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Abstract

Since the discovery by this laboratory of the zinc finger transcription factor, KLF10, a member of
the Kriippel-like family of transcription factors, there have been multiple publications regarding its
functions and its immediate family members, in numerous cell types. KLF10 has been shown to be
rapidly induced by TGFp1, 2, 3, E», epidermal growth factor, and bone morphogenetic protein-2.
TGFp inducible early gene-1 activates the TGFB-Smad signaling pathway via repression of Smad
7 expression and activation of Smad 2 expression and activity. Overall, KLF10 has been
implicated in cell differentiation, as a target gene for a variety of signaling pathways, and in
serving as a potential marker for human diseases such as breast cancer, cardiac hypertrophy, and
osteoporosis. Like other KLF members, KLF10 is expressed in specific cell types in numerous
tissues and is known to be involved in repressing cell proliferation and inflammation as well as
inducing apoptosis similar to that of TGFB KLF10 binds to Sp-1-GC rich DNA sequences and can
activate or repress the transcription of a number of genes. Overall, KLF10 has been shown to play
a major role in the TGFp inhibition of cell proliferation and inflammation and induction of
apoptosis, and its overexpression in human osteoblasts and pancreatic carcinoma cells mimics the
actions of TGFp.
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Discovery and overall characterization of KLF10

The KLF10 gene, originally termed TGFp inducible early gene-1 (TIEG), was initially
identified in normal human fetal osteoblasts (hFOB) following TGFp treatment using
differential display PCR. Further studies revealed that KLF10 mRNA increased within 30
min of TGFp treatment and reached a maximum of approximately 10-fold above control
levels at 90 min post-treatment [1]. This induction of KLF10 mRNA was independent of
new protein synthesis and very transient, with a rapid return to normal (pretreated) levels
within 2 h. The KLF10 protein levels follow closely behind the mRNA levels. As depicted
in Fig. 1, the KLF10 gene spans 6.5 kb and contains four exons. It is located on human
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chromosome 8qg22.2. Computer analysis of the 5'-upstream region of KLF10 shows no
TATA box or initiator sequence, but does show consensus sequence similarities to binding
sites for several transcription factors including Sp1, JunB, and aromatic hydrocarbon/
receptor-ligand complexes. Transcriptional analysis of genomic regions containing
5'flanking regions reveals that the KLF10 promoter has significant activity in hFOB cells
and pancreatic cancer cells.

The KLF10 gene and the EGRa. (early growth response-a) gene, discovered in prostate
cancer cells [2], were independently discovered and found to be very homologous [3]. Our
laboratory demonstrated that both the KLF10 and EGRa proteins are the products of a single
gene [1,3]. It was subsequently shown that KLF10 and EGRa are transcribed from
differentially regulated, alternative promoters. Both use common exons for almost all of
their coding regions with the exception of the small exons at the 5’-end. Thus, the KLF10
and EGRa genes produce proteins, which differ in sequence only by 12 amino acids at the
amino termini [3]. However, the functional consequences of this small difference in
structure appear extensive. Northern analysis of mMRNA from various human tissues and
several cell lines reveal that KLF10 is the predominant transcript expressed and regulated by
growth factors and cytokines.

KLF10 protein: Structure, function, and regulation

Also depicted in Fig. 1., sequence analysis indicates that KLF10 mRNA encodes a 480
amino acid protein that contains a three zinc finger DNA binding domain at the C-terminal
end and several proline-rich Src homology-3 (SH3) binding domains at the N-terminal end
[1]. These SH3 domains bind the Sp1 protein for transcriptional regulation [4]. The KLF10
also contains three unique repression domains (R1-R3) spread throughout the protein
structure [1,5,6]. Thus, KLF10 was classified as a member of the Kruppel-like family of
transcription factors, all of which bind to GC rich Sp1-like sequences to regulate gene
transcription. The regulation of KLF10 expression in human osteoblast (OB) cells is growth
factor/cytokine specific with a strong induction by TGFf and bone morphogenetic protein-2
(BMP-2), BMP-4, and activin, with a moderate induction by epidermal growth factor, and
no induction by other growth factors/cytokines (e.g., BMP-6, IGF-1, IGF-2, FGF, TNFa
IL-6, IL-1B) [1,7]. Subsequent studies demonstrated that estrogen increased, but
testosterone and glucocorticoids decreased, KLF10 in human OB cells in culture [8,9].
Recently our laboratory demonstrated that the estrogen regulation of KLF10 gene
transcription occurs via the first intron of the gene [10]. Both growth factors and estrogen
rapidly induce the expression of KLF10 (30 min) followed by a return to control values
within 2-4 h. The cellular actions of KLF10 ultimately result in the inhibition of cell
proliferation and induction of apoptosis [7,11,12].

