1duosnuep Joyiny 1duosnuen Joyiny

1duosnue Joyiny

1duasnuen Joyiny

Author manuscript
Oncogene. Author manuscript; available in PMC 2015 June 23.

-, HHS Public Access
«

Published in final edited form as:
Oncogene. 2015 January 8; 34(2): 257-262. doi:10.1038/onc.2013.541.

The histone demethylase KDM3A is a microRNA-22-regulated
tumor promoter in Ewing Sarcoma

JK Parrish!, M Sechler2, RA Winn3, and P Jedlickal?

1Department of Pathology, University of Colorado Denver, Anschutz Medical Campus, Aurora,
CO, USA

2Cancer Biology Graduate Program, University of Colorado Denver, Anschutz Medical Campus,
Aurora, CO, USA

3Department of Medicine, University of lllinois, Chicago, IL, USA

Abstract

Ewing Sarcoma is a biologically aggressive bone and soft tissue malignancy affecting children and
young adults. Ewing Sarcoma pathogenesis is driven by EWS/Ets fusion oncoproteins, of which
EWS/FIil is the most common. We have previously shown that microRNAs (miRs) regulated by
EWS/FIil contribute to the pro-oncogenic program in Ewing Sarcoma. Here we show that
miR-22, an EWS/Flil-repressed miR, is inhibitory to Ewing Sarcoma clonogenic and anchorage-
independent cell growth, even at modest overexpression levels. Our studies further identify the
H3K9me1/2 histone demethylase KDM3A (JMJD1A/JHDM2A) as a new miR-22-regulated gene.
We show that KDM3A is overexpressed in Ewing Sarcoma, and that its depletion inhibits
clonogenic and anchorage-independent growth in multiple patient-derived cell lines, and
tumorigenesis in a xenograft model. KDM3A depletion further results in augmentation of the
levels of the repressive H3K9me2 histone mark, and downregulation of pro-oncogenic factors in
Ewing Sarcoma. Together, our studies identify the histone demethylase KDM3A as a new, miR-
regulated, tumor promoter in Ewing Sarcoma.
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INTRODUCTION

Ewing Sarcoma is an aggressive malignancy of bone and soft tissues affecting children and
young adults.! Ewing Sarcoma pathogenesis is driven by potent fusion oncoproteins arising
from recurrent chromosomal translocations, most commonly between the EWSgene and one
of a number of Ets transcription factor genes.2 By far, the most common fusion oncoprotein
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in Ewing Sarcoma is EWS/FIil, accounting for 80-90% of cases. The EWS/FIil fusion
oncoprotein is a gain-of-function aberrant regulator of gene expression.2 A variety of
downstream pathways of EWS/FIi1 action have been described,? but many remain unknown.

MicroRNAs (miRs), identified recently as a new class of regulators of gene expression, are
often aberrantly expressed in cancer and other disease states.34 MiRs can exert wide-
ranging effects on disease phenotypes, and have attracted attention as potential new
therapeutic agents or/and targets.> We8 and others’~10 have recently identified miRs with
altered expression in Ewing Sarcoma, and shown that miRs contribute to the sarcoma
phenotype. However, understanding of miR-mediated pathways in Ewing Sarcoma
pathogenesis remains limited.

In the present manuscript, we demonstrate that miR-22, a miR normally repressed by the
EWS/FIil oncoprotein, is growth inhibitory in multiple Ewing Sarcoma cell lines, and we
identify the H3K9me1/2 histone demethylase KDM3A as a new miR-22 target. Epigenetic
modifiers have recently emerged as playing key roles in cancer,11:12 with particular
importance in the pathogenesis of pediatric tumors.1314 However, current understanding of
the role of histone demethylases in cancer is limited, as are the effects of modulation of the
H3K9 histone mark. We show that KDM3A, an epigenetic modifier not previously
implicated in sarcomagenesis, is overexpressed in Ewing Sarcoma, and that this results in
enhanced oncogene expression and promotion of the tumorigenic phenotype. Together, our
studies reveal a new miR-regulated, epigenetic, tumor-promotional pathway in Ewing
Sarcoma, downstream of the EWS/FIil oncoprotein.

