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Heterodimerization of TFAP2 pioneer factors
drives epigenomic remodeling during neural

crest specification

Megan Rothstein and Marcos Simoes-Costa

Department of Molecular Biology and Genetics, Cornell University, Ithaca, New York 14850, USA

Cell fate commitment involves the progressive restriction of developmental potential. Recent studies have shown that this
process requires not only shifts in gene expression but also an extensive remodeling of the epigenomic landscape. To exam-
ine how chromatin states are reorganized during cellular specification in an in vivo system, we examined the function of
pioneer factor TFAP2A at discrete stages of neural crest development. Our results show that TFAP2A activates distinct
sets of genomic regions during induction of the neural plate border and specification of neural crest cells. Genomic occu-
pancy analysis revealed that the repertoire of TFAP2A targets depends upon its dimerization with paralogous proteins
TFAP2C and TFAP2B. During gastrula stages, TFAP2A/C heterodimers activate components of the neural plate border
induction program. As neurulation begins, TFAP2A trades partners, and TFAP2A /B heterodimers reorganize the epige-
nomic landscape of progenitor cells to promote neural crest specification. We propose that this molecular switch acts to
drive progressive cell commitment, remodeling the epigenomic landscape to define the presumptive neural crest. Our find-
ings show how pioneer factors regulate distinct genomic targets in a stage-specific manner and highlight how paralogy can

serve as an evolutionary strategy to diversify the function of the regulators that control embryonic development.

[Supplemental material is available for this article.]

The reiterative use of regulatory proteins is a common feature
of embryonic development (Raible 2006; Taylor and LaBonne
2007; Davidson 2009). A finite number of signaling systems and
transcription factors are continuously deployed in the genetic pro-
grams that generate cellular diversity. Although post-translational
modifications and molecular interactions have been shown to
modulate protein function (Slattery et al. 2011; Lee et al. 2012),
we still have a limited understanding of how transcriptional regu-
lators are able to perform specific tasks within different develop-
mental contexts. This is pertinent for studies on pioneer factors,
which are hypothesized to continuously reorganize chromatin
states during the progressive stages of cell fate commitment
(Heinz et al. 2010; Zaret and Carroll 2011).

The neural crest is a useful system to study context-specific
functions of transcriptional regulators (Simdes-Costa and
Bronner 2015). This stem cell population gives rise to many cellu-
lar derivatives in the vertebrate embryo, including melanocytes,
peripheral nerves, bone, and cartilage (Le Douarin and Kalcheim
1999). Neural crest formation is orchestrated by a modular gene
regulatory network (Meulemans and Bronner-Fraser 2004; Sauka-
Spengler and Bronner-Fraser 2008; Simdes-Costa and Bronner
2015). This genetic program is initiated during gastrulation, with
the induction of the neural plate border, a region of the ectoderm
that contains neural crest, neural, and placodal progenitors
(Groves and LaBonne 2014). In the early neurula, a subset of cells
at the neural plate border become specified as the bona fide neural
crest. These sequential steps in the gene regulatory network are de-
fined by the coexpression of genes within the temporally defined
modules (Simdes-Costa and Bronner 2015), allowing for the pro-
gressive commitment to a neural crest fate. This feature of the
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gene regulatory network affords us with a tractable platform to
explore the context-specific functions of developmental genes.

A number of factors participate in multiple network modules
and may play separate roles at distinct steps of neural crest forma-
tion. One example is the pioneer transcription factor TFAP2A.
TFAP2A is associated with permissive chromatin states in neural
crest cells, characterized by high levels of EP300 and H3K27ac
(Rada-Iglesias et al. 2012). TFAP2A is able to bind to nucleosome
DNA (Grossman et al. 2018; Fernandez Garcia et al. 2019), and it
exerts a strong effect on chromatin accessibility according to
DNase I hypersensitivity analysis (Sherwood et al. 2014).
Furthermore, Tfap2a knockout mice display craniofacial malfor-
mations and embryonic lethality (Schorle et al. 1996). In humans,
missense mutations in the TFAP2A gene result in branchio-oculo-
facial syndrome, characterized by cleft palate and other craniofa-
cial abnormalities (Milunsky et al. 2008). Lastly, functional studies
in Xenopus embryos indicate that TFAP2A acts reiteratively as a
regulator of both neural plate border induction and neural crest
specification (de Crozé et al. 2011). Although TFAP2A has been
described as a critical regulator of neural crest formation, the mech-
anisms driving its target specificity during induction and specifica-
tion remain elusive.

TFAP2A belongs to the TFAP2 family of transcription factors,
consisting of five paralogous proteins that bind to DNA as dimers
(Eckert et al. 2005). Several lines of evidence suggest that TFAP2A’s
related paralogs TFAP2B and TFAP2C also play roles during neural
crest formation. Genetic studies in zebrafish have shown that
Tfap2a and Tfap2c work together to promote neural crest
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formation (Li and Cornell 2007). Also, in mice, double conditional
knockout mutants of Tfap2a/Tfap2b are depleted of melanocytes
and possess craniofacial defects, suggesting a synergistic effect of
these factors in promoting neural crest differentiation (Seberg
et al. 2017; Van Otterloo et al. 2018). Furthermore, mutations in
the TFAP2B gene cause Char syndrome, an autosomal dominant
disorder associated with patent ductus arteriosus and facial dys-
morphism (Satoda et al. 2000).

Here, we explore the hypothesis that TFAP2 paralogs work in
concert to progressively define the molecular identity of the pre-
sumptive neural crest. We use stage-specific functional analysis
and genomic profiling to characterize distinct functions of
TFAP2A, TFAP2B, and TFAP2C during neural crest formation.
Next, we define the timing of TFAP2 heterodimerization during
neural crest induction and specification. Finally, we manipulate
the timing of TFAP2-paralog expression to test the idea that
TFAP2A target specificity is mediated by the assembly of distinct
heterodimers, allowing for the diversification of protein function
in these two developmental contexts.

Results

TFAP2A is independently required for induction of the neural
plate border and specification of neural crest cells

To examine the expression pattern of TFAP2A in the early chick
embryo, we performed whole-mount in situ hybridization at dis-
tinct developmental time points (Fig. 1A). During gastrulation
(Hamburger and Hamilton stage [HH] 5), TFAP2A expression was
detected in the neural plate border region and the nonneural ecto-
derm (Fig. 1Ai). Upon neurulation, TFAP2A expression was en-
hanced in both premigratory and migratory neural crest (Fig.
1Aii-vi,B), as described in previous reports in other model systems
(Zhang et al. 2006). Consistent with this, TFAP2A displayed strong
colocalization with both induction and specification markers
(Supplemental Fig. S1A). To examine temporal shifts in TFAP2A
expression, we used quantitative reverse transcription PCR (RT-
PCR). Analysis of avian embryos at six developmental stages
(HH4-HH9) revealed a bimodal pattern of gene expression, with
peaks in mRNA expression at the stages of induction and specifica-
tion (Fig. 1C).

