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In Brief

Veschi et al. perform both genetic and chemical screening to identify histone methyltransferase SETD8 as a potential target in
neuroblastoma (NB). Chemical or genetic inhibition of SETD8 in NB leads to increased p53 activity and reduced tumor cell growth,
resulting in prolonged survival in mouse models of NB.
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Summary

Given the paucity of druggable mutations in high-risk neuroblastoma (NB), we undertook
chromatin-focused siRNA and chemical screens to uncover epigenetic regulators critical for the
differentiation block in high-risk NB. High-content Opera imaging identified 53 genes whose loss
of expression led to a decrease in NB cell proliferation and 16 also induced differentiation. From
these, the secondary chemical screen identified SETDS8, the H4K20mel methyltransferase, as a
druggable NB target. Functional studies revealed that SETD8 ablation rescued the proapoptotic
and cell-cycle arrest functions of p53 by decreasing p53K382Mel eading to activation of the p53
canonical pathway. In pre-clinical xenograft NB models, genetic or pharmacological (UNCO0379)
SETDS8 inhibition conferred a significant survival advantage, providing evidence for SETD8 as a

therapeutic target in NB.
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Introduction

Alterations in epigenetic machinery, including mutations or overexpression of chromatin

remodelers and modifiers as well as DNA hypermethylation, can disrupt normal

development, resulting in pathologies, including cancer (Arrowsmith et al., 2012; Jones and

Baylin, 2007). Neuroblastoma (NB) is a neural crest-derived tumor and, based on its

histology, transcriptome and propensity to differentiate, is thought to arise from a failure of

sympathoadrenal progenitors to differentiate (Schulte and Eggert, 2015). Genetic and
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epigenetic regulators have been implicated in the undifferentiated status of high-risk NB
(HR-NB) tumors (Lawlor and Thiele, 2012).

NB accounts for 15% of all deaths in children due to cancer. Despite intense multimodality
treatment, current therapy for NB is still inadequate for 50% of HR-NB patients and has
significant toxicities and morbidities (Maris, 2010). MYCN amplification is a powerful
independent marker of adverse outcome in HR-NB (Bagatell et al., 2009; Canete et al.,
2009). While TP53is rarely (<2%) mutated in primary HR-NB, its functional activity is
attenuated in MYCN-amplified NB by a variety of mechanisms (Petroni et al., 2012; Van
Maerken et al., 2006; Van Maerken et al., 2009). However, the majority (60-70%) of HR-
NBs do not have MYCN amplification and mechanisms that attenuate the activity of p53 in
these tumors have not been intensively studied. So the challenge is to identify novel targeted
therapies for HR-NB patients.

Aside from the anaplastic lymphoma kinase ALK, NexGen sequencing revealed few
druggable, recurrent somatic mutations in NBs (Pugh et al., 2013). In older HR-NB patients,
studies identified mutations in the chromatin remodelers ATRX (22%) and ARID1A/
ARIDIB (11%) (Alexandrov et al., 2013; Cheung et al., 2012; Molenaar et al., 2012; Pugh
et al., 2013; Sausen et al., 2013), which are not directly druggable but may exhibit synthetic
lethality in drug combinations (Bitler et al., 2015; Wilson et al., 2010). Studies showing
overexpression of BMI-1 and KDM1A (LSD1), and our work showing dysregulation of
EZH2 and sensitivity to EZH2 inhibitors, indicate a linkage between aberrations in
epigenetic regulators and NB (Cui et al., 2006; Lawlor and Thiele, 2012; Schulte et al.,
2009; Wang et al., 2012). This led us to hypothesize that epigenetic dysregulation in
sympathoadrenal progenitors contributes to the initiation and progression of NB.

The goal of this study is to survey the epigenetic landscape of NB in order to identify those
regulators that block neuroblastoma terminal differentiation. By characterizing critical
epigenetic pathways regulating cell proliferation and differentiation that are altered in NB
tumor cells, we may identify therapeutically relevant targets.

siRNA screen of chromatin modifiers identifies regulators of NB cell proliferation and
differentiation

To identify epigenetic regulators of NB cell proliferation and differentiation, we performed a
cell-based high-throughput siRNA screen of almost 400 genes (pool of 4 siRNAs per gene)
encoding modulators of chromatin structure and function (including ~55% of the known
epigenetic enzymes, writers and erasers) in 2 NB cell lines SY5Y (MYCN-WT) and SK-N-
BE2C (MYCN-amplified (MYCN-amp)). Nuclei number (NN) and neurite length (NL)
were used as measures of cell proliferation and morphologic differentiation, respectively
(Figure 1A and Table S1). The primary screen identified 53 genes whose knockdown
significantly and substantially reduced cell proliferation in one or both cell lines (Table S2).
Of these, 16 genes also induced differentiation (increased NL) (Figure 1B, red dots, and
Table S2). The reproducibility of replicates was assessed by Pearson correlation and
permutation tests (Figure S1A-D and Supplemental Experimental Procedures). Four of the
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top candidates in the screen, CENPE (Balamuth et al., 2010), BRD4 (Puissant et al., 2013),
CHAF1A (Barbieri et al., 2014) and KDM4B (Yang et al., 2015) were already characterized
as required for NB cell survival. We performed a validation screen using individual SiIRNAs
against select candidate genes in SY5Y and BE2C (Figure 1C, for selection and validation
criteria, see Supplemental Experimental Procedures). For all selected genes, silencing led to
a statistically significant reduction in NN. Silencing of SETD8, CTCF, CENPE, INCENP
and ACTR5 also significantly increased NL (Table S3). Representative images showing
decreased cell number and increased neurite formation after silencing of selected hits are
shown (Figure 1D). Thus, we identified 16 genes whose silencing led to significant
reduction in NB cell proliferation and induction of morphologic differentiation, nine of
which were validated for NN and five for NL.

