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Abstract

The AP-2 transcription factor family is linked with development of the head and limbs in both
vertebrate and invertebrate species. Recent evidence has also implicated this gene family in the
evolution of the neural crest in chordates, a critical step that allowed the development and
elaboration of the vertebrate craniofacial skeleton. In mice, the inappropriate embryonic
expression of one particular AP-2 gene, Tcfap2a - encoding AP-2a - results in multiple
developmental abnormalities, including craniofacial and limb defects. Thus, Tcfap2a provides a
valuable genetic resource to analyze the regulatory hierarchy responsible for the evolution and
development of the face and limbs. Previous studies have identified a 2 kilobase intronic region of
both the mouse and human AP-2a locus that directs expression of a linked LacZ transgene to the
facial processes and the distal mesenchyme of the limb bud in transgenic mice. Further analysis
identified two highly conserved regions of ~ 200-400 bp within this tissue-specific enhancer. We
have now initiated a transgenic and biochemical analysis of the most important of these highly
conserved regions. Our analysis indicates that although the sequences regulating face and limb
expression have been integrated into a single enhancer, different cis-acting sequences ultimately
control these two expression domains. Moreover, these studies demonstrate that a conserved
STAT binding site provides a major contribution to the expression of Tcfap2a in the facial
prominences.
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Introduction

The mature mammalian face is formed by the fusion of seven facial primordia (Helms et al.,
2005): the frontal nasal process (FNP), paired lateral nasal processes (LNPs), paired
maxillary processes (MxPs), and paired mandibular processes (MnPs). The cellular and
molecular events underlying craniofacial formation are complex, but there is a growing
appreciation that the growth and patterning of the facial primordia has many parallels with
development of the limb buds (Mariani and Martin, 2003; Niswander, 2003; Tickle, 2003;
Helms et al., 2005). The genetic defects responsible for several human craniofacial
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syndromes are often accompanied by limb defects (Wilkie and Morriss-Kay, 2001; Ornitz
and Marie, 2002; Thyagarajan et al., 2003; Zelzer and Olsen, 2003; Chen and Deng, 2005;
L'Hote and Knowles, 2005), and mutations in a number of mouse genes can also cause
morphological alterations in both the face and the limbs (Richman and Lee, 2003; Helms et
al., 2005). In molecular terms, the two developmental systems rely on a combination of
sonic hedgehog (shh) and fibroblast growth factor (FGF) signals to impart both survival and
polarity information to the face and limbs. (Hu et al., 2003; Mariani and Martin, 2003;
Niswander, 2003; Richman and Lee, 2003; Tickle, 2003; Abzhanov and Tabin, 2004; Helms
et al., 2005). Similarly, many transcription factors are utilized during both face and limb
development, and mouse models with disrupted expression of these transcription factors
often result in both craniofacial and limb defects. Such proteins include AP-2a, Twist,
Cbfal/Runx2, and members of the retinoic acid receptor, Gli, Sox, Msx, DIx, and Alx
transcription factor families (Richman and Lee, 2003).

AP-2a is a member of a small family of “basic-helix-span-helix” transcription factors
important for many aspects of vertebrate development (Schorle et al., 1996; Zhang et al.,
1996; Moser et al., 1997; Nottoli et al., 1998; Hilger-Eversheim et al., 2000; Satoda et al.,
2000; Auman et al., 2002; Werling and Schorle, 2002; Mani et al., 2005). The transcription
factor AP-2a, encoded by Tcfap2a in mouse and TFAP2A in human, is expressed in both the
developing face and limbs (Mitchell et al., 1991). Mice bearing a homozygous deletion of
Tcfap2a die perinatally and have severe defects in many distinct morphogenetic processes
including limb and craniofacial development (Schorle et al., 1996; Zhang et al., 1996).
Craniofacial defects include hypoplastic growth or complete loss of cranial neural crest cell
(CNCC) derivatives and midline and lateral clefting. The majority of Tcfap2a null mice
exhibit zeugopod defects in the forelimb (Schorle et al., 1996; Zhang et al., 1996). Studies
using Tcfap2a™- — Tcfap2a** chimeric mice, as well as the analysis of mice containing
tissue specific deletions of Tcfap2a, have reinforced the importance of this transcription
factor for face and limb development (Nottoli et al., 1998; Brewer et al., 2004; Nelson and
Williams, 2004). In these latter experiments, the altered patterns of AP-2a expression
resulted in a spectrum of craniofacial defects, including cleft lip with or without cleft palate,
isolated cleft secondary palate, and reduced suture growth, while limb defects included
syndactyly and polysyndactyly (Nottoli et al., 1998; Brewer et al., 2004; Nelson and
Williams, 2004).

Given the strong association between AP-2a and the growth and development of the face
and limbs we have begun to identify the cis-acting sequences and trans-acting factors
required for the expression of this transcription factor in these tissues during their
development. We have previously identified a 2 Kb enhancer encompassing the fifth intron
of TFAP2A responsible for directing AP-2a expression to the developing FNP, LNPs, and
limb bud mesenchyme (LBM) in transgenic mice (Zhang and Williams, 2003). In this
report, we sought to link expression of AP-2a to upstream signaling pathways by assessing
the organization of the FNP/LBM-specific enhancer. Since the AP-2 transcription factor
family has been implicated in the evolution of neural crest in chordates (Meulemans and
Bronner-Fraser, 2002; Luo et al., 2003; Meulemans and Bronner-Fraser, 2004), a critical
step that has allowed the development and elaboration of the vertebrate craniofacial
skeleton, studies on Tcfap2a should provide valuable insight into the regulatory hierarchy
responsible for the evolution of the face and limbs. Herein, we utilized a transgenic
approach to identify minimal sub-fragments of the enhancer that are required for expression
in both the FNP and the LBM. In addition, we performed biochemical analyses of the
minimal enhancer elements and identify both Sox factor and STAT binding sites that
contribute to the expression of Tcfap2a in the FNP. Identification of these sites provides
insight into the pathways that act upstream of AP-2a in the FNP and will provide the
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foundation for further dissection of the role that AP-2a plays in craniofacial growth,
development, and evolution.

