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Abstract
Zinc-Finger E-box binding protein (ZEB)-1 (Zfhx1a, AREB6, δEF1), encoded by the
gene tcf8, is a transcription factor that binds to E-box sequences in regulatory regions of
its target genes to either repress or activate transcription. ZEB1 induces the
epithelial-to-mesenchymal transition (EMT) during development and cancer progression.
The most prominent phenotype of tcf8 null mice is abnormal skeletal development, and
ZEB1 inhibits differentiation of mesenchymal precursors into chondrocytes and
osteoblasts; however, little is known about the transcriptional regulation of tcf8
throughout these processes. The transcription factor Runx2 is a master regulator of
skeletal formation, making it a likely candidate to regulate expression of tcf8 in this
tissue. Seven putative Runx binding sites are present in the tcf8 proximal promoter, and
we hypothesized that Runx2 regulates tcf8 activity by binding to one or more of these
sites. Reporter-based assays indicate that Runx2 either represses or activates transcription
of tcf8 in a cell type-dependent manner and that this activity is mediated through a region
between -164 and -112 relative to the translation start site. Furthermore, Runx2 was
found to cooperate synergistically with the transcription factor LEF-1 to activate
transcription of tcf8 in Cos7 cells. Given that LEF-1 mediates the effects of the canonical
Wnt signaling pathway, the effect of the Wnt3a on tcf8 expression was examined in the
C2C12 mesenchymal precursor cell line, where an induction of endogenous tcf8 was
observed. These data provide the first evidence for regulation of tcf8 by Runx2 and
suggest that Runx2 may interact with LEF-1 to mediate the effects of Wnt signaling on
expression of tcf8.
ii
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Chapter 1: Introduction
Excerpts taken from “Regulation of ZEB1 mRNA in Health and Disease.”
Broege, A.M., Anose B.M., and Sanders, M.M., Current Trends in
Endocrinology (in press)
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The human genome is estimated to encode over 2000 transcription factors, approximately
8% of protein-encoding genes, making it the largest functional gene family (Babu et al.,
2004). Given the number of transcription factors and the complex regulatory networks
they form, significant gaps exist in our understanding of the way in which many of them
contribute to normal development and homeostasis. The ZEB (zinc finger E-box-binding
homeobox) transcription factor family is one such family that received little attention
from the time it was discovered in 1991 (Williams et al., 1991) until recently when it
emerged as a driver of cancer metastasis. ZEB1 (δEF1, AREB6, TCF8, Zfhx1a, Zfhep,
nil-2a) and ZEB2 (SIP1) compose a unique family of transcription factors conserved
from C. elegans to human (Clark and Chiu, 2003; Genetta and Kadesch, 1996). ZEB
family members possess two zinc finger clusters that flank a central POU-like
homeodomain (Fortini et al., 1991; Smith and Darling, 2003). Studies suggest that the
zinc fingers are essential for mediating the DNA binding of these proteins to E-boxes in
target gene promoters and that the central homeodomain has no appreciable DNA binding
activity (Fortini et al., 1991; Ikeda and Kawakami, 1995; Remacle et al., 1999). The
ability of the ZEB proteins to regulate target genes is not, however, limited to direct DNA
binding. In a C2C12 model of BMP-2-induced osteoblast differentiation, Yang, et al.
show that the zinc fingers are not required to mediate ZEB1’s ability to affect target gene
expression (Yang et al., 2007b). ZEB family members both activate and repress
transcription in conjunction with co-repressors (CtBP1 and 2, NC2, LSD1 and HDACs),
co-activators (p300, pCAF), and additional transcription machinery (Dillner and Sanders,
2002; Furusawa et al., 1999; Ikeda et al., 1998; Pena et al., 2006; Wang et al., 2009;
2

Wang et al., 2007). As with many transcription factors these data suggest that the ZEBs
regulate transcription through multiple mechanisms, including direct binding or serving
as a scaffolding molecule to tether transcriptional machinery to target gene promoters.
While little is known about the normal roles of ZEB1, its proper expression and
function are critical for development. Mice in which the tcf8 gene, which encodes ZEB1,
was replaced with the Lac-Z gene display a number of skeletal abnormalities, are
defective in T-cell production, and die perinatally (Takagi et al., 1998). The skeletal
defects have been attributed both to a failure of proper cell migration and to impaired
proliferation and patterning of chondrocyte precursors (Bellon et al., 2009; Liu et al.,
2008b). The tcf8 modified mouse model has also served as an important tool in
understanding the regulation of tcf8 in vivo as a number of groups have investigated the
expression of the Lac-Z cassette (Miyoshi et al., 2006; Moribe et al., 2000). In human,
mutations in tcf8 lead to the development of posterior polymorphous corneal dystrophy
and late-onset Fuchs corneal dystrophy (Liskova et al., 2007; Mehta et al., 2008;
Riazuddin et al.). A number of human genetic studies have linked the tcf8 human locus
with obesity (Dong et al., 2005; Hager et al., 1998; Hinney et al., 2000; Price et al.,
2001). Our lab pursued this possibility and found that female mice heterozygous for tcf8
are more prone to obesity when fed either a high-fat or regular chow diet than their wildtype counterparts (Saykally et al., 2009). These data suggest that mutations in the tcf8
locus contribute to obesity in humans. The ability of ZEB1 to regulate genes involved in
proliferation, differentiation, migration, and metabolism makes proper regulation of this
transcription factor essential for normal development and homeostasis in the adult.
3

ZEB1 and the Epithelial-to-Mesenchymal Transition

The epithelial to mesenchymal transition (EMT) is a process by which highly ordered
epithelial cells lose their polarized phenotype, become more fibroblastic, and increase
their motility. This process is required in the developing embryo and in adult organisms
when appropriate cell migration is required such as during wound healing; however,
aberrant occurrence of EMT is a hallmark of cancer progression. As cancer cells mature,
they undergo EMT and gain the ability to migrate out of the tumor environment, enter the
blood or lymphatic vessels, and metastasize to distant parts of the body. Metastatic
cancers can permeate the organism and correlate with an increase in mortality.
A role for ZEB1 in cell migration was first appreciated in 1998, when it was
observed that zfh-1, the Drosophila homologue of tcf8, was essential for proper germ cell
migration (Broihier et al., 1998). Not until four years later was ZEB1 first implicated in
cancer-related EMT and migration (Guaita et al., 2002). Since then, much of the research
on ZEB1 has focused on its role in EMT in cancers of various origins, its downstream
targets, and its role in signaling. This work has been thoroughly reviewed elsewhere
(Schmalhofer et al., 2009; Vandewalle et al., 2009); however, how transcription of tcf8 is
regulated during EMT has been less thoroughly explored.
ZEB1 shares the ability to regulate EMT with a number of other transcription
factors including Snail, Slug, Twist, E47, and ZEB1’s family member ZEB2 (reviewed in
(Peinado et al., 2007)). These proteins primarily promote EMT by binding to the Eboxes in the E-cadherin promoter. E-cadherin is a cell-cell adhesion molecule essential
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for maintaining the epithelial phenotype by facilitating tight cell-cell interactions and
maintaining the polarized, cuboidal cell morphology of epithelial cells. In addition to
ZEB1’s ability to repress E-cadherin, Dr. Thomas Brabletz’s lab has found in colorectal
carcinomas that ZEB1 also directly represses the polarity factor Lgl2 and the basement
membrane component lama3, contributing to loss of cell polarity and promotion of EMT
(Spaderna et al., 2006; Spaderna et al., 2008).
A number of transcription factors regulate expression of ZEB1 mRNA, either by
direct binding to tcf8 or by unknown mechanisms, to drive EMT. Because ZEB1 is
integral to regulating EMT during development and contributes to EMT during cancer
progression, it is important to understand how transcription of tcf8 is regulated during this
process. The studies discussed below concerning tcf8 regulation have been summarized
in Figure 1.
One study, using the colon cancer-derived HT-29 M6 epithelial cell line,
demonstrated that Snail induced a number of mesenchymal markers including ZEB1 and
LEF1 (TCF1α), a transcription factor downstream of the Wnt signaling cascade (Guaita
et al., 2002). This same study also demonstrated that Snail induces a ZEB1 luciferase
promoter construct approximately 30-fold. There is a putative Snail binding site at -103
relative to the translation start site in human tcf8 (Fig. 1B); however, Snail binding at this
site has not been tested. Additional promoter studies are warranted to determine whether,
in fact, Snail is directly binding and inducing transcription of tcf8. Because both
transcription factors promote EMT, the induction of tcf8 by Snail has ramifications for
cancer progression. For example, ZEB1 may amplify the EMT signal elicited by Snail, or
5

the sequential induction of these transcription factors may prolong the metastatic signal
(Peinado et al., 2007). Either possibility would lead to a more aggressive drive towards
metastasis. Thus, it is clearly of importance to elucidate whether or not Snail directly
regulates tcf8 as well as the respective roles of these two transcription factors in EMT
during development and cancer progression.
The NF-κB transcription factor lies downstream of a number of inflammatory
response pathways and promotes EMT in cancer (Min et al., 2008). Thus, it is not
surprising that NF-κB induces expression of ZEB1 (Chua et al., 2007; Maier et al.).
Endogenous ZEB1 mRNA increased in mammary epithelial cell lines stably
overexpressing p65, a subunit of NF-κB (Chua et al., 2007). This same study showed that
NF-κB induced a ZEB1 promoter reporter construct approximately 2-fold. The authors
suggest that this activity is mediated through an NF-κB consensus sequence
(GGGAACTCCCCG) that maps at -592 relative to the translation start site, but direct
binding to this site was not investigated. More recently, a study in IMIM PC-2 pancreatic
cancer cells found that overexpressing a transdominant IκBα, which inhibits NF-κB,
resulted in a decrease in ZEB1 protein levels (Maier et al.). Conversely, overexpressing
constitutively active IKK2, which activates NF-κB, increased ZEB1 protein levels.
Interestingly, in the above studies, modulating NF-κB activity had little effect on Snail
levels, suggesting that the NF-κB-mediated increase in EMT in these cells is through
ZEB1 and not other EMT-promoting transcription factors. However, modulating NF-κB
activity in renal cell carcinomas has no effect on ZEB1 levels, but does affect Snail and
Twist levels (Pantuck et al.). Taken together, these studies suggest that NF-κB activation
6

of ZEB1 is highly cell-type-dependent. More experiments are necessary to determine
whether NF-κB mediates its effects by direct binding to the site in tcf8 described above
and/or by an alternative mechanism.
ZEB1 guides a cell’s decision to proliferate or differentiate, at least in part
through regulation of p53 family members (Fontemaggi et al., 2001). Rb and E2F are
master regulators of cell cycle progression and are aberrantly expressed in a number of
cancers (Polager and Ginsberg, 2009; Poznic, 2009). Liu et al. (Liu et al., 2007)
investigated the ability of Rb and E2F to regulate ZEB1 levels during proliferation of
mouse embryonic fibroblasts. They found that knockdown of endogenous Rb family
members lead to an increase in ZEB1 mRNA levels, but not of the other functionally
related transcription factors ZEB2 and Snail. Using a dominant negative inducible E2F
protein, they demonstrated in Rb(-) cells that E2F activates tcf8 by binding to a discrete
element at -110 relative to the translation start site (Fig 1B). They conclude that Rb-E2F
represses tcf8 by direct binding to its promoter and recruiting histone deacetylase 2. This
study provides a clear mechanism for regulating tcf8 expression during the cell cycle.
When Rb is active, transcription of tcf8 is inhibited, thus limiting ZEB1’s ability to
promote cell proliferation. When Rb is inactive or mutated, as it is in many cancers,
ZEB1 levels would increase, presumably increasing cell proliferation and EMT.
Hypoxia-inducible factor 1 (HIF-1) is responsible for mediating the cellular
response to hypoxic stress (reviewed in (Guillemin and Krasnow, 1997). During cancer
progression, HIF-1 promotes EMT and invasion; furthermore, increased levels of HIF-1
in human tumors are associated with a poor prognosis (reviewed in (Semenza, 2003).
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Given the role of ZEB1 in mediating EMT and cancer progression, HIF-1 may mediate
some of its effects through ZEB1. One study found that overexpression of a dominant
negative form of HIF-1α in a renal cell carcinoma system led to a decrease in ZEB1
mRNA, suggesting that HIF-1α is responsible for activating ZEB1 transcription
(Krishnamachary et al., 2006). This study concluded that, in fact, HIF-1 promotes EMT
through repression of E-cadherin via activation of ZEB1 and other transcription factors.
The mechanism by which HIF-1α regulates expression of tcf8 remains unclear. HIF-1α
has not been shown to bind tcf8, nor have any HIF-1α binding sites been identified in it.
It is possible that an intermediary, for example NF-κB, is responsible for mediating
activation of ZEB1. However, one report suggested that HIF-1α mediates its effects on
EMT through NF-κB in a ZEB1-independent manner (Pantuck et al.). Further studies are
required to determine the circumstances under which HIF-1α can induce ZEB1 and the
mechanism by which it does so.
Several studies have investigated the ability of ZEB1 to regulate isoforms of p63
and p73 in order to modulate the balance between cell proliferation and differentiation
(Dominguez et al., 2006; Fontemaggi et al., 2005; Fontemaggi et al., 2001; Pipaon et al.,
2005). The regulatory relationships among these transcription factors became more
complicated when it was discovered that p63 isoforms (Tap63 and deltaNp63) regulate
expression of tcf8 in response to ischemic conditions by binding directly to a functional
p53 binding site in the tcf8 promoter (Bui et al., 2009). This p53 binding site, located ~1
kb upstream of the translation start site, is conserved among mouse, human, and rat. This
report concludes that tcf8 is induced upon oxygen-glucose deprivation (OGD), which
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mimics ischemic conditions in tissue culture, in a p63-dependent manner. Hypoxia in the
tumor microenvironment leads to deleterious changes in gene expression that often lead
to increased metastasis (Harris, 2002). This study did not address the fact that HIF-1α is
also induced by OGD (Ruscher et al., 1998) and regulates expression of tcf8 (see above).
Interestingly, these p63 isoforms also affect HIF-1α protein stability through a direct
protein-protein interaction (Senoo et al., 2002). Taken together, these data suggest that
the regulation of ZEB1 in response to hypoxia could be quite complex and contextdependent. Under tumorigenic conditions, HIF-1α may be responsible for regulating
levels of ZEB1, while p63 isoforms may drive transcription of ZEB1 in response to other
hypoxic insults.
Liu et al. (Liu et al., 2009) found that ZEB1 is overexpressed as retinal pigment
epithelial (RPE) cells de-differentiate, proliferate, and go through EMT. They
demonstrated that these events are dependent on ZEB1 and that it exerts its effects by
repressing Mitf, which is required for RPE specification. Because the effects of ZEB1
were abolished by cell-cell contact, they subsequently investigated whether the Hippo
signaling system might be involved (Liu et al.). Hippo links cell-to-cell contact with cell
proliferation through the closely-related Yap and Taz transcription factors (Zeng and
Hong, 2008). They demonstrated that Taz and its coactivator Tead1 regulate transcription
of tcf8 in this system (Liu et al.). Tead1 interacts with TAZ and YAP to promote EMT in
the absence of Hippo signaling (Lei et al., 2008; Zhang et al., 2009). When RPE cell-cell
contacts are disrupted, the cells de-differentiate, which leads to translocation of the TAZTead1 complex to the nucleus where it binds to tcf8 (Liu et al.). A putative TAZ-Tead1
9

binding site is located at -146 relative to the translation start site in the human promoter
(Fig.

