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SUMMARY
ATRX alterations occur at high frequency in neuroblastoma of adolescents and young adults. Particularly
intriguing are the large N-terminal deletions of ATRX (Alpha Thalassemia/Mental Retardation, X-linked)
that generate in-frame fusion (IFF) proteins devoid of key chromatin interaction domains, while retaining
the SWI/SNF-like helicase region. We demonstrate that ATRX IFF proteins are redistributed from
H3K9me3-enriched chromatin to promoters of active genes and identify REST as an ATRX IFF target whose
activation promotes silencing of neuronal differentiation genes. We further show that ATRX IFF cells display
sensitivity to EZH2 inhibitors, due to derepression of neurogenesis genes, including a subset of REST targets.
Taken together, we demonstrate that ATRX structural alterations are not loss-of-function and put forward
EZH2 inhibitors as a potential therapy for ATRX IFF neuroblastoma.
Significance

ATRX (Alpha Thalassemia/Mental Retardation, X-linked) is an
However, the consequences of ATRX alterations in cancer and
structural variations of ATRX in neuroblastoma, we find that the
matin-binding modules are altered in their genomic binding. A
which encodes a neuronal transcriptional repressor. REST d
neuronal genes and cell death, suggesting cooperative pathw
blastoma. These studies support the therapeutic targeting of AT
as a key player in this aggressive neuroblastoma subtype.
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epigenetic regulator mutated in pediatric and adult tumors.
on the epigenome remain ill defined. Focusing on the large
consequent in-frame fusion (IFF) proteins lacking key chro-

TRX IFFs localize to active promoters, notably that of REST,
epletion and inhibition of EZH2 promote derepression of
ays for silencing neuronal differentiation in ATRX IFF neuro-
RX IFF neuroblastomawith EZH2 inhibitors and reveal REST

c.
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INTRODUCTION

Neuroblastoma (NB) is one of the most common and aggressive

pediatric nervous system tumors with poor overall survival,

particularly for older children (Cheung and Dyer, 2013; Dyer

et al., 2017). NB is thought to arise from impaired differentiation

of progenitor cells of the peripheral nervous system (Brodeur,

2003). Prognosis of patients is associated with age at diagnosis,

with spontaneous regression observed in early childhood

(Cheung and Dyer, 2013; Mossé et al., 2014). In contrast,

indolent or chronic NB in adolescents and young adults is char-

acterized by protracted disease progression and marked by the

absence ofMYCN amplifications. ATRX alterations are the most

common recurring event in this indolent clinical subtype (�30%)

(Cheung et al., 2012; Dyer et al., 2017; Molenaar et al., 2012),

which is associated with overall poor survival and lacks effective

therapies (Cheung et al., 2012). Besides point mutations and

indels identified at the ATRX locus, studies in NB have identified

large deletions near the 50 coding region of ATRX leading to in-

frame fusion (IFF) protein products of unknown significance.

ATRX (Alpha Thalassemia/Mental Retardation, X-linked) is an

SWI/SNF-like chromatin remodeler with diverse roles in chromatin

regulation. The ATRX protein contains multiple highly conserved

domains, including an N-terminal ADD (ATRX-DNMT3-DNMT3L)

domain that binds trimethylated histone H3 at lysine 9

(H3K9me3) when unmethylated at H3K4 (Dhayalan et al., 2011;

Eustermann et al., 2011; Iwase et al., 2011), an HP1a-binding

motif (Le Douarin et al., 1996; Lechner et al., 2005), and a putative

EZH2 interaction domain identified through a yeast two-hybrid

screen (Cardoso et al., 1998). In addition, ATRX interacts with

DAXX to deposit H3.3 at heterochromatic regions (e.g., telomeres

and repetitive DNA) (Drané et al., 2010; Goldberg et al., 2010;

Wong, 2010). ATRX has also been shown to negatively regulate

macroH2A deposition at telomeres and the a-globin genes cluster

in erythroid cells (Ratnakumar et al., 2012). Finally, ATRX has an

SWI/SNF-like helicase domain, responsible for mediating DNA

accessibility (reviewed in Dyer et al., 2017; Ratnakumar and Bern-

stein, 2013). Notably, ATRX IFFs identified in NB lack the majority

of these chromatin-binding modules with the exception of the

C-terminal ATP-dependent helicase domain.

REST (RE-1 Silencing Transcription Factor), also known as

neuron-restrictive silencer factor (NRSF), is a transcriptional

repressor that binds DNA in a sequence-specific manner at

neuron-restrictive silencer elements known as RE1 motifs (Chong

et al., 1995; Schoenherr and Anderson, 1995). The primary func-

tion of REST is to suppress neuronal gene transcription in non-

neuronal cells. REST plays a key role in neuronal development,

with REST expression declining as neural progenitors progress

to terminal neurons (Ballas and Mandel, 2005). Genome mapping

of REST suggests that its intricate function in regulating gene

expression depends on co-factors including SIN3A, the CoREST

complex, Polycomb Repressive Complex 1 (PRC1), and PRC2

(Dietrich et al., 2012; McGann et al., 2014; Rockowitz et al.,

2014). REST is overexpressed in several aggressive tumors of

the nervous system, including neuroblastoma (stage 4 MYCN

non-amplified) (Liang et al., 2014),medulloblastoma, and glioblas-

toma (Dobson et al., 2019; Taylor et al., 2012; Zhang et al., 2016).

We hypothesized that ATRX IFFs, which lack several key chro-

matin interaction domains, contribute to aggressive NB via
reorganization of the chromatin landscape and, in turn, tran-

scriptional deregulation. In this study, we aimed to decipher

the underlying biology of ATRX IFFs in NB, a tumor for which

effective therapeutic strategies remain obscure, and exploit

identified epigenetic dependencies.

RESULTS

Identification and Characterization of NB Cells
Harboring ATRX IFFs
To explore the role of ATRX alterations in NB, we screened an

extensive panel of patient-derived cell lines, patient-derived xeno-

graft (PDX) models, and human tumor samples to identify ATRX

IFFs. Utilizing PCR-based assays that favor amplification of an

ATRX IFF gene product versus full-length ATRX from a total

cDNA pool (Cheung et al., 2012; Qadeer et al., 2014), we identified

two human-derived NB cell lines, SK-N-MM and CHLA-90, which

carry distinct structural variations in theATRX gene (Cheung et al.,

2012; Molenaar et al., 2012) (Figures 1A, S1A, and S1B). ATRX is

located on the X chromosome, thus the male cell line CHLA-90

carries a single ATRX copy harboring an IFF (exons 2 to 10). The

female cell line SK-N-MM harbors ATRX alterations on both

alleles: an ATRX IFF (exons 1 to 11) and a nonsense mutation

(K1367X) (Cheung et al., 2012) (Figures 1A, S1C, and S1D). We

characterized these two ATRX IFF cell lines derived from stage

4 NB along with LAN-6 and SK-N-FI (ATRXwild-type [WT]; stage-

and age-matched; MYCN non-amplified NB lines) for mutations

and copy-number variations, aswell as telomere status.We found

that ATRX IFF NB cell lines displayed long telomeres and low

levels of the telomerase reverse transcriptase mRNA (Figure S1E)

indicative of alternative lengthening of telomeres (ALT), lacked

MYCN amplifications (Figures S1F and S1G), and harbored few

recurrent mutations (Table S1), all consistent with clinical reports

(Cheung and Dyer, 2013; Dyer et al., 2017).

ATRX IFFs Are Chromatin Bound and Reside in
Complexes Distinct from WT ATRX
Using an antibody against the C terminus of ATRX that recog-

nizes both WT and IFF forms of ATRX, we detected full-length

ATRX protein in whole-cell extracts at 280 kDa in LAN-6 and

SK-N-FI and ATRX IFF protein products at �150–170 kDa in

SK-N-MM and CHLA-90, respectively (Figures S2A and S2B).

Although ATRX IFFs lack key protein interaction domains (Fig-

ure 1A), they remain chromatin bound, albeit at reduced levels

compared with WT NB cell lines LAN-6 and SK-N-FI (Figure 1B).

We additionally observed that while WT cell lines displayed

ATRX localization in heterochromatin foci marked by HP1a and

its cognate modification H3K9me3, ATRX IFF cells exhibited

loss of ATRX- and HP1a-enriched foci (Figure 1C), although

H3K9me3 was largely unaffected (Figure S2C). This is in line

with previous reports demonstrating cooperation between the

ADD domain of ATRX and HP1 in chromatin recruitment to

H3K9me3-decorated chromatin (Eustermann et al., 2011; Iwase

et al., 2011; Kovatcheva et al., 2017). The diffuse nuclear distri-

bution of ATRX away from H3K9me3-containing heterochromat-

in is consistent with the finding that ATRX IFF protein displayed

increased sensitivity to salt extraction compared with WT

ATRX (Figures 1D and S2D). Collectively, we find ATRX IFFs to

be altered in their nuclear localization and less stably bound to
Cancer Cell 36, 512–527, November 11, 2019 513
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Figure 1. ATRX IFF Proteins Are Chromatin Bound and in Complexes Distinct from WT ATRX

(A) Schematic of ATRX protein product with domains depicted and alterations identified in SK-N-MM and CHLA-90. Black bar underneath indicates N-terminal

deletion of IFFs. Sanger sequencing traces from SK-N-MM and CHLA-90 cDNA identifying ATRX alterations.

(B) Immunoblot for ATRX demonstrating ATRX IFF protein products in the extracted chromatin fraction, indicated by red arrows. Asterisks denote putative ATRX

isoforms. H3 and amido black staining of histones used as loading controls. Protein fold change measured relative to total H3.

(C) Immunofluorescence for ATRX and HP1a in NB cells. Scale bar, 10 mm.

(D) Immunoblots of ATRX and EZH2 in cellular fractions extracted at indicated salt concentrations from nuclei of NB cells. Pellet represents insolublematerial from

600 mM NaCl extraction.

(E) Size-exclusion chromatography fractions probed for endogenous ATRX, DAXX, and EZH2 in ATRX WT and IFF NB cell lines. BAF155 and BAF47 (BAF

complex subunits) used as reference for large chromatin complexes. CV, column volume.

See also Figures S1 and S2; Table S1.
chromatin than WT ATRX, which may consequently play a role in

deregulating chromatin states.

