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Preface

The Kriippel-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 Kriippel-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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Part 1
Overview



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

Ryozo Nagai, Ichiro Manabe, and Toru Suzuki

Abstract Kriippel-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 Kriippel-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 KLLF-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)
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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 Spl, it was widely held that basal
transcription levels of “housekeeping genes” are maintained by Spl, 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 Kriippel 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 (KLF57) 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).
KLFS5 is reported to play a role in maintenance of pluripotency of ES cells by
promoting phosphorylation of Aktl, and early embryonic lethality of KLF5~7~ 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 -globin gene or genes essential for integrity of the erythrocyte
membrane, cytoskeleton, and heme synthesis (Hodge et al. 2006; Perkins et al.
1995). KLF?2 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 PPARY, and KLF3 represses C/EBPo
together with co-repressor CtBP. KLF5 and KLF15 promote adipogenesis through
transactivating the PPARY 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/EBP. 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. KLFS5, 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 B-catenin, thus inhibiting its signaling (Dang et al. 2001). KLF4 also
activates genes encoding negative regulators of the cell cycle, such as p27(Kipl),
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



6 R. Nagai et al.

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).
KLFS5 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 KLFS5 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, 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 KLLF4 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 APC™™* mice,
which develop adenomas in the intestine, they developed more intestinal adenomas
than the APC™"* 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, 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 KLLF6 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 WEEI. In ovarian cancer, KLF2 has been demonstrated to repress
WEEL, 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-B-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 Catalasel
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-B-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 KLLF2 inhibits
lipopolysaccharide (LPS)-mediated induction of proinflammatory cytokines and
reduces phagocytosis, which are mediated by inhibiting the transcriptional activ-
ity of NF-kB (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*Grl~) monocytes (Alder et al. 2008).
In macrophages, KLF4 expression was induced by proinflammatory cytokines such as
interferon-y (IFN-y), LPS, and tumor necrosis factor-o. (TNF-o.), and overexpression
of KLF4 activated macrophage as shown by iNOS induction (Feinberg et al. 2005).

KLFS5 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-kB
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 KLF137 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. KLFS5 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-B, 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 RARa-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 a-actin, smooth muscle myosin heavy chain,
and SM22a (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
KLF157 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-B. 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--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 KLFS5 is associated with co-
repressors containing PPARS; it represses CPT1b, UCP2, and UCP3 in skeletal muscles,
thereby suppressing lipid metabolism (Oishi et al. 2008).

KLF157- 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,) is a biologically active thyroid hormone that
regulates the basal metabolic rate in vertebrates. T, is generated from prohormone
thyroxine (T,) by deiodination enzymes Diol and Dio2. Diol is known to catalyze
both activation and inactivation of T,. Expression of the Diol gene is strongly
upregulated by KLF9, which is more enhanced in the presence of HNF4o and
GATA4 (Ohguchi et al. 2008).

Transcriptional Regulatory Mechanisms of KLFs
and Pharmacological Control

KLFs and Spl 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 RARa-RXR
and activates the PDGF-A gene. KLF5 associates with the p5S0 subunit of NF-xB
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). RARo-RXR-induced activation
of KLFS5 is repressed by the RARo agonist Am80 but further activates RARo
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/EBPa and C/EBPJ and
upregulates PPARY,, which is essential for adipocyte differentiation (Oishi et al.
2005). In skeletal muscles, a complex of KLF5 and PPARS represses the UCP2
gene. C/EBPo activates UCP2 promoter in both adipocytes and skeletal muscle
cells. C/EBPa-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/EBPJ, unliganded PPARS and corepressors, NCoR and SMRT,
resulting in repression of the UCP2, UCP3, and CPT1b gene expression under basal
conditions. The presence of a PPARS 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 TNFa-induced
apoptosis (Miyamoto et al. 2003). Histone deacetylasel (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-1, 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/Wafl 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 B-globin locus site in vivo that had been
shown to bind both EKLF and Spl 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 KLFS8, 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. KLLFs 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, Spl has been subjected to structural analysis of its cofactor complex



1 Kiriippel-like Factors: Ingenious Three Fingers Directing Biology 13

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.

References

Aizawa K, Suzuki T, Kada N et al (2004) Regulation of platelet-derived growth factor-A chain
by Kruppel-like factor 5: new pathway of cooperative activation with nuclear factor-kappaB.
J Biol Chem 279:70-76.

Alder J K, Georgantas R W, 3rd, Hildreth R L et al (2008) Kruppel-like factor 4 is essential for
inflammatory monocyte differentiation in vivo. J Immunol 180:5645-5652.