1B),

and

TAZ

binding

in

the

vicinity

was

verified

by

chromatin

immunoprecipitation (ChIP) (Liu et al.). However, the putative binding site was not
investigated for function by transfection experiments or for TAZ-Tead1 binding by
electrophoretic mobility shift assays. YAP also associated with tcf8 in ChIP experiments
but appears to be dispensable in this system because shRNA knockdown of TAZ, but not
of YAP, abrogated the induction of tcf8 and the subsequent downstream effects of ZEB1.
This study provides a mechanism by which Hippo signaling regulates the transcription of
tcf8 to induce de-differentiation and thus EMT in this model. Furthermore, it is the first
study to provide mechanistic insight as to how ZEB1 expression aberrantly increases in
epithelial cells to promote EMT.
Ets1 is a proto-oncogene that belongs to the Ets family of transcription factors.
Ets1 interacts with a number of other transcription factors implicated in regulating the
transcription of tcf8, including NF-κB (Dittmer, 2003). Ets1 regulates the transcription of
tcf8 in response to TGF-β signaling in mouse mammary epithelial cells (Shirakihara et
al., 2007); knockdown of Ets1 eliminated the ability of TGF-β to induce a tcf8 reporter.
Furthermore, Ets1 induced ZEB1 and ZEB2 expression, resulting in EMT. Three putative
Ets1 binding sites were identified between -620 and +1 in the mouse promoter, but they
were not tested to determine whether they mediate the induction of tcf8. Because Ets1
interacts with many transcription factors to mediate its effects, further studies are
required to determine whether it acts directly through the proposed binding sites, whether
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it acts indirectly in a larger transcription factor complex, or whether it acts by regulating
an intermediary protein.
These studies summarize the current understanding of tcf8 regulation pertaining to
EMT. Furthermore, these transcription factors can potentially mediate the effects of
upstream signaling pathways including TGFβ, Wnt, TNF-α, among others (Fig. 1A).
Further discussion concerning the literature linking TGFβ and ZEB1 is covered in
Chapter 3. Taken together, these studies suggest that transcription of ZEB1 can become
aberrantly regulated upon disruption of a number of pathways, contributing to tumor
progression. The critical role of ZEB1 during development, in the adult, and in cancer
progression makes it essential that we have a better understanding of how its expression
is regulated.

Regulation of Basal Transcription of tcf8

Within the past decade, new data have complicated the model of basal regulation of gene
transcription. Dr. Robert Tjian and others, in a recent and eloquently written review
(D'Alessio et al., 2009), challenge the previously held view that the basal transcriptional
machinery is essentially static, depending on cell-specific factors to modulate the
expression of a given gene under particular circumstances. In recent landmark papers, Dr.
Tjian’s group begins to elucidate a mechanism by which the core promoter complex
undergoes vast reorganization in a cell-specific manner to drive muscle cell
differentiation (Deato et al., 2008; Deato and Tjian, 2007). These studies are only one
11

example of ways in which our view of transcriptional regulation has become complicated
in recent years.
Not only have the protein components required for transcriptional initiation
become increasingly varied, but the core promoter elements directing binding of the
initiation complex have increased in diversity as well. The core promoter elements
include, among others, the TATA box, the CAAT box, the initiator (INR) sequence, the
downstream promoting element (DPE), and the motif 10 element (MTE) (Juven-Gershon
et al., 2006; Kadonaga, 2002; Lim et al., 2004; Smale and Kadonaga, 2003). The
combination in which these elements are present varies greatly from promoter to
promoter.
The tcf8 gene is among the growing family of TATA-less promoters and currently
our understanding of its regulation is limited. Sekido et al. (Sekido et al., 1996), driven
by their interest in lens-specific gene regulation, first characterized the chicken and
mouse orthologues of tcf8, comparing the gene organization of both and defining the
promoter region in chicken. They found several clustered sites of transcriptional initiation
in chicken embryos presumably due to the lack of a TATA box. This study was also the
first to identify a G-rich region, spanning from approximately -100 to -30 base pairs
upstream of the translation start site, that is essential for promoter activity. An additional
study later confirmed that this G-rich region, called the G-string, is also required for basal
activity of human tcf8 (Manavella et al., 2007). A number of transcription factors bind to
G-rich regions of DNA (Hapgood et al., 2001; Lewis et al., 1988; Xiang et al., 1991).
While G-strings were originally characterized as strings of 10 or more deoxyguanidine
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residues, G-strings consisting of as few as 6 residues have been assigned functional
significance in promoters. For example, IF1 (inhibitory factor-1) binds to G-strings of 6
and 7 consecutive residues (G6 and G7 respectively) in the collagen α1(I) and α2(I)
promoters to coordinate their expression (Karsenty and de Crombrugghe, 1991). The
human tcf8 G-string contains one G6 and one G7 in a 70 base pair region that is otherwise
G-rich (77% GC content). In addition, this region contains multiple Sp1 binding sites.
Sp1 regulates the basal activity of many other gene promoters (Li et al.). Although not
yet characterized, it seems likely that one or more transcription factors that bind GC-rich
regions may bind here to regulate basal transcription of tcf8.
Given the high sequence similarity between the chicken, mouse, and human
proximal promoters, one would predict a similar start transcription site (TSS) for human
tcf8. Dr. Douglas Darling’s group has aligned the available ZEB1 EST data and
compared this with RT-PCR data to assign a TSS that is at -36 relative to the translation
start site (personal communication, (Manavella et al., 2007)). This site is similar to what
was experimentally determined for chicken and predicted for mouse; however, this has
not yet been verified experimentally. While we do not dispute the existence of a human
tcf8 TSS located comparably to those in chicken and mouse, we have evidence that an
additional TSS exists for the human tcf8 gene (Broege et al., 2010). About 52% of the
analyzed human genes have alternative promoters (Tsuritani et al., 2007), so the presence
of multiple TSS in tcf8 is not surprising. 5’-RACE studies in our lab using RNA from
normal human myometrium identified an alternative TSS at -818 relative to the
translation start site (Broege et al., 2010). Because the RNA used for this RACE analysis
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was harvested from human myometrium whereas other data from transfection studies
with promoter-reporter constructs indicate initiation near the G-string, we propose that
expression of this transcript may be tissue-specific. Visual inspection of the sequences
surrounding the alternative TSS revealed two putative initiator (INR) sequences centered
at -999 and -818 relative to the translation start site, one downstream promoting element
(DPE) centered at -956, a CAAT box at -748, and sequence closely matching a Motif 10
element (MTE) centered at -785. In the proper cellular context, these elements could
serve to orient the basal transcription machinery; however, eliminating either INR
through site-directed mutagenesis does not eliminate activity in reporter assays (Broege
and Sanders, unpublished observations), and sequences upstream of the G-string are also
dispensable for basal activity (Manavella et al., 2007), suggesting that transcription
initiates primarily from a site within or downstream of the G-string.
Initiation from this alternative start site would yield a transcript containing a large
5’-untranslated region, which often provide additional mechanisms of regulation. Early in
my graduate work I identified two potential upstream open reading frames (uORFs) that
could regulate translation of the transcript. uORFs can either enhance or impede
translation (Chatterjee and Pal, 2009; Morris and Geballe, 2000). The 5’-most uORF in
this large UTR would produce an expected peptide of 68 amino acids. The sequence
flanking the initiation codon in this uORF shares similarity with the initiation region of
the glucocorticoid receptor as determined by BLAST alignment, suggesting that
translational initiation at this site is theoretically possible. The downstream uORF would
produce only a dipeptide. Such small uORF peptide products are common for regulation
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in contexts where initiation codon stalling is the sole requirement to interfere with
downstream initiation (see (Morris and Geballe, 2000)). Alternatively, the long 5’-UTR
may target the mRNA for degradation, as happens with ACAT1 mRNA (Zhao et al.,
2009), or for preferential translation from an internal methionine, as happens with mdm2
mRNA (Mendrysa et al., 2001). Additional experimentation is clearly required to
ascertain whether this longer ZEB1 transcript is in fact made, and if so, what effect it has
on ZEB1 expression during development or in specific cells in the adult.
To summarize, although the tcf8 TSS has only been experimentally verified in
chicken, the organization of the genes in mouse and in humans suggests that a TSS is
similarly located just upstream of the translation start site in those species as well.
Furthermore, transfection studies indicate that a GC-rich region that contains two bona
fide G-strings is required for basal transcription of tcf8. However, an additional TSS
appears to be present in human that may be involved in tissue-specific gene regulation.
Given that the transcription start site has not yet been experimentally verified, all
numbering herein is relative to the site of translational initiation.

ZEB1 in Bone Biology

Proper skeletal development is an intricately orchestrated process during which
cells from a number of developmental origins interact and work together to build an
organized and functional skeleton. Maintaining this complex organ requires a strictly
maintained homeostasis of bone creation by osteoblasts (reviewed in (Harada and Rodan,
15

2003)) and bone resorption by osteoclasts (reviewed in (Boyle et al., 2003)). Improper
homeostasis of this process undermines the structural integrity of this tissue and can lead
to unwanted consequences, including osteoporosis and other bone density-related
diseases.
Though the primary phenotype of the tcf8 knockout mouse is abnormalities in
skeletal development, initially few studies investigated the mechanism behind this defect.
The tcf8 knockout mice display defects in multiple lineages, suggesting that ZEB1 plays
a widespread role in patterning of the skeletal system (Takagi et al., 1998). Interestingly,
mice in which only the carboxy-terminal zinc-finger cluster is removed display normal
skeletal development but impaired T-cell development (Higashi et al., 1997). These
mouse studies suggest that ZEB1 mediates its developmental effects through distinct
domains in the protein. The tcf8 null mice display cleft palate, fusion of joints, shortened
long bones, and malformed ribs among other defects.
Bone formation during development occurs by two distinct mechanisms. The
long bones are formed through the process of endochondral ossification, which is dictated
by a number of secreted signaling molecules including Hedgehog factors, BMPs, and
other growth factors (reviewed in (Kronenberg, 2003)). In this mechanism of bone
development, mesenchymal cells at the site of bone formation condense and differentiate
into chondrocytes. Immature chondrocytes undergo hypertrophy, which accompanies
changes in their gene expression profile. These hypertrophic chondrocytes stimulate
recruitment of blood vessels and osteoblasts to the site of bone development. Working in
conjunction with osteoclasts, the newly recruited osteoblasts replace the chondrocytes
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and deposit mature bone matrix. Intramembranous ossification, alternatively, is most
notably responsible for forming the flat bones that make up our skull. During
intramembranous ossificiation, mesenchymal cells at the site of ossificiation differentiate
directly into osteoblasts and secrete a bone matrix without chondrocytes acting as an
intermediate to facilitate bone formation. The palate is formed through intramembranous
ossification, whereas the long bones are formed through endochondral ossification. Both
the palate and long bones develop improperly in the tcf8 null mouse. This suggests that
ZEB1 plays an underlying role in both of these processes of bone formation.
Bone formation and homeostasis are dependent on differentiated cells that arise
from the mesenchymal and haematopoietic lineages. Mesenchymal stem cells
differentiate into chondrocytes, which form the cartilaginous structures, and osteoblasts,
which secrete a mineralized bone matrix, as well as adipocytes (lipid storage) and
myocytes (muscle cells). Osteoclasts, which are responsible for bone resorption, arise
from the haematopoietic lineage (reviewed in (Boyle et al., 2003)). Runx2 (Komori et al.,
1997) and Osterix (Nakashima et al., 2002) are two transcription factors that play a
critical role in dictating bone development and are essential for mature osteoblast
formation, whereas Sox transcription factors (specifically Sox-5, -6, and -9) guide
mesenchymal cell differentiation down the chondrocyte lineage (reviewed in (Harada and
Rodan, 2003; Zelzer and Olsen, 2003)). Maturation and activation of osteoclasts is
governed by receptor activator of nuclear factor (NF)-κB (RANK) and its ligand,
RANKL (reviewed in (Boyle et al., 2003)). Osteoblasts secrete RANKL and an inhibitor
of RANKL, OPG, to control the balance between bone formation and bone resorption.
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The tcf8 null mice possess all of the mature mesenchymal cell types, including
osteoblasts and chondrocytes, suggesting that no gross defect in differentiation exists.
Because ZEB1 modulates differentiation into the various mesenchymal cell
lineages, one must consider what effect it has on mesenchymal lineages involved in bone
development, namely, chondrocytes and osteoblasts. Early studies investigating the role
of ZEB1 in bone biology primarily focused on regulation of target genes that are
characteristic of those lineages. In 2000, ZEB1 was found to regulate collagen II – the
most abundant collagen found in the cartilage matrix – by binding to E-boxes in the
Col2a1 gene (Murray et al., 2000). This study also used chicken limb bud mesenchymal
cells as a model for chondrocyte differentiation and found that as these cells
differentiated, ZEB1 mRNA levels decreased and collagen II mRNA levels increased.
Interestingly, ZEB1 is up-regulated in hypertrophic chondrocytes, presumably where it
once again represses collagen II (Davies et al., 2002) and other genes to facilitate this
hypertrophic change. More recently, in vivo studies suggest that ZEB1 also guides
skeletal patterning through its effects on migration and proliferation of mesenchymal
precursor cells (Bellon et al., 2009; Liu et al., 2008b).
Early in my graduate work, little was known about the role of ZEB1 in regulating
osteoblast differentiation, and one of my early aims was to investigate this question.
Previous studies detected expression of ZEB1 in osteoblasts in vivo (Davies et al., 2002);
furthermore, ZEB1 had been shown to regulate markers of osteoblast differentiation,
including alkaline phosphatase, osteocalcin, and type I collagen (Sooy and Demay, 2002;
Terraz et al., 2001). I attempted to investigate the expression and function of ZEB1
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during osteoblast differentiation using MC3T3-E1 cells and C2C12 cells as models for
osteoblast differentiation. Shortly after I began these studies, however, another group
(Yang et al., 2007b) found that expression of ZEB1 was repressed in C2C12 cells upon
treatment with BMP-2, and that ZEB1 was able to inhibit BMP-2-dependent osteoblast
differentiation in this system by a mechanism that was zinc-finger-independent.
The same group that created and characterized the tcf8 knockout mouse followed
by characterizing Gli3 and tcf8 double homozygous knockout mice (Moribe et al., 2000).
Gli3 is a zinc finger transcription factor that is targeted by Hedgehog signaling and whose
absence in the developing organism results in digit patterning defects (Litingtung et al.,
2002). Although tcf8 knockout mice show no defect in digit patterning, lack of ZEB1 in
the double knockout mice was able to repress the polydactyly phenotype of the Gli3
knockout mice (Moribe et al., 2000). The expression domain of ZEB1, visualized by
LacZ staining, was also expanded in Gli3 mutant mice, suggesting that Gli3 regulates
expression of ZEB1 (Fig. 1A). Consequently, Hedgehog signaling may be able to affect
ZEB1 through this mechanism; however, whether Gli3 regulates tcf8 transcription
directly, or affects levels of ZEB1 through an intermediary, remains unclear.
While of great interest to understanding the biological role of ZEB1 in skeletal
development, the above studies fail to adequately describe mechanisms by which tcf8 is
regulated at the transcriptional level during skeletal development. Skeletal development
requires the coordination of multiple signaling pathways and transcription factors to
dictate skeletal organization and lineage specification of mesenchymal precursors. At the
transcriptional level, the Runx2 transcription factor is a master regulator of skeletal
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development, and other Runx family members provide a supportive role in skeletal
development. Therefore, this family requires particular attention as a candidate regulator
of tcf8 during skeletal development.