Using a KLF10 specific polyclonal antibody and immunoprecipitation methods in normal
hFOB cells, KLF10 was shown to encode a 72-kDa protein whose levels are rapidly, but
transiently, increased within 2 h of TGFp treatment [13]. Polarized confocal microscopic
analysis of hFOB cells revealed that KLF10 protein was localized in the nucleus in untreated
cells; however, as expected, the levels of KLF10 protein in the nucleus increased when the
cells were treated with TGFp for 2 h. Similar analyses of untreated human keratinocytes
revealed that KLF10 was localized in the cytoplasm but was translocated to the nucleus after
H,0, treatment [13].

Subsequent immunohistochemical studies of human tissues demonstrated that KLF10
protein is expressed in epithelial cells of the placenta, breast, and pancreas, as well as in
skeletal and smooth muscle cells, heart cells, glial cells, fibroblasts, pancreatic carcinoma
cells, cerebral cortex and cerebellum cells, myeloid cells, OB cells, and select cells in the
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bone marrow [13-20]. All cells of the kidney displayed negative staining for this protein.
Interestingly, as described later, a breast cancer stage specific expression of KLF10 protein
was reported by our laboratory [13,21].

Evolutionary conservation of KLF10

The protein sequence of human KLF10 (hKLF10) was shown to be closely related to three
mouse sequences [(MGIF, GC-binding protein, and mKLF10)] [5]. Due to the extremely
high level of nucleotide sequence identity (more than 96%), these three sequences likely
represent homologous genes. In fact, the predicted amino acid sequence of the murine
KLF10 protein is 85% identical to the human KLF10. Like human KLF10, the mGIF cDNA
was recently characterized as a negative-acting transcription factor that can be induced by
another TGF family member, Glial cell-Derived Neurotrophic Factor (GDNF) in murine
neuroblastoma cells [19].

KLF11 and other related family members

The possibility that there are multiple KLF-related genes in the mouse was suggested by the
presence of multiple bands on genomic Southern blots [5,19]. Cook et al (1998) identified a
closely related KLF family member, KLF11, in human tissues. KLF11 (TIEG2), which
inhibits cell proliferation, is localized in the nucleus, and shares other properties similar to
that of KLF10. As with the KLF10 gene, KLF11 is a ubiquitously expressed transcription
factor, which also contains the Kriippel-like three zinc finger motif at the C-terminal end of
the protein. The KLF11 gene encodes a nuclear protein, which binds GC rich/Sp1-like
sequences to regulate gene expression and inhibit cell proliferation. KLF10 and KLF11 can
regulate some of the same genes [22]. Like KLF10, KLF11 contains three repressor domains
[6], but can activate gene transcription (monoamine oxidase B gene) when bound to Spl
sites along with the Sp1 protein [23]. Both KLF10 and KLF11 inhibit cell proliferation and
induce apoptosis [11,24-27]. The discovery and characterization of another related KLF10
in mice, termed mTIEG3, which is highly homologous to KLF11 (mTIEG2) and to KLF10
(TIEG1), opens the possibility that three mouse and human KLF10 proteins (KLF10,
KLF11, and TIEG3) may have evolved [28]. As with KLF10 and KLF11, TIEG3 has been
shown to contain three conserved repressor motifs and to be induced by TGFp to repress
target gene transcription. These sites in KLF11 (TIEG2) have been shown to interact with
the core-pressor, mSin3A, in repressing gene transcription [29,30]. In general, these mouse
genes appear to have different expression patterns depending on the cell/tissue type but
likely serve the same functions as their two human counterparts (human KLF10 and
KLF11). These common functions are described below.

