (2006) Transgene insertion in proximity to the c-myb 
gene disrupts erythroid-megakaryocytic lineage bifurcation. Mol Cell Biol 26: 7953–7965



6 Expanded Role for EKLF/KLF1 Within the Hematopoietic Lineage 93

Nuez B, Michalovich D, Bygrave A et al (1995) Defective haematopoiesis in fetal liver resulting 
from inactivation of the EKLF gene. Nature (London) 375: 316–318

Ouyang L, Chen X, Bieker JJ (1998) Regulation of erythroid Kruppel-like factor (EKLF) 
transcriptional activity by phosphorylation of a protein kinase casein kinase II site within its 
interaction domain. J Biol Chem 273: 23019–23025

Perkins AC, Sharpe AH, Orkin SH (1995) Lethal ß-thalassemia in mice lacking the erythroid 
CACCC-transcription factor EKLF. Nature (London) 375: 318–322

Quadrini KJ, Bieker JJ (2006) EKLF/KLF1 is ubiquitinated in vivo and its stability is regulated by 
activation domain sequences through the 26S proteasome. FEBS Lett 580: 2285–2293

Sengupta T, Chen K, Milot E et al (2008) Acetylation of EKLF is essential for epigenetic modi-
fication and transcriptional activation of the {beta}-globin locus. Mol Cell Biol 28: 6160–6170

Siatecka M, Xue L, Bieker JJ (2007) Sumoylation of EKLF Promotes Transcriptional Repression 
and Is Involved in Inhibition of Megakaryopoiesis. Mol Cell Biol 27: 8547–8560

Singleton BK, Burton NM, Green C et al (2008) Mutations in EKLF/KLF1 form the molecular 
basis of the rare blood group In(Lu) phenotype. Blood 112: 2081–2088

Southwood CM, Downs KM, Bieker JJ (1996) Erythroid Kruppel-like Factor (EKLF) exhibits an 
early and sequentially localized pattern of expression during mammalian erythroid ontogeny. 
Devel Dyn 206: 248–259

Xue L, Chen X, Chang Y et al (2004) Regulatory elements of the EKLF gene that direct erythroid 
cell-specific expression during mammalian development. Blood 103: 4078-4083

Zhang W, Bieker JJ (1998) Acetylation and modulation of erythroid Kruppel-like factor (EKLF) 
activity by interaction with histone acetyltransferases. Proc Natl Acad Sci U S A 95: 
9855–9860

Zhang W, Kadam S, Emerson BM et al (2001) Site-specific acetylation by p300 or CREB binding 
protein regulates erythroid Kruppel-like factor transcriptional activity via its interaction with 
the SWI-SNF complex. Mol Cell Biol 21: 2413–2422.



R. Nagai et al. (eds.), The Biology of Krüppel-like Factors, 95
DOI: 10.1007/978-4-431-87775-2_7, © Springer 2009

Abstract Several family members of Krüppel-like factors (KLFs) are found in 
lymphocytes, and their expression is tightly regulated during development and 
differentiation. The related factors KLF2 and KLF4 have been suggested to promote 
lymphocyte “quiescence” by inducing withdrawal of cells from the cell cycle. 
Although the physiological role of KLF2 in cell cycle control in lymphocytes is 
currently unclear, it is potentially due to redundancy between related KLFs. On the 
other hand, there is growing evidence that individual KLFs regulate migration of 
lymphocytes (and other cells) during normal homeostasis of the immune system 
and in inflammatory situations. In addition to KLF2 and KLF4, the roles of KLF10 
and KL13 in lymphocytes are briefly discussed.

Introduction

The immune system provides defense against diverse threats, including pathogenic 
microorganisms and cancer. Immunity depends on a complex process mediated 
by various cellular and humoral factors. Lymphocytes are especially important in 
the adaptive immune response, in which antigen-specific responses mediated by 
T cells and B cells can efficiently eliminate pathogens and tumors and lead to 
lifelong immunity. During the steady state, naïve lymphocytes with a wide range of 
specificities are maintained in a resting, “quiescent” state and recirculate between 
secondary lymphoid organs and the blood, the migration being dictated by various 
chemokines and adhesion molecules. It is within secondary lymphoid organs that 
encounters with foreign antigens occur, leading to activation and rapid proliferation 
of specific T and B cells. Upon successful elimination of the antigen, these specific 
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T and B cells are maintained in the memory pool, yielding enhanced responses to the 
subsequent reencounter with the same antigen. Broadly, T cells are comprised of helper 
and cytolytic cells, the former having various functions including supporting 
B cell responses and production of cytokines, and the latter being responsible for 
killing infected or transformed cells. Activated B cells produce antibodies specific 
for their target antigen which can, for example, neutralize viruses.

Lymphocyte development, migration, activation, and subsequent differentiation 
are tightly controlled by a number of transcription factors, including some Krüppel-
like factor (KLF) family members (Kuo and Leiden 1999). KLFs are a subfamily 
of the zinc-finger transcription factors and bind to GC-rich DNA elements through 
a highly conserved DNA-binding domain containing three cysteine

2
/histidine

2
-type 

zinc finger motifs located at the carboxyl terminus (Haldar et al. 2007; Kaczynski 
et al. 2003; Suzuki et al. 2005; Turner and Crossley, 1999). The mammalian 
KLF family is composed of 17 family members (Haldar et al. 2007), and distinct 
functions within the family can be attributed to differences in the expression profile 
and the structure of N-terminal domains involved in transcriptional repression and 
activation (Turner and Crossley 1999). Considerable progress has been made 
over the past decade on understanding the role of KLFs in regulating lymphocyte 
“quiescence” and “migration.”

Regulated Expression of KLF2 and KLF4 in Lymphocytes

KLF2 and KLF4 are both expressed in T and B cells, and the expression of these 
KLFs changes dynamically with the differentiation state of the lymphocytes, as 
discussed below.

In the T cell lineage, KLF2 is expressed in mature T cells developing in the 
thymus (Carlson et al. 2006; Kuo et al. 1997b; McCaughtry et al. 2007; Mick et al. 
2004). KLF2 mRNA is not detected in the abundant immature CD4+8+ thymocyte 
stage but is strongly upregulated in mature CD4+ and CD8+ thymocytes and is 
expressed in peripheral naïve T cells. The factors that induce KLF2 expression 
during T-cell development are unclear. Studies in lymphocyte and endothelial cell 
lines have suggested that the MEF2 transcription factor promotes KLF2 expression, 
and MEF2D activity is induced via activation of the mitogen-activated protein 
kinase–extracellular signal-regulated kinase (MEK5–ERK5) pathway (Parmar 
et al. 2006; Sohn et al. 2005). Winoto and colleagues have argued that this path-
way may be triggered by either the T-cell receptor (TCR) or interleukin-7 receptor 
(IL-7R), both of which are critical for T-cell development (Sohn et al. 2005). Studies 
using ERK5−/− T cells suggest this factor is not essential for KLF2 expression 
(our unpublished data), although the role of MEF2D in regulation of KLF2 
expression warrants further investigation. Recent studies have revealed that the 
Forkhead Box O protein FOXO-1 can drive expression of KLF2 in T cells (Fabre 
et al. 2008) and of KLF4 in B cells (see below) (Fruman 2004; Sinclair et al. 2008) ) 
and is under the control of phosphoinositide 3-kinase (PI3K) signaling.
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Downregulation of KLF2 is also tightly regulated. In mature T cells, stimula-
tion through the TCR leads to rapid, profound loss of KLF2 (Endrizzi and Jameson 
2003; Kuo et al. 1997b; Schober et al. 1999). This is mediated through reduced 
transcription of the KLF2 gene (Endrizzi and Jameson 2003; Kuo et al. 1997b) but 
also appears to involve active degradation of KLF2 protein (Endrizzi and Jameson 
2003; Kuo et al. 1997b). Lingrel’s group showed that KLF2 protein is targeted for 
ubiquitin-mediated degradation, involving the WW domain-containing protein 1 
(WWP1) E3-ubiquitin ligase (Conkright et al. 2001; Zhang et al. 2004), although 
it is not clear if this same pathway regulates KLF2 in lymphocytes. Reexpression 
of KLF2 occurs with the transition from effector to memory phase in vitro and 
in vivo (Bai et al. 2007; Grayson et al. 2001; Schober et al. 1999). Cytokines can 
affect KLF2 reexpression, as shown by the ability of IL-7 and IL-15 to induce 
KLF2 expression in activated T cells, whereas IL-12, IL-4, and high-dose IL-2 
all prevent KLF2 reexpression (Bai et al. 2007; Endrizzi and Jameson 2003; 
Schober et al. 1999). The differential effects of IL-2 and IL-15 can be attributed 
to the fact that high-dose IL-2 (but not IL-15) induces sustained signaling through 
PI3K (Cornish et al. 2006; Sinclair et al. 2008), which negatively regulates KLF2 
expression (Fruman 2004; Sinclair et al. 2008). Indeed, two downstream targets 
of the PI3K pathway, the mammalian target of rapamycin (mTOR) and Akt, 
negatively regulate transcriptional regulation of KLF2 (Fabre et al. 2008; Fruman 
2004; Sinclair et al. 2008).

KLF2 regulation in B cells has been analyzed less extensively, but microarray 
studies indicate that KLF2 is upregulated by pre-B cell receptor (BCR) signals 
during development but transcriptionally silenced following BCR signals in mature 
B cells (Glynne et al. 2000; Schuh et al. 2008), suggesting potentially similar 
general regulation pathways.

KLF4 is highly homologous to KLF2, belonging to the same subclass (Kaczynski 
et al. 2003), and this factor has been more extensively studied in B cells. During 
development in the bone marrow, KLF4 is expressed in pre-B-I and small 
pre-B-II stages at higher levels than in other stages including large pre-B-II cells 
(van Zelm et al. 2005). Mature naïve B cells express high levels of KLF4 compared 
to pro-B cells and total pre-B cells (Klaewsongkram et al. 2007). Transcription of 
the KLF4 gene is under the direct regulation of FOXO transcription factors (includ-
ing FOXO1 and FOXO3a) and δEF1, another transcription factor that partially 
shares the target genes with FOXOs (Yusuf et al. 2008). Upon activation, mRNA 
and protein are both immediately downregulated (Good and Tangye 2007; Kharas 
et al. 2007; Klaewsongkram et al. 2007; Yusuf et al. 2008) through the PI3K–Akt 
signaling pathway (Yusuf et al. 2008). Reexpression occurs in human memory B 
cells, but this level is evidently lower than that in naïve B cells (Good and Tangye, 
2007). In contrast to B cells, in-depth analysis of KLF4 regulation in T cells has 
not been reported.

Overall, there appear to be striking parallels between general expression patterns 
and regulation mechanisms for KLF2 and KLF4 in T and B lymphocytes, although 
current studies do not reveal whether there is truly coordinated regulation of both 
factors in the two cell types.
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Function of KLF2 and KLF4 in Lymphocytes: Quiescence

Cellular quiescence is a state where cells exit the cell cycle from the G
1
 into the G

0
 

phase (Yusuf and Fruman, 2003). Naïve lymphocytes are in a quiescent state until 
an encounter with specific antigens, and they are characterized by small size, lack 
of spontaneous proliferation, diminished metabolic rate, and resistance to apoptosis. 
Quiescence is evidently not a default state but, rather, is actively controlled (Kuo 
et al. 1997b; Yusuf and Fruman 2003; Yusuf et al. 2008). As discussed above, 
KLF2 and KLF4 are expressed in resting lymphocytes (naïve and memory cells), 
but both factors are downregulated rapidly after lymphocyte activation, suggesting 
that they may be quiescence factors, as previously discussed (Kuo et al. 1997b; 
Yusuf et al. 2008).

Analysis of KLF2-deficient mice initially suggested a key role in T-cell 
quiescence. Kuo et al. generated chimeras from KLF2−/− embryonic stem (ES) cells 
in recombinant-activating gene (RAG) 2−/− blastocysts (to bypass the embryonic 
lethality associated with KLF2 deficiency) and observed that KLF2−/− T cells 
developed ostensibly normally in the thymus but were reduced by more than 
90% in peripheral lymphoid tissues (Kuo et al. 1997b). The few KLF2−/− T cells 
in peripheral sites had an activated phenotype (CD44hiCD69hiCD62Llo) and were 
highly sensitive to Fas ligand-induced apoptosis (Kuo et al. 1997b). Based on these 
observations, a model was suggested that mature T cells undergo spontaneous 
activation and Fas-mediated death in the absence of KLF2, implying the require-
ment of KLF2 for T-cell quiescence (Kuo and Leiden 1999; Kuo et al. 1997a). 
This concept was reinforced by overexpression of KLF2 in the Jurkat T-cell line, 
which caused a halt in the autonomous proliferation of Jurkat cells, decreased cell 
size, and reduced metabolic activity (Buckley et al. 2001; Haaland et al. 2005; 
Shie et al. 2000; Wu and Lingrel 2004; Yusuf et al. 2008; Zhang et al. 2000). 
An impaired cell cycle was associated with reduced Myc mRNA levels (Buckley 
et al. 2001; Haaland et al. 2005), and related studies showed induction of p21WAF1/

CIP1 with KLF2 expression (Buckley et al. 2001; Shie et al. 2000; Wu and Lingrel 
2004; Yusuf et al, 2008; Zhang et al. 2000). This expression pattern fits well with 
the concept that KLF2 expression could lead to cell cycle withdrawal.

Broadly similar functions have been proposed for KLF4 in the B-cell pool: 
Forced expression of KLF4 in activated B cells by retroviral transduction leads to 
cell cycle arrest at the G

1
 phase (Yusuf et al. 2008). This is accompanied by increased 

expression of p21WAF1/CIP1 and the decreased expression of Myc and cyclin D2, in 
accordance with the findings in T cells and nonlymphoid cells that KLF2 or KLF4 
controls the expression of these cell cycle regulators (Buckley et al. 2001; Shie et 
al. 2000; Wu and Lingrel 2004; Yusuf et al. 2008; Zhang et al. 2000). Similarly, 
ectopic expression of KLF4 (or KLF9) in naïve and memory human B cells reduced 
the number of proliferating cells (Good and Tangye 2007). Concurrently, enforced 
expression of KLF4 induces apoptosis in B-cell and T-cell leukemia cells (Kharas 
et al. 2007; Yasunaga et al. 2004). Similarly, in nonlymphoid cells, KLF4 and 
KLF6 have been shown to induce p21WAF1/CIP1 expression, leading to cell cycle arrest, 



7 Roles of Krüppel-like Factors in Lymphocytes 99

as a key component of the tumor suppressive activity of these KLFs (Narla et al. 
2001; Rowland and Peeper 2006; Zhang et al. 2000). On the other hand, KLF4’s 
function in the cell cycle may be context-dependent, as it can act as an oncogene 
in p21WAF1/CIP1-deficient cells (Rowland et al. 2005; Rowland and Peeper 2006). 
Hence, it may be hazardous to assume that expression levels of these KLFs allow 
prediction of cell cycle control, especially in cancer.

The most compelling data indicating a role for KLF2 and KLF4 in lymphocyte 
quiescence have come from overexpression studies. Such experiments suggest that 
these KLFs are sufficient for restraining cell cycle progression in lymphocytes, but 
it is less clear whether physiological levels of KLF2 and KLF4 have these roles. 
As is discussed below, the changes in the T-cell pool observed in KLF2−/− animals 
can be explained by altered thymic egress and T-cell trafficking rather than 
compromised quiescence regulation. Indeed, we found that activation, proliferation, 
and differentiation of KLF2-deficient T cells is quite normal, suggesting that the 
lack of KLF2 regulation does not lead to drastic changes in cell cycle control 
(our unpublished data). Likewise, whereas ectopic expression of KLF4 strongly 
restrains the cell cycle in activated B cells, KLF4 deficiency has minimal effects on 
B-cell development, survival, or functional reactivity (Klaewsongkram et al. 2007; 
Yusuf et al. 2008). In one report no difference was observed in cell cycle progression 
of stimulated WT and KLF4−/− B cells (Yusuf et al. 2008), whereas another study 
(using the same model system) reported activated KLF4−/− B cells had slightly 
impaired proliferation after BCR stimulation, showing a mild arrest of the G

1
 to S 

phase transition, and decreased cyclin D2 expression (Klaewsongkram et al. 2007). 
Such data suggest that KLF4 has a modest role in promoting (rather than restraining) 
the cell cycle.

Hence current data make it difficult to determine whether physiological levels 
of KLF2 and KLF4 are relevant to the regulation of quiescence. Given the fact that 
there are overlapping patterns of expression for these two factors, and that they are 
highly homologous, there is a strong likelihood for some functional redundancy. 
Lymphocytes deficient in both factors are required to resolve this issue.

Forced expression of KLF2 and KLF4 has also been reported to moderately 
induce apoptotic death in T and B cells, respectively (Buckley et al. 2001; Yusuf et 
al. 2008), although once again it is unclear whether this reflects the role of KLF2 
and KLF4 at physiological expression levels.

Control of Immune Cell Migration

Mature thymocytes leave the thymus through the blood and populate the peripheral 
T-cell pool. Similarly, immature B cells exit the bone marrow and undergo final 
maturation in the periphery. At steady state, naïve B and T cells continually circulate 
through secondary lymphoid organs (SLOs), blood, and lymph. These cellular 
dynamics allow immune cells to sample numerous SLOs in their search for foreign 
antigens. Such trafficking patterns require recognition of various chemokines and 
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adhesion molecules. For instance, T cells interact with high endothelial venules 
using CD62L/L-selectin and CCR7 to enter the lymph nodes (von Andrian and 
Mempel 2003). For entry to the mesenteric lymph nodes and Peyer’s patches, 
β7 integrin is additionally required (von Andrian and Mempel 2003). Egress 
from lymphoid tissues is also regulated, and the sphingosine-1-phosphate receptor 
S1P

1
 plays a critical role in permitting T-cell exit from the thymus (after T-cell 

development) and from SLOs (during lymphocyte recirculation) (Cyster 2005).
Carlson et al. analyzed KLF2−/− fetal liver chimeras (Carlson et al. 2006). 

Consistent with the finding by Kuo et al. in KLF2−/−RAG2−/− chimeras (Kuo et al. 
1997b), there were few T cells in the periphery despite superficially normal thymo-
cyte development. However, in contrast to the previously suggested model in which 
KLF2−/− T cells spontaneously underwent activation-induced apoptosis, KLF2−/− 
thymocytes from fetal liver chimeras survived normally after adoptive transfer and 
showed an abnormal distribution, being absent in the blood and lymph nodes and 
accumulating in the spleen. Moreover, intrathymic injection of biotin demonstrated 
the impaired emigration of KLF2−/− thymocytes into the periphery, corresponding 
to the observation that CD4+8− and CD4−8+ mature thymocytes accumulated in 
the thymus of KLF2−/− fetal liver chimeras. These trafficking abnormalities of 
KLF2−/− T cells were associated with defective expression of CD62L, CCR7, β7 
integrin, and S1P

1
, implying that the expression of these molecules is regulated by 

KLF2. Indeed, direct activation of promoters of genes encoding S1P
1
 and CD62L 

by KLF2 was demonstrated in two studies (Bai et al. 2007; Carlson et al. 2006).
KLF2 has been shown to be reexpressed in the memory stage of T cells 

(Grayson et al. 2001; Schober et al. 1999). Memory T cells are divided into two 
major populations depending on their trafficking properties (Sallusto et al. 2004). 
CD62L and CCR7, whose expressions are affected in KLF2-deficient T cells, are 
commonly used as markers for this classification, distinguishing CD62L−CCR7− 
effector memory (EM) and CD62L+CCR7+ central memory (CM) T cells (Carlson 
et al. 2006; Sallusto et al. 2004). Hence, one might expect a potential role for KLF2 
in EM and CM T cell differentiation. CD4+ T cell microarray analysis showed 
higher expression of KLF2 mRNA in CM cells than in EM cells in both humans 
(Riou et al. 2007) and the mouse (M.K. Jenkins, personal communication). 
In contrast, other studies of CD8+ EM and CM T cells did not reveal extensive changes 
in KLF2 transcripts (Bai et al. 2007; our unpublished observations), although 
assessment of KLF2 protein expression in these subsets has not been reported.

Sedbza et al. employed conditional gene disruption by Vav-Cre transgene and 
floxed KLF2 allele (Sebzda et al. 2008). These investigators replicated the findings 
reported above but suggested that the phenotype was not due to blocked thymic 
emigration; rather, it reflected misdirected T-cell trafficking into nonlymphoid 
organs, such as the liver. This abnormal migration was attributed to the increased 
expression of multiple chemokine receptors, including CXCR3 and CCR5, with the 
suggestion that KLF2 might suppress inflammatory chemokine receptor expression 
in addition to induction of homeostatic homing molecules (Sebzda et al. 2008). 
However, other studies involving T cell-specific KLF2 deficiency (using CD4-Cre) 
did not observe trafficking to nonlymphoid sites (our unpublished data). 
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A potential resolution of this issue arises from the observation that deletion of 
KLF2 in hematopoietic cells leads to severe alterations in the composition of the 
T-cell pool, with most T-cell subsets being reduced in number but a population of 
CD4+ TCRγδ T cells being increased in number and frequency (our unpublished 
data). Clearly, further studies are required to determine how KLF2 regulates 
differentiation and trafficking of discreet T-cell subsets.

In the B-cell lineage, the significance of KLF2 for migratory regulation is much 
less clear. Although S1P

1
 is also required for naïve B-cell trafficking (Matloubian 

et al. 2004), KLF2−/− naïve B-cell trafficking is not notably compromised (Carlson 
et al. 2006; Kuo et al. 1997b; our unpublished observations), indicating distinct 
regulation of S1P

1
 in naïve B and T cells. On the other hand, the amount of S1P

1
 

in immunoglobulin G (IgG)-secreting plasma cells and plasmablasts determines 
whether they reside in the splenic red pulp or migrate to bone marrow through the 
blood (Kabashima et al. 2006). Expression of S1P

1
 and KLF2 are both higher In the 

latter population than in the former population, suggesting a possible role of KLF2 
in the regulation of plasma cell positioning and differentiation (Kabashima et al. 
2006). In addition, pre-B-cell receptor signals strongly upregulate the expression 
of KLF2 and S1P

1
, suggesting a potential role of KLF2 in controlling migration 

during B-cell precursor development (Schuh et al. 2008).
Hence, at present, the significance of KLF2 in B-cell trafficking and the 

relevance (if any) of KLF4 in T- or B-cell trafficking await further analysis. Given 
the similar functions of KLF2 and KLF4 in other systems (e.g., their impact on 
lymphocyte quiescence discussed above and their role in endothelial development 
as discussed by Lloyd in Chapter 9), we consider it likely that there is some 
redundancy between these factors.

KLF13 in T Cells

In contrast to the downregulation of KLF2 and KLF4 in activated lymphocytes, 
KLF13 expression is strongly induced by T-cell activation. KLF13 mRNA levels are 
similar in naïve and activated T cells (Song et al. 1999), but protein is abundantly 
detected only during the late stage of T-cell activation. This is due to translational 
regulation through 5′-untranslated regions of the transcripts that dictate expression 
of KLF13 protein (Nikolcheva et al. 2002; Song et al. 1999). Translation of KLF13 
is dependent on a translational initiation factor, eIF4F, which mediates recruitment 
of ribosomes to mRNA; its activity is under the control of mitogen-activated protein 
kinase (MAPK) signaling through p38 and ERK-1/2 and PI3K-mTOR signaling 
(Nikolcheva et al. 2002). Furthermore, in activated T cells, KLF13 activity is post-
translationally downregulated by phosphorylation (Song et al. 1999). Involvement 
of PRP4, a MAPK family member, has been demonstrated (Huang et al. 2007).

KLF13 was originally identified as a factor that regulates the expression of CCL5/
RANTES, a chemokine produced at the late stage of T-cell activation (Song et al. 
1999). CCL5 mediates the migration of a wide range of immune cells, including 
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T cells, monocytes, eosinophils, basophils, and natural killer (NK) cells (Song et al. 
1999). The molecular mechanism of CCL5 expression that is driven by KLF13 was 
investigated in detail by Krensky and colleagues (Ahn et al. 2007; Song et al. 1999, 
2002). Reporter gene assays in the Jurkat T-cell line showed that exogenous KLF13 
recognizes the CTCCC sequence in the proximal promoter region of the CCL5 gene 
and induces its expression (Song et al. 1999, 2002). Expression of CCL5 following 
activation was suppressed in primary T cells from KLF13-deficient mice and in nor-
mal T cells in which KLF13 was knocked down by small interfering RNA (Ahn et al. 
2007; Zhou et al. 2007). Binding of KLF13 to the CCL5 promoter was also demon-
strated, indicating a physiological interaction of KLF13 and CCL5 gene in activated 
T cells (Ahn et al. 2007). Factors associated with KLF13 for chromatin remodeling 
were also identified in activated T cells. Soon after activation, MAPK such as Nemo-
like kinase binds to KLF13 at the CCL5 promoter and phosphorylates the near by 
histones. This enables p300/cyclic AMP response element protein (CBP) and p300/
CBP-associated factor to accetylate the histones at the later stage of activation, which 
is followed by the recruitment of an ATPase involved in chromatin remodeling, 
Brahma-related gene 1, to the promoter. These events recruit polymerase II to the 
adjacent TATA box of CCL5 promoter, leading to transcriptional activation.

In KLF13-deficient mice, abnormalities are observed in multiple stages of lym-
phocyte development. They include the partial arrest of transition from CD4+8+ to 
CD4+8− thymocytes and from large to small pre-B-II cells, implying that KLF13 
regulates lymphocyte differentiation in the downstream of TCR and (pre-) BCR 
(Outram et al. 2008). However, the target genes of KLF13 in these processes remain 
to be identified.

KLF13 has also been reported to promote apoptosis. KLF13-deficient mice 
exhibit enlarged thymi and spleens because of decreased apoptosis of T cells 
(Zhou et al. 2007). This involves elevated expression of Bcl-X

L
, an antiapoptotic 

factor. KLF13 can bind to the promoter of Bcl-X
L
 and decrease its activity (Zhou et al. 

2007). However, KLF13-deficient mice do not show signs of either tumorigenesis 
or autoimmunity. Effects of KLF13 on lymphocyte cell cycle regulation have not 
been extensively investigated.

KLF10 in T Cells

KLF10 is induced by transforming growth factor-β (TGF-β) signaling—KLF10’s 
alternative name, TIEG1, stands for TGF-β induced early gene 1—and has recently 
been found to play a key role in induction of a regulatory T-cell population (inducible 
Treg). T-cell stimulation in the presence of TGF-β can induce T-cell expression 
of the transcription factor Foxp3, which dictates a Treg differentiation pathway. 
KLF10 is a key component in efficient induction of Foxp3 by this mechanism; and 
to promote Foxp3 expression KLF10 must be monoubiquitinated by the E3 ligase 
Itch (Venuprasad et al. 2008). The KLF10 knockout shows defective production 
of inducible Treg. The ability of KLF10 to promote Foxp3 transcription directly 
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is in contrast with the typical activity of this factor as a transcriptional repressor 
(Kaczynski et al. 2003). A role for KLF10 in regulating differentiation or function 
of other T-cell subsets has not been reported, but it will be of interest to explore 
its role in the Th17 T cells. Th17 T cells play an important role in autoimmune 
diseases and in the control of certain extracellular pathogens (Bettelli et al. 2007; 
Dong 2008). Like Treg, their differentiation requires TGF-β signals; but in the case 
of Th17 cells, these are accompanied by signals through IL-6R.

Conclusion

Although several KLF family members are expressed in resting lymphocytes, the 
closely related factors KLF2 and KLF4 have been best studied. Both factors can 
induce lymphocyte quiescence, but the physiological significance of this is still 
unclear and is complicated by likely functional redundancy between KLF2 and KLF4. 
On the other hand, KLF2 appears to have a unique role in controlling migration 
of T cells via regulating expression of key trafficking molecules. In contrast, the 
factors KLF10 and KLF13 are important in postactivation T cells, contributing to 
functional T-cell differentiation. As in other tissues, the compensatory, combinatorial, 
or opposing roles of distinct KLF family members expressed in lymphocytes must 
be taken into consideration to understand the role played by these factors in regulating 
lymphocyte homeostasis and function.
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Abstract A number of KLF family members are known to play important roles in 
the regulation of proliferation, differentiation, and development of the gastrointes-
tinal tract. Of these, KLF4 (previously known as GKLF or EZF) and KLF5 
(previously known as IKLF or BTEB2) have been the most extensively studied. 
In this chapter, we review the expression patterns and established functions for KLF 
family members in the gastrointestinal tract and offer insight into possible future 
areas of investigation of the KLFs in gastrointestinal differentiation and development.

Development and Differentiation of the Gastrointestinal Tract

In the developing embryo, changes leading to the origins of the organs of the 
gastrointestinal tract are first detected during the period of gastrulation (Katz and 
Wu 2004; Lebenthal 1989; Moore and Persaud 1998). The gut tube develops from 
two invagination events (one at the anterior end and the other at the posterior end) 
that allow incorporation of the endoderm into the body cavity. These invaginations 
elongate in the endoderm and fuse in the midline of the embryo to form an elongated 
tube. Beginning at about the fourth week of human development (from embryonic 
day 7.5 to 9.5 in mice), the endoderm is internalized as the embryo folds to become 
the primitive gut (Hogan and Zaret 2002; Wells and Melton 1999). The primi-
tive gut can be divided into three distinct parts during fetal life: foregut, midgut, and 
hindgut. Each segment of the primitive gut contributes to different components of 
the gastrointestinal tract. The foregut gives rise to the esophagus, stomach, proxi-
mal half of the duodenum, liver, and pancreas. The midgut forms the distal half of 
the duodenum, as well as the jejunum, ileum, cecum, appendix, ascending colon, 
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and parts of the transverse colon. The hindgut develops into the transverse colon, 
descending colon, sigmoid colon, and rectum down to the anorectal line. Whereas 
the gut epithelium originates predominantly from the endoderm, the smooth 
muscle layers and connective tissue surrounding the epithelium are derived from 
the mesoderm. Complex interactions occurring between the gut endoderm and 
different mesenchymal tissues lead to the morphogenesis and differentiation of the 
esophagus, stomach, small intestine, and colon (Roberts 2000).

Esophageal Development and Differentiation

The esophagus has its origins in the foregut immediately caudal to the primordial 
pharynx, beginning at around E9.5 in mice and the fourth week of human embryonic 
development (Katz and Wu 2004; Kaufman 1995; Lebenthal 1989; Moore and Persaud 
1998; Que et al. 2006). Initially, a laryngotracheal diverticulum develops from the 
ventral side of the foregut. As the diverticulum elongates, a tracheoesophageal septum 
is formed, dividing the trachea and the esophagus by 34–36 days of human gestation. 
During the seventh and eight weeks of human embryonic development, the esopha-
geal epithelium proliferates and almost completely occludes the lumen. Beginning 
at 10 weeks, the esophagus recanalizes, eventually forming a columnar ciliated 
epithelium. By birth, the ciliated epithelium is replaced by a stratified squamous 
epithelium. This stratified squamous epithelium persists throughout adulthood under 
normal conditions and consists of three compartments: basal layer, suprabasal 
(prickle) layer, and superficial layer (Karam 1999). Proliferation occurs in the 
basal layer, and cells undergo differentiation as they migrate through the suprabasal 
layer to the superficial layer of the epithelium. The stem cells of the esophagus are 
located in the basal layer of the epithelium (Seery 2002). In some cases, metaplasia 
develops in cells of the esophageal epithelium with the formation of a columnar 
lining similar to that normally found in the intestine. This condition is called intestinal 
metaplasia or Barrett’s esophagus (Fitzgerald 2006). Of note, the esophagus is 
keratinized in mice but not in humans (Hogan and Zaret 2002).

Gastric Development and Differentiation

Starting around 4 weeks of gestation in the human and approximately E10 in the 
mouse, the stomach begins to form as a dilatation of the distal foregut (Hogan 
and Zaret 2002; Katz and Wu 2004; Kaufman,1995; Moore and Persaud 1998). 
During development the stomach shifts position, and the dorsal wall of the stomach 
grows faster than the ventral wall, forming the greater and lesser curvatures of the 
stomach. The stomach continues to rotate until about 8 weeks’ gestation and is 
eventually lined by a columnar epithelium composed of a pit-gland unit with four 
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compartments: foveolus, isthmus, neck, and base. All cells lining the pit-gland unit 
originate from progenitor cells located in the isthmus, which then migrate inward 
and/or outward to give rise to several cell types: surface mucus (pit) cells, mucus 
neck cells, zymogenic (chief) cells, parietal (oxyntic) cells, and enteroendocrine 
cells (Karam 1999). In the mouse, the proximal stomach (forestomach) is lined by 
a stratified, keratinized, squamous epithelium, and the distal stomach is lined by a 
glandular epithelium. Keratinization of the forestomach is first detected at E16.5 
(Hogan and Zaret 2002).

Intestinal Development and Differentiation

Up until approximately E14 in the developing mouse and week 8 in humans, the 
intestine is lined by pseudostratified epithelium (Hogan and Zaret 2002; Traber and 
Wu 1995). Between E14 and E15 in mice and gestational weeks 9–10 in humans, 
the intestinal lining undergoes a transition into a single-layered simple columnar 
epithelium, with the development of finger-like projections called villi as a wave 
along the craniocaudal axis of the small intestine. This critical transition occurs 
after less than 25% of gestation in humans but after nearly 75% of gestation in mice 
(Traber and Wu 1995). Thus, the mouse intestinal epithelium is relatively immature 
at birth, and changes in gene expression and histogenesis continue over the first 3 
weeks of postnatal life in mice (de Santa Barbara et al. 2003). In humans, the crypts 
begin to form between gestational weeks 10 and 12, and by about gestational week 
16 the intestinal epithelium appears similar to that in the adult. In mice, crypts 
develop from the intervillous zone beginning around E19 and continuing into the 
second week of life, and the villi continue to lengthen during this time. At the 
suckling–weaning transition in mice, occurring between postnatal days 18 and 22, 
further functional differentiation occurs with dramatic changes in gene expression, 
such that by the middle of the fourth postnatal week the mouse small intestine has 
attained its adult form (Traber and Silberg 1996).

The adult small intestine contains four cell types: enterocytes, goblet cells, 
enteroendocrine cells, and Paneth cells (Karam 1999). These cells can be grouped 
into two functional classes—absorptive (enterocytes) and secretory (goblet cells, 
enteroendocrine cells, Paneth cells)—with Notch signaling being the key “molecular 
switch” between the two classes (Yang et al. 2001). The colon generally lacks 
Paneth cells but contains the other three cell types (enterocytes, goblet cells, 
enteroendocrine cells). In both the small and large intestine, as in the other 
luminal gastrointestinal organs, there is a spatial separation of proliferating and 
differentiating cells. In the small intestine, stem cells and transit-amplifying cells 
are located in the crypts, with differentiation occurring as cells migrate out of the 
crypts and along the villi. In the colon, which lacks villi, proliferation is restricted 
to the lower third of the crypts.
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KLFs in Gastrointestinal Development and Differentiation

Among all the KLF family members characterized thus far, KLF4 (previously 
known as GKLF or EZF) and KLF5 (previously known as IKLF or BTEB2) have 
been the most extensively studied KLFs in the gastrointestinal tract (McConnell 
et al. 2007).

KLF4

KLF4 is highly expressed in the differentiated compartments of the gastrointestinal 
epithelia, including: the suprabasal and superficial layers of the esophagus (Fig.1A); 
the mid to upper portion of the gastric unit; small intestinal villi (Fig. 1B); and the 
upper portion of the colonic crypts (Garrett-Sinha et al. 1996; Goldstein et al. 2007; 

a b

c d

Fig. 1 Klf4 and Klf5 are expressed in the differentiating and proliferative compartments, respec-
tively, in murine gastrointestinal epithelia. In the squamous esophagus, nuclear Klf4 staining 
(red) is seen in cells of the suprabasal layer (A), and Klf5 (red) is expressed in basal cell nuclei 
(B). In columnar epithelial cells, such as those of the small intestine, Klf4 (red) is expressed along 
the villi (C), and Klf5 (red) is localized to the crypts (D). Similar patterns of expression are seen 
in proliferative and differentiating regions of the stomach and colon (not shown). Hoechst 33258 
(blue) is used as a counterstain. A, B ×400. C, D ×100
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Katz et al. 2005; Shields et al. 1996). Expression of the gene encoding Klf4 is 
regulated during development, with maximal expression occurring in the late stage 
of mouse fetal development (Garrett-Sinha et al. 1996; Ton-That et al. 1997). No 
expression of Klf4 is detected at E9.5, and the level of expression is very low from 
E10 to E12. Beginning on E13, the level of the Klf4 transcript starts to rise, peaking 
at E17, before decreasing moderately by E19. Klf4 expression during embryonic 
development is therefore coincident with the transition in the intestine from squamous 
cells to columnar epithelium as well as with gut tube morphogenesis (Hogan and 
Zaret 2002; Traber and Wu 1995).

