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Introduction
Prostate tumors are the most frequently diagnosed cancer in US 
men and a major health problem throughout the world. Apart from 
surgery and radiotherapy, androgen ablation is a standard treat-
ment for advanced prostate cancer. However, patients with metas-
tases generally relapse and die soon thereafter (1). The current 
lack of other effective therapies highlights the dire need for new 
drug targets to combat metastatic prostate cancer.

Deletion of tumor suppressors such as phosphatase and ten-
sin homolog (PTEN), tumor protein p53 (TP53), or NK3 homeo-
box 1 (NKX3-1) is common in prostate cancer and linked to its 
etiology (2). On the other hand, various oncogenes are mutated 
or overexpressed in prostatic neoplasias, but arguably most 
prevalent are transcription factor Ets (ETS) chromosomal trans-
locations that lead to the overexpression of DNA-binding ETS 
transcription factors (3–5). ETS genes most frequently trans-
located are v-ets avian erythroblastosis virus E26 oncogene 
homolog (ERG) and ets variant 1 (ETV1). Compared with ERG, 
ETV1 upregulation correlates with more relapse after radical 
retropubic prostatectomy, is more enriched in metastases, and 
results in poorer disease-free survival in conjunction with PTEN 
loss (6, 7), suggesting that ETV1 translocations mark highly 
aggressive prostate tumors.

Aside from genetic defects, epigenetic changes underlie tumor 
development. Accordingly, drugs influencing the epigenetic state 
of a cell, such as histone deacetylase inhibitors, have proven to 
be valuable in the therapy of some cancers (8). Notably, changes 
of acetylation and methylation on specific histone residues were 
identified as predictors of prostate cancer recurrence (9, 10). This 
implies that modulating histone posttranslational modifications 
may be effective in restricting prostate tumor growth.

Histone lysine methylation was only recently recognized as 
an important posttranslational modification in cancer (11). How-
ever, histone demethylation and especially the corresponding 
demethylases have remained immensely understudied in pros-
tate tumors. The vast majority of histone demethylases belong 
to the family of Jumonji C domain containing (JMJD) proteins 
(12). One demethylase subfamily consists of the 4 homologous 
JMJD2A-D proteins, also called lysine-specific demethylase 4A 
(KDM4A) (13). Here, we show how JMJD2A/KDM4A can exert its 
cellular functions through interaction with ETV1 and induction of 
the Hippo pathway component yes associated protein 1 (YAP1). In 
addition, we demonstrate for what we believe is the first time that 
overexpression of a histone demethylase (JMJD2A) may be an 
underlying cause of tumorigenesis, thereby highlighting JMJD2A 
as a valid anticancer drug target.

Results
JMJD2A interacts with ETV1. In our longstanding pursuit to mech-
anistically understand the action of the ETS transcription factor 

Histone demethylase upregulation has been observed in human cancers, yet it is unknown whether this is a bystander event 
or a driver of tumorigenesis. We found that overexpression of lysine-specific demethylase 4A (KDM4A, also known as 
JMJD2A) was positively correlated with Gleason score and metastasis in human prostate tumors. Overexpression of JMJD2A 
resulted in the development of prostatic intraepithelial neoplasia in mice, demonstrating that JMJD2A can initiate prostate 
cancer development. Moreover, combined overexpression of JMJD2A and the ETS transcription factor ETV1, a JMJD2A-binding 
protein, resulted in prostate carcinoma formation in mice haplodeficient for the phosphatase and tensin homolog (Pten) 
tumor-suppressor gene. Additionally, JMJD2A cooperated with ETV1 to increase expression of yes associated protein 1 (YAP1), 
a Hippo pathway component that itself was associated with prostate tumor aggressiveness. ETV1 facilitated the recruitment 
of JMJD2A to the YAP1 promoter, leading to changes in histone lysine methylation in a human prostate cancer cell line. Further, 
YAP1 expression largely rescued the growth inhibitory effects of JMJD2A depletion in prostate cancer cells, indicating that 
YAP1 is a downstream effector of JMJD2A. Taken together, these data reveal a JMJD2A/ETV1/YAP1 axis that promotes prostate 
cancer initiation and that may be a suitable target for therapeutic inhibition.
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but not JMJD2D, enhanced ETV1 activity, whereas all 4 JMJD2 pro-
teins displayed negligible effects in the absence of ETV1. Further, 
JMJD2A was the most effective coactivator of ETV1, stimulating 
its activity by approximately 5.3-fold; please note that protein lev-
els of JMJD2A-D were comparable (Supplemental Figure 1A; sup-
plemental material available online with this article; doi:10.1172/
JCI78132DS1). We also tested a point mutant of JMJD2A, H188A, 
which is impaired in its catalytic activity (15, 16). In contrast to 
WT JMJD2A, this H188A mutant was much less able to cooperate 
with ETV1 (Figure 1B), yet still increased ETV1-dependent activ-
ity by approximately 1.5-fold (although this was not statistically 
significant). Likewise, only JMJD2A, but not the H188A mutant, 
synergized with ETV1 to stimulate an MMP1 luciferase reporter 

ETV1, we tested whether it interacts with JMJD histone demeth-
ylases. Specifically, we coexpressed Flag-tagged ETV1 with 16 
different Myc-tagged JMJD proteins representing all major JMJD 
subfamilies. The Myc-tagged JMJD proteins were immunopre-
cipitated with Myc Abs, and the resulting immunoprecipitates 
were probed with anti-flag Western blotting to determine which 
JMJD proteins interacted with ETV1 (Figure 1A). Notably, strong 
complex formation was only observable between ETV1 and the 4 
JMJD2 proteins. Next, we analyzed whether JMJD2 proteins aug-
ment ETV1 in upregulating matrix metalloproteinase-1 (MMP1), 
a previously identified target gene of ETV1 (14). As we expected, 
ETV1 stimulated an MMP1 luciferase reporter gene in benign 
human BPH-1 prostate cells (Figure 1B). Importantly, JMJD2A-C, 

Figure 1. Interaction of JMJD2A with ETV1. (A) Coimmunoprecipitation assays of Flag2-ETV1 with 16 different 6Myc-tagged JMJD proteins (denoted by 
asterisks) in 293T cells. (B) Activation of an MMP1 luciferase reporter in BPH-1 cells. Luciferase activities shown are the average of 3 biological replicates 
with SD evaluated with 1-way ANOVA. (C) JMJD2A coprecipitates with ETV1 in MDA-MB-231 and LNCaP cells. (D) In vitro interaction of purified, Flag-tagged 
JMJD2A with GST-ETV1 (top). Coomassie-stained gels show the purity and relative amounts of utilized proteins (bottom).
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(Supplemental Figure 1D). Conversely, the middle portion of 
JMJD2A (amino acids 490–750) was sufficient for binding ETV1 
(Supplemental Figure 1E). Together, our data strongly suggest that 
JMJD2A is a bona fide coactivator of ETV1.

JMJD2A overexpression in prostate tumors. ETV1 is most promi-
nently implicated in tumor formation within the prostate. There-
fore, we explored whether JMJD2A would be expressed in this 
organ. First, utilizing specific JMJD2A Abs (see Supplemental 
Figure 2), we analyzed JMJD2A protein levels in several human 
prostate cell lines and observed elevated expression in some 
tumor-derived compared with 2 untransformed prostate cell 
lines (Figure 2A). Second, we evaluated levels of JMJD2A mRNA. 
Consistent with a previous report (17), Oncomine analysis of pub-
lished microarray data (18) revealed that JMJD2A mRNA levels 
were significantly enhanced in prostate carcinomas relative to 
normal prostates (Figure 2B); this was corroborated with various 
other microarray data sets (Supplemental Figure 3, A and B) and 
was not due to JMJD2A gene copy number changes (Supplemental 
Figure 3C). Notably, JMJD2A expression was high in most pros-

gene in African green monkey CV-1 kidney cells or an endogenous 
MMP1 gene transcription in human embryonic kidney 293T cells 
(Supplemental Figure 1, B and C). Similarly, we observed that 
catalytically inactive JMJD2C-H190A, but not the corresponding 
JMJD2B-H189A/E191Q or JMJD2D-H192A mutants, stimulated 
ETV1 (Figure 1B). These data suggest that JMJD2A and JMJD2C 
stimulate ETV1 transcriptional activity predominantly in a man-
ner dependent on their catalytic activity.

