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The results of our research suggest that epigenetic modulation of murine
neuroblastoma via histone deactylase inhibition, promotes a terminal differentiation
phenotype in the TH-MYCN mouse model resulting in a sustained survival benefit in
over 90% of mice treated. The finding that continuous, prolonged panobinostat
exposure is required for this effectiveness raises questions regarding the scheduling
currently used for this class of drugs and how such drugs may be best incorporated
into current neuroblastoma treatment protocols.
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Abstract:

Neuroblastoma is the most common extra-cranial malignancy in childhood and
accounts for approximately 15% of childhood cancer deaths. Amplification of MYCN
n neuroblastoma is associated with aggressive disease and predicts for poor prognosis.
Novel therapeutic approaches are therefore essential to improving patient outcomes in
this setting. The histone deacetylases are known to interact with N-Myc and regulate
numerous cellular processes via epigenetic modulation, including differentiation. In
this study we utilised the TH-MYCN mouse model of neuroblastoma to investigate
the antitumour activity of the pan-HDAC inhibitor, panobinostat. In particular we
sought to explore the impact of long term, continuous panobinostat exposure on the
epigenectically driven differentiation process. Continuous treatment of tumour bearing
TH-MYCN transgenic mice with panobinostat for nine weeks led to a significant
improvement in survival as compared to mice treated with panobinostat for a three-
week period. Panobinostat induced rapid tumour regression with no regrowth
observed following a nine-week treatment period. Initial tumour response was
associated with apoptosis mediated via up-regulation of BMF and BIM. The process
of terminal differentiation of neuroblastoma into benign ganglioneuroma, with a
characteristic increase in S100 expression and reduction of N-Myc expression,
occurred following prolonged exposure to the drug. RNA-sequencing analysis of
tumours from treated animals confirmed significant up-regulation of gene pathways
associated with apoptosis and differentiation. Together our data demonstrate the
potential of panobinostat as a novel therapeutic strategy for high-risk neuroblastoma

patients.
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Introduction:

Neuroblastoma is the most common extra-cranial malignancy in childhood and
accounts for approximately 15% of childhood cancer deaths L Despite aggressive
therapies, including autologous bone marrow transplantation, the outcomes for
children who present with advanced disease remains dismal. The amplification of the
proto-oncogene MYCN in neuroblastoma remains one of the strongest predictors of
poor prognosis 2. There has been worldwide research focusing on the MYC family
of 'proto-oncogenes and in particular focusing on ways to ameliorate their
transcriptional consequences >4 MYCN transcription can induce a variety of changes
in cellular processes including apoptosis and differentiation >”. Therefore modulating
MYCN has the potential to reverse the transcriptional processes that are responsible

for driving and maintaining malignant neuroblastoma.

Neuroblastoma is a cancer that has the ability to spontaneously differentiate into non-
malignant neuronal tissue "% ®. This is the characteristic phenotype of stage 4s disease
when seen in children less than 18 months old. The hallmark of this stage 4s disease is
the absence of MYCN amplification ¥ The potential role of epigenetic regulation in
this regression has been considered. Recently presented research focussing on stage 4s
disease identified reduced promoter methylation in 97% of the genes in which
differential methylation was detected. What is more fascinating is that these samples
were enriched for genes known to have binding sites for transcription factors involved
incell differentiation °. In addition, whole-genome sequencing of a comprehensive
series of neuroblastoma, including both low and high stage tumours, demonstrated
that high-grade aggressive tumours had recurrent defects in genes controlling
neuritogenesis and therefore, differentiation '°. The possibility therefore exists for
epigenetic modifiers, such as histone deacetylase inhibitors (HDACi), to drive this
regression via differentiation. In particular, if this process can be replicated in the
more aggressive form of the disease, it might be possible to drive the differentiation
process and therefore transform the malignant neuroblastoma into a more benign

ganglioneuroma.