The Runx family

The Runx (runt-related) family of transcription factors consists of three members that are
characterized by the conserved runt domain that they share. Runx family members
individually have weak DNA binding activity, but this activity is greatly strengthened by
heterodimerization with core-binding factor (CBF)-β, which does not directly interact
with DNA (Ogawa et al., 1993; Tahirov et al., 2001). Runx proteins all bind DNA
directly through their runt domain to the consensus sequence (R/TACCRCA) (Kamachi
et al., 1990; Melnikova et al., 1993). All three Runx proteins play a critical role in tissuespecific development: Runx1 is required for hematopoesis (Okuda et al., 1996), Runx2 is
a master regulator of bone development (Otto et al., 1997), and Runx3 is critical for
gastrointestinal development (Li et al., 2002), though their functions overlap in some
tissues. Runx family members are also implicated in tumorigenesis, acting as both
oncogenes and tumor suppressors depending on the context (reviewed in (Blyth et al.,
2005)).
Runx2 knockout mice develop a complete cartilaginous skeleton, but are largely
devoid of ossification due to the absence of mature osteoblasts (Komori et al., 1997).
Mutations in the Runx2 gene in humans cause the skeletal disease cleidocranial dysplasia
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(Mundlos et al., 1997; Otto et al., 1997). Though Runx2 is primarily involved in
osteoblast differentiation, it is also required for proper chondrocyte maturation (Fujita et
al., 2004; Yoshida et al., 2004). Chondrocyte hypertrophy is delayed in Runx2-/- mice and
completely absent in Runx2-/-/Runx3-/- mice (Yoshida et al., 2004). These studies suggest
that Runx2 is critical for lineage specification of osteoblasts and chondrocytes, but also
that other Runx family members function during mesenchymal cell differentiation as
well.
Runx2 also mediates and coordinates the effects of multiple signaling pathways
involved in skeletal development. Runx family members interact with SMADs to
facilitate transduction of TGFβ signaling (Javed et al., 2008). Runx2 is a target of Wnt
signaling and can directly interact with the LEF-1 transcription factor to mediate the
effects of Wnt signaling (Gaur et al., 2005; Kahler and Westendorf, 2003). Runx2 also
affects hedgehog signaling by inducing Indian Hedgehog (IHH) during development,
regulating limb growth (Yoshida et al., 2004), and in breast cancer cells (Pratap et al.,
2008), mediating TGFβ-dependent induction of IHH. In addition, Runx2 affects
migration of osteoblasts and chondrocytes through phospoinositide 3-kinase (PI3K)-Akt
signaling (Fujita et al., 2004). These studies illuminate the role of Runx2 in mediating the
transcriptional effects of numerous of signaling pathways to regulate bone development
and maintenance.
The importance of Runx2 as a master regulator of transcription during skeletal
development makes it a likely candidate for regulating tcf8 in this tissue. However, the
importance of Runx1 and 3 in T-cell development also provides connections to possible
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regulation of tcf8. Therefore, there are interesting biological connections between ZEB1
and all Runx family members. The following thesis focuses on the regulation of tcf8 by
these family members, most particularly Runx2.
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Figure 1: Tcf8 is regulated by multiple transcription factors and signaling pathways.

(A) Multiple transcription factors regulate the expression of tcf8. Dashed lines indicate
that the mechanism by which these transcription factors mediate their effects is unclear.
Signaling pathways known to mediate their effects through the listed transcription factors
are indicated; however, only NF-κB and Ets1 have been confirmed to mediate the effect
of the indicated pathway on tcf8 expression. (B) Human sequence of the 5’ region of tcf8.
Binding site searches by ours and other labs have identified the indicated transcription
factor binding sites. Only direct binding to this region of Taz-Tead1 and RB-E2F have
been confirmed. Bold letters indicate the proposed transcription start site (Manavella et
al., 2007) and the translation initiation codon.
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Statement of Thesis

Information on the transcription factors that regulate tcf8 is currently limited. The
G-string appears to mediate basal transcription, but no further analysis has been done to
determine the transcription factors that bind here. Beyond that, few transcription factors
are known to regulate transcription of tcf8 during biological processes. Furthermore,
though skeletal abnormalities are the primary phenotype of the tcf8 knockout mouse, very
little is known about its regulation in this tissue. Multiple putative Runx binding sites are
present in tcf8. Because the Runx2 transcription factor is a master regulator of bone
development, Runx2 may contribute to transcriptional regulation of tcf8. The following
thesis explores the mechanism by which Runx2 regulates tcf8 transcription, including
transcription factors with which Runx2 interacts and the signaling pathways that may
influence the effect of Runx2 on tcf8. These studies enhance our understanding of how
transcription of tcf8 is regulated.
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Chapter 2: The Runx Family of Transcription Factors
Regulates Transcription of tcf8.
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Summary

Because ZEB1 is required for proper skeletal development in mice, we sought to
investigate the mechanism(s) by which this transcription factor is regulated in bone. A
transcription factor binding site search of tcf8, the gene that encodes ZEB1, revealed two
consensus Runx binding sites within a 974 base pair region upstream of the tcf8
translation initiation codon. Runx2 is a master regulator of skeletal development, and
therefore an attractive candidate to regulate expression of tcf8 in this tissue.

A

combination of reporter constructs, promoter-reporter truncation analysis, and sitedirected mutagenesis was used to investigate the ability of Runx2 to regulate the tcf8
promoter. These analyses demonstrated that Runx2 regulates the tcf8 through a 54 base
pair region from -164 to -112 relative to the translation start site. Electrophoretic mobility
shift assays determined that Runx2 interacts with sequences within the tcf8 promoter. In
addition, LEF-1, a component of the Wnt signaling pathway, synergizes with Runx2 to
activate transcription. These data provide novel mechanisms of transcriptional regulation
of tcf8 by Runx family transcription factors and Wnt signaling, expanding the
mechanisms by which tcf8 may be regulated during skeletal development and
mesenchymal cell differentiation.

27

Introduction

Proper formation of a functional skeletal system is a complex process that is mediated by
myriad signaling pathways that mold mesenchymal precursor cells into the structures that
eventually give rise to a mature skeleton (reviewed in (Karsenty, 2003)). The mature
skeleton is an active organ that maintains a strictly regulated balance of bone formation
and bone absorption throughout an organism’s life cycle (reviewed in (Harada and
Rodan, 2003)). Improper maintenance of this balance results in bones that are too dense,
too frail, or misshapen, all conditions that are harmful to the organism. For these reasons,
thorough understanding of how the skeletal system is formed and maintained is essential.
Though improper skeletal development is the primary characteristic of ZEB1 null
mice (Takagi et al., 1998), little attention has been given to the function of ZEB1 during
skeletal patterning or its role in bone homeostasis. ZEB1 is expressed in mesenchymal
precursors, osteoblasts, pre-chondrocytes, hypertrophic chondrocytes, and osteosarcoma
cell lines (Murray et al., 2000; Sooy and Demay, 2002). ZEB1 is also repressed in the
pluripotent C2C12 mesenchymal cell line upon treatment with BMP-2 by a mechanism
that is not clearly defined (Yang et al., 2007b). Additional studies suggest that ZEB1
mediates its effects on bone by regulating proliferation and migration of mesenchymal
precursor cells and that ZEB1 can modulate Indian Hedgehog (IHH) signaling during
embryonic patterning (Bellon et al., 2009). While these studies provide clues to the
function of ZEB1 during bone development and homeostasis, particularly little is known
about how ZEB1 is regulated in this tissue during development and bone homeostasis.
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The Runx family of transcription factors is defined by its runt-like domain, which
facilitates DNA binding and protein interactions and consists of Runx1, Runx2, and
Runx3. Runx transcription factors heterodimerize with core binding factor (CBF)-β and
bind the consensus sequence PuACCPuCA in the promoters of their target genes. In
addition, Runx proteins form complexes with other DNA regulatory proteins such as
LEF-1 and Ets1, among others, to mediate their effects on target genes (Arman et al.,
2009; Kahler and Westendorf, 2003; Wotton et al., 1994). Runx2 is a master regulator of
skeletal development (Komori et al., 1997). Runx1 is required for hematopoiesis, and
Runx3 mediates gastrointestinal development by affecting the responsiveness of gastric
epithelial cells to proliferative signals (Li et al., 2002; Okuda et al., 1996). Runx family
members are also implicated in the initiation and progression of cancers of various
origins (reviewed in (Lund and van Lohuizen, 2002)). Runx family members and ZEB1
are biologically linked by their function in both the skeletal and immune systems. Also,
multiple putative Runx consensus binding sites are present in tcf8. Therefore, we
hypothesized that Runx family members regulate the amount of ZEB1 mRNA by binding
the consensus sequences present in the tcf8 proximal promoter region.
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Materials and Methods

Plasmids.

A 974 bp fragment of the tcf8 5’-flanking region was originally cloned into a
pBlue-TOPO β-galactosidase reporter vector (Invitrogen, Carlsbad, CA). For the
following studies, I removed the tcf8 insert from that vector using HindIII restriction
digest and cloned this fragment into the pGL3-basic luciferase reporter vector
(Invitrogen), creating pGL3.ZEB-974.

The initial mutations in the putative Runx sites at -265 and -100 relative to the translation
start site were created using the QuikChange mutagenesis kit (Agilent Technologies,
Santa Clara, CA) as per the manufacturer’s protocol. The upper strand primers used for
this mutagenesis are as follows with mutations in lower case. They were annealed to
corresponding primers (not shown). The Tm for the -100 site was 70.6°C and for the -265
site was 70.8°C.
-100 site: 5’-GTCGTAAACCAGGactaGTGGGGAGGGGGGAGGGG- 3’
-265 site: 5’-ATCCGCCTCCCTCTCCCCAgaACACCTGAGGAAAACTTTTCCCT-3’
The resulting plasmids were analyzed by restriction digest and those containing the
desired mutations were sequenced.
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Plasmids containing truncations from the 5’-end of tcf8 were all created by PCR
amplification using pGL3.ZEB-974 as a template. A KpnI site was manufactured into the
5’-end of the forward truncation primers with an additional two base pairs to improve
cutting efficiency. The reverse primer was the GL2 3’-primer, which amplifies from the
pGL3 backbone (GL2 3’-primer: 5’ – CTTTATGTTTTTGGCGTCTTCCA – 3’). PCR
reactions contained 10-20 ng of the pGL3.ZEB-974 template; 1 µl (25 mM) dNTPs; 2.5
µl primer mix (10 µM forward and reverse primers); 5 µl Thermalase buffer; 39.5 µl H20;
and 1 µl Thermalase (Invitrogen). The resulting PCR products were digested with both
KpnI and HindIII in NEB Buffer II (New England Biolabs). The digested PCR products
were then ligated into pGL3.Basic vector that had been digested with KpnI and HindIII
and treated with alkaline phosphatase. These ligation reactions were transformed into
DH5α subcloning efficiency competent cells (Invitrogen) and the resulting plasmid
preparations were analyzed by KpnI/HindIII digestion. Preparations containing
appropriately sized inserts were sequenced. 5’ primers used to amplify each truncation
follow with the KpnI site in lower-case letters. The primers are labeled by the construct
they were used to create.
pGL3.ZEB-836: 5’-ttggtaccCTCATTCCGCTCTACTAAGG-3’ (Tm = 60.9°C);
pGL3.ZEB-666: 5’-ttggtaccTAGCCTCTCTCCGGTCGC-3’ (Tm = 64.9°C);
pGL3.ZEB-516: 5’-ttggtaccCTGCCTCCAGGAAGCA-3’ (Tm = 64.4°C);
pGL3.ZEB-348: 5’-ttggtaccAACTCCGACAGCCCGTC-3’ (Tm = 64.4°C);
pGL3.ZEB-164: 5’-ttggtaccTAGAGCGAGAGCCTCTAGG-3’ (Tm = 62.1°C);
pGL3.ZEB-112: 5’-ttggtaccGTCGTAAACCAGGTGCGG-3’ (Tm = 64.3°C);
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pGL3.ZEB-112m100: 5’-ttggtaccGTAAACCAGGACTAG-3’ (Tm = 59.6°C);
pGL3.ZEB-48: 5’-tggtaccGTGACTCGAGCATTTAGACAC-3’ (Tm =61.4°C).

In later experiments, pGL3.ZEB-164 constructs carrying mutations in the -131, -114, and
-100 sites were used. The primers used for the upper strands used for this mutagenesis are
as follows with mutations in lower case. They were annealed to corresponding primers
(not shown). The Tm for -114 primers was 66.7°C and for the -131 site was 66.0°C.
-114 site upper: 5’-GTAAAGCCGGGAGTGTacTAAACCAGGTGCGGTG-3’;
-131 site upper: 5’-GTGTAAGGAAGGTGATGTacTAAAGCCGGGAGTGTCGT-3’.
The following primer was used to mutate the -114 site while keeping the -100 site
mutation intact (Tm = 65.3°C):
-114/-100

upper:

5’-CGTAAAGCCGGGAGTGTacTAAACCAGGACTAGTGG-3’.

Either pGL3.ZEB-164 or pGL3.ZEB-164m100 was used as the initial template. Further
rounds of mutagenesis were performed on the resultant constructs from earlier rounds to
create the combinatorial mutations. These mutations were also created in the context of
pGL3.ZEB-974 but the results are not reported herein.

The Runx and LEF1 expression vectors used in this study were all provided by Jennifer
Westendorf (Mayo Clinic and Foundation, Rochester, MN). These include, pCMVRunx1, pCMV-Runx2, pCMV-Runx3, pCMV-LEF1-HA, pCMV-LEF-1-HMG, pCMVLEF-1-ΔHMG, pCMV-LEF-1-Δβ-cat
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Transient DNA Transfections.

Early transfections (Figs. 2 and 3) used Lipofectamine 2000 (Invitrogen) following the
manufacturer’s protocol. Later transfections used the Mirus TransIT®-LT1 (cat #: MIR
2305) transfection reagent as per the manufacturer’s protocol (Mirus Bio LCC, Madison,
WI). Cells were transfected in 6-well plates when the cells were between 50% and 70%
confluent. Protein extracts were harvested 24 hours later using 300 µl Reporter Lysis
Buffer (Promega, #E397A).

