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Neuroblastoma is a pediatric cancer characterized by variable outcomes
ranging from spontaneous regression to life-threatening progression.
High-risk neuroblastoma patients receive myeloablative chemotherapy
with hematopoietic stem-cell transplant followed by adjuvant retinoid
differentiation treatment. However, the overall survival remains low;
hence, there is an urgent need for alternative therapeutic approaches.
One feature of high-risk neuroblastoma is the high level of DNA
methylation of putative tumor suppressors. Combining the reversibility
of DNA methylation with the differentiation-promoting activity of
retinoic acid (RA) could provide an alternative strategy to treat high-risk
neuroblastoma. Here we show that treatment with the DNA-
demethylating drug 5-Aza-deoxycytidine (AZA) restores high-risk
neuroblastoma sensitivity to RA. Combined systemic distribution of
AZA and RA impedes tumor growth and prolongs survival. Genome-
wide analysis of treated tumors reveals that this combined treat-
ment rapidly induces a HIF2a-associated hypoxia-like transcriptional
response followed by an increase in neuronal gene expression and a
decrease in cell-cycle gene expression. A small-molecule inhibitor of
HIF2a activity diminishes the tumor response to AZA+RA treatment,
indicating that the increase in HIF2«x levels is a key component in
tumor response to AZA+RA. The link between increased HIF2x lev-
els and inhibited tumor growth is reflected in large neuroblastoma
patient datasets. Therein, high levels of HIF2a, but not HIF1«, sig-
nificantly correlate with expression of neuronal differentiation
genes and better prognosis but negatively correlate with key fea-
tures of high-risk tumors, such as MYCN amplification. Thus, con-
trary to previous studies, our findings indicate an unanticipated
tumor-suppressive role for HIF2a in neuroblastoma.
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N euroblastoma (NB) arises from precursor cells of the sym-
pathetic nervous system and is the most frequent extracranial
solid childhood cancer (1). It exhibits a high degree of clinical
heterogeneity ranging from spontaneous regression to swift pro-
gression accompanied by a fatal outcome despite intense treat-
ment intervention (1). High-risk tumors are characterized by
MYCN amplification (MYCN*"P) and chromosomal aberrations,
such as hemizygous loss of the distal part of chromosome 1p
(1p36) (1). Several studies have also reported that high levels of
the hypoxia-induced protein HIF2« is a hallmark of aggressive NB
(2-5), implying that it acts as an oncogene in NB. An additional
feature of high-risk NB is high levels of DNA methylation of
promoters of putative tumor suppressors (6). Although several
studies have shown that this CpG island (CGI) methylator phe-
notype (CIMP) can serve as a predictive factor for poor prognosis,
little is known if and how it actually contributes to the biology of
NB (7-9). Retinoids are strong drivers of neuronal differentiation
and are used as adjuvant therapy for high-risk NB patients, after
myeloablative chemotherapy with hematopoietic stem-cell trans-
plant (10). However, the efficacy is limited, and the outcome for
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these patients often remains fatal (10); thus, the development of
alternative approaches is of vital importance. The poor response of
high-risk NB to retinoic acid (RA) treatment (10) together with a
highly methylated genome provide a conceptual basis for a com-
bined therapy, wherein DNA demethylation is combined with the
differentiation-promoting effects of RA. In this study, we show
that treatment with the demethylating agent 5-Aza-deoxycytidine
(AZA) can restore RA responsiveness in high-risk NB. Thus,
growth of xenografted NB tumors, which fail to respond to RA
treatment, can be thwarted with a combined systemic delivery of
two FDA-approved drugs (AZA+RA) (10, 11). We show that the
AZA+RA-dependent inhibition of tumor growth rapidly induces a
HIF2a-associated hypoxia-like response in the treated xenografts.
Upon simultaneous delivery of the HIF2a-specific small-molecule
inhibitor PT2385 (12), the tumor response to AZA+RA treatment
is diminished. This is paralleled by our genome-wide analysis of
large NB patient datasets, which imply a hitherto unanticipated
role for HIF2o as a tumor suppressor in NB. In addition, by
combining genome-wide methylome and transcriptome analysis,
we show that even though AZA treatment efficiently leads to
global demethylation, it is a poor activator of gene expression.

Results

AZA Restores Sensitivity to RA Treatment in High-Risk 1p36~ NB Cells.
Several NB cell lines respond to RA treatment with the acqui-
sition of neuronal features such as neurite extension, expression
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of neuronal markers, and cessation of proliferation (1). We
treated 1p36% SK-N-SH, SH-SY5Y, and SK-N-BE (1) NB cell
lines for 8 d with 10 pM RA, resulting in an increase of ex-
pression of the neuronal marker TUJ1 in combination with a
pronounced neuronal morphology in all cell lines after RA
treatment (Fig. 1 A-B"’). Cell counting over 10 d of RA treat-
ment showed a marked loss of cellular growth (Fig. S1 A-C).
This was underscored by cell-cycle analysis combining propidium
iodide (PI) with BrdU staining, which showed that there was a
significant decrease of cells in the S phase upon RA treatment
(Fig. 1 C-C""). To investigate the responsiveness to RA delivery
in vivo, we transplanted SK-N-SH cells to the flanks of immu-
nodeficient nude mice and treated a cohort with RA, leading to
decreased tumor growth (Fig. 1D). In contrast to this response,
RA treatment of 1p36~ NB cell lines without (SK-N-AS) or with
(LAN-1 and CHP-212) MYCN amplification did not efficiently
promote the acquisition of neuronal features (Fig. 1 E-F"").
The impaired response to RA stimulation in the 1p36~ NB
cells, combined with a limited clinical efficacy of RA treatment
(10) and the CIMP signature of high-risk NB, prompted us to test
whether demethylation before RA treatment could augment the
RA responsiveness of these NB cells. We treated the 1p36~ CHP-
212, LAN-1, and SK-N-AS NB cells with the demethylating drug
AZA for 4 d before addition of RA. Notably, NB cells treated with
a combination of AZA+RA acquired neuronal morphology, up-
regulated expression of the TUJ1, and exhibited decreased cell
growth (Fig. 1 H-H""). Cell-cycle analysis showed that cells un-
dergoing combined AZA+RA treatment exhibited a substantial
decline of cells in the S phase and an increase of G1 and G2/M
phase cells (Fig. 1 I-I'"). Single treatment with RA or AZA alone
also caused a reduction in cells in the S phase and cell number
(Fig. 1 I-I"" and Fig. S1 D-F), albeit to a lesser extent. Taken
together, in vitro pretreatment of these 1p36~ NB cell lines with
AZA sensitizes them for RA treatment, efficiently limiting pro-
liferation while promoting features of neuronal differentiation. To