The histone deacetylase inhibitors are a class of drugs that target class I, II and IV

histone deacetylases (HDACs) in humans. To date numerous proteins have been
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identified that are substrates for one or more of the HDACs. These substrates include
proteins that have a variety of regulatory roles within the cell that modify important
cellular processes. These processes include cell proliferation, migration,
differentiation and death . It follows therefore that modification of these HDACs can
impact on these cellular processes. The ability of HDACi to induce apoptosis in
cancer has been well documented '2. HDACi have also been shown to synergistically
enhance the apoptotic activity of conventional chemotherapeutic agents in
neuroblastoma cell lines °. There is also evolving evidence to suggest that MYCN
and HDACs co-operate to regulate these cellular processes, including cellular
differentiation. In particular HDACS, a class II HDAC, has been shown to block
neuroblastoma cell differentiation by co-operating with MYCN '*. Further to this,
selective inhibition of HDACsSs, including HDACS, have been shown to induce
neuroblastoma differentiation '> '®. This is consistent with the observation that
neuroblastoma cells with over-expressed MYCN retain their capacity to undergo
differentiation '”. This ability to drive the differentiation process has been observed in
other cancer types including acute myeloid leukemia (AML) and osteosarcoma '*'°.
In_particular, terminal differentiation of osteosarcoma cells is seen following

sustained, low dose treatment with HDACi 9

In. this study we utilised the TH-MYCN mouse model of neuroblastoma which has
been shown to closely replicate the clinical form of the disease both in its behaviour
as:well as genetic characteristics 2 to investigate the antitumour activity of the pan-
HDACI, panobinostat, and further, to investigate the role of terminal differentiation in
this response. In particular we sought to explore the impact of long term, continuous

panobinostat exposure on the epigenetically driven differentiation process.

John Wiley & Sons, Inc.
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Methods:

TH-MYCN mouse model and cell lines

The TH-MYCN neuroblastoma mouse model (on an SV129 background) 2021 and
NHO2A cells ** were kindly provided by Professor Michelle Haber (Children’s
Cancer Institute, Australia). The IMR32 human neuroblastoma cell line was
purchased from DSMZ (Germany). All animal experiments were carried out with
institutional animal ethics committee approval. Mice were genotyped at 4 weeks of
age and homozygous mice monitored by ultrasound imaging for tumour development.
Ultrasound images were obtained using the Visualsonics® VEVO 770-230 high-
resolution imaging system, which in turn calculates 3D volumetric measurements. A
tumour volume of less than 50mm’ on ultrasound imaging was assigned as ‘below the
limit of detection’. Once tumours reached a volume of between 50-200 mm® the mice
were randomised to receive vehicle or 5 mg/kg panobinostat (Selleck Chemicals) by
intraperitoneal injection daily for either 3 or 9 weeks. Tumour growth was monitored
by ultrasound imaging twice weekly during therapy and once weekly thereafter. The
mice were euthanized when tumour volumes exceeded 600mm’, or on day 163 (end
point). For short term studies, animals were euthanized at 4 hr post the final drug dose

for collection of tumour samples.

Cell death analysis

Cells treated with panobinostat (Selleck Chemicals), with or without the addition of
the pan-caspase inhibitor Q-VD-OPh (Merck Millipore), for 48 hr were fixed in 70%
ethanol then stained with propidium iodide (in PBS containing RNAse) before being
analysed using a Canto II FACS analyser. Analysis was performed using FCS Express

software (version 3). Sub-G1 population was determined as an indicator of cell death.

Western Blot Analysis

Cells were treated with either panobinostat or vorinostat (Selleck Chemicals) lysed
into either RIPA or RAC buffer, separated by SDS-PAGE and western blotting
performed with anti-actin (1:10000, MP Biomedicals #69100), caspase 3 (1:1000,
Cell Signaling #9662), Bcl-2 (1:1000, Cell Signaling #2870), BIM (1:1000, Cell
Signaling #2933), Mcl-1 (1:1000, Cell Signaling #5453), BMF (1:500, Enzo Life
Sciences ALX-804-508) and Acetyl Histone H3 (1:2000, Merck Millipore #06-599)

John Wiley & Sons, Inc.
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antibodies. Immunoreactive proteins were visualized on x-ray film using ECL

reagents (Amersham).

Quantitative Real-Time PCR

RNA from cells and tumours was prepared using the High Pure RNA Isolation kit
(Roche) and High Pure Tissue Isolation kit (Roche), respectively. cDNA synthesis
and quantitative real-time PCR reactions, performed using the SYBR Green (Applied
Biosystems) detection method in a StepOne PCR machine (Applied Biosystems) were
as_previously described ». Average Ct values for each of the three replicates per
sample were calculated, relative to the expression of the ribosomal protein L32. Fold
change expression was determined using the 2”deltaCT method, with expression
changes relative to control untreated cells/tumours. Results are shown as mean +/-

SEM of at least three individual experiments/tumours.