Electrophoretic Mobility Shift Assays

Electrophoretic mobility shift assays (EMSA) in Figures 5, 6, and 7 were performed
using whole cell protein extracts harvested from NIH3T3 cells transfected with the
pCMV-Runx2 expression vector (5 µg). EMSAs in Figures 16 and 17 were performed
using Saos2 nuclear extracts (5 µg), which have been shown to express high levels of
endogenous Runx2 suitable for EMSA (Sevetson et al., 2004). DNA end-labeling
reactions were set up as follows: 2 µl annealed oligonucleotides (5 pmol/µl), 3 µl React®
2 buffer (Invitrogen), 3 µl dATP, dGTP, dTTP mix (25 mM each), 2 µl 32P-dCTP (0.01
mCi/µl), 0.5 µl Klenow (Invitrogen), and 19.5 µl H2O. Reactions were incubated at room
temperature for 20 minutes and passed over a Sephadex G50 column (Roche,
#11273973001) to separate free nucleotides from the oligonucleotide probe. Competition
assays were performed with the indicated concentrations of unlabeled oligonucleotides in
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Figures 5 and 6, and all competitors were at 50x molar concentration of unlabeled cold
oligomer in Figure 16. Supershift assays were performed with 3 µl α-AML-3 (Runx2)
antibody (1.8 µg/µl), kindly provided by Dr. Jennifer Westendorf (Mayo Clinic and
Foundation, Rochester, MN), or an α-HA antibody (Santa Cruz), or IgG (Santa Cruz, sc2027). Antibodies were pre-incubated with the protein extract for 1 hour prior to addition
to the labeled oligonucleotide. The EMSA reaction was set up as follows: 5 µl 4x shift
buffer (60 mM Hepes, 240 mM KCl, 20 mM MgCl2, 4 mM EDTA, 48% glycerol), 0.1 µl
1M DTT, 1.0 µl poly-dIdC, 50,000 cpm readiolabeled oligomer probe, and appropriate
volume of competitor, if present. A combination of D2 (20 mM Hepes, 20% glycerol, 100
mM KCl, 200 µM EDTA), protein extract, and antibody (if present) was then added to
the shift reaction and incubated for 30 minutes at room temperature. 2 µl EMSA loading
dye was added to the reaction. The reaction was run on a 6% Tris-Glycine polyacrylamide gel, dried, and subjected to autoradiography.

Cell Culture

Ros17/2.8 (rat osteosarcoma), Saos2 (human osteosarcoma), and C3H10T1/2
(mesenchymal precursor) cells were provided by Dr. Jennifer Westendorf. C2C12
(mesenchymal precursor, ATCC#: CRL-1772) and Cos7 (ATCC#: CRL-1651) cells were
purchased from ATCC. Cells were maintained in DMEM supplemented with 10% FBS
and 1% penicillin/streptomycin (Gibco and Invitrogen, respectively).
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Results and Discussion

Runx family members regulate tcf8 in a cell-specific manner.

Because virtually nothing is known about the regulation of tcf8, especially in bone, a
transcription factor binding site search (TESS, (Schug, 2003)) was done of tcf8. Two
Runx consensus binding sites, which are conserved in most vertebrates, were identified at
-265 and -100 relative to the translation start site in human tcf8 (Fig. 2). As Runx2 is a
master regulator of bone development, our studies primarily focused on its regulation of
tcf8, although pilot experiments indicated that the other Runx family members, Runx1
and Runx3, also regulate tcf8 (see Fig. 4). To determine whether Runx2 regulates a tcf8
reporter vector containing the putative Runx binding sites in bone, a pGL3 luciferase
expression vector referred to as pGL3.ZEB-974, which contains 974 base pairs of
sequence upstream of the tcf8 site of translational initiation site, was transfected into
several bone-like cell lines (Fig. 3). Ros17/2.8 (rat osteosarcoma), Saos2 (human
osteosarcoma), and C3H10T1/2 (a mesenchymal precursor) cell lines were transfected
with the pGL3.ZEB-974 reporter plasmid in the presence or absence of a pCMV-Runx2
expression vector (Fig. 3A-C). In both osteosarcoma cell lines (Fig. 3A and Fig. 3B) and
in Cos7 cells (Fig. 3D), we observe an induction of pGL3.ZEB-974 with the addition of
Runx2; however, in C3H10T1/2 cells tcf8 was repressed by Runx2 (Fig. 3C). In contrast,
a reporter vector with 6 consensus Runx sites (p6OSE2) was induced in these cells. This
suggests that regulation of tcf8 by Runx2 is cell type-dependent. A dose-response
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experiment was done with Runx2 in Cos7 cells, and a dose-dependent induction of tcf8
by Runx2 was observed (Fig. 3D). Thus, Runx2 can activate or repress transcription of
tcf8 through a 974 bp region upstream of the translation start site in a cell type-dependent
manner.
Because Runx family members target the same DNA sequence in target gene
promoters, it was of interest to determine whether Runx1 and/or Runx3 could also
regulate the transcriptional activity of tcf8. Ros17/2.8 cells were transfected with the
pGL3.ZEB-974 reporter vector with and without either Runx1 or Runx3 (Fig. 4). Both
Runx1 and Runx3 induced the reporter vector in a dose-dependent manner between 2and 3-fold over vector alone, which is comparable to the activation achieved with Runx2
(Fig. 3A). This experiment was also done in Saos2 and C3H10T1/2 cells and,
surprisingly, similar results were observed (data not shown). Whereas the addition of
Runx2 resulted in repression of the tcf8 reporter in C3H10T1/2 cells, the addition of
either Runx1 or Runx3 activated this reporter in this cell type (data not shown). While the
basis of this discrepancy is unknown, Runx transcription factors interact with a number of
different coactivators and corepressors to either repress or activate target gene
transcription (reviewed in (Blyth et al., 2005)). Thus, it is possible that Runx1 and Runx3
interact with different cofactors than does Runx2 in these cells. Though we observed
activation by Runx1 and Runx3 in the cell lines we tested, this does not exclude the
possibility that these family members could also repress transcription of ZEB1 in some
cell contexts in vivo. These results demonstrate that all Runx family members regulate
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transcription of tcf8, though only Runx2 was found to differentially regulate expression
of tcf8 depending on the cell type.

Runx2 and LEF1 cooperate to activate the tcf8 in a synergistic manner.

Because Runx family members are known to interact with other transcription factors at
target gene promoters to regulate gene expression, we investigated this possible
mechanism for the regulation of tcf8. A transcription factor binding site search of the
region containing the -265 and -100 Runx binding sites identified two putative Ets1 sites
and a LEF1 binding site, both proteins with which Runx2 cooperates to regulate target
genes (Kahler and Westendorf, 2003; Wai et al., 2006). The pCMV-LEF-1-HA
expression vector was used to investigate whether expression of Runx2 and LEF-1
together had an additional affect on transcription of tcf8. Kahler et al. (Kahler and
Westendorf, 2003) found that LEF-1 was able to inhibit the Runx2-mediated activation of
the osteocalcin promoter by physically interacting with Runx2 through its runt domain.
Cos7 cells were transfected with pGL3.ZEB-974 and either pCMV-Runx2, pCMVLEF1-HA, or both pCMV-Runx2 and pCMV-LEF1-HA together (Fig. 5). When either
Runx2 or LEF1 are expressed individually, a 2- to 3-fold increase in luciferase expression
was observed, whereas overexpression of both Runx2 and LEF-1 resulted in a greater
than 10-fold induction. In contrast to the osteocalcin promoter, for which LEF-1
interfered with Runx2 activation, these data indicate that Runx2 and LEF-1 cooperate in a
synergistic manner to activate tcf8.
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To further investigate the cooperation of Runx2 and LEF-1 in regulating tcf8,
several plasmids that express different domains of the LEF-1 protein were obtained from
Dr. Jennifer Westendorf. These include: pCMV-LEF-1-HMG, which expresses only the
HMG domain responsible for DNA-binding and Runx2 interaction; pCMV-LEF-1ΔHMG, in which the HMG domain is deleted; and pCMV-LEF-1-Δ-β-cat, which lacks
the β-catenin interaction domain responsible for mediating the affects of Wnt signaling
on LEF-1. No specific domain in LEF-1 appears solely responsible for coordinating with
Runx2 to induce expression of the reporter, but none of these constructs activate the
reporter in conjunction with Runx2 as well as does full-length LEF-1 (Fig. 6). One
explanation for this observation is that various domains are responsible for interacting
with other proteins in a larger complex, and the absence of each domain results in
incomplete complex formation. Further investigation is necessary to draw any firm
conclusions, including verification that these expression vectors express roughly the same
levels of protein.

Runx2 binds to sequences in tcf8.

The above results indicate that Runx family members regulate transcription of tcf8. In
the case of Runx2, this regulation was cell-type-dependent as it was capable of either
repressing or activating transcription depending on the cell line. Furthermore, Runx2
coordinates regulation of tcf8 in part through cooperation with LEF-1. Given the presence
of two Runx binding sites in tcf8 that perfectly matched the consensus site, we
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hypothesized that Runx2 mediates its effects on transcription of ZEB1 through direct
binding to these sequences.
To test this hypothesis, a series of electrophoretic mobility shift assays (EMSA)
were done. Double-stranded oligomers flanking the -265 and -100 sites as well as
oligomers carrying mutations in the Runx binding sites were synthesized (Fig. 7). As a
positive control, a Runx binding site consensus oligomer previously shown to bind
Runx2 in EMSA (Kahler and Westendorf, 2003) was used and, as a negative control this
same oligomer containing a mutation in the Runx binding site was used.
To investigate whether Runx2 binds to these oligomers, a Runx2 antibody was
used in an attempt to supershift the protein-bound oligmoers (Fig. 8). Double-stranded
oligomers containing the -265 putative Runx site, the -100 putative Runx site, or the
Runx consensus site were radiolabeled and incubated with protein alone (lanes 2, 6, and
10), a Runx2 antibody (lanes 3, 7, and 11), or an irrelevant antibody (lanes 4, 8, and 12).
Lanes 1, 5, and 9 contain radiolabeled probe without protein extract. Whole cell protein
extracts from NIH3T3-E1 cells transfected with pCMV-Runx2 were used as a source of
Runx2 in these experiments. Preincubation of protein extract with a Runx-specific
antibody resulted in a supershift of the -265 oligomer as well as the -100 oligomer
comparable in migration to that with the consensus oligomer. The binding with the -265
binding site oligomer is quite faint compared to the band observed binding to the -100
site oligomer. These data suggest that a Runx2-containing protein complex binds to
sequences in both the -100 and -265 site in tcf8.
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To test the affinity with which Runx2 bound the sites in the ZEB1 promoter, we
performed a series of competition experiments (Figs. 9 and 10). In both figures, the Runx
consensus oligomer was radiolabeled and competed with unlabeled self oligomer
(positive control) or a Runx consensus with the Runx site mutated (negative control). For
Fig. 9, oligomers containing the wild-type and mutated -100 were also used, and for Fig.
10, the -265 site and the mutated -265 site were used.
In Figure 9, the Runx consensus site competes for binding (lanes 3 and 4) whereas
the oligomer containing the mutated Runx site does not (lanes 5 and 6). The wild type
-100 site effectively competes for Runx binding to the consensus sequence (lanes 7 and
8). However, when the Runx binding site in this oligomer is mutated, it fails to compete
for Runx binding to consensus oligomer (lanes 9 and 10). In contrast, Figure 10 suggests
that while the -265 oligomer competes weakly (lanes 7 and 8), the -265 oligomer with the
putative Runx site mutated competes at least as well (lanes 9 and 10). Though supershift
data (Fig. 8) show the capacity of Runx2 to bind both sites, these data suggest that Runx2
binds with greater affinity to the -100 binding site than it does to the -265 binding site.

The -265 and -100 Runx binding sites in tcf8 are dispensable for Runx2-dependent
activation.

To test whether the -265 binding site or the -100 binding site, or both, is responsible for
mediating the effect of Runx2 on transcription, site directed mutagenesis was performed
on the two sites individually or in combination (Fig. 11). The resulting reporter
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constructs,

called

pGL3.ZEB-974m100,

pGL3.ZEB-974m265,

and

pGL3.ZEB-974m100/265, were transfected in Cos7 cells in the presence or absence of
Runx2 (Fig. 11). Data are plotted as fold induction with the addition of pCMV-Runx2.
Mutations in the -265 site, -100 site, or in both sites failed to abrogate the response to
Runx2, suggesting that Runx2 acts through another mechanism that might include
additional nonconsensus sites, tethering to the promoter through a protein complex, or
through an intermediary to regulate tcf8.
To address the first possibility, I did a manual inspection of the 974 bp region
looking for imperfect Runx binding sites that failed to show up in the transcription factor
search and found three sites at -570, -308, and -198 that closely matched the consensus
(see Table 1). I hypothesized that these imperfect sites mediate the actions of Runx2 on
tcf8 when the -265 and -100 sites are mutated. To determine whether these sites were able
to bind Runx, I designed EMSA oligomers that included these sites. I used these
oligomers to compete Runx binding from labeled Runx consensus oligomer as described
in Fig. 9 and found that all of these sites were able to compete to varying extents for
binding with the consensus oligomer (data not shown), suggesting that they may be
capable of mediating the response to Runx2 when sites -265 and -100 are mutated. In
addition to these sites, two additional sites closely matching the Runx consensus
sequence were later discovered at -131 and -114. These data indicate that the -265 and
-100 binding sites are not required for regulation of tcf8 by Runx, and that additional
Runx binding sites in tcf8 might be responsible for mediating the effects of Runx.
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Site location

Sequence

Matching bp

-570

TCCAGACCGCGATCCC

6/7

-308

TTTCTGACCGCGTCCCT

6/7

-198

CCGCAAACCGCCCGGT

6/7

-131

GGTGATGTCGTAAAGC

6/7

-114

GGGAGTGTCGTAAACC

6/7

Table 1.

Runx2 regulates the tcf8 through a region between -164 and -112.

