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Abstract

Histone lysine demethylases facilitate the activity of oncogenic
transcription factors, including possibly MYC. Here we show
that multiple histone demethylases influence the viability and
poor prognosis of neuroblastoma cells, where MYC is often
overexpressed. We also identified the approved small-molecule
antifungal agent ciclopirox as a novel pan-histone demethylase
inhibitor. Ciclopirox targeted several histone demethylases,
including KDM4B implicated in MYC function. Accordingly,

Introduction

Neuroblastoma, a malignancy of the sympathetic nervous
system, is the most common extracranial solid tumor of child-
hood and accounts for 15% of all cancer-related deaths in chil-
dren. MYCN amplification is an important biologic variable that
is a critical factor in defining high risk disease; about 20% of
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ciclopirox inhibited Myc signaling in parallel with mitochondrial
oxidative phosphorylation, resulting in suppression of neuroblas-
toma cell viability and inhibition of tumor growth associated with
an induction of differentiation. Our findings provide new insights
into epigenetic regulation of MYC function and suggest a novel
pharmacologic basis to target histone demethylases as an indirect
MYC-targeting approach for cancer therapy. Cancer Res; 77(17);
4626-38. ©2017 AACR.

neuroblastoma patients have MYCN amplification (MNA; ref. 1).
N-Myc has been clearly shown to be an oncogenic driver of
neuroblastoma in transgenic mouse and zebrafish models
(2, 3). Cancer genomic sequencing has revealed few genetic
mutations in neuroblastoma (4), suggesting that epigenetic fac-
tors might be involved in tumorigenesis and disease progression,
in addition to N-Myc activity. Myc is one of the most deregulated
oncoprotein in various cancers. Unfortunately, directly targeting
transcription factors such as Myc is technically challenging. There-
fore, novel approaches need to be developed to block the Myc
pathway for cancer treatment.

Histone methylation is an epigenetic mark that is dynamically
regulated by histone methyltransferases and demethylases. The
most well-studied histone demethylases are histone lysine
demethylases (KDM) that are composed of two families. One
family is the JmjC domain-containing KDMs that are o.-ketoglu-
tarate and Fe(II)-dependent while the other family is flavin
adenine dinucleotide (FAD)-dependent KDMs (5, 6). KDMs play
important roles in regulation of gene expression, cell cycle, and
genomic integrity (7). Deregulation of KDMs occurs in many
diseases including cancer (8). For example, genetic alterations of
KDMs, such as mutation of KDMG6A, occur in many types of
malignancies (8). In addition, oncogenic transcription factors
frequently hijack KDMs to facilitate their transcriptional activity
or to inhibit tumor suppressor expression. KDM1 has been shown
to enhance c-Myc activity (9) and to complex with the EWS/FLI-1
oncoprotein to suppress TGFB1 transcription (10), while KDM5B
has been shown to help c-Myc repress CDKN1A expression (11).
KDM4B interacts with the estrogen receptor in breast cancer (12),
whereas KDM4C cooperates with JAK2 to regulate c-Myc expres-
sion in a subset of lymphomas (13).
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We have recently shown that KDM4B interacts with N-Myc to
maintain low levels of the repressive transcription mark,
H3K9me3/me2, in neuroblastoma, resulting in overexpression
of genes that promote tumor progression (14). Therefore, target-
ing histone demethylases may block the activities of oncogenic
transcription factors and activate tumor suppressive pathways,
thereby achieving therapeutic efficacy. However, despite increased
understanding of the importance of KDMs in cancer, successful,
specific KDM inhibitors for cancer therapeutics have not yet been
developed. In this study, we evaluated all known histone
demethylases in the regulation of neuroblastoma and discovered
a new pan-KDM inhibitor, ciclopirox, and assessed its antitumor
activity.

Materials and Methods

Cell culture, reagents, neurosphere formation, cell viability
assay, and cell proliferation index

Human 293T, HS68, BE(2)-C, SK-N-AS, IMR-32, SK-N-SH, and
U20S cell lines were purchased from the ATCC between 2012 and
2014. NB1, NB7, NB8, NB15, NB-1691, and NB1643 cell lines
were established at St. Jude Children's Research Hospital (Mem-
phis, TN) and obtained from Peter Houghton (Greehey Chil-
dren's Cancer Research Institute, San Antonio, TX) and Jill Lathi in
2003 and 2012, respectively. Nagai was a gift from Stephen Morris
(Insight Genetics, Memphis, TN) in 2009. Cell lines were prop-
agated, expanded, and frozen immediately into numerous ali-
quots after arrival. The cells revived from the frozen stock were
used within 10 to 15 passages not exceeding a period of 6 months.
When we collected the data for the cell lines, which was done 2-4
years ago, we did not perform STR assay until August 2016 when
we started performing STR and mycoplasma monthly. All cell
lines were characterized by short tandem repeat (STR) analysis by
using Promega PowerPlex 16 HS System. PCR-based method was
used for detection of Mycoplasma with LookOut Mycoplasma
PCR Detection Kit (Sigma) and JumpStart Tag DNA Polymerase
(Sigma). Neuroblastoma cell lines were cultured in RPMI medi-
um while 293T and HS68 cells were cultured in DMEM, supple-
mented with 10% FCS (HyClone, Thermo Scientific), 1% L-
glutamine (MediaTech), 1% penicillin-streptomycin (Lonza).
HepaRG cell line was purchased from Thermo Fisher and cultured
in Williams' Medium E with HepaRG Supplement. Neurospheres
were cultured under conditions described previously (15). Briefly,
BE(2)-C and SK-N-AS were plated on an ultra-low attachment
dish at 1 x 10° cells/well in a 6-well plate. Human recombinant
basic FGF and EGF (PeproTech) were added to the culture medi-
um every 3 days. Cell viability was measured using Presto blue
(Invitrogen) in a 96-well plate according to the manufacturer's
instructions. Cell proliferation index was determined in a log-
phase proliferation period by dividing the viable cell number at
48 hours by the viable cell number at 24 hours. Ciclopirox and
Holo-transferrin were purchased from Sigma. GST-KDM4B pro-
tein was purchased from BPS Bioscience. Tb-anti-Histone
H3K9me2 antibody and Alexa Fluor 488 streptavidin were pur-
chased from Invitrogen. H3K9me3-biotin [Histone H3 (*2')-K9
(Me3)- GGK(Biotin)] was obtained from AnaSpec.

