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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
small interfering RNA 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 SETD8, the H4%2°™®! methyltransferase, as a druggable NB target. Functional studies re-
vealed that SETD8 ablation rescued the pro-apoptotic and cell-cycle arrest functions of p53 by decreasing
p53K382mel laading to activation of the p53 canonical pathway. In pre-clinical xenograft NB models, genetic
or pharmacological (UNC0379) SETDS8 inhibition conferred a significant survival advantage, providing evi-
dence for SETD8 as a therapeutic target in NB.

INTRODUCTION

Alterations in epigenetic machinery, including mutations or over-
expression of chromatin remodelers and modifiers, as well as
DNA hypermethylation, can disrupt normal development, result-
ing 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 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, the current therapy
for NB is still inadequate for 50% of HR-NB patients and has

Significance

impairs tumor growth in pre-clinical xenograft NB models.

The functional significance of alterations in epigenetic enzymes is incompletely understood in NB. Here, we identify epige-
netic 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 partic-
ularly in MYCN-WT NBs, which account for the majority of high-risk NBs (60%-70%), and we show that SETD8 ablation
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significant toxicities and morbidities (Maris, 2010). MYCN ampli-
fication is a powerful independent marker of adverse outcome in
HR-NB (Bagatell et al., 2009; Canete et al., 2009). While TP53 is
rarely (<2%) mutated in primary HR-NB, its functional activity is
attenuated in MYCN-amplified (MYCN-amp) 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 tar-
geted therapies for HR-NB patients.

Aside from the anaplastic lymphoma kinase ALK, NexGen
sequencing revealed few druggable, recurrent somatic muta-
tions in NBs (Pugh et al., 2013). In older HR-NB patients, studies
identified mutations in the chromatin remodelers ATRX (22%)
and ARID1A/ARID1B (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 ab-
errations 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 sympathoa-
drenal 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 NB 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.

RESULTS

siRNA Screen of Chromatin Modifiers Identifies
Regulators of NB Cell Proliferation and Differentiation
To identify epigenetic regulators of NB cell proliferation and dif-
ferentiation, we performed a cell-based high-throughput small
interfering RNA (siRNA) screen of almost 400 genes (a pool of
four siRNAs per gene) encoding modulators of chromatin struc-
ture and function (including ~55% of the known epigenetic
enzymes, writers, and erasers) in two NB cell lines, SY5Y
(MYCN-wild-type [WT]) and SK-N-BE2C (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 knock down 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 (Figures
S1A-S1D and Supplemental Experimental Procedures). Four of
the 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 character-
ized as required for NB cell survival. We performed a validation
screen using individual siRNAs 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 reduc-
tion in NN. Silencing of SETD8, CTCF, CENPE, INCENP, and
ACTRS also significantly increased NL (Table S3). Representa-
tive images showing decreased cell number and increased
neurite formation after silencing of selected hits are shown (Fig-
ure 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 Con-
sortium, and targeting 90% of proteins with enzymatic activity
that were targeted by the siRNA library. This chemical library in-
cludes pharmaceutical tool compounds in the drug-develop-
ment pipeline. Each compound was evaluated in eight NB (four
MYCN-WT and four MYCN-amp) and two immortal but non-
transformed (HEK293T and ARPE-19) cell lines using 12 concen-
trations (0.1-30 puM). 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). Interest-
ingly, a selective, substrate-competitive inhibitor of SETDS,
UNCO0379 (Ma et al., 2014a), was one of the most active com-
pounds, exhibiting a relatively low average half maximal
inhibitory concentration (ICso) (2 uM) (Figure 2B) and a highly sig-
nificant 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 IC5q values for the NB cell lines following
UNCO0379 treatment at 24-96 hr are depicted in Figure 2C, with
96-hr ICsq values ranging from 0.64 to 7 uM (95% confidence in-
terval 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.

SETDS8 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
monomethylation of K20 on histone H4 (H4K2°™¢) Levels of
SETD8 and its target H4"2°™®' 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 H4K2°™e (2 6-fold) in NB cells compared
with non-transformed normal cell lines. SETD8 levels were
higher when normalized to the M-phase fraction (Figure 3A).
This is consistent with previous studies showing overexpression
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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) Scatterplots 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 four 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.