RESULTS AND DISCUSSION

Our previous studies identified a group of candidate tumor suppressive miRs normally
repressed by EWS/Flil in Ewing Sarcoma.® Of these, miR-22 was of particular interest to
us, as it had been shown to manifest tumor suppressive properties in many other
cancers,1®-22 thus representing an attractive candidate for potential miR replacement
therapy. We thus sought to better characterize the effects of miR-22 replacement in Ewing
Sarcoma. To simulate a potential therapeutic model, we introduced miR-22 mimics into
three different, validated, patient-derived Ewing Sarcoma cell lines, and examined the
effects on clonogenic growth. As shown (Figure 1a), this resulted in inhibition of colony
formation in all the cell lines, compared with control (non-targeting) mimic. In order to
further probe the function of miR-22 in Ewing Sarcoma, we generated A673 cells stably
overexpressing miR-22 using a retroviral miR expression system. This system yielded
approximately sevenfold overexpression of mature miR-22 (Figure 1b). Stable miR-22
overexpression, even at such relatively modest levels, resulted in inhibition of A673 colony
formation in a clonogenic assay and a soft agar assay for anchorage-independent growth
(Figures 1c and d). Thus, miR-22 overexpression in Ewing Sarcoma cells is inhibitory to
clonogenic and anchorage-independent growth.

In order to better understand the mechanism of action of miR-22 in Ewing Sarcoma, we next
sought targets that could potentially contribute to its growth-inhibitory phenotype.
Examination of the predicted target profile of miR-22 disclosed a number of chromatin-
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modifying factors as candidate targets. Chromatin modifiers have recently emerged as
critical modulators of oncogenesis,12 with a particularly prominent role in pediatric
cancers.13 We thus explored the possibility that regulation of chromatin modifiers by
miR-22 could promote Ewing Sarcoma oncogenesis. We selected four chromatin modifiers,
CHD?7, Jarid2, KDM3A and PHC1, as candidates of particular interest for analysis, based on
the following criteria: identified as miR-22 targets by at least two of three prediction
algorithms (TargetScan, PicTar and miRanda); predicted miR-22 site in proximal 1 kbp of 3’
untranslated region (UTR); targets implicated in promotion of oncogenesis in other systems.
We first screened for changes in expression levels of these targets upon miR-22
overexpression in A673 cells, using quantitative reverse transcription-PCR. As shown in
Figure 2a, miR-22 overexpression resulted in a roughly 20% decrease in the level of
KDM3A (also known as JIMJD1A and JHDM2A) mRNA, but not the other candidate
targets. MiR-22 has a single, highly conserved, predicted target site in the proximal 50 base
pairs of the KDM3A 3’UTR (Figure 2b). Using a 3’UTR reporter system, we verified that
this site is responsive to regulation by miR-22 in A673 cells (Figure 2c). Finally, we asked
whether miR-22 regulates KDM3A protein levels in Ewing Sarcoma. Using the same stable
expression system as above (Figure 1), we found that KDM3A protein levels in A673 cells
were lower in miR-22-overexpressing cells compared with controls (Figure 2d). To explore
the regulation of KDM3A expression by miR-22 further, we performed similar analyses
using an inducible miR-22 system in A673 cells. These experiments showed downregulation
of KDM3A protein levels upon induction of miR-22 expression with doxycycline (Figure
2e, pMz22 + group), compared with controls, thus verifying our observation in miR-22
stably overexpressing cells. Moreover, using both miR expression systems, we demonstrated
negative regulation of KDM3A expression by miR-22 in another Ewing Sarcoma cell line
(TCT71; Supplementary Figure 1). Interestingly, in both cell lines, the magnitude of negative
regulation of KDM3A levels by miR-22 was variable from experiment to experiment,
ranging from 10 to 60%. This suggests that miR-22 and KDM3A may be part of a more
complex regulatory network, as is frequently true of miRs.23 Together, these studies support
a role for miR-22 in the regulation of KDM3A expression in Ewing Sarcoma.