Size-exclusion chromatography of endogenous ATRX-

containing complexes in SK-N-FI (ATRX WT) and SK-N-MM

(ATRX IFF) cells suggested that these proteins were in distinct

complexes. ATRX IFF protein appeared in a smaller complex

of �300 kDa compared with that of WT ATRX (�700 kDa), which

is a greater size difference than expected simply due to the IFF

deletion (�100 kDa) (Figure 1E). In both scenarios, ATRX co-frac-

tionated with DAXX, although the deletion in SK-N-MM removes

a large portion of the DAXX-binding domain; however, neither

co-fractionated with EZH2 (Figure 1E). We next investigated

ATRX interactions with key chromatin-binding partners by immu-

noprecipitation (IP), again using the antibody that recognizes

the C terminus of ATRX (Figure S2A). As anticipated, DAXX

binding was largely abrogated in SK-N-MM, but not CHLA-90

(Figure S2E), whose IFF retains the DAXX-binding domain
514 Cancer Cell 36, 512–527, November 11, 2019
(Figure 1A). Together with clinical reports of some ATRX IFFs

preserving this domain (Cheung et al., 2012; Molenaar et al.,

2012), these data suggest that loss of the ATRX-DAXX interac-

tion may not be critical for driving disease. Because of the re-

ported interaction with EZH2 (Cardoso et al., 1998; Sarma

et al., 2014), we probed ATRX IPs for EZH2. Despite similar levels

of EZH2 acrossWT and ATRX IFF NB lines, we failed to detect an

interaction with ATRX (Figures S2E and S2F). We were also un-

able to detect an ATRX-EZH2 interaction by reverse co-immuno-

precipitation experiments with EZH2 in NB cells (Figure S2G).

This suggests that ATRX-EZH2 interactions may be context

dependent or mediated by additional unknown factors.

ATRX IFFs Redistribute from H3K9me3-Enriched
Regions to Active Promoters
Based on the altered nuclear localization pattern and changes

in complex formation of ATRX IFFs, we performed chromatin
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Figure 2. ATRX IFF Proteins Redistribute from H3K9me3-Enriched Regions to Promoters of Actively Expressed Genes

(A) Pie chart displaying the percentage of ATRX peaks occupying promoters, enhancers, gene bodies, H3K9me3-enriched, and other regions for each cell line.

Promoters: transcriptional start site (TSS) ±2 kb; gene bodies: TSS to transcriptional end site (TES); enhancers: called based on H3K27ac levels and overlapped

with ATRX peaks; H3K9me3 enriched: ATRX peaks overlapped with H3K9me3 peaks; all other regions defined as ‘‘other.’’

(B) Observed over expected random distribution of significant ATRX peaks in chromatin state categories in ATRX WT and IFF cells for each ChIP. Statistical

significance assessed using hypergeometric test. *p < 0.05.

(C) Box plots of mRNA expression levels from SK-N-FI, SK-N-MM, and CHLA-90 at ATRX IFF-bound promoters (n = 788). Statistical significance assessed using

Student’s unpaired t test comparing each ATRX IFF cell line with SK-N-FI. Box plots represent the 25th and 75th percentiles, black line indicates median, and

whiskers represent extremes. *p < 0.05.

(D) Summary of gene set enrichment analysis (GSEA) terms associated with differentially expressed genes in ATRX IFF cells.

(E) Box plots of expression levels of differential genes upregulated (n = 1,400) and downregulated (n = 826) in ATRX IFF NB cells. Box plots represent the 25th and

75th percentiles, black line indicates median, and whiskers represent extremes. Statistical significance assessed using one-way ANOVA.

(F) Gene ontology (GO) analysis of ATRX IFF Up and ATRX IFF Down genes. Enriched terms ranked by most significant p value.

(G) Expression levels of representative genes upregulated in RNA-seq. Fold change plotted, mean log2 (fragments per kilobase of transcript per million [FPKM]) of

ATRX IFF cells over mean log2 (FPKM) of ATRX WT cells. REST and its target genes identified by ChIP-seq enrichment analysis (ChEA, Chen et al., 2013a) and

Harmonizome (Rouillard et al., 2016) labeled in red.

See also Figure S3 and Table S2.
immunoprecipitation sequencing (ChIP-seq) using the

C-terminal ATRX antibody that recognizes both WT ATRX

(SK-N-FI) and IFFs (SK-N-MM and CHLA-90) (Figures S2A

and S2B). We also mapped relevant histone modifications,

including H3K9me3, to which the ADD domain binds (Fig-

ure S3A). We observed a significant enrichment of WT ATRX

peaks (‘‘ATRX WT-bound’’) at H3K9me3-enriched chromatin,

composed of genes, intergenic regions, and the 30 exons of

ZNF genes as we previously reported (Valle-Garcı́a et al.,

2016); however, such ATRX IFF enrichment was strikingly

lacking in ATRX IFF NB cells (Figures 2A, 2B, S3B, and

S3C; Table S2). This differential distribution of ATRX IFFs
was present despite the fact that H3K9me3 distribution was

not altered genome wide (Figure S3A and Table S2). In stark

contrast, ATRX IFF proteins significantly occupied more pro-

moters and gene bodies (‘‘ATRX IFF-bound’’) than WT ATRX

(Figures 2A, 2B, and S3D; Table S2). Promoters with the high-

est ATRX IFF enrichment compared with WT (fold change

R3.05, n = 788; Figure S3E) harbored higher levels of

H3K27ac, indicative of active transcription (Figures S3E and

S3F). Together, these data suggest that while ATRX IFFs

retain the ability to bind to chromatin, they are depleted

from H3K9me3-enriched chromatin, and are instead localized

at active genes and promoters compared with WT ATRX.
Cancer Cell 36, 512–527, November 11, 2019 515
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Figure 3. ATRX IFF Proteins Are Associated with Active Transcription and REST Expression

(A) Heatmap of ATRX, H3K27ac and H3K27me3 enrichment in the promoters of ATRX IFF Up genes (promoters: TSS ±2 kb).

(B) Transcription factors associated with ATRX IFF bound/IFF Up genes (n = 346) as identified by ChEA, ranked based on ChEA combined score.

(C) KEGG pathway analysis of ATRX IFF bound/IFF Up genes. Enriched terms ranked by most significant p value.

(D) UCSC Genome Browser snapshot of ATRX, H3K27ac, and H3K27me3 ChIP-seq at the REST locus (y axis = reads per kilobase per million reads). Bar graph

(right) indicates expression values (FPKM) for REST in corresponding cells. Significant peaks called by MACS2 and SICER are annotated under each profile by

colored bars (false discovery rate [FDR] = 5 3 10�2 for SK-N-FI, 5 3 10�3 for SK-N-MM, 5 3 10�4 for CHLA-90 ATRX peaks; and 1 3 10�5 for all H3K27ac and

H3K27me3 peaks).

(E) Immunoblot of REST in the extracted chromatin fraction of NB cells. Amido black staining of histones used as loading control.

(F) ChEA of ATRX IFF Down genes (n = 826), ranked by ChEA combined score.

See also Figure S3 and Table S3.
ATRX IFF NB Exhibits a Suppressed Neuronal
Differentiation Program
Transcriptome analysis of LAN-6, SK-N-FI, SK-N-MM, and

CHLA-90 cells revealed that ATRX IFF NB cell lines harbored a

unique transcriptional program relative to ATRX WT cells (Fig-

ure S3G). Notably, ATRX IFF-bound genes displayed higher

levels of expression in ATRX IFF cells compared with ATRX WT

cells (Figure 2C), corroborating that ATRX IFF proteins are

indeed bound at transcriptionally active regions. Differentially

expressed genes (fold changeR8; Figure S3G) in ATRX IFF cells

displayed a positive correlation with PRC2 targets and anti-

correlation with neuronal markers (Figure 2D and Table S2).

We next focused on the shared 1,400 upregulated ‘‘ATRX IFF

Up’’ and 826 downregulated ‘‘ATRX IFF Down’’ genes (Figures

2E and S3G; Table S2). Gene ontology (GO) (Huang et al.,

2009) analysis demonstrated that ATRX IFF Up genes are

involved in proliferation, adhesion, and migration, while ATRX

IFF Down genes are implicated in synaptic functions and

neuronal differentiation (Figure 2F and Table S2). These differen-

tially expressed genes, including NR2F1, YAP1, REST (ATRX IFF

Up), and NXN (ATRX IFF Down) (Figure 2G), were validated at
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both the mRNA and protein level (Figures S3H and S3I). Further-

more, consistent with gene set enrichment analysis and GO

analysis, ATRX IFF NB cells presented a more migratory pheno-

type than WT cells (Figure S3J).

Integration of RNA-sequencing (RNA-seq) and ChIP-seq data

revealed that ATRX IFF Up genes were enriched for ATRX IFF

binding and H3K27ac, with reduced H3K27me3 levels (Fig-

ure 3A). We next focused on the ‘‘ATRX IFF-bound/ATRX IFF

Up’’ genes (n = 346) (Table S3). Using ChIP-seq enrichment anal-

ysis (ChEA), a tool that correlates gene signatures with ChIP-seq

datasets (Chen et al., 2013a), we found ATRX IFF-bound/ATRX

IFF Up genes as reported targets of the H3K27 acetyltransferase

P300 and the transforming growth factor b (TGFb) pathway (Fig-

ures 3B and 3C; Table S3). The TGFb pathway is overexpressed

in cancer (Massagué, 2012) and is an important modulator of

neuroectoderm development (Jia et al., 2009). Furthermore,

ATRX IFF NB cells were dependent on expression of ATRX IFF,

as knockdown with short hairpin RNAs (shRNAs) targeting the

retained C-terminal region of ATRX led to a significant prolifera-

tive arrest in both SK-N-MM and CHLA-90 (Figures S3K and

S3L). This suggests an essential role of ATRX IFFs in maintaining



the viability of ATRX IFF NB cells through maintenance of these

pathways.

Notable among the ATRX IFF-bound/IFF Up genes was REST,

which encodes a transcriptional repressor that mediates the

silencing of neuronal genes by recruiting co-repressor com-

plexes. Both SK-N-MM and CHLA-90 displayed peaks of

ATRX IFF and H3K27ac at the REST promoter, and were devoid

of H3K27me3 across the gene body (Figure 3D). Moreover, the

REST protein could be detected in both ATRX IFF lines (Fig-

ure 3E). Consistent with REST expression in ATRX IFF NB cells,

REST target genes predicted by ChEA were represented among

the ATRX IFF Down genes (Figure 2G) and ChEA-implicated

ATRX IFF Down genes as enriched for REST and PRC2 complex

members (Figure 3F).

To test whether the ATRX IFF has the ability to regulate the

above transcriptional pathways, we expressed a nuclear-local-

izedC-terminal portion of ATRX that contains the helicase domain

retained in the majority of ATRX IFFs identified in patients.

By expressing this construct (MS2-NLS-ATRX-helicase versus

MS2-NLS-empty vector control) in ATRX WT SK-N-FI cells, we

observed induction of ATRX IFF-bound/IFF Up genes including

REST and TGFb pathway effectors TGFBI and SMAD3, as well

as downregulation of REST targets by qPCR (Figure S3M). We

subsequently performed a global RNA-seq analysis on these cells

(Table S3). Consistent with ATRX IFF-bound/ATRX IFF Up genes

as TGFb pathway targets, ChEA analysis showed enrichment for

SMAD targets in the upregulated genes (n = 75 genes) and

PRC2 and REST signatures in the downregulated genes (n = 77

genes) (Figure S3N). Collectively, we demonstrate that ATRX IFF

proteins occupy active promoters associated with a unique pro-

oncogenic gene expression signature, including the expression

of the TGFb pathway and REST and concomitant downregulation

of REST targets.

