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The Hypoxia-Inducible Epigenetic Regulators Jmjdla and G9a Provide
a Mechanistic Link between Angiogenesis and Tumor Growth
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Hypoxia promotes stem cell maintenance and tumor progression, but it remains unclear how it regulates long-term adaptation
toward these processes. We reveal a striking downregulation of the hypoxia-inducible histone H3 lysine 9 (H3K9) demethylase
JMJD1A as a hallmark of clinical human germ cell-derived tumors, such as seminomas, yolk sac tumors, and embryonal carcino-
mas. Jmjd1la was not essential for stem cell self-renewal but played a crucial role as a tumor suppressor in opposition to the hy-
poxia-regulated oncogenic H3K9 methyltransferase G9a. Importantly, loss of Jmjd1a resulted in increased tumor growth,
whereas loss of G9a produced smaller tumors. Pharmacological inhibition of G9a also resulted in attenuation of tumor growth,
offering a novel therapeutic strategy for germ cell-derived tumors. Finally, Jmjd1la and G9a drive mutually opposing expression
of the antiangiogenic factor genes Robo4, Igfbp4, Notch4, and Tfpi accompanied by changes in H3K9 methylation status. Thus,
we demonstrate a novel mechanistic link whereby hypoxia-regulated epigenetic changes are instrumental for the control of tu-
mor growth through coordinated dysregulation of antiangiogenic gene expression.

Growing solid tumors develop shortages of oxygen (hypoxia)
and nutrient supplies. Cancer cells induce the formation of
new blood vessels from surrounding host tissues to overcome
these adverse conditions. Hypoxia-inducible factors (HIFs) drive
the transcriptome of cells to adapt to low-oxygen conditions (1-
3). It is now increasingly evident that cancer cells adapted to hyp-
oxia have more-malignant phenotypes (4-7). These findings raise
the possibility that hypoxia effectuates long-term adaptation to
low-oxygen conditions by altering the epigenetic landscape of
cancer cells. However, how hypoxia, HIFs, and possibly other co-
regulated proteins affect the epigenetic status of oxygen-deprived
cancer cells to promote malignancy remains largely unknown.

To examine the impact of hypoxia on cancers, we previously
examined global gene expression profiles of seven human cell lines
of diverse cancer origins and found that JMJDIA (Jumonji do-
main-containing 1A, also known as JHDM2A and KDM3A) is one
of the epigenetic factors most commonly induced by hypoxia (3).
Consistent with this result, other studies have shown that JMJDIA
and other Jumonji domain-containing proteins are upregulated
in response to hypoxia and that HIF-1a is directly involved in this
activation (8, 9). Jumonji domain-containing proteins have been
identified as histone lysine demethylases and require Fe(II) and
a-ketoglutarate for their catalytic activity (10). Among them,
JMJD1A demethylates mono- and dimethylated histone H3 lysine
9 (H3K9) residues. JMJD1A also acts as a coactivator in coopera-
tion with the androgen receptor (11), and it has been proposed to
operate downstream of HIF-la to activate target genes under
hypoxic conditions (9). While Jmjdla~'~ mice are viable, males
show defects in spermatogenesis leading to infertility, and both
genders display an obese phenotype (12-14). In addition to its
roles in hypoxia and obesity, Jmjdla has also been proposed to
play an essential role in the maintenance of pluripotency in mu-
rine embryonic stem (ES) cells (15), implicating an important link
with the regulation of stemness (16).
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In contrast to JMJDI1A, the histone H3K9 methyltransferase
GIA (also known as Ehmt2 and KMT1C) is the major H3K9
mono- and dimethyltransferase in mammals and cooperatively
functions by forming a heterodimer with the closely related G9a-
like protein (GLP; also known as Ehmtl and KMT1D) protein
(17-19). Loss of either G9a or GLP leads to a global reduction of
H3K9 dimethylation, and disruption of either gene in mice results
in embryonic lethality (17, 18). G9a is known to repress gene ex-
pression by functioning together with histone deacetylases and
DNA methyltransferases to downregulate pluripotency-associ-
ated genes such as Oct4 (also known as Oct3 and Pou5f1) during
development (20, 21). With regard to its role in cancer, G9A has
been shown to be posttranscriptionally upregulated in response to
hypoxia (22), and recent studies propose that G9A acts positively
on tumor growth by silencing tumor suppressor genes (23, 24).

In the present study, we found that JMJD1A was consistently
and significantly downregulated at both RNA and protein levels in
human germ cell tumors. To determine how this may be impor-
tant in cancer development, we show that antiangiogenesis-re-
lated genes were epigenetically dysregulated in both Jmjdla- and
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GYa-deficient ES cells under hypoxic conditions, accompanied by
corresponding changes in H3K9 dimethylation and H3K4 tri-
methylation levels in the proximal promoter regions of these tar-
get genes. Furthermore, these genetic alterations led to opposing
tumor phenotypes: loss of Jmjdla resulted in increased tumor
growth involving excessive microvessel formation and prolifera-
tion of poorly differentiated stem cell populations, whereas loss of
G9a produced smaller tumors. Strikingly, tumors derived from
Jmjdla- or G9a-deficient cells show mutually opposing patterns of
expression of the transcription factors Nanog and Oct4, which are
required for the pluripotency and self-renewal of stem cells. These
data suggest that Jmjdla and G9a may have opposing effects on
the maintenance of immature, stem cell-like tumor cell popula-
tions, providing a mechanistic link between epigenetic changes in
hypoxia and the control of tumor growth, tumor angiogenesis,
and stem cell status. Importantly, pharmacological inhibition of
G9a resulted in inhibition of tumor growth, offering a novel ther-
apeutic strategy for germ cell-derived tumors.

MATERIALS AND METHODS

Human testicular cancer progression patient samples. Testicular cancer
tissue arrays (TE2081; US Biomax Inc., Rockville, MD) were used for
immunohistochemical detection of JMJD1A. Sixty-seven cases of germ
cell tumors, including 45 cases of seminomas, 14 cases of embryonal car-
cinomas, and 8 cases of yolk sac tumors, together with 17 normal speci-
mens consisting of 13 normal tissue sections adjacent to cancer and 4 cases
of normal testis were analyzed. The expression of JMJD1A was graded at
three different levels: ++ (>30% of tumor cells show strong or diffused
immunopositivity in nuclei), + (10 to 30% of tumor cells have moderate
or patchy immunopositivity in nuclei), and — (<10% of the tumor cells
show weak or focal immunopositivity or no staining in nuclei). All the
analyses were assessed by a pathologist. Possible correlations between
JMJD1A immunopositivity and pathological grading of the analyzed tu-
mor samples compared to those of the normal tissue were determined
using Fisher’s exact test with P values of <0.05 required for significance.

