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Abstract

ALK mutations occur in 10% of primary neuroblastomas and represent a major target for precision treatment. In combination
with MYCN amplification, ALK mutations infer an ultra-high-risk phenotype resulting in very poor patient prognosis. To
open up opportunities for future precision drugging, a deeper understanding of the molecular consequences of constitutive
ALK signaling and its relationship to MYCN activity in this aggressive pediatric tumor entity will be essential. We show that
mutant ALK downregulates the ‘HMG-box transcription factor 1’ (HBP1) through the PI;K-AKT-FOXO3a signaling axis.
HBP1 inhibits both the transcriptional activating and repressing activity of MYCN, the latter being mediated through PRC2
activity. HBP1 itself is under negative control of MYCN through miR-17~92. Combined targeting of HBP1 by PL;K
antagonists and MYCN signaling by BET- or HDAC-inhibitors blocks MYCN activity and significantly reduces tumor
growth, suggesting a novel targeted therapy option for high-risk neuroblastoma.
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Introduction

Neuroblastoma (NB) is a childhood tumor arising from the
embryonic sympatho-adrenal lineage of the neural crest and
represents the primary cause of cancer-related death in
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young children ages one to five [1]. These tumors are
characterized by a heterogeneous clinical course, ranging
from spontaneous regression to highly aggressive, meta-
static disease refractory to therapy [2]. Sequencing efforts
have resulted in a detailed molecular characterization of the
neuroblastoma genomic landscape, exhibiting few recurrent
driver mutations in a background of highly recurrent DNA
copy number alterations [3]. MYCN amplification is
observed in half of the high-risk tumors and more than 10%
exhibit activating anaplastic lymphoma kinase (ALK)
receptor mutations [2, 4-7]. These mutations are preferred
targets for precision medicine and clinical trials using ALK-
inhibitors have been initiated [8, 9]. However, as single
compound approaches almost invariably lead to therapy
resistance [10-20], a more detailed understanding of com-
ponents implicated in ALK downstream signaling is
warranted.

Previous studies have suggested genetic interaction
between MYCN and ALK in neuroblastoma cells. We
previously identified an ultra-high-risk patient subgroup
with combined MYCN amplification and ALK™7*" muta-
tion [21]. Subsequently, a mouse and zebrafish neuro-
blastoma model revealed accelerated tumor formation when
both MYCN and ALK™"/7*L were expressed in sympathetic
neuronal progenitor cells [22, 23]. Further, ALK was shown
to control MYCN transcription levels and MYCN protein
stabilization through the PI;3K-AKT pathway [24-27], pro-
viding insight into the possible mechanism of mutant ALK
mediated increased tumor aggressiveness. In this study, we
further explored the interrelationship between ALK and
MYCN based on our previously established ALK-driven
77-gene signature [28]. We identified consistent ALK
controlled downregulation of HBP1 (‘high-mobility-group
(HMG) box protein’), a previously established negative
regulator of MYC(N) activity [29, 30]. Moreover, HBP1 is
regulated by the PI;K-AKT-FOXO3 [31] and by phos-
phorylation by AKT [32], which is a major downstream
pathway of ALK [4-7, 28, 33-35]. Therefore, we investi-
gated the transcriptional and phenotypical effects of HBP1
modulation in ALK mutated and MYCN-amplified neuro-
blastoma cells. Finally, we also investigated the effects of
different single and combined drug combinations on HBP1
levels.

Results

ALK downregulates HBP1 mRNA and protein
expression levels

To further investigate the possible regulatory relationship
between ALK and MYCN, we looked for hitherto unrec-
ognized proteins implicated in MYCN regulation in

neuroblastoma cells. To this end, we verified our previously
published ALK-driven 77-gene signature [28] and identified
the negative MYC regulator HBP1 as an ALK down-
regulated target. We first confirmed upregulation of HBPI
expression levels after pharmacological inhibition of ALK
with TAE684 in six selected neuroblastoma cell lines.
These included three ALK mutant cell lines with ALK
amplification (NB-1), an ALK mutation (SK-N-SH)
and an ALK®'?7°¢ mutation (CLB-GA). Furthermore, we
also selected two ALK wild-type non-responding to the
inhibitor (SK-N-AS, IMR-32) and one ALK wild-type cell
line (NGP) that responded to ALK inhibition (Supplemen-
tary Fig. 1A) [28, 35]. We confirmed increase in HBPI
mRNA expression levels in the ALK mutant cell lines and
the ALK wild type responder NGP, while no notable effects
were observed in wild type non-responders SK-N-AS and
IMR-32 (Fig. 1a). We then analyzed the HBP1 expression
over several time points in ALK®’*”°2 mutant CLB-GA cells
following TAE684 treatment and observed HBPI upregu-
lation as early as two hours after drug exposure (Supple-
mentary Fig. 1B). ALK-mediated HBPI repression was
confirmed by several next-generation ALK-inhibitors in
CLB-GA cells [8, 33] (Fig. 1b, c). We could also confirm
the effect of inhibition of mutant ALK signaling on HBPI
expression levels in vivo in mouse xenografted SH-SYS5Y
neuroblastoma cells treated with TAE684 and crizotinib
(Fig. 1d).

The effects of ALK induction on HBP1 expression was
tested in vitro using SK-N-AS (ALK"") neuroblastoma cells
transduced with tetracycline-inducible overexpression con-
structs for ALK™, ALKT7#L and ALK®?7C (Fig. le).
Furthermore, in a cohort of 283 primary human neuro-
blastoma tumors (GSE85047), a significant negative corre-
lation between HBPI and ALK gene expression was
observed in keeping with the proposed negative regulatory
effects of ALK on HBP1 (Supplementary Fig. 1C).