Although the precise cell of origin of Ewing Sarcoma remains to be defined, a number of
studies have presented evidence for the mesenchymal stem cell as a candidate.24-26 Qur
immunoblotting analysis showed KDM3A levels in a panel of Ewing Sarcoma cell lines to
be consistently higher compared with mesenchymal stem cells (Figure 3a), suggesting that
KDM3A is upregulated in Ewing Sarcoma. To explore the question of KDM3A expression
in Ewing Sarcoma further, we examined published gene expression profiling data for
possible control of KDM3A levels by the EWS/FIil oncoprotein. This analysis revealed that
KDMS3A expression is positively regulated downstream of EWS/Flil (Supplementary Figure
2A). Moreover, similar data mining revealed that KDM3A is overexpressed in Ewing
Sarcoma tumors (Supplementary Figure 2B). Taken together, these data indicate that
KDM3A is upregulated in Ewing Sarcoma, and that this is at least in part a consequence of
EWS/FIlil expression. Moreover, our data above on negative regulation of KDM3A
expression by miR-22, along with our previous observation of negative regulation of miR-22
by EWS/FIi1,% suggest that downregulation of miR-22 contributes to the induction of
KDM3A levels by EWS/FIil.
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To determine the functional consequences of KDM3A upregulation in Ewing Sarcoma, we
stably silenced KDM3A expression in three different Ewing Sarcoma cell lines, using two
different lentivirally delivered small hairpin RNAs (Figure 3b), and examined the effects on
clonogenic and anchorage-independent growth. Compared with non-targeting small hairpin
RNA control, depletion of KDM3A protein levels resulted in robust inhibition of colony
formation in both assays, in all three cell lines (Figure 3c). Thus, KDM3A is growth
promoting in Ewing Sarcoma. Taken together with the above data on KDM3A expression,
these findings identify induction of KDM3A as a new mechanism contributing to the EWS/
Flil-driven oncogenic program in Ewing Sarcoma.

KDM3A is an H3K9me1/2 histone demethylase.2’ As H3K9 methylation in promoter
regions is inhibitory to transcription,28:29 KDM3A demethylase activity tends to enhance
gene expression. To begin to understand mechanisms by which KDM3A promotes the
oncogenic phenotype in Ewing Sarcoma, we first verified that KDM3A depletion results in
increased levels of H3K9 methylation (Figure 4a). Next, we examined the effects of
KDMS3A depletion on the expression levels of a panel of candidate targets: Cyclin D1
(CCND1), IGF-1R and Ets1. Cyclin D1, a known upregulated oncogene in Ewing
Sarcoma,3? has been identified as a KDM3A-induced gene in bladder cancer.3! A recent
study of KDM3A-regulated genes in bronchial epithelial cells32 identified IGF-1R, a key
pro-oncogenic factor in Ewing Sarcoma, as a candidate KDM3A target. Last, Ets1, an
established nuclear effector of receptor tyrosine kinase signaling and a known positive
regulator of Cyclin D1 expression, is a KDM3A-upregulated gene in endothelial cells.33 We
found robust positive regulation of Cyclin D1 by KDM3A in A673 cells, but not the other
cell lines. IGF-1R was also robustly regulated in A673 cells, while data from the other cell
lines were suggestive of possible weaker regulation, especially in TC71 cells. Interestingly,
Ets1 was the most robustly regulated gene in all three cell lines. Taken together, these data
indicate that KDM3A positively regulates the expression of multiple oncogenes in Ewing
Sarcoma, and identify Ets1 as a possible candidate mediator of KDM3A pro-oncogenic
effects in this cancer.