Expression of Tcfap2a in the Developing FNP and LBM Is Mediated by a Highly Conserved

Element

Our previous studies have localized an FNP/LBM-specific enhancer to intron 5 of both the
human and mouse gene locus encoding AP-2a (Zhang and Williams, 2003; Zhang et al.,
manuscript in preparation). Within this 2 kb region, there are two distinct conserved regions,
a moderately conserved upstream region of 200 bp (Fig. 1, red oval, UCE; upstream
conserved element) and a more highly conserved downstream region of 400 bp (Fig. 1,
green rectangle, DCE; downstream conserved element). However, the relative importance of
these conserved sequences, as well as other regions within the enhancer, remain untested.
Therefore, we have sought to identify both the minimal enhancer necessary for directing
expression to the face and limbs as well as the individual elements within the enhancer that
mediate control over Tcfap2a expression. For this purpose we utilized the minimal human
AP-2a promoter attached to LacZ (Zhang and Williams, 2003) to develop a series of
transgenes into which specific portions of the mouse intronic enhancer were then inserted
(Fig. 1). In a prior experiment we had found that when we divided the intron into two
sections only the downstream 1 kb region of the enhancer containing the DCE could direct
tissue-specific expression to the FNP and LBM. The more upstream 1kb fragment
containing the UCE did not direct LacZ expression alone in vivo, although it enhanced
expression driven by the region containing the DCE (Zhang et al., manuscript in
preparation). Therefore, for the current analysis, we generated a modified construct in which
just the 400 bp DCE (Fig. 1B, XC-T: Xcml-Taql) was combined with the 1kb fragment
containing the UCE and subsequently linked to the TFAP2A-LacZ transgene (Fig. 1B). This
minimized transgenic construct, Mtfl1 (Fig. 1B and C), recapitulated the expression profile of
Tcfap2a in the face at E10.5, including the FNP, the LNPs, and a medial region at the caudal
margin of the maxillary prominences (Figs 2A, B; also see Fig. 5A). Similarly, appropriate
expression was observed in the LBM, but as expected this element did not direct expression
to the AER in transgenic mice (Figs 2A, C). These data indicate that Mtf1, which comprises
the 1kb upstream fragment containing the UCE, in combination with just the downstream
DCE region of the Tcfap2a fifth intron, could direct robust tissue-specific expression to the
face and limbs. Therefore we utilized this minimal transgene as the basis for all subsequent
constructs.

The DCE Controls Expression in the FNP and LBM Differently

To map subregions of the DCE that are responsible for expression in the FNP and LBM, we
divided the DCE into two sub-fragments and these were then inserted into the TFAP2A-
LacZ transgenic construct alongside the 1kb UCE fragment to generate either Mtf2 or Mtf8
(Fig. 1B). Mtf8, containing the more upstream half of the DCE, directed expression of the
transgene to the FNP and the LBM (Figs 2D, E). The expression observed in the facial
prominences from this construct, however, was consistently weaker than the expression
derived from Mtfl (compare Figs 2B, D). Likewise, the expression in the LBM was weaker
for Mtf8 than for Mtf1 (compare Figs 2C, E). On the other hand, Mtf2, possessing the more
3' portion of the DCE, did not direct any specific expression of the transgene (data not
shown).

Together these transgenic experiments show that elements necessary for AP-2a expression
in the FNP and LBM are contained within the first 200 bps of the DCE. These data also
indicated that elements located in the 3' half of the DCE (Mtf2) might augment tissue-

Dev Dyn. Author manuscript; available in PMC 2009 September 4.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Donner and Williams

Sox Factors

Page 4

specific activity, since the level of expression derived from Mtf8 alone is less than that of the
entire element, Mtfl. To test this hypothesis, we generated the construct Mtf4 (Fig. 1B),
which contained the Mtf8 region and an additional 100 bps from Mtf2 (BB-Bc: BstBI to
Bcll). Like Mtf8, Mtf4 directed expression to the FNP and LBM (Figs 2J, K), but again the
expression in the FNP was weaker than observed from Mtfl (Figs 2B, J). In contrast,
expression in the LBM of Mtf4 embryos was greater than that observed for Mtf8 and similar
to the level of observed for Mtf1 (compare Figs 2C, E, K). These findings show that the
majority of cis-regulatory sequences necessary for the appropriate level and distribution of
limb-specific expression are contained within the upstream 300 bp of the DCE, whereas
face-specific expression is derived from elements located throughout the DCE.

To define the minimal region necessary for Tcfap2a expression, we subdivided the DCE
portion present in Mtf8 into two smaller ~ 100bp fragments. Again these subfragments were
attached to the TFAP2A-LacZ transgene along with the UCE to generate Mtf5 and Mtf6 (Fig.
1B), and these constructs were tested in transgenic mice. Mtf5, like Mtf8, was capable of
directing expression of the transgene to the FNP (Fig. 2F). Unlike Mtf8, however, Mtf5 did
not direct any expression to the LBM (Fig. 2G). Mtf6 also directed weak expression to the
FNP and only minor patchy expression to the LBM (Figs 2H, ). The intensity of expression
in the FNP observed in Mtf5 embryos was weaker than that observed for Mtf8 embryos (Figs
2D, F), while expression in Mtf6 embryos was significantly weaker (Figs 2D, H).

Thus, minimal elements necessary for Tcfap2a expression in the FNP are located in the 5'
end of the DCE. It should be noted, however, that expression was obtained in the FNP with
two completely separate 100 bp fragments from the DCE, corresponding to the Mtf5 and
Mtf6 transgenes, indicating that at least two distinct regions are capable of directing minimal
expression of Tcfap2a to the FNP. In the limbs, on the other hand, only the entire Mtf8
portion of the DCE yielded robust expression, indicating that elements contained within, or
overlapping between, Mtf5 and Mtf6 must be combined to direct expression to the limbs.
This finding is significant, since it demonstrates that the regulation of Tcfap2a in the FNP
and the LBM is not identical.

In total, these data indicate that there are elements within each subdomain of the DCE that
contribute to the expression of Tcfap2a in the FNP. The bulk of the expression is derived
from the 5' region of the DCE, contained within the Mtf5 transgene. Addition of incremental
100 bp fragments of the DCE to generate Mtf8, Mtf4, and Mtfl respectively, each yields
greater transgene expression in the FNP. Regulation in the limbs, however, does not follow
this same pattern. Mtf8 was the smallest transgene to yield significant expression in the
LBM. This expression is enhanced by the addition of a 100 bp of the DCE to yield Mtf4.
The final 3' DCE sub-region within Mtf1 does not alter the intensity of expression in the
limbs.