Previous studies have placed TFAP2A at distinct modules of
the gene regulatory network, suggesting that it acts reiteratively
in both induction and specification (Fig. 1A; Nikitina et al. 2008;
de Crozé et al. 2011). To confirm that TFAP2A is independently re-
quired for these steps of neural crest formation in avian embryos,
we performed stage-specific knockdown experiments. We trans-
fected the ectoderm of avian embryos with a Dicer-substrate short
interfering RNA (DsiRNA) targeted to TFAP2A at distinct develop-
mental time points (Fig. 1D,E). These treatments were adminis-
tered unilaterally, and the resulting phenotypes were evaluated
by comparing the control versus the knockdown side of the em-
bryo (Simdes-Costa et al. 2015). Quantitative RT-PCR revealed a
significant decrease in the expression of neural plate border genes
(MSX1, PAX7, ZIC1, and GBX2) (Fig. 1D) and neural crest specifi-
cation genes (FOXD3, ETS1, SOX9, and SOX10) (Fig. 1E) following
DsiRNA treatment at the respective developmental stages. These
results were further confirmed by immunohistochemistry, which
showed disruption in expression of both PAX7 (Fig. 1F) and
SOX9 (Fig. 1G). Although the DsiRNA treatment resulted in a ro-
bust knockdown of TFAP2A protein and mRNA (Fig. 1F,G;
Supplemental Fig. S1B), it did not grossly effect cell proliferation

or death (Supplemental Fig. S1C). Taken together, these results
indicate that TFAP2A has independent functions in neural crest
formation and is required for the establishment of both induction
and the specification regulatory states.

TFAP2A regulates distinct sets of genomic targets during
cell fate commitment

To define the stage-specific functions of TFAP2A in neural crest
formation, we conducted genome-wide mapping of transcription
factor occupancy with cleavage under targets and release using
nuclease (CUT&RUN) (Fig. 2A; Skene and Henikoff 2017). We per-
formed this assay at two developmental time points corresponding
to neural plate border induction (HH6) and neural crest specifica-
tion (HH9), using antibodies targeted to TFAP2A and the active
histone mark H3K27ac. We also performed ATAC-seq at these
two respective stages to assess changes in chromatin accessibility.
Our CUT&RUN data sets for TFAP2A identified 8442 and 18,046
high-confidence (P<0.001) peaks at HH6 and HH9, respectively
(Supplemental Fig. S2A; Supplemental Table S2). This large num-
ber of binding events was consistent with previous reports of
TFAP2A acting as a critical regulator of the genome of neural crest
cells (Rada-Iglesias et al. 2012). Pairwise Pearson’s correlation
analysis of TFAP2A and H3K27ac CUT&RUN data sets found a
strong correlation between stage-matched biological replicates
(Supplemental Fig. S2B,C). CUT&RUN also allowed for profiling
of TFAP2A binding events with superior resolution (library frag-
ments averaged ~100-120 bp) (Supplemental Fig. S2D) and sig-
nal-to-noise ratio (Supplemental Fig. S2E) than that obtained
with ChIP-seq (Rada-Iglesias et al. 2012; Seberg et al. 2017). De
novo motif enrichment analysis of both induction and specifica-
tion peaks yielded the TFAP2A consensus binding sequence (G/
C)CCNNNGG(G/C) (Williams and Tjian 1991; Mohibullah et al.
1999) as the highest-ranking motif, which was centrally enriched
in the CUT&RUN peaks (Fig. 2F; Supplemental Fig. S2F,H).
Analysis of the top 5000 peaks from each data set, which
showed the greatest enrichment for TFAP2A, revealed that ~50%
of the peaks were shared between HH6 and HH9, whereas the other
50% represent stage-specific binding events (Fig. 2B). TFAP2A peak
distributions relative to genomic features were similar at both
developmental stages, with 46%-50% intronic peaks, 37%-39%
intergenic peaks, and 7%-11% of peaks localized to promoter re-
gions (Fig. 2C). Consistent with the pioneer function of TFAP2A,
regions occupied by the transcription factor showed enriched
chromatin accessibility and H3K27ac signal (Fig. 2D; Creyghton
et al. 2010). These results indicate that there is a global shift in
TFAP2A occupancy, as well as in chromatin accessibility and acti-
vation, during the transition from induction to specification.
Closer inspection of TFAP2A peaks revealed association with
the loci of many neural plate border and neural crest genes. Nearest
gene assignment of TFAP2A peaks followed by Gene Ontology
(GO) analysis showed an enrichment of factors involved in neural
crest, embryonic development, and cell fate commitment (Fig. 2H;
Supplemental Table S3). TFAP2A occupancy also correlated with
the expression dynamics of neural crest genes. For instance,
CDX2, a neural plate border marker that is down-regulated upon
neural crest specification (Sanchez-Ferras et al. 2012), is highly en-
riched for TFAP2A binding during neural plate border induction
but is devoid of any binding at later stages. Similarly, SOX10,
which begins to be expressed at HH8 and has a neural crest-specif-
ic expression pattern (Betancur et al. 2010), is associated with
TFAP2A during neural crest specification but not during induction
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Figure 1. TFAP2Ais required for both induction and specification of neural crest cells. (A) Whole-mount in situ hybridization for TFAP2A in chick embryos
at six developmental stages (HH5-HH10). TFAP2A is enriched in both premigratory and migratory neural crest. Previous studies have shown regulation by
TFAP2A of neural plate border genes MSX1, PAX7, and ZIC1 and for neural crest genes FOXD3, ETS1, and SOX10. (B) Transverse sections displaying TFAP2A
expression in the neural plate border and the neural crest. (C) Whole-embryo quantitative RT-PCR for TFAP2A at six developmental stages (HH4-HH9) de-
picted as normalized mRNA expression relative to the housekeeping gene, HPRT1. (D,E) Electroporation scheme for stage-specific knockdown of TFAP2A.
(D) Embryos were bilaterally electroporated with control and TFAP2A DsiRNA reagents at HH4 and screened for an induction phenotype at HH8—.
Quantitative RT-PCR for induction genes MSX1, PAX7, ZIC1, and GBX2 in control versus TFAP2A DsiRNA-treated sides of bilaterally electroporated embryos,
represented as fold change compared with control. Embryos were surveyed at HH8— (n=11). (E) Embryos electroporated at HH7 were screened for a spec-
ification phenotype at HH9. Quantitative RT-PCR for specification genes, FOXD3, ETS1, SOX9, and SOX10 in control versus TFAP2A DsiRNA-treated sides of
bilaterally electroporated embryos, represented as fold change compared with control. Embryos were surveyed at HH9 (n=10). The neural marker SUFU
was included as a control to ensure defects were neural crest specific. (F) Immunohistochemistry (whole-mount and transverse sections) for TFAP2A
(green), as well as the neural plate border PAX7 (red), upon bilateral TFAP2A DsiRNA treatment. Orientation of knockdown sections has been flipped
for comparison. (G) Immunohistochemistry (whole-mount and transverse sections) for TFAP2A (green) and the neural crest marker SOX9 (red) upon bilat-
eral TFAP2A DsiRNA treatment. (HH) Hamburger Hamilton; (NP) neural plate; (NPB) neural plate border; (NNE) nonneural ectoderm; (NC) neural crest; (kd)
knockdown; (n.s.) not significant. (*) P<0.05; (**) P<0.01; (***) P<0.001 (for number of embryos analyzed, see also Supplemental Table ST).
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Figure 2. TFAP2Ais associated with distinct sets of cis-regulatory elements at sequential steps of neural crest formation. (A) CUT&RUN was used to assess
global binding by TFAP2A during induction (HH6) and specification (HH9) in developing chick embryos. (B) Venn diagram of the top 5000 significantly
enriched TFAP2A peaks present during induction and specification, 2397 of which are maintained between both developmental time points. (C) Pie charts
depicting genomic distribution of TFAP2A peaks at induction (HH6) and specification (HH9). (D) Heatmaps displaying TFAP2A CUT&RUN, ATAC-seq, and
H3K27ac CUT&RUN signal at TFAP2A peaks during induction (HH6) and specification (HH9). (E) ATAC, CUT&RUN, and RNA-seq profiles at the loci of the
induction gene CDX2 and specification gene SOX10. (F) De novo motif enrichment analysis via MEME-ChIP shows a strong enrichment for the TFAP2A
binding motif from both HH6 and HH9 CUT&RUN data sets. Values indicate significance of motif occurrence as reported by MEME. (G) Boxplot displaying
the log; fold change distribution of differentially expressed genes (Padj<0.1) between HH6 and HH10, which are associated with TFAP2a binding. Genes
with HH6-only peaks are enriched during induction, whereas genes with HH9-only peaks are enriched during specification. Significance was assessed via an
unpaired two-tailed t-test. (H) Bar plot showing significantly enriched Gene Ontology (GO) terms from GO analysis of genes with annotated TFAP2A peaks
(see also Supplemental Table S3). (HH) Hamburger Hamilton; (kb) kilobase. (***) P<0.001.
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(Fig. 2E). Consistent with this, analysis of components of the neu-
ral crest gene regulatory network indicated that early and late
TFAP2A dynamic peaks, that is, those that are present at induction
or specification only, are preferentially associated with induction
and specification genes, respectively (Supplemental Table S4). In
addition, genes expressed during both induction and specifica-
tion, such as MSX1, are bound by TFAP2A at both time points
(Supplemental Fig. S2G).