Cell culture. Mouse ES cells were maintained in medium containing
10% fetal calf serum and 500 U/ml leukemia inhibitory factor (LIF). For
hypoxia treatments, cells were cultured in 1% O,-5% CO, at 37°C in an
Invivo2 hypoxia workstation 400 (Ruskinn Technology, Leeds, United
Kingdom). Genetically manipulated mouse Jmjdla/G9a knockout (KO)
ES cells as well as G9a KO plus transgene (Tg) ES cells have been described
previously (14, 17). For detection of alkaline phosphatase activity, cells
were plated on 6-well plates at low density (300 cells/well) and stained as
previously described (25). For in vitro growth assays, 3 X 10° cells were
plated in 6-well plates and counted every 3 days. For microarray analysis,
each cell line was exposed to either normoxia (21% O,, 24 h [N]), acute
hypoxia (1% O,, 4 h [A]), or chronic hypoxia (1% O,, 24 h [C]). Acute
and chronic hypoxia were defined as previously described (26). The cells
were plated at three different densities in 6-cm culture dishes, i.e., high
(6 X 10° cells/dish [H]), medium (4 X 10° cells/dish [M]), and low (2 X
10 cells/dish [L]), to control for the effects of cell confluence on hypoxic
response.

ES cell derivation and genotyping. Jmjdla*’~ male and Jmjdia~'~
female mice were mated to obtain embryos. Blastocysts were flushed from
oviducts at 3.5 days postcoitum and cultured in potassium modified sim-
plex optimized medium (KSOM) (MR-020P-5D; Millipore, Watford,
United Kingdom). The zona pellucida was removed using acidic Tyrode’s
solution, and the blastocysts were cultured in ES cell derivation medium.
After 8 to 10 days of culture, outgrown colonies were trypsinized and
passaged in ES cell maintenance medium (27). Genotypes were verified
using the following three primers: TSGA-G1475R, 5'-GAA CTG CAC
CAT TAG CTG TCA CTT CC-3'; TSGA-G2150F, 5'-CAT ACT GGT
CTC CAG GAG CCA GAG G-3'; and TSGA-G6540F, 5'-TCA GAC AGT
CCT GGG ATC AGA CAC AC-3'.
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Microarray analysis. Total RNA was harvested using the RNeasy Mini
kit (Qiagen, Diisseldorf, Germany) and resolved on the 2100 Bioanalyzer
(Agilent, CA) for determination of RNA quality. High-purity and -integ-
rity samples with 260/280 and 260/230 absorbance ratios of >1.8 and
RNA integrity numbers (RIN) of >8.0 were reverse transcribed into
c¢DNA and in vitro transcribed into biotin-labeled cRNA using the Illu-
mina TotalPrep RNA amplification kit (Ambion, TX). This was hybrid-
ized on MouseRef-8 v2.0 Expression BeadChips (Illumina, CA) and
scanned on the BeadArray Reader (Illumina) at scan factor 1. Raw inten-
sity values were subjected to background subtraction on the BeadStudio
data analysis software (Illumina) and normalized using the cross-correla-
tion method (28). Differential gene expression was identified based on a
fold change cutoff of >1.5 compared to the average of the wild-type nor-
moxic controls.

Q-PCR analysis. Total RNA was isolated using the RNeasy Mini kit
(Qiagen), and cDNA was synthesized using SuperScript III reverse trans-
criptase (Invitrogen, CA) as suggested by the manufacturers. Primer se-
quences for quantitative PCR (Q-PCR) analyses were designed using the
Primer Express software (Applied Biosystems, CA) and are shown in Ta-
ble S2 in the supplemental material. All samples were preamplified using
the TagMan PreAmp master mix (Applied Biosystems), and Q-PCR was
performed using the Power SYBR green PCR master mix (Applied Bio-
systems) supplemented with AmpliTaq Gold DNA polymerase (Applied
Biosystems) on the BioMark real-time PCR system (Fluidigm, CA) ac-
cording to the manufacturer’s specifications. All statistical analyses are ¢
tests relative to the wild-type control unless otherwise indicated.

ChIP assays. Chromatin immunoprecipitation (ChIP) assays were per-
formed using the protein A ChIP kit (Abcam, MA). Cells were fixed in 1%
formaldehyde for 10 min. Genomic DNA was sonicated to 250- to 600-bp
fragments. Three micrograms of each antibody was incubated overnight with
the sheared chromatin for immunoprecipitation followed by reverse cross-
linking overnight at 65°C and purification of immunoprecipitated DNA ac-
cording to the manufacturer’s protocol (version from 1 May 2009). A 1.25-pl
volume of the final eluate (total volume, approximately 200 pl) correspond-
ingto 1 X 10* cells was subjected to preamplification and subsequent Q-PCR
quantification. Primers used for ChIP analysis are described in Table S3 in the
supplemental material.

Immunohistochemistry. Tumor samples were fixed in 4% parafor-
maldehyde and paraffin embedded by standard methods. Antigen re-
trieval was performed with citrate buffer (10 mM citric acid—0.05%
Tween 20, pH 6.0), and sections were stained by standard immunohisto-
chemistry techniques, using antibodies as indicated and 1 g/liter hema-
toxylin solution for counterstaining.

Antibodies. For Western blot experiments, anti-HIF-1a (NB100-479;
Novus, CO), anti-Jmjdla (NB100-77282; Novus), anti-G9a (8620A; In-
vitrogen), anti-Oct4 (sc-5279; Santa Cruz Biotechnology, TX), anti-Sox2
(AB5603; Millipore), anti-Nanog (RCAB002P; ReproCell, Japan), an-
ti-histone H3 (06-755; Millipore), and antiactin (sc-1616; Santa Cruz
Biotechnology) antibodies were used. For ChIP experiments, anti-
H3K9me2 (MABI0307; MBL, Japan) and anti-H3K4me3 (MABI0304;
MBL) antibodies were used. For immunohistochemistry, anti-CA-9
(clone AM35-1; kind gift of Silvia Pastorekova), anti-CD34 (RAM34;
BD Biosciences Pharmingen, CA), anti-cleaved caspase-3 (Aspl75)
(catalog number 9661; Cell Signaling Technology, MA), anti-J]MJD1A
(12835-1-AP; Proteintech Group, Inc., IL) (29), anti-Ki-67 (M7249;
DakoCytomation, Glostrup, Denmark), and anti-Oct4 (sc-5279; Santa
Cruz Biotechnology) antibodies were used.

Animal studies. Animal work was performed in accordance with pro-
tocols approved by the National University of Singapore Institutional
Animal Care and Usage Committee (IACUC). Age-matched nonobese
diabetic and severe combined immunodeficiency (NOD-SCID) mice (6
to 8 weeks old) were used. For allograft experiments, 1 X 10° Jmjdla
knockout or 5 X 10° G9a knockout ES cells were resuspended in 0.2 ml of
Dulbecco’s modified Eagle medium (DMEM; Invitrogen) and injected
subcutaneously into the dorsal area of mice. Tumors were measured every
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FIG 1 JMJD1A is downregulated in human germ cell tumors. (A) Box-and-whisker plot of JMJDIA gene expression in human germ cell tumors (teratomas) compared
to normal testes (31) analyzed using the Oncomine compendium of cancer transcriptome microarray profiles (http://www.oncomine.org/). (B) Box-and-whisker plot
of JIMJD1A expression scores in different subtypes of germ cell tumors graded as described in Materials and Methods (P < 0.01). (C) Human germ cell tumors contain
fewer JMJD1A-positive cells. Representative tissue sections from normal testes adjacent to cancer, seminomas, yolk sac tumors, and embryonal carcinomas were
immunohistologically stained with anti-JMJD1A antibodies (brown) and counterstained with hematoxylin (blue). Scale bars, 200 pwm.