In 12.5-day embryos, Klf4 mRNA expression is apparent in epithelial cells of 
the dorsal surface of the tongue, whereas epithelial cells of the esophagus and colon 
begin to express Klf4 transcripts at E15.5 (Garrett-Sinha et al. 1996). In newborn 
mice, many gastrointestinal epithelia express high levels of Klf4 mRNA, including 
the tongue, esophagus, stomach, and colon (Garrett-Sinha et al. 1996; Ton-That 
et al. 1997). Interestingly, levels of Klf4 transcripts have been reported to be higher 
in the colon than in the small intestine in the embryo, newborn, and adult mice. 
Homozygous null mice for Klf4 have been generated but die within 15 hours after 
birth owing to a defect in the barrier function of the skin (Segre et al. 1999). Klf4 
null mice show perturbations of the late-stage differentiation structures of the skin 
and tongue and abnormal differentiation of goblet cells in the colon (Katz et al. 
2002; Segre et al. 1999). Tissue-specific gene ablation of Klf4 in the glandular 
epithelium of the stomach results in increased proliferation and altered differ-
entiation of parietal, zymogenic, pit, and mucus neck cells of the gastric epithelia 
(Katz et al. 2005). Gastric epithelia of these Klf4 mutant mice are also hypertrophic 
and display precancerous changes.

Expression of KLF4 in terminally differentiated cells of the gastrointestinal 
tract suggests an important role for this transcription factor in the switch from 
cell proliferation to cell differentiation (Ghaleb et al. 2005). In support of this, 
overexpression of KLF4 in vitro in a human colonic adenocarcinoma cell line (HT-29) 
results in growth arrest, and DNA synthesis increases following suppression of 
KLF4 in these cells (Shie et al. 2000). KLF4 also regulates cell proliferation by 
controlling several genes critical for cell cycle checkpoint control. For example, 
in the human colon cancer cell line RKO, inducible expression of KLF4 blocks 
cell cycle progression at the G

1
/S transition point (Chen et al. 2001). Furthermore, 

increased expression of cell cycle checkpoint protein p21WAF1/CIP1 is observed in 
RKO cells following induction of KLF4, and transcriptional profiling reveals 
that KLF4 induction also leads to increased expression of p27KIP2 and to reduced 
expression of cyclin D1 and CDC2. The protein p21WAF1/CIP1 is also a target of Klf4 
in the gastric epithelium in vivo (Katz et al. 2005). KLF4 controls p53-dependent 
G

1
/S cell cycle arrest and inhibits the expression of cyclin B1, cyclin D1, and cyclin 

E following DNA damage in HCT-116 colon cancer cells (Shie et al. 2000; Yoon 
et al. 2003, 2005). It has also been proposed that KLF4 is a tumor suppressor in 
gastric and colon cancers (Wei et al. 2005; Zhao et al. 2004). In esophageal cancer 
cells, KLF4 promotes apoptosis and inhibits invasion (Yang et al. 2005). However, 
KLF4 is also suggested to be a context-dependent oncogene (Rowland et al. 2005), 
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and nuclear localization of KLF4 in skin and breast is associated with a more 
aggressive phenotype (Chen et al. 2008; Pandya et al. 2004). Nonetheless, these 
data generally support a role for KLF4 as a negative regulator of proliferation in 
gastrointestinal epithelial cells.

In addition to its role in the regulation of cell proliferation, Klf4 regulates a 
number of genes critical for epithelial differentiation. In esophageal epithelial cells, 
KLF4 transcriptionally activates keratin 4, a marker of keratinocyte differentiation 
(Jenkins et al. 1998; Okano et al. 2000). Klf4 also increases expression of another 
keratinocyte differentiation marker keratin 13 (Goldstein et al. 2007). In newborn 
colon, loss of Klf4 results in decreased expression of the goblet cell-specific gene 
muc2 and diminished numbers of goblet cells, suggesting that this factor may be 
critical for goblet cell differentiation (Katz et al. 2002). Klf4 also activates the enterocyte 
differentiation marker intestinal alkaline phosphatase (Hinnebusch et al. 2004). 
Thus, in sum, Klf4 appears to play an essential role in epithelial differentiation 
throughout the gastrointestinal tract.

A number of studies have suggested that KLF4 acts as a tumor suppressor in the 
gastrointestinal tract. Decreased expression of KLF4 has been observed in dysplastic 
epithelium of the colon (Shie et al. 2000). Similarly, colonic adenomas and carcinomas 
from patients with familial adenomatous polyposis have decreased levels of KLF4 
expression compared to adjacent normal mucosa (Dang et al. 2000). Reduced levels 
of Klf4 mRNA are also observed in the intestine of APCMin mice; and APCMin/Klf4+/− 
mice develop an increased number of adenomas compared to APCMin mice (Ghaleb 
et al. 2007). Furthermore, dysregulation of KLF4 gene expression has been reported 
in a number of human colorectal cell lines (Zhao et al. 2004), gastric cancers 
(Katz et al. 2005; Wei et al. 2005), and human esophageal squamous cell carcinomas 
(Ghaleb et al. 2007; Luo et al. 2003; Wang et al. 2002; Wei et al. 2005).

KLF5

Klf5, in contrast to Klf4, is expressed predominantly in the proliferative compartments 
of the gastrointestinal epithelia in adults, including: the basal layers of the esophagus 
(Fig. 1C); the small intestinal crypts (Fig. 1D); and the lower third of the colonic 
crypts (Conkright et al. 1999; Goldstein et al. 2007; Ohnishi et al. 2000; Yang 
et al. 2008). In the mouse embryo, Klf5 expression is abundant from E7 and is 
expressed throughout the primitive gut beginning at E10.5 (Ohnishi et al. 2000). 
Progressively, expression of Klf5 becomes confined to the crypts of the small 
intestine by E17.5. Expression is also seen in the epithelium of the tongue at E16.5 
and E17.5. Thus, Klf5 expression remains consistently high throughout development 
of the gastrointestinal tract.

Klf5 appears to function as a positive regulator of proliferation in non-
transformed epithelial cells (Sun et al. 2001). For example, Klf5 expression in 
IEC-6, IEC-18, and IMCE intestinal epithelial cells increases cell proliferation 
(Bateman et al. 2004; Chanchevalap et al. 2004), and transgenic expression 
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of Klf5 in murine esophageal epithelia in vivo results in increased basal cell 
proliferation (Goldstein et al. 2007). Interestingly, in this model, expression of 
Klf5 in the suprabasal layer did not appear to alter keratinocyte proliferation 
or differentiation, suggesting that context is important for Klf5 function. Other 
studies suggest that Klf5 may be important in maintaining the transit-amplifying 
cell state in esophageal epithelia by transcriptionally activating epidermal growth 
factor receptor (EGFR) and integrin-linked kinase (ILK) to regulate proliferation 
and migration, respectively (Yang et al. 2007, 2008). Some controversy, however, 
exists regarding the role of KLF5 in transformation. Although some studies 
suggest that KLF5 contributes to cellular transformation induced by K-Ras during 
intestinal tumorigenesis (Nandan et al. 2008), Klf5 appears to inhibit prolifera-
tion in some intestinal cancer cell lines; moreover, reduced expression of Klf5 
is observed in intestinal adenomas from APCMin mice and familial adenomatous 
polyposis (FAP) patients (Bateman et al. 2004). Klf5 also inhibits proliferation in 
esophageal squamous cancer cells (Yang et al. 2005). Mice homozygous for a null 
mutation in Klf5 die by E8.5, and heterozygous loss of Klf5 results in abnormally 
shaped small intestinal villi (Shindo et al. 2002). In sum, the function of Klf5 
in gastrointestinal epithelia appears to be generally pro-proliferative but is also 
context-dependent.

KLF6

KLF6 (also known as Zf9 or CPBP) was initially cloned from a human placental 
expression library and is ubiquitously expressed in adult tissues (Koritschoner et 
al. 1997). During development, Klf6 is abundantly expressed at E16.5 and E18.5, 
where it is restricted to the mucosa of the hindgut (Laub et al. 2001). In mice, 
loss of Klf6 is lethal to embryos by E12.5 due to markedly reduced hematopoiesis 
in the yolk sac (Matsumoto et al. 2006). Klf6−/− mice also have a poorly defined 
liver. To date, the early lethality of the Klf6−/− mice has precluded analyses of 
the effects of Klf6 loss on gastrointestinal development and homeostasis at later 
stages in the embryo and in the adult. A growing body of evidence implicates 
KLF6 as a negative regulator of proliferation and/or a potential inducer of 
differentiation. For example, KLF6 increases expression of the Cdk inhibitor 
p21Waf1/CIP1, which promotes cell cycle arrest in a p53-independent manner (Narla 
et al. 2001). Moreover, interaction of KLF6 with cyclin D1 has been shown to 
inhibit proliferation via disruption of the cyclin D1–Cdk4 complex assembly and 
activity (Benzeno et al. 2004). In human esophageal cells, KLF6 interacts with 
KLF4 to co-activate the keratin 4 promoter, which is important for epithelial 
differentiation (Okano et al. 2000). KLF6 has been identified as a putative tumor 
suppressor in the stomach (Cho et al. 2005) and colon (Cho et al. 2006a, 2006b; 
Reeves et al. 2004). It is downregulated in Barrett’s associated esophageal 
adenocarcinoma (Peng et al. 2008) and silenced by promoter hypermethylation in 
esophageal squamous cell cancer (Yamashita et al. 2002).
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KLF9

Klf9 (previously known as BTEB) was originally isolated as a positive transcrip-
tional regulator of the CYP1A1 gene promoter (Imataka et al. 1992). Northern blot 
analyses demonstrated that KLF9 is ubiquitously expressed. In the embryo, Klf9 is 
expressed by E8 in the epithelia and smooth muscle layers of the developing gut, 
and this expression pattern is sustained to E16 (Imataka et al. 1992). To study the 
function of KLF9 in vivo, homozygous null mice for Klf9 were generated. Klf9 null 
mice are viable but have defects in brain development and in female reproductive 
capacity (Morita et al. 2003; Simmen et al. 2004). Further analysis of Klf9−/− mice 
revealed significantly reduced levels of proliferation and migration in intestinal 
epithelial cells of mutant mice (Simmen et al. 2007). These mice also show slight 
alterations of Paneth and goblet cell differentiation. Whereas these studies suggest 
that Klf9 is pro-proliferative in vivo, KLF9 expression is decreased in human 
colorectal cancers by a quantitative real-time polymerase chain reaction (PCR), 
Western blot analysis, and immunohistochemistry (Kang et al. 2008). More studies 
are necessary to confirm the function of KLF9 in gastrointestinal homeostasis and 
carcinogenesis.

KLF13

Klf13 (also known as BTEB3, RFLAT-1, or FKLF2) was identified by screening 
mouse databases for the presence of C

2
H

2
 DNA-binding domains (Martin et al. 

2000; Scohy et al. 2000). Klf13 is expressed ubiquitously. Klf13 mRNA is widely 
expressed at different stages of the developing embryo, and transcripts can be 
detected by E8 (Martin et al. 2001). Klf13 expression is detected in the muscle and 
epithelial layers of the developing gut at E11 and E13, but it becomes restricted 
to the epithelium by E16. The predominant phenotype of the Klf13−/− mice is a 
reduced number of erythrocytes, increased number of lymphoid cells, and a large 
spleen (Gordon et al. 2008; Zhou et al. 2007). Although homozygous null mutants 
for Klf13 are viable, an increase in the number of deaths was observed among 
mutant mice at 3 weeks of age. No changes in the gastrointestinal tract of these 
animals have been reported to date.

KLF16

Klf16 (also called BTEB4 or DRRF) was initially described as a zinc finger 
transcription factor that modulates the activity of the dopamine receptor promoters 
(Hwang et al. 2001). Using in situ hybridization, Klf16 can be detected in 
the intestine at E12, E14, and E16 (D’Souza et al. 2002). In the adult, Klf16 is 
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expressed in a number of tissues, where it is localized to cell nuclei and acts as a 
transcriptional repressor (Kaczynski et al. 2002).

Conclusion

Krüppel-like factors are known to play a critical role in the differentiation and 
development of numerous organs and tissues in the body. Among them, KLF4 
and KLF5 have been the most extensively characterized in the gastrointestinal 
tract and are known to play important roles in development and gastrointestinal 
homeostasis. Although some tissue-restricted KLFs are likely to have little or no 
role in the gastrointestinal tract in the normal state, the expression and function of 
these factors during/after gastrointestinal tract injury and cancer have not been well 
studied. Moreover, numerous other KLFs are expressed ubiquitously or are known 
to be expressed in the luminal organs of the gastrointestinal tract, but their precise 
role in differentiation and development is still unclear. In addition, little is known 
about the interactions among these factors themselves. Finally, given their similar 
binding sites, some KLFs may be able to replace others when the expression 
of the latter factors is lost (e.g., through the cellular differentiation process or in 
cancer and other diseases). Thus, further identifying the roles of the KLFs, their 
specific interactions, and their ability to antagonize and/or compensate for each 
other will provide fertile ground for future investigations of KLF function in the 
gastrointestinal tract.
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Abstract Krüppel-like factors (KLFs) are transcription factors involved in differen-
tiation and development. EKLF (or KLF1), KLF2, and KLF4 belong to a subclass 
of KLFs that are similar in regard to their zinc finger DNA-binding domains. EKLF 
knockout (KO) mouse embryos die between embryonic day 14.5 (E14.5) and E16.5 
due to anemia. KLF2 KO embryos die between E12.5 and E14.5 and exhibit heart failure 
and hemorrhaging. KLF4 KO mice die perinatally owing to a loss of skin-barrier 
function. EKLF is expressed in erythroid cells, but KLF2 and KLF4 are expressed in 
multiple tissues. Our laboratory has analyzed compound mutant embryos for EKLF 
and KLF2 and for KLF2 and KLF4. The double KO embryos have more severe 
erythroid and/or cardiovascular defects and die earlier than do single knockouts. 
This indicates that there are interactions between these pairs of KLF genes during 
development. The phenotypes of the compound mutants and the possible mechanisms 
for KLF gene interactions are discussed.

Introduction

Krüppel-like factors (KLFs) are a family of DNA-binding proteins with sequence 
homology to the Drosophila transcription factor, Krüppel. KLFs have three C2/
H2 zinc finger domains and share conserved residues located primarily within 
these domains (Bieker 2001; Philipsen and Suske 1999). Erythroid Krüppel-like 
factor (EKLF or KLF1) was the first of 17 KLFs to be identified in the mouse and 
humans (Miller and Bieker 1993). It is expressed specifically in erythroid cells and 
positively regulates the adult β-globin gene (Donze et al. 1995; Miller and Bieker 
1993). EKLF−/− mice develop fatal anemia during definitive (fetal liver) erythropoiesis 
due to a defect in the maturation of red blood cells and die by embryonic day 16.5 
(E16.5) (Coghill et al. 2001; Nuez et al. 1995; Perkins et al. 1995). Several other 
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members of the KLF family, including KLF2 (lung Krüppel-like factor, LKLF), 
are also expressed in erythroid cells (Basu et al. 2004, 2005; Crossley et al. 1996; 
Matsumoto et al. 2006).

Based on phylogenetic analyses, the zinc finger domains of EKLF, KLF2, and 
KLF4 are 90% similar (Bieker 2001; Kaczynski et al. 2003; Philipsen and Suske 
1999; Zhang et al. 2005). KLF2−/− mice die between E12.5 and E14.5 owing to heart 
failure and severe hemorrhaging caused by defects in vascular endothelial cells and 
in the stabilization of immature vessels by recruited smooth muscle cells (Kuo et al. 
1997a; Wani et al. 1998). Prior to E12.5, KLF2−/− embryos reportedly have normal 
vasculogenesis and angiogenesis (Kuo et al. 1997a; Wani et al. 1998).

KLF2 also plays an important role in hematopoietic cell biology. We reported 
that KLF2 is essential for embryonic yolk sac (primitive) erythropoiesis and positively 
regulates the embryonic β-like globin genes in vivo. E10.5 KLF2−/− primitive 
erythroid cells have abnormal morphology (Basu et al. 2005). KLF2 also regulates 
T-cell activation. Deficiency of KLF2 leads to a decrease in the peripheral T-cell 
pool (Kuo et al. 1997b) owing to defective thymocyte emigration (Carlson et al. 
2006). Overexpression of KLF2 in mice inhibits proinflammatory activation of 
peripheral blood monocytes (Das et al. 2006). The fact that EKLF and KLF2 are 
both important in erythroid cell development led to our hypothesis that they may 
have compensatory functions.

KLF4 (gut Krüppel-like factor, GKLF) is essential for normal skin barrier 
function, and KLF4-null mice die perinatally (Segre et al. 1999). In addition, KLF4 
is important in monocytes and macrophages (Alder et al. 2008; Feinberg et al. 2005), 
endothelial cells responding to inflammation and shear stress (Hamik et al. 2007), 
and vascular smooth muscle cells responding to injury (Liu et al. 2005). It is 
interesting to note that KLF2 and KLF4 are not only highly related structurally but 
are both important in the cardiovascular system.

We have shown that simultaneous ablation of the EKLF and KLF2 genes has 
a severely negative impact on both primitive erythropoiesis and endothelial 
cell development in vivo. This was the first report in knockout mice showing that 
KLF family members have compensatory roles in development. More recently, our 
laboratory has established that KLF2 and KLF4 have overlapping roles in cardio-
vascular development, suggesting that interactions between KLF genes may be a 
more general phenomenon.

There is additional evidence in the literature from experiments not involving 
knockout mice that KLF genes have compensatory roles. The simultaneous depletion 
of KLF2, KLF4, and KLF5 by knockdown in embryonic stem (ES) cells causes 
the cells to differentiate, indicating that these three KLF genes are required for ES 
cell self-renewal (Jiang et al. 2008). ES cells do not differentiate when any pair of 
these KLF genes is knocked down, indicating that there is functional redundancy 
of the genes. There is also evidence that KLF4 and KLF5 have contrasting effects 
on transcriptional regulation and cell proliferation in other cell types (reviewed in 
Ghaleb et al. 2005; Suzuki et al. 2005).

It is important to define what is meant by gene interactions in the context of this 
review. We consider there to be a gene interaction if, in compound mutant mice, 
there is a unique phenotype(s) not present in either single gene knockout and/or 
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there is a phenotype that occurs earlier in development than in mice with a single 
gene mutation. One example of a gene interaction would be if double-mutant 
embryos die earlier in development than either single-KO embryo.

Gene Interactions Between Transcription 
Factor Family Members

Several pairs of closely related transcription factors are known to partially or fully 
compensate functionally for each other during development in double-KO mouse 
models. A list of examples, which is representative but not exhaustive, is shown in 
Table 1. In some cases, the compound mutants phenotypes were apparent when one 
gene was null and the other had a heterozygous mutation. In most cases, the related, 
interacting genes have overlapping expression patterns in the embryo, which has 
implications for predicting the mechanism by which they interact (see Figure 1, below). 
Multiple pairs of Hox genes have compensatory roles in developmental mouse 
models and provide many classic examples of gene interactions beyond those listed 
here. For instance, both Hoxa11 and Hoxd11, and Hoxa13 and Hoxd13, interact 
with each other in pattern formation of the limbs (Boulet and Capecchi 2004; 
Fromental-Ramain et al. 1996).

Although a number of examples are shown in Table 1, for the purpose of this 
review we focus on gene interactions that affect the development of the hematopoi-
etic and cardiovascular systems. EKLF and KLF2 gene interactions are discussed in 
detail below. Mice lacking both GATA-1 and GATA-2 have virtually no embryonic 
erythroid cells, whereas the single-KO models of these genes show only modest effects 

Table 1 Examples of genetic interactions between transcription factor family members during 
development in mouse knockout models

Factor family
Compound gene 
knockout models

Tissue(s)/system(s) 
affected References

Hox Hoxa11/Hoxd11 Limbs Boulet & Capecchi 2004; 
Fromental-Ramain et al. 1996

Hoxa13/Hoxd13 Limbs
KLF EKLF/KLF2 Erythroid Basu et al. 2007
GATA GATA-1/GATA-2 Erythroid Fujiwara et al. 2004
Ets PU.1/Spi-B Lymphoid Garrett-Sinha et al. 1999
Forkhead Foxc1/Foxc2 Heart Seo & Kume 2006
Pax Pax1/Pax9 Vertebral column Peters et al. 1999
Myogenic bHLH MRF/MyoD Muscle Rawls et al. 1998
Dlx Dlx5/Dlx6 Limbs Hsu et al. 2006
Tead Tead1/Tead2 Notochord Sawada et al. 2008
Cdx Cdx1/Cdx2 Vertebral column van den Akker et al. 2002
TCF/LEF Lef/Tcf1 Limbs, neural tube Galceran et al. 1999

Tcf4/Tcf1 Gastrointestinal tract Gregorieff et al. 2004
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on primitive erythropoiesis (Fujiwara et al. 2004). Compound PU.1/Spi-B mutants 
have more extensive B-cell defects than do single gene mutants (Garrett-Sinha et al. 
1999). Foxc1−/−Foxc2−/− embryos have a wide spectrum of cardiac abnormalities, 
including anomalies of the outflow tract, whereas single Foxc mutants have no 
obvious cardiac defects at E9.0 (Seo and Kume 2006). These findings emphasize 
the importance of exploring the overlapping roles of EKLF, KLF2, and KLF4.

EKLF and KLF2 in Erythropoiesis

Transcription factors controlling the developmental regulation of the globin genes 
are a topic of intensive investigation. Using KLF2 KO mice, we have shown that 
KLF2 positively regulates murine (Ey- and βh1-) embryonic β-like globin genes 
in the embryonic yolk sac, the site of primitive erythropoiesis (Basu et al. 2005). 
Using KLF2−/− embryos with a human β-globin locus transgene, we showed that the 
human (ε -) embryonic gene is similarly controlled by KLF2. However, expression of 
these genes is diminished by only about 50% in KLF2−/− mice, suggesting that 
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Fig. 1 Possible models for interactions between KLF genes. The circles represent KLF proteins, 
where K

x
 and K

y
 are different KLFs. The lines represent KLF target genes, and the semicircle is a KLF 

protein-binding site in the promoter. The right-facing arrow indicates the transcription start site. 
The three models are not mutually exclusive. A Two different KLF proteins can bind to and regulate 
the same target gene. B One KLF protein controls the transcription of another KLF gene. C Two 
different KLF proteins can bind the same cofactor, which is required for target gene transcription.
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an additional factor(s) is involved. We speculated that EKLF and KLF2 have 
compensatory roles in primitive erythropoiesis and globin gene regulation.

It was initially reported that EKLF affects only adult—not embryonic or fetal—
globin gene expression. Interestingly, however, EKLF is expressed early in mouse 
and chicken embryonic development, as early as the primitive streak stage, followed 
by expression in the yolk sac blood islands where primitive erythroid cells develop 
(Chervenak et al. 2006; Southwood et al. 1996). EKLF also plays an essential role 
in hemoglobin metabolism and membrane stability in primitive erythroid cells 
(Drissen et al. 2005; Hodge et al. 2006). Moreover, in EKLF−/− embryos that carry a 
YAC transgene with the entire human β-globin locus, the human embryonic ε - 
globin gene is downregulated (Tanimoto et al. 2000). Recently, ChIP analyses have 
shown that EKLF binds to the CACCC boxes in the Ey- and βh1-globin gene 
promoters in primitive erythroid cells (Zhou et al. 2006). These studies established 
the important role of EKLF in primitive erythropoiesis.

To investigate potential KLF gene interactions, EKLF/KLF2 double-mutant 
embryos were analyzed (Basu et al. 2007). EKLF−/−KLF2−/− mice are anemic at E10.5 
and die before E11.5, whereas single-KO EKLF−/− or KLF2−/− embryos are grossly 
normal beyond E11.5. At E10.5, Ey- and βh1-globin mRNA is greatly reduced 
in EKLF−/−KLF2−/− embryos, compared to EKLF−/− or KLF2−/− embryos, which is 
consistent with the observed anemia. Light and electron microscopic analyses of 
E9.5 EKLF−/−KLF2−/− yolk sacs indicate that erythroid cell precursors are morpho-
logically more abnormal than in either single-KO embryos. Cytospins of E9.5 
EKLF−/−KLF2−/− blood show that the erythroid cells are markedly more irregularly 
shaped than either single-KO cells, suggesting possible membrane abnormalities.

A unique phenotype involving abnormal morphology of endothelial cells is 
observed only in the E10.5 EKLF/KLF2 double-KO yolk sacs, not in single-KO 
embryos. This was a surprising finding because there is no evidence that EKLF 
is expressed in endothelial cells. EKLF and KLF2 may have coordinate roles 
in the hemangioblast, a common progenitor to erythroid and endothelial cells. 
Alternatively, correct signaling between erythroid and endothelial cells may be 
controlled by EKLF and KLF2 and is required for normal endothelial cell develop-
ment in the embryonic yolk sac.

The data indicate that EKLF and KLF2 have redundant functions in embryonic 
β-like globin gene expression, primitive erythropoiesis, and endothelial cell devel-
opment. There is residual expression of both Ey- and bh1-globin mRNA in EKLF/
KLF2 double-mutant embryos. This leaves open the possibility that yet another 
KLF can partially compensate for the simultaneous loss of EKLF and KLF2.

EKLF and KLF2 in Cardiovascular Development

We have recently discovered that E9.5 KLF2−/− embryos have a defect in the 
atrioventricular (AV) endocardial cushions (J.A. Lloyd, unpublished work, 2008). 
The AV cushions develop into the AV valves of the heart. In the KLF2−/− embryos, 
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there is an accumulation of additional AV endocardial cushion cells compared to 
wild-type (WT). Although this phenotype has not previously been observed in 
KLF2 KO mice, there is a high level of expression of KLF2 mRNA in normal AV 
cushion cells (Lee et al. 2006), suggesting that KLF2 plays a role in these cells. 
At the electron microscopic level, endocardial cells in the KLF2−/− AV cushions 
show cytoplasmic projections extending from their apical surfaces, which are not 
found in the wild-type. Interestingly, although EKLF is reportedly expressed only 
in erythroid cells, EKLF/KLF2 double-KO embryos may have a more severe defect 
of the AV canal than do KLF2−/− embryos. This indicates that interactions between 
these genes likely occur in the AV cushions as well as in the yolk sac. At the electron 
microscopic level, EKLF/KLF2 KO embryos appear to have a more convoluted 
AV canal structure than do KLF2−/− embryos. These data may indicate that the 
endocardial cushion cells in the mutant embryos are improperly proliferating and/
or are not proceeding through normal endothelial-to-mesenchymal transformation 
(EMT) and/or are not able to invade the surrounding cardiac jelly. These processes 
are required for valve development. Further studies are needed to determine which 
of these processes may be affected.

KLF2 and KLF4 in Cardiovascular Development

KLF2−/− embryos die by E14.5 and have a complex vascular phenotype involving 
hemorrhaging, heart failure, and a lack of mesenchymal cell recruitment to nascent 
vessels (Kuo et al. 1997a; Lee et al. 2006; Wani et al. 1998; Wu et al. 2008). 
KLF4−/− mice have no reported vascular phenotype, although KLF4 does have an 
established role in the cardiovascular system. KLF4 is induced in endothelial cells 
by shear stress (Hamik et al. 2007). In mouse models of vascular injury, KLF4 is 
upregulated and plays a role in phenotypic switching of vascular smooth muscle 
cells (Liu et al. 2005).

Our laboratory has recently shown that KLF2−/−KLF4−/− mice die before E10.5 
and can exhibit gross hemorrhaging (J.A. Lloyd, unpublished work, 2008), although 
E10.5 single KO embryos are grossly normal. Developmental abnormalities were 
observed in the primary head vein and carotid artery of KLF2−/−KLF4+/− embryos. 
These abnormalities include a substantial decrease in the number of mesenchymal 
cells surrounding the vessels compared to WT. Additionally, in KLF2−/−KLF4+/− 
vessels, the endothelial layer can lack structural integrity, and erythroid cells can 
be found in the tissue surrounding the breached vessels. Therefore, as with EKLF 
and KLF2, the KLF2 and KLF4 genes appear to interact. In E10.5 embryos with 
mutations in both the KLF2 and KLF4 genes, there are defects in blood vessel 
integrity that have not been described for either single mutant. Further studies are 
clearly needed to determine the mechanism of action of KLF2 and KLF4 gene 
interactions in cardiovascular development.
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Conclusions: Possible Mechanism(s) for KLF 
Gene Interactions

The mechanism(s) by which KLF gene interactions occur is not known. Figure 1 
details several possible models, which are not mutually exclusive. Perhaps the simplest 
model is that multiple KLF proteins with highly similar DNA-binding domains could 
bind to the same regulatory element in a target gene (Fig. 1A). The factor most likely 
to bind may depend on the relative levels of the two KLFs (K

x
 and K

y
) in a particular 

cell type. Although there is no direct evidence in the erythroid or cardiovascular systems, 
it is plausible that the EKLF/KLF2/KLF4 subfamily of factors has redundant activity 
because their DNA-binding domains are so similar that they regulate common target 
genes. There is evidence for such regulatory circuits in ES cells (Jiang et al. 2008). 
Chromatin immunoprecipitation and subsequent microarray assays (ChIP-on-chip) 
were utilized to identify in vivo target genes for KLF2, KLF4, and KLF5 in view of 
their coordinate roles in ES cell self-renewal. These experiments showed, for exam-
ple, that these three KLFs directly bind the Nanog gene. Nanog is an important factor 
for sustaining stem cell pluripotency. Electrophoretic mobility shift assay (EMSA) 
experiments indicate that the KLFs bind a distal enhancer region of the Nanog gene 
via a CCCCACCC motif. Co-transfection and luciferase assays showed that Nanog 
enhancer activity is reduced if the CACCC nucleotides are mutated. Furthermore, 
the ChIP-on-chip data also suggest that KLF2, KLF4, and KLF5 share many other 
common gene targets in ES cells.

A second possible mechanism for KLF gene interactions is that the level of 
expression of one KLF gene is controlled by another KLF (K

x
 controls the KLF

y
 

gene in Fig. 1B). If a simple compensation model is invoked, one would expect that 
KLF2−/− erythroid cells, for example, would have increased expression of EKLF. 
In fact, however, we observe the opposite result, a modest decrease in EKLF 
mRNA in KLF2−/− embryonic erythroid cells and a modest decrease of KLF2 mRNA 
in EKLF−/− embryonic erythroid cells (J.A. Lloyd, unpublished work, 2008). This 
argues against the model in Fig. 1B for gene interactions between EKLF and KLF2 
in erythroid cells. However, there is ample evidence that KLF proteins regulate 
KLF genes. From the ChIP-on-chip experiments in ES cells described above, it was 
revealed that KLF2, KLF4, and KLF5 regulate each other as well as themselves, 
thus forming a regulatory loop (Jiang et al. 2008). KLF4 and KLF5 both regulate 
the KLF4 gene in transient transfection assays, albeit with opposing effects (Dang 
et al. 2002). Furthermore, EKLF directly activates the KLF3 gene in erythroid cells 
(Funnell et al. 2007).

Finally, it is possible that two KLF proteins (K
x
 and K

y
) could interact with a 

common cofactor required for target gene transcription, resulting in apparent gene 
interactions (Fig. 1C). If either KLF is available, transcription occurs; but if neither 
is present, the target gene is not transcribed. Although different KLF proteins 
are similar to each other mainly in their zinc finger DNA-binding domains, 
and not throughout the entire protein, the model in Figure 1C is still viable. 
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EKLF is known to interact with multiple chromatin remodeling proteins (Zhang 
and Bieker 1998), and extensive sequence homology would likely not be required 
for other KLF proteins to interact with these same cofactors. For example, EKLF 
and KLF2 can both interact with cyclic AMP response element-binding protein 
(CBP/p300), and this cofactor increases the ability of the KLFs to trans-activate 
reporter genes (SenBanerjee et al. 2004; Zhang and Bieker 1998).

A caveat for any of these proposed mechanisms for KLF gene interactions is that 
the two KLF proteins must be co-expressed in the same cell type. More complex 
models must been invoked if, for example, EKLF is solely expressed in erythroid 
and not endothelial cells and yet the EKLF and KLF2 genes interact in generating 
an endothelial phenotype. Likewise, KLF2 is thought to be expressed mainly in 
endothelial cells and KLF4 mainly in mesenchymal cells in the developing 
cardiovascular system. However, it is possible that in knockout models, the 
cell-type specificity of KLF expression is altered, resulting in the observed gene 
interactions. Future work is clearly needed to address the mechanisms by which 
KLF genes interact.
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Abstract Embryonic stem (ES) cells are derived from the blastocyst and have the 
potential to give rise to derivatives of each germ layer. Induced pluripotent stem 
(iPS) cells can be derived from lineage-restricted cells, such as fibroblasts and 
lymphocytes, by forced expression of specific transcription factors. iPS cells are 
transcriptionally and epigenetically similar to ES cells. Although recent studies 
indicate that Krüppel-like factors (KLFs) are essential for both maintenance of ES 
cell self-renewal and reprogramming of somatic cells into a pluripotent state, the 
molecular mechanism of these processes remains unknown. Thus, understanding 
the molecular mechanism of ES cell self-renewal and somatic cell reprogramming 
by Klfs is important for the efficient generation of patient-specific pluripotent stem 
cells and for the development of regenerative medicine.

Introduction

Pluripotency is defined as the ability to give rise to all of the types of cell that exist 
in an adult organism. Murine embryonic stem (ES) cells are pluripotent cells derived 
from the inner cell mass (ICM) of the blastocyst and can be maintained indefinitely 
in a self-renewing state (Evans and Kaufman 1981; Martin 1981). The potential of 
ES cells to differentiate into various tissues should find use in the development of 
regenerative medicine. However, the molecular mechanisms underlying the regu-
lation of both pluripotency and proliferation of ES cells are not fully understood. 
Rodent and human somatic cells can be reprogrammed into induced pluripotent 
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stem (iPS) cells by forced expression of a specific set of transcription factors. 
As iPS cells are similar to ES cells, they may represent a valuable alternative 
resource for transplantation. Here, we discuss the role of Krüppel-like factors 
(KLFS) in the self-renewal of ES cells and in somatic cell reprogramming.

Control of Self-renewal of ES Cells by KLFs

Murine ES cells can be maintained indefinitely in a self-renewing pluripotent state. 
Many previous studies have revealed that the pluripotency of ES cells is maintained 
by leukemia inhibitory factor (LIF) (Smith et al. 1988; Williams et al. 1988), bone 
morphogenetic protein (BMP) (Ying et al. 2003), Wnt (Sato et al. 2004), STAT3 
(Matsuda et al. 1999; Niwa et al. 1998), Oct3/4 (Nichols et al. 1998; Niwa et al. 
2000), Nanog (Chambers et al. 2003; Mitsui et al. 2003), Sox2 (Avilion et al. 2003), 
and c-Myc (Cartwright et al. 2005). In addition to these soluble factors and 
transcription factors, Li and coworkers found that KLF4 is able to maintain mouse 
ES cells in an undifferentiated state in the absence of LIF (Li et al. 2005).

A recent report indicated that Klf family members have overlapping functions 
during hematopoietic development (Basu et al. 2007). Consistent with this idea, 
Jiang and coworkers showed that there are overlapping functions among Klfs in 
ES cells (Jiang et al. 2008). They showed that Klf2, Klf4, and Klf5 are expressed 
abundantly in undifferentiated ES cells, whereas expression of these factors is 
markedly decreased following differentiation. Furthermore, triple knockdown of 
Klf2, Klf4, and Klf5 resulted in defective self-renewal of mouse ES cells (Jiang et al. 
2008), demonstrating that these three Klfs have similar functions in the process of 
ES cell self-renewal.

Originally, Klf5/BTEB2 was identified as a transcription factor that binds to a 
basic transcription element (BTE) in the promoter of Cyp1a1 and was presumed 
to regulate transcription from this promoter (Imataka 1991; Sogawa et al. 1992). 
To investigate the physiological roles of Klf5, we generated Klf5 knockout (KO) 
mice and found that loss of Klf5 results in early embryonic lethality, which is 
consistent with a previous report (Shindo et al. 2002). Detail analysis indicated 
that loss of Klf5 results in defective implantation, perhaps due to reduced Cdx2 
expression (Ema et al. 2008) (Fig.1A). Klf5 is also expressed in cells of the ICM, 
and loss of Klf5 results in failure of ICM development and generation of ES 
cells (Ema et al. 2008) (Fig. 1B–E). We also showed that Klf5 is essential for 
normal self-renewal of ES cells (Ema et al. 2008). Klf5 KO ES cells show increased 
expression of differentiation-related marker genes, such as Fgf5 and Brachyury, 
and exhibit frequent spontaneous differentiation, whereas Klf5 overexpression 
suppresses the expression of these marker genes and is able to maintain ES 
cells in a pluripotent state even in the absence of LIF (Ema et al. 2008). Our 
data also demonstrated that Klf5 regulates ES cell proliferation through G

1
 

progression. Intriguingly, our results indicate that Klf4 has a function similar to 
that of Klf5 in suppressing differentiation of ES cells (Ema et al. 2008) (Fig. 2A). 
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On the other hand, Klf4-overexpressing Klf5 KO ES cells exhibited reduced cell 
proliferation, a result that is in sharp contrast to that found following reexpression 
of Klf5 (Fig. 2A). This observation is consistent with previous reports showing 
that Klf4 and Klf5 exert opposing effects on cell proliferation (Ghaleb et al. 2005). 
Taken together, Klf4 and Klf5 both appear to suppress differentiation but give rise 
to opposing effects upon cellular proliferation.