We then focused on the seemingly most potent transactivat-
ing JMJD2 protein and confirmed that endogenous JMJD2A also 
interacted with endogenous ETV1 in MDA-MB-231 breast and 
LNCaP prostate cancer cells (Figure 1C). Further, we purified 
GST-tagged ETV1 from bacteria and Flag-tagged JMJD2A from 
baculovirus and observed that Flag-JMJD2A was retained on glu-
tathione beads loaded with GST-ETV1, but not with the GST moi-
ety (Figure 1D). This shows that JMJD2A and ETV1 can directly 
bind to each other. Moreover, we found that the C-terminal amino 
acids 333–477, which encompass ETV1’s DNA-binding and C-ter-
minal activation domains, mediated the interaction with JMJD2A 

Figure 2. JMJD2 expression in the human prostate. (A) Western blots showing JMJD2 protein levels in untransformed (BPH-1, RWPE-1) and cancerous pros-
tate cells (LNCaP, C4-2, PC-3, DU145, LAPC-4). (B) Different JMJD2A mRNA levels in 40 normal compared with 61 cancerous prostate tissues (P = 3.8 × 10–5; 
Student’s t test). Each bar represents 1 patient. (C) Example of immunohistochemical JMJD2A staining in matching normal and cancerous prostate tissue. 
Scale bar: 0.1 mm. (D and E) Analogous to panel B for JMJD2B (P = 0.003) and JMJD2C (P = 0.021).
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However, we found only one microarray experiment with Onco-
mine that showed a significant change of JMJD2D mRNA levels 
in prostate carcinoma, and unlike with JMJD2A-C, JMJD2D levels 
were decreased in prostate tumors compared with those in normal 
prostate tissue (Supplemental Figure 7C). These data suggest that 
JMJD2B and JMJD2C, but not JMJD2D, may also be overexpressed 
in prostate cancer.

JMJD2A stimulates prostate cell proliferation. As a first step to test 
whether JMJD2A might be causally implicated in prostate tumor 
development, we examined JMJD2A’s impact on cell growth. We 
focused on LNCaP prostate cancer cells, since they are charac-
terized by ETV1 overexpression (19, 20) and express JMJD2A 
at a high level (see Figure 2A). Three different JMJD2A shRNAs 
were expressed in LNCaP cells, which reduced JMJD2A protein 
levels with different efficiencies (Figure 3A). Although JMJD2A is 
capable of demethylating H3K9me3 or H3K36me3 (15, 16), these 
epigenetic marks were not globally affected by JMJD2A depletion 
(Figure 3A). Yet JMJD2A downregulation resulted in reduced cell 
growth (Figure 3B) and clonogenic capacity (Figure 3C). Consis-
tent with being least able to reduce JMJD2A levels, shRNA no. 2 
was less effective than the other 2 JMJD2A shRNAs in these assays. 
These progrowth characteristics of JMJD2A were also observed in 
other prostate cancer cell lines (C4-2, PC-3, DU145, LAPC-4) and 

tate tumors with ETV1 translocations (Supplemental Figure 4). 
Less pronounced, JMJD2A expression was also increased in the 
benign precursors of prostate carcinoma, hyperplasia and prostat-
ic intraepithelial neoplasia (PIN) (Supplemental Figure 5A). Third, 
we stained human prostate tissue microarrays with JMJD2A Abs. 
Strong nuclear staining of JMJD2A was observable in many pros-
tate tumors, but rarely in matching normal tissue (Figure 2C and 
Supplemental Figure 5B). Overall, high nuclear JMJD2A protein 
expression was found in 81% of tumors versus 3% of normal pros-
tate tissues. Moreover, nuclear JMJD2A protein staining positively 
correlated with the Gleason score (Supplemental Figure 6A) as 
did JMJD2A mRNA levels (Supplemental Figure 6B). Also, com-
pared with the primary prostate tumor site, metastases displayed 
higher JMJD2A expression (Supplemental Figure 6C). All this sug-
gests that JMJD2A expression increases during the progression of 
prostate cancer development and might therefore be a marker for 
aggressive prostate tumors.

Similar to JMJD2A, we found overexpression of the other 
JMJD2 proteins in some of the prostate cancer cell lines, yet this 
in itself cannot be regarded as significant due to the low num-
ber of cell lines tested (Figure 2A). Further, JMJD2B and JMJD2C 
mRNA levels were also enhanced in prostate tumors in multiple 
data sets (Figure 2, D and E, and Supplemental Figure 7, A and B). 

Figure 3. Role of JMJD2A in LNCaP prostate cancer cells. (A) Downregulation of JMJD2A in LNCaP cells with 3 different shRNAs. Western blots show levels 
of indicated proteins. (B) Corresponding cell growth assays. Shown are averages (n = 3 per group) with SD. Statistical significance of growth differences 
(compared with sh-Control) at day 5 was evaluated with 1-way ANOVA. Representative of at least 3 independent experiments. (C) Representative (out of 3) 
clonogenic assays. (D) Cell-cycle distribution (representative out of 2 independent experiments) in the presence of JMJD2A shRNA.
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probasin promoter. We obtained 4 founder mice, which all devel-
oped PIN. Two founder mice had offspring with a JMJD2A trans-
gene (Supplemental Table 1); JMJD2A transgene expression was 
negligible in organs other than the prostate, with the exception of 
seminal vesicles (Supplemental Figure 12A), which are androgen 
receptor–positive and therefore also display slight induction of the 
probasin promoter (21). Cohorts of these 2 independent JMJD2A 
transgenic lines were established, which displayed enhanced 
JMJD2A staining, particularly within PIN regions (Supplemen-
tal Figure 12B). Likewise, the cell proliferation marker Ki67 was 
expressed in a more pronounced manner in neoplastic regions 
of prostates from JMJD2A transgenic mice (Supplemental Fig-
ure 12C). Also, staining for smooth muscle actin, which is nor-
mally found in the continuous fibromuscular layer surrounding 
the ducts but may become discontinuous upon PIN formation, 
often displayed discontinuities around diseased areas in prostates 
from JMJD2A mice (Supplemental Figure 12D). More systemati-
cally, PIN formation was classified on a scale of 1 to 4 as defined 
for genetically engineered mice (22). Already at 5 months of age, 
many of the JMJD2A transgenic mice developed high-grade PIN 
(grades 3 and 4), whereas only 1 syngeneic age-matched WT con-
trol mouse presented with grade 1 PIN and 3 further control mice 
had no PIN at all (Figure 4, A and B, and Supplemental Table 1). At 
13 months of age, all transgenic mice presented with high-grade 
PIN; such lesions were not detected in age-matched control mice, 
although two-thirds of these mice exhibited low-grade PIN. These 

normal BPH-1 and RWPE-1 prostate cells (Supplemental Figure 8) 
as well as in LNCaP cells deprived of or stimulated with an andro-
gen (Supplemental Figure 9, A and B). Similarly to what occurred 
with JMJD2A, downregulation of JMJD2B or JMJD2C also resulted 
in reduced LNCaP cell growth (Supplemental Figure 9, C and D).

Cell-cycle profiling revealed that JMJD2A downregulation 
strongly reduced the number of LNCaP cells in the S phase, where-
as the G2/M proportion was only moderately affected (Figure 3D). 
There were no detectable signs of PARP cleavage nor significant 
changes in sub-G1/G0 DNA content cells (Supplemental Figure 
10), indicating that the observed growth defects were due to defi-
cient cell proliferation and not increased apoptosis. In conclusion, 
consistent with a potential role in driving tumorigenesis, JMJD2A 
is a positive regulator of proliferation in prostate cells.

Interestingly, overexpression of JMJD2A in LNCaP cells sig-
nificantly enhanced their growth (Supplemental Figure 11, A and 
B), whereas the H188A catalytically inactive mutant suppressed 
LNCaP cell growth, indicating that it may act as a dominant-nega-
tive protein. In contrast, overexpression of neither WT JMJD2A nor 
its H188A mutant had a growth effect in normal BPH-1 cells (Sup-
plemental Figure 11, C and D). This suggests that catalytic activity 
of JMJD2A may be needed for maximal growth of cancerous but 
not normal prostate cells.