understand whether this response to AZA+RA treatment was
reversible or permanent, we terminated AZA+RA treatment
in LAN-1 cells at D10 and allowed them to grow in media with-
out AZA and RA. Eighteen days after ending the treatment,
the AZA+RA-treated cells still retained a pronounced neuronal
morphology and showed no signs proliferation (Fig. S1 G=J"").

In Vivo Treatment of RA-Resistant 1p36~ NB with AZA+RA Impedes
Tumor Growth and Prolongs Survival While Inducing Expression of
Neuronal Differentiation and Apoptosis Genes. To investigate how
systemic delivery of RA and AZA alone or in combination af-
fects 1p36~ NB tumorw%rowth in vivo we, transplanted MYCN
nonamplified (MYCN™") SK-N-AS cells to immunodeficient
mice, which then received daily i.p. injections of vehicle (CTRL),
RA only (RA), AZA only (AZA), or AZA combined with RA
(AZA+RA). Tumor growth in the RA group exhibited no sig-
nificant difference compared with the CTRL group (Fig. 24).
The AZA-treated tumors appeared smaller, albeit the difference
was not statistically significant (Fig. 24). The most profound
reduction in tumor growth was evident in the AZA+RA group, with
an average tumor volume four times smaller than the CTRL group
(Fig. 2A4). To understand whether AZA+RA treatment could show
efficacy in already formed tumors derived from NB cells with mo-
lecular characteristics distinct from SK-N-AS cells, we transplanted
MYCN-amplified (MYCN*™) LAN-1 NB cells and allowed tumors
to grow for 8 d, reaching a size of ~100 mm® before initiating
treatment. With this approach, the only responsive group was the
one receiving combined AZA+RA treatment (Fig. 2B). The LAN-1
cells are mutant for P53, and to test if AZA+RA treatment could
affect tumor growth in 1p36~, MYCN*™ NB cells that express wild-
type P53, we repeated the xenograft experiments with CHP-212
NB cells. CHP-212 xenografts treated with combined AZA+RA
exhibited a significant inhibition of tumor growth, whereas xeno-
grafts treated with RA or AZA alone did not differ significantly from
the control group (Fig. 2C). Thus, in three xenograft experiments,
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treatment alone in the 1p36~ NB cells SK-N-AS
(E-G), LAN-1 (E'-G’), and CHP-212 (E"'-G") did not
promote neuronal features (E-G'’), however pre-
treatment with AZA for 4 d followed by combined
AZA+RA exposure for 8 d promoted neuronal fea-
tures and inhibited cellular growth (H-H"’). Both RA
and AZA treatment reduced the number of cells in
the S phase but not as efficiently as the combined
treatment (/-/""). Cell-cycle data are represented as
means + SEM; P value was calculated with unpaired
Student'’s t test in C-C'" and one-way ANOVA with a
Bonferroni posttest in /-/". Tumor growth in D is
represented as mean tumor volume + SEM; **P < 0.01;
two-way ANOVA (n = 6-7 per group).
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with cells derived from different 1p36~ NB tumors that do not re-  transcriptional start sites (TSSs) showed a clear grouping ac-
spond well to RA treatment and harbor distinct combinations of ~ cording to treatment in both SK-N-AS and LAN-1 xenografts
genetic lesions, the AZA+RA treatment significantly impeded tu-  (Fig. 2 E and I). RNA-sequencing (RNA-seq) analysis showed
mor growth. To investigate if there was any posttreatment survival  that a substantial number of genes were differentially regulated
benefit, we terminated treatment of the CHP212 xenografted mice  in the SK-N-AS tumors treated with AZA or AZA+RA. In the
at D22. Even after termination of AZA+RA treatment, there wasa  LAN-1 tumors, this pertains only to the AZA+RA-treated
significant increase in survival, with an almost doubling in survival ~ group, reflecting the lack of effect of AZA alone in the LAN-1
time compared with the CTRL group (Fig. 2D). tumors (Fig. 2 F and J).