Immunohistochemical analysis

FFPE tumour sections (4 pm) were stained using antibodies to cleaved caspase 3
(1:250, Cell Signaling #9664), N-Myc (1:200, Calbiochem OP13), S100 (1:3000,
Dako 7Z0311), SSTR2 (1:250, Abcam #134152), Enolase 2 (NSE; 1:500, Thermo
Scientific PA5-27452), and Ki67 (1:2000, Novacastra NCL-Ki67p). The slides were
then incubated with the appropriate secondary antibody, followed by DAB
Chromogen reagent (Dako). Tumour sections were also stained with Heamatoxylin
and Eosin (H&E). Images were captured on a BX-61 Olympus microscope at 40x

magnification.

TUNEL assay

FEPE tumour sections (4 pm), and cytospins of panobinostat treated NHO2A and
IMR32 neuroblastoma cells, and vorinostat treated NHO2A cells, were stained with
the ApopTaq Peroxidase In Situ Apoptosis Detection kit (TUNEL assay; Millipore
#S7100) as per manufacturers instructions. Images were captured on a BX-61
Olympus microscope at 40x magnification. Percent of cells stained positively was

calculated using Meta Imaging Series 6.1 software.

RNA sequencing and data analysis

John Wiley & Sons, Inc.
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RNA was extracted from four baseline and four panobinostat treated tumours (24hr
timepoint). Tumour bearing mice were treated with two doses of either vehicle or 5
mg/kg panobinostat 24 hr apart. At 4 hr following the second dose the animals were
euthanized and tumours taken and snap frozen for RNA analysis. RNA was extracted
using the Qiagen miRNAeasy kit and quality assessed using the Agilent 2100
Bioanalyzer (Agilent Technologies). RNA sequencing (RNA-seq) libraries were
prepared using the [lluminaTruSeq V2 RNA-Seq sample preparation kit, and paired-
end. 50bp RNA-seq reads were generated using HiSeq 2500 (mean read coverage
51719340). Reads were quality checked by FastQC and trimmed if necessary for low
base quality or adaptor using Cutadapt v1.6 **. Alignment was then performed against
the mouse reference genome GRCm38 using TopHat (v2.0.12) * with maxmultihits
set to 1 and using the option to map first to the reference transcriptome. HTSeq
v0.5.4p5 *® with mode intersection-nonempty used to count the number of reads per
gene using gene definition from Ensembl Release 73. Prior to differential expression
analysis genes with very low counts were removed; genes with more than 1 cpm in at

1?7 was used

least 2 samples were used for analysis. The limma-voom method v3.22.
to identify differentially expressed genes. Gene Set Enrichment Analysis (GSEA) %,
was performed over the MSigDB C2 gene sets with the additional HDAC inhibitor
differentiation gene signature published by Frumm et a/ °. Pathway mapping of
significant genes (p value <0.05, expression fold change threshold 0.25) was
undertaken using GeneGo Metacore software. RNA-seq data is made publicly

available (GEO accession number GSE69869).

Statistical analysis
Statistical significance was determined by one-way ANOVA with Dunnett’s post hoc
analysis versus control, or by Student #-test. Analysis was performed using GraphPad

Prism Version 6.01 software.

John Wiley & Sons, Inc.
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Results:

Treatment with panobinostat results in caspase 3 dependent apoptosis in
neuroblastoma cells.