52 Cancer Cell 31, 50-63, January 9, 2017



MYCN-WT MYCN-amp.  Control
A B P c UNC0379
. . 6]
21 Epigenetic 2 a 5 o " SEtrTIIDtS .
h { o o0 o O istone methyltransferase
Chemical Probes AeNB B %923 &2 %o ¢4 hibitor
Drug Target IC_ uM @ @y > 5 ¥ OO W
; 12 concentrations 50 H zZ zZ 0O O = 0 X Z T < HN S SN
g > | 3 biological Jai-s BRD4 o Q
replicates Cpd50 pan-KDM P \J“\
8 NB cell lines SAHA pan-HDAC o N" N
2 Control lines GSK-J4 JMID3
Bromosporin pan-Bromo 6 24 hr
Phase Contrast UNC0379 SETD8 14| m4shr A
Image every UNC0638  KMT1C S 12| e72hr A
1 4 hours = e hr
WT161 HDAC6 B A N
UNC1999  EZH1/2 o 3 * S
|
Measure cqnfluence SGO-CBP30 GREBBP 4 + -
over time GSK343 EZH2 4 & 4+ A
s LLY-507 SMYD2 1% 4
M o o g
A 0JI-1 HDACS8 TR
A @ >zl g u
W/;%é;f/ﬁ?: Merck60 HDAC1/2 2 2 i 5 g 2 § 2 % E
S MC 1568 HDAC4/5 & z Uz
LSD-690 LSD1 %
l SGC0946 DOTIL MYCN-WT MYCN-amp Control
PFI-2 SETD7
Calculate IC EX527 SIRTY
50 GSK2801 BAZ2A ICq, UM
PFI-3 SMARCA4 <1 15  >50

D E
1004 100
8
[0]
e ]
) =l
= =
‘c o
(]
9 501 e 501
B (7]
<
Z
¥
[7p]
0 0L . .
-1 0 1

time (hr)

UNCO0379 concentration, -log(uM)

Figure 2. Chemical Screen of 21 Epigenetic Probes Identifies SETD8 Inhibitor as One of the Top Compounds with the Lowest IC5q

(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 ICsq values.

(B) Heatmap showing the average ICsq values of the indicated epigenetic chemical probes at 96 hr in four MYCN-WT and four MYCN-amp NB cell lines compared
with two control cell lines (ARPE-19 and 293T). The color key represents the average ICsq values (1M): red indicates low IC5q, whereas purple represents high I1Cso.
Cell confluence was recorded by an IncuCyte Zoom System. The average ICsq values were calculated based on the cell confluence values of three biological

replicates across eight 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 three biological replicates).

(D and E) A representative experiment showing effects of in vitro treatment of SK-N-AS cells with UNC0379 at indicated times (D) and concentrations (E). Bars
show the average of three replicates + SD. In (D) the images were captured by an IncuCyte Zoom. Scale bars, 300 pm.

See also Table S4 and Figure S2.

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 H4X20™1 were higher in MYCN-
WT compared with MYCN-amp NB cell lines in vitro (Figure 3C).
This may be due to higher levels of PHF8, the demethylase
for H4%2%™e™ "in MYCN-amp HR-NBs (database: R2 http://r2.
amec.nl/ Kocak stage 4 tumors, p = 1.3 x 107%). In primary NB tu-
mors (database: R2 Kocak NB; n = 476 tumors), elevated levels

of SETD8 mRNA are significantly correlated with poor prognosis
(Figure 3D; Bonferroni p = 4.9 x 10~°). 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 signif-
icance (p = 0.068) (Figure 3D, middle left panel). However,
elevated levels of SETD8 are associated with worse prognoses
in stage 4 MYCN-WT tumors (p = 0.032) (Figure 3D, middle right
panel), but not MYCN-amp tumors (p = 0.96) (Figure 3D, right
panel). The prognostic significance of SETD8 in MYCN-WT
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Figure 3. SETD8 Is Overexpressed in NB Cells and High SETD8 Expression Is Associated with Worse Prognosis in MYCN-WT Tumors

(A) Immunoblots show SETD8 and H42°™¢" jevels in NB cells compared with control cells. SETD8 protein levels normalized to M phase % in NB compared with
normal cells were calculated as relative densitometric units (RDU) (p = 0.04). Bars show the mean + SEM.