Ali F, Hamdulay S S, Kinderlerer A R et al (2007) Statin-mediated cytoprotection of human
vascular endothelial cells: a role for Kruppel-like factor 2-dependent induction of heme
oxygenase-1. J Thromb Haemost 5:2537-2546.

Atkins G B, Wang Y, Mahabeleshwar G H et al (2008) Hemizygous deficiency of Kruppel-like
factor 2 augments experimental atherosclerosis. Circ Res 103:690-693.

Basu P, Morris P E, Haar J L et al (2005) KLF2 is essential for primitive erythropoiesis and regulates
the human and murine embryonic beta-like globin genes in vivo. Blood 106:2566-2571.

Bateman N W, Tan D, Pestell R G et al (2004) Intestinal tumor progression is associated with
altered function of KLF5. J Biol Chem 279:12093-12101.

Benzeno S, Narla G, Allina J et al (2004) Cyclin-dependent kinase inhibition by the KLF6 tumor
suppressor protein through interaction with cyclin D1. Cancer Res 64:3885-3891.

Birsoy K, Chen Z, and Friedman J (2008) Transcriptional regulation of adipogenesis by KLF4.
Cell Metab 7:339-347.

Carlson C M, Endrizzi B T, Wu J et al (2006) Kruppel-like factor 2 regulates thymocyte and T-cell
migration. Nature 442:299-302.

Chanchevalap S, Nandan M O, McConnell B B et al (2006) Kruppel-like factor 5 is an important
mediator for lipopolysaccharide-induced proinflammatory response in intestinal epithelial
cells. Nucleic Acids Res 34:1216-1223.



14 R. Nagai et al.

Dang D T, Mahatan C S, Dang L H et al (2001) Expression of the gut-enriched Kruppel-like factor
(Kruppel-like factor 4) gene in the human colon cancer cell line RKO is dependent on CDX2.
Oncogene 20:4884-4890.

Das H, Kumar A, Lin Z et al (2006) Kruppel-like factor 2 (KLF2) regulates proinflammatory
activation of monocytes. Proc Natl Acad Sci U S A 103:6653-6658.

Du J X, Bialkowska A B, McConnell B B et al (2008) SUMOylation Regulates Nuclear
Localization of Kruppel-like Factor 5. J Biol Chem 283:31991-32002.

Eaton S A, Funnell A P, Sue N et al (2008) A network of Kruppel-like Factors (Klfs). KIf8 is
repressed by KIf3 and activated by KIf1 in vivo. J Biol Chem 283:26937-26947.

Ellenrieder V, Buck A, Harth A et al (2004) KLF11 mediates a critical mechanism in TGF-beta
signaling that is inactivated by Erk-MAPK in pancreatic cancer cells. Gastroenterology
127:607-620.

Ema M, Mori D, Niwa H et al (2008) Kruppel-like factor 5 is essential for blastocyst development
and the normal self-renewal of mouse ESCs. Cell Stem Cell 3:555-567.

Feinberg M W, Cao Z, Wara A K et al (2005) Kruppel-like factor 4 is a mediator of proinflammatory
signaling in macrophages. J Biol Chem 280:38247-38258.

Feinberg M W, Wara A K, Cao Z et al (2007) The Kruppel-like factor KLLF4 is a critical regulator
of monocyte differentiation. Embo J 26:4138-4148.

Fernandez-Zapico M E, Mladek A, Ellenrieder V et al (2003) An mSin3A interaction
domain links the transcriptional activity of KLF11 with its role in growth regulation. Embo
J22:4748-4758.

Fisch S, Gray S, Heymans S et al (2007) Kruppel-like factor 15 is a regulator of cardiomyocyte
hypertrophy. Proc Natl Acad Sci U S A 104:7074-7079.

Foster K W, Frost A R, McKie-Bell P et al (2000) Increase of GKLF messenger RNA and protein
expression during progression of breast cancer. Cancer Res 60:6488-6495.

Foster K W, Liu Z, Nail C D et al (2005) Induction of KLF4 in basal keratinocytes blocks the
proliferation-differentiation switch and initiates squamous epithelial dysplasia. Oncogene
24:1491-1500.

Friedman S L (2006) Transcriptional regulation of stellate cell activation. J Gastroenterol Hepatol
21 Suppl 3:S79-83.

Fujiu K, Manabe I, Ishihara A et al (2005) Synthetic retinoid Am80 suppresses smooth
muscle phenotypic modulation and in-stent neointima formation by inhibiting KLF5. Circ
Res 97:1132-1141.