REST and H3K27me3 Promote Silencing of Neuronal
Differentiation Genes in ATRX IFF NB
Because of the neuronal differentiation signature identified among

ATRX IFF Down genes (Figures 2E–2G and 3F), coupled to robust

levels of REST protein in ATRX IFF NB cells (Figure 3E), we per-

formed REST ChIP-seq in SK-N-MM and CHLA-90. We found

REST peaks primarily in promoters and gene bodies (Figure S4A),

as observed at the REST target gene CACNG2 (Figure S4B).

Because genes with multiple REST peaks across promoters and

gene bodies exhibit lower levels of expression than those with a

single peak or those with a promoter peak alone (Rockowitz

et al., 2014), we defined ‘‘REST-bound’’ genes as those having

one or more REST peaks present within the promoter (�2 kb

from the transcriptional start site [TSS]) and/or gene body (TSS

to transcriptional end site [TES]) common to both ATRX IFF lines

(n = 469, Table S4).

As anticipated, REST-bound genes significantly overlapped

with ATRX IFF Down genes (‘‘REST-bound/ATRX IFF Down’’,

n = 153) (Figure 4A and Table S4). REST peaks totaled 312 at

these 153 genes (Figure 4B) and we identified the REST DNA-

binding motif at these peaks (Figure S4C). We further observed

that REST-bound/ATRX IFF Down genes harbored higher

H3K27me3, reduced H3K27ac (Figures 4C and S4B), and lower

expression compared with ATRXWT NB cells (Figure 4D). These

genes were also highly enriched for terminal neuronal differenti-
ation terms annotated by GO (Figure 4E and Table S4). We also

mined NB patient microarray data (Molenaar et al., 2012) and

compared ATRX IFF NB samples for which data was available

(annotated N576T and N479T) to ATRX WT tumors matched

for age, gender, and MYCN status. ATRX IFF Down genes dis-

played lower expression in ATRX IFF NB patient samples and

were predicted as targets of PRC2 and REST by ChEA (Figures

S4D and S4E). These data further corroborated the role of REST

in suppressing expression of neurogenesis genes in ATRX

IFF NB.

REST has context-dependent functions in recruiting PRC1

and PRC2 to the chromatin template, which together act as

co-repressors of neuronal genes (Dietrich et al., 2012; Erkek

et al., 2019; Rockowitz et al., 2014). Given that REST and

EZH2 co-occupancy has been associated with lower levels of

expression of REST target genes versus other known co-factors

(Rockowitz et al., 2014), and the fact that ATRX IFF Down genes

were implicated as PRC2 targets by ChEA (Figures 3F and S4E),

we analyzed H3K27me3-enriched genes and/or promoters in

ATRX WT and IFF cells. Analysis of common significant peaks

in SK-N-MM and CHLA-90 revealed that ATRX IFF NB had a

higher number of promoters, intergenic regions, and repeats

bound by H3K27me3 compared with WT ATRX NB (Figure S4F),

along with a greater number of significantly called genes (Fig-

ure S4G). When examining ATRX IFF Down genes, ATRX IFF

NB cells exhibited increased H3K27me3 (Figure 4F and

Table S4). Moreover, the 77 downregulated genes identified in

SK-N-FI cells expressing the ATRX helicase (Figure S3N) dis-

played increased H3K27me3 (and decreased H3K27ac) in

ATRX IFF cell lines SK-N-MM and CHLA-90 (Figure S4H).

These observations were validated using H3K27me3 ChIP-seq

data from two ATRX IFF NB patient tumor samples: a metastasis

collected at autopsy from the retroperitoneum (SJNBL030014; IFF

of exons 1 to 11) (Figures S4I–S4K) and a PDX generated from a

recurrent paraspinal NB (SJNBL047443; IFF of exons 2–11). The

ATRX IFF tumor specimens generally exhibited enrichment of

H3K27me3 at the REST- and H3K27me3-enriched genes called

in the ATRX IFF cell lines (Figure 4G and Table S4), such as the

REST-bound gene CHST8 (Figure 4H). Thus, the repression of

neuronal specification genes in ATRX IFF NB appears to be rein-

forced by REST and H3K27me3 co-occupancy at a subset of

REST target genes.

ATRX IFF NB Cell Survival Is Dependent on EZH2
and REST
We sought to determine whether ATRX IFF NB cells are depen-

dent on a suppressed neuronal differentiation state, mediated

by PRC2 and/or REST, for survival. In neural stem cells, knock-

down of REST broadly upregulates neuronal gene expression,

promoting differentiation (Chen et al., 1998). We assessed

REST knockdown in ATRX IFF NB cells as well as the ATRX

WT, MYCN non-amplified cell line SK-N-AS that expresses

REST at detectable protein levels (Figure S5A). We observed

decreased proliferation and increased apoptosis in both ATRX

IFF NB cell lines with minimal sensitivity observed in the

ATRX WT cell line SK-N-AS (Figures S5B–S5E). Importantly,

we observed derepression of direct REST targets identified

from the ChIP-seq analysis in knockdown versus control cells,

supporting the role of REST as a transcriptional repressor of
Cancer Cell 36, 512–527, November 11, 2019 517



A B C

D

G H

E F

Figure 4. ATRX IFF NB Exhibits REST and H3K27me3 Co-occupancy at Repressed Neuronal Differentiation Genes

(A) Venn diagram comparing REST-bound (n = 469) and ATRX IFF Down genes (n = 826) in ATRX IFF NB cells. Statistical significance assessed using

hypergeometric distribution test.

(B) Heatmap of REST peaks found in REST-bound/ATRX IFF Down genes, (±2 kb around peak center; n = 312 peaks).

(C) Metagene analysis of H3K27me3 and H3K27ac (TSS ±5 kb) enrichment at REST-bound/ATRX IFF Down genes (n = 153).

(D) Box plot of expression levels of REST-bound/ATRX IFF Down genes in NB cell lines. Box plots represent the 25th and 75th percentiles, black line indicates

median, and whiskers represent extremes. Statistical significance assessed using one-way ANOVA.

(E) GO analysis of REST-bound/ATRX IFF Down genes. Enriched terms ranked by most significant p value.

(F) Box plot of H3K27me3 enrichment at ATRX IFF Down genes in NB cell lines. Box plots represent the 25th and 75th percentiles, black line indicatesmedian, and

whiskers represent extremes. Statistical significance assessed using one-way ANOVA.

(G) Box plots of H3K27me3 enrichment at ATRX IFF Down/REST-bound genes (top, n = 153) and at exclusively ATRX IFF H3K27me3-bound genes (bottom,

n = 780) in ATRX IFF NB cells and NB patients/PDX. Box plots represent the 25th and 75th percentiles, black line indicates median, and whiskers represent

extremes. Statistical significance assessed using one-way ANOVA.

(H) UCSC Genome Browser snapshot of REST and H3K27me3 ChIP-seq at the CHST8 locus (y axis = reads per kilobase per million reads). Bar graph (right)

indicates expression values (FPKM) for CHST8 in corresponding cells. Significant peaks called by MACS2 (REST) and MACS2 and SICER (H3K27me3) are

annotated under each profile by colored bars (FDR = 5 3 10�2 for SK-N-MM and 5 3 10�3 CHLA-90 REST peaks; 1 3 10�5 for all cell lines, 5 3 10�2 for

SJNBL047443, and 1 3 10�15 for SJNBL030014 H3K27me3 peaks).

See also Figures S4 and S5; Table S4.
target neurogenesis genes (Figure S5F and Table S4). Because

we also identified H3K27me3 enrichment at ATRX IFF Down

genes (Figure 4F), we also performed EZH2 knockdown studies.
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We observed reduced proliferation and upregulation of corre-

spondingH3K27me3-bound genes in ATRX IFF NB cells (Figures

S5G–S5J and Table S4).



ATRX IFF NB Cells Are Sensitive to EZH2 Inhibitors
We next reasoned that ATRX IFF NB cells could be targeted

with EZH2 inhibitors (EZH2i) to alleviate H3K27me3-mediated

silencing of neuronal genes. We treated a panel of NB cells with

increasing concentration of the EZH2i tazemetostat (EPZ-6438),

which is under clinical development (Kim and Roberts, 2016).

We confirmed that tazemetostat efficiently depleted H3K27me3,

without affecting H3K9me3 (Figure 5A). With increasing dosage

of tazemetostat, we found decreased proliferation, followed by

increased apoptosis in ATRX IFFNBcells (at comparable concen-

trations used for G401, an EZH2i-sensitive SMARCB1 [encoding

SNF5]-mutant malignant rhabdoid tumor [MRT] cell line) (Knutson

et al., 2013), compared with DMSO-treated cells (Figures 5B, 5C,

S6A, and S6B). ATRX IFF NB cells were significantly sensitive

comparedwith ATRXWTNB (5- to 10-fold; Figure S6A); however,

we did observe mild sensitivity in some MYCN-amplified NB cell

lines (Figures 5B and 5C), as recently reported (Chen et al.,

2018). These observations were validated using two additional

EZH2i, GSK126 (McCabe et al., 2012) and UNC1999 (Konze

et al., 2013) (Figures S6C–S6F). Furthermore, ATRX IFFNB tumor-

spheres revealed a striking decrease in the percentage of live cells

upon tazemetostat treatment (Figures S6G–S6I). Importantly,

CHLA-90 xenografts treated with UNC1999 for 25 days displayed

a significant reduction in tumor growth and volumecomparedwith

vehicle-treated tumors, reinforcing the sensitivity to EZH2i in vivo

(Figures 5D–5F).

EZH2i Sensitivity Is Mediated by Reactivation of
Neuronal Gene Signatures
To determine genes and pathways affected by EZH2i, we exam-

ined the expression profile of ATRX WT (SK-N-FI) and ATRX IFF

(SK-N-MM and CHLA-90) cells treated with tazemetostat for 4

and 7 days. We utilized stringent criteria to focus on genes that

were (1) exclusively upregulated in EZH2i-treated versus

DMSO-treated cells, and (2) had significant H3K27me3 enrich-

ment in untreated cells. These ‘‘EZH2i-sensitive’’ genes were

pooled together from day 4 and day 7 in each cell line and

confirmed to be on target because they were enriched for

H3K27me3 and EZH2 (Figures 6A, S7A, and S7B; Table S5).

