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Abstract

Chimeric transcription factors drive lineage-specific oncogenesis but are notoriously difficult

to target. Alveolar rhabdomyosarcoma (aRMS) is an aggressive childhood soft tissue sarcoma
transformed by the pathognomonic PAX3-FOXO1 fusion protein, which governs a core regulatory
circuitry transcription factor (CRC TF) network. Here we show that the histone lysine demethylase
KDM4B is a therapeutic vulnerability for PAX3-FOXO1* RMS. Genetic and pharmacologic
inhibition of KDM4B significantly delays tumor growth by disrupting the expression of CRC

TFs caused by epigenetic alterations of PAX3-FOXO1-governed super enhancers. Combining
KDMA4B inhibition with cytotoxic chemotherapy leads to significant tumor regression in
preclinical PAX3-FOXO1* RMS models. In summary, we have identified a targetable mechanism
required for maintenance of the PAX3-FOXO1-related CRC TF network, which may translate to a
therapeutic approach for fusion-positive RMS.

One Sentence Summary:
KDM4 is a therapeutic target in PAX3-FOXO1 positive rhabdomyosarcoma.

INTRODUCTION

Dysregulation of gene transcription is a hallmark of cancer and leads to dependencies

of cancer cells on aberrant transcriptomic programs (1). In particular, a small set of
interconnected lineage-specific transcription factors (TFs) form a core regulatory circuitry
(CRC) that establishes and maintains cell identity (2-4), and grants selective dependencies of
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distinct cancer types (5-10). Cancer genomic sequencing has identified hundreds of fusion
genes that may have regulatory functions in gene transcription by creating neomorphic
chimeric TFs (https://ccsm.uth.edu/FusionGDB/), many of which are known oncogenic
drivers (11, 12). While the functions of chimeric TFs in core regulatory circuitry remain
largely unknown, there is strong evidence that PAX3-FOXOL1 is a chimeric TF that plays
an essential role in constructing a CRC TF network in cancer (13). Although CRC TFs are
essential to cancer cell survival (5, 6, 9, 10, 13-15), selective pharmacologic targeting of
CRC TFs is very challenging.

Rhabdomyosarcoma (RMS) is the most common soft tissue sarcoma in children (16,

17), and is classified into two main histologic subtypes, alveolar RMS (aRMS) and
embryonal RMS (eRMS). The cell of origin of aRMS may derive from fetal myoblasts,
whose transformation is primarily driven by the pathognomonic fusion oncoprotein PAX3—
FOXO1 or its variant PAX7-FOXO1 (18-20). PAX3-FOXO01 fusion-positive aRMS is
more aggressive than fusion-negative RMS and has a higher rate of metastasis and poorer
prognosis (16, 21, 22). Although current treatment modalities have steadily improved the
survival of patients with low-risk RMS, the outcome for those with high-risk disease,
fusion-positive RMS, in particular, remains dismal (13). Among the few patients who are
cured, aggressive chemotherapy and radiotherapy often lead to long-term adverse effects,
including secondary malignancies (17). Thus, there is an urgent need to better understand
the biology of fusion-positive RMS in order to develop more effective therapies.

As an oncogenic transcription factor, PAX3-FOXO1 is essential for the development,
proliferation and survival of aRMS. It regulates the expression of multiple oncogenes,
including /GF2, FGFR4, MYCN, MET, and ALK (7, 19, 23, 24), by reprograming the
cis-regulatory landscape via induction of de novo super enhancers (7). Recent studies have
further defined the role of PAX3-FOXO1 as a CRC TF that, together with MYOD1, MYOG,
MYCN, and SOX8, acts in the CRC TF network that directs the myogenic program, with
each of them being essential for aRMS cell survival (7, 10, 25). While therapies targeting
molecules downstream of PAX3-FOXO1 have been tested in preclinical models and clinical
trials (26-32), additional mediators of aRMS growth, e.g., HES3 and YAP (33-35) may

also provide new targets for aBRMS, but effective and safe strategies to target the CRC TF
network governed by PAX3-FOXO1 have not been identified.

Compared with fusion-negative RMS, the fusion-positive RMS has fewer genetic mutations
(36, 37) and a worse clinical outcome (21), suggesting that epigenetic modifiers are
implicated in disease progression. The chromatin remodeler CHD4 interacts with PAX3-
FOXO1 and regulates a subset of PAX3-FOXOL1 target genes (38). PAX3-FOXOL1 also
recruits BRD4 to super-enhancers, thereby creating dependency on BRD4 and causing
sensitivity to JQ-1, a bromodomain inhibitor (7). Histone deacetylases (HDAC) help regulate
PAX3-FOXO1 activity and HDAC inhibitors show antitumor activity in PAX3-FOXO1
aRMS mouse models (20, 25, 39, 40). Recent studies indicate that appropriate acetylation
established by HDAC are required for core regulatory transcription (10, 25). These data
suggest that epigenetic machinery is involved in the regulation of activity of CRC TFs that
are direct targets of PAX3-FOXOL.
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Histone lysine demethylase (KDM) activity is dysregulated in many cancers driven by
chimeric TFs. For example, KDM1A interacts with EWS-FLI1 to mediate transcriptional
repression of tumor suppressors in Ewing sarcoma (41) and sustains the oncogenic potential
of MLL-AF9 leukemia stem cells (42). The SS18-SSX oncoprotein is recruited by
KDMZ2B to drive synovial sarcoma (43) and KDM4 subfamily members are required for
MLL-AF9-mediated leukemogenesis (44). MLL-GAS7 and MOZ-TIF2 mediate epigenetic
reprogramming and transformation of acute myeloid leukemia via KDM4C (45). Together,
these data suggest that oncogenic fusion TFs require KDMs for tumorigenesis. However,
whether KDMs are involved in the maintenance of a CRC TF network that is governed by
chimeric TFs is not clear. Here, we show that the dual H3K9me3/me2 and H3K36me3/me2
demethylase (46), KDM4B, is a targetable regulator of CRC TFs in PAX3-FOXOL1 driven
aRMS, thereby revealing the molecular mechanism of a druggable histone demethylase in
maintaining oncogenic CRC TF in aRMS.

KDM4B expression is dysregulated in aRMS and regulated by PAX3-FOXO1

The poor survival rate of patients with PAX3-FOXO1 aRMS underscores the need to further
unravel the mechanisms involved in tumorigenesis and disease progression driven by this
chimeric TF. Reprogramming of normal cells into neoplastic counterparts by oncogenic
drivers is often accompanied by dysregulation of epigenetic modifiers (47). Re-analysis of
gene transcriptomes from primary patient samples and normal muscle tissues (Schafer Welle
RMS cohort data set: https://hgserverl.amc.nl/cgi-bin/r2/main.cgi) showed that four KDMs
(KDM4B, KDM3A, KDM5A, and KDM5B) were expressed significantly higher in RMS
compared to normal muscle tissues (p<0.05) (Fig. 1A). Analysis of the St. Jude RMS cohort
showed that KDM4B expression tended to be higher in aRMS (Fig. 1B), although the p
value was not significant probably due to small sample size. However, KDM3A, KDM5A,
and KDM5B were higher in eRMS (fig. S1A). KDM4B, but not the other three KDMs,

