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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 CDH7, 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 BRG1 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, Tfap2e, 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 DNase1-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 MCF-7 cells [43]. Third, the TFAP2 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 naïve-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 TFAP2 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 (cdkn1ca, 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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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–S5J 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

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 tfap2eui157/ui157 embryo, with melanophores that are normal in terms of number, differentiation

and pigmentation (white arrowheads). (J-J’) A tfap2alow/low homozygous mutant embryo, with fewer melanophores than tfap2eui157ui/157 and WT sibling

embryos. (K-K’) A tfap2alow/low; tfap2e ui157ui/157 double-mutant embryo, with fewer and paler melanophores than in tfap2alow/low siblings. (L) Box plot

illustrating the number of pigmented melanophores in the dorsum of tfap2alow/low, tfap2alow/low; tfap2e+/ ui157, and tfap2alow/low; tfap2eui157/ui157 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 (tfap2alow/low; n = 9, tfap2alow/low; tfap2e+/ui157; n = 32, tfap2alow/low; tfap2eui157/ui157, n = 10). P-value according to the Student’s t-test.

https://doi.org/10.1371/journal.pgen.1010207.g001
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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., TFAP2A 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 10−1785 and p< 1 x 10−4375, respectively),

supporting the idea that TFAP2A 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 TFAP2A 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 (hereaf-

ter, TFAP2-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 TFAP2A peaks), b) that are greater

than 3 kb from a transcription start site (11,005/ 21,745, or 51% of TFAP2A 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 3J 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 TFAP2 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 3O), 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 TFAP2-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, TFAP2 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 TFAP2-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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candidates for directly TFAP2-inhibited promoters. Nonetheless, similar to the trends for

TFAP2 regulated enhancers, the pioneered subset of directly TFAP2-activated promoters was

more strongly associated with TFAP2-activated genes than the non-pioneered subset, and only

the pioneered subset of TFAP2-inhibited promoters was associated with TFAP2-inhibited

genes (S10A–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 TFAP2-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 TFAP2-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 TFAP2-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

chromatin marks but unchanged nucleosome accessibility in TFAP2-KO cells compared to in WT cells. At these enhancers,

we infer that TFAP2 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. TFAP2-independent elements are associated with neither

TFAP2-activated nor TFAP2-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.g002
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WT cells. The first two subsets were strongly associated with TFAP2-activated genes (Hyper-

geometric test; p-value = 8.4 x 10−26 and p-value = 1.07 x 10−13 respectively) and with MITF-

activated genes (Hypergeometric test; p-value = 1.16 x 10−21 and p-value = 4.3 x 10−11 respec-

tively) (Fig 4F’ and 4H’ and Table 2). We infer that at the first subset of TFAP2-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

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 TFAP2-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.g003

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

genes

Association with TFAP2-inhibited

genes

Enhancer H3K27Ac Chromatin N (# of

elements)

p-value |Log2FC| >1 p-value |Log2FC| >1

All TFAP2-activated Increases Any effect or

none

3,838 1.12 x 10−24 ns

TFAP2-pioneered-and-

activated

Increases Opens 2,002 3.7 x 10−27 ns

Non-pioneered

TFAP2-activated

Increases None 1,836 2.1 x 10−12 ns

All TFAP2-inhibited Decreases Any effect or

none

1,304 ns 4.8 x 10−06

TFAP2-pioneered-and-

inhibited

Decreases Condenses 864 ns 9.44 x 10−05

Non-pioneered

TFAP2-Inhibited

Decreases None 440 ns ns

All TFAP2A peaks Any effect or

none

Any effect or

none

36,948 2.4 x 10−09 ns

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

PLOS GENETICS TFAP2 paralogs pioneer chromatin access for MITF

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010207 May 17, 2022 12 / 38

https://doi.org/10.1371/journal.pgen.1010207.g003
https://doi.org/10.1371/journal.pgen.1010207.t001
https://doi.org/10.1371/journal.pgen.1010207


PLOS GENETICS TFAP2 paralogs pioneer chromatin access for MITF

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010207 May 17, 2022 13 / 38

https://doi.org/10.1371/journal.pgen.1010207


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, CYP7B1, TRPM1, SOX9, EDNRB, MREG, GPR143, SNAI2,

MEF2C, MYO5A, PAX3, EN1 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), TFAP2 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 TFAP2 or MITF (Hypergeo-

metric test; p-value = 6.02 x 10−02 and p-value = 9.12 x 10−02 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 TFAP2-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 MITF/ 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.

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 TFAP2-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 TFAP2-pioneered-and-activated promoter (D) a non-pioneered TFAP2-activated

enhancer and (E) a TFAP2-pioneered-and-inhibited enhancer. Genotypes as labeled; y-axis in F applies to F-I, 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 TFAP2-dependent and TFAP2-inhibited MITF peaks are shown at

TFAP2-activated and MITF-activated genes (FDR< 0.05, log2FC> |1|). (F”- I”) Schematic representation of TFAP2-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.g004
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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 4I,

4I’ and illustrated in Fig 4I”), 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 4I”‘). Moreover, these elements were mod-

estly associated with TFAP2-inhibited genes (Table 2; 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 TFAP2-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 8.4 x 10−26 ns

Pioneered Opens 3,083 1.6 x 10−26 ns

Non-pioneered None 2,358 1.07 x 10−13 ns

Mutually—activated Opens 717 3.47 x 10−05 ns

All TFAP2—inhibited Any effect or none 1,605 ns 5.0 x 10−03

Pioneered Condenses 924 ns 3.5 x 10−04

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 TFAP2-regulated nucleosome depleted regions (ATAC-Seq; opened or condensed by TFAP2). Column 3: the

number of directly TFAP2-regulated MITF peaks. Column 4–5: The effect of TFAP2-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, TFAP2 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 TFAP2-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 TFAP2 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 TFAP2-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 TFAP2-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. TFAP2-activated genes

associated with TFAP2-dependent MITF peaks are shown (�).

https://doi.org/10.1371/journal.pgen.1010207.g005
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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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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.g006
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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 TFAP2-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 TFAP2-inhibited enhancers

they were required to keep it closed. We also showed that TFAP2 paralogs facilitated binding

of another transcription factor (MITF), that this occurred at loci where TFAP2 facilitates chro-

matin access, and that this dependency was not reciprocal (at most loci bound by both tran-

scription factors). These findings imply that TFAP2 paralogs recruit distinct transcription

factors to distinct categories of enhancer, that these in turn recruit enzymes that open chroma-

tin or that condense it (TFAP2 paralogs also may directly recruit such enzymes) [93], and that

the state of chromatin accessibility determines access of other transcription factors. Therefore,

TFAP2 paralogs facilitate chromatin access by other transcription factors, either as a pioneer

factor or as a linker that connects pioneer factors to chromatin-remodeling machinery. Nota-

bly, the role of MITF at the co-bound enhancers is still largely unexplored.