(B) Immunoblot showing SETD8 protein levels in MYCN-WT and MYCN-amp NB cells.

(C) Western blot (left) and densitometric analysis (right) of H4%2°™®" protein levels normalized to H4 protein levels in 14 NB cell lines were calculated as RDU
(p = 0.036) using Imaged software.

(D) Kaplan-Meier plots based on the expression of SETD8 in 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 = 1.1 x 1077, Bonferroni, p = 4.9 x 1075 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.

primary tumors was replicated in two additional R2 databases: insights into potential mechanisms contributing to the SETD8-
SEQC-498 and Seeger (Figures S3C-S3E). Focal amplifications  mediated growth inhibition and differentiation in NB cells. Prelim-
of Chr12g24 occur in a region that encompasses KMT5A inary studies established conditions for effective silencing of
(SETDS8) in almost 22% of MYCN-WT and 6% of MYCN-amp SETD8 while minimizing effects on cell viability (Figures S4A-
HR-NB tumors (Schnepp et al., 2015; Wolf et al.,, 2010) and S4G and Supplemental Experimental Procedures). The top
may contribute to the association of elevated SETD8 mRNA differentially up- and downregulated genes, ranked by statistical

levels with poor outcome in NBs. significance based on edgeR software analysis and a false dis-

covery rate (FDR) < 0.001, are depicted as a clustered heatmap
SETD8 Silencing Rescues p53 Function by Decreasing in Figure 4A (see also Table S5). Ingenuity Pathway Analysis (IPA,
p53K382met | ayels www.ingenuity.com) of the differentially expressed genes identi-

Since SETD8 activity has been implicated in multiple biologic fied p53 signaling and neuronal differentiation-associated path-
processes, including control of cell division and modulation of ways among the most significantly upregulated (Figure 4B).
transcription, RNA-sequencing (RNA-seq) transcriptome ana- Gene set enrichment analysis (GSEA) showed enrichment in
lyses after SETD8 silencing were performed in order to gain  several p53 pathways (Figure 4B and Table S6). SETD8 silencing
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resulted in increased expression of biochemical markers of neu-
ral differentiation (TUBB3, MAP2, and DPYSL3) (Choi et al.,
2005), and GSEA showed an enrichment in the Frumm NB differ-
entiation signature (Frumm et al., 2013) (Figure 4C and Table S7),
supporting the morphological differentiation noted in the siRNA
screen (Figures 1B-1D). The alteration in the expression of
selected genes following silencing of SETD8 was confirmed (Fig-
ure 4D). These data suggest that SETD8 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 methyl-
ation of lysine 382 (p53K382me1) (Shj et al., 2007). To test whether
the elevated levels of SETD8 in NB may inhibit the activity of p53
through increased p53"382m®1 |gvels, we evaluated p53 expres-
sion and activity in SETD8-silenced SY5Y cells. Decreased
expression of SETD8 was associated with reduced H4X20me?
and p53K382meT |gyels, and increased p53 and p21 protein levels
(Figures 4E, S4A, and S4D). Depletion of SETD8 led to increased
apoptosis (Figure 4F).

Analysis of p53 methylation levels across a panel of NB cell
lines showed higher p53®82m¢1 |eyels 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
p53K382met |ayels compared with SK-N-AS, which was sensitive
to UNCO0379 (Figure 4G). These observations demonstrate that
SETDS silencing decreased p53¥®82me! |evels and rescued the
pro-apoptotic and growth-arrest functions of p53 through acti-
vation 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 inhi-
bition by a small-molecule SETD8 inhibitor, we treated SY5Y
cells with UNC0379 and examined effects on target levels, cell
cycle, and cell growth for up to 48 hr (Figures S5A-S5C and
Supplemental Experimental Procedures). UNC0379 is a sub-
strate-competitive inhibitor selective for SETD8 (Ma et al.,
2014a) compared to five other methyltransferases in SY5Y

cells (Figure S5D). Analysis of protein lysates harvested after
12 hr indicated a dose-dependent decrease in the SETD8
targets H4¥2°Me! and p53K382me (Figure 5A). The decrease in
p53K382met |ayels 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 (Figures 5B and S5E). UNCO0379-induced cell
death was blocked by pre-incubation with the pan-caspase in-
hibitor 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 NL
(Figure 5C). These functional studies suggest that the pharmaco-
logic inhibition of SETD8 led to a similar decrease in p53K3&2me!
levels, activation of the p53 pathway, and increased differentia-
tion, 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 his-
tone and non-histone targets were inhibited with minimal cell
death. The top 50 differentially up- 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 (Fig-
ures 5F and S5G, Table S6) after SETD8 pharmacological inhibi-
tion. gRT-PCR analysis confirmed upregulation of several of the
identified p53 target genes (Figure 5G).