was also highly expressed in stage IV high-risk RMS (Fig. 1C, fig. S1, B and C). Western
blot analysis of primary human RMS tissues and matched normal muscle tissues confirmed
that KDM4B was highly expressed in tumors (Fig. 1D), whereas the other two KDM4
members, KDM4A and KDMA4C, were barely detectable (Fig. 1D). KDM4D, which only
bears the catalytic domain and is expressed at very low amount of mMRNA in RMS, was not
assessed. Western blot analyses of patient-derived xenograft (PDX) tissues and RMS cell
lines showed that KDM4B tended to be expressed at high in fusion—positive RMS samples
(Fig. 1E, fig.S1D). These data suggested that KDM4B is dysregulated in PAX3-FOXO1
aRMS. To further validate this dysregulation, we analyzed expression of the KDM4 family
members in tumor tissues and the matched normal skeletal muscle tissues using a genetic
murine RMS model driven by PAX3-FOXO1 in a p53-null genetic background (20). The
results showed that KDM4B was up-regulated in PAX3-FOXO1-driven tumor tissues in
comparison with the matched normal tissues (Fig. 1F), consistent with the induction of
MYCN, a well-known target of PAX3-FOXOL1 in aRMS (23, 48). Interestingly, KDM4C
was highly expressed in normal murine muscle tissues, but greatly repressed in transformed
murine tumor tissues (Fig. 1F). Consistently, retroviral transduction of PAX3-FOXOL1 into
LHCN-M2, a human normal muscle cell line, induced KDM4B expression in addition to
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cellular morphological changes (Fig. 1G). We also transduced PAX3-FOXOL1 into RD, a
fusion-negative eRMS cell line, which resulted in elevated KDM4B expression (fig. S1E).
We then performed RNA-seq after overexpression of PAX3-FOXO1 in LHCN-M2 cells
but did not see changes in KDMA4B transcript (fig. S1F), although transcription of other
PAX3-FOXO1 target genes (MYODI and FGFR4) was induced. Quantitative real-time
reverse transcription polymerase chain reaction (QRT-PCR) validated that PAX3-FOXO1
overexpression had no significant effect on KDM4B mRNA (Fig. 1H). These data indicate
that PAX3-FOXO1 likely regulates KDM4B expression at the posttranscriptional level. To
further corroborate that PAX3-FOXO1 regulates KDM4B expression, we used siRNAs that
specifically target the fusion sequence of PAX3-FOXO1 in two fusion-positive RMS cell
lines, Rh30 and Rh41. The resultant depletion of PAX3-FOXOL1 protein from Rh30 and
Rh41 cells reduced KDM4B expression (Fig. 11), which was verified by CRISPR-Cas9-
mediated knockout of PAX3-FOXOL1 (Fig. 1J). Again, gRT-PCR showed that knockout

of PAX3-FOXO1 had no significant negative effect on KDM4B mRNA expression (Fig.
1K). Taken together, these data strongly suggest that cancer cells transformed by the PAX3-
FOXO1 display dysregulated KDM4B expression at the posttranscriptional level.

Physical association of PAX3—-FOXO1 and KDM4B

Intriguingly, introduction of KDM4B in LHCN-M2 cells reciprocally enhanced PAX3-
FOXO1 expression (Fig. 1L). Conversely, knockdown of KDM4B using previously
validated lentiviral ShRNAs (sh-813 and sh-814) (49) greatly reduced PAX3-FOXO1
expression (Fig. 1M). gRT-PCR with fusion specific primers showed that PAX3-FOX0O1
messenger RNA was about 2-fold reduced after KDM4B knockdown (fig. S1G),

indicating that KDM4B at least partly regulates PAX3-FOXOL1 gene transcription. The
mutual regulation of expression indicates that PAX3-FOXO1 and KDM4B are highly
interdependent. We and others previously demonstrated that KDM4B interacts with the
lineage-specific transcription factors ERa and MYCN (49-52). We then tested whether
PAX3-FOXO1 and KDM4B physically interact, given that protein-protein interaction is one
of the key mechanisms mediating stabilization of interacting protein networks. We used
Flag-tagged KDM4B, which was transiently transfected into HEK293T cells, together with
PAX3-FOXO1, and showed by immunoprecipitation that KDM4B and PAX3-FOXOL1 do
indeed form a complex (Fig. 2A). We also used HA-tagged KDM4B and obtained similar
results (Fig. 2B), indicating that the interaction of KDM4B and PAX3-FOXO1 was not due
to the tags. We further confirmed that endogenous KDM4B and PAX3-FOXO1 formed a
complex in Rh30 cells (Fig. 2C). However, we did not detect the co-immunoprecipitation
of endogenous PAX3-FOXO1 with KDM4A or KDM4C in Rh30 cells (fig. S2A). The
physical association between KDM4B and PAX3-FOXO1 was also evidenced by analytical
ultracentrifugation (AUC) analysis (Fig. 2D). We used dithiobis succinimidy! propionate
(DSP) to crosslink adjacent proteins within 12 A, and then used AUC to fractionate the
cellular components. Western blot analysis from different fractions showed that KDM4B
and PAX3-FOXOL1 co-localized in a subset of fractions (Fig. 2D). Interestingly, we also
detected the CRC TF MYOD1 in the same fractions, supporting a previous study that
PAX3-FOXO1 and MYOD1 co-localize at a subset of enhancers (25) and that KDM4B
and MYOD1 physically interact (53). To determine which domain(s) of KDM4B interact(s)
with PAX3-FOXO1, we tested a series of KDM4B-truncation constructs that bear different
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functional domains (Fig. 2E). Immunoprecipitation results indicated that the Jumonji N
(JmjN) and the tandem Tudor domains of KDM4B might be key sites for interaction with
PAX3-FOXO1 (Fig. 2, E-G). In comparison with the full-length KDM4B, the tandem Tudor
domains or JmjN domain showed a weaker interaction with PAX3-FOXO1, suggesting that
both are needed for maximal binding to PAX3-FOXO1. To test if these domains exert a
dominant-negative effect on that could affect endogenous KDM4B and PAX3-FOXO1, we
transfected these fragments into Rh30 cells and performed western blot analysis to assess the
expression of PAX3-FOXO1 and KDM4B. Indeed, overexpression of the Tudor domain or
the tandem PHD-Tudor domains greatly reduced the expression of endogenous KDM4B and
PAX3-FOXO1, and of PAX3-FOXO1 targets (fig. S2B). These data suggest that disruption
of PAX3-FOXO1 and KDM4B interaction by these fragments may lead to a destabilization
of the PAX3-FOXO1/KDM4B complex. Taken together, these data reveal that KDM4B and
PAX3-FOXO1 form a physical complex in aRMS cells.

KDM4B drives cell proliferation and tumorigenesis of PAX3-FOXO1 aRMS

To investigate the functions of KDM4B in PAX3-FOXO1 aRMS, we used lentiviral ShRNAs
(sh-813 and sh-814) to knockdown KDM4B in Rh30 and Rh41 cells (Fig. 3A). Acute
knockdown of KDM4B had no effect on global H3K9me3, what was seen in breast cancer
and neuroblastoma cells (49, 50). However, genetic depletion of KDM4B in Rh30 and
Rh41 significantly reduced their capacity to form colonies (Fig. 3, B and C). In addition,
the loss of KDM4B significantly delayed tumor growth of Rh30 and Rh41 xenografts

in mice (Fig. 3D). We analyzed KDM4B expression in three Rh30 xenografts per group
that grew and found that KDM4B was re-expressed in these knockdown tumor samples
comparable to that of controls (Fig. 3E). This suggests that loss-of-function of KDM4B

by shRNA knockdown conferred a selective pressure to silence ShRNAs or it was due

to a selection of rare clones that were not transduced by KDM4B shRNA. To further
validate the importance of KDM4B in PAX3-FOXO1 aRMS, we generated two Rh30
KDM4B-knockout clones using CRISPR-Cas9 technology (Fig. 3F). Again, genetic deletion
of KDM4B greatly affected the colony growth /in vitro (Fig. 3G) and tumor growth /n

vivo (Fig. 3H). Flow cytometry analysis of both clones showed that KDM4B deletion
induced a remarkable cell death in clone 5F06 but only a modest G1 cell cycle arrest

in clone 8E04 (fig. S3). This reflected the more profound growth inhibitory effect of
KDMA4B knockout in 5F06 than 8E04 (Fig. 3G-H), suggesting that cellular heterogeneity
may affect the response to KDM4B deletion. Importantly, re-introduction of a retroviral
KDMA4B expression construct largely rescued the cell proliferation deficit (Fig. 3, I and

J), demonstrating that the observed phenotype is KDM4B-specific. To test whether the
demethylase activity of KDM4B was essential for its tumor promoting activity, we replaced
the histidine at 189 with alanine (H189A), which disrupts the Fe2* binding activity of
KDMA4B and consequently leading to loss of demethylase function (54), by using a
CRISPR knock-in approach (fig. S4A). Interestingly, KDM4B(H189A) caused a dramatic
reduction of endogenous KDM4B expression, accompanied by downregulation of PAX3-
FOXOL1 and its downstream targets (Fig. 3K). These data suggest that KDM4B(H189A)
may cause KDM4B destabilization. Colony formation assays of the KDM4B(H189A)
mutant cells showed reduced colony size, suggesting impaired cell proliferation (Fig.

