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Significance

Among the most common human 
birth defects, orofacial clefts (OFCs) 
are thought to result from 
gene–environment interactions. 
Our work shows that an 
environmentally sensitive 
epigenetic mechanism regulates 
orofacial development and that its 
disruption during an early 
embryonic window of sensitivity 
results in OFCs in mice. We 
demonstrate that DNA methylation 
is required for proliferation and 
differentiation of stem cells that 
form orofacial connective tissue 
and that the cellular mechanisms 
of orofacial cleft pathogenesis can 
be recapitulated in a tractable 
in vitro model. These studies 
establish DNA methylation as a 
critical regulator of orofacial 
morphogenesis and cleft 
pathogenesis and provide 
conceptual and experimental 
platforms to understand how this 
environmentally responsive 
epigenetic mechanism can be 
harnessed for prevention 
strategies.
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DEVELOPMENTAL BIOLOGY
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Orofacial clefts of the lip and palate are widely recognized to result from complex gene–
environment interactions, but inadequate understanding of environmental risk factors 
has stymied development of prevention strategies. We interrogated the role of DNA 
methylation, an environmentally malleable epigenetic mechanism, in orofacial devel-
opment. Expression of the key DNA methyltransferase enzyme DNMT1 was detected 
throughout palate morphogenesis in the epithelium and underlying cranial neural crest 
cell (cNCC) mesenchyme, a highly proliferative multipotent stem cell population that 
forms orofacial connective tissue. Genetic and pharmacologic manipulations of DNMT 
activity were then applied to define the tissue- and timing-dependent requirement of 
DNA methylation in orofacial development. cNCC-specific Dnmt1 inactivation target-
ing initial palate outgrowth resulted in OFCs, while later targeting during palatal shelf 
elevation and elongation did not. Conditional Dnmt1 deletion reduced cNCC prolif-
eration and subsequent differentiation trajectory, resulting in attenuated outgrowth of 
the palatal shelves and altered development of cNCC-derived skeletal elements. Finally, 
we found that the cellular mechanisms of cleft pathogenesis observed in vivo can be 
recapitulated by pharmacologically reducing DNA methylation in multipotent cNCCs 
cultured in vitro. These findings demonstrate that DNA methylation is a crucial epi-
genetic regulator of cNCC biology, define a critical period of development in which its 
disruption directly causes OFCs, and provide opportunities to identify environmental 
influences that contribute to OFC risk.

birth defects | epigenetics | orofacial morphogenesis | neural crest

Orofacial clefts (OFCs) of the upper lip and palate are among the most common human 
structural birth defects, affecting approximately 1 in 700 newborns (1). Individuals with 
OFCs endure feeding difficulties as infants, require multiple surgeries, dental procedures, 
and speech therapy during childhood and adolescence, and face higher mortality rates at 
all stages of life (2–5). Prevention strategies for these birth defects remain elusive because 
our understanding of causative factors is inadequate. Efforts to elucidate OFC etiology 
have largely focused on the genome, using traditional and large-scale genetic approaches 
to identify sequence variations in coding and noncoding regions. These efforts have iden­
tified dozens of OFC risk loci, but recognized sequence variants are rarely causative and 
OFCs generally do not follow Mendelian inheritance patterns (6). OFCs are now widely 
recognized to be etiologically complex traits that result when multiple genetic and envi­
ronmental influences reach a critical threshold of insult (7–11). But while environmental 
influences are thought to contribute substantially to OFC etiology, specific factors, and 
the mechanisms by which they act, remain largely unknown (1, 10, 12).

DNA methylation is an environmentally malleable epigenetic mechanism that has been 
implicated in orofacial morphogenesis by several lines of evidence (13). Periconceptional 
intake of the dietary methyl-group donors folic acid and choline has been reported to 
reduce OFC risk (14–22), and DNA methylation differences have been identified among 
individuals with and without OFCs (23–26). In mammalian development, DNA meth­
ylation is regulated by three conserved DNA methyltransferase (DNMT) enzymes: 
DNMT3a and DNMT3b, which typically act as de novo methylators, and DNMT1, 
which is primarily responsible for maintenance methylation. Severe malformations 
observed in Dnmt1 and Dnmt3b knockout mice demonstrated the developmental require­
ment of DNMT activity, but early embryonic lethality left the role of DNMTs and DNA 
methylation in orofacial morphogenesis unclear (13, 27–29).

In this study, we applied genetic and pharmacologic approaches to interrogate the tissue- 
and timing-specific role of DNA methylation in orofacial morphogenesis. We found that 
disruption of DNA methylation in the multipotent cranial neural crest mesenchyme during 
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early orofacial development results in orofacial clefts. We then 
investigated the cellular mechanisms by which DNA methylation 
regulates cranial neural crest cell (cNCC) biology during cleft 
pathogenesis in vivo and whether these mechanisms could be reca­
pitulated in a tractable in vitro culture model. These studies provide 
conceptual insight and experimental platforms for understanding 
how an environmentally malleable epigenetic mechanism could be 
harnessed to advance OFC prevention strategies.

Results

The Key DNA Methyltransferase DNMT1 Is Expressed through­
out Palate Morphogenesis. Orofacial morphogenesis requires 
orchestrated expansion and fusion of embryonic facial growth 
centers. The palatal shelves emerge as outgrowths at the oral 
surface of the maxillary processes, grow vertically, then elevate 
above the tongue, extend horizontally toward the midline, and 
fuse to form the secondary palate (Fig. 1A). The embryonic facial 
growth centers, including the maxillary processes, consist of an 
ectodermal epithelium surrounding dense mesenchyme that is 
primarily derived from cranial neural crest cells (cNCCs). cNCCs 
are highly proliferative multipotent stem cells that generate multiple 
differentiated cell types, including osteoblasts and chondrocytes that 
form craniofacial bone and cartilage (Fig. 1B). To assess expression 
of the three mammalian Dnmt genes during initial palatogenesis, 
maxillary processes were microdissected from wild-type mouse 
embryos at gestational day (GD)10 and GD11, and epithelial and 
mesenchymal compartments were isolated by enzymatic separation 
(Fig. 1 C–E). While Dnmt3b expression was minimal, Dnmt3a 
and Dnmt1 were readily detectable in the mesenchyme and the 
epithelium (Fig. 1 F and G). Dnmt1 was prioritized for further 
investigation because it is required for embryonic development, 
while Dnmt3a appears dispensable (28). Immunohistochemistry 

(IHC) demonstrated broad expression of DNMT1 in both the 
epithelium and mesenchyme throughout the key stages of palatal 
morphogenesis (Fig. 1 H–J and SI Appendix, Fig. S1).