Given the role of ALK activation in a subset of lung
carcinomas, we analyzed a dataset of EML4/ALK fusion
positive non-small-cell lung carcinoma cells (NSCLC) [34]
and observed higher HBP1 expression levels upon ALK
inhibition (Fig. 1f). Taken together, our data support that
ALK leads to downregulation of HBP1 expression levels in
neuroblastoma cells as well as in other cell types including
NSCLC.

HBP1 levels are controlled through ALK-PI;K/AKT-
FOXO03a

To test which of the two major ALK downstream pathways
(MAPK versus PI;K/AKT) [4-7, 28, 36, 37] controls HBP1
expression, ALK mutant cells were treated with either a
MEK-inhibitor (U0126) or a PI3K/mTOR-inhibitor (BEZ-
235). In line with previous findings showing HBP1
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Fig. 1 ALK signaling downregulates HBP1 expression through PI;K/
AKT-FOXO3a signaling in neuroblastoma and other ALKoma’s. a
HBP1 mRNA expression in several ALK wild type (NGP, IMR-32,
SK-N-AS) and ALK mutant (SK-N-SH, CLB-GA, NB-1) cell lines
treated for 6 h with 0.3 uM TAE684 or DMSO relative to the levels in
DMSO treated cells. b HBP1 mRNA levels in CLB-GA treated with
0.2 uM ceritinib and 0.5 uM crizotinib or DMSO for 6 h, relative to the
DMSO control of each compound. Significant increase (p =9.21e
—05) of HBP1 expression was observed for the two treatments com-
pared to the controls. ¢ Western blot analysis showing HBP1 protein
levels 24 h after treating the CLB-GA cell line with different ALK-
inhibitors (0.2 uM ceritinib and 0.5 uM crizotinib or DMSO). d HBP!
mRNA levels in SH-SY5Y xenografted mice treated with TAE6S,
crizotinib or carrier solution, relative to the carrier solution. e HBP1
mRNA levels in SK-N-AS cell lines with TET-inducible ALK™.,
ALKFU74 o ALKRZPQ constructs treated  with tetracycline or
ethanol for 24 h, relative to the ethanol control of each cell line. f
HBPI expression in EMLA4/ALK fusion positive non-small-cell lung
carcinoma cells (NSCLC)-xenografted mice treated with 4 or 20 mg/kg
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of the ALK-inhibitor alectinib. g HBP1 mRNA levels in two NB cell
lines (one ALK and ALKR'?7Q) treated with 8 uM MEK-inhibitor
U0126, 0.5uM PI;K/mTOR-inhibitor BEZ-235 or DMSO for 6h,
relative to the DMSO control of each cell line. Significant increase (P
=0.01) of HBP1 expression was observed for BEZ-235 treatment of
the two cell lines compared to the control, while this was not the case
for U0126 (P=0.57). h Western blot analysis showing HBPI,
phospho-AKT, and AKT protein levels 24 h after treating NB-1 and
CLB-GA with the PIL;K/mTOR-inhibitor (0.5uM BEZ-235 or
DMSO). i HBPI mRNA levels in cells treated with or without 0.1 pg/
ml doxycycline for 24h to induce overexpression of HA-tagged
FOXO3A and then treated with either 1 uM PI;K-inhibitor PI-103 or
DMSO for 6 additional hours (ANOVA test followed by pairwise #-
test for multiple comparisons on log normalized data). Error bars
represents mean + SD of, respectively, two technical replicates (a, b,
g), two biological replicates (f), two biological replicates, each con-
taining two technical replicates (d, e) or three biological replicates (i).
Two-sided unpaired r-tests were performed on log normalized data
with *P <0.05, **P<0.01, ***P <0.001
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transcriptional regulation through the PI;K-AKT-FOXO3
axis [31] as well as through phosphorylation by AKT [32],
HBPI1 upregulation was observed after exposure to the
PI;K/mTOR-inhibitor, while MEK inhibition had no effect
on HBPI levels (Fig. 1g, h). Similar effects were obtained
for NB-1 using the PI;K-inhibitor pictilisib (Supplementary
Fig. 1D). In further support of these findings, the PI;K/
AKT-inhibitor signature score [38] positively correlated
with HBPI gene levels in the cohort of 283 NB patients
(GSE85047) (Supplementary Fig. 1E).

Based on previously reported observations showing
negative regulation of FOXO3a by ALK through the PI;K-
AKT pathway in neuroblastoma [28, 38] and anaplastic
large cell lymphoma (ALCL) [39] and the control of HBP1
by FOXO3a in fibroblasts [31], we explored the role of
FOXO3a in ALK controlled HBP1 regulation in neuro-
blastoma. First, we assessed a FOXO3a signature [38] in a
cohort of 283 NB patients and observed positive correlation
of the signature with HBPI gene levels (GSE85047)
(Supplementary Fig. 1F). Next, we looked into an available
transcriptome dataset based on doxycycline-inducible
FOXO3a overexpression in combination with the PI;K/
mTOR-inhibitor PI-103 in the NB cells SH-SY5Y
(ALKT74y 138]. As expected, PI-103 induces HBPI
levels through inhibition of PI;K activity. This results in the
release of repression of FOX0O3a and upregulation of its
positively regulated target HBP1. Induction of FOXO3a
expression only has no detectable effect on HBP1 expres-
sion levels due to sustained repression of FOXO3a by
activated PI;K. Finally, combined activation of FOXO3a
and PI;K inhibition through PI-103 causes a strong induc-
tion of HBP1 levels as PI-103 unleashes the repression of
FOXO3a by PLIK, while FOXO3a itself is in addition
ectopically overexpressed (Fig. 1i). Collectively, our data
support that ALK negatively regulates HBP1 expression
levels through the PLK-AKT-FOXO3a pathway in
neuroblastoma.