The association of TFAP2A with changes in chromatin acces-
sibility and H3K27ac signal in the loci of neural crest genes (Fig. 2E)
suggests that this dynamic binding underlies changes in the epige-
nomic landscape of neural crest cells. To further explore this pos-
sibility, we performed differential binding analysis of TFAP2A
peaks during induction and specification. This analysis identified
1672 and 2319 differentially bound peaks (fold change><2 and
FDR<0.05) that represent putative enhancer elements subject to
TFAP2A regulation in a stage-specific manner (Supplemental Fig.
S3A; Supplemental Table SS5). We found that several of these loci
correspond to previously characterized neural crest enhancers, in-
cluding Sox10el and Snai2 enh-13 (Supplemental Fig. S3A;
Betancur et al. 2010; Williams et al. 2019). Furthermore, we also
tested a number of novel regulatory regions to determine whether
they may be acting as bona fide enhancers, several of which
were present in the loci of genes associated with neural crest and
embryonic development (Supplemental Fig. S3B; Supplemental
Table S6). We cloned regulatory regions that displayed dynamic
TFAP2A binding in pTK:eGFP (Uchikawa et al. 2003) and transfect-
ed these constructs in gastrula-stage embryos. We observed that
these enhancers were active in the neural plate border (HH6) and
neural crest (HH9), consistent with the timing of TFAP2A binding
(Supplemental Fig. S3C).

Finally, to test if the timing of TFAP2A binding is associated
with temporal patterns of gene expression, we performed RNA-
seq on neural crest cells at two stages corresponding to induction
(HH6) and specification (HH10). By comparing gene expression
levels between these two stages, we found that target gene expres-
sion correlates with TFAP2A occupancy. Genes that are associated
with TFAP2A at early stages are more likely to be enriched at the in-
duction, whereas late TFAP2A binding is associated with higher
mRNA levels during specification (Fig. 2E,G). This dynamic regula-
tion suggests differential binding in a stage-dependent manner to
drive the expression of distinct target genes. In conjunction with
our functional analysis (Fig. 1), these results indicate a dual role
for TFAP2A during induction and specification in that it activates
distinct gene regulatory modules as neural crest cells become pro-
gressively committed.

Sequential requirement for TFAPZ paralogs in the presumptive
neural crest

Our genomic analysis shows that TFAP2A controls distinct cis-reg-
ulatory elements in a stage-specific manner. We next investigated
how this factor is able to target different sets of enhancers during
induction and specification. Because members of the TFAP2 family
of transcription factors bind to DNA as dimers, we hypothesized
that other TFAP2 paralogs may also contribute to regulate neural
plate border induction and neural crest specification. To test this,
we assessed the spatiotemporal expression patterns of TFAP2C
and TFAP2B in the early chick embryo. We found that although
TFAP2C was enriched at the neural plate border, it was lost in the
neural crest lineage at later stages and its expression became re-
stricted to the presumptive epidermis. Conversely, TFAP2B tran-

scripts were not detected until just before the onset of
specification, when the gene became robustly expressed in the neu-
ral crestlineage (Fig. 3A; Supplemental Fig. S4A,B). Quantitative RT-
PCR analysis revealed opposing trends in mRNA expression dy-
namics, with TFAP2C levels decreasing upon the onset of TFAP2B
expression (Fig. 3B). The temporal patterns in TFAP2C and
TFAP2B expression suggest that these paralogs may play discrete
roles in neural crest development, regulating induction and speci-
fication, respectively. Also, the expression patterns of TFAP2C and
TFAP2B are contained within the TFAP2A expression domain, sug-
gesting subfunctionalization of these paralogs over the course of
evolution (Fig. 3C; Ohno 1970).

To assess the function of TFAP2C and TFAP2B in neural crest
development, we performed time-controlled knockdowns of each
paralog and surveyed their effects on neural crest development.
We used the same stage-specific transfection scheme used in our
analysis of TFAP2A function (Fig. 1D,E), and quantified gene ex-
pression of target genes with quantitative RT-PCR. TFAP2C knock-
down during induction resulted in a down-regulation of the neural
plate border markers MSX1, PAX7, ZIC1, and GBX2 but had no sig-
nificant effects on the expression of specification genes FOXD3,
ETS1, SOX9, and SOX10 (Fig. 3D). Conversely, TFAP2B knock-
down produced no effects on the neural plate border but resulted
in the disruption of the specification program (Fig. 3E). These
phenotypes were confirmed by immunohistochemistry for the
neural plate border induction marker PAX7 (Basch et al. 2006)
and the neural crest specification marker SOX9 (Fig. 3F,G;
Supplemental Fig. S4C; Mori-Akiyama et al. 2003). Double knock-
down of both TFAP2A and TFAP2C in induction, as well as TFAP2A
and TFAP2B in specification, resulted in a similar down-regulation
of neural plate border and neural crest markers, respectively
(Supplemental Fig. S4E,F). Although the knockdown methods
used resulted in a robust down-regulation of the targeted proteins
(Fig. 3F,G), we did not observe changes in cell death following em-
bryo transfection (Supplemental Fig. S4D). These results indicate
that TFAP2C and TFAP2B regulate induction and specification, re-
spectively, and raise the possibility that TFAP2 paralogs regulate
different steps of neural crest formation.