Dnmt1 in the Cranial Neural Crest Mesenchyme Is Required for 
Orofacial Morphogenesis. Cre/loxP approaches were then applied 
to examine the tissue-specific requirement of Dnmt1 during 
craniofacial morphogenesis. Dnmt1 inactivation was first targeted 
to the orofacial epithelium via Shh-Cre (30–32), but this had no 
apparent impact on orofacial development (SI Appendix, Fig. S2). 
We next targeted Dnmt1 inactivation via Sox10-Cre (33), which 
drives Cre recombinase activity broadly in the postmigratory cNCC 
mesenchyme (34–38). Sox10-Cre+;Dnmt1fl/fl(hereafter referred to as 
Dnmt1 cKO) fetuses exhibited overt craniofacial malformations, 
including wide spacing of the eyes, notching of the upper lip, and 
micrognathia, with varying severity (Fig.  2 A–E). Clefts of the 
secondary palate were observed in all Dnmt1 cKO fetuses (n = 
24/24), while a subset (n = 4/24) also exhibited unilateral or bilateral 
clefts of the upper lip (Fig. 2 A–E and Table 1). Because Cre activity 
has been reported to vary depending upon parental inheritance, 
additional litters were generated in which the Sox10-Cre allele was 
maternally transmitted to complement the litters with paternally 
transmitted Cre transgene. This cohort of Dnmt1 cKO fetuses also 
exhibited mild hypertelorism and micrognathia, as well as cleft 
palate with near complete penetrance (n = 27 of 28) (Fig. 2 F–I and 
Table 1). While none exhibited overt cleft lip, a significant reduction 
in snout width was observed, consistent with subcleft phenotypes 
described in mice and humans (Fig. 2J) (39, 40).

The Requirement of DNMT Activity Is Temporally Restricted to 
Early Orofacial Development. The findings from Dnmt1 cKO 
fetuses demonstrated that inactivation of Dnmt1 broadly targeted 
to the postmigratory cNCC mesenchyme causes craniofacial 

Fig. 1. DNMT1 is expressed in the epithelium and mesenchyme throughout palate morphogenesis. (A) A schematic of palatal shelf morphogenesis depicting 
their emergence as expansions of the maxillary processes (*), vertical growth along the sides of the tongue (T), and subsequent elevation, approximation, and 
fusion at the midline. (B) A cartoon of the maxillary process showing surface epithelium covering dense mesenchyme composed of multipotent cNCCs that 
rapidly proliferate and then differentiate into osteoblasts and chondrocytes. (C–E) Facial growth centers, including the maxillary processes (*), in an intact GD11 
embryo (C), after microdissection (D), and after enzymatic separation of the epithelium and mesenchyme (E). (F and G) Expression of the three Dnmt genes in 
the epithelium and mesenchyme of gestational day (GD)10 (F) and GD11 (G) maxillary tissue was assessed by qRT-PCR. Data points representing pooled tissue 
from independent litters are shown along with mean ± SEM. (H–J’) Immunohistochemical staining for DNMT1 (green) on sections through the median aspect of 
the developing palate. Sections are also stained for CDH1 (red) to mark epithelium. DAPI (blue) was used to stain nuclei. (Scale bars: 100 µm.)
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malformations, including cleft palate with near complete penetrance. 
We next examined the impact of more specific targeting of Dnmt1 
using Osr2-Cre, which activates recombinase activity restricted to the 
palatal mesenchyme during palatal shelf outgrowth (41). In contrast 
to Sox10-Cre+;Dnmt1fl/flfetuses, orofacial morphogenesis was grossly 
normal in Osr2-Cre+;Dnmt1fl/flfetuses (Fig. 3 A–B’). This unexpected 
finding prompted us to assess Osr2-Cre recombinase activity. 
Consistent with previous reports of Osr2-Cre activity, we found that 
DNMT1 protein was nearly absent from the palatal mesenchyme 
but retained in the epithelium in Osr2-Cre+;Dnmt1fl/fltissue 
(SI Appendix, Fig. S3) (41, 42). Effective reduction of Dnmt1 was 
further confirmed by qRT-PCR, which also revealed a concurrent 
increase in Dnmt3b expression (SI Appendix, Fig. S3). We therefore 
tested potential functional compensation, as observed in other 
developmental contexts (43), by introducing additional Dnmt3b  fl 
alleles (44). Remarkably, orofacial development was also grossly 
normal in Osr2-Cre+;Dnmt1fl/fl;Dnmt3b  fl/fl fetuses (Fig. 3 C and C’ ).

The discrepant impact of Sox10-Cre- versus Osr2-Cre-mediated 
Dnmt1 targeting suggested either spatial domain or timing of 
DNMT activity in dictating normal versus abnormal palate mor­
phogenesis. Lineage reporter assays confirmed that both Sox10-Cre 
and Osr2-Cre alleles produced effective recombination in the pal­
atal mesenchyme by GD13.75 (Fig. 3 D and E), leading us to 
assess expression of Sox10 versus Osr2 in the maxillary/palatal 
mesenchyme during earlier stages of palate morphogenesis. Sox10 
expression was highest at GD10 and remained relatively high 
throughout the time course (Fig. 3F). In contrast, Osr2 expression 
was minimal at GD10 and then increased with progressive devel­
opmental stage. This quantitative assessment was consistent with 
in situ hybridization (ISH) staining, which demonstrated clear 
domains of Osr2 expression in the maxillary processes by GD11.75, 
but not at earlier time points (SI Appendix, Fig. S4).

Findings from Cre-mediated models of Dnmt1 inactivation sug­
gested that the requirement for DNMT activity in the cNCC 

mesenchyme may be stringently dependent upon developmental 
timing. Application of tamoxifen-inducible Cre for temporally con­
trolled gene inactivation was not pursued to address the question 
because of recent evidence that tamoxifen exposure itself can cause 
cleft palate (45, 46). Instead, the temporal role of DNMT activity 
was examined by administering a single dose of the potent pharma­
cological DNMT enzyme inhibitor 5-aza-2′-deoxycytidine (AzadC) 
to timed pregnant wild-type C57BL/6J mice between GD8.75 and 
11.75. Exposure to AzadC at the three earliest time points resulted 
in secondary palate clefts, with the highest penetrance (59%) fol­
lowing exposure at GD9.75 (Fig. 3 G–L and Table 2). Exposure to 
the same dose of AzadC at GD11.75 did not result in clefts.