Genes That Act Upstream and Downstream of KLFs 
to Mediate ES Cell Self-renewal

Klfs are essential for the normal self-renewal of ES cells (Ema et al. 2008; Jiang 
et al. 2008). We have shown that genes involved in the Tcl1-Akt1 signaling pathway 
transmit signals downstream of Klf5 to mediate cell proliferation (Ema et al. 2008) 
(Fig. 2B). Consistent with this idea, Jiang and coworkers used ChIP-on-ChIP 
studies to show that Klf2, Klf4, and Klf5 could bind to a genomic region localized 
in close proximity to the Fgf5, Tcl1, and Nanog genes (Jiang et al. 2008). Thus, 
our studies, together with those of Jiang et al. imply that KLF5 regulates these 
downstream genes directly. It is of note that loss of KLF5 alters the expression of 
Fgf5 and Tcl1 but not Nanog, whereas synergistic knockdown of KLF2 and KLF4 

Fig. 1 Klf5 is an indispensable Klf family member for derivation of embryonic stem (ES) cells 
from the inner cell mass (ICM). a Analysis of Cdx2 and Nanog protein expressions in Klf5 knockout 
(KO) blastocysts. b Immunohistochemical analysis of Klf5 demonstrates ubiquitous expression in 
the blastocyst. c Phase contrast images of outgrowth cultures from WT (WT) and Klf5 KO blas-
tocysts. d Highly proliferative ICM cells isolated from wild-type blastocysts. The isolated ICM 
cells were cultured in ES cell medium for 2 weeks on a gelatin-coated dish and then were geno-
typed. e Summary of immunosurgery experiments. A total of 22 ES cell lines were established and 
were genotyped. There was no Klf5 KO ES cell line. The N.D. group is that in which the genotype 
could not be determined
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in Klf5 KO ES cells abrogates Nanog expression, indicating that the dependence of 
downstream gene expression on Klf factors is gene-specific. Kim et al. examined 
the target promoters of Oct3/4, Sox2, Klf4, c-Myc, and five other transcription 
factors by ChIP-on-ChIP analysis and found that a significant number of these 
promoters are occupied by these transcription factors (Kim et al. 2008).

As Jiang and coworkers reported, Klf2, Klf4, and Klf5 are expressed in undif-
ferentiated ES cells; and expression of these factors decreases rapidly following the 
induction of differentiation. Consistent with this, we reported that Klf5 is expressed 
in the ICM of blastocysts, whereas its expression is decreased and undetectable in 
the epiblast (Ema et al. 2008). However, the factors controlling this large decrease in 
Klf5 expression remain unknown. Sato and coworkers showed that Wnt is essential 
for mouse and human ES self-renewal (Sato et al. 2004). Interestingly, Klf5 is 
induced by Wnt signaling in some cancerous cells (Ziemer et al. 2001), but the 
relation between Wnt and Klf5 expression in ES cells is not clear.

Fig. 2 a Klf4 has redundant and nonoverlapping function with Klf5. b Model of how Klf5 regulates 
self-renewal of ES cells. Klf5 represses the expression of p21cip1 and activates Akt1 phosphorylation 
through Tcl1 expression resulting in a shortened G

1
 phase, thereby contributing to proliferation. 

Klf5 also represses differentiation-related genes such as Brachyury, Cdx2, Fgf5, and others, and it 
activates Nanog. Thus, Klf5 plays a role in the self-renewal of mouse ES cells. c Summary of Klf5 
roles in stem cell functions
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Reprogramming of Somatic Cells into Pluripotent Stem 
Cells by KLF4 and Other Klf Family Members

Takahashi and Yamanaka reported that rodent somatic cells could be reprogrammed 
into pluripotent ES-like cells by forced expression of four genes: c-Myc, Oct3/4, 
Sox2, KLF4 (Takahashi and Yamanaka 2006). They were also able to reprogram 
human somatic cells into a pluripotent state following forced expression of the 
same combination of factors (Takahashi et al. 2007). In addition, Yu and coworkers 
showed that forced expression of OCT3/4, SOX2, NANOG, and LIN28 was able 
to reprogram a somatic cell into a pluripotent state (Yu et al. 2007). Subsequently, 
other groups showed that the same combination of transcription factors was able 
to reprogram human somatic cells into pluripotent cells (Maherali et al. 2007; Park 
et al. 2007; Wernig et al. 2007). The molecular mechanism of the reprogramming 
process is still poorly defined, although recent reports indicate that the gene-expression 
signature of the somatic cell changes in a stepwise manner that leads to the expres-
sion of pluripotency-related genes (Brambrink et al. 2008; Stadtfeld et al. 2008). 
Other members of the Klf family (e.g., Klf1, Klf2, Klf5) can substitute for Klf4 
function to induce pluripotency (Nakagawa et al. 2007). These studies suggest that 
Klf family members may have similar functions in somatic cell reprogramming, 
as has been shown during hematopoietic cell development or ES cell self-renewal 
(Basu et al. 2007; Ema et al. 2008; Jiang et al. 2008), although there is a significant 
difference in the efficiency of reprogramming by individual family members. 
Future work may allow the development of small molecules that can substitute 
for the forced expression of the reprogramming factors so as to avoid the use of 
virus-derived vectors in the generation of pluripotent stem cells.

Potential Functions of Klf5 During Embryogenesis 
and in Adults

Our studies have demonstrated that Klf5 is a crucial factor for the derivation of 
ES cells and/or ICM development (Ema et al. 2008). In contrast, the roles of Klf2 
and KLF4 in these processes seem to be dispensable because Klf2 KO mice show 
defects in hematovascular development and Klf4 KO mice show defects in goblet 
cell differentiation and skin barrier formation (Katz et al. 2002; Segre et al. 1999), 
although further studies are needed for clarification.

Klf5 is expressed in trophectoderm and trophoblast stem (TS) cells. In fact, 
the lack of Klf5 in embryos resulted in failure of implantation due to defective 
trophectoderm development. Thus, Klf5 may be important for TS cell functions as 
well as ICM development.

Triple knockdown of Klf2, Klf4, and Klf5 in ES cells resulted in increased 
expression of Fgf5 and Brachyury and decreased expression of Nanog and Tcl1 
(Ema et al. 2008; Jiang et al. 2008). This gene expression signature is similar 
to that of EpiSC, which is a pluripotent cell line derived from the epiblast 



136 M. Ema et al.

(Brons et al. 2007; Tesar et al. 2007). Interestingly, Klf5 KO ES cells also show 
increased expression of Fgf5 and Brachyury and decreased expression of Tcl1, 
although this alteration was not as dramatic as that observed in the triple knock-
down mutant, and Nanog expression was unchanged (Ema et al. 2008) (Fig. 2C). 
Furthermore, Klf5 KO ES cells can differentiate at an earlier developmental time 
point than WT ES cells, suggesting that Klf5 KO ES cells may be primed for dif-
ferentiation toward an EpiSC cell-like phenotype. Consistent with this idea, Klf5 is 
expressed abundantly in ICM cells at the blastocyst stage but is not detectable in the 
epiblast of embryos at 5.5 and 6.5 dpc, implying that reduced Klf5 expression may 
be required for differentiation of ICM cells into epiblast cells (Fig. 2C).

Taken together, several results demonstrate that Klf function is required for ES 
cell derivation from ICM cells and normal self-renewal of ES cells. Future studies 
should determine the molecular mechanism of how Klf regulates blastocyst 
development, represses expression of differentiation-inducing genes, and enhances 
progression of the cell cycle in ES cells. Such studies should increase our under-
standing of the mechanism underlying the maintenance of the pluripotent and 
proliferative state of ES cells as well as the mechanisms of the process of repro-
gramming a somatic cell into a pluripotent ES cell-like state.
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Abstract The Krüppel-like zinc finger transcription factor family encodes a fam-
ily of proteins that currently includes at least 15 members regulating remarkably 
diverse processes, including cell growth, signal transduction, and differentiation. 
KLF genes are highly conserved evolutionarily with homologues expressed in 
zebrafish and Xenopus. The role of the Krüppel-like factor (KLF) family in the 
liver is equally diverse, with roles in the regulation of adipogenesis, gluconeogen-
esis, apoptosis, cell cycle progression, cellular differentiation, energy homeostasis, 
oxidative stress, and hepatic stellate cell activation. Of the KLFs studied to date 
in the liver, KLF6 is the best characterized. This chapter therefore highlights the 
functional diversity of KLF6 in the liver with the understanding that it serves as 
a template for the study of other KLFs in the liver. Specifically, we focus on the 
KLF6 gene and its cloning and identification from activated hepatic stellate cells, 
the importance of alternative splicing in the regulation of KLF6 gene function, 
the contribution of the KLF family to liver development and injury, and finally, 
dysregulation of KLF6 function in disease through several important mechanisms 
including alternative splicing, decreased expression, loss of heterozygosity, and 
somatic mutation.
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Introduction

KLF Transcription Factor Family

The Krüppel-like factor (KLF) family of transcription factors is named after the 
developmental regulator Krüppel from Drosophila melanogaster, inactivation of 
which causes a crippled phenotype in flies (Gloor et al. 1950). To date, this fam-
ily of transcription factors includes at least 24 members, including both Sp1-like 
(Sp1–Sp8) and KLF-like (KLF1–KLF16) factors. They are phylogenetically organ-
ized into three general subgroups based on structural and functional features and 
can act as either activators or repressors of their target genes depending on the cel-
lular environment. As a family, they regulate remarkably diverse processes, includ-
ing cell growth, signal transduction, cellular differentiation, and key metabolic 
pathways/processes including adipogenesis and gluconeogenesis (Dang et al. 2000; 
Huber et al. 2001; Philipsen and Suske 1999; Turner and Crossley 1999).

The KLF family of transcription factors is characterized by a unique modular 
structure that defines members of this gene family. All KLF members have a highly 
conserved C-terminal 81-amino-acid C

2
H

2
 zinc finger DNA-binding domain that can 

interact with either “GC-box” or “CACC-box” DNA motifs in responsive promoters. 
In addition, the zinc finger motifs may regulate protein–protein interactions that mod-
ulate DNA-binding specificity (Li et al. 2005; Song et al. 2003; Zhang et al. 2002). 
The amino-terminal domains of the KLF proteins are highly variable and are believed 
to provide functional identity through the recruitment and regulation of specific pro-
tein–protein interactions (Song et al. 2003; Zhang et al. 2002). Also, these divergent 
N-terminal regions may include specific activation and/or repression domains that 
facilitate interactions with various co-activators and co-repressors, respectively, and 
account for a remarkably broad range of biological activities. The role of this gene 
family in the liver is best characterized and exemplified by the KLF6 gene.

KLF6 Gene

KLF6 was originally cloned and independently isolated from three tissues: hepatic 
mesenchymal stellate cells (Kim et al. 1998), placental cells (Koritschoner et al. 
1997), and peripheral blood lymphocytes from a chronic B-cell lymphocytic leukemia 
(B-CLL) patient (El Rouby et al. 1996). KLF6 can regulate a remarkably diverse range 
of cellular processes including growth, differentiation (Matsumoto et al. 2006), adhe-
sion, and endothelial motility. This is accomplished through the regulation of gene 
expression, including placental glycoprotein (Koritschoner et al. 1997), human immu-
nodeficiency virus-1 long terminal repeat (HIV-1 LTR) (Zhao et al. 2000), keratins 4 
and 12 (Chiambaretta et al. 2002; Okano et al. 2000), transforming growth factor-β1 
(TGF-β1), types I and II TGF-β receptors (Kojima et al. 2000), matrix metallopepti-
dase-9 (MMP-9) (Das et al. 2006), p21 (Narla et al. 2001), and E-cadherin (DiFeo et 
al. 2006). KLF6 has also been implicated in the regulation of various metabolic proc-
esses, including adipogenesis (Inuzuka et al. 1999; Li et al. 2005).
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KLFs and Alternative Splicing

Alternative mRNA splicing is a key molecular event that generates protein diversity 
and is critical in the regulation of gene function. Through this process the exons 
of primary transcripts (pre-mRNAs) from a single gene can be spliced in different 
arrangements to produce structurally and functionally distinct mRNA and protein 
variants. Thus, a single gene can generate multiple protein products that can display 
different, even antagonist, biological functions (Shin and Manley 2004). Much of the 
generation of functional diversity in higher organisms is attributed to alternative splic-
ing (Mercatante et al. 2002). The role of dysregulated alternative splicing in disease 
progression is now recognized in a range of human diseases (Cáceres and Kornblihtt 
2002; Faustino and Cooper 2003; Garcia-Blanco et al. 2004). Many cancer-associated 
genes are alternatively spliced, and expression of these genes leads to the production 
of multiple splice variants with antagonist functions (Mercatante et al. 2002). As the 
prototypical member of the KLF family, recent evidence from our group and others 
have identified an important functional role for alternative splicing in the regulation 
of KLF6 gene function. In one of the largest, multiinstitutional association studies in 
prostate cancer, KLF6 was found to be aberrantly spliced, with a single nucleotide 
polymorphism (SNP) in intron 1 of the KLF6 gene increasing alternative splicing of 
the gene (Narla et al. 2005a). KLF6 alternative splicing results in the generation of 
three biologically active splice isoforms, KLF6-SV1, KLF6-SV2, and KLF6-SV3, 
in both normal and cancerous tissue (Narla et al. 2005b) (Fig. 1). These variants lack 
either regions of the KLF6 activation domain and/or the DNA-binding domain. In par-
ticular, KLF6-SV1 lacks all three zinc finger DNA-binding domains but retains most 
of the KLF6 N-terminal activation domain (Narla et al. 2005a). This splice variant is 
particularly important, as it is significantly upregulated in many cancers (Camacho-
Vanegas et al. 2007; DiFeo et al. 2008; Narla et al. 2005a, 2005b; Teixeira et al. 2007). 
Increased KLF6-SV1 expression is dependent on oncogenic Ras/PI3-K/Akt-signaling 
thereby altering the relative ratio of KLF6 to KLF6-SV1 in hepatocellular carcinoma 
(Yea et al. 2008). More studies to determine the presence of alternative spliced vari-
ants of other KLFs is warranted. This work could provide important insights into an 
additional mechanism of functional regulation of this gene family in the liver.

KLFs and Liver Development

KLFs play key roles in several developmental pathways based on studies in both lower 
species (Oates et al. 2001) and mammals. All Klf homozygous knockout (KO) mice 
generated to date have a lethal phenotype. These models have revealed roles of KLFs 
in blood vessel stability (KLF2) (Kuo et al. 1997), β-globin synthesis during erythro-
poiesis (KLF1) (Perkins et al. 1995), and epithelial barrier integrity (KLF4) (Segre et 
al. 1999). Studies using chimeric mice derived from Rag2−/− and Klf2−/− animals have 
also indicated a role of Klf2 in T-cell activation (Kuo et al. 1997). These developmental 
activities are ascribed to both those KLFs that are tissue-restricted, as well as those that are 
ubiquitously expressed. For example, Klf4 and Klf6 are both widely expressed, yet their 
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developmental expression is restricted (Blanchon et al. 2001; Fischer et al. 2001; Laub 
et al. 2001b; Ton-That et al. 1997). Importantly, even heterozygous Klf gene-deleted 
mice may reveal an abnormal phenotype, as in the case of Klf5+/− animals, which have a 
defect in arterial wall remodeling when stressed (Shindo et al. 2002).

Among the subfamilies of KLFs, the Klf6 gene is most closely related to Klf7, 
and they share a common progenitor in Drosophila, the Luna gene, whose inacti-
vation using siRNA leads to defects in organogenesis and terminal differentiation 
(De Graeve et al. 2003). Despite its ubiquitous expression in adult tissues, develop-
mental expression of Klf6 is somewhat restricted and distinct from Klf7. Whereas 
Klf7 mRNA is primarily expressed in neuronal tissue, Klf6 transcripts are also 
found in several nonneural sites, including hindgut, heart, lung, kidney, and limb buds 
(Laub et al. 2001a,b).

Based on these findings, we analyzed the role of Klf6 in mouse development. 
Klf6−/− mice die by E 12.5 and are characterized by markedly reduced hematopoi-
etic differentiation in yolk sacs. Complementing this approach, we employed a 
mouse embryonic stem (ES) cell differentiation system to assess the capacity of 
murine Klf6−/− ES cells to differentiate in vitro (Gouon-Evans et al., 2006; Zhao et al., 
2006). The differentiated Klf6+/+ and Klf6+/− ES cell-derived cultures expressed 
similar levels of endoderm markers as well as early (e.g., α-fetoprotein, transthyre-
tin) and late (albumin) hepatic mRNAs. Cytoplasmic albumin expression was also 
made apparent by immunocytochemistry analysis. Differentiation was accompanied 
by a biphasic increase in Klf6 mRNA on day 2 and again after day 4. In contrast to Klf+/+− 
ES cells, Klf6−/− ES cells displayed significantly reduced expression of endoderm 
markers and do not express hepatocyte markers (α-fetoprotein, transthyretin, albumin). 
Furthermore, forced expression of KLF6 at specific time points using a tet-inducible 
system increasea endoderm and hepatic marker expression. These findings indicate 
that KLF6 regulates endoderm formation and hepatic differentiation in a tempo-
rally specific manner in ES cells. However, it is unclear whether these defects are 
restricted to liver or affect all endoderm-derived tissues (e.g., pancreas).

No studies reported to date implicate other KLFs in liver development. However, 
this area requires much more study, particularly in view of the essential role of 
KLF2 in stem cell reprogramming (Takahashi et al. 2006).

KLFs and Liver Injury

Hepatic fibrosis is the liver’s wound-healing response to injury of any type and can 
lead to cirrhosis, characterized by scar accumulation and nodule formation. Hepatic 
stellate cells are the principal source of extracellular matrix (ECM) in hepatic 
fibrosis and play a central role in the injury response by undergoing activation, 
which connotes the transition from a quiescent vitamin A-rich cell to a contractile, 
proliferative, fibrogenic cell type (Friedman 2008).

Our previous efforts to understand the molecular basis of stellate cell activation 
utilized subtraction hybridization to clone a novel zinc finger transcription factor, 
KLF6 (initially called Zf9), which is induced as an immediate–early gene in hepatic 
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stellate cells during liver injury in vivo (Ratziu et al. 1998). Subsequent studies 
have broadened KLF6’s roles in injury to include growth responses of vascular 
endothelial cells (Botella et al. 2002) and hepatocytes among others.

The discovery that KLF6, a growth-suppressive gene, is rapidly induced when 
stellate cells undergo a proliferative burst, presented a paradox that has now been 
resolved with the discovery that KLF6 can undergo alternative splicing in rodents 
and humans to shorter, dominant negative isoforms (KLF6sv1, KLF6sv2, KLF6sv3) 
that lack all or part of the DNA-binding domain (Narla et al. 2005a) (Fig. 1).

Nonalcoholic fatty liver disease (NAFLD) represents the manifestation of the 
metabolic syndrome in the liver. It encompasses the entire spectrum of liver dis-
ease from steatohepatitis to frank cirrhosis. The prevalence of NAFLD is growing 
rapidly, and it is now the most common cause of chronic liver disease in Western 
countries. The cardiovascular health implications of the metabolic syndrome are 
significant, with the risk of progressive liver disease, cirrhosis, and liver cancer 
set to have a further major impact. Despite its high prevalence, however, less than 
one-fourth of subjects with NAFLD ever progress beyond steatosis to develop 
significant fibrosis or liver cancer. The reasons for these differences in individual 
susceptibility to progressive disease are unclear; and although several candidate 
genes have been studied, as yet no genetic associations with advanced NAFLD 
have been replicated in large studies. Recent evidence from our group suggests an 
important role for KLF6 in NAFLD. Specifically, KLF6 expression is increased in 
association with increased steatosis, inflammation, and fibrosis in NAFLD livers. 
In addition, a common polymorphism KLF6-IVS1-27G>A that promotes increased 
alternative splicing of the KLF6 gene (Narla et al. 2005a) was significantly associ-
ated significantly with mild NAFLD (Miele et al. 2008).

Fig. 1. Structure of KLF6 and its splice variants. Genomic organization, cryptic splice site 
sequences, and mRNA structures for wild-type and KLF6 splice variants. NLS = nuclear localiza-
tion signal. Activation domain is light blue. Zinc fingers are dark blue. Novel amino acids are 
green and pink. RT-PCR = reverse transcription-polymerase chain reaction. (Adapted from Difeo 
A, Martignetti J, Narla G. The role of KLF6 and its splice variants in cancer therapy. Drug 
Resistance Updates, 12(1–2) 11–7, 2009
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KLF6 and Hepatocellular Carcinoma

Hepatocellular carcinoma (HCC), an often fatal neoplasm in patients with chronic 
liver disease, is the fifth most common cancer worldwide and the third leading 
cause of cancer death. As with most cancers, hepatic carcinogenesis is character-
ized by loss of differentiation and deregulated growth of malignant cells. Much is 
still unknown about HCC pathogenesis, and many of the specific molecular mecha-
nisms underlying its development and progression have yet to be identified. Recent 
evidence suggests that KLF6 is a bona fide tumor-suppressor gene inactivated in 
HCC by a number of mechanisms. Since the initial discovery of its role in prostate 
cancer, mounting evidence from our laboratory and others has highlighted a variety 
of KLF6 inactivating mechanisms relevant to tumor growth and spread in HCC. 
These mechanisms include the following.

Loss of heterozygosity (LOH) and somatic mutation (Kremer-Tal et al. 2007; • 
Tal-Kremer et al. 2004; Wang et al. 2004)
LOH and/or decreased expression (Kremer-Tal et al. 2007; Wang et al. 2004)• 
Transcriptional silencing through promoter hypermethylation (Hirasawa et al. • 
2007)
Dysregulated alternative splicing (Yea et al. 2008)• 

These data confirm that KLF6 plays a general role in the development and pro-
gression of human HCC. Additional studies of other KLFs, including KLF4, KLF5, 
and KLF7 are warranted in HCC given their structural and functional similarity to 
the KLF6 tumor suppressor gene to determine their role in disease development 
and progression.

Conclusions and Future Directions

The Krüppel-like zinc finger transcription factor family encodes a diverse family of 
transcription factors that regulate a range of physiological and pathological processes. 
The role of the KLF family in the liver is equally diverse, with functions being 
identified in the regulation of adipogenesis (Banerjee et al. 2003; Birsoy et al. 
2008; Kawamura et al. 2005; Li et al. 2005; Oishi et al. 2005; Sue et al. 2008; Wu 
et al. 2005), gluconeogenesis (Gray et al. 2007), apoptosis (Sirach et al. 2007), cell 
cycle progression (Narla et al. 2007; Tal-Kremer et al. 2004), cellular differentia-
tion (Kremer-Tal et al. 2007), energy homeostasis (Hashmi et al. 2008; Teshigawara 
et al. 2005), oxidative stress (Starkel et al. 2003), and hepatic stellate cell activation 
(Friedman 2006; Kojima et al. 2000; Mann and Smart 2002). KLF6 was originally 
cloned from the activated hepatic stellate cells and serves as the prototypical example 
of the role of the KLF gene family in both normal liver physiology and disease 
states including NAFLD, cirrhosis, and HCC. Further studies of additional members 
of this family of transcription factors is warranted as the role of many of its members 
in the liver have yet to be identified. In addition, many of the studies of the KLF6 gene 
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highlight and illustrate a remarkable functional diversity in mechanisms of gene 
regulation and inactivation in cancer and disease development. The liver, with its 
complex structure and diverse functions provides the ideal model to uncover new 
roles for this extraordinary family of transcription factors.
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Abstract Krüppel-like factor 15 (KLF15) has been implicated in energy metabolism 
in various tissues including muscle, heart, liver, and adipose tissue. The expression of 
KLF15 is induced by the synergistic action of CCAAT/enhancer-binding protein β 
(C/EBPβ) and C/EBPδ during the differentiation of preadipocytes into adipocytes. The 
time course of KLF15 expression during this process is similar to that for C/EBPα, 
and these two proteins appear to promote the differentiation program in a cooperative 
manner through induction of the peroxisome proliferator-activated receptor γ (PPARγ) 
gene and other adipocyte-specific genes. A combination of microarray-based chro-
matin immunoprecipitation and gene expression analyses identified six genes whose 
promoters bound KLF15 and whose expression was either increased or decreased by 
forced expression of KLF15 in 3T3-L1 adipocytes. The gene for adrenomedullin, a 
vasodilatory hormone implicated in the pathogenesis of obesity-induced hypertension 
and insulin resistance, was one of these genes whose expression appears to be regulated 
by KLF15. KLF15 may thus also control the function of mature adipocytes through 
regulation of such genes.

Introduction

Krüppel-like factor 15 (KLF15) was first identified as a protein that binds to 
the promoter of the gene for CLC-K1, a kidney-specific CLC chloride channel 
(Uchida et al. 2000); KLF15 was thus formerly designated kidney KLF (KKLF). 
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KLF15 was subsequently shown to regulate the expression of various genes whose 
products contribute to energy metabolism. For example, KLF15 regulates tran-
scription of the gene for GLUT4 (Gray et al. 2002), an insulin-sensitive glucose 
transporter expressed in muscle and adipocytes. It is also implicated in the fasting-
induced expression in skeletal muscle of the gene for acetyl-coenzyme A (CoA) 
synthetase 2 (Yamamoto et al. 2004), an enzyme of the mitochondrial matrix 
that provides acetyl-CoA for the citric acid cycle. Moreover, KLF15 has been 
shown to control glucose production by the liver through regulation of genes for 
enzymes involved in either gluconeogenesis (Teshigawara et al. 2005) or amino 
acid catabolism (Gray et al. 2007). It also appears to influence energy metabolism 
in the whole body through regulation of the differentiation of adipocytes as well 
as through control of the expression of various adipocyte-specific genes in mature 
adipocytes. In this chapter, we first summarize the functions of KLF15 and other 
members of the KLF family in differentiation of preadipocytes into adipocytes and 
then address the possible role of KLF15 in mature adipocytes.

Roles of KLF15 and Other KLF Family Proteins 
in Adipocyte Differentiation

The amount of adipose tissue in the body is an important determinant of energy 
homeostasis in living animals and is altered in various physiological or pathological 
conditions (Rosen and Spiegelman 2006). An increase in adipose tissue mass can 
result from an increase in cell size, cell number, or both (Rosen and Spiegelman 
2000). The number of adipocytes is thought to increase as a result of the prolifera-
tion of preadipocytes and their subsequent differentiation into mature adipocytes. 
Such differentiation of preadipocytes is characterized by marked changes in the 
pattern of gene expression that are achieved by the sequential induction of various 
transcription factors. Preadipocytes exposed to hormonal inducers of differen-
tiation thus manifest an early, transient increase in expression of the transcription 
factors CCAAT/enhancer–binding protein β (C/EBPβ) and C/EBPδ, which in 
turn promote a subsequent increase in the expression of C/EBPα and peroxisome 
proliferator-activated receptor γ (PPARγ) (Rangwala and Lazar 2000; Rosen and 
Spiegelman 2006) (Fig. 1). C/EBPα and PPARγ are thought to act synergistically 
in the transcriptional activation of a variety of adipocyte-specific genes, with each 
also reciprocally activating the expression of the other (Rangwala and Lazar 2000; 
Rosen and Spiegelman 2006).

Certain members of the KLF family of proteins have been implicated in the dif-
ferentiation of preadipocytes. The differentiation of mouse 3T3-L1 preadipocytes 
into mature adipocytes in response to various hormonal inducers is a widely studied 
model of adipogenesis. Whereas 3T3-L1 preadipocytes express KLF2 and KLF3 at 
high levels, the amounts of these two proteins decrease rapidly after exposure of the 
cells to hormonal inducers of differentiation (Banerjee et al. 2003; Sue et al. 2008) 
(Fig. 2). Overexpression of KLF2 or KLF3 in 3T3-L1 preadipocytes has been shown 
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to inhibit the differentiation of these cells by preventing the expression of PPARγ 
and C/EBPα, respectively (Banerjee et al. 2003; Sue et al. 2008). These observations 
suggest that the downregulation of these KLF proteins is important for differentia-
tion of preadipocytes into adipocytes. Indeed, differentiation of embryonic fibrob-
lasts derived from mice lacking KLF3 into adipocytes is enhanced compared with 
that for the corresponding wild-type cells (Sue et al. 2008). Preadipocyte factor-1 
(Pref-1), also known as delta-like 1 (Dlk1), is a transmembrane protein that inhibits 
differentiation of preadipocytes. KLF6, which is transiently induced at an early 
phase of differentiation, inhibits the expression of Pref-1 and thereby promotes the 
differentiation of preadipocytes (Li et al. 2005) (Figs. 1, 2). The expression of KLF4 
is also increased at an early phase of preadipocyte differentiation (within 1 hour after 
exposure to hormonal inducers), and this protein appears to contribute to differentia-
tion by stimulating the expression of C/EBPβ and C/EBPδ (Birsoy et al. 2008).

KLF15 is also implicated in the differentiation of preadipocytes. Expression of 
KLF15 is markedly increased at a relatively late phase of the differentiation process 
(Mori et al. 2005) (Fig. 3A). Given that forced expression of C/EBPβ or C/EBPδ in 
NIH 3T3 fibroblasts results in a synergistic increase in the amount of KLF15 mRNA 
(Mori et al. 2005), the former two proteins likely trigger expression of KLF15 dur-
ing the differentiation of preadipocytes (Fig. 2). Forced expression of KLF15 in NIH 
3T3 fibroblasts or C2C12 myoblasts directs these nonadipocyte cell lines into the 
adipocyte lineage (Mori et al. 2005). Inhibition of the function of KLF15 in 3T3-L1 
preadipocytes, by expression of a dominant negative mutant or by RNA interference, 
was found to attenuate expression of PPARγ as well as adipocytic differentiation 
(Mori et al. 2005), indicating that KLF15 is essential for the differentiation process 
in these cells. The time course of KLF15 expression during differentiation is similar 
to that for C/EBPα. KLF15 and C/EBPα stimulate, in an additive manner, both adi-
pocytic differentiation of nonadipocyte cell lines as well as the activity of the PPARγ 
gene promoter (Mori et al. 2005), suggesting that these two proteins coordinately reg-
ulate gene transcription associated with the terminal differentiation of adipocytes.

Although a dominant negative mutant of KLF15 was shown to inhibit expression 
of PPARγ during the late phase of adipocytic differentiation in 3T3-L1 cells, it did not 

Fig. 1 Model for transcriptional control of adipocyte differentiation. Various members of the 
Krüppel-like factor (KLF) family of transcription factors contribute to transcriptional control of 
the differentiation of preadipocytes into adipocytes
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affect early adipogenesis (on day 2) before the onset of KLF15 expression (Mori et al. 
2005). These observations suggest that whereas KLF15 contributes to maintenance 
of the expression of PPARγ at a high level during the late phase of differentiation the 
early induction of PPARγ is achieved by a mechanism independent of KLF15. Both 
C/EBPβ and C/EBPδ bind directly to the promoter of the PPARγ gene and stimulate 
expression of PPARγ (Rangwala and Lazar 2000). Moreover, KLF5, whose expres-
sion is induced at an early phase of differentiation, upregulates the expression of 
PPARγ, and loss of function of KLF5 was shown to inhibit adipocyte differentiation 
(Oishi et al. 2005). It is thus likely that KLF5 contributes to the induction of PPARγ in 
coordination with C/EBPβ and C/EBPδ at an early phase of differentiation (Fig. 2).

Function of KLF15 in Mature Adipocytes

Given that KLF15 is expressed at a high level in mature adipocytes, it likely con-
tributes not only to the differentiation of preadipocytes but also to maintenance of 
the function of mature adipocytes. Forced expression of KLF15 in mature adipocytes 
increases the expression of GLUT4 (Gray et al. 2002), a marker protein for 
mature adipocytes. This effect of KLF15 is likely attributable to its direct activa-
tion of the promoter of the GLUT4 gene (Gray et al. 2002), suggesting that KLF15 

Fig. 2 Time course and extent of the expression of various transcription factors involved in 
regulation of the differentiation of 3T3-L1 preadipocytes into adipocytes in response to hormonal 
inducers. IgG = immunoglobulin G; ChIP-chip = chromatin immunoprecipitation with a promoter 
oligonucleotide microarray
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contributes to the function of mature adipocytes by directly regulating the expres-
sion of adipocyte-specific genes.

To characterize further the function of KLF15 in mature adipocytes, we attempted 
to identify novel target genes of this transcription factor in adipocytes by a combina-
tion of chromatin immunoprecipitation with a promoter oligonucleotide microarray 
(ChIP-chip) and analysis of gene expression with an oligonucleotide expression 
microarray (Nagare et al. 2009). We performed ChIP-chip analysis with immuno-
precipitates prepared from fully differentiated 3T3-L1 adipocytes with antibodies 
to KLF15 or control immunoglobulin. We found that among ~6000 genes on the 
microarray the promoter regions of 132 genes showed a reproducibly significant 
difference in hybridization signal between the two samples (Fig. 3) (Nagare et al. 
2009). We next profiled genes whose level of expression changed in association with 
adenovirus-mediated overexpression of KLF15 in 3T3-L1 adipocytes with the use of 
an oligonucleotide expression microarray. This analysis revealed that forced expression 
of KLF15 in the mature adipocytes was accompanied by an increase in expression of 337 
genes and a decrease in that of 274 genes (Fig. 3) (Nagare et al. 2009). Comparison 
of the ChIP-chip data with the expression microarray data resulted in identification of 
six genes whose promoters bound KLF15 and whose expression was either increased 
(Slc16a9, Cdk9, P4ha2, Klf3) or decreased (Aprt, Adm) by forced expression of 
KLF15 (Nagare et al. 2009).

Fig. 3 Identification of target genes of KLF15. Strategy for the identification of target genes of KLF15 
and a Venn diagram of the numbers of genes whose promoters were found to bind KLF15 by ChIP-chip 
analysis and whose expression was found to be increased or decreased in response to KLF15 overex-
pression by expression microarray analysis in 3T3-L1 adipocytes (Nagare et al. 2009)
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Slc16a9 encodes a transporter for monocarboxylic acids, which are important 
metabolites of carbohydrates and fatty acids (Halestrap and Price 1999). The pro-
tein encoded by Cdk9 is a member of the cyclin-dependent kinase (CDK) family 
and has been shown to participate in adipocyte differentiation through direct inter-
action with and phosphorylation of PPARγ (Iankova et al. 2006). P4ha2 encodes 
prolyl 4-hydroxylase, which contributes to the synthesis of collagen and to oxygen 
homeostasis (Myllyharju 2008), the latter of which has been shown to influence the 
function of adipocytes (Trayhurn et al. 2008). The protein encoded by Klf3 (KLF3), 
as mentioned above, appears to regulate adipogenesis by inhibiting the expression 
of C/EBPα (Sue et al. 2008). Aprt encodes adenine phosphoribosyltransferase, an 
enzyme involved in purine nucleotide metabolism (Delbarre et al. 1974).

Adrenomedullin, the protein encoded by Adm, is a potent vasodilatory hormone 
that was originally identified in pheochromocytoma cells (Kitamura et al. 1993). 
Mature adipocytes were subsequently shown to be a major source of adrenomedul-
lin in the body (Harmancey et al. 2007; Nambu et al. 2005). We found that the 
expression of adrenomedullin in 3T3-L1 adipocytes was increased as a result of 
KLF15 depletion by RNA interference and that KLF15 inhibits the activity of the 
adrenomedullin gene promoter by directly binding to the most proximal CACCC 
element (Nagare et al. 2009), confirming the notion that KLF15 is a negative regu-
lator of the adrenomedullin gene. Adipocyte-derived adrenomedullin is thought 
to protect against the development of hypertension, insulin resistance, and the 
complications of these conditions in obese subjects (Paulmyer-Lacroix et al. 2006). 
Expression of KLF15 is decreased in adipose tissue of mice with diet-induced 
or genetic (ob/ob) obesity (H.S. and M.K., unpublished observations), animals in 
which the expression of adrenomedullin in adipose tissue is increased (Harmancey 
et al. 2007). It is thus possible that obesity-induced downregulation of KLF15 in 
adipose tissue is related to the pathogenesis of obesity-induced health disorders 
induced by a decrease in adrenomedullin production.
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Abstract Despite the development of numerous therapies, heart disease is a major 
source of morbidity, mortality, and economic burden to society worldwide. A better 
understanding of the molecular underpinnings that lead to heart failure are likely to 
facilitate the development of novel therapies. The Krüppel-like factor (KLF) family 
of zinc finger transcription factors play important roles in modulating cellular functions 
in a broad range of mammalian cell types, and accumulating evidence demonstrates 
important roles of these factors in cardiovascular biology. This chapter describes 
our current understanding of the role of the KLF gene family in cardiac biology and 
the potential for these factors to serve as therapeutic targets.