Bind the DCE In Vitro

We next utilized a biochemical approach to identify potentially important cis-acting
elements within the DCE. Given the high degree of sequence conservation between the
mouse, human, and chick enhancers in this region, as well as the similarity of endogenous
AP-2a expression in the mouse and chick face (Mitchell et al., 1991; Shen et al., 1997), the
analysis was initiated using whole cell protein extracts derived from the chick FNP
mesenchyme. Differences in the mechanisms of embryogenesis between mouse and chick,
particularly the contrast between in utero versus in ovo development, make the chick a more
efficient and cost-effective system for an initial analysis of the DNA binding proteins
present in the early face. Subsequently, we were able to employ the data obtained using
chick extracts for a focused analysis of the transcription factors present in the more limited
mouse head extracts (see below).
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To begin these experiments, we first generated the construct pCK2-4, which contains the
entire DCE sequence, but is derived from the equivalent chicken region rather than the
mouse region contained within the Mtf1 transgenic construct. Next, we utilized the chick
sequences for DNase | footprinting experiments in the presence of whole cell protein
extracts derived from Stage 25 chick FNP mesenchyme (Fig. 3A). At this stage of chick
embryogenesis, FNP development approximates that observed at E10.5 in mouse, the stage
at which transgene expression was assessed. In the presence of increasing concentrations of
chick FNP extract, several subtle changes were observed in the pattern of DNase | cleavage,
with the most dramatic change being the creation of a hypersensitive site in the upstream
part of the DCE (Fig. 3A, arrow). A band just above the hypersensitive site was also
potentially protected from cleavage in the presence of extracts (Fig. 3A, arrowhead).

The sequence surrounding the DNase | hypersensitive site is shown in Fig. 3B. To confirm
that a factor in the chick FNP extracts interacts with this sequence, we performed
Electophoretic Mobility Shift Assays (EMSAs) with a radiolabeled probe, Probe 95, derived
from this region (Fig. 3B). In the presence of extracts from chick FNP mesenchyme, a single
protein-DNA complex was observed (Fig. 3C, arrow). This complex was competed
successfully by the introduction of excess unlabeled Probe 95 (Fig. 3C). These data indicate
that the region identified in the footprint analysis, corresponding to Probe 95, binds
specifically to a factor in the chick FNP extracts. Analysis of the sequence in this region
revealed an SRY-related HMG box (Sox) binding site (5'-AACAAT-3") (Mertin et al.,
1999). Several members of the Sox gene family are required for face and limb development,
particularly for skeletogenesis, and so represented important potential candidates for
Tcfap2a regulation in these structures (Nakashima and de Crombrugghe, 2003;Richman and
Lee, 2003;Sock et al., 2004). To determine whether Sox factors are indeed capable of
interacting with this element we generated full-length L-Sox5, Sox6, Sox8, and Sox9
proteins by in vitro transcription and translation. These factors were chosen since they are
representative of the Sox genes expressed in both the developing FNP and LBM (Lefebvre
et al., 1998;Wegner, 1999). We observed robust and specific protein:DNA complexes in the
presence of Sox5, Sox6, or Sox9 programmed extracts, and a weaker interaction in the
presence of Sox8 (Fig. 3D and data not shown). Sox6 generated a slightly slower migrating
band than Sox5, with Sox9 and Sox8 generating sequentially faster migrating complexes,
consistent with the sizes of the proteins produced by in vitro transcription and translation.
These complexes were distinct from any non-specific bands produced by the un-
programmed rabbit reticulocyte lysate (Fig 3D, asterisk). Furthermore, all specific Sox
protein:probe DNA complexes were abolished when the non-specific competitor poly (dG-
dC) was replaced with poly (dI-dC), a compound that is known to compete for Sox protein
DNA binding (data not shown). These findings indicate that members of the Sox protein
family which are expressed in the mouse face and limb can interact with the DNA sequences
encompassing the hypersensitive site within the FNP/LBM enhancer of the Mtf5
subfragment of the DCE.

We next utilized whole cell protein extracts from E10.5 mouse heads in EMSAs to identify
specific protein factors present in the mouse embryo that interact with this region of the
enhancer. In the presence of mouse head extract, several protein-DNA complexes were
observed, and one of these migrated in close proximity to bands generated by Sox5/6
generated in vitro (Fig. 3D). The mouse extract was then pre-incubated with antisera specific
for Sox5, Sox6, Sox8, and Sox9 protein prior to EMSA (Fig. 3E). The presence of anti-Sox6
antibody generated a new super-shifted complex (Fig. 3E, lane 4, arrow), whereas none of
the other antisera tested produced a super-shifted complex (Fig. 3E). These experiments
indicate that Sox6 may be uniquely present at sufficient concentrations in E10.5 head
extracts for detection in these assays. An alternative possibility is that only the Sox6
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antiserum had the ability to recognize the endogenous mouse protein within the extract as
well as produce a supershifted complex.

Next, we wanted to identify sequences within the FNP enhancer that are critical for Sox6
interaction. For these experiments, we generated mutant probes, 95W, 95X, 95Y, and 95Z
(Table 1A) and compared their ability to bind Sox6 with either probe 95 or a standard Sox
binding site. 95X contained a G to C mutation at position 4 of the Sox binding site within
probe 95 - a substitution that has previously been shown to interfere with Sox factor-DNA
interaction (Mertin et al., 1999). 95W also contains this substitution as well as a second
change in the consensus Sox site (Table 1A). Neither Probe 95X or 95W were as efficient as
Probe 95 or the Sox binding site when used as cold competitor oligonucleotides in EMSA
reactions containing Sox6 and radiolabeled Probe 95 (Fig. 3F). These findings support the
ability of the 5'-ATTGTT-3' motif we have identified to act as a bona fide Sox binding site.
We also noted that probe 95 contained an adjacent sequence that closely resembled a second
possible Sox binding site (5-ACTGTT-3'") (Table 1A). We therefore tested the ability of the
95Y sequence, which has a mutation in just this adjacent Sox-like site, to act as a
competitor. Probe 95Y was approximately as efficient as a cold competitor sequence as
Probe 95 or the consensus Sox site (Fig. 3F). We next tested probe 95Z, containing both the
95X mutation in the bona fide Sox consensus sequence as well as the 95Y alteration in the
adjacent sequence, and determined that this behaved similarly to the 95X sequence alone in
Sox6 binding assays (data not shown). These results indicate that the adjacent Sox-like
sequence does not contribute significantly to the ability of Probe 95 to bind Sox6 either
alone or via cooperative interactions with the cognate Sox consensus sequence. In summary,
using both DNAsel footprinting and EMSA we have identified a conserved region of the
Tcfap2a FNP/LBM enhancer, 5'-ATTGTT-3', that can interact with proteins present in both
mouse and chick embryonic head extracts. This sequence resides within the Mtf5 fragment
of the DCE and can bind Sox proteins, particularly Sox6, both in vitro and in vivo.

