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SUMMARY

Increasing evidence suggests that cancer cells highjack developmental programs for disease initiation
and progression. Melanoma arises from melanocytes
that originate during development from neural crest
stem cells (NCSCs). Here, we identified the transcription factor Yin Yang 1 (Yy1) as an NCSCs regulator.
Conditional deletion of Yy1 in NCSCs resulted in
stage-dependent hypoplasia of all major neural
crest derivatives due to decreased proliferation and
increased cell death. Moreover, conditional ablation
of one Yy1 allele in a melanoma mouse model prevented tumorigenesis, indicating a particular susceptibility of melanoma cells to reduced Yy1 levels.
Combined RNA sequencing (RNA-seq), chromatin
immunoprecipitation (ChIP)-seq, and untargeted metabolomics demonstrated that YY1 governs multiple
metabolic pathways and protein synthesis in both
NCSCs and melanoma. In addition to directly regulating a metabolic gene set, YY1 can act upstream
of MITF/c-MYC as part of a gene regulatory network
controlling metabolism. Thus, both NCSC development and melanoma formation depend on an intricate YY1-controlled metabolic program.

INTRODUCTION
The neural crest (NC) is a distinctive embryonic stem cell population central to the evolution of vertebrates and is endowed with
one of the broadest differentiation potentials in vivo (Baggiolini
et al., 2015; Dupin and Sommer, 2012). NC cells can give rise
to a plethora of cell types, ranging from the craniofacial mesenchyme to neurons and glia of the peripheral nervous system and

skin melanocytes. Melanoma arises from the neoplastic transformation of melanocytes and is frequently driven by BRAF and
NRAS mutations (Akbani et al., 2015).
Recent reports suggest that, for disease initiation, progression, and drug resistance, cancer cells reuse aspects of native
developmental programs. Several transcription factors (TFs)
that allow cellular reprogramming and unlimited self-renewal
are bona fide oncogenes (Suvà et al., 2013). For instance, skin
squamous-cell carcinoma initiation is marked by the reactivation
of an embryonic epidermis transcriptional program orchestrated
by the stem cell TF Sox2 (Boumahdi et al., 2014). Moreover, a
core of neurodevelopmental TFs is essential for glioblastoma
propagation (Suvà et al., 2014). However, in melanoma, Sox2
is required for neither tumor initiation nor disease progression
(Schaefer et al., 2017). Moreover, melanoma cells reprogrammed into cells with features of induced pluripotent stem cells
gave rise to teratomas in vivo rather than to melanomas, suggesting that a lineage-specific stem cell program may determine
cancer identity (Bernhardt et al., 2017). When fully differentiated,
reprogrammed melanoma cells lost their tumorigenic potential
despite their oncogenic load, indicating that a progenitor program might be required for tumorigenesis (Bernhardt et al.,
2017). In agreement with this idea, the NC lineage TF SOX10 is
recurrently overexpressed in human melanoma and down-modulation of this TF is sufficient to prevent melanoma initiation in a
murine model (Shakhova et al., 2012). Melanoma initiation in a
BRAFV600E;P53-deficient zebrafish melanoma model is accompanied by the re-expression of NC progenitor markers (Kaufman
et al., 2016). Moreover, acquired resistance to RAF and MEK inhibition in melanoma patients has been linked to the emergence
of a cell population expressing NC markers (Rambow et al.,
2018). Thus, it is conceivable that the tumorigenic and migratory
potential of melanoma cells depends on the attainment of a
developmental program required for NC.
In this study, we identified the TF Yin Yang 1 (YY1) as a master
regulator of a NC transcriptional program. Intriguingly, Yy1 is not
only required for NC survival and proliferation at early embryonic
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Figure 1. Yy1 Is Required for Early NC Development
(A) Strategy used to identify TFs involved in NCSC maintenance.
(B and C) ISMARA analysis (Balwierz et al., 2014) identified the Yy1 motif (B) being enriched in NCSCs compared to differentiated counterparts (C). Bar graph
represents Yy1 motif activity in the different biological replicates.
(legend continued on next page)
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stages but also for tumor initiation in a genetically engineered
melanoma mouse model. Mechanistically, YY1 binds and regulates a large subset of genes involved in general metabolic processes, thus controlling various metabolic pathways as well as
protein synthesis rates both during NC development and in
melanoma.

NCSCs Display High Yy1 Motif Activity
NC stem cells (NCSCs) can be primed to differentiate into specific cell fates by the use of instructive growth factors (Dupin
and Sommer, 2012). To identify players in NCSC maintenance,
we performed a differential gene expression analysis in migratory NCSCs and NC cells primed to differentiate into mesenchymal, neuronal, and glial lineages (Figure 1A). We next asked
which TF could act as a master regulator of this transcriptional
program by applying an integrated motif activity response analysis (ISMARA) to the resulting dataset (Balwierz et al., 2014). This
analysis showed that NCSCs display higher Yy1, E2f, and Nfy
motif activities than their primed counterparts, suggesting a
possible role for these TFs in NCSC maintenance (Figures 1B
and 1C; data not shown). Because Yy1 motif activity best
discriminated NCSCs from their differentiated counterparts, we
decided to focus our analysis on Yy1, a broadly expressed TF
that can regulate gene expression by facilitating promoterenhancer interactions (Weintraub et al., 2017).

craniofacial structures (Figures 1F and 1G). The acquisition of
mesenchymal fates by NCSCs has been associated with loss
of Sox10 and the acquisition of the mesenchymal marker Sox9
(John et al., 2011). In branchial arch (BA) 1 of Yy1 cko embryos
at E11.5, expression of these TFs was unaltered, suggesting
that the craniofacial defects observed upon Yy1 cko are not
due to an overt differentiation defect (Figures 1H–1J).
In agreement with a requirement for Yy1 in NCSC maintenance, the depletion of Yy1 also affected the development of
other NC derivatives (Figures 1F and 1K–1Q). Absence of the
pan-neuronal marker neurofilament (NF) in E11.5 and E13.5 gut
cross-sections revealed that Yy1 cko NCSCs fail to form the
enteric nervous system (Figures 1K and S1D). Moreover, analysis of the melanocytic marker Dct showed a marked reduction
in melanocyte numbers in Yy1 cko embryos (Figures 1L and 1M).
Finally, E13.5 Yy1 cko embryos displayed a significant reduction in the size of dorsal root ganglia (DRG) (Figures 1N–1Q).
However, immunohistochemistry for the sensory neuronal
marker Brn3a, NF, and the satellite glial marker FABP7 demonstrated normal differentiation of Yy1 cko DRG cells (Figures
1N, 1P, 1R, S1E, and S1F). Similarly, the relative numbers of
Yy1-deficient post-migratory NCSCs and glial cells marked by
Sox10 were only modestly reduced at E11.5 and back to normal
levels at E13.5 (Figures S1G, S1H, and 1S). Collectively, these
results demonstrate that depletion of Yy1 in pre-migratory
NCSCs results in agenesis or reduction of multiple NC derivatives, although NCSC differentiation is not impaired.

Yy1 Is Essential for Early NC Development In Vivo
To address the in vivo requirements of Yy1 during NC development, we crossed mice homozygous for the floxed allele of
Yy1 (Affar et al., 2006) with mice carrying a transgene expressing
Cre recombinase under the Wnt1 promoter (Danielian et al.,
1998; Figure 1D). This strategy allowed us to specifically and efficiently deplete Yy1 in pre-migratory NC cells (Figures S1A and
S1B). Although Yy1 conditional knockout (cko) embryos perished around embryonic day 14.5 (E14.5), Wnt1::Cre;Yy1fl/wt embryos were viable and developed into fertile offspring indistinguishable from their wild-type littermates (Figures 1E and S1C;
data not shown).
Gross morphological analysis of Yy1 cko embryos revealed
marked midbrain and craniofacial defects consistent with the
pattern of Wnt1::Cre expression (Danielian et al., 1998) and a
requirement of Yy1 for the morphogenesis of NC-derived
mesenchyme (Figure 1E). Alcian Blue staining of Yy1 cko embryos showed loss of virtually all NC-derived chondrogenic

Yy1 Controls Proliferation and Survival of NC Cells in a
Stage-Dependent Manner In Vivo
The phenotype observed upon depletion of Yy1 in pre-migratory
NCSCs could possibly result from defective proliferation and/or
decreased cell survival. Indeed, proliferation in the BA and DRG
of E11.5 Yy1 cko was impaired and cell death increased (Figures
2A–2E and 2G, 2H, and 2J). Interestingly, analysis of proliferation
and apoptotic rates at E13.5 revealed rescued proliferation and
reduced apoptosis (Figures 2F, 2G, 2I, and 2J).
NC derivatives harbor post-migratory NC cell populations
exhibiting stem cell properties (Dupin and Sommer, 2012). To
address whether Yy1 was also required for post-migratory
Sox10-expressing NC cells, we crossed mice carrying floxed
alleles of Yy1 with Sox10::CreERT2 mice harboring a tamoxifen
(TM)-inducible Cre recombinase under the Sox10 promoter
(Simon et al., 2012). Depletion of Yy1 at E10.5 resulted in a
marked reduction in the number of melanocytes, consistent
with previous findings (Li et al., 2012; Figures S2A–S2C).