3 or 4 days with calipers to calculate tumor growth over a 21-day period.
For BIX-01294-treated tumor formation analyses, cells were cultured in
medium containing 10% fetal calf serum, 500 U/ml LIF, and either 0.1%
dimethyl sulfoxide (DMSO) or 0.1% DMSO containing 1 pM BIX-01294
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(Stemgent, MA) for 2 days prior to injection. For histological analysis,
tumors were harvested 20 days postinjection. After being photographed
and weighed, tumors were fixed in 4% paraformaldehyde and processed
for immunohistochemistry. For time course experiments (see Fig. 8C and
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D), tumors were harvested at days 12, 17, and 21 postinjection. Tumors
were snap-frozen in liquid nitrogen and homogenized prior to total RNA
extraction using the RNeasy Mini kit (Qiagen). The numbers of tumors
used for Q-PCR analysis at each time point are as follows: day 12, 11 WT
tumors and 11 Jmjdla KO tumors; day 17, 12 WT tumors and 12 Jmjdla
KO tumors; day 21, 11 WT tumors and 17 Jmjdla KO tumors.

shRNA experiments. Specific knockdown of mRNA expression was
performed using retrovirally expressed short hairpin RNAs (shRNAs;
OriGene Technologies, MD). Recombinant viruses were prepared by
cotransfection of shRNA vectors with the pCL-10A1 packaging plasmid
into HEK 293T cells. Viral supernatants were filtered through a 0.45-pm
Millex HA filter (Millipore), and infections were performed in the pres-
ence of 4 pg/ml Polybrene (Sigma, MO). Drug selections in ES cells were
carried out with 2 pug/ml puromycin. The sequences used for knockdown
of G9aare5'-CTGAACTCT GGT AGCCTGTCC GAG GACTT-3' (G9a
number 1 shRNA) and 5'-TCG TGT AGC TCA CCG CTT CCA TAA
GGC CT-3" (G9a number 2 shRNA). The sequence 5'-GCA CTA CCA
GAG CTA ACT CAG ATA GTA CT-3' was used as a knockdown control
for comparison.

Statistical analyses. Data are presented as means = standard errors of
the means (SEM). Statistical significance was calculated using either Stu-
dent’s t test or one-way analysis of variance (ANOVA). P values of less
than 0.05 were considered to be statistically significant.

Microarray data accession number. The microarray data were depos-
ited in NCBI GEO under accession number GSE35061.

RESULTS

JMJD1A is significantly downregulated in human germ cell tu-
mors. G9A is consistently upregulated across a broad spectrum of
different cancer types compared to their normal counterparts
(30). As G9A and JMJD1A have opposing catalytic activities (11,
17), we hypothesized that downregulation of JMJD1A may be im-
portant for tumorigenesis. To determine the expression of
JMJDIA in relevant cancers, we first performed meta-analyses of
publicly available human cancer expression data sets in Oncomine
(http://www.oncomine.org/) and NextBio. To address where
JMJDIA may play important roles as a tumor suppressor, we ex-
amined cancer types that demonstrated consistent downregula-
tion of JMJDIA expression levels as a hallmark feature.

Intriguingly, we noted that human germ cell tumors show
downregulation of JMJDIA mRNA expression up to 8-fold with
high statistical significance compared to normal testicular tissues
in all data sets examined (Fig. 1A; see also Table S1 in the supple-
mental material) (31-33). To confirm that JMJD1A protein levels
were similarly and consistently downregulated in germ cell tu-
mors, we performed immunohistochemical staining for IMJD1A
protein expression on tissue microarrays consisting of 67 germ cell
tumor cores and 17 normal tissue controls in duplicates. In agree-
ment with the mRNA expression data, JMJD1A protein levels
were significantly downregulated in multiple subtypes of human
primary germ cell tumors (seminomas, yolk sac tumors, and em-
bryonal carcinomas) compared to the adjacent normal testicular
tissues (Fig. 1B and C; Table 1). Therefore, these data implicate the
downregulation of JMJD1A as a conserved and prominent feature
characteristic of germ cell tumor malignancies.

JMJD1A is not required for the maintenance of pluripotency.
As ES cells share the same embryonal origin as germ cell tumors
(34, 35), we utilized murine ES cells as a model system for Jmjd1a-
dependent tumor development. Jmjdla knockdown experiments
have previously suggested that this epigenetic regulator plays a
critical function in maintaining the pluripotency of murine ES
cells (15). To confirm the roles of Jmjd1a in stem cell function, we
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TABLE 1 Analysis of results for human germ cell tumor tissue
microarray stained with anti-JMJD1A antibody”

No. of cases with

tumor core P value b
K . . value by
No. of classification of: Fisher’s

Tissue or tumor subtype cases - + ++ exact test
Overall cancer tissue 67 38 16 13 <0.0000001

Seminoma 45 30 9 6 <0.0000001

Yolk sac tumor 8 3 3 2 <0.01

Embryonal carcinoma 14 5 4 5 <0.01
Normal tissue 17 0 2 15

“ Bach tumor core was classified according to the percentage and expression levels of
JMJDI1A-positive cells: ++, >30% of tumor cells show strong or diffused
immunopositivity in nuclei; +, 10 to 30% of tumor cells have moderate or patchy
immunopositivity in nuclei; —, <10% of the tumor cells show weak or focal
immunopositivity or no staining in nuclei. Significant association of JMJD1A positivity
in each tumor subtype compared to normal testicular tissue was determined using
extended Fisher’s exact test with significance at P values of <0.01.

first examined if there were any defects in the maintenance of
pluripotency in Jmjdla homozygous knockout ES cells (14). Q-
PCR analysis (Fig. 2A) showed that Jmjdla knockout ES cells con-
tinue to express the key pluripotency factor genes Oct4, Sox2, Klf4,
and Nanog at mRNA levels comparable to those of wild-type ES
cells. The same result was obtained when examining the protein
levels of these factors by Western blotting (Fig. 2B). Furthermore,
microarray expression profiling showed no significant changes in
additional pluripotency-associated genes, such as Tcll (Fig. 2C).
However, in G9a knockout ES cells, a significant difference in the
expression of pluripotency-associated genes (including a 1.9-fold
increase in Nanogand a 2.4-fold increase in KIf4 mRNA levels) was
observed (Fig. 2A and C). These results suggest that G9a may be
involved in epigenetic silencing of these genes. Interestingly,
global H3K9 dimethylation levels did not show any significant
overall changes in Jmjdla knockout ES cells compared to wild-
type cells (Fig. 2B). This result was in sharp contrast with that of
G9a knockout ES cells, which showed a global reduction of H3K9
dimethylation levels (17). Taken together, our data suggest that
Jmjdla acts in a localized or gene-specific manner instead of glob-
ally across the genome as in the case of G9a and that both Jmjdla
and G9a may have common as well as unique epigenetically reg-
ulated downstream target genes.