Dnmt1 cKO Reduces cNCC DNA Methylation during the Critical 
Period of OFC Sensitivity. Findings from the experimental genetic 
and pharmacological disruption of DNMT activity suggested that 
DNA methylation in cNCCs is required during initial palate 
morphogenesis, prior to palatal shelf elevation and elongation. 
In this working model, genetic loss of Dnmt1 would impact DNA 
methylation in the cNCC on or shortly after GD9.75. We tested 
this premise by quantifying global 5-methylcytosine (5-mC) levels 
by ELISA assay. 5-mC levels were significantly reduced in maxillary 
mesenchymal tissue from Dnmt1 cKO embryos relative to controls 
at GD10.25 (Fig. 4A). These findings confirmed that conditional 
inactivation of Dnmt1 via Sox10-Cre effectively reduces global 
DNA methylation in the cNCC mesenchyme during initial palate 
morphogenesis.

DNA Methylation Regulates cNCC Proliferation and Differentia­
tion. Following colonization, postmigratory cNCCs proliferate, 
condense, and begin differentiating, first to a common osteo­
chondral progenitor and then into more specific chondrocytes and 
osteoblasts (47). Disruption of the normal cNCC proliferation/
differentiation program can result in craniofacial malformations, 

Fig. 2. Dnmt1 in the cranial neural crest mesenchyme is required for orofacial morphogenesis (A–E’) Representative face and palate images of targeted Dnmt1 
deletion from paternally inherited Sox10-Cre of control (Sox10-Cre−;Dnmt1fl/fl) and conditional knockout (cKO, Sox10-Cre+;Dnmt1fl/fl) fetuses at GD17. (Scale bar: 1 
mm.) (F–I’) Representative face and palate images of targeted Dnmt1 deletion from maternally inherited Sox10-Cre of control (Sox10-Cre−;Dnmt1fl/fl) and conditional 
knockout (cKO, Sox10-Cre+;Dnmt1fl/fl) fetuses at GD17. (J) Linear measurements of snout width of control (Sox10-Cre−;Dnmt1fl/fl) and cKO (Sox10-Cre+;Dnmt1fl/fl) 
fetuses. Data points represent individual fetuses and are shown with mean ± SEM. ***P < 0.001 by an unpaired t test.

http://www.pnas.org/lookup/doi/10.1073/pnas.2317668121#supplementary-materials
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including OFCs (47). Apparent palatal shelf hypoplasia observed 
in Dnmt1 cKO fetuses prompted us to first examine cellular 
proliferation, which was assessed by EdU incorporation assay on 
GD11.25 embryos. The percentage of EdU-positive cells in the 
maxillary mesenchyme of Dnmt1 cKO embryos was significantly 
reduced relative to controls (Fig.4 B–D). Consistent with the 
reduction in cellular proliferation observed at GD11.25, Dnmt1 
cKO embryos displayed attenuated outgrowth of the maxillary-
derived palatal shelves that became clearly evident between GD12 
and 13 (SI Appendix, Fig. S5). By GD14.5, when palatal shelves 
have normally approximated at the midline, those in Dnmt1 cKO 
mutant mice were significantly reduced in length and width (Fig. 4 
E and F and SI  Appendix, Fig.  S6). Similar growth deficiency, 
particularly affecting palatal shelf width, was observed in wild-type 
mice following exposure to the pharmacologic DNMT inhibitor 
AzadC at GD9.75 (SI Appendix, Fig. S7). Histological assessment 

at GD17 illustrated gross hypoplasia of the palatal shelves in both 
Dnmt1 cKO and AzadC-exposed wild-type fetuses, with the former 
appearing more severely affected (Fig. 4 G–I).

To identify additional cellular mechanisms triggered by disrup­
tion of DNA methylation and involved in cleft pathogenesis, bulk 
RNA-seq was conducted on microdissected palatal shelf tissue 
from Dnmt1 cKO and control embryos at GD12. Applying a 
stringent FDR value of q < 0.05 yielded 65 differentially expressed 
genes (SI Appendix, Table S1), from which gene ontological (GO) 
analysis was conducted. GO terms centered around extracellular 
matrix and cartilage and bone development (Fig. 4J) led us to 
assess the impact of DNA methylation disruption on cNCC dif­
ferentiation. Examination of RNA-seq data confirmed reduced 
expression levels of established cNCC osteogenic (i.e., Runx2, 
Fgfr2, and Col12a1) and chondrogenic (i.e., Col2a1, Col9a2, and 
Sox9) lineage markers in Dnmt1 cKO palatal mesenchyme tissue 

Table 1. Transgenic model sample size and orofacial cleft incidence

Strain No. of litters Genotype Cleft palate/total no. of fetuses Cleft lip/total no. of fetuses

Paternal Sox10-Cre 10 Sox10-Cre−; Dnmt1fl/+ 0/20 (0%) 0/20 (0%)
Sox10-Cre−; Dnmt1fl/fl 0/16 (0%) 0/16 (0%)
Sox10-Cre+; Dnmt1fl/+ 0/18 (0%) 0/18 (0%)
Sox10-Cre+; Dnmt1fl/fl 24/24 (100%) 4/24 (17%)

Maternal Sox10-Cre 12 Sox10-Cre−; Dnmt1fl/+ 0/29 (0%) 0/29 (0%)
Sox10-Cre−; Dnmt1fl/fl 0/10 (0%) 0/10 (0%)
Sox10-Cre+; Dnmt1fl/+ 0/19 (0%) 0/19 (0%)
Sox10-Cre+; Dnmt1fl/fl 27/28 (96%) 0/28 (0%)

Paternal Osr2-Cre 9 Osr2-Cre−; Dnmt1fl/+ 0/19 (0%) 0/19 (0%)
Osr2-Cre+; Dnmt1fl/+ 0/19 (0%) 0/19 (0%)
Osr2-Cre−; Dnmt1fl/fl 0/17 (0%) 0/17 (0%)
Osr2-Cre+; Dnmt1fl/fl 0/15 (0%) 0/15 (0%)