TFAP2 paralogs cooperate to regulate induction and specification

Our previous data showed that TFAP2C and TFAP2B overlap with
TFAP2A both in expression and function at different stages of neu-
ral crest development. These findings led us to postulate that
TFAP2C and TFAP2B cooperate with TFAP2A to regulate discrete
sets of neural crest enhancers during induction and specification.
To test this, we performed CUT&RUN for both TFAP2C and
TFAP2B at time points corresponding to induction (HH6) and
specification (HH9), using paralog-specific antibodies (Supple-
mental Fig. SS5A-C). By surveying the genomic occupancy of
each gene at both stages, we found that TFAP2 paralogs are consis-
tently associated with the same genomic regions as TFAP2A (Fig.
4A,B). We identified 7021 peaks for TFAP2C at HH6 (induction),
5863 of which are co-occupied by TFAP2A (Fig. 4C; Supplemental
Table S3). Analysis of TFAP2B binding during neural crest specifi-
cation identified 18,009 peaks, of which 12,762 showed co-occu-
pancy with TFAP2A (Fig. 4C; Supplemental Table S3). When we
examined dynamic TFAP2A peaks, we observed that they were oc-
cupied by distinct paralog pairs. Early (HH6) TFAP2A peaks were
enriched for TFAP2C occupancy but had no TFAP2B binding
(Fig. 4A). Conversely, late (HH9) TFAP2A peaks were associated
with TFAP2B but only displayed background TFAP2C signal (Fig.
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Figure 3. TFAP2B and TFAP2C show complementary expression patterns and are required for induction and specification. (A) In situ hybridization for
TFAP2A, TFAP2C, and TFAP2B in whole-mount chick embryos during induction (HH6) and specification (HH9). (B) Whole-embryo quantitative RT-PCR for
TFAP2C and TFAP2B at six developmental stages (HH4-HH9) displays normalized mRNA expression relative to the housekeeping gene HPRT1. (C) TFAP2C
and TFAP2B only partially recapitulate the expression pattern of TFAP2A. (D) Quantitative RT-PCR for induction genes MSX1, PAX7, ZIC1, and GBX2 (n=6)
and specification genes FOXD3, ETS1, SOX9, and SOX10 (n=6), in control versus TFAP2C morpholino-treated sides of bilaterally electroporated embryos,
represented as fold change compared with control. Phenotypes were surveyed at HH8— and HH9, respectively. (E) Quantitative RT-PCR for induction genes
MSX1, PAX7, ZIC1, and GBX2 (n=8) and specification genes FOXD3, ETS1, SOX9, and SOX10 (n=38), in control versus TFAP2B DsiRNA-treated sides of bi-
laterally electroporated embryos, represented as fold change compared with control. Phenotypes were surveyed at HH8— and HH9, respectively. The neural
marker SUFU was included as a control to ensure defects were neural crest specific. (F) Immunohistochemistry (whole-mount and transverse sections) for
TFAP2C (green), as well as the induction marker PAX7 (red), in bilaterally transfected TFAP2C morpholino-treated embryos. Orientation of knockdown sec-
tions has been flipped for comparison. (G) Immunohistochemistry (whole-mount and transverse sections) for TFAP2B (green), as well as the specification
marker SOX9, upon bilateral control versus TFAP2B DsiRNA treatment. (B,D,E) Error bars, SE. (HH) Hamburger Hamilton; (kd) knockdown; (n.s.) not sig-
nificant. (*) P<0.05; (**) P<0.01; (***) P<0.001 (for number of embryos analyzed, see also Supplemental Table ST).

4B). Because our CUT&RUN peaks display a single, centrally en- tion and specification, such as MS§X1, also show binding first by
riched TFAP2 motif (Supplemental Fig. S2F), the co-occupancy of TFAP2C and then by TFAP2B (Supplemental Fig. S6C). Cumula-

putative enhancers by distinct paralogs suggests that they are act- tively, thousands of loci in the neural plate border and neural crest

ing as heterodimers. show dynamic regulation by TFAP2A, which shares regulatory tar-
The results described above indicate that TFAP2 paralogs cor- gets with TFAP2C and TFAP2B (Supplemental Table S2).

egulate active regions in the neural crest genome in stage-specific To test if co-occupancy of TFAP2 paralogs is associated with

manner and suggest that TFAP2A changes binding partners as cells gene expression, we again used RNA-seq data sets from HH6 and

transition from induction to specification. This was confirmed by HH10. Consistent with our previous analysis of TFAP2A dynamic

the analysis of individual loci of neural plate border and neural peaks, we found that genes that are associated with TFAP2A/C

crest genes. For example, CDX2, which is enriched for TFAP2A are more likely to be enriched at the induction stages.
binding during induction, is also bound by TFAP2C at this same Conversely, TFAP2A/B binding correlates with higher mRNA levels
developmental time point. However, binding of both factors is during specification (Fig. 4E). According to these results, we postu-
depleted at later stages (HH9) (Fig. 4D; Supplemental Fig. S6C). late that TFAP2 heterodimers act as a molecular switch to regulate
In contrast, SOX10, which displays TFAP2A binding only during the transition from induction to specification during neural crest
neural crest specification, is also bound by TFAP2B at this time formation. Motif enrichment analysis of TFAP2C and TFAP2B sug-
point (Fig. 4D; Supplemental Fig. S6C). The repertoire of genomic gests that the target specificity of heterodimers depends upon the
targets of TFAP2C and TFAP2B is dynamic and changes extensively recruitment of different cofactors. Analysis of TFAP2A/C peak loci
during induction and specification (Supplemental Fig. S6A,B). (1-kb region flanking the peak summit) revealed a significant en-
Furthermore, genes that are bound by TFAP2A during both induc- richment for binding sites of other factors involved in the
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Figure 4. TFAP2A/C have shared regulatory targets in induction, whereas TFAP2A/B have shared targets in specification. (A) Profiles and heatmaps dis-
playing signal for TFAP2A, TFAP2B, and TFAP2C at induction-specific TFAP2A peaks (1621 peaks). (B) Profiles and heatmaps displaying signal for TFAP2A,
TFAP2B, and TFAP2C at specification-specific TFAP2A peaks (11,225 peaks). (C) At induction (HH6), CUT&RUN analysis identified 8442 TFAP2A peaks and
7021 TFAP2C peaks, 5863 of which co-occupied by both TFAP2A and TFAP2C. During specification, 18,046 TFAP2A peaks and 18,009 TFAP2B peaks were
detected, with an overlap of 12,762 peaks occupied by both TFAP2A and TFAP2B. (D) CUT&RUN profiles for TFAP2A/C at induction (HH6) and TFAP2A/B
and at specification (HH9) in the loci of CDX2 and SOX10. (E) Boxplot displaying distribution of genes significantly enriched (Padj<0.1) at HH6 versus HH10
that have TFAP2A/C peaks TFAP2A/B in their loci. Genes with associated TFAP2A/C peaks are enriched during induction, whereas genes annotated with
TFAP2A/B peaks are enriched during specification. (F) Rank-ordered results of motif enrichment analysis of TFAP2A/C peaks and TFAP2A/B peaks via MEME-
ChlP. Values indicate significance of motif occurrence as reported by MEME (redundant motifs have been omitted). (HH) Hamburger Hamilton; (kb) kilo-

base. (***) P<0.001.
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formation of the neural plate border, such as PAX, GATA1/3, and
ZIC1 (Fig. 4F). TFAP2A/B peaks, on the other hand, are populated
with sites for SOX10, SOXD, and FOXD3 (Honoré et al. 2003; Badis
et al. 2009; Jolma et al. 2013), which are important components
of the specification program (Fig. 4F; Dottori et al. 2001; Honoré
et al. 2003). Consistent with previously published results showing
that TFAP2 heterodimers recognize the same DNA sequence
(Eckert et al. 2005), similar TFAP2 consensus binding motifs (Fig.
4F; Supplemental Fig. S6D) were retrieved from both data sets.