We next plated Jmjdla knockout ES cells at low cell density to
assess their ability to self-renew in both normoxic and hypoxic
conditions. In contrast to an earlier report (15), there was no
obvious defect in the ability of Jmjd1a knockout cells to self-renew
during clonal propagation (Fig. 3A and B). Jmjd1a knockout cells
stained positive for alkaline phosphatase, forming tight, compact,
and dome-shaped colonies typical of ES cells. However, colony
numbers in both wild-type and Jmjdla™'~ ES cells increased sig-
nificantly under hypoxic conditions in the absence of LIF (P <
0.05), suggesting that hypoxia can compensate partially for the
effect of LIF on clonogenicity (Fig. 3C). Finally, we confirmed
these results by establishing Jmjdla knockout ES cells from
Jmjdla-deficient blastocysts produced by mating male Jmjdla
heterozygous and female homozygous knockout mice that were
viable and fertile. As shown in Fig. 3D to F, multiple Jmjdla
knockout ES cell lines were successfully derived from Jmjdla null
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FIG 2 Loss of Jmjdla does not affect the expression of pluripotency factors in murine ES cells. (A) Homozygous Jmjdla-deficient ES cells express key
pluripotency genes at a level comparable to that of wild-type (WT) ES cells. Bar charts show Q-PCR analysis of mRNA expression in Jmjd1a-deficient (Jmjdla
KO), G9a-deficient (G9a KO), and reconstituted G9a knockout (G9a KO + Tg) cells compared to WT ES cells. Error bars show standard errors of the means for
6 technical replicates. ***, P < 0.001. (B) Western blot analysis of pluripotency markers Oct4, Sox2, and Nanog shows that their protein levels are comparable
in Jmjd1a KO and in WT ES cells. KO1 and KO2 denote independent Jmjd1a KO ES cell lines. (C) Loss of Jmjd1a does not affect expression of pluripotency genes,
while loss of G9a dysregulates their expression. The microarray heat map depicts expression changes of selected pluripotency-associated genes in wild-type (WT1
and WT2), Jmjdla knockout (Jmjdla KO1 and KO2), G9a knockout (G9a KO1 and KO2), and G9a knockout reconstituted with G9a cDNA (G9a KO + Tg) ES
cells. Cell plating density is denoted as high (H; 6 X 10° cells), medium (M; 4 X 10° cells), or low (L; 2 X 10° cells). The scale bar shows the fold change, with red

representing upregulation and green downregulation of gene expression compared to the average of the wild-type controls.

embryos. Thus, we conclude that the loss of Jmjd1a alone has no
major role in the maintenance of pluripotency in self-renewing
murine ES cells.

Hypoxia target genes are dysregulated in Jmjdla and G9a
knockout ES cells. To address how hypoxia mediates epigenetic
changes, we next determined if both Jmjdla and G9a are down-
stream targets of hypoxia in murine ES cells. Both proteins were
upregulated under hypoxic conditions. Protein upregulation was
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delayed and observed only in chronic hypoxia (24 h) (Fig. 4A),
whereas Jinjdla mRNA levels increased during acute hypoxia (4 h)
(Fig. 5A). G9a mRNA expression increased moderately during
chronic hypoxia (24 h) (Fig. 5A), which corresponds to significant
protein upregulation only in the chronic phase of hypoxia (1.66-
fold over normoxia) (Fig. 4A), consistent with a previous report
(22). The differences in the timing between upregulation of gene
expression and protein production may be due to known hypoxia
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FIG 3 Loss of Jmjdla does not affect the self-renewing capacity of murine ES cells. (A) Jmjdla-deficient murine ES cells show no obvious defect in self-renewal.
Plates showing alkaline phosphatase staining of colonies from two independent Jmjdla KO ES cell lines compared to WT ES cell colonies. Bottom panels show
closeup morphology of ES cell colonies for each ES cell line. Scale bars, 1 mm. (B, C) Hypoxia substitutes for LIF and rescues colony formation of ES cells in the
absence of LIF. (B) Plates showing alkaline phosphatase and Giemsa staining of ES cell colonies formed under the indicated conditions after plating at an initial
density of 300 cells/well and culturing either in normoxia (21% O,) or hypoxia (1% O,) for 11 days with or without LIF. (C) Bar chart showing colony numbers
for each condition after staining with Giemsa and counting of colonies. The means of colony numbers for wild-type (WT) and JmjdIa knockout (KO1 and KO2)
ES cells are indicated (Average). Statistical significance was calculated using Student’s ¢ test. Similar results were obtained from two independent experiments. (D
to F) Jmjdla KO ES cells can be derived from preimplantation embryos. (D) Diagram showing crossing of heterozygous Jmjdla*’~ male and homozygous
Jmjdla~'~ female mice to obtain blastocyst stage embryos. (E) Genotypes of wild-type (+/+) and Jmjd1a heterozygous (+/—) and knockout (—/—) ES cell lines
were verified by PCR (upper panel), and the table shows the number of Jmjdla heterozygous and homozygous mutant ES cell lines that were derived from 18
blastocysts obtained from the matings (lower panel). (F) Typical morphology of embryo-derived Jmjdla™ ~ and Jmjdla'~ ES cells in feeder-free cultures; scale
bars, 100 pm.
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knockout (G9a KO1 and KO2), and G9a reconstituted (G9a KO + Tg) ES cells. (A) Hypoxia induces both Jmjdla and G9a protein levels in mouse ES cells.
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effects on translation efficiency. Hypoxia is able to downregulate
protein synthesis through ER stress and the unfolded protein re-
sponse (36), which has also been found to vary between the acute
and chronic phases of hypoxia (37).

To determine how Jmjdla and G9a regulate the expression of
their target genes on a transcriptome-wide scale, we performed
microarray analysis of wild-type, Jmjdla, and G9a knockout ES
cells both in normoxia and at different hypoxia time points (4 and
24 h) and analyzed global expression profiles for genes that were
differentially expressed >1.5-fold.

In the absence of Jmjd1a, there was predominantly downregu-
lation of gene expression, consistent with the failure to remove the
silencing H3K9 methylation mark. Under normoxic conditions,
only a relatively small number of genes were differentially ex-

pressed in Jmjdla knockout cells compared to the wild-type, fur-
ther confirming that Jmjdla does not have a prominent role in
regulating the ES cell transcriptome or in the maintenance of plu-
ripotency (Fig. 4C, upper panel). However, under hypoxic condi-
tions, there was altered induction of more hypoxia targets in
Jmjdla knockout ES cells than in the wild-type cells (Fig. 4B and
C). Comparing wild-type and Jmjdla knockout ES cells, there was
only a marginal increase in the number of dysregulated genes in
acute hypoxia compared to normoxia, but this markedly in-
creased (~250%) upon longer exposure to hypoxia (Fig. 4C, up-
per panel). The dysregulated genes in JmjdIla knockout ES cells
were classified as category 1 targets (Fig. 4B and 5A), and our gene
ontology analysis showed that factors related to cellular growth
and proliferation were the most dysregulated in Jmjdla knockout

and green for downregulation. Gene categories 1 and 2 are highlighted in boxes. (C) Number of genes differentially expressed in Jinjd1a- and G9a-deficient cells
>1.5-fold over control WT cells. (D and E) Gene ontology classification of genes differentially expressed at least 1.5-fold in Jimjdla and G9a knockout ES cells
compared to the wild-type control. The top ten most significant functional categories in the Jmjdla knockout (D) and G9a knockout (E) cells were identified
using Ingenuity Pathway Analysis. Significant associations with the functional categories were identified using Fisher’s exact test at a P value cutoff of 0.05.
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cells compared to wild-type cells under baseline normoxic condi-
tions (Fig. 4D).