RESULTS

(D) Strategy used to conditionally ablate Yy1 in pre-migratory NCSCs.
(E) Representative pictures of E13.5 control and Yy1 cko embryos.
(F) Drawing representing the different NC derivatives analyzed.
(G) Alcian Blue staining of control and Yy1 cko embryos.
(H–J) Immunostaining (H) and quantification of Sox10+ (I) and Sox9+ (J) cells in E11.5 control and Yy1 cko BAs.
(K) Immunohistochemistry for the neuronal marker NF in E13.5 control and Yy1 cko gut sections.
(L and M) Immunostaining (L) and quantification (M) of Dct+ melanocytes in E13.5 control and Yy1 cko embryos.
(N and R) Immunostaining for Brn3a and NF (N) and quantification of Brn3a+ (R) in E13.5 control and Yy1 cko DRGs.
(O, P, and S) Immunostaining for Sox10 and NF (O), Fabp7 and NF (P), and corresponding quantification of Sox10+ cells (S) in the DRG.
(Q) Quantification of DAPI+ cells per DRG cross-section based on (N)–(P).
Data are shown as mean ± SEM; n = 3 control and Yy1 cko embryos derived from at least two independent litters. p values were determined with unpaired
Student’s t test. Scale bars: 1 mm in (E); 2 mm in (G); 100 mm in (H)–(P). Abbreviations: BA, branchial arch; DRG, dorsal root ganglia; ENS, enteric nervous system;
FSK, forskolin; NRG1, neuregulin type 1; n.s., not significant. See also Figure S1.
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Likewise, Yy1 cko embryos displayed reduced DRG size (Figure S2D). However, no differences in the percentage of Sox10+
cells and Brn3a+ cells were observed (Figures S2E–S2H).
Although depletion of Yy1 at E10.5 did not impair proliferation,
it led to a transient decrease in cell survival that was resolved
by E12.5 (Figures S2I–S2L). The abiding apoptosis upon
Wnt1::Cre-mediated Yy1 ablation when compared to Sox10::
CreERT2 (Figures 2I, 2J, S2K, and S2L) could be due to targeting
of differentiated neurons with the Wnt1::Cre line and/or to a
decreased requirement of Yy1 during embryonic development.
Surprisingly, when Cre recombination was induced at E11.5,
we did not observe any overt phenotype in the resulting Yy1
cko embryos (Figures 2K–2W). There were no significant differences in the number of Dct+ cells between control and Yy1 cko
embryos at E14.5 (Figures 2M and 2N). Likewise, neither proliferation (Figures 2T and 2U) nor apoptosis was affected in Yy1 cko
DRG at E14.5 (Figures 2V and 2W). Thus, unlike Yy1 depletion at
a pre-migratory stage, Yy1 cko in post-migratory NC cells at
E11.5 resulted in no obvious phenotype, indicating a stagedependent requirement for Yy1 during NC development.
Yy1 Is Required for Homeostasis of the Adult
Melanocytic Lineage
Depletion of Yy1 in the melanocytic lineage during embryonic
development leads to a reduction in the number of melanocytes
postnatally (Li et al., 2012). To determine whether Yy1 is also
required for homeostasis of adult melanocytes, we conditionally
ablated either one allele of Yy1 (Yy1+/) or both alleles of Yy1
(Yy1/) specifically in the adult melanocytic lineage by using a
TM-inducible Tyr::CreERT2 line (Bosenberg et al., 2006) known
to drive Cre-dependent recombination in both melanocyte
stem cells and in differentiated melanocytes (Harris et al.,
2013; Figures 3A and 3B). Fate mapping of recombined cells
was possible due to inclusion of a ROSA26 Cre reporter allele.
Although depletion of both Yy1 alleles resulted in hair graying,
the coat color of Yy1+/ animals was indistinguishable from
that of control animals (Figure 3C). During anagen, Yy1/ animals had reduced numbers of melanocytes when compared
to control animals, although no significant differences could
be observed between control and Yy1+/ animals (Figures 3D
and 3E). Some tdTomato+ melanocytes in Yy1/ animals still retained Yy1 protein due to incomplete Cre recombination.
However, in these animals, a small subset of hair follicles con-

tained melanocytes devoid of Yy1 expression and these presented lighter pigmentation (Figure 3G). Interestingly, analysis
of tdTomato+ hair bulbs per Dct+ hair bulbs showed that
Yy1/ animals had a reduced percentage of recombined hair
follicles compared to Yy1+/ animals. Our results suggest that
depletion of both alleles of Yy1 in the adult melanocytic lineage
conferred a selective disadvantage to melanocyte stem cells
and diminished the survival and/or proliferation rates of melanocytes (Figure 3F).
Depletion of One Yy1 Allele Is Sufficient to Prevent
Melanoma Initiation and Growth
To investigate whether Yy1 is functionally implicated in melanoma initiation, we took advantage of the cutaneous Tyr::NRasQ61K;Cdnk2a/ melanoma mouse model, which develops
skin melanomas spontaneously within 6 months of age (Ackermann et al., 2005; Shakhova et al., 2012). In these mice, Yy1
was co-expressed with Dct in hair follicles, dermal hyperplasia,
and skin melanomas (Figure S3A). Using Tyr::CreERT2 (Figure 4A), we conditionally depleted either one allele of Yy1
(Yy1+/) or both alleles of Yy1 (Yy1/) at 1 month of age by injecting TM (Zingg et al., 2015; Figures 4B and S3B). Recombination
efficiency was 47.07% ± 3.20%, as determined by quantifying
the number of GFP-expressing cells among the total number of
Dct-expressing cells in skin hyperplastic lesions. Strikingly,
although control animals developed skin melanomas as expected, both Yy1+/ and Yy1/ animals exhibited significantly
reduced tumor burden and significantly increased melanoma
tumor-specific survival (Figures 4C and 4D).
Two months after recombination, Yy1/, but not Yy1+/,
mice displayed hair pigmentation defects, reflecting deficiencies in the melanocytic lineage (Figure S3C). Therefore,
we focused our further analysis on Yy1+/ animals. Tracing of
recombined cells by means of immunohistochemistry for GFP
and DCT revealed that GFP-expressing cells could be detected
in hair follicles and hyperplastic lesions, whereas virtually no recombined skin melanomas were found in Yy1+/ mice (Figures
4E and 4F). Thus, depletion of one Yy1 allele is sufficient to prevent melanoma initiation in this melanoma mouse model. To
address whether Yy1 reduction was associated with reduced
proliferation and increased cell death in melanoma, we isolated
skin-melanoma-derived cells from control animals harboring
the Tyr::CreERT2;Yy1fl/wt Tyr::NrasQ61K;Cdnk2a/ genotype

Figure 2. Yy1 Is Required for Proliferation and Survival of NC during Early Embryonic Development
(A) Strategy used to conditionally ablate Yy1 in pre-migratory NCSCs.
(B and D) Staining (B) and quantification of EdU+ cells (D) in E11.5 control and Yy1 cko BAs.
(C and D) Immunostaining (C) and quantification (D) of cleaved caspase 3+ cells in E11.5 control and Yy1 cko BAs.
(E–G) EdU staining in E11.5 (E) and E13.5 (F) control and Yy1 cko DRGs and corresponding quantifications (G).
(H–J) Immunostaining for cleaved caspase 3+ in E11.5 (H) and E13.5 (I) control and Yy1 cko DRGs and corresponding quantifications (J).
(K) Strategy used to conditionally ablate Yy1 in E11.5 post-migratory NCSCs.
(L) Immunohistochemistry for NF in E14.5 control and Yy1 cko gut sections.
(M and N) Immunostaining (M) and quantification (N) of Dct+ melanocytes in E14.5 control and Yy1 cko embryos (n = 4).
(O and P) Immunostaining (O) and quantification (P) of Brn3a+ and NF+ cells in E14.5 control and Yy1 cko DRGs.
(Q and R) Immunostaining (Q) and quantification (R) of Sox10+ cells in E14.5 control and Yy1 cko DRGs.
(S) Quantification of DAPI+ cells per DRG cross-section in E14.5 embryos.
(T and U) Staining (T) and quantification (U) of EdU+ cells in E14.5 control and Yy1 cko DRGs.
(V and W) Immunostaining (V) and quantification (W) of cleaved caspase 3+ cells in E14.5 control and Yy1 cko DRGs.
Data are shown as mean ± SEM; n = 3 control and Yy1 cko embryos derived from at least two independent litters, unless specified otherwise. p values were
determined with unpaired Student’s t test. Scale bars: 100 mm. See also Figure S2.
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Figure 3. Yy1 Is Required for Adult Melanocyte Homeostasis

A

(A and B) Mouse genotype (A) and strategy (B) used to conditionally
ablate Yy1 in the adult melanocytic lineage.
(C) Representative picture of mice coat color upon Tyr::CreERT2mediated depletion of either one Yy1 allele (Yy1+/) or both Yy1 alleles
(Yy1/).
(D and E) Immunostaining (D) and quantification (E) of Dct+ and
tdTomato+ cells per hair bulb in anagen hair follicles. Data are shown
as mean ± SEM; p values were determined by one-way ANOVA followed Tukey’s test. At least 100 hair bulbs from 3 or more animals
were quantified per genotype.
(F) Quantification of recombined hair follicles in Yy1+/ and Yy1/
animals. Number of hair bulbs quantified is depicted in the graph.
(G) Immunohistochemistry for Yy1 and tdTomato and bright-field
pictures depicting Yy1+/ and Yy1/ representative anagen hair
bulbs.
Scale bars: 100 mm. Abbreviations: HB, hair bulb; TM, tamoxifen;
n.s., not significat.
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Figure 4. Depletion of One Yy1 Allele Is Sufficient to Prevent Melanoma Initiation and Growth