siRNA Knockdown

The custom siRNA library (4 siRNAs pooled together for each
gene, see Supplementary Table S1) that targets genes encoding
JmjC domain-containing proteins and FAD-dependent KDM was
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purchased from Dharmacon. Reverse transfection of 20 nmol/L
siRNA in 96-well plate using RNAIMAX (Invitrogen) was per-
formed. We used nontargeting control #2 (NT2) as the negative
control. Three days after siRNA transfection, cell viability was
assessed using PrestoBlue (Invitrogen). The absorbance reading
for each gene was normalized to the control siRNA. The normal-
ized value was then subtracted by 1, and was plotted using Prism
program (target vs. control). If the value was less than —0.2 or
greater than 0.2, we concluded the cell viability as reduced or
increased, respectively. For validation of pooled siRNAs, we
chose two individual oligos against the selected targets. See
oligo sequences in the Supplementary section. For shRNA knock-
down of KDM4B, we used sh814 that had the best knockdown
efficiency (14).

Colony formation assay

After siRNA transfection, 17,000 BE(2)-C cells were plated in
each well in a 6-well plate in 2 mL of RPMI1640 medium in
triplicates. After 6 days, colonies were fixed in 4% formaldehyde
for 20 minutes after being washed once with PBS. 0.1% Crystal
violet was added onto fixed cells and shaken for 1 hour. The
stained cells were washed with ddH,O and scanned. The number
of single colony (>20 cells/colony) per view was counted under
microscopy. Three different views per well for all triplicates were
randomly chosen and colony numbers were averaged.

Western blotting and immunofluorescence

Western blot analysis was performed as described in ref. 14. See
antibodies in the Supplementary Data.

For immunofluorescence detection of histone methyl marks,
cells transfected with HA-KDM4B were treated with DMSO or
5 umol/L ciclopirox for 24 hours. Cells were washed three times
with PBS and fixed in 4.0% paraformaldehyde in PBS for 15 min-
utes at room temperature. Cells were permeabilized for 30 min-
utes using Triton X-100 (0.3%) in the presence of 10% goat serum.
Primary antibodies with a dilution of 1:1,000 in PBS with 0.3%
Triton X-100 and 3% goat serum were added to cells for overnight
incubation. After three consecutive 5-minute washes with PBS,
cells were incubated with secondary antibodies for 1 hour before
being washed with PBS and mounted in a mounting medium
(DAKO) containing 4,6-diamidino-2-phenylindole  dihy-
drochloride). Imaging of the cells was carried out using a Nikon
immunofluorescence microscope. The intensity of immunofluo-
rescence was quantified by using Image] software.

RNA and miRNA extraction and RT-PCR

RNA was extracted using the RNeasy Mini Kit from Qiagen
while miRNA was extracted using the miVana kit from Life
Technologies. RT-PCR was performed using an Applied Biosys-
tems 7500 Real-Time PCR system. The results were analyzed using
AAC, methods. Fold differences calculated using the AAC, method
are expressed as a range by incorporating the SD of the AAC, value
into the fold difference calculation according to the manufac-
turer's PCR guide instructions (Applied Biosystems). The PCR
primer sequences were listed in Supplementary Table S2.

Affymetrix microarray analysis

RNA was extracted from SK-N-AS, NB-1691, and BE(2)-C cells
after 48 hours of treatment with 2.5 umol/L ciclopirox. After
quality control with the Agilent RNA analyzer, RNA was subjected
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to hybridization using an Affymetrix HT HG-U133+ PM 16-Array
Plate. Differential gene expression was analyzed using the Gene-
Pattern program while gene signature was analyzed using the
Gene Set Enrichment Analysis (GSEA) program. Gene sets (3,402;
chemical and genetic perturbations) were downloaded from
MSigDB. After including the MYCN signature, 3,403 gene sets
were used for GSEA comparison. The permutation parameter for
GSEA analysis was 1,000. The collapsed dataset to gene symbol
parameter was "true." The permutation type was "gene set."

TR-FRET assay

In the individual wells of black 384-well low-volume assay
plates, titrations of ciclopirox, 100 umol/L of ciclopirox (set as
100% inhibition), or DMSO (set as 0% inhibition) were incu-
bated with H3K9(me3)-biotin peptide (1 pumol/L) and GST-
KDM4B protein (250 nmol/L) in 15-uL assay buffer with
50 mmol/L Tris-HCl (pH 8.0), 50 mmol/L KCI, 10 mmol/L
MgCl,, 1 mmol/L a-ketoglutarate, 80 umol/L FeSO,4, 2 mmol/L
ascorbicacid, 0.01% BSA at room temperature for 30 minutes. The
final DMSO concentration was 1% for all assay wells. Detection
mixture (5 pL/well) of Tb-anti-Histone H3K9me2 antibody
(8 nmol/L) and Alexa Fluor 488 streptavidin (80 nmol/L) in the
same assay buffer was then dispensed into individual assay wells.
After 15-minute incubation, the TR-FRET signals (fluorescence
emission ratio of 10,000 x 520 nm/490 nm) for each well in
individual assay plates were collected with a PHERAstar FS (BMG
Labtech) using a 340-nm excitation filter, 100-us delay time, and
200-us integration time. The activities of ciclopirox at the indi-
cated concentrations were normalized to that of DMSO wells
(negative control, 0% inhibition) and that of 100 umol/L of
ciclopirox (positive control, 100% inhibition) and fit into sig-
moidal dose-response curves to derive ICso values with GraphPad
Prism 7.00 (GraphPad Software, Inc.).

High content method for H3K9me3 quantification
For details, see details in Supplementary Data.