In contrast to the relatively small number of Jmjdla targets,
over 3,000 genes were dysregulated in G9a knockout cells (Fig. 4C,
lower panel). Consistent with the role of G9a as a transcriptional
repressor, its loss in ES cells led to predominant upregulation of
gene expression. We therefore focused on genes that became acti-
vated in the absence of G9a under hypoxic conditions. These in-
cluded genes that were related to tissue development (Fgf10) and
cell death regulation (Bcll11b) and were classified as category 2
targets (Fig. 4B and E and 5B).

We next confirmed our microarray data by Q-PCR analysis.
Consistent with observations in human renal and colon carci-
noma cells following shRNA-mediated knockdown of JMJDIA
expression (9), hypoxia-dependent upregulation of Adrenomedul-
lin (Adm) and HmoxI was affected by Jmjd1a deficiency but Stan-
niocalcin 2 (Stc2) expression was not (Fig. 5A). Furthermore, only
induction of Adm and HmoxI during chronic hypoxia (24 h) was
affected by Jmjdla deficiency, whereas the acute hypoxia (4 h)
induction response was not significantly changed (Fig. 5A). Inter-
estingly, transcriptional upregulation of G9a by chronic hypoxia
was abolished in Jmjdla knockout cells, suggesting a cross talk
between these epigenetic modifying enzymes in their modulation
of the cellular hypoxic response (Fig. 5A).

Intriguingly, the expression of a cluster of angiogenesis-related
factor genes, including Igfbp4, Notch4, Robo4, Tfpi, and Zap-70,
was downregulated in Jmjdla knockout ES cells in normoxia and
hypoxia (Fig. 5A). Most of these genes are known to have a func-
tion in antiangiogenesis (38—40). Notably, Robo4 (Roundabout 4)
has been shown to counteract vascular endothelial growth factor
(VEGF) signaling (41). Consistent with this functional relation-
ship, the positive angiogenesis regulator Npy (Neuropeptide Y)
(42) was upregulated in Jmjdla knockout cells (Fig. 5A). Collec-
tively, these results suggest a link between loss of Jmjdla and a
concerted upregulation of angiogenesis.

The epigenetic status of target genes is altered in Jmjdla- and
G9a-deficient ES cells during hypoxia. Since Jmjdla and G9a al-
ter gene expression by removing or adding methylation marks to
histone H3K9, we next examined if the epigenetic status of Jmjd1la
or G9a target genes was affected by hypoxia. We therefore per-
formed chromatin immunoprecipitation (ChIP) experiments on
the proximal promoter regions of these target genes. Within all the
promoter regions examined, loss of Jmjdla led to an increase in
H3K9 dimethylation and, conversely, loss of G9a led to the reduc-
tion of H3K9 dimethylation levels (Fig. 6A to C). Consistent with
previous reports (9, 22), hypoxia also induces an overall increase
in H3K9 dimethylation of target genes over normoxia in wild-type
cells. This suggests that during hypoxic induction of Jmjdla and
G9a (Fig. 4A), it is G9a and possibly other H3K9 methyltrans-
ferases that prevail over Jmjdla and other H3K9 demethylases in
the regulation of downstream hypoxia target genes.

To monitor transcriptional activation, we assessed the H3K4
trimethylation status of the selected promoters, as this mark is
known to correlate with gene expression (43). The antiangiogen-
esis genes Igfbp4, Notch4, and Robo4, which were upregulated in
response to hypoxia, also showed a significant increase in H3K4
trimethylation levels in wild-type cells, whereas this activation
mark was greatly reduced in Jmjdla knockout cells (Fig. 6A to C).
These epigenetic changes correspond to reduced hypoxic induc-
tion levels of these genes, as they gain H3K9 dimethylation and
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lose H3K4 trimethylation in the absence of Jmjdla, and this was
not observed for the nontarget gene MIh1 (Fig. 6D). Therefore,
transcriptional activation of antiangiogenesis genes during hyp-
oxia was accompanied by epigenetic changes mediated by Jmjdla
demethylating H3K9 and, as in the case of other bona fide target
genes that are responsive to hypoxia, correlated with an opposing
gain in H3K4 trimethylation.

Interestingly, while H3K9me2 levels are similar in hypoxic
wild-type cells and normoxic Jmjdla knockout cells (Fig. 6A to C,
right panels, broken blue lines versus solid green lines), activation
of gene expression is greater in the former than the latter (Fig. 5A).
This suggests that hypoxia-driven HIF transcription may be able to
override H3K9me2 suppression to a certain extent, as there is much
more HIF activation in hypoxic cells than in normoxic cells that have
no activated HIFs. Therefore, although H3K9 methylation is influen-
tial in the hypoxic response of target genes, this effect is not absolute
and suggests that suppressive H3K9 methylation versus activating
HIF transcription exists in an equilibrium that is shifted by hypoxia
and the presence or absence of Jmjdla/G9a.