To further explore the hypothesis that TFAP2 factors par-
ticipate with different cofactors during discrete stages of neural
crest formation, we scanned individual enhancers from our differ-

was restricted to the ectoderm alone (Supplemental Fig. S8A,B).
In contrast, although TFAP2B was not expressed at early stages,
it was highly enriched in the neural crest during specification,
overlapping with the TFAP2A expression domain (Fig. 5B,C;
Supplemental S8A,B). Notably, coexpression of TFAP2B and
TFAP2C was only detected transiently, at a discrete stage just be-
fore the onset of neural crest specification (Supplemental Fig. S8C).

To provide a direct demonstration that TFAP2 paralogs form
heterodimers, we performed coimmunoprecipitation (co-IP) with
in vivo biotinylation. We cotransfected avian embryos with an
Avi-tagged TFAP2A expression construct and a vector driving ex-

ential binding analysis (Supplemental
Fig. S3) for binding motifs of predicted
cofactors such as PAX, ZIC1, SOXI10,
and FOXD3. When the sequences for
these cofactor binding sites were mu-
tated in our expression constructs, the
enhancers were no longer capable of
driving reporter gene expression (Supple-
mental Fig. S7). To quantify wild-type
and mutant enhancer activity in neural
crest cells, we cotransfected our enhancer
reporter constructs with the neural crest
reporter (Tfap2aE1:mCherry) and used
flow cytometry measure GFP reporter
fluorescence within the mCherry-posi-
tive neural crest cell population. Every
enhancer tested displayed decreased re-
porter fluorescence in neural crest cells
upon mutation of cofactor binding sites
(Supplemental Fig. S7). Thus, TFAP2 het-
erodimers may cooperate with other fac-
tors that are part of the gene regulatory
network to activate distinct sets of cis-
regulatory enhancers and drive the tran-
sition from induction to specification.

A molecular switch based on sequential
heterodimerization of TFAP2 factors

Thus far, our findings suggest that
TFAP2A/C activate the neural plate bor-
der induction program and that
TFAP2A/B activate the specification
module of the neural crest gene regulato-
ry network. Thus, we next tested the hy-
pothesis that TFAP2 paralogs act as a
molecular switch, trading heterodimeri-
zation partners to control distinct steps
in neural crest formation. According to
this model, TFAP2A/C heterodimers
mediate neural plate border induction,
whereas TFAP2A/B heterodimers pro-
mote neural crest specification. Immu-
nohistochemistry of HH6 and HH9
chick embryos confirmed colocalization
of TFAP2A and TFAP2C in neural plate
border cells (Fig. 5A,C). At later stages,
TFAP2A expression was detected in
both the neural crest and the nonneural
ectoderm (Fig. 5B,C), whereas TFAP2C

pression of the BirA enzyme (Beckett et al. 1999). Pulldown of
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Figure 5. TFAP2A switches heterodimeric partners during neural crest development. (A)
Immunohistochemistry for TFAP2A (green) and TFAP2C (red) shows strong colocalization at the neural
plate border. (B) Immunohistochemistry for TFAP2A (green) and TFAP2B (red) shows colocalization in the
neural crest. (C) Transverse sections showing overlap in expression of TFAP2A and TFAP2C at the neural
plate border and nonneural ectoderm, and TFAP2A and TFAP2B at the dorsal neural tube.
(D) Coimmunoprecipitation of Avi-tagged TFAP2A and FLAG-tagged TFAP2B, TFAP2C, and LEF1.
Constructs for biotagged proteins were transfected into chick embryos, and pulldown was conducted
with or without the presence of the BirA enzyme. In the presence of BirA, biotinylated TFAP2A coimmu-
noprecipitates both FLAG-TFAP2B and FLAG-TFAP2C but is unable to pull down LEF1. (E) Proximity liga-
tion assays (PLAs) visualized in transverse sections of the neural plate border and the neural crest. Positive
interactions, indicated by red puncta, are enriched for TFAP2A/C at the neural plate border and TFAP2A/B
at the neural crest. (F) Quantification of PLA puncta in embryos at three developmental stages (HH6—
HHS8) reveals a graded decrease in the number of interactions per cell between TFAP2A and TFAP2C
over time, as well as an increase in TFAP2A/TFAP2B interactions over time. The number of interactions
was normalized to those detected in the neural plate/ventral neural tube to account for differences in
background fluorescence. Error bars, SE. (HH) Hamburger Hamilton; (NPB) neural plate border; (NC)
neural crest. (*) P<0.05 (for number of embryos analyzed, see also Supplemental Table ST).
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TFAP2A with streptavidin beads resulted in co-IP of both FLAG-
tagged TFAP2B and TFAP2C, confirming that these factors form
heterodimers in avian embryos (Fig. SD). However, TFAP2A does
not coimmunoprecipitate FLAG-tagged LEF1, a WNT signaling ef-
fector active in the presumptive neural crest (Bhattacharya et al.
2018). To survey the spatiotemporal interactions among the en-
dogenous TFAP2 proteins, we performed proximity ligation assays
(PLAs) for TFAP2A/C and TFAP2A/B in both the neural plate border
and the neural crest of developing chick embryos. This technique
uses two primary antibodies raised in different species in combina-
tion with species-specific PLA secondary antibodies, each with an
attached unique short DNA strand. When the PLA probes are in
close proximity (<14 nm), the DNA strands are able to ligate and
amplify, resulting in the production of red puncta visible in tissue
sections (Supplemental Fig. S8F; Soderberg et al. 2006; Simdes-
Costa et al. 2015). An enrichment of PLA puncta was observed
for TFAP2A/C in the neural plate border and TFAP2A/B in the neu-
ral crest (Fig. SE; Supplemental Fig. S8F). Quantification of the
number of interactions across three developmental stages (HH6—
HHS8) revealed a gradual decrease in TFAP2A/C dimers in the pre-
sumptive neural crest. Conversely, we observed a graded increase
in TFAP2A/B interactions (Fig. 5F) as the cells become specified.
As a negative control, we performed PLAs for TFAP2A and MSX1,
which is expressed throughout neural crest development but was
not predicted to be a TFAP2A cofactor via motif enrichment anal-
ysis (Fig. 4F). The antibody used for this analysis has also been pre-
viously shown to function in PLA (Simdes-Costa et al. 2015). As a
positive control, we performed PLAs for the coactivator protein
EP300, which has previously been shown to interact with
TFAP2A (Braganca et al. 2002). Although interactions between
TFAP2A and EP300 were detected at all time points analyzed, little
to no interactions were detected between TFAP2A and MSX1
(Supplemental Fig. S8D,E). These experiments confirm the pres-
ence of distinct TFAP2 heterodimers in the neural plate border
and the neural crest. In conjunction with our genomic analysis,
this indicates that TFAP2A switches partners to drive the transition
from induction to specification. Accordingly, we propose that
TFAP2 paralogs operate as a molecular switch that operates to reor-
ganize the epigenomic landscape of neural crest cells, driving the
sequential activation of gene regulatory network modules to pro-
gressively define the presumptive neural crest.