(A and B) Mouse genotype (A) and strategy (B) used to conditionally ablate Yy1 in the melanocytic lineage of the melanoma model Tyr::NasQ61k;Cdkn2a/.
(C) Representative animal pictures and eosin staining of skin sections.
(D) Kaplan-Meier curves comparing melanoma tumor-specific survival. p values were determined with log rank (Mantel-Cox) test.
(E) Immunohistochemistry for GFP+ and Dct+ cells in hair follicles, hyperplasia, and tumors.
(F) Quantification of recombined skin melanomas. n refers to the number of animals: control n = 50; Yy1+/ n = 18; and Yy1/ n = 17. One-way ANOVA followed by
Tukey’s test.
(G) Scheme depicting the allograft of Tyr::CreERT2;Yy1fl/wt; Tyr::NrasQ61K;Cdkn2a/ cells in athymic nude-Foxn1 mice and strategy used to induce loss of one Yy1 allele.
(H) qRT-PCR for Yy1 in melanoma allografts. n = 5; unpaired Student’s t test.
(I) Immunohistochemistry for cleaved caspase 3+ cells in melanoma allografts.
(J and K) Staining (J) and quantification (K) of EdU+ cells in melanoma allografts. Data are shown as mean ± SEM; n = 5; unpaired Student’s t test.
(L and M) Flow cytometric analysis and quantification of EdU+ cells (M) and Annexin V+ (L) cells in human melanoma cells subjected to siRNA-mediated KD of YY1.
Data are shown as mean ± SEM; n equals to at least 3 biological replicates; unpaired Student’s t test.
Scale bars 500 mm (in C); scale bars 100 mm (in E, I, and J). See also Figure S3.
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and engrafted these cells into athymic nude Foxn1nu mice
(Zingg et al., 2015; Figure 4G). Tumors were allowed to grow,
and loss of one Yy1 allele was induced by TM injection (Figure 4H). No differences in NrasQ61K transgene expression
were observed between control and Yy1+/ tumors (Figures
S3D and S3E). Although depletion of one allele of Yy1 did not increase cell death in already established tumors, Yy1+/ tumors
exhibited decreased numbers of cells in S phase when
compared to control melanomas (Figures 4I–4K).
To address the relevance of our findings in human melanoma,
we reduced YY1 levels in a panel of human melanoma cell lines
by small interfering RNA (siRNA)-mediated knockdown (KD) (Figures S3F and S3G). Although YY1 KD did not alter cell survival in
human melanoma (Figure 4L), YY1 KD led to reduced numbers
of cells in S phase (Figure 4M). Thus, as in NC cells, YY1 regulates proliferation in melanoma cells.
YY1 Binds and Regulates a Subset of Genes Involved in
Metabolism and Protein Synthesis
To gain insight into the molecular mechanisms underlying the
dependence of NC cells on Yy1, we performed RNA sequencing
(RNA-seq) analysis in E10.5 BA1 cells of control and Yy1 cko
embryos. Clustering of biological replicates demonstrated comparable global gene expression patterns across samples of the
same genotype (Figure 5A). Gene Ontology (GO) network-based
cluster analysis showed that gene sets transcriptionally regulated by Yy1 are enriched in developmental and metabolic processes (Figures 5B and S4A; Table S1).
To verify that the changes in metabolic gene expression
observed upon Yy1 depletion were not due to the presence of
a small population of dying cells, we analyzed the expression
of a subset of metabolic genes at E9.5, when apoptosis was
not yet evident (Figures S4B and S4C). Similar to E10.5 Yy1
cko embryos, E9.5 Yy1 cko embryos already displayed altered
gene expression in metabolism-related genes (Figure S4D).
Moreover, chromatin immunoprecipitation (ChIP)-qPCR for Yy1
in control E10.5 BA1 cells identified binding of Yy1 to the promoter region of metabolic and protein translation genes, consistent with previous findings (Kleiman et al., 2016; Lu et al., 2013;
Perekatt et al., 2014; Figure S4E).
To address whether a similar transcriptional program was
controlled by YY1 in human melanoma, we performed differential gene expression analysis by RNA-seq in a human melanoma
cell line subjected to siRNA-mediated YY1 KD (Figures 5C, S3F,

and S3G). In addition, we performed ChIP sequencing (ChIPseq) analysis for YY1 to identify its direct targets in human melanoma. Peak calling in two experimental replicates identified
2,063 and 1,719 peaks (false discovery rate [FDR] % 0.01), which
were at least 2-fold enriched over input. Consistent with bona
fide YY1 binding sites, the most enriched motif in these regions
was the YY1 motif with a high significance score (p value <
1e50; Figure 5D). Analysis of YY1 binding site location with
HOMER demonstrated that approximately 50% of the peaks
were located in the promoter region (Figure 5E). For instance,
we detected YY1 binding events at the mitochondrial complex
I gene NDUFA6, the nucleotide metabolism gene RRM1, and
at the promoter regions of protein-synthesis-related genes (Figures 5F–5I).
To identify functional classes of YY1 direct targets, we intersected our RNA-seq and ChIP-seq datasets and performed
network-based cluster analysis. This analysis unveiled cellular
metabolic processes, mRNA metabolic processes, and translation-related processes to be among the most enriched functional
ontologies (Figures 5J and S5; Table S1). To verify this transcriptional response to YY1 KD, we validated the expression of
several genes involved in different fundamental metabolic processes by qRT-PCR in three additional human melanoma cell
lines (Figure 5K). In all cell lines, YY1 KD affected a broad subset
of genes associated with mitochondrial electron transfer chain
(ETC), tricarboxylic acid cycle (TCA), one carbon metabolism,
nucleotide metabolism, and protein synthesis (Figure 5K).
Collectively, these results suggest that YY1 binds and regulates
a subset of genes associated with fundamental metabolic processes both during NC development and in melanoma.
YY1 Regulates Metabolism and Protein Synthesis Rates
in NC and Melanoma
We next asked whether the changes in metabolism-related gene
expression observed upon YY1 depletion or KD impaired cellular
metabolic processes. To analyze mitochondrial bioenergetics,
we measured oxygen consumption rates (OCRs) in NC cells
derived from E10.5 control and Yy1 cko BA cells and found
that loss of Yy1 leads to reduced basal OCRs and maximal
respiratory capacity (Figures 6A and 6B). Further, the percentage
of oxygen allocated to ATP production (ATP turnover) was
decreased in Yy1 cko cells. Importantly, similar data were obtained with human melanoma cells subjected to YY1 KD (Figures
6C, 6D, S5B, and S5C), in agreement with previous findings

Figure 5. YY1 Binds and Regulates Metabolism and Protein-Synthesis-Related Genes
(A) Heatmap depicting differential gene expression between E10.5 control and Yy1 cko BA cells (fold change of at least 1.5 with FDR < 0.05), as determined by
RNA sequencing. n = 3 control and Yy1 cko embryos from at least two independent litters.
(B) GO network analysis of differentially regulated genes between E10.5 control and Yy1 cko cells.
(C) Heatmap depicting differential gene expression between Si-control and Si-YY1 melanoma cells (fold change of at least 1.5 with FDR < 0.01), as determined by
RNA sequencing. n = 3 biological replicates.
(D) Homer motif discovery shows the YY1 motif as the most enriched motif in YY1 binding regions (p value < 1e50).
(E) Distribution of YY1 binding regions.
(F–I) YY1 binding events in the promoter regions of metabolic (F and G) and protein translation-related genes (H and I).
(J) GO network analysis of YY1 direct targets, which expression is altered upon YY1 KD in human melanoma (overlap between ChIP-seq and RNA-seq datasets).
(K) qRT-PCR for metabolism and protein-synthesis-related genes in different human melanoma cell lines subjected to YY1 KD. Data are shown as mean ± SEM;
n equals to at least 3 biological replicates; unpaired Student’s t test.
For GO network analysis: each node represents an enriched GO term (adjusted p value, corrected with Bonferroni step-down procedure p < 0.05). Nodes are
interconnected when gene overlap is >50%, based on the kappa score. Abbreviations: BP, biological processes; CC, cellular compartment; MF, molecular
function. *p < 0.05; **p < 0.01; ***p < 0.0001. See also Figures S4 and S5.
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Figure 6. YY1 Regulates Metabolism and Protein Synthesis Rates in NC and Melanoma
(A and B) OCR measurements (A) and mitochongrial bioenergetics (B) in E10.5 control and Yy1 cko BA cells. Data are shown as mean ± SEM; n refers to the
number of embryos: control n = 16; Yy1 cko n = 9. p values were calculated by unpaired Student’s t test.
(C and D) OCR measurements (C) and mitochondrial bioenergetics (D) in Si-Control and Si-YY1 human melanoma cells. Data are shown as mean ± SEM; n refers
to biological replicates: Si-Ctrl n = 9; Si-YY1 n = 11. p values were calculated by unpaired Student’s t test.
(legend continued on next page)
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€ttler et al., 2012). Possibly, the exacerbated OCR phenotype
(Bla
observed in NC cells compared to melanoma cells could be
partially due to a small percentage of Yy1 cko neural crest cells
undergoing cell death during the experimental procedure (Figures 6A–6D, S5B, and S5C).
To understand whether the metabolic changes induced by
YY1 KD extended beyond mitochondrial energetics, we performed mass-spectrometry-based untargeted metabolomics
(Fuhrer et al., 2011). We detected a total of 1,358 ions with a
distinct mass-to-charge ratio, which were putatively mapped
to human metabolites based on accurate mass measurements
(Table S2). Pathway enrichment analysis revealed that several
metabolic pathways were disturbed upon YY1 KD, including
glucose metabolism, TCA cycle, lipid metabolism, amino acid
metabolism, and nucleotide metabolism (Figures 6E and S5D;
Table S3), However, the extent to which specific pathways
were altered varied considerably across the two cell lines
analyzed, consistent with a previous study that reported
metabolic heterogeneity between cancer cell lines (Dubuis
et al., 2017).
In addition to metabolic genes, YY1 binds and regulates a
subset of genes involved in protein translation (Figures 5H–
5K). Accordingly, flow cytometric analysis of OP-Puro incorporation showed that BA cells from Yy1 cko embryos as well as
YY1 KD human melanoma cells have reduced protein synthesis
rates compared to control (Figures 6F, 6G, 6J, 6K, S5E, S5F,
and S5G). To ensure that the decline in protein synthesis rates
was not due to defective proliferation, we analyzed OP-Puro
incorporation individually in the replicating cell cycle phases
(S+G2/M) and in G1 phase. Irrespective of the cell cycle phase,
both Yy1 cko NC cells and YY1 KD melanoma cells exhibited
decreased protein synthesis rates (Figures 6H, 6I, 6L, 6M,
S5H, and S5I). Together, these results demonstrate a role for
Yy1 in regulating metabolism and protein synthesis in both
NC and melanoma.
The Transition from a Normal Melanocyte to a
Melanoma-Competent Melanocyte Is Associated with
Metabolic Reprogramming
Although depletion of one Yy1 allele did elicit an overt phenotype neither during NC development nor in the adult melanocytic lineage, it prevented melanoma formation. To gain insight
into the mechanisms potentially underlying the increased
dependence of melanoma cells on Yy1, we isolated tdTomato+/
cKit+ melanocytes by fluorescence-activated cell sorting
(FACS) from wild-type and from NrasQ61K;CdKn2a/ melanoma-competent animals and performed RNA-seq (Figure S6A). Network-based cluster analysis of significantly upre-