Mechanism of the rapid turnover of KLF10 protein

As mentioned earlier, KLF10 induction is abruptly transient. Using yeast-2-hybrid and co-
immunoprecipitation assays, an E3 ubiquitin ligase, Seven in Absentia homologue-1
(SIAH1) protein, was found to interact with KLF10 [22]. KLF10 and SIAH1 have been
shown to interact through a conserved SIAH-binding motif in KLF10 (i.e., a degradation site
or “degron”) [31]. This site on TIEG1 was shown to be essential for SIAH directed
proteasomal degradation of TIEG1 [24]. Co-expression of SIAH1 results in proteasomal
degradation of KLF10, but not KLF11. Importantly, co-expression of SIAH1 completely
reverses the repression of the Smad7 promoter activity by KLF10 [22]. Furthermore,
overexpression of a dominant negative SIAH1 stabilized KLF10 resulting in enhancement of
TGFp/Smad-dependent transcriptional activity. These findings indicate that the ability of
TGFp to modulate gene transcription is regulated by proteasomal degradation of the
downstream transcription factor, KLF10, through the SIAH pathway. Verification of this
view was supported by our studies showing that proteasomal inhibitors block the transient
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expression patterns of KLF10 [22]. In this manner, the rapid turnover of KLF10 may serve
to limit the duration and/or magnitude of KLF10 responses.

Role of KLF10 in cellular pathways

KLF10 gene expression is regulated by the TGFB-Smad pathway

The overexpression of KLF10 in human osteosarcoma MG-63 cells caused changes in gene
expression and cell proliferation, which mimicked those of the MG-63 cells treated with
TGFp (e.g., increased alkaline phosphatase activity, decreased levels of osteocalcin mMRNA
and protein, and decreased cell proliferation) [7]. The degree of these changes correlated
with the level of KLF10 expression. The fact that KLF10 encodes a three zinc-finger
Kruppel-like transcription factor, whose overexpression has been shown to mimic the effects
of TGFP in human osteosarcoma and pancreatic carcinoma cells, supports a primary role for
KLF10 as an important transcription factor in the TGFp signaling pathway [6,7,11,26,32].
Studies utilizing transient transfection of KLF10, along with a Smad binding element (SBE)
reporter construct into fibroblast cells, displayed an induction of the SBE reporter activity
known to be regulated by TGFB” [33]. Additionally, KLF10 expression also enhanced the
induction of the endogenous TGFp regulated genes p21 and PAI-1 [33]. The ability of
KLF10 to enhance TGFp action was shown to be Smad dependent since KLF10 had no
effect on SBE transcription in the absence of Smad4 expression or when an inhibitory Smad
protein, Smad7, was overexpressed [33]. Furthermore, KLF10 overexpression enhanced the
TGFp induced Smad2 phosphorylation and increased the transcription of Smad2, but not
Smad3 or Smad4 [34]. Lastly, KLF10 bound to and repressed a specific element in the
proximal promoter of the inhibitory Smad7 gene. Thus, as outlined in Fig. 2, KLF10
increases the activity of the TGFB/Smad signal transduction pathway by dual mechanisms,
that is, relieving the negative feedback through repression of the inhibitory Smad7 and
inducing Smad2 expression and phosphorylation [10]. Figure 2 also depicts the estrogen
induction of KLF10 expression [32,35]. This could well explain the estrogen-TGFp/Smad
crosstalk [10]. Interestingly, similar to KLF10, we observed that KLF11 is also able to
enhance TGFp/Smad signaling and repress Smad7 gene expression [22]. However, the
mechanisms of KLF10 and KLF11 are distinct, at least in part, because KLF10, but not
KLF11, is targeted for degradation by SIAH1 [22].

Role of KLF10 in TGFB mediated apoptosis

Members of the TGFp family of peptides are known to exert antiproliferative effects and
induce apoptosis in many epithelial cell types. In the exocrine pancreas, these peptides not
only regulate normal cell growth, but alterations in these pathways have been associated
with neoplastic transformation. Therefore, the identification of molecules that regulate cell
proliferation and apoptotic cell death in response to TGFp is necessary for a better
understanding of normal morphogenesis as well as carcinogenesis of the pancreas.
Tachibana et al (1997) characterized the expression and function of KLF10 in exocrine
pancreatic epithelial cells. The gene was expressed in both acinar and ductular epithelial cell
populations from the exocrine pancreas. Overexpression of KLF10 in the TGFp-sensitive
epithelial cell line PANC1 and hepatoma cell lines was sufficient to induce apoptosis
[11,27]. This KLF10-induced apoptosis appears to be similar to the P53 induced
mitochondrial apoptosis pathway, which occurs in pancreatic epithelial cells [27], as well as
other epithelial cells [36], lymphoma cells [37], leukemic cells [38], and retinal cells [39].
Interestingly, Jin et al [25], demonstrated that KLF10 induces apoptosis in leukemic or
melanoma cells through the mitochondrial pathway by inducing Bax and Bim upregulation,
Bcl-2 and Bcl-XL downregulation, release of cytochrome ¢ from the mitochondria,
activation of caspase 3 and the disruption of mitochondrial membrane potential.
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Role of KLF10 in cell proliferation