HBP1 is negatively regulated by MYCN through the
miR-17~92 cluster

In view of the previously reported negative regulation of
HBP1 through the miR-17~92 cluster in breast cancer,
leukemia and lymphoma cells [40, 41] and the known
positive regulation of miR-17~92 by MYCN in NB, leu-
kemia and lymphoma cells [41-43], we decided to inves-
tigate this MYCN - miR-17~92 - HBPI regulatory axis in
more detail in the context of NB cells. To this end, we first
evaluated HBP1 protein expression levels following
shRNA-mediated MYCN knockdown in the neuroblastoma
IMR-5/75 cell line and found elevated HBP1 protein levels
upon MYCN knockdown (Fig. 2a). In line with this finding,
we also show that in MYCN-driven mouse tumor

formation, Hbpl is transcriptionally downregulated (Sup-
plementary Fig. 2A). The presumed MYCN control of
HBP1 by the miR-17~92 cluster was then confirmed using
the previously validated tetracycline-inducible miR-17~92
overexpression model in SH-EP neuroblastoma cells [42],
showing HBP1 downregulation upon induction of miR-
17~92 (Fig. 2b, c, Supplementary Fig. 2B, C). In summary,
these data are in keeping with negative HBP1 regulation
through MYCN induced elevated miR-17~92 levels.

HBP1 is a suppressor of MYCN activity in
neuroblastoma cells

Previous studies showed that HBP1 acts as a transcriptional
repressor through direct interaction with other transcription
factors, including MYC(N) [29, 30]. We therefore first
evaluated the effects of HBP1 overexpression on MYCN
mRNA and protein levels but observed no effect on tran-
scriptional nor protein levels of MYCN thus excluding this
possible mode of regulation (Supplementary Fig. 2D). To
explore the role of HBP1 in regulation of MYCN activity in
neuroblastoma, we analyzed the transcriptomes of the NGP-
HBPlup versus NGP-parental cell line. Gene set enrich-
ment analysis (GSEA [44]) of the genes upregulated upon
HBP1 overexpression in NGP-HBPlup revealed enrich-
ment (FDR <0.25) for 11 out of 26 gene sets related to
MYC(N) regulation and activity [45, 46] (Fig. 2d, Supple-
mentary Fig. 2E, F).

To explore the functional relationship between HBPI
and MYCN in primary human tumors, we established a
HBPlup pathway signature based on the differentially
expressed genes in NGP-HBP1up cells as compared to the
NGP-parental cells and tested this signature in a cohort of
283 primary human NB tumor samples (GSE85047),
demonstrating strong inverse correlation between the
HBP1up pathway signature and MYCN gene expression and
MYCN activity score [45] (Fig. 2e, f). While these data
point towards an inhibitory role of HBP1 on MYCN
activity, we could not show direct interaction between both
proteins, possibly due to the drastic effects on cell viability
upon HBP1 overexpression in most neuroblastoma cell
lines tested (not shown). Taken together, our data are in
keeping with HBP1 acting as a suppressor of MYCN
activity in neuroblastoma cells.

The PRC2 complex cooperates with HBP1 in
repression of gene activity

Gene set enrichment analysis (GSEA) of the NGP-HBP1up
versus NGP-parental data using the ‘c6 Oncogenic Sig-
natures v5.0° from the Molecular Signatures Database
(MSigDB), revealed positive enrichment for two PRC2
gene sets (Fig. 2g, Supplementary Fig. 2G) containing

SPRINGER NATURE
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Fig. 2 HBPI is negatively regulated by MYCN through the miR-
17~92 miRNA cluster and represses MYCN activity. a Western blot
showing HBP1 and MYCN protein levels in the neuroblastoma IMR-
5/75 cells upon shRNA-mediated MYCN knockdown. b HBPI
mRNA levels in SH-EP cells treated with tetracycline (or ethanol as
control) to induce the miR-17~92 cluster, expressed relative to the
corresponding control. ¢ Western blot analysis showing HBP1 protein
levels at the same time points after inducing the miR-17~92 cluster in
the SHEP cell line as in b. d Heatmap showing the gene sets of an in
house compiled gene set collection containing all publically available
MYC(N) activity or target signatures [44, 45, 52, 64-68], that are
positively or negatively enriched upon HBP1 overexpression accord-
ing to GSEA (with FDR < 0.25). e, f Spearman correlation between the
HBP1 pathway signature and the MYCN gene levels (e) or the MYCN
signature (f) in a cohort of 283 NB patients. g GSEA for the EZH2
down gene set in the HBP1 overexpression data and heatmap showing
the leading edge (top 22 genes) of this gene set plotted in the HBP1
overexpression dataset. h, i Spearman correlation between HBPI gene
levels (h) or HBPI pathway signature (i) and the EZH?2 signature in a
cohort of 283 NB patients. Error bars represents mean + SD of three
biological replicates, each containing two technical replicates. b Two-
sided paired t-test was performed on log normalized data with *P <
0.05, **P <0.01, ***P <0.001

motifs among the downregulated genes (Supplementary
Fig. 2H). Moreover, a positive correlation between HBPI
gene levels as well as the HBPlup pathway signature scores
and an EZH2-inhibitor signature score, generated upon
EPZ6438 EZH2-inhibitor treatment in SK-N-BE(2c) cells
[49], was observed in the cohort of 283 NB patients
(GSES85047) (Fig. 2h, i).

In summary, we identified HBP1 as a negative regulator
of MYCN activity and suggest that HBP1 interacts with the
PRC2 complex in gene repression.