Molecular docking

The KDM4B crystal structure was obtained from the RCSB PDB
repository (PDB accession code: 4LXL). The protein structure was
prepared for docking using the Protein Preparation Wizard of
Maestro. Water molecules having less than two hydrogen bonds
to non-water molecules were deleted. This retained a water
molecule complexed with nickel (II). The protein structure was
protonated at pH 7.4. Finally, the structure was restrained min-
imized using the OPLS_2005 forcefield with default parameters.
The cognate ligand pyridine-2,4-dicarboxylic acid formed the
center of the docking box. A metal-coordination restraint was
added at the nickel center so that docked ligands could participate
in metal-ligand interactions. The tri-methylated histone 3 lysine 9
portion of the complex was retained at the time of grid generation.
The CPX structure was prepared using the Ligand Preparation
module of Maestro that generated a deprotonated state as the
dominant state. This state was docked into the KDM4B active site
using the single precision scoring mode in Glide, with the metal
coordination restraint in "on" mode. This generated a mono-
dentate chelated CPX. In keeping with the octahedral complex
seen in mono-dentate chelation (cf.PDB structure with accession
code 5F37) in similar active sites, a water molecule was introduced
at the position of the carboxylate oxygen of pyridine-2,4-
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dicarboxylic acid from PDB structure 4lxl. The entire structure
was then subjected to 100 iterations of OPLS_2005 force-field-
based energy minimization to finally obtain an octahedral com-
plex with two coordinated waters.

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) assays were per-
formed according to the manufacturer's protocol (Magna EZ-
CHIP). Briefly, BE(2)-C cells were cross-linked with 1% parafor-
maldehyde for 10 minutes and quenched for 5 minutes with
125 mmol/L of glycine. After sonication, cell lysates were spun
down and 100 pL of supernatant was diluted to 500 uL for
immunopreciptation. H3K9me3 antibodies (Millipore, 07-523)
were used for immunopreciptation of the cross-linked DNA-
protein complexes. After serial washing, DNA-protein cross-links
were reversed and DNA was extracted for PCR.

Oxygen consumption assay

Respiration was measured in intact cells using the Seahorse
XF24 analyzer (16). After 48-hour treatment with CPX or siRNA
knockdown, cells were seeded in plates coated with poly-L-lysine.
After 5 hours, the cells were loaded into the machine to determine
the oxygen consumption rate (OCR). Respiration was measured
sequentially after addition of oligomycin (0.5 umol/L), FCCP
(1 umol/L), and rotenone (0.5 umol/L). After each injection, OCR
was measured for 3 minutes, the medium mixed, and again
measured for 3 minutes.

Database mining

The Versteeg neuroblastoma dataset (GSE16476) at R2: Geno-
mics Analysis and Visualization Platform (http://hgserverl.amc.
nl/cgi-bin/r2/main.cgi) was used to correlate expression of MYCN
and KDMs and Kaplan-Meier survival analysis.

Animal experiments

All murine experiments were done in accordance with a pro-
tocol approved by the Institutional Animal Care and Use Com-
mittee of St. Jude Children's Research Hospital. The disseminated
disease model was established as described previously (17). Cell
suspension (0.1 mL; 1 x 10° cells) of NB-1691luc cells were
injected into the lateral tail vein of SCID mice with a 25-G needle.
One week later, pumps containing CPX were subcutaneously
implanted in the dorsum of tumor-bearing mice. The pumps
(model 1004) were purchased from Alzet, which delivers 0.11
uL/hour for 4 weeks and holds 100 pL in total. CPX pumps were
prepared as follows: 18 mg of CPX was dissolved in 225 uLof 95%
EtOH by vortexing. DMSO (750 pL) was added and vortexed.
Then, 525 uL of sterile H,O was added and vortexed to have a final
concentration of 12 mg/mL. The CPX solution was filled in pumps
using sterile forceps inside a hood. The control mice received an
alzet pump with vehicle. Tumor growth was monitored using an
IVIS Imaging System 100 Series (Xenogen Corporation). Mice
received a 150-mg/kg intraperitoneal injection of p-Luciferin
(Xenogen). Five minutes after substrate injection, the animals
were imaged. Acquired images were analyzed using Living Image
Software version 2.50 (Xenogen). Subcutaneous xenografts were
established in male CB-17 severe combined immunodeficient
mice (Taconic), Tumor measurements were done weekly using
handheld calipers, and volumes calculated as width ©t/6 x d°
where d is the mean of two diameters taken at right angles.

Cancer Research
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Subcutaneous xenografts were treated with 20 mg/kg of CPX via
oral gavage twice daily.

Statistical analysis

Each experiment was carried out at least in triplicate. To
determine statistical significance, the unpaired, two-tailed Stu-
dent ¢ test was calculated using the t test calculator available on
GraphPad Prism 7.0 software. Survival analysis was done by the
Kaplan-Meier method, and survival curves were compared by the
log-rank test. A P value of less than 0.05 was considered statis-
tically significant.

Microarray deposition
The microarray data have been submitted in GEO repository
with accession numbers of GSE45969 and GSE45970.

Results

Identification of histone demethylases regulating
neuroblastoma cell viability

To assess the potential role of histone demethylases in the
regulation of neuroblastoma cell proliferation, we used a
focused siRNA pool library (Supplementary Table S1; includ-
ing 32 genes encoding JmjC domain proteins with 17 of them
having histone lysine or arginine demethylase activity; and 2
genes encoding FAD-dependent demethylase KDM1A and
KDM1B), for screening in 9 neuroblastoma cell lines, six of
which have MYCN amplification (MNA). Cell viability was
assessed by PrestoBlue assay three days after introduction
of the siRNAs. After filtering out targets that affected fewer

Figure 1.