A chemical screen confirms inhibition of SETD8 activity as a vulnerability in NB

We next performed a chemical screen using 21 epigenetic chemical probes, provided by the
Structural Genomics Consortium (SGC) and targeting 90% of proteins with enzymatic
activity that were targeted by the siRNA library. This chemical library includes
pharmaceutical tool compounds in the drug development pipeline. Each compound was
evaluated in 8 NB (4 MYCN-WT and 4 MYCN-amp) and 2 immortal but non-transformed
(HEK293T and ARPE-19) cell lines using 12 concentrations (0.1-30 uM). Cell viability was
assessed over 7 days (Figures 2A and 2B). JQ1-S, a BRD4 inhibitor (Puissant et al., 2013),
was the most potent and showed the expected difference in sensitivity between MYCN-WT
and MYCN-amp cells (Table S4). Pan-lysine demethylase, pan-histone acetyltransferase and
pan-Bromodomain inhibitors also showed high potency. The targets of JQ1 (BRD4, BRD2)
and Cpd50 (KDM4B) were among the genes whose siRNAs inhibited cell growth and
induced differentiation in the genetic screen (Figure 1B). Interestingly, a selective, substrate-
competitive inhibitor of SETD8, UNCO0379 (Ma et al., 2014a) was one of the most active
compounds, exhibiting a relatively low average I1Csqg (2 uM) (Figure 2B) and a highly
significant p value for the In Vitro Therapeutic Index (IVTI) (Figure S2 and Table S4) across
the 8 NB cell lines compared with control cell lines. Median 1Csq values for the NB cell
lines following UNCO0379 treatment at 24-96 hr are depicted in Figure 2C, with 96 hr 1Cgq
values ranging from 0.64 to 7 uM (95% confidence interval 0.98, 3.82). A representative
experiment shows the effects of UNCO0379 on the NB cell growth (Figures 2D and 2E).
Together, the genetic and chemical-based screens suggest that SETD8 regulates NB cell
growth and differentiation.

SETD8 is overexpressed in NB cells and high SETD8 expression correlates with poor
outcome in MYCN-WT HR-NB patients

SETDS8 is a histone methyltransferase that specifically catalyzes mono-methylation of K20
on histone H4 (H4K20mel) | evels of SETDS and its target H4<20mel are increased during
mitosis and required for cell proliferation in human cell models (Wu and Rice, 2011; Wu et
al., 2010). To assess the expression of SETD8 in NB, we cultured NB cells and harvested
them during exponential growth. We found elevated levels of both SETD8 (3.6-fold) and its
target H4K20mel (2 6-fold) in NB cells compared with non-transformed normal cell lines.
SETD8 levels were higher when normalized to the
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M-phase fraction (Figure 3A). This is consistent with previous studies showing
overexpression of SETD8 in various types of cancer (Takawa et al., 2012). Although the
levels of SETD8 expression were not significantly different between MYCN-WT and
MYCN-amp NB cells (Figures 3B, S3A, and S3B), the levels of H4K20mel \yere higher in
MYCN-WT compared with MYCN-amplified NB cell lines in vitro (Figures 3C). This may
be due to higher levels of PHF8, the demethylase for H4K20mel 'jn MYCN-amp HR-NBs
(database: R2 http://r2.amc.nl/ Kocak Stage 4 tumors p = 1.3x1074). In primary NB tumors
(database: R2 Kocak NB; n = 476 tumors), elevated levels of SETD8 mRNA are
significantly correlated with poor prognosis in primary NB tumors (Figure 3D; bonferroni p
=4.9x1079). In addition, Stage 4 HR-NB patients whose tumors had high levels of SETD8
tend to do worse, although the correlation does not reach statistical significance (p = 0.068)
(Figure 3E). However, elevated levels of SETD8 are associated with worse prognoses in
Stage 4 MYCN-WT tumors (p = 0.032) (Figure 3F), but not MYCN-amp tumors (p = 0.96)
(Figure 3G). The prognostic significance of SETD8 in MYCN-WT primary tumors was
replicated in two additional R2 databases: SEQC-498 and Seeger (Figures S3C-S3E). Focal
amplifications of Chr12g24 occur in a region that encompasses KMT5A (SETD8) in almost
22% of MYCN-WT and 6% of MYCN-amp HR-NB tumors (Schnepp et al., 2015; Wolf et
al., 2010) and may contribute to the association of elevated SETD8 mRNA levels with poor
outcome in NBs.

SETDS silencing rescues p53 function by decreasing p53K382mel |eyels

Since SETD8 activity has been implicated in multiple biologic processes, including control
of cell division and modulation of transcription, RNA-seq transcriptome analyses after
SETD8 silencing were performed in order to gain insights into potential mechanisms
contributing to the SETD8-mediated growth inhibition and differentiation in NB cells.
Preliminary studies established conditions for effective silencing of SETD8 while
minimizing effects on cell viability (Figure S4A-G and Supplemental Experimental
Procedures). The top differentially up- and down-regulated genes, ranked by statistical
significance based on edgeR software analysis and a false discovery rate (FDR) < 0.001, are
depicted as a clustered heatmap in Figure 4A (see also Table S5). IPA (Ingenuity Pathway
Analysis, www.ingenuity.com) of the differentially expressed genes identified p53 signaling
and neuronal differentiation-associated pathways among the most significantly up-regulated
(Figure 4B). GSEA (Gene Set Enrichment Analysis) showed enrichment in several p53
pathways (Figure 4B and Table S6). SETD8 silencing resulted in increased expression of
biochemical markers of neural differentiation (TUBB3, MAP2, DPYSL3) (Choi et al., 2005)
and GSEA showed an enrichment in the FRUMM NB differentiation signature (Frumm et
al., 2013) (Figure 4C and Table S7) supporting the morphological differentiation noted in the
SiRNA screen (Figure 1B-1D). The alteration in the expression of selected genes following
silencing of SETD8 was confirmed (Figure 4D). These data suggest that SETDS8 ablation
leads to increased differentiation and activation of the p53 canonical pathway.

