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Abstract
Aim—Identification of genes that contribute to secondary palate development provide a better
understanding of the etiology of palatal clefts. Gene-expression profiling of the murine palate
from gestational days 12–14 (GD12–14), a critical period in palate development, identified Sox4
as a differentially expressed gene. In this study, we have examined if the differential expression of
Sox4 in the palate is due to changes in DNA methylation.

Materials & methods—In situ hybridization analysis was used to localize the expression of
Sox4 in the developing murine secondary palate. CpG methylation profiling of a 1.8-kb upstream
region of Sox4 in the secondary palate from GD12–14 and transfection analysis in murine
embryonic maxillary mesenchymal cells using Sox4 deletion, mutant and in vitro methylated
plasmid constructs were used to identify critical CpG residues regulating Sox4 expression in the
palate.

Results—Spatiotemporal analysis revealed that Sox4 is expressed in the medial edge epithelium
and presumptive rugae-forming regions of the palate from GD12 to GD13. Following palatal shelf
fusion on GD14, Sox4 was expressed exclusively in the epithelia of the palatal rugae, structures
that serve as signaling centers for the anteroposterior extension of the palate, and that are thought
to serve as neural stem cell niches. Methylation of a 1.8-kb region upstream of Sox4, containing
the putative promoter, completely eliminated promoter activity. CpG methylation profiling of the
1.8-kb region identified a CpG-poor region (DMR4) that exhibited significant differential
methylation during palate development, consistent with changes in Sox4 mRNA expression.
Changes in the methylation of DMR4 were attributed primarily to CpGs 83 and 85.

Conclusion—Our studies indicate that Sox4 is an epigenetically regulated gene that likely
integrates multiple signaling systems for mediating palatal fusion, palatal extension and/or the
maintenance of the neural stem cell niche in the rugae.
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Orofacial clefts, such as cleft lip with or without cleft palate (CP) and isolated CP, are
amongst the most prevalent of birth defects [1]. Affected individuals encounter a myriad of
complications including feeding, dental and speech difficulties; recurrent ear infections or
hearing loss; as well as bearing the stigma of their facial appearance in society. Isolated CP
primarily arises due to aberrant development of the secondary palate. The key phases in
secondary palate development include growth of the palatal processes from the oral aspect
of the maxillary process of the first branchial arch, morphogenesis and remodeling of palatal
processes resulting in their elevation above the tongue, and subsequent adhesion and fusion
of the processes – aspects that are highly conserved in most vertebrates. In mice, these
morphogenetic processes occur during gestational days (GDs) 12–14.

Genes essential for secondary palate development encode transcription factors, growth and
signaling molecules and their receptors, and extracellular matrix components [2–7], and
include members of key signaling systems, such as the Wnt-, TGF-β-, PDGF-, FGF- and
Shh-signaling pathways [2,6,8,9]. Cross-talk among these signaling systems in the
developing orofacial region dictates the spatiotemporal expression of a diverse array of
genes that eventually contribute to the normal development of a secondary palate. Orofacial
clefts can be categorized as nonsyndromic or as part of several (as many as 700) syndromes
[10]. The genetic contribution to cleft lip with or without CP and CP has been estimated to
be between 20 and 50% with environmental mechanisms likely accounting for the remainder
[7,11]. Maternal exposure to alcohol, tobacco smoke, drugs, infection and chemicals (e.g.,
pesticides), and inadequate consumption of nutrients (e.g., trace elements and folate) during
pregnancy can be deleterious to the developing embryo or fetus [3,4,7,8,12,13]. Epigenetic
mechanisms such as DNA methylation, chromatin modification and/or microRNA
expression can influence gene expression by responding to environmental conditions. Thus,
it is reasonable to speculate that, for example, altered DNA methylation in susceptible genes
during the key phases of palatal development, as a result of environmental toxicity, could
contribute to the etiology of CP.

To begin to address the role of epigenetics in regulating ontogenesis of the secondary palate,
we conducted a study that identified differentially expressed mRNAs in the murine
developing palate (GD12–GD14) [14]. Using high-density microarray-based mRNA
profiling, a number of differentially expressed genes, including Sox4, were identified. Sox4
mRNA levels were found to decrease approximately twofold from GD12 to GD13, in the
secondary palate, after which their levels remained constant from GD13 to GD14 (Table 1).
Very little information exists regarding the expression and/or function of Sox4 in the
developing palate. However, as a member of the SOX (SRY-related high mobility group
box) family of transcription factors, Sox4 is known to be vital for embryogenesis and cell
fate decisions [15,16]. Aberrant expression of Sox4 has been noted in a variety of cancers
[16–25], and evidence exists that Sox4 may be involved in cell differentiation, proliferation
and survival [15], processes that also underlie tissue and organ development, such as that of
the secondary palate. Furthermore, Sox4 is regulated by TGF-β [17,19], a key signaling
molecule that plays a critical role in palate development, and defects in which often result in
CP [14,26–28].

In the current study, we examined expression of Sox4 within the developing murine
secondary palate and investigated whether DNA methylation could account for the
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differential Sox4 expression observed in this tissue. We show that Sox4 is transiently
expressed in the medial edge epithelium (MEE) of the palatal shelf during outgrowth and
remodeling, and in the palatal rugae after palatal shelf fusion. We further demonstrate that
Sox4 expression during development of the secondary palate is regulated by differential
methylation of critical CpG residues localized distal to the CpG island or the putative
promoter. This is the first report to demonstrate differential methylation of a gene during
development of the secondary palate, and provide support for the hypothesis that normal as
well as abnormal palate development may be regulated at an epigenetic level.

Materials & methods
Materials

Sodium bisulfite (catalog number S9000) and Hydroquinone (Cat. No. H9003) were
purchased from Sigma-Aldrich Corp.; PCR primers were synthesized by Integrated DNA
Technologies, Inc. Unless otherwise specified, all chemicals and reagents were of analytical
grade and procured from established manufacturers. The mouse Shh cDNA, cloned in
pBSKII and used for the preparation of riboprobes, was a gift from ZJ Lan (University of
Louisville, KY, USA). The pCpGL-basic vector was a gift from Michael Rehli
(Universitatsklinikum Regensburg, Regensburg, Germany).

Animals
Mature male and female ICR (CD-1) strain mice (Harlan) were maintained in rooms with a
12-h light/dark cycle (20°C, 50% humidity) with ad libitum access to food and water in an
Association for Assessment and Accredition of Laboratory Animal Care (AAALAC)-
accredited vivarium, and were utilized as per Institutional Animal Care and Use Committee
(IACUC)-approved Animal Use Protocols. Timed pregnancies were established by
overnight mating of a single mature male with two nulliparous females. The presence of a
vaginal plug the following morning was considered evidence of mating and the time
considered GD 0 (GD0). At GD12, GD13 and GD14, dams were euthanized by CO2
asphyxiation and embryos were collected in ice-cold calcium/magnesium-free phosphate
buffered saline (PBS) and processed immediately.