Identification of histone demethylases
in the regulation of neuroblastoma cell
viability. A, Heatmap shows cell viability
assessment after siRNA knockdown of
histone demethylases and genes
encoding JmjC domain containing non-
histone demethylase proteins. The
viability threshold is set to (+0.2, —0.2).
If the value is less than —0.2, we
conclude that the gene reduces cell
viability. If the value is greater than 0.2,
we conclude that the gene increases cell
viability. The genes highlighted in blue
are genes that inhibit the cell viability of
at least 4 of 9 cell lines. MNA indicates
MYCN ampilification. B, Crystal violet
staining of cells after 7 days of depletion
of indicated histone demethylases in
BE2(C). C, Colony number quantified by
averaging counts from 9 different views
under microscope. All the data are
shown as mean + SD; **, P < 0.01;

*, P <0.05.
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than 4 cell lines (cell viability value <—0.2), 9 histone
demethylases (C1401f169, JMJD6, KDM2B, KDM4B, KDM4D,
KDMA4E, KDM5C, KDM6B, and PHF2), and 2 genes encoding
JmjC domain containing non-histone demethylase proteins
(HR and HSPBAP1) were found to contribute to the mainte-
nance of neuroblastoma cell viability (Fig. 1A; Supplementary
Fig. S1). Interestingly, three members of the KDM4 subfamily
(KDM4B, KDM4D, and KDMA4E, but not KDM4A and
KDM4C), which are responsible for removing the transcription
repressive mark H3K9me3/me2, were involved in limiting
viability of most of the cell lines (Fig. 1A; Supplementary
Fig. S1). Knockdown of other histone lysine demethylase
subfamily members including C140rf169, KDM2B, KDM5C,
KDMG6B, PHF2 and histone arginine demethylase JMJD6 also
affected the viability of multiple cell lines (Fig. 1A). Two non-
histone demethylase genes HR and HSPBAP1 were also impor-
tant for neuroblastoma cell viability.

To validate our screening results, we randomly took two indi-
vidual oligos in the original pool and tested them separately in BE
(2)-Cecells, a frequently studied MYCN-amplified cell line (Fig. 1B
and C). Here we focused on histone demethylases, and thus
excluded HR and HSPBAP1, but tested 9 histone demethylases
(Fig. 1B and C). Consistent with our screening data, depletion of
KDM4B, KDM4D, JMJD6, and KDM6B greatly reduced the cell
colonies of BE(2)-C (Fig. 1B and C), and depletion of other
histone demethylases also led to a phenotype similar to the
original screening in BE(2)-C cells (Fig. 1B and C; Supplementary
Fig. S1). Taken together, these data confirmed that histone
demethylases are important for maintaining neuroblastoma
cell viability.
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Identification of ciclopirox as a pharmacologic inhibitor of
histone demethylases

The KDM dependency of Myc-driven neuroblastoma cells as
shown in Fig. 1 indicates that identification and development of
KDM inhibitors may serve as a new therapeutic strategy to target
neuroblastoma. We recently demonstrated that KDM4B plays
an important role in the regulation of N-Myc function and N-
Myc-driven tumor growth (14), consistent with the screening
results in this study. As specific and potent inhibitors of KDM4B
are currently not available, we used a chemical geneticapproach to
identify inhibitors that target KDM4B or its associated signaling
pathway, as we had previously studied the global gene expression
profile of KDM4B. We hypothesized that the genetic and epige-
netic alterations in tumors would give rise to a transcriptome that
could be pharmacologically reversed. The connectivity Map
(CMAP) is a collection of genome-wide transcriptional expression
data from cultured human cancer cells treated with bioactive
small molecules, and these chemical genetic profiles and pat-
tern-matching algorithms enable the discovery of functional
connections between drugs, genes, and diseases (18). We used
CMAP to search for drugs that produce a similar transcriptome to
that of KDM4B depletion, with the premise that these drugs would
be able to target KDM4B function or KDM4B-related signaling
pathways (Fig. 2A). We also used clinical neuroblastoma gene
expression data to identify drugs that produce transcriptome
profiles inversely matching the signature of advanced stage neu-
roblastoma, as MYCN is frequently amplified in advanced stage
patients. Using this strategy, we found that the KDM4B gene
expression profile was enriched with CMAP profiles induced by
compounds including several protein synthesis inhibitors, PI3K
and mTOR inhibitors, and others such as dopamine-blocking
agents (Supplementary Fig. S2A). Interestingly, the histone dea-
cetylase (HDAC) inhibitors and an off-patent drug, ciclopirox
(CPX), an antifungal agent for seborrheic dermatitis that has been
used in a clinical trial via oral delivery for acute myeloid leukemia
(19), were identified in both analyses, based on an in vitro KDM4B
knockdown signature and an in vivo advanced stage neuroblas-
toma signature (Fig. 2A; Supplementary Fig. S2A and S2B). It is
noteworthy that CPX ranked #1 when comparing with the high-
stage primary neuroblastoma profiles, which suggests MYCN
signaling is more likely proxy to the CPX profile. Thus, these data
suggest that these compounds affect the pathways shared by
KDM4B and Myc. We chose to focus on CPX, first testing whether
CPX inhibited KDM4B function.

First, we examined the CPX effect on histone methyl marks in
neuroblastoma cells. We found that CPX treatment did cause
global induction of histone H3K9 methyl marks in three different
neuroblastoma cell lines in a dose- and time-dependent manner
(Fig. 2B and C). To test whether CPX directly affected the enzy-
matic activity, we used a time-resolved fluorescence energy trans-
fer (TR-FRET) assay to assess the KDM4B-mediated demethyla-
tion of an H3K9me3-biotin peptide. In this assay, ciclopirox
inhibited KDM4B in a dose-response manner, with an ICsq of
3.77 £ 0.17 pmol/L (Fig. 2D). We then tested whether CPX was
able to block the activity of overexpressed KDM4B in cells and
found that CPX at 5 pmol/L suppressed KDM4B activity in over
90% of cells by assessing H3K9me3 using immunofluorescence
(Fig. 2E; Supplementary Fig. S2C). Correspondingly, elevated
H3K9mel levels due to conversion of H3K9me3/me2 to
H3K9mel by KDM4B, were significantly reversed by CPX (Sup-
plementary Fig. S2C). Similarly, the H3K9me3 levels that were
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inversely correlated with KDM4B overexpression in U20S cells
were increased by CPX, further demonstrating that CPX blocks
KDM4B function (Supplementary Fig. S2D). Next, we used the
crystal structure of KDM4B (4LXL) as a template to dock CPX into
the JmjC domain. The docking free energies are quite favorable.
An octahedral complex at the active site was obtained (Fig. 2F).
The deprotonated hydroxyl group of CPX formed a mono-dentate
interaction with the metal ion. The oxygen from the keto group of
CPX was available for interaction with Lys242 either directly or via
a water bridge. The cyclohexyl moiety of CPX was nestled in a
hydrophobic pocket formed by Phe186, Tyr 178, Trp209, Ala287,
and the aliphatic chain of Lys207.