Manipulating the TFAP2 molecular switch to control timing
of neural crest specification

To understand the control of the TFAP2 molecular switch, we in-
vestigated how TFAP2B displaces TFAP2C to drive the assembly
of TFAP2A/B heterodimers. Our CUT&RUN analysis suggests that
TFAP2B is activated not only by genes within the induction pro-
gram (Simoes-Costa and Bronner 2016) but also by TFAP2A/C het-
erodimers. This is shown by the presence of multiple TFAP2A/C
peaks within the TFAP2B locus (Supplemental Table S2). Because
TFAP2C mRNA levels rapidly decrease upon the onset of TFAP2B
expression (Supplemental Fig. 3B), we postulated the existence
of a repressive mechanism. To test this, we used unilateral electro-
porations to transfect embryos with a TFAP2B expression vector
(Fig. 6A). TFAP2B overexpression resulted in the strong down-reg-
ulation of TFAP2C mRNA levels in the neural folds, whereas
TFAP2A expression remained unchanged (Fig. 6A). To confirm
that this effect was cell autonomous, we drove ectopic expression
of TFAP2B in the nonneural ectoderm of HH8 embryos, which re-
tain high levels of TFAP2C at HHS (Fig. 6B). Histological analysis

revealed specific loss of TFAP2C in the cells that received the
TFAP2B expression vector. Thus, TFAP2B-mediated repression of
TFAP2C likely drives the assembly of TFAP2A/B heterodimers.
Because we observe association of TFAP2B with the TFAP2C locus
during specification in our CUT&RUN data sets (Supplemental
Table S2), it is likely that this inhibitory interaction is direct.

Next, we surmised that upon strong down-regulation of
the TFAP2B protein, heterodimerization will be hindered and
TFAP2A will not be efficiently targeted to specification loci. To
test this idea, we performed CUT&RUN for TFAP2A in the presence
of a TFAP2B DsiRNA. To ensure the data sets were comparable, we
performed this experiment on bilaterally electroporated embryos
and compared TFAP2A binding in the control versus the TFAP2B
knockdown side of the embryo (Fig. 6C). This analysis revealed a
decrease in TFAP2A occupancy at specification peaks (Fig. 6E).
Notably, this decrease in occupancy was also specific to those
TFAP2A peaks occupied by heterodimers (Fig. 6F), as TFAP2B-
independent binding was not affected. Furthermore, peaks that
displayed greater enrichment for TFAP2B binding showed a
stronger reduction in the knockdown condition (Fig. 6G). A closer
look at the loci of the neural crest specification genes LMO4 and
SOX10 showed decreased binding by TFAP2A within numerous
cis-regulatory elements (Fig. 6D). Together, these data support
the idea that TFAP2B is required for the recruitment of TFAP2A
to specification loci.

Given this specific requirement of TFAP2B for regulation of
specification peaks, we next conducted rescue experiments to
test if TFAP2C was able to rescue TFAP2B loss of function. We per-
formed stage-specific knockdown of TFAP2B during neural crest
specification (as shown in Fig. 3E) in combination with neural
crest-specific overexpression of either TFAP2B or TFAP2C. To
achieve neural crest-specific overexpression, we wused the
TFAP2A enhancer TFAP2AE1, which is active in the prospective
neural crest HH6 onward (Supplemental Fig. S9), to drive early
TFAP2B or TFAP2C expression in the neural crest lineage. As ex-
pected, TFAP2B overexpression was able to rescue the effects of
TFAP2B knockdown, as shown by quantitative RT-PCR for the
specification genes FOXD3, ETS1, SOX9, and SOX10 (Fig. 6H). In
contrast, overexpression of TFAP2C does not adequately rescue
the expression of specification genes (Fig. 6H). These results indi-
cate that TFAP2B is specialized in its ability to promote neural crest
specification. This is likely through the recruitment of TFAP2A to
specification-specific genomic loci.

Finally, we tested the molecular switch by manipulating the
timing of TFAP2B expression. Because TFAP2B is able to repress
TFAP2C expression, premature introduction of the former should
be sufficient to drive the formation of TFAP2A/B dimers and aber-
rantly activate the specification program. We unilaterally trans-
fected the TFAP2AE1:TFAP2B vector into avian embryos with the
NC1 enhancer (Fig. 6I), a reporter of neural crest specification iso-
lated from the FOXD3 gene (Simoes-Costa et al. 2012). As predict-
ed by our model, this manipulation resulted in a premature
onset of specification, with early activity of NCI in the repro-
grammed side of the embryo (Fig. 6]). Embryos transfected with
TFAP2AE1:TFAP2C displayed no such reprogramming (Fig. 6K).
Furthermore, we found that premature TFAP2B expression is also
capable of activating other neural crest specification enhancers, in-
cluding Sox9 enh-345 and Snai2 enh-13 (Fig. 6L; Williams et al.
2019). To determine whether this precocious enhancer activation
is accompanied by increased expression of neural crest specifica-
tion genes, we FACS-sorted neural crest cells from bilaterally elec-
troporated embryos transfected with TFAP2AE1:TFAP2B or a
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TFAP2AE1:mCherry control and performed quantitative RT-PCR
for the specification genes SOX9, SNAI2, FOXD3, and SOX10. We
observed that genes within the specification program, SOX9 and
SNAI2, showed a significant increase in gene expression upon pre-
mature TFAP2B expression (Fig. 6M). This shows that we are able to
manipulate the TFAP2 molecular switch to alter the timing of neu-
ral crest specification.

Discussion

Context-specific functions of transcriptional regulators are modu-
lated by a number of mechanisms, including interactions with var-
ious cofactors, post-translational modifications, and, in the case of
some proteins, distinctive dimerization capabilities (Hai and
Curran 1991; Lee et al. 2012; Lukoseviciute et al. 2018). Here we
describe a molecular switch based on the heterodimerization of pi-
oneer transcription factors that drives the progression between
sequential steps of cell fate commitment. Our functional and ge-
nomic analyses of TFAP2A, TFAP2C, and TFAP2B show that these
paralogs work together to promote overarching changes in the epi-
genomic landscape of progenitor cells (Fig. 6N).

TFAP2A is considered an essential regulator of neural crest de-
velopment (Rada-Iglesias et al. 2012), acting to establish active
chromatin states. By demonstrating that TFAP2A activates differ-
ent genomic regions by exchanging its dimerization partners, we
describe how a complex gene regulatory program is restructured
during cell state transitions. We propose that this TFAP2-mediated
molecular switch operates based on the intracellular availability
of paralogous proteins. First, TFAP2A cooperates with TFAP2C
to activate the neural plate border induction program. TFAP2A/C
heterodimers, along with induction genes (Simoes-Costa and
Bronner 2016), subsequently activate the transcription of
TFAP2B specifically in neural crest cells. Once expressed, TFAP2B
represses transcription of TFAP2C, resulting the dissolution of
TFAP2A/C heterodimers and driving TFAP2A to exchange partners
(Supplemental Fig. S10). We tested this regulatory subcircuit by
manipulating the timing of TFAP2B expression. Consistent with
our model, we found that introducing TFAP2B in the prospective
neural crest cells results in premature specification (Fig. 6],M).