In tumor and normal cell lines, SETD8 attenuates the pro-apoptotic and cell-cycle arrest
functions of p53 through methylation of lysine 382 (p53K382mely (ghj et al., 2007). To test
whether the elevated levels of SETD8 in NB may inhibit the activity of p53 through
increased p53K382mel |evels, we evaluated p53 expression and activity in SETD8-silenced
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SY5Y cells. Decreased expression of SETD8 was associated with reduced H4K20mel gnq
p53K382mel |evels, increased p53 and p21 protein levels (Figures 4E and S4A, D). Depletion
of SETDS led to increased apoptosis (Figure 4F).

Analysis of p53 methylation levels across a panel of NB cell lines showed higher
p53K382mel Jevels in MYCN-WT compared with MYCN-amp NB cells (Figure 4G). Among
the p53 mutated NB cell lines, SK-N-BE2C and SK-N-FI were less sensitive to the SETD8
inhibitor (UNC0379) and showed relatively low p53K382mel jevels compared with SK-N-
AS, which was sensitive to UNCO0379 (Figure 4G). These observations demonstrate that
SETDS silencing decreased p53K382mel Jevels and rescued the proapoptotic and growth
arrest functions of p53 through activation of the p53 canonical pathway.

Comparison of pharmacologic and genetic inhibition of SETD8 in MYCN-WT NB

To determine the molecular mechanisms of NB cell growth inhibition by a small molecule
SETDS8 inhibitor, we treated SY5Y cells with UNC0379 and examined effects on target
levels, cell cycle, and cell growth for up to 48 hr (Figure S5A-C and Supplemental
Experimental Procedures). UNC0379 is a substrate-competitive inhibitor selective for
SETD8 (Ma et al., 2014a) compared with 5 other methyltransferases in SY5Y cells (Figure
S5D). Analysis of protein lysates harvested after 12 hr indicated a dose-dependent decrease
in the SETDS targets H4K20mel and p53K382mel (Figyre 5A). The decrease in p53K<382mel
levels was accompanied by an increase in p53 levels and induction of p21 (Figures 5A and
S5A). Activation of the p53 pathway was accompanied by a dose-dependent increase in
apoptotic cells (Figure 5B and S5E). UNC0379 induced cell death was blocked by pre-
incubation with the pan-caspase inhibitor Z-VAD-FMK, indicating a caspase-dependent
mode of cell death (Figure 5B). UNCO0379 treatment led to increased expression of neural
differentiation markers and increased neurite length (Figure 5C). These functional studies
suggest that the pharmacologic inhibition of SETDS8 led to a similar decrease in p53K382mel
levels, activation of the p53 pathway and increased differentiation as had been detected after
genetic silencing of SETDS.

Transcriptional changes in SY5Y cells treated with 4 uM UNCO0379 for 12 hr were
investigated using RNA-seq as both histone and non-histone targets were inhibited with
minimal cell death. The top 50 differentially upregulated and downregulated genes are
depicted as a clustered heatmap (Figure 5D and Table S5). At least 10% of the upregulated
genes were involved in the p53 pathway, including CDKN1A (p21) as the most upregulated
p53 target gene (Figure 5D, red marked genes). IPA of the RNA-seq data revealed that
among the top ten pathways, p53 signaling was the most significantly upregulated (Figures
5E and S5F). Interestingly, cholesterol biosynthetic and mevalonate pathways were the most
differentially regulated (Figures 5E and S5F). GSEA showed enrichment in several p53
pathways (Figure 5F, Table S6 and Figure S5G) after SETD8 pharmacological inhibition.
Quantitative RT-PCR analysis confirmed upregulation of several of the identified p53 target
genes (Figure 5G).

Activation of the p53 pathway was common to both the genetic and pharmacologic
inhibition of SETD8: approximately half of the differentially expressed p53 target genes
identified following SETDS8 silencing overlapped with those affected by UNCO0379 treatment

Cancer Cell. Author manuscript; available in PMC 2018 January 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

\eschi et al.

Page 7

(Figure 5H). Interestingly, the eight p53 target genes differentially expressed only after
genetic silencing of SETD8 included oncosuppressors and oncogenes such as BRCAL, E2F1
and JUN, suggesting that UNC0379 treatment only partially recapitulates the effects of
SETD8-specific genetic ablation (Figure 5H). These observations indicate that either genetic
or pharmacological inhibition of SETDS8 leads to activation of p53 canonical transcriptional
pathways.

SETDS8 inhibition induces p53 dependent cell death in NB cells

To evaluate whether SETDS8 inhibition-mediated cell death was p53 dependent, we silenced
SETD8 alone or in combination with different siRNAs targeting p53 (Figure 6A and S6A).
The silencing of SETD8 induced increases in caspase-dependent cell death that were
blocked upon p53 inhibition (Figure 6B and S6A). SETDS silencing led to increased caspase
3/7 activity in p53 WT NB cells (SY5Y) while the levels were relatively unchanged in p53
mutant (SK-N-FI and BE2C) or p53 null (LAN1) NB cell lines (Figure 6C and S6B).
Additionally, the p53 mutant and null NB cell lines were less sensitive to UNC0379
compared with p53 WT SY5Y cells (Figure S6C). Genetic rescue experiments indicated that
WT p53 but not mutant p53K382R mediates increased UNC0379-induced cell death in p53
null LANL1 cells (Figure 6D). SETDS8 silencing increased p53 half-life approximately 10-
fold (Figure 6E and Supplemental Experimental Procedures). These results indicate that
SETD8 inhibition leads to increases in p53 stability and SETD8-induced cell death is p53
dependent.

