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Abstract

In developing melanocytes and in melanoma cells, multiple paralogs of the Activating-
enhancer-binding Protein 2 family of transcription factors (TFAP2) contribute to expression
of genes encoding pigmentation regulators, but their interaction with Microphthalmia tran-
scription factor (MITF), a master regulator of these cells, is unclear. Supporting the model
that TFAP2 facilitates MITF’s ability to activate expression of pigmentation genes, single-
cell seq analysis of zebrafish embryos revealed that pigmentation genes are only expressed
in the subset of mitfa-expressing cells that also express tfap2 paralogs. To test this model in
SK-MEL-28 melanoma cells we deleted the two TFAP2 paralogs with highest expression,
TFAP2A and TFAP2C, creating TFAP2 knockout (TFAP2-KO) cells. We then assessed
gene expression, chromatin accessibility, binding of TFAP2A and of MITF, and the chroma-
tin marks H3K27Ac and H3K27Me3 which are characteristic of active enhancers and
silenced chromatin, respectively. Integrated analyses of these datasets indicate TFAP2
paralogs directly activate enhancers near genes enriched for roles in pigmentation and pro-
liferation, and directly repress enhancers near genes enriched for roles in cell adhesion.
Consistently, compared to WT cells, TFAP2-KO cells proliferate less and adhere to one
another more. TFAP2 paralogs and MITF co-operatively activate a subset of enhancers,
with the former necessary for MITF binding and chromatin accessibility. By contrast, TFAP2
paralogs and MITF do not appear to co-operatively inhibit enhancers. These studies reveal
a mechanism by which TFAP2 profoundly influences the set of genes activated by MITF,
and thereby the phenotype of pigment cells and melanoma cells.
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Author summary

Differentiation of melanocytes, the pigment producing cells in skin, is controlled by a
gene regulatory network governed by the master regulator protein, MITF. Remarkably,
the level of MITF activity also determines the invasive, proliferative, or differentiated phe-
notype adopted by melanoma cells, which ultimately affects patient outcome. The TFAP2
family of transcription factors (TFAP2 paralogs) also regulate melanocyte differentiation
and melanoma phenotype. How MITF and TFAP2 cooperate to regulate these cellular
processes is largely unknown. Here, using a combination of genomic datasets, we show
that TFAP2 paralogs 1) redundantly promote embryonic melanocyte development and
accelerate pigmentation in zebrafish, 2) can maintain open or condensed chromatin, 3)
regulate MITF activity by facilitating its access to genes encoding regulators of pigmenta-
tion and cell proliferation, 4) inhibit enhancers of cell-cell adhesion genes. In these ways,
the presence or absence of TFAP2 paralogs mediates a phenotypic switch between cell
proliferation and cell-cell adhesion in a cell line model of melanoma, in part through their
interactions with MITF.

Introduction

Gene expression in developing melanocytes and melanoma, a cancer derived from the mela-
nocyte lineage, is regulated by transcription factors including Microphthalmia-associated tran-
scription factor (MITF) and members of the SOXE, PAX and TFAP2 families [1-11]. MITF is
required for differentiation of melanocytes during development, and its activity is regulated at
both the transcriptional and post-translational levels [3]. In melanoma cells, high levels of
MITF activity promote cell proliferation and pigmentation, while lower levels promote an
invasive phenotype [12,13]. Mass spectroscopy revealed that MITF interacts with components
of both the PBAF chromatin remodeling complex, including BRG1 and CDH?7, and the NURF
remodeling complex, including RBBP4 [14,15]. Furthermore, chromatin immunoprecipitation
of BRG1 in cells depleted of MITF revealed that MITF recruits BRG1 to the promoters of spe-
cific genes, including TYR, which encodes the rate-limiting enzyme in melanin synthesis
Tyrosinase [15]. Similar analysis suggested that SOX10 also recruits BRGI to chromatin, and
at some loci it does so in co-operation with MITF [15]. Conversely, there is evidence that
PAX3 inhibits the activity of MITF at the DCT promoter [16]. Furthermore, low MITF activity
is associated with an invasive phenotype, and deletion or knockdown of MITF results in upre-
gulation of genes that promote migration and invasion [17]. MITF CUT&RUN peaks are
found near some genes whose expression is upregulated in MITF mutant cells, implying that
MITF directly represses their expression [17]. This set of MITF peaks is enriched for the bind-
ing site of FOXC1, a transcriptional repressor [18], suggesting MITF has co-factors in its
repressive function as well as its activating one.

The activating enhancer-binding family of transcription factors, comprising five members,
TFAP2A-E, regulate development of many cell types and organs including neural crest, pla-
codes, epidermis, trophectoderm, heart, kidney, and brain [19-28]. In several contexts, includ-
ing melanocyte differentiation, TFAP2 paralogs function redundantly [10,29-31]. For
instance, in zebrafish tfap2a loss-of-function mutant embryos the number of melanocytes is
lower than normal and pigmentation is delayed relative to in wild-type embryos; this pheno-
type is exacerbated if tfap2a mutant embryos are also depleted of tfap2e expression with anti-
sense morpholinos [10]. In zebrafish melanoma Tfap2a and Tfap2e also appear to act
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redundantly to promote proliferation and, interestingly, to suppress cell adhesion and cell
migration [32]. Consistent with this, in the skin of mouse embryos with neural-crest specific
knockout of Tfap2a and Tfap2b, the two paralogs with highest expression, fewer-than-normal
cells express markers of melanocytes [33]. In addition, evidence exists for sub-functionaliza-
tion among Tfap2 paralogs [34]. Of note, while tfap2e is the paralog with highest expression in
zebrafish embryonic melanophores, its clear ortholog in mice, TfapZe, is not expressed in
embryonic melanocytes [35]. This suggests that during evolution there has been some shuf-
fling of the function of individual TFAP2 paralogs among species.

TFAP2 paralogs and MITF appear to co-activate certain genes. For instance, in a human
melanoma cell line, the in vitro enhancer activity of an element within an IRF4 intron
depended on the simultaneous binding of MITF and TFAP2 [36]. Further, in zebrafish tfap2a
and mitfa double mutant embryos there is a greater-than-additive reduction in the number,
and level of pigmentation, of melanocytes in comparison to single mutants [33]. Supporting
parallel function of Tfap2 paralogs and Mitfa, the promoters of MITF target genes are enriched
for TFAP2 consensus binding sites [15,37], and ChIP-seq experiments in primary melanocytes
indicate that TFAP2A and MITF bind overlapping regions of chromatin near genes encoding
regulators of pigmentation [33]. Collectively, these observations indicate that TFAP2 paralogs
co-activate a subset of MITF target genes by binding at the same enhancers. Still unclear, how-
ever, is whether TFAP2 paralogs and MITF act cooperatively or independently at enhancers
they co-regulate. It is also unclear whether they co-repress enhancers.