Fig. 3. The temporal requirement for Dnmt1 is restricted to initial palate morphogenesis. (A–C’) Representative face and palate images of targeted Dnmt1 
deletion or Dnmt1 and Dnmt3b (Dnmt1;3b) double deletion from paternally inherited Osr2-Cre of control (Osr2-Cre−;Dnmt1fl/fl), conditional Dnmt1 knockout (cKO, 
Osr2-Cre+;Dnmt1fl/fl), and conditional Dnmt1;Dnmt3b double knockout (Osr2-Cre+;Dnmt1fl/fl;Dnmt3b fl/fl) fetuses at GD17. (Scale bar: 1 mm.) (D and E) Representative 
fluorescent microscopy images of tdTomato (tdTom, red) reporter expression from Sox10-Cre or Osr2-Cre in palatal shelves (PS) at GD13.75. Nuclear staining 
shown with DAPI (blue). (Scale bar: 0.2 mm.) (F) Expression of Sox10 and Osr2 in isolated maxillary/palatal shelf mesenchyme at the indicated stage of gestation 
as assessed by qRT-PCR. Data points represent the mean ± SEM of n = 3 samples per time point. (G–K’) Face and palate images of wild-type fetuses at GD17 
exposed to vehicle (PBS) or 5-aza-2′-deoxycytidine (AzadC) at the indicated gestational day. (L) Penetrance of cleft palate in wild-type GD17 fetuses exposed to 
vehicle (veh) or AzadC between GD8.75 and 11.75.

http://www.pnas.org/lookup/doi/10.1073/pnas.2317668121#supplementary-materials
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at GD12 (Fig. 4K). Supporting these quantitative results, reduced 
intensity and domain of Runx2 and Col2a1 expression was 
observed in the nascent palatal shelf tissue of Dnmt1 cKO embryos 
(Fig. 4 L–P). The impact of these changes on bone and cartilage 
development was then assessed in GD17 fetuses. Alizarin red and 
Alcian blue staining revealed defects of several cNCC-derived 
skeletal structures in Dnmt1 cKO mice, including the basisphe­
noid, maxilla, premaxilla, and palatal processes of the maxilla 
(Fig. 4 Q–S’). Similar, albeit less severe defects were observed in 
AzadC-exposed wild-type mice with cleft palate.

Regulation of cNCCs by DNA Methylation Can Be Recapitulated 
In Vitro. Conservation of molecular, cellular, and morphological 
aspects of embryogenesis makes the mouse a powerful model to 
investigate human development. However, lower-cost and higher-
throughput in vitro platforms are better suited for efforts to identify 
environmental influences that alter DNA methylation and cNCC 
biology. We therefore tested whether the regulation of cNCC 
proliferation and differentiation by DNA methylation observed 
in mouse orofacial morphogenesis could be recapitulated in a more 
tractable in vitro system. To address this question, we leveraged an 
established murine cNCC line (O9-1) that retains the neural crest 
and stem cell marker signature and multipotency of in vivo cNCCs 
(48). These cells are highly proliferative and can be differentiated 
along a trajectory that parallels in vivo differentiation, first to a 
common osteochondral progenitor and then toward osteogenic or 
chondrogenic lineages (Fig. 5A) (48). In cultured cNCCs, exposure 
to 1 µM AzadC for 48 h significantly reduced 5-mC levels, indicating 
effective reduction of global DNA methylation (Fig. 5B). The same 
duration of AzadC exposure resulted in a concentration-dependent 
decrease in cell count (Fig.  5C). Parallel assays demonstrated a 
significant decrease in EdU-positive cNCCs after 12 h of exposure 
to AzadC, suggesting that decreased proliferation drives the reduced 
cell number observed after 48 h (Fig. 5D). To assess impact on 
differentiation, the same experimental approach was repeated, but 
after 48 h of exposure, AzadC was removed, and cNCCs were 
placed under osteogenic or chondrogenic differentiation conditions 
(SI  Appendix, Fig.  S8). Effective osteogenic and chondrogenic 
differentiation under control conditions was confirmed by observed 
increases in expression of the same markers used to assess in vivo 
differentiation (Fig. 5 E and F and SI Appendix, Fig. S8). Relative 
to those treated with vehicle, cNCCs exposed to AzadC prior 
to initiation of the differentiation protocol exhibited reduced 
expression of both osteogenic and chondrogenic markers. These 
observations suggest that the regulation of proliferation and 
differentiation by DNA methylation observed in  vivo can be 
recapitulated in cNCCs cultured in vitro.

Discussion

Understanding how development is influenced through malleable 
epigenetic mechanisms could directly inform strategies to prevent 
birth defects like OFCs. Inherent environmental sensitivity makes 

DNA methylation a particularly attractive focus for these efforts, 
but the role of this epigenetic mechanism in orofacial development 
was unclear. In this study, we present direct evidence that DNA 
methylation regulates orofacial development and demonstrate that 
its disruption results in craniofacial malformations, including 
OFCs. Genetic and pharmacological interrogation revealed a spe­
cific requirement in the postmigratory cNCC mesenchyme during 
a narrow, sensitive developmental window. Leveraging in vivo 
OFC models, we found that DNA methylation regulates cNCC 
proliferation and subsequent differentiation and that these cellular 
mechanisms of OFC pathogenesis can be recapitulated in multipo­
tent cNCCs cultured in vitro.

While the requirement of DNMT activity for early embryo­
genesis is well established, initial evidence suggested that it may 
be dispensable for cNCC biology and orofacial development. 
While global deletion of Dnmt3b results in early embryonic lethal­
ity, mice with conditional Dnmt3b deletion targeted to the neural 
crest via Wnt1-Cre or Sox10-Cre exhibited normal craniofacial 
development (36). On the other hand, we found that Sox10-Cre- 
driven conditional deletion of Dnmt1 overtly disrupts craniofacial 
development and results in OFCs. These discrepant results may 
be explained by DNMT-specific compensatory capacity or a 
unique requirement of DNMT1-regulated maintenance methyl­
ation in postmigratory cNCCs during early orofacial morphogen­
esis. The phenotype observed in Dnmt1 cKO mice is also consistent 
with the observation here and in previous studies that systemic in 
utero AzadC exposure can cause cleft palate in rodent models 
(49–52). While AzadC is known to have off-target effects (53, 54), 
the degree of phenotypic overlap in Dnmt1 cKO mice to 
AzadC-exposed wild-type mice observed in this study suggests 
that the teratogenic effect of AzadC is mediated through its well 
documented mechanism of DNMT enzyme inhibition.