Of note, there are loci where the pioneer factor FOXA1 appears to recruit proteins like

GRG3 (groucho-related gene 3) that condense chromatin [77,78]. At TFAP2-inhibited

enhancers, our data do not distinguish between whether TFAP2 binds open loci and closes

them or instead binds to closed loci and helps stabilize the closed state. Of note, the majority of

TFAP2A peaks did not coincide with enhancers either activated or inhibited by TFAP2 para-

logs and were thus quiescent. In some cases, such apparently quiescent TFAP2A peaks may

represent loci that TFAP2 paralogs have stably pioneered; a precedent for this scenario is that

at a subset of elements pioneered by PAX7, chromatin remains open after the removal of

PAX7 [94]. To explore this possibility, TFAP2A and ATAC-seq will need to be monitored in a

developmental time series, or in TFAP2-KO cells before and after TFAP2A has been re-

expressed.

Like other pioneer factors, TFAP2 can activate enhancers in a non-pioneer factor mode. At

a subset of TFAP2A-activated enhancers the H3K27Ac signal, but not the ATAC-seq signal,

was lower in TFAP2-KO cells than in WT cells. Evidence that such elements are indeed TFA-

P2-activated enhancers is that their average H3K4Me3 signal was also lower in TFAP2-KO

cells than in WT cells. We infer that TFAP2 activates these enhancers, but not as a pioneer fac-

tor. At such enhancers the continued presence of TFAP2 is necessary for continued acetylation

of histone H3 lysine 27 (H3K27Ac), which fits with evidence that TFAP2 binds the histone

acetyl transferase p300/CBP [95] and inhibits the NURD histone-deacetylase complex [93].

TFAP2 may attract other transcription factors without affecting nucleosome positioning;
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indeed, some TFAP2-dependent MITF peaks were found at non-pioneered TFAP2-activated

enhancers. The fact that the TFAP2 binding site is not strongly enriched in non-pioneered

TFAP2-activated enhancers implies TFAP2 binds these elements indirectly. Although we refer

to these elements as non-pioneered TFAP2-activated enhancers, our experimental design

could not rule out the possibility that some such enhancers were stably pioneered by TFAP2 as

discussed above. However, the observation that these sites are less enriched for the TFAP2

binding site than the TFAP2-pioneered-and-activated enhancers, and that the binding sites of

pioneer factors FOS and JUN are enriched [96], supports the alternative model that such ele-

ments are simply pioneered by different transcription factors.

Interestingly, at a subset of MITF/TFAP2A overlapping peaks where MITF was lost in

TFAP2-KO cells, TFAP2A binding was lost in MITF-KO cells (MITF/TFAP2A mutually depen-

dent peaks). There is precedent for reciprocal dependence of the binding of pioneer factors, in

the cases of both FOXA1 and steroid hormone receptors, at subsets of sites where they are co-

bound [97]. Notably, at many MITF/TFAP2A mutually dependent peaks, the repressive mark

H3K27Me3 accumulated in MITF-KO cells. This is consistent with evidence that the SWI/SNF

complex, which MITF probably recruits to such loci, competes for access to chromatin against

the H3K27Me3-depositing Polycomb repressor complex and that the binding of pioneer factors

is impeded by condensed H3K27Me3-positive chromatin [80,98]. We propose that at the major-

ity of TFAP2-dependent MITF peaks, but not at MITF/TFAP2A mutually dependent peaks, a

measure of BRG1 binding is retained in MITF-KO cells, possibly recruited by another activator

like SOX10, but this is not the case for MITF/TFAP2A mutually dependent peaks.

Finally, by identifying enhancers regulated by TFAP2, whether in pioneer mode or not, we

were able to identify with high-confidence genes directly activated and directly inhibited by

TFAP2. The genes directly activated by TFAP2, including by the specific mechanism of facili-

tating MITF access at a nearby enhancer, were enriched in GO terms related to pigmentation

and proliferation, and overlapped significantly with expression profiles previously associated

with high levels of MITF activity [82–88]. The MITF “rheostat model” predicts that high MITF

activity promotes cell proliferation [2,12]. Proliferation of both MITF-KO [17] and TFAP2-

KO cells (shown here) is slower than of the wild-type counterparts. We suggest there are two

mechanisms to explain the shared expression profiles and phenotypes between TFAP2-KO

cells and MITF-KO cells. First, the expression of MITF mRNA is about 40–50% lower in

TFAP2-KO than WT cells. It is unclear how important this effect is because the average read

depth of MITF peaks was equivalent in WT and TFAP2-KO cells, in particular at MITF-acti-

vated genes that are not also TFAP2-activated (e.g., MLANA). Second, TFAP2 facilitates bind-

ing of MITF to enhancers and promoters, leading to higher expression of associated MITF-

target genes. The “rheostat model” also predicts that low MITF activity promotes cell invasion

[12], and there was a large overlap of TFAP2-inhibited and MITF-inhibited genes and these

genes were enriched for those involved in cell-cell adhesion. We found evidence that TFAP2

directly inhibits enhancers, but this did not involve TFAP2 and MITF cooperativity. Directly-

TFAP2-inhibited genes were associated with cell-cell adhesion and TFAP2-KO cells formed

large clusters when cultured on low adhesive plates. Interestingly, in zebrafish melanoma, low

tfap2e expression correlates with increased metastases [32]. We have previously shown that

MITF binds to enhancers near MITF-inhibited genes [17]. However, mechanisms by which

MITF inhibits gene expression in melanoma cells and in-vivo remain to be elucidated. Given

that an MITF-low is a deadly status for melanoma, an interesting possibility for therapy would

be to effectively covert them to MITF-high by manipulating pioneer factors such as TFAP2

paralogs or other MITF-cofactors. In summary, MITF activity in melanoma cells–and thus the

phenotypes of these cells–depends in part on the presence of transcription factors that give

MITF access to specific regulatory elements.
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Materials and methods

Ethics statement

D. rerio were maintained in the University of Iowa Animal Care Facility according to a stan-

dard protocol (protocol no. 6011616). All zebrafish experiments were performed in compli-

ance with the ethical regulations of the Institutional Animal Care and Use Committee at the

University of Iowa and in compliance with NIH guidelines. Zebrafish embryos were main-

tained at 28.5˚C and staged by hours or days post-fertilization (hpf or dpf).