Introduction

Heart disease is a major cause of morbidity and mortality worldwide (Jain and 
Ridker 2005) and a better understanding of the molecular mechanisms underlying its 
pathogenesis is extremely valuable from both scientific and therapeutic standpoints. 
Heart failure is a condition that results from a broad array of insults that impair the 
pump function of the heart, including ischemia, valvular disease, hypertension, and 
diabetes. Accumulating evidence provides that these stressors trigger a complex 
series of signaling cascades that can alter gene programs in both cardiac myocytes 
and interstitial tissues (Braunwald 2008). Ultimately, these alterations in cell signaling 
and gene expression can lead to pathological remodeling of the heart, which is 
characterized by hypertrophic enlargement of myocytes, interstitial fibrosis, elec-
trophysiological abnormalities, contractile dysfunction, altered calcium homeostasis, 
and metabolic derangements. However, the precise molecular mechanisms by 
which these alterations in gene expression occur remain incompletely understood.
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There has been intense interest in the cytosolic and nuclear signaling pathways 
that control cardiac development and remodeling (Heineke and Molkentin 2006), 
and a number of key transcription factors to critical regulators of these processes 
have been shown (Adhikari et al. 2006; Akazawa and Komuro 2003; Epstein and 
Parmacek 2005; Finck and Kelly 2006; Oettgen 2006; Perry and Soreq 2002; 
Puigserver and Spiegelman 2003). Studies from our group and others have recently 
demonstrated a critical role for the Krüppel-like factor (KLF) family of zinc finger 
transcription factors in cardiac biology (Feinberg et al. 2004; Perry and Soreq 2002; 
Suzuki et al. 2005; Wei et al. 2006). This chapter focuses on the emerging role of 
the KLF family of transcription factors in the heart with an emphasis on the patho-
biology of heart failure.

Overview of KLFs in the Heart

Although there has been an explosion of studies on KLFs in a broad variety of tissues 
and disease states, the number of reports describing the role of KLFs in the heart 
are few (Haldar et al. 2007). The published reports describing a role for KLFs in the 
heart are as follows: (1) KLF5 in cardiac fibroblasts (Shindo et al. 2002); (2) KLF15 
in postnatal cardiomyocyte (Fisch et al. 2007) and cardiac fibroblast (Wang et al. 
2008) biology; (3) KLF13 in the developing vertebrate heart (Lavallee et al. 2006); 
and (4) a brief report describing the cardiac phenotype of KLF10 knockout mice 
(Rajamannan et al. 2007). There are also two of reports profiling the expression of 
various KLFs in cultured cardiomyocytes in response to endothelin-1 (ET-1), oxida-
tive stress and cytokines (Clerk et al. 2006; Cullingford et al. 2008). These published 
findings of KLFs in cardiac biology are summarized in Table 1. The remainder of this 
chapter is divided into subsections organized by each KLF family member.

KLF5 in the Heart

KLF5 (also known as BTEB2/IKLF) was cloned as a novel GC box-binding pro-
tein from a human placenta cDNA library and originally identified as a positive 
regulator of SMemb, a gene induced in activated smooth muscle cells (Sogawa et 
al. 1993; Watanabe et al. 1999). Elegant work from the laboratory of Ryozo Nagai 
has delineated the importance of this factor in cardiac and vascular biology (Shindo 
et al. 2002). In the heart, KLF5 is expressed primarily in cardiac fibroblasts and 
serves as a critical effector of angiotensin II signaling in these cells. Angiotensin II 
stimulation induces KLF5 expression in primary cardiac fibroblasts. Moreover, the 
angiotensin II mediated induction of platelet-derived growth factor-A (PDGF-A) is 
dependent on the recruitment of KLF5 to the PDGF-A promoter.

To further understand the role of KLF5 in cardiovascular biology, KLF5 was targeted 
systemically in the mouse germline (Shindo et al. 2002). KLF5 homozygous-null 



13 Krüppel-like Factors in the Heart 161

Table 1 Function and regulation of KLFs in the heart
Krüppel-like 
factor Function/regulation/observation

KLF2 • Expressed in cultured cardiomyocytes
• Induced by ET-1 and hydrogen peroxide
• Downregulated by TNF-α and IL-1β

KLF3 • Expressed in cultured cardiomyocytes
• Downregulated by ET-1

KLF4 • Expressed in cultured cardiomyocytes
• Induced by ET-1 and hydrogen peroxide

KLF5 • Expressed in cardiac fibroblasts
• Expressed in cultured cardiomyocytes
• Induced by angiotensin II
• Induced by ET-1 and hydrogen peroxide
• Regulates expression of PDGF-A and TGF-β
• Reduced hypertrophic remodeling is seen in response to 

ngiotensin II infusion in KLF5 haplo-insufficient mice
• Interacts with retinoic acid receptor-α

KLF6 • Expressed in cultured cardiomyocytes
• Induced by ET-1 and hydrogen peroxide

KLF9 • Expressed in cultured cardiomyocytes
• Induced by ET-1

KLF10 • Expressed in cultured cardiomyocytes
• Induced by ET-1 and hydrogen peroxide
• Mice with systemic KLF10 deficiency develop spontaneous pathological 

hypertrophy by age 16 months in males but not females
• Regulates expression of pituitary tumor transforming gene (Pttg1); 

however, functional significance of this observation is unknown
KLF11 • Expressed in cultured cardiomyocytes

• Induced by ET-1
KLF13 • Expressed in developing cardiomyocytes

• Can bind and activate the BNP promoter
• Can transactivate multiple cardiac promoters in concert with GATA4
• Interacts with the zinc finger domain of GATA4
• Deficiency of KLF13 in Xenopus leads to cardiac developmental 

abnormalities (atrial septal defects and ventricular hypotrabeculation)
• Cardiac phenotype of KLF13-deficient Xenopus embryos can be rescued 

by GATA4 overexpression
KLF15 • Expressed in cardiomyocytes and cardiac fibroblasts

• Cardiac expression is low in developing heart and dramatically upregu-
lated postnatally

• Downregulated by ET-1 in cultured cardiomyocytes
• Inhibitor of cardiac hypertrophy and fibrosis
• Can inhibit GATA4 and MEF2 DNA binding and transcriptional activity
• Mice with systemic KLF15 deficiency develop severe eccentric hypertro-

phy and exaggerated cardiac fibrosis with pressure overload
• Inhibits TGF-β-induced CTGF expression in cardiac fibroblasts
• Represses Smad3-mediated induction of the CTGF promoter in part via 

its ability to inhibit PCAF recruitment

BNP = brain natriuretic peptide; CTGF = connective tissue growth factor; ET-1 = endothelin-1; 
IL-1β = interleukin-1β; MEF2 = myocyte enhancing factor 2; PCAF = p300/CBP-associated 
factor; PDGF-A = platelet-derived growth factor A; TGF-β = transforming growth factor-β; 
TNF-α = tumor necrosis factor-α
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mice die near embryonic day 8.5 (E8.5), although the precise developmental defect 
in these mice has not been well characterized. KLF5+/− mice are viable into adulthood 
and demonstrate resistance to angiotensin-mediated cardiac remodeling. Mice with 
KLF5 haplo-insufficiency showed a blunted hypertrophic response to angiotensin II 
infusion with reduced cardiac mass, wall thickness, cardiac fibrosis, and PDGF-A 
expression (Fig. 1A) (Shindo et al. 2002). Furthermore, angiotensin II mediated 
induction of transforming growth factor-β (TGF-β) and collagen type IV were also 
blunted in KLF5 haplo-insufficient hearts. Interestingly, the investigators show 
that KLF5 is able to interact with the retinoic acid receptor-α (RARα), suggesting 
that RARα activation regulates KLF5 function. Taken together, these observations 
indicate that KLF5 plays an important role in cardiac remodeling and expands 
the repertoire of angiotensin-responsive transcription factors in the cardiovascular 
system (Shindo et al. 2002).

KLF15 in the Heart

KLF15 is expressed in multiple tissues, including liver, white and brown adipose, 
kidney, heart, and skeletal muscle (Gray et al. 2002). KLF15 has been implicated as 
a critical regulator of adipogenesis (Mori et al. 2005) and hepatic gluconeogenesis 
(Gray et al. 2007). Recently, studies from our group demonstrated that KLF15 is a 
novel negative regulator of cardiac hypertrophy (Fisch et al. 2007) and fibrosis (Fisch 
et al. 2007; Wang et al. 2008).

KLF15 expression in the developing heart is minimal and is detectable only at very 
low levels during the early postnatal period. However, cardiac KLF15 expression is 
robustly induced within the first several weeks postnatally. Interestingly, this period 
is a time when ANF, BNP, and cyclin-A are downregulated (Fisch et al. 2007). KLF15 
levels are reduced dramatically by pressure overload in murine models and in human 
hearts with left ventricular hypertrophy (LVH) due to valvular aortic stenosis (Fisch 
et al. 2007). Consistent with this observation, various pro-hypertrophic neurohor-
monal agonists such as phenylephrine and ET-1 also reduce KLF15 expression in 
cultured cardiac myocytes (Fisch et al. 2007).

show exaggerated pathological remodeling in response to left ventricular 
(LV) pressure overload. Hearts from KLF15 knockout mice show eccentric hypertrophy (left 
panels). M-mode echocardiography shows severe LV dilation and systolic dysfunction (middle 
panels). Isolated KLF15−/− cardiomyocytes are enlarged compared to those of the wild-type 
controls (right panels). (Adapted from Fisch et al. 2007, with permission. © National Academy 
of Sciences, 2007.) c KLF15 knockout mice show exaggerated collagen deposition after 1 week 
of ascending aortic constriction. LV sections are stained by Masson’s trichrome. (From Wang et 
al. 2008, with permission from Elsevier.) d KLF13 knockdown in Xenopus embryo causes atrial 
septal abnormalities and defects in ventricular trabeculation. (From Lavallee et al 2006, with 
permission from Macmillan Publishers.)

Fig. 1 (continued)
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Fig. 1 Krüppel-like factors (KLFs) are important regulators of cardiac biology. a KLF5 haplo-
insufficient mice show reduced perivascular fibrosis in response to angiotensin II infusion. (From 
Shindo et al. 2002, with permission from Macmillan Publishers, © 2002.) b KLF15 knock out mice 
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We performed gain- and loss-of-function studies to understand the detailed role 
of KLF15 in the heart (Fisch et al. 2007). Overexpression of KLF15 in neonatal rat 
ventricular myocytes (NRVMs) inhibits the cardinal features of cardiomyocyte hyper-
trophy, such as cell growth, protein synthesis, and fetal gene expression. To understand 
the role of KLF15 in vivo, we generated systemic KLF15 knockout mice. These 
KLF15 homozygous null mice are viable and fertile. No overt cardiac decompensation 
was observed in KLF15 knockout mice at in the baseline state (age 8–12 weeks), how-
ever, these animals show exaggerated hypertrophic remodeling in response to pressure 
overload. Hearts from KLF15 knockout mice after aortic constriction showed cavity 
enlargement, impaired systolic function, and exaggerated fetal gene expression (Fig. 1B). 
Furthermore, cardiac myocytes from these animals were large and elongated, which is 
suggestive of eccentric hypertrophic remodeling (Fig. 1B).

From a mechanistic standpoint, KLF15 can attenuate transcriptional activity of 
MEF2 and GATA4 (Fisch et al. 2007), transcription factors that are critical hyper-
trophic effectors (Czubryt and Olson 2004; Pikkarainen et al. 2004), in large part 
via their ability to bind and transactivate promoters of key pro-hypertrophic genes. 
KLF15 is able to inhibit the ability of these factors to bind target promoters; and 
further study is underway to elucidate the precise molecular mechanism underlying 
the inhibitory effect of KLF15 on MEF2 and GATA4.

Interestingly, KLF15 knockout mice have cardiac phenotypes similar to those 
of transgenic mice overexpressing both MEF2 or GATA4 in the heart. Transgenic 
overexpression of MEF2A and MEF2C in the heart causes dilated cardiomyopathy 
in a dose-dependent manner in response to pressure overload (Xu et al. 2006). 
Cardiomyocytes from these MEF2-transgenic hearts have large, elongated myo-
cytes (Xu et al. 2006), similar to the cardiomyocytes derived from KLF15 knockout 
mice (Fisch et al. 2007). High-level overexpression of GATA4 in the heart results 
in severe cardiomyopathy and premature death (Liang et al. 2001). A spontane-
ous cardiomyopathy (increased heart mass and hypertrophic gene expression) is 
observed even with modest GATA4 overexpression (Liang et al. 2001). Taken 
together, it is likely that these two factors are activated in the absence of KLF15 
and cause exaggerated cardiac remodeling in response to stress in KLF15-deficient 
mice. As described before, KLF15 has an intriguing expression pattern—notably its 
dramatic postnatal induction. Molkentin and colleagues (Molkentin and Markham 
1993) showed an increase in MEF2 binding and activity during the postnatal period. 
As such, the inhibitory effect of KLF15 for MEF2 raises the possibility that KLF15 
plays a regulatory role in postnatal cardiac maturation (Fisch et al. 2007).

Our group has also recently identified a role for KLF15 in the cardiac fibrob-
last as a negative regulator of connective tissue growth factor (CTGF) signaling. 
CTGF is expressed in both cardiomyocytes and cardiac fibroblasts (Chen et al. 
2000) and plays an important role in the development of fibrosis in disease states 
such as atherosclerosis (Oemar et al. 1997) and heart failure (Chen et al. 2000). 
TGF-β1 is a major regulator of CTGF expression (Chen et al. 2000). The TGF-β 
receptor is a serine/threonine kinase transmembrane heteromeric type I and type 
II receptor complex that signals through Smad family transcription factors upon 
receptor activation. Smad proteins can be divided into three groups: receptor-activated 
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type (Smads 1, 2, 3, 5, and 8), co-mediator type (Smads 4 and 10), and inhibitory type 
(Smads 6 and 7) (Khan and Sheppard, 2006). Among them, Smad3 has been 
shown to bind to a consensus element in the CTGF promoter by TGF-β1 stimulation 
(Chen et al. 2002; Grotendorst et al. 1996).

We demonstrated that KLF15 knockout mice show exaggerated collagen depo-
sition and excess induction of CTGF (trichrome staining, Fig. 1C) in response to 
pressure overload (Wang et al. 2008). Furthermore, adenoviral overexpression of 
KLF15 inhibits CTGF induction by TGF-β1 in neonatal rat ventricular fibroblasts 
(NRVFs), and this repressive effect occurs at the promoter level. The electro-
phoretic mobility shift assay (EMSA) showed that this repressive effect was not due 
to inhibition of Smad3 binding to the CTGF promoter. As the protein P/CAF has 
been implicated as an important transcriptional co-activator of Smad3 target genes, 
we hypothesized that KLF15 may inhibit CTGF promoter activity via an inhibi-
tory effect on P/CAF recruitment. Indeed, a co-immunoprecipitation assay dem-
onstrated that KLF15 interacts with P/CAF, and a chromatin immunoprecipitation 
assay revealed that KLF15 overexpression inhibited recruitment of P/CAF to CTGF 
promoter. Moreover, repression of the CTGF promoter by KLF15 is rescued by P/
CAF overexpression (Wang et al. 2008). These observations suggest that KLF15 is 
a negative regulator of CTGF expression in cardiac fibroblasts, in part via its ability 
to inhibit P/CAF–Smad3 signaling at the CTGF promoter.

KLF13 in the Heart

Expression of KLF13 (also known as FKLF-2/BTEB3) is restricted to erythroid 
cells, T lymphocytes, heart, and skeletal muscle (Asano et al. 2000; Song et al. 
1999). KLF13 is detectable at low levels by reverse transcription-polymerase chain 
reaction (RT-PCR) in other adult mouse tissues (Scohy et al. 2000). Developmental 
expression of KLF13 is seen in the heart, cephalic mesenchyme, dermis, and epithe-
lial layers of the gut and urinary bladder in the mouse embryo (Martin et al. 2001). 
Previous studies demonstrated that KLF13 plays an important role in regulation of 
erythroid gene expression (Feng and Kan 2005) and plays critical role in RANTES 
induction in activated T lymphocytes (Ahn et al. 2007; Song et al. 1999).

Nemer and colleagues demonstrated a role for KLF13 in the embryonic myo-
cardium in studies of BNP gene regulation and Xenopus development (Lavallee 
et al. 2006). The investigators previously reported a proximal BNP promoter that 
can induce cardiac transcription maximally (Grepin et al. 1994). An essential KLF 
consensus site (CACCC) is located nearby GATA sites of this proximal BNP pro-
moter and was shown to be essential for promoter activity. KLF13 was able to bind 
the CACCC element in the proximal BNP promoter, as demonstrated by electro-
phoretic mobility shift assay (EMSA). The authors further demostrated that KLF13 
syngerizes with GATA4 to transactivate multiple cardiac promoters (BNP, ANF, 
β-MHC, cardiac α-actin). In addition, KLF13 was shown to be able to interact with 
the N-terminal zinc finger of GATA4 (Lavallee et al. 2006).
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To gain a better understanding of the role of KLF13 in heart development, the 
expression pattern of KLF13 in the mouse embryonic heart was studied. Cardiac 
expression of KLF13 was first detected at E9.5. Subsequently, expression of KLF13 
was seen in the developing atrial myocardium, ventricular trabeculae, atrioventricular 
(AV) cushions, and the truncus arteriosus. Postnatally, KLF13 expression was 
reduced in the heart and was restricted to the valves and interventricular septum. 
KLF13 knockdown in the Xenopus embryo was used to explore the role of KLF13 
in heart development. KLF13-deficient embryos showed atrial septal defects and 
ventricular hypotrabeculation (Fig. 1D). This observation is consistent with the 
phenotype of humans with GATA4 mutation and mice with GATA4 deficiency 
(Epstein and Parmacek 2005). There was no correlation between this hypoplastic 
phenotype and increased apoptosis, suggesting that KLF13 may be involved in 
regulating cardioblast proliferation. Interestingly, GATA4 overexpression in these 
embryos could rescue these cardiac defects in a dose-dependent manner, suggesting 
that KLF13 and GATA4 are factors that can work synergistically in heart develop-
ment. These findings using Xenopus as a model system indicate that KLF13 may 
be a novel candidate gene for human congenital heart disease.

However, we noted that the role of KLF13 in mammalian systems may be 
more complex. KLF13 knockout mice were recently developed in the Krensky 
Laboratory (Zhou et al. 2007) and were found to be viable. These investigators 
identified defects in T-lymphocyte survival. However, the role of KLF13 in cardiac 
biology has not been reported to date, .

KLF10 in the Heart

Role of KLF10/TIEG1 in the heart is not well understood. KLF10 was initially 
reported as a TGF-β inducible early gene 1 (TIEG-1) in osteoblasts (Subramaniam 
et al. 1995). Spelsberg and colleagues have shown that KLF10 plays an impor-
tant role in the regulation of bone mineralization (Subramaniam et al. 2005), 
osteoclast differentiation (Subramaniam et al. 2005), and epithelial proliferation 
(Subramaniam et al. 1998; Tachibana et al. 1997). KLF10 regulates Smad signaling 
in osteoblasts, and KLF10 deficiency leads to osteopenia (Bensamoun et al. 2006) 
and impaired tendon healing (Tsubone et al. 2006).

KLF10 has been shown to be expressed in the adult heart at low levels, but its 
distribution within the myocardium is unknown (Subramaniam et al. 1995). In 
addition, its expression levels in the developing heart are not known. Spelsberg and 
colleagues reported the cardiac phenotype of KLF10 null mice (Rajamannan et al. 
2007). These investigators observed spontaneous pathological cardiac hypertrophy 
in male (but not female) KLF10 knockout mice at 16 months of the age. Affected 
mice have increased heart mass, wall thickness, fibrosis, and myocyte disarray with 
preservation of LV systolic function. The exact timing of onset of this phenotype 
is not yet known. From a mechanistic standpoint, analysis of hypertrophic KLF10 
knockout hearts revealed that KLF10 may regulate the pituitary tumor transforming 
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gene (Pttg1), but the significance of this finding is unclear. There are several 
questions remaining questions regarding KLF10’s role in the heart: (1) Is KLF10 
expressed in cardiomyocytes, cardiac fibroblasts, or both? (2) Is KLF10 expres-
sion altered with mechanical or neurohormonal stress? (3) What are KLF10 target 
genes in the heart, and what mechanisms explain the pathology seen in KLF10-null 
hearts? Indeed, future studies will continue to elucidate the importance of KLF10 
in cardiac remodeling.

Regulation of KLFs by Hypertrophic and Apoptotic Stimuli

Recent expression-profiling studies have reported differential regulation of KLFs 
in cultured cardiomyocytes in response to pharmacological stimuli and oxidative 
stress. Clerk and colleagues reported expression profiles of KLFs in response to 
endothelin (ET-1) stimulation in neonatal rat cardiomyocytes. Quantitative PCR 
analysis revealed that expressions of KLFs 2, 4, 5, 6, 9, and 10 are induced rapidly 
and transiently by ET-1, whereas expressions of KLFs 3, 11, and 15 are down-
regulated. As oxidative stress and cytokine stimulation are implicated in cardiac 
myocyte apoptosis, these investigators also examined the effects of hydrogen 
peroxide and inflammatory cytokines on the expression of KLFs. Hydrogen per-
oxide upregulated KLFs 2, 4, 5, 6, and 10 mRNA expression levels and reduced 
KLF15 expression in cultured cardiomyocytes (Clerk et al. 2006; Cullingford et al. 
2008). In addition, KLF2 is downregulated by tumor necrosis factor-α (TNF-α) 
and interleukin-1β (IL-1β) (Cullingford et al. 2008). Although the physiological 
relevance of these findings is not yet known, these observations raise the possibility 
that KLFs other than KLFs 5, 10, 13, and 15 may be involved in regulating cardiac 
growth and the response to stress.

Future Directions

Although the accumulating evidence demonstrates that KLFs play an important 
role in cardiac development and remodeling, there are significant questions remain-
ing that must be addressed. First, little is known about expression profiles of KLFs 
in the developing and postnatal heart. In addition, distribution of KLF expression 
among the multiple cellular subsets that comprise the myocardium (cardiomyo-
cytes, fibroblasts, endothelial cells, vascular smooth muscle cells, immune cells) 
must be defined. The relative function of KLFs in these various cell types of the 
heart are of great interest and will undoubtedly be important in understanding the 
interplay between these tissues in heart disease. Tissue- and cell-type-specific gain- 
or loss-of-function approaches will be necessary to address these questions.

Recent studies have highlighted the importance of coupled cardiac angiogenesis 
as an adaptive feature of compensated cardiac hypertrophy (Sano et al. 2007). 
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A number of KLFs have already been implicated in the angiogenic response. 
For example, KLF2 is implicated as an antiangiogenic factor in endothelial cell 
biology (Bhattacharya et al. 2005). It is highly likely that this family of transcrip-
tion factors has broad roles in regulating this process in the myocardium under 
hypertrophic and ischemic conditions.

Another area in which the KLFs are likely to play an important role is in the 
context of cardiac metabolism. There is certainly increasing appreciation that 
alterations in cardiac fatty acid and glucose utilization can affect the heart’s 
response to stress, particularly in disease states such as diabetes or obesity. Recent 
studies have identified several members of the KLF family as important regulators 
of adipogenesis, glucose homeostasis, and energy metabolism. Among the KLFs 
implicated in cardiac biology, KLF5 and KLF15 have been shown to alter cellular 
metabolism. For example, KLF5 regulates genes involved in skeletal muscle lipid 
oxidation and energy coupling such as UCP and CPT1—genes that certainly affect 
cardiac energetics. Intriguingly, Oishi and colleagues showed that this regulation 
occurs in cooperation with PPARδ—a nuclear receptor that has been shown to 
regulate cardiac fatty acid and glucose utilization (Burkart et al. 2007; Oishi et al. 
2008). KLF15 has been shown to critically regulate systemic glucose homeostasis 
through effects on hepatic amino acid catabolism, which certainly raises the possi-
bility that this factor has an important role in cardiac metabolism (Gray et al. 2007). 
Indeed, it is exciting to postulate that cooperative interactions between KLFs and 
PPARs—two major transcription factor families—may critically regulate cardiac 
substrate utilization and consequently cardiac function.

Finally, it is of utmost importance to identify compounds that regulate KLFs or 
interact with KLFs in the heart. For example, KLF5’s function in the heart can be 
modulated by RARα antagonists (Shindo et al. 2002). Furthermore, clear interplay 
between statins and KLF2 has been demonstrated in endothelial biology (Sen-
Banerjee et al. 2005). Neurohormonal antagonists that are currently used in heart 
failure therapy may regulate KLFs (e.g., KLF5, KLF15) in the heart. As is the case 
with statins and KLF2 in the endothelium, it is possible that KLFs can mediate 
favorable myocardial effects of drugs such as β-blockers, angiotensin-converting 
enzyme (ACE) blockers, and angiotensin-II receptor (AT

1
) blockers. These studies 

have important implications for the treatment of cardiomyopathic conditions.
Another critical issue is the delineation of overlapping and restricted roles of 

the multiple KLFs that are co-expressed in the heart. For example, KLF13 and 
KLF15 modulate GATA4 activity oppositely. KLF13 synergizes with GATA4 
to activate multiple promoters (Lavallee et al. 2006), whereas KLF15 inhibits 
induction of these promoters by GATA4 (Fisch et al. 2007). These facts raise the 
possibility that KLF15 may regulate GATA4 activity in part through inhibition of 
KLF13’s function. As has been shown in other tissues, it is likely that KLFs family 
members regulate the expression and function of each other in the same cell type 
(Funnell et al. 2007). Another example of potential interplay is between KLF5 
and KLF15. Both are expressed in cardiac fibroblasts: KLF5 promotes fibrosis, and 
KLF15 inhibits it. It is possible that a tight balance of relative expression/activity 
of KLFs influences the heart’s response to physiological and pathological stimuli. 
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Hence, it is important to identify common target genes or interacting proteins 
for KLFs that are co-expressed in the heart to better define their overlapping or 
divergent roles.
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Abstract Although Krüppel-like factors (KLFs) have been the subject of extensive 
biological investigation, the role of this family of transcription factors in the biology 
and pathophysiology of the vascular endothelium is just becoming apparent. Most 
investigative efforts thus far have focused on KLF2, its contribution to the endothelial 
vasoprotective phenotype, and its possible impact on atherogenesis. This chapter 
reflects on the current state of the field and highlights evolving areas where KLFs 
are emerging as important regulators of endothelial function.

Introduction

The Krüppel gene was first identified as a critical embryonic patterning gene by 
Nüsslein-Volhard and Wieschaus, who used a screen in Drosophila to identify 
mutants with segmentation defects (Nusslein-Volhard and Wieschaus 1980). While 
this locus defines a single gene responsible for the identity of abdominal and thoracic 
segments in Drosophila, there are numerous Krüppel orthologues that appear in 
higher organisms and have acquired divergent expression patterns and functions. 
The isolation of a Krüppel-like factor (LKLF, KLF2) gene from mouse lung and its 
demonstrated similarity to the zinc finger region of the erythroid-specific Krüppel-
like factor (EKLF, KLF1) led to the unveiling of the Krüppel-like family of tran-
scription factors (Anderson et al. 1995). To date, 17 human members of this family 
have been identified. The Krüppel transcription factor family is characterized by 
a carboxy terminus containing three DNA-binding C

2
H

2
 zinc fingers (Suske et al. 

2005). This region is highly conserved among the family members and with the 
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original Drosophila Krüppel protein. Outside of this domain, the amino-terminal 
transactivation domain exhibits high divergence among members of the Krüppel-
like family, and therefore accounts for most of the functional specificity.

KLF2

Structure–Function Studies of KLF2

The cloning of human KLF2 demonstrated high sequence similarity to the murine 
homologue, with 85% nucleotide identity and 90% amino acid similarity, suggest-
ing a conserved function. The human KLF2 gene spans roughly 3 kb of genomic 
sequence and consists of three exons interrupted by two small introns (Wani et al. 
1999). The overall genomic structure of the coding region, including splice donor/
acceptor sites, is fully conserved between human and mouse genes. Furthermore, 
the proximal 5′ promoter sequence contains a canonical TATA box and an adjacent 
75-bp sequence that exhibits 100% sequence conservation between species (Wani et 
al. 1999). Transcriptional reporter analysis via transient transfection of the human 
KLF2 promoter in a murine endothelial cell line demonstrated that deletion of this 
proximal region results in loss of KLF2 promoter activity, indicating a major func-
tion for this region in the regulation of KLF2 expression (Huddleson et al. 2004).

Human KLF2 encodes a 354 amino-acid protein containing both a conserved 
DNA-binding zinc finger carboxy terminus and a divergent amino-terminal trans-
activation domain, as described above. KLF2 has been shown to bind CACCC 
elements and Sp1/Sp3 motifs (Anderson et al. 1995; Wang et al. 2005), resulting in 
either activation or repression of target gene expression. Related to this dual func-
tion, the activation domain of KLF2 contains subdomains that provide activating 
or repressor effects, reminiscent of the duality of the Drosophila Krüppel (Sauer 
and Jackle 1993). Amino acids 1–110 of KLF2 are able to activate transcription 
more potently than the full-length protein, indicating an auto-inhibitory subdomain. 
Deletion analysis mapped the minimally inhibitory subdomain to amino acids 111–
267, which appears to bind the ubiquitin ligase WW domain-containing protein 1 
to mediate auto-inhibition (Conkright et al. 2001).

KLF2 in Vascular Development

The first evidence suggesting a critical role for KLF2 in vascular morphogenesis and 
function came from studies of its expression pattern and function during murine 
development (Kuo et al. 1997). KLF2 mRNA was first detected at E9.5 in the 
vascular endothelium throughout the embryo, and continued to be expressed in 
endothelial cells throughout development at apparently similar levels in arteries and 
veins. KLF2 expression was also documented in the vertebral column and the lung 
buds by E12.5. More detailed characterization determined that KLF2 expression 
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in embryonic blood vessels was restricted to the CD34+ endothelial lineage and 
was absent in the tunica media, which largely consists of vascular smooth muscle 
cells. Importantly, examination of a KLF2 homologue in zebrafish, KLF2a, also 
demonstrated a vascular endothelium-specific expression pattern in the aorta and 
cardinal vein at 24 hours after fertilization (Oates et al. 2001).

Generation of KLF2-null mouse embryos resulted in embryonic lethality at 
approximately E12.5–E14.5, with the most pronounced gross phenotype being intrae-
mbryonic hemorrhaging near the outflow tract and into the abdomen at E12.5. Profuse 
bleeding into the amniotic cavity was observed in embryos surviving to E13.5 or 
E14.5 (Kuo et al. 1997). Using the endothelial marker PECAM-1, the authors found 
no evidence of abnormal vasculogenesis (capillary plexus formation) or angiogenesis 
(capillary sprouting) at E12.5, arguing against a role for these early vascular processes 
in mediating the KLF2-null phenotype. In contrast, later stages of vascular develop-
ment, including vessel wall maturation of the umbilical vessels and dorsal aorta, were 
found to be severely defective before signs of hemorrhaging and were characterized 
histologically by impaired smooth muscle recruitment to the endothelium. The result-
ing impairment in the tunica media was associated with aneurysmal dilation of these 
larger vessels. Because KLF2 was found to be restricted to endothelium, this pheno-
type implied a nonautonomous role of KLF2 in signaling between endothelium and 
surrounding pericytes and/or vascular smooth muscle cells. KLF2 thus appeared to 
function as an endothelium-restricted critical regulator of vessel wall maturation and 
stability during development. Deletion of KLF2 in the endothelial, endocardial, and 
hematopoietic compartments in the mouse was later shown to result in embryonic 
heart failure due to elevated cardiac output (Lee et al. 2006). No evidence of anemia or 
arteriovenous malformation was found in these mice. Interestingly, administration of 
phenylephrine, a vasopressor, was sufficient to rescue the lethal embryonic phenotype, 
suggesting that endothelial expression of KLF2 is necessary for maintaining vascular 
tone and hemodynamic regulation (Lee et al. 2006).

Regulation of KLF2 Expression by Hemodynamic Forces

Expression of KLF2 was first shown to be upregulated in cultured endothelial cells 
exposed to laminar shear stress by Dekker and colleagues (Dekker et al. 2002). 
Using in situ hybridization of adult human arteries, these authors demonstrated 
that KLF2 expression was restricted to the endothelium in vivo and that the pat-
tern of expression correlated with predicted types of shear stress. Specifically, 
endothelial expression of KLF2 was highest in regions that are predicted to be 
exposed to laminar shear stress and thus resistant to atherosclerosis. In contrast, 
KLF2 expression was absent in atherosclerosis-susceptible regions exposed to 
nonlaminar shear stress (e.g., bifurcations). Based on these observations, Dekker et al. 
hypothesized a potential role for KLF2 in atherogenesis (Dekker et al. 2002).

The response of KFL2 expression to laminar shear stress in vitro has since 
been confirmed by other groups (Huddleson et al. 2004; SenBanerjee et al. 2004). 
Furthermore, complex modeling of the arterial waveforms characteristic of the in 
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vivo atherosclerosis-resistant (athero-protective flow) and atherosclerosis-susceptible 
(athero-prone flow) regions of the human carotid artery demonstrated selective upreg-
ulation of KLF2 by athero-protective flow as determined by transcriptional profiling 
(Dai et al. 2004). Dissection of the basic biomechanical parameters relevant to KLF2 
induction revealed an increased effect of pulsatile flow compared to nonpulsatile 
laminar flow and no KLF2 response to cyclical stretch (Dekker et al. 2005). In vivo 
studies in silent heart mutant zebrafish, which lack blood flow yet remain viable and 
functional for several days, demonstrate a dramatic loss of expression of the vascular 
endothelium-specific isoform of KLF2 (KLF2a) in the aorta, cardinal vein, and inter-
somitic vessels (Parmar et al. 2006). These observations documented for the first time 
the strict flow-dependence of an endothelial gene in vivo. Other studies used a murine 
carotid artery collar model to demonstrate that KLF2 mRNA expression is sensitive 
to local changes in blood flow in the murine circulation (Dekker et al. 2005).

The signaling mechanisms underlying the shear stress-inducible expression 
of KLF2 are not fully defined, but some critical pathways have been elucidated. 
Huddleson et al. identified the proximal, highly conserved 160 bp of the KLF2 
promoter, which contains the previously mentioned 75-bp region, as critical for 
flow-mediated upregulation of KLF2. This region contains a MEF2-binding site 
that is bound by MEF2A and MEF2C (Parmar et al. 2006). Importantly, early 
studies demonstrated that inhibition of MEF2 function blocks atheroprotective 
flow-mediated upregulation of KLF2. Mutations in MEF2A that reportedly confer 
a dominant negative effect have been implicated in the Mendelian inheritance of 
coronary artery disease in a family, although studies in larger populations have 
questioned the penetrance of these mutations as a modifier of vascular disease 
(Wang et al. 2003; Weng et al. 2005). Also, mouse embryos deficient in MEF2C 
exhibit vascular defects that resemble the KLF2 knockout (Bi et al. 1999). These 
data raise the possibility that the vascular phenotypes rendered by inactivation of 
MEF2 (e.g., susceptibility to atherosclerosis, developmental phenotypes) are due to 
reduced KLF2 expression. Upstream in the pathway, the mitogen-activated protein 
kinase, kinase 5/mitogen-activated protein kinase 7 (MEK5/ERK5) signaling cas-
cade is both necessary and sufficient for athero-protective flow-mediated upregula-
tion of KLF2, and it is possible that this pathway functions via MEF2, given that 
these transcription factors are well characterized substrates of ERK5 (Kinderlerer 
et al. 2008; Parmar et al. 2006). Athero-protective flow thus appears to induce 
KLF2 levels via a MEK5/ERK5/MEF2 signaling pathway (Fig. 1).

Regulation by Statins and Proinflammatory Stimuli

3-Hydroxy-3-methylglutaryl coenzyme A reductase inhibitors (statins) have been 
shown to confer clinical benefits beyond those explained by their reduction of plasma 
lipid levels (Liao and Laufs 2005). Many of these “pleiotropic” effects have been 
attributed to direct improvements in vascular function. Interestingly, endothelial 
KLF2 levels rapidly increase in response to statin treatment, with this class of drugs 
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mediating an approximately eightfold increase in KLF2 at pharmacologically 
relevant doses in vitro (Parmar et al. 2005). Statins block production of mevalonate, 
which forms two major downstream products known as isoprenoids: farnesyl pyro-
phosphate (FPP) and geranylgeranyl pyrophosphate (GGPP). These isoprenoids 
can each prenylate distinct sets of proteins in the cell to enable their proper locali-
zation and signaling. Statin-mediated upregulation of KLF2 in human umbilical 
vein endothelial cells is dependent on depletion of GGPP (Parmar et al. 2005; Sen-
Banerjee et al. 2005), which is well known to prenylate several members of the Rho 
superfamily. Thus, it is likely that one or more geranylgeranylated proteins mediate a 
tonic inhibition of KLF2 expression at the promoter level, the relief of which results 
in induction of this gene. Importantly, upregulation of KLF2 is critical for many 
statin-dependent transcriptional changes in endothelial cells, implicating KLF2 in the 
statin-mediated beneficial vascular effects.

In contrast to upregulation of KLF2 by shear stress and statins (two stimuli 
that confer athero-protective effects), KLF2 expression is strongly suppressed 
in response to proinflammatory stimuli such as interleukin-1β (IL-1β) or tumor 
necrosis factor-α (TNF-α), which are thought to be important for pathological 
inflammation and atherosclerosis (Kumar et al. 2005; SenBanerjee et al. 2004). 
The ability of flow to curtail the suppression of KLF2 expression under patho-
physiologically relevant proinflammatory environments has not yet been explored 
in detail. This suppression has been shown to be mediated in part by MEF2-
dependent recruitment of the histone deacetylases HDAC4 and HDAC5 to the KLF2 
promoter to silence transcription of the gene, and this site is in fact likely the bind-
ing site relevant to the one described under flow conditions (Kumar et al. 2005). 