Activation of the p53 pathway was common to both the ge-
netic 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 (Figure 5H). Interestingly, the eight p53
target genes differentially expressed only after genetic silencing
of SETD8 included oncosuppressors and oncogenes such as
BRCA1, E2F1, and JUN, suggesting that UNCO0379 treatment
only partially recapitulates the effects of SETD8-specific genetic

Figure 4. Genetic Inhibition of SETDS8 Leads to Activation of the p53 Canonical Pathway by Decreased p53¥382™! Levels

(A) Heatmap showing the top up- and downregulated genes ranked by statistical significance following 36 hr of SETD8 silencing in SY5Y cells. Data are presented
as normalized expression values of two 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 Ingenuity Pathway Analysis (IPA) based on edgeR
software analysis and FDR <0.001 (upper panel). Gene set enrichment analysis (GSEA) of the p53 downstream pathway (lower panel, nominal p = 0.00,
FDR = 0.17, normalized enrichment score [NES] = 1.76) after SETD8 silencing.

(C) Immunofluorescence analysis showing the expression of TUBBS3 (red) after SETD8 silencing for 72 hrin SY5Y cells counterstained with DAPI (blue). Scale bars,
100 um (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 DPYSLS3 proteins (middle panel). GSEA of the Frumm NB differentiation signature (lower panel, nominal p = 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 three replicates. ns, not
significant.

(E) Immunoblot analysis of SY5Y (MYCN-WT) cells upon treatment with either of two different siRNAs targeting SETD8 for 72 hr. Densitometric analysis of SETD8
protein levels normalized to GAPDH (upper right panel), of p53¥3®2m! protein levels normalized to p53 (middle right panel) and of H4<2°™" protein levels
normalized to H4 (lower right panel) after SETD8 silencing calculated as RDU using ImageJ software.

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

(G) Immunoblot (left) and densitometric analysis (right) of p53"®82™e" protein levels normalized to p53 protein levels in 20 NB cell lines were calculated as RDU
(p = 0.04) using ImageJ 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 Pro-apoptotic and Growth-Arrest Functions in SY5Y
Cells
(A) Western blot of SY5Y (MYCN-WT) cells treated with UNC0379 at the indicated concentrations (left panel). Densitometric analysis of p53<382me! |eyels
normalized to p53 protein levels (upper right) and of H42°™" |evels normalized to H4 protein levels (lower right) after treatment with the SETD8 inhibitor,
UNCO0379, for 12 hr calculated as RDU using Imaged software.
(B) Caspase-3/7 activity upon SETD8 pharmacological inhibition for 12 hrin SY5Y cells. Bars show the mean + SD of three replicates (upper graph). The effects of
caspase inhibitor Z-VAD-FMK on UNC0379-treated SY5Y cells (lower graph). SY5Y cells were pretreated with 10 pM Z-VAD for 3 hr, followed by treatment with
10 uM UNCO0379 for 48 hr, or treated with UNC0379 or Z-VAD alone for 48 hr. An MTS assay was used to detect cell survival. Data represent mean + SD of two
independent experiments (p < 0.001).
(C) Immunofluorescence analysis showing the expression of TUBBS3 (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). NL in SY5Y treated with 3.3 and 10 uM UNCO0379 for 72 hr, measured by the Opera microscope. Bars represent the
mean + SD of three replicates (middle panel). Immunoblot of proteins from SY5Y cells treated with 3.3 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 downregulated genes in SYS5Y cells ranked by statistical significance following 12 hr of treatment with 4 M (ICg0) UNCO0379.
Data are presented as normalized expression values of two biological replicates based on edgeR software analysis and FDR <0.001. The color key represents the
normalized expression values: blue (high) to red (low).
(legend continued on next page)
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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 two
different siRNAs targeting p53 alone or in combi-
nation with siSETD8 #3 for 48 hr in SY5Y cells.