3L). Intramuscular implantation of KDM4B(H189A) mutant Rh30 cells into NSG mice

Sci Transl Med. Author manuscript; available in PMC 2023 January 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Singh et al.

Page 7

revealed that tumor growth was significantly delayed (Fig. 3M). To assess the downstream
effects of KDM4B(H189A) expression, we performed GSEA pathway analysis after RNA-
seq. KDM4B(H189A) expression resulted in a significant upregulation of the muscle
differentiation program that is suppressed by PAX3-FOXO1 (Fig. 3N). This suggests that
KDMA4B plays an important role in maintaining the block in differentiation observed in
aRMS.

As the KDM4B(H189A) mutant knock-in cells expressed low KDM4B and PAX3-FOXO1
protein, we used a gain-of-function approach to test whether exogenous overexpression

of KDM4B(H189A) had any impact on PAX3-FOXO1 function. In comparison with
overexpression of wildtype KDM4B, the KDM4B(H189A) also increased the expression
of PAX3-FOXQ1, albeit to a lesser extent (fig. S4B). However, the expression of
PAX3-FOXO1 targets was not substantially affected (fig. S4B). Then we transduced
KDM4B(H189A) into KDM4B KO Rh30 cells. While the wildtype KDM4B largely rescued
the cell viability of KDM4B KO cells (fig. SAC), the overexpression of KDM4B(H189A)
mutant also had a partial rescue (fig. S4C), indicating that both the demethylase-dependent
and demethylase-independent functions of KDM4B are involved in its tumor promoting
activities.

Given that KDM4B and KDMA4C are hypoxia inducible (55), we tested whether KDM4C

is also critical to tumorigenesis of PAX3-FOXO1 aRMS. We generated two KDM4C-
knockout Rh30 cell lines (fig. S4D). KDM4C knockout did not significantly affect the
growth of Rh30 xenograft tumors (fig. S4E), although tumor growth seemed to be delayed
to some degree. Interestingly, loss of KDMA4C induced KDM4B expression (fig. S4D),
suggesting that KDM4B might compensate for the loss of KDMA4C function. Taken together,
our data indicate that KDM4B is a therapeutic vulnerability to PAX3-FOXO1 aRMS.

KDM4B drives tumor growth of fusion negative RMS

Some eRMS tumors expressed KDM4B comparable to that in aRMS, suggesting that
KDM4B might also play a role in these tumors. To test this possibility, we used JR1, a
fusion-negative RMS cell line, and generated two KDM4B knockout cell lines (fig. S5A).
Interestingly, while loss of KDM4B minimally affected colony formation capacity of JR1
cells (fig. S5B), xenograft studies showed that KDM4B knockout significantly delayed JR1
tumor growth (fig. S5C). We noticed that KDM4B deletion led to a remarkable reduction
in the expression of MYOD1 but not FGFR4 (fig. S5A). These data indicate that KDM4B
may have distinct functions in fusion positive and fusion negative RMS. In both scenarios,
KDMA4B can drive in vivo tumor growth.

The small molecule QC6352 is a potent KDM4B inhibitor

Currently, there are no Jumonji KDM inhibitors available for clinical application. We
recently reported that ciclopirox is a KDM4 inhibitor that shows anticancer activity in
neuroblastoma by targeting KDM4B (49). Unfortunately, ciclopirox exhibits poor /n vivo
pharmacokinetics (56) and may not be suitable in a clinical setting. Celgene recently
developed a potent, selective, and cell permeable KDM4 inhibitor, QC6352, which is about
15-fold more selective to KDM4 members than KDM5 family members and more than 70-
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fold selective to other members of the KDM subfamily, with pharmacokinetics parameters
suitable for oral administration (57). To validate that QC6352 can also inhibit KDM4B, we
established an /in vitro mass spectrometry-based assay, Matrix-Assisted Laser Desorption/
lonization-Fourier Transform lon Cyclotron Resonance mass spectrometry (MALDI-FTICR
MS), by using purified KDM4B catalytic domain. MALDI-FTICR MS validated QC6352
as a potent KDM4B inhibitor (IC5g = 160 nM) by measuring H3K9me2 converted from
H3K9me3 (Fig. 4A). Next, we used Microscale Thermophoresis (MST) to measure the
binding of QC6352 to KDM4B; the dissociation constant (Kd) was 104.8 nM (Fig. 4B).

We then determined the crystal structure of the complex (Fig. 4C). We crystallized the

JmjN and JmjC domains of KDM4B (1-366aa) in the absence of the H3K9me3 peptide

and determined the structure complexed with QC6352 at 2.7 A resolution (Table S1).
Curiously, two molecules in the asymmetric unit were connected by a disulfide bond
(Cys165A-Cys165B), but this was clearly a crystal artifact because the purified protein
behaves as a monomer in solution. The structure revealed that QC6352 binds to KDM4B

in a very similar fashion to how it binds KDM4A (Fig. 4C), which is unsurprising because
the binding sites are almost identical in the two related proteins. Briefly, the pyridine ring
stacks onto Phel86 and engages the active site nickel ion (replaces the iron ion in the crystal
structure) via the ring nitrogen and Tyr133 and Lys207 via the carboxyl substituent. The
central tetrahydronaphthalene moiety occupies the pocket bound by 1le72, GIn74, Asn87,
Tyrl33, Asp136, and Lys242. In the KDM4A complex, a structural zinc ion organizes two
loop regions that loosely engage the distal phenyl group of QC6352 (57). In the KDM4B
complex, the zinc is not present in the structure, which causes the two loop regions (231-236
and 306-313) to be disordered and to lose the interaction with the phenyl group.

Pharmacologic inhibition of KDM4B has anticancer activity in PAX3-FOXO1 aRMS

Once we validated QC6352 as a KDM4B inhibitor, we next assessed QC6352’s activity
against tumor cells. Treatment of PAX3-FOXO1 Rh30 and Rh41 aRMS cells, with QC6352
increased the amount of the KDM4 substrates, H3K9me3 and H3K36me3 (Fig. 4D, fig.
S6A). However, we did not see obvious changes in the amount of H3K4me3 and H3K27me3
marks, indicating that QC6352 does not inhibit KDM5 and KDM®6 family members at

the tested concentrations, respectively, both of which share high sequence homology with
the KDM4 family of lysine demethylases. Western blot analysis showed that the inhibitor
not only greatly reduced the amounts of KDM4B and PAX3-FOXO1, but also that of

key PAX3-FOXOL1 targets, such as FGFR4, MYCN, and MYODL (Fig. 4D, fig. S6A).

The remarkable reduction of KDM4 protein by QC6352 suggests that this small molecule
induces the proteasomal protein degradation, a notion we verified by addition of MG132
proteasome inhibitor to the culture medium, which rescued the KDM4B protein expression
(fig. S6B).