To determine whether KLF10 plays a central role in eliciting the antiproliferative effects of
TGFp, a tetracycline inducible KLF10 overexpressing breast cancer cell line and KLF10
null mouse embryo fibroblasts (MEFs) were developed [40]. Similar to TGFp treatment,
KLF10 overexpression increases the expression of the cyclin dependent kinase inhibitor p21
and significantly decreases cellular proliferation. Interestingly, while cellular proliferation of
wild-type MEFs is inhibited by TGFp, the cell proliferation of KLF10 null MEFs is
stimulated by TGFpB Furthermore, KLF10 null MEF cells display a decrease in Smad
dependent transcription with a concomitant prolonged increase in Smad7 expression
compared with wild-type cells. These data strongly support that KLF10 plays a central role
in the antiproliferative response via the TGFB-Smad pathway. Similar to known tumor
suppressor genes, the reduced levels of KLF10 expression correlate with the more advanced
stages/development of cancer [13,21]. Together, these results support a role for KLF10 in
linking TGFB-mediated signaling cascades to the regulation of cell growth, antiproliferation,
and apoptosis.

Phenotypic and disease implications of KLF10

Skeletal disease: Skeletal phenotype of the KLF10 knockout mouse

Osteoporosis—Figure 3 summarizes the important bone related genes in which KLF10
has been shown to regulate either by repression or activation of gene transcription. Overall,
the expression of KLF10, like TGFf treatment, in osteoblasts enhances osteoblast and
osteoclast differentiation, bone turnover, and bone formation [41]. Recent studies by
Hopwood et al (2009) examined gene expression profiles in a dozen osteoporotic patients
and identified KLF10 as one of 150 genes whose expression in skeletal tissues differed
markedly between osteoporotic and nonosteoporotic patients. Further, Yerges et al (2009)
examined 4608 SNPs in 383 bone related genes in 2000 caucasion men over age 65. Using
quantitative computerized tomography, KLF10 along with four other genes were “robustly”
associated with volumetric cortical bone mineral density [42].

KLF10 knockout mice—To elucidate the functions of KLF10 in skeletal development,
maintenance, and disease, we generated KLF10 knockout (KO) mice. Three-point bending
tests on mixed background, knockout animals indicated that the femurs of female KLF10
KO mice were significantly weaker than those of wild-type animals [43]. The femurs of
male knockout animals were not affected. pQCT analyses of female KLF10 KO tibias
revealed marked decreases in multiple bone parameters in both the diaphyseal and
metaphyseal regions, compared with wild-type mice. Micro-CT analysis of the femoral head
and vertebrae revealed increases in femoral head trabecular separation and decreases in
cortical bone thickness and vertebral bone volume in female KO mice relative to wild-type
controls. In addition, electron microscopy indicated a significant decrease in osteocyte
number in the femurs of female KO mice, suggesting that defects in osteoblast
differentiation might exist. Interestingly, no changes in the bones of male KO mice were
observed using any of these techniques. Figure 4 outlines the effects of knocking out TIEG
on the skeleton (and other tissues) of mice. The resulting changes in expression of key
osteoblast genes are also listed. The bones of KLF10 KO female, but not male, mice display
an osteopenic gender-specific phenotype with significantly weaker bones and reduced
amounts of cortical and trabecular bone suggesting an important role for KLF10 in skeletal
development and/or homeostasis. The gender specificity of the osteopenia due to the TIEG
gene ablation is speculated to be due to reproductive hormone differences. This aspect is
currently under investigation.

Biofactors. Author manuscript; available in PMC 2011 May 31.
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KLF10 regulation of osteoblast and osteoclast differentiation—As depicted in
Fig. 4, the bone forming osteoblast from KLF10 KO mice displays reduced expression of
important OB differentiation markers, including Runx2, osterix, and osteocalcin. The cells
also displayed a reduced capacity to mineralize bone [35,44]. As mentioned above, the data
of the KLF10 KO mice suggest an important role for KLF10 in osteoblast differentiation
and bone formation [43]. A recent study analyzing osteocytes of KLF10 KO mice revealed
changes in osteocyte surface and density as well as hypomineralized bone matrix
surrounding the osteocytes [45].