As histone demethylases require iron for activity and CPX has
been shown to chelate iron (20), we tested whether iron was able
to rescue the effect of CPX. We overexpressed KDM4B in 293T cells
because of their greater transfection efficiency than neuroblasto-
ma cells. The exogenous KDM4B markedly reduced global
H3K9me3 levels and increased H3K9mel levels (Fig. 2G). CPX
treatment of 5 umol/L efficiently blocked KDM4B activity. Iron
supplementation was able to block the CPX effect (Fig. 2G),
suggesting that CPX inhibits KDM4B by chelating iron from its
catalytic domain. Although CPX shares a similar active moiety to
the HDAC inhibitor vorinostat that chelates zinc (Supplementary
Fig. S2E), we found that CPX did not induce acetylation of histone
H3 or o-tubulin (Supplementary Fig. S2F), demonstrating that
CPX is not an HDAC inhibitor.

To assess the specificity of CPX to KDMs, we further tested other
histone methyl marks and found that CPX also increased meth-
ylation levels of H3K27, H3K4, and others (Supplementary Fig.
S3A and S3B), suggesting CPX might be a pan-KDM inhibitor. To
validate this, we overexpressed KDM4C (H3K9me3/me2), PHF8
(H3K9me2/mel), KDM6A/UTX (H3K27me3/me2), KDM5A
(H3K4me3/me2), and C140r1f169 (also named NOG66) in 293T
cells (Supplementary Fig. S3C-S3G). We found that CPX inhib-
ited KDM4C, PHF8, and KDM6A activity and as in the previous
case, the addition of iron at least partially rescued the effect
(Supplementary Fig. S3C-S3E). Interestingly, NO66 did not exert
histone demethylase activity in 293T cells (Supplementary Fig.
S3F) although it is purported to be an H3K4me3 and H3K36me3/
me2 demethylase (21). Thus, CPX appears to be a pan-KDM
inhibitor. Nevertheless, the discovery that multiple KDM subfam-
ily members are involved in regulation of neuroblastoma cell
proliferation or viability indicates that a pan-KDM inhibitor may
be expected to suppress tumor growth better than a specific KDM
inhibitor.

CPX suppresses neuroblastoma cells but not normal cells

As we have identified CPX as a novel inhibitor to KDMs that are
essential to neuroblastoma cell survival (Figs. 1 and 2), we next
assessed its effect on cell viability. An Alamar blue assay showed
that CPX potently suppressed the viability of neuroblastoma cells
in vitro, but not the normal human fibroblast cell line HS68 (Fig.
3A). Neuroblastoma cells were at least 200-fold more sensitive to
CPX than HS68 cells (Fig. 3A). To assess the possibility that the
drug response may be associated with a decrease in the prolifer-
ation rate, we examined the proliferation index of each cell line.
We found that HS68 cells proliferated even faster than IMR32, NB-
1691, and SK-N-SH cells (Fig. 3A), ruling out the possibility that
HS68 was resistant to CPX due to its slow proliferation rate. Thus,
these data suggest CPX may selectively kill cancer cells but not
normal cells. This is consistent with a recent phase I clinical trial in
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Figure 2.

Identification of ciclopirox as a pharmacologic inhibitor of KDM. A, The rationale for identification of compounds that may target KDM4B. B and

C, Neuroblastoma cells were treated with CPX for 48 hours with indicated concentrations (B) or treated with 2.5 umol/L of CPX for different lengths

of time (C). Histone methyl marks in different neuroblastoma cell lines were assessed using immunoblotting. D, Ciclopirox inhibited KDM4B-mediated
demethylation of the H3K9me3-biotin peptide in a dose-response manner in a biochemical TR-FRET functional assay (ICso of 3.77 + 0.17 umol/L).

E, Eight hours after transfection of HA-tagged KDM4B in SK-N-AS cells (top), 5.0 umol/L of CPX was added to the medium for 24-hour treatment (bottom).
Immunofluorescence was used to assess global H3K9me3 marks (63x). The intensity of H3K9me3 for each single cell in two groups was quantified by
using ImageJ (right). F, Molecular docking of CPX into the JmjC domain of KDM4B. The molecule forms an octahedral complex at the nickel center via its
deprotonated hydroxyl group. The oxygen from the keto group of CPX was close to Lys242 and may interact with it directly or via a water bridge

(not shown). The cyclohexyl moiety was nestled in a hydrophobic pocket formed by Phel86, Tyr 178, Trp209, Ala287, and the aliphatic chain of Lys207.
The blue sphere indicates nickel ion. G, 293T cells were transfected with HA-KDM4B. Eight hours after transfection, cells were treated with 5.0 umol/L

of CPX and/or 500 pg/mL of holo-transferrin that carries iron into cells for 24 hours. Western blotting was used to assess the indicated markers.
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AML in that once-daily administration of 40 mg/m? oral ciclo-  assay showed that CPX potently inhibited neuroblastoma cell
pirox olamine for five days was well tolerated in all patients proliferation and survival in five MYCN-amplified cell lines
without dose-limiting toxicity (22). A crystal violet staining while the non-MYCN cell lines SK-N-AS and SK-N-SH were
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CPX selectively inhibits cancer cells in comparison with normal cells. A, Cells were treated with ciclopirox for 96 hours. Curves showing that ciclopirox
suppresses viability of neuroblastoma cells but not HS68 cells, a normal human fibroblast cell line. The ICsq of CPX to each cell line is summarized

in the table. The proliferation index for each cell line was determined and is summarized in the table. B, Cells were stained by Crystal violet after 5 umol/L of
ciclopirox treatment for 4 days. C, Morphology of BE(2)-C cells following treatment with 2.5 umol/L of ciclopirox. Note the neurite outgrowth in treated cells.
D, RT-PCR showing that ciclopirox induces differentiation marker gene expression in BE(2)-C cells. This experiment was carried out in triplicate.