Since KDMA4B critically regulates tumor growth of PAX3-FOXO1 aRMS, we tested
whether pharmacological inhibition of KDM4B would have therapeutic efficacy. Overall,
PAX3-FOXO1 fusion-positive RMS cell lines were about 2-fold more sensitive to QC6352
than PAX3-FOXO1 fusion-negative RMS cell lines (Fig. 4E). While the proliferation of
most RMS cell lines was significantly inhibited by 100 nM of QC6352, the human normal
muscle cell line LHCN-M2 as well as fibroblast cell lines (HS68 and BJ) were completely
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resistant (Fig. 4, F and G). These data suggest that treatment of hon-cancerous human

cells with QC6352 is safe and that cancer cells are addicted to KDM4B for survival.
Fluorescence-activated cell sorting (FACS) analysis revealed that long-term treatment of
PAX3-FOXOL1 fusion-positive Rh30 cells with QC6352 induced cell death in at least

60% of cells (Fig. 4H). Likewise, QC6352 significantly inhibited tumor growth of Rh30
xenografts (fig. S6C) and significantly extended mouse survival (fig. S6D) without overt
toxicity, as measured by maintenance of body weight during the treatment (fig. S6E).
Epigenetic profiles may change when cells are cultured, which may impact their response
to epigenetic agents (58), and therefore we tested QC6352 in a Rh30 PDX model that

was solely propagated in mice. Like the results with the Rh30 cell line-based xenografts,
QC6352 significantly delayed Rh30 PDX growth and extended mouse survival (Fig. 4, | and
J). Again, mice maintained their body weight, showing that the drug is not toxic (Fig. 4K).
To test whether QC6352 exerts its anticancer activity through KDM4B, we treated Rh30
parental and stable KDM4B-knockout clones with QC6352 (Fig. 4L). The data showed that
loss of KDM4B conferred resistance to QC6352 treatment, suggesting that KDM4B is the
main therapeutic target of QC6352.

Since KDM4 demethylates H3K9me3/me2 and H3K36me3/me2 (46), we investigated
whether the methylation of H3K9 and H3K36 is critical to rhabdomyosarcoma by
overexpressing wildtype histone H3.3(WT), and mutants that replaced the lysine with
methionine, including H3.3(K9M), H3.3(K36M), H3.3(K9M/K36M) in Rh30 cells. Western
blot revealed that KOM and K36M mutants led to a global demethylation of H3K9me3 and
H3K36me3, respectively (fig. S6F), consistent with a previous report (59). While the colony
formation of these cells was greatly halted by the global demethylation of H3K9 or H3K36,
they eventually adapted to survive. Next, we treated these cells with QC6352 and found that
H3.3(K36M) cells were resistant to KDM4 inhibition while the double H3.3(K9M/K36M)
mutant cells were even more resistant (fig. S6G), suggesting that methylation on both K9
and K36 could be involved in mediating the anticancer activity of QC6352.

As knockout of PAX3-FOXO1 led to a great reduction of KDM4B expression, we tested
whether loss of PAX3-FOXO1 would affect QC6352 efficacy. Indeed, while wildtype Rh30
showed remarkable sensitivity to QC6352, all three PAX3-FOXO1 knockout clones were
very resistant to QC6352 (fig. S6H), which supports our hypothesis that PAX3-FOXO01/
KDM4B complex is critical for mediating the anticancer activity of QC6352 in aRMS.

KDM4B inhibition impacts the transcriptome of PAX3—-FOXO1 and its related CRC TFs

To investigate the working mechanism of KDM4B in PAX3-FOXO1-driven aRMS, we
identified KDM4B targets by performing a microarray study comparing Rh30 cells with
Rh30 KDM4B shRNA knockdown cells and analyzed the transcriptome. Differential gene
expression showed that 896 genes were upregulated, and 1172 genes were downregulated
(Table S2). Gene set enrichment analysis (GSEA) showed that the downregulated

genes were enriched in chromatin maintenance, cell cycle, and DNA repair genes (fig.

S7A). Genes involved in suppressing cell proliferation (e.g., GDF15 CDKN1A, and
GADD45A) were upregulated by KDM4B knockdown (Table S2). Genes involved in muscle
differentiation, such as MYFb5, were also upregulated (Table S2). The downregulated genes
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were significantly associated with a PAX3-FOXO1 target gene signature (60) (p<0.0001)
(Fig. 5A). The common target genes of KDM4B and PAX3-FOXO1 mediate key biological
functions in aRMS (Fig. 5B), such as the CRC TFs MYOD1 and SOX8&(7), Hippo-signaling
molecule RASSF4, and tyrosine kinase—signaling molecules FGF8and FGFR4. A recent
study showed that the expression of MYF5 and MYODL is mutually exclusive and required
for sustained tumor growth of eRMS in a zebrafish model (60). One study showed that
PAX3-FOXO1 promotes tumorigenesis through RASSF4, which inhibits the Hippo pathway
(34). FGFR signaling is critical to RMS tumor growth (27, 61-63). Epigenetic modifiers or
remodelers (e.g., SMARCA4, HDAC5, CHD6, CHD7, and PRMT3) and genes involved

in DNA repair (MLH1, BRCAZ, and TOP2A) were also downregulated by KDM4B
knockdown (Fig. 5B, Table S2). SMARCAA4 has been reported to regulate PAX3-FOXO1
expression (39). However, knockdown of KDM4C showed no impact on PAX3-FOXO1
pathway (fig. S7C), These data indicate that KDM4B is required to regulate genes involved
in cancer genomic integrity, DNA repair, proliferation, and survival of PAX3-FOXO1 aRMS
cells.

We further investigated whether pharmacologic inhibition of KDM4B phenocopied genetic
knockdown of KDM4B. We performed transcriptome analysis after Rh30 cells were treated
with 200 nM of QC6352 for 48 h. The inhibitor upregulated and downregulated the
expression of 2572 and 2329 genes, respectively (Table S3). GSEA results showed that
genes downregulated by QC6352 were also associated with high-confidence PAX3-FOXO1
target genes (7) (Fig. 5C) and various pathways implicated in chromatin maintenance,

cell cycle, and DNA repair (fig. S7B), phenocopying the KDM4B knockdown. The CRC
TF genes, including MYOD1, MYOG, SOX8, MYCN, and PAX3-FOXO1 itself, were all
downregulated (Table S3, fig. S7D). Nearly 33% of the genes downregulated by the KDM4B
knockdown were in common with those downregulated by QC6352 (Fig. 5, D and E).

The key players in aRMS (i.e., FGFR4, MYOD1, SOX8, and RASSF4) and those in other
cancers (e.g., SMARCA4, STAGI, and MLHI) were all in common (Fig. 5E). Similar
results were obtained from Rh41 cells treated with QC6352 (fig. S7, E and F), which further
confirmed that pharmacologic inhibition of KDM4B negatively influences expression of
PAX3-FOXO1 target genes including CRC TFs.

KDM4B regulates the chromatin accessibility of myogenic program

Genome-wide analysis revealed that PAX3-FOXO1-binding sites are mostly distal to
transcription start sites (48), suggesting that PAX3-FOXO1 locates at enhancer regions.

This idea is reinforced by a recent study showing that PAX3-FOXOL1 reprograms the
cis-regulatory landscape by inducing de novo super enhancers (7). MYODL1 isa CRC

TF in aRMS and is a direct target of PAX3-FOXO1, which is essential to PAX3-FOXO1-
mediated cell survival (10). Targeting KDM4B led to inhibition of MYOD1 expression.

To more fully determine the impact of KDM4B on PAX3-FOXO1-mediated transcription,
we used ATAC-seq (assay for transposase-accessible chromatin using sequencing) (64)

to compare the changes of TF binding motifs after transduction of PAX3-FOXOL1 into
LHCN-M2 cells, knockdown of KDM4B and QC6352 treatment of Rh30 cells. Homer motif
analysis for increased DNA accessibility by overexpression of PAX3-FOXO1 and decreased
DNA accessibility by genetic/pharmacologic KDM4B inhibition showed that 36 common
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TF binding motifs were significantly altered (Fig. 5F), including those of the CRC TFs
MYOD1 and MYOG (Fig. 5H, fig.S7G, and data file S3). STRING (Search Tool for the
Retrieval of Interacting Genes/Proteins) analysis of these 36 TFs revealed that most of them
formed an interacting network (Fig. 5G). Thus, these ATAC-seq data demonstrated that
PAX3-FOXO1 most significantly enhanced the chromatin accessibility of genes that bear
binding motifs of MYODZ, and other related TFs and this activity is significantly repressed
when KDM4B function is inhibited. Notably, chromatin accessibility of PAX3-FOXO1

to the MYOD1 locus was greatly reduced, exemplified by the fact that the promoter and

the potential enhancer regions of MYODJ, showed increased chromatin accessibility to
PAX3-FOXO1 after its introduction into LHCN-M2 cells (Fig. 51, upper panel). Conversely,
genetic depletion of KDM4B via shRNA knockdown or pharmacologic inhibition with
QC6352 inhibited the chromatin accessibility at these regions (Fig. 51, lower panel). We
performed CUT&RUN (Cleavage Under Targets and Release Using Nuclease) analysis, a
method that precisely maps global DNA binding sites for any protein of interest (65), to
determine the genomic binding sites of PAX3-FOXO1 and KDM4B. The results showed
that PAX3-FOXO1 and KDM4B co-bind at the MYOD1 locus (Fig. 51), indicating that
KDM4B and PAX3-FOXOL1 together directly control MYOD1 expression.