Single cell suspension and fluorescence activated cell sorting

50 Tg(mitfa:GFP) transgeneic zebrafish embryos [99] were collected at 28 hours post fertiliza-

tion (hpf) and washed in PBS without Ca2+ or Mg2+ (Life technology). Embryos were manu-

ally dechorionated under a dissecting scope (Leica KL300 LED), washed twice in 1X PBS and

then cells were dissociated using a pestle and incubated in trypsin (0.25%)-EDTA (Life tech-

nology) at 33˚C for 30 minutes (ensuring to pipette mixed every 5 minutes). Reactions were

quenched by adding PBS supplemented with 5% fetal bovine serum (FBS, Life technologies).

Dissociated cells were centrifuged at 500 g for 5 minutes and cell pellets were washed with

PBS-5%FBS before passing thought a Bel Art SP Scienceware Flowmi 40 μm cell strainers

(ThermoFisher Scientific). Dissociated cells were re-suspended into single-cell solution and

analyzed at the University of Iowa Flow Cytometry Facility, using an Aria Fusion instrument

(Becton Dickinson, Franklin Lakes, NJ).

Single-cell RNA-sequencing (10x genomics) and data processing

The sorted cellular suspensions were loaded on a 10x Genomics Chromium instrument to gen-

erate single-cell gel beads in emulsion (GEMs). Approximately 10,000 cells were loaded per

channel. Single-cell RNA-Seq libraries were prepared using Single Cell 30 Reagent Kits v2:

Chromium Single Cell 30 Library & Gel Bead Kit v2, PN-120237; Single Cell 30 Chip Kit v2 PN-

120236 and i7 Multiplex Kit PN-120262 (10x Genomics) following the Single Cell 30 Reagent

Kits v2 User Guide (Manual Part # CG00052 Rev A). Libraries were run on an Illumina HiSeq

4000 as 2 × 150 paired-end reads. Sequencing results were demultiplexed and converted to

FASTQ format using Illumina bcl2fastq software.

A custom reference genome for the Zebrafish was constructed with GRCz11 primary

assembly (Ensembl) using Cell Ranger (Cell Ranger mkref function). 10X Genomics

scRNA-seq reads were then processed and aligned to this reference with Cell Ranger (Cell

Ranger Count function). Further analysis and visualization was performed using Seurat

(v4.1.0) [51], cells with fewer than 200 RNA feature counts and greater than 5% mitochon-

drial contamination were removed with filtering. RNA counts were normalized, and Find-

VariableFeatures was run with the following parameters: selection.method = “vst”,

nfeatures = 2,000. The cells were originally clustered in a UMAP by RunPCA then RunU-

MAP with dims 1:30. FindNeighbors was run with dims 1:30 followed by FindClusters

using a resolution of 1.2. Pigment clusters were further analyzed by sub-setting out and re-

clustering using dims 1:30, which identified 10 clusters. Pseudotime was performed using

Monocle3 (v0.2.3.0) [100].

Generation of a zebrafish tfap2e loss-of-function allele

To generate the tfap2e loss-of-function allele, we designed paired (e.g., left and right) zinc fin-

ger nucleases (ZFN) targeting exon 2 of the tfap2e locus resulting in non-homologous end-

joining and disruption of the open reading frame for Tfap2e. Briefly, the online tool, ZiFiT
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[101], was used to identify an optimal ZFN target site [utilizing the CoDa approach [102].

Once identified, a custom DNA fragment encoding the entire left or right zinc finger array

(ZFA) along with flanking XbaI and BamHI restriction sites was synthesized (Integrated DNA

Technologies, Coralville, IA). Subsequently, the ZFA fragment was subcloned into pMLM290

(Addgene, plasmid 21872), which includes a modified FokI nuclease domain [103]. Next, the

fully assembled ZFN was PCR amplified, directionally cloned into pENTR-D/TOPO (Thermo-

Fisher Scientific), and finally subcloned into pCS2+DEST using Gateway LR Clonase II

enzyme mix (ThermoFisher Scientific). Once assembled, the final pCS2+ plasmids were

sequence verified, linearized, mRNA synthesized in vitro (mMessage mMachine SP6 Kit,

Ambion/ThermoFisher Scientific). Synthesized RNA was cleaned using the Qiagen RNeasy

Kit (Qiagen) and both left and right ZFN components were co-injected into 1-cell stage zebra-

fish embryos. Following injections, embryos were initially screened via PCR and restriction

enzyme digest to confirm editing at the target site. Upon confirmation, additional embryos

from a similar clutch (F0’s) were allowed to develop into adulthood, ‘mosaics’ identified and

out-crossed, and a stable F1 generation isolated.

Cell lines, reagents, and antibodies

The cells referred to as WT throughout the document are the parent SK-MEL-28 (HTB-72)

line. They and the derivative line, delta6-MITF knockout cells (referred to as MITF-KO cells in

this work), were obtained from the laboratory of Dr. Eirikur Steingrimsson. The cells were

grown in RPMI 1640 medium (Gibco #5240025) supplemented with 10% FBS (Gibco

#10270106) at 5% CO2 and 37˚C. Cells were tested for, and determined to be free of, myco-

plasma. SK-MEL-28 cells harbor the BRAFV600E and p53L145R mutations [104]. The following

primary antibodies and their respective dilutions were used in western blotting (WB) and

CUT&RUN experiments: anti-Tubulin (Sigma, #T6199), 1:5000 (WB); anti-MITF (Sigma,

#HPA003259), 1:2000 (WB), 1:100 (CUT&RUN); anti-TFAP2A (Abcam, ab108311), 1:5000

(WB), 1:200 (CUT&RUN); anti-TFAP2C (Santa-Cruz #SC-12762 X), 1:1000 (WB); anti-

H3K27Ac (EMD Millipore, #07–360), 1:100 (CUT&RUN); anti-H3K4Me3 (EMD Millipore,

#05-745R), 1:100 (CUT&RUN); H3K27Me3 (EMD Millipore, #07–449), 1:100 (CUT&RUN);

Rabbit IgG (EMD Millipore,#12–370), 1:100 (CUT&RUN); Mouse IgG (EMD Millipore, #12–

371), 1:100 (CUT&RUN). The following secondary antibodies and their respective dilutions

were used: Anti-mouse IgG(H+L) DyLight 800 conjugate (Cell Signaling Technologies,

#5257), 1:20000; and anti-rabbit IgG(H+L) DyLight 680 conjugate Cell Signaling Technolo-

gies, #5366), 1:100. Images were captured using an Odyssey CLx Imager (LICOR Biosciences).