Gartel A L, and Tyner A L (1999) Transcriptional regulation of the p21((WAF1/CIP1)) gene. Exp
Cell Res 246:280-289.

Ghaleb A M, McConnell B B, Nandan M O et al (2007) Haploinsufficiency of Kruppel-like
factor 4 promotes adenomatous polyposis coli dependent intestinal tumorigenesis. Cancer Res
67:7147-7154.

Ghaleb A M, Nandan M O, Chanchevalap S et al (2005) Kruppel-like factors 4 and 5: the yin and
yang regulators of cellular proliferation. Cell Res 15:92-96.

Ghaleb A M, and Yang V W (2008) The Pathobiology of Kruppel-like Factors in Colorectal
Cancer. Curr Colorectal Cancer Rep 4:59-64.

Gillemans N, Tewari R, Lindeboom F et al (1998) Altered DNA-binding specificity mutants of
EKLF and Spl show that EKLF is an activator of the beta-globin locus control region in vivo.
Genes Dev 12:2863-2873.

Godmann M, Katz J P, Guillou F et al (2008) Kruppel-like factor 4 is involved in functional
differentiation of testicular Sertoli cells. Dev Biol 315:552-566.

Gordon A R, Outram S V, Keramatipour M et al (2008) Splenomegaly and modified erythropoiesis
in KLF13-/- mice. J Biol Chem 283:11897-11904.

Gray S, Feinberg M W, Hull S et al (2002) The Kruppel-like factor KLF15 regulates the insulin-
sensitive glucose transporter GLUT4. J Biol Chem 277:34322-34328.

Gray S, Wang B, Orihuela Y et al (2007) Regulation of gluconeogenesis by Kruppel-like factor
15. Cell Metab 5:305-312.



1 Kiriippel-like Factors: Ingenious Three Fingers Directing Biology 15

Haldar S M, Ibrahim O A, and Jain M K (2007) Kruppel-like Factors (KLFs) in muscle biology.
J Mol Cell Cardiol 43:1-10.

Hashmi S, Ji Q, Zhang J et al (2008) A Kruppel-like factor in Caenorhabditis elegans with essential
roles in fat regulation, cell death, and phagocytosis. DNA Cell Biol 27:545-551.

Hodge D, Coghill E, Keys J et al (2006) A global role for EKLF in definitive and primitive
erythropoiesis. Blood 107:3359-3370.

Holian J, Qi W, Kelly D J et al (2008) Role of Kruppel-like factor 6 in transforming growth factor-
betal-induced epithelial-mesenchymal transition of proximal tubule cells. Am J Physiol Renal
Physiol 295:F1388-1396.

Jiang J, Chan Y S, Loh Y H et al (2008) A core KIf circuitry regulates self-renewal of embryonic
stem cells. Nat Cell Biol 10:353-360.

Kada N, Suzuki T, Aizawa K et al (2007) Acyclic retinoid inhibits neointima formation through
retinoic acid receptor beta-induced apoptosis. Arterioscler Thromb Vasc Biol 27:1535-1541.

Kada N, Suzuki T, Aizawa K et al (2008) Acyclic retinoid inhibits functional interaction of
transcription factors Kruppel-like factor 5 and retinoic acid receptor-alpha. FEBS Lett
582:1755-1760.

Kadonaga J T, Carner K R, Masiarz F R et al (1987) Isolation of cDNA encoding transcription
factor Spl and functional analysis of the DNA binding domain. Cell 51:1079-1090.

Kajimura D, Dragomir C, Ramirez F et al (2007) Identification of genes regulated by transcription
factor KLF7 in differentiating olfactory sensory neurons. Gene 388:34-42.

Kawai-Kowase K, Kurabayashi M, Hoshino Y et al (1999) Transcriptional activation of the zinc
finger transcription factor BTEB2 gene by Egr-1 through mitogen-activated protein kinase
pathways in vascular smooth muscle cells. Circ Res 85:787-795.

Kimmelman A C, Qiao R F, Narla G et al (2004) Suppression of glioblastoma tumorigenicity by
the Kruppel-like transcription factor KLF6. Oncogene 23:5077-5083.

Kuo C T, Veselits M L, Barton K P et al (1997) The LKLF transcription factor is required for
normal tunica media formation and blood vessel stabilization during murine embryogenesis.
Genes Dev 11:2996-3006.