The genetic and pharmacologic interrogations of DNA meth­
ylation employed in this study defined a narrow developmental 
period in which disruption of DNMT activity in cNCCs causes 
OFCs. Early targeting of Dnmt1 via Sox10-Cre resulted in OFCs 
with near complete penetrance, while later targeting via Osr2-Cre 
did not. Accordingly, we found that AzadC administration at 
GD9.75 led to peak cleft incidence, while no clefts resulted from 
exposure just 48 h later. Collectively, these findings place the most 
sensitive window for disruption of DNA methylation around 
GD10. Narrowing of the critical period for DNA methylation in 
orofacial development provides valuable context for future efforts 
to define the specific molecular mechanisms by which DNA meth­
ylation regulates cNCC biology. This developmental contextual­
ization also has important implications for understanding 
environmental influences in human OFC risk, as GD10 in the 
mouse corresponds approximately to the beginning of the fifth 
week of human development, when many pregnancies may not 
yet be recognized.

After demonstrating the requirement of Dnmt1 in the cNCC 
mesenchyme, focus was placed on DNA methylation-regulated 
cellular mechanisms of OFC pathogenesis. The neural crest 

Table 2. Teratogen-exposure model sample size and orofacial cleft incidence
Treatment (gestational day) No. of litters Genotype Cleft palate/total no. of fetuses Cleft lip/total no. of fetuses

Veh (9.75) 4 C57BL/6 J 0/19 (0%) 0/19 (0%)

Veh (11.75) 2 C57BL/6 J 0/12 (0%) 0/12 (0%)

AzadC (8.75) 4 C57BL/6 J 8/24 (33%) 0/24 (0%)

AzadC (9.75) 12 C57BL/6 J 30/51 (59%) 0/51 (0%)

AzadC (10.75) 5 C57BL/6 J 6/31 (19%) 0/31 (0%)

AzadC (11.75) 4 C57BL/6 J 0/25 (0%) 0/25 (0%)

http://www.pnas.org/lookup/doi/10.1073/pnas.2317668121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2317668121#supplementary-materials
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Fig. 4. DNA methylation regulates cNCC proliferation and differentiation. (A) Global DNA methylation as assessed by 5-mC ELISA in maxillary process mesenchyme 
tissue of control (Con, Sox10-Cre+;Dnmt1fl/+) and conditional knockout (cKO, Sox10-Cre+;Dnmt1fl/fl) embryos at GD10.25. N = 7 embryos were used for each 
genotype, and means ± SEM are shown. **P < 0.01 compared to control by unpaired t test. (B and C) Representative examples of EdU incorporation in sections 
through the maxillary processes of control (Sox10-Cre+;Dnmt1fl/+) and conditional knockout (cKO, Sox10-Cre+;Dnmt1fl/fl) embryos. (D) Quantification of percent 
EdU-positive cells. N = 3 embryos were used for each genotype, with data points representing individual embryos shown along with mean ± SEM. *P < 0.05 by 
the t test. (E and F) Light images of the palatal shelves of GD14.5 control (Sox10-Cre−;Dnmt1fl/+) and cKO (Sox10-Cre+;Dnmt1fl/fl) fetuses showing representative 
linear measurements of palatal shelf width and length. (G–I) Representative H&E-stained coronal sections showing the region of the palatal shelves in control, 
cKO (Sox10-Cre+;Dnmt1fl/fl), or AzadC-treated (GD9.75) fetuses. (Scale bar: 0.5 mm.) (J) GO analysis from RNA sequencing conducted on palatal shelves isolated 
from control (Sox10-Cre+;Dnmt1fl/+) and cKO (Sox10-Cre+;Dnmt1fl/fl) embryos at GD12. (K) Expression of established cNC osteogenic and chondrogenic markers 
from RNA sequencing conducted on palatal shelves isolated from control (Sox10-Cre+;Dnmt1fl/+) and cKO (Sox10-Cre+;Dnmt1fl/fl) embryos at GD12. *P < 0.05 and 
***P < 0.001. (L) Schematic of a GD12 section showing the palatal shelves (PS) with the dashed box indicating field of view of (M–P). (M–P) In situ hybridization 
for Runx2 and Col2a1 was performed on 100 µm vibratome sections of GD12 control (Sox10-Cre−;Dnmt1fl/fl) and cKO (Sox10-Cre+;Dnmt1fl/fl) embryos. (Scale bar = 
0.2 mm.) (Q–S’) Whole-mount bone and cartilage staining was performed on control (Sox10-Cre−;Dnmt1fl/+), cKO (Sox10-Cre+;Dnmt1fl/fl), or AzadC-treated (GD9.75) 
GD17 fetuses with Insets (dashed boxes) showing higher magnification of the palatine bone region. (Scale bar = 2 mm.) Bs, basisphenoid; Ptg, pterygoid process; 
Pa, palatine bones; Pmx, premaxilla; Mx, maxilla.
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originates as neuroectodermal cells at the dorsal margins of the 
anterior neural folds that undergo epithelial-to-mesenchymal 
transition and migrate into the field of facial morphogenesis. Once 
colonization is complete around GD9.5, cNCCs rapidly prolif­
erate and condense, forming the mesenchyme of the facial growth 
centers. By GD11.5, postmigratory cNCCs are undergoing fate 
determination and begin differentiating, first to a common oste­
ochondral progenitor and then into more specific chondrocytes 
and osteoblasts (47). By narrowing the critical period to around 
GD10, our studies suggest that DNA methylation is particularly 
critical when postmigration cNCCs are rapidly proliferating and 
at the onset of differentiation. Indeed, we found that disruption 
of DNA methylation was immediately followed by reduced cNCC 
proliferation, leading to attenuated outgrowth of the palatal 
shelves. These observations from Dnmt1 cKO mice are consistent 
with a previous investigation showing that AzadC exposure 
reduces cell proliferation in the epithelium and mesenchyme of 
the facial growth centers that form the palate (55). Here, we fur­
ther reveal that reduced cNCC proliferation is followed by atten­
uated differentiation capacity. The present study provides 
instructive context and tools for future investigation of how DNA 
methylation regulates the balance of cNC stem cell proliferation 
and differentiation during orofacial morphogenesis.