gulated transcripts in NrasQ61K;Cdkn2a/ melanocytes when
compared to normal melanocytes unveiled that lipid metabolic
processes and RNA metabolic processes were among the
most enriched functional ontologies (Figure S6B). Interestingly,
a subset of selected transcripts that were upregulated in
NrasQ61K;Cdkn2a/ melanocytes was downmodulated in human melanoma cells upon YY1 KD (Figure S6C). Thus, the transition from a normal melanocyte to a melanoma-competent cell
appears to involve metabolic reprogramming, which can be
partially reverted by YY1 inactivation.
Melanoma Cells Are Highly Susceptible to YY1
Downregulation
We next asked whether the requirement for YY1 was similar
across different cancer types. To this end, we performed YY1
KD in melanoma cells (M010817 and Mel 888) and in a panel of
epithelial cancer cell lines: prostate cancer (PC3 and Du 145);
breast cancer (MDA-MB-231 and T-47D); colon cancer (WIDr);
and adrenal carcinoma (NCI-H295R). Analysis of YY1 protein
levels at different time points showed that, by 48 h, YY1 expression was reduced in all cell lines analyzed and, by 72 h, YY1 was
practically absent in most cell lines (Figures S7A–S7E). However,
marked YY1 downregulation (72 h) elicited a proliferative defect
only in a fraction of the different cancer lines analyzed (Figure S7F). Of note, at 48 h, the only cell lines exhibiting decreased
EdU incorporation upon YY1 KD were the melanoma cell lines
and the PC3 line (Figure S7F). Moreover, gene expression analysis of a small subset of metabolic genes showed that responses
in gene expression are heterogeneous across the different cell
lines (Figure S7G). Thus, melanoma cells (possibly together
with a subset of prostate cancer cells) appear to be particularly
sensitive to YY1 KD with respect to proliferation.
YY1 Directly Controls Metabolism and Protein
Translation by Cooperating with E2F/ETS Family
Members, SOX10, and MITF
Metabolic rewiring during melanoma progression is a wellestablished process, which has mostly been associated with
changes in glucose and glutamine utilization, mitochondrial
and nucleotide metabolism, and oxidative stress responses
(Haq et al., 2013; Leucci et al., 2016; Piskounova et al., 2015;
Ratnikov et al., 2017; Vazquez et al., 2013; White et al., 2011).
Therefore, we tested whether impaired proliferation in YY1 KD
melanoma cells could be restored by supplementation with specific metabolites previously reported to be limiting for cell
proliferation (Vander Heiden and DeBerardinis, 2017; Figures
S7H–S7K). However, in all cases, we were unable to rescue
melanoma cell proliferation upon YY1 KD, indicating that YY1

(E) Heatmap depicting enriched metabolic pathways that show altered metabolite content upon YY1 KD in human melanoma. Please refer to Table S3 for
pathway annotations and p values. n = 5; p values were calculated by two tailed, heteroscedastic t test and were adjusted for FDR according to the BenjaminiHochberg procedure.
(F) Representative histogram of OP-Puro mean fluorescence intensity (MFI) of E11.5 control and Yy1 cko BA cells.
(G–I) OP-Puro MFI in E11.5 control and Yy1 cko BA (G). OP-Puro MFI in G1 phase (H) and in the replicating cell cycle phases S+G2/M (I) is shown. Data are shown
as mean ± SEM; n refers to the number of embryos: control n = 19; Yy1 cko n = 8. p values were calculated by unpaired Student’s t test.
(J) Representative histogram of OP-Puro MFI of Si-Ctrl and Si-YY1 human melanoma cells.
(K–M) OP-Puro MFI in Si-Control and Si-YY1 human melanoma cells (K). OP-Puro MFI in G1 phase (L) and in the replicating cell cycle phases S+G2/M (M) is
shown. Data are shown as mean ± SEM; n refers to biological replicates: n = 5. p values were calculated by unpaired Student’s t test.
Basal OCR, maximal respiratory capacity, and ATP turnover displayed in (B) and (D) were calculated based on (A) and (C), respectively, as previously described
(Varum et al., 2011). Abbreviations: OCR, oxygen consumption rate; MFI, mean fluorescence intensity. See also Figures S5 and S6.
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regulates multiple metabolic activities crucial for melanoma cell
proliferation.
To understand how such a broad range of metabolic pathways
might be controlled by YY1, we first aimed to identify putative cofactors of the YY1 gene regulatory network. To this end, we identified YY1-bound direct target genes with altered expression
upon YY1 KD and reconstructed its gene regulatory network
using i-cisTarget (Imrichová et al., 2015). Predicted E2F and
ETS regulons (transcriptional target sets) showed the most significant overlap with the YY1 regulon (Figure 7A; Table S4). Of
note, GO analysis of overlapping target genes revealed enrichment for many cellular metabolic and mRNA metabolic processes (Figure 7A).
Because E2F and ETS family members are not melanomaspecific TFs, we next asked whether part of the YY1-bound
metabolic program in melanoma might involve lineage-specific
co-factors. Previously, it has been shown that YY1 acquires
melanocyte-lineage-specific functions by interacting with MITF
(Li et al., 2012). Moreover, different combinations of MITF,
SOX10, TFAP2A, and YY1 bind to a set of regulatory elements
required for the melanocytic lineage (Laurette et al., 2015).
Therefore, we predicted that, if YY1, MITF, and/or SOX10 were
co-factors in fine-tuning metabolic gene expression in melanoma, they should co-localize in the genome. Indeed, integration
of SOX10, MITF (Laurette et al., 2015; Strub et al., 2011), and YY1
ChIP-seq datasets showed that approximately 6% of YY1 bound
regions were co-bound by SOX10, whereas approximately 12%
of the YY1 bound regions were co-occupied by MITF (Figure 7B).
Although we observed binding of YY1 neither to MITF nor to
SOX10 promoter or enhancer regions, we detected co-binding
of YY1 in different combinations with SOX10 and MITF to protein
translation or RNA-processing-related genes, such as UTP20,
AUH, and EIF4B, and to genes encoding mitochondrial subunits,
such as NDUFS6 (Figures 7C–7F). MITF binding events were
also observed for indirect targets of YY1, such as the nucleotide
metabolism gene CAD, the folate metabolism gene MTHFD2,
and the well-known metabolic regulator c-MYC (Stine et al.,
2015; Figures 7G, 7H, and S7L). Moreover, GO analysis of
MITF and YY1 co-bound regions revealed RNA, mitochondrial,
and lysosome metabolic processes to be enriched (Figure S7M).

YY1 Acts Upstream of MITF and Regulates c-MYC and
Some of Its Cognate Metabolic Targets in a Subset of
Human Melanomas
Metabolic stress can suppress MITF expression as demonstrated by glutamine and glucose limitation experiments (Falletta
et al., 2017; Ferguson et al., 2017). Accordingly, YY1 KD in a human melanoma cell line not only decreased the expression of
various E2F, ETS, and MYC family members but also that of
MITF (Figure 7I). Moreover, YY1 KD reduced MITF protein levels
in some melanoma cell lines (Figure 7J). We next asked whether,
in a subset of human melanomas, MITF downregulation could
partially explain changes in metabolic gene expression resulting
from indirect regulation by YY1. Indeed, MITF KD in human melanoma not only reduced melanocytic gene expression but also
altered the expression of a subset of metabolic genes (Figure 7K).
For instance, we observed changes in expression of genes
co-bound by YY1 and MITF (such as EIF4B, EIF4G2, ADK,
CNOT1, and UTP20) and of genes only bound by MITF, including
c-MYC and some of its well-known targets (such as CAD and
MTHFD2; Figure 7K).
MITF levels have to be tightly regulated, and MITF overexpression is known to induce cell cycle arrest (Carreira et al., 2005).
Accordingly, MITF overexpression failed to rescue proliferation
of YY1 KD melanoma cells (data not shown). Therefore, we
sought to assess whether the MITF target c-MYC might mediate
part of the YY1-induced proliferation phenotype. Apart from
regulating a plethora of genes involved in fundamental metabolic
processes (Stine et al., 2015), c-MYC also controls the expression of E2F family members (Zeller et al., 2006). Overexpression
of c-MYC in melanoma cells was sufficient to partially rescue
proliferation in YY1 KD melanoma cells (Figure 7L), which was
accompanied by restored expression of some E2F family members (Figure 7M; Table S4). In addition, the expression of the
metabolic genes CAD, MTHFD2, SHMT2, PPARGC1B, and
DHODH, known to be c-MYC targets, but not directly bound
by YY1, was restored (Figure 7M; Table S4). In contrast, most
YY1 direct target genes belonging to the YY1/E2F/ETS/MITF
transcriptional network were not rescued by c-MYC overexpression, suggesting that YY1 and/or additional TFs are required for
the expression of those genes (Figure 7M). In sum, YY1 controls