Because of the number of additional putative Runx binding sites and because of the
possibility that Runx2 might be functioning through an intermediary to regulate tcf8,
creating a series of 5’ truncations appeared to be the most efficient way to identify the
region through which Runx2 acts. Primers were designed to amplify the sequentially
deleted truncations, and they were subcloned back into the pGL3.basic vector. Initially,
six truncations of the pGL3.ZEB-974 construct were created, with the numbering relative
to the translation start site (Fig. 12A). Putative Runx binding sites are indicated by the
black boxes.
To narrow the Runx-responsive region the truncation constructs were transfected
into Cos7 cells with or without the pCMV-Runx2 expression vector. In order to
investigate the effects of these truncations on basal expression of tcf8, the absolute levels
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of activity without Runx were plotted (Fig. 12B). The results indicate that repressive
elements exist between -974 and -348, as basal expression increased with each successive
truncation up to the pGL3.ZEB-164 truncation. Basal expression from pGL3.ZEB-836 is
significantly higher than pGL3.ZEB-974 (p < 0.05), and basal expression from
pGL3.ZEB-348 is significantly higher than that of pGL3.ZEB-836 (p < 0.05). Upon
deletion to -164 basal, expression drops approximately 50% compared to the prior
truncation (p = 0.0085) (Fig. 12B). pGL3.ZEB-48 expression was identical to empty
vector, which is expected as this construct lacks the G-string that is known to be essential
for basal activity of the ZEB1 promoter (Manavella et al., 2007). Co-transfection of the
pCMV-Runx2 expression vector results in activation of all truncation constructs except
pGL3.ZEB-48 by approximately 10-fold (Fig 12C). pGL3.ZEB-164 contains the -100
Runx binding site as well as sequences closely matching the Runx consensus at -131 and
at -114. These observations raise the possibility that one or more of those putative sites
mediates the induction by Runx2.
Previous EMSA data (Figs. 8 and 9) suggest that Runx2 binds the -100 consensus
site; therefore, this site was mutated in the context of pGL3.ZEB-164. We reasoned that
in the absence of upstream Runx binding sites, elimination of the -100 site context might
be sufficient to abrogate the ability of Runx2 to regulate expression of ZEB1. When the
plasmid containing this mutation, pGL3.ZEB-164m100, was transfected into Cos7 cells
with and without the pCMV-Runx2 expression vector, no effect was seen on the
induction by Runx2 (Fig. 13). These data indicate that the putative Runx site at -100 is
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not required for induction by Runx2 in this context and implies that other sequences in
this region mediate its effects.
Because all transcriptional activity of tcf8 is lost upon deletion of the nucleotides
upstream of -48 (the pGL3.ZEB-48 construct, Fig. 12B), an additional truncation to -112,
pGL3.ZEB-112, was designed to further narrow the region through which Runx can act
(Fig. 14A) This truncation eliminates all sequences upstream of the G-string, but it
should still retain basal transcriptional activity. Truncation to -112 also eliminates two
sites that mismatch the Runx consensus by one nucleotide (Fig. 14A). The results of this
experiment will elucidate whether or not one or both of these sites has a functional role in
this context. Because it was possible that Runx2 activity might act through the -100
binding site, a -112 truncation in which the -100 binding site was mutated was also
constructed (Fig. 14A). These plasmids were transfected into Cos7 cells with and without
Runx2 and compared to the longer pGL3.ZEB-164 construct. Both the pGL3.ZEB-112
and pGL3.ZEB-112m100 constructs lost responsiveness to Runx2, but maintained a basal
level of activity above that of the empty vector and pGL3.ZEB-48, which is at
background (Fig 14B).
The effect of LEF-1 in the context of pGL3.ZEB-112 was also tested and showed
that the synergistic effect on transcriptional activation is lost in this construct (Fig. 15).
Because the effect of LEF-1 is present in the context of pGL3.ZEB-164, which contains
no LEF-1 binding sites, this effect is likely mediated by an interaction with Runx2
protein rather than by LEF-1 binding DNA directly. These results indicate that the
responsiveness to Runx2 and LEF-1 is mediated through the 52 base pair region between
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-164 and -112. In addition, the failure of pGL3.ZEB-112 to respond to Runx2 suggests
that the -100 binding site alone is not sufficient to mediate the effect of Runx2.
Two putative Runx binding sites lie within the region between -164 and -112, and
the nearby -100 binding site was previously shown to bind Runx (Fig. 9). It is possible
that Runx acts directly through one or more of these sites, but it is also possible that
Runx2 is tethered to this region through another protein or be regulating the expression of
tcf8 through an intermediary protein. To further narrow down the region through which
Runx2 is acting, four additional EMSA oligomers were designed to divide this
approximate region (-164 to -90 to include the -100 Runx binding site) into smaller
fragments of approximately 30 base pairs each. Figure 16A shows a schematic of these
oligomers and the possible Runx binding sites. Because Runx2 can physically interact
with Ets1 (Fowler et al., 2006; Wotton et al., 1994), the Ets1 binding site was included in
this figure. The full-length oligomer (-164/-90) was labeled and the smaller fragments
were competed against the labeled oligomer in 50x molar excess (Fig. 16B). Only the
-124/-90 oligomer (lane 7), which contains both -114 and -100 sites, is capable of
competing as well as does the Runx consensus oligomer (lane 8) or self oligomer (lane
3). The -141/-100 oligomer, which contains the -131 and -114 sites was unable to
compete (lane 6). An oligomer containing a mutation in the Runx consensus binding site
was used as a negative control and did not effectively compete for binding (lane 9). These
data narrow the region through which Runx interacts to a 34 base pair region that
contains two putative Runx binding sites. These data also support previous EMSA data
(Fig. 9) that suggest the -100 binding site is critical for Runx binding to this region.
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However, it remains unclear whether the -100 binding site alone can bind Runx2. That
both the -114 and -100 site are required for binding is another possibility, although no
reports indicate that Runx2 requires multiple sites for binding. However, given the fact
that these sites are imperfect, two might be required to obtain sufficient affinity. To verify
that Runx2 protein is actually binding to this region, an additional EMSA was done with
Saos2 nuclear extracts pre-incubated with α-Runx2 antibody (Fig. 17). The Runx2
antibody did supershift a protein(s) that binds to both the -164/-90 (lane 4) and Runx
consensus (lane 8) oligomers indicating that Runx2 is a component of the protein
complex binding to this region. These results confirm previous experiments, which also
indicated that Runx2 binds to this region (Figs. 8 and 9).
EMSA data suggest that either the -114 and/or the -100 sites are responsible for
mediating binding of Runx2. Functional data, however, suggest that Runx2 mediates its
effects through the region between -164 and -112, deletion of which eliminates the -131
and -114 sites, implicating that at least one of these sites is important for activity. To
determine which of these three sites is responsible for mediating the activation of tcf8 by
Runx2, site-directed mutagenesis of these sites individually or in combination was done
in the context of both pGL3.ZEB-974 and pGL3.ZEB-164 (Fig. 18A). The
pGL3.ZEB-164 plasmids containing the mutations were transfected into Cos7 cells. All
constructs, including the triple mutation in which all sites were mutated, remained
responsive to Runx2 (Fig. 18B). pGL3.ZEB-974 containing mutations in these sites were
also tested and were all responsive to Runx2 (data not shown). These data indicate that
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none of these sites mediate the induction of tcf8 by Runx2 and that Runx2 likely
functions through a mechanism other than direct binding.

Conclusions
The above data indicate that Runx family members are able to induce expression of tcf8,
though the precise mechanism by which these transcription factors do so remains
unresolved. Fig. 19 summarizes our current understanding of how Runx family members
regulate tcf8. Functional data from the truncation constructs indicates that the region
between -164 and -112 is essential for activation by Runx2. This implies that either the
-131 or -114 sites are important or that the -114 site and -100 sites are both required for
activity. However, mutagenesis of all three of these sites failed to eliminate the
responsiveness of this promoter to Runx2, indicating that these sites are not essential for
mediating the Runx activity (Fig. 18B). This suggests that Runx binding in this region is
to a nonconsensus site, that Runx is tethered by another protein, or that Runx functions
by regulating an intermediary protein. EMSA data, conversely, indicate that Runx2 is
binding to a 34 base pair region between -124 and -90. Furthermore, the competition
experiment done in Fig. 9 suggests that when the -100 site is mutated, the -114 site alone
is not sufficient to mediate binding. While functional data suggest that these sites are not
important, it is still possible that Runx may bind to these sites in vivo. Unfortunately,
ChIP has insufficient resolution to address these questions. To increase the complexity,
Runx2 and LEF-1 cooperate in a synergistic manner to induce expression of tcf8.
Because no LEF-1 binding site exists in the pGL3.ZEB-164 yet Runx2 and LEF-1 still
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synergize, we propose that LEF-1 functions not by direct binding, but by interacting in a
complex with Runx2 and a yet unidentified protein(s).
The regulation of ZEB1 by Runx2 and LEF-1 are novel findings that contribute to
our understanding of how transcription of tcf8 is regulated. Furthermore, LEF-1 lies
downstream in the Wnt signaling pathway and mediates many of this pathway’s effects
on transcription, raising the possibility that Wnts regulate the expression of ZEB1. This
work has the greatest implications in regulation of tcf8 during bone development, as
Runx2 coordinates proper gene expression during skeletal development and throughout
differentiation of chondrocytes and osteoblasts.
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Figure 2: Two Runx binding sites identified by transcription factor binding site
search are conserved between mouse and human.

Two Runx binding sites (boxes) were identified by Transcription Element Search System
(TESS) (Schug, 2003). This region of tcf8 is highly conserved between human and
mouse, and both Runx binding sites are conserved between species. Numbering for both
mouse and human genes is based off of the translation start site. The predicted
transcription start site of the human gene is in bold (Manavella et al., 2007).
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Figure 3: Runx2 regulates tcf8 in a cell-type-dependent manner.

The indicated cell lines were transfected with the pGL3.ZEB-974 reporter vector with
and without pCMV-Runx2 expression vector using Lipofectamine 2000, and cell lysates
were harvested after 24 hrs and assayed for luciferase activity. p6OSE2 is a Runx
positive control containing six consecutive Runx binding sites from the osteocalcin
promoter. In Ros17/2.8 and Saos2 cells about a two-fold increase in luciferase reporter
activity was observed (Figs. 3A and 3B). Runx2 repressed the activity of pGL3.ZEB-974
in C3H10T1/2 cells (Fig. 3C). A dose-response curve (0.5 µg to 4.5 µg) was performed
in Cos7 cells where a maximum response of 5-fold induction over pGL3.ZEB-974 alone
was observed (Fig. 3D). These are representative data from experiments that were
repeated at least twice. Error bars represent standard deviation from the mean.
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Figure 4: Runx1 and Runx3 induce tcf8 in a dose-dependent manner.

Ros17/2.8 cells were transfected with pGL3.ZEB-974 (0.5 µg) and two amounts (1.5 µg
or 3 µg) of either a pCMV-Runx1 or a pCMV-Runx3 expression vector. Cell lysates were
harvested 24 hours after transfection and luciferase activity was analyzed. The addition of
reporter vector resulted in a 3-fold maximum induction of the luciferase reporter over
reporter alone. This experiment was also repeated in C3H10T1/2 and Saos2 cells and the
same trend was observed (data not shown). Error bars represent standard deviation from
the mean.
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Figure 5: LEF-1 and Runx2 synergistically activate tcf8.

Cos7 cells were transfected with pGL3.ZEB-974 luciferase reporter (0.5 µg), pCMVRunx2 (1 µg), and/or pCMV-LEF-1-HA (1 µg) as indicated. Cell lysates were harvested
24 hrs following transfection and luciferase activity was measured. This is a
representative experiment that was repeated more than three times. The addition of
pCMV-Runx2 or pCMV-LEF-1-HA individually consistently resulted in a 2- to 3-fold
induction of luciferase activity, whereas combined transfection routinely resulted in a
greater than 10-fold induction in luciferase activity. Error bars represent standard
deviation from the mean.
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Figure 6: pCMV-LEF-1 variants cooperate with Runx2 less well than does
full-length LEF-1.

Cos7 cells were transfected as described in Fig. 4, with either 0.5 µg of reporter vector or
1 µg of the indicated expression vector. pCMV-LEF1-HMG expresses only the HMG
domain (DNA binding/Runx-interaction domain); pCMV-LEF1-ΔHMG expresses a
LEF1 variant lacking the HMG domain; and, pCMV-LEF1-Δ-β-catenin expresses a
LEF1 variant lacking the β-catenin interaction domain required for mediating the Wnt
signal.

Only

pCMV-LEF-1-HA

cooperates

synergistically

with

Runx2

upon

cotransfection to obtain the maximal observed induction of pGL3.ZEB-974. These results
are a combination of two independent experiments performed in triplicate, and plotted as
fold-induction over pGL3.ZEB-974. Error bars represent standard deviation from the
mean.
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Figure 7: The EMSA oligomers containing the putative Runx binding sites at -265
and -100.

EMSA oligomers were designed encompassing the -265 and -100 putative Runx binding
sites (in bold). Oligomers were also designed with mutations (lower case) in the putative
Runx binding sites. In addition, a consensus oligomer that had previously been shown to
bind Runx (Kahler and Westendorf, 2003) and a corresponding oligomer containing a
mutation in the Runx binding site were synthesized.
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Figure 8: A Runx2-containing complex binds to both the -265 and -100 sites.

Oligomers containing sequences flanking either the -265 site, the -100 site, or the Runx
consensus site were radiolabeled as described in the Materials and Methods. Whole-cell
protein extract from NIH3T3 cells over-expressing Runx2 (5 µg) was incubated
overnight with either α-Runx2 or α-HA antibody before addition to the gel shift reaction
the following day. The reaction was run on a 6% Tris-Glycine poly-acrilamide gel. The
arrow to the right of the figure indicates the supershifted antibody-protein complex. A
supershifted band (arrow) was observed with the addition of α-Runx2 (lanes 3, 7, and 11)
but not with the addition of α-HA, a non-specific control (lanes 4, 8, and 12). Lanes 1, 5
and 9 contain radiolabeled probe without extract. Lanes 2, 6, and 10 contain radiolabeled
probe with protein extract but no antibody.
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Figure 9: The putative Runx binding site at -100, but not the mutated -100 site,
effectively competes for binding to labeled Runx consensus site oligomer.

The Runx consensus site oligomer was radiolabeled and incubated with 5 µg whole cell
extracts harvested from NIH3T3 cells that had been transfected with pCMV-Runx2
expression vector in lanes 2-10. Binding to the consensus oligomer competed with either
50x or 100x of cold competitors as indicated. Both unlabeled consensus (self) (lanes 3
and 4) and unlabeled -100 binding site oligomers (lanes 7 and 8) effectively competed for
binding of Runx2 to the consensus; however, unlabeled oligomers containing a mutuation
in the consensus (lanes 5 and 6) and -100 Runx binding sites (lanes 9 and 10) were
unable to compete for binding to the labeled consensus oligomer.
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Figure 10: The putative Runx binding site at -265 does not effectively compete for
binding to labeled Runx consensus site oligomer.

This experiment was performed as described in the legend to Fig. 9. Unlabeled consensus
oligomer effectively competes for binding to Runx protein (lanes 3 and 4), whereas
unlabeled consensus oligomer containing a mutation in the Runx binding site does not
effectively compete (lanes 5 and 6). The oligomers containing either the wild-type (lanes
7 and 8) or mutated Runx site at -265 (lanes 9 and 10) did not specifically compete for
binding, as the mutated site competed at least as well.
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Figure 11: The -265 and -100 Runx binding sites are not required for Runx2mediated induction of pGL3.ZEB-974.

(A) Mutations in the -265 site, the -100 site, or both sites were created using the
QuikChange Site-Directed Mutagenesis kit from Stratagene. Wild-type sequence is
indicated in bold in upper case and the mutations are indicated in bold in lower-case
letters. (B) Cos7 cells were transfected with the following constructs in the presence or
absence

of

Runx2

expression

vector:

pGL3.ZEB-974,

pGL3.ZEB-974m265,

pGL3.ZEB-974m100, or pGL3.ZEB-974m100/m265. Mutation of either site or both sites
in combination failed to eliminate the response to Runx2. These data are the combined
results of three experiments performed in triplicate. Empty vector values were subtracted
before calculating the fold induction with the addition of Runx2. This experiment was
also done in multiple cell types, including Saos2 and Ros17/2.8 cells, which provided a
similar result. Error bars indicate standard deviation from the mean.
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Figure 12: Serial truncation analysis of tcf8.

(A) 5’ truncations of the pGL3.ZEB-974 construct were created to define the region
through which Runx2 regulates this promoter. Boxes within the promoter indicate
putative Runx binding sites. Cos7 cells were transfected with these constructs in triplicate
to produce the data found in (B) and (C); this experiment was repeated three times. (B) A
representative experiment displaying the basal activity of these reporter constructs in the
absence of pCMV-Runx2. Basal activity is significantly increased in pGL3.ZEB-836
over that of pGL3.ZEB-974 (p < 0.05). Basal activity of pGL3.ZEB-348 is also
significantly higher than that of pGL3.ZEB-836 (p <0.05). pGL3.ZEB-164 basal activity
is significantly reduced from that of pGL3.ZEB-348 (p = 0.0085). Also of note,
pGL3.ZEB-48, which lacks the G-string essential for basal activity, is reduced to the
expression level of empty vector. (C) Combined data from three experiments performed
in triplicate with empty vector subtracted plotted as fold induction over (-) Runx2.
Truncation constructs retain their ability to respond to Runx2 until the pGL3.ZEB-48
truncation, at which point the plasmid loses even basal transcription. Error bars indicate
standard deviation from the mean.
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Figure 13: Mutation of the Runx binding site at -100 in the context of the
pGL3.ZEB-164 construct does not abrogate induction by Runx2.