KDM4 inhibition leads to repression of CRC TF super enhancers governed by PAX3-FOXO1

To further understand the mechanism by which QC6352 downregulates PAX3-FOXO1
function, we performed epigenetic analysis to investigate the changes of the KDM4
substrates H3K9me3 and H3K36me3 marks (46), as well as the enhancer marks H3K4mel
and H3K27ac, given that PAX3-FOXO1 exclusively binds at enhancer regions (7). While
binding of KDM4B to chromatin tended to be reduced by QC6352 treatment, PAX3-
FOXO1 was not greatly impacted at this timepoint, suggesting that KDM4B is the primary
target of QC6352. Homer motif analysis of KDM4B and PAX3-FOXOL1 binding sites
showed that KDM4B uniquely bound at MYOD1/MYOQOG/E-box motif sites, which were
greatly diminished by QC6352 treatment (fig. S8A). These results were consistent with
the ATAC-seq data (Fig. 5H). The PAX3-FOXO. binding sites were also enriched in CRC
TF motifs of MYOD1/MYOG, which were modestly decreased by QC6352 (fig. S8B).
Correspondingly, the H3K9me3 and H3K36me3 peaks appeared to be increased and this
reflected the level of KDM4B binding (Fig.6A). However, there were no obvious pattern
changes at PAX3-FOXO1 binding sites for the other histone marks queried (Fig. 6A).
Nevertheless, QC6352 treatment mainly induced a global increase in H3K9me3 peaks
(down 0 vs up 1887) and H3K36me3 peaks (down 53 vs up 12328) (Fig. 6B), indicating
that QC6352 hits the targets in cells. The enhancer marker H3K4mel also showed increased
chromatin peaks (down 574 vs up 2080). However, the number of increased and decreased
H3K27ac peaks were comparable (down 4083 vs up 4917) (Fig. 6B). These data suggest
that KDM4 inhibition by QC6352 resulted in a global reprogramming of enhancers. To
determine whether these enhancer alterations were associated with PAX3-FOXO1, we
performed GSEA pathway analysis and found that the annotated genes marked by reduced
H3K4mel or H3K27Ac were significantly enriched in enhancers that are governed by
PAX3-FOXO1 or PAX3-FOXOL1 target genes (Fig. 6C), such as MYOG, MYCN and
FGFR4that showed a similar pattern in that reduction in H3K4mel and H3K27ac marks
was accompanied by an increase in H3K9me3 and H3K36me3 marks (fig. S9, A-C).
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QC6352 also induces a broad induction of H3K36me3 marks at the regulatory regions of
MYODI (Fig. 6D). These data were consistent with those of the ATAC-seq, which showed
decreased chromatin accessibility at these sites (Fig. 51). While it is generally accepted
that H3K9me3 is a heterochromatic mark that represses active gene transcription, the
impact on H3K36me3 by QC6352 was not clear. We correlated the aberrant accumulation
of H3K36me3 with the enhancer mark H3K27ac. After excluding the promoter regions
(transcription start site + 1kb), we found a negative correlation between the two marks
(correlation coefficient —0.27, adjusted p<0.05) (fig. S9D) , suggesting that an increase

in H3K36me3 at these regulatory regions might interfere with enhancer activity marked
by H3K27ac. The induction of H3K9me3 and H3K36me3 by QC6352 at these loci was
consistent with the effect of KDM4B depletion, which led to an increase in peaks of
H3K9me3 and H3K36me3, as evidenced by the CUT&TAG-seq and ChlP-seq analyses
(Fig. 6D, fig. SLOA-D). This suggests that QC6352’s effect is directly linked to KDM4B,
at least for part of the PAX3-FOXOL target genes. To further verify that the epigenetic
impact induced by QC6352 is KDM4-specific, we performed CUT&TAG-seq to investigate
the impact on H3K27ac mark by the KDM5-C70 and GSK-J4, inhibitors of KDM5 (66)
and KDM6 (67), respectively. Within the KDM family members, KDM4, KDM5 and
KDMS6 have the highest sequence homology(68). Distinct from the QC6352 treatment
which induced different H3K27ac profiles and mainly downregulated the H3K27ac peaks
of PAX3-FOXOL1 target genes (Fig. 6C, 6E), pathway enrichment analysis revealed that
the PAX3-FOXO1 enhancer regions or PAX3-FOXOL target genes were not significantly
affected by the inhibition of KDM5 and KDM6 (fig. S11). This is consistent with

our previous study showing that KDM5-C50 and GSK-J4 had no effect on Rh30 cell
proliferation (69). These data suggest that KDM4 inhibition selectively targets the PAX3-
FOXOL1 pathway through epigenetic reprogramming.

Combination of QC6352 and conventional chemotherapy significantly enhances the
efficacy against PAX3—-FOXO1 aRMS

Genetic and pharmacologic inhibition of KDM4B significantly delays tumor growth, inhibits
expression of CRC TFs and key PAX3-FOXOL target genes (e.g., MYOD1, SOX8, MYCN,
FGFR4, and RASSF4), and alters their chromatin accessibility and enhancer activity.
Collectively, these data indicate that inhibition of KDM4B is a sound approach to targeting
PAX3-FOXO1 and CRC TFs in aRMS. We further explored the therapeutic efficacy using
QC6352 and extended our study by combining QC6352 with conventional chemotherapy
using PAX3-FOXO1 aRMS models. QC6352 inhibits not only PAX3-FOXOL1 target genes
that are key to aRMS cell survival but also genes involved in DNA repair (e.g., MLHI,
BRCAZ and TOPZ2A). Given that KDM4 family members are involved in DNA repair

(70, 71), we hypothesized that QC6352 treatment would not only target PAX3-FOXO0O1
function but also enhance the tumor response to DNA damaging chemotherapeutics, and
thus enhance the therapeutic efficacy of standard-of-care regimens. Therefore, we treated the
Rh41 xenografts and Rh30R PDX tumors with a combination of QC6352 (25 mg/kg, BID)
and vincristine/irinotecan (VCR/IRN, 0.38 mg/kg for VCR, once weekly; 1.25 mg/kg for
IRN, once daily) (72), which is used in the clinical treatment of relapsed RMS. Three weeks
of treatment with QC6352 or VCR/IRN alone significantly delayed tumor growth, but the
combination of the three drugs caused significant tumor regression (Fig. 7, A, B, D, E, Table
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S5-6). Animals in the combination treatment arm (QC6352 and VCR/IRN) experienced
87.5% and 100% complete response in Rh41 and Rh30R aRMS models, respectively, while
those in the VCR/IRN group had only 25% and 55% complete response, respectively (Fig.
7, B and E). In addition, we did not observe overt toxicity of the combination therapy as
indicated by maintenance of the mouse body weight (Fig.7, C and F). These data indicate
that QC6352 enhances the effect of conventional chemotherapy, suggesting it may be useful
to incorporated in the standard-of-care regimen for high-risk aRMS.