At the end point (EP) of the treatment period, SK-N-AS and Even though both SK-N-AS- and LAN-1-derived tumors
LAN-1 tumors were retrieved for genome-wide analysis of DNA  exhibited significant demethylation upon AZA+RA treatment, the
methylation with an Infinium Human Methylation 450 BeadChip  correlation with increased gene expression of transcripts with
array (450K array) following bisulfate conversion. Unsupervised — demethylated promoters was weak (LAN-1) or nonexistent (SK-N-
clustering of differentially methylated positions within 2 kb of  AS) (Fig. 2 G and K). Gene ontology (GO) analysis showed that in
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Fig. 2. In vivo treatment of xenografted RA-resistant 1p36~ tumors with AZA+RA impedes tumor growth and prolongs survival. (A) In mice xenografted with
SK-N-AS cells, only daily AZA+RA injections starting at D1 significantly inhibited tumor growth (n = 6-7 per group). (B and C) In mice xenografted with MYCN-
amplified LAN-1 (B) and CHP-212 (C) cells wherein treatment started at D8, only AZA+RA delivery significantly impeded tumor growth (n = 4-5 per group).
(D) Significant prolonged survival (tumor volume < 1,000 mm?) of CHP-212 xenografted mice treated with AZA+RA was evident after termination of treatment at D22
(n =5 per group). (E) Unsupervised clustering of differentially methylated positions 2 kb upstream or downstream of TSS from retrieved SK-N-AS tumors. (F) Venn
diagram depicting coregulated transcripts between the different treatment groups compared with the CTRL group in SK-N-AS tumors. (G) Graph showing how
promoter methylation changes correlates with gene expression in AZA+RA- vs. CTRL-treated SK-N-AS tumors. Plotted on the x axis is the log-twofold change in gene
expression; plotted on the y axis is the mean difference in means across all sites (mean meth. diff.) in a given promoter region. Only promoters with a mean meth.
diff. adjusted P value of <0.25 are plotted. (H) GO analysis of the transcripts both demethylated and up (red) and up only (gray) of SK-N-AS tumors. The diagram
represents the five most significant GO categories and GO categories pertaining to cell death (below dashed line). (/) Unsupervised clustering of differentially
methylated positions 2 kb upstream or downstream of TSS from retrieved LAN-1 tumors. (J) Venn diagram depicting coregulated transcripts between the different
treatment groups compared with the CTRL group in LAN-1 tumors. (K) Graph showing how promoter methylation changes correlate with gene expression in AZA+
RA- vs. CTRL-treated LAN-1 tumors. Plotted on the x axis is the log-twofold change in gene expression; plotted on the y axis is the mean difference in means across all
sites (mean meth. diff.) in a given promoter region. Only promoters with a mean meth. diff. adjusted P value of <0.05 are plotted. (L) GO analysis of the transcripts
both demethylated and up (red) and up only (gray). The diagram represents the five most significant GO categories and GO categories pertaining to cell death
(below dashed line). In tumor growth curves (A-C), Kaplan-Meier curve (D), and Venn diagrams (G and K), the different treatment protocols are depicted as follows:
black lines, CTRL; green lines, RA; blue lines, AZA; red lines, AZA+RA. Tumor growth is represented as mean tumor volume + SEM; *P < 0.05, **P < 0.01, ***P <
0.001; two-way ANOVA with Bonferroni's posttest for multiple comparisons. Survival P value calculated with Log-rank test (Mantel Cox); R, Spearman coefficient.
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tumors derived from MYCN*™ NB cells (CHP-212 and LAN-1), the
main transcriptional response to combined treatment involved GO
categories related to neuronal differentiation (Fig. 2L and Fig. S24).
In tumors derived from SK-N-AS cells lacking MYCN amplification,
the transcriptional response was related to immune response, cell
adhesion, and cell death (Fig. 2H).

The Early Cellular Response to AZA+RA Treatment Is Characterized by
Apoptosis and Cell-Cycle Exit. To understand the cellular and tran-
scriptional effects of AZA+RA treatment as the treatment actually
starts to have an effect (i.e., when the tumor growth curves diverge),
we again transplanted LAN-1 cells and initiated treatment with
daily injections of AZA+RA or vehicle (CTRL) on day 8 (D8).
One cohort of tumors was harvested after 2 d (D10) and one cohort
6 d (D14) after initiation of treatment (D8). Already at D10, there
was a decrease of mitotic cells, which also was evident in D14 in
AZA+RA-treated tumors (Fig. 3.4 and B). In addition, an increase
in apoptosis was detected at D14 (Fig. 3 C and D). We stained for

B-gal*-senescent cells, but the amount of B-gal™ cells in both
CTRL- and AZA+RA-treated tumors were so low that senescence
was ruled out as the cause of reduced tumor size in the AZA+RA-
treated tumors (Fig. S2 B-G).

Transcriptional Changes Induced by AZA+RA at Early Time Points
Correlate Poorly with Promoter Demethylation. RNA was extract-
ed from tumors at D10 and D14, and libraries were generated for
RNA-sequencing analysis. When incorporating the expression
changes from EP tumors, it was clear that AZA+RA treatment
had the most pronounced effects on gene expression at D14 (Fig.
3E). Interestingly, as with the EP tumors (Fig. 2K), no clear
correlation between demethylation and increased expression was
evident at D10 or D14 (Fig. 3 E and F and Fig. S2H). The
previously reported correlation of hypermethylated CGIs and
high-risk NB prompted us to scrutinize if there was a correlation
between demethylation of CIMP factor promoters and increased
gene expression upon AZA+RA treatment at any of the time

[ D10 [ D14 [ DEG in AZA+RA treated LAN-1 xenografts | AZA+RA vs. CTRL, D14
A 3o
15 1.5 - E F =0. =]
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Fig. 3. In vivo treatment of LAN-1 xenografts with AZA+RA induces a robust hypoxic-like and a global reduction in transcripts promoting proliferation.