Figure 7. YY1 Is Part of a Gene Regulatory Network that Controls Metabolism and Tumor Proliferation
(A) Gene regulatory network depicting YY1 and E2F and ETS family members. Node colors indicate up (red) and down (green) regulation upon YY1 KD. Nodes
with black borders correspond to genes that have significant differential expression (FDR < 0.05).
(B) Read density clustering of YY1, SOX10, and MITF showing co-occupied genomic regions. A: YY1 SOX10 MITF co-occupied sites; B: YY1 MITF co-occupied
sites; C: YY1 SOX10 co-occupied sites; and D: YY1 only occupied sites are shown. Peak calling for YY1, SOX10, and MITF ChIP-seq datasets was performed
with MACS software using p value cutoff of 0.05.
(C–F) Diagram illustrating co-binding of YY1 in different combinations with SOX10 and/or MITF to genomic regions associated with protein translation genes
(C, D, and E) and metabolic genes (F).
(G and H) Diagram illustrating MITF binding events in genomic regions not bound by YY1, namely in the promoter region of a nucleotide metabolism gene (G) and
in a putative c-MYC enhancer (H).
(I) Heatmap depicting gene expression changes for a subset of selected genes in M010817 Si-YY1 versus Si-control RNA-seq (ENA: PRJEB21636).
(J) Western blot analysis of MITF protein levels upon siRNA-mediated YY1 KD in human melanoma cells.
(K) qPCR analysis of a subset of metabolic genes in melanoma cells infected with Ad-H1-Si-Ctrl or Ad-H1-Si-MITF viral particles. Heatmap depicts gene
expression changes. n = 3 biological replicates.
(L) Flow cytometric analysis of EdU incorporating cells upon YY1 KD and c-MYC overexpression. Data are shown as mean ± SEM; n = 5 biological replicates.
p values were calculated by one-way ANOVA followed by Tukey’s test.
(M) qRT-PCR of a subset of metabolic genes in YY1 KD melanoma cells subjected to YY1 KD and c-MYC overexpression. Heatmap depicts gene expression
changes. n = 3 biological replicates. Significance illustrated in the figure refers to comparison between Si-YY1 + empty vector and Si-YY1 + c-MYC. Please see
Table S4 for complete statistical analysis. *p < 0.05; **p < 0.001; ***p < 0.0001.
Abbreviations: EV, empty vector; Rep1/2, replicate 1/2. See also Figure S7.
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metabolic processes crucial for tumor cell proliferation both
by directly binding to a subgroup of metabolic genes and, in
a subset of human melanomas, by controlling a MITF and
c-MYC-regulated gene set.
DISCUSSION
In this study, we identified the TF Yy1 as a master regulator of an
embryonic NC transcriptional program required for maintenance
and proliferation of early NC cells, although dispensable for latestage NC cell proliferation. Remarkably, a functionally equivalent
YY1-controlled program is also required for melanoma initiation
and growth. However, melanoma cells are more susceptible to
reduced YY1 levels than NC cells and adult melanocytes, suggesting a strict dependency of melanoma formation on mechanisms active in embryonic NC cells.
Notably, maintenance and expansion of progenitor cells, but
not lineage determination and early differentiation steps, were
affected in NC derivatives of Yy1 cko embryos. This function appears to be specific for a relatively narrow time window during
NC development. After NC migration, conditional ablation of
Yy1 in the melanocytic lineage resulted in skin pigmentation defects postnatally, whereas depletion of Yy1 in the Schwann cell
lineage led to hypomyelination without affecting survival or proliferation (Li et al., 2012; He et al., 2010). Likewise, we show that
Yy1 ablation in E11.5 post-migratory, Sox10-expressing NC cells
did not result in an overt proliferation or survival phenotype. This
is consistent with previous findings revealing differential responsiveness of early and late NCSCs to mitogenic factors (Fuchs
et al., 2009). Our data do not exclude the possibility of Yy1 being
required in NC derivatives at a later embryonic stage or even in
adult NC-derived lineages. In fact, depletion of Yy1 in E11.5
post-migratory NC cells did not affect melanoblast formation in
the embryo, although Yy1 depletion in the adult melanocyte lineage perturbed melanocyte homeostasis.
Our finding that YY1, apart from regulating embryonic NC cell
proliferation, also controls melanoma cell proliferation and
tumorigenesis supports the notion that melanoma-initiating cells
reuse aspects of developmental programs. In a zebrafish model,
melanoma initiation is invariably associated with the acquisition
of crestin, a zebrafish NC progenitor marker (Kaufman et al.,
2016). Moreover, inactivation of the NC TF Sox10 counteracts
melanoma formation (Kaufman et al., 2016; Shakhova et al.,
2012). Our study now adds another twist to this theme by
emphasizing and functionally validating the importance of YY1regulated metabolic processes for both NC development and
melanoma formation. In fact, YY1 directly binds and regulates
a large subset of genes implicated in metabolism and protein
synthesis. Consistent with this, depletion of Yy1 during embryonic development or reduction of YY1 protein levels in human
melanoma cells resulted in impaired mitochondrial bioenergetics and altered metabolite content across multiple metabolic
pathways.
The relevance of YY1 for NC development is underscored by
the fact that in humans loss-of-function mutations in YY1
mainly lead to congenital craniofacial dysmorphisms, apart
from neurological defects (Gabriele et al., 2017). Because melanoma is a cancer of NC origin, it is plausible that melanoma
and NC cells share a high susceptibility to YY1 deregulation.
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Indeed, depletion of YY1 across a panel of different cancer types showed that melanoma is particularly sensitive to
reduced YY1 levels. Likewise, NC and melanoma are particularly responsive to certain metabolic alterations. Several
congenital diseases, mainly characterized by defects in NC
derivatives, are associated with alterations in pyrimidine
biosynthesis, one carbon metabolism, or ribosome biogenesis
(Ng et al., 2010; Ross and Zarbalis, 2014; Wilcox et al., 2007).
For instance, patients with Miller’s syndrome exhibit, among
others, craniofacial defects due to mutations in DHODH, which
encodes a key enzyme involved in pyrimidine biosynthesis (Ng
et al., 2010). Inhibition of DHODH impairs transcriptional elongation of a gene set required both for NC development and
melanoma initiation (White et al., 2011). Although DHODH is
not a direct YY1 target, YY1 KD reduced DHODH expression,
possibly involving direct regulation of DHODH by MITF/cMYC. However, despite the proven role of nucleotide metabolism in NC and melanoma, exogenous supplementation
with uridine and other nucleotide analogs did not restore proliferative capacity in YY1 KD cells, indicating that additional
metabolic pathways are implicated in mediating YY1 function.
In addition to metabolism-related genes, YY1 binds and regulates a subset of genes involved in protein synthesis, and depletion or reduction of Yy1 led to reduced protein synthesis rates
both during NC development and melanoma. NC cells are particularly affected by ribosome biogenesis defects (Ross and Zarbalis, 2014). Moreover, cancer cells display high rates of protein
synthesis, and disruption of protein translation frequently impairs
tumorigenesis (Barna et al., 2008; Feng et al., 2015; Ruggero,
2013; Signer et al., 2014). Therefore, it is plausible that downregulation of protein synthesis by Yy1 depletion not only contributes to the observed NC phenotype but also impairs melanoma
initiation.
Although YY1 regulated metabolism both in NC and melanoma, susceptibility to Yy1 genetic dosage was different: while
depletion of one YY1 allele was sufficient to prevent melanoma
initiation and reduce proliferation, it neither impaired NC development nor homeostasis of normal adult melanocytes. At the
gene expression level, the metabolism of a tumor resembles
that of the lineage of origin (Hu et al., 2013). Furthermore, pathways that are required for biomass production are often
upregulated in cancer (Ruggero, 2013; Vander Heiden and
DeBerardinis, 2017). Our experiments indicate that the transition
from a melanocyte to a melanoma-competent cell involves
metabolic reprogramming. Intriguingly, YY1 KD in human melanoma cells partially reverted the gene expression changes
observed upon transition from a melanocyte to a melanomacompetent cell. Thus, in particular in a nutrient-limiting microenvironment, melanoma cells appear to be highly dependent on
metabolic and protein synthesis pathways, pointing to melanoma-specific vulnerabilities.
Reconstruction of the YY1 transcriptional network in human
melanoma revealed that E2F and ETS family members are putative YY1 co-factors. These findings are in agreement with E2f
motif activity being higher in NCSCs than in their differentiated
counterparts and are consistent with a previous implication of
E2f/Ets family members in an NC gene regulatory network
(Simões-Costa et al., 2014). Because E2F and ETS family members are not lineage-specific TFs, YY1 appears to control a

metabolic program to which melanoma and NC are particularly
addicted.
Historically, metabolism was considered to be a housekeeping process in the cell. However, there is increasing evidence that metabolic processes may not only be ‘‘tailored’’ to
different cell types but might actually act as drivers for lineage
specification and differentiation. Moreover, lineage-specific
TFs have been shown to enhance cancer cell fitness by
modulating metabolic processes. For instance, MITF enhances mitochondrial metabolism by interacting with PGC1a
in a subset of human melanomas (Haq et al., 2013; Vazquez
et al., 2013). The human melanoma-specific long-noncoding RNA SAMMSON is required for melanomagenesis by
enhancing protein translation (Leucci et al., 2016; Vendramin
et al., 2018). Indeed, we found that a subset of genes bound
by YY1 is also co-bound by MITF and/or SOX10. Therefore,
some of the YY1-dependent metabolic processes can be
fine-tuned in conjunction with MITF, SOX10, or both during
melanoma initiation and proliferation.
In a subset of human melanomas, YY1 KD resulted in downregulation of MITF protein levels. Because MITF is not a direct
target of YY1, our results indicate that metabolic stress can elicit
a lineage-specific response. In this context, MITF KD led to
downregulation of c-MYC and several of its well-known metabolic targets. Moreover, c-MYC overexpression was sufficient
to partially rescue the proliferation defects imposed by YY1
KD. This is in line with the fact that c-Myc is part of the NC specifier network and controls the size of the pre-migratory NCSC
population (Kerosuo and Bronner, 2016). Of note, in melanoma,
c-MYC is a convergent downstream effector of resistance and
c-MYC gene signatures are restored during tumor relapse and
associated with metabolic vulnerabilities (Singleton et al., 2017).
In sum, our study shows that YY1 directly regulates a wide
range of metabolic processes and that NC development and
melanoma are particularly sensitive to disturbance of these processes. In addition, part of the YY1-mediated metabolic program
is controlled in a lineage-specific manner by interaction with lineage-specific co-factors, including MITF and SOX10.
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Suvà, M.L., Riggi, N., and Bernstein, B.E. (2013). Epigenetic reprogramming in
cancer. Science 339, 1567–1570.
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26Sortm14(CAG-tdTomato)Hze/J

The Jackson Laboratory

Cat# 007914; RRID: IMSR_JAX:007914

Mouse:Yy1fl/fl: B6;129S4-Yy1tm2Yshi/J

The Jackson Laboratory

Cat# 014649; RRID:IMSR_JAX:014649

Mouse: R26R-EGFP: Gt(ROSA)26Sortm1Sho

The Jackson Laboratory

Cat# 003504; RRID:IMSR_JAX:003504

Oligonucleotides
Mouse Genotype Primers, See Table S5

Mycrosynth

N/A

Human qRT-PCR Primers, See Table S6

Mycrosynth

N/A

Mouse qRT-PCR Primers, See Table S6

Mycrosynth

N/A

Mouse ChiP qRT-PCR Primers, See Table S7

Mycrosynth

N/A

Thermo Fischer Scientific

Cat# YY1HSS111432

Recombinant DNA
Stealth Si RNA Targeting YY1 (Si-YY1)
Stealth Medium GC Content Scrambled Si RNA (Si-Control)

Thermo Fischer Scientific

Cat# 12935

pCDH-Puro-cMYC

Addgene

Cat# 46970

pMuLE-ENTR-CMV-L1-R5 Vector

Addgene (Albers et al., 2015)

Cat# 62090

pMuLE-ENTR-SV40-eGFP-L5-L2

Addgene (Albers et al., 2015)

Cat# 62144

pLenti-X1-Piro-DEST

Addgene (Albers et al., 2015)