Whole-mount in situ hybridization
Whole-mount in situ hybridization was performed as described [29]. Murine secondary
palates were isolated from fetuses on GD12, GD13 and GD14, transferred to, and rinsed
with PBS buffer in 24-well plates, and then immersed in 4% paraformaldehyde overnight at
4°C. Tissues were dehydrated in increasing concentrations of methanol and digested with 10
μg/ml proteinase K for 15 min (GD12), 20 min (GD13) or 25 min (GD14). For detection of
Sox4 mRNA expression, tissues were rehydrated and hybridized overnight with either sense
or antisense Sox4 riboprobes. Sox4 riboprobes were generated from a plasmid, mSox4/
pGEM-T, constructed by cloning an approximately 800-bp cDNA fragment, generated from
mouse liver total RNA using Sox4-specific primers, into the pGEM-T Easy vector
(Promega). The sense probe was generated after digestion of the plasmid with SalI and
transcription with T7 RNA polymerase, whereas the antisense probe was generated using
SP6 RNA polymerase after digestion of the plasmid with NcoI. Digoxigenin (DIG)-labeled
riboprobes were generated using the DIG RNA labeling kit (Cat. No. 11175025910; Roche).
Following extensive washes, using standard protocols, tissues were incubated overnight with
anti-DIG AP antibody (Cat. No.11093274910; Roche) and color developed with nitro-blue
tetrazolium/5-bromo-4-chloro-3′-indolyl phosphate (Cat. No. 11681451001; Roche).
Tissues, in 80% glycerol/0.1% sodium azide in PBS, were visualized and photographed with
a Nikon SMZ1500 stereomicroscope equipped with a Nikon DXM1200F digital camera
controlled by ACT-1v 2.62 software (Nikon, Inc.).
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Sectional in situ hybridization
Sectional in situ hybridization was performed with Shh and Sox4 riboprobes on sagittal
sections of fetal murine heads (GD12–GD14) as previously described [29]. The Shh
riboprobes were generated from a plasmid harboring the mouse Shh cDNA cloned in
pBSKII (see ‘Materials’ section).

Isolation of secondary palates & genomic DNA
Murine secondary palates were isolated, dissected and suspended in ice-cold PBS, as
previously described [30]. The developmental stage of the secondary palates was determined
to ensure sample consistency among the biological replicates (GD12 – palatal processes
vertically oriented on either side of the tongue; GD13 – palatal processes larger and in the
process of reorientation, or horizontally oriented above the tongue but unfused; GD14 –
palatal processes fused to each other). Genomic DNA was isolated from 20–40 mg of pooled
secondary palatal tissue for each GD using the QIAamp DNA Mini kit (Cat. No. 51304;
Qiagen Inc.).

Bisulfite conversion, DNA sequencing & determination of Sox4 CpG methylation profiles
A total of 10–15 μg genomic DNA was digested with EcoRI (that does not digest the
genomic region under investigation) and subjected to the ‘bisulfite’ reaction in the presence
of 3.1 M sodium bisulfite, pH 5.0 and 0.5 mM hydroquinone at 55°C for 16 h under mineral
oil [31]. DNA was purified using the QIAquick PCR purification kit (Cat. No. 28104;
Qiagen), denatured in 0.3 M NaOH, ethanol precipitated, dissolved in Tris-EDTA buffer, pH
8 and used for PCR amplification using primers specific for the bisulfite-modified DNA.
Primers (Table 2) were designed using the BiSearch program [32]. Each amplicon was
ligated into pGEM-T Easy vector (Cat. No. A1360; Promega) and transformed into
Escherichia coli DH5α competent cells. Approximately ten random colonies were selected
for plasmid DNA preparation using the Spin Miniprep kit (Cat. No. 27106; Qiagen),
sequenced at the University of Louisville Sequencing Core facility, and methylated CpG
residues identified. CpG methylation level was defined as the percentage of methylation of a
CpG residue in all clones analyzed. Methylation level of an amplicon was defined as the
percentage of methylated CpG residues present at all CpG sites in all clones analyzed.

Construction of Sox4 expression vectors & determination of promoter activity in murine
embryonic maxillary mesenchymal cells

Since the murine Sox4 promoter was not characterized, an approximately 1.8-kb DNA
sequence (accession number: NC_000079.6, NCBI) upstream of the translational start site
(ATG) was analyzed. A fragment harboring the 1.8-kb sequence was amplified by PCR
using mouse genomic DNA and primers tagged with NheI and BglII restriction sites. After
digestion with NheI and BglII, the resultant fragment was cloned into NheI and BglII
digested pGL3-Basic luciferase vector (Promega). After transformation into E. coli DH5α
cells, colonies harboring the plasmid were identified, the sequence verified by DNA
sequencing and the plasmid (termed Sox4/pGL3) was prepared using Qiagen's Plasmid
Maxi kit (Cat. No. 12163). A total of 2 μg/ml of the plasmid containing the Sox4 promoter
(Sox4/pGL3) and 50 ng/ml of a control vector (pRL-CMV; Cat. No. E2261; Promega)
expressing Renilla luciferase were transfected into freshly isolated murine embryonic
maxillary mesenchymal (MEMM) cells, prepared essentially as described [33]. Transfection
was performed in 2-ml media containing 3 × 105 cells using FuGENE6 Reagent (Cat. No.
11815091001; Roche) in six-well plates. Cells were harvested after 48 h, and firefly and
Renilla luciferase activities were determined using the Dual Luciferase Reporter Assay
system (Cat. No. E1910; Promega) in a Turner 20/20 luminometer (Promega). Normalized
luciferase activities (ratio of firefly to Renilla luciferase activities) were determined. The
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experiment was repeated three-times with duplicates and expressed as mean ± SD. The
reporter activity of Sox4/pGL3 was expressed relative to a similarly transfected control
vector, pGL3-Promoter vector (Cat. No. E1761; Promega), whose luciferase activity is
under the control of the SV40 promoter. The vector without both Sox4 differentially
methylated regions (DMRs; Sox4Δ/pGL3) was constructed by removal of an 854-bp
fragment from the 5′ end of Sox4/pGL3 and then religating the vector fragment. This was
accomplished by digesting Sox4/pGL3 with NheI, blunting the ends with Klenow
polymerase, digesting with PvuII, and religating the resultant vector fragment. Additionally,
site-specific mutations were introduced into CpGs 83 and 85 in Sox4/pGL3 using the
QuikChange® site-directed mutagenesis kit (Cat. No. 200519–5; Stratagene) to generate
Sox4Mut83/pGL3 and Sox4Mut85/pGL3, respectively. CpG residues were converted to
CpT and the mutated sequence was confirmed by DNA sequencing. Transfection was
performed four times, in duplicate. Statistical significance was analyzed by unpaired, two-
tailed Student's t-test using GraphPad software (GraphPad Software, Inc., CA, USA). Values
are expressed as mean ± SD.