(B) Caspase-3/7 activity calculated as RLU (rela-
tive luminescence units) upon treatment with two
different siRNAs targeting p53 alone or in combi-
nation with siSETD8 #3 for 72 hrin SY5Y cells. Data
represent mean + SD of two independent experi-
ments (p < 0.001).

(C) Caspase-3/7 activity calculated as RLU after
SETD8 knock down for 72 hr in two p53 mutated
(SK-N-Fl and BE2C) and in one p53 null (LAN1) NB
cells compared with p53 WT SY5Y. Data represent
mean = SD of two independent experiments
(p < 0.001). ns, not significant.

(D) Caspase-3/7 activity calculated as RLU with
overexpression of p53 WT or p53<%2R and treat-
ment with UNC0379 8 uM for 24 hr in LAN1, p53
null NB cells. Data represent mean + SD of
two independent experiments (p < 0.001) (upper
panel). Immunoblot analysis showing p53 levels
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(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.
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ablation (Figure 5H). These observations indicate that either ge-
netic or pharmacological inhibition of SETD8 leads to activation
of p53 canonical transcriptional pathways.

SETDS8 Inhibition Induces p53-Dependent Cell Death in
NB Cells

To evaluate whether SETD8 inhibition-mediated cell death was
p53 dependent, we silenced SETD8 alone or in combination
with different siRNAs targeting p53 (Figures 6A and S6A). The
silencing of SETD8 induced increases in caspase-dependent
cell death that were blocked upon p53 inhibition (Figures 6B
and S6A). SETDS silencing led to increased caspase-3/7 activity
in p53 WT NB cells (SY5Y), while the levels were relatively un-
changed in p53 mutant (SK-N-FI and BE2C) or p53 null (LAN1)
NB cell lines (Figures 6C and S6B). In addition, the p53 mutant
and null NB cell lines were less sensitive to UNC0379 compared

SETDS silencing increased the p53 half-

life by approximately 10-fold (Figure 6E
and Supplemental Experimental Procedures). These results indi-
cate that SETD8 inhibition leads to increases in p53 stability and
that SETD8-induced cell death is p53 dependent.

Genetic Inhibition of SETD8 and Ex Vivo Treatment with
SETDS8 Inhibitor Impairs Tumor Growth and Significantly
Prolongs Murine Survival in In Vivo Models of NB

We evaluated the effects of SETD8 inhibition on in vivo tumor
growth. Bioavailability and animal toxicology precluded treat-
ment 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 pM UNCO0379 or control solvent
for 24 hr in vitro, then subcutaneously implanting treated NB
cells into nude mice and monitoring tumor growth. Pharmaco-
logic inhibition of SETD8 showed decreased NB tumor growth
in vivo and significantly reduced SY5Y (p < 0.01) and NGP

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

(F) GSEA of the p53 downstream pathway (nominal p = 0.00, FDR = 0.20, NES = 2.05) after UNC0379 treatment.

(G) gRT-PCR analysis showing relative mRNA levels of the indicated genes after SETD8 pharmacologic inhibition. Bars show mean + SEM of three replicates.
(H) Venn diagram showing numbers of differentially expressed p53 target genes from genetic and pharmacologic inhibition of SETD8.

See also Tables S5 and S6 and Figure S5.
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Figure 8. Model of SETD8 Normal Function and Role in NB

(A) Model showing H4K2°mel and p53K382met a5 major targets of SETDS.
Monomethylation of p53 K382 by SETD8 attenuates p53 pro-apoptotic and
growth-arrest function.

(B) In NB, SETD8 may be overexpressed, resulting in increased levels of
p53K382meT and inactivation of p53. Genetic or pharmacologic inhibition of
SETDS8 rescues p53 function by decreasing p53<®¢2me! and activating p53
canonical pathways.