Cos7 cells were transfected with pGL3.ZEB-974 (0.5 µg), pGL3.ZEB-164 (0.5 µg), or
pGL3.ZEB-164m100 (0.5 µg) with or without the pCMV-Runx2 (1 µg) expression
vector. Mutation of the -100 Runx binding site in the context of pGL3.ZEB-164m100 did
not abolish activation by Runx2. This experiment was done in triplicate. Error bars
indicate standard deviation from the mean.
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Figure 14: Runx2 function is mediated through a region between -164 and -112.

(A) A diagram depicting a 5’ truncation to -112 (pGL3.ZEB-112) and the same
truncation

that

contains

a

mutation

in

the

putative

Runx

site

at

-100

(pGL3.ZEB-112m100). Putative Runx binding sites are depicted as boxes, with a black
box depicting the mutated site. (B) Cos7 cells were transfected with 0.5 µg of the
indicated pGL3 constructs with or without 1 µg pCMV-Runx2 expression vector. The
addition of Runx2 to pGL3.ZEB-164 resulted in a significant increase in luciferase
activity (p = 0.0007). The addition of Runx2 slightly represses pGL3.ZEB-112 (p =
0.0243). Neither pGL3.ZEB-112m100 nor pGL3.Basic activity changed significantly
with the addition of pCMV-Runx2. Basal expression of pGL3.ZEB-112 and pGL3.ZEB112m100 were similar to that of pGL3.ZEB-164, indicating that basal promoter activity
is retained. This is a representative experiment that was repeated twice in triplicate with
similar results. Error bars indicate standard deviation from the mean.
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Figure 15: Synergistic activation of tcf8 by Runx2 and LEF1 is lost upon deletion of
nucleotides upstream of -112.

Cos7 cells were transfected with pGL3.ZEB-164 (0.5 µg) or pGL3.ZEB-112 (0.5 µg)
with or without both the pCMV-Runx2 and the pCMV-LEF-1 expression vectors (1 µg
each). Cell extracts were harvested after 24 hours and luciferase activity was measured.
The addition of Runx2 and LEF-1 induces pGL3.ZEB-164 approximately 10-fold (p <
0.0001), but not pGL3.ZEB-112. The repression of pGL3.ZEB-112 with the addition of
Runx2 and LEF-1 is significant (p < 0.005); however, this may be an artifact as this
plasmid expresses at background. This representative experiment was repeated twice in
triplicate with similar results. These data are plotted as RLU with pGL3.Basic expression
subtracted. Error bars indicate standard deviation from mean.
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Figure 16: Protein binding to the region between -124 and -90 is competed by an
unlabeled oligomer containing the Runx consensus sequence.

(A) Diagram of the oligomers used in this experiment, including some of the predicted
transcription factor binding sites. Runx binding sites are in bold and the Ets-1 binding site
is directly below its protein representation. (B) The -164/-90 oligomer was labeled and
the indicated cold competitors (50x molar excess) were used to compete off binding.
Saos2 nuclear extract (5 µg) was used in this experiment as a source of endogenous
Runx2. The arrow indicates the specific band competed by the Runx consensus binding
site oligomer. This band was not effectively competed by an oligomer containing a
mutation in the Runx consensus binding site. Unlabeled self competitor (-164/-90, lane 3)
competes for binding to Runx2. The -164/-135 oligomer (lane 4), which contains no
Runx binding sites, fails to compete at all. Both -144/-113 oligomer (lane 5) and
-141/-100 oligomer (lane 6) compete equivalently to mutated consensus (lane 9). Only
the -124/-90 oligomer competes as effectively as does the Runx consensus oligomer,
suggesting that a Runx-containing complex binds to this 34 bp fragment.
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Figure 17: Runx2 binds to the region between -164 and -90.

The -164/-90 oligomer and Runx consensus oligomer were radiolabeled as described in
Materials and Methods. Saos2 nuclear protein extract (5 µg) was used as a source of
endogenous Runx2. α-Runx2 and IgG (negative control) antibodies were incubated with
protein extracts for 1 hour prior to addition to the EMSA reaction. Reactions were run on
a 6% Tris-Glycine polyacrylimide gel. Lanes 1-4 contain labeled -164/-90 and lanes 5-8
contain labeled Runx consensus oligomer. Lanes 1 and 5 contain no extract. The addition
of antibodies is indicated. The arrow indicates the supershifted complex with the addtion
of α-Runx2 antibody.
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Figure 18: Site directed mutagenesis of the -131, -114, and -100 Runx consensus
binding sites does not abolish activation of tcf8 by Runx2.

(A) Schematic of the mutations made in the Runx binding sites directly upstream of the
site of translation initiation. Runx binding sites are in bold and mutations in lower-case
letters. Mutations were made individually and in combination. (B) Cos7 cells were
transfected with the pGL3.ZEB-164m131/m114/m100 construct (0.5 µg) and
pCMV-Runx2 expression vector (1 µg) and harvested after 24 hours. An increase in
luciferase activity was observed with the addition of Runx2 expression vector (p =
0.0367). This representative experiment was repeated three times in triplicate with similar
results. Error bars represent standard deviation from the mean.
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Figure 19: Summary of the regulation of tcf8 by Runx2.

Based on reporter and EMSA data our current model suggests that while Runx2 is
capable of binding a region between -124 and -90 relative to the initiation codon, the
functional effect of Runx2 on tcf8 expression is mediated through a region between -164
and -112. Data also suggest that all three Runx consensus binding sites within the region
between -164 and +1 are dispensable for the activity of Runx2 on tcf8. These data suggest
that Runx2 activity is mediated by other means than direct DNA binding, perhaps, for
example, by interacting with additional transcriptional machinery.
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Chapter 3: Wnt and TGFβ family members regulate the
expression of tcf8 in C2C12 mesenchymal precursor cells.
Excerpts taken from “Regulation of ZEB1 mRNA in Health and Disease.”
Broege, A.M., Anose B.M., and Sanders, M.M., Current Trends in
Endocrinology (in press)
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Summary
At the start of this project, scant information existed on the function of ZEB1 in bone or
what role, if any, it played in differentiation of the osteoblast lineage. Bone
Morphogenetic Protein (BMP)-2 had previously been shown to repress expression of tcf8
in C2C12 mesenchymal precursor cells (Yang et al., 2007b). Runx2 is induced by BMP-2
and mediates its effects on osteoblast differentiation. The C2C12 cell line provides an
attractive model to explore the mechanism of BMP-2 action on tcf8. No studies
investigating the regulation of tcf8 by Wnt proteins exist, but our data indicating that
LEF-1, a downstream target of Wnt signaling, regulates tcf8 provided a connection to this
pathway. Both Wnt3a and ZEB1 inhibit osteoblast differentiation and induce
proliferation (Boland et al., 2004). This made Wnt3a an attractive candidate for exploring
a connection between Wnt signaling and ZEB1. The availability of a system producing
Wnt3a-conditioned medium provided a tool with which to explore this. Treatment of
C2C12 mesenchymal precursor cells with Wnt3a conditioned medium resulted in a
significant induction of ZEB1 mRNA. These data provide the first evidence for
regulation of tcf8 by a Wnt family member. Furthermore, these studies identify the
C2C12 cell line as an attractive model in which to pursue further research investigating
the effects of Wnt and TGFβ on the expression of tcf8.
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Introduction
Extracellular signaling molecules are used during development to create morphogen
gradients that dictate proper organization of the anlage that ultimately form mature
structures in the adult (Gurdon and Bourillot, 2001). For example, Hedgehog signaling
plays an important role in dictating the polarity of the distal limb (Mariani and Martin,
2003), a process that is conserved throughout evolution. Whereas morphogen gradients
direct patterning, secreted factors also direct undifferentiated cells down a particular path
of differentiation. For example, treatment of C2C12 mesenchymal precursor cells with
BMP-2 induces osteoblast differentiation (Katagiri et al., 1994), though how these
signaling molecules affect the balance between proliferation and differentiation in vivo is
much more complex (Kronenberg, 2003).
TGFβ and Wnt are the namesakes for two major signaling molecule families
utilized throughout the developing organism and in normal adult homeostasis, but these
signaling pathways can become deregulated during cancer progression (Feng and
Derynck, 2005; Wodarz and Nusse, 1998). The canonical TGFβ signaling pathway is
initiated when extracellular ligands bind to the heterodimeric TGFβ receptor at the cell
surface. Ligands in this family include various modifications of TGFβ, BMP, and activin
(reviewed in (Massague, 2000)). Ligand binding activates one of a family of serine
kinase receptors, resulting in phosphorylation of receptor-regulated R-Smads, which in
turn bind coSmads and translocate to the nucleus, where they function with additional
transcription factors to affect target gene transcription. TGFβ family members have
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diverse outcomes on their target cells depending on the ligand-receptor combination and
the specific cellular context in which the signaling occurs.
Wnt proteins bind Frizzled receptors at the cell surface to initiate the signaling
cascade. Activation of the canonical Wnt signaling pathway proceeds by stabilizing
β-catenin, thereby increasing its levels. In the absence of Wnt signal, β-catenin interacts
with the GSK3β-Axin-APC complex, which targets excess β-catenin for degradation.
Upon activation of the pathway, β-catenin is released from this complex, allowing it to
translocate to the nucleus where it interacts with LEF-1 and other transcription factors to
activate transcription. (For extensive reviews on Wnt signaling, see (Klaus and
Birchmeier, 2008; Liu et al., 2008a; Westendorf et al., 2004; Wodarz and Nusse, 1998))
The ZEB transcription factor family has long been associated with TGFβ
signaling. Initially, ZEB2 was identified as a result of its ability to interact with Smads
through yeast two-hybrid, and was called SIP1 for Smad-interacting protein (Verschueren
et al., 1999).

Studies done by Postigo et al. (Postigo, 2003; Postigo et al., 2003)

suggested that ZEB1 interacts with Smads to mediate TGFβ signaling. In contrast, a later
study found that only ZEB2, and not ZEB1, was able to directly interact with Smads,
whereas ZEB1 interacts with Smads indirectly through p300 (van Grunsven et al., 2001;
van Grunsven et al., 2006). Hidaka et al. (Hidaka et al., 2008) describe a T-cell system in
which tcf8 is epigenetically silenced, which results in resistance to stimulation by TGFβ1,
suggesting that maintaining proper levels of ZEB1 in this context is critical for TGFβ
signaling. Therefore, ZEB1 plays an integral role in modulating signals from the TGFβ
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family (Vandewalle et al., 2009), yet the mechanisms by which they regulate
transcription of tcf8 remain elusive.
Studies with BMP members of the TGFβ family provide convincing evidence for
the regulation of tcf8 by this family. BMP-2 and BMP-6 regulate tcf8 in the context of
osteoblast differentiation and cancer progression, respectively (Du et al., 2009; Locklin et
al., 2001; Yang et al., 2009; Yang et al., 2007b). BMP-2 treatment of C2C12 cells drives
their differentiation into osteoblasts. In this context, ZEB1 mRNA expression is inhibited
following BMP-2 treatment (Yang et al., 2007b), suggesting that ZEB1 plays an
inhibitory role in osteoblast differentiation. Alternatively, microarray analysis of human
marrow stromal cells revealed induction of ZEB1 mRNA by BMP-2 (Locklin et al.,
2001). These opposing results imply that regulation of tcf8 by BMP-2 is either cell typeor differentiation-dependent. Whether the regulation of ZEB1 mRNA levels by BMP-2
involves Smad binding directly to tcf8 or indirectly remains to be determined. Ets1 can
regulate tcf8 transcription in response to TGFβ (Shirakihara et al., 2007), providing one
mechanism by which the TGFβ signal may be transduced. Two papers investigating the
effects of BMP-6 on ZEB1 in breast cancer cell lines propose that the mechanism of
regulation, in this context, is likely through a microRNA (miRNA) intermediate (Du et
al., 2009; Yang et al., 2009). In those studies, BMP-6 upregulates miR-192, which in
turn targets ZEB1 mRNA for degradation.
Obviously, our understanding of the regulation of tcf8 by TGFβ family members
is quite limited. For example, Smads may target tcf8 either alone or in concert with other
transcription factors such as LEF-1 or Runx family members. Another possibility is that
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the effects on tcf8 are indirect. For example, TGFβ rapidly induces Snail expression (Cho
et al., 2007), and Snail induces ZEB1 (Guaita et al., 2002). As TGFβ target genes are
many, numerous possibilities for transcriptional regulation of tcf8 by this pathway exist.
Whereas the interplay between TGFβ signaling and ZEB1 have been investigated
in a number of systems, essentially nothing is known about regulation of ZEB1
expression by the Wnt signaling pathway. No studies to date demonstrate regulation of
tcf8 by Wnt signaling; however, Wnts, like ZEB1, are involved in bone development and
tumorigenesis. Because other developmentally important signaling pathways control tcf8
expression and because crosstalk between these pathways is increasingly evident, an
effect of Wnt signaling on tcf8 expression, perhaps even indirect, might be expected.
LEF-1, the primary transcription factor mediating activation of the Wnt canonical
signaling cascade, and ZEB1 are both upregulated in response to Snail over-expression
(Guaita et al., 2002) and are both markers of the mesenchymal phenotype. In the previous
chapter, we found that LEF-1 cooperates with Runx2 to regulate tcf8 expression. Through
this cooperation or through putative LEF-1 binding sites in the tcf8 promoter, LEF1 could
mediate the effects of canonical Wnt signaling on ZEB1 expression.
In this chapter, we confirm a report in the literature (Yang et al., 2007b) that
treatment of C2C12 cells with BMP-2 results in decreased levels of ZEB1 mRNA. In
addition, we provide novel evidence that Wnt3a regulates levels of ZEB1 mRNA in
C2C12 cells. These data support the contention that TGFβ and Wnt signaling pathways
are important modulators of ZEB1 expression and that C2C12 cells are a viable model to
study the effects of these two signaling pathways on the expression of ZEB1. This is an
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important observation because few cell lines have been identified where expression of
ZEB1 mRNA can be induced by signaling molecules.

Materials and Methods

Cell Culture and Differentiation

C2C12 cells were purchased from ATCC and maintained in DMEM supplemented with
10% FBS and 1% penicillin/streptomycin. To differentiate C2C12 cells into osteoblasts,
the culture medium was supplemented with BMP-2 at a final concentration of 300
ng/mL. mRNA was harvested following 5 days of treatment. BMP-2 was purchased from
GenScript Corporation (Cat #: Z00327), reconstituted in 50 µl 20mM HAc (acetic acid)
for a final concentration of 1 µg/µl.

L Wnt 3a cells (Wnt3a-expressing cells, ATCC#: CRL-2647) and L cells (parent line of
L Wnt 3a cells, ATCC#: CRL-2648) were purchased from ATCC.

Conditioned Media

Conditioned media from L Wnt3a cells and L cells (parental line) were harvested as
follows. Cells were split to approximately 50% confluence in 10 cm plates in DMEM
supplemented with 10% FBS without the addition of penicillin/streptomycin. After three
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days, this medium was harvested and filtered through a 0.2 µm filter. Fresh media were
reapplied to the cells at this time. After an additional two days, the media were once
again harvested and filtered. The cells were discarded. Upon treatment of target cells, the
conditioned media were diluted 1:1 with non-conditioned media and applied to the cells.