Last, to demonstrate that the KDM3A pro-oncogenic effects are relevant to tumorigenesis,
we examined the consequences of KDM3A depletion on tumor formation in an animal
xenograft model. As shown (Figure 4c), stable depletion of KDM3A in Ewing Sarcoma
A673 cells resulted in smaller tumors in a murine flank injection model. Thus, KDM3A
promotes Ewing Sarcoma tumorigenesis.

Our analyses of the role of a single miR in EWS/Flil-driven oncogenesis have thus
uncovered a new tumor promoter in Ewing Sarcoma, the H3K9 histone demethylase
KDMS3A. To our knowledge, these studies represent the first demonstration of a role for
histone demethylation in Ewing Sarcoma oncogenesis, and add to the growing list of
epigenetic modifiers implicated in the pathogenesis of this cancer, including the H3K27
histone methyltransferase EZH234 and the Polycomb group gene BMI-1.35 A direct
chromatin-modifying function for the EWS/FIlil oncoprotein has also recently been
suggested.36 Epigenetic modifications, as a class, are emerging as a powerful driving force
in cancer.1112 |n pediatric cancers, which tend to harbor fewer mutations than their adult
counterparts,3 epigenetic modifications may make a disproportionate contribution to
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initiation and maintenance of the oncogenic state, as suggested by recent studies in
retinoblastoma,4 and pointed out by others.13 Encouragingly, targeting of proteins
responsible for modulating and interpreting the cell’s epigenetic state appears to be
feasible,38 and may represent a worthwhile alternative or complementary approach to
ongoing efforts to target the EWS/Flil oncoprotein in Ewing Sarcoma.39:40

A substantial challenge in the development of effective epigenetically targeted therapies is
understanding of the complex biology of the targets themselves. With respect to the H3K9
methylated state, overexpression or/and amplification of other histone demethylases with
activity against H3K9 has been identified in other cancers, including the pediatric cancers
neuroblastoma and medulloblastoma, as has inactivation of H3K9 methyltransferases.38 Of
note, our preliminary analyses indicate that other sarcomas may express similar levels of
KDMS3A to Ewing Sarcoma (Supplementary Figure 3). Thus, diminution of H3K9
methylation may be generally favorable to oncogenesis, whereas its augmentation may be a
desirable activity for an epigenetic therapeutic. However, the current state of knowledge of
the precise roles and mechanistic consequences of H3K9 methylation, including differential
properties of the mono, di and tri-methylated state, is limited,2841 and in need of further
study.

Our studies identify a new mechanism, active in at least some cell lines, for induction of two
established oncogenes in Ewing Sarcoma, IGF-1R and Cyclin D1. We have previously
shown that IGF-1R expression is in part regulated by miR-100 levels,® while Cyclin D1 has
also been shown to be directly induced by EWS/FIi1.42 Interestingly, Cyclin D1 expression
is silenced via H3K9 methylation in differentiating cardiomyocytes,*3 suggesting that
modulation of the H3K9 methyl mark may be a more general mechanism of regulation of
this pivotal oncogene. Importantly, identification of epigenetic mechanisms simultaneously
controlling the expression of multiple oncogenes opens the door to potential new therapeutic
strategies. Histone demethylases, including KDM3A, have an enzymatic activity that could
be drugged with small molecule inhibitors. Further examination of the biology of KDM3A
and related factors will help determine whether modulation of H3K9 methylation should be
pursued as a therapeutic approach in Ewing Sarcoma, and potentially other cancers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
MiR-22 is inhibitory to clonogenic and anchorage-independent growth in Ewing Sarcoma.