Lavallee G, Andelfinger G, Nadeau M et al (2006) The Kruppel-like transcription factor KLF13
is a novel regulator of heart development. Embo J 25:5201-5213.

LiD, Yea S, Li S et al (2005) Kruppel-like factor-6 promotes preadipocyte differentiation through
histone deacetylase 3-dependent repression of DLKI1. J Biol Chem 280:26941-26952.

Liu Y, Sinha S, McDonald O G et al (2005) Kruppel-like factor 4 abrogates myocardin-induced
activation of smooth muscle gene expression. J Biol Chem 280:9719-9727.

Lu S, Jenster G, and Epner D E (2000) Androgen induction of cyclin-dependent kinase inhibitor
p21 gene: role of androgen receptor and transcription factor Spl complex. Mol Endocrinol
14:753-760.

Matsumoto N, Kubo A, Liu H et al (2006) Developmental regulation of yolk sac hematopoiesis
by Kruppel-like factor 6. Blood 107:1357-1365.

Matsumura T, Suzuki T, Aizawa K et al (2005) The deacetylase HDACI1 negatively regulates
the cardiovascular transcription factor Kruppel-like factor 5 through direct interaction. J Biol
Chem 280:12123-12129.

McConnell B B, Ghaleb A M, Nandan M O et al (2007) The diverse functions of Kruppel-like
factors 4 and 5 in epithelial biology and pathobiology. Bioessays 29:549-557.

McConnell B B, Klapproth J M, Sasaki M et al (2008) Kruppel-like factor 5 mediates transmis-
sible murine colonic hyperplasia caused by Citrobacter rodentium infection. Gastroenterology
134:1007-1016.

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

Miyamoto S, Suzuki T, Muto S et al (2003) Positive and negative regulation of the cardiovascular
transcription factor KLF5 by p300 and the oncogenic regulator SET through interaction and
acetylation on the DNA-binding domain. Mol Cell Biol 23:8528-8541.



16 R. Nagai et al.

Mori T, Sakaue H, Iguchi H et al (2005) Role of Kruppel-like factor 15 (KLF15) in transcriptional
regulation of adipogenesis. J Biol Chem 280:12867-12875.

Munemasa Y, Suzuki T, Aizawa K et al (2008) Promoter region-specific histone incorporation
by the novel histone chaperone ANP32B and DNA-binding factor KLF5. Mol Cell Biol
28:1171-1181.

Nandan M O, Chanchevalap S, Dalton W B et al (2005) Kruppel-like factor 5 promotes mitosis
by activating the cyclin B1/Cdc2 complex during oncogenic Ras-mediated transformation.
FEBS Lett 579:4757-4762.

Nandan M O, McConnell B B, Ghaleb A M et al (2008) Kruppel-like factor 5 mediates cellular
transformation during oncogenic KRAS-induced intestinal tumorigenesis. Gastroenterology
134:120-130.

Nandan M O, Yoon H S, Zhao W et al (2004) Kruppel-like factor 5 mediates the transforming
activity of oncogenic H-Ras. Oncogene 23:3404-3413.

Narla G, DiFeo A, Fernandez Y et al (2008) KLF6-SV1 overexpression accelerates human and
mouse prostate cancer progression and metastasis. J Clin Invest 118:2711-2721.

Narla G, Heath K E, Reeves H L et al (2001) KLF6, a candidate tumor suppressor gene mutated
in prostate cancer. Science 294:2563-2566.

Narla G, Kremer-Tal S, Matsumoto N et al (2007) In vivo regulation of p21 by the Kruppel-like
factor 6 tumor-suppressor gene in mouse liver and human hepatocellular carcinoma. Oncogene
26:4428-4434.

Ohguchi H, Tanaka T, Uchida A et al (2008) Hepatocyte nuclear factor 4alpha contributes to
thyroid hormone homeostasis by cooperatively regulating the type 1 iodothyronine deiodinase
gene with GATA4 and Kruppel-like transcription factor 9. Mol Cell Biol 28:3917-3931.

Oishi Y, Manabe I, Tobe K et al (2008) SUMOylation of Kruppel-like transcription factor 5 acts
as a molecular switch in transcriptional programs of lipid metabolism involving PPAR-delta.
Nat Med 14:656-666.

Oishi Y, Manabe I, Tobe K et al (2005) Kruppel-like transcription factor KLFS is a key regulator
of adipocyte differentiation. Cell Metab 1:27-39.

Outram S V, Gordon A R, Hager-Theodorides A L et al (2008) KLF13 influences multiple stages
of both B and T cell development. Cell Cycle 7:2047-2055.