(p = 0.026) tumor growth (Figure 7A). Assessment of tumor
lysates indicated that UNC0379 treatment reduced levels
of p53Ke82me! 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 SETD8 affected the growth
of established NB tumors, we generated stable TET-inducible
shRNAs targeting SETD8 in SY5Y (SY5Y-Tet-shSETD8) 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-containing chow (DOXY-
chow) did not significantly affect tumor growth (Figures S7A
and S7B). When tumors reached ~100 mm?, animals were strat-
ified into cohorts that received DOXY-chow or regular chow.
Tumor growth was monitored at least three times a week.
Assessment of tumor protein lysates showed reduced levels of
SETDS protein, decreased levels of the p53<®82™e" (Figure 7C,
insets), and increases in neural differentiation markers (Fig-
ure S7C) in tumors taken from mice receiving DOXY-chow
compared with those receiving normal chow. Tumor RNA
(gRT-PCR) showed upregulated 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 overex-
pressed, resulting in increased levels of p53X®82™Me1 and inactiva-
tion of p53. Genetic or pharmacologic inhibition of SETD8
rescues p53 function by decreasing p53K®#2me! and activating
p53 canonical pathways (Figures 8A and 8B). These studies
demonstrate that targeting SETD8 expression in NB cells signif-
icantly inhibited tumor xenograft growth and prolonged survival
of mice. Thus, the biochemical, cell, and animal model data sup-
port SETDS8 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 poten-
tially druggable. The siRNA screen identified 53 genes whose
silencing reduced NB tumor cell growth, 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
SETD8, UNCO0379. Mechanistically, our studies show that ge-
netic or pharmacological inhibition of SETD8 results in activation
of the p53 pathway in NB cell lines. Moreover, pre-clinical tumor
models showed pharmacologic or genetic ablation of SETD8 in-
hibits tumor xenograft growth and extends murine survival.
DNA replication, recombination, repair, and cell cycle were the
major pathways (IPA) implicated after downregulation of the 53
growth-inhibiting genes. Some 60% of these genes had never

Figure 7. Genetic and Pharmacologic Inhibition of SETD8 Impairs Tumor Growth and Prolongs Murine Survival in an 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
cellimplantation. Immunoblot of proteins from two tumors randomly chosen from each group (untreated and ex vivo UNC0379 treated) collected 20 days after the
injection and blotted with antibodies to SETD8, p53%®2™e 553, 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 two
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 mm?®. Day 0 indicates the day of
cell implantation. After 9 days, mice were divided into two groups: untreated and DOXY-treated. Immunoblot of proteins from two tumors randomly chosen from
each group 20 days after the injection and blotted with antibodies to SETDS8, p53X82™e! 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 SETD8 silencing in SY5Y-NB (left) and NGP-NB (right) tumor-bearing mice. The statistical significance
between two treatment groups was evaluated using a log rank test.

See also Figure S7.
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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,
ACTR5, CTCF, BRD4, TAF6L, CHAF1A, CENPE, INCENP, and
SETD8) are associated with poor prognosis in primary NB tu-
mors (database: R2 http://r2.amc.nl, Kocak). Furthermore,
high-level expression of TAF6L, CENPE, INCENP, and SETD8
is significantly associated with poor prognosis in MYCN-WT
stage 4 patients.

Our finding that high-level expression of SETDS is associated
with poor prognosis in NB may be due in part to focal DNA copy-
number gains at chr12g24, in the region including SETD8
(Schnepp et al., 2015; Wang et al., 2011; Wolf et al., 2010).
Chr12g24 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
with MYCN-amp NB tumors (Schnepp et al., 2015). However,
only 33% of MYCN-WT HR-NB tumors harbor Chr12g24 gains
(Schnepp et al., 2015; Wolf et al., 2010), indicating that other
mechanisms contribute to elevated levels of SETD8. Increased
SETD8 expression has been found in lung cancers and this
may reflect the tight regulation of SETD8 during the cell cycle
(Takawa et al., 2012). During anaphase through early G1,
SETDS protein levels are negatively regulated by the APCCd"
E3-ubiquitin ligase (Beck et al., 2012). In NB, DNA hypermethy-
lation of CDH1 (Hoebeeck et al., 2009) and low-level expression
of CDH1 are associated with poor prognosis (database: R2
Kocak NB). As CDH1 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. CDH1 is implicated as a tumor and metastasis suppres-
sor as well as a regulator of genomic stability (Garcia-Higuera
et al., 2008). Interestingly other APC¥!" E3-ubiquitin ligase sub-
strates (Aurora 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 in-
hibition of SETD8 led to decreased NB cell growth and induction
of differentiation. The transcriptome data indicate that a major
driver is SETD8-mediated methylation and inactivation of the
p53 pathway. SETD8 is the sole monomethyltransferase of lysine
20 on histone H4 (H4%2°™e") and this histone mark is critical in
regulating DNA replication and chromosome condensation dur-
ing mitosis. In many studies (Beck et al., 2012), loss of SETD8
leads to DNA damage, which may also contribute to the p53 acti-
vation 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 p53 tumor suppres-
sor (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 methyl-
ation of PCNA promotes tumor cell proliferation (Takawa et al.,
2012), and its interaction with TWIST leads to H4X20™¢! of the
N-cadherin promoter, a TWIST target stimulating invasiveness
(Yang et al., 2012). SETD8 methyltransferase decreases the ac-