Jmjdla and G9a have opposing effects on tumor formation.
To investigate the functional roles of Jmjd1la and G9a in hypoxia-
dependent gene regulation in vivo, we induced tumor formation
by subcutaneous injection of Jmjdla and G9a knockout ES cells
into immunodeficient mice. Since germ cell tumors are them-
selves derived from cells of embryonic origin, we used mouse ES
cells as a model for tumor development. Wild-type and knockout
ES cells were each injected into one side of each mouse, enabling
pairwise comparisons of the final tumor weight within the same
animal. The resulting tumors showed induction of a hypoxic phe-
notype when derived from wild-type and Jmjdla- and G9a knock-
out ES cells, as indicated by staining for the hypoxia marker CA-9
(Fig. 7A). Jmjdla knockout cells formed significantly larger tu-
mors than those generated from wild-type cells (P < 0.05) both in
volumetric growth measurements and final tumor weights (Fig.
7B to E). In support of these observations, a significantly increased
number of Ki-67-positive cells was detected in Jmjdla knockout
tumors compared to the wild type, indicating that there were
more proliferating and possibly self-renewing cells within the
knockout tumors (Fig. 8A). The increase in tumor size was not
due to an increased growth rate of the Jmjdla knockout ES cells, as
these cells showed comparable proliferation to wild-type cells in
vitro, under both normoxic and hypoxic conditions (Fig. 7F and
G). Interestingly, macroscopic inspection of Jmjdla knockout tu-
mors showed that they were more hemorrhagic than the wild-type
tumors (Fig. 7C), suggesting differences in tumor vascularization.
Indeed, microvessels were more densely networked and abundant
in the Jmjdla knockout tumors (Fig. 8B), as assessed by staining
for the endothelial cell-specific marker CD34. Moreover, the
number of vascular branch points increased significantly in the
Jmjdla knockout tumors, leading to a more complex vascular
structure (Fig. 8B, right panel). Consistent with these phenotypes,
time course Q-PCR analysis of the tumor samples revealed that
although the positive regulators of angiogenesis Vegf-A and
HmoxI were expressed at lower levels at an earlier time point (day
12), they became significantly upregulated at the later time point
(day 21) in Jmjdla knockout tumors compared to those generated
from wild-type cells (Fig. 8C). In contrast, expression of the neg-
ative regulators of angiogenesis Robo4, Igfbp4, and Notch4 was
lower at the early time point (day 12), consistent with the ES cell
expression data, but the differences were gradually abolished in
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FIG 6 H3K9 and H3K4 methylation status of target genes are regulated by hypoxia, Jmjdla, and G9a. Representative data from 3 independent rounds of ChIP
assays performed with anti-H3K4me3 or anti-H3K9me?2 antibodies quantified in Igfbp4 (A), Notch4 (B), and Robo4 (C) gene promoter loci by Q-PCR and
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FIG 7 Loss of Jmjdla increases tumor growth. (A) Teratomas have hypoxic cores. Wild-type and Jmjdla and G9a knockout ES cell-derived teratoma tumor
sections were stained for the hypoxia marker CA-9 (carbonic anhydrase 9) with an anti-CA-9 antibody (brown) and counterstained with hematoxylin (blue).
Scale bars, 200 pm. (B) Jmjdla KO ES cells form tumors with an increased growth rate (n = 14). cc, cubic centimeters. (C) Gross morphology of tumors resected
from NOD-SCID mice 20 days after subcutaneous injection with WT or Jmjdla KO ES cells. The scale shows length in centimeters. (D) Final tumor masses of
WT and Jmjdla KO tumors formed after 20 days of growth. (E) Jmjdla knockout ES cells produce larger tumors than those formed by wild-type cells. The chart
shows comparisons of the tumor weights in grams produced by matching wild-type and JmjdIla knockout ES cell injections at 2 dorsal sites for each mouse (1 =
18). Black lines show mice in which Jmjdla knockout ES cells formed larger tumors, while blue lines show exceptions. The red line indicates the average tumor
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and in hypoxia. (F) Graph showing the in vitro growth rate of JmjdIla knockout and wild-type ES cells plated with an initial seeding density of 3 X 10° cells per
well of a 6-well plate in normoxia, with cells counted every 3 to 4 days. (G) Cell numbers after plating 3 X 10° cells on each well of a 6-well plate under hypoxic
or normoxic conditions and counting after 3 days of growth for 4 replicate cultures. Error bars denote standard errors of the means.
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FIG 8 Loss of Jmjdla increases microvessels and immature cell populations in tumors. (A) Jmjdla KO tumors contain more proliferative cells than do WT
tumors, as indicated by anti-Ki-67 antibody staining (brown); scale bars, 200 wm. (B) Jmjdla KO tumors show increased vascular density as indicated by
immunobhistological staining for the endothelial cell-specific marker CD34 (brown). Arrows indicate branch points within the microvessels; scale bars, 200 pm.
The average number of branch points observed for each tumor section is given below the panels. (C) Q-PCR analysis of gene expression in time course
experiments of tumor growth. Gene expression levels were normalized against Ywhaz and Ubc2 housekeeping genes, and fold change values were calculated as
ratios against the WT day 12 tumors. Vegf-A, HmoxI, Nanog, and Oct4 genes were significantly upregulated at day 21 in Jmjdla KO tumors, but no significant
change was observed for Adm, Igfbp4, Notch4, and Robo4 (*, P < 0.05; N.S., not significant). (D) Nanog and Oct4 are maintained at high protein levels of
expression in Jmjdla KO tumors. Western blots show WT and Jmjdla KO tumors; #1 and #2 on each lane represent independent tumor samples. (E) Enhanced
expression of Oct4 (brown) in Jmjdla KO tumors, indicating increased abundance of immature stem cell-like populations. Scale bars, 200 pm.

the later stage (day 21) (Fig. 8C). Therefore, downregulation of ripotency and self-renewal that are highly expressed in immature,
the antiangiogenesis program seems to precede induction of the aggressive tumor cells, were also significantly higher in Jmjdla
proangiogenic gene expression drive. Moreover, we made the knockout tumors at both mRNA and protein levels (Fig. 8C and
striking observation that expressions of Nanogand Oct4, key tran- D). This was further supported by immunostaining of tumor sam-
scription factor genes required for the maintenance of ES cell plu-  ples with Oct4 antibody, showing upregulation of this master reg-
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FIG 9 G9a acts positively to promote tumor formation. (A) Loss of G9a decreases the tumor growth rate. (B) Gross morphology of tumors resected from
NOD-SCID mice 20 days after subcutaneous injections with WT, G9a KO, and reconstituted G9a KO ES cells (G9a KO + Tg). 2-3 and 22-10, tumors derived
from two independent G9a KO ES cell lines. (C) Final tumor masses of WT, G9a KO, and reconstituted G9a KO ES cells. Tumors were resected after 20 days of
growth. **, P < 0.01 for comparisons versus WT; 1+, P < 0.001 for the reconstituted G9a KO versus the G9a KO tumors. (D) G9a KO ES cells produce smaller
tumors than those derived from wild-type cells. Comparison of tumor weights for wild-type and G9a KO cells injected into different dorsal sites within the same
mouse (n = 14). Line graphs indicate the decrease in tumor size for G9a KO ES cell injections; exceptions showing increased tumor sizes are in blue. (E) G9%
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ulator of ES cell self-renewal in tumors derived from Jmjdla-de-
ficient cells (Fig. 8E). Taken together, these data suggest that
Jmjdla-deficient tumors may contain more immature and stem
cell-like populations that are supportive of increased tumor
growth than wild-type tumors.

In contrast to the Jmjdla results, G9a knockout cells formed
significantly smaller tumors than wild-type ES cells (P < 0.01)
(Fig. 9A to D), and this effect was reversible with the reconstitu-
tion of G9a cDNA in knockout cells, indicating that G9a acts pos-
itively on tumor formation. The reduction in tumor size was not
due to decreased growth rates of G9a knockout cells, as they pro-
liferated in a manner comparable with that of wild-type cells (data
not shown). Moreover, G9a knockout tumors had fewer mi-
crovessels than the wild-type tumors, as assessed by immuno-
staining using CD34 antibodies (Fig. 9E). Furthermore, immuno-
histochemical analysis for cleaved caspase-3 and Ki-67 expression
revealed that G9a knockout tumors had more apoptotic and fewer
proliferative cells, respectively, than wild-type cells, suggesting
that the reduced tumor size observed for G9a knockout cells was
consistent with increased apoptosis and a decreased number of
self-renewing cells within the tumors (Fig. 9F and G). Q-PCR
analysis of tumor samples revealed that G9a knockout tumors
showed significantly higher levels of expression of the tumor sup-
pressor gene Bcl11b (Fig. 9H), reproducing the results of the mi-
croarray analysis of G9a knockout ES cells compared to wild-type
(Fig.4B). Bcl11b is known to be either mutated or deleted in T-cell
acute lymphoblastic leukemia (44). Remarkably, G9a knockout
tumors showed downregulation of Oct4 and Nanog mRNA ex-
pression (Fig. 9H), in contrast to Jmjdla knockout cells (Fig. 8C).
In agreement with the expression results, there was also a dramatic
decrease of Nanog protein levels in G9a knockout tumors, as as-
sessed by Western blotting (Fig. 91), and a similarly striking de-
crease in expression of Oct4 protein levels (Fig. 9I and J). These
results suggest that G9a knockout tumors may be unable to main-
tain significant immature, self-renewing stem cell-like popula-
tions required for tumorigenesis.