Fig. 1 Athero-protective flow-mediated induction of Krüppel-like factor 2 (KLF2). Experimental 
evidence has demonstrated involvement of the mitogen-activated protein kinase, kinase 5/mitogen-
 activated protein kinase 7/myocyte enhancer factor 2 (MEK5/ERK5/MEF2) pathway in the induc-
tion of KLF2 expression by biomechanical stimulation. Nevertheless, the proximal mechanosensor 
and its immediate downstream signaling mediators remain unknown
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Nonspecific HDAC inhibitors block the rapid downregulation of KLF2 by TNF-α. 
Interestingly, the involvement of MEF2 transcription factors in both upregulation 
by shear stress and down-regulation by TNF-α places the MEF2 family at a pivotal 
point of regulation of the KLF2 gene.

Regulation by Angiopoietin-1/Tie-2 Signaling

The angiopoietin-1/Tie-2 ligand-receptor signaling complex serves an important 
role in vascular formation during development as well as vascular quiescence 
(Brindle et al. 2006; Sako et al. 2008; Sato et al. 1995; Wong et al. 1997). Although 
Tie-2 signaling can act to maintain quiescence of mature blood vessels, it can also 
function to promote angiogenesis (Sako et al. 2008). The duality lies in its cell 
surface distribution, which is dependent on the absence or presence of cell–cell 
contacts. Under confluent conditions, angiopoietin-1 facilitates trans-association 
of Tie-2 across cell–cell junctions (Fukuhara et al. 2008). Under subconfluent 
 conditions however, angiopoietin-1 anchors Tie-2 to the extracellular matrix 
(Fukuhara et al. 2008). The localization of the Tie-2 receptor results in activation 
of distinct pathways whose unique functional outputs may explain the seemingly 
opposing roles of Tie-2. For example, angiopoietin-1/Tie-2 signaling was found 
to induce the expression of KLF2 specifically under confluent conditions. Similar 
to  angiopoietin-1, KLF2 promotes an antiinflammatory, antipermeability state 
(Brindle et al. 2006; Parmar et al. 2006; Sako et al. 2008). Importantly, Sako 
et al. demonstrated that KLF2 is necessary for the blockade of vascular endothe-
lial growth factor (VEGF)-induced inflammation via angiopoietin-1, suggesting 
that the presence or absence of KLF2 may be critical in controlling the functional 
output of angiopoietin-1/Tie-2 signaling. The upregulation of KLF2 expression 
by angiopoietin-1 was found to ocurr via a PI3K/AKT/MEF2-dependent pathway. 
Interestingly, induction of KLF2 by angiopoietin-1 was ERK5-independent, in 
contrast to the studies on flow-mediated KLF2 expression (Kinderlerer et al. 2008; 
Parmar et al. 2006). It remains unknown, though, how the PI3K/AKT pathway acti-
vates MEF2 transcriptional activity. Nevertheless, to date, MEF2 remains central 
for all the stimuli  characterized to lead to the upregulation of endothelial KLF2.

Downstream Transcriptional Targets and Functions 
of KLF2 in Endothelium

KLF2 regulates a vast array of genes of major functional importance in the endothe-
lium, and it is becoming apparent that the sum of its complex actions may confer 
a phenotype that promotes endothelial homeostasis (Dekker et al. 2005; Parmar 
et al. 2006). KLF2 overexpression in cultured human endothelial cells inhibits 
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IL-1β-dependent induction of the proinflammatory adhesion molecules, vascular 
cell adhesion molecule (VCAM)-1 and E-selectin (SenBanerjee et al. 2004). As a 
consequence, T-cell adhesion and rolling on endothelial monolayers overexpress-
ing KLF2 are markedly attenuated. These observations suggested a potential role 
for KLF2 as an antiinflammatory regulator in blood vessels. Subsequent studies 
revealed an important role for KLF2 in regulating certain key genes involved in 
thrombosis. For example, KLF2 overexpression upregulates thrombomodulin 
(TM), an endothelial cell surface molecule that produces the potent anticoagulant 
activated protein C. In addition, plasminogen activator inhibitor 1 was downregu-
lated by KLF2 overexpression. Importantly, KLF2 overexpression in endothelial 
cells blocked TNF-α-mediated induction of tissue factor (Lin et al. 2005).

KLF2 also plays a role in VEGF-dependent signaling and angiogenesis. KLF2 
overexpression blocked VEGF-mediated angiogenesis and tissue edema in a nude 
mouse ear model, with the proposed mechanism involving transcriptional down-
regulation of VEGF recepter 2 (VEGFR2) (Bhattacharya et al. 2005). Other studies 
have pointed to a role for KLF2 in mediating vessel tone. Dekker et al. demonstrated 
that pulsatile shear stress induces expression of the vasodilatory gene endothelial 
nitric oxide synthase (eNOS) in cultured human umbilical vein endothelial cells 
while suppressing expression of the vasoconstrictive genes endothelin-1 and 
adrenomedullin in a KLF2-dependent manner (Dekker et al. 2005).

Experiments using a systems biology approach unveiled KLF2 as a critical inte-
grator of the global transcriptional responses of endothelial cells to athero-protective 
shear stresses (Parmar et al. 2006). KLF2 overexpression experiments revealed that 
this transcription factor orchestrates transcriptional programs involved in blood 
vessel development, inflammation, thrombosis, and vascular tone. For example, 
KLF2 is able to repress the induction of 32 cytokines/chemokines in response to 
proinflammatory stimuli, in addition to promoting a robust antiinflammatory pro-
gram involving the protective cytokines ELAFIN and IL-11. KLF2 also regulates 
a coordinated antithrombotic phenotype that parallels earlier studies involving 
thrombomodulin (TM) and tissue factor. Importantly, aside from eNOS and TM, 
none of the direct transcriptional targets of KLF2 in endothelium is known.

As a consequence of the coordinated transcriptional changes described above, 
KLF2 expression is critical for the endothelial functional phenotype. For example, 
endothelial–leukocyte interactions are suppressed when KLF2 expression is forced 
in IL-1β-treated endothelial cells (Parmar et al. 2006). This is important because 
endothelial–leukocyte interactions are a critical step for the development of inflam-
matory sites, and inhibition of this process by KLF2 may be a key mechanism 
underlying flow-mediated athero-protection. KLF2 overexpression in endothelial 
cells also blocks oxidative stress-mediated cell injury (Parmar et al. 2006). In addi-
tion, KLF2 expression functions as an important modulator of vascular remodeling 
and maturation in vitro and in vivo (Mack et al. 2008; Wu et al. 2008). Regulation 
of endothelial KLF2 expression by flow controls the release of endothelium-derived 
signals that affect smooth muscle cell migration and vessel wall stabilization, estab-
lishing an important mechanistic link between flow, endothelial expression, and 
smooth muscle cell function (Mack et al. 2008).
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Pathophysiological Studies of KLF2 in Murine Models 
of Atherosclerosis

The importance of KLF2 for athero-protection in vivo was recently documented 
(Atkins et al. 2008). In this study, ApoE-null mice bearing a hemizygous deficiency 
in KLF2 exhibited a 31%–37% increase in atherosclerotic lesion area relative to lit-
termate controls. Aortic segments displayed no significant differences in endothe-
lial expression of thrombomodulin, VCAM-1, or eNOS. However, macrophages 
from hemizygous KLF2 mice showed enhanced lipid uptake as well as increased 
expression of the lipid chaperone aP2/FABP4, a protein thought to contribute to 
the development of atherosclerosis (Makowski et al. 2001). Interestingly, a 39% 
increase in KLF4 mRNA levels was found in lung tissue harvested from KLF2 
hemizygous mice. As described in the following section, KLF4 has been shown 
to bestow antiinflammatory properties to the endothelium, and this compensatory 
increase may explain the lack of difference in the endothelial parameters measured 
(Hamik et al. 2007). Although the study by Atkins et al. was critical in establishing 
the global importance of KLF2 for athero-protection in vivo, the focal importance 
of KLF2 in each cell type (endothelial cells, macrophages, T cells) remains to be 
defined (Homeister and Patterson 2008).

KLF4

Expression of KLF4 in the vascular endothelium was first described more than 
a decade ago (Yet et al. 1998), but early studies of KLF4 knockout mice, which 
die shortly after birth owing to a loss of skin barrier function, failed to reveal any 
vascular abnormalities (Segre et al. 1999). In vitro, a DNA microarray screen iden-
tified the flow-responsive property of endothelial KLF4 (McCormick et al. 2001), 
but its function was not explored. Recently however, KLF4 was found to confer 
an antiinflammatory (Methe et al. 2007) and antithrombotic phenotype to the 
endothelium (Hamik et al. 2007). Silencing endogenous KLF4 expression resulted 
in decreased levels of eNOS and thrombomodulin as well as increased levels of 
procoagulant and proinflammatory factors in response to inflammatory stimuli 
(Hamik et al. 2007). Furthermore, overexpression of KLF4 was sufficient to induce 
antithrombotic factors and inhibit secretion of various inflammatory mediators 
(Hamik et al. 2007). These data suggested that KLF4 functions as a regulator for 
endothelial activation (Hamik et al. 2007; Methe et al. 2007).

One of the interesting properties of endothelial KLF4 is its induction by inflam-
matory mediators, in contrast to KLF2, whose expression was previously found to 
be suppressed by these mediators (Hamik et al. 2007; SenBanerjee et al. 2004). 
Such a disparity may be reconciled by KLF4 acting as a molecular rheostat to 
regulate the degree of endothelial activation. Interestingly, the signaling mecha-
nisms mediating the induction of KLF4 by flow are MEK5-dependent (G.V. and 
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G.G.C., unpublished observations, 2008). The specific requirement of ERK5 and 
MEF2 remains unknown, but it will be interesting to determine if this critical 
pathway for flow-mediated induction of KLF2 is also conserved for KLF4. Indeed, 
phylogenetic analysis reveals that among the Krüppel-like family, KLF2 and KLF4 
are the most related (Bieker 2001). Although the functional redundancy of KLF2 
and KLF4 has been described in other cellular contexts (Jiang et al. 2008), it is of 
particular interest to determine their interactions in endothelial cells. Recent studies 
suggest that KLF4 may play some compensatory role for KLF2 in the context of 
atherogenesis, but specifically how this interaction is mediated, and its importance, 
remain unclear (Atkins et al. 2008).

Other KLFs

Although most of the focus has been placed on KLF2 and KLF4, other Krüppel-
like family members are expressed in endothelial cells as well, including KLF5, 
KLF6, KLF7, and KLF11. Our understanding of the roles of these KLFs, in most 
cases, is limited; however, several groups have gained some insigths into their func-
tion. KLF11, for instance, is thought to function as an antagonist for the sterol-
responsive element-binding proteins (SREBPs) and Sp1 proteins, which mediate 
transcriptional activation of cholesterol-dependent genes (Cao et al. 2005). KLF6, 
meanwhile, is upregulated during vascular injury and induces expression of a broad 
range of genes important in the response to injury, including endoglin, urokinase 
plasminogen activator, and transforming growth factor-β1 (TGF-β1) (Botella et al. 
2002; Kojima et al. 2000). Additionally, KLF6, in conjunction with Sp2, has been 
shown to regulate negatively the expression of matrix metalloproteinase 9 (MMP-
9) (Das et al. 2006). Activation of the farnesoid X receptor, however, upregulates 
small heterodimeric partner (SHP), which disrupts binding of the Sp2–KLF6 com-
plex to the metalloproteinase promoter (Das et al. 2006). This results in activation 
of MMP-9 and enhanced endothelial cell motility, an important process in vascular 
remodeling (Das et al. 2006). Although we have gained some insights into the role 
of these other members of the KLF family, our understanding of their importance 
in endothelial cell biology is still in the early stages.

Conclusions

KLF2 and KLF4 functions in the vascular endothelium are critical for two main 
reasons: (1) their rapid, robust regulation by distinct types of shear stress present 
in the circulation; and (2) the pleiotropy of their downstream transcriptional 
and cellular effects resulting in an athero-protective endothelial phenotype. 
Understanding the mechanisms underlying the athero-protective shear stress 
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and the pharmacologically-induced expression of KLF2 is critical for designing 
endothelium-targeted vasoprotective therapies. Furthermore, establishing whether 
statins and a proinflammatory milieu (e.g., sepsis) can result in robust changes 
in endothelial KLF2 expression in vivo is of great interest. Regarding the latter 
context, it is unknown whether downregulation of KLF2 plays an important role 
in allowing the endothelial cell to become fully “activated.” Because this appears 
to be its role in T lymphocytes and macrophages, it is tempting to speculate about 
such a scenario in the vascular compartment. Most significantly, identifying in 
vivo a functional consequence of the two remarkable features of KLF2 and KLF4 
—flow-dependent regulation and coordinated regulation of athero-protective 
transcriptional programs—may yield insights into the long-observed correlation 
between local hemodynamics and atherogenesis.
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Abstract The vascular smooth muscle cell (SMC) plays a vital role in mammalian 
physiology through its regulation of blood pressure via contraction and relaxation. In 
response to vascular injury, it is capable of rapidly and reversibly modulating its pheno-
type to a cell type capable of performing a number of functions key to wound healing 
and vascular inflammation including migration, proliferation, matrix synthesis, chem-
okine production, and protein synthesis. Recent work has identified three Krüppel-like 
factors—KLF2, KLF4, KLF5—as intricately involved in all of these processes. This 
review provides a brief overview of the role these factors play in regulating these and 
other key SMC functions.

Introduction

The smooth muscle cell (SMC) develops from embryonic precursors in a process 
characterized by the expression of a number of SMC-selective genes including 
smooth muscle α-actin (SMαA), smooth muscle myosin heavy chain (SM-MHC), 
SM22α, calponin, and caldesmon. These genetic markers are part of the contrac-
tile apparatus, contributing to the primary function of differentiated SMCs—the 
regulation of blood pressure through contraction and relaxation. The SMC is not 
terminally differentiated, however, and can rapidly and reversibly change its pheno-
type in response to changes in its extracellular environment. These phenotypically 
modulated SMCs are associated with a marked increase in proliferation, migration, 
and protein synthesis compared to cells in a fully differentiated state that occur in 
blood vessels of mature animals.
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Phenotypic modulation of SMCs plays a key role in repair of vascular injury and 
is thought also to underlie the pathogenesis of many vascular diseases including 
atherosclerosis and restenosis following balloon angioplasty or stent placement. 
Migration and proliferation of phenotypically modulated medial SMCs play a 
critical role in neointima formation during the early stages of these processes. In 
addition, synthesis of matrix components, chemokines, and other proteins by SMCs 
is believed to be a main determinant in the composition of atherosclerotic lesions. 
Later in the progression of plaques, the migration, matrix deposition, and reinvest-
ment of phenotypically modulated SMCs is thought to play a significant role in the 
formation of stable fibrous caps. Formation of such caps is believed to help prevent 
plaque rupture, thrombosis, and subsequent clinical outcomes. Understanding the 
molecular mechanisms that control SMC phenotypic modulation is therefore a vital 
topic in modern biomedical research.

Recent work has identified three closely related transcription factors—KLF2, 
KLF4, KLF5—as central to many key SMC functions. Their influence starts during 
early development, where both KLF2 and KLF5 loss leads to impaired SMC invest-
ment around new blood vessels. The utility of these factors continue into adulthood, 
as KLF5 is a vital regulator of proliferation, in part by controlling a number of genes 
strongly associated with vascular remodeling. Although KLF2 has not been directly 
studied in adult SMCs to our knowledge, mouse embryonic fibroblasts (MEFs) 
lacking KLF2 showed impaired migration and proliferation in response to platelet 
derived growth factor-BB (PDGF)-BB. PDGF-BB-dependent migration is important 
to many types of vascular remodeling, suggesting a potential role for KLF2 in this 
process. KLF4, in contrast, has been studied primarily in adult functions, where it has 
been implicated in vitro and in vivo in SMC phenotypic modulation and progression 
through the cell cycle. Moreover, as discussed in Chapter 10 in this book, there is 
tremendous excitement regarding KLF4 because it is one of four factors that, when 
overexpressed, can induce dermal fibroblasts and other mesenchymal cells into a 
embryonic stem cell-like state (Takahashi and Yamanaka 2006). The overall goal of 
this chapter is to review these and other roles played by these three closely related 
KLF transcription factors in controlling SMC development, function, and/or phe-
notypic modulation. Particular emphasis is placed on results that are supported by 
functional evidence in vascular cells in vivo.

KLF2: Required for Normal Formation and Function 
of Arteries During Development

KLF2, originally known as LKLF, was one of the first KLFs shown to be required 
for proper investment of differentiated SMCs in vivo. Expression is detected as 
early as E9.5 in the endothelial cells (ECs) of the developing vasculature. In both 
embryonic and adult vessels, KLF2 induction is reportedly a consequence of 
laminar shear stress (Dekker et al. 2002; Lee et al. 2006). Conventional knockout 
of this factor is embryonic lethal between E12.5 and E14.5, with severe intraembryonic 
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and intraamniotic hemorrhaging as the most overt phenotype. Angiogenesis and 
vasculogenesis appear normal, suggesting that KLF2 loss strongly hinders proper 
vascular maturation but not de novo formation of nascent blood vessels (i.e., capillary 
tubes). Consistent with this, ECs and some SMCs form around developing arteries 
in KLF2 knockout (KO) mice. However, the tunica media in KLF2 KO animals is 
irregular and poorly formed, with a drastic reduction in the total number of invested 
SMCs and pericytes. The few SMαA-positive cells surrounding the arteries of knock-
out animals are also much less organized than their wild-type counterparts, failing to 
exhibit the tight, elongated morphology that is a hallmark of properly invested SMCs. 
Importantly, KLF2 loss did not affect erythroid or myelomonocytic development, even 
though it may affect function of those cell lineages later in development (Kuo et al. 1997). 
Taken together, these results support the hypothesis that KLF2 loss impairs vascular 
maturation through defective cell signaling in the vessel wall. Unfortunately, it does not 
distinguish whether this defect lies in SMCs, ECs, or both.

There is evidence that KLF2 signaling plays its earliest role in SMC develop-
ment via its effects in the endothelium. For example, careful histologic analysis 
of both conventional KLF2 KO and EC-targeted Tie-2 Cre conditional KLF2 KO 
mice by Lee et al. showed a slow, then absent, heartbeat prior to the appearance of 
SMC defects (Lee et al. 2006). This evidence is suggestive of heart failure as the 
primary cause of death. Importantly, Doppler flow studies between embryonic days 
11.5 and 13.5 in EC-targeted Tie-2 Cre KLF2 KO mice showed an initial high car-
diac output state followed by a precipitous drop in ejection fraction and heart rate. 
Maternal administration of the SMC contractile agonist phenylephrine rescued the 
embryonic lethality in some Tie-2 Cre embryos, suggesting that mortality is due to 
high output heart failure caused by decreased peripheral vascular resistance. Thus, 
KLF2 signaling in the endothelium appears necessary for establishment of vascular 
tone. The exact mechanisms whereby loss of KLF2 signaling in ECs may result 
in defective SMC contraction are not known. However, several putative media-
tors have been implicated based on adenoviral and lentiviral KLF2 overexpression 
studies in cultured ECs including endothelial nitric oxide synthase (eNOS) (Dekker 
et al. 2006; SenBanerjee et al. 2004). However, Lee et al. did not detect changes in 
expression of eNOS or other vasoactive genes in Tie-2 Cre KLF2 KO mice based 
on in situ hybridization or quantitative polymerase chain reaction (qPCR) analyses. 
As these authors astutely pointed out, the effects of KLF2 loss on vascular tone 
may therefore be due to either an unknown gene target or simply the summative 
effect of changes in multiple genes. It is also possible that factors, including other 
members of the KLF family, may compensate for KLF2 loss, thereby obscuring 
the factor initially required for maintenance of SMC tone. Despite the uncertainty 
regarding the precise mechanism of KLF2’s hemodynamic effects, there is com-
pelling evidence that endothelial KLF2 plays an essential developmental role via 
altering SMC tone.

Recent evidence suggests that KLF2 may also signal directly within SMCs. 
Further studies of the conventional KLF2 KO mouse by Wu et al. showed defective 
SMC investment that was localized around the dorsal aorta (Wu et al. 2008). This led 
the authors to hypothesize that KLF2 may play a role in migration as SMC 
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investment of the dorsal aorta is dependent on migration of nascent SMCs from 
the surrounding mesenchyme. Consistent with this hypothesis, in vitro analysis 
of MEFs extracted from these mice showed them to be deficient in PDGF-BB-
stimulated proliferation and migration (Wu et al. 2008), a process important for 
SMC/pericyte investment during angiogenesis (Cao et al. 2003; Kano et al. 2005), 
arteriogenesis (Cao et al. 2003), the response to vascular injury (Buetow et al. 
2003), and atherosclerosis (Kozaki et al. 2002; Sano et al. 2001). This observation 
not only provides a potential SMC-intrinsic mechanism for the hemorrhagic defects 
seen in KLF2 −/− mice, it suggests that KLF2 has the potential to mediate a number 
of key functions of phenotypically modulated SMCs during normal development, 
repair of vascular injury, and progression of vascular disease.

Lee et al. did attempt to address the direct role of KLF2 signaling in SMCs 
using SMC-selective KLF2 KO mice generated by crossing KLF2 floxed mice 
with SM22 Cre transgenic mice. These mice developed normally and survived into 
adulthood with no overt phenotype (Lee et al. 2006). Although these results were 
interpreted as evidence that KLF2 does not play an essential developmental role in 
SMCs, a major limitation in these studies is that SMC must first advance through 
the early stages of differentiation for SM22 to be activated (Li et al. 1996). Hence, 
the studies do not address the possibility that KLF2 might play a key role in initial 
recruitment of SMCs/pericytes to nascent blood vessels. Indeed, the observations 
of Wu et al. that KLF2 may impair the early process of SMC migration make this a 
distinct possibility. Moreover, in vitro studies have shown that MEFs lacking KLF2 
exhibit impaired migration in response to PDGF-BB, a factor whose knockout also 
produces leaky, hemorrhagic vessels (Leveen et al. 1994; Lindahl et al. 1997; Wu 
et al. 2008). Further studies are needed using a Cre recombinase strategy that selec-
tively targets early SMC/pericyte progenitor cells, such as PDGF-β receptor Cre 
mice (Foo et al. 2006) or Wnt-1 Cre mice (Chai et al. 2000; Huang et al. 2008) 
for mesenchymal and neural crest-derived cells, respectively. In addition, although 
Kuo et al. and Lee et al. did report vascular in situ hybridization analysis for KLF2 
at embryonic days 9.5, 11.5, and 12.5 (Kuo et al. 1997; Lee et al. 2006), higher-
resolution imaging of serial sections of the dorsal section of the developing aorta 
between days 9.5 and 14.5 is needed to ascertain if KLF2-positive mesenchymal 
cells appear to be migrating toward the developing aorta. Similarly, there are no 
data that address whether impaired migration in KLF2−/− MEFs translates into a 
cell autonomous defect in migration in either SMCs or cells capable of becoming 
SMCs. Thus, expanding the experiments of Wu et al. to adult SMCs or to known 
SMC precursor populations (e.g., proepicardial cells) would be valuable for further 
defining the cell autonomous functions of KLF2 in SMC and SMC precursors. 
In addition, it would be of interest to determine if KLF2 KO cells show defective 
investment in nascent blood vessels in the context of chimeric KO mice generated 
by injecting lineage-tagged KLF2 KO embryonic stem cells (ESCs) into wild-type 
blastocysts. Taken together, the preceding results provide clear evidence that KLF2 
plays a critical role in normal SMC development, but further studies are needed to 
elucidate the precise underlying mechanisms and/or if KLF2 has direct functions 
within SMCs.
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KLF2: Influences SMC Phenotype in Adult Animals 
Through Effects on Vascular Inflammation

There is evidence based on studies in cultured ECs and macrophages (see Chapter 14 
for more details) that KLF2 may play an important role in regulation of vascular inflam-
mation. SenBanerjee et al., for example, demonstrated that KLF2 promoted expression 
of antiinflammatory genes such as eNOS while simultaneously repressing expression 
of proinflammatory genes such as vascular cell adhesion molecule-1 (VCAM-1) in 
cultured ECs through effects on nuclear factor κB (NF-κB)-mediated gene expression 
(SenBanerjee et al. 2004). Similarly, KLF2 has been shown to inhibit NF-κB and AP-1 
responsive promoter expression in cultured macrophages. The resulting inhibition of 
macrophage activation and phagocytosis did not interfere with monocyte recruitment 
(Das et al. 2006). NF-κB has been shown to be important for the production of matrix 
metalloproteinase 9 (MMP9) and mononcyte chemotactic protein 1 (MCP-1) by SMCs 
(de Martin et al. 2000; Knipp et al. 2004; Marumo et al. 1997), but the role of KLF2 
in regulating NF-κB-mediated gene expression in SMCs has not been reported to our 
knowledge. Nevertheless, activation of proinflammatory properties of ECs and macro-
phages is strongly associated with the phenotypic modulation of SMCs, making this 
regulatory effect of KLF2 of major interest to the study of SMC phenotype.

Although KLF2 may affect some processes such as PDGF-BB-induced migration 
that are initially atherogenic, one would hypothesize that its antiinflammatory actions in 
ECs and macrophages makes it atheroprotective. Results using heterozygous KLF2 KO 
mice bred to an ApoE −/− background are consistent with this hypothesis. In contrast to 
their homozygous KLF2−/− counterparts, hemizygous KLF2 mice survive to adulthood 
and are apparently normal. When fed a high fat, high cholesterol diet for 20 weeks, 
ApoE−/− mice hemizygous for KLF2 showed a 31% increase in atherosclerotic lesion 
area as measured by Sudan IV staining of whole aortas. Interestingly, KLF4 expression 
was shown to be significantly increased in KLF2+/− mice. As the authors pointed out, the 
inability to detect changes in known KLF2 regulated genes in KLF2+/- mice may be due 
to KLF4 compensating for KLF2 loss. Some lasting changes were detected, however, 
as macrophages isolated from these mice showed enhanced uptake of low-density lipo-
protein (LDL) in culture (Atkins et al. 2008). Although these data provides a possible 
mechanism for KLF2’s observed athero-protective effect, it by no means defines it as the 
only, or the major, protective mechanism KLF2 mediates. Indeed, further in vivo study 
of KLF2’s potential to repress vascular inflammation and modulate SMC migration is 
necessary to characterize fully KLF2’s role in complex, multicellular processes such as 
atherosclerosis.

In summary, KLF2 is clearly an important factor in SMC maturation and vascular 
disease, although the bulk of the current evidence indicates that these effects may 
be mediated indirectly through KLF2-dependent effects in ECs and macrophages. 
There is also evidence based on studies in cultured MEFs that KLF2 may addition-
ally regulate PDGF-BB-induced migration and proliferation. However, there have 
been no detailed studies of KLF2’s role in regulating these processes in SMCs, nor 
is there any evidence it does so in vivo in the context of development or disease.
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KLF5: Upregulated Expression in Cardiovascular Disease 
and Positive Regulation of Neointima Formation in 
Experimental Disease Models

KLF5, formerly known as BTEB2 and IKLF, is strongly expressed in the medial 
layer of fetal arteries in humans and rabbits. This expression seems to wane by the 
time SMCs reach maturity as KLF5 expression is virtually absent in adult vessels. 
Expression is potently reinduced, however, in a number of vascular disorders includ-
ing coronary atherosclerosis, the response to vascular injury, and vein graft hyper-
plasia (Bafford et al. 2006; Hoshino et al. 2000). Furthermore, patients expressing 
KLF5 at the time of coronary atherectomy have significantly higher rates of steno-
sis 4 months later as well as a dramatic increase in both the rate and recurrence of 
restenosis (Hoshino et al. 2000). Taken together, these important initial studies of 
KLF5’s expression patterns implicate it as a potential regulator of both pathologic 
and normal SMC growth and proliferation. Consistent with this, KLF5 has been 
shown to be involved in the signaling of a number of growth factors. An increase in 
KLF5 expression occurs following treatment of SMCs or NIH3T3 fibroblasts with 
angiotensin II, tumor necrosis factor-α (TNF-α), and fibroblast growth factor-2 
(FGF-2). Although each of these factors could be the subject of its own review, all 
have been shown to stimulate growth of SMCs in vitro and are implicated in vas-
cular remodeling in vivo. Furthermore, KLF5 is induced 8 hours after adenoviral 
overexpression of the anti-apoptotic protein survivin (SVV) (Bafford et al. 2006). 
In addition, induction of a KLF5 promoter-reporter construct was upregulated by 
adenovirus-mediated overexpression of Egr-1, which could be blocked by mutation 
of an Egr-1-binding site in the KLF5 promoter. Similarly, adenovirus-mediated 
overexpression of MAP kinase (MAPK) cascade factor mitogen-activated protein 
kinase kinase-1 (MEK1) leads to activation of the KLF5 reporter. Complementing 
these data, a small molecule MEK1 inhibitor blocks phorbol 12-myristate 13-acetate 
(PMA)-induced expression of KLF5 mRNA (Kawai-Kowase et al. 1999). Taken 
together, these results show that KLF5 is involved in the signaling of a variety of 
intracellular and extracellular growth and remodeling cues.

In light of evidence implicating KLF5 in the regulation of SMC growth in 
vitro, there has been considerable interest in its potential role in mediating SMC 
growth and/or phenotypic modulation in vivo. Unfortunately, these efforts have 
been hampered by the lethality of KLF5−/− mice prior to embryonic day 8.5. 
Heterozygous knockouts, however, are viable but show moderate thinning of the 
medial and adventitial layers compared to their wild-type counterparts. In addition, 
the villi of the intestines do not form properly, and there is a noticeable reduction 
in cellularity of the intestinal mesenchyme. Importantly, the heterozygous mice 
show a marked reduction in neointima formation and granulation tissue formation 
following placement of a cuff around the femoral artery. Heterozygous KLF5 KO 
mice also show a dramatic reduction in angiogenesis following implantantion of 
S180 tumor cells (Fig. 1). The effects of KLF5 loss are by no means limited to 
the vessel wall, as angiotensin II-induced cardiac hypertrophy and fibrosis was 
also significantly reduced (Shindo et al. 2002). Taken together, results provide 
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Wildtype KLF5 +/–a

Fig. 1 KLF5 hemizygous mice show medial thinning, impaired neointima formation after cuff place-
ment, and reduced angiogenesis following tumor implantation. Compared to their wild-type counter-
parts, KLF5+/− mice show marked reduction in medial thickness by transmission electron microscopy. 
a Neointima formation following cuff placement also appears drastically reduced in hemizygous mice. 
Ad = Adventitia;  * = lumen b Furthermore, there is a striking reduction in angiogeneis following 
implantation of tumors into KLF+/− mice. c Taken together, this indicates KLF5 is functionally impli-
cated in vessel formation and proliferation (Compiled from Shindo et al. 2002.)

compelling evidence that KLF5 is important in the development of a number of 
organ systems and may contribute to the pathogenesis of several cardiovascular 
diseases.
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The mechanisms by which loss of one KLF5 allele causes these effects is unclear, 
although results indicate that KLF5 is normally expressed at rate-limiting levels. Of 
interest, Shindo et al. showed that KLF5 overexpression can significantly increase 
expression of a PDGF-A promoter-reporter construct in HeLa cells and binds to the 
PDGF-A promoter based on chromatin IP (ChIP) analyses in cardiac fibroblasts. 
KLF5 may also regulate PDGF-AA expression in vivo, as its expression is reduced 
in the intestinal villi of KLF5 +/− mice. Furthermore, PDGF-AA expression is 
nearly absent in the hearts of angiotensin-II-infused KLF5+/− mice and the femoral 
arteries of KLF5+/− mice following cuff placement. Transforming growth factor-β 
(TGF-β) expression was also reported to be significantly reduced in the hearts of 
angiotensin-II-infused KLF5 hemizygous mice, although these important data were 
not shown. However, levels of collagen IV, a known TGF-β

 
regulated gene, were 

shown to be significantly lower in the vessel wall of KLF5+/− mice (Shindo et al. 
2002). KLF5 may therefore be an important factor in controlling the production of 
one or more factors key to vascular remodeling.

Due to KLF5’s apparently detrimental role in a number of vascular pathologies, 
there has been considerable interest in identifying the factors that regulate its activity. 
Shindo et al. presented evidence that retinoids could potently modulate KLF5 
signaling based on screening cells co-transfected with both a PDGF-A luciferase 
promoter/reporter construct and a KLF5 overexpression plasmid for changes in 
luminescence upon treatment with a number of compounds. LE135, a synthetic 
retinoic acid receptor antagonist, increased activity of the promoter/reporter; 
whereas Am80, a synthetic agonist of the retinoic acid receptor, repressed activity. Of 
interest, they also demonstrated interaction of KLF5 with the retinoic acid recep-
tor based on immunoprecipitation experiments. Finally, they showed that systemic 
administration of LE135 reversed the intestinal defects seen in KLF+/− mice and 
promoted neointimal formation after cuff injury. Conversely, systemic administration 
of Am80 suppressed neointima formation, granulation tissue formation, and cardiac 
hypertrophy in wild-type mice (Shindo et al. 2002).

Subsequent studies from the Nagai group found that KLF5 exists in complexes 
with a RAR/RXR heterodimer on the PDGF-A promoter in cultured SMCs. This 
transcriptionally active complex was disrupted by the addition of Am80, thereby 
abrogating expression of PDGF-A. In addition, treatment with either all-trans 
retinoic acid (ATRA) or Am80 decreased levels of KLF5 mRNA. Importantly, 
oral administration of this factor in a rabbit model of stent placement resulted in 
a significant decrease in neointima formation and resulting stenosis. Although 
the in vivo results detailed in this and the Shindo et al. study can by no means be 
restricted to a SMC-specific effect, they do have clear ramifications regarding over-
all effects on SMC phenotype. Investigation of cultured SMCs shows an increase 
in transcription of both SMaA and SM-MHC following Am80 treatment—a result 
complemented by their observation that KLF5 siRNA blocks serum-induced 
downregulation of the same SMC markers. Of interest, they also found that treat-
ment of rabbits with Am80 was associated with higher levels of SMC markers in 
in-stent lesions consistent with Am80 lessening SMC phenotypic modulation in 
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these lesions. Expression of the potent SRF co-activator myocardin was unchanged 
in these studies, suggesting that Am80 is removing an inhibitor of SMC differ-
entiation rather than promoting expression of a known activator. This phenotypic 
modulation correlates with functional consequences, at least in vitro, as Am80 
inhibited proliferation of rat aortic SMCs and human coronary SMC cultures in 
an apparently dose-dependent manner. Furthermore, fetal bovine serum-induced 
SMC migration was also potently inhibited by Am80. Importantly, the same doses 
of Am80 had no apparent effect on the proliferation of human umbilical vein ECs 
(Fujiu et al. 2005).

Although the preceding observations show evidence of some SMC selectivity 
in Am80’s effects, KLF5 has been reported also to activate a number of non-SMC 
genes (e.g., MCP-1 in ECs) (Kumekawa et al. 2008; Shinoda et al. 2008) that are 
also important in vascular inflammation and remodeling. Furthermore, Am80’s 
effects on other KLFs are yet to be fully studied. Because it has not been reported 
whether siRNA to KLF5 abrogates the effects of Am80, one cannot definitively 
conclude that Am80’s effects are due entirely to loss of KLF5 function despite 
similarities between the KLF5+/−- and Am80-treated phenotypes. Although they 
are of tremendous importance in evaluating Am80 as a preclinical candidate, these 
studies do not fully elucidate KLF5’s functions in vascular biology. Conditional, 
targeted knockout of a floxed KLF5 allele using an inducible Cre recombinase 
system would be an excellent way to address this deficiency initially. Furthermore, 
fetal liver transplants from KLF5−/− animals and cell type-specific KLF5 knockout 
would be excellent ways to distinguish the effects of KLF5 knockout that are due 
to bone marrow cells versus non-bone-marrow-derived cells.