(A and B) Percentage of mitotic cells (PH3") at D10 (A) and D14 (B) in the CTRL- and AZA+RA-treated LAN-1 tumors. (C and D) Number of activated Caspase 3*
D10 (C) and D14 (D) in the CTRL- and AZA+RA-treated LAN-1 tumors. (E) Numbers of significantly differentially expressed genes (DEGs) 2 d (D10) and 6 d (D14)
after treatment initiation show a delayed response with more than 3,000 DEGs at D14 compared with 102 DEGs at D10. The number of DEGs at the EP of the
experiment described in Fig. 2 is shown as a comparison. Proportions of DEGs also demethylated are highlighted in red. (F) Graph showing how promoter
methylation changes correlate with gene expression in AZA+RA- vs. CTRL-treated LAN-1 tumors at D14. Plotted on the x axis is the log-twofold change in
gene expression; plotted on the y axis is the mean difference in means across all sites (mean meth. diff.) in a given promoter. Only promoters with a mean
meth. diff. adjusted P value of <0.05 are plotted. (G) GSEA of D14 transcriptome with the Hallmarks collection of curated gene sets showing the enriched,
“UP" (red) and depleted, “DOWN" (green) gene sets in AZA+RA-treated tumors. Only gene sets with a FDR g < 0.01 are shown. (H) Log-twofold changes for
transcripts belonging to the top enriched Hypoxia and depleted “E2F_TARGETS” in the AZA+RA-treated tumors compared with CTRL tumors. (/ and J) GSEA
of the Fardin_Hypoxia_11 (/) and P&hlman Hypoxia” (J) NB-derived gene sets. (K and L) GSEA of the “Manalo_Hypoxia_Down” (K) and “White-
ford_Pediatric_Cancer_Markers” (L) gene sets. ES, enrichment score; NES, normalized enrichment score. Data in A-D are represented as mean + SD; *P < 0.05,
**P < 0.01; unpaired Student'’s t test. In F, R is the Spearman coefficient. Data in H are represented as log-twofold AZA+RA vs. CTRL; **adj. P < 0.01, ***ad].
P < 0.001 as calculated by Deseq2.
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points (Fig. S3). Even though in the LAN-1 tumors there was a
significant reduction in methylation levels of 31 genes out of
72 genes previously described as CIMP factors (6-9, 13), only
3 of those 31 genes (NAV2, NCAM2, and PRPH) exhibited a
significant, but low, increase in expression at any time point (Fig.
S3). Three other CIMP factors (SPRED3, ZSCAN30, and
FERIL4) showed increased expression levels without any de-
crease in methylation (Fig. S3). A similar lack of clear correla-
tion between demethylation and expression of CIMP factors was
evident in the SK-N-AS tumors (Fig. S3).

The Principal Transcriptional Response to AZA+RA Is Induction of
Hypoxia-Associated Transcripts and a Reduction in Transcripts
Promoting Proliferation. Because only 2 transcripts (HBB and
HBET) out of the 102 significantly altered genes (Fig. 3E) were
altered more than twofold at D10, we turned our attention to the
effects of AZA+RA treatment at D14. Gene set enrichment
analysis (GSEA) of the D14 tumor transcriptome using the
“Hallmark” collection of gene sets from Broad Institute (14, 15)
showed a strong negative correlation, in the AZA+RA-treated tu-
mors, with terms associated with proliferation, MYC targets, DNA
repair, and oxidative phosphorylation (Fig. 3 G and H). In addition,
there was an unanticipated and highly significant enrichment of the
“HYPOXIA” gene set in the AZA+RA-treated tumors (Fig. 3 G
and H). To acquire a more detailed view of the transcriptional re-
sponse, we performed GSEA on the C2-curated 3,738 gene sets from
which several of the founder sets of Hallmark are derived. In the
AZA+RA-treated group, 9 out of the top 10 gene sets enriched for
were directly related to hypoxia, all with reported FDR g values of
0 (Fig. S2I). This included the NB-specific “FARDIN_HYPOXIA”
(Fig. 3) (16). To validate the NB-specific hypoxic response, we
created a gene set, “PAHLMAN_HYPOXIA,” from a study on
hypoxia in NB wherein a group of hypoxia-induced genes was defined
(17). This gene set was also significantly enriched in the AZA+RA-
treated tumors (Fig. 3/). Transcripts that were depleted in the AZA+
RA-treated tumors were enriched for several cancer signatures as
well as gene sets associated with proliferation and for genes that are
down-regulated upon hypoxia (Fig. 3 K and L and Fig. S2I). To
understand whether this hypoxic expression profile also was present
in AZA+RA-treated SK-N-AS—derived tumors and if it was main-
tained in the AZA+RA-treated LAN-1-derived xenografts at the
EP, we performed GSEA using the SK-N-AS and LAN-1 EP xe-
nograft transcriptomes. In SK-N-AS xenografts, the Hallmark term
HYPOXIA was enriched for in AZA+RA vs. CTRL (Fig. S44). We
also used the NB-specific gene set PAHLMAN HYPOXIA and
compared the SK-N-AS tumors treated with AZA+RA with CTRL-,

RA-, or AZA-treated tumors; this showed enrichment in the AZA+
RA group compared with all other treatment groups (Fig. S4 B-D).
Similar analysis showed that the hypoxic response in LAN-1-derived
tumors was still present in the AZA+RA-treated group at EP, albeit
slightly diminished (Fig. S4 E-H). In CHP-212 tumors where treat-
ment was terminated at D22 and the tumors were retrieved when
they had reached 1000 mm? there was no enrichment for Hallmark
HYPOXIA in any of the treatment groups.