Further confirming EZH2i function, SK-N-FI EZH2i-sensitive

genes were also enriched for EZH2 (Figure S7B). ATRX IFF

EZH2i-sensitive genes were uniquely implicated in brain devel-

opment and neuronal processes by GO analysis (Figure 6B)

with a common overlap of 36 genes (Figures 6C and S7A; Table

S5). We also uncovered that cell-cycle and mitotic genes were

significantly downregulated in ATRX IFF NB cells at day 7 (Fig-

ure S7C and Table S5), consistent with a growth arrest prior to

apoptosis (Figure 5). In contrast, proliferation of ATRX WT NB

cells was not reduced when treated with tazemetostat (Figure 5).

Moreover, SK-N-FI cells did not show changes in expression of

neurogenesis genes upon tazemetostat treatment (Figure 6C)

andwere associated with broadmolecular and cellular GO terms

(Figure S7D and Table S5). Importantly, �10% of the total ATRX

IFF EZH2i-sensitive genes were REST targets identified by our

ChIP-seq (n = 42, Table S5), indicative of concordance between

REST and EZH2 function.

We next validated several EZH2i-sensitive genes by qRT-PCR

analysis over several time points (Figure S7E), including NXN

(nucleoredoxin), which encodes a redox-active protein (Mu
et al., 2005; Rharass et al., 2014). Derepression of NXN

was also confirmed by immunoblot (Figure 6D). Examining

UNC1999-treated CHLA-90 xenografts (Figure 5E), we confirmed

upregulation of EZH2i-sensitive genes (Figure 6E), complemented

by downregulation of cell-cycle genes (Figure S7F). This supports

the idea that reduction of tumor growth in vivo was accompanied

by upregulation of neurogenesis genes.

By analyzing H3K27me3 ChIP-seq data from the ATRX IFF NB

tumor and PDX, we uncovered enrichment of thismark (Figure 6F)

coupled to low expression of EZH2i-sensitive genes (Figure S7G

and Table S5). Immunohistochemistry of the EZH2i-sensitive

gene product NXN (Figure 6D) on a panel of NB tumors annotated

for ATRX status (Cheung et al., 2012) (Table S5) revealed signifi-

cantly reduced NXN staining in ATRX IFF and mutant NB tissues

(Figure 6G). Finally, we interrogated RNA-seq data from ATRX

WT, MYCN-amplified, and ATRX-altered patient tumors and

found elevated REST expression in ATRX IFF/mutant patients

along with reduced expression of several EZH2i-sensitive

REST target genes and the EZH2i-sensitive gene NXN (Fig-

ure 6H and Table S5), indicating silencing of neuronal transcrip-

tional programs in patients and, in turn, potential sensitivity

to EZH2i.

REST and EZH2 Silence Common Neuronal Pathways in
ATRX IFF NB
Given the neuronal signatures upregulated upon EZH2i treatment,

including a subset of REST targets, and that REST was upregu-

lated in ATRX IFF NB cells, we assessed the effect of combined

REST knockdown with EZH2i (Figures S7H and S7I). First, we

examined neurite outgrowth, prior to cell death (day 6), via immu-

nostaining for neuronally expressed tubulin, bIII-tubulin (Chen

et al., 2018; Rockowitz et al., 2014).We observed a higher propor-

tion of differentiated cells in REST knockdown SK-N-MM cells,

alone and in combination with EZH2i (Figure 7A). While increased

neurite formation was observed in EZH2i treatment alone, it was

not statistically significant compared with control, and the pheno-

type was most prominent in REST knockdown cells. We next

examined apoptosis in ATRX IFF lines SK-N-MM and CHLA-90

under the above conditions. REST knockdown promoted

apoptosis both in DMSO control and EZH2i-treated cells, with

CHLA-90 knockdown cells showing almost 100% cell death in

both conditions (Figure 7B). While the combination treatment

did not significantly enhance cell death compared with REST

knockdown alone, the effects of EZH2i in promoting cell death

were somewhat premature at this time point (day 9).

Finally, we performed RNA-seq analysis on CHLA-90 REST

knockdown cells prior to significant cell death and identified

that genes bound by REST in CHLA-90 control cells and upregu-

lated upon knockdown (‘‘REST-sensitive,’’ n = 49; Table S6)

were important in neuronal processes (Figure 7C), similar to

CHLA-90 EZH2i-sensitive genes (Figure 6B). Additionally,

REST-sensitive genes showed significant overlapwith genes up-

regulated upon EZH2i treatment (Figure 7D), and displayed

higher H3K27me3 enrichment in both CHLA-90 and SK-N-MM

compared with SK-N-FI (Figure 7E). Together with the neurite

data, this suggests that the ATRX IFF NB cells are dependent

on REST to maintain a suppressed neuronal differentiation state

that could be perturbed by either EZH2i or REST ablation with

some overlap between these two silencing pathways.
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Figure 5. EZH2i Leads to Cell Death and Impaired Tumor Growth in ATRX IFF NB Cells

(A) Immunoblots for H3K27me3, EZH2, and H3K9me3 from whole-cell extracts of NB cells treated with DMSO or tazemetostat (2.5 or 5 mM) for 7 days. GAPDH

used as a loading control.

(B) Cell proliferation of NB cell lines treated with DMSO or tazemetostat (2.5 or 5 mM) over 12 days. Percent confluence normalized to DMSO for each condition

and plotted at day 12. Values normalized mean ± SD (n = 3). Statistical significance assessed using Student’s unpaired t test with each cell line compared with

DMSO, *p < 0.05.

(C) Annexin V (AV) staining of NB cells treatedwith DMSOor tazemetostat (2.5 or 5 mM) for 12 days. Percent AV-positive cells plotted, values aremean ± SD (n = 3).

Statistical significance assessed using Student’s unpaired t test with each cell line compared with DMSO, *p < 0.05.

(D) Tumor volume measurements of CHLA-90 cells subcutaneously injected into immunocompromised mice. Once tumors reached �100 mm3, mice were

treated with vehicle or UNC1999 at 300 mg/kg of body weight for 25 days, values mean ± SEM (n = 9). Statistical significance assessed using Student’s unpaired

t test compared with vehicle, *p < 0.05.

(E) Tumor weight measurement from xenografts collected in (D), values mean ± SEM (n = 9), *p < 0.05. Images of excised tumors shown below.

(F) Immunoblots for H3K27me3 from acid-extracted histones derived from vehicle and UNC1999-treated xenografts. H4 immunoblot and amido black staining of

histones used as loading controls.

See also Figure S6.
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Figure 6. EZH2i Derepresses H3K27me3- and REST-Bound Neuronal Genes in ATRX IFF NB Cells
(A) Metagene analysis of H3K27me3 enrichment in indicated NB cell lines at ATRX IFF EZH2i-sensitive genes (n = 415) (TSS to TES, ±1 kb).

(B) GO analysis of genes upregulated in each ATRX IFF cell line. Enriched terms ranked by p value.

(C) Heatmap of expression levels of EZH2i-sensitive genes common to both SK-N-MM and CHLA-90 (n = 36) in all conditions.

(D) Immunoblots for NXN and H3K27me3 in whole-cell extracts from NB cell lines treated with DMSO or tazemetostat (5 mM) at days 4 and 7. GAPDH used as a

loading control.

(E) qRT-PCR analysis of EZH2i-sensitive genes in vehicle- or UNC1999-treated CHLA-90 xenografts. Relative expression normalized to GAPDH, mean ± SD

(n = 7). Statistical significance assessed using Student’s unpaired t test with each cell line compared with control cells, *p < 0.05.

(F) Box plot of H3K27me3 enrichment at EZH2i-sensitive genes in NB cell lines, ATRX IFF NB tumor and PDX. Box plots represent the 25th and 75th percentiles,

black line indicates median, and whiskers represent extremes. Statistical significance assessed using one-way ANOVA.

(G) Immunohistochemistry for ATRX and NXN in representative ATRX WT (Memorial Sloan Kettering Cancer Center [MSKCC] ID #7716), ATRX IFF (MSKCC ID

#17473), and ATRXmutant (MSKCC ID #17252) NB tissue. Black insets show nuclei and the red inset shows ATRX-positive control endothelial cells in the ATRX

mutant tumor. H3 staining used for tissue quality. Scale bars, 10 mm. NXN immunohistochemistry scoring is shown at the right; values are mean ± SEM.

(H) Expression levels of REST and ATRX IFF EZH2i-sensitive/REST targets from RNA-seq of MSKCC NB patient samples (n = 5 for each subtype).

See also Figure S7 and Table S5.
DISCUSSION

Here, we present mechanistic insight into how ATRX structural al-

terations contribute to indolent NB. ATRX IFFs generate truncated

protein products retaining the ATP-dependent helicase domain
that no longer bind H3K9me3, and instead are enriched at active

promoters, including that of REST (Figure 7F). Despite losing the

ADD domain, the ability of ATRX IFFs to bind chromatin is intact

and is associated with increased gene expression compared

with WT cells. As ATRX is a key regulator of the transcription of
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Figure 7. EZH2i or REST Ablation in ATRX IFF NB Enhances Cell Death and Neuronal Differentiation

(A) Representative immunofluorescence images for neuronal bIII-tubulin (left) and quantification of total neurite length (right) of control shRNA and REST

knockdown SK-N-MM cells treated with DMSO or tazemetostat over 6 days. Values are mean ± SEM (n = 3). Scale bars, 50 mm.

(B) Annexin V (AV) staining of control and REST knockdown NB cells treated with either DMSO or tazemetostat over 9 days. Percent AV-positive cells plotted,

values are mean ± SEM (n = 3). Statistical significance for (A) and (B) assessed using Student’s unpaired t test with each cell line compared with control shRNA

cells, *p < 0.05. Black bars indicate significance compared with control, and gray bars indicate significance compared with control + EZH2i. No asterisk indicates

no significance.

(C) GO analysis of genes bound by REST in CHLA-90 control cells and genes upregulated in CHLA-90 REST knockdown cells at day 6 after transduction (‘‘REST-

sensitive’’). Enriched terms ranked by p value.

(D) Venn diagram of CHLA-90 REST-sensitive genes and upregulated genes in CHLA-90 tazemetostat-treated cells pooled from days 4 and 7. Statistical sig-

nificance assessed using hypergeometric distribution test.

(E) Metagene analysis of H3K27me3 enrichment at CHLA-90 REST-sensitive/EZH2i Up genes (n = 16) in NB cell lines (TSS to TES, ±1 kb).

(F) Model illustrating ATRX IFFs localizing to the REST promoter, leading to its activation and showing that REST and EZH2 cooperate to silence neuro-

genesis genes.

(G) Schematic demonstrating that treatment of ATRX IFF NB cells with EZH2i transcriptionally upregulates H3K27me3-enriched neurogenesis genes, a subset of

which are REST bound, prompting differentiation followed by apoptosis. REST depletion has similar effects.