Analysis of JMJD2A transgenic mice. To assess the role of 
JMJD2A overexpression in vivo, we created transgenic mice that 
expressed JMJD2A under the control of the prostate-specific rat 

Figure 4. Prostate phenotypes of transgenic JMJD2A mice. (A) H&E staining of a sectioned prostate (anterior lobe) from a WT or JMJD2A transgenic 
mouse. Scale bars: 0.5 mm (left); 0.125 mm (right). (B) Summary of PIN formation in WT mice and 2 independent transgenic JMJD2A lines (502 and 519). 
Shown are PIN grade averages with SD and number of animals at 3 different ages. *P < 0.005; **P < 0.001, 1-way ANOVA. (C) Prostate with bladder and 
seminal vesicles from a JMJD2A/ETV1/Pten+/– mouse; arrows point to tumor masses. Scale bar: 5 mm. (D–F) Progressively higher magnifications of H&E-
stained sections of the lower tumor mass shown in C. Scale bars: 3 mm (D); 0.6 mm (E); 0.3 mm (F).
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results demonstrate that JMJD2A initiates neoplastic growth when 
overexpressed in the prostate.

However, we did not observe any prostate carcinomas in 
our JMJD2A transgenic mice, which is similar to what has been 
observed in ETV1 transgenic mice that also only develop PIN (6, 
20). This suggests that JMJD2A or ETV1 overexpression primes 
prostate cells for the transformation from the PIN to the carcino-
ma stage upon acquisition of further mutations. PTEN mutations 
are frequently observed at the beginning and even more so during 
malignant progression of human prostate cancer, and Pten knock-
out can synergize with other genetic events in inducing murine 
carcinomas (2). Two models are commonly used: heterozygous 
Pten+/– mice, which in contrast to Pten–/– mice are viable and devel-
op PIN, and Ptenflox/flox mice, in which prostate-specific inactiva-
tion of both Pten alleles induces invasive prostate carcinomas (23, 
24). We elected to utilize the heterozygous Pten+/– mouse model, 
since it may more faithfully reflect prostate cancer progression 
in humans that does not entail simultaneous inactivation of both 
PTEN alleles. In JMJD2A/Pten+/– compound mice that we gener-
ated, PIN formation, but no carcinomas, was observable (Table 1 
and Supplemental Figure 13). Similarly, ETV1/Pten+/– mice report-
edly solely develop PIN (7), and our data also show predominantly 
PIN formation with the exception of 1 ETV1/Pten+/– mouse that 
developed a minor, very focal carcinoma (Table 1).

We then reasoned that rather than JMJD2A alone, the JMJD2A- 
ETV1 complex may cooperate with Pten haploinsufficiency to 
induce carcinomas. And indeed, while combined overexpression of  
JMJD2A and ETV1 did not induce carcinomas, 8 out of 13 triple-
mutant JMJD2A/ETV1/Pten+/– mice displayed prostate carcinoma 
formation; in 5 cases, tumor masses were even macroscopically vis-
ible on the triple-mutant prostates (Table 1, Figure 4, C–F, and Sup-
plemental Figure 13). Together, these data indicate that the JMJD2A-
ETV1 complex possesses oncogenic activity in the prostate.

Identification of JMJD2A target genes. To decipher how the  
JMJD2A-ETV1 complex exerts its oncogenic potential, we per-
formed mRNA microarray experiments with LNCaP prostate 
cancer cells expressing JMJD2A or ETV1 shRNAs. Compared with 
control shRNA, 256 genes were at least 1.4-fold downregulated by 
each of the 2 JMJD2A shRNAs used (Figure 5A and Supplemental 
Table 2). Similarly, 2 different ETV1 shRNAs led to at least a 1.4-
fold reduced expression of 209 genes (Figure 5A and Supplemen-
tal Table 3). Of those, 97 were also downregulated with JMJD2A 
shRNAs, suggesting that these genes are jointly stimulated by  
JMJD2A and ETV1. On the other hand, we found that 212 or 
196 genes were upregulated in the presence of JMJD2A or ETV1  

shRNA, respectively; of these genes, 75 appeared to be 
coregulated by JMJD2A and ETV1. The number of genes 
jointly up- or downregulated with JMJD2A and ETV1 
shRNAs was statistically significant (P < 0.0001, χ2 good-
ness-of-fit test), indicating that joint regulation of gene 
transcription by JMJD2A and ETV1 is common in LNCaP 
prostate cancer cells.

Ingenuity systems analysis of our microarray data 
indicated 3 upstream regulators whose target molecules 
were affected upon JMJD2A/ETV1 downregulation: 
VEGF, HGF, and TP53 (Supplemental Figure 14A). VEGF 
and HGF are both angiogenic growth factors and targets 

in clinical trials for prostate cancer (25), whereas TP53 is one of 
the most prominent tumor-suppressor molecules (26). Our data 
suggest that JMJD2A/ETV1 overexpression would result in acti-
vation of VEGF/HGF-mediated pathways, whereas the tumor- 
suppressive function of TP53 would be diminished, all of which 
could contribute to prostate tumorigenesis.

Among the most responsive common JMJD2A/ETV1 target 
genes (Supplemental Figure 14B and Supplemental Table 4), 
we selected 2 for further study, YAP1 and prostate transmem-
brane protein androgen induced 1 (PMEPA1). This selection 
was based on the facts that both genes are part of a network of 
JMJD2A/ETV1-regulated genes (Supplemental Figures 15 and 
16) and that bioinformatical expression analyses (see below) or 
literature review predicted prostate cancer involvement. YAP1 is 
a transcriptional cofactor and downstream effector in the Hippo 
pathway that regulates organ growth and whose dysregulation is 
implicated in cancer (27, 28). PMEPA1 expression is regulated by 
the androgen receptor, and its overexpression can inhibit growth 
of prostate cancer cells (29, 30). We confirmed that downregula-
tion of either ETV1 or JMJD2A reduced YAP1 mRNA and protein 
levels, whereas the opposite occurred for PMEPA1 (Figure 5, B 
and C, and Supplemental Figure 17). Furthermore, ChIP assays 
indicated that both ETV1 and JMJD2A bound to the YAP1 and 
PMEPA1 gene promoters (Figure 5D). As a control, we demon-
strated that neither ETV1 nor JMJD2A bound to a YAP1 intron 
3 region and only ETV1 bound to a region that is approximately 
2.5 kb upstream of the YAP1 transcription start site, indicating 
that ETV1 and JMJD2A do not always bind to the same chro-
matin sites. Likewise, JMJD2A failed to bind to the promoter of 
the MMP7 matrix metalloproteinase (Figure 5D), a known ETV1 
target gene (31), and accordingly, only ETV1, but not JMJD2A,  
shRNAs affected MMP7 mRNA levels (Figure 5B and Supplemen-
tal Figure 17), further validating our microarray screen. Togeth-
er, these data suggest that the YAP1 and PMEPA1 promoters are 
directly regulated by a complex of ETV1 and JMJD2A.

We searched for additional evidence within public data sets to 
clarify whether the gene expression correlations identified above 
are general or might be specific to our experimental conditions by 
analyzing 3,949 human 2-color microarray data sets that represent 
a variety of normal and diseased tissues (32). Strong correlations 
were found between YAP1 and ETV1 as well as between YAP1 and 
JMJD2A expression (Figure 5, E and F). This underscores that reg-
ulation of the YAP1 promoter by JMJD2A/ETV1 is widespread and 
of global importance. Further, data from the Cancer Genome Atlas 
(http://cancergenome.nih.gov/) indicated that YAP1 and JMJD2A 

Table 1. Tumor formation in compound mice

Genotype No. of mice Macroscopic and/or 
microscopic carcinoma

Z score P valueA

JMJD2A/ETV1/Pten+/– 13 8
JMJD2A/Pten+/– 7 0 2.68 0.007
ETV1/Pten+/– 7 1 2.03 0.042
JMJD2A/ETV1 6 0 2.53 0.011
A2-tailed Z test for 2 population proportions.
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mRNA levels are significantly correlated to each other in human 
prostate adenocarcinomas (Supplemental Figure 18). In contrast, 
there was no significant correlation between PMEPA1 and either 
JMJD2A or ETV1 in the 3,949 human 2-color microarray data sets, 
suggesting that PMEPA1 regulation by JMJD2A/ETV1 may be 
limited to the prostate, possibly because PMEPA1 is an androgen-
dependent gene (29). Since we did not find any impact of PMEPA1 
downregulation or overexpression on LNCaP cell growth (Supple-
mental Figure 19) in contrast with YAP1 (see below), we focused in 
the following on the analysis of YAP1 in prostate cancer cells.

