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INTRODUCTION: Tumor analyses have shown
that DNA mutations can transform cells in
some situations but not in others. In mela-
noma, BRAFV600E [serine/threonine-protein
kinase B-raf (BRAF) in which valine at position
600 is replaced with glutamic acid] expression
coincides with the aberrant expression of a
developmental signature typical of the neural
crest, suggesting that the neural crest state
might be linked to oncogenic competence. The
mechanisms by which this state is acquired and
gives rise to oncogenic competence are unknown.

RATIONALE:During development, neural crest
cells give rise to melanoblasts, which then fur-
ther differentiate into melanocytes. Using
a combination of zebrafish transgenesis and
human pluripotent stem cell models, we as-
sessed oncogenic response to BRAFV600E in
each of these three cell states. We used these
models to determine why certain cell states
but not others were preferentially competent
to form tumors.

RESULTS: We engineered zebrafish to drive
BRAFV600E expression under the sox10 pro-
moter, the mitfa promoter, or the tyrp1 pro-
moter in the p53−/− background. This allows
for oncogene activation at the neural crest, at
themelanoblast, ormelanocyte stage, respec-
tively. Fish that received the oncogenic muta-
tion during the neural crest andmelanoblast
stages efficiently developed tumors, whereas
melanocyteswere relatively resistant. To extend
these findings to human cells, we developed a
human pluripotent stem cell (hPSC)–derived
tumor model. hPSCs can differentiate into
neural crest cells, melanoblasts, and melano-
cytes. We used gene targeting to introduce
oncogenic BRAFV600E and to inactivate the
tumor suppressors RB1, TP53, and P16 in
these cells. Analogous to what we found in the
zebrafish, upon subcutaneous transplant into
NSGmice, humanmelanocytes were relatively
resistant tomalignant transformation, whereas
the neural crest cells and melanoblasts readily
developed tumors. RNA-sequencing of these

cells with or without BRAFV600E revealed a ro-
bust transcriptional response to the oncogene in
the neural crest cells andmelanoblasts, whereas
melanocytes had little change despite equal
activation of phosphorylated extracellular
signal–regulated kinase (pERK). This suggested
that there were intrinsic differences across these
cells that determined how they responded to
oncogenic insult. Pathway analysis revealed
significant up-regulation of several chromatin-
modifying enzymes in the more competent
neural crest and melanoblast cells, including
readers, writers, and erasers (ATAD2, BPTF,
BAZ1A, EZH2, and others). This raised the hy-
pothesis thattheneuralcrestcellsandmelanoblasts
had higher intrinsic transcriptional plasticity
compared with that of melanocytes because of
these chromatinmodifiers. Further investigation
demonstrated that one of these factors, ATAD2,
is commonly amplified or overexpressed inmel-
anoma patients and is correlated with a worse
prognosis. In vitro, expressionofATAD2 inhPSC-
derivedmelanocytes led to acquisition of amore
progenitor-like phenotype, and inhibition of
ATAD2 impaired neural crest differentiation.
In vivo, ATAD2 is sufficient to endow oncogenic
competence to the melanocytes and allows for
formation ofmelanoma in these otherwisemore
resistant cells. We show that ATAD2 forms a
protein complex with SOX10, a key transcrip-
tion factor required for neural crest develop-
ment. Analysis with ATAC-seq, RNA-seq, and
Cut&Run demonstrate that ATAD2 facilitates
expression of SOX10 developmental target
genes as well as genes related to the mitogen-
activated protein kinase (MAPK) pathway. To-
gether, these allow for a robust transcriptional
response to oncogenes such as BRAFV600E.

CONCLUSION: Overall, these data suggest that
oncogenic competence is mediated by a com-
bination of oncogenes (such as BRAFV600E),
lineage-specific transcription factors (such as
SOX10), and developmentally regulated chro-
matin factors (such as ATAD2). These data
imply that theremaynot be a single cell of origin
for melanoma but instead that melanoma
origin may depend on the relative levels of
these factors in different contexts or anatomic
locations. Beyondmelanoma, the specific combi-
nation of such factors is likely to be different in
each type of tumor. Further investigation into
the mechanisms regulating their expression
opens up the possibility of therapeutically tar-
geting competence factors.▪
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Human pluripotent stem cell (hPSC)-derived
cancer model

Developmental chromatin factors allow for oncogenic competence and tumor formation. Both
zebrafish and hPSC-derived cancer models show that neural crest cells and melanoblasts have oncogenic
competence, whereas melanocytes are relatively resistant. Progenitor cells express a specific profile of
epigenetic factors such as ATAD2, reexpression of which then endows melanocytes with oncogenic competence.
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Oncogenes only transform cells under certain cellular contexts, a phenomenon called oncogenic competence.
Using a combination of a human pluripotent stem cell–derived cancer model along with zebrafish transgenesis,
we demonstrate that the transforming ability of BRAFV600E along with additional mutations depends on the
intrinsic transcriptional program present in the cell of origin. In both systems, melanocytes are less responsive
to mutations, whereas both neural crest and melanoblast populations are readily transformed. Profiling
reveals that progenitors have higher expression of chromatin-modifying enzymes such as ATAD2, a
melanoma competence factor that forms a complex with SOX10 and allows for expression of downstream
oncogenic and neural crest programs. These data suggest that oncogenic competence is mediated by
regulation of developmental chromatin factors, which then allow for proper response to those oncogenes.