Methylation analysis of the Sox4 DMR
Sox4/pGL3 was digested with NheI, blunt-ended with Klenow polymerase and then digested
with BglII to release the approximately 1.8-kb Sox4 promoter-containing fragment. The
fragment was cloned into pCpGL-Basic vector [34], which was first digested with BamHI,
then blunt-ended and digested with BglII to generate compatible cloning ends. The resultant
plasmid, referred to as Sox4/pCpGL, was transformed into E. coli PIR cells (Cat. No.
C1010-10; Invitrogen) and colonies harboring the plasmid were identified. Plasmid DNA
was prepared using Qiagen's Maxiprep kit after growth in PIR cells. The advantage of using
the pCpGL vector is that CpG residues to be methylated are contributed only by the insert
(i.e., the 1.8-kb Sox4 upstream region), as the vector harbors no CpG residues [34]. Thus,
any effect on promoter activity can be directly attributed to CpG residues present in the
insert and not to the vector. This also facilitates methylation of the entire plasmid, obviating
the need for first isolating and methylating the insert, then religating the methylated insert
back into the vector, followed by isolation and purification of the ligated plasmid for
transfection analysis. Sox4/pCpGL was methylated using SssI methylase (Cat. No. M02263;
New England BioLabs), according to the protocol provided by the manufacturer. The
efficacy of DNA methylation was assessed by digestion of the unmethylated and methylated
plasmids with AclI (Cat. No. R0598S; New England BioLabs) and BstUI (Cat. No. R0518S;
New England BioLabs). The plasmids were purified using Qiagen's PCR kit and the DNA
used for transfection in MEMM cells, as described above. Transfection was carried out four-
times using duplicate wells. Statistical significance was analyzed by unpaired, two-tailed
Student's t-test using GraphPad software. Values are expressed as mean ± SD.

Results
Spatiotemporal expression of Sox4 in the developing murine secondary palate

The expression of Sox4 in the developing secondary palate (GD12–GD14) was determined
using Sox4 riboprobes. On GD12 (Figure 1), Sox4 expression was visible in the MEE of the
palatal processes, with streams of Sox4-expressing cells appearing to ‘migrate’ from the
MEE toward regions of the prospective rugae (Figure 1, compare GD12 and GD13). From
GD13 to 13.5, Sox4 expression was predominantly observed in the rugae (8–9 in number),
and its expression in the MEE began to dissipate. On GD14, upon palatal fusion, Sox4
expression was localized only in the rugae with no traces of expression in the medial edge
seam (MES).
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Sectional in situ hybridization of Sox4 expression in the developing murine secondary
palate

Coronal sections of secondary palates indicated intense Sox4 expression in the inferior
margins of vertically directed palatal processes (arrows; (presumptive MEE) on both GD12
and GD13 (Figure 2A & B). Sagittal sections of GD14 secondary palates indicated that Sox4
expression in the secondary palate was confined to the palatal rugae (Figure 3A).
Comparison of Sox4 expression in the rugae to that of Shh, which encodes a secreted
signaling protein expressed primarily in the rugae epithelium, indicated that Sox4 expression
was localized to the epithelial thickenings of the palatal rugae (Figure 3B).

Sox4 mRNA levels during development of the murine secondary palate
Using mRNA gene-expression profiling strategies, Sox4 was found to be differentially
expressed in developing palatal tissue, and was thus considered as a candidate gene
contributing to genesis of the mammalian palate [14]. Sox4 mRNA levels decreased twofold
from GD12 to GD13 in the secondary palate, and subsequent expression remained
unchanged in the tissue from GD13 to GD14 (Table 1). This expression pattern could be
hypothesized as being attributed to increased methylation of the 5′ flanking/promoter
regions of Sox4 in the secondary palate from GD12 to GD13, followed by methylation
levels remaining relatively stable between GD13 and GD14.

CpG methylation profiling of the Sox4 5′ flanking region
To assess if methylation of the 5′ flanking/promoter regions of Sox4 could account for the
observed mRNA changes during palatogenesis, genomic DNA was isolated from GD12,
GD13 and GD14 murine secondary palates and subjected to bisulfite modification.
Approximately 1.8 kb of the 5′ flanking region was analyzed by PCR amplification of
bisulfite-modified DNA. Six different amplicons (amplicons 1–6) were generated spanning
the 5′ flanking region, with amplicon 1 being the most proximal. The methylation level of
each amplicon in GD12, GD13 and GD14 palatal tissue was compared (Figure 4). Amplicon
1 partially localized within the CpG island (determined by CpG plot [101]) was
unmethylated in the tissue on all 3 days of gestation, with methylation levels ranging
between 0.6 and 1.5%. Likewise, amplicon 2 was unmethylated in the tissue on all 3 GDs
(0–0.8%). By contrast, the distal amplicons (amplicons 5 and 6) were almost completely
methylated, exhibiting 86–90% and 96% methylation levels, respectively. No significant
differences in methylation levels were observed for amplicons 1, 2, 5 and 6 from GD12 to
GD14 (significant changes in methylation levels were based on an arbitrary cutoff of ≥25%).
Amplicons 3 and 4, however, localized between the highly methylated and the poorly
methylated regions of the 5′ flanking/promoter regions of Sox4, exhibited prominent
differences in methylation levels between GD12 and GD13, but not between GD13 and
GD14. Methylation levels of these two amplicons, however, diverged in opposite directions
– that of amplicon 3 decreased from 33 to 14% (19% change), whereas that of amplicon 4
increased from 70 to 100% (30% change) between GD12 and GD13 (Figure 4). Notably,
none of the six amplicons exhibited significant differences in methylation levels between
GD13 and GD14, suggesting that methylation levels had stabilized by GD13. It is interesting
to note that the observed methylation changes are not randomly distributed, but rather
localized to regions of close proximity (i.e., in adjacent amplicons 3 and 4) on GD12 and
GD13. Amplicons 3 and 4 were, hereafter, termed DMR3 and DMR4, respectively. DMR3
and DMR4 contained 16 and 3 CpG residues, respectively (Box 1 & Table 3). Since
methylation of CpG residues in upstream/promoter regions is typically associated with gene
silencing, we hypothesized that the increase in methylation of CpG residues in DMR4 from
GD12 to GD13 (Table 3) could account for the decrease in Sox4 mRNA levels observed
during this period (Table 1).
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Box 1

Localization of amplicons 3 and 4 and key CpG sites in the 5′ upstream
region of Sox4