The Induction of Hypoxic Genes Is Linked to EPAST but Not to HiF1a.
To acquire an overview of transcriptional changes associated with
LAN-1 tumor growth, we plotted expression levels of key hypoxic
factors and genes associated with cell cycle or neuronal matura-
tion over time (Fig. 4 A-F and Fig. S4 I-Q). This showed that
compared with untreated cells grown in vitro under normoxia
(D0), there was a clear increase in expression of hypoxic factors in
both CTRL- and AZA+RA-treated xenografts at D10 (Fig. 4 4
and B and Fig. S4 I and J). In the CTRL xenografts, this response
was blunted at D14, whereas in the AZA+RA-treated xenografts,
there instead was a distinct increase (Fig. 4 4 and B and Fig. S4 1
and J). When plotting levels of transcripts involved in cell-cycle
progression, there was a clear divergence at D14, as AZA+RA-
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treated tumors expressed significantly lower levels of such factors
(Fig. 4 C and D and Fig. S4 L-N). In the AZA+RA-treated tu-
mors, transcripts associated with neuronal differentiation exhibi-
ted a slight increase already at D14, and at the EP, this effect was
substantially amplified (Fig. 4 E and F and Fig. S4 O-Q), mir-
roring the strong enrichment of neuronal-associated GO terms
in the EP tumors (Fig. 2L). The AZA+RA-induced hypoxic fac-
tors included the EPASI transcript coding for the hypoxic re-
sponse factor HIF2a but not the HIFla transcript (Fig. 44 and
Fig. S4K). Because HIF2a protein levels have been shown to be
largely dependent on the balance between degradation through
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Fig. 4. AZA+RA treatment induces expression of the response associated
with high EPAST/HIF2a levels. (A and B) Time curves show how expression
levels (RPKMs) of key hypoxic responsive genes EPAST (A) and VEGFA (B) vary
from untreated normoxic in vitro conditions (0) to different time points (D8,
D10, and EP) in the CTRL (black line) and AZA+RA (red line) tumors. Dashed
lines at D8 denotes initiation of treatment. (C and D) Time curves show how
expression levels (RPKMs) of cell cycle-associated genes E2F1 (C) and AURKB
(D) vary from normoxic in vitro conditions (0) to different time points (D8, D10,
and EP) in the CTRL (black line) and AZA+RA (red line) tumors. Dashed lines at
D8 denotes initiation of treatment. (€ and F) Time curves show how expression
levels (RPKMs) of neuronal transcripts SCG5 (E) and STMNZ2 (F) vary from un-
treated normoxic in vitro conditions (0) to different time points (D8, D10, and
EP) in the CTRL (black line) and AZA+RA (red line) tumors. Dashed lines at
D8 denotes initiation of treatment. (G) Western blot analysis of AZA+RA and
CTRL tumors at D14 with HIF2a- and HIF1a-specific antibodies; GAPDH is shown
as a loading control. (H) Western blot analysis of HIF2a and EGLN3 in LAN-1 cells
cultivated in 20% or 1.0% oxygen untreated (CTRL) or treated with AZA+RA.
GAPDH is shown as a loading control. Adjusted P values in A-F as calculated by
Deseq2 (Benjamini-Hochberg adjusted P value); error bars in A-F denote SEM.
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VHL/EGLN-dependent proteosomal degradation and hypoxia-
induced stabilization (18), we also performed Western blots of
D10 and D14 tumors probing for HIF2a. Slightly increased HIF2a
protein levels were evident already at D10 (Fig. S4R), when no
significant difference in EPASI RNA levels could be detected. This
implies that protein stabilization of HIF2a precedes the main
transcriptional response to AZA+RA treatment, while coinciding
with a reduction in mitotic cells but preceding increased apoptosis
and reduced tumor volume (Fig. 3 A-D). At D14, HIF2a protein
levels were substantially higher in AZA+RA-treated tumors,
whereas HIFla protein levels were unaltered compared with
tumors in the CTRL group (Fig. 4G). To understand whether the
induction of HIF2a was dependent on decreased oxygen levels, we
cultivated LAN-1 cells under normoxia (20% O) and hypoxia (1%
O,) either with untreated CTRL or with AZA+RA for 24 h and
96 h and then performed Western blot analysis, probing for HIF2a.
In contrast to the CTRL group, the AZA+RA group exhibited high
levels of HIF2a protein under normoxia (Fig. 4H). Similar results
were obtained for the HIF2« target EGLN3 (Fig. 4H). This suggests
that the HIF2« increase in the treated cells is not just a conse-
quence of lowered oxygen levels but a response to combined AZA+
RA treatment. This is further supported by the increase in expres-
sion of EPASI and a large cohort of hypoxia-induced genes, despite
these tumors being smaller than those of the CTRL group. The
strong hypoxic component and its link to EPAS! expression in the
transcriptional response at D14 is further underscored by analysis of
D14 tumors, which shows a near to perfect correlation between

EPASI expression and downstream hypoxic factors (Fig. 5 A-C).
Importantly, this association is present also in a patient dataset
(SEQC) containing 498 sequenced NB tumors (Fig. 5 D-F) (19, 20),
whereas HIFIa shows no correlation with these factors, neither in
the treated LAN-1 tumors nor in the SEQC dataset (Fig. 5 G-L).

Inspection of the EPASI promoter region revealed that there was
a significant reduction of methylated groups. The magnitude of the
reduction was, however, minute (~7%) and thus unlikely to be re-
sponsible for the increased expression levels. The strong correlation
between 1p36 loss of heterozygosity and worse prognosis (1) implies
that 1p36 harbors one or several tumor suppressors (21). We there-
fore investigated whether genes located to the smallest region of
deletion at 1p36.3, as defined by Brodeur and colleagues (21),
exhibited increased demethylation followed by increased expression
upon AZA+RA treatment. Of the 27 genes located within this region,
spanning roughly 4 mb, only one, TNFRSF9, exhibited both significant
promoter demethylation (combined adjusted FDR P value < 0.05)
and an increase in gene expression (adjusted P value < 0.05). The
increase, only evident at D14, as measured in reads per kilobase per
million mapped reads (RPKM) was, however, modest, from an av-
erage of 1.13 in CTRL- to 2.01 in AZA+RA-treated tumors.

The HIF2a-Specific Small-Molecule Inhibitor PT2385 Diminishes the
Effects of AZA+RA Treatment. To understand whether the in-
crease in HIF2a levels upon AZA+RA treatment is of importance
for the stunted tumor growth, we performed a loss-of-function
experiment using a recently developed HIF2a inhibitor, PT2385
(12). PT2385 inhibits the dimerization of HIF2« with ARNT1 and
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thus prevents activation of HIF2a target genes (12). To validate
that PT2385 retained this activity in LAN-1 cells, cells were sub-
jected to 24 h of hypoxia and then treated for 1 h with 10 pM of
PT2385. Disruption of the HIF2o/ARNT1 interaction was assayed
through immunoprecipitation with HIF2a followed by immuno-
blotting with an ARNT1-specific antibody (Fig. 64). Cells exposed
to PT2385 exhibited a pronounced decrease in HIF2o/ARNT1
binding (Fig. 64) in a similar fashion as previously reported for
clear cell renal cell carcinoma (ccRCC) cells (12). To test if in-
hibition of HIF2a activity would impede the in vivo tumor re-
sponse to AZA+RA, we injected mice with LAN-1 cells, and as in
the previously described experiment (Fig. 2B), daily treatment was
initiated at D8. The four groups of treatment consisted of DMSO
(CTRL), 30 mg/kg HIF2a inhibitor (PT2385), AZA+RA, and
AZA+RA together with the inhibitor (AZA+RA+PT2385). Ad-
dition of PT2385 diminished the growth inhibitory effect of AZA+
RA treatment (Fig. 6B). Thus, LAN-1 cells lost their AZA+RA
responsiveness upon block of HIF2a function, indicating that the
effects of AZA+RA on tumor growth is at least partly dependent
on the increase in HIF2a levels. Notably, the PT2385 group
exhibited rapid initial growth and the tumors were signifi-
cantly (P < 0.01) larger than the CTRL at D14 (Fig. 6B). Even
though size difference remained at the last day of measure-
ment (D18), the effect was no longer significant (Fig. 6B).