D
NA mutations are tumorigenic depend-
ing on the preexisting transcriptional
programs and only in certain cellular
contexts (1), whichwe refer to as oncoge-
nic competence. In the skin, BRAFV600E

[serine/threonine-protein kinase B-raf (BRAF)
in which valine at position 600 is replaced with
glutamic acid] activates a neural crest lineage
program to initiate tumor formation (2, 3). In
particular, crestin, a gene that in zebrafish is
specifically expressed in neural crest cells, is

reactivated in melanoma-initiating cells and
maintained in the tumor (2). The activation
of neural crest lineage–specific mechanisms
(2–6) together with oncogene mutations such
as BRAFV600E are fundamental for the acqui-
sition of a malignant state (7). However, it is
not known why a neural crest–like state is re-
quired and particularly susceptible to oncoge-
nic transformation by BRAF or what factors
regulate this state.

Neural crest and melanoblasts, but not
melanocytes, are oncogenically competent
in zebrafish

The melanocytic lineage develops as a hierar-
chy of cells that starts as undifferentiated
neural crest cells, proceeding through a mela-
noblast stage and then finally differentiating
into melanocytes. To understand which cells
within this lineage are most sensitive to onco-
genic insult, we engineered zebrafish to initiate
tumors by using stage-specific promoters to
drive BRAFV600E in neural crest cells (sox10
promoter), melanoblasts (mitfa promoter),
or melanocytes (tyrp1 promoter). Fish with
p53 mutations that expressed BRAFV600E in
either the neural crest cells or the melano-
blasts developed aggressive tumors (Fig. 1, A
to D, and figs. S1 and S2, A and B). However,
the tyrp1-BRAFV600E p53−/− transgenic animals
failed to develop tumors and instead devel-
oped small patches of nevus-like cells (Fig. 1,
B, E, H, and K, and fig. S2C). We analyzed
both the neural crest and the melanoblast-
derived tumors and found that they stained
equally for BRAFV600E and phosphorylated
extracellular signal–regulated kinase (pERK)

(Fig. 1, F, G, I, and J). Hematoxylin and eosin
(H&E) staining showed that the neural crest
and melanoblast-derived tumors were histo-
logically distinct (fig. S2, A and B). The neural
crest–derived tumors appeared undifferen-
tiated andwere predominantly positive for the
neuronal markers huc/hud and ncam and
sparsely for sox10 (Fig. 1, L, N, and P), reflec-
ting the multipotency of the neural crest (fig.
S2D) (8). By contrast, themitfa-driven tumors
had an appearance characteristic of typical
cutaneous melanoma and stained positive for
sox10 andmlana (Fig. 1, M andQ, and fig. S2F),
whereas they were negative for the neuronal
markers huc or hud (Fig. 1O). RNA-sequencing
(RNA-seq) analysis showed that these tumors
were transcriptionally distinct (Fig. 1R, fig. S2E,
and table S1) and confirmed that the neural
crest–derived tumors expressed neuronal genes,
whereas themelanoblast-derivedmelanomas ex-
pressed genes related to the melanocytic lineage
(fig. S2F). Gene set association analysis (GSAA)
showed that neural crest–derived tumors dis-
played a gene signature linked to poor survival
in neuroblastoma (fig. S2G) (9).
These data suggested that competence to

respond to BRAFV600E is biased toward cells
of origin that exhibit progenitor gene prog-
rams and that those programs allow for form-
ation of distinct tumors. However, because
melanocytes have been shown to give rise to
melanoma inmousemelanomamodels through
the Tyrosinase-Cre transgene (10, 11), this raised
the question of whether the melanocytes in
our model were entirely impervious to mela-
noma formation. To test this, we used CRISPR
to inactivate phosphatase and tensin homolog
(pten) in the tyrp1-BRAFV600E p53−/− fish and
observed that 11% of animals developed mela-
noma (fig. S3). This indicates that both mela-
noblasts andmelanocytes can be competent to
give rise to melanoma, but that the melano-
blasts do so much more readily.

An hPSC-based cancer model recapitulates
the zebrafish models

To mechanistically study oncogenic compe-
tence in the precise stages along the differen-
tiation of a melanocyte, we built a human
pluripotent stem cell (hPSC)–derived cancer
model. We used gene targeting in hPSCs to
introduce oncogenic BRAFV600E and to inacti-
vate the tumor suppressors RB1, TP53 (P53),
and P16 (referred to hereafter as 3xKO cells)
(Fig. 2A). These 3xKO engineered cells were
then differentiated into neural crest cells, mela-
noblasts, and mature melanocytes (Fig. 2A
and fig. S4, A and B) (12), and BRAFV600E ex-
pression was induced by doxycycline (dox)
(fig. S4C), which caused comparable phospho-
rylation of ERK (Fig. 2B). Upon subcutaneous
injection in NSGmice, we found that similar
to the zebrafish, both 3xKO dox neural crest
cells and melanoblasts readily formed tumors
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Fig. 1. Zebrafish models show that neural crest cells and melanoblasts, but
not melanocytes, are cancer competent. (A) Schematic drawing of zebrafish F0
transgenesis. F0 zebrafish transgenic fish were engineered by means of injection
of p53−/− single-cell embryos with transposase mRNA together with TOL2-flanked
plasmids, which encoded a stage-specific promoter (sox10, mitfa, and tyrp1) driving
BRAFV600E fused to TdTomato. (B) Kaplan-Meier curves of F0 p53