tivity 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 consis-
tent with a model in which SETD8-mediated cell death is p53
dependent and p53%®2 is important for this activity.

In primary NBs, TP53 is 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 AfF/MDM2/p53 axis as mechanisms
contributing to p53 inactivation (Tweddle et al., 2003). Aside from
mutations in p14“RF, mechanisms that attenuate the activity of
p53in 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 SETD8
inhibition leads to decreased levels of p53¥%82me! 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 sub-
sets. However, SETD8-mediated mechanisms of p53 inactiva-
tion may be more relevant in MYCN-WT NB tumors because:
(1) MYCN-WT NB cell lines have relatively higher levels of
p53K382met compared with those in MYCN-amp NB; (2) the levels
of SETDS8 are associated with a poor prognosis in both subsets,
but this association is statistically significant only in stage 4
MYCN-WT tumors; (3) Chr12g24 gain is significantly associated
with 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 UNCO0379, a small-molecule inhibitor of SETD8, leads to
activation of p53 in NB tumor cells. UNCO0379 is a recently
discovered substrate-competitive SETD8 inhibitor with prefer-
ential selectivity for SETD8 compared with 15 other methyltrans-
ferases (Ma et al., 2014a). In our study, UNC0379 demonstrated
in vitro and in vivo efficacy at low micromolar concentrations in
both MYCN-WT and MYCN-amp NB cell lines, although p53
mutant cell lines exhibited lower sensitivity compared with p53
WT cell lines. The IVTI of UNC0379 in NB cells was highly signif-
icant when compared with normal cells, suggesting that its char-
acteristics warrant further development. The recent elucidation
of structure-activity relationships among SETD8 inhibitors (Ma
et al., 2014b) and the identification of other small-molecule inhib-
itors of SETD8 (Blum et al., 2014) should lead to compounds with
increased activity and selectivity (A.M., 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 SETD8 as a crucial regulator of
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NB proliferation and differentiation, and UNC0379 as a small-
molecule inhibitor with anti-tumor growth activity. This study re-
veals inhibition of SETD8 as a mechanism in NB to activate p53
by decreasing p53¥®82me1_ A few studies have implicated SETD8
as a putative target, but this study also shows that genetic tar-
geting of SETD8 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
SETDS8 and its role in NB tumorigenesis, providing evidence for
a therapeutic strategy to activate p53 function in HR-NBs.

EXPERIMENTAL PROCEDURES

Cell Culture

NB cell lines were cultured in RPMI-containing media; ARPE-19 and HEK293T
were grown in DMEM/Nutrient Mixture 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) and
gRT-PCR was performed as described previously (Veschi et al., 2014). For
primer sequences, see Supplemental Experimental Procedures.

siRNA Transfection in a 384-Well Format and Automated Imaging
siGENOME pools and ONTARGETplus pools of four siRNA oligos per gene
were purchased from Dharmacon. The epigenetic-focused siRNA library tar-
gets 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). 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 hous-
ing, were in accordance with the institutional guidelines (PB-023). The method-
ology used is detailed in the Supplemental Experimental Procedures.

Statistical Analysis

Statistical analyses were performed using Microsoft Excel, standard
two-tailed Student’s t 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 Experi-
mental Procedures. ImagedJ software was used for quantification of selected
immunoblots.

ACCESSION NUMBERS

The RNA-seq data were deposited in the GEO respository at the NCBI (GEO:
GSE81626).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
eight figures, and seven tables and can be found with this article online at
http://dx.doi.org/10.1016/j.ccell.2016.12.002.
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