E, Ciclopirox suppresses formation of neurospheres derived from BE(2)-C (top) and SK-N-AS (bottom) cells.

more resistant (Fig. 3B). CPX treatment also caused cell morphol-
ogy changes such as neurite outgrowth (Fig. 3C), a characteristic
typical of neuroblastoma differentiation. Real-time PCR showed
that CPX induced expression of differentiation markers, such as
neuron-specific enolase 2 (ENO2) and tyrosine hydroxylase

4632 Cancer Res; 77(17) September 1, 2017

(TH; Fig. 3D). To test whether CPX was able to target
potential tumor-initiating cells, we treated neurospheres
derived from BE(2)-C and SK-N-AS cells. CPX treatment also
inhibited the neurosphere formation in a dose-dependent man-
ner (Fig. 3E).
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CPX inhibits the Myc signaling pathway

KDMs play an important role in regulation of gene transcrip-
tion. To investigate the CPX effect on the transcriptome at a global
level, we characterized the gene expression profile after 48-hour
treatment of tumor cells with 2.5 umol/L of CPX, a time and
dose when cell viability was not yet significantly affected. We first
compared the gene expression pattern of CPX with JIB-04, a
compound that has recently been found to target histone
demethylases including KDM4B (23). GSEA showed that the
JIB-04 signature was significantly enriched with genes affected
by CPX (Supplementary Fig. S3H), supporting the fact that CPX,
like JIB-04, targets KDMs. Importantly, GSEA revealed that the

Ciclopirox Targets Histone Demethylases

Myc pathway was targeted by CPX (Fig. 4A; Supplementary
Fig. S4A). Among oncogenic signatures in MSigDB that are tar-
geted by CPX, the Myc oncogenic signature also ranked #1
(Supplementary Fig. S4B). Motif analysis showed that the genes
downregulated by CPX were enriched with Myc/Max binding sites
(Fig. 4B and C). Nevertheless, we found that the genes affected
by CPX bear potential binding sites for other factors such as
upstream stimulating factors and zinc finger protein ZF5 (Sup-
plementary Fig. S4C), and therefore other regulators may also be
involved in the CPX-induced effect. We observed that the Myc
target miR-17-92 was downregulated by CPX and performed RT-
PCRto test the expression of miR-19a, the mostimportant miRNA
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Figure 4.

CPX targets the Myc pathway. A, After 48 hours of 2.5 umol/L CPX treatment of BE(2)-C, NB-1691, and SK-N-AS cells, GSEA analysis revealed that genes
downregulated by CPX were enriched for Myc targets. B and C, GSEA motif analysis showed that genes inhibited by CPX have Myc/Max binding sites.

D, RT-PCR showed that 2.5 umol/L CPX treatment of BE(2)-C and SK-N-AS cells for 48 hours inhibited expression of miR-19a. This experiment was

carried out in triplicate. E, ChIP-PCR showed that 2.5 umol/L CPX treatment of BE(2)-C cells for 48 hours increased histone methylation of H3K9 but

reduced acetylation. This experiment was carried out in triplicate. F, NIH3T3 cells were transduced with retroviral MSCV-GFP and MSCV-N-Myc-GFP, with
comparable proliferation indices. G, Cells from F were stained with Crystal violet after 2.5 or 5 umol/L of ciclopirox treatment for 4 days (left). Colony number
was quantified by averaging counts from 5 different views under microscope. All data are shown as mean 4 SD; **, P < 0.01.
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of the miR-17-92 cluster in oncogenesis (24, 25). Indeed, CPX
inhibited expression of miR-19a (Fig. 4D), indicating that CPX
suppresses Myc-mediated miR-17-92 cluster expression. ChIP-
PCR showed that CPX treatment caused an increase in H3K9me3
and a decrease in acetyl H3K9 (a transcriptionally active marker)
on the MIR17HG E box region (Fig. 4E), indicating an epigenetic
change at this locus. To further understand the mechanistic
association of Myc and KDM, we analyzed the ENCODE data
that has available ChIP-seq data for c-Myc, KDM4A, and
H3K9me3. Interestingly, in human embryonic stem cells, the
genomic occupancy pattern of KDM4A and c-Myc resembled and
was mutually exclusive to H3K9me3 (Supplementary Fig. S4D),
suggesting that KDM4A cooperates with ¢-Myc in human embry-
onic stem cells, supporting the hypothesis that targeting histone
demethylase by CPX may affect Myc activity. To examine whether
activation of Myc could sensitize cells to CPX treatment, we
transduced NIH3T3 cells, a murine fibroblast cell line, with GFP
or N-Myc (Fig. 4F). After transduction with N-Myc, NTH3T3 cells
did not proliferate significantly faster than the control (prolifer-
ation index 3.0 vs. 2.8; Fig. 4F), although the cell morphology
changed. Interestingly, cells transduced with N-Myc were much
more sensitive to CPX treatment (Fig. 4G), indicating that Myc
reprogrammed cells were less tolerant to the inhibition of KDMs.