Genetic inhibition of SETD8 and ex-vivo treatment with SETD8 inhibitor impairs tumor
growth and significantly prolongs murine survival in in vivo models of NB

We evaluated effects of SETDS8 inhibition on in vivo tumor growth. Bioavailability and
animal toxicology precluded treatment of mice with the SETD8 inhibitor UNC0379 (Ma et
al., 2014a). We therefore performed an ex-vivo tumorigenicity assay by exposing NB cells to
2 UM UNCO0379 or control solvent for 24 hr in vitro, then subcutaneously implanting treated
NB cells into nude mice and monitoring tumor growth. Pharmacological inhibition of
SETD8 showed decreased NB tumor growth in vivo and significantly reduced SY5Y (p <
0.01) and NGP (p = 0.026) tumor growth (Figure 7A). Assessment of tumor lysates
indicated that UNC0379 treatment reduced levels of p53K382mel modification in xenografts
(Figure 7A, insets). Kaplan-Meier survival curves revealed a statistically significant survival
advantage for mice bearing ex-vivo UNC0379-treated NGP or SY5Y NB cells compared
with control-treated NB cells (Figure 7B). These results suggest that a small molecule
inhibitor of SETD8 may have therapeutic relevance.

To determine whether inhibition of SETDS8 affected the growth of established NB tumors,
we generated stable TET-inducible shRNAs targeting SETD8 in SY5Y (SY5Y-Tet-
SshSETD8) and NGP (NGP-Tet-shSETD8) NB cell lines. SY5Y-TET-shSETD8 or NGP-
TET-shSETDS8 cells were implanted subcutaneously into nude mice. SY5Y-Tet-TRIPZ
control and NGP-Tet-TRIPZ control cell lines showed that doxycycline (DOXY)-containing
chow did not significantly affect tumor growth (Figures S7A and S7B). When tumors
reached ~100 mm3, animals were stratified into cohorts that received DOXY-chow or regular
chow. Tumor growth was monitored at least three times a week. Assessment of tumor
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protein lysates showed reduced levels of SETDS protein, decreased levels of the p53K382mel
(Figure 7C, insets) and increases in neural differentiation markers (Figure S7C) in tumors
taken from mice receiving DOXY-chow compared with those receiving normal chow. Tumor
RNA (gRT-PCR) showed up-regulated p53 and its targets after SETD8 genetic inhibition
(Figure S7D). Mice receiving DOXY-chow had significantly reduced tumor size in both the
SY5Y (p <0.001) and the NGP cell lines (p < 0.01) (Figure 7C) and increased overall
survival (Figure 7D) compared with those receiving normal chow.

We propose a model in which in NB, SETD8 may be overexpressed, resulting in increased
levels of p53K382mel and jnactivation of p53. Genetic or pharmacologic inhibition of SETD8
rescues p53 function by decreasing p53K382mel ang activating p53 canonical pathways
(Figure 8A-B). These studies demonstrate that targeting SETD8 expression in NB cells
significantly inhibited tumor xenograft growth and prolonged survival of mice. Thus, the
biochemical, cell and animal model data support SETD8 as a bona fide target in NB.

Discussion

Our genetic and chemical screens revealed vulnerabilities in NB tumor cells that are relevant
to HR-NB patients and are potentially druggable. The siRNA screen identified 53 genes
whose silencing reduced NB tumor cell growth, and 16 of which also induced
differentiation. We focused on the role of SETD8 based on the siRNA screen and the results
of the chemical screen involving the recently developed small molecule inhibitor of SETDS,
UNCO0379. Mechanistically, our studies show that genetic or pharmacological inhibition of
SETDS results in activation of the p53 pathway in NB cell lines. Moreover, pre-clinical
tumor models showed pharmacologic or genetic ablation of SETD8 inhibits tumor xenograft
growth and extends murine survival.

DNA replication, recombination, repair and cell cycle were the major pathways (IPA)
implicated after down-regulation of the 53 growth-inhibiting genes. Some 60% of these
genes had never before been implicated in limiting NB tumor cell growth and importantly
more than 30% have enzymatic activities that are potentially druggable. Of the 16 genes
whose silencing also induced NB differentiation, over half have not been described in NB,
with TAF6L and SETD8 having enzymatic activities. The potential relevance of these genes
is supported by the findings that expression of high levels of 9 out of the 16 genes (EZH2,
ACTRS5, CTCF, BRD4, TAF6L, CHAF1A, CENPE, INCENP, SETD8) are associated with
poor prognosis in primary NB tumors (database: R2 http://r2.amc.nl, Kocak). Furthermore,
high-level expression of TAF6L, CENPE, INCENP and SETDS is significantly associated
with poor prognosis in MYCN-WT, Stage 4 patients. Our finding that high-level expression
of SETD8 is associated with poor prognosis in NB may be due in part to focal DNA copy
number gains at chr12qg24, in the region including SETDS8 (Schnepp et al., 2015; Wang et
al., 2011; Wolf et al., 2010). Chr12qg24 gain is significantly associated with the high-risk
MYCN-WT subset and several genes in this region, including SETDS, are significantly
differentially expressed when compared to MYCN-amp NB tumors (Schnepp et al., 2015).
However, only 33% of MYCN-WT HR-NB tumors harbor Chr12q24 gains (Schnepp et al.,
2015; Wolf et al., 2010), indicating that other mechanisms contribute to elevated levels of
SETDS8. Increased SETD8 expression has been found in lung cancers and this may reflect
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the tight regulation of SETDS8 during the cell cycle (Takawa et al., 2012). During anaphase
through early G1, SETDS8 protein levels are negatively regulated by the APCCdh E3-
ubiquitin ligase (Beck et al., 2012). In NB, DNA hypermethylation of CDH1 (Hoebeeck et
al., 2009) and low-level expression of CDH1 are associated with poor prognosis (database:
R2 Kocak NB). As CDHL1 is required for recognition and recruitment of SETD8 to the APC
E3-ubiquitin ligase complex, low levels of CDH1 in NB may impair appropriate cell cycle-
regulation of SETD8. CDHL1 is implicated as a tumor and metastasis suppressor as well as a
regulator of genomic stability (Garcia-Higuera et al., 2008). Interestingly other APCCdhl E3-
ubiquitin ligase substrates (AuroraA, -B kinase and BARD1) have been shown to have a role
in NB susceptibility or tumorigenesis (Bosse et al., 2012; Schnepp et al., 2015).