The NHO2A cell line which is derived from the TH-MYCN murine neuroblastoma
model, and the IMR32 human neuroblastoma cell line, were investigated for their
sensitivity to the pan-HDACI, panobinostat. Both cell lines were highly sensitive to
panobinostat, demonstrating ICsp’s of 6.9 + 4.5 nM and 8.9 + 4.2 nM, respectively
(Fig Sla), a sensitivity range similar to that previously demonstrated for human
neuroblastoma lines °. Panobinostat treatment resulted in dose dependent cell death
as evidenced by the increasing proportion of cells with sub-G1 DNA content in both
cell lines (Fig 1a and b, Fig S2a and b). Indeed, treatment of NHO2A and IMR32 cells
with 50 nM panobinostat induced 38.5% and 39.5% cell death, respectively. This cell
death was confirmed as being caspase dependent, with the proportion of cells with
sub-G1 DNA content reduced back to control levels after treatment with panobinostat
in combination with the caspase inhibitor g-VD-OPh (Fig la and b, Fig S2a and b).
Furthermore, at doses of panobinostat that increased acetylation of histone H3 at 4 hr
(10 and 50 nM), the resulting cell death, in both the NHO2A and IMR32 cells, at 48 hr
was associated with an increase in cleaved caspase 3, (Fig lc, Fig S2c). Positive
TUNEL staining after 24 hr of 50 nM panobinostat treatment further confirmed the
induction of apoptosis, with 12.5% of NHO2A and 14% of IMR32 cells staining
positively (Fig 1d, Fig S2d). Similar studies in the NHO2A cell line with the HDAC
inhibitor vorinostat showed an induction of apoptosis in response to treatment, with
increased cleaved caspase 3 and TUNEL assay positivity observed (Fig Sla, b and ¢),
confirming that effects observed are mediated by HDAC inhibition.

HDAC inhibitors have been shown to regulate apoptosis through up-regulation of the
pro-apoptotic proteins BIM and BMF and down regulation of the anti-apoptotic
proteins Bcl-2 and Mcl-1, depending on the cell line and drug used (Reviewed in

Matthews et al, 30

). Most significantly, panobinostat has been shown to upregulate
BMF ** 3! To determine whether these same mechanisms for the regulation of
apoptosis occur in neuroblastoma cells, NHO2A and IMR32 cells were treated for up
to 24 hr with 5 nM of panobinostat and analysed for expression of apoptotic proteins.

Expression of BIM (EL, L and S forms) was increased in response to panobinostat,

John Wiley & Sons, Inc.
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with the highest expression level observed after 24 hr of treatment (Fig le and Fig
S2e). Interestingly Mcl-1 expression was also seen to increase over time, though this
increase was more pronounced in the NHO2A cells as compared to the IMR32 cells,
while Bcl-2 levels remained unchanged (Fig le and Fig S2e). mRNA expression has
been used extensively to determine BMF expression in response to HDAC inhibitors
#-31 In NHO2A cells, BMF mRNA expression increased 10.4-fold above control
levels after 4 hr of treatment with 5 nM panobinostat (P <0.001), with this level only
slightly decreasing out to 24 hr (Fig 1f). While BMF mRNA increased 7.8-fold above
control levels after 4 hr of 5 nM panobinostat treatment in the IMR32 cells (P <0.001;
Fig S2f1).

Panobinostat treatment of TH-MYCN tumour bearing mice prolongs disease free
survival.

Transgenic mice homozygous for N-Myc expression in the developing neural crest
(TH-MYCN) develop neuroblastomas by 6 weeks of age and typically succumb to
their disease very rapidly *°. To determine the efficacy of panobinostat in the TH-
MYCN neuroblastoma model, homozygous mice with demonstrable disease were
randomized to receive vehicle or 5 mg/kg of panobinostat daily, a dose previously
determined as a well tolerated dose for this model (Fig S3a) for a total of three or nine
weeks. Mice were randomized based on tumour volume as determined by ultrasound
imaging with the average tumour volume not significantly different between the
groups at baseline (P >0.05, Fig 2a). Tumours in the vehicle treated group grew
rapidly with a median time to sacrifice due to tumour burden of 7 days (Fig 2b). In
contrast, panobinostat treatment was associated with rapid tumour regression on
ultrasound imaging with no tumour detectable by day 5 of therapy (Fig 2b). Mice
treated with panobinostat for 3 weeks remained tumour free throughout the therapy
window, however the animals began to relapse with neuroblastoma after this period
(Fig 2c). This treatment regimen however resulted in a significant increase in median

survival to 68 days (P <0.0001 vs vehicle).