CPX suppresses oxidative phosphorylation

Myc s involved in mitochondria biogenesis and energy metab-
olism (26-29). Consistent with the function of Myc in promoting
OXPHOS under some settings, GSEA revealed that CPX sup-
pressed genes involved in mitochondrial oxidative phosphoryla-
tion or mitochondrial respiration (Fig. 5A; Supplementary Fig.
S5A-S5C). Next we picked the top ranked genes from GSEA
analysis and performed RT-PCR to validate these findings (Fig.
5B; Supplementary Fig. S5D). We then measured the mitochon-
drial oxygen consumption rate in real-time with oligomycin (an
inhibitor of ATP synthase), FCCP (an uncoupler of oxidative
phosphorylation), and rotenone (an inhibitor of the electron
transport of mitochondrial complex I). The results showed that
CPX decreased mitochondrial oxygen consumption (Fig. 5C;
Supplementary Fig. S5E), indicating that CPX inhibits the mito-
chondria respiratory chain reaction. We then tested whether
KDM4B and N-Myc were involved in regulating mitochondrial
function in neuroblastoma cells. Indeed, KDM4B and N-Myc
depletion using siRNAs resulted in downregulation of the oxygen
consumption rate (Fig. 5D; Supplementary Fig. S5F and S5G),
suggesting that CPX targets cancer cell metabolism at least par-
tially through KDM4B.

The inhibition of oxidative phosphorylation by CPX raised the
possibility that the downregulation of Myc target genes in
response to CPX may be a consequence of the antiproliferative
activity due to the inhibition of energetics. We therefore compared
the cellular effects of CPX and rotenone, the inhibitor to the
complex I of electron transport chain (ETC). Unlike CPX, we
found that rotenone rapidly induced cell death within 24 hours
and killed nearly all cells after 72-hour treatment (Fig. 5E). We
further examined the N-Myc expression and found that rotenone,
but not CPX, induced a dramatic reduction of N-Myc protein (Fig.
5F), probably due to a secondary effect. These data suggest that
CPX inhibits the Myc pathway through a different mechanism
from rotenone that directly inhibits ETC and consequently causes
Myc reduction.
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CPX suppresses tumor growth and dissemination

We have established that CPX targets KDMs, which are essential
to neuroblastoma cell survival. We therefore tested the in vivo
antineuroblastoma activity of CPX in a disseminated disease
model established previously in our laboratory (17). The burden
of disease after tail vein injection of NB-1691 cells engineered to
stably express luciferase was assessed by bioluminescence imag-
ing (30). Because of the short half-life of CPX in mice (31), we first
chose to deliver the drug via a subcutaneously implanted, con-
tinuous release pump. The control mice received an alzet pump
with vehicle. The length of time during which drug was released
from the pumps was approximately four weeks; the calculated
plasma concentration of CPX was approximately 2.5 umol/L.
Pharmacodynamic studies in which tumor histone methylation
status was assessed by Western blot analysis, showed successful
target inhibition and epigenetic modification with increased
H3K9me3/me2 (Fig. 6A). Importantly, continuous delivery of
CPX via the subcutaneous pump significantly reduced the tumor
burden, as assessed by the intensities of bioluminescence (Fig. 6B
and C). In addition, two mice in the control group showed distant
metastasis in the femur (Fig. 6C), while the CPX treatment group
did not, suggesting that CPX inhibits or prevents disease
dissemination.

To further assess the antitumor activity of CPX, we established
NB-1691 subcutaneous xenografts. After tumors reached
100 mm?® in size, CPX was given orally twice daily via gavage.
CPX treatment significantly reduced tumor growth (Fig. 6D).
Finally, as CPX may impact other targets in addition to KDM4B,
we sought to determine the importance of KDM4B inhibition by
CPX in impairing tumor growth by testing the antitumor effec-
tiveness of CPX against tumors in which KDM4B had already been
genetically ablated. Knockdown of KDM4B in BE2(C) cells sig-
nificantly slowed tumor growth and extended survival (Supple-
mentary Fig. S6A). However, when the control and knockdown
groups were treated with CPX via oral gavage twice daily once
tumor size was about 100 mm?>, tumor growth in the control
group was significantly delayed by CPX treatment and survival
extended (Fig. GE, left; Supplementary Fig. S6B), whereas there
was no difference in the knockdown group (Fig. GE, right),
suggesting that CPX impacts tumor growth largely through inhi-
bition of KDM4B in BE2(C) cells.

Discussion

The Myc proto-oncogenic transcriptional factor plays an impor-
tant role in tumorigenesis and tumor maintenance in a variety of
cancers including neuroblastoma. Myc activity is determined by
local chromatin histone methylation status (32) and thus we
predicted that perturbations of histone methylation could inter-
fere with the transcriptional function of Myc. In addition, Myc
itself is able to regulate chromatin modification such as H3K9me3
and other histone marks (33-35), indicating that Myc may recruit
histone methylation modifiers to establish the epigenetic status
forits function. One recent study showed that c-Myc interacts with
histone demethylases KDM4B and KDM4C to regulate mouse
embryonic cell stemness (36). The histone demethylase KDM1A
has been shown to reprogram the transcriptome of neuroblasto-
ma cells and regulates neuroblastoma xenograft growth (37),
cooperating with N-Myc to repress tumor suppressor genes in
neuroblastoma (38). We have recently identified that KDM4B
physically interacts with N-Myc and maintains the low levels of
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CPX inhibits oxidative phosphorylation. A, GSEA analysis revealed that 2.5 umol/L CPX treatment of BE(2)-C cells for 48 hours suppresses genes involved

in oxidative phosphorylation. B, RT-PCR assessment of genes involved in oxidative phosphorylation after 2.5 umol/L CPX treatment of BE(2)-C cells for 48 hours.
This experiment was carried out in triplicate. C, Oxygen consumption analysis showing a decline effected by 2.5 umol/L CPX treatment of BE(2)-C cells

for 48 hours. D, Oxygen consumption analysis showing a decline by 48-hour depletion of KDM4B with siRNA in BE(2)-C cells. E, BE(2)-C cells were stained
with Crystal violet after 0.5 umol/L of rotenone or 2.5 umol/L of ciclopirox treatment for 3 days (left). Colony number was quantified by averaging counts from
5 different views under microscope. All data are shown as mean =+ SD; **, P < 0.01. F, Western blotting assessment of N-Myc expression after a 48-hour treatment

of BE(2)-C cells with 0.5 umol/L of rotenone or 2.5 umol/L of ciclopirox.