This model for TFAP2 regulation differs from what has been
proposed by previous studies examining the function of these
paralogs in the zebrafish and mouse neural crest (Hoffman et al.
2007; Li and Cornell 2007; Seberg et al. 2017). Additive genetic ab-
lation of TFAP2 paralogs results in stronger effects in neural crest

derivatives than targeting an individual gene, suggesting these fac-
tors have redundant function (Van Otterloo et al. 2018). Our re-
sults, however, show that TFAP2 heterodimers have distinct
genomic targets, indicating the existence of paralog-specific func-
tions during neural crest development. Although we show TFAP2B
is uniquely suited to work with TFAP2A during specification, fur-
ther experiments will be required to define the full spectrum of
paralog-specific functions. Our results do not exclude the possibil-
ity that some level of functional redundancy exists, which would
explain the additive effects observed in genetic ablation studies.

Despite their functional divergence, much of the preference
for specific DNA sequences has been maintained among TFAP2
paralogs. Motif enrichment analysis identified only subtle differ-
ences between the motifs occupied by each pair of paralogs (Fig.
4F). However, co-occurring transcription factor motif analysis re-
vealed that TFAP2 heterodimers may be cooperating with distinct
pioneer factors during induction (e.g., GATA1/2/3), and specifica-
tion (FOXD3) (Kadauke et al. 2012; Iwafuchi-Doi and Zaret 2014;
Lukoseviciute et al. 2018). Indeed, our results suggest that differ-
ences in target specificity maybe be determined by recruitment
of regulatory partners that cooperate during the binding and acti-
vation of cis-regulatory elements (Supplemental Fig. S7). This
would mean that TFAP2C and TFAP2B interact with different co-
factors, forming larger protein complexes that are recruited to ei-
ther induction or specification enhancer regions. The data sets
assembled in our study provide a useful platform for future studies
on the structure and function of these regulatory regions.

Finally, our model for the genomic control of neural crest
specification also has implications for vertebrate. The TFAP2 fam-
ily of transcription factors has been hypothesized to play an im-
portant role in the evolutionary origins of neural crest cells
(Meulemans and Bronner-Fraser 2002; Yu et al. 2008). This family
consists of five paralogs, which are thought to have arisen via pro-
gressive genome duplications (Eckert et al. 2005). TFAP2A, which
is considered the ancestral paralog, is expressed in both vertebrate
and nonvertebrate chordates in the nonneural ectoderm and neu-
ral plate border, suggesting a conserved role of this factor in early
stages of development (Meulemans and Bronner-Fraser 2002;
Yu et al. 2008). However, all vertebrate species (agnathans and
gnathostomes) display TFAP2A expression in the neural crest.
The co-option of TFAP2A by neural crest cells was concomitant
with progressive gene duplications, which lead to the appearance
of other TFAP2 genes. Although only one TFAP2 gene has been
identified in the cephalochordate, amphioxus (Yu et al. 2008),

Figure 6.

(Continued) CUT&RUN for TFAP2A was performed in TFAP2B DsiRNA-treated embryos at HH9 to assess TFAP2A occupancy upon strong down-

regulation of the TFAP2B protein. (D) CUT&RUN profiles for TFAP2A at the LMO4 and SOX10 loci under control versus TFAP2B knockdown conditions. (E)
Profiles displaying enrichment of TFAP2A at TFAP2A peaks during specification in control versus DsiRNA-treated sides of bilaterally electroporated embryos.
(F) Boxplots displaying read counts of control versus TFAP2B DsiRNA-treated TFAP2A CUT&RUN data sets at genomic regions corresponding to TFAP2B-
dependent and -independent specification peaks (16,945 and 494 peaks, respectively). Statistical significance was determined via an unpaired two-tailed t-
test. (G) Boxplots displaying log, fold change in TFAP2A binding in control versus TFAP2B knockdown conditions across four levels of TFAP2B enrichment
(5-6: 1185 peaks; 6-7: 1059 peaks; 7-9: 1752 peaks; more than 9: 1720 peaks). Statistical significance was determined via one-way ANOVA with Tukey’s
test. (H) Quantitative RT-PCR for the specification genes FOXD3, ETS1, SOX9, and SOX10 in embryos electroporated with a TFAP2B DsiRNA and rescued
with a TFAP2AE1:TFAP2B or TFAP2AET:TFAP2C expression construct. Phenotypes were surveyed at HH9. The neural marker SUFU was included as a control to
ensure defects were neural crest specific. (/) Electroporation scheme for reprogramming of neural crest enhancer, NC1. HH4 embryos were bilaterally elec-
troporated with the FOXD3 enhancer reporter NC7-eGFP, in addition to a construct driving neural crest-specific overexpression of TFAP2B (TFAP2AET:
TFAP2B). (/) mCherry reporter, Immunostaining for TFAP2B and the NCT enhancer reporter in embryos bilaterally electroporated with TFAP2AET:
TFAP2B. Ectopic expression of TFAP2B in early presumptive neural crest cells jumpstarts the specification program, as displayed by an increase in NC7 en-
hancer activity. (K) NCT enhancer reporter in embryos electroporated with TFAP2AET:TFAP2C. Ectopic expression of TFAP2C is unable to activate NCT en-
hancer activity. (L) Additional neural crest enhancers, Sox9E and Snai2E, display increased reporter activity upon premature TFAP2B expression. (M)
Quantitative RT-PCR for TFAP2B, as well as the specification genes SOX9, SNAI2, FOXD3, and SOX10 in FACS-sorted mCherry+ cells from control versus
TFAP2AET:TFAP2B-electroporated sides of bilaterally electroporated embryos. Premature expression of TFAP2B results in a significant increase in expression
of SOX9 and SNAI2. (N) Model for regulation of neural plate border induction and neural crest specification by TFAP2 heterodimer pairs. (4,G, L) Error bars,
SE. (HH) Hamburger Hamilton; (kd) knockdown; (oe) overexpression; (kb) kilobase. (*) P<0.05; (**) P<0.01; (***) P<0.001 (for number of embryos an-
alyzed, see also Supplemental Table S1).
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and the urochordate, Ciona intestinalis (Imai et al. 2017), at least
three TFAP2 paralogs have been discovered in lampreys, a lower
vertebrate species (Van Otterloo et al. 2012; Smith et al. 2018).
Therefore, it is likely that the appearance of the TFAP2-mediated
molecular switch coincided with the emergence of the neural crest
in ancient vertebrates. Thus, the TFAP2 family provides an excel-
lent example of how subfunctionalization among paralogs may
be used as an evolutionary strategy to diversify the functional rep-
ertoire of regulatory factors that control embryonic development.

Methods

Embryo transfection and perturbation experiments

Chick embryos at HH4-5 were transfected with morpholinos,
DsiRNAs and DNA constructs by ex ovo electroporation, as previously
described (Simdes-Costa et al. 2015). Detailed protocols may be
found in the Supplemental Methods.