Statl Interacts with the DCE In Vitro

Despite the absence of an obvious DNase | footprint in the sequences encompassing the
Mtf6 portion of the DCE we initiated a more thorough EMSA analysis of this region of the
enhancer because it augments expression in both the face and limbs and is also weakly
capable of directing expression to the FNP by itself. The 100 bp region was subdivided into
several overlapping oligonucleotides and these were used for EMSAs in combination with
extracts from the chick FNP mesenchyme (Fig. 4 and data not shown). One of these
oligonucleotides, Probe 45, formed two major specific protein-DNA complexes in the
presence of the chicken FNP extracts (Figs 4A and B). Sequence analyses of Probe 45
identified several putative protein binding sites including: a basic-helix-loop-helix site; an
Ets binding site; and a STAT recognition element (Fig. 4A and Table 1B) (Quandt et al.,
1995). Since the region of the DCE present in Mtf6 was highly A/T rich, homeodomain
proteins might also interact with these sequences. To determine which of these classes of
transcription factor were interacting with Probe 45, we performed competitive EMSAS using
radiolabeled Probe 45 and extracts from the chick FNP. We introduced cold, competitor
oligonucleotides containing consensus sequences for each of the aforementioned classes of
transcription factors (see Table 1B). The cold competitor containing a STAT recognition
element was uniquely able to compete for the complexes formed in the presence of chick
extract (Fig. 4B). Interestingly, the competitor containing the Ets binding site, which had
very similar sequence (Table 1B), was unable to affect the formation of these complexes
(Fig. 4B). These data suggest that one or more Stat proteins (Signal Transducers and
Activators of Transcription) bind this sequence in vitro.

In order to unequivocally demonstrate that Stat factors can interact with Probe 45, we
performed EMSAs with extracts from either IFNa-treated human U937 monocytic cells, a
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source of phosphorylated Stat proteins, or E10.5 mouse heads (Fig. 4C). EMSAS were
performed on radiolabeled Probe 45 and a control, Probe SIE (Stat inducible element).
Protein-DNA complexes were observed on Probe SIE with extracts from both U937 cells
and E10.5 mouse head. Although, as expected, the complexes formed by these two extracts
were not identical, both generated a new slowly migrating, super-shifted complex in the
presence of a Stat1-specific antiserum (Fig. 4C). These experiments indicate that Stat1 is
indeed present in our E10.5 mouse head extracts. The same experiments were performed on
Probe 45. In the presence of extracts from both U937 cells and E10.5 mouse heads, two
protein-DNA complexes were observed, and an additional super-shifted complex was
obtained following pre-incubation with the Stat1-specific antiserum (Fig. 4C). Thus, Statl is
present in extracts from E10.5 mouse heads and is capable of interacting with Probe 45 in
vitro.

Stat Proteins Regulate Tcfap2a In Vivo

Next, we wanted to determine whether the conserved Sox and STAT binding sites we had
identified were important for the in vivo activity of the FNP/LBM enhancer. For these
experiments, we generated two modified Mtfl transgenic constructs. MtfIMHMG was
identical to Mtf1, except that it contained the 95W mutations within the Sox6 binding site
that greatly impacted Sox6 binding (Fig. 3F; Table 1A). Surprisingly, MtfLMHMG
transgenic embryos had normal expression of the LacZ transgene in both the FNP and LBM
when compared with the non-mutated Mtfl transgene (Fig. 5). These results demonstrate
that mutation of this single conserved Sox binding site alone is insufficient to disrupt the in
vivo activity of the FNP/LBM-specific enhancer.

The second modified transgenic construct we generated, MtfIMSTAT, was identical to Mtf1,
except that the core sequence of the STAT binding site in the Mtf6 DCE fragment, 5'-
TTCAGGAA-3', was altered to 5'-TGCACGCT-3' (Table 1B). Like MtfIMHMG, the
MtfAMSTAT transgene still directed b-galactosidase expression to the face and limb buds.
However, for this latter transgene the levels of expression were greatly reduced compared to
that observed with the parental Mtfl transgene (Fig. 5). Out of six MtfLMSTAT transgenic
embryos that displayed R-galactosidase activity, five gave weak to moderate activity in the
FNP, while only three had weak to moderate activity in the LBM (Fig. 5 and data not
shown). These data indicate that the loss of the Stat binding site greatly impacts the function
of the FNP/LBM enhancer. Residual activity was still observed in the FNP, however, and
we hypothesized that this was because the intact Mtf5 fragment, which alone can drive FNP
expression, was present within the MtfLMSTAT transgene (Fig. 2). To address this issue we
generated a modified Mtf6 transgene, MtfeMSTAT, which had a mutated STAT binding site
and lacked the Mtf5 fragment of the DCE. Multiple injections with this Mtf6MSTAT
construct failed to produce transgenic embryos with any detectable b-galactosidase activity
in the FNP or the LBM (data not shown). Thus, the STAT binding site within the Mtf6
portion of the DCE is the major cis-acting sequence within this region required for in vivo
enhancer activity in the FNP and LBM.

Discussion

Regulation of Tcfap2a in the FNP and LBM Are Controlled by Different Mechanisms From
the Same Enhancer

The AP-2a transcription factor is critical for many aspects of mouse craniofacial
development, including neural crest induction, neural tube closure, fusion of the facial
prominences, and the formation of the secondary palate (Schorle et al., 1996; Zhang et al.,
1996; Nottoli et al., 1998; Brewer et al., 2004; Nelson and Williams, 2004). The human gene
encoding AP-2a, TFAP2A, maps in close proximity to a region of chromosome 6p24 that is

Dev Dyn. Author manuscript; available in PMC 2009 September 4.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Donner and Williams