TFAP2 paralogs may serve as pioneer factors for MITF, although not all evidence supports
this possibility. Pioneer or initiating TFs can bind nucleosome-bound DNA and recruit other
TFs that lack this property called settler TFs (reviewed in [38,39,40]). Evidence that TFAP2
paralogs are pioneer factors includes, first, that the TFAP2 binding site is over-represented
within DNasel-protected “footprints” in mouse embryonic stem cells induced to differentiate
[41]. Second, TFAP2A catalyzes assisted loading of androgen receptor (AR) in epididymis cells
[42] and estrogen receptor in MCEF-7 cells [43]. Third, the TEAP2 binding site is enriched for
at the center of ATAC-seq peaks, implying it has a strong effect on chromatin accessibility
[44]. Fourth, ATAC-seq peaks in naive-stated human ESC showed reduced openness in
TFAP2C-KO cells [45], and forcing expression of TFAP2C in human ESC is sufficient to open
chromatin at loci where it binds [46]. Finally, TFAP2A, TFAP2B and TFAP2C can bind nucle-
osomes [47]. Together these findings support the possibility that TFAP2 displaces nucleo-
somes and thereby facilitates chromatin binding by MITF. However, it is not clear that MITF
needs a pioneer factor to bind chromatin. In the dynamic-assisted-loading model, all classes of
TFs have short residency on chromatin (reviewed in [38]). In this model, initiating TFs can
recruit ATP-dependent chromatin remodelers (nBAF, SWI/SNF, INO80, ISWI, NURD) and
thereby make chromatin accessible to other TFs, i.e., the assisted TFs [48]. Unlike the pioneer
factor model, the assisted-loading-model predicts that initiation factors are interchangeable,
and that the recruitment of chromatin remodeling complexes by initiation factors is depen-
dent on the local chromatin structure and accessibility [48]. As mentioned above, MITF binds
various components of the SWI/SNF complex [14,49,50] and the chromatin remodeler CHD7
[15] and so meets the criteria for an initiating factor. If the dynamic-assisted-loading model
holds in this situation, MITF would have no need for a pioneer factor like TFAP2 to assist its
binding to chromatin.

To address these questions, we used single cell RNA-sequencing (scRNA-seq) to investigate
the temporal order of gene expression of mitfa, tfap2 paralogs, and pigmentation regulators in
cells of the melanocyte lineage which were included among GFP-expressing cells isolated from
Tg(mitfa-GFP) zebrafish embryos at 28 hours post fertilization (hpf). Furthermore, to test how
TFAP2 paralogs affect enhancer activity and MITF binding, we deleted TFAP2 paralogs from
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SK-MEL-28 melanoma cells and assessed: nucleosome positioning, using the assay for trans-
posase-accessible chromatin with next generation sequencing (ATAC-seq); enhancer activity,
using cleavage under targets and release using nuclease (CUT&RUN) with anti-H3K27Ac,
anti-H3K4Me3, and anti-H3K27me3; and binding of MITF, using CUT&RUN with anti-
MITF. We similarly assessed binding of TFAP2A in wild-type cells and in those harboring loss
of function mutations in MITF. Our results support the notion that TFAP2 factors behave like
the canonical pioneer factor FOXA1: at many chromatin elements bound by TFAP2A, loss of
TFAP2 led to loss of enhancer activity, and in a large subset, it also resulted in chromatin
becoming condensed. At both subsets of TFAP2-activated enhancers, MITF binding was
TFAP2-dependent. In addition, we find evidence that TFAP2 paralogs can also inhibit enhanc-
ers, and at a subset of those, they exclude binding of MITF. Finally, the analyses suggest that
TFAP2 directly inhibits many of the same genes that MITF inhibits, but we do not find evi-
dence that TEAP2 and MITF co-repress the same enhancers. Together these findings illumi-
nate the mechanisms by which TFAP2 and MITF coordinately regulate differentiation of
melanocytes and the phenotype of melanoma cells.

Results

Expression of tfap2 paralogs in the melanocyte lineage precedes activation
of Mitfa transcriptional programs in-vivo

If Tfap2 paralogs cooperate with Mitf to promote expression of melanocyte differentiation
genes in-vivo, then high level expression of known Mitfa-target genes, including dct, pmel,
mreg (zgc:91968) and trpm1b, should only occur in cells that express both mitfa and tfap2 para-
logs. To test this prediction, we performed scRNA-seq on GFP” cells sorted from Tg(mitfa:
GFP) transgenic zebrafish embryos at 28 hours post fertilization (hpf) using the 10x Chro-
mium system. We sequenced 11,217 cellular transcriptomes and visualized the data in two-
dimensional space using Seurat [51] and uniform and manifold approximation and projection
(UMAP) [52] (Fig 1A). We assigned cell-type annotations using previously identified marker
genes [53-56] and information from the Zebrafish Information Network (ZFIN) [57]. The 28
clusters comprised 11 cell types (Fig 1A); neural crest and basal cell lineages were the most
strongly represented (S1A-S1C Fig). Interestingly, only a minority of the clusters expressed
mitfa. Sorted cells that express GFP but not mitfa presumably reflect either non-specific activ-
ity of the mitfa promoter used in the transgene or earlier transient expression of mitfa revealed
by the long half-life of GFP; importantly, for the upcoming analysis, such cells did not express
pigmentation genes. We focused on sox10-positive clusters 6-12 as these comprised all stages
of the melanocyte lineage, including all mitfa-expressing cells (S1D Fig). Re-clustering of
sox10-positive cells identified ten clusters (Fig 1B). Two of these were neural crest (NC) cell
populations which shared expression of bona fide NC markers (foxd3 and sox10), but were dis-
tinguished by expression in one cluster of members of the Notch signaling pathway (her6, her4
and her12); this cluster may represent migrating cardiac or cranial NC populations [58] (Figs
1C, S2A and S2D). In addition, two clusters expressed markers of a tripotent precursor of
melanoblasts, iridoblasts, and xanthoblasts (cdknlca, slc15a2, ino80e, id3, mycn, tfec), called
MIX cells [59-62] (S2B Fig). Interestingly, while both MIX clusters express tfap2a, the clusters
differed by one and not the other expressing tfap2e and tfap2b - indeed these genes were
ranked first and third, respectively, among those differentially expressed between the two MIX
clusters (Figs 1G, S3A and Table A in S1 Table). Therefore, we will refer to the two MIX clus-
ters as tfap2-low and tfap2-high (Fig 1B). An additional cluster expressed high levels of mela-
noblast/ xanthoblast markers (mitfa, impdh1b, gch2, id3) suggesting it corresponds to the
previously described MX cluster [59-62]. Another cluster corresponding to differentiated
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Fig 1. Expression of tfap2 paralogs in the melanophore lineage precedes activation of Mitfa-target genes in-vivo. (A) Uniform Manifold Approximation and
Projection (UMAP) obtained after clustering (dimensions, dims = 30, resolution = 1.2) GFP+ cells (n = 11,217 cells) sorted from Tg(mitfa:GFP) zebrafish
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embryos at 28 hours post fertilization (hpf). Annotated cell clusters as labelled. (B) UMAP obtained after re-clustering sox10-expressing clusters 6-12 (n = 1918
cells). Black line—Monocle pseudotime trajectory analysis starting at foxd3+ neural crest cells showing the progression through different pigment cell clusters as
shown. (C-F) Violin plots showing expression of select genes foxd3, mitfa, tfap2e and dct for each cell cluster represented in B. Blue arrows point to the MIX-
tfap2-low cluster, and show that mitfa, but not pigmentation genes, are expressed in this cluster (tfap2a is also expressed in this cluster). Red arrows point to the
MIX-tfap2-high cluster, and show that mitfa, tfap2e, and pigmentation genes are expressed in this cluster. (G) Dot plot representing the expression of sox10,
tfap2 paralogs, mitfa and Mitfa-target genes, and the percentage of cells expressing these genes in neural crest, MIX, MX and melanophore clusters. Expression
of tfap2 paralogs are highlighted in MIX tfap2-low and MIX tfap2-high clusters (red box). Size of dots represents percentage of cells expressing the gene, and
blue-red scale (low-high) represents relative average expression among cells. (H-K) Lateral views of head and trunk of live embryos at 29 hpf, anterior to the left
and dorsal to the top. Genotype as shown. Boxes, regions magnified in accompanying panels H-K.” (H-H’) A wild-type or heterozygous mutant (sibling)
embryo with normal melanophores (white arrowheads). (I-I’) A tfap2¢*’*”**” embryo, with melanophores that are normal in terms of number, differentiation
and pigmentation (white arrowheads). (J-J’) A tfap2a™*"*" homozygous mutant embryo, with fewer melanophores than tfap2¢*°7*/57 and WT sibling
embryos. (K-K°) A tfap2a’®"; tfap2e 1577157 double-mutant embryo, with fewer and paler melanophores than in tfap2a™"" siblings. (L) Box plot
illustrating the number of pigmented melanophores in the dorsum of tfap2a'"", tfap2a"""*"; tfap2e*’ 17, and tfap2a'"""*"; tfap2¢" 757 double mutant
embryos at 36 hpf. Center line, mean; box limits, upper and lower quartiles; whiskers, minimum and maximum values; black dots, number of melanocytes per
individual embryo (tfap2a™""*"; n = 9, tfap2a'™"""; tfap2e™*"'”; n = 32, tfap2a'"""; tfap2¢">7*!157, n = 10). P-value according to the Student’s t-test.