Cat# 11297

UCSC Genome Browser

https://genome.uscs.edu/

N/A

Human Metabolome Database v3.0

http://www.hmdb.ca/

N/A

Small Molecule Pathway Database

http://smpdb.ca/

N/A

MACS Software

http://liulab.dfci.harvard.edu/MACS/

N/A

SeqMINER

http://bips.u-strasbg.fr/seqminer/

N/A

ISMARA

https://ismara.unibas.ch /mara

N/A

ClueGo v2.3.2

http://apps.cytoscape.org/
apps/cluego

N/A

Cytoscape v3.4.0

https://cytoscape.org

N/A

Graphpad Prism

GraphPad

N/A

MATLAB

https://ch.mathworks.com

N/A

Software and Algorithms

FlowJo v7.6

Tree Star

N/A

Bowtie 2

http://bowtie-bio.sourceforge.net/
bowtie2/index.shtml

N/A

HOMER tool package

http://homer.ucsd.edu/homer/

N/A

CONTACT FOR REAGENT AND RESOURCE SHARING
Additional information and requests for reagents may be directed to and will be fulfilled by the Lead Contact, Lukas Sommer (lukas.
sommer@anatomy.uzh.ch).
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Mice
Mice carrying the transgenic alleles: Tyr::CreERT2, Yy1fl/fl, R26R-LSL-tdTomato, and R26R-EGFP were derived from Jackson
laboratories. Mice carrying the transgenic alleles: Wnt1::Cre (Danielian et al., 1998); Sox10::CreERT2 (Simon et al., 2012);
Tyr::NrasQ61K (Ackermann et al., 2005), and mice deficient for Cdkn2a (Serrano et al., 1996) were gifts from Rofler Kemler (University of Freiburg), Leda Dimou (University of Ulm, Germany); Friedrich Beermann (Swiss Federal Institute of Technology
Lausanne, Switzerland) and Manuel Serrano (Centro Nacional de Investigaciones Oncologicas, Spain), respectively. Mice
were bred and crossed in-house to generate the various genotypes described in this paper. Genetic background of experimental animals was mixed and both genders were used. No statistical methods were used to predetermine sample size. All
animal breeding, housing and experimentation was conducted according the veterinary office of the Canton of Zurich,
Switzerland guidelines. Specifically animals were housed in a controlled environment with a 12- hour light/dark cycle, with
free access to water and food.
Cell Lines
Human melanoma cell lines used in this study were: M010817, M050829, M980513, M000921, M130429 (established by URPP Live
Cell Biobank, University of Zurich), Skmel28 (Cat#HBT-72, ATCC), A375 (Cat#CRL-1619, ATCC) and Mel888 (Rubinfeld et al., 1997).
All melanoma cell lines established at the URPP Live Cell Biobank, University of Zurich were derived with patient consent and according to the Declaration of Helsinki on Human Rights, and approved by the Institutional Review Board (IRB) of Zurich (EK.647/800). All
research on surplus human material was conducted under the IRB approval KEK-Zh.Nr 2014-0425. Other cancer cell lines used in this
study were PC3 and Du 145 (prostate cancer Cat#CRL-1435 and Cat#HTB-81, respectively), MDA-MB-231 and T-47D (Breast cancer
Cat#HTB26 and Cat#HBT-133, respectively), WIDr (colon cancer Cat#CCL-218) and NCI-H295R (Adrenal carcinoma Cat#CRL-2128)
all from ATCC. All cell lines were maintained in RPMI 1640 medium (Cat#42401042, Thermo Fischer Scientific) containing 10% FCS
(16140, Thermo Fischer Scientific), 4mM L-glutamine (Cat#25030, Thermo Fischer Scientific) and 1% penicillin-streptomycin
(Cat#15070, Thermo Fischer Scientific). HEK293T (Cat#CRL-1573) cells were maintained in DMEM (Cat#41965062, Thermo Fischer
Scientific) containing 10% FCS and 1% penicillin-streptomycin. Cell lines were maintained at 37 C and 5% C02.
METHOD DETAILS
Animal Experimentation
Timed- matings were performed overnight, by crossing Wnt1::Cre;Yy1fl/wt mice with Yy1fl/fl animals. Noon of next day was considered
E0.5. Wnt1::Cre;Yy1fl/fl embryos (here termed Yy1 cko embryos) were compared with their respective littermates having either no
Wnt1::Cre transgene (Yy1fllwt or Yy1fl/fl) or lacking a second copy of the floxed Yy1 transgene (Wnt1::Cre;Yy1fl/wt). To conditionally
deplete Yy1 in post-migratory NC cells, homozygous mice for Yy1 floxed allele were crossed with Sox10::CreERT2 mice. Timedmatings were performed as described above. Depletion of Yy1 in post-migratory NC cells was achieved by injecting either E10.5
or E11.5 pregnant females with a single dose (240 mg/g body weight) of tamoxifen (TM) (Cat#T5648, Sigma-Aldrich) intraperitoneally.
Sox10::CreERT2;Yy1fl/fl embryos were compared with respective littermates having either no Sox10::CreERT2 transgene or lacking a
second copy of Yy1 floxed allele.
To study the role of Yy1 in the adult melanocytic lineage we took advantage of the TM-inducible Cre line Tyr::CreERT2 (Bosenberg et al., 2006). Transgenic lines were crossed with the ROSA26 reporter strain expressing tdTomato. Depletion of one
Yy1 allele (Yy1+/) or two Yy1 alleles (Yy1/) was induced by 5 consecutive intraperitoneal TM injections (80 mg TM/g body
weight-each). To stimulate hair cycle progression, animals were anaesthetized with isoflurane (Cat#430024079, Piramal Healthcare) and dorsal skin was depilated using wax strips (I am, Migros). The first hair plucking was performed at 6 weeks of age and
serially repeated approximately every 23 days for 2 times. Mice were sacrificed 9 days after the last hair plucking in order to
analyze anagen hair follicles.
To study melanoma initiation we took advantage of the spontaneous melanoma mouse model Tyr::NrasQ61k;Cdkn2a/. Conditional depletion of Yy1 in the melanocytic lineage was achieved by employing the TM-inducible Tyr::CreERT2 line (Bosenberg
et al., 2006). Transgenic lines were crossed with the ROSA26 reporter strain expressing EGFP. Depletion of one Yy1 allele or two
Yy1 alleles was induced by 5 consecutive intraperitoneal TM injections (80 mg TM/g body weight-each) at one moth of age. The
experimental group included: TM-injected animals expressing the Tyr::CreERT2 transgene and that contained either one Yy1
floxed allele (Tyr::CreERT2;Yy1fl/wt;R26R-EGFP Tyr::NrasQ61K;Cdkn2a/) or two Yy1 floxed alleles (Tyr::CreERT2;Yy1fl/fl;R26REGFP; Tyr::NrasQ61K;Cdkn2a/). The control groups included both TM injected animals that lacked the Tyr::CreERT2 transgene
or animals that were not injected with TM. Mice were sacrificed at an endpoint defined by adverse clinical symptoms including tumor
size (tumor > 2mm), weight loss or hunched back. Genotyping was performed using primers listed in Table S5. Allografting of murine
melanoma cells in athymic nude-Foxn1 mice (Hsd: Athymic nude-Foxn1nu/nu; Envigo) was performed as previously described (Zingg
et al., 2015). Briefly, immunocompromised nude mice were subcutaneously engrafted with melanoma cells derived from
Tyr::CreERT2;Yy1fl/wt;R26R-EGFP; Tyr::NrasQ61K; Cdkn2a/ tumors. Nude mice were sacrificed when tumors reached approximately 1,500 mm3. Tumor material was subsequently engrafted in 10 athymic nude-Foxn1 recipients. Loss of one Yy1 allele was
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induced by 5 consecutive intraperitoneal TM injections (80 mg TM/g body weight-each) when tumors were fully developed. Mice were
sacrificed 5 days later and tumor material was further processed.
Isolation of Migratory NC Cells and Priming
Isolation of migratory NC cells was performed as previously described (Greenwood et al., 1999). In brief, E8.75 mouse neural tubes
were mechanically isolated, somites were digested with Dispase I (Cat#04942086001, Roche), and neural tubes were plated on fibronectin (Cat#F1141, Sigma-Aldrich). NC cells were allowed to delaminate and migrate out during 20 hours. Priming of NC into the
various lineages was achieved by the use of instructing growth factors at the following concentrations: TGFb1 1ng/ml
(Cat#100-21); BMP2 50ng/ml (Cat#120-02), Neuregulin type I 50 mg/ml (Cat#100-03) all from PeproTech, and Forskolin 5 mM
(Cat#F6886, Sigma-Aldrich) for mesenchyme, neuronal, and glial fates, respectively. To determine potential transcription factors
required for NCSC maintenance we performed a motif activity response analysis by using ISMARA (https://ismara.unibas.ch/fcgi/
mara) (Balwierz et al., 2014).
Isolation of Branchial Arch 1 (BA1) Cells
BA1 were mechanically isolated and digested in HBSS without calcium or magnesium (Cat#14170, Thermo Fischer Scientific) containing 0.35mg/ml collagenase type 3 (Cat#M3D14157, Worthington) and 0.04% Trypsin (Cat#25200, Thermo Fischer Scientific).
Digestion mix was inactivated, cells were plated in BA1 maintenance medium: Neurobasal medium (Cat#12348-017, Thermo Fischer
Scientific) containing 2% B27 supplement (Cat# 12587-010,Thermo Fischer Scientific), 1% N2 supplement (Cat# 17502-048,
Thermo Fischer Scientific), 1% L-glutamine (Cat#25030, Thermo Fischer Scientific), 10ng/ml FGF2 (Cat# 233-FB-001MG/CF,
R&D Systems) and 1.5 mM of CHIR 99021 (Cat# 44230, Tocris) and kept at 37 C and 5% C02.
Isolation of Wild-type and Tyr::NrasQ61K;Cdkn2a–/– Melanoma Competent Melanocytes from Mouse Skin
Four months old Tyr::CreERT2;R26R-LSL-tdTomato and Tyr::NrasQ61K;Cdkn2a-/-;Tyr::CreERT2;R26R-LSL-tdTomato mice were injected IP with TM for 5 consecutive days (80 mg TM/g body weight-each). Hair cycle growth synchronization in wild-type animals
was achieved by dorsal hair plucking (as described above), followed by animal sacrifice 9 days later when anagen hair follicles could
be found. Skin was dissociated into small pieces by mechanical dissociation. Digestion was performed by treatment with 0.25mg/ml
Liberase DH Research grade (Cat#0.5401054001, Roche) in RPMI 1640 (Cat#42401, Life Technologies) for 1 hour at 37 C, followed
by 0.2mg/ml DNAase I (Cat#10104159001, Roche) treatment for 20 minutes at 37 C. Digestion mix was inactivated with RPMI