Our functional siRNA and chemical screens indicated that inhibition of SETD8 led to
decreased NB cell growth and induction of differentiation. The transcriptome data indicate a
major driver is SETD8-mediated methylation and inactivation of the p53 pathway. SETDS is
the sole mono-methyltransferase of lysine 20 on histone H4 (H4K20mel) and this histone
mark is critical in regulating DNA replication and chromosome condensation during mitosis.
In many studies (Beck et al., 2012), loss of SETD8 leads to DNA damage, which may also
contribute to the p53 activation we detect in NB cells. SETD8 also methylates non-histone
proteins including proliferating cell nuclear antigen (PCNA), the p53-stabilizing factor
NUMB as well as the tumor suppressor p53 (Dhami et al., 2013; Takawa et al., 2012), which
are critical for cell cycle progression. Dysregulation of SETD8 mostly has been implicated
as a driver of oncogenesis. SETD8 mediated methylation of PCNA promotes tumor cell
proliferation (Takawa et al., 2012) and its interaction with TWIST leads to H4X20mel of the
N-cadherin promoter, a TWIST target stimulating invasiveness (Yang et al., 2012). SETDS8
methyltransferase decreases activity of the p53 tumor suppressor by two distinct
mechanisms: monomethylation of NUMB, which inhibits NUMB-dependent stabilization of
p53, and the K382 monomethylation of p53, which decreases the transcriptional activity of
p53 in non-damaged cells (Shi et al., 2007). In NB, our findings are consistent with a model
in which SETD8-mediated cell death is p53-dependent and p53K382 is important for this
activity.

In primary NBs, 7P53is rarely mutated (<2%) and this study identifies SETD8 methylation
as a mechanism that attenuates the activity of p53 in NB cells. Previous studies, primarily in
MYCN-amp NB cells, have implicated cytosolic sequestration and deregulation of the

p14 ARF/MDMZ2/p53 axis as mechanisms contributing to p53 inactivation (Tweddle et al.,
2003). Aside from mutations in p14ARF mechanisms that attenuate the activity of p53 in
MYCN-WT NB have not been well described, even though MYCN-WT tumors comprise
almost 60% of Stage 4 HR-NB patients (Van Maerken et al., 2009). Here, we find that
SETDS inhibition leads to decreased levels of p53K382mel decreased cell growth and
increased p53 activity in both MYCN-WT and MYCN-amp cell lines in vitro and in vivo.
Since SETD8 methylation activity is part of the normal cell cycle progression, it is expected
that SETD8 would play a role in both HR-NB subsets. However, SETD8 mediated
mechanisms of p53 inactivation may be more relevant in MYCN-WT NB tumors as: 1)
MYCN-WT NB cell lines have relatively higher levels of p53K382Mel compared with those
in MYCN-amp NB; 2) the levels of SETD8 are associated with a poor prognosis in both the
subsets, but this association is statistically significant only in Stage 4 MYCN-WT tumors; 3)
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Chr12g24 gain is significantly associated with the MYCN-WT HR-NB (Schnepp et al.,
2015); and 4) low mRNA levels of SETD8-ubiquitin ligases, CHD1 and BTRC (Wang et al.,
2015), are associated with poor prognosis in Stage 4 MYCN-WT tumors (database: R2
Kocak).

Pharmacologic approaches that lead to activation of p53 have been a long term goal of
cancer therapeutics ever since its tumor suppressor function was identified. Most studies
have been focused on Nutlin-3 in NB (Van Maerken et al., 2011; Zawacka-Pankau and
Selivanova, 2015). Here, we identify that UNC0379, a small molecule inhibitor of SETDS,
leads to activation of p53 in NB tumor cells. UNCO0379 is a recently discovered substrate-
competitive SETDS8 inhibitor with preferential selectivity for SETD8 compared with 15
other methyltransferases (Ma et al., 2014a). In our study, UNC0379 demonstrated in vitro
and in vivo efficacy at low micromolar concentrations in both MYCN-WT and -amp NB cell
lines, although p53 mutant cell lines exhibited lower sensitivity compared with p53 WT cell
lines. The IVTI of UNCO0379 in NB cells was highly significant when compared with normal
cells, suggesting that its characteristics warrant further development. The recent elucidation
of structure-activity relationships among SETD8 inhibitors (Ma et al., 2014b) and the
identification of other small-molecule inhibitors of SETD8 (Blum et al., 2014) should lead
to compounds with increased activity and selectivity (A. Ma unpublished data). As with
many targeted compounds, combination studies may prove more efficacious and further
studies of inhibitors of SETD8 with Nutlin-3 or DNA damaging conventional cytotoxic
agents will be explored.