−/− transgenic
zebrafish injected with plasmids driving BRAFV600E fused to TdTomato under either
the neural crest–specific promoter sox10 (n = 92 biological replicates), the
melanoblast-specific promotermitfa (n = 94 biological replicates), or the melanocyte-
specific promoter tyrp1 (n = 49 biological replicates) or uninjected control (n = 86
biological replicates). ****P < 0.0001 for the comparison of the tumor-free survival
curves of fish with melanoblast-derived tumors and melanocyte-derived nevus-like
structures; ****P < 0.0001 for the comparison of the tumor-free survival curves of fish

with neural crest– and melanoblast-derived tumors; log-rank (Mantel-Cox) test.
(C) Neural crest–derived tumor developed in the sox10-BRAFV600E p53−/− transgenic
fish. (D) Melanoblast-derived tumor developed in the mitfa-BRAFV600E p53−/−

transgenic fish. (E) Nevus-like structure developed in the tyrp1-BRAFV600E p53−/−

transgenic fish. (F to K) Immunohistochemistry for BRAFV600E and pERK in the neural
crest– and melanoblast-derived tumors and in the melanocyte-derived nevus-like
structure. (L to Q) Immunohistochemistry staining for sox10, huc/hud, ncam, and
mlana. Neural crest–derived tumors were positive for the neuronal marks huc/hud
and ncam [(N) and (P)] and weakly positive for sox10 expression (L). MB-derived
tumors were melanomas positive for sox10 (M), mlana (Q), and negative for the
neuronal marks huc and hud (O). (R) Principal components analysis (PCA) plot of
mitfa-driven tumors (n = 6, M, red) and sox10-driven tumors (n = 12, S, blue) for whole-
genome RNA-seq shows a separation at the transcriptional level.
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(Fig. 2, C and D), whereas the 3xKO dox
melanocytes largely failed to do so, with only
one single animal developing a tumor under
this condition (Fig. 2E and fig. S4D). As a
control, we also transplanted wild-type (WT)
neural crest cells, melanoblasts, and melano-

cytes and found that these were unable to grow
in vivo. Histological analysis of the neural
crest– andmelanoblast-derived tumors (Fig. 2,
F to S, and fig. S4, E to L) showed a high level
of BRAFV600E and pERK expression in both
(Fig. 2, F to I). Analogous to the zebrafish

tumors, the hPSC-derived 3xKO dox neural
crest cells gave rise to tumors that showed a
strong preponderance of neuronal markers
(Fig. 2, P and R). Previous work has shown
that neural crest cells that differentiate into
neuronal derivatives down-regulate SOX10
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Fig. 2. A hPSC-based cancer
model recapitulates the zebrafish
models and demonstrates that
human neural crest and melano-
blast states are cancer
competent, whereas the differen-
tiated melanocyte state is not.
(A) Schematic summary of hPSCs
differentiation into neural crest
cells, melanoblasts, and melano-
cytes and Western blot of the dox-
inducible BRAFV600E (iBRAFV600E)
hPSC line inactivation for RB1,
P53, and P16 (3xKO) by using
CRISPR/Cas9 technology.
(B) Western blot of neural crest
cells, melanoblasts, and melano-
cytes differentiated from either the
iBRAFV600E WT or the iBRAFV600E

3xKO hPSCs. The cells were
exposed to dox (1 mg/ml) for
72 hours. (C to E) In vivo growth
curves of 3xKO neural crest cells +
dox (n = 6 per group) (C); in vivo
growth curves of 3xKO melano-
blasts + dox (n = 6 per group) (D).
3xKO melanocytes + dox were not
able to grow in vivo (n = 6 per
group, 1 outlier) (E) but gave rise to
nevus-like structures (fig. S4D).
hPSCs-derived cells were injected
subcutaneously in immunodeficient
NSG mice exposed to a dox-
containing diet. (F to S) Immuno-
histochemistry of neural crest–
derived and melanoblast-derived
tumors + dox treatment. Neural
crest–derived tumors were
undifferentiated and heterogeneous
tumors, with strong neuronal
features [(P) and (R)]. Melanoblast-
derived tumors were diagnosed as
melanomas and were positive for all
the common melanocytic marks
[(K), (M), and (O)]. (T) t-distributed
stochastic neighbor embedding
(t-SNE) of 3xKO + dox neural
crest, melanoblast, and melanocyte
samples and the TCGA melanoma
samples by using the Tsoi signature
for melanoma subtypes. (U to
Z) MA plots of the RNA-seq of WT
neural crest cells, melanoblasts, and melanocytes ± dox treatment and 3xKO neural crest cells, melanoblasts, and melanocytes ± dox treatment (n = 3 replicates per
condition). The mean of normalized counts of each gene was plotted against the log fold change after dox-induced BRAFV600E expression within that condition. Adjusted
P value cut-off of 0.05 was used for significantly differentially expressed genes (red).
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expression (13), which is consistent with rela-
tively little SOX10 being seen with immuno-
histochemistry at this time point. The 3xKO
doxmelanoblast–derived tumors were instead
positive for all of the commonmarkers ofmela-
noma, whereas they were negative for HuC
and HuD and were pathologically categorized
as desmoplasticmelanomas (Fig. 2, K,M, O, Q,
and S). GSAA showed that neural crest cells
were transcriptionally similar to the neural
crest–derived tumors in the fish (fig. S5, A and