RNA

RNA was harvested using the TriPure Isolation Regent (Roche Diagnostics, Indianapolis,
IN, USA). Extracts were subjected to chloroform extraction, and RNA was precipitated
with isopropanol. The RNA pellet was washed with 75% ethanol, dried, and resuspended
in DEPC H2O, and stored at -80°C. RNA concentration was determined and 2 µg was
used for 1st strand cDNA synthesis as follows: 1 µl (25 U/µl) AMV reverse transcriptase
(Roche Diagnostics), 4 µl incubation buffer, 1.5 µl dNTP mix (25mM each), and
nuclease-free H2O (HyClone, Logan, Utah, USA) to 20 µl. The reaction was incubated
at 42°C for 60 min. as per manufacturer’s protocol.

PCR

The following primers were used to amplify the specified gene product from mRNA
harvested from cells:
ZEB1 forward: 5’-CGAGTCAGATGCAGAAAATGGCAAAAC-3’
ZEB1 reverse: 5’-ACCCAGACTGCGTCACATGTCTT-3’
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36B4 forward: 5’-GACCTCCTTCTTCCAGGCTTTG-3’ (Tm = 57.7°C)
36B4 reverse: 5’-CCACCTTGTCTCCAGTCTTTATCAG-3’ (Tm = 56.9°C)
cDNA prepared as described above was used as template in the following real-time PCR
reaction: 12.5 µl iQ SYBR Green Supermix (BioRad, cat #170-8885), 2 µl primer
mix (10 µM each), 2 µl template (100 ng/µl) and 8.5 µl ddH2O. This reaction was
prepared as a 3x cocktail and distributed in triplicate into a 96-well plate. Real-time PCR
was performed using the BioRad iCycler with the following cycle settings: 1 - 95°C for
30 sec; 2 – 40 rounds, 95°C for 20 sec, 58°C for 30 sec (measured), 72°C for 20 sec.

Results and Discussion

BMP-2 treatment of C2C12 cells represses expression of endogenous ZEB1 mRNA.

Yang et al. (Yang et al., 2007b) previously found that BMP-2 reduced levels of ZEB1
mRNA in the C2C12 cell line, and that ZEB1 inhibits BMP-2-induced osteoblast
differentiation these cells. Runx2 expression is induced by BMP-2 signaling (Lee et al.,
2003), and it interacts with Smads to mediate the downstream affects of TGFβ signaling
(Lee et al., 2000). Therefore, we were interested in pursuing this as a model in which to
determine whether Runx2 was responsible for mediating the effects of BMP-2 on
expression of tcf8. C2C12 cells were treated with media containing 300 ng/mL BMP-2
for 5 days, a time-point at which ZEB1 mRNA was significantly repressed in the Yang et
al. study. Fresh media were applied every two days. ZEB1 mRNA levels were
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significantly reduced by 5 days, irrespective of treatment; however, treatment with
BMP-2 resulted in an additional decrease in expression compared to day 5 untreated (p <
0.0001) (Fig. 20). These results validate that BMP-2 represses expression of ZEB1
mRNA and suggest that the C2C12 cell line is a viable model in which to further examine
the regulation of tcf8 by BMP-2.

Wnt3a conditioned medium induces expression of ZEB1 mRNA in C2C12 cells.

Because LEF-1 is responsible for mediating many of the effects of Wnt canonical
signaling on its target genes and because we found that LEF-1 regulates tcf8 expression,
we investigated the possibility that the Wnt signaling pathway regulates expression of
tcf8. Wnt family members induce different effects on their target cells. Wnt3a induces
proliferation and inhibits osteoblast differentiation (Boland et al., 2004), which align with
the biological effects of ZEB1. To ascertain whether the Wnt signaling pathway can
induce expression of ZEB1, C2C12 cells were treated with conditioned medium from
Wnt3a-stably-expressing cells or their parent line (L-cells)(Fig. 21).
mRNA was harvested and subjected to SYBR-Green real-time PCR (BioRad).
ZEB1 mRNA was induced following 24 hours (Fig. 22B) treatment with conditioned
media but not 1 hour (Fig. 22A) of treatment. ZEB1 mRNA expression was also checked
following 8 hours of treatment, but no induction was observed (data not shown). This
experiment was also done in C3H10T1/2 and MC3T3-E1 cells, but ZEB1 mRNA was not
induced in these cell lines (data not shown), attesting to the value of the C2C12 cell line
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as a model system. Although induction in ZEB1 mRNA following treatment with Wnt3a
is delayed, treatment with conditioned media upwards of 16 hours is typical for
experiments reported in the literature (Verras et al., 2004). Though the mechanism is
unclear, these results show that activation of Wnt signaling induces expression of
endogenous tcf8.
Because C2C12 cells spontaneously form contractile myotubes upon reaching
confluence, the cells in the above experiments were treated pre-confluence. However, our
laboratory had previously observed an increase in ZEB1 mRNA levels when cells reach
confluence (Saykally et al., 2009). Because Wnt3a increases cell proliferation (Boland et
al., 2004), we were concerned that the treated cells were reaching confluence more
rapidly and that the increase in ZEB1 mRNA was due to a nonspecific increase in
proliferation rather than a specific effect on the induction of tcf8. To investigate this
concern, cells were treated and harvested while still proliferating or 24 hours after
reaching visual confluence (Fig 22C). In fact, a statistically significant induction of ZEB1
mRNA was observed when the cells became confluent; however, there was an additional
induction of ZEB1 mRNA upon treatment with Wnt3a-conditioned media. These data
indicate that the observed induction in ZEB1 mRNA is due to Wnt3a treatment and not
due to changes in cell proliferation or confluency.

Conclusions
Even in cell lines containing the requisite receptors, we have found that the tcf8 locus is
not responsive to extracellular stimuli in some cell types, suggesting that it may be silent
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in those contexts (Hurt et al., 2008). The studies described herein indicate that C2C12
cells are a viable model for studying the effects of signaling through at least the TGFβ
and Wnt pathways. In addition, as these cells are responsive to both TGFβ and Wnt
signaling molecules, it would be an appropriate model to investigate the effects of
combinatorial treatment with both of these families on tcf8 expression. These data also
provide the first evidence that transcription of tcf8 is regulated by Wnt signaling. Further
studies are necessary to determine the exact mechanism by which Wnts affect
transcription of tcf8 and whether Wnts mediate any of their downstream effects through
ZEB1, such as cell migration and proliferation.
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Figure 20: BMP-2 treatment of C2C12 cells results in reduced expression of ZEB1
mRNA.

C2C12 cells were treated for 5 days with medium containing 300 ng/mL BMP-2
(GenScript). Media were replaced every two days. Following treatment, RNA was
harvested and subjected to real-time PCR analysis using SYBR-Green (BioRad). ZEB1
mRNA levels are normalized to that for the ribosomal protein 36B4. ZEB1 mRNA levels
are significantly reduced after 5 days without treatment (**, p = 0.0038) and are further
decreased after treatment for 5 days with BMP-2 (***, p < 0.0001). These are the results
of one experiment (Day 0 and Day 5 untreated, n = 6; Day 5 treated, n = 5).
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Figure 21: Preparation of Wnt3a-conditioned media and treatment of target cells.

Cells stably expressing Wnt3a or their parent cell line (L-cells) were plated at
approximately 50% confluence in DMEM supplemented with 10% FBS. Media were
harvested after 3 days of culture and passed through a 0.2 µm filter. Fresh medium was
added back to the cells and the conditioned media were subsequently harvested following
two more days of culture and filtered. Before treatment of target cells, the conditioned
media were diluted 1:1 with fresh DMEM supplemented with 10% FBS. Target cells
were incubated with conditioned media for the indicated times and mRNA and protein
were harvested.
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Figure 22: Wnt-3a conditioned medium induces endogenous ZEB1 mRNA
expression.

C2C12 cells were treated with conditioned medium as described in Fig. 21. RNA was
harvested at the indicated time points following treatment with conditioned medium for 1
hour (A) or 24 hours (B) and subjected to real-time PCR analysis for ZEB1 and 36B4
mRNAs. ZEB1 mRNA expression was induced following 24 hours of treatment with
Wnt3a-conditioned medium but not after 1 hour of treatment. (C) C2C12 cells were
treated for 24 hours with conditioned medium when cells were either proliferating or 24
hours post visual confluence. RNA was harvested and subjected to real-time PCR
analysis. ZEB1 mRNA levels are significantly increased upon treatment of both
proliferating and confluent cells. In addition, there is a significant induction of ZEB1
mRNA upon reaching confluence independent of treatment. ZEB1 mRNA levels were
normalized to 36B4 as an internal control. Panel (A) is one experiment performed in
triplicate. The data in panel (B) are the combined results of two experiments using
independent conditioned media preparations and different cell stocks. Panel (C) is one
experiment performed in triplicate. Asterisks (*) indicate statistical significance
determined by Student’s t-test (p < 0.05).
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Chapter 4: Final Discussion and Future Directions
Excerpts taken from “Regulation of ZEB1 mRNA in Health and Disease.”
Broege, A.M., Anose B.M., and Sanders, M.M., Current Trends in
Endocrinology (in press)
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The Mechanism of Runx Action on tcf8

Functional data indicate that Runx2 mediates its effects on tcf8 through a distinct
region of DNA between -164 and -112 (Fig. 16); however, site-directed mutagenesis data
indicate that direct binding of Runx2 to putative binding sites in this region is unlikely to
be the mechanism by which this effect is mediated, at least in reporter-based assays.
Furthermore, the functional data and EMSA data are not in complete agreement. EMSA
data suggest that the putative Runx binding site at -100 has the greatest affinity for Runx
binding. Most notably, an oligomer containing the -114 site and mutations in the -100 site
was unable to compete for binding to labeled Runx consensus oligomer (Fig. 9). The
-124/-90 oligomer, containing both -114 and -100 sites, effectively competed binding
from the -164/-90 oligomer; however, the -141/-100 oligomer, which contains the -131
and -114 sites, was unable to compete for binding from the -164/-90 oligomer. This
supports the contention that the -100 site most strongly binds Runx2 yet mutation of that
site in several different plasmids has no functional consequence. One interpretation of
these data is that Runx2 is tethered by other transcription factors to the region between
-164 and -112, perhaps stabilizing a transcription factor complex. Competition with the
-124/-90 oligomer or the Runx consensus oligomer, both of which bind Runx with high
affinity, may sequester Runx2, resulting in destabilization of the complex bound here. As
discussed below, the data from our lab and others support the hypothesis that a protein
complex or complexes involving Runx2 binds to the proximal promoter region of tcf8.
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Runx2 and LEF-1 regulate tcf8 in a synergistic manner, although the mechanisms
are undefined. The most likely scenario is that it involves direct protein-protein
interactions as LEF-1 and Runx2 have been shown to physically interact (Kahler and
Westendorf, 2003) and as a putative LEF-1 binding site at -248 is dispensable.
Alternatively, LEF-1 may alter the topology of the DNA and promote DNA unwinding
making it more accessible to other transcription factors as was demonstrated by research
in the mid-1990s (Giese et al., 1995; Giese et al., 1997). Our data indicate that the effects
of LEF-1 on tcf8 are dependent on the ability of Runx2 to regulate the promoter in a
region with no obvious LEF-1 binding site (Fig. 15), suggesting LEF-1 affects
transcription of tcf8 by interacting with Runx2 rather than through direct binding to
DNA.
Runx2 coordinates gene expression by interacting with many other transcription
factors,

which

may

be

confounding

the

interpretation

of

my

experiments.

Characterization of the osteocalcin promoter indicated that Runx2 interacts with a
number of homeodomain proteins, including distaless (Dlx) and meshless (Msx) family
members,

to

facilitate

temporal

promoter

organization

throughout

osteoblast

differentiation (Hassan et al., 2004). That study indicates that Runx2 is involved in
dynamic reorganization of transcription factor complexes during developmental
processes. Binding sites for these homeodomain proteins in tcf8 are not revealed by
transcription factor binding site search; however, Runx2 may coordinate with other
transcription factors to regulate expression of tcf8.
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Ets1 is one such candidate interacting protein of great interest. Evidence for Ets1
regulation of tcf8 was discussed in Chapter 1. That Ets1 coordinates with Runx family
members to regulate expression of target genes during development and cancer
progression has been well documented (Arman et al., 2009; Fowler et al., 2006; Sato et
al., 1998; Wai et al., 2006; Wotton et al., 1994). Recent genome-wide analysis suggests
the Ets-Runx complex binds a unique motif in target gene promoters (Hollenhorst et al.,
2009). This motif closely matches a sequence found at -140 in the tcf8 gene (Fig. 23B).
Given the known cooperation of Ets and Runx in regulating target genes and the close
proximity of the -140 putative Ets binding site and the -131 putative Runx binding site,
the strong possibility exists that Runx and Ets coordinate the expression of tcf8.
Similar to the studies herein with LEF-1, an initial approach to the hypothesis that
Runx and Ets coordinate to regulate tcf8 would be to use the existing 5’ truncation
reporter constructs to identify whether and through what region overexpressed Ets1
regulates tcf8. What effect the addition of both Ets1 and Runx has on these reporter
constructs could also be explored to determine functional cooperation between these
transcription factors. Mutagenesis of two nucleotides in the -131 putative Runx site failed
to abolish responsiveness of pGL3.ZEB-164 to Runx. However, Ets may bind to the
putative site at -140 and interact with Runx to stabilize its binding, making the two
nucleotide mutation insufficient for eliminating activation by Runx. One could test this
by creating serial mutations of three or more nucleotides through the region containing
the putative Ets and Runx binding sites and test the effect of these transcription factors on
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the mutated plasmids. This seems the most efficient way to isolate the specific sequences
in this region through which Runx acts.
The retinoblastoma (Rb)-E2F putative binding site at -110 is also of considerable
interest as it overlaps with the -114 and -100 putative Runx binding sites (Fig. 23B). The
Rb-E2F complex was found to bind to tcf8 and recruit histone deacetylase 2 to repress
expression of tcf8, whereas E2F activated transcription of tcf8 in Rb(-) cells (Liu et al.,
2007). The effect of E2F is mediated through a region between -169 and -93 in tcf8,
which overlaps with the region we found important for mediating Runx2 activity. pRb
interacts with Runx2 to drive osteoblast differentiation (Thomas et al., 2001). The
Rb-E2F site would be disrupted upon 5’ truncation to -112 and may account for the loss
of responsiveness. Interaction with Rb is yet another mechanism by which Runx may
mediate its action on tcf8.
As discussed above, serial mutations through this region would identify the
sequences necessary to confer responsiveness of tcf8 to Runx. This analysis would also
indicate whether Runx cooperates with factors binding at either the Ets or Rb-E2F sites to
mediate its action. However, given the close proximity to the G-string and estimated
transcription start site, it remains possible that Runx acts through a large complex of
transcription factors that may not be destabilized by mutations of just a few base pairs.
To further investigate the factors responsible for regulation of the tcf8 promoter,
chromatin immunoprecipitation (ChIP) could be employed. While the resolution of ChIP
is low, this analysis would indicate whether Runx, LEF-1, Ets1, and Rb bind to tcf8
endogenously and concomitantly. Much could be gained from this line of investigation.
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For one, it would provide a snap-shot of binding to the endogenous promoter. In addition,
it would allow us to investigate the formation of different complexes under different
conditions, for example, throughout differentiation.
The above discussion suggests at least three possible mechanisms by which
Runx2 regulates tcf8, depicted in Figure 2. First, Runx2 may bind directly to the -100 site
in vivo, as this site binds Runx2 with high affinity (Fig. 24A). Upon direct binding to the
-100 site, Runx2 may facilitate recruitment of coactivators or corepressors to affect tcf8
expression. Given the close proximity to the G-string, Runx2 may also affect the basal
transcription machinery binding there. In addition, it may recruit another complex(es)
upstream of -100. However, the lack of effect of mutations in the -100 site on the
induction of tcf8 makes this model less attractive. A second possibility is that binding of
Ets1 stabilizes binding of Runx2 to the -131 and/or -114 sites, or that Ets1 and Runx bind
as a complex at the -140 Runx-Ets site (Fig. 24B). Finally, Runx may not bind directly to
these sites but may be tethered here through other transcription factors that may include
Ets1 or Rb-E2F (Fig. 24C). Runx may use one or any combination of these models to
regulate expression of tcf8. Further studies should include serial mutagenesis of this
region to identify the specific sequences responsible for mediating the activity of Runx
on tcf8. In addition, investigation of endogenous binding of the transcription factors
mentioned above to tcf8 by ChIP and cotransfection of these transcription factors would
provide a broad approach to elucidating the interaction of these proteins in concert to
regulate tcf8.
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The Regulation of tcf8 by Wnt and TGFβ Family Members.