https://doi.org/10.1371/journal.pgen.1010207.9001

melanophores, was similar to the MX cluster but, perhaps surprisingly, expressed lower levels
of mitfa, tfap2a, tfap2e, and tyr than the MX cluster (Figs 1F-1G and S4A and S4B). Other
cluster pairs corresponding to xanthoblasts and xanthophores, and to iridoblasts and irido-
phores, were identified (Figs 1B and S2C and S2D).

Pseudotime analysis supports a lineage trajectory for the melanophore lineage leading from
NC, to tfap2-low MIX cells, to tfap2-high MIX cells, to MX, to melanophores (Fig 1B). Within
this trajectory, despite expression of mitfa in both tfap2-low and tfap2-high MIX clusters,
expression of select pigmentation genes (dct, pmel, mreg and trpm1b) is first detected in tfap2-
high MIX cells, and becomes higher in MX cells concomitant with higher level expression of
mitfa and of tfap2e (Figs 1C-1G and S4A and S4B). These data support a cooperative role for
Mitfa and Tfap2 paralogs in activation of pigmentation genes.

Tfap2a and Tfap2e redundantly promote the differentiation of zebrafish
embryonic melanocytes

The scRNA-seq analysis revealed expression of four tfap2 paralogs at some point within the
embryonic melanophore lineage, i.e., in NC cells (tfap2a), in tfap2-low MIX cells (tfap2a),
tfap2-high MIX cells (tfap2a, tfap2b, tfap2c, and tfap2e), and in MX (tfap2a, tfap2c and tfap2e)
(Figs 1G and S3A); expression of all tfap2 paralogs is reduced upon terminal differentiation of
melanophores (cluster 10). An overt phenotype of reduced melanocyte numbers and delayed
melanization is evident in tfap2a mutants [23,63,64] and morphants [65], but not in tfap2b
morphants [56], tfap2c mutants [29,66], or tfap2e morphants [10]. However, depletion of
tfap2e from tfap2a mutants yields a more severe phenotype of reduced melanocyte numbers
and delayed melanization in comparison to control-MO-injected tfap2a mutants [10]. Here
we used zinc finger nucleases to generate a 157bp deletion of exon 2 in tfap2e. Similar to the
findings with morpholinos, homozygous mutants were phenotypically normal (S5A-S5C Fig)
while tfap2a/tfap2e double mutants had fewer embryonic melanophores than tfap2a single
mutants, and pigmentation was further delayed (Fig 1H-1L). Nonetheless, by 48 hpf the inten-
sity of pigmentation within individual melanophores was not overtly different between wild-
type and tfap2a/tfap2e double mutants (S5G-S5] Fig).

Importantly, the phenotypes in single or double mutants thus far examined may be sup-
pressed by compensatory upregulation of other Tfap2 paralogs. Indeed, we detected upregu-
lated expression of tfap2c in tfap2a mutants and in tfap2a/tfap2e double mutants, presumably
driven by non-sense mediated decay (S6 Fig) [91]. In conclusion, the in-vivo consequence of
loss of Tfap2 function upon melanophore differentiation is difficult to assess because of the
potential for redundant function among Tfap2 paralogs and because of pleiotropy (see
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Discussion); nonetheless mutant embryos with lower-than-normal expression of tfap2 para-
logs exhibit fewer melanophores than wild-types, and these melanophores are delayed in
pigmentation.

TFAP2A binds open and closed chromatin

To test how TFAP2 paralogs interact with MITF we switched to a cell line model. We chose
the SK-MEL-28 melanoma cell line because we have deleted all alleles of MITF from this cell
line and have evaluated MITF binding genome-wide using CUT&RUN [17]. Here we carried
out (1) CUT&RUN using antibodies to TFAP2A (i.e., TEAP2A peaks), (2) CUT&RUN using
antibodies to chromatin marks indicative of active regulatory elements (H3K27Ac and
H3K4Me3) [67,68] and indicative of inactive chromatin (H3K27Me3) [69], and (3) ATAC-seq
to distinguish between open and closed chromatin [70]. We used IgG as a background control
and the MACS2 software to call peaks in each CUT&RUN dataset (S7A and S7B Fig). Based
on proximity to transcriptional start sites (TSS), about one-third of TFAP2A peaks appeared
proximal to promoters (within 3kb of a TSS). As expected, these elements had strong
H3K4Me3 signal (S7B Fig). At promoter-proximal TFAP2A peaks, the H3K27Ac signal in
WT cells was relatively consistent, whereas at promoter-distal TFAP2A peaks (greater than 3
kb but within 100 kb of a TSS) the H3K27Ac signal ranged from high to background level
(S7B and S7C Fig). About two-thirds of TFAP2A peaks overlapped ATAC-seq peaks, indicat-
ing that they were in open chromatin (S7D and S7E Fig). Of note, the read depth (height) of a
peak approximates the number of chromosome molecules where TFAP2A binds. The average
read depth of the TFAP2A peaks in closed chromatin was only about 50% of that in open chro-
matin but was nonetheless 80-fold higher than the IgG background read depth (S7D, S7E,
S8A and S8B Figs for example loci). Importantly, the TFAP2 binding site was strongly
enriched for in both TFAP2A-bound elements where the local ATAC-seq signal was called as
a peak and in counterparts where it was not (p < 1 x 107"7%* and p < 1 x 107", respectively),
supporting the idea that TEAP2A binds DNA directly even when the DNA is occupied by
nucleosomes (S8C and S8D Fig). These results indicate that TFAP2A binds at both open and
closed chromatin, consistent with it being a pioneer factor, and at enhancers and promoters
with a range of activity levels.