Page 8

frequently involved in translocations and deletions associated with orofacial clefting (Davies
et al., 1999a; Davies et al., 1999b; Topping et al., 2002; Davies et al., 2004; Schultz et al.,
2004) - raising the possibility that alterations in the long range cis-regulatory sequences
controlling TFAP2A expression might be responsible for congenital defects affecting human
facial development. In the context of evolution, evidence from multiple species indicates
that changes in the spatial and temporal regulation of the AP-2 family of genes, among
others, might underlie the evolution of the vertebrate neural crest and ultimately the
diversity of craniofacial skeleton (Meulemans and Bronner-Fraser, 2002; Holzschuh et al.,
2003; Knight et al., 2003; Luo et al., 2003; O'Brien et al., 2004; Knight et al., 2005). To
identify the regulatory hierarchy underlying the expression of Tcfap2a, and to determine
how it might have been altered during evolution, or in human genetic disease, we have
previously identified regions of the gene encoding AP-2a from various species that are
responsible for driving the expression of Tcfap2a in different tissues (Zhang and Williams,
2003; Zhang et al., manuscript in preparation). Here, we have focused on one of these
elements, located within the fifth intron of Tcfap2a, that directs expression to the developing
face and limbs. We were particularly interested in this element because gene expression and
function in the limbs and face are often linked. Indeed, it has been postulated that
development of the face shares many regulatory circuits in common with appendages such
as the limbs and genitalia (Yamaguchi et al., 1999; Yamada et al., 2003; Klonisch et al.,
2004; Cobb and Duboule, 2005). In this report, we have shown that two conserved regions
of the intron work together to yield high levels of expression in the face and limbs. The
more extensive downstream element (DCE) is responsible for the tissue-specific activity in
the face and limbs, and within this sequence we have identified minimal elements required
for expression in each tissue. While elements responsible for expression in both tissues
overlap, the minimal requirements for the two tissues are not identical. Minimal expression
in the FNP can be obtained from two distinct 100 bp fragments located at the 5' end of the
DCE, present within the transgenes Mtf5 and Mtf6. The combination of these two
subfragments in Mtf8 yields more robust expression in the FNP, while the complete pattern
of expression in the FNP is only achieved when the entire 400 bp DCE region is present in
the Mtf1 transgene.

Minimal significant expression in the LBM, on the other hand, is obtained from only the
intact upstream 200 bp region of the DCE present in Mtf8, and the addition of a further
downstream region of 100 bp (Mtf4) is needed to restore robust LBM activity. These
findings suggest that elements that are each capable of directing expression to the FNP must
be combined to direct expression to the LBM. In addition, these studies show that elements
within the 3" half of the enhancer contribute differently to the intensity of expression in the
FNP and the LBM. Thus, while elements that control expression in the FNP and LBM
overlap, they are not identical.

We note that our data may also support a model in which particular regions of the DCE
differentially regulate subtle aspects of the spatial pattern of FNP or LBM expression as well
as exerting an influence on the overall level of expression. This possibility is most strongly
supported by a comparison of the Mtfl and MtfAMSTAT transgenic data. The intact Mtf1
transgene directs similar expression to both the lateral and medial nasal prominences. In
contrast, MtfIMSTAT vyields only patchy expression in the medial facial prominences,
whereas expression in the lateral prominences is more robust and concentrated (Fig. 5).
Therefore, as well as affecting the overall levels of Tcfap2a expression throughout the FNP,
the Mtfé DCE region and its associated Stat binding site may exert a more profound effect
on expression within the medial nasal prominences. The integration of cis-regulatory
elements controlling different domains of gene expression into this Tcfap2a enhancer may
serve as a model for how subtle changes in the organization and arrangement of DNA
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binding sites within an enhancer can affect morphogenesis and patterning during evolution
and development.

Sox Proteins Interact with the Tcfap2a Enhancer Element

We have provided compelling evidence that Sox6 interacts with a Sox binding site within
the DCE of Tcfap2a. The Sox site is located in a subdomain of the DCE that is necessary for
strong Tcfap2a expression in the FNP and LBM (Fig. 1C and Fig. 6). We have shown that
chick FNP extracts interacting with the Sox binding site in DNase | footprinting assays
create a prominent hypersensitive site. Such hypersensitive sites often result from protein-
DNA interactions that dramatically alter the structure of DNA, as when Sox factors
introduce significant bends into DNA (van Houte et al., 1995;Werner et al., 1995;Murphy et
al., 2001). Additionally, several Sox family members, including Sox6, can bind to the
enhancer in EMSASs, and we have shown that Sox6 is present in mouse head extracts and
can interact with the enhancer. The alteration of this Sox site alone, though, in the transgene
MtfIMHMG, is not sufficient to produce a significant change in the activity of the Mtfl
enhancer element in vivo. There are several possible explanations for this result. First,
although the mutation that we introduced significantly reduced the affinity of Sox6 for site
in vitro, the residual binding potential may be sufficient to direct expression in vivo. This is
especially likely if cooperative complex formation between Sox6 and a co-factor could
augment interaction with a weak site. Cooperative binding between Sox proteins and co-
factors is typically required for the activity and specificity of Sox proteins (reviewed in
(Kamachi et al., 2000;Wilson and Koopman, 2002)). Indeed, one possible class of partners
are the Sox proteins themselves as several weaker Sox binding sites are predicted to occur
within the DCE based on the presence of the core binding sequence 5'-TTGTT-3' (Fig.
6,Table 1A). An alternative possibility is that the Sox binding site has a minimal role in the
context of the isolated enhancer for the FNP/LBM during the developmental window we
have analyzed, but is important in the wider context of endogenous Tcfap2a expression.
Further analyses will be required to determine the importance of this Sox binding site for the
other tissues, such as the skin and mammary gland, in which this enhancer cooperates with
more distal sequences to direct expression (Zhang and Williams, 2003; Zhang et al.,
manuscript in preparation).

Although we only have direct evidence that Sox6 is present in the facial extracts, it is likely
that more than one Sox protein will be able to interact with the Sox DCE element in vivo.
Several Sox factors are known to play critical roles in craniofacial and limb skeletogenesis
and are good candidates to regulate Tcfap2a (Bi et al., 1999; Bi et al., 2001; Smits et al.,
2001; Sock et al., 2004). The Group E factor, Sox9, is an enticing candidate, given both its
role in chondrogenesis and its responsiveness to retinoic acid, (Bi et al., 1999; Sekiya et al.,
2000; Bi et al., 2001; Akiyama et al., 2002; Mori-Akiyama et al., 2003; Akiyama et al.,
2004; Eames et al., 2004; Sahar et al., 2005) an agent known to alter AP-2a. expression in
vitro and in vivo (Williams et al., 1988; Liischer et al., 1989; Philipp et al., 1994; Shen et al.,
1997). Another Group E candidate, Sox8, is expressed coincident with Tcfap2a in the face
and limbs (Wegner, 1999; Schepers et al., 2000). Mouse Sox8 can also regulate osteoblast
differentiation, while SOX8 maps to a chromosomal locus implicated in the human
syndrome ATR-16, which has associated craniofacial anomalies (Pfeifer et al., 2000;
Schmidt et al., 2005).