Parisi S, Passaro F, Aloia L et al (2008) KIf5 is involved in self-renewal of mouse embryonic stem
cells. J Cell Sci 121:2629-2634.

Perdomo J, Verger A, Turner J et al (2005) Role for SUMO modification in facilitating transcrip-
tional repression by BKLF. Mol Cell Biol 25:1549-1559.

Perkins A C, Sharpe A H, and Orkin S H (1995) Lethal beta-thalassaemia in mice lacking the
erythroid CACCC-transcription factor EKLF. Nature 375:318-322.

Ratziu V, Lalazar A, Wong L et al (1998) Zf9, a Kruppel-like transcription factor up-regulated in
vivo during early hepatic fibrosis. Proc Natl Acad Sci U S A 95:9500-9505.

Ribeiro A, Bronk S F, Roberts P J et al (1999) The transforming growth factor beta(1)-inducible
transcription factor TIEG1, mediates apoptosis through oxidative stress. Hepatology
30:1490-1497.

Rowland B D, Bernards R, and Peeper D S (2005) The KLF4 tumour suppressor is a transcriptional
repressor of p53 that acts as a context-dependent oncogene. Nat Cell Biol 7:1074-1082.

Segre J A, Bauer C, and Fuchs E (1999) Klf4 is a transcription factor required for establishing the
barrier function of the skin. Nat Genet 22:356-360.

SenBanerjee S, Lin Z, Atkins G B et al (2004) KLF2 Is a novel transcriptional regulator of
endothelial proinflammatory activation. J Exp Med 199:1305-1315.

Shie J L, Chen Z Y, Fu M et al (2000) Gut-enriched Kruppel-like factor represses cyclin D1
promoter activity through Spl motif. Nucleic Acids Res 28:2969-2976.

Shindo T, Manabe I, Fukushima Y et al (2002) Kruppel-like zinc-finger transcription factor KLF5/
BTEB?2 is a target for angiotensin II signaling and an essential regulator of cardiovascular
remodeling. Nat Med 8:856-863.

Siatecka M, Xue L, and Bieker J J (2007) Sumoylation of EKLF promotes transcriptional
repression and is involved in inhibition of megakaryopoiesis. Mol Cell Biol 27:8547-8560.



1 Kiriippel-like Factors: Ingenious Three Fingers Directing Biology 17

Simmen F A, Xiao R, Velarde M C et al (2007) Dysregulation of intestinal crypt cell proliferation
and villus cell migration in mice lacking Kruppel-like factor 9. Am J Physiol Gastrointest
Liver Physiol 292:G1757-1769.

Sirach E, Bureau C, Peron J] M et al (2007) KLF6 transcription factor protects hepatocellular
carcinoma-derived cells from apoptosis. Cell Death Differ 14:1202-1210.

Song C Z, Gavriilidis G, Asano H et al (2005) Functional study of transcription factor KLF11 by
targeted gene inactivation. Blood Cells Mol Dis 34:53-59.

Subramaniam M, Hawse J R, Johnsen S A et al (2007) Role of TIEGI in biological processes and
disease states. J Cell Biochem 102:539-548.

Sue N, Jack B H, Eaton S A et al (2008) Targeted disruption of the basic Kruppel-like factor gene
(KIf3) reveals a role in adipogenesis. Mol Cell Biol 28:3967-3978.

Suzuki T, Nishi T, Nagino T et al (2007) Functional interaction between the transcription factor
Kruppel-like factor 5 and poly(ADP-ribose) polymerase-1 in cardiovascular apoptosis. J Biol
Chem 282:9895-9901.

Swamynathan S K, Katz J P, Kaestner K H et al (2007) Conditional deletion of the mouse Klf4
gene results in corneal epithelial fragility, stromal edema, and loss of conjunctival goblet cells.
Mol Cell Biol 27:182-194.

Taatjes D J, Naar A M, Andel F, 3rd et al (2002) Structure, function, and activator-induced
conformations of the CRSP coactivator. Science 295:1058-1062.

Takahashi K, Tanabe K, Ohnuki M et al (2007) Induction of pluripotent stem cells from adult
human fibroblasts by defined factors. Cell 131:861-872.

Takahashi K, and Yamanaka S (2006) Induction of pluripotent stem cells from mouse embryonic
and adult fibroblast cultures by defined factors. Cell 126:663-676.

Turksen K, and Troy T C (2002) Permeability barrier dysfunction in transgenic mice overexpressing
claudin 6. Development 129:1775-1784.