Increased HBP1 levels represses tumor
aggressiveness

To elucidate the role of HBP1 on the neuroblastoma cellular
phenotype, we evaluated the functional characteristics of the
NGP-HBP1up cell line versus the NGP-parental cells. The
overexpression of HBP1 was confirmed both at the mRNA
level and at the protein level (Supplementary Fig. 3A).
HBP1 overexpression increased the apoptotic response,
negatively affected colony forming capacity and repressed
cell growth both with normal and lower serum concentra-
tions, as shown by a marked reduction in viability rate (Fig.
3a—c, Supplementary Fig. 3B). Furthermore, upon induction
of miR-17~92 in the SHEP cell line in which we over-
expressed HBP1, we observed a reduction of the attenuated
growth observed upon HBP1 overexpression (Supplemen-
tary Fig. 3C). Since Li et al. [41]. showed through an ele-
gant series of experiments that the ability of MYC(N) to
sustain autonomous proliferation, self-renewal and survival
is mainly miR-17~92-dependent, the observed reduction of
attenuated growth suggests that at least a part of the

functional effects observed upon HBP1 overexpression can
be explained by the repressive effects of HBP1 on MYCN.

Moreover, NGP-parental cells form compacted spheres
within 3 days, an activity which is prevented by over-
expression of HBP1 as indicated by the presence of loose
aggregates where individual cells are recognizable (Fig. 3d).

Notably, HBP1 activity has previously been connected to
cell differentiation in leukemic myeloid cells and in the
cortical region of mouse brains [50, 51]. In keeping with
this, we also observed higher scores for the differentiation
signature of Frumm [52], in HBP1 overexpressing versus
NGP-parental cells (Supplementary Fig. 3D).

Importantly, we also revealed that the lowest HBP1
mean expression was observed in the MYCN-amplified
subgroup and in the stage 4 subgroup in a cohort of 283
neuroblastoma patients (GSE85047) (Supplementary Fig.
3E-F). Additionally, high levels of HBPI expression sig-
nificantly correlated with better event-free and overall sur-
vival in all tumor types and in stage 4 tumors only (Fig. 3e,
f, Supplementary Fig. 3G, H). Moreover, HBP1 is a sig-
nificant predictor of overall survival, independently of INSS
stage, MYCN amplification and age (P = 0.02). To the best
of our knowledge, no deletions nor inactivating mutations
in HBP1 have been reported so far in NB primary tumors or
cell lines.

Collectively, these data indicate that lower HBP1 levels
mark tumor aggressiveness and that HBP1 could act as
tumor suppressor in neuroblastoma.

Combined pharmacological upregulation of HBP1
and repression of MYCN induces synergistic effects

In view of the above, we assumed that HBP1 upregulation
in combination with blocking of MYCN expression or
activity in neuroblastoma cells could have an enhanced
negative effect on tumor cell proliferation (Fig. 4a, b). This
was further corroborated by the data obtained by combined
HBP1 overexpression and shRNA knockdown of MYCN in
IMR-5/75 cells (Supplementary Fig. 4A). In view of these
data, we decided to explore possibilities for drugging this
regulatory axis. We initially tested the green tea polyphenol
epigallocatechin-3-gallate (EGCG) previously shown to
reduce breast cancer cell proliferation through increase of
HBP1 mRNA stability [53]. As a more clinically relevant
compound, the PI;ZK/mTOR dual inhibitor BEZ-235 was
found to induce HBP1 expression. First, we demonstrate
HBP1 upregulation and decreased cell viability after EGCG
treatment in the ALK mutant cell lines NB-1 and CLB-GA,
while no effects were noted in the ALK wild type non-
responder SK-N-AS cells (Supplementary Fig. 4B, Fig. 4c).
Next, we performed combination drugging for EGCG and
BEZ-235 with the BET-inhibitor JQ1, known to repress
transcription elongation and MYCN expression in MYCN-
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amplified cell lines [54], and observed synergistic effects
(combination index (CI) < 1) on cell growth and on MYCN
protein levels as compared to treatment with the individual
compounds in neuroblastoma cell lines (Fig. 4d, g;
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Supplementary Fig. 4C-D-E-F-G). Our findings confirm
previous reports showing enhanced effects on MYC levels
by combining a PI;K-AKT inhibitor with JQ1 [55-57]. We
tested EGCG and JQ1 combination further in vivo in LSL-
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Fig. 3 Increased HBP1 levels represses tumor aggressiveness. a, b
Cell viability (a) and cell death (b) of NGP-parental cell line and the
NGP cell line with stable HBP1 overexpression at the indicated time
points (one out of 2 biological replicates shown). ¢ Clonogenic sur-
vival assays in the parental and HBP1 overexpressing NGP cell lines,
each consisting of 5 replicates (two out of three independent experi-
ments shown). d NGP cell line with stable HBP1 overexpression
forms a loose aggregate, while the NGP-parental cell line forms a
dense spheroid on ultra-low-attachment plates. e, f Kaplan—-Meier plot
showing percentage of overall survival in patients with high or low
HBP] expression in tumors of all stages (e) and only stage 4 tumors (f)
in the cohort of 283 NB patients. Error bars represents mean + SD of
three technical replicates (a, b)

MYCN;df3h-iCre tumors engrafted in immunocompromised
mice and showed significant effects on tumor growth,
proliferation, apoptosis and survival of mice receiving this
combination (Fig. 5a—d; Supplementary Fig. 4H-I).