As QC6352 also showed anticancer activity in eRMS, and KDM4B knockout reduced the
tumor growth of JR1 eRMS cells, we investigated whether addition of QC6352 would

also enhance the efficacy of chemotherapy to JR1 and RD tumor xenografts. QC6352
showed no significant effect on both JR1 (80% progressive disease, 20% stable disease) and
RD (100% progressive disease) xenografts, although JR1 tumors responded slightly better
(fig. S12). JR1 xenografts were also resistant to chemotherapy (60% progressive disease,
40% stable disease) while RD xenografts showed significant tumor growth delay (20%
progressive disease, 80% stable disease). In contrast, the QC6352/VCR/IRN combination
led to a significant tumor growth inhibition (fig. S12A, C), with 40% stable disease in

JR1 model, 60% stable disease and 40% partial response in the RD model (fig, S12B, D).
Although a synergistic effect of QC6352/standard of care combination therapy was observed
in fusion negative tumors, the response of fusion positive tumors to this therapy was much
superior (Fig. 7).

DISCUSSION

The oncogenic CRC TFs are attractive therapeutic targets but effective therapies to safely
drug CRC TFs are lacking. Epigenetic dysregulation is a common feature of most cancers
and numerous therapeutic epigenetic modulators have entered clinical development (58).
Chromatin modification complexes play a key role in chimeric TF-driven malignancies

(12). Targeting chromatin-based mechanisms may provide new therapeutic opportunities

for treating fusion TF-driven cancers (12). PAX3-FOXO1 is an aberrant TF derived from
the translocation of t(2;13) (935;914) (18, 73) and functions as an oncogenic driver in high-
risk aRMS (74-77). Here we show that the histone demethylase KDM4B is an epigenetic
vulnerability of PAX3-FOXO1 positive aRMS in which genetic or pharmacologic inhibition
of KDM4B negatively affects the functions of PAX3-FOXO1. This leads to downregulation
of CRC TFs which elicits potent anticancer activity. Our findings indicate that KDM4B
regulates several aspects of PAX3-FOXO1 function. First, KDM4B and PAX3-FOXO1
physically interact to form a complex that binds to chromatin and regulates the expression of
CRC TFs as well as PAX3-FOXOL1 target genes such as MYOD1. Second, PAX3-FOXO0O1
stabilizes KDM4B expression, while increased KDM4B upregulated PAX3-FOXOL1 protein
expression. On the other hand, loss of KDM4B results in decreased PAX3-FOXO1
expression and consequently impacts the epigenetic landscape of PAX3-FOXO1 target
genes. Pharmacologic inhibition of KDM4B with a selective KDM4 inhibitor (QC6352)
disrupts the PAX3-FOXO1 oncogenic transcriptome, coincides with elevated H3K9me3
and H3K36me3 marks, both of which are known KDM4 substrates. PAX3-FOXO1 is a
pioneering factor, shaping the formation of super enhancers at myogenic gene loci including
MYODI. This we confirmed by showing that introduction of PAX3-FOXO1 into a human
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muscle cell line, LHCN-M2, significantly increased the presence of the fusion protein at
MYOD1 binding loci. Conversely, KDM4B inhibition greatly downregulated this activity.
Studies from our laboratory and others indicate that KDMs are important conduits for
lineage-specific oncogenic TF activity. These include the estrogen receptor in breast cancer
(50, 51, 55, 78), the androgen receptor in prostate cancer (79), MYCN in neuroblastoma
(49), and other pathognomonic fusion oncoproteins in pediatric cancers (41-45). Therefore,
inactivation of these KDMs may disrupt the lineage developmental programs, such as that
of MYOD1-mediated transcriptional activity in muscle, which plays an essential role in
PAX3-FOXO1-positive or TWIST2-amplified RMS (7, 60, 80).

PAX3-FOXO01, MYOD1, SOX8 and MYCN are CRC TFs in aRMS and the gene loci of
these CRC TFs are governed by super enhancers that drive active gene transcription (10,
25). CRC TFs orchestrate expression of lineage identity-specific gene networks that play
key roles in normal physiology and cancer (1, 4, 81, 82). RMS shows critical CRC TF
dependencies (10, 25). However, targeting CRC TFs is challenging as numerous studies
tested the ability of bromodomain inhibitors to block active transcription but unwanted
adverse effects dampened the enthusiasm for their application (83-85). Downregulation of
RMS CRC TFs by KDM4B inhibition suggests that KDM4B is required to maintain the
CRC TF circuitry for survival (Figure 7G), supporting the notion that that KDM4B is a
RMS therapeutic target. Interestingly, some of the fusion positive and fusion negative RMS
lack KDM4B overexpression, which calls for further study to better understand the clinical
behavior of these tumors. This may determine why these patient samples had low KDM4B
expression, opening the possibility that other KDM4s or KDM family members are involved
in tumorigenesis in these cases.

By exploring the activity of a KDM4 inhibitor, QC6352, we found that it exerts its
anticancer activity mainly via KDM4B in PAX3-FOXO01*" aRMS; QC6352 induces a similar
phenotype as loss-of-function of KDM4B and knockout of KDM4B confers resistance of
cancer cells to QC6352 treatment. We validated that QC6352 directly binds KDM4B and
inhibits the activity of KDM4B as measured by multiple biophysical approaches. While
several KDM4 inhibitors have been reported (86), QC6352 is perhaps the best-in-class
compound that we have tested in terms of KDM selectivity and cellular activity. Importantly,
QC6352 showed no overt toxicity /n vitro (normal human fibroblast and muscle cells)

and /n vivo (PAX3-FOX0O1 aRMS mouse models). The animal safety results published

by Celgene further corroborate our observation (57). We further assessed the therapeutic
efficacy of QC6352 in combination with conventional chemotherapy (VCR/IRN), which
spurred enhanced tumor response, suggesting that KDMA4B inhibitors may be incorporated
into the standard-of-care regimens in the future. Thus, our findings indicate that selectively
inhibiting KDM4B by small molecules has translational potential in the context of a disease
that is driven by a currently undruggable fusion oncoprotein.

Despite the fact that most eRMS cells were about 2-fold less responsive than the fusion-
positive RMS cells, we surmise that KDM4B inhibition could have a broad therapeutic
effect on both types of RMS. Indeed, we found that QC6352 also inhibited key survival
genes of fusion-negative RMS cells such as MYODX. This was corroborated by KDM4B
knockout in the eRMS cell line JR1, which led to a dramatic reduction of MYOD1
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expression. Intriguingly, KDM4B deletion showed minimal impact on cell colony formation
of JR1 /n vitro, but significantly delays tumor growth in vivo. Considering that KDM4B

is a hypoxia-inducible, it is likely that KDM4B could be involved in regulation of tumor
metabolism and angiogenesis, warranting further studies. A recurrent neomorphic mutation
in MYOD1, which mimics MY C function (87), defines a clinically aggressive subset of
eRMS and sclerosing/spindle cell RMS (87-90). Understanding the potential regulation

of the MYOD1 program by KDM4B in these RMS subtypes may provide additional
intervention avenues but awaits further investigation.

Limitations of the study

It is important to point out several limitations of our study. First, QC6352 is a KDM4
inhibitor that also targets other KDM4 members. While the genetic and epigenetic data
support the notion that QC6352 activity is directly linked to KDM4B inhibition, the
antitumor effect of QC6352 could be a combined effect of inhibition of multiple or all
KDM4 members. Second, the function of each individual KDM4 family member in RMS
needs to be further defined, which may provide insight into how PAX3-FOXO1 “hijacks”
the normal activities of these demethylases, a question remains to be answered.