Analysis of the YAP1 promoter. To corroborate that YAP1 is a 
direct target of ETV1 and JMJD2A, we fused the YAP1 promoter to 
a luciferase reporter gene and measured how ETV1 and JMJD2A 
would affect its activity. ETV1 or JMJD2A overexpression alone led 
to a robust activation of the YAP1 promoter in LNCaP cells, and the 
combination of ETV1 and JMJD2A was strongly collaborative (Fig-
ure 6A). In contrast, catalytically inactive JMJD2A-H188A stimu-
lated the YAP1 promoter by much less. This indicates that JMJD2A 

promotes YAP1 transcription predominantly, but not absolutely, 
through its catalytic activity. JMJD2B and JMJD2C, which were 
expressed at levels comparable to those of JMJD2A (Supplemental 
Figure 20A), were much less efficient in coactivating ETV1, and 
their catalytic mutants were not at all active (Figure 6A). Further, 
JMJD2D had no significant impact on ETV1-mediated YAP1 pro-
moter activity. This is similar to what we noted at the MMP1 promot-
er (see Figure 1B), further corroborating that among the JMJD2 pro-
teins, JMJD2A appears to be the most potent coactivator of ETV1.

To prove that ETV1 can directly bind to the YAP1 promoter, we 
performed electrophoretic mobility shift assays with 32P-labeled 
oligonucleotides spanning potential ETV1-binding sites within 
the YAP1 promoter. While ETV1 bound to E74, a previously char-
acterized ETV1-binding site (33), it did not bind to any of the 8 
potential ETS sites present in the YAP1 promoter (Figure 6B and 
Supplemental Figure 20B). However, when we added an Ab that 
relieves an intramolecular inhibition of DNA binding (5), we found 
strong binding of ETV1 to 2 oligonucleotides spanning either the 

Figure 5. Identification of JMJD2A/ETV1 target genes. (A) Venn diagrams of genes down- or upregulated upon treatment of LNCaP cells with ETV1 or 
JMJD2A shRNAs. (B) Validation of target genes by RT-PCR in LNCaP cells. (C) Corresponding analysis of protein levels. (D) ChIP assay with ETV1 and 
JMJD2A Abs at indicated gene promoters in LNCaP cells. YAP1 upstream is approximately 2.5 kb upstream, and YAP1 intron 3 is approximately 72 kb 
downstream of the YAP1 transcription start site. (E) Correlation between fold changes in YAP1 and ETV1 mRNA levels across 3,949 microarrays. Pearson 
correlation: R = 0.52; P = 4.64 × 10–177. (F) Correlation between fold changes in YAP1 and JMJD2A mRNA levels across 3,949 microarrays. Pearson correla-
tion: R = 0.12; P = 2.29 × 10–10.
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ed in addition to E6, there was a trend toward further reduction of 
YAP1 luciferase activity (Figure 6C), implying that E1 and E2 may 
also contribute to YAP1 promoter activity. Regardless, our DNA-
binding experiments combined with the luciferase assays estab-
lish that ETV1 can directly regulate the YAP1 promoter.

Finally, we assessed how JMJD2A, which is a H3K9me3 and 
H3K36me3 demethylase (15, 16), may affect histone methylation 
at the YAP1 promoter. Downregulation of JMJD2A led expectedly 
to less JMJD2A recruitment in vivo (Figure 6D and Supplemental 
Figure 21). Interestingly, binding of ETV1 to the YAP1 promoter 
was also reduced, suggesting that JMJD2A facilitates DNA bind-
ing of ETV1 in vivo. Furthermore, JMJD2A shRNAs caused an 

juxtaposed ETS site 1 (E1) and E2 or E6 and E7; this is reminiscent 
of induced in vitro DNA-binding of ETV1 to other target gene pro-
moters, such as MMP7 and SMAD7, in the presence of this ETV1 
Ab (31, 34). Mutation of ETS site 1 (Em1/2) or 2 (E1/m2) in the E1/2 
oligonucleotide reduced ETV1 binding, as did mutation of E6, but 
not of E7, in the E6/7 oligonucleotide (Figure 6B). These results 
implicate E1, E2, and E6 as possibly responsible for recruiting 
ETV1 to the YAP1 promoter.

We then mutated E1, E2, and E6 and observed that only muta-
tion of E6 reduced ETV1-stimulated YAP1 promoter activity (Fig-
ure 6C), suggesting that E6 is the most relevant ETV1-binding site 
within the YAP1 promoter. However, when E1 and E2 were mutat-

Figure 6. Characterization of the YAP1 promoter. (A) Activation of a YAP1 promoter (–390/+22) luciferase reporter by ETV1 and JMJD2 protein (or respec-
tive catalytic mutant) in LNCaP cells. Shown are averages (n = 3 biological replicates per group) with SD and 1-way ANOVA probabilities. (B) Electropho-
retic mobility shift assays with 32P-labeled oligonucleotides corresponding to the 8 ETS sites (E1 to E8) within the YAP1 promoter or the E74 binding site. 
m, mutated ETS site; asterisk denotes an ETV1:DNA complex, whereas the bracket marks the supershift of ETV1:DNA complexes caused by an ETV1 Ab. 
(C) Impact of mutating E1, E2, and/or E6 on YAP1 promoter luciferase activity in LNCaP cells. Shown are averages (n = 3 biological replicates per group) 
with SD. Significance was determined with 1-way ANOVA. (D) YAP1 promoter ChIP assays with indicated Abs on LNCaP cells treated with JMJD2A or ETV1 
shRNA. Amplified DNA fragments covered the promoter from –440 to –12.
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Role of YAP1 in prostate cancer. To define the role of YAP1 
in prostate cancer cells, we expressed respective shRNAs and 
observed a reduction of LNCaP cell growth (Figure 7A). Con-
versely, YAP1 overexpression stimulated LNCaP cell growth 
(Figure 7B), which is consistent with a recently published report 
(35). Further, verteporfin, a small molecule that inhibits YAP1 
function by compromising its interaction with TEAD transcrip-
tion factors (36), phenocopied YAP1 downregulation in LNCaP 
cells (Figure 7C). Together, these data indicate that YAP1 is a pro-
growth molecule in prostate cancer cells and that its downregula-
tion may be crucial for the growth-suppressive effects observed 
with JMJD2A shRNAs.

increase in H3K9 and H3K36 trimethylation, whereas H3K4me3 
levels were unaffected. This supports the notion that JMJD2A 
demethylates H3K9/K36 at the YAP1 promoter and thereby mod-
ulates its epigenetic status. On the other hand, downregulation of 
ETV1 not only reduced binding of ETV1 to the YAP1 promoter, but 
also of JMJD2A (Figure 6D and Supplemental Figure 21), corrobo-
rating that ETV1 is largely responsible for recruitment of JMJD2A 
to the YAP1 promoter in vivo; accordingly, H3K9 and H3K36 
trimethylation were also enhanced in the presence of ETV1  
shRNAs. Together, these data provide evidence that the YAP1 
gene promoter can be epigenetically regulated by JMJD2A upon 
its recruitment by ETV1.