5′:agcacagacacacgggagacaatgggtaagaaagagagggggaaggagagcacatagcgaacccatctatcctttggatattgtgga
aaacaaacatttagaaagtgaagtcaatcccatcctgtattcaccatgatcgccctatacagaaatcacacaaagtctcttattgaggtaattatg
ggccactgccttagcgttccacagaaaatcttgtttggcctacccaggatttataggggaagtgaaatcattaaataactagttaacctctgttt
ggcaaaaagagtaagtaattactgaaaaggggagaaagaaaaaaa>>4aaaaaaaaaccctgcctttcacaaacagcacagatagcatc
ctgaagggatttacacaatacaccaacg85tttgttctgtacccagagttgttaaaataattgtgatgacaggtgtctaggtaccactttcttaat
ggttttcaatatccattgatttattattgtggctccccccacttacatctctagctctaagaaggggctaagaaaagagattttgcaccaaaggct
gattctttattcctgggctgaaaagaactaataaaaataatcactcg84gcttttaagcagaaagcttccatttacagtatttcacccttacccccc
ctccaagccccttgttatctaacataatggctagaatacatttccg83tctctccccttaataacttc>>3atg4<<cattaacatcctcttcacac
atgcgcgtgcgtgcgcg78cg77cg76cg75cg74cg73cg72cacacacacacacacacacacagaggcaaacgcgcgcgcacccagcaaa
aggcggaggtgggggggaaagaggcagcagaaatctcagctgtacttctagc3<<ccttttaaaaagtttgctctgtaaattggaatgag
gtcagatttggagcttctcattgcacgcggagattattattgcatcgggttccaagccaatgggaaggacgggggaggggcttggcacgag
gaagcgttagttacagcggctgattggctgtctgagaaaggataaagaagcgcgaggcggaattggggtctgctctaagctgcagccaga
gaaacagagtgaggggaagagggccgtctccctcccggtttccagttcttgcacgctgtttcttagagagtctgcagtgggggaactctgcc
ggtaaccagctccccttcttgcaggagggagggagaaacatacatttattcatgccggtctgttgcatgcaagcttcttggcttcctaccttgca
acaaaataattgcaccaactcctcagcgccgattccgcccacagagagtcccggagccagagtcgctttggctttgcactgcaggaaaggg
acttaggcgctagagacgatgtcgctttcctgagctaccgcgagctctcgtgaactgcaatcgactgcttcagggaaaggggtgggggaaa
gacttgccccggaggcggcgagaaacttgcgtttggaagatactccggctaccaacgtttggagaaactcctcgccgcggccgactccag
cctcggtgcccgcagggagcacttcagcggtgagggaggacggagggcctcggggactctaggttggcggcgggaggcggccgcccc
tggcccgcgcgccgctcaggggaccctggtctccgccccggggagcccgcagggcccggcgaccgcgccgcgagcgtgtgagcgcgc
gtgggcgcccggcaag:3′

Bold indicates CpG sites.

Bold and underline indicate CpG sites of amplicons 3 and 4 exhibiting differential methylation.

>>3: Start of amplicon 3; >>4: Start of amplicon 4; 3<<: End of amplicon 3; 4<<: End of amplicon 4.

Examination of methylation levels of individual CpG residues constituting the two DMRs
revealed that changes in methylation levels of all CpG residues from GD12 to GD13 were in
the same direction as that of the cognate DMR (Table 3). For DMR3, seven contiguous CpG
residues (CpGs 72–78) demonstrated decreases of 30–50% in methylation levels, whereas
the remaining nine residues showed relatively little change (<10%). Methylation levels in
DMR4 increased from GD12 to GD13 for all three CpG residues – CpGs 83–85 (Table 3) –
with the most pronounced increases being in CpGs 83 (40%) and 85 (30%); CpG 84
exhibited a 20% increase. These data provide support for the hypothesis that the decrease in
Sox4 mRNA levels observed in the secondary palate from GD12 to GD13 (Table 1) was
functionally correlated with the pronounced increases in methylation of CpG83 and CpG85.
The methylation status of CpG residues 40–53 and 86–89 (Figure 4) could not be analyzed
in this study, because these regions were presumably too degenerate to be amplified by PCR
after bisulfite modification, a problem frequently encountered in bisulfite sequencing [35].

Functional analysis of DMR4, CpG83 & CpG85 on Sox4 promoter activity
To determine if Sox4 DMR4 (containing CpGs 83 and 85) had any functional role in
regulating gene expression, various deletion and mutant constructs were generated in the
pGL3 (Promega) vector. Promoter activity was determined by transfection analysis in
MEMM cells (Figure 5). The normalized promoter activity of the Sox4/pGL3 construct,
which contains the 1.8-kb Sox4 5′ flanking region, was approximately 84% when compared
with that of the positive control, pGL3-SV40 promoter (Figure 5A; #3 versus #2). The
negative control (pGL3-Basic vector) exhibited negligible (1.5%) activity (Figure 5A; #1).
The significant promoter activity of the Sox4/pGL3 construct suggested that it harbored the
Sox4 promoter, which was most likely located within the CpG island, immediately flanking
the gene (Figure 4). When an approximately 854-bp fragment containing both Sox4 DMRs
was removed from the 5′ end of Sox4/pGL3 (Sox4Δ/pGL3), promoter activity dropped
significantly to 40% (Figure 5A; #4). This decrease in promoter activity could be attributed
to the loss of critical CpG residues residing in either or both DMRs and/or other sequence
elements contained within the deleted region.
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To assess if CpGs 83 and/or 85, specifically, could contribute to Sox4 expression, a single
nucleotide change was introduced in these two residues to generate Sox4Mut83/pGL3 and
Sox4Mut85/pGL3, respectively (Figure 5B). When the mutant constructs were transfected
into MEMM cells, promoter activity decreased to 36% for CpGMut83 (Figure 5A; #5) and
47% for CpGMut85 (Figure 5A; #6), compared with the unmutated construct (Figure 5A;
#3). These results suggest that CpGs 83 and 85 contribute significantly to Sox4 expression,
with the caveat that the substitution mutations did not create novel binding sites for proteins
inhibiting promoter function.

Methylation analysis of CpGs 83–85
Sox4/pCpGL, containing the 1.8-kb 5′ flanking promoter fragment, was methylated in vitro
using SssI methylase. Methylation of Sox4/pCpGL was assessed by digestion with AclI and
BstUI (Figure 6A), which recognize the sequences AACGTT and CGCG, respectively
(CpG85 is one of two sites targeted by AclI in the vector). As expected, digestion of the
unmethylated plasmid with AclI released an insert of 1.2 kb size (lane 5), whereas digestion
with BstUI released multiple (>10) fragments ranging in size from 10 to 356 bp (lane 3).
None of these bands were apparent after digestion of the methylated plasmid (lanes 2 and 4),
indicating complete methylation of CpG sites within the approximately 1.8 kb 5′ upstream
regions of Sox4. Methylated Sox4/pCpGL was then transfected into MEMM cells and its
promoter activity compared with the unmethylated Sox4/pCpGL construct. Methylation
completely abolished promoter activity (Figure 6B), reducing it to the level of the empty
pCpGL-Basic vector. These data clearly indicate that CpG residues 83 and 85 constitute a
critical functional component, regulating the Sox4 promoter.