As discussed in Chapter 1 and Chapter 3, multiple signaling pathways affect
expression of ZEB1 mRNA, but the precise mechanisms by which these effects are
mediated at the transcriptional level remain largely unclear. This study provides the first
data suggesting that a Wnt family member facilitates the induction of endogenous ZEB1
mRNA. The mechanism by which Wnt3a treatment leads to induction of tcf8 is unclear
and warrants further consideration. Based on existing data and the findings of this thesis,
Wnt signaling could affect transcription of tcf8 through a number of transcription factors.
Activation of the canonical Wnt signal pathway results in translocation of β-catenin to
the nucleus where it displaces repressive complexes and interacts with LEF-1 to activate
gene transcription. Runx interacts with LEF-1 to modulate the action of Wnt signaling on
its target genes (Kahler and Westendorf, 2003; Reinhold and Naski, 2007) and Wnt
signaling also induces expression of the Runx gene (Gaur et al., 2005). The findings
herein that Runx and LEF-1 regulate transcription of tcf8 provide one transcriptional
node through which Wnt signals could be mediated (Fig 23A). Snail, which regulates
expression of tcf8, is induced by Wnt family members and could also serve as a
transcription factor intermediary by which Wnt signals affect ZEB1 levels (Yook et al.,
2005; Yook et al., 2006)(Fig. 23A). Further studies knocking down the levels of Snail,
Runx2, and/or LEF-1 would indicate whether one or all are responsible for mediating the
effect of Wnt on tcf8 expresssion.
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More indirect mechanisms may mediate Wnt-dependent tcf8 induction. For
example, Wnts induce expression of cyclooxygenase (Cox)-2 (Howe et al., 1999). Cox-2
regulates ZEB1 and Snail levels through prostaglandin E2 (PGE2) in lung cancer cells
(Dohadwala et al., 2006; Yang et al., 2007a). Cox-2 inhibitors are readily available and
could easily be used in conjunction with conditioned medium to determine whether this
pathway is responsible for mediating the effects of Wnt on tcf8, and whether Snail is also
a player in this context.
Wnts could also act indirectly by inducing the production of other secreted
molecules into the ‘conditioned’ medium that could be responsible for activating tcf8.
Insulin-like Growth Factor-1 (IGF-1) is a secreted protein responsible for normal cell
growth and homeostasis, but it is also implicated in cancer cell growth (reviewed in
(Rodriguez et al., 2007). Graham et al. (Graham et al., 2008) showed that ZEB1 mRNA
and protein are increased in human prostate cancer cell lines with IGF-1 treatment as a
result of signaling through the MAP kinase pathway, although more detailed mechanisms
were not defined. Ko et al. (Ko et al., 2009) observed an IGF-1-dependent induction of
ZEB1 mRNA and protein in corneal fibroblasts and suggest that this could be an
important response to corneal damage. IGF-1 is a target of Wnt signaling, and could be
responsible for mediating the effects of Wnt on tcf8 (Howe et al., 1999; Longo et al.,
2002). While investigating epidermal growth factor receptor (EGFR)-mediated regulation
of prostaglandin E2 levels, one group found that inhibiting the EGF pathway caused an
ERK-dependent decrease in ZEB1 levels in human lung cancer cell lines (Yang et al.,
2007a). Both this and the IGF-1 study mentioned above indicate that the MAPK
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pathways regulate ZEB1 expression, but the downstream target(s) of MAPK/ERK
responsible for activating tcf8 remains unclear. Recently, ERK2 was found to induce
expression of ZEB1 mRNA and protein through Fra-1, a member of the AP-1 complex
(Shin, 2010). Two putative AP-1 sites are presenting tcf8 at -860 and -33 relative to the
translation start site, supporting the possibility that this transcription factor is involved.
Wnt3a can signal through ERK to induce proliferation (Yun et al., 2005); therefore, in
addition to possible regulation of tcf8 by LEF-1 through the canonical pathway, it is
possible that Wnts mediate their signal through the MAPK/ERK pathway. Use of
available inhibitors of the MAPK/ERK pathway would indicate whether Wnts induce tcf8
through this mechanism.
These observations provide a number of mechanisms by which Wnt signaling
could affect ZEB1 levels and warrant further investigation. Wnts may affect ZEB1
mRNA levels through the canonical pathway and LEF-1, they may signal through a
non-canonical pathway, or they may increase the expression of another signaling
molecule such as IGF, which in turn affects ZEB1 levels. In addition to elucidating the
mechanism by which Wnt3a can induce tcf8, determining what biological effects of Wnts
are mediated through ZEB1 would be of interest.
ZEB1 regulates cell migration by promoting the mesenchymal phenotype. Wnts
also induce cell migration in a number of systems (Aman and Piotrowski, 2008;
Laeremans et al., 2010; Sonderegger et al., 2010). Irrespective of the mechanism by
which Wnt induces tcf8, investigation of whether ZEB1 mediates Wnt-induced migration
is an interesting direction for future research. One model in which to study this effect is
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in mouse embryonic fibroblasts (MEFs) harvested from ZEB1 null mice or their
wild-type counterpart. Cells could be treated with Wnt protein and differences in their
capacity to migrate could be determined.
As described in Chapter 3, ZEB1 function and expression have been linked to
TGFβ signaling for a number of years (Postigo, 2003) with little understanding of how
TGFβ affects transcription of tcf8. Runx proteins also function downstream of the
activated TGFβ pathway, providing a possible link between TGFβ signals and tcf8
transcriptional regulation. For example, BMP-2 not only induces Runx2 levels (Lee et al.,
2003) but Runx2 also interacts with Smads in response to BMP-2 activation (Javed et al.,
2008). ZEB1 mRNA expression is repressed upon BMP-2 treatment of C2C12 cells
(Yang et al., 2007b). Given that TGFβ-1 and BMP-2 induce Runx2-Smad interaction in
C2C12 cells (Lee et al., 2000), and that ZEB1 mRNA levels are reduced in these cells
following BMP-2 treatment, this is an attractive model in which to pursue the effects of
TGFβ signaling on tcf8 expression.
Runx family members alone might not be responsible for mediating TGFβ
signals. LEF-1 is also induced by TGFβ-1 signaling in Smad-dependent manner in
MDCK cells (Medici et al., 2006). This study also finds that, concomitant with LEF-1
induction, TGFβ signals through the PI3K pathway to stabilize β-catenin levels, thereby
enhancing the effects of LEF-1 on its target genes. Therefore, LEF-1 alone may mediate
some of the effects of TGFβ signaling on tcf8, or cooperate with Runx2 in response to
TGFβ signals to do so.
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Treatment with TGFβ family members of C2C12 cells in which Runx2, LEF-1,
and Smads have been knocked down would indicate whether the effects we see on ZEB1
mRNA levels are mediated through these transcription factors. Currently, it is unknown
whether Smads are responsible for affecting expression of tcf8. Performing ChIP on
C2C12 cells before and after treatment with BMP-2 treatment would indicate whether
any of these transcription factors are recruited to tcf8 upon induction of BMP-2 signaling,
providing a mechanism by which BMP-2 signals could be mediated to affect expression
levels of ZEB1.
Cross-talk between Wnt and TGFβ pathways has been documented for years
(Medici et al., 2006; Warner et al., 2005). Recently, it was discovered that Wnt-mediated
induction of Runx2 enhances cellular responsiveness to TGFβ in osteoblasts (McCarthy
and Centrella, 2010). This is due to a Runx-dependent induction of the TGFβ type I
receptor. Furthermore, TGFβ treatment in this system led to an induction of LEF-1,
which potentiated the cells’ responsiveness to Wnt signaling. These studies suggest that
Runx2 and LEF-1 have the capacity to mediate effects downstream of both of these
pathways and may do so to mediate their effects on tcf8.

Biological consequences of BMP-2, Wnt, and Runx regulation of tcf8.

All Runx family members regulate the expression of tcf8 (Figs. 3 and 4). Runx2
regulation of tcf8 occurs in a cell-type dependent manner, providing a mechanism by
which Runx2 could differentially regulate ZEB1 under various conditions (Fig. 25).
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Runx2, which drives early osteoblast differentiation, may interact with a repressor
complex to downregulate ZEB1 mRNA during osteoblast differentiation. During
chondrocyte differentiation, Runx2 may repress expression of ZEB1 at early stages and
activate transcription of tcf8 during chondrocyte hypertrophy, when ZEB1 expression is
once again induced (Davies et al., 2002). Runx2 is overexpressed in prostate and breast
cancers (reviewed in (Pratap et al., 2006)) and is thought to preferentially target
metastasis to bone. ZEB1 is known to induce EMT and promote tumor progression in
both of these cancer types (Graham et al., 2009; Graham et al., 2008; Yu et al., 2009). In
contrast, in the cell lines I have tested, Runx1 and Runx3 only induce expression of tcf8.
This supports the contention that these family members interact with different accessory
proteins than does Runx2 in these cell lines. However, it is possible that all family
members could activate or repress depending on the context in vivo.
Figure 26 compiles a number of studies and depicts the regulatory relationship
between Runx2 and ZEB1 in chondrocytes and osteoblasts. Both Runx2 and ZEB1
mediate their effect on chondrocyte differentiation and maturation in part through Indian
Hedgehog (IHH) signaling, but have opposing effects on this regulation. IHH induces
parathyroid hormone-related protein (PTHrP) in long bones to regulate balance between
proliferation, differentiation, and progression of chondrocyte hypertrophy (reviewed in
(Kronenberg, 2003)). Because of the opposing effects ZEB1 and Runx2 have on
determining whether cells differentiate or proliferate, it makes biological sense that
Runx2 is able to repress ZEB1 to drive differentiation.
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Upstream signaling molecules also differentially regulate Runx2 and ZEB1 in a
way that makes biological sense. BMP-2 drives expression of Runx2 in a Dlx5-dependent
manner (Holleville et al., 2007; Lee et al., 2003). BMP-2 represses expression of tcf8 by a
mechanism that is unknown (Yang et al., 2007b). This repression may be mediated
through Runx2 or by some unknown mechanism. In this study, I have indentified that
Wnt3a is able to induce expression of tcf8 in C2C12 cells. Figure 26 illustrates that
Wnt3a and ZEB1 share the same effect on osteoblast differentiation, whereby some of the
effects of Wnt3a on this process may be mediated through ZEB1. This connection must
be investigated further, but it makes biological sense that Wnt3a induces expression of
tcf8 to inhibit osteoblast differentiation. Because C2C12 cells can be differentiated into
osteoblasts, respond to TGFβ and Wnt proteins, and have an active tcf8 locus that
responds to these signals, this cell line is an attractive system in which to pursue the
questions posed above.
In summary, the research herein advances our understanding of how transcription
of tcf8 is regulated (Fig. 23A). The discovery that Runx2 regulates expression of tcf8 fills
an existing gap in understanding tcf8 regulation, specifically during skeletal development
and homeostasis. Furthermore, the ability of Runx2 to interact with LEF-1, and
potentially other transcription factors, to regulate tcf8 suggests the existence of a
transcription factor complex in the tcf8 proximal promoter that may be capable of
mediating TGFβ and Wnt signals.
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Figure 23: Summary of factors that regulate tcf8.

Transcription of tcf8 is affected by a number of transcription factors and signaling
pathways. This figure combines the current knowledge of regulation of tcf8 discussed in
Chapters 1 and 4 with the findings of this thesis research. (A) Schematic of the
transcription factors that regulate tcf8 and the signaling pathways that affect them.
Dashed arrows indicate that direct binding has not been confirmed. Arrows between
proteins indicate a physical interaction. Where possible, arrows point to regions where
putative binding sites lie. The addition of Runx and LEF-1 (in red) from the studies
herein provides an additional node of regulation though which Wnts and TGFβ signaling
may affect transcription of tcf8. (B) Transcription factor binding sites in the 5’ region of
tcf8. Binding to tcf8 has been confirmed for Taz-Tead1 (Liu et al., 2010), Rb-E2F (Liu et
al., 2007), and Runx2. Regulation of tcf8 by Ets1 (Shirakihara et al., 2007) and Snail
(Guaita et al., 2002) have been demonstrated but direct binding to tcf8 has not been
confirmed. Though a putative ZEB1 binding site is present in this region, ZEB1 has been
shown to bind at an upstream site (Manavella et al., 2007). Other binding sites are have
been indentified by transcription binding site search by ours and other groups.
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Figure 24: Three Models of Runx2 regulation of tcf8.

All models are only showing the Runx2-dependent effects. (A) Runx2 binds directly to
the binding site at -100, interacting with the core transcription factor complex that binds
to the G-string. (B) Ets1 stabilizes Runx2 binding to putative sites at -131 and/or -114.
(C) Runx2 is tethered to this region through known interacting proteins Ets1 and the
Rb-E2F complex. Though functional data indicate the region between -164 and -90 to be
important for function, no transcription factor binding sites appear to be present between
-164 and the Ets1 binding site at -140. This region has been eliminated for convenience.
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Figure 25: Runx2 regulation of ZEB1 mRNA levels is dependent on biological
context.

Our data indicate that Runx2 has the capacity to differentially regulate ZEB1 mRNA
expression depending on cellular context. In vivo, this context-dependent regulation of
tcf8 may extend to Runx1 and Runx3 as well. In Ros17/2.8 and Saos2 cell lines, which
may be considered a tumorigenic context, Runx2 activates tcf8. This provides a
mechanism whereby Runx2 could increase ZEB1 protein levels during tumor
progression, contributing to increased migration and tumor progression. Alternatively,
Runx2 may interact with a repressive complex to repress transcription of tcf8 as
mesenchymal cells differentiate down a specific lineage.
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Figure 26: Integration of ZEB1 into signaling pathways involved in chondrocyte and
osteoblast biology.

Synthesis of our current understanding of osteoblast and chondrocyte biology,
particularly where Runx2 and ZEB1 are involved. These two proteins antagonistically
regulate Indian Hedgehog (IHH) signaling. In general, ZEB1 inhibits whereas Runx2
induces differentiation of these lineages. BMP-2 represses ZEB1 but activates
transcription of Runx2 through Dlx5. Runx2 also interacts with Smads to mediate the
downstream effects of BMP-2 (not depicted). Wnt3a inhibits osteoblast differentiation,
but whether this effect is mediated through ZEB1 is speculative in this figure. The effect
of Wnt3a on tcf8 may be through LEF-1 or by an unknown mechanism.
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