Consistent with a critical role of Dnmt1 during initial orofacial 
morphogenesis, we found that global DNA methylation was sig­
nificantly reduced in Dnmt1 cKO mice at GD10.25. However, 
neither assessment of global 5-mC levels at GD10.25 or RNA-seq 

analyses at GD12 were directed toward assessing specific DNA 
methylation–regulated transcriptional events that drive cNCC 
biology and cleft pathogenesis. For example, whether the expres­
sion of identified osteogenic and chondrogenic genes is directly 
regulated by DNMT1-mediated DNA methylation or by DNA 
methylation-regulated upstream mechanisms is not known. 
Addressing these knowledge gaps will require future investigation 
that should benefit from the conceptual and experimental advances 
presented here. A growing body of literature identifies DNA meth­
ylation differences between human cohorts with and without 
OFCs (14–22). While suggesting that DNA methylation status 
influences human orofacial cleft risk, these studies rely on surro­
gate tissue collected long after orofacial morphogenesis is complete 
and cannot discern the impact of DNA methylation changes on 
gene expression during orofacial development. Identification of 
DNA methylation events that regulate transcription and directly 
influence cNCC biology and orofacial morphogenesis will require 
tractable models like those presented in the present study. For 
example, applying DNA methylation and RNA sequencing in 
tandem to the Dnmt1 cKO model could define correlated methy­
lome and transcriptome changes involved in OFC pathogenesis. 
Modified CRISPR/Cas9-based approaches for epigenome editing 
could also be leveraged to functionally assess the impact of specific 
OFC-associated methylation events on cNC biology.

The in vivo and in vitro models presented here also provide 
opportunities to define environmental modulators of DNA meth­
ylation that influence OFC risk. DNA methylation is inherently 

Fig. 5. DNA methylation regulates cNCC proliferation and differentiation in cultured cNCCs. (A) Schematic depicting the proliferative and differentiation capacity 
of cNCCs cultured in vitro and experimental conditions to evaluate the impact of pharmacological DNMT inhibition. (B) Global DNA methylation as assessed 
by 5-mC ELISA in cultured cNCCs treated with PBS (vehicle, veh) or 1.0 µM AzadC for 48 h. N = 6 for each group with mean ± SEM shown. *P < 0.05 by the t test.  
(C) Cell counts were performed after 48-h treatments with the indicated concentrations of AzadC. N = 5 for each concentration and means ± SEM are shown.  
*P < 0.05 compared to the 0 µM AzadC group by ANOVA with Dunnett’s post hoc test for multiple comparisons. (D) EdU-positive cells were counted after 12 h  
of PBS (vehicle, veh) of 1.0 µM AzadC treatment. N = 5 biological replicates for each group and means ± SEM are shown. *P < 0.05 by the t test. (E and F) 
Cultured cNCCs were treated with PBS (vehicle, veh) or 1.0 µM AzadC for 48 h before undergoing differentiation conditions for osteogenic (E) or chondrogenic 
(F) differentiation. Expression of Runx2 or Col2a1 was assayed at the indicated days after the start of differentiation. N = 5 for each group at each time point and 
means ± SEM are shown. *P < 0.05, **P < 0.01, or ***P < 0.001 compared to the vehicle group at the same time point by t test.
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malleable and influenced by diverse environmental factors, includ­
ing maternal stress, diet, and exposure to drugs, toxins, and envi­
ronmental pollutants (56–61). Several specific environmental 
DNA methylation modifiers are already linked to OFC risk. For 
example, supplementation of the dietary methyl donors folic acid 
and choline appears to reduce the risk for OFCs, while first-trimester 
exposure to folic acid antagonists appears to increase OFC risk 
(15, 16, 20, 21, 62, 63). Another example supporting this rela­
tionship is the common environmental contaminant cadmium, 
which has been shown to reduce DNA methylation, possibly by 
inhibiting DNMT activity (59, 64, 65). Prenatal cadmium expo­
sure can cause OFCs in rodent models, while human studies have 
found that umbilical cord and placental tissue cadmium concen­
trations are associated with increased OFC risk (66–69). 
Comparison of molecular drivers of OFC pathogenesis in Dnmt1 
cKO mice against those elicited by agents like folic acid, choline, 
and cadmium should help delineate specific methylome and tran­
scriptome responses that modulate OFC susceptibility. This knowl­
edge could also be harnessed to identify additional environmental 
influences that may alter OFC risk by modulating DNA methyl­
ation. Indeed, demonstration that cultured cNCCs recapitulate 
the cellular mechanisms of OFC pathogenesis supports the use of 
this tractable model as a high throughput screening platform to 
identify additional environmental factors that influence cNCC 
biology via DNA methylation. Collectively, the experimental and 
conceptual advances gained from the present study provide a foun­
dation to functionally define environmental- and dietary-induced 
methylome-transcriptome responses that alter cNC biology and 
modulate OFC susceptibility.

Materials and Methods

Mouse Strains. The following strains of mice were used: C57BL/6J (wild type, 
The Jackson Laboratory strain number 000664), Sox10-Cre (B6;CBA-Tg(Sox10-
cre)1Wdr/J, The Jackson Laboratory strain number 025807), Osr2-Cre (B6;129S1-
Osr2tm2(cre)Jian/J, The Jackson Laboratory strain number 009388, https://www.ncbi.
nlm.nih.gov/pubmed/17941042), Dnmt1fl (B6.129S4-Dnmt1tm2Jae/Mmucd, 
Mutant Mouse Resource & Research Centers strain number 014114-UCD, https://
www.ncbi.nlm.nih.gov/pubmed/11137995), Dnmt3bfl (B6;129S4-Dnmt3btm1Jae/
Mmnc, MMRRC strain number 31043), and R26tdTomato (Ai9, B6.Cg-Gt(ROSA)26S
ortm9(CAG-tdTomato)Hze/J, The Jackson Laboratory strain number 007909). Mice were 
genotyped using the Phire Tissue Direct PCR Master Mix (ThermoFisher Scientific) 
according to manufacturer recommendations using the primer sequences listed 
in SI Appendix, Table S2.

Animal Husbandry. This study was conducted in strict accordance with recom-
mendations in the Guide for the Care and Use of Laboratory Animals of the NIH. 
The protocol was approved by the University of Wisconsin School of Veterinary 
Medicine Institutional Animal Care and Use Committee (protocol number 
V005396). Mice (Mus musculus) were housed in specific pathogen-free conditions 
in disposable, ventilated cages (Innovive). Rooms were maintained at 22 ± 2 °C 
and 30 to 70% humidity on a 12-h light, 12-h dark cycle. Mice were fed Irradiated 
Soy Protein-Free Extruded Rodent Diet (Catalog No. 2920x; Envigo Teklad Global) 
until day of plug. Pregnant mice were then were fed Irradiated Teklad Global 19% 
Protein Extruded Rodent Diet (Catalog No. 2919; Envigo Teklad Global).

Animal Study Design. For timed matings, one or two nulliparous female mice 
were placed with a single male mouse for 1 to 2 h and then examined for copu-
lation plugs. The beginning of the mating period was designated as gestational 
day (GD)0, and pregnancy was confirmed by assessing weight gain between GD7 
and GD10, as previously described (70). Dams were killed by carbon dioxide 
inhalation followed by cervical dislocation between GD10-14 ± 1 h for embryo 
collection or GD14.5-19 ± 2 h for fetal collection.