To investigate whether a longer period of panobinostat therapy would lead to further
improvement in antitumour efficacy, tumour bearing TH-MYCN mice were treated
continuously for 9 weeks. Panobinostat was well tolerated on this regimen, with

minimal weight loss observed during treatment (Fig S3b). As observed with the 3

John Wiley & Sons, Inc.
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week schedule, no tumour regrowth occurred during the treatment period. However,
with the exception of one mouse, which relapsed within 6 days of the completion of
treatment, no tumour regrowth was observed at 100 days post cessation of treatment
(Fig 2c). This treatment schedule resulted in a significant improvement in survival
compared with the 3 week dosing schedule (P <0.0001) and potentially, a curative
response. Analysis of the single relapsed tumour revealed no acetylation of histone
H3, and the -characteristic histology and N-Myc expression of TH-MYCN
neuroblastoma (Fig S3c and d).

Panobinostat treatment in the TH-MYCN mouse model results in a rapid apoptotic
response.

On the basis of the in vitro findings and the rapid tumour regression observed upon
panobinostat treatment in vivo, tumours were analysed for markers of apoptosis.
Immunostaining of tumour sections showed a dramatic increase in expression of
cleaved caspase 3, as well as TUNEL assay positivity (Fig 3a), at 24 hr post treatment
and this correlated with histologic changes typical of apoptosis (such as nuclear
fragmentation) as seen in the H&E sections (Fig 3a). To investigate whether the
apoptosis observed was mediated through mechanisms similar to those seen in vitro,
tumour expression of the pro- and anti-apoptotic proteins BMF, BIM, Bcl-2 and Mcl-
I=was determined. As seen in Fig 3b, and consistent with the in vitro findings,
panobinostat robustly induced histone H3 expression while BIM, Mcl-1 and BMF
protein levels were increased and Bcl-2 remained unaltered. Additionally, BMF

mRNA expression was increased 3 fold as compared to baseline (P <0.05, Fig 3c¢).

Long term treatment of the TH-MYCN mouse model with panobinostat results in
differentiation.

While the initial response to panobinostat is consistent with an apoptotic phenotype,
the differences in survival and relapse between the mice treated with 3 and 9 weeks of
therapy suggests that a second process may be required for relapse free survival.
There is emerging evidence that HDACi therapy causes differentiation of
neuroblastoma cells '*'®. To assess whether differentiation occurs in response to
panobinostat, tumours were analysed for markers of differentiation. Samples collected
from the tumour site on day 21 and at the endpoint of the 9 week therapy study (day
163, endpoint) comprised small white nodules which upon histological analysis were

John Wiley & Sons, Inc. 10
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confirmed to harbour large areas of calcification (data not shown). H&E staining (Fig
4) revealed that the poorly differentiated neuroblastoma histology observed in vehicle
treated tumours was altered upon panobinostat therapy, to include ganglion cells
surrounded by schwannian stroma, suggestive of a well-differentiated phenotype
consistent with ganglioneuroma. Indeed, at day 7 of treatment, samples from the
tumour site show evidence of both poorly and well differentiated cell types, with
pockets of differentiated ganglion cells present adjacent to nodes of neuroblastoma
cells (Fig S4a). Immunostaining revealed the number of N-Myc expressing, Ki67
positive neuroblastoma cells was reduced by day 7, with no pockets of neuroblastoma
cells evident at day 21 or endpoint (Fig 4, Fig S4b). In contrast, the expression of the
differentiation markers, S100, somatostatin receptor 2 (SSTR2), and Enolase 2 (NSE)
was evident by day 7 and increased further at the later time points (Fig 4). As
expression of the differentiation markers was associated with the ganglion cells and
schwannian stroma, these data strongly support the induction of differentiation during

panobinostat treatment.

To further investigate neuroblastoma cell differentiation in response to panobinostat,
RNA-seq analysis was performed. Differential gene expression analysis was
performed on tumours harvested at baseline and following two doses of panobinostat
given 24 hr apart. This data confirmed the earlier findings of increased expression of
BIM, BMF and S100, and decreased expression of N-Myc and Ki67 upon drug
treatment (Supplementary table 1; RT-PCR validation of MYCN and downstream
targets of MYCN expression, Pollrb and ODC ****) Fig S5a, b and c¢). Pathway
enrichment analysis revealed that genes involved in cell cycle regulation,
neurogenesis and axonal guidance, chromatin modification, cytoskeletal remodelling
and the NOTCH signalling pathway were significantly altered after panobinostat
treatment (Fig 5a, Fig S5d). Furthermore, specific GSEA analysis comparing the data
from this study with the HDACi differentiation gene signature developed by Frumm
et al °, showed that the up-regulated genes of that signature are significantly enriched
for within the current data set (Normalised Enrichment Score 1.56, P= 0.019, FDR qg-
value 0.042, Fig 5b). While the Frumm differentiation gene signature includes 59
genes, our analysis reduced this to 41 genes, upon exclusion of 8 control genes and a
further 10 genes without a mouse homologue or due to gene expression below the
limit of detection. Direct comparisons between these two data sets showed that 66%