High Levels of EPAS1/HIF2x, but Not HIF1a, Are Strongly Linked with
Favorable Prognosis of NB Patients and Negatively Correlated with
Hallmarks of High-Risk NB. To investigate how genes regulated by
AZA+RA treatment at D14 correlate with clinical parameters,
we performed k-means clustering on the SEQC 498 patient
dataset (19, 20). Genes significantly (adjusted P < 0.05) in-
creased (UP) or decreased (DOWN) with > twofold difference
upon AZA+RA treatment at D14 were used to group the NB
dataset. The k-means clustering revealed two distinct clusters of
tumors both in the UP and DOWN analysis (Fig. 74 and C). In
cluster 1, a majority of genes from the UP group were expressed
at high levels, whereas in cluster 2 these genes were expressed at
lower levels (Fig. 74). The k-means clustering with DOWN
genes showed the opposite pattern, with genes in cluster 1 lowly
expressed, whereas cluster 2 expressed these genes at high levels
(Fig. 7C). Cluster 1 clearly delineated a cohort of NB patients
with better overall survival both for UP and DOWN genes (Fig. 7
B and D). Because several studies have described HIF2a as a
tumor-promoting factor associated with increased NB tumor
grade and worse patient outcome (3-5, 17), we were intrigued by
how AZA+RA-induced inhibition of tumor growth was associ-
ated with both a robust increase in EPASI levels and a down-
stream hypoxia-like response. However, the main body of
literature describing high levels of HIF2x as a hallmark of high-
risk NB depends on HIF2a immunostaining of sections obtained
from cohorts of NB patients (4, 17) or microarrays from a limited
number of patients (3, 16, 22). We analyzed the 498 patient NB

SEQC dataset (20) and an additional 649 patient NB set ex-
amined by microarray (KOCAK) (23), both of which showed
that high levels of EPASI were significantly associated with
higher event free survival (Fig. 7E and Fig. S5D), overall survival,
low risk, and lower tumor grade (Fig. S5 A4, B, and E). We also
plotted expression levels of the strongest predictor of high-risk
NB, the oncogene MYCN vs. EPASI. This showed a clear neg-
ative correlation (Fig. 7F and Fig. S5 C and F) that also was
evident in the LAN-1 AZA+RA-treated tumors at D14 (Fig.
7G). To investigate whether HIF2a protein levels were associ-
ated with tumor grade, we performed Western blot analysis in
two cohorts of NB patient samples. In the grade 4 tumors, only
one out of nine was clearly positive for HIF2a, whereas in the
lower grade 1-3 and 4 tumors, 8 out of 11 tumors showed HIF2a
immunoreactivity (Fig. 7H). Three tumors that were not de-
termined (ND) according to International Neuroblastoma Staging
System (INSS) stage criteria were also included in the analysis.
Among these, two tumors expressed HIF2a. One (ND') lacked
MYCN?*™P and there was no evidence of disease after more than
60 mo. The other (ND?) was determined as 1p36™ and as a low-
risk NB according to CGH classification (Fig. 7H). In addition,
the grade 4 tumor that was positive for HIF2a (4*) also had high
levels of the neuronal marker Tyrosine Hydroxylase (TH) (24).
We furthermore correlated the genes positively (POS) or nega-
tively (NEG) associated with EPASI expression in the 498 SEQC
NB patient dataset and then plotted the expression levels of the
500 most significantly POS- or NEG-associated genes in high- vs.
low-risk tumors. This revealed that all 500 POS genes were enriched
for in low-risk NB, whereas all of the 500 NEG genes were enriched
for in high-risk tumors (Fig. 7I). Analysis of the 649 NB KOCAK
dataset revealed a similar pattern (Fig. S5 G and H). GO analysis of
the POS vs. NEG EPASI-correlated genes exposed that in the POS
group there are several categories involving neuronal differentiation
but not any cell cycle category, whereas the opposite is true for the
NEG group (Fig. 7J and Fig. S5I). In contrast, high HIFla levels
correlated with worse prognosis, increased risk, high MYCN levels,
and an opposite pattern of POS and NEG genes (Fig. S5 J-N). In
addition, GO analysis of the HIFla-associated genes showed a
strong correlation with cell-cycle genes in the POS group and
neuronal differentiation in the NEG group (Fig. S50)—that is, the
opposite of EPASI-associated genes (Fig. 7/ and Fig. S51).