Purification of pA/G-MNase

E.coli strain BL21-DE3 was transformed with plasmid DNA pAG-MNase-6xHis (Addgene,

plasmid #123461). Recombinant pAG-MNase was purified from cells grown in LB medium to

OD600 0.6 at 37˚C. Cells were induced with 0.5 mM IPTG and cultured for 16 hours at 20˚C.

Cell pellets were homogenized in lysis buffer (10 mM Tris, pH 7.5, 300 mM NaCl, 10 mM

imidazole) containing lysozyme and protease inhibitors, then sonicated and the slurry was

cleared by centrifugation (35K RPM, Ti70 rotor). The supernatant was subjected to IMAC

chromatography (NI-NTA column) and to size-exclusion fractionation (Superdex 75) using a

BioLogic DuoFlow QuadTec FPLC system (Bio-Rad). The purified pAG-MNase was concen-

trated by buffer exchange with ultrafiltration (Amicon Ultra-15, 10K). Finally, the purified

pAG-MNase was diluted in dilution buffer (10 mM Tris pH7.5, 120 mM NaCl, 0.01mM

EDTA, and 50% glycerol), and stored at -80˚C.
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Generation of TFAP2A; TFAP2C knockout cell lines (TFAP2-KO)

TFAP2-KO clones were generated using the Alt-R CRISPR-Cas9 technology from Integrated

DNA Technologies (IDT). Briefly, crRNAs targeting exon 2 of TFAP2A and TFAP2C were

designed using the Cas9 guide RNA design checker tool (crRNA sequences below). Equimolar

concentrations of crRNA and tracrRNA (IDT, #1072532) were annealed to form gRNA com-

plexes. The ribonucleoprotein (RNP) complex was prepared by mixing gRNAs and Cas9 pro-

tein (IDT #1081058). SK-MEL-28 cells were transfected with constructs encoding components

of RNP complexes using the Lipofectamine CRISPRmax Cas9 transfection reagent (Thermo-

Fisher #CMAX00015) following the manufacturer’s protocol. Single-cell colonies were

screened by PCR and Sanger sequencing using primers flanking the cut sites (primer

sequences below). Mutant clones (clone 2.12 and clone 4.3) were selected and further screened

by western blotting, using anti-TFAP2A and anti-TFAP2C antibodies. The control cell lines

used in this study were generated following this protocol but without adding gRNA duplexes.

SDS-PAGE and Western blotting

TFAP2-KO and WT cells were washed in ice-cold PBS. RIPA buffer containing protease inhib-

itors (Roche, cOmplete Mini) was added and cells were lysed on ice for 20 minutes. Cell lysates

were centrifuged at 14,000 g for 20 minutes and the quantity of protein in the supernatants

was quantified using Bradford assays (Bio-Rad #5000002). Laemmli sample buffer (Bio-Rad

#1610747, 5% 2-mercaptoethanol) was added to 20 μg protein and samples were boiled at

95˚C for 5 minutes before being loaded onto a 10% SDS-polyacrylamide gel (Bio-Rad

#4568034). Protein was transferred to polyvinylidene fluoride (PVDF) membranes (Thermo

Scientific #88520), which were incubated overnight with primary antibody. Membranes were

washed 3 times with TBS-T and incubated with horseradish peroxidase-conjugated anti-rabbit

or anti-mouse for 1 hour at room temperature, washed, and imaged using an Amersham

Imager 600.

ATAC-seq

ATAC-seq was performed according to [105,106] with minor alterations. Briefly, 70,000

TFAP2-KO cells (clone 2.12 and clone 4.3, four replicates each) and WT cells (four replicates)

were lysed in ice-cold lysis buffer (10 mM Tris-HCl, pH 7.4, 10 mM NaCl, 3 mM MgCl2, 0.1%

NP-40: Sigma). Transposition was performed directly on nuclei using 25 μl tagmentation reac-

tion mix (Tagment DNA Buffer #15027866, Tagment DNA Enzyme #15027865 from Illumina

Tagment DNA kit #20034210). Tagged DNA was subjected to PCR amplification and library

crRNA Sequence (5’-3’)

TFAP2A_ex2_gRNA1 CGTCACGACGGCACCAGCAAGTTTTAGAGCTATGCT

TFAP2A_ex2_gRNA2 CTTACCTCACGCCATCGAGGGTTTTAGAGCTATGCT

TFAP2C_ex2_gRNA1 CGCCACGACGGGAGCAGCAAGTTTTAGAGCTATGCT

TFAP2C_ex2_gRNA2 CCACGACATGCCTCACCAGAGTTTTAGAGCTATGCT

Primers Sequence (5’-3’)

TFAP2A_geno_Fw TCTCTTGTGCCCCCTCCATA

TFAP2A_geno_Rv GCCCACCGACTGTATGTTCCA

TFAP2C_geno_Fw CCGTGACCCCGATTTTGGAT

TFAP2C_geno_Rv CGGCTTCACAGACATAGGCA

https://doi.org/10.1371/journal.pgen.1010207.t003
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indexing, using the NEBNext High-Fidelity 2x PCR Master Mix (New England Biolabs

#M0451S) with Nextera DNA CD Indexes (Illumina #20015882), according to the following

program: 72˚C for 5 minutes; 98˚C for 30 seconds; 12 cycles of 98˚C for 10 seconds, 63˚C for

30 seconds, and 72˚C for 1 minute. The PCR product was purified with 1.8 times the volume

of Ampure XP beads (Beckman Coulter #A63881). Library quality was assessed using a BioA-

nalyzer 2100 High Sensitivity DNA Chip (Agilent Technologies). All DNA libraries that exhib-

ited a nucleosome pattern were pooled and processed for 150bp paired-end sequencing.

ATAC-seq peak calling and differential analysis

ATAC-seq was performed using 150 bp paired-end sequencing reads. Raw ATAC-seq reads were

trimmed using Trim Galore Version 0.6.3 (Developed by Felix Krueger at the Babraham Institute)

and aligned to human genome assembly hg19 (GRCh37) using Bowtie 2 [107,108] with default

parameters. Sorting, removal of PCR duplicates, and identification of fragments shorter than 100

bp as the nucleosome-depleted-regions (NDRs), was performed using BAM filter version 0.5.9.