Discussion
Deepening our understanding of factors that contribute to both normal and abnormal
development of the secondary palate requires an appreciation of the molecular mechanisms
governing regulation of gene expression during palatal ontogeny. Toward this end, mRNA
profiling of developing (GD12–GD14) murine secondary palatal tissue identified a number
of differentially expressed genes [14]. The present study focused on one of these genes –
Sox4 – and examined one potential means by which its expression is regulated in tissue of
the developing palate. Expression profiling suggested that the number of Sox4 transcripts
decreased approximately twofold from GD12 to GD13 in the secondary palate, and that
levels remained steady thereafter from GD13 to GD14 (Table 1) [14]. Sox4 encodes a
transcription factor that is frequently overexpressed in a variety of cancers, and investigators
have suggested that this implies a crucial role in cell proliferation, differentiation and/or
apoptosis [15–25]. Members of the SOXC family (SOX4, SOX11 and SOX12) share
molecular properties and functionally interact with each other [36]. Inactivation of Sox11 is
known to result in CP, cleft lip and cleft lip with CP [37,38]. Indeed, when a mouse strain
bearing a Sox4 mutation was bred in trans with another bearing a Sox4 deletion, 60% of
offspring exhibited CP [39]. Furthermore, an extensive review of human linkage studies and
mouse models of orofacial clefting led Juriloff and Harris to suggest that SOX4 is a strong
candidate for human nonsyndromic cleft lip with CP [3]. SOX4 is vital for fetal
development since Sox4−/− mice do not survive beyond E14 due to cardiac developmental
defects [40]. Sox11−/− mice, however, die soon after birth, and Sox12−/− mice are viable and
exhibit no obvious defects [41]. SOX4 has also been demonstrated to be essential for the
development of the pancreas, bone, lymphocytes and the CNS [15,42,43]. It also regulates
neuronal differentiation [44] and is required for the survival of neural and mesenchymal
progenitors [38]. Collectively, these studies emphasize a role for Sox4 in cell fate decisions
and provide a compelling rationale for examining the expression of Sox4 in the murine
secondary palate [16]. In the current study, we focused on the questions of: whether Sox4
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exhibits a differential spatiotemporal expression pattern in the developing secondary palate;
and whether changes in DNA methylation of Sox4 are functionally related to the differential
expression of Sox4 mRNA observed in the developing secondary palate. Genes that are
regulated by DNA methylation during palatal development represent potential epigenetic
targets for environmental factors that contribute to palatal clefting.

The palatal processes that give rise to the secondary palate arise bilaterally from the oral
aspect of the maxillary prominence of the first branchial arch [8]. The morphological
features of the murine palate begin to take visible shape at approximately GD11, and are
more clearly defined on GD12, at which time the pair of processes are vertically positioned
on either side of the tongue. On GD13, the palatal processes undergo a morphogenetic
movement that brings them to a horizontal position, apposed to each other, above the
tongue. On GD14, the MEE of each palatal process fuses medially along the anteroposterior
axis to form the MES. Failure of the palatal processes to grow, reorient or fuse can result in
CP. The precise mechanisms that contribute to mesenchymal confluency during palatal
fusion are not clearly understood, but the general consensus is that this complex process
involves epithelial–mesenchymal transition, apoptosis and cell migration [8]. The expression
of Sox4 in branchial arch mesenchyme [41] and in the MEE just prior to palatal fusion
(GD12–13.5; the current study), and its absence in the MES on GD14 (Hoser et al. [41] and
this study), suggest that it may play a role in palatal MEE fusion. Our observations are
consistent with the earlier study [41], when comparing equivalent developmental stages of
the palate. Studies of SoxC single and double null mutants indicate that Sox4 participates in
early functions and Sox11 in later functions in the survival of neural and mesenchymal
precursors [45]. Collectively, these data are consistent with a role for members of the SOXC
family, particularly SOX4, in both palatal mesenchymal as well as epithelial differentiation.

Sox4 is overexpressed in a variety of cancers [16–25] implying a central role in cell
proliferation, differentiation and/or apoptosis, processes that also play significant roles in
organogenesis, including that of the secondary palate. TGF-β signaling is known to increase
Sox4 expression [17,19]. Indeed, SOX4 has been demonstrated to be part of a TGF-β–Sox4–
Sox2 signaling axis required for maintaining stemness [17]. GD12–GD13 could therefore
represent a critical juncture in palate development when diminution of Sox4 signaling is
required for the differentiation of progenitor cells in the MEE. This potential role for Sox4 is
compatible with the currently understood role TGF-β plays in palate development [14,26–
28]. The importance of the TGF-β superfamily in palatal development is highlighted by the
fact that inactivation or deletion of genes encoding family members such as TGF-βs, BMPs
and their signaling mediators (Smads) results in a plethora of orofacial abnormalities
[27,46,47].

Evidence for a specific role for TGF-β1 and TGF-β3 in palatal MEE differentiation has
recently been presented. While TGF-β1 contributes to cell-cycle arrest in the MEE, TGF-β3
is necessary for MEE apoptosis and subsequent epithelial–mesenchymal transition [48,49].
The expression profile of Sox4 in the developing palate parallels that observed for TGF-β1 –
i.e., expression in the MEE epithelium decreases significantly prior to MES formation, and
is completely absent in the MES. Moreover, TGF-β is known to play a significant role in
palate mesenchymal growth, eliciting changes in orofacial cell proliferation, as well as
synthesis and remodeling of the extracellular matrix [50–53]. If, therefore, as has been
shown elsewhere [17,19], Sox4 is a target for TGF-β signaling in the secondary palate, then
a role for Sox4 in both MEE differentiation as well as mesenchymal growth can be
considered.

The pattern of Sox4 expression in the developing secondary palate is suggestive of a
migratory phenotype – that is, Sox4-expressing cells follow a defined path from the MEE on
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GD12 to the rugae on GD14 (Figure 1). While our study does not confirm that the
spatiotemporal change in Sox4 expression is due to cells migrating from the MEE to the
rugae, it nevertheless is supported by evidence that palatal MEE cells are indeed migratory
[54]. BMP7 and FGF signaling contribute to the formation of rugae [55,56], which serve as
Shh signaling centers that mediate the extension of the palate in an anteroposterior direction
[55,57]. Indeed, Fgf10 KO mice exhibit loss of rugae and CP [56]. The anterior extension of
the palate is driven by the temporal formation of rugae signaling centers that integrate Fgf10
and Bmp4 signaling to induce epithelial Shh expression [57].