At a subset of TFAP2-activated enhancers, TFAP2 is necessary for
chromatin accessibility

Having shown that TEAP2A can bind closed chromatin, we next asked whether TFAP2 factors
play a role in opening chromatin. We used CRISPR/Cas9 methods to introduce frame-shift
mutations into TFAP2A and TFAP2C, the TFAP2 genes with high expression in SK-MEL-28
cells (S9A-S9D Fig). We then carried out RNA-seq, ATAC-seq, and CUT&RUN with anti-
bodies to H3K27Ac¢, H3K4Me3, and H3K27Me3, in two independent knockout clones (hereat-
ter, TEAP2-KO cells). Western blot analysis showed an absence of immunoreactivity for both
proteins (S9E Fig). Control clones (hereafter WT cells) were derived from the parental
SK-MEL-28 line transiently transfected with Cas9 but not with guide RNAs. RNA-seq revealed
that expression of 532 genes was downregulated, and expression of 609 genes was upregulated,
in TFAP2-KO cells (i.e., in both clones) versus in WT cells. We will refer to these sets as TFA-
P2-activated genes and TFAP2-inhibited genes, respectively.

We defined TFAP2-activated enhancers as TFAP2A peaks a) that overlap H3K27Ac and
ATAC-seq peaks in WT cells (21,745/ 36,948, or 59% of all TEAP2A peaks), b) that are greater
than 3 kb from a transcription start site (11,005/ 21,745, or 51% of TEAP2A peaks at
H3K27Ac/ATAC peaks), and c) where the H3K27Ac signal was significantly lower in TFAP2-
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KO cells relative to in WT cells (adj p < 0.05, log2FC <-1; 3,858/11,005 or 35% of TFAP2A-
bound enhancers). Interestingly, at about half the TFAP2-activated enhancers (2002/3858), the
ATAC-seq signal was significantly lower in TFAP2-KO versus in WT cells (adj. p < 0.05,
log2FC <-1) (Figs 2 and 3A, 3E-3E’). The open status of these loci depends on TFAP2 para-
logs, and we therefore infer that TFAP2 paralogs directly or indirectly recruit the nucleosome-
displacing machinery. We further infer that TFAP2 paralogs bound these loci as closed chro-
matin, but it is also possible they bound to another pioneer factor present at these loci. In
either case, it participates in a pioneering function, and we refer to this subset of enhancers as
TFAP2-pioneered-and-activated enhancers (Fig 2 Box 1A). We refer to the subset where
ATAC-seq signal is unchanged between TFAP2-KO and WT cells as non-pioneered TFA-
P2-activated enhancers (Fig 2 Box 1B and Fig 3B, 3F-3F).

Both TFAP2-pioneered-and-activated enhancers and non-pioneered TFAP2-activated
enhancers were associated with TFAP2-activated genes. Interestingly, the association was
stronger for the former subset (Fig 3I and 3] and Table 1, compare rows 4 and 5). Moreover,
at both subsets, the H3K4Me3 signal, which is associated with enhancer activity [68], was
reduced in TFAP2-KO cells relative to WT cells (Fig 3E” and 3F”). While both subsets were
strongly enriched for the TFAP2 binding site and certain other binding sites (e.g., RUNX), the
subset pioneered by TFAP2 was more strongly enriched for the SOXE and MITF binding sites,
while the non-pioneered subset was more strongly enriched for the FRA1, TEAD and the ZFX
binding sites (Fig 3M and 3N). Of note, FRA1 is a pioneer factor [71] which could explain
why these elements do not depend on TFAP?2 to be free of nucleosomes.

TFAP2 paralogs inhibit enhancers by blocking the opening of chromatin

Because of evidence that TFAP2A directly represses gene expression [72-74] we next sought to
identify enhancers directly inhibited by TFAP2 paralogs. To this end we filtered promoter-dis-
tal TFAP2A peaks for those where the local H3K27Ac signal was higher in TFAP2-KO cells
than in WT cells (adj. p <0.05, log2FC>1). Analogously to TFAP2-activated enhancers, TFA-
P2-inhibited enhancers were split between a subset where the ATAC-seq signal was higher in
TFAP2-KO cells than in WT cells (as illustrated in Figs 2 Box 2A, 3C and 3G-3G’), implying
TFAP2 paralogs maintain condensed chromatin at these sites, and a subset where it was
unchanged (Figs 2 Box 2B, 3D and 3H-3H’). The first but not the second subset was signifi-
cantly associated with TFAP2-inhibited genes (Fig 3K and Table 1), and the average
H3K4Me3 signal at the first but not the second subset was higher in TFAP2-KO cells than in
WT cells (Fig 3G” and 3H”). We define these enhancers as TFAP2-pioneered-and-inhibited.
The binding site for TFAP2 was strongly enriched for in these enhancers, as were those for
ETS1 and CTCF (Fig 30), both transcriptional repressors [75,76]. By contrast, the subset of
candidate TFAP2-inhibited enhancers where the ATAC- and average H3K4Me3 signals were
unchanged between TFAP2-KO and WT cells was not associated with TEAP2-inhibited genes.
We infer these elements are not, in fact, TFAP2-inhibited enhancers. In conclusion, at TFA-
P2-inhibited enhancers TFAP2 recruits and/or retains a machinery that condenses chromatin
and inhibits enhancer activity; the canonical pioneer factor FOXA1 also has this potential
[77,78]. Alternatively, TEAP2 itself may instead play a distinct role in keeping enhancers closed
rather than actively closing them from a presumed prior open state.

We analyzed whether TFAP2 paralogs directly activate or directly inhibit promoters, and
how they do so. Although TFAP2A peaks are frequently found at promoters (8277 genes have
a TFAP2A peak within 3 kb of the TSS), it was uncommon for the underlying H3K27Ac and
H3K4Me3 signals to be elevated (or reduced) in TFAP2-KO cells relative to WT cells. Based
on this quality, we found 119 candidates for directly TEAP2-activated promoters, and 31
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Fig 2. Categories of TFAP2-regulated enhancers. Box 1: TFAP2A peaks at open and active chromatin. (1A)
TFAP2-pioneered-and-activated enhancers show reduced nucleosome accessibility (ATAC-seq) and reduced levels of active
chromatin marks (H3K27Ac and H3K4Me3) in TFAP2-KO cells compared to in WT cells. We infer that TFAP2 paralogs
pioneer chromatin access for transcriptional co-activators, like MITF and SOX10 (purple box), that in turn recruit chromatin
remodelling enzymes and histone modifying enzymes. (1B) Non-pioneered TFAP2-activated enhancers show loss of active
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chromatin marks but unchanged nucleosome accessibility in TFAP2-KO cells compared to in WT cells. At these enhancers,
we infer that TEAP2 paralogs recruit the binding of transcription factors that, in turn, recruit histone modifying enzymes.
TFAP2 paralogs also may recruit such enzymes. It is possible that these elements are stably pioneered by TFAP2 paralogs [94].
(1C) At TFAP2-independent elements, neither the nucleosome accessibility nor active histone marks are altered in TFAP2-
KO cells relative to in WT cells. Both types of TFAP2-activated enhancer are significantly enriched near genes whose
expression is reduced in TFAP2-KO cells relative to in WT cells (i.e., TFAP2-activated genes). Such genes are associated with
the gene ontology (GO) terms cell proliferation and pigmentation. TEAP2-independent elements are associated with neither
TFAP2-activated nor TEAP2-inhibited genes. Box 2: TFAP2A peaks at closed and inactive chromatin. (2A)
TFAP2-pioneered-and-inhibited enhancers show increased nucleosome accessibility and increased levels active chromatin
marks in TFAP2-KO cells compared to in WT cells. At these sites we infer that TFAP2 paralogs recruit or stabilize the binding
of enzymes that condense chromatin and that inhibit the binding of transcriptional activators that are otherwise inclined to
bind at them. These elements are significantly enriched near genes whose expression is elevated in TFAP2-KO cells relative to
in WT cells (i.e., TFAP2-inhibited genes). Such genes were associated with the GO terms cell-cell adhesion and cell migration.
(2B) At TFAP2-independent elements, neither the nucleosome accessibility nor active histone marks are altered in TFAP2-
KO cells relative to in WT cells. These elements were associated with neither TFAP2-activated nor TFAP2-inhibited genes.