medium containing 10% FCS (Cat#16140, Thermo Fischer Scientific). Cell suspension was filtered through a Falcon cell strainer
(Cat#352340, Thermo Fischer Scientific) and centrifuged. Cells were resuspended in RPMI containing 2% FCS incubated for
15 min on ice, followed by incubation with rat anti-cKit conjugated antibody (Cat#17-1171-81, eBisocience; 1:100) in RPMI containing 2% FCS for 30 minutes at room temperature. A washing step was performed with RPMI containing 2% FCS. cKit+ tdTomato+ cells
were isolated with a BD FACSAria III Cell Sorter (BD Biosciences) equipped with a 100 um nozzle. Cells were collected into 1.5ml
Protein LoBind tubes (Cat#0030108116, Eppendorf) containing RLT buffer (Cat#79216, QIAGEN) and 1% 2-mercaptoethanol
(Cat#M3148, Sigma-Aldrich).
Alcian Blue Staining
E14.0 Control and Yy1 cko embryos were fixed in Bouin’s fixative (Cat#HT101128, Sigma-Aldrich) for 2 hours. Embryos were then
washed with a 1:1 solution of 0.1% ammonium hydroxide (Cat#338818, Sigma-Aldrich) and 70% ethanol (Cat#51976, Sigma-Aldrich)
for 24 hours until embryos loss the yellow coloration. Alcian blue staining was performed with 0.05% Alcian blue (Cat#A5268, SigmaAldrich) in 5% acetic acid (Cat#A6283, Sigma-Aldrich) for 2-4 hours. Embryos were washed twice with 5% acetic acid for 1 hour each.
Clearing was performed in glass containers by first washing embryos twice in methanol (Cat#34860, Sigma-Aldrich)-2 hours each,
and then, by treatment with a 1:2 solution of benzyl alcohol (Cat#305197, Sigma-Aldrich): benzyl benzoate (Cat#B6630, SigmaAldrich). Embryos were kept in this solution until imaging.
Immunohistochemistry
Embryos were fixed in 3.7% formaldehyde (Cat#F8775; Sigma-Aldrich) solution in PBS (Cat#10010; Thermo Fischer Scientific) at
room temperature for 30 minutes, 2 hours, 3.5 hours and overnight at 4 C for E9.5, E11.5, E13.5 and E14.5, respectively. Embryos
were dehydrated in 30% sucrose (Cat#S7903, Sigma-Aldrich) overnight, embedded in O.C.T compound (Cat#AGR1180, Scigen) and
stored at 80 C until sectioning into 12 mm cryo-sections. Mouse skin was fixed in 4% Roti-Histofix (Cat#P087.3, Carl Roth) overnight at 4 C, embedded in paraffin and sectioned into 5 mm sections. Deparaffinization was performed as previously described (Zingg
et al., 2015). For immunohistochemistry, sections were blocked one hour at room temperature in blocking buffer containing 1% BSA
(Cat#05470, Sigma-Aldrich); 0.2% Tween (Cat#P1379, Sigma-Aldrich) in PBS. For Sox10, Sox9, Dct and GFP stainings the blocking
buffer used was TNTB buffer (10mM Tris-HCL+ 150mM Nacl + 0.5% blocking reagent, Perkin-Elmer Cat#FP1020). Primary antibodies used were: goat anti-Sox10 (Cat# sc-17342; Santa Cruz Biotechnology; 1:100), rabbit anti-Sox9 (Cat#sc-20095, Santa
Cruz Biotechnology; 1:100); mouse anti-NF (Cat#Ab1987, Chemicon; 1:200); rabbit anti-Fabp7 (Cat#ab32423, Abcam; 1:100);
goat anti-Dct (Cat#sc-10451; Santa Cruz Biotechnology; 1:100); rabbit anti-cleaved caspase 3 (Cat#9661, Cell Signaling Technology; 1:200); rabbit anti-Yy1(H-414) (Cat#sc-1703, Santa Cruz Biotechnology; 1:100); rabbit anti-Yy1(D5D9Z) (Cat#46395, Cell
Signaling Technology; 1:100); rabbit anti-RFP (Cat#600-401-379, Rockland, 1:400); goat anti-tdTomato (Cat#LS-C340696; LifeSpan
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BioSciences;1:400); chicken anti-GFP (Cat#1020; Aves, 1:400) and rabbit anti-Brn3a (gift from E. Turner’s laboratory). Antibodies
were diluted in blocking buffer and incubated overnight at 4 C. Secondary antibodies used were: goat anti-mouse IgG (H+L) Alexa
Fluor 488 (Cat#A-11029; Thermo Fischer Scientific); goat anti-rabbit IgG (H+L) Cy3 (Cat#111-165-003); donkey anti-goat IgG(H+L)
Alexa Fluor 647 (Cat#705-605-147); donkey anti-chicken IgY(H+L) Cy3 (Cat#703-165-155); donkey anti-goat IgG (H+L) Cy3
(Cat#705-165-147); donkey anti-rabbit IgG (H+L) Cy3 (Cat#711-165-152); donkey anti-mouse IgG (H+L) Cy3 (Cat#715-165-150);
donkey anti-rabbit IgG (H+L) Alexa Fluor 488 (Cat#711-545-152); donkey anti-mouse IgG(H+L) Alexa Fluor 488 (Cat#715545-150). All from Jackson ImmunoResearch unless described otherwise. Antibodies were diluted in blocking buffer, used at a
concentration of 1:400 and incubated for 1 hour at room temperature. For Sox10 staining additional amplification steps were performed using the following antibodies: donkey anti-goat IgG (H+L) biotin-streptavidin (Cat#705-065-003, Jackson ImmunoResearch)
and peroxidase streptavidin (Cat#016-030-084, Jackson ImmunoResearch) and the TSA plus cyanine system (Cat#NEL744001 KT,
Perkin-Elmer) according to manufacturer’s guidelines. Nuclei were stained with Hoeschst 33342 (Cat#14533, Sigma-Aldrich) and
slides were mounted in Fluorescent Mounting Medium (Cat#S3023, Dako). Imaging was performed using a DMI 6000B microscope
(Leica).
Detection of Proliferation and Apoptosis Rates
To determine proliferation rates in vivo, animals were injected intraperitoneal with 2 mmol EdU (Cat#C10424, Thermo Fischer Scientific,) 1 hour prior to sacrifice. Histological sections were prepared as described above. For in vitro assays melanoma cells were
pulsed with 10 mM EdU for one hour at 37 C. EdU detection was performed following manufacturer’s instructions. To evaluate
cell death the Annexin V Apoptosis detection Kit (Cat#556547, BD Pharmigen) was used according to manufacturer’s guidelines.
Proliferation and apoptosis in vitro were assed 48 hours post siRNA-mediated YY1 knockdown. Histological sections were evaluated
by microscopy. Quantification of EdU incorporating or Annexin V positive cells in human cancer cell lines was performed by flow
cytometry using a BD FACSCANTO II (BD Biosciences). FlowJo v7.6. was used for data analysis.
Protein Isolation and Western Blotting
Total protein isolation was performed in RIPA buffer (Cat#89900, Thermo Fischer Scientific) containing protease and phosphatase
inhibitors (Cat#87786, Cat#78420, Thermo Fischer Scientific). SDS-PAGE was carried out in 4%–20% Mini-Protean TGX gels
(Cat#456-1094, Bio RAD) and a total of 20 mg of protein was used. Nitrocellulose membranes were blocked in Odyssey blocking buffer
(Cat#927-40000, Li-COR Biosciences) for 1 hour at room temperature. Primary antibodies, rabbit anti-YY1(D5D9Z) (Cat#46395, Cell
Signaling Technology; 1:500), mouse anti-MITF (Cat#ab12039; Abcam, 1:500) and mouse anti-a Tubulin (Cat#T6070; Sigma-Aldrich;
1:2000) were diluted in Odyssey blocking buffer and incubated overnight at 4 C. Secondary antibodies donkey anti-mouse IgG IRdye
800 CW (Cat# 926-32212, Li-COR Biosciences), donkey anti-rabbit IgG, IRdye 680LT (Cat#926-68023, Li-COR Biosciences) and
donkey anti-mouse IgG IRdye 680LT (Cat#926-68022, Li-COR Biosciences) were diluted in Odyssey blocking and incubated for
1 hour at room temperature. Blots were scanned and quantified with an Odyssey imaging system (Li-COR Biosciences).
RNA Isolation, Microarray, RNA-seq and qRT-PCR
Total RNA was isolated with RNAeasy mini kit (Cat#74106, QIAGEN) following manufacturer’s instructions. This method was employed to isolate RNA for: qRT-PCR, RNA-seq and microarray analysis. For microarray and RNA-seq analysis, RNA was
submitted to the Functional Genomics Center Zurich, University of Zurich. Microarray analysis of NCSCs and primed counterparts
was performed in an Affymetrix GeneChip Mouse Genome 430 2.0 (GPL-1261) platform. RNAseq of E10.5 Control and Yy1 cko BAs
was performed using the Illumina HiSeq 2000 platform. The same platform was used for RNA-seq analysis of human melanoma cells
subjected to YY1 knockdown. RNA-seq of wild-type and Tyr::NrasQ61K;Cdkn2a/competent melanocytes was performed at the
iGE3 Genomics Platform, Geneva Switzerland using the Illumina HiSeq 4000 platform. Gene ontology networks were designed using
ClueGo v2.3.2 (http://apps.cytoscape.org/apps/cluego) and Cytoscape v3.4.0 (https://cytoscape.org). Clusters with less than three
nodes were omitted. For qRT-PCR, cDNA was synthesized by using Maxima First Strand cDNA Synthesis kit (Cat#K1641, Thermo
Fischer Scientific) according to manufacturer’s guidelines. qRT-PCR amplification was performed using SYBR Green I Master Mix
(Cat#4707516001, Roche) with specific PCR primers for genes of interest, and RPL28 and b-actin as endogenous controls (Table S6).
ChIP-qRT-PCR experiments were performed using primers described in Table S7. Measurements were performed on a LightCycler
480 System (Roche). qRT-PCR results are presented as the fold change over control and were calculated using the comparative delta
delta Ct method.
ChIP-seq
Chromatin Immunoprecipitation (ChIP) was performed using Magna ChIP A/G kit (Cat#17-10085/86, Millipore) following manufacturer’s instructions. Briefly, formaldehyde-fixed melanoma cells were lysed and subjected to sonication in order to generate DNA
fragments raging from 300-700 bp. Sheared and cleared chromatin was incubated overnight with 5 mg of rabbit anti-Yy1 (H-414) antibody (Cat#sc-1703, Santa Cruz Biotechnology) or 5 mg rabbit anti-IgG antibody (Cat#sc-2027, Santa Cruz Biotechnology. Antibodyprotein complexes were immunoprecipitated with A/G magnetic beads (Cat#17-10085/86, Magna ChIP, Millipore), washed, eluted,
reverse crosslinked and treated with proteinase K (Cat#17-10085/86, Magna ChIP, Millipore). Libraries were performed by following
Illumina TruSeq protocols and sequencing was performed at the iGE3 Genomics Platform, Geneva Switzerland.
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All sequence reads were mapped using Bowtie 2 (http://bowtie-bio.sourceforge.net/bowtie2/index.shtml) into the hg19 UCSC