Two Group C family members, L-Sox5 and Sox6, are expressed in the face and limbs
coincident with Tcfap2a (Lefebvre et al., 1998). Homozygous mutation of Sox5 in mice
produces a perinatal lethal phenotype involving respiratory distress, cleft palate, and delayed
mineralization of the nasal bones (Smits et al., 2001). Sox6 null mice also die shortly after
birth from respiratory distress (Smits et al., 2001). A few Sox6 null embryos survive for two
weeks and they rapidly develop severe dwarfism (Smits et al., 2001). Sox5/Sox6 double
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knockout embryos have round heads and severely shortened snouts by E13.5 and exhibit
severe chondrodysplasia (Smits et al., 2001). Sox6, in particular, is an enticing upstream
regulator of Tcfap2a since premature differentiation of osteoblasts was observed at the nasal
bone front in FKO mice, which lack AP-2a. in the FNP (Nelson and Williams, 2004), and
Sox6 is the only one of the three Sox chondrogenic markers (Sox5, Sox6, and Sox9) to also
be expressed during intramembranous bone formation (Eames and Helms, 2004). Recently,
the Group C Sox gene, Sox11, has also been shown to influence craniofacial development.
Mice lacking Sox11 frequently showed unilateral and bilateral orofacial clefts that were
similar to phenotypes observed with certain Tcfap2a mutations ((Sock et al., 2004) and W.
Feng and T. Williams, unpublished). Further studies, however, are needed to prove which
Sox family member(s) act upstream of Tcfap2a.

STAT Proteins Act Upstream of Tcfap2a

We have identified a highly conserved STAT binding site in the region of the Tcfap2a FNP/
LBM DCE enhancer contained within the Mtf6 transgene (Fig. 6). Mutation of the STAT
site in the transgene MtfAMSTAT greatly reduces FNP and LBM-specific enhancer activity
associated with the DCE, and eliminates it completely in the context of the Mtf6 transgene
alone. Thus, the STAT site is a critical component of the Mtf6 DCE region required for
appropriate FNP/LBM activity of the fifth intron enhancer sequence. Further, we have
shown that the Statl protein is present in our mouse head extracts and can bind to this
element in vitro. While Statl is one possible candidate for regulating Tcfap2a expression,
we note that several other Stat family members with similar DNA binding specificities are
also expressed in the developing facial mesenchyme or skeletal elements, including Stat3,
5a, and 5b (Duncan et al., 1997). Thus, although the STAT binding site itself is critical for
expression, there may be functional redundancy amongst the Stat proteins for binding and
regulation of this Tcfap2a cis-acting sequence. In this context, preliminary studies indicate
that expression driven by Tcfap2a is not significantly altered in Stat1 null mice (S. Sullivan
and T. Williams, unpublished observations). Nevertheless, as a whole, the members of the
Stat family of proteins are excellent candidates to act as upstream regulators of Tcfap2a
given their developmental roles in skeletogenesis as well as their biochemical function as
downstream effectors of FGF signal transduction.

Homozygous deletion of Stat3, in mice, results in early embryonic lethality (Takeda et al.,
1997), and thus, the contribution of Stat3 to craniofacial and limb bud development has not
been assessed. Bones formed via either endochondral or intramembranous ossification in
Stat1”- mice have an increase in mass and mineral density due to a disruption in the
proliferation and differentiation properties of both osteoblasts and osteoclasts (Kim et al.,
2003; Xiao et al., 2004), and FGFs have an antiproliferative effect on chondrocytes that is
disrupted by loss of Statl (Sahni et al., 1999; Sahni et al., 2001).

Stat-1, -3, -5a, and -5b are each activated downstream of FGFR3 during endochondral bone
growth. FGFR3 activation leads to phosphorylation and nuclear localization of Stat-1, -5a,
and -5b in chondrocytes (Su et al., 1997; Li et al., 1999), while Stat3 is activated by FGFR3
in cell culture (Hart et al., 2000). FGFR3 mutations in humans cause a spectrum of
achondroplasias (reviewed in (Ornitz and Marie, 2002; Chen and Deng, 2005; L'Hote and
Knowles, 2005)). Mouse models for the FGFR3-related achondroplasias demonstrate that
FGFR3 negatively regulates post-natal long bone growth, while constitutive activation of
FGFR3 causes dwarfism (Ornitz and Marie, 2002; Chen and Deng, 2005; L'Hote and
Knowles, 2005). FGFR3 related skeletal defects arise from both altered proliferation of
chondrocytes in the growth plate and premature ossification (Ornitz and Marie, 2002; Chen
and Deng, 2005; L'Hote and Knowles, 2005; Ornitz, 2005). In contrast to the general
inhibitory effect of FGFR3 on post-natal long bone growth, a SADDAN (severe
achondroplasia with developmental delay and acanthosis nigricans) FGFR3 mouse model
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exhibited overgrowth of the nasal septum and a high incidence of dental malocclusion
(Iwata et al., 2001). These phenotypes are reminiscent of defects observed in FKO and
Tcfap2a™ mice (Zhang et al., 1996; Nottoli et al., 1998; Nelson and Williams, 2004).

Stat proteins are also activated downstream of other FGFRs (Hart et al., 2000). Mutations in
both FGFR1 and -2 have been implicated in craniofacial syndromes, but are more
commonly found in craniosynostosis, premature fusion of sutures due to disrupted
intramembranous bone growth (reviewed in (Chen and Deng, 2005)). Although an in vivo
role for Stats downstream of FGFR2 has not yet been shown, mouse models of
craniosynostosis containing altered FGFR2, display several phenotypes that overlap with
those observed in FKO, Wnt1-Cre; Floxdel/Kl, or Tcfap2a*/- mice including shortened
snouts, dental malocclusion, wide spaced eyes, and cleft palate (Zhang et al., 1996; Nottoli
etal., 1998; De Moerlooze et al., 2000; Hajihosseini et al., 2001; Eswarakumar et al., 2002;
Chen et al., 2003; Brewer et al., 2004; Eswarakumar et al., 2004; Nelson and Williams,
2004; Wang et al., 2005). Thus, the presence of a STAT site in the FNP/LBM-specific
enhancer likely places AP-2a downstream of FGFR signaling in the FNP, which is
consistent with other studies showing FGF dependent changes of Tcfap2a in the craniofacial
region (Shen et al., 1997; Cordero et al., 2004).