Given the reported effect of HDAC-inhibitors on MYCN
protein levels [58], we also tested the effects of combined
BEZ-235 and HDAC-inhibitor SAHA (vorinostat) treat-
ment in a panel of 8 cell lines and in the patient-derived
xenograft (PDX)-derived cell line (LU-NB-2) [59, 60],
showing synergistic effects on cell survival (Fig. Se; Sup-
plementary Fig. 5A-B-C-D) and a synergistic effect on
HBP1 and MYCN levels in the CLB-GA cell line (Sup-
plementary Fig. 5E). Moreover, analysis of transcriptomes
of the treated cells demonstrates downregulation of MYCN
expression and more importantly, the MYCN activity score
[45], thus indicating the expected reduction in MYCN
activity (Fig. 51, g). Finally, we also tested the more recently
developed potent HDAC-inhibitor panobinostat [61], also
demonstrating the expected synergism on cell viability in
the tested neuroblastoma cell lines (Fig. Sh; Supplementary
Fig. SF-G) and the patient-derived xenograft (PDX)-derived
cell line (LU-NB-2) [59, 60] (Supplementary Fig. SH) and
upregulation of HBP1 mRNA in the CLB-GA cell line upon
the BEZ-235 and panobinostat combination (Supplemen-

tary Fig. 51).

Discussion

We provide in vitro and in vivo evidence for the existence
of another mechanism for activation of MYCN activity
through ALK-PI;K-FOXO3a controlled downregulation of
the negative regulator of MYC(N) activity HBP1. Together
with the previously described ALK-ERKS-driven tran-
scriptional induction of MYCN and regulation of the
oncogenic activity of MYCN through increased mRNA
levels and protein phosphorylation by the ALK-PI;K/
mTOR-GSK3p axis [24-27, 62, 63], this represents a third
mechanism of ALK controlled MYCN activation. We also
show that in neuroblastoma cells MYCN itself indirectly
represses HBP1 expression levels through its downstream

upregulated miRNA cluster miR-17~92 that targets HBP1.
As such, a complex inter-regulatory network emerges where
ALK regulates MYCN through three distinct mechanisms
[24-27, 56, 57], MYCN transcriptionally activates ALK
[64] and both ALK and MYCN repress HBP1 expression
levels. Given the proven role of MYCN as driver oncogene
in neuroblastoma oncogenesis [2], our data provide a further
mechanistic explanation for the previously reported
increased tumor aggressiveness in patients with combined
MYCN amplification and ALK""17#L mutations and mouse
and zebrafish modeling which demonstrated a key role for
mutated ALK in accelerated MYCN-driven neuroblastoma
formation [21-23].

In this study, we investigated for the first time the
functional interaction of HBP1 with MYCN in the context
of neuroblastoma. We showed evidence for physical inter-
action between MYCN and HBPI1, while HBP1 over-
expression revealed significant enrichment for gene sets
related to MYC(N) regulation and activity. Furthermore, in
a cohort of 283 primary human NB tumor samples, we
demonstrated strong inverse correlation between the HBP1
upregulated pathway signature and MYCN gene expression
and MYCN activity score. Taken together, these data sup-
port the role of HBP1 as a suppressor of MYCN activity in
neuroblastoma cells.

Unexpectedly, the data mining of the transcriptome
alterations upon HBP1 overexpression and EZH2-inhibitor
signature scores suggest that HBP1 abrogates the MYCN/
PRC2 controlled repression of pro-differentiation genes.
Our findings provide further evidence for a role for EZH2
and SUZI2 as components of the PRC2 complex in the
MYCN-mediated gene repression [49, 65], and for the first
time assigns a putative function to HBP1 as regulatory
factor mediating the release of transcriptional repression by
the MYCN/EZH2 complex. Further, HBP1 upregulation
also leads to repression of MYCN activated genes, possibly
through recruitment of HDAC and SIN3B as described for
MYC [41]. Taken together, while the exact mode-of-action
of HBP1 in relation to MYCN and PRC2 remains to be
resolved, our data support previous findings that HBPI
affects both the MYC(N) transcriptional activating and
repressing activity [29]. As such, our findings also support
the recently suggested role for PRC2 in MYCN controlled
gene repression [49, 65].

Unraveling of the ALK signaling cascade has previously
provided novel putative drugging approaches as illustrated
by the finding of RET and ERKS as druggable downstream
ALK targets [28, 62]. In this study, we explored several
drug combinations targeting HBP1 and/or MYCN to
explore possible synergistic interactions. We tested a PI;K/
mTOR-inhibitor aimed to activate (among others) HBP1
expression in combination with BET-inhibitor JQI, a
known negative regulator of MYC(N) activity in MYCN-
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amplified cell lines [54], in order to further decrease cell
viability as well as MYC(N) activity and observed strong
synergistic effects in neuroblastoma cells. Secondly, we
combined the same PI;K/mTOR-inhibitor with different
HDAC-inhibitors mediating MYCN suppression [58] and
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previously shown to give promising effects on MYC-driven
medulloblastoma [61] and Burkitt lymphoma [66] and also
observed synergistic effects, both on conventional neuro-
blastoma as well as PDX-derived cell lines [59]. In addition
to these combinations (Fig. 4a, b), other approaches can be
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<« Fig. 4 Combined pharmacological upregulation of HBP1 and repres-