Canonical Wnt signaling also contributes to palate formation. Ablation of Wnt signaling in
the oral epithelium blocks rugae formation and induces CP [58]. Interestingly, SOX4 can
also regulate Wnt signaling by increasing stability of β-catenin, thereby acting as a Wnt
signaling agonist [59,60]. β-catenin is abundantly expressed in the rugae epithelium [58],
and elimination of β-catenin expression in the palate epithelium results in loss of SHH
expression and CP [58]. These data suggest an obligatory role for canonical Wnt signaling in
rugae development. Sox4, like Shh, is also expressed in the rugae epithelium on GD14 and
not in the underlying mesenchyme (Figure 3B). These data allow consideration of the
hypothesis that, during development of the palate, Sox4 acts to integrate the aforementioned
signaling systems. This is illustrated in Figure 7.

Interestingly, adult rodent rugae harbor neural crest-related stem cells that are positive for
neural crest stem cell markers (Nestin, SOX2 and p75) and for the ‘four factors’ (SOX2,
KLF4, c-MYC and OCT4) required for reprogramming somatic cells into pluripotent cells
[61]. Sox4 expression in the rugae could thus be directed towards maintaining the stem cell
fate of neural progenitor cells through induction of Sox2 (see Figure 7). The demonstration
that Sox2 induction occurs through the binding of SOX4 to the 3′ flanking enhancer of Sox2
[17] lends support to this premise. Indeed, SOX4 and SOX11 are both required for the
survival of neural and mesenchymal progenitors [38,45]. A role for SOX4 in maintaining the
survival of neural and mesenchymal progenitors is consistent both with its transient
expression in the MEE as well as in maintaining a neural stem cell niche in the rugae.

DNA methylation is one mechanism by which differential Sox4 expression in developing
palatal tissue could be regulated. CpG methylation profiling of a 1.8-kb 5′ upstream region
of Sox4 in developing palatal tissue identified two DMRs (DMR3 and DMR4) with
contrasting methylation patterns. Specifically, DMR4 had two CpG sites (CpGs 83 and 85)
that exhibited increased methylation, while DMR3 had seven contiguous sites (CpGs 72–78)
that demonstrated decreased methylation from GD12 to GD13 (Table 3). We hypothesized
that the downregulation of Sox4 mRNA observed from GD12 and GD13 was due to
increased methylation of CpG residues 83 and 85 in DMR4. Consistent with this
interpretation was the finding that methylation levels of these two residues stabilized
between GD13 and GD14, a period when mRNA expression remained constant.
Transfection analysis using luciferase reporter vectors in cells derived from the developing
palate (MEMM cells) indicated that the 1.8-kb region harbored the Sox4 promoter as it
exhibited 84% relative promoter activity compared with a control (SV40) promoter (Figure
5A). Moreover, the Sox4 promoter is likely associated with a CpG island located
immediately upstream of the ATG start site (Figure 4). Complete methylation of the 1.8-kb
fragment eliminated promoter activity indicating that methylation represses gene expression
(Figure 6B). CpG residues constituting the CpG island (Amplicon 1; Figure 4) remained
unmethylated on all 3 GDs analyzed (GD12–GD14), consistent with Sox4 being expressed
on all 3 days, albeit to varying degrees (Figures 1 & 4). However, not all of the promoter
activity can be attributed to the CpG island, as removal of both distally located DMRs from
the 1.8-kb fragment (Sox4Δ/pGL3; Figure 5A) reduced promoter activity from 84 to 40%
(Figure 5A). This suggests that either or both DMRs might be required for Sox4 expression
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in the palate and that elements distal to the CpG island contribute significantly to promoter
activity. When mutant versions of CpG83 and 85 were used in transfection assays, promoter
activity was significantly reduced to 36 and 47%, respectively. Indeed, the loss in promoter
activity observed for each mutated CpG site was comparable to that lost when both DMRs
were deleted (Sox4Δ/pGL3). This finding emphasizes the importance of CpGs 83 and 85 to
Sox4 expression in palatal tissues, and suggests that they are likely mediated by a
cooperative, rather than an additive, mechanism.

CpGs 83 and 85 are localized in low-density CpG regions (Box 1) located outside the CpG
island (which spans CpGs 13–51). Their role in Sox4 regulation is consistent with the
emerging view that methylation changes occurring in CpG-poor regions, located distal to the
promoter, may have potential tissue-specific regulatory function [62]. Irizarry et al. observed
differential methylation in CpG residues lying at the outer periphery of CpG islands called
‘CpG shores’ that dictate tissue specificity [63]. These findings support the notion that
differential expression of Sox4 in developing palatal tissue from GD12 to GD13 can be
attributed to changes in methylation levels of CpGs 83 and 85, residues located distant from
the CpG island in the Sox4 promoter. A search for potential (vertebrate) transcription factors
binding to CpGs 83–85 revealed that CpG85 was a preferred target for HNF (or Forkhead
box) proteins (Table 4), whereas CpG83 is a potential target for ISGF3, ELF-1, SP1 and NF-
AT proteins. Foxc2 and Foxe1 have been identified as candidate genes for human syndromic
and nonsyndromic palatal clefting, highlighting the importance of HNF proteins to palate
development and the potentially critical role of CpG85 [64,65]. We therefore demonstrate,
for the first time, that the developmental expression of Sox4 in the secondary palate is
regulated via temporal changes in DNA methylation occurring at critical CpG residues
located distal to the putative promoter.

Overall, the expression pattern of Sox4 in the developing palate suggests a number of
potential functional roles, including contributions to MEE fusion, palatal growth and
interaction with rugae signaling centers, or maintenance of a putative neural stem cell niche.
The detection of Sox11 expression at sites where the palatal shelves fuse [36,41] adds
another level of complexity to the role of SOX4. The redundant expression of SOXC
proteins indicates that a definitive answer to the role of Sox4 in facilitating palate
morphogenesis will come from conditional knockouts of Sox4 and Sox11 in the palates of
mice. It is noteworthy that Sox4 and Sox11 null mice are apparently normal until GD8.5, but
die on GD14 and soon after birth, respectively [38]. This indicates that SoxC genes function
in embryonic processes that occur after E8.5, consistent with the timeframe for secondary
palate development (GD12–GD14). SOX4 is also situated at a nodal point where it can
integrate several developmentally important pathways such as the TGF-β-, Wnt- and Hippo-
signaling pathways.
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Executive summary

Spatiotemporal expression of Sox4 in the developing murine secondary palate

• A prior study from our laboratory using an mRNA profiling strategy identified
several differentially expressed genes, including Sox4, in the developing
(gestational day [GD]12–GD14) secondary palate. Sox4 expression decreased
twofold from GD12 to GD13 and remained steady thereafter (i.e., GD13–
GD14). The aims of this study were to examine the spatiotemporal expression
profile of Sox4 in the development of the secondary palate and to determine
whether changes in DNA methylation of Sox4 were functionally related to the
differential expression of Sox4 mRNA observed in the developing secondary
palate.