John Wiley & Sons, Inc. 1
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of the genes were altered in expression in the same direction (27/41 genes, Fig 5c),
with 68% of the up-regulated genes identified by Frumm et al also up-regulated in the
TH-MYCN model in response to panobinostat (21/31) and 60% of down-regulated
genes being present in both (6/10, Fig 5c, bottom panel). Together these data strongly
suggest the initial induction of differentiation in TH-MYCN tumours by panobinostat
starts as early as 24 hr.

Discussion:

Despite recent advances in the treatment of neuroblastoma, patients who present with
advanced disease continue to have a poor prognosis. In particular, patients with a poor,
or no, response after standard induction chemotherapy, have an overall survival of
less than 10 percent *>*. Due to the infiltrating behaviour of the primary tumour,
which often encroaches on multiple essential structures, a complete surgical resection
is often impossible, inevitably leaving residual tumour deposits behind. Thus there is
an evolving need to find alternate therapies in this subset of children in whom residual

disease imparts a dismal prognosis.

Neuroblastoma, ganglioneuroblastoma and ganglioneuroma constitute an inclusive
spectrum of diseases that differ in their degree of maturation *’. Ganglioneuroma, the
most mature and therefore differentiated entity of this spectrum is considered a benign
tumour ° . The ability of undifferentiated neuroblastoma, in infants less than 18
months old with stage 4s disease, to spontaneously differentiate into a more
differentiated entity is well documented ®. If this process can be emulated in older
children with residual disease, it may be possible to drive the residual malignant

neuroblastoma into a more benign lesion thus reducing its potential to cause harm.

Inducing differentiation in neuroblastoma is not a new concept. Retinoids have been
included as a post-consolidation, metronomic therapy in high-risk neuroblastoma
protocols for this very reason ¥ To date retinoids have the strongest evidence to be
considered for this role. However they have inherent toxicities that are often difficult
for young children to tolerate. Newer agents such as fenretinide may reduce this
toxicity *°. Targeted therapies are now emerging as a potential alternative to retinoic
acids, and these agents include HDAC inhibitors such as panobinostat. Indeed

John Wiley & Sons, Inc. 12
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epigenetic modification of neuroblastoma may be the key to driving a terminal
differentiation process as early results from the study of the characteristic methylomes
of stage 4s patients suggest *. HDACi have been extensively evaluated in
neuroblastoma using both pre-clinical models and early phase studies, however the
bulk of this testing has been performed using an intermittent dosing schedule *°.
Recent pre-clinical evidence suggests that these agents are more effective as
differentiating agents in continuous low doses, rather than higher intermittent dosing
' _Such a dosing schedule could also translate to a lower spectrum of side effects,

potentially making HDAC inhibitors less toxic.

Our results suggest that continuous, low dosing of single agent panobinostat induces
terminal differentiation in a murine model of neuroblastoma. To date, this appears to
be a unique result for single agent therapy in this aggressive mouse model of
neuroblastoma. In addition, the process of terminal differentiation appears to be time
and therefore exposure dependent. Mice treated continuously for three weeks had an
impressive initial response but eventually all relapsed with aggressive disease. If this
therapy was extended to nine weeks, 90% of mice remained in remission. When these
mice were examined, they had tumour remnants, too small to be accurately identified
by ultrasound, that were histologically consistent with a benign, well-differentiated

ganglioneuroma.