sion of MYCN induces synergistic effects on tumor growth. a ALK
regulates MYCN activity through several mechanisms. It enhances
MYCN protein stability by blocking GSK3f through PI;K, while it
simultaneously phosphorylates FOXO3 through this same pathway. In
this way, FOXO3 stays cytoplasmatic and can not activate HBP1,
which is a negative regulator of MYCN activity. MYCN itself inhibits
HBP1 through induction of the miR-17-92 cluster, thereby forming a
negative feedback loop. To block these pathways in order to upregu-
late HBP1 while negatively affecting MYCN activity, there are several
nodes that can be targeted by compounds: ALK-inhibitors (TAE684,
crizotinib, ceritinib, alectinib), GSK3f-inhibitors, PI;K-inhibitors
(BEZ-235, PI-103, pictilisib), HDAC-inhibitors (SAHA, panobino-
stat), JQ1 which inhibits BRD3 and in this way MYCN indirectly,
while the green tea component EGCG upregulates HBP1 expression
directly. b Hypothetical scheme showing how HBP1 has an impact on
the dual role of MYCN: HBPI causes downregulation of genes
involved in cell cycle that are positively regulated by MYCN, while it
upregulates differentiation genes that are repressed by MYCN. ¢ Cell
viability assay in SK-N-AS, NB-1, and CLB-GA, showing the EGCG
dose-response curves 48 h after treatment. d Cell viability of the NGP
cell line, showing the dose—response curves of EGCG, JQI, and the
combination 48 h after treatment. € Combination index (CI)-values at
IC-50 showing synergistic effect in a panel of 7 NB cell lines with
different ALK and MYCN status. Synergy: CI< 1.0, additive: CI =
1.0, antagonism: CI>1.0. f, Cell viability of the NGP cell line,
showing the dose-response curves of BEZ-235, JQ1 and the combi-
nation 48 h after treatment. g Western blot analysis showing MYCN
protein levels 48 h after treating the CLB-GA cells with DMSO, 0.405
uM BEZ-235, 1.215uM JQI, or the combination. ¢, d, f Mean cell
viability measurements of three biological replicates

envisioned to target MYCN or MYCN activity, thus
offering the potential for consecutive series of different
drug combinations to achieve sustained blocking of MYCN
activity in neuroblastoma. Such approaches and other
potent drug combinations as well as novel immunother-
apeutic approaches may ultimately lead to accomplish the
final goal to achieve better and long-term survival for NB
patients.

Material and methods
Cell lines and reagents

Human neuroblastoma cells (Supplementary Table I: cell
line information) were cultured in RPMI-1640 medium
(Invitrogen), supplemented with fetal bovine serum (10%),
kanamycin (100 pg/ml), penicillin/streptomycin (100 IU/
ml), L-glutamin (2 mM), and HEPES (25 mM) (Life Tech-
nologies), while the mouse mNB-A1 cells were cultured in
this medium supplemented with N-2 Supplement and B-27
Serum-Free Supplement (Life Technologies). The PDX-
derived LU-NB-2 cell line, derived from a MYCN-
amplified neuroblastoma, orthotopically xenografted in
NSG mice forming metastasizing tumors, was cultured

under serum-free, stem-cell promoting culture conditions
[59, 60]. Cells were maintained at 37 °C in a 5% CO,-
humidified environment. Mycoplasma testing was per-
formed every 2 months.

The compounds NVP-TAE684 (ALK-inhibitor, S1108),
BEZ-235 (PI;K/mTOR-inhibitor, S1009), pictilisib (PI;K-
inhibitor, S1065), U0126 (MEK-inhibitor, S1102), EGCG
(S2250), and panobinostat (HDAC-inhibitor, S1030) were
purchased from SelleckChem, crizotinib (ALK-inhibitor,
PZ0191) and SAHA (vorinostat, HDAC-inhibitor,
SMLO0061) from Sigma-Aldrich, ceritinib (ALK-inhibitor,
A-1189-5, LDK378) from Hoelzel Biotech and JQ1 (BET-
inhibitor, 27401) from BPS Bioscience. Compounds were
dissolved in sterile DMSO, stored at —20 °C and further
diluted to an appropriate final concentration in culture
medium at the time of use. DMSO was used as solvent
control for every treatment.

Evaluation of HBP1 expression upon ALK and
downstream pathway inhibition

HBPI expression levels were evaluated in (1) 6 NB cell
lines with different ALK status (ALKY, ALKF!74k
ALKRIZP5Q AL K®™P) treated with 0.32 uM TAE684 for 6 h,
(2) the CLB-GA cell line (ALKR'?7Q) treated with 0.32 uM
TAE684 and harvested at different time points (10, 30, 60,
120, 240, 360 min) (E-MTAB-3205 [28]), (3) CLB-GA
cells treated with 0.2uM -ceritinib (LDK378), 0.32uM
TAE684, 0.06 uM X396, 0.5 uM crizotinib, 0.05uM tra-
metinib, 0.5 uM BEZ-235 and 9.5 uM vandetanib for 6 h
(E-MTAB-3206 [28]), (4) SK-N-AS cell lines with
tetracycline-inducible ALK™, ALKF!7# or ALKRIZ75Q
constructs treated with 2 ug/ml tetracycline or ethanol for
24 h (E-MTAB-3207 [28]), (5) NB-1 and CLB-GA treated
with 0.5 uM BEZ-235, 0.5 uM pictilisib or 8 uM U0126 for
6h for RNA and protein, (6) mice with subcutaneously
xenografted SH-SY-5Y neuroblastoma cells, treated with
TAE684 and crizotinib, (7) publically available data of
NSCLC treated with Alectinib (GSE25118 [34]), (8) a
published dataset of a FOXO3-inducible SH-SYS5Y cell line
(GSE42762 [38]) and (9) a cohort of 283 neuroblastoma
tumor samples (GSE85047)

Testing synergism of drug combinations in vitro

Neuroblastoma cells were seeded in 96-well tissue culture
plates in triplicate at 30% confluency, allowed to recover
overnight and subsequently treated with a range of con-
centrations of the two inhibitors while keeping the final
concentration of DMSO constant. Forty-eight hours after
treatment, cell viability was measured using Cell-Titer Glo
(Promega), according to the manufacturer’s protocol and
luminescence was measured with the GloMax®-Multi
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Fig. 5 BEZ-235 in combination with JQ1 or HDACi synergistically
upregulates HBP1 levels with concomitant repression of MYCN
activity a, Kaplan—-Meier plot showing percentage survival of LSL-
MYCN;df3h-iCre grafted mice treated with DMSO, EGCG (20 mg/kg),
JQI (50 mg/kg), or the combination. Black stars: survival DMSO
versus combination, blue stars: survival EGCG versus combination, n
=7 mice per group. b, ¢ Graphs showing Ki-67 positive cells (b) and
cleaved caspase-3 positive cells (¢) in immunohistochemistry (IHC)
staining in tumor sections of the forced treatment group of mice. d IHC
staining for the proliferative cells (Ki-67) and apoptotic cells (cleaved
caspase-3) mentioned in b and c. Scale bar = 200 um. e Cell viability