• Sox4 expression on GD12 was visible in the medial edge epithelium (MEE) of
the palatal processes. From GD13 to GD13.5, Sox4 expression was
predominantly observed in the rugae and its expression in the MEE began to
dissipate. On GD14, upon palatal fusion, Sox4 expression was localized only in
the rugae with no traces of expression in the medial edge seam.

Sectional in situ hybridization of Sox4 expression in the developing murine
secondary palate

• Coronal sections of secondary palates indicated intense Sox4 expression in the
inferior margins of the presumptive MEE on both GD12 and GD13.

• Sagittal sections of GD14 secondary palates indicated that Sox4 expression in
the secondary palate was confined to the epithelial thickenings of the palatal
rugae.

Sox4 mRNA levels during development of the murine secondary palate

• Gene-expression profiling indicated that Sox4 mRNA levels decreased twofold
from GD12 to GD13 in the secondary palate, and expression remained
unchanged in the tissue from GD13 to GD14. We hypothesized that this pattern
of expression was due to increased methylation of the 5′ flanking/promoter
regions of Sox4 in the secondary palate from GD12 to GD13, followed by
methylation levels remaining relatively stable between GD13 and GD14.

CpG methylation profiling of the Sox4 5′ flanking region

• Approximately 1.8 kb of the 5′ flanking region of the Sox4 gene was analyzed
by PCR amplification of bisulfite-modified DNA. Six different amplicons
(amplicons 1–6) were generated spanning the 5′ flanking region.

• Amplicons 3 and 4 exhibited prominent differences in methylation levels
between GD12 and GD13, but not between GD13 and GD14. However,
methylation levels of amplicon 3 decreased by 19%, whereas that of amplicon 4
increased by 30% between GD12 and GD13.

• Amplicons 1–6 exhibited no significant differences in methylation levels
between GD13 and GD14, suggesting that methylation levels had stabilized by
GD13.

• Amplicons 3 and 4 were termed differentially methylated regions 3 and 4
(DMR3 and DMR4), respectively. We hypothesized that the increase in
methylation of CpG residues in DMR4 from GD12 to GD13 could account for
the decrease in Sox4 mRNA levels observed during this period.
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• DMR4 contained only three CpG residues (CpGs 83–85). Methylation levels of
all three CpGs increased from GD12 to GD13, with the most pronounced
increases being in CpGs 83 (40%) and 85 (30%).

Functional analysis of DMR4, CpG83 & CpG85 on Sox4 promoter activity

• Various deletion and mutant Sox4 constructs were generated and promoter
activity was determined by transfection analysis in murine embryonic maxillary
mesenchymal cells.

• The normalized promoter activity of a construct carrying 1.8 kb of the murine
Sox4 5′ flanking region was approximately 84% when compared with that of a
positive control (SV40 promoter).

• Removal of a region containing both DMR3 and DMR4 significantly reduced
promoter activity by 44%.

• Transfection analysis utilizing mutant CpG constructs indicated that CpGs 83
and 85 of DMR4 contribute significantly to Sox4 expression in the palate.

Methylation analysis of CpGs 83–85

• In vitro methylation of the approximately 1.8 kb 5′ upstream region of Sox4
completely abolished promoter activity.

Discussion

• Sox4 is a TGF-β-regulated transcription factor.

• The decrease in Sox4 mRNA levels from GD12 to GD13 during secondary
palate development correlates well with the increase in methylation of a CpG-
poor region (DMR4) localized upstream of the putative Sox4 promoter.

• Changes in the methylation levels of CpGs 83 and 85 in DMR4 appear critical
for Sox4 expression in the secondary palate.

• The spatiotemporal expression pattern of Sox4 in the developing palate suggests
a role for Sox4 in mediating palatal fusion, palatal extension, and/or the
maintenance of the neural stem cell niche in the rugae.