Given the implications of KLF5 signaling in experimental models of cardio-
vascular disease, there is much interest in the intracellular mechanisms whereby 
it is regulated. Recent work has identified a number of factors capable of directly 
interacting with KLF5 and modulating its function. Importantly, KLF5’s DNA-
binding domain is acetylated by transcriptional co-activator p300 in vitro. Point 
mutation of this zinc finger reduces p300’s ability to positively regulate KLF5’s 
function. This enhancement of KLF5 signaling is potently opposed by SET, 
which binds to the DNA-binding domain and inhibits acetylation (Miyamoto et 
al. 2003). In addition, HDAC1 co-immunoprecipitates from SMCs with KLF5 
and is shown to repress KLF5-driven activation of the PDGF-A promoter. 
Interestingly, HDAC1 and p300 competitively interact with KLF5 at the same 
zinc finger (Matsumura et al. 2005). Taken together, this indicates that KLF5’s 
DNA-binding domain is a key point of regulation in vitro as function is posi-
tively enhanced by p300-mediated acetylation and opposed by HDAC1 and SET. 
These observations are of further interest as there is extensive evidence that 
epigenetic controls, including histone modifications, play a key role in SMC 
phenotypic modulation (reviewed in McDonald and Owens 2007). Although 
the ramifications of these fiindings in vivo are still speculative, it nevertheless 
identifies an important mechanism for regulating SMC proliferation that may 
limit pathologic SMC growth.
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In summary, KLF5 seems to be a potent pro-growth and remodeling factor. 
KLF5 is strongly expressed in the developing vasculature. Although expres-
sion fades by the time arteries mature, KLF5 is potently induced in a number of 
pathologies including coronary atherosclerosis, vascular injury, and vein graft 
hyperplasia. Results of studies in heterozygous KLF5 KO mice indicate that KLF5 
plays an important role in positively regulating neointima formation and secretion 
of PDGF-AA and other pro-growth factors. Much has been done to understand 
not only the implications of KLF5 expression but also the factors that are capable 
of regulating or modulating KLF5 function; however, there are many unresolved 
questions. They include the effects of targeted KLF5 loss in adult function and the 
dominant cell type(s) of KLF5’s actions. Cell type-specific and conditional knock-
out of a floxed KLF5 allele is an excellent way to rectify these issues. Such experi-
ments are important for both fully understanding KLF5’s biological functions and 
definitively analyzing the usefulness of KLF5 antagonism as a potential therapeutic 
strategy for in-stent restenosis and vein graft hyperplasia.

KLF4: Repression of SMC Markers and Inhibition 
of Proliferation in the Injured Vasculature

KLF4 signaling within SMCs has been most heavily investigated in the context 
of phenotypic modulation of differentiated cells. Expression of KLF4, formerly 
known as GKLF, is virtually absent in the healthy, quiescent vessel wall but is 
rapidly induced in the medial and intimal layers following vascular injury (Yoshida 
et al. 2008b). In culture, this induction of KLF4 expression has been linked to a 
number of cytokines and growth factors including PDGF-BB (Liu et al. 2005) and 
PDGF-DD (Thomas et al. 2008), potent SMC mitogens strongly associated with 
wound healing and atherosclerosis; and 1-palmitoyl-2-(5-oxovaleroyl)-sn-glycero-
3-phosphocholine (POVPC) (Pidkovka et al. 2007), a lipid oxidation product 
known to accumulate in atherosclerotic lesions. Thus, KLF4 is linked directly to 
vascular injury and induced by a number of secreted factors strongly associated 
with multiple vascular diseases.

The direct examination of KLF4’s role in vascular injury, as was the case with 
KLF2 and KLF5, was initially hampered by the lethality of the conventional KLF4 
knockout mouse. While these mice are born at expected Mendelian ratios, they die 
early after birth due to improper skin barrier formation (Segre et al. 1999). This is 
by no means the only phenotype of these mice, as KLF4 (-/-) mice also display a 
90% reduction in goblet cells in the colon (Katz et al. 2002) illustrating that KLF4 
loss may have very broad developmental affects. While no vascular phenotype has 
been reported in these mice, it is unclear whether this tissue has been carefully 
scrutinized in the conventional knockout. Furthermore, the apparent broad develop-
mental defects caused by KLF4 loss may obscure any vascular abnormalities.

In vitro analysis has provided a mechanistic link between KLF4 and the repres-
sion of SMC markers. Importantly, this process involves specific cis elements 
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within marker gene promoters. Initial studies identified KLF4 as capable of bind-
ing to the TGF-β Control Element (TCE) within the SM22 and SMaA promoters 
(Adam et al. 2000). KLF4 binds the TCE based on electrophoretic mobility shift 
assays (Liu et al. 2003), and also binds the TCE region of SMC promoters within 
intact chromatin following treatment of cultured SMC with PDGF-BB (McDonald 
et al. 2006), PDGF-DD (Thomas et al. 2008), or POVPC (Pidkovka et al. 2007), 
and in vivo following vessel injury (Yoshida et al. 2008b) based on ChIP assays. 
Unfortunately, the resolution of a ChIP assay is not sufficient to ascertain if KLF4 
is binding directly to the TCE element. Of interest, transfection of 10T1/2 cells 
with KLF4 antagonizes TGF-β induced expression of both SM22 and SMaA 
promoter/reporter constructs. Interestingly, KLF5 positively regulates activity of 
this SM22 reporter (Adam et al. 2000). Complementarily, RNA interference to 
KLF4 with antisense oligos increases expression of both SMaA and SM-MHC. 
Taken together, these studies suggest KLF4 represses expression of SMC markers, 
potentially through DNA binding at the TCE. This may directly antagonize KLF5’s 
actions at the same cis element. Unfortunately, mutation of the TCE within both the 
SMaA (Liu et al. 2003) and SM22 (Adam et al. 2000) promoter abolishes expression 
of a transgenic reporter in vivo. While this suggests in vivo relevance for the interac-
tion between the TCE and positive regulators of SMC differentiation such as KLF5, 
it unfortunately limits the usefulness of this system in studying the repressive cis/
trans interactions of KLF4 at the TCE.

KLF4 can also remove key activating cues for marker gene expression, most 
notably myocardin, which homodimerizes at a leucine zipper motif, allowing it to 
act as a potent co-activator for serum response factor (SRF) bound to paired CArG 
boxes in the promoter of marker genes (Du et al. 2003; Wang et al. 2003; Yoshida 
et al. 2003). KLF4 overexpression has been shown to potently repress levels of 
myocardin mRNA by qPCR. Furthermore, immunoprecipitation analysis indicates 
a direct, physical interaction between KLF4 and SRF. Taken together, KLF4 can 
reduce activation of marker gene promoters via both direct interaction with SRF 
and repression of its co-activator myocardin. Indeed, adenoviral overexpression of 
KLF4 potently represses SRF enrichment of the 5´-CArG region within the SMaA 
promoter of SMCs (Liu et al. 2005). Thus, KLF4’s repressive affects on SMC 
markers seem to be affected in part via the removal of activating cues for marker 
gene expression.

Part of KLF4’s antagonism of myocardin/SRF function is mediated via altered 
chromatin dynamics. Based on ChIP evidence both in vitro and in vivo, the activa-
tion and repression of SMC marker genes is characterized by a number of chro-
matin modifications that appear specific to CArG box chromatin within SMCs. 
Activation is strongly associated with Histone acetylation – a mark associated 
with the increased interaction of SRF with H3K4dMe at CArG boxes of SMC 
promoters. KLF4, in turn, can encourage histone deacetylation to prevent associa-
tion of SRF with methylated histones in a process postulated to be due to KLF4’s 
recruitment of HDAC2. Similar repressive chromatin dynamics are seen following 
PDGF-BB treatment and vascular injury, indicating that these mechanisms may 
have broad importance to SMC function. Interestingly, neither KLF4, myocardin, 
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PDGF-BB, nor vascular injury affect the presence of this H3K4 di-methylation – 
despite their ability to dynamically change histone acetylation - indicating this as 
a potential “lineage mark” that helps SMCs retain their identity during phenotypic 
switching (McDonald and Owens 2007; McDonald et al. 2006). Although further 
characterization of this potential memory mark is needed, it thus appears changes in 
chromatin dynamics play a central role in SMC phenotypic changes. KLF4 appears 
to be a central modulator of these changes.

Recent work has illustrated interaction with Elk-1 as an additional mechanism 
of KLF4-induced repression of SMC markers. KLF4 and Elk-1 are bound to the 
same region of the SMaA promoter in response to POVPC treatment, as evidenced 
by ChIP analysis. This indicates the possibility of cooperative interaction between 
KLF4 and Elk-1. Indeed, combining genetic knockout of KLF4 and pharmaco-
logic inhibition of MEK or ERK, kinases upstream of Elk-1, completely abrogates 
POVPC induced suppression of marker genes. Furthermore, POVPC treatment 
was associated with histone H4 hypoacetylation and recruitment of HDAC 2 and 5 
(Yoshida et al. 2008a). This is similar to results seen with PDGF-BB, where siRNA 
studies showed its repressive effects to be dependent on ERK/Elk-1 and HDACs 2, 
4, and 5 (Yoshida et al. 2007). Thus, multiple factors can repress markers through 
processes shown to separately involve KLF4/Elk-1 and histone H4 hypoacetyla-
tion. However, the interdependence of these processes has yet to be fully tested. 
Knocking down KLF4 with siRNA or mutating histones would be interesting first 
steps to address whether KLF4 is required for histone modifications or whether 
histone modifications are required for the full repressive affects of KLF4.

Significantly, Yoshida et al. have recently generated tamoxifen conditional 
KLF4 KO mice to investigate the possible role of KLF4 in regulation of SMC 
phenotypic switching and growth in a carotid ligation model of vascular injury 
(Yoshida et al. 2008b). Consistent with the hypothesis that KLF4 is important 
in regulating these processes in vivo, tamoxifen Cre conditional KLF4 KO mice 
exhibited a transient delay in repression of SMaA and SM22 following vascular 
injury (Fig. 2). Furthermore, KLF4 binding to the SMaA and SM22 promoters was 
heavily enriched 3 days post injury indicating this effect may be, at least in part, 
transcriptionally mediated (Yoshida et al. 2008b). Taken together, these results 
indicate that KLF4 is rate limiting for phenotypic switching early in this injury 
model but apparently is either not required late, or there is activation of alternative 
compensatory pathways that mediate SMC phenotypic modulation in its absence. 
Whatever the case, these findings are highly significant as they are the first and only 
studies to date that define a specific transcriptional regulatory pathway required for 
SMC phenotypic modulation in vivo, even though the results cannot be narrowed 
to KLF4 within SMCs. A number of other mediators of phenotypic switching have 
been identified based on studies in cultured SMC including HERP and the ERK-
mediated phosphorylation of Elk-1 [see review by (Kawai-Kowase and Owens 
2007)]. Many of the factors shown in vitro to induce KLF4, including PDGF-BB 
and PDGF-DD, can also activate ERK/Elk-1 (Kawai-Kowase and Owens 2007). 
Thus, this is a prime candidate for the eventual downregulation of SMC markers in 
the KLF4 knockouts. Given the similarity among KLFs, it is also quite possible that 
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another member of the KLF family can compensate for the loss of KLF4. Indeed, 
likely candidates are KLF2 and KLF5, as these have been shown to compensate for 
KLF4 loss in maintaining stem cell pluripotency (Jiang et al. 2008). Nevertheless, 
KLF4 seems to be a key effector of SMC phenotypic switching in vivo regardless 
of the factor that eventually compensates for it.

In addition to the delay in repression of SMC markers, the conditional KLF4 KO 
mice showed marked hyperproliferation and enhanced neointima formation com-
pared to WT mice (Fig. 2). Of interest, authors showed that this was likely through 
loss of KLF4 dependent activation of the cyclin dependent kinase inhibitor p21 in 
that they observed KLF4, along with p53, binding to the promoter of p21 at 3 days 
post injury based on in vivo ChIP assays. Importantly, the p21 expression seen fol-
lowing infection of SMCs with a KLF4 expressing Adenovirus was abrogated by a 
p53 siRNA. Taken together, these implicate a synergistic activation of p21 by KLF4 
and p53 as a possible mechanistic explanation for KLF4’s effects on neointima 
formation. Furthermore, injured conditional KO arteries showed increased BrdU 
uptake and no significant changes in TUNEL staining, indicating enhanced prolif-
eration, with no changes in cell death (Yoshida et al. 2008b). Thus, the induction of 
KLF4 expression following vascular injury may be part of a protective mechanism 
that limits excess proliferation via enhancement of p21 expression.

It is becoming increasingly apparent that KLF4’s affects extend beyond regula-
tion of the cell cycle and repression of marker gene expression. Important recent 
data has indicated the SMC produces inflammatory mediators including MCP-1 
and TGF-β following POVPC treatment (Pidkovka et al. 2007). This supplements 
earlier reports of inflammatory mediator production by SMC following exposure 
to cytokines such as IL-1β and TNFα (Loppnow et al. 2008). While KLF4 has not 
been directly linked to inflammatory gene expression in SMCs, it is both pro- and 
anti-inflammatory in other cell types [see Chapter 14]. In macrophages, for exam-
ple, KLF4 enhance NF-κB p65-mediated inflammatory gene expression in vitro, 
at least in the example of the iNOS promoter, while simultaneously abrogating the 
interaction between Smad3 and p300. This prevents anti-inflammatory signaling 
initiated by factors such as TGF-β, creating a cumulative effect that appears shifts 
macrophages towards an inflammatory phenotype in vitro (Feinberg et al. 2005). 
KLF4 in the endothelium, in contrast, has been shown to repress inflammation via 
activation of anti-inflammatory genes such as endothelial nitrous oxide synthase 
(eNOS) and apparent inhibition of NF-κB p65 regulated inflammatory genes such 
as VCAM-1 (Hamik et al. 2007). Thus, there is reason to think KLF4 may play a role 
in regulating inflammation within the SMC, although it is entirely unclear whether 
it would be pro- or anti-inflammatory.

In summary, KLF4 is an important regulatory factor in a number of processes 
important to both healthy and pathologic SMC function. It appears to be a central 
regulator in SMC phenotypic switching and proliferation – roles that likely contrib-
ute to its apparent limiting of neointima formation in vivo. Despite the strength of 
current evidence for KLF4’s importance in SMC biology, there is still much about 
KLF4 yet to be fully understood. KLF4 can regulate vascular inflammation in other 
cell types, although its importance within the SMC has not been fully established. 
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Furthermore, the precise cell type(s) that contribute to KLF4’s effects on vascular 
injury need to be elucidated with cell type specific-knockout. This needs to be comple-
mented with further study into the mechanisms whereby KLF4 itself is regulated - 
particularly the epigenetic modifications that control access to KLF4’s own promoter. 
The coming years should therefore yield much further insight into both the effects 
of KLF4 on SMC phenotype and the molecular mechanisms whereby KLF4 func-
tion is regulated (Fig. 3).

Fig. 3 Summary of KLF4’s repression of myocardin-induced activation of SMC marker 
genes. Adenoviral overexpression of KLF4 potently represses expression of myocardin, 
SMαA, and SM-MHC mRNA in cultured SMCs. All results normalized to GAPDH. a This 
plastic suppression includes prevention of the interaction of SRF with CArG box elements at 
SMC promoters in part through repressive histone modifications. Modeled in b. (Compiled 
from Liu et al. 2005 and McDonald et al. 2006)
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Conclusion

At least three KLFs are integral to SMC biology. KLF2, at least within MEFs, regu-
lates migration and proliferation in response to PDGF-BB. While this relationship 
has not been explored in SMC, KLF2 has been directly implicated in adult vascular 
biology as KLF2 hemizygous mice develop increased aortic atherosclerosis. KLF5, 
on the other hand, works directly within cultured SMC to promote proliferation. It 
is strongly implicated in normal and pathologic vascular growth in vivo, including 
the neointimal hyperplasia seen following experimental models of vascular injury, 
stent placement, and vein grafting. The pro-growth affects of KLF5 are apparently 
in opposition to KLF4, which appears to limit pathologic vascular growth following 
ligation injury. This may be explained by KLF5’s ability to promote p21 expression 
via cooperative interaction with p53 in cultured SMC. Taken together, individual 
KLFs seems to play unique activating roles in regulating key SMC processes. 
While KLFs are understudied in some important vascular pathologies, most notably 
atherosclerosis, the urrent evidence nevertheless implicates KLF2, 4, and 5 as cen-
tral regulatory factors in SMC and vascular biology both in vitro and in vivo.

These apparent niches for different KLFs in adult SMC are particularly interest-
ing given recent developments regarding the role of these three KLFs in stem cells 
[see Chapter 10]. Interestingly, whereas overexpression of KLF4, Sox2, c-Myc and 
Oct3/4 can induce adult cells into a pluripotent state (Takahashi and Yamanaka 
2006), triple knockdown of KLF2, KLF4, and KLF5 is required to induce embry-
onic stem cells to differentiate. SiRNA to one or two of these KLFs led to occu-
pancy of target promoters by the other and no discernable effect. Overexpression of 
KLF10 could not rescue the triple knockdown whereas siRNA-resistant KLF2, 4, 
or 5 can, arguing this phenomena is specific to KLF2, 4, and 5 (Jiang et al. 2008). 
Thus, these factors appear to work together to maintain pluripotency.

This is particularly interesting given the observations in both conventional KLF2 
knockout mice and KLF5 hemizygous mice of impaired SMC investment or growth 
around blood vessels (Shindo et al. 2002; Wu et al. 2008). While no developmental 
vascular phenotype has been reported with KLF4, there nevertheless appears to 
be deficiencies in defined cell subsets such as skin cells and colonic goblet cells 
(Katz et al. 2002; Segre et al. 1999). Thus, it appears that these KLFs switch from 
overlapping repressors of differentiation to factors essential to the formation of 
specific cellular subpopulations. Furthermore, KLFs appear to acquire cell type 
specific effects by adulthood. This is most strikingly apparent in the case of KLF4-
mediated regulation of inflammatory gene expression, where is reportedly both 
pro- and anti-inflammatory in different cell types (Autieri 2008). Indeed, all three 
KLFs discussed in this chapter exert transcriptional regulatory affects in multiple 
cell types. Taken together, it appears the consequences of KLF2, 4, and 5 are altered 
as cells progress down their differentiation pathway.

The precise cues that lead to these altered affects and the intracellular effector 
mechanisms that bring them about are still speculative at this point. One likely 
hypothesis is that this is a function of altered chromatin dynamics. As stem cells 
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respond to cues from their extracellular milieu and begin to differentiate, KLF-
responsive promoters required for pluripotency and the earlier stages of develop-
ment are silenced into heterochromatin and new KLF-responsive elements are 
opened into euchromatin. In the case of plastic cell types such as SMC, lineage 
marks may be acquired that help cells retain their identity. The H3K4dMe mark 
– thus far invariant during SMC phenotypic switching – is a potential example. 
These marks may help in promoting cell specific functions, as with the example of 
H3K4dMe aiding in the CArG/SRF interaction.

Despite this lineage commitment and subsequent silencing of genes required 
for pluripotency, KLF4 nevertheless can confer upon SMCs some properties of 
pluripotent cells. Indeed, analysis of chromatin modifications at marker gene loci 
show a marked similarity between embryonic stem cells and phenotypically modu-
lated SMCs (McDonald and Owens 2007). While KLF5 has also been linked to 
phenotypic switching, its ability to induce such epigenetic changes does not appear 
to have been investigated to date. It is therefore interesting to speculate that KLF4, 
and potentially KLF2 and 5, may induce the SMC into a “more embryonic” state 
that may be multipotential in the appropriate extracellular environment. Indeed, 
phenotypically modified mouse SMCs can give rise to macrophage-like cells in 
vitro (Rong et al. 2003). Whether the H3K4dMe SMC “memory mark” is still 
present in these SMC derived macrophage-like cells, and the role of KLFs in their 
formation, are unanswered questions.

While investigating the nature of the putative SMC memory mark, and its pres-
ence in SMC-derived macrophages in vitro, would help explain how KLFs obtain 
functions specific to individual cell types and lineages – and just how plastic this 
commitment is – it still leaves the matter of what relative consequence these dif-
fering functions play in a complex multicellular process such as atherosclerosis. 
Thus while further global, conditional knockout will be important initial studies to 
elucidate the summative role of each KLF, further define the chromatin modifica-
tions associated with KLFs in vivo, and evaluate KLF inhibition’s potential as a 
pre-clinical therapy, they will be inadequate to fully understand the physiology of 
each factor. Cell type specific knockout will therefore be an important follow-up to 
any conditional knockout study. These important experiments will serve as crucial 
augmentations to existing evidence of the significant role KLF2, 4, and 5 plays in 
both SMC and vascular biology.
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Abstract Krüppel-like factors (KLFs) are zinc finger-containing transcription 
factors that play important roles in diverse physiological and pathophysiological 
processes. A major function of many KLFs is to regulate cell growth, proliferation, 
and differentiation. It is therefore not surprising that some of the KLFs are involved 
in tumorigenesis of various organs and tissues. This chapter reviews the pathobio-
logical roles of KLFs in several cancers, including those of the gastrointestinal 
tract, breast, skin, and pancreas. Understanding the functions of KLFs in cancers 
may help gain insight into the pathogenesis of cancers and provide novel therapeu-
tic approaches to their treatment.

Introduction

Krüppel-like factors (KLFs) belong to the family of zinc finger-containing tran-
scription factors that share homology to the Drosophila melanogaster gap gene 
product, Krüppel (Bieker 2001; Black et al 2001; Dang et al 2000b; Kaczynski 
et al 2003; Lomberk and Urrutia 2005; Philipsen and Suske 1999). Since identifica-
tion and isolation of the prototypic mammalian KLF—KLF1 or erythroid Krüppel-
like factor (EKLF)—a decade and half ago (Bieker 1996; Miller and Bieker 1993), 
there has been an explosion of research devoted to the identification, isolation, 
and characterization of many additional KLF family members. To date, there are 
approximately 17 identified mammalian KLFs (excluding the Sp1 and Sp1-related 
proteins) (Kaczynski et al. 2003). Together, these KLFs have been shown to exert 
important regulatory functions in numerous biological and physiological processes. 
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Expression or activities of the KLFs are also frequently perturbed in pathological 
events. One of the main roles of many of the KLFs is their involvement in the 
regulation of cell growth, proliferation, differentiation, and development. As such, 
KLF expression and activities are often abnormal in neoplastic processes including 
cancers. Here we review the roles played by representative KLFs in several tumors 
including those of the gastrointestinal tract, breast, skin, and pancreas. The functions 
of KLFs in cancers of the liver, prostate, and ovaries are described elsewhere in this 
book (see Chapters 11 and 17).

Colorectal Cancer

Colorectal cancer is a common form of cancer and one of the leading causes of 
cancer mortality, with more than 655,000 deaths per year worldwide (Cancer. 
World Health Organization, February 2006). Clinical and epidemiological evidence 
indicates that colorectal cancer is preceded by a benign precursor lesion, an 
adenoma (Levin et al. 2008). Much progress has been made in understanding the 
genetics and pathogenesis of colorectal cancer at a molecular level (de la Chapelle 
2004; Rustgi 2007). However, recent studies point to the complex, heterogeneous 
nature of colorectal cancer, which involves close to 200 genes that are mutated at a 
significant frequency (Sjoblom et al. 2006; Wood et al. 2007).

KLF4

Several KLFs have been implicated in the pathogenesis of colorectal cancer (Ghaleb 
and Yang 2008; Wei et al. 2006). Among these, KLF4 is the most extensively studied. 
KLF4 (also called gut-enriched Krüppel-like factor or GKLF) was initially identified 
as a gene whose expression is enriched in epithelial tissues, including the intestine 
and epidermis (Garrett-Sinha et al. 1996; Shields et al. 1996). In vivo studies in 
transgenic mice that are null for the Klf4 alleles indicate that KLF4 is required for 
the terminal differentiation of goblet cells in the colon and for the barrier function of 
the skin in neonates (Katz et al. 2002; Segre et al. 1999). Studies also indicate that 
expression of KLF4 is primarily located in the postmitotic, differentiated cells of 
epithelial tissues (Garrett-Sinha et al. 1996; McConnell et al. 2007; Shie et al. 2000b; 
Shields et al. 1996). This growth arrest-specific pattern of expression is also observed 
in cultured cells in vitro (Shields et al. 1996). Consequently, ectopic expression of 
KLF4 in cultured cells results in growth arrest (Chen et al. 2001; Shields et al. 1996). 
Additional conditions that are known to cause growth arrest in cultured colonic epi-
thelial cells—such as DNA damage and treatment with interferon-γ, sodium butyrate, 
or 15-deoxy-Δ(12,14) prostaglandin J2 (15d-PGJ2)—all lead to the induction of 
KLF4 expression (Chen et al. 2000, 2004; Chen and Tseng 2005; Yoon et al. 2003; 
Yoon and Yang 2004; Zhang et al. 2000).
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The growth-suppressive activity of KLF4 and its activation upon conditions 
that elicit growth arrest suggest that KLF4 may have a tumor-suppressive function. 
Indeed, overexpression of KLF4 in the human colon cancer cell line RKO reduces 
its tumorigenicity in vivo (Dang et al. 2003). The levels of KLF4 mRNA have 
also been shown to be reduced in intestinal adenomas of ApcMin/+ mice, a model 
of intestinal tumorigenesis (Moser et al. 1990), in colonic adenomas from patients 
with familial adenomatous polyposis, and in colorectal cancer when compared to 
the respectively matched normal tissues (Dang et al. 2000a; Ton-That et al. 1997; 
Zhao et al. 2004). Moreover, loss of KLF4 protein is relatively common in colorectal 
cancer as assessed by immunohistochemistry (Choi et al. 2006). The causes for the 
loss of or reduced expression of KLF4 in colorectal cancer have been shown to 
be mediated at different levels including loss of heterozygosity (LOH), promoter 
hypermethylation, and point mutations that reduce protein activity (Zhao et al. 
2004), all of which are representative features of tumor suppressors. Finally, results 
of recent genetic studies demonstrating that haploinsufficiency of the Klf4 alleles in 
mice promotes intestinal tumorigenesis in ApcMin/+ mice are highly indicative of the 
tumor-suppressive nature of KLF4 in vivo (Ghaleb et al. 2007b).

A number of studies have demonstrated the mechanism by which KLF4 exerts 
a growth-suppressive effect (Ghaleb et al 2005, 2007a; McConnell et al. 2007). 
Upon its identification, KLF4 was shown to inhibit DNA synthesis when overex-
pressed in transfected cells (Shields et al. 1996). When examined in the context of 
an inducible system, induction of KLF4 inhibits cell proliferation by blocking the 
G

1
/S progression of the cell cycle (Chen et al. 2001). This effect is correlated with 

the induction of the gene encoding the cell cycle inhibitor p21WAF1/CIP1 (Chen et al. 
2001). Similarly, when growth arrest is caused by serum starvation or DNA damage, 
expression of both KLF4 and p21WAF1/CIP1 are concurrently induced although the 
increase in KLF4 mRNA levels precedes that of p21WAF1/CIP1 (Zhang et al. 2000). In 
addition, the induction of both KLF4 and p21WAF1/CIP1 are dependent on p53 (Zhang 
et al. 2000). Significantly, KLF4 activates the p21WAF1/CIP1 promoter through a specific 
Sp1-like cis-element in the p21WAF1/CIP1 proximal promoter (Zhang et al. 2000). 
This element is necessary for p53 to activate the p21WAF1/CIP1 promoter, even though 
p53 does not directly bind to it (Zhang et al. 2000). Instead, KLF4 and p53 physi-
cally interact with each other and synergistically induce activity of the p21WAF1/CIP1 
proximal promoter (Zhang et al. 2000). The physiological significance of KLF4 in 
mediating p53-dependent activation of p21WAF1/CIP1 is further demonstrated by the 
ability of antisense KLF4 oligonucleotides to block the induction of p21WAF1/CIP1 in 
response to p53 activation (Zhang et al. 2000). Subsequently, the p53-dependent 
induction of KLF4 was shown to be essential for DNA damage-induced arrest at 
both the G

1
/S and G

2
/M checkpoints of the cell cycle (Yoon et al. 2003; Yoon and 

Yang 2004). These results indicate that KLF4 is an essential mediator of p53 in 
controlling cell cycle progression following DNA damage.

In addition to activating p21WAF1/CIP1, KLF4 has been shown to repress a number of 
genes that are involved in cell cycle progression or DNA synthesis, including cyclin 
D1 (Shie et al. 2000a), cyclin B1 (Evans et al. 2007; Yoon and Yang 2004), cyclin 
E (Yoon et al. 2005), Cdc2 (Yoon and Yang 2004), and ornithine decarboxylase 
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(Chen et al. 2002), all of which contributing to the inhibitory effect of KLF4 on cell 
proliferation. The transcriptional targets of KLF4 have further been elaborated by gene 
profiling experiments using an inducible system for KLF4 expression (Chen et al. 
2003; Whitney et al 2006). A major cluster of genes whose expression is significantly 
affected by KLF4 induction are those involved in cell cycle regulation. Within this 
cluster, many genes activated by KLF4 are inhibitors of the cell cycle. Conversely, 
many downregulated genes are promoters of the cell cycle. These results indicate 
that KLF4 controls cell proliferation by eliciting changes in expression of numerous 
cell cycle-regulatory genes in a coordinated manner (Chen et al. 2003; Whitney et al. 
2006). Unexpectedly, several other groups of genes that are repressed by KLF4 are 
involved in the synthesis of macromolecules such as protein, RNA, and cholesterol 
(Whitney et al. 2006). These results suggest that KLF4 exerts a global inhibitory effect 
on macromolecular biosynthesis that is beyond its role as a cell cycle inhibitor.

The adenomatous polyposis coli (APC) tumor suppressor is the gatekeeper for 
colorectal carcinogenesis (Kinzler and Vogelstein 1996). APC, a crucial component 
of the Wnt signaling pathway that regulates cell proliferation, prevents nuclear 
localization of β-catenin, thus preventing its pro-proliferative activity (Dang et al. 
2001). The finding that haplo insufficiency of Klf4 in ApcMin/+ mice promotes intes-
tinal tumorigenesis (Ghaleb et al. 2007b) suggests that KLF4 is involved in the 
pathway of APC tumor suppression. Indeed, expression of KLF4 has been shown 
to be activated by APC (Dang et al. 2001). Conversely, overexpression of KLF4 
reduces β-catenin levels (Stone et al. 2002). Moreover, KLF4 physically interacts 
with β-catenin and represses β-catenin-mediated gene expression (Zhang et al. 
2006). These results strongly support a role for KLF4 in mediating the Wnt/β-
catenin pathway that is involved in normal intestinal epithelial homeostasis and 
tumor suppression.

KLF5

Similar to KLF4, expression of KLF5 is developmentally regulated and is enriched 
in epithelial tissues of adults including the intestine and epidermis (Conkright et al. 
1999; Ohnishi et al. 2000). In contrast to KLF4, KLF5 is primarily expressed in 
the proliferating crypt epithelial cells and basal cells of the intestine and epidermis, 
respectively (Conkright et al. 1999; McConnell et al. 2007; Ohnishi et al. 2000). 
These findings suggest that KLF5 may positively regulate cell proliferation, contrary 
to the antiproliferative activity of KLF4 (Ghaleb et al. 2005; McConnell et al. 2007). 
Results from several experimental systems support this notion. For example, expression 
of KLF5 is strongly upregulated in activated smooth muscle cells and myofibrob-
lasts in the aorta following balloon injury or in vascular lesions (Hoshino et al. 2000; 
Watanabe et al. 1999). In response to external stress, mice with haplo insufficiency 
for Klf5 exhibit diminished levels of arterial wall thickening, angiogenesis, cardiac 
hypertrophy, and interstitial hypertrophy, indicating that KLF5 is a key element 
to linking external stress and cardiovascular modeling (Shindo et al. 2002). 
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In the mouse, infection by the mouse pathogen Citrobactor rodentium results in 
hyperproliferation on colonic crypt epithelial cells (Luperchio and Schauer 2001), 
which is accompanied by induction of KLF5 expression in colonic crypt epithelial 
cells (McConnell et al. 2008). Infection of mice heterozygous for the Klf5 alleles 
with C. rodentium shows attenuated induction of KLF5 that is accompanied by a 
reduced hyperproliferative response in the colonic crypts, suggesting that KLF5 is a 
key mediator of crypt cell proliferation in response to pathogenic bacterial infection 
(McConnell et al. 2008).

Direct evidence in support of a pro-proliferative role of KLF5 is primarily 
derived from in vitro studies using cultured cells. Expression of KLF5 in serum-
deprived fibroblasts is rapidly activated when the cells are stimulated with serum, 
epidermal growth factor (EGF), or the phorbol ester phorbol 12-myristate 13-ace-
tate (PMA) (Sun et al. 2001). Similarly, KLF5 is upregulated in vascular smooth 
muscle cells through the mitogen-activated protein kinase (MAPK) pathway when 
treated with PMA or basic fibroblast growth factor (bFGF) (Kawai-Kowase et al. 
1999). Indeed, constitutive expression of KLF5 in transfected fibroblasts increases 
their rate of proliferation and leads to anchorage-independent growth (Sun et 
al. 2001). Moreover, KLF5 level is significantly increased in oncogenic HRAS-
transformed fibroblasts due to elevated MAPK activity (Nandan et al. 2004). 
Importantly, the increased KLF5 level in HRAS-transformed cells is responsible for 
increased transcription of the genes encoding cyclin D1, cyclin B1, and Cdc2 and 
thus directly mediates the pro-proliferative and transforming activity of oncogenic 
HRAS (Nandan et al. 2004, 2005). Pertinent to colorectal cancer, KLF5 expression 
is also increased in intestinal epithelial cells containing an inducible oncogenic 
KRAS, which is present in approximately half of all colorectal cancers (Nandan 
et al. 2008). KLF5 levels are similarly elevated in intestinal tumors from mice 
transgenic for an intestine-specific oncogenic KRAS, human colorectal cancer cell 
lines containing oncogenic KRAS, and primary human colorectal cancer containing 
oncogenic KRAS (Nandan et al. 2008). In human colorectal cancer cell lines, inhi-
bition of KLF5 leads to reduced proliferation and transformation, suggesting that 
KLF5 is a key mediator of colorectal carcinogenesis, at least in tumors containing 
mutated, oncogenic KRAS (Nandan et al. 2008).

In addition to the stimulatory effects on KLF5 expression by the various agonists 
stated above, such as serum, PMA, and bFGF, KLF5 is regulated by several other stim-
uli, which may also explain its role in regulating cell proliferation in intestinal epithe-
lial cells. Among them is lysophosphatidic acid (LPA), a phospholipid that stimulates 
proliferation of colon cancer cells (Zhang et al. 2007a). Activation of KLF5 expression 
by LPA in colon cancer cells is mediated by LPA2 and LPA3 receptors (Zhang et al. 
2007a). Silencing of KLF5 significantly attenuates LPA-stimulated proliferation of 
colon cancer cells (Zhang et al. 2007a). Conversely, expression of KLF5 in intestinal 
epithelial cells is inhibited by all-trans retinoic acid (ATRA), which inhibits cell prolif-
eration (Chanchevalap et al. 2004). Constitutive ectopic expression of KLF5 intestinal 
epithelial cells abrogates the inhibitory effect of ATRA (Chanchevalap et al. 2004). 
Adding further relevant to tumorigenesis, KLF5 has been shown to be a target of the 
Wnt signaling pathway (Taneyhill and Pennica 2004; Ziemer et al 2001).
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The biological functions of KLF5 can also be inferred from the target genes that 
it regulates and from how KLF5 is posttranscriptionally regulated. Studies cited 
above in HRAS-transformed fibroblasts indicate that several cell cycle-regulatory 
genes, including cyclin D1, cyclin B1, and Cdc2, are transcriptional targets of 
KLF5 (Nandan et al. 2004, 2005).

Examples of other target genes, many of which are epithelial in origin, stimu-
lated by KLF5 include platelet-derived growth factor (PDGF)-A chain (Aizawa et al 
2004; Shindo et al. 2002), lactoferrin (Teng et al. 1998), laminin α-1 (Piccinni et al. 
2004), and decay-accelerating factor (DAF) (Shao et al. 2008). Interestingly, the 
antiproliferative KLF4 is negatively regulated by KLF5 (Dang et al. 2002). KLF5 
has also been shown to regulate the proinflammatory and antiapoptotic gene NF-κB 
(Chanchevalap et al. 2006) and to cooperate with NF-κB in regulating target gene 
expression (Aizawa et al. 2004; Sur et al. 2002). Moreover, KLF5 physically inter-
acts with a number of other regulators such as p300/CBP (Miyamoto et al 2003), 
retinoic acid receptor (Shindo et al. 2002), and the protein inhibitor of activated 
STAT1 (PIAS1) (Du et al. 2007) to modulate physiologically relevant processes. 
Finally, KLF5 has been shown to be posttranslationally modified by phosphoryla-
tion (Zhang and Teng 2003), SUMOylation (Oishi et al. 2008), and ubiquitination 
(Chen et al. 2005a,b). Given that many of the molecules or processes cited here are 
involved in cell proliferation, these results further support an important function of 
KLF5 in regulating proliferation.

KLF6

Similar to KLF4, KLF6 has been shown to be an inhibitor of cell proliferation 
because of its ability to activate expression of the p21WAF1/CIP1 gene and to disrupt 
the cyclin D1/cyclin-dependent kinase 4 (Cdk4) complexes (Benzeno et al. 2004; 
Li et al. 2005; Narla et al. 2001). The first evidence that KLF6 is a tumor suppressor 
is derived from the study of prostate cancer (Narla et al. 2001). Here, LOH of the 
KLF6 alleles is frequently detected in a cohort of primary prostate cancer, and muta-
tion of KLF6 in the remaining allele is also common. Of the mutations detected, 
many result in reduced ability to activate p21WAF1/CIP1 expression (Narla et al. 2001). 
Since this discovery, KLF6 has been shown to function as a tumor suppressor in 
myriads of cancers, including colorectal cancer (this chapter), hepatocellular cancer 
(HCC) (see Chapter 11), brain cancer (Kimmelman et al. 2004), and lung cancer 
(Ito et al. 2004), to name a few. In addition to the traditional mechanisms of loss 
of tumor suppressor functions such as LOH, mutations, and promoter methylation, 
KLF6 exhibits a unique mechanism by which a gain of function is achieved due to 
alternative splicing (Narla et al. 2005). The clinical relevance and therapeutic impli-
cations of these findings are discussed in Chapter 17.