B) and that melanoblasts were transcription-
ally similar to themelanoblast-derived tumors
in the fish (fig. S5C), which further corrobo-
rated the comparability between the twomod-
els. To ensure that our hPSC-derived tumors
are relevant to human patients, we performed
RNA-seq of the BRAFV600E 3xKO neural crest
cells, melanoblasts, andmelanocytes and com-
pared their expression profiles with data from
The Cancer Genome Atlas (TCGA), using a
published signature for melanoma subgroups

(14). We observed that the hPSC-derived 3xKO
dox neural crest cells and 3xKO dox melano-
blasts strongly clustered with the humanmela-
noma patient samples (Fig. 2T), whereas the
hPSC-derived 3xKO dox melanocytes did not.
We found that the 3xKO melanoblasts, even
withoutBRAFV600E induction, could formtumors
in mice, indicating that loss of tumor sup-
pressors alone gives these cells enough of a
proliferative advantage to grow in this context
(fig. S5D).
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Fig. 3. Cancer competence is reflected by a distinct expression of chromatin-
related genes, and ATAD2 is a key chromatin factor shared between hPSC-
derived melanoblasts and patient melanoma cells. (A) Waterfall plot of
the enriched pathways from the GSAA comparing WT melanoblasts with WT
melanocytes. Chromatin-related pathways are indicated in red. (B) Heatmap
depicting the differential expression of chromatin-related genes between

WT melanoblasts and WT melanocytes. Normalized log2fold change. (C) Alteration
frequency of the top 25 epigenetic-related factors overexpressed in WT
melanoblasts in TCGA SKCM melanoma patient samples. (D) Kaplan-Meier
overall survival curve of TCGA SKCM patients belonging either to the patients
group with high levels of ATAD2 expression (ATAD2HI) or with low expression
levels (ATAD2LO), log-rank P value reported.
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Neural crest and melanoblasts have strong
transcriptional responses to BRAF,
in contrast to melanocytes
To gain insight into why these cells differed in
oncogenic competence, we performed RNA-seq
of neural crest cells, melanoblasts, andmelano-
cytes ± BRAFV600E on both theWT and 3xKO
background. We observed that dox-induced
BRAFV600E expression caused dramatic tran-
scriptional changes in both the neural crest
cells and melanoblasts (Fig. 2, U to X, and fig.
S5, A and E). By contrast, the transcriptional
response to BRAF in melanocytes was nearly

absent, with few genes being altered (Fig. 2,
Y and Z; fig. S5, A and E; and table S2). Thus,
despite equally robust activation of pERK (Fig.
2B), this indicates that the melanocyte state
was refractory to eliciting a transcriptional
response after oncogene activation. This raised
the question of whatwas intrinsically different
between these cell types. GSAApathway analy-
sis in WTmelanoblasts and WT melanocytes
(table S2) showed that multiple pathways re-
lated to chromatinmodification were enriched
in melanoblasts (Fig. 3A), and by examining
individual genes, we found the enrichment of

specific chromatinmodifiers (Fig. 3B). This sug-
gested that melanoblasts express epigenetic-
related factors that enable rewiring of their
chromatin state in response to BRAFV600E,
which renders them competent for melanoma
initiation.

ATAD2 is a chromatin modifier shared between
neural crest cells, melanoblasts, and
melanoma cells