https://doi.org/10.1371/journal.pgen.1010207.9002

candidates for directly TFAP2-inhibited promoters. Nonetheless, similar to the trends for
TFAP2 regulated enhancers, the pioneered subset of directly TEAP2-activated promoters was
more strongly associated with TFAP2-activated genes than the non-pioneered subset, and only
the pioneered subset of TEAP2-inhibited promoters was associated with TFAP2-inhibited
genes (S1I0A-S10L Fig and additional examples in S11A and S11B Fig).

Interestingly, at the majority of TFAP2A peaks, whether at open or closed chromatin, nei-
ther the ATAC-seq nor H3K27Ac signals were TFAP2-dependent. This large subset of quies-
cent TFAP2A peaks was associated with neither TFAP2-activated nor TFAP2-inhibited genes
(Table 1, row 10). In contrast to the quiescent subset of peaks, the set of all TFAP2A peaks was
modestly associated with TFAP2-activated genes (Table 1, row 9). Nonetheless, we infer that
the common practice of using ChIP-seq or CUT&RUN-seq data to identify genes directly reg-
ulated by a transcription factor is subject to false positives.

At a subset of MITF/TFAP2 co-bound peaks, TFAP2 paralogs facilitate
MITF binding

A prediction of the TEAP2-as-pioneer-factor model is that binding of transcription factors,
like MITF, will depend on TFAP2. Among 36,621 MITF peaks in WT SK-MEL-28 cells that
we previously identified by CUT&RUN [17], we found that 15,752 (43%) overlap a TFAP2A
peak. Of these, 9,413 (60%) were within open and active (i.e., ATAC+ and H3K27Ac+) chro-
matin (S12A Fig). To assess MITF binding in the absence of TFAP2, we carried out anti-
MITF CUT&RUN in TFAP2-KO cell lines. Of note, as MITF RNA levels in TFAP2-KO cells
are only about 40-50% of those in WT cells, an across-the-board decrease in the average height
(read depth) of MITF peaks was possible. Instead, we observed that the average height of
MITF peaks not overlapping TFAP2A peaks was equivalent in TFAP2-KO cells and in WT
(S12B and S12D Fig for example at MLANA). By contrast, the height of about 35% (5,443
/15,752) of MITF peaks overlapping TFAP2A peaks was significantly lower in TFAP2-KO cells
than in WT cells (adj. p <0.05, log2FC < -1). (Figs 4A-4D, S12C-S12D and all replicates
shown in S13 Fig). We refer to these as directly TEAP2-activated MITF peaks.

We reasoned that TFAP2 paralogs could facilitate MITF binding by displacing nucleosomes
(i.e., in pioneer factor mode) or alternatively by elevating MITF’s affinity for open DNA. Con-
sistent with both models, we observed that directly TFAP2-activated MITF peaks fall in three
subsets with respect to the TFAP2-dependence of the underlying ATAC-seq signal. Thus, at
about 57% (3,083/5,443) of directly TEAP2-activated MITF peaks the ATAC-seq signal was
significantly lower (Fig 4B, 4C and 4F-4F’), at 37% (2,022/5,443) it was unchanged (Fig 4D
and 4H-4H’), and at 6% it was higher (S14A and S14A’ Fig) in TFAP2-KO cells compared to
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Fig 3. TFAP2 paralogs facilitate gene expression by opening and condensing chromatin. (A-D) Screenshot of IGV genome browser
(GRCH37/hg19), visualizing anti-TFAP2A CUT&RUN-seq (red), ATAC-seq (black), anti-H3K4Me3 CUT&RUN-seq (blue), anti-
H3K27Ac CUT&RUN-seq (green) and RNA-seq (magenta) datasets at: (A) an TFAP2-pioneered-and-activated enhancer at the PAX3
(+60 kb) locus; (B) a non-pioneered TFAP2A-activated enhancer at the ENTPD6 (+26kb) locus; (C) an TFAP2-pioneered-and-inhibited
enhancer at the ADAM19 (+21 kb) locus; and (D) a non-pioneered TFAP2A-inhibited enhancer at the FGF5 (+40kb) locus. Genotypes
as labeled; y-axis in E applies to E-H, etc. (E-H”) Violin plots conveying normalized reads of (E-H) anti-H3K27Ac (two independent
replicates), (E-H’) ATAC-seq (four independent replicates) and (E”-H”) anti-H3K4Me3 (two independent replicates) CUT&RUN-seq
at E-E”) TFAP2-pioneered-and-activated enhancers, (F-F”) non-pioneered TFAP2-activated enhancers, (G-G”) TFAP2-pioneered-and-
inhibited enhancers, and (H-H”) non-pioneered TFAP2-inhibited enhancers. The number of peaks in each group is indicated. P-values
shown were determined by Student’s t-test. (I-L) Hypergeometric analysis of TFAP2 regulated enhancers at TEAP2-activated (*) and
TFAP2-inhibited (**) genes in WT cells (FDR < 0.05, |log2FC| > 1). ns; not significant. (M-O) Enrichment of transcription factor
binding motifs at (M) TFAP2-pioneered-and-activated enhancers, at (N) non-pioneered TFAP2-activated enhancers and at (O)
TFAP2-pioneered-and-inhibited enhancers as determined using HOMER motif analysis. P values were calculated using ZOOPS scoring
(zero or one occurrence per sequence) coupled with hypergeometric enrichment analysis. TF; transcription factor.

https://doi.org/10.1371/journal.pgen.1010207.9003

WT cells. The first two subsets were strongly associated with TFAP2-activated genes (Hyper-
geometric test; p-value = 8.4 x 107>° and p-value = 1.07 x 10" respectively) and with MITE-
activated genes (Hypergeometric test; p-value = 1.16 x 102" and p-value = 4.3 x 10™"" respec-
tively) (Fig 4F” and 4H’ and Table 2). We infer that at the first subset of TEAP2-dependent
MITF peaks, TFAP2 is a pioneer factor (or participates in pioneering function), facilitating
access to chromatin for MITF and other transcription factors (illustrated in Fig 4F”). Support-
ing this prediction, the transcription factor binding sites for MITF, SOX10, RUNX and FRA1
were strongly enriched at such elements (Fig 4F”). At the second subset, TFAP2 is a

Table 1. TFAP2-regulated enhancers and their association with TFAP2-regulated genes (Fisher’s Exact Test, hypergeometric analysis).