Inhibition of G9A reduces tumor growth. To demonstrate
that Jmjdla and GY9a are acting antagonistically in tumor forma-
tion, we knocked down G9a using virally delivered shRNA in a
Jmjdla knockout background. G9a was successfully downregu-
lated using two independent lentiviral shRNA constructs (Fig.
10A). We then injected these cells together with control shRNA-
treated Jmjdla knockout cells into immunodeficient mice to
monitor tumor growth. Consistent with our model that G9a is a
positive regulator of tumor growth, knockdown of G9a in a
Jmjdla-deficient background led to a statistically significant re-
duction in tumor size compared to the control tumors (P < 0.05)
(Fig. 10B and C). Furthermore, there was a general upregulation
of the antiangiogenic factor genes Igfbp4, Tfpi, Notch4, and Robo4
in the Jmjdla KO + G9a knockdown (KD) tumors, of which up-
regulation levels for Igfbp4 and Tfpi were significant (P < 0.05)
(Fig. 10D; data not shown for Notch4 and Robo4) compared to
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control tumors. The residual presence of endogenous G9a in the
knockdowns may mitigate more significant changes in antiangio-
genic gene expression levels than complete loss-of-function in
G9a knockout cells. Indeed, a baseline level of G9a protein (Fig.
10A) persists in the G9a KD cells that may present less severe
conditions than the G9a knockout cells. Nevertheless, although
only two of four antiangiogenic factors are significantly dysregu-
lated individually, the overall synergistic effect of increasing the
expression of multiple antiangiogenic factors may collectively ac-
count for the phenotypic reduction of the Jmjdla KO + G9a KD
tumors compared to control tumors.

To independently confirm the knockdown results, we inhib-
ited G9a enzymatic activity using the chemical compound BIX-
01294 to determine if this could similarly reduce tumor growth.
BIX-01294 blocks G9a histone methyltransferase activity by bind-
ing to the substrate peptide groove of the catalytic SET domain,
thereby reducing H3K9me?2 levels (45, 46). We first optimized the
BIX-01294 concentration and chose the moderate dose of 1 uM,
at which the 50% inhibitory concentration (IC5,) was attained for
the attenuation of cell numbers. Subsequently, both wild-type and
Jmjdla-deficient cells were treated with medium containing either
1 uM BIX-01294 in DMSO or only DMSO for 2 days prior to
injection of equal numbers of cells into immunodeficient mice.
Jmjdla-deficient cells were used in comparisons against wild-type
cells, as they were more representative of human germ cell-derived
tumors that had downregulated JMJDIA expression (Fig. 1). Im-
portantly, the BIX-01294-pretreated cells generated greatly re-
duced tumors both in the wild-type and Jmjd1a-deficient genetic
backgrounds with statistical significance (Fig. 10E to H). These
results clearly indicate that G9a acts positively on tumor growth
and that inhibition of G9a either by knockdown or pharmacolog-
ical inhibition can reduce tumor growth in germ cell-derived tu-
mor models.

DISCUSSION

Jmjdla has been proposed to play an essential role in the mainte-
nance of pluripotency in murine ES cells (15). Interestingly, a
recent study has demonstrated that Jmjdla-deficient mice display
defects in sex determination and abnormal spermiogenesis (47),
indicating that Jmjdla is critical for germ cell development. Given
that germ cell tumors are themselves derived from cells of embry-
onic origin, we therefore decided to study the molecular basis of
hypoxia-regulated epigenetics using mouse ES cells as the com-
mon denominator for both tumor and stem cell development. We
found that Jmjdla-deficient ES cells continue to express the key
pluripotency genes Oct4, Sox2, KiIf4, and Nanog at mRNA and
protein levels comparable to those of wild-type ES cells. Further-
more, our genome-wide gene expression microarray analysis
showed no significant perturbation of pluripotency-associated
genes, and there was no obvious self-renewal defect in Jmjdla-
deficient ES cells. Finally, we successfully derived Jmjdla knock-
out ES cells from Jmjdla null embryos produced by viable and

KO tumors have fewer microvessels compared to WT tumors as indicated by anti-CD34 staining (brown). Scale bars, 200 wm. (F) There is increased induction
of apoptosis in G9a KO tumors as indicated by immunohistochemical staining for the apoptosis marker cleaved caspase-3 (brown). Scale bars, 200 wm. (G) G9a
KO tumors contain fewer proliferating cells as indicated by anti-Ki-67 staining (brown). Scale bars, 200 wm. (H) Q-PCR analysis of tumor samples harvested at
21 days postinjection for target gene expression. Gene expression levels were normalized against the Ywhaz housekeeping gene, and fold change values were
calculated against the WT tumors. (I) Protein levels of Nanog and Oct4 were downregulated in G9a KO tumors. #1 and #2, independent biological replicates of
tumor protein extracts. (J) Oct4 expression was greatly reduced in G9a KO tumors as indicated by anti-Oct4 staining (brown). Scale bars, 200 pwm.
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FIG 10 Gain in tumor size with loss of Jmjdla is rescued by loss of G9a. (A) Western blot analysis of Jmjdla KO ES cells stably transfected with G9a shRNA
(independent cell lines #1 and #2) shows decreased G9a protein expression. (B) Morphological appearance of tumors resected from NOD-SCID mice 24 days
after subcutaneous injection of Jmjdla KO ES cells expressing either control or G9a shRNA. (C) Final tumor masses of Jmjdla KO tumors with either control or
G9a shRNA knockdown formed after 24 days of growth. (D) Antiangiogenic genes were upregulated in Jmjdla KO + G9a KD tumors. Gene expression levels
were normalized against the Ywhaz reference gene, and the fold change over the Jmjdla KO + Control KD was calculated. *, P < 0.05. (E) Morphological
appearance of tumors resected from NOD-SCID mice 20 days after subcutaneous injection of wild-type ES cells pretreated either with control (DMSO only) or
with 1 uM BIX-01294-containing medium. (F) Final masses of wild-type tumors following treatments as described for panel E. (G) Morphological appearance
of tumors resected from NOD-SCID mice 20 days after subcutaneous injection of Jmjdla-deficient ES cells pretreated either with control (DMSO only) or with
1 uM BIX-01294-containing medium. (H) Final masses of JmjdIa-deficient tumors under the same treatment conditions as for panel G.
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fertile Jmjd1a null and heterozygous adult mice. The discrepancies
between our results and those of previous studies may have arisen
from the different strategies that have been employed in the study
of Jmjdla function, i.e., the use of knockout ES cells versus
shRNA-based knockdown procedures. The transient knockdown
of JmjdIla may lead to an acute loss of pluripotency in ES cells, but
the permanent knockout of Jmjdla results in more-long-term
adaptive compensation for the loss of pluripotency. We conclude
that Jmjdla alone does not play an essential role in the mainte-
nance of pluripotency in murine ES cells under self-renewal con-
ditions.

In the case of G9a, there are severe gastrulation defects in the
epiblast of postimplantation knockout embryos, resulting in early
lethality (17). Consistent with the in vivo role of G9a in epiblast
development, G9a knockout ES cells also display significant dis-
ruption in the expression of stemness genes such as Nanog and
KIf4. Despite this, G9a null ES cells can still be maintained in
culture, suggesting that G9a may instead play greater roles at later
stages of epiblast development during gastrulation. When we in-
jected Jmjdla- and G9a-deficient ES cells into immunodeficient
mice, there was robust reciprocal regulation of Oct4 and Nanog
expression whereby loss of Jmjdla resulted in activation and loss
of G9a led to downregulation of these genes. This regulation is
unexpected of a direct Jmjdla/G9a epigenetic function and may
instead be due to changes in the H3K9 methylation status or ex-
pression of antiangiogenic genes that produce microenviron-
ments conducive or detrimental to the maintenance of stem cell-
like populations, respectively. The significant effects of Jmjdla/
G9a with the onset of hypoxia during tumor formation, in
contrast to the lack of pluripotency defects in ES cells, highlight
the effect of hypoxia on the expression of pluripotency genes and
further suggest that Jmjdla/G9a may become important only
upon exit from self-renewal and the subsequent onset of differen-
tiation, rather than at ES cell self-renewal stages (48), affecting the
status of stem cell-like populations needed for tumor growth.