See also Figure S7 and Table S6.
a-globin genes (Law et al., 2010; Ratnakumar et al., 2012), we

posit that ATRX IFFs can recruit transcriptional machinery to

mediate REST reactivation and, in turn, suppress neuronal differ-
522 Cancer Cell 36, 512–527, November 11, 2019
entiation. This is further supported by our findings of a shift in

ATRX IFF-containing protein complexes, indicative of additional

associations to be determined in future studies.



Nuclear expression of the ATRX helicase domain in ATRX WT

cells can induce gene expression changes consistent with a

PRC2/REST signature of the downregulated genes. However,

we found that additional ATRX WT NB cells did not tolerate

ectopic expression of the ATRX helicase domain (data not

shown). We suspect this to be due to the presence of a WT

ATRX allele. As ATRX is X-linked and does not escape X inacti-

vation in female somatic cells (Muers et al., 2007), there may

be detrimental dosage effects of having two copies of ATRX or

incompatibility between having a WT and an IFF copy. Thus,

the pro-tumorigenic effects of ATRX IFFs in NB are likely depen-

dent on the developmental and epigenetic landscape of the cell

of origin. Future studies modeling these alterations in sympa-

thoadrenal cell precursors will inform how ATRX IFFs perturb

neural differentiation and promote neuroblastoma development.

Impaired differentiation of neuronal precursor cells is one of the

characteristic features of NB tumors (Cheung andDyer, 2013) and

is presumed to drive cancer formation. We demonstrate that

EZH2 inhibition induces upregulation of neuronal maturation

genes bound by REST and/or H3K27me3, resulting in apoptosis

of ATRX IFF NB cells (Figure 7G). Interestingly, MYCN-amplified

NB is also sensitive to EZH2i through derepression of neuronal

gene signatures; however, the genes altered upon EZH2i in

MYCN-amplifiedNBwere not reported to correlatewith REST tar-

gets (Chen et al., 2018). Consistent with this, REST overexpres-

sion has been linked to stage 4 MYCN non-amplified NB (Liang

et al., 2014). Furthermore, ATRXmutations and MYCN amplifica-

tions are mutually exclusive genomic alterations found in patients

(Cheung and Dyer, 2013; Dyer et al., 2017). These genetically

distinct NB tumors may develop at different stages of neural crest

cell development or arise fromdifferent cells of origin, hence being

sensitive to EZH2i through different gene expression programs.

Thus, the use of EZH2i may be of clinical benefit to NB patients

harboring either genetic alteration.

In addition to NB, high expression levels of REST have been

detected in other cancers including glioma and medulloblas-

toma (Dobson et al., 2019; Taylor et al., 2012; Zhang et al.,

2016). This implicates REST as a key transcription factor impor-

tant in normal neurogenesis that is hijacked by cancer cells to

promote proliferation/survival. We and others report co-occu-

pancy of REST and PRC2/H3K27me3 across multiple cell types

(Dietrich et al., 2012; Erkek et al., 2019; Rockowitz et al., 2014).

For example, EZH2i-sensitive SMARCB1 mutant atypical tera-

toid/rhabdoid tumors (ATRT) were recently reported to recruit

REST to repressed SUZ12/H3K27me3-bound neuronal genes

normally bound by SNF5 (Erkek et al., 2019). Further reinforcing

this finding, an antagonistic relationship was observed between

the EZH2-REST and SWI/SNF complex subunit BAF53b during

neuronal differentiation (Lee et al., 2018). Our data suggest that

REST ablation or EZH2 inhibition enhances ATRX IFF NB cell

death. Therefore, the development of REST inhibitors may rein-

state neuronal differentiation programs and promote prolifera-

tive arrest or cell death of REST-expressing ATRX IFF NB, alone

or in combination with EZH2i.

REST protein stability was recently reported to be mediated

through EZH2’s methyltransferase activity in human fibroblasts

(Lee et al., 2018). While we did not find that EZH2i treatment

decreased REST protein levels (data not shown), our studies

suggest that EZH2 and REST work cooperatively through the
silencing of common REST target genes, but are not directly

regulated by one another. Indeed, other studies support a

more indirect association of H3K27me3 and REST targeting.

RNA-mediated assembly of PRC2 and REST-containing com-

plexes has been proposed for the long non-coding RNAHOTAIR

with the 50 region binding PRC2, while simultaneously tethering

the LSD1/CoREST/REST complex via its 30 region (Tsai et al.,

2010). In addition to PRC recruitment, REST also interacts with

various co-factors such as CoREST, LSD1, HDACs, and SIN3A

to fine-tune gene expression, broadly independent of PRC2

function (McGann et al., 2014). REST may initiate gene repres-

sion by binding directly to the DNA in a sequence-specific

manner. Subsequently, the PRC2 complex, which can sense

transcriptional repression (Berrozpe et al., 2017; Hosogane

et al., 2016; Riising et al., 2014), may be recruited to maintain

the repressed state. Our data suggest cooperativity of EZH2

and REST in ATRX IFF NB at neuronal genes, but how they are

co-recruited to such targets remains to be determined.

In addition to ATRX alterations, somatic mutations in other

chromatin remodelers have been reported across a number of

pediatric cancers. For example, SMARCB1 mutations in MRT

and ATRT are associated with altered EZH2 levels and genomic

occupancy. Specifically, SWI/SNF deficiencies can contribute to

increased PRC1 and PRC2 chromatin accessibility at develop-

mental genes through destabilization of BAF complexes and

subsequent chromatin eviction (Kadoch et al., 2016; Stanton

et al., 2016). This promotes sensitivity to EZH2i through dere-

pression of such genes (Helming et al., 2014; Kim and Roberts,

2016). EZH2i, such as tazemetostat, are currently in phase I/II

clinical trials in patients with B cell lymphoma as well as

SWI/SNF-altered solid tumors, and early results suggest thera-

peutic potential and limited toxicity in patients (Gulati et al.,

2018; Kim and Roberts, 2016). Thus, our studies hold signifi-

cance for NB and other ATRX-altered malignancies, such osteo-

sarcoma, in which ATRX mutations and structural variations

occur in �29% of patients (Chen et al., 2014).

In summary, through extensive biochemical, epigenomic, and

transcriptional studies, coupled to epigenetic perturbations with

clinically relevant compounds in vitro and in vivo, we propose

EZH2 inhibitors as a therapeutic strategy to treat ATRX IFF NB

patients, for which targeted treatment options are currently lack-

ing. We look forward to preclinical studies of EZH2i therapy in

additional neuroblastoma models by the pediatric oncology

research community.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

b-III-Tubulin Abcam Cat#ab18207; RRID: AB_444319

ATRX Sigma Cat#HPA001906; RRID: AB_1078249

ATRX Abcam Cat#ab97508; RRID: AB_10680289

BAF155 Santa Cruz Cat#sc-9746; RRID: AB_671099

BAF47 Bethyl Cat#A301-087A; RRID: AB_2191714

DAXX Santa Cruz Cat#sc-7152; RRID: AB_2088784

EZH2 Cell Signaling Cat#5246; RRID: AB_10694683

GAPDH Santa Cruz Cat#sc-32233; RRID: AB_627679

GAPDH Abcam Cat#ab8245; RRID: AB_2107448

GFP Roche Cat#11814460001; RRID: AB_390913

H3 Abcam Cat#ab1791; RRID: AB_302613

H3K27ac Abcam Cat#ab4729; RRID: AB_2118291

H3K27me3 Millipore Cat#07-449; RRID: AB_310624

H3K9me3 Abcam Cat#ab8898; RRID: AB_306848

HP1a Millipore Cat#05-689; RRID: AB_2290973

MEK2 BD Biosciences Cat#610235; RRID: AB_397630

MYCN Santa Cruz Cat#sc-56729; RRID: AB_2266882

NR2F1 Abcam Cat#ab41858; RRID: AB_742210

NR2F2 Abcam Cat#ab41859; RRID: AB_742211

NXN Sigma Cat#HPA023566; RRID: AB_1854737

REST Bethyl Cat#A300-540A; RRID: AB_477960

REST Millipore Cat#07-579; RRID: AB_310728

SUZ12 Millipore Cat#07-379

YAP1 Santa Cruz Cat#sc-15407; RRID: AB_2273277

Biological Samples

Neuroblastoma microarray Versteeg Lab, Molenaar

et al., 2012

N599T, N595T, N576T, N479T

Neuroblastoma tissue for ChIP-seq and RNA-seq Dyer Lab, St. Jude SJNBL030014, SJNBL047443

Neuroblastoma tissue for IHC and RNA-seq Cheung and Roberts

Lab, MSKCC

Summarized in Table S6

Chemicals, Peptides, and Recombinant Proteins

DSG Pierce Cat#20593

EZH2 inhibitor EPZ-6438 Selleckchem Cat#S7128

EZH2 inhibitor GSK126 Jian Lab,

McCabe et al., 2012

N/A

EZH2 inhibitor UNC1999 Jian Lab,

Konze et al., 2013

N/A

IGEPAL Sigma Cat#I-8896

Magna ChIP Protein A+G Magnetic beads Millipore Cat#16-663

Micrococcal Nuclease Affymetrix Cat#70196Y

Micrococcal Nuclease NEB Cat#M0247S

Protein A/G beads Pierce Cat# 88802

Superose 6 Increase 30/100 GL column GE Healthcare Cat# 29091597

(Continued on next page)
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Critical Commercial Assays