MATERIALS AND METHODS

Study design

This study tested the hypothesis that KDM4B is a potential therapeutic target for PAX3-
FOXO1-driven rhabdomyosarcoma. Therefore, we tested the therapeutic efficacy of the
KDM4 inhibitor QC6352 as a single agent in both cell line—based xenograft and PDX
RMS models. We also determined the efficacy of QC5352 in combination with vincristine
and irinotecan in RMS xenograft models. Sample sizes were determined based on previous
experimental experience and on the growth profiles of the individual models (n = 5 to 10).
For all experiments, tumors were measured every 2 to 3 days in two dimensions using
electronic calipers, and tumor volume was calculated as /6 x d3 where d is the mean of
two diameters taken at right angles. Both genders of animals were included and randomly
assigned to each study group. Investigators were not blinded to the experiments. Animals
were euthanized if they lost 20% of their weight or exhibited signs of malaise impaired
health. Mice were euthanized when the tumor volume exceeded ~2000 mm3.

Statistical analysis

Given that data are not normally distributed, and sample size is relatively small (less than
10) for the animal experiments, t-test is not appropriate and Wilcoxon rank sum test (which
is more robust to data structure) is used to compare the outcome of the two groups at each
time point. If the data do not violate the normal assumption, but the variances between

the groups at each time point are very different, Welch’s two-sample t-test (which does

not rely on equal variance) is used to compare the outcome of the two groups at each

time point. P-values are adjusted for multiple comparison using the Benjamini-Hochberg (1)
method. The Benjamini-Krieger-Yekutieli (2) two-stage procedure used by Prism is more
powerful but is too aggressive for data with dependence (as is our case), and error control

is not guaranteed. On the other hand, the Benjamini-Hochberg method tolerates data that
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are positively dependent. We ran both BH and BKY methods on the data and found out

that the adjusted p-values from these two methods differ only slightly, and still arrive at the
same conclusions. Therefore, we suggest the Benjamini-Hochberg method here, which is the
standard and most widely accepted procedure for multiple comparison correction. Statistical
analyses were performed using R version 4.0.2. To determine statistical significance for
other experiments, the unpaired, two-tailed Student t test was calculated using the t test
calculator available on GraphPad Prism 8.0 software. A p value of less than 0.05 was
considered statistically significant. Kaplan-Meier survival analysis was calculated using
log-rank (Mantel-Cox) method in GraphPad Prism 8.0 software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. KDM4B expression is dysregulated in RMS and regulated by PAX3-FOXO1.
A. Heatmap of differentially expressed KDMs (p<0.01) in RMS and normal muscle tissues

(Schéafer Welle cohort).

B. The expression of KDM4B (RNA-seq) in eRMS and aRMS (St Jude cohort). The p-value
was calculated using the Student t-test.

C. The expression of KDM4B (RNA-seq) in stage 1V and other stages of RMS (St Jude
cohort). The p-value was calculated using the Student t-test.

D. Western blot showing the expression of KDM4A, KDM4B, and KDM4C in human
primary RMS and matched normal muscle tissues.

E. Western blot showing the expression of PAX3-FOXO1, KDM4B, KDMA4C, and MYCN
in RMS PDXs (Rh72, Rh73, Rh74, Rh78, Rh82, Rh84) and RMS cell lines (Rh18, Rh30,
and Rh41).

F. Western blot showing the expression of KDM4A, KDM4B, and KDMA4C in primary
RMS and adjacent normal muscle tissues in a murine RMS genetic mouse model driven by
PAX3-FOXOL1.
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G. Microscopic images of the human myoblast cell line LHCN-M2 after retroviral
transduction with GFP or PAX3-FOXO1 vectors (left). Cell lysates were then subjected

to Western blotting with the indicated antibodies (right).

H. Real-time quantitative PCR to determine the expression of KDM4B in LHCN-M2 cells
transduced with GFP and PAX3-FOXOL1 retroviral vectors, respectively. The p-value was
calculated using the Student t-test.

I. sSiRNA knockdown of PAX3-FOXOL1 in Rh30 and Rh41 cells followed by immunoblotting
of cell lysates with the indicated antibodies.

J. CRISPR-cas9 mediated PAX3-FOXO1 knockout in Rh30 cells yielded three knockout
clones (3E08, 4B11, 4C10), which were analyzed by western blot with indicated antibodies.
K. Real-time quantitative PCR to determine the expression of KDM4B in Rh30 PAX3-
FOXO1 knockout cells. P value was calculated by the Student t test.

L. LHCN-M2 cells were transduced with retroviral vectors to overexpress KDM4B and/or
PAX3-FOXO1 followed by immunablotting of the cell lysates with the indicated antibodies.
M. Rh30 cells were transduced with lentiviral based shRNAs to knockdown KDM4B,
followed by immunoblotting of the cell lysates with the indicated antibodies.
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Fig. 2. PAX3-FOXO1 and KDM4B physically interact.
A-B. HEK293T cells were transiently co-transfected with retroviral Flag-tagged KDM4B

and PAX3-FOXO1 vectors. Cell lysates were immunoprecipitated with Flag antibody,
followed by immunoblotting of the precipitated complex with the indicated antibodies.

B. HEK293T cells were transiently co-transfected with retroviral based Hemagglutinin
(HA)-tagged KDM4B and PAX3-FOXOL1 vectors. Cell lysates were immunoprecipitated
with Flag antibody, followed by immunoblotting of the precipitated material with the
indicated antibodies.

C. Immunoprecipitation of Rh30 cell lysates was performed using anti-KDM4B antibody
and the immunoprecipitated complex was subjected to Western blotting with the indicated
antibodies.

D. Cellular proteins were crosslinked with DSP, followed by analytical ultracentrifugation
(AUC) and each fraction was immunoblotted with the indicated antibodies.

E. Diagram of Flag-tagged fragments of KDM4B in pCMV vectors. Pink color indicates
physical interaction with PAX3-FOXO1 from Panel (F).
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F. HEK293T cells were transiently transfected with Flag-tagged KDM4B fragments together
with PAX3-FOXOL1. Cell lysates were immunoprecipitated using anti-Flag antibody to
pull down the KDM4B fragments and the associated proteins (lanes 1, and 3-8). Lane 1
served as a negative control that was not transfected with Flag-tagged KDM4B. Lane 2,
cell lysate was immunoprecipitated with a non-relevant mouse 1gG antibody (lane 2). The
immunoprecipitated complex was immunoblotted with the indicated antibodies. Red stars
indicate the 1gG heavy and light chains in lane 2, serving as the negative control.

G. Whole-cell lysates (WCEs) used for immunoprecipitation in Panel (F) were subjected
to Western blotting with the indicated antibodies. The upper panel in G shows full

length of KDM4B protein. The upper and lower panels are from the same western blot
representing different exposure times, which deconvolutes the overwhelmingly high signal
of the KDM4B fragment, spilling over into the adjacent lanes.
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Fig. 3. KDM4B is required for cell proliferation and tumorigenesis of PAX3-FOXO1 aRMS.
A. Western blotting indicating the efficiency of KDM4B shRNA knockdown in Rh30 and

Rh41 cells.

B. Colony formation assay of Rh30 and Rh41 cells after KDM4B knockdown.
C. Quantification of the number of colonies from Panel (B). ** p<0.05, calculated using

biological triplicates.

D. Growth curve of Rh30 and Rh41 tumor xenografts implanted in CB17 SCID mice.
Wilcoxon rank sum test was used to compare the outcome of the two groups at each time

point. **p<0.05

E. Western blot showing KDM4B expression in tumor tissues shown in Panel (D).

F. Western blot showing KDM4B expression in two Rh30 KDM4B-knockout clones (8E04
and 5F06) after CRISPR-Cas9 knockout.
G. The KDM4B-knockout clones (8E04 and 5F06) and parental Rh30 cells were seeded at a
low cell density (1,000 cells per well) in triplicates. The cells were cultured for 10 days and

stained by crystal violet.
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H. Growth curve of Rh30 parental and KDM4B-knockout (8E04 and 5F06) xenograft
tumors in NSG mice. Wilcoxon rank sum test was used to compare the outcome of the two
groups at each time point. **p<0.05

I. Western blot showing KDM4B expression after introduction of KDM4B retroviral vectors
into the KDM4B-knockout clones (8E04 and 5F06).