Effect of TFAP2 on: Association with TFAP2- activated | Association with TFAP2-inhibited
genes genes
Enhancer H3K27Ac Chromatin N (# of p-value |Log2FC| >1 p-value |Log2FC| >1
elements)
All TFAP2-activated Increases Any effect or 3,838 1.12x107** ns
none
TFAP2-pioneered-and- Increases Opens 2,002 3.7x107% ns
activated
Non-pioneered Increases None 1,836 21x10712 ns
TFAP2-activated
All TFAP2-inhibited Decreases Any effect or 1,304 ns 48x107°
none
TFAP2-pioneered-and- Decreases Condenses 864 ns 9.44x 107"
inhibited
Non-pioneered Decreases None 440 ns ns
TFAP2-Inhibited
All TFAP2A peaks Any effect or Any effect or 36,948 24x107% ns
none none
TFAP2A peaks None None 23,735 ns ns

Column 1: groups of enhancers directly bound by TFAP2A, determined by CUT&RUN. Pioneered, refers to the set of enhancers where the chromatin is opened or
condensed by TFAP2. Non-pioneered, refers to the set of enhancers where only the H3K27Ac signal is activated or repressed by TFAP2 (i.e. where the ATAC-Seq signal
is independent of TFAP2 binding). Columns 2-3: TFAP2-dependent H3K27Ac signal (increased or decreased) and/or TFAP2-dependent nucleosome depleted regions
(ATAC-Seq; opened or condensed) at TFAP2 bound enhancers. Column 4: the number of target elements regulated by TFAP2. Columns 5-6: the effect of TFAP2 on
gene expression (two independent clones, 4 replicates each) and WT (4 replicates). Differential gene expression (adjusted p-value < 0.05) in TFAP2-KO cells and WT
cells was determined by RNA-Seq. The p-value from the Fisher’s Exact Test in which the null hypothesis is that no association exists. DEG: differentially expressed
genes. Attention should be focused on columns 5-6 which indicate the strength of association between the regulation status of a gene and the TFAP2-regulated
enhancer of interest; significant associations are highlighted yellow. ns; not statistically significant.

https://doi.org/10.1371/journal.pgen.1010207.t001
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Fig 4. TFAP2 paralogs facilitate chromatin access by MITF. (A) Density heatmaps of anti-MITF CUT&RUN-seq in WT and TFAP2-
KO SK-MEL-28 cells, and anti-TFAP2 CUT&RUN-seq in WT and MITF-KO SK-MEL-28 cells at TEAP2-dependent MITF peaks (first
cluster), mutually dependent peaks (second cluster) and TFAP2-inhibited MITF peaks (third cluster). Number of peaks in each group as
labelled. Regions shown are +/- 3 kb from peak center, normalized reads (RPKM). (B-E) Screenshot of IGV genome browser (GRCH37/
hg19), showing anti-TFAP2A (red) CUT&RUN-seq in WT and MITF-KO cells, and anti-MITF (blue) CUT&RUN-seq, ATAC-seq
(black) and anti-H3K27Ac (green) CUT&RUN-seq profiles in WT and TFAP2-KO cells. Examples of MITF binding at (B) a
TFAP2-pioneered-and-activated enhancer (C) a TEAP2-pioneered-and-activated promoter (D) a non-pioneered TFAP2-activated
enhancer and (E) a TEAP2-pioneered-and-inhibited enhancer. Genotypes as labeled; y-axis in F applies to F-1, etc. (F-I’) Violin plots
representing (F,G,H,I) anti-MITF CUT&RUN-seq (two independent replicates), and (F’, G’,H’, I’) ATAC-seq (four independent
replicates) at the indicated number of peaks. P-value according to Student’s t-test, ns; not statistically significant, normalized reads
RPKM. Association with gene expression; hypergeometric analysis of TEAP2-dependent and TFAP2-inhibited MITF peaks are shown at
TFAP2-activated and MITF-activated genes (FDR < 0.05, 10g2FC > |1). (F”- I””) Schematic representation of TEAP2-pioneered-and-
activated, TFAP2-activated and TFAP2-inhibited MITF peaks as labelled; B; BAF complex (SWI/SNF), P; alternative pioneer factor. R;
repressor protein. Transcription factor binding sites indicated by small rectangles, TFAP2 (red), MITF (blue) and alternative pioneer
factor (yellow), example activator SOX10 (green). (F”’-I"’) Enrichment of transcription factor motifs using HOMER at (F*”)
TFAP2-pioneered -and-activated MITF peaks, (G™) non-pioneered TFAP2-activated MITF peaks, (H””) mutually dependent peaks and
(I’”) TFAP2-inhibited MITF peaks. TF; transcription factor.

https://doi.org/10.1371/journal.pgen.1010207.9004

transcriptional activator that recruits MITF, also functioning as a transcriptional activator; we
presume another protein serves as a pioneer factor at this subset (illustrated in Fig 4H”). Con-
sistent with this notion, the binding site for JUN, a widely deployed pioneer factor [79], site is
strongly enriched in these elements (Fig 4H™’). Examples are shown of TFAP2-activated
MITF peaks near FRMD4B, CYP7BI1, TRPM1, SOX9, EDNRB, MREG, GPR143, SNAI2,
MEF2C, MYOS5A, PAX3, ENI and FOXI3 genes (Figs 4B-4D and S12D). At the third subset
of TFAP2-dependent MITF peaks, where ATAC-seq signal was higher in TFAP2-KO cells
than in WT cells (S14A-S14A’ Fig), TEAP2 may serve as a pioneer factor for MITF in MITF’s
proposed role as transcriptional repressor [17] (illustrated in S14A” Fig). However, this cate-
gory of element was not enriched near genes inhibited by either TEAP2 or MITF (Hypergeo-
metric test; p-value = 6.02 x 10~°* and p-value = 9.12 x 10~ respectively). In summary, these
results are consistent with TFAP2 facilitating access for MITF as a transcriptional activator to
enhancers in both pioneer-factor and non-pioneer factor modes.

To test whether, reciprocally, TFAP2A binding depended on MITF, we carried out anti-
TFAP2A CUT&RUN in MITF-KO cells. TFAP2A mRNA and protein levels were equivalent in
MITF-KO and WT cells (S9E Fig), and the average TFAP2A peak height was globally equivalent
as determined by CUT&RUN. At 13% (717/ 5334) of TEAP2-dependent MITF peaks, the
TFAP2A peak was significantly reduced in MITF-KO cells (Fig 4A and 4C). At such loci, the
average ATAC-seq signal was reduced in TFAP2-KO cells as compared to WT cells (Fig 4C and
4G-4G’). We termed these peaks mutually-dependent (i.e., mutually-activated peaks) (illus-
trated in Fig 4G”). Interestingly, mutually-dependent MITE/ TFAP2 peaks were enriched in
binding motifs for TFAP2, MITF, BRM2 and TEAD4 but, unlike the other subsets of TFAP2-ac-
tivated MITF peaks, not for SOXE (Fig 4H™). SOX10 co-binds many loci together with MITF
[15] and if SOX10 is absent from mutually-dependent peaks this may explain the dependence of
TFAP2A binding on MITF at these sites. At ~40% (288/ 717) of the mutually dependent peaks,
and in the gene body surrounding these peaks, the repressive histone mark H3K27Me3, known
to be applied by the polycomb complex [69,80], was significantly higher in MITF-KO cells rela-
tive to WT cells but, unexpectedly, not in TFAP2-KO cells relative to WT cells, even though
MITF binding was lower in TFAP2-KO cells (illustrated in Figs 4G” and S12E-S12G).