Figure 7. Role of YAP1 in prostate cancer. (A) Downregulation of YAP1 reduces and (B) overexpression of YAP1 stimulates LNCaP cell growth. Representa-
tive Western blots of shRNA-mediated knockdown of YAP1 (A) and HA-YAP1 expression (B) are shown. *P < 0.0001, 1-way ANOVA (A); Student’s t test (B). 
Shown are averages (n = 3 per group) with SD. Representative of 3 independent experiments. (C) LNCaP cell growth after addition of 0–24 μM verteporfin 
dissolved in DMSO (20 mM stock). #P = 0.0002; *P < 0.0001 (1-way ANOVA). Shown are averages (n = 4 per group) with SD. Representative of 2 indepen-
dent experiments. (D) Ectopic YAP1, but not GFP, counteracts LNCaP growth inhibition caused by JMJD2A shRNA. Shown are averages (n = 3 per group) 
with SD. 1-way ANOVA. Representative of 2 independent experiments. (E) Likewise, YAP1 rescues LNCaP clonogenic capacity upon JMJD2A downregulation 
(representative out of 3 experiments). (F) Nuclear YAP1 overexpression in 31 cancerous prostate versus matching normal tissues (staining index < 8 and 
≥ 8; P = 7.2 × 10–7, 2-tailed Fisher exact probability test). (G) Example of YAP1 immunohistochemical staining in prostates from a WT or JMJD2A transgenic 
mouse. Scale bar: 0.1 mm.
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downstream effector of JMJD2A, thus linking JMJD2A and ETV1 
to the Hippo signaling pathway.

JMJD2A in prostate cancer. Recruitment of JMJD2A to chro-
matin can potentially lead to the demethylation of trimethylated 
histone H3 lysines 9 and 36 (15, 16). Consistently, we found that 
H3K9me3 and H3K36me3 were enhanced at the YAP1 promoter 
upon JMJD2A downregulation (Figure 6D), whereas global levels 
of these epigenetic marks were unaffected (Figure 3A). H3K9me3 
is generally associated with a repressed chromatin status, and 
H3K36me3 may also inhibit transcription at the start site (11). 
Hence their demethylation by JMJD2A could promote transcrip-
tion of target genes such as YAP1. On the other hand, JMJD2A can 
also suppress gene expression, as in the case of PMEPA1. This may 
involve demethylation of H3K36me3 within the gene body, lead-
ing to reduced transcription elongation (37), or the recruitment 
of nuclear receptor corepressors and deacetylases that remove 
activating posttranslational modifications from histones (38, 39). 
This predicts that JMJD2A overexpression changes the epigen-
etic status of prostate cells and thereby contributes to their neo-
plastic transformation. This may not be the only mechanism of  
JMJD2A’s action in cancer cells, since JMJD2A can also impair 
DNA damage repair, lead to site-specific gene copy number 
increases, or enhance protein synthesis (40–42); more studies are 
needed to decipher the contribution of each of these mechanisms 
to the oncogenic potential of JMJD2A.

Our study has shown that JMJD2A physically and function-
ally interacts with the DNA-binding transcription factor ETV1. 
Further, downregulation of ETV1 led to reduced JMJD2A binding 
to the YAP1 promoter in vivo, indicating a crucial role of ETV1 in 
the recruitment of JMJD2A to chromatin. However, JMJD2A is 
unlikely to exclusively interact with ETV1 and thereby influence 
prostate cancer cell physiology and, accordingly, different DNA-
binding proteins may likewise utilize JMJD2A as a transcriptional 
cofactor. One attractive alternative interaction partner may be 
the androgen receptor, which was previously identified as form-
ing complexes with JMJD2A (43). Furthermore, ETV1 can bind to 
the androgen receptor and thereby affect androgen-dependent 
gene transcription (6, 7, 44), suggesting that even a tripartite com-
plex consisting of JMJD2A, ETV1, and androgen receptor may be 
involved in prostate tumorigenesis.

Regardless, JMJD2A transgenic mice developed high-grade 
PIN, demonstrating that JMJD2A overexpression is an underly-
ing cause for the initiation of prostate tumorigenesis. This is the 
first demonstration, to our knowledge, that overexpression of any 
histone demethylase induces a neoplastic phenotype at the organ-
ismal level. Similarly to ETV1 transgenic mice that exclusively 
develop PIN (6, 20), no carcinoma formation was observable in 
JMJD2A transgenic mice. This is not unexpected, since the devel-
opment of prostate and other cancers requires several genetic 
changes to occur, although the number may be as low as 3 in solid 
tumors (2, 45). When we mimicked 3 genetic alterations with our 
JMJD2A/ETV1/Pten+/– mice, carcinoma formation was observable 
in approximately half of these animals, whereas combining only 2 
of these genetic changes did not result in any significant prostate 
tumor formation. This indicates that JMJD2A not only contributes 
to the formation of PINs, but also to their progression to carcino-
mas in cooperation with other genetic mutations, underscoring 

To test this, we coexpressed JMJD2A shRNA together with a 
YAP1 expression vector in LNCaP cells. And indeed, YAP1 overex-
pression rescued the growth-repressive effect of JMJD2A shRNA 
to a large extent: growth repression on day 7 was reduced from 
67% to 35% (Figure 7D). Similarly, YAP1 overexpression effective-
ly counteracted the reduction of clonogenic capacity caused by 
JMJD2A shRNA (Figure 7E). These data strongly implicate YAP1 
as an important downstream effector of JMJD2A.

Immunohistochemical analysis revealed that YAP1 was sig-
nificantly overexpressed in human prostate tumors compared 
with matching normal tissue (Figure 7F and Supplemental Figure 
22A). Of note, JMJD2A protein expression positively correlated 
with that of YAP1 (Supplemental Figure 22B), consistent with  
JMJD2A influencing YAP1 transcription in the human prostate. 
Similarly, YAP1 was also overexpressed in JMJD2A transgenic  
mice (Figure 7G), further arguing for a causal relationship 
between JMJD2A overexpression and YAP1 upregulation. More-
over, high YAP1 expression correlated with disease recurrence 
after radical prostatectomy and also with Gleason score (Supple-
mental Figure 22, C and D). These correlations imply that YAP1 
promotes the aggressiveness of prostate tumors. Like YAP1 pro-
tein expression, PMEPA1 mRNA levels were upregulated in pros-
tate carcinomas compared with normal prostate tissue (Supple-
mental Figure 23A). However, a significant reduction of PMEPA1 
expression was observable upon metastasis (Supplemental Figure 
23, B and C), suggesting that JMJD2A- and ETV1-mediated down-
regulation of PMEPA1 could be important for the progression of 
localized prostate cancer to the advanced stage.

Discussion
Here, we uncovered several important new insights into prostate 
cancer pathophysiology and the molecular function of JMJD2A. 
First, JMJD2A overexpression induces prostatic neoplasia in a 
transgenic mouse model, establishing JMJD2A as an initiator 
of prostate tumorigenesis. Second, overexpression of JMJD2A 
occurs in the majority of human prostate tumors and correlates 
with Gleason score and metastasis, suggesting that JMJD2A 
might be a marker for and contributes to the progression to 
advanced prostate cancer. Third, JMJD2A is a novel ETV1-
binding protein and modulates ETV1 transcriptional responses. 
Fourth, the JMJD2A-ETV1 complex drives prostate carcinoma 
formation upon Pten haploinsufficiency. Fifth, YAP1 is a seminal 

Figure 8. Model. Pleiotropic mechanisms by which JMJD2A promotes 
tumorigenesis.
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repressed by the JMJD2A-ETV1 complex. This does not dovetail 
with our bioinformatical analyses showing PMEPA1 upregulation 
in prostate carcinomas compared with normal tissue, suggesting 
that PMEPA1 transcription is not governed by JMJD2A/ETV1 in 
primary prostate tumors. However, we and others (54) also dem-
onstrate that PMEPA1 becomes downregulated in metastases, sug-
gesting that PMEPA1 may block the progression from indolent to 
advanced prostate cancer. Consistently, PMEPA1 knockdown pro-
motes the metastatic potential of PC3 prostate cancer cells, pos-
sibly by relieving repression of prometastatic, TGF-β–stimulated 
genes, and low PMEPA1 levels correlate with an adverse prognosis 
(54, 55). Hence, by repressing PMEPA1 transcription during later 
stages of the disease, JMJD2A/ETV1 may foster metastasis and 
thereby contribute to advanced prostate cancer (Figure 8).