The time dependent nature of this response is in itself interesting. RNA-seq analysis
performed as early as 24 hours after panobinostat dosing in vivo, suggests that some
pathways involved in differentiation are already significantly up-regulated. However,
despite these early changes to differentiation pathways, the terminal differentiation
observed in the TH-MYCN neuroblastoma tumours requires prolonged exposure to
HDACi to become permanent. More specifically, pathways such as NOTCH
signalling, well documented as being a promoter of differentiation *°, appear
significantly up-regulated. This up-regulation of NOTCH signalling is confirmed on
mRNA analysis of treated tissue. It is important to note that pathways associated with
cell cycle arrest and apoptosis are also significantly altered suggesting a dual role for
HDAC inhibition. The initial, dramatic tumour response can potentially be explained
by a predominantly apoptosis phenotype. The ongoing, sustained effect in those mice
that eventually remain disease-free can be explained by a predominantly

John Wiley & Sons, Inc. 13
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differentiation phenotype. The apoptosis effect on its own does not appear sufficient
to sustain a prolonged response as evidenced by the 100% relapse rate in treated mice
if therapy is ceased after three weeks. Therefore the length of exposure rather than the
degree of exposure determines the balance between the apoptosis and differentiation

phenotypes, and therefore the ultimate success of the treatment.

The importance of these findings lies in the concept that current HDACi therapies, by
the nature of their intermittent dosing schedule, are not adequately delivering the
continuous exposure required for the epigenetically driven process of terminal

differentiation to take place in an irreversible manner.

MYCN amplification status has repeatedly been shown to impart a significant

prognostic impact on patients with neuroblastoma *'.

Consequently significant
research effort has been invested into finding ways to ameliorate the impact of
MYCN status in high-risk patients. Interestingly, our results suggest that panobinostat,
in addition to its impact on differentiation pathways, has the ability to reduce the
translational impact of MYCN as evidenced by a significant reduction in N-Myc
expression. Recent research has also demonstrated that this impact of panobinostat on
N-Myc expression can be synergistically enhanced when combined with the BET

1 . HDACi have also been shown to influence the

bromodomain inhibitor JQ
expression levels of c-Myc # such that this translational effect of panobinostat could
potentially be extended to other pediatric cancers such as Medulloblastoma and
diffuse intrinsic pontine glioma (DIPG). Additionally, the upregulation of SSTR2 in
response to panobinostat might provide for an additional diagnostic and therapeutic
target, with somatostatin receptor imaging and peptide receptor radionuclide therapy

being previously identified as options in neuroblastoma **.

Panobinostat has now been extensively studied in both adults and children and has
been shown to be a safe and efficacious **, having been recently FDA approved for
use in multiple myeloma 46-47 " An oral formulation of the drug is now available which
is even more suitable for sustained dosing. In addition, oral formulations of drugs are
less traumatic to deliver to the pediatric population than intra-venous formulations.
When deciding what phase of treatment is most appropriate for incorporation of
HDAUC: therapy it is important to consider their side-effect profile. Currently one of
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the most frequent dose limiting side-effects of panobinostat includes bone marrow
suppression, in particular neutropaenia and thrombocytopaenia. The initial induction
phase of most high-risk protocols is intense and in itself results in significant bone
matrow suppression. Therefore, if the aim is to expose patients to continuous HDAC
inhibition this may be impossible to achieve until after the end of consolidation
therapy. Currently metronomic treatments are scheduled in the post consolidation
phase and currently run along side immunotherapy **. This is a phase of treatment
that, is traditionally not complicated by bone marrow suppression and is therefore
ideal for the addition of a metronomic therapy. From a translational stand point this
provides an excellent opportunity to explore the incorporation of panobinostat into
current post-consolidation therapies as an alternative to retinoic acids in the clinical

setting.
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Figure Legends

Figure 1:

Panobinostat induces apoptosis in mouse neuroblastoma cells. (A and B) NH02A
cells were treated with panobinostat, in the absence/presence of Q-VD-OPh, for 48 hr
and the percentage of cells with sub-G1 DNA content determined. (A) Representative
FACS plots of control, 50 nM panobinostat and 50 nM panobinostat with g-VD-OPh
treated cells, while (B) shows quantitation of the results (mean £ SEM, n=3). (C)
NHO2A cells were treated for either 4 or 48 hr with vehicle or panobinostat. Protein
lysates were immunoblotted for Acetyl-Histone H3, caspase 3 and actin as shown. (D)
NHO2A cells were treated with 50 nM panobinostat for 24hr, cytospun, fixed and
stained for TUNEL assay reactivity, left panel shows quantitiation of results (mean +
SEM, n=3; *P<0.05, t-test); right panel shows representative images. (E) NHO2A
cells were treated with 5 nM panobinostat for times shown. Protein samples were
immunoblotted for BIM, Bcl-2, Mcl-1 and actin. (F). RNA extracted from cells
treated with 5 nM panobinostat for the times shown and analysed for BMF expression
by RT-PCR. Results are expressed as mean BMF expression relative to baseline +

SEM, n=4 (** P<0.001 one-way ANOVA).