Annexin V FITC Kit BD Biosciences Cat#556547

BCA Protein Assay Kit Pierce Cat#23225

Blood and Cell Culture DNA Mini kit Qiagen Cat#13323

Nextera DNA Library Preparation Kit Illumina Cat#FC-121-1030

Platinum Taq DNA Polymerase High Fidelity Invitrogen Cat#11304011

Ribo-Zero Gold Kit Illumina Cat#MRZG12324

RNeasy Qiagen extraction kit Qiagen Cat#74104

TruSeq Stranded Total RNA Library Prep Kit Illumina Cat# 20020596

Deposited Data

Microarray expression data of human

neuroblastoma samples

Versteeg Lab, Molenaar

et al., 2012

GEO: GSE16476

Raw and analyzed ChIP-seq and

RNA-sequencing analysis

This paper GEO: GSE100148

Raw and analyzed whole exome sequencing

and CNV analysis

This paper EBI: EGAS00001002507

Experimental Models: Cell Lines

Human: CHLA-90 COG N/A

Human: G401 ATCC CRL-1441

Human: HEK293T ATCC CRL-3216

Human: IMR-32 ATCC CCL-127

Human: LAN-6 COG N/A

Human: NB5 St. Jude N/A

Human: SH-SY5Y MSKCC N/A

Human: SK-N-AS MSKCC N/A

Human: SK-N-BE(2) MSKCC N/A

Human: SK-N-FI MSKCC N/A

Human: SK-N-MM MSKCC N/A

Human: U2OS ATCC HTB-96

Experimental Models: Organisms/Strains

Mouse: female, 6 to 8 weeks old,

NMRI-nude mice

Janvier Labs N/A

Oligonucleotides

ATRX-C-term (RT-PCR) R CATTGATTT

CCCTTGGGAAGGT

Fisher Scientific N/A

ATRX-Exon 17 (RT-PCR) R GCAATCCCA

CATAAACTGAACAC

Fisher Scientific N/A

ATRX-N-term (RT-PCR) F

ATGACCGCTGAGCCCAT

Fisher Scientific N/A

BMP7 (RT-qPCR) F

TCGGCACCCATGTTCATGC

Fisher Scientific N/A

BMP7 (RT-qPCR) R

GAGGAAATGGCTATCTTGCAGG

Fisher Scientific N/A

BSN (RT-qPCR) F

TGCAAGACTTCGGACCTCAC

Fisher Scientific N/A

BSN (RT-qPCR) R

GACAGAGCCACTCCTTCACC

Fisher Scientific N/A

CACNG2 (RT-qPCR) F

GAATATTTCCTCCGGGCCGT

Fisher Scientific N/A

CACNG2 (RT-qPCR) R

GAATATTTCCTCCGGGCCGT

Fisher Scientific N/A

(Continued on next page)
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CHST8 (RT-qPCR) F

CTGCGCCAGGTTTAAAGGTCA

Fisher Scientific N/A

CHST8 (RT-qPCR) R

CCATCAGGCCGAGATCTGAA

Fisher Scientific N/A

FAM131B (RT-qPCR) F

ACTCTGCTGTCTGAATGCCT

Fisher Scientific N/A

FAM131B (RT-qPCR) R

CTCAGTAGGGATGAGCTGGG

Fisher Scientific N/A

GAPDH (RT-qPCR) F

TTTGTCAAGCTCATTTCCTGG

Fisher Scientific N/A

GAPDH (RT-qPCR) R

TGATGGTACATGACAAGGTGC

Fisher Scientific N/A

GREB1 (RT-qPCR) F

GAGCACATGACGAAGCAGAG

Fisher Scientific N/A

GREB1 (RT-qPCR) R

AGTGTATGCGGGTTCTGGAA

Fisher Scientific N/A

MYT1 (RT-qPCR) F

GAACTACGCTTCACACCGGA

Fisher Scientific N/A

MYT1 (RT-qPCR) R

TGGAACTGGGCACTTCATCA

Fisher Scientific N/A

NAT8L (RT-qPCR) F

GGGCCTTTTGTCCTGTTAGC

Fisher Scientific N/A

NAT8L (RT-qPCR) R

AGGGTGCCGATTTCTGTACA

Fisher Scientific N/A

NDNF (RT-qPCR) F

GGACGTGGACTATTTCGCAC

Fisher Scientific N/A

NDNF (RT-qPCR) R

TTCTGGGTCCTTGAGCTGAG

Fisher Scientific N/A

NMNAT2 (RT-qPCR) F

GGAGCTGCAAGCGTTAAGGG

Fisher Scientific N/A

NMNAT2 (RT-qPCR) R

GGGGTTGCCTCTCTTTTTGTG

Fisher Scientific N/A

NR2F1 (RT-qPCR) F

CTTACACATGCCGTGCCAAC

Fisher Scientific N/A

NR2F1 (RT-qPCR) R

CACTTCTTGAGGCGGCAGTA

Fisher Scientific N/A

NR2F2 (RT-qPCR) F

TCATGGGTATCGAGAACATTTGC

Fisher Scientific N/A

NR2F2 (RT-qPCR) R

TTCAACACAAACAGCTCGCTC

Fisher Scientific N/A

NXN (RT-qPCR) F

TGGCAGACGTGTCCCTTCA

Fisher Scientific N/A

NXN (RT-qPCR) R

AGTGGTGGCGTCGAGGAATA

Fisher Scientific N/A

PTPRN2 (RT-qPCR) F

GCCTGTGTGAACGATGGAGT

Fisher Scientific N/A

PTPRN2 (RT-qPCR) R

CGACACCTCGTAGCGGTAAA

Fisher Scientific N/A

RAI2 (RT-qPCR) F

TTGGGGGAAGAGGATCACATTAAG

Fisher Scientific N/A

RAI2 (RT-qPCR) R

CTGATGCCACTTGGCCTTCC

Fisher Scientific N/A

REST (RT-qPCR) F

GCACCCAACTTTACCACCCT

Fisher Scientific N/A

(Continued on next page)
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REST (RT-qPCR) R

GGCCATAACTGTATTCGGCCT

Fisher Scientific N/A

RPL0 (RT-qPCR) F

CAGCAAGTGGGAAGGTGTAATCC

Fisher Scientific N/A

RPL0 (RT-qPCR) R

CCCATTCTATCATCAACGGGTACAA

Fisher Scientific N/A

RUND3CA (RT-qPCR) F

AAGAAAGCGTCCTCTCGCAA

Fisher Scientific N/A

RUND3CA (RT-qPCR) R

CTGGGGCACAGGCTTTGAA

Fisher Scientific N/A

RUNX1 (RT-qPCR) F

GAACCTCGAAGACATCGGCA

Fisher Scientific N/A

RUNX1 (RT-qPCR) R

AAGGCAGTGGAGTGGTTCAG

Fisher Scientific N/A

SHANK2 (RT-qPCR) F

GGCTCAGACATGAACTCTGTGTA

Fisher Scientific N/A

SHANK2 (RT-qPCR) R

TTCTGCCTTCGCATCGTACC

Fisher Scientific N/A

SMAD3 (RT-qPCR) F

CCATCTCCTACTACGAGCTGAA

Fisher Scientific N/A

SMAD3 (RT-qPCR) R

CACTGCTGCATTCCTGTTGAC

Fisher Scientific N/A

SPTBN2 (RT-qPCR) F

GAGCTGGCTGCCAACAAAGA

Fisher Scientific N/A

SPTBN2 (RT-qPCR) R

GTCTCTCAGCTTCTCCGACAC

Fisher Scientific N/A

SYT14 (RT-qPCR) F

GACTCAGCGCGTCCTCC

Fisher Scientific N/A

SYT14 (RT-qPCR) R

CTCTCCACCTTCAATCGCCA

Fisher Scientific N/A

TGFBI (RT-qPCR) F

CACTCTCAAACCTTTACGAGACC

Fisher Scientific N/A

TGFBI (RT-qPCR) R

CGTTGCTAGGGGCGAAGATG

Fisher Scientific N/A

YAP1 (RT-qPCR) F

GAACTCGGCTTCAGGTCCTC

Fisher Scientific N/A

YAP1 (RT-qPCR) R

TCATGGCAAAACGAGGGTCA

Fisher Scientific N/A

Telomere (qPCR) F

CGGTTTGTTTGGGTTTGGGTTTG

GGTTTGGGTTTGGGTT

Fisher Scientific N/A

Telomere (qPCR) R

GGCTTGCCTTACCCTTACCCTTA

CCCTTACCCTTACCC

Fisher Scientific N/A

Recombinant DNA

GFP-human-ATRX-C (1670-2942) Ratnakumar et al., 2012 N/A

GFP-human-ATRX-mid (800-1670) Ratnakumar et al., 2012 N/A

GFP-human-ATRX-N (1-841) Ratnakumar et al., 2012 N/A

MS2-NLS Addgene Cat#61426

MS2-NLS-ATRX-helicase This paper

pLKO.1-human-sh_EZH2 Sigma-Aldrich TRCN0000353069

pLKO.1-human-sh_NSC Sigma-Aldrich SHC016

pLKO.1-human-sh_REST Sigma-Aldrich TRCN0000014787

(Continued on next page)
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pLKO.1-human-sh_ATRX #1 Sigma-Aldrich TRCN0000013588

pLKO.1-human-sh_ATRX #2 Sigma-Aldrich TRCN0000013589

Software and Algorithms

BedTools Quinlan and Hall, 2010 https://bedtools.readthedocs.io/en/latest/

Bowtie2 Langmead et al., 2009 http://bowtie-bio.sourceforge.net/bowtie2/index.shtml

Cuffdiff Trapnell et al., 2012 http://cole-trapnell-lab.github.io/cufflinks/cuffdiff/

Cufflinks Trapnell et al., 2012 http://cole-trapnell-lab.github.io/cufflinks/

deepTools Ramı́rez et al., 2014 https://deeptools.readthedocs.io/en/develop/

DESeq2 Love et al., 2014 https://bioconductor.org/packages/release/bioc/

html/DESeq2.html

edgeR Robinson et al., 2010 https://bioconductor.org/packages/release/bioc/

html/edgeR.html

Enrichr Chen et al., 2013a http://amp.pharm.mssm.edu/Enrichr/

featureCounts Liao et al., 2014 http://subread.sourceforge.net/

FlowJo N/A https://www.flowjo.com/

GO Huang et al., 2009 https://david.ncifcrf.gov/

GSEA Subramanian et al., 2005 http://www.broadinstitute.org/gsea/index.jsp

GSuite Hyperbrowser v2.0 Simovski et al., 2017 https://hyperbrowser.uio.no/hb/#!mode=basic

HOMER Heinz et al., 2010 http://homer.ucsd.edu/homer/index.html

MACS2 Zhang et al., 2008 http://liulab.dfci.harvard.edu/MACS/

RStudio N/A https://www.rstudio.com/

SICER Zang et al. 2009 https://home.gwu.edu/�wpeng/Software.htm

Simple Neurite Tracer Longair et al., 2011 https://imagej.net/Simple_Neurite_Tracer

STAR Dobin et al., 2013 N/A

TopHat Trapnell et al., 2009 https://ccb.jhu.edu/software/tophat/index.shtml
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Emily

Bernstein (emily.bernstein@mssm.edu).

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Cell Lines
LAN-6 (Male), IMR-32 (Male), NB5 (Female), and SK-N-MM (Female) were cultured in RPMI with 10% FBS and 1x penicillin/strepto-

mycin. HEK293T (female), SK-N-FI (Male), SK-N-AS (Female), G401 (Male), and U2OS (Female) were cultured in DMEM with

10% FBS and 1x penicillin/streptomycin. CHLA-90 (Male) was cultured with DMEM with 20% FBS and 1x penicillin/streptomycin.

SH-SY5Y (Female) and SK-N-BE(2) (Male) were cultured with DMEM/F12 with 10% FBS and 1x penicillin/streptomycin. Cell authen-

tication was confirmed with STR profiling.

Animals
6-8-week-old female NMRI-nudemice (Janvier Labs) were used for in vivo studies. For animal studies, all procedures were approved

by the ethical committee of Vall d’Hebron Research Institute (protocol number 57.13).