Separation of mesenchyme and surface ectoderm of GD10, GD10.25, and 
GD11 maxillary processes was performed as previously described (71, 72). 
Tissues from entire litters were pooled for GD10 and GD11 wild-type samples, 

and N = 4 litters were used for subsequent RNA expression analyses. Paired 
maxillary process mesenchyme tissues were combined from individual GD10.25 
Dnmt1 cKO and control embryos, and N = 7 embryos of each genotype were 
used for subsequent DNA analyses. Timed-pregnant wild-type dams were dosed 
intraperitoneally with 0.5 mg/kg body weight 5-aza-2′-deoxycytidine (AzadC, 
MP Biomedicals, catalog number IC15480305) dissolved in PBS, or PBS alone 
(vehicle), on GD8.75, 9.75, 10.75, or 11.75 ± 20 min.

Morphometric Assessment. Snout width morphometric assessment was con-
ducted on GD17 fetuses fixed in 10% formalin. Frontal images of heads were taken 
using a Micropublisher 5.0 camera (QImaging) mounted on an Olympus SZX-10 
stereomicroscope. Snout width was measured using ImageJ by a single investigator 
blinded to fetus genotype. Palatal shelf morphometric assessment was conducted 
on GD14.5 fetuses fixed in 10% formalin. Cuts between the upper and lower jaw 
were made with a scalpel to expose the roof of the oral cavity, which was then 
imaged with a Micropublisher 5.0 camera (QImaging) mounted on an Olympus 
SZX-10 stereomicroscope. Images were analyzed for palatal shelf elevation, growth, 
and fusion to assess for clefting pathogenesis. Linear measurements of palatal shelf 
length and width were performed using ImageJ. Fetuses were excluded from this 
analysis if connective tissue obstructed clear ascertainment of palatal borders or if 
the initial cut removed palatal tissue from either shelf. Palatal shelf measurements 
were performed by a single investigator blinded to fetus genotype.

Immunohistochemistry. Mouse embryos and fetuses at indicated time points 
were fixed in 4% paraformaldehyde overnight and dehydrated through a graded 
series into 100% methanol for storage at −20 °C. Embryos and fetuses were 
rehydrated, and immunohistochemistry was performed as previously described 
(73). The following primary and secondary antibodies were used: 1:50 rabbit 
anti-DNMT1 (#5032, Cell Signaling Technologies), 1:200 mouse anti-CDH1 
(BD 610181), 1:250 DyLight 488-conjugated goat anti-mouse IgG, and 1:250 
DyLight 594-conjugated goat anti-rabbit IgG (#35502 and #35560, Jackson 
ImmunoResearch). Sections were imaged using a Keyence BZ-X700 (Keyence) 
fluorescence microscope.

Endogenous Reporter Imaging. Embryos were fixed in 4% PFA for 1 h at room 
temperature and embedded in 4% agarose. Sections (100 μm) were produced 
using a vibrating microtome, incubated with DAPI, and mounted on microscope 
slides with Vectashield. Images were taken on a Keyence BZ-X700 (Keyence) 
fluorescence microscope.

EdU Proliferation on Tissue Sections. Pregnant dams were dosed via IP injec-
tion with 5 mg/kg EdU in PBS 1 h prior to harvest at GD11.25. Embryos were 
fixed in 4% paraformaldehyde in PBS overnight prior to graded dehydration into 
methanol and storage at −80 °C. Embryos were subsequently rehydrated into PBS 
with 0.1% Triton X-100, paraffin processed, and embedded. Immunostaining was 
performed on 5-μm sections using the Alexa Fluor 488 Click-iT EdU Imaging Kit 
(C10337; ThermoFisher Scientific) according to manufacturer recommendations. 
Sections were imaged at 20× magnification on a Keyence BZ-X700 series micro-
scope. The BZ-X analyzer program was used to reduce background and optimize 
signal accuracy. A rectangular section spanning from the nasal pit to maxillary pro-
cess ectoderm was selected for analysis. EdU-positive cells/Hoechst-positive cells 
in each image were determined using the macro cell count batch analysis tool.

In Situ Hybridization. Riboprobes were synthesized with gene-specific primers 
(listed in SI Appendix, Table  S3), and in  situ hybridization was performed on 
100-μm vibratome sections of GD12 embryos as previously described (74, 75). 
Images were captured using a MicroPublisher 5.0 camera (QImaging) mounted 
on an Olympus SZX-10 stereomicroscope.

Hematoxylin and Eosin Staining. Fetuses were collected at GD17 and fixed 
in Bouin’s Solution. After paraffin embedding, 10-μm sections were produced 
and stained with hematoxylin and eosin using standard protocols. Slides were 
imaged with a MicroPublisher 5.0 camera (QImaging) mounted on an Olympus 
SZX-10 stereomicroscope.

Bone and Cartilage Staining. GD17 fetuses were fixed in 100% ethanol, and 
bone and cartilage staining was performed as previously described (46). Images 
were captured using a MicroPublisher 5.0 camera (QImaging) mounted on an 
Olympus SZX-10 stereomicroscope.

https://www.ncbi.nlm.nih.gov/pubmed/17941042
https://www.ncbi.nlm.nih.gov/pubmed/17941042
https://www.ncbi.nlm.nih.gov/pubmed/11137995
https://www.ncbi.nlm.nih.gov/pubmed/11137995
http://www.pnas.org/lookup/doi/10.1073/pnas.2317668121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2317668121#supplementary-materials
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Tissue Microdissection and RNA Isolation for RNA Sequencing. Palatal 
shelves from GD12 embryos were microdissected under a stereomicroscope, 
snap-frozen in liquid nitrogen, and then stored at −80 °C. Embryos were geno-
typed, and palatal shelves from two embryos of the same genotype were pooled 
for RNA extraction. Three RNA samples (from six embryos) for each group were 
used for subsequent sequencing. No more than three embryos of the same gen-
otype were used from a single litter, and embryos from at least three litters were 
included for each genotype. RNA was isolated using the Illustra RNAspin kit (GE) 
using the manufacturer recommendations with on-column DNase I digestion. 
RNA was eluted in 30 μL of water, and RNA concentration was quantified using 
a Qubit fluorometer (ThermoFisher Scientific).