Figure 2:

Panobinostat prolongs survival and reduces tumour burden in TH-MYCN
neuroblastoma mice. Tumour bearing homozygous TH-MYCN mice were
randomized to receive vehicle or panobinostat for 3 or 9 weeks and monitored for
disease recurrence. (A) Mean neuroblastoma tumour volume of each treatment group
at.randomisation (mean + SEM, n=8-12 mice per group) as determined by ultrasound
imaging measurements. A representative ultrasound image used for volumetric
analysis of neuroblastoma (inset). (B) Individual tumour volumes of mice during the
study (black, vehicle; red, 3 week treatment group; blue, 9 week treatment group).
Dotted line represents a tumour volume of less than 50mm’, which on ultrasound
imaging was assigned as ‘below the limit of detection’. (C) Kaplan Meier survival
analysis following treatment of tumour bearing mice with vehicle or 5 mgkg
panobinostat IP daily for either 3 or 9 weeks (black, vehicle; red, 3 week treatment
group; blue, 9 week treatment group). Survival was defined as the time to an approved
ethical endpoint for euthanasia. Dotted lines represent the last day of treatment for
John Wiley & Sons, Inc. 20
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that group. Mice were sacrificed when tumours relapsed and the experiment was
ended at 100 days post end of treatment ( *** P<0.0001 one-way ANOVA, 3 week

and 9 week groups vs vehicle, and 3 week vs 9 week).

Figure 3:

Short term panobinostat treatment induces apoptosis in TH-MYCN neuroblastoma
bearing mice. Tumour bearing mice (n=4/group) were treated with two doses of either
vehicle or 5 mg/kg panobinostat 24 hr apart before being euthanized at 4 hr post
dosing on day 2 (24 hr) and tumours collected for analysis. (A) Representative images
of tumour sections stained for cleaved caspase 3 expression, TUNEL assay reactivity
and H&E (40 x magnification). (B) Tumour lysates from all mice were
immunoblotted for Acetyl-Histone H3, BMF, BIM, Mcl-1, Bc¢l-2 and actin. (C) RT-
PCR analysis of tumour samples was undertaken for BMF mRNA expression. Results
are shown as expression relative to that in vehicle treated tumours (mean £ SEM, n=4,

*P<0.05, t-test).

Figure 4:

Panobinostat promotes differentiation in TH-MYCN driven tumours.

Tumours were analysed at baseline or days 7 and 21 of panobinostat treatment or at
endpoint, 100 days after the cessation of treatment. Representative images are shown
at each time point following staining with H&E, and for N-Myc, S100, SSTR2 and
Enolase 2 (NSE) expression (40x magnification). Black arrows indicate ganglion cells,

blue arrows indicate neuroblastoma cells.

Figure 5:

Differential expression and pathway analysis of TH-MYCN tumours in response to
panobinostat. Tumour bearing mice (n=4/group) were harvested at baseline or 4 hr
post panobinostat dosing on day 2 and tumours processed for RNA-seq and
differential gene expression analysis. (A) GeneGo MetaCore pathway analysis
showing the top ten significantly altered pathways in response to panobinostat
treatment (Expression fold change threshold 0.25). (B) GSEA enrichment plot of the
up-regulated genes (31 genes) from the Frumm differentiation gene signature, NES
1.56, FDR g-value 0.042. (C) Heat map of the expression of the 41 genes from the
Frumm differentiation gene signature within the panobinostat TH-MYCN treated
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tumours as compared to control samples (red up-regulated, blue down-regulated). Top
panel, genes up-regulated within the Frumm gene signature; bottom panel, down-

regulated genes. Genes are ranked by signal to noise ratio.
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