The KLF10 KO mice also display deficiencies in the bone resorbing osteoclast functions
[44]. When OBs from KLF10 KO and wild-type mice were cultured with marrow and spleen
cells from wild-type mice, significantly fewer osteoclasts developed in the KLF10 KO OB
cocultures compared with the osteoclasts that developed in the wild-type OB co-cultures. As
depicted in Fig. 5, examination of gene expression in the KLF10 KO OBs revealed that
decreased RANKL, a required inducer of osteoclastogenesis, and increased OPG levels, an
inhibitor of osteoclastogenesis, relative to wild-type OBs, are likely responsible for the
reduced ability of these osteoblasts to support osteoclast differentiation [41,44]. Thus, as
shown in Fig. 5, it appears from these studies that KLF10 expression in OBs is critical for
both osteoblast differentiation and mineralization as well as OB support of osteoclast
differentiation.

Connective tissue disease: Studies of the KLF10 knockout mouse

Also summarized in Fig. 4, studies were performed to examine the structure, function, and
healing potential of flexor tendons in KLF10 KO mice, and to further examine what role the
KLF10 pathway plays in flexor tendon repair [46]. Wild-type and KLF10 KO mice showed
healing of lacerated tendons, but the chronologic expression pattern of TGFp was found to
be different. The KLF10 KO tendons had delayed expression of TGFf and healing when
compared with wild-type tendons. The collagen mMRNA expression pattern was similar
between both groups, but the expression levels were different, with KLF10 KO tendons
having a lower expression of collagen type | mRNA. Additional studies focused on the age-
dependent changes in the architecture and mechanical properties of tendons isolated from
KLF10 KO mice [47]. The results revealed that the fascicles of the KLF10 KO mice at 3
months of age exhibit decreased fast and static stresses compared with those of wild-type
mice. Electron microscopy revealed an increase in fibril size in KLF10 KO mouse tendons
relative to wild-type controls. These data indicate a structural/functional role for KLF10 in
tendon microarchitecture and strength in adult mice. The mouse model described in this
study provides a novel means for further understanding of the tendon healing process
through isolated deletion of specific factors.

Heart disease: The KLF10 knockout mouse story

Also outlined in Fig. 4, a novel finding was reported by our laboratory in the KLF10 KO
mouse implicating an important role for KLF10 in cardiac hypertrophy [48]. KLF10 KO
male mice, 4-16 months of age, were analyzed by echocardiography, transcript profiling by
gene microarray, and immunohistochemistry. The male, but not female, KLF10 KO mice
develop features of cardiac hypertrophy including asymmetric septal hypertrophy, increased
ventricular size at 16 months of age, increased heart weight to body weight ratio, increased
fibrosis, and increased wall thickness relative to wild-type animals. Interestingly, female
mice did not develop cardiac hypertrophy or fibrosis. Masson Trichrome staining
demonstrated evidence of myocyte disarray and myofibroblast fibrosis. Interestingly,
cardiomyocyte specific Smad4 KO mice also develop cardiac hypertrophy [49]. Additional
insights into the molecular mechanism by which KLF10 regulates heart development were
elucidated by microarray analysis of the left ventricles which demonstrated that KLF10 KO
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heart tissues display a 14-fold increase in pituitary tumor-transforming gene-1 (Pttgl) (Fig.
4). Increases in Pttgl and histone H3 protein levels were confirmed in the KLF10 KO mouse
hearts by RT-PCR. These data implicate KLF10 and possibly one of its target genes, Pttg1,
in the development of cardiac hypertrophy in the male KLF10 KO mouse.

Immunological system: The knockout mouse story in T,gq cells

Recent collaborative studies involving this laboratory with the Feinberg laboratory have also
shown that the lack of KLF10 in the knockout mice results in atherosclerosis via activation
of the immune system [50]. In other collaborative studies, KLF10 was shown to interact
with the ubiquitin ligase, Itch, to ubiquinate KLF10 [51]. This ubiquitination results in
induction of both Foxp3 transcription factor levels and activity leading to activation of Teg
cells and induction of airway inflammation. Related studies by the Feinberg laboratory [50],
also showed that KLF10 regulated Tyeq cell suppressor function and CD4* CD25 T cell
activation through regulating TGFp and Foxp3 gene transcription resulting in T regulation
of T cell activity. The KLF10 KO mice displayed enhanced CD4" CD25 T cell activity,
which promoted inflammation, atherosclerosis, and accumulation of peripheral
proinflammatory cytokines [50].