(a) The indicated Ewing Sarcoma cell lines (all described previously, and authenticated by
short tandem repeat (STR) profiling) were transfected with 25 nM miR-22 mimic or non-
targeting negative control mimic, as previously described,® harvested the following day and
plated at 500 cells per well in six-well plates. Colonies were stained 14 days later with 0.1%
crystal violet in 25% MeOH, and quantified using NIS-elements imaging software. Results
represent the mean and standard deviation of triplicate platings, with the control set to
100%. (b) For stable overexpression of miR-22, the miR-22 genomic locus, including
approximately 250 bp of upstream and downstream flanking sequence, was PCR amplified
from Ewing Sarcoma A673 cells, and cloned into the pMSCV-Puro retroviral expression
vector, using standard molecular techniques and verification by sequencing. Replication-
incompetent, vesicular stomatitis virus glycoprotein (VSV-G) pseudotyped, infectious
retrovirus was prepared essentially as previously described,b using a retroviral packaging
system. Transduction of Ewing Sarcoma cells with viral supernatant was performed as
previously described.6 Control cells were infected with empty pMSCV-Puro. Following
selection with Puromycin (2 pg/ml), quantification of mature miR-22 levels was performed
on whole Trizol-extracted RNA using the Qiagen miScript SYBRgreen quantitative reverse
transcription-PCR system, with U6 as the internal control, as previously described.
MicroRNA primers were obtained from Qiagen. MiR-22 level in control cells is set to 1. (c)
Clonogenic assays on control and miR-22 stably overexpressing cells were performed as in
a, in the presence of Puromycin (2 pg/ml). Quantifications represent the mean and standard
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error of the mean (s.e.m.) of two independent experiments, each performed in at least
triplicate; representative images from one experiment are also shown. (d) Soft agar assays
were performed as described,® using 1 x10* cells. Quantifications represent the mean and
s.e.m. of two independent experiments, each performed in at least triplicate; representative
images from one experiment are also shown. *P<0.05 relative to control, using a two-way
Student’s t-test with unequal variance.
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Figure 2.
MiR-22 negatively regulates KDM3A expression in Ewing Sarcoma. (a) Levels of the

indicated mRNAs, normalized to U6 internal control, in control and miR-22 stably
overexpressing A673 cells, were determined by quantitative reverse transcription-PCR
(QRT-PCR) as in Figure 1. (b) Schematic of the KDM3A 3’UTR showing the location of the
predicted conserved miR-22 target site; wild-type and mutant miR-22 target sequences used
in reporter assays (mutated nucleotides are underlined). (c) A673 cells were cotransfected
with a psiCHECK-2 reporter construct containing the wild-type KDM3A 3’'UTR miR-22
site or the mutated site, introduced via standard cloning techniques followed by sequence
verification, and miR-22 mimic or non-targeting negative control mimic. Reporter activity
was determined as previously described.® *P<0.05 relative to control, using a two-way
Student’s t-test with unequal variance. (d) KDM3A levels in control and miR-22 stably
overexpressing A673 cells, as determined by immunoblotting, with tubulin as loading
control. Protein extracts were prepared in RIPA buffer (50 mM Tris pH 7.2, 150 mM NacCl,
1 mM EDTA, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS) with protease/
phosphatase inhibitors (1 x Roche protease inhibitor cocktail (#04-693-116-001), 20 mM j-
glycerophosphate, 1 mM phenylmethylsulfonyl fluoride, 10 mM NaF, 100 pM sodium
orthovanadate, 500 uM dithiothreitol). SDS—polyacrylamide gel electrophoresis,
immunoblotting and enhanced chemiluminescence (ECL) detection were performed as
previously described.8 KDM3A/tubulin ratios were determined using densitometric
quantification, with the ratio in one of the controls set to 1. Primary antibodies used were:
KDM3A (1:200, ProMab, #30134) and Tubulin (1:20,000, Sigma, T5168). (€) The miR-22
precursor was subcloned from pMSCV-Puro into the pTRIPz, tet-inducible, lentiviral
expression vector** and sequence verified. A673 cells were stably transduced with the
resulting miR-22 expression construct (pTz22) or empty vector control (pTz), as
described,** and selected with Puromycin (2 ug/ml); miR expression was induced by
treating the cells with doxycycline (2 ug/ml; ‘+’ groups) for 5-7 days; ‘=’ groups did not
receive doxycycline. MiR-22 levels (left panel) were determined by gRT-PCR as in Figure
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1. KDM3A levels, and KDM3A/tubulin ratios, were determined as above; right panel shows
mean and s.e.m. from multiple experiments, each performed in duplicate; immunoblot data
from one experiment are also shown below.
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Figure 3.
KDM3A is upregulated in Ewing Sarcoma, and promotes clonogenic and anchorage-