In addition to YAP1 transcription, our microarray data imply that 
JMJD2A (and ETV1) can stimulate angiogenic pathways controlled 
by VEGF and HGF. Both VEGF and the receptor for HGF are known 
to be overexpressed, especially in prostate cancer patients with bone 
metastasis (56, 57), and attempts are underway to suppress their 
function in tumor growth and metastasis (25). This provides another 
potential mechanism for how the JMJD2A-ETV1 complex stimulates 
tumorigenesis (Figure 8). Our microarray data also revealed that 
JMJD2A overexpression leads to suppression of TP53-modulated 
pathways. This may be particularly important during the initiation 
and progression of tumor formation (26). Although further studies 
are needed to explore how JMJD2A affects TP53-modulated path-
ways, one mechanism could be binding of JMJD2A to the TP53 
tumor suppressor that reportedly inhibits its activity (58).

Perspective. Our survey of 3,949 different mRNA microarrays 
revealed a strong correlation between ETV1 and YAP1 as well as 
between JMJD2A and YAP1 expression, emphasizing that the 
molecular mechanisms by which JMJD2A and ETV1 regulate YAP1 
transcription that were identified in this study are not restricted to 
the prostate, but apply to many other organs. Thus, JMJD2A and 
ETV1 are in general implicated as modulators of the Hippo path-
way and therefore potentially affect development, organ growth, 
and tissue homeostasis, which are all tightly controlled by the 
Hippo signaling pathway (28). Finally, aside from prostate can-
cer, JMJD2A was found overexpressed in other tumors, including 
breast and lung cancer (59, 60). Our study predicts that JMJD2A 
overexpression is also an underlying cause for tumor formation 
in these cases and involves dysregulation of the JMJD2A/ETV1/
YAP1 axis. Hence, inhibition of this axis may be clinically benefi-
cial beyond prostate cancer.

Methods
Coimmunoprecipitation. 293T cells (obtained from ATCC) were grown 
in 6-cm dishes and transiently transfected by the calcium phosphate 
coprecipitation method (61) with 2 μg Flag2-ETV1 and 4.5 μg 6Myc-
JMJD expression vectors along with 2.5 μg pBluescript KS+ (Strata-
gene). Immunoprecipitations were performed as described (59) 
using 9E10 Myc Ab (Sigma-Aldrich, M4439) and coprecipitated pro-
tein revealed by Western blotting using M2 Flag Ab (Sigma-Aldrich, 
F1804) and enhanced chemiluminescence (62). ETV1 Ab H-70 (Santa 
Cruz Biotechnology Inc., sc-28681) was employed for endogenous 
coimmunoprecipitations followed by Western blotting with JMJD2A 
Ab (Bethyl Laboratories, A300-861A).

the oncogenic character of JMJD2A. Furthermore, our mouse data 
reinforce that the complex formation between JMJD2A and ETV1 
is biologically relevant in tumorigenesis. Based on the facts that 
JMJD2B and JMJD2C are functionally and structurally very similar 
to JMJD2A (13), that JMJD2B and JMJD2C are also upregulated in 
human prostate tumors, and that they stimulate ETV1’s transcrip-
tional activity as shown for the MMP1 and YAP1 promoters, one 
may hypothesize that JMJD2B and JMJD2C might be interchange-
able with JMJD2A in prostate tumorigenesis.

Metastatic prostate cancer, although initially contained by 
androgen ablation therapy, is a highly lethal disease without oth-
er effective therapeutic options. Our data strongly suggest that 
JMJD2A is overexpressed in metastatic prostate tumors and inhi-
bition of JMJD2A may therefore be a valid therapeutic approach. 
Notably, JMJD2A is an enzyme and thus amenable to inhibition by 
small molecules. Several such inhibitors of JMJD2A were identi-
fied in vitro, but have not yet been developed into therapeutics (13, 
46–48). Improvements in specificity, bioavailability, and safety 
should occur before commencement of (pre-)clinical tests with 
JMJD2A inhibitors, and possibly our JMJD2A transgenic mice may 
prove valuable as a tool for assessing their efficacy.

Roles of JMJD2A target genes in cancer. YAP1 is a transcrip-
tional cofactor, and its overexpression has been observed in sev-
eral cancers (27). A previous study suggested that YAP1 expres-
sion is elevated in prostate tumors (49); this was corroborated by 
our immunohistochemistry results, and we additionally found an 
association of YAP1 expression with tumor aggressiveness. Fur-
ther, we demonstrated that YAP1 downregulation reduced LNCaP 
cell growth, whereas YAP1 overexpression accelerated it, thereby 
establishing YAP1 as a progrowth factor in prostate cancer cells. 
Finally, YAP1 was capable of largely rescuing the antigrowth effect 
of JMJD2A downregulation in LNCaP cells, emphasizing that 
YAP1 is a pivotal downstream effector of JMJD2A. This notion is 
strongly supported by a recently published study indicating that 
YAP1 overexpression in the mouse prostate also leads to the for-
mation of neoplasias (50). Thus, by upregulating YAP1 transcrip-
tion, JMJD2A may stimulate tumor initiation, growth, and metas-
tasis (Figure 8), since all of these processes are regulated by YAP1 
(51). Together, these findings suggest that YAP1 is an attractive 
prostate cancer drug target in its own right. Notably, proof of prin-
ciple has been provided that YAP1 is druggable: small molecules or 
peptides were found that prevented YAP1 from coactivating TEAD 
transcription factors and thereby suppressed YAP1-induced hepa-
tomegaly or gastric tumor growth in vitro and in vivo (36, 52). The 
fact that the YAP1 inhibitor verteporfin can inhibit LNCaP (Figure 
7C) and VCaP prostate cancer cell growth (50) further stresses that 
YAP1 inhibition could indeed be a valid new strategy for combat-
ting prostate cancer. Interestingly, VCaP cells are characterized 
by overexpression of ERG (53), and this ETS transcription factor, 
like ETV1, is capable of stimulating YAP1 gene transcription (50). 
Hence, it is tempting to speculate that JMJD2A may not only exert 
its oncogenic role through ETV1, but also via ERG, the 2 ETS pro-
teins most frequently overexpressed in prostate cancer (3).

In contrast with YAP1, PMEPA1 downregulation or overexpres-
sion did not affect LNCaP prostate cancer cell growth, suggesting 
that PMEPA1 does not influence tumor initiation and localized 
growth. Also, in contrast with YAP1, PMEPA1 transcription was 



The Journal of Clinical Investigation   R e s e a R c h  a R t i c l e

7 1 7jci.org   Volume 126   Number 2   February 2016

For staining of mouse tissue, 40 minutes (YAP1) or 20 min-
utes (Ki67, smooth muscle actin, JMJD2A) treatment with Bond 
Epitope Retrieval Solution 1 was utilized. The following Abs were 
employed: YAP1 rabbit polyclonal H-125 Ab (Santa Cruz Biotech-
nology Inc., sc-15407; 1:100); Ki67 rabbit monoclonal SP6 Ab 
(Abcam, ab16667; 1:50); smooth muscle actin mouse monoclonal 
1A4 Ab (from Dako, M0851; 1:400); and JMJD2A rabbit polyclonal 
Ab (Bethyl, IHC-00188; 1:50).

Knockdown and overexpression experiments. All shRNAs were 
cloned into pSIREN-RetroQ (Clontech). The human sequences 
targeted by shRNAs were as follows: JMJD2A no. 2 (GATAGC-
CAATAGCGATAAG); JMJD2A no. 3 (GTTGAGGATGGTCTTACCT); 
JMJD2A no. 5 (GGACTTAGCTTCATAACTA); YAP1 no. 1 (CCAC-
CAAGCTAGATAAAGA); YAP1 no. 2 (GCTTATAAGGCATGAGACA); 
and YAP1 no. 3 (AGTAATAGTTGGTTGTGAA). ETV1 shRNAs were 
as described (68). Retrovirus expressing these shRNAs was produced 
as described (69). Cells were infected twice and selected with 1 μg/ml 
puromycin. Cell growth was measured with the PrestoBlue Cell Via-
bility Kit (Invitrogen) according to the manufacturer’s instructions. 
Briefly, cells were seeded in 96-well plates (3,000 cells per well) and 
grown for indicated times; then PrestoBlue reagent was added and 
cells incubated for another 1 hour at 37°C. Fluorescence was mea-
sured at 590 nm (excitation at 530 nm). For clonogenicity assays, 
20,000 cells were plated in a 10-cm dish and the medium changed 
every 3 to 4 days. After 3 weeks, cells were fixed with 10% metha-
nol/10% glacial acetic acid for 10 minutes and stained with 0.4% 
crystal violet in 10% ethanol for 5 minutes. In the case of overexpres-
sion experiments, cells were infected with lentivirus expressing either 
HA-tagged YAP1 or a GFP control.