Detection System (Promega). To evaluate possible syner-
gism, combination indexes (CI) for each combination were
calculated using the CalcuSyn software (Biosoft, Ferguson,
MO), which uses the Median Effect method [67]. Syner-
gism is defined as a Cl-value < 1.0, while additive effects
result in a Cl-value equal to 1.0.
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of the NGP cell line, showing the dose-response curves of BEZ-235,
SAHA and the combination 48 h after treatment. f, g MYCN expres-
sion (f) and MYCN activity score (g) in NB-1 cells treated with
DMSO, 0.5 uM BEZ-235, 0.5 uM SAHA, or the combination. h Cell
viability of the NGP cell line, showing the dose-response curves of
BEZ-235, panobinostat, and the combination 48 h after treatment.
Error bars represents mean + SD of seven biological replicates (b, ¢),
or at least two biological replicates, each consisting of two technical
replicates (e, h) or of three biological replicates (f, g). ANOVA test
followed by pairwise #-test for multiple comparisons (b, ¢, f) with *P
<0.05, **P<0.01, ***P <0.001

Synergistic effects of EGCG and JQ1 in vivo

LSL-MYCN;dfsh-iCre tumors were re-grafted in the flank of
immuno-deficient mice (nu/nu female mice of 6 weeks old).
The sample size calculation for means was used to deter-
mine the number of animals in the groups. With an
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estimated difference in means (treated-to-control ratio) of
50% (estimated tumor volume of 1.2cm® in the control
group and 0.6 cm® in the treated group), standard deviation
of 30%, p-value of 0.05 and power of 80%, you need at
least 6 mice per group. The short-term treatment experiment
consisted of 4 groups each containing 3 mice: vehicle
(12,5% DMSO in 5% glucose), EGCG (20 mg/kg), JQ1 (50
mg/kg), or the combination (EGCG + JQ1). When tumors
reached a volume of around 500 mm?>, mice were treated
twice daily (100l i.p.) during 3 days. Animals were
therefore first sorted by tumor volume. Mice with order
number 1, 5, 9 were allocated to cohort a, mice 2, 6, 10 to
cohort b, mice 3, 7, 11 to cohort ¢, and mice 4, 8, 12 to
cohort d. Hereafter, mice were killed by cervical disloca-
tion. Tumors were excised, formalin-fixed, analyzed for
histology (H&E) and immunohistochemically stained for
Ki-67 and cleaved caspase-3. To monitor the effects on
tumor growth and survival, a long-term experiment was
performed. After tumors reached a volume of around 100—
150 mm?, 28 mice were randomly assigned to the 4 groups,
according to the system earlier mentioned. Mice were
treated daily (100 ul i.p.) for a period of maximal 23 days.
When tumor sizes exceeded 3000 mm3, mice were killed by
cervical translocation. For both experiments, the person,
who measured the tumors did not knew which cohort the
present animal belonged to. All experiments were per-
formed in accordance with the council of Europe guidelines
for housing and care of laboratory animals, and protocols
were approved by the animal facility of the University
Hospital Essen.

SHEP-miR-17~92 system

The miR-17~92 cluster was induced with 2 pg/ml tetra-
cycline or ethanol (control) in the previously described
SHEP-TR-miR-17~92 model system [42] and cells were
harvested at different time points (0, 24, 48, 72 h).

For the rescue experiment, these cells were nucleofected
(Neon™ Transfection System 100ul Kit, Cat No
MPK10025) with either SHC002-GFP (control) or a Pre-
cision LentiORF Human HBP1 overexpression construct
(ThermoScientific) for HBP1 overexpression. The cell lines
with the HBP1 construct were thereafter sorted on GFP to
select for HBP1 overexpression. The four conditions (miR-
17~92 off & HBP1 off, miR-17~92 on & HBP1 off, miR-
17~92 off & HBP1 on and miR-17~92 on & HBPI on)
were seeded in complete medium in 96-well tissue culture
plates in triplicate at 30% confluency. Cell proliferation was
assessed continuously by using the IncuCyte® Live Cell
imaging system (Essen BioScience, Cat No 4641), by tak-
ing photos every 2-3h of the whole well. Masking was
done using the IncuCyte® ZOOM Software.

IMR-5/75 system

IMR-5/75 cell line was nucleofected (Neon™ Transfection
System 100uL Kit, Cat No MPK10025) with either
SHCO002-GFP (control) or a Precision LentiORF Human
HBP1 overexpression construct (ThermoScientific) for
HBP1 overexpression, and treated with 1 ug/ml doxycylin
or not for the induction of sShIMYCN. 24 h after seeding,
cells were refreshed with complete RPMI medium, and
subsequently 48 h later cell proliferation was assessed
continuously by using the IncuCyte® Live Cell Imaging
System (Essen BioScience, Cat No 464 1), by taking photos
every 2-3 h of the whole well. Masking was done using the
IncuCyte® ZOOM Software.

RNA isolation, cDNA synthesis, and RT-qPCR

RNA isolation, cDNA synthesis and RT-qPCR of the
generated samples was performed as we described earlier
[28]. The Cqg-values for target gene expression were nor-
malized with at least three reference genes (primer
sequences: Supplementary Table II) and gBasePlus soft-
ware (Biogazelle) was used to analyze the results [68].