High Levels of EPAST Expression Correlate with Worse Outcomes in
Adult but Not in Pediatric Glioma. HIF2o has been ascribed a role
as a tumor-promoting factor in several other types of tumors (18,
25), including glioma (26). We performed a comparative analysis
of EPASI in a dataset (FRENCH) derived from 248 adult glioma
patients (27). In contrast to the NB datasets, in the glioma
dataset, high EPAS]I levels correlated with lower overall survival
and higher tumor grade (Fig. S6 A and B). In addition, k-means
clustering showed that genes whose expression was positively
correlated with EPASI expression delineate higher tumor grade
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Fig. 7. High levels of EPAST/HIF2a are associated with favorable NB prognosis. (A) The k-means analysis showed that transcripts increased 2x (UP) in AZA+RA-
treated LAN-1 tumors at D14 could separate the patient tumor dataset according to Risk, INSS, and MYCN status. (B) Kaplan-Meier analysis showed that the
UP genes from A predict increased overall survival. (C) The k-means analysis showed that transcripts decreased 2x (DOWN) in AZA+RA-treated LAN-1 tumors
at D14 could separate the patient tumor dataset according to Risk, INSS, and MYCN status. (D) Kaplan-Meier analysis showed that the DOWN genes from
C predict decreased overall survival. (E) Kaplan—-Meier analysis of 498 NB tumor samples showed longer event free survival for patients with high EPAST levels.
(F) EPAST expression levels (blue) plotted against MYCN expression levels (red). The lower bars show Risk, INSS, and MYCN status. Color legend for RISK, INSS,
and MYCN status is shown in A, C, and F. (G) Correlation of EPAST expression levels with MYCN expression in the D14 LAN-14 tumors. (H) Western blot
showing HIF2a protein levels in NB of different grades; GAPDH is shown for protein normalization. The ND' tumor lacks INSS staging but is MYCN™T, and the
patient had no evidence of disease after more than 60 months. ND? denominates a tumor without INSS staging but is determined as a 1p36™ localized (L1)
tumor lacking MYCN2™ and as not being a high-risk tumor according to CGH classification. ND* denominates a tumor lacking clinical information. Tumor 4*
was classified as grade 4 but expresses high levels of TH. (/) Analysis of the top 500 genes positively (POS, red) correlated or negatively (NEG, green) regulated
with the EPAST transcript showed that all of the POS genes were enriched for in the low-risk NB and all of the NEG genes were enriched for in the high-risk
NB. (J) Enrichment of neuronal-associated GO terms for the genes showing a positive correlation with EPAST expression and enrichment of cell cycle-
associated GO terms for the genes showing a negative correlation with EPAST expression. ND, not determined.
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and worse prognosis, whereas negatively correlated genes define
lower tumor grade and better prognosis (Fig. S6 D-G). In-
terestingly, in pediatric glioma (PAUGH dataset) (28), high
EPASI levels correlate with better prognosis in a similar fashion
as in the NB datasets (Fig. S6C), suggesting that HIF2a might act
as a tumor suppressor in pediatric nervous system tumors, po-
tentially due to a capacity to promote neuronal differentiation.

Methylation Levels of CGls in the EPAST Promotor Are Low in NB
Tumors and Do Not Vary with Tumor Grade. Considering the ef-
fects of AZA+RA treatment on EPASI expression in the NB cells/
xenografts and the decreased expression levels in high-stage NB,
we also wished to investigate whether CGI methylation levels of
the EPASI locus differ between tumor stages in primary NB. Thus,
we investigated a dataset (LAVARINO) from 42 NB patients
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analyzed by 450K array technology (8). In these tumors, levels of
CGI methylation of the EPASI locus are generally low compared
with imprinted genes, such as MEG3, or to genes selectively dis-
playing high CGI methylation in high-grade tumors (e.g., M1A4)
(Fig. S7 A-C). Furthermore, they do not differ between tumor
stages (Fig. S7 A-C), implying that the difference in expression
levels between stages (Fig. 6 F and H and Fig. S5 B and E) does not
depend on alterations in CGI methylation.

Discussion

Our study shows that combined systemic treatment with the
FDA-approved drugs RA and AZA induces high levels of EPASI
expression and a cohort of hypoxia-associated genes while sig-
nificantly inhibiting NB growth. The weak correlation between
AZA-induced promoter demethylation and increased gene expression
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implies that the mechanisms through which AZA potentiates RA
are not exclusively dependent on its demethylation activity. Previous
reports imply that off-target effects of AZA include the accumu-
lation of reactive oxygen species (ROS) (29) and DNA damage
(30). However, in the AZA+RA-treated tumors, there was rather a
reduction of genes governing the response to oxidative phosphor-
ylation and DNA repair in the AZA+RA-treated tumors (Fig. 3G),
lessening the probability that these processes are responsible for
treatment response. Unlike the majority of NB cells, both LAN-
1 and SK-N-AS cells have been shown to be mutated for 7P53 (31,
32). Despite almost undetectable P53 protein levels in LAN-1 cells
and a crippled P21 response in SK-N-AS (31, 32), both cell lines
exhibit increased apoptosis and stunted growth upon AZA+RA
treatment. This implies that an intact P53 pathway is not critical
to respond to AZA+RA treatment. Thus, combined AZA+RA
treatment shows efficacy in NB cells with different combinations of
severe genetic aberrations associated with high-risk NB: 1p367,
mutated P53, and normal MYCN status (SK-N-AS); 1p36~, P53 null
mutation, and amplified MYCN (LAN-1); and 1p36~, intact P53,
and amplified MYCN (CHP-212).

AZA is already in clinical use for treatment of myelodysplasive
syndrome (11) and in several clinical trials for different types of
tumors (33). In a phase I case study, a patient who suffered from
relapsed stage 4 NB received AZA treatment combined with
dendritic cell vaccine, which resulted in complete remission (34).
In addition, clinical studies combining AZA with RA for treating
Acute Myeloid Leukemia are underway (35, 36). However, de-
spite the well-known demethylating effects of AZA and the
clinical efficacy, no single definitive mechanism through which
AZA confers its antitumorigenic effects has been proven. Nev-
ertheless, our study shows that growth of high-risk NB can be
efficiently inhibited in a preclinical in vivo tumor model, by
combining AZA with RA.