• Sox4 is situated at a nodal point where it can integrate several developmental
pathways critical for secondary palate development, such as the TGF-β, Wnt and
Hippo signaling pathways.
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Figure 1. Whole-mount in situ hybridization with Sox4 riboprobes on GD12–GD14 palatal
processes
Sox4 expression in the developing murine secondary palate was determined from GD12 to
GD14 using antisense riboprobes. On GD12 and GD13, Sox4 expression is visible in the
MEE and the developing rugae. At GD13.5, Sox4 expression is more distinct in the rugae
and expression persists at the medial edge epithelium. After palatal fusion on GD14,
expression is confined only to the rugae with no evidence of expression at the MES where
the palatal shelves have fused. Representative photomicrographs depict ventral views of the
oral region of GD12–GD14 mouse embryos subsequent to removal of the mandible and
tongue.
a–p: Anteroposterior axis; MEE: Medial edge epithelium; MES: Medial edge seam; MX:
Maxilla; PP: Primary palate; PS: Palatal shelf; Rg: Ruga; UL: Upper lip.
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Figure 2. Sectional in situ hybridization with Sox4 riboprobes on coronal sections of GD12 and
GD13 palatal processes
Coronal sections of secondary palates from (A) GD12 and (B) GD13 mice were hybridized
with Sox4 antisense riboprobes. Representative photomicrographs indicate intense Sox4
expression in the inferior margins of vertically directed palatal processes (presumptive
medial edge epithelium) on both GD12 and GD13 PS (arrows).
PS: Palatal shelf.
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Figure 3. Sectional in situ hybridization with Shh and Sox4 riboprobes on sagittal sections of
GD14 oral/facial region and palatal processes
(A) Sagittal sections of oral/facial region from GD14 mice probed with Sox4 sense and
antisense riboprobes. Representative photomicrographs indicate that Sox4 expression, in the
secondary palate, is specifically localized to the rugae of the palate on GD14. (B) Sagittal
sections of secondary palates from GD14 mice probed with Sox4 and Shh antisense
riboprobes. Similar to Shh (which is expressed in the rugae epithelium to direct
anteroposterior extension of the palate), Sox4 is also found to be expressed in the epithelial
thickenings of the palatal rugae.
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Figure 4. CpG methylation profiling of the 5′ upstream region of Sox4 in the developing murine
secondary palate
A 1777 nt region upstream of the translational start site (+1) of murine Sox4 (accession
number: NC_000079.6, NCBI) was used for CpG methylation profiling. After ‘bisulfite’
treatment of genomic DNA, six PCR amplicons were generated, spanning the 5′ upstream
region. The 1777 nt region contained a total of 106 CpG residues, numbered sequentially
from nt +1. Amplicon 1 represents the most proximal region and includes CpGs 1–39. A
CpG island (horizontal bar) spans CpG residues 13–51. Regions containing CpGs 40–53 and
86–89 were not amplified (see text). The large box compares CpG methylation levels (%) in
genomic DNA derived from secondary palates on GD12, GD13 and GD14. The two vertical
boxes indicate the two amplicons exhibiting the most pronounced changes in methylation
levels between GD12 and GD13 (note that methylation levels between GD13 and GD14 for
these two amplicons are almost identical). Notably, amplicon 3 exhibited a decrease in
methylation (33–14%) and amplicon 4 exhibited an increase (70–100%). The increase in
methylation in amplicon 4 was consistent with decreasing mRNA expression observed
between GD12 and GD13.
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Figure 5. Functional analysis of CpG83 and CpG85 on Sox4 promoter activity
Various Sox4 constructs in luciferase reporter vectors were transfected into murine
embryonic maxillary mesenchymal cells. (A) Values in the y-axis represent normalized
luciferase activities. The Sox4 reporter activities of all constructs were compared with that
of the SV40 promoter (column #2; taken as 100%). Plasmids used for transfection included:
(#1) pGL3 vector; (#2) SV40/pGL3; (#3) Sox4/pGL3; (#4) Sox4Δ/pGL3; (#5) Sox4Mut83/
pGL3; and 6) Sox4Mut85/pGL3. Note the significant decrease in promoter activities of the
last three constructs (#4–#6) when compared with that of Sox4/pGL3 (#3). (B) Indicates the
salient features of the Sox4 plasmid constructs utilized. The location of the two differentially
methylated regions and the CpG island is indicated in Sox4/pGL3, which harbors the 1.8-kb
5′ upstream region of Sox4. X denotes mutated CpG sites. Sox4/pCpGL was used for
methylation analysis and harbors the 1.8-kb 5′ upstream region of Sox4 (only CpGs 83 and
85 are indicated in the figure). Transfections were repeated four times using duplicates and
values are presented as mean ± standard deviation.
*p< 0.0001; **p < 0.0002.
DMR: Differentially methylated region; Mut: Mutation; SV: Simian virus 40.
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Figure 6. Effect of methylation of the 5′ upstream region on Sox4 promoter activity
(A) Sox4/pCpGL harboring the 1.8-kb 5′ upstream region of Sox4 (see Figure 5B) was
methylated in vitro using SssI methylase. Methylation of the plasmid was assessed by
digesting the unmethylated and methylated plasmids with BstUI and AclI. The methylated
plasmids were resistant to digestion (lanes 2 and 4), whereas the unmethylated plasmids
(lanes 3 and 5) released expected digestion products. CpG85 is one of only two sites in
Sox4/pCpGL that can be digested by AclI. The figure clearly indicates that CpG85 is fully
methylated, as evidenced by the absence of the 1.2-kb digestion product from the methylated
plasmid (lane 4) when compared with that derived from digestion of the unmethylated
plasmid (lane 5). (B) Normalized promoter activities of the methylated and unmethylated
plasmids after transfection into murine embryonic maxillary mesenchymal cells are
presented. The relative promoter activity of the unmethylated plasmid was set at 100%. The
experiment was repeated four times using duplicates and values are presented as mean ±
standard deviation (*p < 0.0001).
M: Methylated; Mr: Marker; U: Unmethylated.
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Figure 7. A model for SOX4 regulation in the rugae epithelium during secondary palate
development
A model illustrating how SOX4 potentially integrates diverse developmental signals in the
rugae during secondary palate development is presented. The ruga (boxed) is the Shh
signaling center. Shh signaling facilitates palate development through epithelial–
mesenchymal cross-talk involving Wnt, FGF and BMP signaling pathways. SOX4 acts to
increase the stability of β-catenin, thereby acting as a Wnt agonist, and/or activates SOX2, a
pluripotent factor, via binding to the Sox2 enhancer. The latter is consistent with the rugae
being a niche for neural stem cells. ‘?’ denotes interactions whose underlying mechanisms
are unknown. All other interactions are from published literature [9,17,55–61].
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Table 1

Sox4 mRNA levels during development of the murine secondary palate as determined by mRNA profiling and
confirmed by quantitative RT-PCR analysis.

Sox4 relative fold change

GD12 GD13† GD13 GD14‡

Microarray 1 −2.05§ 1 1.02

qRT-PCR 1 −2.01 1 −1.41

†
Sox4 transcript levels on GD13 relative to those on GD12 (set as onefold).

‡
Sox4 transcript levels on GD14 relative to those on GD13 (set as onefold).

§
Fold change of ≥1.5 and a p-value of ≤0.05 were considered statistically significant (bold).

qRT-PCR: Quantitative real-time PCR.

Data derived from [14].
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Table 2

Primers used to determine the CpG methylation profile of the murine Sox4 upstream region.

Primer Sequence Amplicon number (size) Total number of CpG sites

Sox4-9 5′-TAATCTATTATACCATAACCCCR 1 (317 bp) 39

Sox4-325 5′-GGTGGGGGAAAGATTTGTTT

Sox4-591 5′-GGTAGAGTTTTTTTATTGTAG 2 (324 bp) 13

Sox4-914 5′-CAACTATACTTCTAACCCTTTTA

Sox4-899 5′-GTTAGAAGTATAGTTGAGAT 3 (153 bp) 16

Sox4-1051 5′-ATACATTAACATCCTCTTCA

Sox4-1049 5′-TATGAAGTTATTAAGGGGAGA 4 (397 bp) 3

Sox4-1445 5′-AAAAAAAAACCCTACCTTTC

Sox4-1786 5′-TAAAAGATTAAGAAGAGAAAGGG 5 (339 bp) 9

Sox4-2124 5′-CAAACRAAAACCACCAAAAAAAC

Sox4-2098 5′-GAAAGTTTTTTTGGTGGTTTT 6 (400 bp) 8

Sox4-2497 5′-AATCCCAATACTCAAATCTT

Primers are listed pairwise. Both primers when used together give rise to the indicated amplicon product.
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Table 4

Putative transcription factor binding sites spanning CpG83 and CpG85.

CpG Sequence† Strand Transcription factor Factor name

85 GTTTGTTCTT (+) HNF1A (TCF1) Hepatocyte nuclear factor 1 homeobox A (transcription factor 1)

HNF1B (TCF2) Hepatocyte nuclear factor 1 homeobox B (transcription factor 2)

HNF1C –

GTTTGTTTT (+) HNF-3 (FOXM1) Hepatocyte nuclear factor 3 (forkhead box M1)

HNF3A (FOXA1) Hepatocyte nuclear factor 3A (forkhead box A1)

HNF3B (FOXA2) Hepatocyte nuclear factor 3B (forkhead box A2)

83 GGAA (−) ISGF3 (IRF9) Interferon-stimulated gene factor 3 (interferon regulatory factor 9)

NF-AT2 Nuclear factor of activated T cells 2

NF-AT3 Nuclear factor of activated T cells 3

NF-AT4 Nuclear factor of activated T cells 4

ELF-1 E74-like factor 1

GTCTCTCCCCTT (+) SP1 Specificity protein 1

†
Sequence mismatch underlined. CG sites (or parts thereof) in bold. Transcription factor binding sites (vertebrates) identified using Patch and

AliBaba2.1 programs [102].
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