Establishment of stabile HBP1 overexpressing cell
lines

NGP cells were transduced with Precision LentiORF
Human HBPI1 viral particles (ThermoScientific). Trans-
duced cells were selected using blasticidin (20 pg/ml),
subsequently maintained and harvested for further
experiments.

In vitro assessment of HBP1 effect

NGP-parental and NGP HBP1 cells were seeded in com-
plete medium and a 1:200 dilution of IncuCyte® Annexin V
Red Reagent for apoptosis (Essen Bioscience Cat No 4641)
in 96-well tissue culture plates in triplicate at 30% con-
fluency. Cell proliferation and cell death (Annexin V
positivity) was assessed continuously by using the Incu-
Cyte® Live Cell imaging system (Essen BioScience, Cat No
4641), by taking photos every 2-3h of the whole well.
Masking was done using the IncuCyte® ZOOM Software.
Additionally, NGP-HBP1up and the NGP-parental cell lines
were seeded at 7000 cells/well in sextuple in 96-well tissue
culture plates in the presence of 10, 5, 1, or 0.1% serum and
monitored and quantified using IncuCyte® Live Cell ima-
ging system (Essen BioScience, Cat No 4641) and the
IncuCyte® ZOOM Software.

To assess the colony formation capacity, cells were
seeded in 5-fold at a concentration of 2000 cells per 6-cm
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dish. Cells were allowed to recover and to form colonies
during a period of at least one week, followed by fixation of
the cells by adding 0,5 ml 4% formaldehyde to each dish.
After 1h, dishes were washed and colonies were colored
with 0.005% crystal violet. After washing and air-drying,
the dishes were scanned and evaluated with Image] to
quantify the differences. For the spheroid formation, NGP-
parental and NGP-HBP1up cells were seeded at 4000 cells/
well in 48-fold in hydrogel coated 96-well plates, termed
ultra-low attachment plates (ULA, Corning 7007) and
monitored and quantified using IncuCyte ZOOM technol-
ogy (Essen BioScience).

Protein isolation, antibodies, and western blotting

Protein isolation and western blotting was performed as we
described earlier [28]. AKT (9272, 1:1000), phosphorylated
AKT (S473) (3787, 1:1000), MYCN (9405, 1:1000),
SUZ12 (3737, 1:1000), secondary anti-rabbit (7074,
1:50,000) and anti-mouse (7076, 1:50,000) antibodies were
obtained from Cell Signaling, while antibodies against the
loading proteins vinculin (V9141, 1:10,000) and a-tubulin
(T4026, 1:10,000) from Sigma Aldrich and the HBP1 (A-5)
antibody  (sc-376831, 1:400) from Santa Cruz
Biotechnology.

Microarray-based gene expression profiling

RNA quality was analyzed using Experion (Bio-Rad).
Samples from the parental and NGP HBP1 cell lines were
labeled and hybridized to the Sureprint G3 human GE 8 x
60 K microarrays (Agilent Technologies), according to the
manufacturer’s guidelines and starting from 200 ng RNA.
The data were normalized with the vsn method, using the
vsn and Limma packages in R.

Signature score generation and analysis and GSEA

Using the limma R-package, differential expression analysis
was performed comparing the parental and NGP
HBP1 samples. The established signatures consist of the
differentially expressed genes with adjusted P-value (False
Discovery Rate (FDR))<0.05. Next, we generated an
EZH2-inhibitor signature, based on public data of EHZ2
inhibition with EPZ6438 in the SK-N-BE(2c) cell line [49]
and a differentiation signature, based on public data of
treating SK-N-BE(2¢c) and SH-SYS5Y with pro-
differentiating agents [52]. Signature score analyses were
conducted using a rank-scoring algorithm [28]. Gene set
enrichment analysis (GSEA [44]) (Supplementary Table III)
was performed using the MSigDB ‘c6 Oncogenic Sig-
natures v5.0° gene sets (software.broadinstitute.org/gsea/
msigdb) and an in house compiled gene set catalog
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containing all MYC target gene sets from the MSigDB
‘Hallmark v5.0° catalog as well as publically available
MYC(N) activity or target signatures [45, 46, 54, 69-73].
The gene sets, showing positively or negatively enrichment
and with a FDR <0.25 are plotted in a heatmap.

RNA sequencing after SAHA and BEZ

RNA quality was evaluated using the Fragment Analyzer
(Advanced Analytics). Library prep was performed with the
TruSeq Stranded mRNA Library Prep Kit LT (Illumina),
following manufacturer’s instructions. Quality of the library
was assessed with BioAnalyzer (Agilent) and concentra-
tions were checked with the Kapa Library Quantification
Kit (Kapa Biosystems). After pooling the samples, RNA
sequencing was performed with the NextSeq 500 High
Output kit, V2, 75 cycli, single-end (Illumina), following
manufacturer’s instructions, on the NextSeq 500 (Illumina).
Quality of the data was checked by fastQC. Thereafter, the
data was mapped to Hg38 by STAR and count data was
generated using RSEM. Differential expression analysis
was performed with Limma-voom in R.

Statistical analyses

Statistical significance was calculated with GraphPad
Prism7 by unpaired one-way ANOVA with Bonferroni
correction when comparing more than two unmatched
groups, while unpaired or paired t-test was chosen when
comparing two groups. Parametric #-tests and ANOVA tests
were performed on log-transformed expression data, which
are considered to have a normal distribution. Spearman was
used to evaluate correlation between datasets, which does
not require normal distribution of the data. For survival
curves, we choose the survival analysis within GraphPad
Prism7, which makes use of the LogRank test.

Accession number

The data have been deposited in NCBI's Gene Expression
Omnibus and is accessible through GEO Series accession
number GSE95193.
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