In summary, we have identified minimal enhancer elements that control Tcfap2a expression
in both the FNP and LBM. Identification of these minimal elements aided in the discovery
of binding sites that control Tcfap2a expression in the FNP and its derivatives and may
contribute to Tcfap2a expression in the LBM. While the specific Sox and Stat factors that
interact with the Tcfap2a FNP/LBM-specific enhancer remain to be determined, these
results link Tcfap2a to known signaling pathways and further implicate AP-2a. in the
regulation of bone growth and skeletal development.

Experimental Procedures

Plasmids

CK2-4 was amplified by PCR from chicken genomic DNA using the primers CK2 (5'-CTC
CGT TTA GCT ACG GAG CA-3") and CK4 (5'-CAT AGC CAC GTG CAT ACG-3'). PCR
reactions contained 180 ng of chicken genomic DNA, 1 mg of each CK2 and CK4, and Taq
DNA polymerase at conditions recommended by the manufacturer (Boehringer Mannheim).
The resulting 545 bp fragment was subcloned into pBSKS+ (Stratagene). Subfragments of
the DCE for transgenic constructs were generated by PCR, as above, from mouse genomic
DNA and were subcloned into pBSKS (Stratagene) to generate shuttle plasmids (i.e. Mts1).
Primers used to create DNA fragments were: Mts1, 5-Xcml (5-ATG TGG TGG AAG CTG
AGG GTA G-3") and 3-Tagl (5'- CCC GAC TGC AG TTT CCT CG-3'); Mts2, 5'BstBI (5'-
CGA AAA TCA ACA ACA CAG ACA GAC-3) and 3'-Taqgl; Mts4, 5'Xcml and 3'Bcell (5™
GCG AAC AAC CGA GAA AGT TTA C-3'); Mts5, 5'-Xcml and 3'-Sphl (5'-CGC CAA
TTA GAG CAT CAA AGC-3'); Mts6, 5'-Sphl (5-GAT GCT CTA ATT GGC GCA
TGC-3") and 3'-BstBI (5-CTG TCT GTG TTG TTG ATT TTC G-3'); Mts8, 5-Xcml and 3'-
Bcll. All shuttle plasmids were converted to final transgenic (i.e. Mtf1) constructs by three-
way ligation of the Mts Xhol/Notl subfragment, a 1 Kb Spel/Xhol fragment containing the
UCE, and a large Spel/Notl fragment containing the TFAP2A-LacZ fusion transgene.
MtfAIMHMG, MtfIMSTAT, and Mtf6MSTAT were generated by PCR mutagenesis of Mtf1 or
Mtf6 (for sequences, see Table 1) according to manufacturer instructions (Stratagene). All
plasmids were sequenced at the Keck Foundation sequencing facility (Yale University).
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Protein Extracts

Fertilized chick eggs (Charles River-SPAFAS) were harvested at Stage 25 (Hamburger and
Hamilton, 1951). FNP mesenchyme and ectoderm were microdissected with tungsten
needles. FNP tissue was soaked in 2% trypsin (Sigma) for 20 minutes at 25°C. Ectoderm
was teased away from mesenchymal buds and discarded. Buds of mesenchyme tissue were
pooled in ice cold 1X PBS; 10% Fetal Calf Serum. Mesenchyme was pipetted repeatedly to
dissociate tissue. Chick FNP extracts were prepared as described (Andrews and Faller,
1991). Mouse extracts were generated from 200 E10.5 mouse heads as described
(Shashikant et al., 1995). Extracts were dialysed against 3 changes of Modified Buffer A (50
mM Tris pH 7.6; 5 mM MgCly; 25 mM KCI; 0.2 mM EDTA; 10% glycerol).

Sox proteins were generated with TNT® Quick Coupled Transcription/Translation systems
according to manufacturer instructions (Promega).

Electrophoretic Mobility Shift Assays

Oligonucleotides for EMSA probes were synthesized at the Keck Foundation at Yale
University. Complimentary oligonucleotides were annealed in 10 mM Tris, pH 7.9; 5 mM
MgCl,; 50 mM NaCl by heating at 95°C for 5 minutes and cooling slowly to 4°C. Probes for
EMSA were 5'-end labeled using y[32P] ATP (New England Nuclear) with T4
Polynucleotide Kinase (New England Biolabs). Labeled probes were separated from
unincorporated ATP using Centri-spin 20 columns (Princeton Separations). EMSA reactions
contained 10,000 cpm probe, 1X EMSA Buffer (10% glycerol; 5 mM MgCly; 2.5 mM
EDTA; 2.5 mM DTT; 250 mM NacCl; 50 mM Tris, pH 7.5), and either 1 pg poly (dI-dC) or
poly (dG-dC). Reactions were incubated for 30 minutes on ice prior to resolution via 6%
native PAGE. EMSAs to detect Stat1-specific binding with IFNa-treated U-937 cells were
performed with a NuShift™ Statla kit according to manufacturer instructions (Active
Motif). Antisera to other Stat proteins were obtained from Zymed Laboratories, Santa Cruz
Biotechnology, and Geneka Biotechnology, but only Stat1 antiserum generated a specific
supershift (data not shown). The Sox6 antiserum was a gift of Véronique Lefebvre. Super-
shift EMSAs were completed by preincubating antibodies with extracts for 1 hour at 4°C
prior to addition of radiolabeled probe. DNase I footprints were performed as described
(Williams et al., 1988).