DeepTools version 3.3.0 [109] was used to check the reproducibility of the biological replicates

and generate bigWig coverage files for visualization. Peaks were called using model-based analysis

of ChIP-seq 2 (MACS2, version 2.1.1.20160309.6) [110]. NDRs for which accessibility differed

between TFAP2-KO and WT cells were identified using DiffBind version 2.10 [111] with log2

fold-change threshold of>1 and a false discovery rate (FDR)< 0.05. NDRs that are directly regu-

lated by TFAP2 were identified by overlapping differentially accessible NDRs with anti-TFAP2A

CUT&RUN peaks; a 1-bp window was used to define overlap. Peaks were assigned to genes using

GREAT with a peak-to-gene association rule of the nearest-gene-within-100 kb [112]. Both the

raw ATAC-seq files and processed sequencing data presented in this manuscript have been

deposited in the Gene Expression Omnibus (GEO) repository (GSE number pending).

CUT&RUN

CUT&RUN sequencing was performed in TFAP2-KO cells (clone 2.12 and clone 4.3, two rep-

licates each) and WT cells (two replicates) as previously described [113,114], but with minor

modifications. Cells in log-phase culture (approximately 80% confluent) were harvested by cell

scraping, centrifuged at 600 g (Eppendorf, centrifuge 5424) and washed twice in calcium-free

wash-buffer (20 mM HEPES, pH7.5, 150 mM NaCl, 0.5 mM spermidine, and protease inhibi-

tor cocktail cOmplete Mini, EDTA-free from Roche). Pre-activated concanavalin A-coated

magnetic beads (Bangs Laboratories, Inc) were added to cell suspensions (2x105 cells) and

incubated for 15 minutes at 4˚C. Antibody buffer (wash-buffer with 2mM EDTA and 0.05%

digitonin) containing anti-TFAP2A, anti-MITF, anti-H3K4Me3, anti-H3K27Me3, anti-

H3K27Ac or Rabbit IgG was added and cells were incubated overnight at 4˚C. Cells were

washed in dig-wash buffer (wash buffer containing 0.03% digitonin), and pAG-MNase was

added at a concentration of 500 μg/mL. The pAG-MNase reactions were quenched with 2X

Stop Buffer (340mM NaCl, 20mM EDTA, 4mM EGTA, 0.05% digitonin, 100 μg/mL RNAse A

(10 mg/mL, Thermo Fisher Scientific #EN0531), 50 μg/mL glycogen (20mg/mL, Thermo

Fisher Scientific #R0561) and 2 pg/mL sonicated yeast spike-in control). Released DNA frag-

ments were treated with 1μL/mL phosphatase K (20mg/mL, Thermo Fisher Scientific

#25530049) for 1 hour at 50˚C and purified by phenol/chloroform-extraction and ethanol-pre-

cipitation. Fragment sizes were analyzed using a 2100 Bioanalyzer (Agilent).

CUT&RUN library preparation and data analysis

CUT&RUN libraries were prepared using the KAPA Hyper Prep Kit (Roche). Quality control

post-library amplification consisted of fragment analysis using the 2100 Bioanalyzer (Agilent).
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Libraries were pooled, brought to equimolar concentrations, and sequenced with 150 bp

paired-end reads on an Illumina HiSeq X platform (Novogene, Sacramento, CA). For quality

control, paired-end FASTQ files were processed using FastQC (Babraham Bioinformatics).

Reads were trimmed using Trim Galore Version 0.6.3 (Developed by Felix Krueger at the Bab-

raham Institute) and then mapped against the hg19 genome assembly using Bowtie2 version

2.1.0 [107,108]. The mapping parameters and peak calling of MACS2 peaks [110] were per-

formed as previously described [113,114] against their matching control IgG samples. Differ-

ential analysis of H3K27Ac and of H3K27Me3 signal in WT and TFAP2-KO cells was

preformed using MACS2 with a Log2 fold-change threshold of 1, and p-value < 1 x 10−5. Dif-

ferential H3K4Me3, MITF and TFAP2A signal in WT, TFAP2-KO and when mentioned

MITF-KO cells was determined using DiffBind version 2.10.0 [111] with a Log2 fold-change

threshold of 1, and FDR< 0.05. DeepTools version 3.3.0 was used to check the reproducibility

of the biological replicates, to generate bigwig normalized (RPKM) coverage files for visualiza-

tion and to plot average CUT&RUN-seq and ATAC-seq profiles (-plotProfile) and generate

heatmaps (-plotHeatmap) of normalized reads [109]. MultiBigwigSummary was used to

extract read counts (-outRawCounts) [109] and Prism was used to generate Violin and

Box plots. Peaks were assigned to genes using GREAT with a peak-to-gene association rule of

the nearest-gene-within-100 kb [112]

RNA-seq

Four replicate RNA-seq experiments were performed on TFAP2-KO cells (clone 2.12 and

clone 4.3) and WT cells. Total RNA was extracted by direct cell lysis using the RNeasy Plus

Mini Kit with QiaShredder (Qiagen #47134). RNA samples with an RNA integrity number

(RIN) above nine were used for library generation and 150 bp paired-end sequencing on the

Illumina HiSeq2500 platform (Novogene, Sacramento, CA). FASTQ sequence files were pro-

cessed using FastQC (Babraham Bioinformatics) for quality control, and reads were trimmed

using Trim Galore Version 0.6.3 (Developed by Felix Krueger at the Babraham Institute) and

subsequently aligned to human genome assembly hg19 (GRCh37) using STAR [115]. The out-

put of the—quantMode GeneCounts function of STAR was used for the calculation of differ-

ential transcript expression using DESeq2 [116].The rlog function was used to generate

log2-transformed normalized counts. Adjusted p-value < 0.05 was used as the threshold for

statistically significant differences. Functional enrichment analyses was performed using PAN-

THER [117]. A full list of genes differentially expressed between TFAP2-KO and WT cells is

provided (Tables B-C in S1 Table).

Motif analyses

Both de novo and known motifs were identified within 200 bp of TFAP2-activated and TFA-

P2-inhibited enhancer and promoter peak summits using HOMER (-findMotifsGenome).