Usui S, Sugimoto N, Takuwa N et al (2004) Blood lipid mediator sphingosine 1-phos-
phate potently stimulates platelet-derived growth factor-A and -B chain expression
through S1P1-Gi-Ras-MAPK-dependent induction of Kruppel-like factor 5. J Biol Chem
279:12300-12311.

van Thienen J V, Fledderus J O, Dekker R J et al (2006) Shear stress sustains atheroprotective
endothelial KLF2 expression more potently than statins through mRNA stabilization.
Cardiovasc Res 72:231-240.

Wan H, Luo F, Wert S E et al (2008) Kruppel-like factor 5 is required for perinatal lung morpho-
genesis and function. Development 135:2563-2572.

Wang B, Haldar S M, Lu Y et al (2008a) The Kruppel-like factor KLF15 inhibits connective tissue
growth factor (CTGF) expression in cardiac fibroblasts. J Mol Cell Cardiol 45:193-197.

Wang C, Han M, Zhao X M et al (2008b) Kruppel-like factor 4 is required for the expression of
vascular smooth muscle cell differentiation marker genes induced by all-trans retinoic acid.
J Biochem 144:313-321.

Wang C H, Tsao Y P, Chen H J et al (2000) Transcriptional repression of p21((Waf1/Cip1/Sdil))
gene by c-jun through Spl site. Biochem Biophys Res Commun 270:303-310.

Wang F, Zhu Y, Huang Y et al (2005) Transcriptional repression of WEE1 by Kruppel-like factor
2 is involved in DNA damage-induced apoptosis. Oncogene 24:3875-3885.

Wang X, and Zhao J (2007) KLFS8 transcription factor participates in oncogenic transformation.
Oncogene 26:456—461.

Wang X, Zheng M, Liu G et al (2007) Kruppel-like factor 8 induces epithelial to mesenchymal
transition and epithelial cell invasion. Cancer Res 67:7184-7193.

Watanabe K, Ohnishi S, Manabe I et al (2008) KLF6 in nonalcoholic fatty liver disease: role of
fibrogenesis and carcinogenesis. Gastroenterology 135:309-312.

Watanabe N, Kurabayashi M, Shimomura Y et al (1999) BTEB2, a Kruppel-like transcription
factor, regulates expression of the SMemb/Nonmuscle myosin heavy chain B (SMemb/
NMHC-B) gene. Circ Res 85:182-191.

Wei D, Kanai M, Jia Z et al (2008) Kruppel-like factor 4 induces p27Kip1 expression in and sup-
presses the growth and metastasis of human pancreatic cancer cells. Cancer Res 68:4631-4639.



18 R. Nagai et al.

Wei H, Wang X, Gan B et al (2006) Sumoylation delimits KLLF8 transcriptional activity associated
with the cell cycle regulation. J Biol Chem 281:16664—16671.

Wau J, Srinivasan S V, Neumann J C et al (2005) The KLF2 transcription factor does not affect
the formation of preadipocytes but inhibits their differentiation into adipocytes. Biochemistry
44:11098-11105.

Yea S, Narla G, Zhao X et al (2008) Ras promotes growth by alternative splicing-mediated
inactivation of the KLF6 tumor suppressor in hepatocellular carcinoma. Gastroenterology
134:1521-1531.

Yoshida T, Kaestner K H, and Owens G K (2008) Conditional deletion of Kruppel-like factor 4
delays downregulation of smooth muscle cell differentiation markers but accelerates neointimal
formation following vascular injury. Circ Res 102:1548-1557.

Zhang W, Geiman D E, Shields ] M et al (2000) The gut-enriched Kruppel-like factor (Kruppel-like
factor 4) mediates the transactivating effect of p53 on the p21 WAF1/Cipl promoter. J Biol
Chem 275:18391-18398.

Ziemer L T, Pennica D, and Levine A J (2001) Identification of a mouse homolog of the human
BTEB?2 transcription factor as a beta-catenin-independent Wnt-1-responsive gene. Mol Cell
Biol 21:562-574.



Part 2
Molecular Control of Kriippel-like
Factor Function



Chapter 2
Molecular Structures of Kriippel-like Factors

Toshio Nagashima, Fumiaki Hayashi, Takashi Umehara,
and Shigeyuki Yokoyama

Abstract The Kriippel-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 Kriippel 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 (Tuchi 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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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

and recognize a certain sequence. The amino acids located at positions —1, 2, 3,
and 6 from the N-terminal residue of the o-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).