Flow cytometry. Cell-cycle analysis was performed by measur-
ing uptake of EdU (Click-iT EdU Alexa Fluor 647 flow cytometry kit, 
Invitrogen) and staining DNA with propidium iodide (PI). Cells were 
incubated with 20 μM EdU for 1 hour at 37°C and harvested by trypsin-
ization. Then cells were fixed in 4% paraformaldehyde for 15 minutes 
and permeabilized with saponin-based buffer; fluorescent labeling was 
performed by addition of Click-iT reaction mixtures. For DNA stain-
ing, cells were incubated in PI solution with RNase A for 30 minutes at 
37°C. Cells were sorted with a FACSCalibur (BD Biosciences) and cell-
cycle profiles determined with FlowJo analysis software (Tree Star).

Transgenic mice. Human JMJD2A cDNA was cloned downstream 
of the androgen-responsive and prostate-specific ARR2PB promoter 
(21) and upstream of a SV40 polyadenylation site and intron. This 
gene cassette was injected into 1-cell fertilized FVB mouse embryos 
that were reimplanted into pseudopregnant females. Resulting found-
er animals (F0) were crossed with C57BL/6 mice to generate F1 mice, 
which were backcrossed one more time with C57BL/6 mice, thereby 
obtaining F2 mice. These F2 mice were crossed among themselves 
to obtain F3 mice. F2 and F3 mice, which were all 25% FVB and 75% 
C57BL/6 in genetic background, were employed for analysis. For 
genotyping, clipped mouse tails (~0.5 cm length) were boiled in 0.5 
ml of 50 mM NaOH for 30 minutes, after which 0.1 ml of 1 M Tris-HCl 
(pH 8) was added for neutralization. One microliter of supernatant was 
subjected to PCR amplification using the following primers: ARR2PB-
for-1 (5′-GGAAGCTACTCTGCACCTTGTCAG-3′) and JMJD2A-Kpn 
(5′-TCATAGAGGGTACCATTCACATCTGC-3′), which resulted in a 
508-bp PCR product identifying the presence of the JMJD2A trans-
gene. PCR was performed with the GoTaq DNA polymerase kit (Pro-

Recombinant protein production and GST pull-down assays. JMJD2A 
cDNA was cloned into Flag-His-Bac vector (a derivative of pFast-
BacTM1; a gift from Michael Hamann, Department of Immunology, 
Mayo Clinic), thereby fusing a Flag-tag plus a 6His-tag onto the N ter-
minus of JMJD2A. Recombinant baculovirus was then generated with 
the Bac-to-Bac System (Invitrogen). Infected Sf9 cells were grown 
in spinner culture for 48 to 96 hours at 27°C and His-tagged protein 
purified using Ni2+-NTA agarose (QIAGEN) according to standard 
procedures. ETV1 fused to GST was expressed in E. coli and puri-
fied utilizing glutathione agarose (Sigma-Aldrich. G4510) according 
to recommended procedures, dialyzed against 20 mM HEPES (pH 
7.4), 50 mM NaCl, 10% glycerol, 1 mM DTT, and 0.2 mM PMSF, and 
stored at –80°C (63). GST pull-down assays were then performed by 
first binding GST fusion proteins to glutathione agarose and then chal-
lenging these loaded beads with recombinant JMJD2A protein. After 
washing away unbound JMJD2A, protein complexes were boiled off 
with Laemmli sample buffer and subjected to SDS polyacrylamide gel 
electrophoresis followed by anti-Flag Western blotting (64).

Luciferase assays. BPH-1 cells (obtained from ATCC) were grown 
in 12-well plates to approximately 30% confluency and then trans-
fected utilizing 2 μg polyethylenimine (MW ~25,000; catalog 23966, 
Polysciences Inc.) with 250 ng luciferase reporter construct, 0.75 μg 
pBluescript KS+, 25 ng empty vector pEV3S or ETV1 expression plas-
mid, and 10 ng pEV3S or Flag-tagged JMJD2 expression constructs. 
LNCaP cells (obtained from ATCC) were grown in poly-L-lysine-
coated 6-well plates to approximately 40% confluency and then 
transfected utilizing 8 μg polyethylenimine with 500 ng luciferase 
reporter construct, 1.5 μg pBluescript KS+, and 2.5 ng of empty vec-
tor pEV3S or ETV1 expression plasmid. Alternatively, LNCaP cells 
were similarly transfected in 12-well plates using half the amount 
of reagents, but with 5 ng pEV3S (65) or ETV1 expression plasmid 
plus 40 ng of pEV3S or Flag-tagged JMJD2 expression construct. At 
36 hours after transfection, cells were lysed and luciferase activities 
determined as described (66).

Oncomine analysis. The Oncomine database (www.oncomine.org) 
was accessed and searched for expression levels with a P value of less 
than 0.05. Thresholds for fold-change and gene rank as well as data 
type were set to “all.” Statistical significance was provided by Onco-
mine in the form of a Student’s t test. For a more extensive description 
of Oncomine, the reader is referred to a published report (67).

Immunohistochemistry. The consecutively cut prostate tissue 
microarrays used (AccuMax A302IV; ISU Abxis) encompassed 32 
cores in duplicate from human prostate tumors and 32 matching 
normal prostate tissue cores; since 1 normal tissue core was essen-
tially without cells, only 31 pairs of tumor/normal tissue cores were 
included in all analyses. Tissue microarray no. 141 was used for YAP1 
and no. 142 for JMJD2A staining. All staining was performed with a 
Leica BOND-III machine. An initial 40 minutes (JMJD2A) or 20 min-
utes (YAP1) treatment with Bond Epitope Retrieval Solution 1 (Leica 
Biosystems) was employed to stain human prostate tissue micro-
arrays. Mouse monoclonal JMJD2A Abs were from Abcam (ab104831; 
1:400), and rabbit polyclonal YAP1 Abs were from Santa Cruz Bio-
technology Inc. (H-125, sc-15407; 1:100). Intensity was scored on a 
scale of 0 to 3, and percentage of positive cells on a scale of 1 to 4. The 
staining index was derived as the product of these individual scores. 
The staining index of the tumor was defined as the average of the  
2 respective tumor tissue cores.
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all curated (*.GDS files) human 2-color data sets were downloaded 
from GEO. After quality checking, 3,949 individual microarray 
experiments remained, which were then normalized and analyzed 
for Pearson correlations.

Total RNA for RT-PCR experiments was isolated with TRIzol (Life 
Technologies) from LNCaP cells (72), and approximately 1 μg RNA 
was reverse transcribed using GoScript reverse transcriptase (Pro-
mega, A5004) and pd(N)6 random primers (Roche Applied Science, 
11034731001) following the manufacturer’s instructions. Subsequent 
PCR was performed using the GoTaq DNA polymerase kit and the fol-
lowing temperature program: 95°C for 3 minutes; indicated number 
of cycles of 94°C for 30 seconds, 57°C for 30 seconds, 72°C for 30 sec-
onds; 72°C for 4 minutes, followed by cooling down to 4°C. Forward 
and reverse primers employed were as follows: YAP1 (5′-GAACTCG-
GCTTCAGGTCCTC-3′ and 5′-GTTGCTGCTGGTTGGAGTTG-3′; 
25 cycles; 239-bp product); PMEPA1 (5′-GACAGTCTCCTGC-
GAAACCA-3′ and 5′-CCACAGGCATCCTTCTGAGG-3′; 35 cycles; 
198-bp product); JMJD2A (5′-CGAGAGTTCCGCAAGATAGC-3′ and 
5′-CTCCTTTTCCACCAAGTCCA-3′; 30 cycles; 207-bp product); 
ETV1 (5′-CCAGCTTTCTGAACCCTGTAACTC-3′ and 5′-CATATG-
CAAAATCTCTGGGTTCCTG-3′; 25 cycles; 233-bp product); MMP7 
(5′-TGTGGAGTGCCAGATGTTGCAG-3′ and 5′-CTAAATGGAGTG-
GAGGAACAGTGC-3′; 40 cycles; 642-bp product); and GAPDH 
(5′-GAGCCACATCGCTCAGACACC-3′ and 5′-TGACAAGCTTCCC-
GTTCTCAGC-3′; 20 cycles; 226-bp product).