Statistical analysis

Fisher’s Exact Test was used to assess association between TFAP2-regulated elements (enhanc-

ers and promoters) with TFAP2-regulated gene expression. Fisher’s Exact Test is a statistical

significance test based on the hypergeometric distribution and is used to analyze contingency

tables to determine if there is an association between the classes in the columns and rows of

the contingency table. Use of this test is relevant for the analysis of differential expression

because we classify enhancers as either TFAP2-activated (downregulated in TFAP2-KO cells)

or TFAP2-inhbited (upregulated in TFAP2-KO cells) as well as near a target of interest (i.e.,

TFAP2-activated or TFAP2-inhibited) or not. This test determines if there is an association
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between genes that are near an TFAP2-regulated enhancer and genes whose expression varies

between TFAP2-KO cells and WT cells.

Data processing and analysis was performed in R and the code can be found at https://

GitHub.com/ahelv/Differential_Expression. GraphPad-Prism was used to perform Student’s

t-test as indicated in the figure legends.

Proliferation assay

Cell proliferation was monitored at 24, 48, 72 and 96 hours using the CellTiter 96 Aqueous

One Solution reagent kit according to the manufacturer’s protocol. Cells were serum depleted

for 24 hours before transferring 5,000 cells per well of cell culture treated 96-well plate (corn-

ing) containing RPMI media supplemented with 10% FBS and 1% PS. On the day of the exper-

iment, CellTiter 96 Aqueous One Solution was added to cells at a ratio of 6:1 (Media:

solution). After 1 hour at 37˚C in a humidified, 5% CO2 atmosphere, the absorbance at 450nm

was recorded using an ELISA plate reader. Background absorbance was measured from cell

free wells containing media and CellTiter 96 Aqueous One Solution. The experiment was per-

formed in triplicate and repeated 3 times.

Cluster formation assay

Cluster formation assays were performed as previously described [32]. In brief, cells were tryp-

sinized and resuspended in RPMI media supplemented with 10% FBS and 1% PS. A flat bot-

tom Low Attachment Surface-well plate (Corning) was seeded with 5,000 cells/well in a final

volume of 100uL. Clusters were allowed to form over the course of 3 days in a humidified

37˚C incubator at which time the number of clusters were counted per well using Image J soft-

ware. The experiment was performed in triplicate and repeated twelve times.

Wound scratch assay

A total of 500K cells were seeded per well of 6-well plate (Thermo Scientific, # 1483210) to

reach confluent monolayer. Cells were incubated in serum free media for 6 hours before

wounding with a 200 μL pipette tip. Scratches were manually imaged on an inverted light

microscope (Leica #10445930) every 6 hours over a 24-hour time period. The distance of

scratch closure between WT and TFAP2-KO cells were analyzed with Image J software.

Supporting information

S1 Fig. UMAPs showing expression of select genes in foxd3+ neural crest, twist+ cranial

neural crest and basal cell clusters. (A-C) 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 embryos at 28 hours post fertilization

(hpf). Feature plots showing expression of select marker genes (A) foxd3+ neural crest clusters

(B) twist+ cranial neural crest clusters and (C) basal cell clusters. (D) Feature plots showing

expression of mitfa and sox10. Note that mitfa positive clusters are a subset of all sox10 positive

clusters. Dotted lines indicate clusters of interest.

(EPS)

S2 Fig. Expression of select marker genes in foxd3/her+ neural crest, MIX, xanthophore

and iridophore cell clusters. (A) Violin plots showing expression of Notch pathway genes in

foxd3/her+ NC cluster 6. Note much lower of Notch signaling gene expression in foxd3+ NC

cluster 7. (B) Violin plots showing expression of select genes in MIX cell clusters, some of

which are also expressed in MX, xanthoblast and iridoblast cell clusters. (C) Violin plots
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showing expression of select marker genes in xanthoblast and xanthophore cell clusters. (D)

Violin plots showing expression of select marker genes in iridoblast and iridophore cell clus-

ters.

(TIF)

S3 Fig. Expression of TFAP2 paralogs in the pigment cell lineage. (A) Violin plots showing

expression of tfap2 paralogs in NC, MIX tfap2-low, MIX tfap2-high, MX, melanophore,

xanthoblast, xanthophore, iridoblast and iridophore cell clusters. Numeric labels below each

violin plot refer cluster numbers as described in Fig 1B.

(EPS)

S4 Fig. Expression of mitfa and tfap2e precede activation of Mitfa target gene in the pig-

ment cell lineage. (A) UMAP feature plots and B) violin plots showing expression of mitfa,

tfap2e, and genes in the melanin synthesis pathway, whose human orthologs are known to be

directly activated by MITF, in the pigment cell lineage. Although robust mitfa expression is

present in the MIX-tfap2-low cluster (cluster 8a), expression of genes in the melanin synthesis

pathway is absent in this cluster. Expression of the latter begins concurrent with expression of

tfap2e in the MIX-tfap2-high cluster (cluster 8b).

(EPS)

S5 Fig. Zebrafish homozygous for a frame-shift-inducing mutation in tfap2e do not display

a pigmentation phenotype, and melanophores in tfap2a/tfap2e double mutants are mela-

nized by 48 hpf. (A) A 157 base pair mutation at the end of tfap2e exon 2 disrupts splicing and

results in a premature stop codon. (B) PCR using primers in tfap2e exon 2 and intron 2 (e2-i2)

amplifies a band of the expected 450 base pair size in tfap2e mutants but not wildtype (WT),

whereas primers in exon 2 and exon 3 (e2-e3) amplify only in wild type. NTC: not template

control. (C) qRT-PCR analysis of tfap2e expression shows that the transcript is strongly

decreased in tfap2e ui157/ ui157 mutants, consistent with nonsense-mediated decay (Student’s t-

test, ���� p<0.0001). (D-E) tfap2e mutant zebrafish at 36 hpf, tfap2e+/ ui157 (D) and tfap2e ui157/

ui157 (E) are phenotypically indistinguishable. (F) Histogram illustrating the number of pig-

mented melanocytes in the dorsum of tfap2e+/ ui157 and tfap2e ui157/ ui157 mutant zebrafish

embryos. (G-J) Lateral views of 48 hpf embryos in the chorion. (G) A wildtype embryo shows

normal melanocyte patterning. (H) A tfap2a-/- mutant embryo (lockjaw allele), with fewer and

paler embryonic melanocytes than wildtypes. (I) In tfap2a-/-;tfap2e+/- and (J) in tfap2a-/-;
tfap2e-/- mutants individual melanocytes are grossly as melanized as they are in wild-types.