Previously, IMJD1A was thought to act downstream of HIF-1a
to upregulate hypoxia target genes for the long-term adaptation of
cells to hypoxic conditions. Xenograft studies using shRNA-me-
diated knockdown of JMJD1A in human colon carcinoma cells led
to decreased tumor size (9, 29), suggesting that JMJDIA may
function as an oncogenic driver. In the present study, we observed
increased tumor formation by Jmjd1a-deficient cells coupled with
increased expression of Nanog and Oct4, consistent with the
maintenance of immature, stem cell-like tumor cells. Thus,
JMJD1A may regulate target genes differently depending on the
cell context, thereby having disparate roles on tumor growth in
cancers of different origins. Indeed, germ cell tumors show con-
sistent and specific downregulation of JMJD1A expression com-
pared to their normal counterparts. Therefore, our results may
reflect properties of immature, poorly differentiated tumors with
functional Nanog and Oct4 expression such as those of germ cell
provenance (49, 50) but not of differentiated somatic tumors,
which rarely express these stem cell factors (51, 52). Our finding
that tumors derived from JmjdIa- or G9a-deficient cells show mu-
tually opposing regulation of Nanog and Oct4 suggests that
Jmjdla and G9a may play antagonistic roles in the maintenance of
immature, stem cell-like populations in Nanog- and Oct4-posi-
tive tumors.

To investigate how hypoxia alters the epigenetic histone meth-
ylation status of ES cells, we chose to study hypoxia-dependent
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regulation of not only Jmjdla but also G9a. These two hypoxia-
regulated enzymes have opposing catalytic functions and hence
titrate the equilibrium between mono- and dimethylation and
demethylation of H3K9. Previously, it was shown that JMJD1A
forms a protein complex with HIF-1a to activate target genes in
vascular endothelial cells (53). This offers a mechanistic explana-
tion regarding target gene specificity of JMJD1A in hypoxia, which
is facilitated by direct HIF recognition and hypoxia-dependent
recruitment to target genes. In contrast, G9a is known to have a
broader, more diverse range of target genes than Jmjdla (54).
Although the mechanism of G9a targeting many of these genes is
not fully understood, G9a has been reported to interact with many
zinc finger proteins (19, 55, 56). This suggests that Jmjdla/G9a
interactions may influence the genome-wide distribution and de-
gree of H3K9 dimethylation in hypoxia, where Jmjdla and G9a
share some common targets but also regulate specific subsets of
target genes. These differing mechanisms behind Jmjdla/G9a
specificity may explain the overlapping but also distinct target
genes obtained in the transcriptomic analysis of Jmjdla and G9a
knockout cells.

The small number of Jmjdla-regulated target genes compared
to that of G9a identified in our microarray studies is indicative of
the differences in transcriptional output mediated by the two epi-
genetic factors. This is further supported by our ChIP studies
showing that during hypoxia, loss of Jmjdla has a clear effect on
the H3K9 methylation status of only a specific subset of antian-
giogenesis-related gene promoters. In the case of Igfbp4 and
Robo4, there were higher levels of the H3K9 dimethylation mark
in Jmjdla-deficient cells, probably due to a failure in removing
H3K9 methylation marks from the promoters, and this in turn
correlates with low levels of H3K4 trimethylation and reduced
expression of these genes.

Although Jmjdla is a 2-oxoglutarate-dependent dioxygenase
and requires dioxygen for its catalytic activity, it has previously
been shown that JMJD1A is able to retain its demethylase activity
even when subjected to severe hypoxia of as little as 0.2% oxygen,
and its expression is directly upregulated by HIF-1a binding to
hypoxia-responsive elements (HREs) present in the promoter re-
gion (57). Thus, the increase in demethylase activity of Jmjdla
may be facilitated by increased protein and RNA production dur-
ing hypoxia (Fig. 4A and 5A), and this is not compromised by the
depletion of oxygen.

In addition to Jmjdla and G9a, it is also possible that other
hypoxia-regulated methyltransferases and demethylases pro-
vide additional levels of control over target gene expression (8,
58). The repertoire of hypoxia-regulated epigenetic factors
may extend beyond direct transcriptional control by the HIFs
and may also be regulated by posttranslational mechanisms
(59) that may not be evident in gene expression studies. Hypoxia-
regulated microRNAs have been shown to bind to the 3" untrans-
lated region (UTR) of Ezh2, an H3K27 histone methyltransferase,
thereby inhibiting its translation into protein (60). It is possible
that other epigenetic factors are also regulated at the posttransla-
tional stage by RNA binding proteins, thus providing an addi-
tional layer of control over the expression of target genes. The
H3K9 methylation status may therefore not be the sole determi-
nant of gene expression, and this may account for the differing
transcriptional output upon hypoxic induction despite similar
H3K9 methylation levels (Fig. 6A to C, right panels, broken blue
lines versus solid green lines, and Fig. 5A).
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FIG 11 Schematic diagram showing how Jmjdla and G9a modulate hypoxia
signaling pathways in normal and germ cell-derived tumor development. HIFs
directly activate Jmjdla transcription, and some of the HIFs also target genes
responsible for the induction of angiogenesis, such as Adm in the acute phase.
However, in the later stages (chronic hypoxia), Jmjdla derepresses expression
of antiangiogenic factors as a negative-feedback mechanism to prevent excess
vascular formation. In contrast, G9a is upregulated during acute hypoxia and
suppresses apoptosis in the chronic hypoxia phase (upper panel). In the ab-
sence of Jmjdla, the induction of antiangiogenic factors is lost or severely
attenuated, leading to excess vascular formation. This may facilitate the main-
tenance of immature, stem cell-like tumor populations that eventually lead to
tumor development (lower panel).

Our data suggest that loss of Jmjdla unleashes an angiogenic
drive leading to increased tumor growth. The angiogenic drive is
in part governed by inactivating antagonists against angiogenesis,
such as the inhibition of the Slit-Robo4 signaling pathway through
the downregulation of Robo4, coupled with increased expression
of bona fide proangiogenic factor genes such as Vegf-A and Hmox1
(9, 61). In human germ cell-derived tumor development, Jmjdla-
deficient cells may thus be able to generate a microenvironmental
niche that is more suitable for both immature and differentiated
cells to proliferate than wild-type cells, resulting in larger tumors
(Fig. 11).
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In conclusion, we have provided novel insights into how two
hypoxia-regulated epigenetic factors, Jmjdla and G9a, have op-
posing effects not only on the epigenetic status of target promoters
in normoxia and hypoxia but also on tumor formation and stem
cell regulation. This provides a mechanistic link between epige-
netic changes driven by hypoxia and the control of stem cell status
and tumor angiogenesis and growth. This regulatory scenario
seems to be of particular relevance in human germ cell-derived
tumors, and pharmacological inhibition provides a promising
novel strategy in the treatment of these tumor types.
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