In summary, the binding of MITF depends on TFAP2 at about one third of MITF peaks
that overlap TFAP2A peaks. Such TFAP2-activated MITF binding occurs both at loci where
nucleosome packing depends on TFAP2 (pioneer factor mode) and where it does not (non-
pioneer factor mode). At a subset of the former, but none of the latter, TFAP2A binding is,
reciprocally, MITF-dependent.
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At a subset of MITF/TFAP2A co-bound peaks, TFAP2 paralogs inhibit
chromatin access for MITF

In Fig 3 we established that at some TFAP2A peaks, TFAP2 paralogs maintain closed chroma-
tin, and presumably inhibit binding of transcription factors. Consistent with this prediction,
among MITF peaks overlapping TFAP2A peaks, 10% (1,605) of the MITF peaks were higher
in TFAP2-KO cells than in WT cells (Figs 4A, 4E and S13), implying TFAP2 paralogs inhibit
binding of MITF at this subset. At most peaks within this subset (58%, 924/1,605), the ATAC-
seq signal was also significantly higher in TFAP2-KO cells versus WT cells (violin plots, Fig 41,
41’ and illustrated in Fig 41”), implying TFAP2 maintains condensed chromatin at this subset.
DNA elements underlying this subset were enriched for transcription factor binding sites
including those for SP1, NFY, JUN and TFE3 (Fig 41”). Moreover, these elements were mod-
estly associated with TFAP2-inhibited genes (Table 25 row 8).

Of note, at the majority of MITF peaks that overlap TFAP2A peaks (65%, 10,418/ 15,752),
the height of the MITF peak was equivalent in TFAP2-KO and WT cells (TFAP2-independent
MITF peaks) (S13 and S15A Figs), implying TFAP2 paralogs neither recruit nor repel MITF
at these sites. Interestingly, such TFAP2-independent MITF peaks were not strongly enriched
for the TFAP2 binding site (S15A Fig), implying that TFAP2 is attracted to many of these sites
via other proteins rather than binding directly to the DNA. Such indirect binding may be less
avid, as the average height of TFAP2-independent MITF peaks was smaller than that of
TFAP2-dependent MITF peaks (S13 Fig, compare MITF signal in first and fourth cluster WT
cells). As expected, TFAP2-independent MITF peaks were associated neither with TEAP2-acti-
vated nor TFAP2-inhibited genes (Table 2; row 10).

TFAP2 and MITF co-regulate genes in the melanocyte gene regulatory
network

The delayed pigmentation in zebrafish tfap2a/tfap2e double mutants, and the reduced expres-
sion of many pigmentation genes in TFAP2-KO cells, is consistent with two scenarios which

Table 2. TFAP2-dependent MITF peaks and gene expression (Fisher’s Exact Test; hypergeometric analysis).

Effect of TFAP2 on Association with activated genes Association with inhibited genes
MITF binding Chromatin N (# of elements) p-value [Log2FC| >1 p-value |Log2FC| >1
All TFAP2—activated Any effect or none 5,443 84x1072° ns
Pioneered Opens 3,083 1.6x107%° ns
Non-pioneered None 2,358 1.07x 107" ns
Mutually—activated Opens 717 3.47x107% ns
All TFAP2—inhibited Any effect or none 1,605 ns 50x107%
Pioneered Condenses 924 ns 3.5x10°%
Non-pioneered None 681 ns ns
None Any effect or none 10,418 ns ns

Column 1: groups of directly TFAP2-regulated MITF peaks (activated or inhibited), determined by anti-MITF CUT&RUN in TFAP2-KO and WT SK-MEL-28 cell
lines. Column 2: TFAP2-dependent MITF peaks at TEAP2-regulated nucleosome depleted regions (ATAC-Seq; opened or condensed by TFAP2). Column 3: the
number of directly TEAP2-regulated MITF peaks. Column 4-5: The effect of TEAP2-regulated MITF peaks on gene expression (two independent clones, 4 replicates
each) and WT (4 replicates). Differentially expressed genes (adjusted p-value <0.05) between TFAP2-KO cells and WT cells was determined by RNA-Seq. The p-value
from the Fisher’s Exact Test in which the null hypothesis is that no association exists. DEG: differentially expressed genes. Attention should be focused on columns 4-5,
which indicate the strength of association between the regulation status of a gene and the TFAP2-regulated MITF peaks of interest; significant associations are
highlighted yellow. ns; not statistically significant.

https://doi.org/10.1371/journal.pgen.1010207.t002
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are not exclusive of one another. In the first, TFAP2 paralogs directly activate MITF expression
and thereby indirectly activate expression of pigmentation genes. In the second, TEAP2 paralogs
directly activate expression of pigmentation genes. Supporting the first scenario, there is a
TFAP2-pioneered-and-activated enhancer in intron 2 of the MITF gene (S16 Fig), and MITF
mRNA levels are about 40-50% lower in TFAP2-KO cells than in WT cells. However, arguing
against a strong role for this mechanism, many of the genes whose expression was most strongly
reduced in MITF-KO cells compared to WT cells were completely TFAP2-independent, or were
TFAP2-inhibited (Table D in S1 Table). To assess the second scenario, we identified the set of
genes activated directly by MITF, defined as MITF-activated genes associated with an MITF
peak, and the set of genes directly activated by TFAP2, defined as TFAP2-activated genes associ-
ated with an TFAP2-activated enhancer (i.e., of pioneered or non-pioneered variety). Supporting
the second mechanism, genes activated directly both by TFAP2 and by MITF were enriched for
GO terms related to pigmentation and pigment cell differentiation (Figs 5A and 5B) [81]. Of
note, genes related to pigmentation were also among those apparently directly regulated solely
by MITF or TFAP2 paralogs (Fig 5C). We took a similar approach to identify genes directly
inhibited by TFAP2 and/or by MITF (Fig 5D). Genes directly inhibited by both were strongly
enriched for GO terms related to cell motility and cell migration (Fig 5D and 5E). Additional
categories of genes strongly activated by TFAP2 included genes associated with cell proliferation
and cell differentiation (Figs 6A, S17A and S17B) and genes strongly inhibited by TFAP2
included those associated with cell-cell adhesion (Figs 6B and S17C).