independent growth. (a) KDM3A protein levels in the indicated Ewing Sarcoma cell lines,
and mesenchymal stem cells (hMSCs), were determined by immunoblotting, with tubulin as
loading control, as in Figure 2. MSCs were obtained from Lonza (L) and SciCell (SC), as
previously,8 and grown in Dulbecco’s modified Eagle’s media (D) or proprietary stem cell
media (M). (b) KDM3A protein levels in A673, SK-ES-1 and TC71 cells stably transduced
with two different KDM3A-targeting lentiviral small hairpin RNAs (shRNAs) and non-
targeting control, as determined by immunoblotting. ShRNA-mediated gene expression
silencing via lentiviral delivery was performed as previously described. The control non-
targeting ShRNA consisted of a scrambled sequence (Addgene plasmid 18644°). ShRNAs 1
and 2 for KDM3A correspond to TRCN0000021150 and TRCN0000021152 (all Sigma
Mission shRNAs, distributed via the University of Colorado Cancer Center Functional
Genomics Core Facility). (c) Clonogenic and soft agar assays were performed and analyzed
as in Figure 1. Quantifications represent the mean and s.e.m. of two independent
experiments, each performed in at least triplicate; representative images from one
experiment are also shown. *P<0.05, determined using a two-way Student’s t-test with
unequal variance.
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Figure4.
KDMS3A depletion results in upregulation of H3K9me2 levels, downregulation of oncogene

expression and impaired tumorigenesis in Ewing Sarcoma. (a) Control and KDM3A-
depleted A673, SKES1 and TC71 cells were harvested, and resuspended in lysis buffer (PBS
containing 0.5% Triton X-100 and 2 mM phenylmethylsulfony! fluoride) at 1 x108 cells/ml
and incubated for 10 min on ice. Lysates were centrifuged for 10 min at 14 000 r.p.m. and 4
°C. The supernatant was discarded, the pellet washed with %2 volume of lysis buffer and
centrifuged again. The pellet was then resuspended in 1 of the original lysis buffer volume of
0.2 N HCL, and placed in a rotator overnight at 4 °C to extract histones. 20 pg of the
resulting extract protein were subjected to SDS—polyacrylamide gel electrophoresis,
immunoblotting and ECL detection as in Figure 2. Primary antibodies used were: H3K9me2
(1:500, Abcam, #1220) and H3 (1:10,000, Abcam, #1791). The ratio of H3K9me2 to H3
was determined by densitometry. Quantification represents the mean and s.e.m. of two
independent experiments, each performed in duplicate; the ratio in the control group is set to
1. (b) RNA transcript levels of the indicated genes in control and KDM3A-depleted Ewing
Sarcoma cells, determined by gRT-PCR with U6 as internal control; data, normalized to
control (set to 1), represent the mean and s.e.m. of two or more independent experiments,
each performed in duplicate or triplicate. *P<0.05 relative to control, using a two-way
Student’s t-test with unequal variance. (c) Tumor studies were performed according to an
institutionally approved animal protocol. 1 x10° cells, mixed 1:1 with Matrigel, were
injected subcutaneously into the flank of immunocompromised (NCR Nu/Nu) mice. When
the largest tumor reached 2 cm3, all animals were euthanized, and the tumors were excised
and weighed. Tumor weights in each group are shown as individual data points, and mean
and s.e.m.; P-value was determined using a two-way Student’s t-test with unequal variance.

Oncogene. Author manuscript; available in PMC 2015 June 23.