Role of KLF10 in breast cancer

The earlier description of the actions of KLF10 in inhibiting cell proliferation and inducing
apoptosis in pancreatic and other (prostate) cancer cells indicates a role for KLF10 as a
tumor suppressor [11-13,26,27,37,40,52-57]. The correlation between the levels of KLF10
protein and the stage of human breast cancer, its prime location on human chromosome
8g22.2, along with certain other proto-oncogens and tumor suppressor genes [58], and past
studies revealing its role in pancreatic carcinoma, further supports a major role for KLF10 as
a tumor suppressor in a variety of cancers [7,12,13,21,26,40]. The fact that KLF10 plays an
important role in cell proliferation and apoptosis, and its levels inversely correlated with
breast cancer stages, further supports a tumor suppressor function for KLF10.

To summarize the breast cancer studies, Reinholz et al (2004) measured the mRNA levels of
KLF10 and its target genes, Smad7 (inhibitor of Smad signaling), Smad2 (inducer of Smad
signaling), and BARD1 (binds and ubiquinates BRCA-1 to block DNA repair), using real-
time PCR in 14 normal human breast, as well as 5 noninvasive, 57 invasive (including 29
with outcome data), and 5 metastatic human breast tumor tissues (Fig. 6) [21]. KLF10 and
Smad7 mRNA levels were lower in all noninvasive tumors compared with normal breast
tissues but Smad7 mRNA levels increased in more advanced stages of cancer. KLF10,
BARD1, and Smad2 mRNA levels were lower in invasive cancers compared with normal
breast tissues. In addition, KLF10, Smad2, and BARDL1, provided discriminatory ability to
distinguish between normal and tumor samples, N— and N+ tumors, and N-/good outcome
(no recurrence for at least 5 years) and N-/bad outcome (recurrence within 3 years) breast
cancer patients. As outlined in Fig. 6, these studies support the hypothesis that the
differential gene expression of KLF10 and its induced target genes, Smad2, and BARD1
(both of which are tumor suppressor genes), as well as Smad7, play a significant role in the
proliferation of breast cancer cells [21]. The altered expression of KLF10 in breast cancer
tissues compared with normal tissues, further supports a role of KLF10 in breast cancer
development/maintenance [21,25,53.55,59].

Role of KLF10 in other cancers

As outlined in Fig. 7, KLF10 also appears to play a role in other cancers, including human
prostate cancer (as EGRa) [52,60,61], pancreatic cancers [26,53,59,62], human colo-rectal
cancer [63], lymphoma cells [37,64], non-small cell carcinoma [65], renal cell carcinoma
[66], multiple myeloma [67], and finally, brain cancers [57]. The above studies strongly
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support that KLF10 plays an important role in inhibiting cell proliferation and inducing
apoptosis. These studies also support that KLF10 has the properties of a tumor suppressor
[7,11]. KLF11 appears to have similar actions. See a recent review by Ellenreider (2008)
describing role of KLF10 and KLF11 in cancer [54].

Role of KLF10 in other diseases

Due to the limited space for this review, we will only mention that KLF10 and other KLF
family members appear to play key regulatory roles in cell differentiation, apoptosis,
inflammation, and differentiation in other tissues. References of articles describing the
relationships of altered KLF10 expression with various organ/tissue abnormalities and
diseases are listed in Fig. 7. Examples include the retina [39,68,69], and bone marrow [15].
In addition, the expression of KLF10 is altered in the brain following injury [14], and in
response to stress [70]. KLF10 expression is induced in response to the action of brain
derived neurotrophic factor [70], in response to GDNF (glial cell line-derived neurotrophic
factor) [19,71], and to nerve growth factor [72].

KLF10 regulates cell differentiation and apoptosis in brain cells [73,74] and may play a
significant role in the development of type 2 diabetes [75]. Insulin has been shown to
increase KLF10 expression in muscle tissues [76,77]. Finally, KLF10 gene variants even
show a moderate correlation with the development of diabetes [78]. In general, KLF10 plays
arole in activating the inflammatory response, including stress-induced inflammation,
leading to increases in cardiovascular, pulmonary, and other organ diseases, autoimmune
abnormalities, and diabetes.