Reeves et al. were the first to demonstrate that inactivation of KLF6 by LOH 
and mutations is a common event in both sporadic and inflammatory bowel disease-
associated colorectal cancer (Reeves et al. 2004). Subsequent studies in independent 
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cohorts of colorectal cancer samples confirmed these findings (Cho et al. 2006a,b). 
Another study compared the difference in the role of KLF6 LOH between sporadic 
and hereditary colorectal cancers and found that although KLF6 is frequently lost in 
sporadic cancers, especially during the late stage, its loss is relatively uncommon in 
hereditary cancer including familial adenomatous polyposis (FAP) and hereditary 
nonpolyposis colon cancer (HNPCC) (Yamaguchi et al. 2006). Finally, mutations 
of KLF6, along with p53, are commonly found in nonpolypoid colorectal cancer 
but mutations of KRAS and BRAF are not (Mukai et al. 2007).

Gastric Cancer

The first in vivo evidence that KLF4 regulates proliferation of gastric epithelial cells 
came from studies involving tissue-specific ablation of Klf4 from the gastric epithelium 
of transgenic mice (Katz et al. 2005). Klf4 mutant mice survive to adulthood and 
show increased proliferation and altered differentiation of their gastric epithelia (Katz 
et al. 2005). In addition, KLF4 expression is drastically decreased in both intestinal 
and diffuse-type human gastric cancer (Katz et al. 2005). The loss of expression of 
KLF4 in gastric cancer was subsequently validated by additional independent studies 
(Cho et al. 2007; Wei et al. 2005). It is of interest to note that loss of KLF4 expression 
contributes to Sp1 overexpression, which is directly correlated with the angiogenic 
potential of and poor prognosis for human gastric cancer (Kanai et al. 2006).

A single study examined the expression of KLF5 in human gastric cancer (Kwak 
et al. 2008). It showed that the expression rate of KLF5 is significantly higher in early-
stage gastric cancer, in gastric cancer without lymph node metastasis, and in tumors 
< 5 cm in size (Kwak et al. 2008). Interestingly, the 5-year survival rate of patients 
with KLF5-positive tumors is higher than those of patients with KLF5-negative 
tumors, although the difference is not statistically significant (Kwak et al. 2008).

Esophageal Cancer

Much information on the relation between KLFs and esophageal cancer is derived 
from studying the role of KLF5 in squamous cell carcinoma of the esophagus. 
In the adult, KLF5 is expressed in basal cells of the squamous epithelium of the 
esophagus (Conkright et al. 1999; Ohnishi et al. 2000). A transgenic mouse model 
for KLF5 overexpression throughout the esophageal epithelium, developed using 
the ED-L2 promoter of the Epstein-Barr virus, exhibits evidence of increased 
proliferation in the basal layer but not the suprabasal layer of the esophageal 
epithelium (Goldstein et al. 2007). Subsequent studies in mouse primary esopha-
geal keratinocytes indicated that KLF5 activates the mitogen-activated protein 
kinase kinase (MEK)/extracellular signal-regulated kinase (ERK) signaling path-
ways via the epidermal growth factor receptor (EGFR) to stimulate proliferation 



212 V.W. Yang

(Yang et al. 2007). KLF5 also controls keratinocyte migration by activating 
integrin-linked kinase (Yang et al. 2008). In contrast, overexpression of KLF5 in 
a poorly differentiated esophageal squamous cancer cell line, TE2, inhibits prolif-
eration and invasion and increases apoptosis following DNA damage (Yang et al. 
2005). In this regard, KLF5 may function as a context-dependent regulator of cell 
proliferation in a manner similar to that reported for intestinal tumor progression 
(Bateman et al. 2004).

Breast Cancer

KLF4 has been shown to be involved in the pathogenesis of breast cancer. However, 
in contrast to the tumor-suppressive role of KLF4 in colorectal cancer, studies 
suggest that KLF4 may be oncogenic in breast cancer. The levels of KLF4 mRNA 
and protein are often elevated in neoplastic breast tissues, including both ductal 
carcinoma in situ and invasive carcinoma, when compared to adjacent normal 
mammary tissues (Foster et al. 2000). In addition, nuclear localization of KLF4 
in breast cancer cells is associated with an aggressive phenotype in early-stage 
infiltrating ductal carcinoma (Pandya et al. 2004). The mucin 1 (MUC1) protein is 
often overexpressed in human breast cancer and induces transformation (Li et al. 
2003). MUC1 binds to KLF4 to repress transcription of p53, which may explain 
the oncogenic effect of MUC1 and possibly KLF4 in breast cancer (Wei et al. 
2007). However, it should be noted that results contrary to the above have also been 
reported. KLF4 levels are low or absent in many breast cancer cell lines, which may 
explain the absence of laminin-5, a major extracellular matrix protein produced 
by mammary epithelial cells, from many breast cancer cells (Miller et al. 2001). 
Additionally, growth of breast cancer cells is suppressed by okadaic acid, which 
induces apoptosis by activating transcription of c-Myc, which is mediated in part by 
KLF4 (Zhang et al. 2007b). The definitive growth effect (activating or suppressing) 
of KLF4 on breast cancer cells therefore requires additional clarification.

The context-dependent nature by which KLF4 acts as an oncogene has been 
explored. KLF4 was identified in a functional screen for genes that bypass onco-
genic RASV12-induced senescence (Rowland et al. 2005). Although KLF4 is a 
potent inhibitor of proliferation in untransformed cells, KLF4-induced senescence 
is bypassed by RASV12 or by the RASV12 target, cyclin D1. Inactivation of the cyclin 
D1 target, p21WAF1/CIP1, not only neutralizes the cytostatic action of KLF4 but col-
laborates with KLF4 in oncogenic transformation. KLF4 suppresses expression 
of p53 by directly acting on its promoter, allowing RASV12-mediated transforma-
tion. Depletion of KLF4 from breast cancer cells restores p53 levels and causes 
p53-dependent apoptosis (Rowland et al. 2005). These studies underscore the 
importance of p21WAF1/CIP1 acting as a switch that determines the outcome of KLF4 
signaling (Rowland and Peeper 2006). These results are consistent with a recent 
report showing that KLF4 exhibits antiapoptotic activity following γ-radiation-induced 
DNA damage by inhibiting the ability of p53 to trans-activate the proapoptotic gene 
BAX (Ghaleb et al. 2007a).
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A limited number of studies have been published that examined the role of 
KLF5 in breast cancer. Like KLF4, the results of these studies are conflicting. 
KLF5 is thought to be a tumor suppressor in breast cancer because its expression 
levels are low in breast cancer cell lines due to LOH (Chen et al. 2002). In addi-
tion, the reduced KLF5 levels are attributed to ubiquitin-mediated proteasome 
degradation in breast cancer cell lines (Chen et al. 2005a,b). On the other hand, 
as a prognostic factor in breast cancer, patients with high KLF5 expression levels 
have shorter disease-free survival and overall survival than patients with low KLF5 
expression, suggesting that KLF5 may not be a classic tumor suppressor in breast 
cancer (Tong et al. 2006).

Finally, several studies has been implicated KLF6 (Guo et al. 2007), KLF8 
(Wang et al. 2007), and TIEG1 (KLF10) (Subramaniam et al. 1998) in the patho-
genesis of breast cancer.

Skin Cancer

In a manner similar to the ability of KLF4 to bypass oncogenic RAS-mediated 
senescence (Rowland et al. 2005), KLF4 is found to cooperate with adenovirus 
E1A oncoprotein to transform epithelial cells (Foster et al. 1999). In oral squa-
mous epithelium KLF4 is detected in the upper, differentiated cell layers (Foster 
et al. 1999). In contrast, the KLF4 level is increased in dysplastic epithelium and 
is diffusely expressed throughout the entire epithelium, indicating that KLF4 is 
misexpressed in the basal compartment early during tumor progression (Foster et al. 
1999). In a mouse model, conditional expression of KLF4 in the basal keratinocytes 
in the skin leads to squamous epithelial dysplasia (Foster et al. 2005; Huang et al. 
2005). A similar pattern of maturation-independent expression of KLF4 has been 
observed in human squamous cell carcinoma (Huang et al. 2005). As such, nuclear 
KLF4 expression has been correlated with progression and metastasis of human 
squamous cell carcinoma (Chen et al. 2008).

In contrast to the potential oncogenic role of KLF4 in skin cancer, KLF6 con-
tinues to behave as a tumor suppressor in human head and neck squamous cell 
carcinoma (Chen et al. 2008). Here, allelic loss of KLF6 is frequent and strongly 
correlated with tumor recurrence and decreased patient survival (Chen et al. 2008).

Pancreatic Cancer

The role of KLFs in pancreatic cancer has recently been reviewed (Buttar et al. 
2006; Cook and Urrutia 2000). Among the best studied KLF members involved in the 
pathogenesis of pancreatic cancer is KLF11, also called transforming growth 
factor-β (TGF-β)-inducible early response gene 2 (TIEG2). KLF11, the expression 
of which is enriched in the pancreas, is an inhibitor of cell proliferation including 
pancreatic cells both in vivo and in vitro (Cook et al. 1998; Fernandez-Zapico et al. 2003). 
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Conversely, KLF11 expression is reduced in several human tumors including 
pancreatic cancer (Fernandez-Zapico et al. 2003). The mechanism by which KLF11 
exerts its effect is to serve as a critical component of the TGF-β growth-inhibitory 
signaling in normal epithelial cells, an effect that is inactivated by oncogenic extra-
cellular signal-regulated kinase/mitogen-activated protein kinase (ERK/MAPK) in 
pancreatic cancer cells (Ellenrieder et al. 2004).

Conclusion

Substantial progress has been made since the first mammalian prototype Krüppel-
like factor, KLF1, was identified some 15 years ago. The combined current family 
of 17 KLF members is shown to exhibit important functions in diverse physiologi-
cal processes, including proliferation, differentiation, development, angiogenesis, 
and embryonic stem cell renewal. Many of the KLFs are also featured prominently 
in pathobiological processes including inflammation and carcinogenesis. This chap-
ter reviewed the current knowledge on the role of KLFs in certain human cancers. 
They function either as tumor suppressors or oncoproteins. Some have functions 
that are dependent on the context. Further investigation on the role of KLFs in cancer 
will provide additional novel insight into the mechanism of tumorigenesis and may 
provide potential therapeutic approaches to the treatment of cancer.
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Abstract Beyond their initial identification in prostate cancer, the tumor suppres-
sor KLF6 and its alternatively spliced oncogenic isoform KLF6-SV1 have now 
been associated with a number of human cancers.  Expression patterns of each have 
been linked to tumor stage, disease recurrence, chemotherapy response and over-
all survival.  Most recently, inhibition of KLF6-SV1 has been shown to increase 
survival in a pre-clinical model of ovarian cancer. This chapter reviews the basic 
biology of KLF6 and KLF6-SV1 as it relates to cancer, summarizes the published 
studies to date, and highlights the scientific rationale for therapeutically targeting 
KLF6 and KLF6-SV1 as a novel treatment paradigm.

Introduction

A role for Krüppel-like factor (KLF) family members in tumorigenesis was originally 
predicted based on knowledge of their critical functions in growth-related signal trans-
duction pathways, cell proliferation, apoptosis, and angiogenesis (reviewed in Bieker 
2001; Black et al 2001). Indeed, since the initial description of KLF6 as a tumor-
suppressor gene in prostate cancer (Narla et al. 2001), reports have linked a number of the 
other KLFs with cancer development, and the list will likely continue to increase. To 
date, the broad range of implicated tumor types, possession of a germline single nucle-
otide polymorphism (SNP) associated with an increased lifetime prostate cancer risk, 
and alternative splicing of the gene into a functionally antagonistic, oncogenic isoform 
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overexpressed in multiple cancer types distinguishes the tumor-suppressor KLF6 from 
other KLF family members. What had not been predicted and is potentially the most 
exciting aspect of KLF-related cancers is that KLF6 and KLF6-SV1 expression patterns 
are linked to tumor stage, disease recurrence, chemotherapeutic resistance, and overall 
survival in a number of cancers. Taken together, these studies provide the scientific ration-
ale for therapeutically targeting KLF6 and KLF6-SV1 in a number of human cancers and 
provide a paradigm for cancer-related studies of the other KLF family members.

KLF6: Tumor-Suppressor Gene Inactivated in Multiple 
Human Cancers

The original evidence defining KLF6 as a tumor-suppressor gene, a gene sustaining 
loss-of-function mutations in the development of cancer, was provided by analysis 
of a cancer known to harbor a high degree of allelic imbalance at the gene locus. 
The KLF6 gene maps to human chromosome 10p15, a region previously reported 
to be deleted in approximately 55% of sporadic prostate adenocarcinomas (Ittmann 
1996; Trybus et al. 1996). Accordingly, we examined a collection of well annotated 
primary prostate tumor samples for loss of heterozygosity (LOH) of the KLF6 gene 
locus (Narla et al. 2001). To finely map the minimal region of loss, we designed 
a series of microsatellite markers directly flanking the KLF6 locus. In total, 16 of 
22 informative tumor samples (73%) displayed LOH using these novel markers. 
The smallest region of overlap effectively narrowed the tumor-suppressor gene to 
an approximately 60-kb locus (Fig. 1).

Fig. 1 Loss of heterozygosity (LOH) at the KLF6 locus in human prostate tumors. Summary of 
LOH patterns of 22 prostate tumors. White circles = retained microsatellite markers; black circles 
= markers demonstrating allelic loss; gray circles = noninformative markers; hatched circle = 
DNA that could not be amplified. Patient data were grouped according to the degree of LOH. 
Genetic map is not drawn to scale
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All four KLF6 coding exons and intron/exon boundaries were then sequenced 
using genomic DNA extracted from microdissected and laser capture microdis-
sected patient-derived tumors. Of 34 tumor samples, 19 (56%) were found to have 
tumor-specific KLF6 mutations. Unlike wild-type KLF6, these patient-derived 
missense mutations were unable to upregulate p21 expression or decrease cell 
proliferation. Interestingly, and highlighting the heterogeneity of prostate cancer 
and the possible existence of a subpopulation of KLF6-deficient cells, a number of 
patients had distinct mutations in different tumor foci whereas others had compound 
mutations. No mutations were present in the paired normal tissue genomic DNA, 
confirming that the prostate-derived mutations were somatic. These findings 
provided the first direct evidence for two inactivating events at the same genetic 
locus and were in accordance with Knudson’s “two-hit hypothesis” for tumor-
suppressor genes.

As shown in Table 1, subsequent studies from our laboratories and others have 
further highlighted the role of KLF6 in prostate cancer. These studies, albeit not 
all, defined inactivation of KLF6 through allelic loss and mutation, allelic loss 
and decreased expression, and (as discussed further below) changes in splicing 
patterns. Moreover, additional studies now support KLF6’s general role as a tumor 
suppressor in a number of human cancers. As detailed in Table 1, the mechanisms of 
inactivation vary among cancers and include LOH and somatic mutation, LOH and/
or decreased expression, and (as discussed below) increased alternative splicing. 
In turn, depending on cell type and context, KLF6’s growth-suppressive properties 
have been associated with a number of highly relevant cancer pathways including 
p53-independent upregulation of p21 (Narla et al. 2001), disruption of cyclin D1 
and CDK4 interaction (Benzeno et al. 2004), induction of apoptosis (Ito et al. 2004) 
and downregulation of E-cadherin (DiFeo et al. 2006a).

The broad range of frequencies of KLF6 inactivation among studies reporting 
on a number of cancer types appears curious at first and deserves mention for 
at least two reasons. First, these results highlight important differences between 
sample selection, the number of samples used in the analyses, tissue isolation 
techniques, and the specific analytic techniques used (e.g., DNA sequencing versus 
SSCP analysis; radioactive versus quantitative fluorescent LOH analysis; distance 
of microsatellite markers from the locus of interest). Unfortunately, approaches 
to validate the purity of tumor tissue and methods of analyzing mutations and 
deletions still have not been standardized. Second, another possible explanation 
for these differences is consistent with the concept of cancer stem cells/tumor-
initiating stem cells (Visvader and Lindeman 2008). Specifically, the possibility, 
which has not yet been directly examined, is that only a subpopulation of tumor 
cells contain these KLF6-specific changes, and it is these cells that then drive the 
bulk of the associated tumor phenotype with regard to treatment, recurrence, and 
overall survival (see below). In accord with this hypothesis is the recent demonstra-
tion that a member of the KLF family of transcription factors, KLF4, is a critical 
reprogramming factor that can drive the induction of pluriopotency in mammalian 
cells. Therefore, an important question to address in the future is whether KLF6 
plays a similar role in cancer cells.
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Table 1 Cancer associations for KLF6 and KLF6-SV1

Prostate cancer
• Loss of heterozygosity (LOH) 77%; mutations 55% (A52T, S59R, W64R, T65I, R71Q, 

E78G, E100K, L104P, S110N, S112P, S113F, S116P, L119P, A123D, S137X, S142P, P166L, 
L169P, P172S, S180L, G187R, D194N, L217S, C265Y, D273G); mutants lose 
ability to transactivate p21 and KLF6 growth-suppressive properties (Narla et al. 2001)

• 24% LOH in tumors and cell lines; 15% somatic mutations (8% missense; T35I, L43F, 
D88N, P93S, S120F, K124M, G189S); decreased KLF6 expression in 20% of xenografts/cell 
lines (Chen et al. 2003)

• 27% LOH in tumors and cell lines (Hermans et al. 2004)
• ∼1% Mutations (E227G) (Agell et al. 2008)
• No mutations (Mühlbauer et al. 2003)
• Decreased KLF6 expression is a predictor of poor clinical outcome/genome-wide 

microarray (Glinsky et al. 2004)
• Decreased KLF6 expression is associated with late-stage androgen-independent tumors/

genome-wide microarray (Stanbrough et al. 2006)
• KLF6 expression correlates with Gleason score/genome-wide microarray (Singh et al. 2002)
• Overexpression of KLF6 in DU145 cells decreases cell proliferation, increases apoptosis, 

and shifts cell growth to the G
0
/G

1
 phase (Cheng et al. 2008)

• Overexpression of KLF6 induces apoptosis through upregulation of ATF3; KLF6 mutants 
are unable to induce apoptosis (Huang et al. 2008)

• Germline KLF6 SNP (IVS1–27 G > A; rs3750861) is associated with increased lifetime PCa 
risk in both sporadic and hereditary prostate cancer; identification of alternatively spliced, 
oncogenic isoform; KLF6-SV1 antagonizes tumor-suppressive function of KLF6 and is over-
expressed in tumors (Narla et al. 2005a,b)

• Inhibition of KLF6-SV1 decreases tumor cell proliferation, colony formation, migration, and 
invasion; intratumoral injection of siKLF6-SV1 decreases tumor cell growth in vivo. (Narla 
et al. 2005a,b)

• KLF6-SV1 overexpression is associated with markedly poorer survival and disease recur-
rence; KLF6-SV1-overexpressing PCa cells metastasize more rapidly in vivo; siKLF6-SV1 
induces spontaneous apoptosis in cultured PCa cell lines and suppresses tumor growth in 
mice (Narla et al. 2008)

• IVS1-27 SNP associated with decreased risk in Ashkenazi; germline mutations Q160X, 
P172L (Bar-Shira et al. 2006)

• No germline coding mutations in Finnish hereditary cancer patients; 11.6% of probands had 
silent sequence variants (Koivisto et al. 2004a,b)

• No association of KLF6 IVS 1–27 G > A germline single nucleotide polymorphism (SNP) 
with either prostate cancer or benign prostatic hypertrophy (BPH) risk in pCA risk in the 
Finnish population (Seppälä et al. 2007)

Liver cancer
• LOH 39%, mutation 15% (P149S, W162X, P166S, T179I, K182R); mutants cannot suppress 

growth of HepG2 cells (Kremer-Tal et al. 2004)
• LOH 36% (Wang et al. 2004b)
• LOH 6.8%; no mutations identified (Song et al. 2006)
• Mutation 8.7% (W162G) (Pan et al. 2006a)
• No mutations (Boyault et al. 2005)
• No differences in locus amplification between KLF6 in hepatocellular carcinoma (HCC) and 

surrounding tissue (Wang et al. 2004a)
• Decreased expression of KLF6 in ∼ 35% of samples; W162G mutant has no effect on 

proliferation or p21 expression (Pan et al. 2006b)

(continued)
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• Decreased expression of KLF6 in most of hepatitis B virus (HBV)- and hepatitis C virus 
(HCV)-associated HCCs; decreased KLF6 expression in dysplastic nodules compared to cir-
rhotic tissue; increased KLF6SV1/KLF6 ratio in 18% of HBV-related HCCs; ectopic KLF6 
expression in HepG2 cells decreased proliferation and expression of related markers includ-
ing cyclin D1 and β-catenin but increased cellular differentiation based on induction of albu-
min, E-cadherin, and decreased α-fetoprotein (Kremer-Tal et al. 2007)

• Decreased KLF6 expression in 38% of HCCs; KLF6 promoter fully methylated in hepatoma 
cell lines, HCCs, and corresponding non-HCC tissue with evidence of cirrhosis/hepatitis 
(Hirasawa et al. 2006)

• Correlation between decreased KLF6 expression and decreased p21 expression in HCCs 
(Narla et al. 2007)

• Decreased KLF6 RNA and protein expression in HCC tissue and hepatoma cell lines (Wang 
et al. 2007)

• Decreased expression of KLF6 in HCC precursor lesions (macronodules) detected by 
genome-wide array (Bureau et al. 2008)

• Increased expression of alternatively spliced KLF6 variant in HCC; splice-variant antagonizes 
KLF6 tumor-suppressor function in HepG2 cells (Pan et al. 2008)

• Inhibition of KLF6 in HCC; HepG2 and HuH7 cells strongly impaired cell proliferation-
induced G

1
-phase arrest, inhibited cyclin-dependent kinase 4 and cyclin D1 expression and 

subsequent retinoblastoma phosphorylation. Finally, KLF6 silencing caused p53 upregulation 
and inhibited Bcl-xL expression, to induce cell death by apoptosis (siRNA sequence silences 
both wt and sv1-JAM) (Sirach et al. 2007)

• The ras signaling in HCC samples correlates with increased KLF6 alternative splicing (Yea 
et al. 2008)

Ovarian cancer
• 60% LOH (histology-dependent) was significantly correlated with tumor stage and grade; 

KLF6-SV1 expression was increased approximately fivefold; KLF6 silencing increased 
cellular and tumor growth, angiogenesis, and vascular endothelial growth factor expression, 
intraperitoneal dissemination, and ascites production. Conversely, KLF6-SV1 downregula-
tion decreased cell proliferation and invasion and completely suppressed in vivo tumor 
formation (DiFeo et al. 2006b)

• KLF6 and KLF6-SV1 antagonistic effects on E-cadherin expression, β-catenin subcellular 
localization, and c-myc expression in SKOV3 cell lines (DiFeo et al. 2006a)

• Decreased KLF6 expression is associated with increased cisplatin in the PE01CDDP ovarian 
cancer cell line (Macleod et al. 2005)

Colorectal cancer
• LOH 55%; mutation 42% of sporadic and inflammatory bowel disease (IBD)-related tumors; 

mutations result in loss of transactivation of p21 and growth-suppressive properties (T179I, 
S155G, P172L, P166S, P148L, P149S, S136G, E100K, D185N, G163D, G131S, A191T, 
K74R, Y97C, W162X) (Reeves et al. 2004)

• 43% LOH; mutations in 4% of samples (S155N, G163S, G163D, P183L, and G195S) (Cho 
et al. 2006a)

• LOH 48%; mutation 6% (Mukai et al. 2007)
• Differential and progressive increase in LOH: 4% in adenomas, 0% in intramucosal carcinomas, 

35% in invasive carcinomas, and 33% in liver metastases; no mutations; identification of 
germline silent SNPs at codons 198 and 205 (Miyaki et al. 2006)

• No mutations (Lièvre et al. 2005)
• Decreased KLF6 expression in 37% of samples; direct association with tumor size (Cho 

et al. 2006b)

(continued)

Table 1 (continued)
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Astrocytoma, glioblastoma, meningioma
• 77% LOH in samples with mutations; 12% mutation frequency in glioblastoma multiforme 

(GBM), 6% astrocytomas, 0% oligodendroglioma (Q60L, S77P, E78K, S92I, S112F, D114G, 
E132G, G167E, S180L, A191T, D194V, S215F, delta 715 frameshift) (Jeng and Hsu 2003)

• 62% LOH; translocation in one sample, but no other mutations identified; decreased expres-
sion in U373 MG cell line (Montanini et al. 2004)

• 88% LOH in GBM; no mutations; decreased KLF6/increased KLF6-SV1 expression; KLF6 
and KLF6-SV1 affected cell proliferation in A235 and CRL2020 cell lines (Camacho-
Vanegas et al. 2007)

• 8% Mutation frequency (D2G, M6V, E30G, S92R, V165M, P183I, G276A); decreased 
expression (GBM, astrocytoma, oligodendroma); 4.5× increased frequency of 5′ UTR SNPs 
(nt positions -4, -5, and -6) in patients than controls (Yin et al. 2007)

• No mutations; no evidence for decreased KLF6 expression (Köhler et al. 2004)
• No mutations detected in GBM, astrocytomas, or GBM cell lines (Koivisto et al. 2004b)
• Decreased expression in GBM cell lines and primary tumor samples; KLF6 represses tum-

origenicity and inhibits oncogene-induced cellular transformation (Kimmelman et al. 2004)
Gastric cancer
• 43% LOH; four missense mutations (S155R, P172 T, S180L, R198K) (Cho et al. 2005)
• 53% LOH; four missense mutations (T179I, R198G, R71Q, S180L); decreased KLF6 

expression was associated with loss of the KLF6 locus (48%); mutants fail to suppress pro-
liferation (Sangodkar et al. 2008, in press)

• IVS 1–27 G/A polymorphism not associated with an increased risk for gastric cancer in 
Korean population (Cho et al. 2008)

Nasopharyngeal carcinoma (NPC, Chen et al. 2002)
• Mutations in 3 of 19 NPC tissues (16%; E75V, S136R, R243K)
Pancreatic cancer
• No LOH; no mutations; increased splicing; KLF6 splicing correlated significantly with 

tumor stage and survival
Barrett’s esophageal cancer (Peng et al. 2008)
• Decreased expression of KLF6 (proteomic study)
Pituitary
• Three germline changes identified (5%): Val165Met, 523G→A, Ser77Ser) (Vax et al. 2003)
Head and neck squamous cell carcinoma
• 30% LOH, which was strongly correlated with cancer progression, tumor recurrence, and 

decreased patient survival; 10% mutations; altered subcellular protein localization in 64% 
of tumors

Lung cancer (Teixeira et al. 2007)
• High degree of LOH (> 40%) in KLF6 locus in both small-cell and non-small-cell cancer 

cell lines [Girard et al. 2000)
• 34% LOH; decreased expression of KLF6 in most samples (85%); KLF6 overexpression 

induced apoptosis in two cell lines (NCI-H1299, NCI-H2009) (Ito et al. 2004)
• Loss of KLF6 locus in two-thirds of patient-derived cell lines (Zhu et al. 2007)
• Germline missense mutations in 3% of samples (Yin et al. 2007]
• Decreased KLF6 expression (Wikman et al. 2002)
• Decreased KLF6 (Copeb) expression by array (Kettunen et al. 2004)
• Decreased expression of KLF6 in lung cancer cell lines (Lam et al. 2006)
• Increased KLF6-SV1 expression is associated with decreased survival; siKLF6-SV1 induces 

apoptosis both alone and in combination with cisplatin (DiFeo et al. 2008a)

Table 1 (continued)

(continued)
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Germline KLF6 SNP: Increases Prostate Cancer Risk?

Given our original findings of KLF6 inactivation in sporadic prostate cancer, we 
next investigated the possibility that germline KLF6 mutations or polymorphisms 
present in the general population are associated with increased prostate cancer risk. 
Underlying these studies was the theoretical assumption that if the KLF6 gene was 
an important contributor to prostate cancer development, and possibly progression, 
it could be expected that some men with increased risk for the development of 
prostate cancer would harbor germline mutations or polymorphisms. In addition, 
a possible genetic link between the KLF6 gene and familial prostate cancer had 
already been suggested (Xu et al. 2003). In the search for novel prostate cancer 
susceptibility genes, a genome-wide scan was undertaken of members of 188 
prostate cancer families who had at least three first-degree relatives affected 
with prostate cancer. A marker on chromosome 10p15.3 (D10S249) was identified 
as one of the regions having the highest LOD score (1.39) when all men were 
analyzed regardless of age at diagnosis, number of affected family members, or 
race. When stratified by number of affected family members, this locus had the 
third highest LOD score for the entire analysis (LOD 3.0). The D10S249 marker 
lies approximately 4 Mb telomeric to the KLF6 gene.

To directly investigate the possibility that inherited polymorphisms in the 
KLF6 gene are associated with PCa, we first sought to identify and characterize 
biologically relevant SNPs (Narla et al. 2005a,b). Therefore, we directly sequenced 
genomic DNA isolated from blood samples from an “exploration set” of 142 men 
with a family history of prostate cancer. From among a number of silent, conserved, 
intronic gene changes, a relatively common intronic KLF6 gene polymorphism, 
IVS 1–27 G > A, the IVSΔA allele (rs3750861), was identified as the most fre-
quent. In total, 26 of 142 men (18.3%) possessed the IVSΔA variant (Fig. 2).

Table 1 (continued)

• GWAS (Genome Wide Association Study)-detected decreased relative risk of lung cancer 
in patients with G/A or A/A allele (rs3750861) in an Italian population; not confirmed in a 
Norwegian population (Spinola et al. 2007)

Breast
• KLF6 overexpression correlated with increased survival/tumor growth in drug-induced 

mammary adenocarcinomas in rat experimental model (Kovacheva et al. 2008)
• Increased methylation of TFPI-2 promoter KLF6-binding site in the invasive MDA-MB-435 

cell line (Guo et al. 2007)
• Intratumoral injection of siKLF6-SV1 decreases intramammary MDA-MB-435 tumor cell 

growth and systemic vascular endothelial growth factor (VEGF) expression in a mouse 
model (DiFeo et al. 2008b)

Sections detailing associations between genotype or expression patterns with disease risk or prog-
nostication are underlined.
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Using this SNP to interrogate our samples, we performed a sequential series 
of association studies by genotyping germline DNA from men from three large, 
independent centers. In total, genomic DNA from 3411 geographically diverse men 
was analyzed from the combined resources of the Johns Hopkins University, Mayo 
Clinic, and Fred Hutchinson Cancer Research Center Prostate Cancer registries. 
The samples represented men divided into three groups: 1253 men with sporadic 
prostate cancer, 882 men with familial prostate cancer from 294 unrelated families 
(3 men from each family), and 1276 controls.

Overall, the presence of this single germline SNP increased the risk of prostate 
cancer by approximately 50% in all men studied. The relative risk was 1.42 
[p = 0.01; 95% confidence interval (CI) = 1.10–1.80] in men with sporadic PCa and 
1.61 [p = 0.01; odds ratio (OR) = 1.61; 95% CI = 1.20–2.16] in men with familial 
prostate cancer. Among all men with a positive family history for prostate cancer, 
the carrier frequency was higher among men with an earlier age of diagnosis 
(< 65 years of age; p ≤ 0.03). Although the increased risk offered by this single 
germline SNP is modest, it is in line with what would be expected for a relatively 
common polymorphism influencing a complex genetic disease wherein many genes 
are believed to play a role in cancer development and progression.

Notably, the KLF6 IVSΔA allele is the first highly prevalent, low-penetrance allele 
associated with an overall lifetime increased prostate cancer risk. Nonetheless, the 
use of this single SNP as a predictive biomarker for prostate cancer risk has not been 
evaluated in the general population. One factor that must be considered is the rela-
tively broad range of heterozygosity frequencies between different populations (Table 
1). The practical consequences of these findings are also highly translatable in the 
genomic era as large-scale association studies intensify to identify and characterize 
biologically relevant variations. In this instance, as discussed below, we have shown 
that a seemingly neutral polymorphism associated with prostate cancer risk is linked 
to a novel form of tumor-suppressor gene inactivation through alternative splicing.

KLF6 Gene: index, alternative splicing to Produce 
an Oncogenic Variant, KLF6-SV1

The molecular basis by which the IVSΔA noncoding germline sequence variant 
resulted in increased risk was soon thereafter defined (Narla et al. 2005a,b). The 
KLF6 gene is alternatively spliced into three isoforms, KLF6-SV1, KLF6-SV2, and 
KLF6-SV3, in both normal and cancerous tissues. These variants arise from the use 
of native cryptic splice sites in exon 2 and, when translated, lack either parts of the 
KLF6 activation domain and/or parts or all of the DNA-binding domain (Fig. 2).

KLF6-SV1, generated by use of an alternative 5′ splice site, contains a novel 
21-amino-acid carboxy domain resulting from out-of-frame splicing of exon 3. 
The IVSΔA SNP generates a novel binding site for SRp40, a member of the SR 
protein family that is involved in selecting and regulating splice site usage. Binding 
of SRp40 results in overexpression of KLF6-SV1. Of particular significance with 
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regard to cancer, and beyond our initial description of regulation by the IVSΔA 
SNP, KLF6-SV1 expression is also significantly upregulated in a number of can-
cers, including glioblastoma, prostate, ovarian, and lung cancer (Camacho-Vanegas 
et al. 2007; DiFeo et al. 2008a; Narla et al. 2005a, 2005b; Teixeira et al. 2007), 
regardless of SNP status. Although the relative importance to all cancers is not 
yet known, one mechanism of altered splicing has been defined in hepatocellular 
carcinoma (HCC). Yea et al. demonstrated that KLF6-SV1 expression is increased 
in an oncogenic Ras/PI3-K/Akt-dependent manner, thereby increasing the relative 
KLF6-SV1/KLF6 ratio (Yea et al. 2008). The effect of this increase was shown to 
enhance cellular proliferation.

Increasing evidence from multiple experimental systems and cancer types 
demonstrates that KLF6-SV1 is biologically active and can antagonize the growth-
suppressive properties of KLF6 (DiFeo et al. 2006a; Narla et al. 2005a, 2005b). Most 
notably, KLF6-SV1 has been shown to affect tumor cell proliferation, invasion, colony 
formation, angiogenesis, and E-cadherin expression (DiFeo et al. 2006a; Narla et al. 
2005a). The expression level changes in these two antagonistic isoforms, KLF6 and 
KLF6-SV1, would therefore be predicted to play important roles in cancer through 
shared and independent pathways.

KLF6 and KLF6-SV1: Diagnostic and Prognostic 
Cancer Biomarkers

A number of independent studies across four distinct cancer types have linked 
expression levels of KLF6 and/or KLF6-SV1 with prognostic significance. 
In particular, several studies have demonstrated KLF6 dysregulation with a more 
aggressive prostate cancer phenotype. Thus, evolving from its original description 
as a “candidate” tumor suppressor in prostate cancer, KLF6 has now evolved to 
be an independently verified biomarker of cancer progression and patient outcome 
with this disease. The first of these three independent studies identified decreased 
expression of KLF6 with poor prognoses (Glinsky et al. 2004). Based on the analysis 
of a genome-wide expression array, Glinsky et al. identified KLF6 as part of a 
five-gene cluster that could accurately predict relapse-free survival following 
radical prostatectomy. Following this report, Stanbrough et al. identified decreased 
KLF6 expression as part of a gene signature associated with metastatic androgen-
independent, or hormone-refractory, prostate cancer. We recently examined the 
expression levels of KLF6-SV1 at the time of prostatectomy using quantitative 
reverse transcription-polymerase chain reaction (qRT-PCR) analysis and KLF6-
SV1-specific primers. Notably, these samples all had associated clinicopathological 
correlates, including disease-free survival. KLF6-SV1 expression was strongly 
associated with poor survival, and the median survival difference was more 
than 4 years. Patients with high levels of KLF6-SV1 expression had a median 
survival of approximately 30 months compared to 80 months for patients with low 
KLF6-SV1 expression (Fig. 3).
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As dramatic as the survival difference is suggested by these results in prostate 
cancer, it is not unique. In a study of lung cancer patients, DiFeo et al. have now 
demonstrated that KLF6-SV1 expression levels were associated with a 6.5-year dif-
ference in median survival between patients in the lowest and highest tertiles. To date, 
two other studies have also demonstrated an association between KLF6/KLF6-SV1 
levels and disease outcome. Intriguingly, mechanisms of loss in these two cancers 
were quite distinct. In head and neck squamous cell carcinoma (HNSCC), although 
mutation was infrequent, LOH of the KLF6 locus was highly correlative with 
median survival (Teixeira et al. 2007). Median survival of patients with LOH was 
less than half that of those without loss (19 vs. 41 months). Moreover, risk of death 
for patients with LOH was eight times greater independent of tumor size, nodal 
status, tobacco smoking, or treatment modality [hazard ratio (HR) = 7.89; 95% CI 
= 1.9–32.4). In contrast, although mutation and LOH were infrequent in pancreatic 
cancer, increased alternative splicing was a notable feature of these tumors (Hartel 
et al. 2008). In pancreatic cancer, patients with a high KLF6/KLF6-SV1 ratio had 
significantly longer survival (median 21 months, range 14–19 months) than patients 
with a lower ratio (median 9 months, range 6–10 months) (p = 0.005).