These mutants are phenotypically indistinguishable from tfap2a-/- mutant embryos.

(EPS)

S6 Fig. qRT-PCR expression analysis of tfap2 paralogs in tfap2 zebrafish mutants. (A)

Expression of tfap2 paralogs in pooled embryos. Wildtype (n = 20), tfap2alow/low (n = 20), and

tfap2alow/low; tfap2e ui157/ ui157 (n = 18). One-way ANOVA with Bonferroni correction, � signi-

fies adj. p<0.05. RQ, relative quantification.

(EPS)

S7 Fig. TFAP2 binds to open and closed chromatin. (A) Screenshot of IGV genome browser

(GRCH37/hg19), visualizing anti-TFAP2A and IgG CUT&RUN-seq profiles. Peaks were

called using MACS2 software (two independent replicates) and are illustrated by blue bars

under the anti-TFAP2A track. (B) Density heatmap centred on the 36,867 TFAP2A peaks

identified by anti-TFAP2A CUT&RUN in WT SK-MEL-28 cells. Regions shown are +/- 3 kb

from peak center. Promoter peaks are < 3kb and enhancer peaks>3kb from a transcriptional

start site (TSS). Anti-TFAP2A, anti-H3K4Me3 and anti-H3K27Ac CUT&RUN-seq, and
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ATAC-Seq profiles are shown. Color code reflects normalized Reads Per Kilobase, per Million

mapped reads (RPKM). (C) Histogram representing H3K27Ac signal, binned from low to

high read-depth (normalized RPKM) on the x-axis and percentage of TFAP2A promoter

peaks (black) and TFAP2A enhancer peaks (red) on the y-axis. (D) Violin plots illustrating

TFAP2A and IgG normalized reads (RPKM) at open (ATAC-peaks) and at closed chromatin

(no ATAC-peak) (E) Density heatmap representing TFAP2A CUT&RUN and ATAC-seq pro-

files at TFAP2A peaks that overlap nucleosome depleted regions (ATAC-peaks) and at nucleo-

some bound DNA (no ATAC-peak), the number of TFAP2A peaks in each group are as

labeled.

(TIF)

S8 Fig. Example loci of TFAP2A peaks at open and closed chromatin. (A-B) IGV screen-

shots of TFAP2A peaks that (A) closed chromatin and (B) open chromatin, based on ATAC-

seq, in SK-MEL-28 cells. Genes names and distance to that gene’s TSS are as labeled. Note that

scale for ATAC-seq reads (RPKM) is constant but for TFAP2A CUT&RUN is variable. Sche-
matics, renderings of TFAP2 in A) closed and B) open chromatin. (C) HOMER motif analysis

at TFAP2A peaks at closed chromatin and (D) at open chromatin. TF, transcription factors;

the top ranking transcription factor motif is shown, with P-values calculated with HOMER-

based hypergeometric enrichment analysis.

(EPS)

S9 Fig. Generation of TFAP2A; TFAP2C double mutant SK-MEL-28 cell lines. (A) RNA-

seq showing transcript counts of TFAP2 paralogs in SK-MEL-28 cells. Transcript counts for

WT cells (n = 4) and two TFAP2A;TFAP2C double knockout clones (4 replicates each) are

shown. The expression of WT and mutant alleles of TFAP2A is comparable between cell lines

whereas mutant alleles of TFAP2C are strongly reduced. (B) Two CRISPR guide RNAs

(gRNA) each were designed to target exon 2 of TFAP2A and TFAP2C (yellow boxes). (C) A

401 base pair inversion and a 452 base pair deletion at exon 2 of TFAP2A and TFAP2C, respec-

tively, was identified in clone 4.3. TFAP2A and TFAP2C mutant alleles resulted in a frame-

shift and premature stop codon in alleles of both genes. (D) A 405 base pair deletion at exon 2

of TFAP2A resulted in a frame-shift and premature stop codon in clone 2.12. A 455 base pair

deletion, and a 70 base pair insertion, 1 base pair deletion (Indel) was identified in exon 2 of

TFAP2C. Such mutations resulted in a frame-shift and premature stop codon. Additional per-

mutations were not identified at exon 2 of TFAP2A or TFAP2C in clone 4.3 or clone 2.12 cells.

Inv, inversion; Del, deletion. (E) Western blot analysis confirming loss of TFAP2A and

TFAP2C immunoactivity in clone 4.3 and clone 2.12 cell lines.

(TIF)

S10 Fig. TFAP2 paralogs directly activate and inhibit promoters as pioneer factors. (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) TFAP2-pioneered-and-acti-

vated promoters, (B) non-pioneered TFAP2-activated promoters, (C) TFAP2-pioneered-and-

inhibited promoters and (D) non-pioneered TFAP2-activated promoters. Genotypes as

labeled; y-axes are grouped scaled per dataset. (E-H) Violin plots representing anti-H3K27Ac

(two independent replicates) (E’-H’) ATAC-seq (four independent replicates), and (E”-H”)

anti-H3K4Me3 (two independent replicates) normalized reads at (E-E”) TFAP2-pioneered-

and-activated promoters, (F’F”) non-pioneered TFAP2-activated promoters, (G-G”) TFAP2-

pioneered-and-inhibited promoters, (H-H”) non-pioneered TFAP2-inhibited promoters. P-

values shown were determined by Student’s t-test. (I-L) Hypergeometric analysis of TFAP2
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regulated enhancers at TFAP2-activated (�) and TFAP2-inhibited (��) genes in TFAP2-KO

cells (FDR< 0.05, |log2FC| > 1). The number of promoters in each category of TFAP2-regu-

lated promoters is shown.

(EPS)

S11 Fig. Examples of TFAP2-activated and -inhibited promoters. (A-B) Screenshots of IGV

genome browser (GRCH37/hg19) visualizing anti-TFAP2A, anti-H3K4Me3, anti-H3K27Ac

CUT&RUN-seq, ATAC-seq and RNA-seq profiles at (A) the TFAP2-pioneered-and-activated

ZNF540 promoter and (B) the TFAP2-pioneered-and-inhibited S100A16 promoter. Geno-

types as labeled; y-axes are scaled per dataset.