To identify which of these chromatin factors
is likely most important in establishing com-
petence, we analyzed the top 25 epigenetic-
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Fig. 4. ATAD2 expression in melanocytes
reshapes the chromatin around neural
crest and melanoblast loci and reactivates
a developmental signature. (A) Western
blot for lenti-induced ATAD2 expression in
3xKO dox melanocytes. (B) (Right) 3xKO dox
melanocytes and (left) 3xKO ATAD2 dox
melanocytes. Scale bars, 50 mm. (C) Tornado
plots of the gene set enrichment analysis
(GSEA) of the ATAC-seq showing genes
belonging to Lee NC Stem Cell Up gene set
in 3xKO dox melanoblasts, 3xKO dox
melanocytes, and 3xKO ATAD2 dox melano-
cytes. (D and E) GSEA of (D) the ATAC-seq of
3xKO dox melanocytes compared with
3xKO dox melanoblasts for Lee NC Stem Cell
Up [normalized enrichment score (NES) =
–2.50, false discovery rate (FDR) = 1.44 E−4]
and (E) 3xKO ATAD2 dox melanocytes
compared with 3xKO dox melanocytes for
Lee NC Stem Cell Up (NES = 1.96, FDR = 0.06).
(F) Homer motif discovery shows that the
SOX10 motif is one of the most enriched
motifs (P < 1 × 10−50) in 3xKO ATAD2 dox
melanocytes compared with 3xKO dox
melanocytes. (G) Homer motif discovery shows
that the MITF motif is the most closed motif
(P < 1 × 10−191) in 3xKO ATAD2 dox
melanocytes compared with 3xKO dox
melanocytes. (H) Tornado plots depict any
dynamic ATAC peak that contains the SOX10
motif, regardless of genomic location or
gene annotation. (I) Tornado plots depict any
dynamic ATAC peak that contains the MITF
motif, regardless of genomic location or gene
annotation. (J) Network analysis of the genes
with increased accessibility for the SOX10
binding motif in 3xKO ATAD2 dox melanocytes
compared with 3xKO dox melanocytes.
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related factors that are higher in melanoblasts
as compared with melanocytes (Fig. 3B) and
then asked which of these is most commonly
amplified or overexpressed in the human
melanoma TCGA cohort, which revealed BPTF
(bromodomain PHD finger transcription
factor), ATAD2 (ATPase family AAA domain
containing 2), and EZH2 (histone methyl-
transferase enhancer of zeste homolog 2)
at the top of this analysis (Fig. 3C). Although
there are known associations between BPTF
and EZH2 and melanoma (15, 16), there is no
information about ATAD2 in neural crest or
melanoma development. ATAD2, an adenosine
triphosphatase (ATPase)– and bromodomain-
containing protein (17), is known to play roles
in chromatin accessibility (18) and was neg-
atively associated with survival in melanoma;
patients in the highest 20% of expression had
significantly worse survival as compared with
the remaining patients (Fig. 3D and fig. S8A).

ATAD2 acts to reshape chromatin around key
neural crest and melanoblast loci

We sought to determine whether ATAD2 was
required for the establishment of a progenitor
signature and subsequent tumorigenesis. We
generated a lentivirus that induced ATAD2
expression in the 3xKOmelanocytes (Fig. 4A)
to a level comparable with what would be
found in melanoblasts (fig. S6A). Although
melanocytes without ATAD2 are deeply pig-
mentedwithmelanin, reflecting their differen-
tiated state, the 3xKO melanocytes expressing
ATAD2 decreased their pigmentation (Fig. 4B),
possibly because of dedifferentiation (19–21).
To test this idea, we performed an assay for
transposase-accessible chromatin with high-
throughput sequencing (ATAC-seq) on 3xKO
dox melanoblasts, 3xKO dox melanocytes,
and 3xKO ATAD2 dox melanocytes to assess
global changes in chromatin accessibility. Ad-
dition of ATAD2 to the 3xKO melanocytes did
not lead to a global increase in open chroma-
tin (fig. S6, B and C). Instead, overexpression
of ATAD2 in melanocytes led to the specific
increase in chromatin accessibility at neural
crest–related loci (Fig. 4, C to E). To gain
insight into the transcription factors that are
binding to these newly opened chromatin
regions, we performed HOMER (Hypergeo-
metric Optimization of Motif Enrichment)
analysis. This revealed that the top motif en-
riched by ATAD2 was SOX10 itself (Fig. 4, F
andH), suggesting that ATAD2was specifically
allowing SOX10 to bind to its target genes.
Analogously, we also asked which peaks be-
came closed after expression of ATAD2 and
found that these were most highly enriched
for the MITF (melanocyte inducing transcrip-
tion factor) motif (Fig. 4, G and I). Network
analysis of the loci most affected by ATAD2
and that carried the SOX10 motif confirmed
a strong enrichment for pathways associated

with neural precursor proliferation and neural
crest migration (Fig. 4J).

ATAD2 is necessary for neural crest induction

Because SOX10 is essential for proper neural
crest induction, these data suggested that
loss of ATAD2might impair proper neural crest
formation. To test this, we used an inducible
Cas9 system (22) to inactivate ATAD2 during
the differentiation of hPSCs into neural crest
cells (fig. S7). We measured the percentage of
neural crest cells and found ~50% reduction in
neural crest formation upon loss of ATAD2
(fig. S7D). Overall, these data are consistent
with the notion that ATAD2 facilitates access
to an early neural crest state.

ATAD2 forms a complex with SOX10 and
c-Myc, allowing for expression of neural crest
genes and MAPK-related genes