Human Subjects
Use of human tissues for this study was approved by the institutional review boards of MSKCC (IRB 16-184), University Hospital Vall

d’Hebron (Spanish Biobank National Register, Section Collections, Ref. C.0002311) and St. Jude (XPD09-234 MAST- Molecular

Analysis of Solid Tumors). Patient samples from MSKCC and St. Jude were collected as outlined (Chen et al., 2014; Cheung

et al., 2012). Primary tumor tissue samples from Vall d’Hebron Hospital (Barcelona, Spain) were obtained immediately after surgery

and snap frozen in liquid nitrogen. Tumors were examined by a pathologist to confirm NB diagnosis, presence of R80% of tumor

tissue, and histopathological classification. All patients provided written informed consent. Sample size and sample ID information

of MSKCC cohort analyzed is summarized in Table S5.
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METHOD DETAILS

RNA Extraction, cDNA Synthesis, and ATRX PCR Analysis
RNA was extracted using the QIAGEN RNeasy Mini Kit. 1 mg of total RNA was used to synthesize complementary DNA (cDNA) with

First-strand cDNA Synthesis Kit (OriGene). RT-qPCR and gene expression analysis was carried out as described (Vardabasso et al.,

2015). PCR amplification was performed using Polymerase Taq (Invitrogen) and ampliconswere analyzed on a 1%ethidium-bromide

stained agarose gel. Primers for ATRX PCR fragments in Figure S1C were previously described (Qadeer et al., 2014). Other primer

sequences used are listed in the Key Resources Table.

Telomere PCR
qPCR was done as described previously (Cheung et al., 2012). Briefly 10 ng of DNA was subject to qPCR using 2 sets of primers in

separate reactions, 1 to amplify telomeric sequence and 1 to amplify a housekeeping gene, RPL0. Delta Ct was calculated for every

cell line by subtracting Ct values of the telomere reactions from Ct value of RPL0.

Whole-Exome Sequencing and Copy Number Variation Analysis
DNA was extracted from cells using Qiagen Blood and Cell Culture DNA Mini kit. DNA was processed using the Nextera Rapid

Capture kit (Illumina, San Diego, CA), with pre-capture pooling. Pooled libraries were quantified using the Quant-iT PicoGreen dsDNA

assay (Life Technologies), Kapa Library Quantification kit (Kapa Biosystems,Wilmington, Massachusetts) or low pass sequencing on

a MiSeq nano kit (Illumina, San Diego, CA). One hundred cycle paired end sequencing was performed on an Illumina HiSeq 2500 or

4000. For CNVs, custom capture and clonal analysis was performed as described (Chen et al., 2013b).

Chromatin Fractionation, Acid Extraction of Histones and Immunoblots
Chromatin fractionation and acid extraction of histones were performed as described (Vardabasso et al., 2015). Extracts were resus-

pended directly in 2X Laemmli loading buffer with subsequent boiling. Membranes were incubated with indicated antibodies listed in

the Key Resources Table.

Whole-Cell Extract Preparation and Immunoblots
Whole cell extract was prepared as described (Sun et al., 2018) by sonication in RIPA buffer supplemented with 0.125 unit/ul

Benzonase (Millipore). Membranes were incubated with indicated antibodies listed in the Key Resources Table.

ATRX C-Terminal Antibody Validation
GFP tagged ATRX N terminal fragment (N-term, 1-841), middle fragment (middle, 800-1670) and C terminal fragment (C-term, 1670-

2492) (Ratnakumar et al., 2012) were transiently expressed in HEK293T cells using jetPRIME (Polyplus). Whole-cell extract was pre-

pared 40 hours post-transfection by sonication in Buffer G 150 (50 mM Tris, pH 7.5, 150 mM NaCl, 0.5% NP-40) with 0.125 unit/ul

Benzonase (Millipore). Lysates were blotted with anti-GFP antibody (Roche 1181460001) that recognizes all three GFP-tagged

fragments, and anti-ATRX antibody (Abcam ab97580) that was raised against the C-terminus of ATRX (aa 2211-2413).

Immunofluorescence
Immunofluorescencewas performed as previously described (Boyarchuk et al., 2014). Cells grown on coverslipswere incubatedwith

anti-ATRX (Sigma HPA001906), anti-HP1a (Millipore 05-689), and anti-H3K9me3 (Abcam ab8898) antibodies and secondary anti-

bodies conjugated with Alexa Fluor 488 and 594 (Molecular Probes). Nuclei were counterstained with Hoechst 33342 and slides

were mounted in ProLong Gold (Molecular Probes). Images were acquired on a Zeiss LSM780 confocal microscope using a 40X

objective, 2X internal magnification and an optimum voxel size determined by the Zeiss Zen software. Maximum intensity projections

of Z-stacks are shown.

Cellular Fractionation
Cellular fractionation was performed essentially as previously described (Dignam et al., 1983). Buffers were supplemented with

0.5 mM dithiothreitol, 0.5 mM phenylmethyl sulfonyl fluoride and 13 protease inhibitor cocktail. Cells were resuspended and swollen

in hypotonic buffer (10 mM HEPES, pH 7.9, 10 mM KCl, 1.5 mM MgCl2) and nuclei were isolated by trituration with a 27G needle.

Nuclei were pelleted and supernatant taken as the cytoplasmic fraction. Nuclei were resuspended in low salt buffer (20 mM HEPES,

pH 7.9, 1.5 mMMgCl2, 0.2 mMEDTA, 25%glycerol) and NaCl concentration was adjusted to 150mM, 420mMor 600mMby adding

5 M NaCl drop-by-drop while vortexing. Nuclei were extracted for 30 min at 4�C with tumbling. Chromatin was pelleted and super-

natant was taken as soluble nuclear extract at varying salt concentrations. Chromatin pellet was solubilized in Laemmli buffer by

sonication.

Size Exclusion Chromatography
Nuclear extracts were prepared and separated on a size-exclusion column as previously described (Chung et al., 2016). NB cells

were harvested with trypsin, washed with PBS, and pelleted to approximately 3-3.5 mL. Pellets were washed in 5-packed cell

volumes (pcv) hypotonic buffer (10 mM HEPES, pH 7.9, 10 mM KCl, 1.5 mM MgCl2, 0.5mM dithiothreitol). Cells were resuspended
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in 3 pcv hypotonic buffer and allowed to swell for 10 minutes. Nuclei were isolated by dounce homogenization with 10 strokes of a

type B/loose pestle. Pelleted nuclei were resuspended in 1 pcv 420 mM salt buffer (20 mM HEPES, pH 7.9, 420 mM NaCl 1.5 mM

MgCl2, 0.2mMEDTA, 25% (v/v) glycerol, 0.5mMdithiothreitol) andwere extracted for 30minutes with tumbling. Extract was clarified

with centrifugation and resulting soluble extract was concentrated using centrifugal filters (Amicon 10000MWCO). The Superose 6

Increase 30/100 GL column (GE Healthcare) controlled by the AKTA Pure Chromatography System (GE Healthcare) was equilibrated

with 2 column volumes of running buffer (20mMTris pH 7.5 150mMNaCl 2mMEDTA 10%glycerol and 1mMdithiothreitol), followed

by injection of 500 mL of freshly prepared extract. Samples were eluted at 0.3 mL/min and 0.5 mL fractions were collected. Equal

amounts of every second fraction starting at 0.35 column volume were immunoblotted with antibodies against ATRX (Abcam

ab97508), DAXX (Santa Cruz sc-7152), EZH2 (Cell Signaling 5246), BAF155 (Santa Cruz sc-9746), and BAF47 (Bethyl A301-

087A). Estimated sizes per column volume were determined using protein standards (Sigma-Aldrich MWGF1000) and the same

running buffer and AKTA settings.

MNase Immunoprecipitation
MNase IP was performed as previously described (Sun et al., 2018) with the following modifications. Cells were lysed in PBS with

0.1% Triton X-100 for nuclei isolation and 1 ul MNase (NEB) per 10 million cells were used for chromatin digestion. Nuclei were

pelleted and the mononucleosome-enriched supernatant was quantified spectroscopically (Absorbance A260). Equal amount of

chromatin from each cell line was used for IP. IP was performed with antibodies followed by incubation with protein A/G beads

(Pierce). IP was washed three times with Buffer G 150 with 0.01% NP-40. Membranes were incubated with antibodies against

ATRX (Abcam ab97508), DAXX (Santa Cruz sc-7152), EZH2 (Cell Signaling 5246), and SUZ12 (Millipore 07-379).

ChIP-seq
Native ChIP-seq was performed in all NB cell lines as described (Alonso et al., 2018; Chung et al., 2016; Hasson et al., 2013) using

antibodies against H3K27me3 (Millipore 07-449) and H3K9me3 (Abcam ab8898). Cross-linked ChIP-seq was performed as previ-

ously described (Fontanals-Cirera et al., 2017) with antibodies against ATRX (Abcam ab97508), REST (Millipore 07-579), EZH2

(Cell Signaling 5246), and H3K27ac (Abcam ab4729). Cells for ATRX and REST ChIP were double cross-linked with disuccinimidyl

glutarate (DSG) followed by 1% formaldehyde. Input DNA was used to control for background. Libraries were sequenced on Illumina

Hi-Seq2500 or NextSeq500 (50-75bp single-end reads). Cross-linked ChIP-seq for H3K27me3 was performed for the NB IFF tumor

samples by Active Motif as previously described (Aldiri et al., 2017).

ChIP-seq Analysis
Analysis was performed as previously described (Fontanals-Cirera et al., 2017; Valle-Garcı́a et al., 2016). Briefly, sequenced reads

were aligned to the human hg19 (GRCh37/hg19) assembly using Bowtie2 (Langmead et al., 2009). Coverage tracks were generated

from BAM files using deepTools (v2.4.1). Peak calling was performed with MACS2 (Zhang et al., 2008) and/or SICER (Zang et al.,

2009) to generate a final list of peaks (FDR < 5x10-2 for SK-N-FI ATRX, 5x10-3 for SK-N-MM ATRX, 5x10-4 for CHLA-90 ATRX;

5x10-2 for H3K9me3 for all cell lines; 5x10-2 for SK-N-MM REST and 5x10-3 for CHLA-90 REST; 1x10-5 for H3K27ac for all cell lines;

1x10-5 for H3K27me3 for all cell lines, 1x10-15 for SJNBL030014 H3K27me3, and 5x10-2 for SJNBL047443 H3K27me3). Summary of

aligned reads and called peaks are in Table S7.

Genomic Distribution Analyses
Promoters (-2 kb to TSS for REST; -2 kb to +2 kb relative to the TSS for all other ChIPs) and gene bodies (TSS to TES) were defined

according to human hg19 (GRCh37/hg19) gene annotation of Ensembl. Enhancers were classified by levels of H3K27ac; overlap of

ATRX and H3K9me3 enriched regions were considered by intersecting the overlapping significant peaks from those two ChIPs; all

other regions defined as other. Geneswith overlapping one ormore peak at the promoter, gene body or bothwere considered bound.