Overview and conclusions

KLF10 was originally discovered in our laboratory as an immediate early response gene
following TGFp treatment of human osteoblasts [1]. We further characterized this gene as a
member of the Kruppel-like family of transcription factors (KLF10). We have shown that
KLF10 plays a major role in mediating the effects of TGFp through regulation of the Smad
signaling pathway. As shown in Figs. 3 and 4, KLF10 is known to induce and repress the
expression of multiple genes in many cell types by binding to Sp1 sites on the DNA and
interactions with other regulatory transcription factors. It functions as a regulator of gene
transcription, inhibitor of cell proliferation, and an inducer of apoptosis, resulting in
enhanced immune system and inflammatory processes, and thus enhancing cardiovascular
disease (atherosclerosis, hypertrophic cardiomyopathy), diabetes, and cancer. References to
these studies are listed in Fig. 7. It is not surprising that KLF10 expression is inversely
correlated with the severity and stage of breast cancer, implying an important role for
KLF10 as a tumor suppressor. Thus, KLF10 appears to play an important role in other types
of cancer. Further experiments, including long-term studies in which the KLF10 KO mice
are crossed with various mouse models of tumor formation will be necessary to definitively
establish the role of KLF10 in cancer. To date, the ablation of the KLF10 gene in mice is
known to result in multiple phenotypes including defects in the skeleton, heart, and
connective tissues. KLF10 KO mice display a severe osteopenic phenotype, but only in
female animals, suggesting a potential role for KLF10 in mediating estrogen signaling in
bone. Conversely, male, but not female, KLF10 KO mice develop cardiac hypertrophy
nearly identical to the human disease, hypertrophic cardiomyopathy. KLF10 KO mice have
also been shown to have defects in the mechanical properties and healing potential of
tendons. The known phenotypes of KLF10 KO mice are summarized in Fig. 4. Taken
together these data implicate an important role for KLF10 in multiple biological processes
and disease states. The redundancy of KLF10, KLF11, and TIEG3, and the specific roles of
these proteins in a variety of physiological processes, remains unknown. Ongoing studies by
other investigators are likely to identify novel functions of the KLF10 family of proteins and
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uncover consequences of abnormalities in the expression, structure, and/or function of this
important class of transcription factors in other diseases.
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Model of the chromosomal locale and the genomic and protein structure of KLF10 (TIEG1).
A. Genomic structure showing promoter, exons, and introns of KLF10. B. Protein structure

of KLF10 showing various protein and DNA binding domains.
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Fig. 2.

This figure outlines the role of KLF10 protein as a target and as a regulator of the TGFp-
Smad 2,3 signaling pathway. TGF binds to its membrane receptors (R, Rq) to activate the
Smad signaling pathway. KLF10 (TIEG) is one of the rapid, early response genes whose
expression is activated. KLF10 mRNA is rapidly translated into the KLF10 protein, which
as a gene transcription repressor inhibits Smad 7 gene expression and, as a gene activator,
induces Smad 2 gene expression. The ultimate outcome is a continued activation of the
TGFB-Smad signaling pathway, that is, an extension of the signaling period. The KLF10
mRNA and protein are rapidly turned over, thus the signaling is fine tuned to the KLF10
levels and activity. The steroid, estrogen (E), also induces the expression of KLF10 gene
transcription, which is one mechanism of the well documented crosstalk between TGFf and
estrogen signaling.
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Fig. 3.

Model depicting the KLF10 co-activation and compression of known target gene expression
in bone forming osteoblast (OB) cells. The result of this gene regulation is the induction of
osteoblast and osteoclast differentiation and encouragement of bone formation and
remodeling.
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decreased bone forma- Osteoprotogerin (1) number and
tion (female only). Osteopontin  (4) activity.

TIEG1™ J RANK (¥)
Ml(E)(li“SE T Connective Abnormal tendon \
Tissue: ultrastructure and ? ?

reduced strength

— Heart: Hypertrophic Pttg-1 Capl Fibrosis,
cardiomyopathy: Myl7 4 increased
Myocyte disarray and ~ RIKEN().Wnt IF(4) fibroblast
assymetric ventricular  Annexin 4) 2?159!:195:22;?@
hypertrophy (male only). igione (H3) () hypertrophy

— T Cells: Induced airway Fox3 induction (§) Activated (4)
Inflammation Itch-(Ubiquitin T Cells &

Ligase) ? Inflammation (4)
—» Cancer. ? Transformation ? c-myc (4), p21 (¥ Hyperplasia
(Partial evidence) Reduced apop-
tosis
Fig. 4.