By integrating a high-content imaging siRNA screen with a chemical screen we identified
SETDS8 as a crucial regulator of NB proliferation and differentiation and UNC0379 as a
small molecule inhibitor with anti-tumor growth activity. This study reveals inhibition of
SETDS8 as a mechanism in NB to activate p53 by decreasing p53K382mel A few studies have
implicated SETD8 as a putative target, but this study also shows that genetic targeting of
SETDS in pre-clinical xenograft tumor models affects in vivo growth and confers a
significant survival advantage. Collectively, our work sheds light on the chromatin modifier
SETD8 and its role in NB tumorigenesis providing evidence for a therapeutic strategy to
activate p53 function in HR-NBs.

Experimental procedures

Cell culture

Neuroblastoma cell lines were cultured in RPMI-containing media; ARPE-19 and HEK293T
were grown in DMEM/F12. Further details are provided in the Supplemental Experimental
Procedures.

Real-Time PCR analysis

Total RNA extraction was carried out using an RNeasy Plus Kit (Qiagen Inc., Hilden,
Germany) and quantitative reverse transcription-PCR (qRT-PCR) was performed as
described (Veschi et al., 2014). For primer sequences, see Supplemental Experimental
Procedures.
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siRNA transfection in a 384-well format and automated imaging

siGenome pools and OnTargetPlus pools of 4 siRNA oligos per gene were purchased from
Dharmacon. The epigenetic focused siRNA library targets 395 known modulators of
chromatin structure and function. siRNA oligos targeting genes in the primary screening are
described in Table S1. Automated imaging was performed using an Opera high-throughput
confocal microscope (PerkinElmer, Waltham, MA, USA). The methodology is detailed in
the Supplemental Experimental Procedures.

Animal experiments

All xenograft studies were approved by the Animal Care and Use Committee of the National
Cancer Institute, and all mouse treatments, including their housing, were in accordance with
the institutional guidelines (PB-023). The methodology used is detailed in the Supplemental
Experimental Procedures.

Statistical analysis

Statistical analyses were performed using Microsoft Excel, standard two-tailed Student’s ¢
test and the software GraphPad Prism 6.0. Statistical methodology for gene expression
profiling, for siRNA and chemical screens and for the animal experiments is described in the
Supplemental Experimental Procedures. Image J software was used for quantification of
selected immunablots.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
We identified 53 epigenetic regulators that control NB growth and/or differentiation
SETDS inhibition activates the p53 pathway by decreasing p53K382mel Jevels
UNCO0379 is a small molecule inhibitor of SETD8 that activates the p53 pathway

SETDS is validated as a druggable therapeutic target in NB
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Significance

The functional significance of alterations in epigenetic enzymes is incompletely
understood in NB. Here, we identify epigenetic regulators critical for NB proliferation
and differentiation. Specifically, combined genetic and chemical screens reveal the
protein lysine methyltransferase SETDS8 as a crucial regulator of growth and
differentiation in NB. The role of SETD8 has not been intensively studied in
tumorigenesis. We demonstrate that inhibition of SETD8 activates the p53 pathway
particularly in MYCN-WT NBs, which account for the majority of high-risk NBs
(60-70%), and we show that SETD8 ablation impairs tumor growth in preclinical
xenograft NB models.
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Figure 1. Epigenetic focused high-throughput RNAi screen of NB cells reveals 16 vulnerability
genes

(A) A flow chart of the high-throughput imaging assay identified key steps. A library of
siRNAs against ~400 chromatin-focused genes was reverse transfected into NB cell lines.
After 3 days of culture, the cells were fixed and stained. A high-throughput imaging assay
was used to determine nuclei number (NN) and neurite length (NL). NB cells driven to
differentiate by retinoic acid treatment (upper panel) were visualized using stably expressed
GFP and a nuclear stain (Hoechst 33342). Nuclei (blue outline) and neurite outgrowths (red
line segment) were detected by an automated image analysis algorithm (lower panel).

(B) Scatter plots showing statistically significant genes in SY5Y (left panel) and SK-N-
BE2C (right panel). siRNAs that met both parameters: decrease of NN and increase of NL
(red dots). Venn diagrams showing statistically significant genes for which siRNAs
decreased NN (blue) or increased NL (purple) or both (red).

(C) Heatmaps showing the results of the secondary screen performed with a siRNAs library
with 4 deconvoluted sequences and smartpool siRNAs (pooled): 12 statistically significant
genes were analyzed in SY5Y on the basis of NN (red heatmap) and NL (green heatmap).
The positive controls used were an siRNA that induced cell death (NN) and retinoic acid
(NL).

(D) Stably expressed GFP and Hoechst 33342 (pseudocolored as red) were used to label
SY5Y cells. Representative images show effects on cell number and morphology after
silencing of CENPE, SETD8 and BRD4 compared with non-targeting siRNA.

See also Tables S1, S2 and S3 and Figure S1.
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Figure 2. Chemical screen of 21 epigenetic probes identifies SETD8 inhibitor as one of the top
compounds with the lowest 1Cgg

(A) Flow chart of the chemical screen: 21 epigenetic probes were tested in the indicated cell
lines and images were recorded by an IncuCyte Zoom System in order to calculate 1Csgg.