Generation and Staining of Transgenic Mouse Embryos

All animal experiments were performed in accordance with protocols approved by the
UCHSC or Yale University Animal Care and Usage Committees. Transgenic FVB mice
were generated by standard methods (Nagy et al., 2003). Embryos were collected from
foster females (CD-1) at E10.5, with the day of the transgenic manipulation being scored
E0.5. The actual developmental stage of the embryos varied due to ex vivo manipulation
(Nagy et al., 2003). Embryos were stained for B-galactosidase activity by standard
procedures (Nagy et al., 2003), fixed in 4% paraformaldehyde, and photographed. Staining
was standardized to 18 hours to facilitate a direct comparison of expression amongst the
different transgenes.
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Fig. 1. Transgenic analysis of the Tcfap2a FNP/LBM enhancer

(A) Schematic representation of the Tcfap2a locus with exons depicted as filled boxes.
Intron 5 is expanded to highlight two subregions of high sequence conservation. The larger,
distal conserved element (DCE, green rectangle) is essential for expression in the FNP and
LBM. The upstream conserved element (UCE, red oval) enhances the expression of the
DCE. (B) Schematic representation of the transgenic constructs utilized in these studies.
Each construct consisted of 200 bps of TFAP2A basal promoter elements, which direct the
expression of the Tcfap2a-LacZ fusion transgene (including 13 amino acids of AP-2a). The
enhancer elements include the Spel-Xhol UCE (red oval) from intron 5 and variable
fragments of the DCE (green rectangle). The DCE is expanded to show subfragments
defined by restriction enzyme sites. Abbreviations: S, Spel; X, Xhol; BA, BsaAl; Xc, Xcml;
Sp, Sphl; BB, BstBI; Bc, Bell; and T, Tagl. (C) Summary of expression data acquired from
each transgene. For each construct the number (No.) of transgenic embryos sharing the same
pattern of expression is indicated. Expression was scored in the FNP and the LBM. Relative
intensity and domain of expression is indicated by (+), while (-) indicates that no expression
was observed in the transgenic embryos. The notation “nr” indicates that the number of
transgenic embryos that failed to give specific staining was not recorded, but was greater
than 2.
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Fig. 2. Expression of B-galactosidase in transgenic embryos

(A) Lateral view of an E10.5 Mtf1 transgenic embryo showing specific expression in the
FNP and LBM. Detailed ventral views of FNP (B, D, F, H, J) and lateral views of forelimb
buds C, E, G, I, K) from embryos transgenic for Mtfl (B, C), Mtf8 (D, E), Mtf5 (F, G) Mtf6
(H, 1), and Mtf4 (J, K).
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Fig. 3. Sox factors interact with the Tcfap2a face and limb enhancer

(A). DNase | footprint on CK2-4 with protein extracts from Stage 25 chick FNP extracts. A
DNase I digested lane that lacks extract (-) is shown at the left and the remaining tracks have
increasing amounts of FNP extract. The position of the DNase | hypersensitive site (arrow)
and the band that potentially becomes protected by extract (arrowhead) are indicated. The
region affected in the CK2-4 footprint corresponds to Probe 95. (B) Schematic
representation of the sub-region of the DCE FNP/LBM-specific enhancer present in the Mtf5
transgene. The sequence of Probe 95 (chick sequence) is shown along with the alignment of
the corresponding regions from human and mouse. A Sox consensus sequence is aligned
with the putative Sox binding site in Probe 95. (C) EMSAs with radiolabeled Probe 95 in the
presence of protein extracts from Stage 25 chick FNP (arrow indicates DNA-protein
complex formation). Competition with increasing quantities of cold Probe 95 indicates that
the binding is specific. (D). EMSASs in the presence of mouse head extracts or in vitro
translated Sox5, Sox6, or Sox9 on Probe 95. The arrows indicate the relative positions of the
DNA complexes formed by each individual Sox protein (this panel and data not shown). The
Sox5/6 shift comigrates with a complex from the mouse head extracts. A non-specific shift
from the reticulocyte extracts is indicated by *. (E). EMSASs with anti-Sox5, -Sox6, -Sox8,
or -Sox9 antibodies in the presence of protein extracts from E10.5 mouse heads. The super-
shift in the presence of the anti-Sox6 antibody is indicated (arrow). (F) Competition analysis
for Sox6 bound to Probe 95 in the absence (-) or presence of increasing concentrations of
cold competitors as indicated (see Table 1A for sequences).
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Fig. 4. Statl binds to the Mtf6 DCE region of the Tcfap2a FNP/LBM enhancer

(A) Schematic representation of the Mtf6 DCE subfragment of the FNP/LBM enhancer. The
sequence of Probe 45, a highly conserved sub-fragment of the Mtf6 DCE region, contains
several putative binding sites for known classes of transcriptional regulators including;
bHLH, Ets, STAT, and homeodomain proteins. Consensus sequences for these putative
binding factors are shown. SIE is a naturally occurring binding site for Statl. (B) EMSA
experiment using radiolabelled Probe 45 either with (+) or without (-) protein extract from
Stage 25 chick FNP. The two specific complexes formed are indicated (arrows). Lanes also
contained either no specific cold competitor DNA (-) or various cold competitors containing
particular consensus sequences (listed in A and indicated above the relevant lanes) at 10-fold
and 100-fold excess in adjacent lanes. Only the cold competitor containing the STAT
consensus competed effectively for the upper shift. (C) Statl in extracts from U-937 cells
treated with IFNa (oval) and E10.5 mouse head extracts (rectangle) binds to both SIE and
Probe 45 (lower arrows). The Statl shifts on both probes and with both types of extracts are
super-shifted in the presence of a Stat1-specific antibody (upper arrows).
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Fig. 5. The STAT site is important for the in vivo activity of the DCE in the FNP

Images of 3-galactosidase stained E10.5 embryos transgenic for Mtfl (A, B), MtfIMHMG
(C, D) or MtfLMSTAT (E-J). Frontal view of the facial prominences of embryos transgenic
for Mtfl (A), MtfLMHMG (C) or MtfIMSTAT (E, G, I). Lateral view of the forelimb bud of
Mtfl (B), MtfAIMHMG (D), and three MtfLMSTAT (F, H, J) embryos.
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Fig. 6. Summary of the Sox and STAT binding sites in the DCE

A representative summary of binding sites located in the DCE. The position of bona fide
Sox site within probe 95 that was revealed by DNase | footprint analysis (red oval), several
putative Sox factor binding sites (pink ovals), and the STAT binding site in probe 45 (green
diamond) are shown.
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Table 1

Sequences of Probes, Consensus Sequences, and Transgenic Mutations

A. Oligo name

Sequence

95 5-ATTTTCTGGAGTACTGTTATTGTTTATGAT
SOX 5-ATTGTT

95W 5-ACTGTTCTTCTT

95X 5-ACTGTTATTCTT

95Y 5-ACTCTTATTGTT

952 5-ACTCTTATTCTT

MHMG 5-ACTGTACTTCTT

B. Oligo name Sequence

45 5-CAACTGGTTCAGGAAATTAAAACC
STAT 5-TTCCGGAA

ETS 5'-AGCCGGAA

bHLH 5-CACGTG

MSTAT 5-AACCAACTGGTGCACGCTATTAAAACCAAAGATT
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