(EPS)

S12 Fig. TFAP2 paralogs modulate the binding of MITF. (A) Density heatmap centered on

9,413 peaks co-bound by TFAP2A and MITF, showing anti-TFAP2, anti-MITF, ATAC-seq,

and anti-H3K27Ac CUT&RUN profiles in SK-MEL-28 cells. Regions shown are +/- 5 kb from

peak center. (B) Violin plot showing anti-MITF CUT&RUN signal (RPKM) in TFAP2-KO

and SK-MEL-28 cells at MITF peaks that are not bound by TFAP2A. There is no change in the

average read-depth of such MITF peaks in WT vs TFAP2-KO cells. ns; non-significant by Stu-

dent’s t-test. (C) Scatterplot of TFAP2-dependent (i.e., TFAP2-activated and TFAP2-inhibited)

MITF peaks. X axis is log2 normalized MITF CUT&RUN read depth in peaks in WT cells. Y

axis is log2FC of MITF CUT&RUN read depth in TFAP2-KO versus WT cells. (D) Screenshots

of IGV genome browser (GRCH37/hg19); genotypes as labeled, visualizing 5kb windows cen-

tered on TFAP2A peaks and showing indicated genomic data at several examples of TFA-

P2-activated MITF peaks and mutually-dependent MITF/TFAP2 peaks, and a single example

of a non-overlapping, TFAP2-independent MITF peak. (E) Violin plot showing increased

H3K27Me3 CUT&RUN signal at mutually-dependent TFAP2A/MITF peaks in MITF-KO

cells versus WT cells. P-values were determined by Student’s t-test. Y axis is normalized reads

(RPKM). (F-G) Screenshots of IGV genome browser (GRCH37/hg19), visualizing anti-

H3K27me3 CUT&RUN-seq profiles in MITF-KO and WT cells. Peaks were called using

MACS2 software (two independent replicates) and are illustrated by blue bars. Two examples

loci of mutually-dependent TFAP2A/MITF peaks showing increased H3K27Me3 signals are

shown (F) at the TRPM1 promoter and (G) at two FRMD4B enhancers. Note that H3K27Me3

signal extends much farther than just the region of the TFAP2A/MITF peak. Mutually-depen-

dent peaks are indicated by red arrows.

(EPS)

S13 Fig. Density heatmap of TFAP2 regulated MITF peaks. Density heatmap centered on

TFAP2-activated MITF peaks (first cluster), mutually dependent (mutually activated) peaks

(second cluster), TFAP2-inhibited MITF peaks and (third cluster) and TFAP2-independent

MITF peaks (forth cluster), showing two replicates of anti-MITF CUT&RUN in SK-MEL-28

and TFAP2-KO cells, and two replicates of anti-TFAP2A CUT&RUN in SK-MEL-28 and

MITF-KO cells. Regions shown are +/- 5 kb from peak center.

(EPS)

S14 Fig. TFAP2 and MITF do not co-inhibit enhancers at TFAP2-inhibited or MITF-

inhibited genes in SK-MEL-28 cells. (A-A’) Violin plot of TFAP2-activated MITF peaks at

TFAP2-pioneered-and-inhibited enhancers, which are potentially TFAP2/MITF co-inhibited

enhancers, showing (A) anti-MITF CUT&RUN and (A’) ATAC-Seq profiles in TFAP2-KO

and WT cells. Such loci were not significantly enriched at MITF-inhibited or TFAP2-inhibited

genes. (A”) Schematic of theoretical TFAP2/ MITF co-inhibited enhancers. In this example,

TFAP2 is a pioneer factor recruiting MITF in its repressor form to condense chromatin. Loss

PLOS GENETICS TFAP2 paralogs pioneer chromatin access for MITF

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010207 May 17, 2022 29 / 38

http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010207.s011
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010207.s012
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010207.s013
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010207.s014
https://doi.org/10.1371/journal.pgen.1010207


of TFAP2 in TFAP2-KO cells results in loss of MITF-repressor binding and opening of chro-

matin by an alternative pioneer factor.

(EPS)

S15 Fig. MITF-activated genes associated with TFAP2-independent MITF peaks are

enriched for cell cycle and DNA-repair. (A) Plot-profile showing MITF CUT&RUN peak sig-

nal at TFAP2-independent MITF peaks in TFAP2-KO and WT SK-MEL-28 cell lines. (B)

Genes associated with TFAP2-independent anti-MITF peaks were analyzed for enriched gene

ontology biological process using GREAT (single nearest gene +/- 100kb).

(EPS)

S16 Fig. A possible TFAP2-pioneered-and-activated enhancer at intron 2 of MITF. Screen-

shot of IGV genome browser (GRCH37/hg19) visualizing anti-TFAP2A, ATAC-seq, anti-

H3K27Ac and RNA-seq profiles at intron 2 of MITF. Dashed rectangle indicates an TFA-

P2-activated ATAC-seq peak; like the ATAC-seq signal, the H3K27Ac-signal is significantly

lower in TFAP2-KO cells relative to in WT cells implying this is a TFAP2-pioneered-and-acti-

vated enhancer, although the log2 fold change of the H3K27Ac signal does not meet the cut-

off we used to define this category of enhancer elsewhere in the paper. MITF and downstream

regions are shown, blue arrows indicate strand orientation and horizontal rectangles the

exons. Genotypes are as labeled; y-axes are grouped scaled per dataset.

(TIF)

S17 Fig. GO analysis of TFAP2-activated and inhibited genes. (A) Heatmap representing

the top 55 directly TFAP2-activated genes that are included in the Gene Ontology (GO) bio-

logical process categories “cell pigmentation” and “cell differentiation.” 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). (B-C) GO biological process terms enriched among (B) directly

TFAP2-activated genes and (C) directly TFAP2-inhibited genes.

(EPS)

S18 Fig. Scratch assay. Micrographs of (top) WT and (bottom) TFAP2-KO cells in petri dishes

at the indicated time after a scratch through the cells was made with a pipette tip. After 24

hours, the WT but not the TFAP2-KO cells had filled in the scratch through migration and/or

proliferation.

(EPS)

S1 Table. (A) Marker genes enriched in pigment cell clusters by scRNA-sequencing of GFP

+ cells sorted from Tg(MITF-GPF) transgenic zebrafish embryos at 28hpf (B) Differentially

expressed genes determined by RNA-Seq, comparing WT and TFAP2A;TFAP2C double

knockout SK-MEL-28 cell lines (Clone 4.3) (C) Differentially expressed genes determined by

RNA-Seq, comparing WT and TFAP2A;TFAP2C double knockout SK-MEL-28 cell lines

(Clone 2.12) (D) Examples of MITF-dependent genes that are TFAP2-independent.
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