(B) Heatmap showing the average ICsq of the indicated epigenetic chemical probes at 96 hr
in 4 MYCN-WT and 4 MYCN-amp NB cell lines compared to 2 control cell lines
(ARPE-19 and 293T). The color key represents the average ICsq (UM) values: red color
indicates low ICsq whereas purple color represents high 1Cs. Cell confluence was recorded
by an IncuCyte Zoom System. The average ICsg was calculated based on the cell confluence
values of 3 biological replicates across 8 NB cell lines at 96 hr using GraphPad Prism. For in
vitro therapeutic index (IVTI) and p values, see Figure S2 and Table S4.

(C) In vitro UNCO0379 treatment of NB cell lines and control cell lines ARPE-19 and 293T
(average of 3 biological replicates).

(D, E) A representative experiment showing effects of in vitro treatment of SK-N-AS cells
with UNCO0379 at indicated times (D) and concentrations (E). Bars show the average of 3
replicates = SD. In panel (D) the images were captured by IncuCyte Zoom. Scale bars, 300
pm.

See also Table S4 and Figure S2.
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Figure 3. SETD8 is overexpressed in NB cells and high SETD8 expression associated with worse
prognosis in MYCN-WT tumors

(A) Immunoblots show SETD8 and H4K20mel |evels in NB cells compared with control
cells. SETD8 protein levels normalized to M phase % in NB compared to normal cells were
calculated as RDU (Relative Densitometric Unit, p = 0.04). Bars show the mean + SEM.
(B) Immunoblot showing SETDS8 protein levels in MYCN-WT and MYCN-amp NB cells.
(C) Western blot (left) and densitometric analysis (right) of H4K20mel protein levels
normalized to H4 protein levels in 14 NB cell lines were calculated as RDU (p = 0.036)
using Image J Software.

(D) Kaplan-Meier plots based on the expression of SETD8 tumors from NB patients at all
stages (left panel) or in tumors from stage 4 (middle left panel) NB patients (R2 database:
Kocak raw p = 1.1e-07 bonf p = 4.9e-05; p = 0.068). Kaplan-Meier plots based on the
expression of SETD8 in MYCN-WT (middle right panel) or MYCN-amp (right panel)
tumors from stage 4 NB patients (R2 database: Kocak n = 105, MYCN-WT, stage 4 NB
tumors, p = 0.032; n =41, MYCN-amp, stage 4 NB tumors, p = 0.96).

See also Figure S3.
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Figure 4. Genetic inhibition of SETD8 leads to activation of the p53 canonical pathway by
decreased p53K382mel jeyels

(A) Heatmap showing the top up- and down-regulated genes ranked by statistical
significance following 36 hr of SETDS silencing in SY5Y cells. Data are presented as
normalized expression values of 2 biological replicates based on edgeR software analysis
and FDR < 0.001. The color key represents the normalized expression values: blue (low) to
red (high).

(B) The top ten differentially expressed canonical pathways after SETD8 silencing in SY5Y
cells defined by IPA (Ingenuity pathway analysis) based on edgeR software analysis and
FDR < 0.001 (upper panel). GSEA (Gene Set Enrichment Analysis) of the p53 downstream
pathway (lower panel, nominal p value = 0.00, FDR = 0.17, NES = 1.76) after SETD8
silencing.

(C) Immunofluorescence analysis showing the expression of TUBB3 (red) after SETD8
silencing for 72 hr in SY5Y cells counter-stained with DAPI (blue). Scale bars, 100 pm
(upper panel). Immunoblot of proteins from SY5Y cells 72 hr after transfection with control
siRNA and SETD8 siRNAs and blotted with antibodies detecting TUBB3, MAP2 and
DPYSL3 proteins (middle panel). GSEA of the FRUMM NB differentiation signature (lower
panel, nominal p value = 0.03, FDR = 0.03, NES = 1.37) after SETD8 silencing.

(D) gRT-PCR analysis showing relative mRNA levels of the indicated genes after SETD8
silencing for 36 hr. Bars show the mean + SEM of 3 replicates.

(E) Immunoblot analysis of SY5Y (MY CN-WT) cells upon treatment with either of 2
different siRNAs targeting SETDS8 for 72 hr. Densitometric analysis of SETD8 protein levels
normalized to GAPDH (upper right panel), of p53K382mel protein levels normalized to p53
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(middle right panel) and of H4K20mel protein levels normalized to H4 (lower right panel)
after SETD8 silencing calculated as RDU using Image J Software.

(F) Caspase 3/7 activity and number of TUNEL positive cells upon SETD8 silencing in
SY5Y cells. Bars show the average of 3 replicates + SD.

(G) Immunoblot (left) and densitometric analysis (right) of p53K382mel protein levels
normalized to p53 protein levels in 20 NB cell lines were calculated as RDU (p = 0.04)
using Image J Software. Bars show the mean + SEM.

See also Tables S5, S6 and S7 and Figure S4.
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Figure 5. SETD8 pharmacological inhibition reduces cell growth and activates p53 proapoptotic
and growth arrest functions in SY5Y cells

(A) Western blot of SY5Y (MYCN-WT) cells treated with UNCO0379 at the indicated
concentrations (left panel). Densitometric analysis of p53K382mel evels normalized to p53
protein levels (upper right) and of H4K20mel |evels normalized to H4 protein levels (lower
right) after treatment with the SETD8 inhibitor, UNC0379, for 12 hr calculated as RDU
using Image J Software.

(B) Caspase 3/7 activity upon SETD8 pharmacological inhibition for 12 hr in SY5Y cells.
Bars show the mean + SD of 3 replicates (upper graph). The effects of caspase inhibitor Z-
VAD-FMK on UNCO0379 treated SY5Y cells (lower graph). SY5Y cells were pretreated with
10 uM Z-VAD for 3 hr, followed by treatment with 10 uM UNCO0379 for 48 hr, or treated
with UNCO0379 or Z-VAD alone for 48 hr. MTS assay was used to detect cell survival. Data
represent mean + SD of 2 independent experiments (p < 0.001).