Immunohistochemistry

For whole-mount immunohistochemistry, embryos were dissected
from the filter paper after fixation and washed in TBS containing
0.1% Triton X-100 and 1% DMSO (TBTD). Embryos were blocked
for 2 h in TBTD supplemented with 10% donkey serum and incu-
bated in primary antibody diluted in blocking solution, overnight
at 4°C.

Expression vectors

The TFAP2A, TFAP2B, and TFAP2C expression constructs were as-
sembled by insertion of the full-length cDNA sequence of avian
TFAP2A/B/C in a pCI-H2B-RFP backbone. All coding sequences
were PCR amplified from an HH8 cDNA library. Enhancer reporter
constructs were assembled as described (Simoes-Costa et al. 2012),
in which enhancer regions were cloned into ptk eGFP (Uchikawa
et al. 2003), such that enhancer activity drives GFP expression
(for primers used to amplify enhancer sequences, see Supplemen-
tal Table S4). All enhancer sequences were PCR amplified from a
chicken gDNA library. The Tfap2aE1:Tfap2b and Tfap2aE1:Tfap2c
constructs were cloned from the PCI-H2B-RFP-Tfap2b/c overex-
pression vectors by exchanging the CAG promoter with a Tfa-
p2aE1 insert.

Quantitative RT-PCR

To quantify TFAP2A, TFAP2B, and TFAP2C expression in embryos
over time, whole embryos were dissected and lysed directly in 100
pL of lysis buffer from the RNAqueous-micro total RNA isolation
kit (Thermo Fisher Scientific AM1931). RNA was purified accord-
ing to the kit’s protocol. cDNA was synthesized from total RNA us-
ing the SuperScript III first-strand synthesis system (Thermo Fisher
Scientific 18080051). Gene perturbation experiments were per-
formed as previously described (Bhattacharya et al. 2018), and de-
tailed methods are described in the Supplemental Methods.

ATAC-seq

For isolation of neural crest cells, embryos were transfected with 1
pg/ul of the enhancer reporter construct PTK-AP2aE1-eGPF
(Uchikawa et al. 2003). To obtain neural crest cells from different
stages, embryos were cultured until HH6 (8 h) and HH9 (13-14 h)
and screened for robust GFP expression in neural crest cells.
Embryo heads were dissected and incubated in Accumax
(Accutase SCR006) cell dissociation solution for 40 min at room
temperature (RT) under mild agitation. At least 20,000 GFP+ cells

from each stage were sorted into 200 uL of HANKS buffer supple-
mented with 0.5% BSA. ATAC-seq library preparation was per-
formed as previously described (Buenrostro et al. 2015). Detailed
methods and data analysis are described in the Supplemental
Methods.

CUT&RUN

Neural plate border/neural crest dissections were performed on
HH6/HH9 embryos (10 embryos/20 neural folds per experiment).
Cells were dissociated in Accumax (Accutase SCR0O06) cell dissoci-
ation solution for 20 min at RT under mild agitation. CUT&RUN
experiments were performed as previously described (Skene and
Henikoff 2017). Protein A-MNase was kindly provided by
Dr. Steve Henikoff. CUT&RUN for TFAP2A upon TFAP2B knock-
down was performed in the same manner, only using embryos
electroporated unilaterally with a DsiRNA for TFAP2B (IDT).
Neural crest dissections were performed on HH9 electroporated
embryos, and CUT&RUN was conducted on pooled tissues from
the control versus the knockdown sides of the embryos.

CUT&RUN library preparation

CUT&RUN libraries were prepared using the NEBNext ultra Il DNA
library prep kit (New England Biolabs E7645). Quality control of
prepared libraries was conducted using an ABI 3730x1 DNA analyz-
er for fragment analysis. Libraries were pooled to equimolar con-
centrations using the KAPA library quant kit ROX low qPCR mix
(Roche 07960336001) and sequenced with paired-end 37-bp reads
on an Illumina NextSeq 500 instrument. The data analysis pipe-
line is described in the Supplemental Methods.

RNA-seq

For isolation of neural crest cells, embryos were transfected with
1 pg/uL of an enhancer of the TFAP2A gene (Tfap2aEl)
(Attanasio et al. 2013) cloned into PTK-eGFP (Uchikawa et al.
2003). To obtain neural crest cells from different stages, embryos
were cultured until HH6 (8 h) and HH10 (13-14 h) and screened
for robust GFP expression in neural crest cells. Embryo heads
were dissected and incubated in Accumax (Accutase SCR006) cell
dissociation solution for 40 min at RT under mild agitation. At least
5000 GFP+ and GFP- cells from each stage were sorted directly into
100 pL of lysis buffer from the RNAqueous-micro total RNA isola-
tion kit (Thermo Fisher Scientific AM1931). Total RNA was isolated
according to the kit’s protocol. RNA was poly(A) selected using the
NEBNext Poly(A) mRNA magnetic isolation module (New England
Biolabs E7490). TruSeq-barcoded RNA-seq libraries were generated
with the NEBNext ultra II directional RNA library prep kit (New
England Biolabs E7760) and sequenced on an Illumina NextSeq
500 instrument with single-end 75-bp reads. The data analysis
pipeline is described in the Supplemental Methods.

Proximity ligation assays

To identify interactions between TFAP2A and TFAP2B/TFAP2C/
EP300/MSX1, we used the Duolink fluorescence approach
(Sigma-Aldrich DUO92101). Embryos of different developmental
stages were fixed with phosphate buffer (PB) containing 4% PFA
for 20 min and cryosectioned in OCT compound (VWR).
Primary antibody pairs used are listed in the Supplemental
Methods. The assay was performed according to the manufactur-
er’s instructions. PLA-positive puncta were quantified with a fluo-
rescent microscope. To quantify number of puncta per cell, we
specified a region of interest (ROI) at the neural plate border/dorsal
neural tube in addition to the neural plate/ventral neural tube to
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be used as a control. Number of cells (indicated via DAPI staining)
and number of puncta were counted within each ROI, and the
number of puncta were divided by the number of cells. The num-
ber of puncta/cell in the neural plate/ventral neural tube was sub-
tracted from that of the neural plate border/dorsal neural tube to
account for variation in background fluorescence between tissue
sections/experiments.

Coimmunoprecipitation

For co-IP experiments, the coding sequences of TFAP2A, TFAP2B,
TFAP2C, and LEF1 were fused to AVI and FLAG tags and cloned
into pCI-H2B-RFP. PCI-AVI-Tfap2a was coelectroporated into stage
HH4 embryos with PCI-FLAG-Tfap2b, PCI-FLAG-Tfap2c, PCI-
FLAG-Lef1, as well as with or without a construct containing the
BirA enzyme coding sequence. Embryos were incubated until stage
HHS8 and collected for IP. Electroporation efficiency was confirmed
by RFP expression before dissection. Nuclear extraction, co-IP, and
western blot was conducted as previously described (Simdes-Costa
et al. 2015), using MyOne streptavidin T1 Dynabeads (Thermo
Fisher Scientific).

Data access

All genomic data sets generated in this study have been submitted
to the NCBI Gene Expression Omnibus (GEO; https://www.ncbi
.nlm.nih.gov/geo/) under accession number GSE126880.
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