KLF6 and KLF6-SV1: therapeutics Targets 
in Human Cancer

Given the findings that decreased KLF6 and/or increased expression levels are 
correlated with worse prognosis and disease recurrence, and that accumulating 
evidence across many cancer types and at different stages of tumorigenesis and 

Fig. 3 Kaplan-Meier survival analysis of men with high and low levels of KLF6-SV1 expression. 
The median survival, as measured using biochemical recurrence and assessed by a reverse transcrip-
tion-polymerase chain reaction (qRT-PCR), in men whose localized prostate tumors expressed 
high levels of KLF6-SV1 was 30 months compared with 80 months in men with low KLF6-SV1-
expressing tumors (p < 0.01)
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progression have now confirmed important functional roles and cancer-relevant 
pathways for KLF6 and KLF6-SV1 (reviewed in DiFeo et al. 2009) (Fig. 4), it is 
logical to consider targeting them as potential therapeutic agents. One approach would 
be to reconstitute KLF6 function in tumors shown to have KLF6 inactivation. 
In support of this, Kimmelman et al. originally demonstrated in a glioblastoma 
model that KLF6 expression leads to significant reversion of tumorigenic phenotypes 
(Kimmelman et al. 2004). In these experiments, KLF6 was introduced through 
retrovirus-mediated gene transfer into the DBTRG-05MG glioblastoma cell line, 
with the result that anchorage-independent growth and tumorigenicity were drasti-
cally reduced. This cell line was chosen for several reasons: KLF6 expression is 
virtually absent; chromosome 10 is monosomic; wild-type p53 alleles are present; 
and it is readily infected. Similarly, forced expression of KLF6 in lung cancer cell 
lines were shown to induce apoptosis (Ito et al. 2004). Ultimately, however, the limi-
tation of this “gene therapy” approach will be achieving tumor-specific delivery.

A currently more feasible approach is to inhibit KLF6-SV1 in overexpressing 
tumors. Of particular note with regard to potential therapeutic targeting are the 
most recent studies demonstrating not only that overexpression of KLF6-SV1 is 
associated with decreased survival and metastatic spread of tumor but that siRNA-
mediated inhibition of KLF6-SV1 has dramatic effects on tumor behaviour in vitro 
(DiFeo et al. 2006a; Narla et al. 2005a, 2008) and in vivo (DiFeo et al. 2006a; Narla 
et al. 2005b, 2008) independent of a tumor cell’s p53 status. For example, in one of 
the first examples demonstrating the in vivo relevancy of KLF6-SV1 inhibition, the 
highly aggressive PC3M cell line was stably infected to express specific siRNAs 
to either luciferase, KLF6, or KLF6-SV1. These cells were then injected subcutane-
ously into nude mice, and after 8 weeks the mice were killed. Strikingly, reduction 
of KLF6 led to a more than twofold increase in tumor burden, whereas inhibition of 
KLF6-SV1 decreased tumor growth by approximately 50% (Fig. 5).

In preliminary studies, we have now extended these findings to an ovarian can-
cer dissemination model (DiFeo et al. submitted). The rationale for developing a 
preclinical ovarian cancer model is based on several unique aspects of the disease. 
First, we recently demonstrated that KLF6-SV1 is overexpressed in ovarian cancer 
(DiFeo et al. 2006b). All tumors except one (32/33, 97%), expressed KLF6-SV1; 
and, strikingly, KLF6-SV1 expression was increased, on average, nearly fivefold 
(p < 0.001) in the ovarian cancer samples relative to normal tissue. In addition, 
KLF6-SV1 upregulation was associated with poorly differentiated grade III tumors 
compared to well to moderately differentiated grade I or II tumors.

Second, ovarian cancer is one of the leading causes of death from gynecological 
malignancy, with more than 190,000 new cases each year worldwide. The high 
mortality rate is due to the fact that most patients present with advanced-stage 
disease wherein the tumor has disseminated/metastasized in the peritoneum, and 
the cornerstone of treatment is surgical debulking and platinum-based chemotherapy. 
Although initially responsive to chemotherapy, most of these women eventually 
succumb to recurrence and chemoresistance, including 50% of women who have 
no evidence of disease following primary therapy. Finally, as residual ovarian 
cancer recurrences are primarily confined within the peritoneum, from a treatment 
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perspective the disease can be considered a localized disease. In fact, intraperitoneal 
administration of chemotherapy was first proposed three decades ago, and currently 
used agents when given via the intraperitoneal route have been shown to have 
distinct pharmacokinetic advantages, including higher concentrations and longer 
half-life (Dedrick et al. 1978; Trimble et al. 2008). Most importantly, numerous 
studies have suggested that intraperitoneal dosing results in increased patient sur-
vival (Trimble et al. 2008). Thus, intraperitoneal delivery of siKLF6-SV1 presents 
a paradigm in ovarian cancer treatment. siKLF6-SV1, either as a single agent or 
combined with the gold standard platinum agent, could effectively be considered 
“localized” delivery achieved via a systemic route. The roadblocks to effective 
treatment would then be more focused on devising the correct chemical modifica-
tions to increase siRNA stability, tumor uptake, and prolonged silencing.

Therefore, to begin these studies, we generated a series of ovarian cancer (SKOV-3) 
stable cell lines using pSUPER-si-luc (si-luc), pSUPER-si-KLF6 (si-KLF6), and 
pSUPER-si-SV1 (si-SV1). In the si-KLF6-expressing cell lines, proliferation and inva-
sive capacity were markedly diminished. Conversely, inhibition of KLF6 had the 
opposite effects, increasing proliferation and invasive capacity. The most striking 
effect of KLF6-SV1 inhibition was seen on tumorigenicity. The SKOV-3 stable 
cell lines expressing si-luc, si-KLF6, or si-SV1 were subcutaneously injected into 
nude mice, monitored weekly for tumor growth, and then sacrificed at the end of 
6 weeks. Most conspicuously, all five mice transplanted with si-SV1 cells failed to 
form persistent tumors. The small tumors that initially developed regressed after 
3 weeks. In contrast, reduction of the tumor suppressor KLF6 doubled the tumor 
growth rate and mass.

To investigate the potential in vivo antitumor effects of KLF6-SV1 inhibition 
on median and overall survival, we used a model of disseminated ovarian cancer 
to explore the effects of systemically delivered siRNA against KLF6-SV1. SKOV3 
cells stably expressing luciferase (SKOV3-Luc) were implanted into the peritoneal 
cavity of nude mice and imaged after 48 hours to confirm the establishment of 
disseminated tumors (Fig. 6). We then administered by peritoneal injection three 
escalated doses of a chemically modified siRNA, specially formulated to resist deg-
radation (Accell), targeting either a control sequence (siNTC) or KLF6-SV1 (siSV1) 
every third day for a total of six doses (DiFeo et al. 2009). Inhibition of KLF6-SV1 
approximately tripled the median survival and more than doubled overall survival 
(p = 0.0002) in a dose-dependent manner. Thus, for the first time, KLF6-SV1 was 
shown to represent a therapeutically targetable control point in cancer.

Conclusions and Future Directions

As was originally predicted less than a decade ago (Bieker 2001; Black et al. 
2001), at least one member of the KLF family has now been clearly implicated 
in the initiation, progression, and diagnosis of human cancer. Preclinical studies 
using siRNA, targeting KLF6-SV1, suggest that inhibition of this oncogenic KLF 
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Fig. 6 Inhibition of KLF6-SV1 increases median survival in an ovarian cancer model. The total biolu-
minescent tumor signature of SKOV-3-luciferase-positive cells injected into the peritoneum is captured 
using whole-body luminescence imaging (Xenogen IVIS-200 system). Kaplan-Meier survival analyses 
were performed on mice treated with increasing doses of either siNTC or siKLF6-SV1
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isoform may provide a powerful therapeutic target in ovarian cancer. Indeed, the 
horizon for the use of siRNA/RNAi seems to beckon with an unlimited potential 
for many human diseases (Gewirtz et al. 2007). Already a number of recent studies 
have begun to highlight the potential efficacy and specificity of siRNA/RNAi-based 
therapies and have moved well beyond its earliest demonstrations of gene silenc-
ing in mammalian cell culture (Elbashir et al. 2001). Beyond their use in animal 
models, several siRNA therapeutics have advanced to clinical trials for treating 
diseases such as age-related macular degeneration (AMD), respiratory syncytial 
virus (RSV), hepatitis B virus, and acute renal failure (reviewed in Whitehead et al. 
2009). Although there are not many clinical trials using siRNA to treat cancer, the 
prospects for treatment of human cancers using siRNA has also been long recog-
nized (Pai et al. 2006) but again hampered by the issue of delivery. Theoretically, 
targeting disorders wherein the siRNA can be delivered directly into the diseased 
tissue, as in our model of ovarian cancer, represent the most attractive option. The 
direct siRNA, delivery route ensures a high concentration of the siRNA and would 
be predicted to have the least likelihood for unanticipated effects systemically.

For other cancers wherein KLF6-SV1 overexpression has been linked to poor 
prognosis and disease recurrence, most notably lung (DiFeo et al. 2008a) and pros-
tate (Narla et al. 2008) cancers, other delivery routes would need to be devised. For 
lung cancer, a particularly intriguing route could be via aerosol or intranasal deliv-
ery. For prostate cancer and many other solid cancers, new methods are needed for 
tissue-specific delivery. Although delivery remains a major hurdle in use of RNAi 
therapeutics clinically, ongoing studies focusing on siRNA-based formulations 
such as synthetic nanoparticles composed of polymers, lipids, lipidoids, or conju-
gates (Whitehead et al. 2009) may offer significant promise for the advancement 
of siRNA therapeutics.

Beyond an siRNA-mediated approach to inhibit KLF6-SV1 directly, a number 
of other strategies exist. For example, altering the splicing ratio of the gene to favor 
KLF6 expression and decrease KLF6-SV1 can be predicted to decrease tumor growth. 
A proof-of-concept clinical trial for Duchenne’s muscular dystrophy uses this “exon-
skipping” approach (van Deutekom et al. 2007). In that study, four children were treated 
with an intramuscular injection of a small antisense oligonucleotide favoring exon skip-
ping over the disease-causing mutated exon. All patients had evidence of at least par-
tial restoration of dystrophin expression in the treated muscles. Based on this model, the 
cryptic splice site within exon 2 of the KLF6 gene could be targeted as a “mutation.”

Finally, a completely different approach to “inhibit” KLF6-SV1 function would 
be through the use of small molecules that lead to its degradation. Therefore, a 
number of mechanisms by which KLF6-SV1 RNA could be silenced, its expres-
sion decreased, or its protein activity subverted are available in the research 
laboratory. Based on an ever-expanding appreciation of the relevancy of KLF6 
and KLF6-SV1 to human cancer, the immediate translation of these strategies 
first to animal models and then to the clinical arena is of high priority. We believe 
that, ultimately, developing the methods to therapeutically regulate KLF6 and 
KLF6-SV1 will play an important role in treating a number of localized and 
metastatic cancers.
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Abstract Recent advances in our understanding of the disease biology of KLFs 
have spurred considerable interest in their potential to serve as therapeutic targets. 
Results obtained with small molecules and nucleic acids (e.g., siRNA) targeting 
KLFs in vitro and in vivo strongly support the feasibility of therapeutic modula-
tion of KLFs for the treatment of cancer as well as cardiovascular and metabolic 
diseases. Nonetheless, a better understanding of the precise mode of action of KLF 
in its transcription network, particularly its interaction with other transcription 
factors and cofactors and its posttranslational modification, would further facili-
tate development of KLF therapeutics. Moreover, development of improved drug 
delivery systems would increase the number of diseases that could be targeted by 
siRNA against KLFs. KLFs have also been used to induce pluripotency in induced 
pluripotent stem (iPS) cells, suggesting that pharmacological modulation of KLFs 
may be a useful approach to tailoring iPS cells and their derivatives.

Introduction

A growing body of research is now focused on clarifying the important roles played 
by Krüppel-like factors (KLFs) in various diseases, including cardiovascular and 
metabolic diseases and cancer. Moreover, the rapid expansion of our understanding 
of the disease biology of KLFs has spurred a strong interest in translating the basic 
science of KLFs into a clinically useful application. In this review, we first present 
an overview of the general strategies aimed at exploiting KLFs as therapeutic targets, 
focusing mainly on the use of small molecules and RNAi. We then take KLF5 as 
an example and discuss the development of novel therapeutics.

Chapter 18
Drug Development and Krüppel-like Factors

Ichiro Manabe and Ryozo Nagai

I. Manabe (�) and R. Nagai
Department of Cardiovascular Medicine, The University of Tokyo Graduate 
School of Medicine, 7-3-1 Hongo, Bunkyo, Tokyo 113-8655, Japan

R. Nagai et al. (eds.), The Biology of Krüppel-like Factors, 245
DOI 10.1007/978-4-431-87775-2_18, © Springer 2009



246 I. Manabe and R. Nagai

Development of Small Molecules Targeting KLFs

In response to environmental cues, multiple intracellular signals often converge 
on the transcriptional machinery to determine a cell’s fate. Moreover, because 
a single transcription factor may control a whole group of functionally related 
genes, transcription factors have long been attractive targets for drug development. 
Unfortunately, transcription factors are not particularly “druggable” molecules. 
Indeed, with the exception of nuclear receptor ligands, no transcription factor is 
presently the primary binding target of any approved drug (Imming et al. 2006; 
Landry and Gies 2008). However, as our understanding of the molecular networks 
by which transcription factors control gene expression has increased, so has the 
number of pathways via which we may target transcription factors using small 
molecules. In addition, recent progress in nucleic acid therapeutics and gene delivery 
is enabling direct targeting of transcription factors without the use of small 
molecules. Such technologies, including siRNA, represent another approach by 
which to establish KLFs as clinical targets.

To date, there have been no reports identifying small molecules that directly bind 
KLFs to modulate their function, although progress in high-throughput screening 
technology may yet enable identification of small molecules do so (Emery et 
al. 2001). On the other hand, it is now well established that transcription factors, 
including KLFs, carry out their regulatory functions through close interplay with 
other molecules, including other transcription factors and various co-regulators 
(Rosenfeld et al. 2006). Such interplay enables transcription factors to respond 
dynamically to environmental and cellular cues, and the intricacy of these inter-
actions broadens the array of potential target molecules useful for modulating 
transcription factor activity. Transcription factors are also controlled through post-
translational modification mediated via intracellular signaling pathways that also 
can be targeted. This means that in addition to using small molecules to target KLF 
molecules themselves directly, the co-regulators and other transcription factors 
that interact with them, as well as the signaling cascades that affect their activities, 
including phosphorylation and proteolytic cascades, are all potential therapeutic 
targets.

There is considerable evidence that drugs, including clinically approved drugs, affect 
expression of KLF family members. For instance, statins [3-hydroxy-3methylglutaryl 
coenzyme A (HMG-CoA reductase) inhibitors] increase KLF2 expression in vascular 
endothelial cells via mouse embryo fibroblast-2 (MEF2)-dependent activation of the 
KLF2 promoter (Parmar et al. 2005; Sen-Banerjee et al. 2005). Statins exert strong 
lipid-lowering effects, which is beneficial for the cardiovascular system, but there is 
also evidence that statins have beneficial effects on vascular endothelial cells that are 
independent of their effects on lipid levels. Indeed, recent studies have clearly dem-
onstrated that KLF2 is essential for maintenance of healthy vascular endothelial cells 
(Atkins and Jain 2007). Thus, the beneficial effects of statins may reflect, at least in part, 
the upregulation KLF2 expression. In addition, synthetic PPARγ agonists derived from 
glycyrrhetinic acid and betulinic acid reportedly induce KLF4 expression (Chintharla-
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palli et al. 2007a, 2007b). Similarly, the natural PPARγ ligand 15d-PGJ
2
 also upregu-

lates KLF4 expression, although not via PPARγ; instead, 15d-PGJ
2
 appears to act 

via the mitogen-activated protein kinase (MAPK) pathway (Chen and Tseng 2005). 
Thiazolidinediones, a class of antidiabetic PPARγ ligands, exhibit anticancer effects 
in vitro and in several animal models (Voutsadakis 2007), although it is not yet clear 
whether the drugs are clinically beneficial or deleterious in cancer (Koro et al. 2007). 
Given that KLF4 functions as a suppressor of several cancers (Ghaleb and Yang 
2008), the anticancer activity of thiazolidinediones might reflect upregulation of KLF4 
expression. Finally, selenium has been shown to suppress KLF4 expression in prostate 
cancer cells (Liu et al. 2008), suggesting that other anticancer drugs might also target 
KLF members.

A substantial number of transcription factors and cofactors that interact with 
KLFs have already been identified. For instance, histone deacetylases (HDACs) 
have been shown to interact with KLF1 (Chen and Bieker 2001), KLF4 (Yoshida 
et al. 2008), KLF5 (Matsumura et al. 2005), KLF6 (Li et al. 2005), and KLF13 
(Kaczynski et al. 2001). Notably, several small-molecule HDAC inhibitors are 
presently in development, and some are already undergoing clinical trials as 
anticancer drugs (Dokmanovic et al. 2007), although the molecular basis for the 
antitumor effects of these HDAC inhibitors is still not well understood. If it is 
determined that some act by modulating KLF function, it may be possible to use 
those molecules as the basis for developing HDAC inhibitors that selectively affect 
the interactions between HDACs and KLFs.

The interactions between KLFs and nuclear receptors are also important from 
a therapeutic viewpoint, and several small-molecule drugs are currently in use 
or in development. As we will see with KLF5, some of these drugs may exert 
their biological effects through modulating KLF function. Another KLF known to 
interact with a nuclear receptor is KLF13, which interacts with the progesterone 
receptor (Zhang et al. 2003).

Strategies Using Nucleic Acids

The strategies developed so far to utilize genes and nucleotides as therapeutic agents 
involve the use of viral and nonviral gene delivery systems, ribozymes, antisense 
oligonucleotides, and small interfering RNA (siRNA). Because of its efficacy and 
specificity, RNA interference (RNAi)-mediated gene silencing using siRNA and 
short hairpin RNA (shRNA) is a particularly promising approach to suppressing 
expression of selected genes, including genes whose products are not considered 
to be practical drug targets (e.g., transcription factors). For instance, Martignetti’s 
group reported that PC3M prostate cancer cells stably expressing an siRNA specific 
for a splice variant of KLF6 (KLF6 SV1) formed smaller tumor masses in mice 
than control cells (Narla et al. 2005), suggesting that it may be feasible to use 
siRNA as an anti-prostate cancer agent targeting KLF6 SV1.
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There is certainly a strong potential for the rapid development of gene-oriented 
therapies targeting KLFs using siRNA. Achieving effective gene knockdown in 
vivo requires highly efficient delivery of siRNA to target tissues; and several 
methods for local siRNA delivery to the eye, liver, lung, brain, and tumors have 
been described. Systemic administration of siRNA also has been reported, although 
successful systemic administration has been largely limited to reticuloendothelial 
system organs, such as the liver and blood cells. Development of delivery systems 
that enable systemic administration of siRNA to a wider range of organs will 
greatly enhance the therapeutic potential of siRNA (Akhtar and Benter 2007).

KLF5 as a Therapeutic Target

We identified KLF5 as a positive regulator of SMemb, a marker gene for activated 
smooth muscle cells in vascular disease (Watanabe et al. 1999). As expected, KLF5 
is involved in phenotypic modulation of vascular smooth muscle cells (SMCs); and 
haplo-insufficiency of Klf5 reduces neointima formation in vascular injury models 
(Fujiu et al. 2005; Shindo et al. 2002). Klf5+/− mice also exhibit greatly reduced 
cardiac hypertrophy and fibrosis (Shindo et al. 2002), indicating that KLF5 is a 
key regulator of cardiovascular tissue remodeling in response to injurious stress. 
However, KLF5’s activities are not restricted to the cardiovascular system. For 
instance, KLF5 plays a crucial role in various cancers, including gastrointestinal, 
bladder, and breast cancer (McConnell et al. 2007); and by contributing to the 
regulation of adipogenesis and energy metabolism, KLF5 also plays a role in meta-
bolic disease (Oishi et al. 2005, 2008). Thus, KLF5 is an attractive target for the 
development of novel therapies for the treatment of cardiovascular and metabolic 
diseases and cancer. Furthermore, levels of KLF5 expression reportedly correlate 
with prognosis in some cancers (Tong et al. 2006), suggesting that they may be a 
useful marker for diagnosis.

We sought low-molecular-weight compounds with which to modulate KLF5 
function and found a synthetic retinoid, Am80. Am80 (tamibarotene) is a specific 
agonist of retinoic acid receptors (RARs) α and β and is approved in Japan for 
the treatment of acute promyelocytic leukemia (Ohnishi 2007). Am80 selectively 
inhibits both the proliferation and migration of cultured SMCs without affecting 
endothelial cells. In vivo, Am80 acts at least in part by suppressing KLF5, which 
inhibits neointima formation in both a mouse femoral artery injury model and 
a rabbit femoral artery stenting model (Fig. 1) (Fujiu et al. 2005; Shindo et al. 
2002). Given the selectivity of Am80’s effects on SMCs and its high stability, 
Am80 seems to be attractive for delivering drugs from drug-eluting coronary 
stents.

Although Am80 clearly inhibits KLF5-dependent trans activation in SMCs, it 
does not directly bind the KLF5 molecule. Instead, Am80 binds to RARα, thereby 
disrupting the active transcriptional complex containing KLF5 and RARα. KLF5 
forms a transcriptionally active complex with unliganded RARα and retinoid 
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X receptor (RXR) α on the promoter of PDGF-A. Because the promoter does not 
contain a canonical retinoic acid response element, it is likely that RARα/RXRα 
associate with the promoter via their interaction with KLF5, which directly inter-
acts with unliganded RARα. Am80 inhibits that interaction, thereby disrupting the 
trans-activating complex on the PDGF-A promoter and inhibiting KLF5-dependent 
trans-activation (Fig. 2).

KLF5 also interacts with other nuclear receptors. For instance, it interacts with 
PPARδ and is essential for PPARδ-agonist-dependent transcriptional regulation in 
skeletal muscle (Oishi et al. 2008). Under basal condition, KLF5 is SUMOylated 
and inhibits genes involved in energy expenditure and lipid catabolism by form-
ing trans-repressive complexes with unliganded PPARδ and co-repressors. Upon 
agonist stimulation of PPARδ, KLF5 is deSUMOylated and forms trans-activating 
complexes with the liganded PPARδ and various co-activators (Fig. 3). There has 
been an extensive effort to develop synthetic ligands for nuclear receptors, which 
has already produced a wealth of potentially useful molecules. Although it may 
be difficult to develop low-molecular-weight drugs that directly bind to KLFs, the 

Fig. 1 Effects of Am80 on in-stent neointima formation. Metal coronary stents were placed in the 
iliac arteries of rabbits that were given Am80 at a dose of 1 mg/kg/day. Shown are low-power and 
high-power photomicrographs of representative sections from stent-implanted arteries from the pla-
cebo and Am80-treated groups harvested 28 days after stent placement. (From Fujiu et al. 2005.)
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fact that KLFs interact with nuclear receptors may facilitate development of drugs 
that modulate their functionality. It is known, for example, that nuclear receptor 
ligands differentially affect the interactions between nuclear receptors and their 
co-regulators (Kremoser et al. 2007). It therefore may be possible to develop 
nuclear receptor ligands that selectively affect the interactions with KLF members. 
Because nuclear receptors play divergent roles in multiple tissues, such target-
specific ligands would improve efficacy and reduce the side effects of currently 
available nuclear receptor ligands.

Conclusion

Recent studies have established the feasibility of using KLFs as therapeutic targets 
in the treatment of various diseases. Rapidly expanding knowledge of the complex 
interplay between KLFs and other factors to control transcription, and how they 
are regulated posttranslationally in response to environmental and cellular cues, 
is enabling the identification of target points with the potential for modulation by 

Fig. 2 Am80 disrupts the KLF5-RAR-RXR complex and inhibits KLF5-dependent transcription. 
KLF5 forms a transactivating complex with unliganded RAR and RXR on the PDGF-A promoter. 
When RAR is liganded with Am80, the transactivating complex is disrupted, and KLF5 is 
removed from the PDGF-A promoter, resulting in inhibition of transcription

Fig. 3 SUMOylation-dependent regulation of KLF5-PPARδ transcriptional complexes. In skel-
etal muscle under basal conditions, SUMOylated KLF5 and unliganded PPARδ interact with the 
co-repressor NCoR/SMRT to form transcriptionally repressive complexes. GW501516, a PPARδ 
agonist, initiates rapid local deSUMOylation that is followed by an exchange of co-regulators, 
chromatin remodeling, and activation of transcription. In transcriptionally active complexes, 
deSUMOylated KLF5 interacts with CBP and liganded PPARδ. (From Oishi et al. 2008)
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small molecules. siRNA, when combined with efficient drug delivery systems for 
target tissues, could dramatically shorten the period required for developing KLF 
therapeutics (Yagi et al. 2009). Although we did not discuss it in this chapter, the 
generation of induced pluripotent stem cells (iPS) through overexpression of four 
transcription factors, including KLF4, highlights the importance of KLFs in stem 
cell therapy (Takahashi and Yamanaka 2006). Other KLF members have also been 
shown to be involved in the regulation of stemness, self-renewal, and early differ-
entiation of stem cells (Parisi et al. 2008); and it may be that small molecules that 
modulate KLF functions will be useful for inducing stemness. KLF genes and small 
molecules that modulate KLF function may also be used to tailor the differentiation 
and function of iPS and iPS-derived cells to increase their therapeutic potential.
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ES cell self-renewal, 127
E-selectin, 179
Esophageal cancer, 211
Esophagus, 108
Extracellular matrix (ECM), 144
Extraembryonic tissues, 72
EZF. See Klf4

F
Familial adenomatous polyposis, 207
Fas, 98
Fetal liver, 70
Fgf5, 133
FHL3, 40
Fibrosis, 159
FKLF2. See Klf9
Foxc1, 124
FOXO1, 96, 97
FOXO3a, 97
Foxp3, 102

G
Gastric cancer, 211, 228
Gastrointestinal tract, 107
GATA, 123
GATA1, 86
GATA2, 86
GATA4, 164, 165
GC box, 3, 24, 35, 142
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Gene interaction, 123
Geranylgeranyl pyrophosphate, 177
GKLF, 122. See also Klf4
β-Globin, 37, 53, 121
Gluconeogenesis, 152
GLUT4, 10, 154
G1 progression, 132
Granulocytes, 75
G

1
/S progression, 207

GT-box, 3

H
HDAC1, 193
HDAC4, 177
HDAC5, 177
Head and neck squamous cell carcinoma, 233
Heart disease, 159
Heart failure, 187
Hemangioblast, 125
Hematopoiesis, 70, 83
Hematopoietic stem cells, 88
Hemodynamic forces, 175–176
Hepatic fibrosis, 144
Hepatocellular carcinoma (HCC), 146, 232
High endothelial venules, 100
Histone acetyltransferases (HAT), 34
Histone code, 34
Histone deacetylases (HDACs), 34, 40, 41, 247
Histone methylation, 57
Histone/protein acetyltransferase domains 

(HAT/PAT), 37
Hox, 123
HP1α, 44
HRAS, 209
Human immunodeficiency virus-I long 

terminal repeat (HIV-I LTR), 142
Hypermethylation, 207

I
ILKF. See Klf5
Immunity, 95
Implantation, 132
Induced pluripotent stem (iPS) cells, 71, 131
Inflammation, 8, 179, 180
Inner cell mass (ICM), 132
In-stent neointima formation, 249
β7 Integrin, 100
Integrin-linked kinase (ILK), 113
Interleukin-1β (IL-1β), 177
Interleukin-7, 96
Intestinal epithelial cells, 6

Intestinal epithelium, 71
Intestine, 109

K
Keratin 4, 113
Keratinocyte, 112
Keratins, 142
KKLF. See Klf15
Klf1, 4, 35, 37, 53, 70, 83, 135

expression, 88
promoter, 84
Klf1-/- mouse, 70, 87
Klf1-/- Klf2-/- mouse, 125

Klf2, 5, 7–9, 55, 70, 96, 99, 122, 152, 173, 
186, 246

Klf2-/- mouse, 70, 98, 100, 175, 187
Klf2+/- mouse, 180, 189
Klf2+/-/ApoE-/- mice, 8
Klf1-/-Klf2-/- mouse, 125
Klf2-/-Klf4-/- mouse, 126
Smooth muscle-selective Klf2 KO 

mouse, 188
Klf3, 40, 56, 71, 152

Klf3-/- mouse, 71
Klf4, 6, 37, 55, 71, 96, 98, 110, 122, 132, 135, 

153, 180, 194, 206, 212, 246
expression, 111
gene conditional targeting, 9
Klf4-/- chimeras, 8
Klf4-/- mouse, 71, 99, 111, 194
Klf4+/- mouse, 7
Klf2-/-Klf4-/- mouse, 126
Tamoxifen conditional Klf4 KO mouse, 196

Klf5, 5, 6, 38, 55, 72, 112, 132, 154, 160, 190, 
208, 248

Klf5-/- mouse, 72, 113, 132
Klf5+/- mouse, 6, 8–10, 72, 160, 190, 248

Klf6, 5, 6, 9, 55, 72, 153, 181, 210, 223
splice variants, 7
Klf6-SV1, 143, 223, 231
Klf6-SV2, 143
Klf6-SV3, 143
Klf6-/- mouse, 113, 144

Klf7, 73
Klf7-/- mouse, 73

Klf8, 7, 10, 40, 56, 73
Klf9, 10, 73, 98, 114

Klf9-/- mouse, 74, 114
Klf10, 7, 10, 34, 41, 74, 102, 166

Klf10-/- mouse, 74, 102, 166
Klf11, 7, 34, 36, 38, 41, 44, 58, 75, 181, 213

Klf11-/- mouse, 75
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Klf12, 40, 75
Klf13, 6, 37, 75, 101, 165, 247

Klf13-/- mouse, 75, 102, 114, 166
Klf14, 42, 76
Klf15, 5, 76, 151

expression, 162
Klf15-/- mouse, 9, 10, 76, 164

Klf16, 76, 114
Klf17, 77
Krüppel, 4, 159

L
Lactoferrin, 210
Laminar shear stress, 186
Laminin-5, 212
Laminin α−1, 210
LE135, 11, 192
Leukemia inhibitory factor (LIF), 132
Lipid oxidation, 10
Liver, 113
Liver cancer, 226
Liver development, 143
Liver fibrosis, 9
LKLF, 122. See also Klf2
Loss-of-function mutations, 224
Loss of heterozygosity (LOH), 146, 207, 224
Lung, 70
Lung cancer, 228
Lymph nodes, 100
Lymphocytes, 8, 75, 95–103
Lymphoid cell, 114
Lysophosphatidic acid (LPA), 209

M
Macrophages, 122, 180
Mad1, 43, 58
Mammalian Sin3 (mSin3), 41
Mammalian target of rapamycin (mTOR), 97
Matrix metallopeptidase-9 (MMP-9), 142
Maturity-onset diabetes of the young 

(MODY), 44
MEF2, 96, 164, 176
Mef2C-/- mouse, 176
Megakaryocyte, 88
Megakaryopoiesis, 88
MEK5, 176
Memory B cells, 97
Mesenchymal cells, 126
Metabolic syndrome, 145
mGIF. See Klf10
Monocytes, 5, 8, 75, 122

Mucin 1 (MUC1), 212
Myocardin, 195

N
Naïve B cells, 97
Naïve lymphocytes, 95
Naïve T cell, 96
Nanog, 133
Nanoparticles, 239
Nasopharyngeal carcinoma, 228
Nervous systems, 73
NF-κB, 8, 197, 210
NIK-333, 11
Nonalcoholic fatty liver disease 

(NAFLD), 145
Nuclear localization signal, 35
Nuclear receptors, 247

O
Olfactory sensory neuron, 6
Olfactory system, 73
Oncogenesis, 6
Osteoblasts, 74
Osteopenia, 74
Ovarian cancer, 227, 235

P
p21, 197, 225
p27(Kip1), 5
p53, 111, 207
p300, 37, 53
Paired amphipathic α-helix (PAH) 

domain, 41, 57
Pancreatic cancer, 213, 228
P/CAF, 33, 53, 165
p300/CBP, 210
PDGF, 5
Peroxisome proliferator-activated receptor δ 

(PPARδ), 249
Peroxisome proliferator-activated receptor γ 

(PPARγ), 60, 152
Phenotypic modulation, 9, 186
Phosphorylation, 89, 210
Phylogenetic analysis, 52
PIAS1, 89
PI3K, 178
Pituitary, 228
p27KIP2, 111
Placental glycoprotein, 142
Plasminogen activator inhibitor 1, 179
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Platelet-derived growth factor (PDGF)-A, 
192, 210

Platelet derived growth factor (PDGF)-B, 
186, 194

Pluripotency, 131
Point mutations, 207
Polycomb, 40, 44
Polycomb-group response element (PRE), 44
Poly(ADP-ribose) polymerase-1 (PARP-1), 6
Posttranslational modifications, 89
PPARs, 168
Preadipocyte, 152
Preadipocyte factor-1 (Pref-1), 153
Primitive erythropoiesis, 122
Primitive gut, 107
Proinflammatory, 8
Proliferation, 112, 113
Prolyl 4-hydroxylase, 156
Prostate cancer, 7, 224, 226, 233
Protein inhibitor of activated STAT1 

(PIAS1), 210
Protein–protein interactions, 89
PU.1/Spi-B, 124
p21/WAF1, 7
p21WAF1/CIP1, 98, 111, 207, 210, 212

R
RAG2-/- mouse, 98
Ras, 232
Remodeling, 159
Respiratory epithelial cells, 6
Restenosis, 186
Retinoic acid receptor, 210
Retinoic acid receptor-α (RARα), 162
RFLAT-1, 114. See also Klf13
Rho, 177
RNA interference (RNAi), 247

S
Self-renewal, 4, 132
Sertoli cell, 6
Serum response factor (SRF), 195
Shear stress, 175
SID. See Sin3-interacting domain
Sin3A, 39, 55, 57
Sin3A-binding region, 23–24
Sin3A-HDAC, 34
Sin3-binding motif, 28
Single nucleotide polymorphism (SNP), 

145, 229
Sin3-interacting domain (SID), 42, 58

siRNA, 235
Skin, 71, 122
Skin cancer, 213
Slc16a9, 156
SM22α, 185
Smad, 85, 166
Smad3, 165
Smad5, 86
Small interfering RNA (siRNA), 247
Small molecule drug, 239, 246
Smooth muscle α-actin, 185
Smooth muscle cells, 5, 122, 175, 179, 185, 248
Smooth muscle myosin heavy chain, 185
SNP. See Single nucleotide polymorphism
Sp1, 4, 34
Sphingosine-1-phosphate receptor S1P

1
, 

100, 101
Spleen, 114
Statins, 168, 176, 246
Steatohepatitis, 145
Stellate cell, 144
Stomach, 108
SUMOylation, 10, 56, 59, 89, 210, 249
SWI/SNF, 37

T
Tc11, 133
T-cell receptor (TCR), 96
T cells, 8, 96, 122
T-cell trafficking, 100
Tendons, 74
TGF-β control element (TCE), 195
TGF-β1, types I and II receptors, 142
TGF-β-inducible early gene 1 (TIEG1). See 

Klf10
β-Thalassemia, 87
Therapeutics, 233
Thrombomodulin, 179, 180
Thrombosis, 179
Th17 T cells, 103
Thymocyte(s), 5, 76, 96, 102
Thymus, 75
Thyroxine, 10
TIE-2, 178
TIEG2. See Klf11
Tissue remodeling, 9
T-lymphocyte, 71
Transcriptional regulatory domain, 35
Transforming growth factor-β (TGF-β), 7, 

102, 142, 164
Translational regulation, 101
Treatment, 223
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Treg, 102
Triiodothyronine, 10
Trophectoderm, 135
Trophoblast stem (TS) cells, 135
Tumorigenicity, 6
Tumor-initiating stem cell, 225
Tumor necrosis factor-α (TNF-α), 177
Tumor suppressor, 7, 112, 113, 146, 207, 210, 224

U
Ubc9, 60
Ubiquitin, 97
Ubiquitination (Ubiquitylation), 59, 

89, 210
UKLF. See Klf7

V
Vascular cell adhesion molecule

(VCAM)-1, 179
Vascular development, 174–175
Vascular endothelial cells, 73
Vascular inflammation, 189

Vascular injury, 194
Vascular remodeling, 179
Vascular tone, 175
VEGF recepter 2 (VEGFR2), 179

W
Wnt, 209
WW domain-containing protein 1 (WWP1) 

E3-ubiquitin ligase, 97

X
Xenopus, 76

Y
Yolk sac, 70
Z
Zebrafish, 174, 176
ZF9, CPBP. See Klf6
Zfp393. See Klf17
Zif268, 26
ZNF741. See Klf8
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