ChIP assay. LNCaP cells were treated with formaldehyde and then 
processed for ChIP essentially as described (73). To amplify immu-
noprecipitated promoter DNA fragments, nested PCR reactions were 
performed. The PCR program was as follows: 98°C for 2 minutes; 8 
cycles of 98°C for 30 seconds, 65°C (–1°C per cycle) for 30 seconds, 
72°C for 30 seconds; 20 cycles (for the first PCR) or 25–35 cycles (for 
the nested PCR) of 98°C for 30 seconds, 57°C for 30 seconds, 72°C for 
25 seconds (+1 second per cycle); and 72°C for 4 minutes, followed by 
cooling down to 4°C. The reaction volume was 25 μl containing 250 ng 
of each primer and either 0.5 to 5 μl of ChIP-DNA or 0.5 μl product of 
the first PCR; iProof high-fidelity DNA polymerase (BioRad; 0.8 units) 
was employed for the first PCR, while the second PCR was performed 
with either iProof or GoTaq DNA polymerase. MMP7 ChIP primers 
have been described (31). For YAP1, the following primers were used: 
YAP1-2561-for (5′-GGCGAACTGGAAGCGCCTTTCC-3′) and YAP1-
2989-rev (5′-GAGACAGAAACTCGCCTCAAACGC-3′); followed by 
nested PCR with YAP1-2610-for (5′-GCGGAGCGGAAGAACTTCCT-
GC-3′) and YAP1-2989-rev, resulting in a 380-bp product. In some cas-
es, instead of YAP1-2989-rev, YAP1-2845-rev (5′-CGCTGCAAGTT-
GCTACATTCCTGC-3′) was utilized in the nested PCR, resulting in a 
236-bp product. For YAP1 upstream, the following primers were used: 
YAP1-242-for (5′-GCATGTTTTGAGATAGTGATCTACCTG-3′) and 
YAP1-660-rev (5′-TAGAAGCTGTCCCTTTACTAGAGC-3′); followed 
by nested PCR with YAP1-333-for (5′-GATGCTGCCAACAGATA-
ATTGGTCCAC-3′) and YAP1-660-rev, resulting in a 328-bp product. 
For YAP1 intron 3, the following primers were used: YAP1-74618-for 
(5′-CAAAGTGCTGGGATTACAGGCGTGAG-3′) and YAP1-74923-
rev (5′-CAAGGGGGGAAATGTAGGATTACCAC-3′), followed by 
nested PCR with YAP1-74678-for (5′-CAGTGGTTCCTTAGACCG-
GCATCAGC-3′) and YAP1-74923-rev, resulting in a 246-bp product. 
For PMEPA1, the following primers were used: PMEPA1-2351-for 
(5′-CAGCTATTTACATGACAAGGGCTTC-3′) and PMEPA1-2827-rev 

mega M3008) utilizing the following temperature program: 95°C for  
2 minutes; 10 cycles of 94°C for 40 seconds, 68°C (–1°C per cycle) for 
30 seconds, 72°C for 40 seconds; 30 cycles of 94°C for 40 seconds, 
58°C for 30 seconds, 72°C for 40 seconds (+1 s per cycle); 72°C for  
4 minutes, followed by cooling down to 4°C. In addition, JMJD2A trans-
genic mice (502 line) were crossed with ETV1 transgenic mice (1919 
line; described in ref. 6) and Pten+/– heterozygous knockouts to estab-
lish compound mice, which were then utilized for analysis at around 
1 year of age. Pten+/– mice (70) were obtained from the NCI Mouse 
Repository (strain number 01XH3) and backcrossed onto C57BL/6 
mice for at least 3 generations before utilization in our experiments. 
Genotyping for the ETV1 transgene was done with ARR2PB-for-1 and 
hETV1-661-rev (5′-GGATGTTTGGCTCAGACATCTGG-3′) primers, 
yielding a 757-bp PCR product, and Pten status was assessed with a 
3-primer combination (Pten-1, 5′-TTGCACAGTATCCTTTTGAAG-3′; 
Pten-2, 5′-GTCTCTGGTCCTTACTTCC-3′; Pten-3, 5′-ACGAGAC-
TAGTGAGACGTGC-3′), with an approximately 200/400-bp PCR 
product indicating the WT/knockout Pten allele.

Electrophoretic mobility shift assay for DNA binding. Oligonucle-
otide “up” and “down” pairs were hybridized to generate double-
stranded oligonucleotides and labeled with 32P-dATP utilizing Kle-
now DNA polymerase. The corresponding sequences were as fol-
lows (ETS core sequences in bold; mutated nucleotides underlined): 
E1/2-up (5′-AGCGGAGCGGAAGAACTTCCTGCAGCCA-3′) and 
E1/2-down (5′-CTTGGCTGCAGGAAGTTCTTCCGCTCCGCT-3′); 
Em1/2-up (5′-AGCGGAGCGGTAGAACTTCCTGCAGCCA-3′) and  
Em1/2-down (5′-CTTGGCTGCAGGAAGTTCTACCGCTCCGCT- 
3′); E1/m2-up (5′-AGCGGAGCGGAAGAACTACCTGCAGCCA-3′)  
and E1/m2-down (5′-CTTGGCTGCAGGTAGTTCTTCCGCTCC-
GCT-3′); E3-up (5′-GTTCGGACCCGGATTGGACCC-3′) and E3-down 
(5′-GATGGGTCCAATCCGGGTCCGA-3′); E4-up (5′-AGTGTG-
CAGGAATGTAGCA-3′) and E4-down (5′-AGTTGCTACATTCCT-
GCAC-3′); E5-up (5′-CTTGCAGCGAAAAGTTTCCCTGCGCTG-3′) 
and E5-down (5′-CAGCGCAGGGAAACTTTTCGCTGCA-3′); E6/7-
up (5′-GCGCAGAGGAAGGAAGAGCCGAG-3′) and E6/7-down  
(5′-CTCTCGGCTCTTCCTTCCTCTGCGC-3′); Em6/7-up (5′- 
GCGCGACGAAGGAAGAGCCGAG-3′) and Em6/7-down (5′- 
CTCTCGGCTCTTCCTTCGTCTGCGC-3′); E6/m7-up (5′-GCG-
CAGAGGAAGGACGAGCCGAG-3′) and E6/m7-down (5′-CTCTC-
GGCTCGTCCTTCCTCTGCGC-3′); E8-up (5′-GCCGCCAG-
GGAAAAGAA-3′) and E8-down (5′-CTTTCTTTTCCCTGGCGGC- 
3′). The E74 “up” and “down” oligonucleotide sequences have been 
described (14). Binding reactions were conducted in 10 μl of 20 mM 
HEPES (pH 7.4), 25 mM NaCl, 0.5 mM EDTA, 12% glycerol, 0.01% 
Tween 20, 0.1 μg/μl BSA, 0.05 μg/μl poly(dI-dC)•poly(dI-dC), and 2 
mM DTT containing approximately 0.25 ng 32P-labeled double-stranded 
oligonucleotide. Bacterially expressed and purified ETV1 encompassing 
amino acids 249–477 and 0.4 μl of anti-ETV1 Ab (C-20; sc-1953, Santa 
Cruz Biotechnology Inc.) were employed as indicated. After 30 minutes 
on ice, reaction mixes were applied onto 3.5% to 4% acrylamide gels 
(acrylamide/bisacrylamide = 37.5:1) in 0.5× TBE and electrophoresed at 
4°C. Gels were dried and then exposed to film at –80°C (71).

Gene expression analyses. Microarray experiments were conduct-
ed with Illumina Human BeadChip (HT-12 v4; ~47,000 probes); all 
original microarray data were deposited in the NCBI’s Gene Expres-
sion Omnibus (GEO GSE47750). Analysis of global gene-gene cor-
relation levels was conducted as described previously (32). Briefly, 
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