(C) Immunofluorescence analysis showing the expression of TUBB3 (red) after treatment
with 4 UM UNCO0379 for 72 hr in SY5Y cells. Nuclei are stained with DAPI (blue). Scale
bars, 100 um (upper panel). Neurite length in SY5Y treated with 3.3 pM and 10 uM
UNCO0379 for 72 hr, measured by the Opera microscope. Bars represent the mean + SD of 3
replicates (middle panel). Immunoblot of proteins from SY5Y cells treated with 3.3 pM and
10 uM UNCO0379 for 72 hr and immunoblotted with antibodies to TUBB3, MAP2 and
DPYSL3 (lower panel).

(D) Heatmap of the top 50 up- and down-regulated genes in SY5Y cells ranked by statistical
significance following 12 hr of treatment with 4 uM (1Cgp) UNCO0379. Data are presented as
normalized expression values of 2 biological replicates based on edgeR software analysis
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and FDR < 0.001. The color key represents the normalized expression values: blue (high) to
red (low).

(E) The top ten differentially expressed canonical pathways after SETD8 pharmacological
inhibition defined by IPA (Ingenuity pathway analysis) based on edgeR software analysis
and FDR < 0.001. Pathways related to p53 signaling are among top differentially expressed
pathways.

(F) GSEA of the p53 downstream pathway (Nominal p value = 0.00, FDR = 0.20, NES =
2.05) after UNCO0379 treatment.

(G) gRT-PCR analysis showing relative mRNA levels of the indicated genes after SETD8
pharmacological inhibition. Bars show mean £ SEM of 3 replicates.

(H) Venn diagram showing numbers of differentially expressed p53 target genes from
genetic and pharmacological inhibition of SETDS.

See also Tables S5 and S6 and Figure S5.
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Figure 6. SETD8 inhibition-mediated cell death is p53 dependent
(A) Immunoblot analysis showing p53 and/or SETD8 protein levels upon treatment with 2

different siRNAs targeting p53 alone or in combination with siSETD8 #3 for 48 hr in SY5Y

cells.

(B) Caspase 3/7 activity calculated as RLU (Relative Luminescence Unit) upon treatment
with 2 different siRNAs targeting p53 alone or in combination with siSETD8 #3 for 72 hr in
SY5Y cells. Data represent mean = SD of 2 independent experiments (p < 0.001).

(C) Caspase 3/7 activity calculated as RLU after SETD8 knockdown for 72 hr in two p53
mutated (SK-N-FI and BE2C) and in one p53 null (LAN1) NB cells compared with p53 WT
SY5Y. Data represent mean + SD of 2 independent experiments (p <0.001).

(D) Caspase 3/7 activity calculated as RLU with overexpression of p53 WT or p53%382R and
treatment with UNCO0379 8 uM for 24 hr in LANZ1, p53 null NB cells. Data represent mean *
SD of 2 independent experiments (p < 0.001) (upper panel). Immunoblot analysis showing
p53 levels under indicated conditions (lower panel).

(E) Immunoblot analysis for p53 with siCTR or siSETD8 in SY5Y cells. Cells were
collected after treatment with 50 pg/ml CHX at the indicated time.

See also Figure S6.
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Figure 7. Genetic and pharmacological inhibition of SETD8 impairs tumor growth and prolongs
murine survival in in vivo model of NB

(A) SY5Y (left) and NGP (right) cells were treated ex-vivo for 24 hr with 2 uM UNC0379,
SETD8 inhibitor, and then injected into nude mice. Day 0 indicates the day of cell
implantation. Immunoblot of proteins from 2 tumors randomly chosen from each group
(untreated and ex-vivo UNC0379 treated) collected 20 days after the injection and blotted
with antibodies to SETD8, p53K382mel n53 and GAPDH (insets). Bars show the tumor size
average of 15 mice/group + SEM. Slopes of the growth rate were compared by t test.

(B) Kaplan-Meier graphs showing the murine survival upon ex-vivo treatment of SY5Y
(left) and NGP (right) with UNC0379. The statistical significance between 2 treatment
groups was evaluated using a log-rank test.

(C) SY5Y-NB (left) and NGP-NB (right) xenograft tumor size in mice treated with
doxycycline (DOXY) after tumors reached 75-100 mm3. Day 0 indicates the day of cell
implantation. After 9 days, mice were divided in 2 groups: untreated and doxy-treated.
Immunoblot of proteins from 2 tumors randomly chosen from each group 20 days after the
injection and blotted with antibodies to SETDS8, p53K382mel n53 and GAPDH (insets). Bars
show the tumor size average of 15 mice/group + SEM. Slopes of the growth rate were
compared by t test.

(D) Kaplan-Meier graphs showing the murine survival upon SETDS silencing in SY5Y-NB
(left) and NGP-NB (right) tumor bearing mice. The statistical significance between 2
treatment groups was evaluated using a log-rank test.

See also Figure S7.
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Figure 8. Model of SETD8 normal function and role in NB
(A) Model showing H4K20mel gng p53K382mel a5 major targets of SETDS.

Monomethylation of p53 K382 by SETD8 attenuates p53 proapoptotic and growth arrest
function.

(B) In NB, SETD8 may be overexpressed, resulting in increased levels of p53K382mel gnq
inactivation of p53. Genetic or pharmacologic inhibition of SETD8 rescues p53 function by
decreasing p53K382mel an activating p53 canonical pathways.
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