Previous work has shown that ATAD2 is able
to build a protein complex with Myc and in
this way regulate a Myc-dependent signature
in cancer (23). We hypothesized that ATAD2
might be acting in a similar way with SOX10,
by directly binding to it and facilitating trans-
cription of its target genes. In support of this
idea, we analyzed genes differentially expressed
in the ATAD2HI and ATAD2LO patients from
the TCGA cohort (Fig. 5A and fig. S8A). Path-
way analysis revealed a strongMyc signature in
the ATAD2HI patients (Fig. 5, A and B, and fig.
S8B), andmotif analysis showed enrichment of
the SOXmotif (Fig. 5C). We confirmed with co-
immunoprecipitation (co-IP) that ATAD2 forms
a complex with Myc in the 3xKO ATAD2 dox
melanocytes and found that it also does so with
SOX10 (Fig. 5, D and E, and fig. S8C). On the
basis of these findings, we hypothesized that
ATAD2 might play a dual role and facilitate
the expression of target genes of bothMyc and
SOX10 transcription factors. To test this,
we performed CUT&RUN for ATAD2, SOX10,
and Myc in the 3xKO ATAD2 dox melano-
cytes, comparing it with binding in the con-
trol 3xKO dox melanocytes. We created tornado
plots to look at the overlap between these
factors and revealed co-binding, inwhichATAD2
and SOX10 co-bound 43.4% of the ATAD2 target
genes (Fig. 5F), ATAD2 andMyc co-bound 6.4%,
and 4.0%were co-bound by all three factors (Fig.
5G). To further confirm which of these genes
are likely transcriptional targets of these com-
plexes, we next performed RNA-seq of the
3xKOATAD2 doxmelanocytes compared with
the control 3xKO dox melanocytes (Fig. 5H
and table S3).We found significant enrichment
for neural crest–related genes (MEIS2, CDH2,
and CDH11) (24) that were co-bound by ATAD2
and SOX10 or co-bound by ATAD2, SOX10, or
Myc and up-regulated in the RNA-seq dataset
(Fig. 5, I, K, and L). Furthermore, we also dis-
covered a significant up-regulation and binding
of regulators of the mitogen-activated protein

kinase (MAPK) pathway, including key up-
stream regulators [epidermal growth factor
receptor (EGFR) and fibroblast growth factor
receptor 2 (FGFR2)] (Fig. 5, J and L) and key
downstream regulators of MAPK, including
Myc target genes (RPS6KA6, JUN, and E2F)
(Fig. 5L and fig S6D). Recent work has dem-
onstrated that up-regulation of EGFR and
FGF, which we found is facilitated by ATAD2,
are key mechanisms of MAPK pathway ac-
tivation in BRAFV600E mutant melanoma,
especially in the setting of drug resistance
(25, 26). In the 3xKO ATAD2 dox melano-
cytes, it is possible that this increase in EGFR
and FGF explains the increased phosphoryl-
ation of ERK1 and -2 (fig. S8E), and future
studies will be required to investigate the
potential link between ATAD2 expression,
ERK activation, and EGFR and FGF in this
context. Overall, our data indicate that ATAD2
directly binds to both SOX10 and Myc, fa-
cilitates the expression of their target genes,
and leads to increased activity of two major
tumorigenic mechanisms in melanoma: a
neural crest lineage program andMAPK path-
way activity.

ATAD2 promotes melanoma phenotypes

EdU incorporation assays showed that 3xKO
ATAD2 ± dox melanocytes had a proliferation
rate comparablewith that of 3xKOdoxmelano-
blasts and that they were significantly more
proliferative than 3xKO dox melanocytes (fig.
S8F). Both proliferation rates in 3xKO neural
crest cells and melanoblasts increased upon
BRAFV600E expression, whereas in the already
highly proliferative 3xKO ATAD2 dox melano-
cytes, they did not. In vitro 3xKO melano-
cytes were not entering a senescent state upon
BRAFV600E expression, and their proliferation
rate did not change. 3xKO ATAD2 ± doxmela-
nocytes were also more invasive, as measured
with the invasion chamber analysis (fig. S9, A
and B) and as supported by ATAC-seq gene
signatures consistent with an epithelial-to-
mesenchymal (EMT) program (fig. S9, C and
D). We also assessed the metabolic profile of
these hPSC-derived tumor lines and found
evidence of substantial metabolic rewiring. We
used Seahorse assays tomeasuremitochondrial
bioenergetics and glycolysis by means of oxy-
gen consumption rate (OCR) and the extra-
cellular acidification rate (ECAR). The ratio
between OCR and ECAR showed that 3xKO
melanoblasts were mostly relying on glycol-
ysis for energy production and that this trend
was amplified by dox-induced oncogene ex-
pression (fig. S10A) (27). On the contrary,
3xKO melanocytes displayed a profoundly
different metabolic profile, with sustained
oxidativemetabolism.UponATAD2 expression,
the 3xKO ATAD2 dox melanocytes switched
to a more glycolytic state, as evidenced by an
increased ECAR/OCR ratio (fig. S10).
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Fig. 5. ATAD2 promotes melanoma phenotypes through c-Myc and SOX10
in both clinical samples of cutaneous melanoma and in the hPSC-derived
cancer model. (A) Heatmap plot of differentially expressed genes (DEGs)
in the ATAD2HI patient group versus the ATAD2LO patient group. (B) Top 10
hallmark pathways from GSEA enriched in the ATAD2HI patient group compared
with the ATAD2LO patient group. (C) Identification of the SOX binding motif
on genes coexpressed in the ATAD2HI patient groups, determined by means of
analysis with the oPOSSUM software tool. (D and E) Co-IP analysis of protein
lysates of 3xKO ATAD2 dox melanocytes by using either the ATAD2 or the
control immunoglobulin G (IgG) antibody and then blotted against (D) c-Myc and
(E) SOX10. (F) Tornado plots depict the Cut&Run peaks overlapping between
ATAD2 and SOX10 in 3xKO dox melanocytes and 3xKO ATAD2 dox melanocytes.
(G) Tornado plots depict the Cut&Run peaks overlapping between ATAD2,
c-Myc, and SOX10 in 3xKO dox melanocytes and 3xKO ATAD2 dox melanocytes.
(H) Volcano plot of the RNA-seq depicts the distribution of the transcriptional