J. The Rh30 parental cells, KDM4B knockout clones, and KDM4B re-introduction knockout
clones were seeded at a low cell density (2000 cells per well) in triplicates or quadruplicates.
The cells were cultured for 15 days and stained with crystal violet.

K. Cell lysates of Rh30 cells carrying a CRISPR-Cas9-generated knock-in of
KDM4B(H189A) were immunoblotted with the indicated antibodies.

L. Colony forming assay of Rh30 wildtype and the KDM4B(H189A) mutant cells.

M. Tumor volume of wildtype Rh30 and the KDM4B(H189A) knock-in mutant cells
orthotopically implanted in the right quadriceps muscle of NSG mice. Tumors were
dissected and weighted. P value was calculated using the Student t test.

N. GSEA analysis of the differentially expressed genes of Rh30 and the KDM4B(H189A)
mutant cells, as determined by RNA-seq.
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Fig. 4. Pharmacologic inhibition of KDM4B by QC6352 exhibits anticancer activity in PAX3-
FOXO1 aRMS.

A. Dose-response curve of QC6352 showing inhibition of KDM4B with an 1C50 of 160.3
nM, measured by MALDI-FTICR. KDM4B inhibition plot in the presence of QC6352.
Value of the dissociation constant, Ki, was calculated upon fitting the plot with the Morrison
equation. Data are shown as mean + standard deviation (n = 3). Y-axis indicates the turnover
rate of H3K9me3 to H3K9me2, catalyzed by KDM4B. X-axis indicates the concentration of
QC6352.

B. Microscale Thermophoresis assay of direct binding of KDM4B and QC6352. Y-axis
represents the fraction of KDM4B protein bound by QC6352. X-axis represents QC6352
concentration. Kd = dissociation constant.

C. Crystal structure of the KDM4B-QC6352 complex (resolution 2.7 A, PDB 7JM5). The
2Fo-Fc electron density map of the compound is shown as a blue mesh contoured at 1.0

o. The ball-and-stick model of QC6352 is colored with gold-colored bonds, black carbon
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atoms, red oxygen atoms and blue nitrogen atoms. The KDM4B cartoon representation is
colored in teal. Note that the active site iron atom is replaced by a nickel atom in this
structure (green).

D. Rh30 cells were treated with QC6352 at the indicated concentrations for 48 hours and
cell lysates were subjected to immunoblotting with the indicated antibodies.

E. GI50 of QC6352 in PAX3-FOXO1 fusion-positive and fusion-negative RMS cell lines
measured by the PrestoBlue assay. The p-value was calculated using the Student t-test.

F. Colony forming assay of PAX3-FOXO1 fusion-positive (Rh30 and Rh41) and fusion-
negative (Rh18 and RD) RMS cells after treatment with DMSO and QC6352 for 8 days.

G. Colony forming assay of normal human fibroblast (BJ and HS68) and myoblasts (LHCN-
M2) cells after treatment with DMSO and QC6352 for 8 days.

H. Cell death analysis of Rh30 cells as determined by propidium iodide (PI) staining/flow
cytometry following treatment with DMSO or QC6352 for 8 days. Results are expressed as
percentages of dead cells (n = 3).

I. Growth curve of Rh30 PDX tumors in NSG mice treated with vehicle (n=6) or QC6352
(n=10) for 3 weeks. Welch’s two-sample t-test (two-sided) was used to compare the outcome
of the two groups at each time point. **p<0.05

J. Kaplan-Meier analysis of survival of mice treated with vehicle or QC6352. Log-rank test
for comparison of survival of each group.

K. Mouse body weight during treatment course.

L. Colony forming assay for Rh30 and the KDM4B-knockout clones (8E04 and 5F06) after
treatment with DMSO or QC6352 for 8 days.
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Fig. 5. KDM4B regulates expression of PAX3-FOXO1 target genes and the chromatin
accessibility of myogenic program genes governed by MYOD1.

A. Pathway enrichment analysis by GSEA for the genes downregulated by depletion of
KDM4B in Rh30 cells.

B. Functions for genes downregulated by KDM4B knockdown in Rh30 cells.

C. Pathway enrichment analysis by GSEA for the genes downregulated by QC6352
treatment of Rh30 cells.

D. Venn diagram for PAX3-FOXO1 target genes and those downregulated by knockdown of
KDM4B and QC6352 treatment of Rh30 cells.

E. The 50 common genes listed in Panel (D). Genes highlighted in red color indicate those
described in the pathways descirbed in Figure 5D.

F. Venn diagram showing the common transcription factor motifs based on ATAC-seq peaks
among those increased by PAX3-FOXO1 in LHCN-M2 cells and those downregulated by
knockdown of KDM4B or QC6352 treatment of Rh30 cells.
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G. STRING analysis showing the protein-protein interaction (PPI) network of the common
transcription factors in Panel (F). PPI enrichment p-value <1.0-e16.

H. Heatmap showing the motif displacement distribution of MYOD1 (increasingly dark blue
indicates increasing frequencies of the motif), MD-score and the number of this motif within
1.5 kb of an ATAC-seq peak before and after KDM4B knockdown or QC6352 treatment in
Rh30 cells, or after ectopic overexpression of PAX3-FOXOL1 in LHCN-M2 cells.

I. Snapshot of using the IGV program displaying the PAX3-FOXO1 and KDM4B binding
peaks in Rh30 cells by CUT&RUN (top), and ATAC-seq peaks at the MYOD1 genomic
locus before and after KDM4B knockdown or QC6352 treatment of Rh30 cells, or ectopic
overexpression of PAX3-FOXO1 in LHCN-M2 cells (bottom).
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Fig. 6. KDM4B inhibition leads to repression of PAX3-FOXOL1 super enhancers.
A. CUT&RUN-seq (KDM4B, PAX3-FOX01) and ChIP-seq (H3K9me3, H3K36me3,

H3K4mel, H3K27ac) density heatmaps of Rh30 cells after 48 hours treatment with DMSO
control or 200 nM QC6352, ranked by KDM4B read intensity within + 5kb of peak
summits.

B. Wolcano plot showing the genomic loci with significant changes of H3K9me3,
H3K36me3, H3K4mel, and H3K27ac marks by QC6352 treatment.

C. GSEA showing the top 10 gene signatures associated with downregulation of H3K4mel
and H3K27ac.

D. Snapshot of the IGV program displaying the PAX3-FOXO1, KDM4B, H3K9me3,
H3K36me3, at the MYOD1 genomic locus impacted by QC6352 treatment and KDM4B
knockdown.
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E. Heatmap indicating the signal intensity of H3K27ac peaks downregulated (left panel) and
upregulated (right panel) in Rh30 cells by QC6352 (200nM, 48h), KDM5-C70 (5uM, 48h),
GSK-J4 (2.5uM, 48h), respectively.
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Fig. 7. Combination of QC6352 and conventional chemotherapy significantly enhances efficacy
against PAX3-FOXO1 aRMS.

A. Growth curve of Rh41 tumors in NSG mice treated with vehicle (n=7), QC6352 (n=10),
VCR/IRN (n=8), or QC6352/VVCR/IRN (n=7) for 3 weeks. Wilcoxon rank sum test (two-
sided) was used to compare outcome of the two groups at each time point. ** p<0.05 when
comparing QC6352/VCR/IRN with QC6352 or VCR/IRN.

B. Waterfall plot of response to treatment. The blue dotted line indicates complete response
(CR).

C. Mouse body weight during treatment course.

D. Growth curve of Rh30R PDX tumors in NSG mice treated with vehicle (n=6), QC6352
(n=9), VCR/IRN (n=9), or QC6352/VCR/IRN (n=9) for 3 weeks. Wilcoxon rank sum test
(two-sided) was used to compare outcome of the two groups at each time point. ** p<0.05
when comparing QC6352/VCR/IRN with QC6352 or VCR/IRN.

E. Waterfall plot of response to treatment. The blue dotted line indicates complete response
(CR).

F. Mouse body weight during treatment course.
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G. Model of how KDM4B regulates the PAX3-FOXO1-driven core regulatory transcription
factor network.
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