repressive H3K9me3/me2 marks at Myc target gene loci in neu-
roblastoma, thereby facilitating N-Myc activity (14). Interestingly,
one study has shown that loss-of-function of histone demethylase
KDMS5D is synthetically lethal to human mammary epithelial
cells transduced with Myc (39). These data indicate that Myc-
driven cancer may be addicted to KDM for survival. In this study,
we have identified additional histone demethylases C1401f169,
JMJD6, KDM2B, KDM4D, KDM4E, KDM5C, KDM6B, and PHF2

www.aacrjournals.org

that regulate neuroblastoma cell viability, are correlated with
MYCN expression, and are associated with poor prognosis. Thus,
different histone demethylases with diverse functions are impli-
cated in regulation of neuroblastoma cell survival. Although the
molecular mechanisms of these histone demethylases in neuro-
blastoma need to be further studied, these data indicate that
targeting these histone demethylases with pharmacologic inhibi-
tors may achieve therapeutic efficacy. For example, a recent study

Cancer Res; 77(17) September 1, 2017
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CPX suppresses tumor growth. A, Pharmacodynamic analysis of neuroblastoma xenografts by Western blot showed that continuous delivery of CPX via a
subcutaneous pump resulted in an increase of H3K9me3/me2 marks in vivo. B, CPX inhibited NB-1691 neuroblastoma xenograft growth in a

disseminated disease model (n = 10/group). Curves show the average bioluminescence signals over time. (P < 0.01, Student ¢ test). C, Bioluminescence
images from the control (right, top row) and pump treatment (right, bottom row) animals at 4 weeks in B. Red arrow, bone or bone marrow metastasis. D, Growth of
NB-1691 subcutaneous xenografts (n = 5/group) treated with 20 mg/kg of CPX twice daily via oral gavage. E, BE2-(C) xenografts from shRNA control group
(n = 5) or shkDM4B group (n = 5) were treated with 20 mg/kg CPX or excipient twice daily via oral gavage. P value was computed by Student ¢t test.

indicates that a non-specific KDM6B inhibitor, GSKJ4, suppresses
Notch-driven T-ALL (40). A pan-KDM inhibitor, JIB-04, also
shows antitumor activity (23).

In this study, we tried to identify novel inhibitors against
histone demethylases, including KDM4B, to target the Myc path-
way using a unique strategy. "Inverse gene expression profiling"
resulting from pharmacologic treatment suggest that cancer driver
genes can be suppressed by the identified drugs, thereby providing
a rationale for transcriptome-based drug screening (18). In addi-
tion, drug sensitivity screening has shown that gene transcrip-
tional features show a correlation with drug sensitivity that is
equal to or stronger than those observed with gene mutation (41).
We exploited this strategy to identify small molecules whose
pharmacologic transcriptomes inversely matched advanced neu-
roblastoma and KDM4B signatures. Strikingly, we found that
ciclopirox, originally designed as an antifungal drug, was a novel
histone demethylase inhibitor that bound KDM4B and inhibited
its activity. The biological profile of ciclopirox is very similar to
JIB-04, a compound recently identified as a general KDM inhibitor
(42). Importantly, CPX suppresses Myc function. A number of
Myc-responsive genes were downregulated by ciclopirox that
caused an increase in global histone methylation of H3K9me3/
me?2, characteristic of transcriptional repressive marks. In addi-
tion, NIH3T3 cells transduced with N-Myc were more sensitive to
CPX than the GFP-transduced control, indicating that KDM plays
an important role in Myc-reprogrammed cells. Intriguingly, CPX
also significantly compromised oxidative phosphorylation by

4636 Cancer Res; 77(17) September 1, 2017

inhibiting mitochondrial gene expression. Depletion of KDM4B
or N-Mycresulted in similar effects, consistent with the role of Myc
in mitochondria biosynthesis (26), suggesting that CPX is able to
epigenetically reprogram mitochondrial metabolism at least par-
tially through KDM4B. Consistent with its in vitro activity, CPX
inhibited neuroblastoma growth and metastasis in a disseminat-
ed disease model. Interestingly, recent drug screening also iden-
tified CPX as an effective agent for solid tumors, acute myeloid
leukemia, and myeloma (20, 43-45). In neuroblastoma, the
dependency on multiple histone demethylases of cancer cells
indicates that the pan-KDM inhibition may contribute to its
overall antitumor effect.

The structure modeling and in vitro biochemical studies indi-
cate that CPX inhibits JmjC histone demethylases through che-
lating the iron in the catalytic domain. Neuroblastoma cells have
been shown to be very sensitive to the depletion of iron as shown
with the treatment with iron chelator deferoxamine although the
mechanism was not clear (46-48). Our studies may explain, at
least in part, why depletion of iron leads to antineuroblastoma
activity.

KDMs may directly target non-histone proteins such as p53
(49). To test whether N-Myc is subject to lysine methylation,
which can be affected by CPX, we purified N-Myc protein for mass
spectrometry analysis after cells treated with CPX. We were unable
to detect any lysine methylation from N-Myc, but interestingly,
we discovered two arginines (R138 and R160) were methylated.
The biological functions of M-Myc arginine methylation in
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neuroblastoma need to be further studied. Nevertheless, CPX had
no effect on these two sites.

In summary, we have demonstrated that KDMs play an impor-
tant role in regulation of neuroblastoma cell survival. Using an
informatics approach, we have identified a novel pan-histone
demethylase inhibitor, ciclopirox, which targets the Myc pathway
and cancer cell metabolism, hence achieving therapeutic efficacy.
Unfortunately, the pharmacokinetics of CPX is unfavorable as it
has a very short half-life in vivo (50). In the future, ciclopirox could
be used as a scaffold to develop more potent KDM inhibitors for
cancer therapeutics.
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