differences between 3xKO ATAD2 dox melanocytes over 3xKO dox melanocytes.
(I and J) GSEA of the RNA-seq of 3xKO ATAD2 dox melanocytes compared
with 3xKO dox melanocytes for (I) Lee NC Stem Cell Up (NES = 2.04, FDR =
2.92 × 10–4) and (J)Kyoto Encyclopedia of Genes and Genomes (KEGG) MAPK
Signaling Pathway (NES = 1.66, FDR = 0.03). (K) Violin plots showing the
distribution of Cut&Run target genes that are also significantly up-regulated in
the RNA-seq dataset. Genes bound by ATAD2 are enriched for RNA up-regulation
of the Lee NC Stem Cell signature (left, Mann-Whitney U test, P = 0.01), as
are genes cobound by ATAD2/SOX10/c-Myc (right, Mann-Whitney U test,
P = 0.03). (L) Heatmap depicting expression changes of the ATAD2 and SOX10
co-bound Cut&Run target genes belonging to the Lee NC Stem Cell Up gene set
(left). Heatmap depicting expression changes of the ATAD2 Cut&Run target
genes belonging to the KEGG MAPK Signaling Pathway (middle). Heatmap
depicting expression changes of selected ATAD2 and c-Myc co-bound Cut&Run
target genes (right).
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Fig. 6. ATAD2 is necessary and sufficient for melanoma initiation.
(A) p53−/−;casper single-cell embryos were injected with a plasmid that
encoded the melanocyte-specific promoter tyrp1 driving BRAFV600E ± a
plasmid that encoded tyrp1 driving ATAD2, along with a MiniCoopR-tdTomato
plasmid to rescue melanocytes in the casper background. (B) (Left)
Transgenic control fish with tyrp1 driving BRAFV600E and (right) a transgenic
fish expressing tyrp1 driving both BRAFV600E and ATAD2, which developed
a pigmented tumor. (C) Percentage of fish that developed melanoma with the
tyrp1 driving BRAFV600E ± ATAD2. Control fish expressing tyrp1-BRAFV600E

did not develop tumors (n = 0 of 23 fish), whereas fish expressing tyrp1
driving BRAFV600E + ATAD2 developed melanomas (n = 2 of 20 fish) and
hyperplastic lesions (n = 3 of 20 fish). Fisher’s exact test, *P < 0.05.

(D) Schematic drawing for the TEAZ-electroporation experiment. Fish
that were p53−/−, casper;mitfa-BRAFV600E were electroporated with
MiniCoopR-GFP (mitfa-MITF and mitfa-GFP), Ub-Cas9, gRB1, Tol2, AltR-Cas9,
and either AltR-sgNT or a pool of AltR-sgATAD2. The fish were then monitored
and quantified for melanoma initiation. (E) Quantification of the GFP+ area
(square millimeters) in the transgenic fish 2 weeks after electroporation.
Mann-Whitney test with **P = 0.01. (F) Percentage of fish that were either
GFP+ or GFP– depending on the electroporation of AltR-sgNT or AltR-
sgATAD2. (G) Transgenic fish electroporated with AltR-sgNT, 4 weeks after
electroporation. The images depict early lesions characterized by pigmenta-
tion and GFP expression. (H) Transgenic fish electroporated with AltR-
sgATAD2, 4 weeks after electroporation.
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ATAD2 endows melanocytes with oncogenic
competence in vivo
To test whether ATAD2 was sufficient for
melanoma initiation, we created transgenic
zebrafish (Fig. 6A) in which we could over-
express BRAFV600E ± ATAD2 in the melano-
cytes using the tyrp1 promoter, a cell type
that we showed above (Fig. 1B) is refractory to
develop melanoma. In the casper background
(28) with rescued melanocytes, none of the
tyrp1-BRAFV600E p53−/− animals developed
hyperplasia or melanoma (0%, n = 0 of 23).
By contrast, we found that 10% (n = 2 of 20)
of tyrp1-BRAFV600E tyrp1-ATAD2 p53−/− ani-
mals developed melanomas and 15% (n = 3
of 20) developed hyperplastic lesions (Fig. 6, B
and C, and fig. S11). Conversely, we next wanted
to test whether loss of ATAD2 would prevent
melanoma initiation. Using the electroporation-
based TEAZ (transgene electroporation in
adult zebrafish) approach (29) with nontar-
geting single-guide RNAs (sgRNAs), 65% of
the fish developed a patch of green fluorescent
protein–positive (GFP+) melanocytes (Fig. 6, D
to G), easily discernible from the surrounding
normal skin. By contrast, in the animals that
were electroporated with sgRNAs against
ATAD2, we found that the majority was neg-
ative for any GFP (Fig. 6, E, F andH), and the
quantification of the GFP+ area revealed a
significant decrease in overall tumor size in
the ATAD2-deleted fish compared with the
control fish (Fig. 6E). We further tested the
role of ATAD2 in the context of PTEN dele-
tion using the MASERATI vector (fig. S12A)
(30), in which patches seen at 14 days gave
rise to fully penetrant melanomas in 78.6%
of animals by day 84 (fig. S12, B to H). Similar
to the results above, ATAD2 sgRNA led to a
significant reduction in melanoma size at
day 14 (fig. S12I). Analogous to the CRISPR dele-
tion of SOX10 (2), over time we observed selec-
tion for WT or in-frame ATAD2 clones (fig. S12,
J and K). Taken together, our data support a
model in which high levels of ATAD2 expres-
sion, which is found in neural crest cells and
melanoblasts, allows for reexpression of a pro-
genitor signature in melanocytes and supports
the ability of BRAF to initiate tumors (fig. S13).