RNA Library Preparation and Sequencing. Approximately 100 ng of total RNA 
from three pooled RNA samples (from six embryos) for each group was used for 
sequence library construction following instructions of the NuGen mRNA sample 
prep kit (cat# 0348). In brief, total RNA was copied into first strand cDNA using 
reverse transcriptase and random primers. This was followed by second strand 
cDNA synthesis using DNA Polymerase I and RNaseH. These cDNA fragments 
went through an end repair process, the addition of a single “A” base, and then 
ligation of the adapters. These products were gel purified and enriched with 
PCR to create the final cDNA libraries. The library constructs were run on the bio-
analyzer to verify the size and concentration before sequencing on the Illumina 
HiSeq2500 machine where 100-cycle single-end sequencing was performed by 
the University of Wisconsin Biotechnology Center.

RNAseq Processing and Analysis. An average of 31.5 million paired-end reads 
were sequenced per sample. An initial check of quality was assessed for each pair-
mate using FastQC. After reads were assessed for quality, paired-end reads were 
trimmed for adapter contamination using trim_galore run with default parameters. 
Trimmed and filtered reads were aligned to the Mus musculus genome (mm10) 
using RSEM v1.3.1 (76), which utilized STAR v2.7.0 (77). An average of 27.3 million 
reads passed quality filtering through STAR, and an average of 23.4 million reads 
(85.6%) were successfully aligned for each sample. Gene expression was calculated 
using RSEM which employed a forward probability of 0.0, followed by differential 
expression analysis using DESeq2 (78). To account for multiple comparisons and 
to reduce false positives, a false discovery rate (FDR) of 0.05 was employed in the 
determination of differentially expressed genes. Gene ontological analyses were 
performed using R package clusterProfiler (79), using an FDR threshold of 0.05 to 
determine significant enrichment of biological processes.

Global DNA Methylation Assay. DNA was isolated from paired maxillary pro-
cess mesenchyme tissue from GD10.25 embryos (N = 7 samples) using a QIAamp 
DNA Micro Kit (Qiagen) or from cells (N = 6 biological replicates) using Wizard 
SV DNA Isolation Kit (Promega) according to manufacturer recommendations 
and quantified with NanoDrop (ThermoFisher). Global 5-mC levels were assayed 
using a MethylFlash Global DNA Methylation (5-mC) ELISA Easy Kit (EpigenTek) 
following manufacturer recommendations.

Gene Expression Analysis. RNA was isolated using the Illustra RNAspin (GE) 
or RNeasy Mini kit (Qiagen) with on-column DNase I digestion according to the 
manufacturer recommendations. cDNA was synthesized from 100 to 500 ng 
of total RNA using the GoScript reverse transcription reaction kits (Promega). 
Singleplex quantitative real-time PCR (qRT-PCR) was performed using SSoFast 
EvaGreen Supermix (Bio-Rad) on a Bio-Rad CFX96 real-time PCR detection sys-
tem (Bio-Rad Laboratories). qRT-PCR primers were designed using PrimerQuest 
(IDT), and sequences are listed in SI Appendix, Table S4. Target gene specificity 
was confirmed using the National Center for Biotechnology Information Primer 
Basic Local Alignment Search Tool (NCBI Primer-BLAST). Gapdh was used as the 
housekeeping gene, and analyses were conducted with the 2−ΔΔCt method.

Cell Culture. O9-1 cells, a mouse cNCC line, were cultured as described previ-
ously (48). For AzadC treatment, O9-1 cells were plated at 1.25 × 105 cells/mL 
(0.4 mL per well in a 24-well plate) and allowed to attach for 24 h before media 
were replaced with complete medium ± AzadC (0, 0.1, 0.5, or 1 μM in PBS).

After 48 h of AzadC treatment, cell counts were performed with a CyQUANT Cell 
Proliferation Assay (ThermoFisher) according to manufacturer recommendations. 
For EdU proliferation assays, cells were treated with 10 µM EdU after 8 h of AzadC 
treatment and fixed in 4% PFA for 15 min after 12 h of AzadC treatment. EdU 
detection was performed using a Click-iT EdU Cell Proliferation Kit for Imaging, 
Alexa Fluor 488 dye (ThermoFisher) according to manufacturer recommendations. 
A Keyence BZ-X700 microscope was used for fluorescent imaging, and the Keyence 
BZ-X Image Analyzer software was used to count EdU-positive nuclei. Nuclei were 
counted in two random fields in technical duplicates and averaged for each sample. 
N = 5 biological replicates were performed in each treatment group for each assay.

cNCC Osteogenic and Chondrogenic Differentiation. After 48 h of AzadC 
or vehicle (PBS) treatment, O9-1 cells were differentiated as follows. For oste-
ogenic differentiation, media were changed to osteogenic differentiation 
media (α-MEM, 10% FBS, 100 U/mL penicillin, 100 μg/mL streptomycin, 0.1 
μM dexamethasone, 10 mM β-glycerophosphate, 50 μg/mL ascorbic acid, and 
100 ng/mL BMP2). For chondrogenic differentiation, cells were initially treated 
with osteogenic differentiation media for 3 d. Then, cells were trypsinized and 
cultured as pellets by centrifuging 500,000 cells in 1.5-mL microcentrifuge 
tubes at 2,000 g for 5 min. Holes were made in the tube caps with a 21-G 
needle to allow for gas exchange. Media were changed to chondrogenic dif-
ferentiation media (α-MEM, 5% FBS, 1% ITS, 100 U/mL penicillin, 100 μg/mL 
streptomycin, 10 ng/mL TGF-β3, 50 μg/mL ascorbic acid, 10 ng/mL BMP2, 0.1 
μM dexamethasone, and 1 mM sodium pyruvate) without disturbing the cell 
pellet. Osteogenic or chondrogenic differentiation media were changed every 
other day during differentiation.

Statistics. All statistical analyses were performed using GraphPad Prism 9. 
Unpaired, two-tailed t tests were used to compare snout widths, palatal shelf widths, 
palatal shelf lengths, and % 5-mC in maxillary process tissue. Paired, two-tailed  
t tests were used to compare RNA expression in tissues and cultured cells, % 5-mC 
in cultured cells, and EdU-positive cells. One-way ANOVA with Dunnett’s post hoc 
test for multiple comparisons was used to analyze cell counts in cNCCs after AzadC 
treatments. An alpha value of 0.05 was maintained for determination of significance.

Data, Materials, and Software Availability. RNA-seq data have been depos-
ited in Gene Expression Omnibus and are available under accession number 
GSE250370 (80).
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