We next examined the association of TFAP2-activated and TFAP2-inhibited genes with
gene expression profiles from melanoma tumors and cell lines with distinct phenotypes [82-
88]. Enrichment analysis showed that melanoma profiles previously found to be associated
with high levels of MITF activity [89] were enriched for genes directly activated by TFAP2,
including the subset associated with TFAP2-dependent MITF peaks (Fig 5F). Moreover, mela-
noma profiles associated with low levels of MITF activity were enriched for genes directly
inhibited by TFAP2 (Fig 5F). These findings support other observations that the level of
TFAP2 expression has a profound effect on the melanoma phenotype [32,90].

Finally, we performed cell proliferation, cell adhesion and cell migration assays on wild-
type and TFAP2-depleted SK-MEL-28 cells. Consistent with effects on gene expression,
TFAP2-KO cells showed reduced proliferation over 24, 48, 72 and 96 hours compared to WT
cells (Fig 6C), and in cluster formation assays, TFAP2-KO cells showed increased cell-cell
adhesion compared to WT cells (Fig 6D and 6E). However, in apparent contrast to the effects
on gene expression (i.e., higher expression of cell migration genes in TEAP2-KO cells than in
WT cells), while WT cells migrated to fill in a scratch within 24 hours, neither TFAP2-KO
clone filled it within that time (S18A Fig). This finding also contrasts with the observation that
the expression of tfap2e correlates negatively with the migratory capacity of zebrafish models
of melanoma [32], but it is consistent with the accumulation of melanocytes in the dorsum of
zebrafish tfap2a knockout embryos [23,63,64] and tfap2a/ tfap2e double mutant embryos. It is
noteworthy that in MITF-KO cells, similar to in TFAP2-KO cells, cell migration genes are
upregulated, but cell migration in-vitro is inhibited [17]. In summary, reduced expression of
pigmentation, differentiation and cell growth genes and elevated expression of cell adhesion
and cell invasion genes in TFAP2-KO cells as compared to WT cells is largely explained by the
direct effects of TEAP2 paralogs on these genes.

Discussion

Here, single-cell seq analysis of zebrafish embryos indicated that expression of MITF-target
genes encoding regulators of pigmentation occurs only in the subset of mitfa-expressing cells
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Fig 5. TFAP2 and MITF co-regulate pigmentation and cell differentiation genes in SK-MEL-28 cell lines. (A) Venn
diagram representing the overlap of genes apparently directly activated by MITF (i.e., expression lower in MITF-KO than in
WT cells, FDR < 0.05, and an MITF peak within 100kb of the TSS) and genes directly activated by TFAP2 (i.e., expression
lower in TFAP2-KO than in WT cells, FDR < 0.05, and an TFAP2-activated enhancer of any category within 100kb of the
TSS). The number of overlapping genes with TFAP2-dependent MITF peaks are also shown (*). (B) Gene ontology (GO)
biological process analysis enriched among MITF- and TFAP2-activated genes are shown (Top 5 hits). (C) A curated list of
pigment-associated genes [118] was intersected with directly MITF-activated genes, overlapping genes of directly MITF-
and TFAP2-activated genes, and directly TEAP2-acitvated genes and represented by gene list. (D) Venn diagram
representing directly MITF inhibited genes (MITF peak within 100kb of a TSS), based on RNA-seq, in MITF-KO versus
WT cells (FDR < 0.05) and directly TFAP2 inhibited genes (TFAP2-inhibited enhancers, of any category, within 100kb of a
TSS), based on RNA-seq, in TFAP2-KO versus WT cells (FDR < 0.05). (E) Gene ontology (GO) biological process analysis
enriched among MITF- and TFAP2-inhibited genes are shown (Top 5 most enriched GO terms). GO analysis was
performed using PANTHER. (F) Dot plot of enrichment analysis showing the enrichment of melanoma gene signatures
from the literature in directly TEAP2-activated and TFAP2-inhibted genes. P value is red lowest to blue highest; gene ratio is
the fraction of all genes in the gene signature category that are included in the set identified here. TEAP2-activated genes
associated with TFAP2-dependent MITF peaks are shown (*).

https://doi.org/10.1371/journal.pgen.1010207.9005
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Fig 6. TFAP2 paralogs promote cell proliferation and inhibit cell-cell adhesion a melanoma cell line. (A) Heatmap representing the top 55 directly
TFAP2-activated genes and (B) the top 55 directly TFAP2-inhibited genes that are associated with the GO terms cell pigmentation and cell-cell adhesion,
respectively. Four replicate RNA-Seq experiments are shown for WT cells and two clones of TFAP2-KO cells (Clone 2.12 and Clone 4.3) (FDR < 0.05). (C)
Growth curves (mean + SE of mean) over 100 hours of cultivation for WT and TFAP2-KO SK-MEL-28 cells. x-axis is time and y-axis is absorbance at 450nm
which is directly proportional to number of living. (D) Box plots representing the quantification of cluster formation on low-bind plates after 72 hours of
culture (n = 12 independent experiments, p < 0.001 by Student’s t-test, plot shows mean + SD). (E) Representative images of clusters formed in WT and
TFAP2-KO cells after 72 hours.

https://doi.org/10.1371/journal.pgen.1010207.9006

which also express tfap2 paralogs. In embryos with loss-of-function mutations in tfap2a and
tfap2e, the two tfap2 paralogs with highest expression in melanophore precursors, there are
fewer embryonic melanophores than in wild-type embryo’s and pigmentation is delayed. The
phenotype was similar, but less penetrant than the phenotype in tfap2a mutants injected with
tfap2e MO [10]. We speculate that homeostatic upregulation of tfap2c in tfap2a/tfap2e double
mutants, possibly mediated by transcriptional adaptation [91], suppresses the phenotype.
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Simultaneous deletion of tfap2a and tfap2c eliminates neural crest precluding the possibility of
examining melanocyte development in such embryos [23,29,64]. It has been thus far impossi-
ble to evaluate the phenotypic consequence of loss, rather than just reduction, of Tfap2 activity
in the melanophore lineage in zebrafish. Although RNA-less loss-of-function mutants of
tfap2a and tfap2e should prevent transcriptional adaptation [91,92], it is possible the homeo-
static upregulation of tfap2c in the existing mutants documented here occurs by another mech-
anism. Of note, in mice with simultaneous tissue specific deletion of Tfap2a and Tfap2b in the
neural crest lineage the number of embryonic melanocytes is reduced relative to wild-type
[33]. Nonetheless, because a) MITF is known to directly activate expression of pigmentation
genes and cell cycle genes, b) TFAP2A and MITF bind many of the same loci in melanocytes
[33], and c) there is prior evidence that TFAP2 paralogs can serve as pioneer factors [41,42,45],
we hypothesized that TFAP2 is a pioneer factor that facilitates chromatin access for MITF.

To test the TEAP2-pioneer-factor model, the two paralogs with highest expression,
TFAP2A and TFAP2C, were deleted from the SK-MEL-28 cells. Creation and integration of
several genomic datasets permitted us to identify genomic elements that were bound by
TFAP2A in WT cells and that either lost or gained H3K27Ac signal in TFAP2-KO cells; we
inferred that these elements were enhancers directly activated or inhibited by TFAP2. As
expected by the TFAP2-as-pioneer-factor model, at a subset of TFAP2A-activated enhancers,
TFAP2 paralogs were required to keep chromatin open, and at all TEAP2-inhibited enhancers
they were required to keep it closed. We also showed that TFAP2 paralogs facilit