Discussion

These data show that the ability of a cell to
respond to BRAFV600E depends on the preex-
isting transcriptional state of that cell. We
found that both the neural crest and the
melanoblast stages are able to respond to
BRAFV600E, and that ATAD2 is an oncogenic
competence factor required for melanoma
initiation in melanocytes.
One difference between our observations

and data from using genetically engineered
mouse models is that we found mature melano-
cytes (both zebrafish and hPSC-derived) to be
relatively resistant to oncogenesis, although

not impervious. The most commonly available
mouse models of melanoma use a tyrosinase-
Cre driver to activate BRAFV600E in combina-
tion with loss of various tumor suppressors
(10, 11). These animals can developmelanoma,
although this can be accelerated through in-
activationof tumor suppressorssuchasCDKN2A,
TP53, or PTEN (31). Which cells within these
mice act as the melanoma cell of origin has
not been fully resolved (32–34), but our studies
are not precisely comparable with the mouse
studies because our zebrafish use tyrp1-driven
BRAFV600E. One possible explanation for this
discrepancy is that in our system, the tyrp1 pro-
moter is actually driving expression in a more
fully differentiated melanocyte compared with
the tyr promoter used in mouse studies. An-
other explanation is that these differencesmay
reflect different biological thresholds for tu-
morigenesis, in that a different number of DNA
lesions may be required to transform melano-
cytes in human versus mice versus zebrafish.
We found that melanocytes can eventually

be induced into melanoma formation with
additional hits such as PTEN inactivation, al-
beit still much less efficiently than the melano-
blasts. Given that melanocytes are likely more
numerically frequent in patient skin compared
with melanoblasts or neural crest–like cells, it
is possible that these cellsmay serve as a cell of
origin, but that they would need more genetic
lesions compared with melanoblast-like cells.
Our study does not rule out other possible

mechanisms that could regulate the response
to pro-oncogenic signals, such as the timing
or the specific order of acquiring mutations.
Another aspect of oncogenic competencemight
be the particular microenvironment in which
each of these cells reside. Previous studies have
in fact suggested thatmicroenvironmental cues
might influence the ability of a cell to transform
(32, 33). It would be important to investigate
how oncogenic competence might be modu-
lated in each potential cell of origin depending
on the local microenvironment.
Our data suggest amodel inwhich theremay

not be a discrete cell of origin of melanoma.
Instead, multiple cells along the spectrum from
neural crest– and melanoblast-like cells to
melanocytes may be competent to give rise
to tumors (fig. S13). This competence appears
dependent on three interrelated factors that
cooperate to determine susceptibility: DNAmu-
tations (such as BRAFV600E, p53−/−, CDKN2A−/−,
and PTEN−/−); cell type–specific transcription
factors (such as SOX10 and MITF); and the
inherent levels of developmental chromatin
modifiers, which allow for a permissive chro-
matin landscape (such as ATAD2).

Materials and methods summary
Zebrafish transgenesis

Zebrafish lines used in these studies includes
theWT (AB), casper (mitfa−/−;mpv17−/−), sox10-

BRAFV600E p53−/−, mitfa-BRAFV600E p53−/−, and
tyrp1-BRAFV600E p53−/− lines. For TEAZ-based
transgenics, the plasmids were electroporated
directly into the skin of adult animals, as pre-
viously described (29).

hPSCs engineering and differentiation

To derive neural crest cells and melanoblasts,
hPSCs were plated at day –1 on matrigel-coated
dishes in E8 medium and 10 mM ROCKi. From
day 0 to day 2, cells were cultured in E6medium
with 1 ng/ml BMP4, 10 mM SB, and 600 nM
CHIR. From day 2 to day 4, cells were cultured
in E6 medium with 10 mM SB + 1.5 mM CHIR.
From day 4 to day 6, cells were cultured in E6
mediumwith 1.5mMCHIR. Fromday6 today 11,
cells were cultured in E6 medium with 1.5 mM
CHIR, 5 ng/ml BMP4, and 100 nM EDN3. Cells
were fluorescence-activated cell–sorted for cKIT
and P75 expression, and double-positive cells
were further differentiated into melanocytes
by using melanocytes medium.
Detailed materials and methods are avail-

able in the supplementary materials.
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