reference human genome. Input samples were used as enrichment normalization control. Peak calling was performed with HOMER
tool package (http://homer.ucsd.edu/homer/) using the ‘‘style=factor’’ option routinely used for TFs. Peak calling parameters were
the following: L = 2 (filtering based on local signal), F = 2 (fold-change in target experiment over input control). AnnotatePeaks.pl was
used to annotate peak position, and ‘‘makeUCSC file’’ was used to produce bedGraph formated files that were uploaded as custom
tracks and visualized in the UCSC genome browser (http://genome.uscs.edu/). The experiment was performed twice in two independent biological replicates.
Oxygen Consumption Rate (OCR)
E10.5 Control and Yy1 cko BA1 cells were isolated as described above and the number of live cells was determined by Trypan blue
(Cat#T8154, Sigma-Aldrich) exclusion test. A total of 10000 live cells per well were seeded in fibronectin- coated XFp cell plates
(Cat#103022-100, Agilent), allowed to attach for 4 hours in BA1 maintenance media. Cells were rinsed once with media in order
to discard non attached cells and incubated for one hour in non-buffered XF Base DMEM minimal medium (Cat#103334, Agilent)
supplemented with 0.5mM sodium pyruvate (Cat#11360, Thermo Fischer Scientific), 5.5mM glucose (Cat#G7021, Sigma-Aldrich)
and 2mM glutamine (Cat#25030, Thermo Fischer Scientific), pH7.4, in a 37 C incubator without C02. OCR was measured on a
Seahorse XFp Extra Flux Analyzer following manufacturer’s instructions. Mitochondrial inhibitors were used at the following concentrations: 1 mM Oligomycin; 1 mM FCCP and 0.5 mM Antimycin A/Rotenone (103015-100, Agilent). OCR measurement in human
melanoma cell lines subjected to YY1 KD was done in the same manner with the following exceptions: cells were transfected
with Si-Ctrl and Si-YY1, after 24 hours cells were dissociated and plated in XFp plates and let to attach for 24 hours; and the
concentration of glutamine used in the XF Base DMEM minimal medium was 4mM glutamine. Calculations of basal OCR, maximal
respiratory capacity, ATP turnover were performed as previously (Varum et al., 2011).
Untargeted Metabolomics
Human melanoma cell lines were transfected with siRNA 48 hours previously to metabolite extraction. Cellular confluency was
approximately 70%. Cells were rinsed with 75mM ammonium carbonate (207861, Sigma-Aldrich), pH7.4 and immediately frozen
in liquid nitrogen. Metabolites were extracted by incubating cells with a 40:40:20 mix of acetonitrile (Cat#271004, Sigma-Aldrich):
methanol (Cat#106009, Millipore): H20 for 10 minutes at 20 C. This procedure was repeated twice. Extracts were centrifuged at
4 C and resulting supernatants were frozen at 80 C until analysis. Quantification of metabolites was performed on an Agilent
6550 QTOF instrument by flow injection analysis time-of-flight mass spectrometry (Fuhrer et al., 2011). Detectable ions were putatively annotated by matching measured mass-to-charge ratios with theoretical masses of compounds listed in the human metabolome database v3.0 (http://www.hmdb.ca/) using a tolerance of 0.001 amu. Differentially abundant metabolites were categorized
with the Small Molecule Pathway Database (http://smpdb.ca/).
Exogenous Metabolite Supplementation
Exogenous metabolites were added to melanoma growth media 24 hours post transfection and cells were maintained under
these conditions for 24 hours. The following metabolites were used: Uridine (Cat#U3003, Sigma-Aldrich); Glutamic acid
dimethyl ester (Cat#49560, Sigma-Aldrich); L-aspartic acid dimethyl ester (Cat#456233, Sigma-Aldrich); L-Carnitine hydrochloride (Cat#C0158, Sigma-Aldrich), Sodium pyruvate (Cat#11360, Thermo Fischer Scientific) and Nucleoside mix (Cat#ES-008-D,
Millipore).
Protein Synthesis Rates
E11.5 Control and Yy1 cko BA1 cells were isolated as described above and the number of live cells was determined by Trypan blue
(Cat#T8154, Sigma-Aldrich) exclusion test. Equal number of live cells were plated in 96 wells fibronectin-coated plates, and let to
attach for four hours as mentioned above. Media was discarded and cells were rinsed once with media in order to remove nonattached cells. Cells were pulsed with 20 mM of OP-Puro (Cat#Nu-931-5, Jena Bioscience) for 30 minutes at 37 C. OP-Puro detection
was performed by using Click-IT Protein Synthesis Assay Kit (Cat#C10458, Thermo Fischer Scientific) following manufacturer’s
guidelines. To visualize DNA content cells were co-stained with PI/RNase solution (Cat#F10797, Invitrogen). The same protocol
was applied to melanoma cells. In this case cells were pulsed with OP-Puro 48 hours post siRNA-mediated YY1 knockdown.
A FACSCANTO II was used to perform flow cytometric analysis of OP-Puro fluorescence intensity. Of note, forward and side scatter
gating was used to enrich for the live cell population and exclude debris.
Molecular Cloning
c-MYC was amplified from the pCDH-puro-cMYC plasmid (Cat#46970, Addgene) by using High Fidelity PCR master
(Cat#2140314001, Roche) and using the following primers: Forward: 5’-ATT GGA ATT CTT ACG CAC AAG AGT TCC GTA G 30 - EcoRI
and Reverse: 5’-ATG TAA GCT TAT GCC CCT CAA CGT TAG CTT 3’-Hind3. PCR product was purified from agarose gel using the
QIAquick Gel extraction Kit (Cat#28704, QIAGEN). Restriction enzymes used to digest the PCR product and pMuLE-ENTRCMV-L1-R5 vector (Cat#62090, Addgene) were EcoRI (Cat#ER0271, ThermoFisher Scientific) and Hind3 (Cat#ER0501, ThermoFisher
Scientific) and ligation was performed with Anza T4 DNA ligase Master Mix (IVGN2108, ThermoFisher Scientific. L/R recombination of
pMuLE-ENTR-CMV-cMYC-L1-R5, pMuLE-ENTR-SV40-eGFP-L5-L2 (Cat#62144, Addgene) and pLenti-X1-Piro-DEST (Cat#11297,
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Addgene) was performed using Gateway LR Clonase II mix (CAT#11791020), as previously described (Albers et al., 2015). Ad-H1-SiMITF and Ad-H1-Si-Control plasmids were previously described (Hoek et al., 2008).
Cell Transfections, Viral Production and Viral Transduction of Melanoma Cells
siRNA-mediated YY1 knockdown in human melanoma cell lines was achieved by employing jet prime transfection reagent
(Cat#114-75, Polyplus) according to manufacturer’s instructions. The siRNA used was: YY1HSS111432 (Invitrogen) with the
following sequences CAUCUUAACACAUGCUAAGGCCAAA. A scrambled Si-RNA (Cat#12935, Thermo Fischer Scientific) was
used as control. All experiments unless specified otherwise were carried out 48 hours after transfection. Standard calcium phosphate
precipitation method was used to transfect HEK293T cells for lentiviral production. Packaging vectors used were psPAX2
(Cat#12260, Addgene) and pMD2.G (Cat#12259, Addgene). Supernatants containing viral particles were collected 48 hours and
72 hours post-transfection. Lentiviral transduction of melanoma cells was performed in medium containing viral particles and
8 mg/ml polybrene (Cat#H9268, Sigma-Aldrich). Adenoviral particles containing Ad-H1-Si-MITF and Ad-H1-Si-Control were a gift
from Mitchel Levesque’s laboratory. Melanoma cells were transduced with adenoviral vectors at a multiplicity of infection 200.
Integration of YY1, SOX10 and MITF Binding Sites
Peak calling for YY1, Sox10 and MITF ChIP-seq datasets was performed with MACS software (http://liulab.dfci.harvard.edu/MACS/)
using p value cutoff of 0.05. Peak calls between YY1, SOX10, and MITF was intersected using bedTools to obtain A, B, C and D
subsets. Peaks from YY1 ChIP-seq were extended to 5000 bp in each direction, and ChiP-seq signal for YY1 (in two replicates),
SOX10 and MITF was visualized using SeqMINER (http://bips.u-strasbg.fr/seqminer/).
QUANTIFICATION AND STATISTICAL ANALYSIS
Information regarding n and statistical analysis used is described in each figure legend. Briefly, quantification of embryonic material
was done in at least three control and Yy1 cko embryos originating from two or more litters. To determine number of Dct+ cells per
hair bulb during adult melanocyte homeostasis at least 100 hair bulbs from 3 or more animals were quantified per genotype. Quantification of skin melanomas was done at the time of sacrifice followed by GFP staining’s to determine recombination status of the
tumor. Annexin V and EdU quantifications in allografts were performed in five tumors. Cell culture-based experiments were done at
least in three biological replicates. P values for comparison of two groups were calculated with unpaired Student’s t test, whereas
one-way ANOVA was used for multiple experimental groups. Kaplan-Meier curves p values were determined with Long-rank
(Mantel-Cox) test. For metabolomics p values were calculated by two tailed, heteroscedastic t test and were adjusted for FDR
according to the Benjamini-Hochberg procedure. p < 0.05 was consider significant. Graphpad Prism (https://www.graphpad.
com) and MATLAB (https://ch.mathworks.com) software was used for statistical analysis.
DATA AND SOFTWARE AVAILABILITY
Datasets reported in this study deposited at ENA can be found at https://www.ebi.ac.uk/ena and have the following accession
numbers: PRJEB21547 (RNA-seq comparing Control and Yy1 cko BA1 cell); PRJEB21636 (RNA-seq comparing Si-Control and
Si-YY1 human melanoma cells); PRJEB21646 (ChiP-seq for YY1 in human melanoma cells); PRJEB30285 (RNA-seq comparing
wild-type melanocytes versus NrasQ61K;Cdkn2a/ melanoma competent cells). Dataset deposited at GEO (Microarray comparing
NCSCs and their primed counterparts) can be found at https://www.ncbi.nlm.nih.gov/geo/ and has the accession number GEO:
GSE125480.
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