Analysis of bound genes for each corresponding ChIP in its respective cell line was performed using bedTools (Quinlan and Hall,

2010), deepTools (Ramı́rez et al., 2014), and in-house scripts. H3K27me3 WT-bound genes was defined as having one or more

H3K27me3 peak at that promoter and/or gene body in both ATRX WT cell lines and absent in either of the ATRX IFF cell lines.

The reverse definition was used for H3K27me3 ATRX IFF-bound genes as well as for ATRX and REST. Gene body- and pro-

moter-bound genes were merged to generate a final list. Observed/expected forbes coefficient ratios were calculated using the

GSuite Hyperbrowser v2.0 (Simovski et al., 2017), with 10,000 montecarlo samplings to calculate the random expected distribution.

Metagene, Heatmaps and Boxplots
Analysis was performed as previously described (Fontanals-Cirera et al., 2017; Valle-Garcı́a et al., 2016). Metagene, heatmaps and

boxplots of enrichment at promoters or genes were generated with deepTools and R (v3.3.3). Heatmaps and boxplots for RNA-seq

data were generated using R (v3.3.3).

RNA-seq
For cell lines, RNA was prepared using TRIzol (Life Technologies) and extracted using RNeasy Plus Mini kit (Qiagen #74134). For tis-

sue, samples were first homogenized at 17000 rpm for 30 seconds with a tissue homogenizer (Polytron, PT10-35GT). Libraries were

prepared from 250- 500 ng total RNAwith the TruSeq Stranded Total RNA Library Prep Kit according to themanufacturer’s directions
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(Illumina, San Diego, Ca.) For SK-N-FI MS2-NLS-ATRX-helicase and CHLA-90 REST knockdown experiments, poly-A RNA was

isolated using NEXTFLEX� Poly(A) Beads and libraries prepared with the NEXTFLEX� Rapid Directional RNA-Seq Library Prep

Kit (PerkinElmer). Single-end or paired-end 75-100 bp sequencing was performed on HiSeq 2000, HiSeq 2500, or NextSeq500

according to the manufacturer’s protocol (Illumina). RNA-seq in Tazemetostat treated cells SK-N-FI, SK-N-MM and CHLA-90 was

performed as described (Chung et al., 2016; Fontanals-Cirera et al., 2017).

RNA-seq Analysis
Analysis for NB cell lines and Tazemetostat treated cells was conducted as previously described (Chung et al., 2016; Fontanals-

Cirera et al., 2017). In brief, sequencing reads were mapped to the reference genome (GRCh37/hg19) by TopHat 1.4.0 (Trapnell

et al., 2009). Transcripts were assembled byCufflinks program 1.3.0 (Trapnell et al., 2012) with quartile normalization and bias correc-

tion functions. Differential expression analysis was performed by Cuffdiff (Trapnell et al., 2012). For NB cell lines, fragment per

kilobase of transcript per million (FPKM) values for each cell line were log2 transformed. ATRX IFF and ATRX WT values were

averaged and differentially expressed genes were identified with a log2 fold-change >3 for ATRX IFF Up and <-3 for ATRX IFF

Down (8-fold difference). For NB patient data (St. Jude andMSKCC), reads were mapped and assigned to the genes from Ensembl’s

GRCh37/hg19 annotation using STAR (Dobin et al., 2013) and the featureCounts (Liao et al., 2014) program from the Rsubread pack-

age (v1.20.6) in R. The FPKM was calculated using the fpkm function from the edgeR package (v 3.12.1). Genes with a count per

million < 1 were marked as not transcribed. For Tazemetostat treated cells, differentially expressed genes were analyzed with a

log2 fold-change >2 compared to DMSO for each cell line on a log2 scale. For SK-N-FI MS2-NLS-ATRX-helicase and CHLA-90

REST knockdown experiments, reads were mapped and assigned using STAR and featureCounts. The log2 fold change was calcu-

lated with DESeq2 (Varet et al., 2016) and differentially expressed genes were identified with a log2 fold-change >0.8-1 and

p value<0.05. Gene Set Enrichment Analysis (GSEA, Broad Institute, http://www.broadinstitute.org/gsea/index.jsp) was performed

using gene sets in the MSigDB database or published gene sets as indicated (Subramanian et al., 2005). Gene Ontology (GO) was

conducted using DAVID (Huang et al., 2009). ChEA analysis was performed using Enrichr (Chen et al., 2013a). REST target identifi-

cation was performed using ChEA and Harmonizome (Rouillard et al., 2016).

Trans-well Migration Assay
Assays were performed as previously described (Kapoor et al., 2010). NB cells that migrated after 20 hours were fixed in 10%meth-

anol/acetic acid solution, stained with 1% crystal violet. The number of migrated cells in 4 randomly selected microscopic fields

(20x magnification) per membrane was counted.

Telomere FISH
Interphase fluorescence in situ hybridization (FISH) was performed on 4 mm sections of formalin-fixed, paraffin-embedded (FFPE)

tissue blocks of NB tumors, as previously described (Parker et al., 2012), using Cy3-labeled TelG probe (PNAbio). Nuclei were coun-

terstained with DAPI (200 ng/ml; Vector Labs). ALT-positivity was determined by the presence of large ultra-bright intranuclear

telomeric foci.

Constructs, Lentiviral Production, and Stable Cell Infection
Lenti-MS2-P65-HSF1 (Addgene) was modified such that P65 and HSF1 coding sequences were removed. ATRX cDNA corresponding

to the amino acids A1282 to M2492 (including ATRX helicase domain) was cloned into the Lenti-MS2 plasmid in-frame with the MS2

coding sequence and the SV40 nuclear localization sequence. pLKO.1-based shRNAs (TRC Lentiviral shRNA, Open Biosystems) were

used for ATRX (TRCN0000013588 and TRCN0000013589), EZH2 (TRCN0000353069) and REST (TRCN0000014787) knockdown ex-

periments. For lentiviral vectors production HEK293T cells were co-transfected with 12 mg of lentiviral expression constructs, 8 mg of

psPAX2 and 4 mg pMD2.G vectors using Lipofectamine 2000 (Invitrogen) or TransIT-Lenti Transfection Reagent (Mirus), following man-

ufacturer’s recommendations. At 48 and 72 hours post transfection, supernatants were collected and filtered (0.45 mm). NB cells were

infected lentiviral supernatant supplemented with polybrene at a final concentration of 5 mg/mL.

EZH2 Inhibitor Treatments
NB cell lines and G401 cells were treated with EZH2 inhibitors Tazemetostat, GSK126, and UNC1999 at indicated concentrations.

Media was changed every 3 days with fresh inhibitor for up to 12 days.

Cell Proliferation and Flow Cytometry
Equal number of NB cells were plated into 6-, 12-, or 24-well plates and treatedwith EZH2i as indicated. Cells were imaged and quan-

tified using the IncucyteTM Live-Cell Imaging System every 3 days during treatment. For apoptosis analysis, EZH2i treated cells were

collected as described above at day 12 of treatment, and labeled with FITC-Annexin V in binding buffer (BD Biosciences). All FACS

analyses were performed using BD LSRFortessa and FlowJo 6.7 softwares.

Tumorsphere Formation Assay
NBmulticellular tumorspheres were generated as previously described (Jubierre et al., 2016; Kumar et al., 2008). Briefly, equal num-

ber of cells was seeded in non-adherent 6-well plates (Corning) in serum-free neurobasal medium (Invitrogen), supplemented with
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B27 (Invitrogen), 2 mM L-glutamine, 20 ng/ml EGF, 20 ng/ml FGF2, 20 U/ml penicillin and 20 mg/ml streptomycin. The next day,

spheres were treated with EZH2 inhibitors as indicated and media was changed every 3 days. At day 12 post-treatment, spheres

were dissociated with trypsin, stained with trypan blue and viable cells quantified.

In Vivo Mouse Xenograft Assay
UNC1999 powder (verified by HPLC and mass spectrometry) was slowly dissolved, incorporated to vehicle (0.5% of sodium

carboxymethylcellulose [NaCMC] and 0.1% of Tween-80 in sterile water), and vortexed to achieve a homogenous suspension at

a 17.5 mg/ml concentration. CHLA-90 cells (5 3 106cells/mouse) were injected in the flank of 6-8-week-old female NMRI-nude

mice (n=10/group) in 300 ml of phosphate-buffered saline and Matrigel (1:1). When the tumors reach �100mm3, mice were random-

ized into two groups and vehicle or UNC1999was administered by oral gavage. Mouseweight wasmonitored daily and tumor growth

was measured every 2-3 days using an electronic caliper.

Neurite Outgrowth Assay
Control and REST knockdown cells were grown on coverslips and treated with EZH2i for 6 days. Cells were next fixed with 4% PFA,

blocked with 5% BSA, and then probed with anti-b-III Tubulin (Abcam ab18207) overnight at 4�C. Cells were washed with PBS and

incubated with secondary antibody conjugated to Alexa Fluor 488. Nuclei were counterstained and coverslips mounted onto slides

with DAPI Flouromount-G (ElectronMicroscopy Sciences). Images were acquired on a Zeiss AxioImager M1 using the 20X objective.

Within each image, neurite lengths were traced from the neuronal nuclei of each cell and quantified with the ImageJ Simple Neurite

Tracer (Longair et al., 2011).

Immunohistochemistry
Immunohistochemistry was performed as previously described (Cheung et al., 2012; Qadeer et al., 2014). For ATRX IHC, endothelial

cells were used as positive internal controls. Slides were incubated with antibodies listed in the Key Resources Table. The number

of positive cells in each slide was scored on 3-point scale (0=<10%; 1=10-30%; 2=30-60%; 3=60-100%) by two independent

pathologists in a blinded fashion.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical Methodologies
Statistical analysis was performed using unpaired Student’s t-test unless otherwise indicated. P values are represented as * and

denotes p value<0.05. Statistical tests performed as part of the whole exome, DNA methylation, RNA-seq and ChIP-seq analyses

are detailed in relevant sections above. Statistical analysis for box plots was performed using one-way ANOVA. Box plot statistics

summarized in Tables S2, S4, and S5.

DATA AND CODE AVAILABILITY

Data Deposition
Whole-exome sequencing and CNV data for this study was deposited in European Bioinformatics Institute (EBI) European Genome-

phenome Archive (EGA). The accession number for the data is EBI: EGAS00001002507. All RNA-sequencing and ChIP-sequencing

data that supports this study was deposited in the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus

(GEO). The accession number for the RNA-sequencing and ChIP-sequencing data is GEO: GSE100148.
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