Reported defects/diseases of the KLF10 KO mouse. This table summarizes the cell and
organ defects, which occur in KLF10 KO mice. Also listed are some of the genes whose
expression are significantly altered in these cells/ organs. See text for referenced resources.
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A. Wild Type OCL Precursor ilatisre OGL
v ™
" e f’(OO S0\
Differentiation [ @@ (@) "|
Activation N\ i
In Collaboration ' LW Tg:’ngggf
With Dr. Oursler (Bone Resorption) &
Mature OB Ongl:':"
(® Formation
—_—
J
St 0PG
IFCREBRE Soluble Inhibitory  (Bone Formation)
OB Support Cells Receptor for RANKL
B. KLF-10 KO Mice ©CL Precursor Few Mature OCL
(Do Do)
Differentiation [ (=N ] O
Activation N "AI&"‘“ N Low Bone
‘ W / »‘ \
RANK (Little Bone Turnover
Resorption) +
- = CbF Defective OB OBV:;:’II
@ O | —— Loss
\-__.,/ RANK} _—
Precursor e & OPG ﬂ RANKL[H]
Less Bone
OB Support Cells OB Diff (“,) Form.‘l!ion]

Fig. 5.

Models depicting (A) normal/wild-type, and (B) KLF10 knockout mouse processes of
osteoblast (OB) support of osteoclast (OCL) differentiation. In the wild-type mouse (A), the
OBs are shown to produce high levels of RANKL and M-CSF required for OCL
differentiation, as well as low levels of OPG, the inhibitor of OCL differentiation. The result
is enhanced OCL differentiation, high bone turnover, and an increase in bone formation. In
(B) the KLF10 ablated OB cells produce low levels of RANKL, high levels of OPG, which
retards OCL differentiation. The result is a reduction in bone turnover and a loss of bone
(osteopenia).
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Low Cell Proliferation ——————————— High Cell Proliferation

High | '
-~ |
|
KLF-10
and |
Other , .
Gene - i
Expression
Levels ‘
i
|
Low =
Normal Stage 1 Stage 2 Stage 3 Stage 4
?_reast Low grade High Grade /
b Advanced

Breast Cancer

Fig. 6.

Graph depicting the expression levels of KLF10 and its target genes (Smad 2, Bard 1, Smad
7) in human breast cancers at various stages. (Reproduced with permission from Reinholz et
al. Breast Cancer Res. Treat., 86 (2004), 75-88).
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Skeleton:

(Females only)
Osteopenia/osteoporosis
Decreased bone formation
and resorption.

Subramaniam et al 1998
Subramaniam et al 2005
Bensamoun et al 2008(a)
Hawse et al 2008
Haddad et al 2009
Hopwood et al 2009

Miscellaneous:
Retina

Chiambaretta et al 2004
Duenker et al 2005
Franke et al 2008

Brain
Kobori et al 2002
Alme et al 2007

Diabetes Il

Wahab et al 2005 (b)
Gutierrez-Aguilar et al 2007
Coletta et al 2008

Blood

Noti et al 2004

Fig. 7.

Cardiovascular:
(Primarily males)
Increased myofibroblast prolif-

eration & myocyte hypertrophy.

Increased atherosclerosis.
Wang et al 2005

Rajamannan et al 2007

Cao et al 2009

Connective Tissue:
Weakened tendons.
Structural abnormalities.
Reduced healing.
Tsubone et al 2005

Bensamoun et al 2006(b)

Immune system:
Activation of TIEG cells.

Induction of inflammation.

Venuparasa et al 2008
Cao et al 2009
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Hyperplasia/Cancer:
Reduced cell apoptosis.
Increased cell proliferation.
Reduced cell differentiation.
Tachibana et al 1997
Subramaniam et al 1998

Eid et al 1998

Chaloux et al 1999

Ribeiro et al 1999

Hefferan et al 2000 (a)

Caok & Urrutia 2000
Ellenrieder 2001

Barna et al 2002

Antonello et al 2002

Chen et al 2003

Partin et al 2003

Jin et al 2004

Johnsen et al 2004

Reinholz et al 2004

Farraro et al 2005

Sebestyen et al 2005

Franke et al 2006

Zhou et al 2008

Zohrabian et al 2007
Ellenrieder et al 2008

Ivanov et al 2008

Yono et al 2008

Jiang et al 2009

List of abnormal tissue structure and function which correlates with altered TIEG

expression. (References to these relationships are also listed.)
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