The transcriptional response to AZA+RA treatment com-
bined with how PT2835-mediated inhibition of HIF2a activity
abrogates the effects of AZA+RA treatment on tumor growth
question whether EPAS1/HIF2a can be characterized as an NB
oncogene. Our analysis of large NB tumor datasets further un-
dermines this hypothesis. Instead, our analysis reveals that in-
creased EPASI/HIF2a levels are linked to genes associated with
neuronal differentiation and to NB tumors of lower grade with
favorable outcomes. Previous studies on the association of
EPASI/HIF2a with high-risk NB and worse patient outcome
have relied on smaller collections of sequenced/microarrayed
tumors or on immunohistochemical staining of tumor sections
(3-5, 16, 17, 22). The two publically available patient datasets
with 498 and 649 cases (20, 23) that we used provide a founda-
tion for a more robust statistical analysis of several clinical pa-
rameters (e.g., MYCN expression, tumor grade, high- vs. low-risk
tumor, and overall survival). This revealed a strong association
between high EPASI expression levels and low-risk tumors
with increased patient survival. The different roles of HIFla
and HIF2a suggested by our tumor analysis are supported in a
study by Simon and colleagues (37), wherein they show that high
levels of HIF1a are preferentially present in MYCN*™ tumors,
whereas HIF2a levels usually are high in non-MYCN-amplified
tumors (37). Western blot analysis of actual protein levels in
21 patient-derived NB tumors supports the NB expression
dataset analysis with decreased protein levels in grade 4 tumors
(Fig. 7H). Our analysis is in line with studies of other tumor types
wherein HIF2a but not HIF1« is associated with decreased tu-
mor growth and better patient outcome (24, 38-42). This further
underscores how tumor context determines if HIF2a acts as an
oncogene (e.g., ccRCC and adult glioma) (12, 26, 43, 44) or can
actually have tumor-suppressive properties (e.g., soft tissue sar-
comas, hepatocellular carcinoma, and colon cancer) (24, 38-42).
Furthermore, in nonsmall lung cancer, HIF2a has been de-
scribed both as an oncogene and a tumor suppressor (45, 46).
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The xenograft model used for our study is a straightforward way to
test simple parameters such as tumor growth and response to
systemic drug delivery. However, other preclinical models are
more suitable to investigate how AZA+RA treatment could affect
additional key properties of tumor biology, such as metastasis,
angiogenesis, and tumor microenvironment. Orthotopic xeno-
grafts wherein human NB cells are transplanted beneath the renal
capsule (47) and transgenic mouse models of NB (48, 49) would
provide more appropriate experimental settings for future in-
vestigation of such parameters.

The biology of NB is intertwined with several aspects of normal
sympathoadrenal development, such as migration, cell death, and
differentiation (50, 51), and indeed, there is a strong association
between neuronal differentiation genes and high EPASI levels in NB
tumors (Fig. 7J). Moreover, the contrast between adult and pediatric
glioma with regards to the association between high EPASI levels
and overall survival (Fig. S6 A and C) implies that in pediatric tu-
mors the role of HIF2« is different from its role in adult tumors.
Interestingly, studies show that during development HIF2« is nec-
essary for differentiation of neural crest-derived catecholamine-
producing cells in mice (52) and for neural differentiation in the
vertebrate CNS (53). During development, the proto-oncogene
MYCN regulates expansion and ventral migration of neural crest
cells, but levels decline as cells undergo sympathoadrenal differen-
tiation (54). Furthermore, when overexpressed in sympathoadrenal
precursors, MYCN impinges on differentiation and promotes the
formation of NB (49, 55). Notably, in the AZA+RA-treated tumors,
there is a pronounced decline in MYCN expression at D14 (Fig. 7G)
preceding the up-regulation of markers of differentiated sym-
pathoadrenal neurons (Fig. 4 E and F and Fig. S4 O-Q), further
underscoring that combined treatment and EPASI up-regulation are
linked to key events promoting differentiation.

HIF2o has previously been characterized as an NB tumor-
promoting factor (3-5, 16), a view that both our experimental
data and our analysis of large cohorts of NB patient material call
into question. The small-molecule HIF2a inhibitor PT2385 is al-
ready in clinical trials for ccRCC, and inhibition of HIF2a has
been suggested as a tractable strategy to treat NB (56). However, a
deeper understanding of the role played by HIF2« in NB biology
is clearly warranted, before HIF2« inhibitors are administered to
children with NB. Nonetheless, our study shows that high-risk NB
that responds poorly to RA can be efficiently treated by systemic
delivery of AZA combined with RA. This could potentially be
used as a novel strategy to treat high-risk NB patients who fail to
respond well to RA treatment after myeloablative chemotherapy
with hematopoietic stem-cell transplant.

Materials and Methods

Ethical Considerations. All animal experiments were performed according to
Swedish guidelines and regulations; the ethical permits N110/13 (with
amendment 2823-2017) and N575/11 were granted by “Stockholms Norra
djurférsoksetiska namnd, Sweden.” NB primary tumors came from the
Swedish NB Registry, and ethical permission (DN03-736) was granted by
Karolinska Institutets Forskningsetikommitté Nord. Informed consent from
families of the subjects was obtained for samples.

Mouse Xenografts. The 2 x 10% NB cells in 200 pL PBS:matrigel (BD, 354248)
(1:1) were injected s.c. into the right flank of adult female Crl:Nu (Ncr)-
Foxn1 nu (nude mice). Treatments started 1 d or 8 d after injection. The
control group was injected i.p. with 50 pL DMSO per mouse per day. RA
treatment of 10 mg-kg-d and Aza treatment of 0.1 mg-kg-d were diluted
to the right concentrations in DMSO, aliquated, and stored at —80 °C until
used; no rethawing/freezing occurred. Xenografted mice treated with
PT2385 received daily i.p. injections at a concentration of 30 mg/kg starting
8 d after transplantation. Mice were treated with PT2385 alone or in com-
bination with RA (10 mg/kg) and Aza (0.1 mg/kg), and tumors were measured
every 2 d. Tumors were measured externally using a digital caliper every other
day; the greatest longitudinal diameter (length) and the greatest transverse
diameter (width) were determined, and tumor volume was calculated using
the modified ellipsoidal formula [(length x width?/2]. Overall health was
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monitored during treatment, and weight was measured weekly. Mice were
injected i.p. with 50 mg/kg BrdU (Sigma, B5002) 2 h before euthanasia. Upon
allocation of mice to the different treatment groups, sibling groups were
broken up and mixed to avoid batch effects. Additional methods are described
in SI Materials and Methods.
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