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Key Points

• JAK3-mediated
phosphorylation of EZH2
resulted in EZH2 oncogenic
function independent of its
enzymatic activity.

• Targeted inhibition of JAK3
may be a promising treatment
in NK/TL through suppressing
noncanonical EZH2 activity.

The best-understood mechanism by which EZH2 exerts its oncogenic function is through

polycombrepressivecomplex2 (PRC2)-mediatedgene repression,which requires itshistone

methyltransferase activity. However, small-molecule inhibitors of EZH2 that selectively target

its enzymatic activity turn out to be potent only for lymphoma cells with EZH2-activating

mutation. Intriguingly, recentdiscoveries, includingours, haveplacedEZH2 into thecategory

of transcriptional coactivators and thus raised the possibility of noncanonical signaling

pathways. However, it remains unclear how EZH2 switches to this catalytic independent

function. In the current study, using natural killer/T-cell lymphoma (NKTL) as a disease

model, we found that phosphorylation of EZH2 by JAK3 promotes the dissociation of the

PRC2 complex leading to decreased global H3K27me3 levels, while it switches EZH2 to a

transcriptional activator, conferring higher proliferative capacity of the affected cells.

Gene expression data analysis also suggests that the noncanonical function of EZH2 as a

transcriptional activator upregulates a set of genes involved in DNA replication, cell cycle,

biosynthesis, stemness, and invasiveness. Consistently, JAK3 inhibitorwas able to significantly reduce the growth of NKTL cells, in an

EZH2 phosphorylation-dependent manner, whereas various compounds recently developed to inhibit EZH2 methyltransferase activ-

ity have no such effect. Thus, pharmacological inhibition of JAK3 activity may provide a promising treatment option for NKTL through

the novel mechanism of suppressing noncanonical EZH2 activity. (Blood. 2016;128(7):948-958)

Introduction

EZH2 is a H3K27-specific histone methyltransferase and a component
of the polycomb repressive complex 2 (PRC2), which plays a key role
in the epigenetic maintenance of repressive chromatin mark. EZH2
protein must partner with other noncatalytic proteins, such as EED
and SUZ12, to form the PRC2 in order to carry out its histone
methyltransferase activity. It is well established that EZH2 plays an
important role in tumorigenesis, and its overexpression is associated
with invasive growth and poor clinical outcomes in hematologic as
well as epithelial cancers. The best-understood mechanism by
which EZH2 exerts its oncogenic function is to act as a transcriptional
repressor through its effect on chromatin via its histone methyltransfer-
ase activity; thus, inhibitors of EZH2 have been developed to target
EZH2 enzymatic activity or EZH2-PRC2 functions in malignancies.1,2

Although B-cell lymphomas carrying a EZH2-activating mutation are
highly sensitive to these compounds, no convincing data have emerged
showing antitumor activity of catalyticEZH2 inhibitors in other cancers,
including solid tumors where EZH2 is mainly overexpressed but
not mutated. Interestingly, recent discoveries, including ours, have
shown thatEZH2could switch to a “transcriptional activator” function

and act independent of the PRC2 complex to drive cancer
progression.3-7 We believe that this noncanonical function of EZH2
will be crucial in a number ofmalignancies andwarrant further studies.

Understanding the mechanisms controlling EZH2 noncanonical
function in tumor cells is critical for developing more effective ther-
apeutic strategies. We have recently identified an oncogenic role for
EZH2 independent of itsmethyltransferaseactivity innatural killer/T-cell
lymphoma (NKTL) pathogenesis, where EZH2 directly activates gene
transcription conferring its oncogenic potential. An important question
raised is how EZH2 switches to its noncanonical function. JAK3 is a
nonreceptor tyrosine kinase that mediates signals initiated by cytokines
andgrowth factor receptors.Recentdata indicate thatpersistent activation
of JAK3 due to gain-of-function mutations is involved in several he-
matologicmalignancies, including acutemegakaryoblastic leukemia,
T-cell acute lymphoblastic leukemia, cutaneousT-cell lymphoma,mantle-
cell lymphoma, Burkitt lymphoma, and NKTL. Strikingly, 35.4%
cases of NKTL harbor such JAK3 activating mutations, which confer
the growth advantage in NKTL.8,9 In this study, we exploited a pos-
sible functional interaction between EZH2 and JAK3 in NKTL where
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both molecules are highly oncogenic to induce similar proliferative
phenotypes.We found that JAK3 induces the phosphorylation of EZH2
to establish the oncogenic function of EZH2 independent of its
catalytic activity. Our findings provide a new mechanism to define the
oncogenicactivityof JAK3andsuggest that inhibitionof JAK3-mediated
EZH2 activitymay provide a promising therapeutic approach forNKTL.

Materials and methods

For details, see the supplemental Materials andMethods, available on theBlood
Web site.

Results

JAK3 interacts with EZH2 and reduces H3K27 trimethylation in

malignant NK cells

To address whether EZH2 might be a target of JAK3, we first used
coimmunoprecipitation assays to study their possible interactions. In

NK-tumor cell lines, JAK3 was detected in EZH2 immunoprecipitates
(Figure 1A; supplemental Figure 1A) and vice versa (Figure 1B;
supplemental Figure 1B) in total cell lysates, suggesting a physiological
association between endogenous EZH2 and JAK3. Interestingly, we
also detected EZH2 and JAK3 protein interaction using the chromatin
extract, which selectively isolates chromatin-bound factors (supple-
mental Figure 1C).

EZH2, the catalytic subunit of PRC2, is the main histone methy-
ltransferase that methylates lysine 27 on histone H3. Given that JAK3
kinase interacts with EZH2 protein, this raises the possibility that
alteration in JAK3 activity may change H3K27 trimethylation.
Interleukin-2 (IL-2) in the culture medium is an essential cytokine
required for the proliferation and activation of NK cells. It is known
that IL-2 induces the activation of JAK/STAT5 signaling, which can
be attenuated by a pan-JAK inhibitor, CP-690550,10,11 at 0.5 mM
(Figure 1C). Interesting, reduction of STAT5 phosphorylation by
CP-690550 treatment was accompanied with transiently increased
H3K27 trimethylation (H3K27me3) (Figure 1C). Similarly, cells
treated with another specific and chemically distinct JAK3 inhibitor
PF95698012,13 for 6 hours also expressed enhanced H3K27me3
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Figure 1. JAK3 physically interacts with EZH2 and negatively regulates H3K27 trimethylation. (A-B) Coimmunoprecipitation experiments to examine the interaction between

endogenous EZH2 and JAK3 in NKYS or KHYG cell lines. Ab1 and Ab2 are 2 different JAK3 antibodies (Santa Cruz SC-513 and Cell Signaling 3775s for Ab1 and Ab2, respectively). (C)

Immunoblot analysis of indicated proteins from NKYS cells treated with or without 0.5 mMCP-690550 (CP). (D) Immunoblot analysis of indicated proteins from NKYS cells treated with or

without 1 mM PF956980 (PF). (E) Immunoblot analysis of H3 K27 trimethylation and EZH2 in NKYS cells transfected with control siRNA or 2 different individual JAK3 siRNAs for

24 hours. (F) Immunoblot analysis of H3 K27 trimethylation and EZH2 in 293T cells transfected with control vector or JAK3 expression plasmid for 48 hours.
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Figure 2. EZH2 Y244 site-specific phosphorylation mediates the effects of activated JAK3. (A) Coimmunoprecipitation assay showing that EZH2 is subject to tyrosine

phosphorylation. NKYS cells were used to immunoprecipitate EZH2 and to probe antiphosphotyrosine antibody. (B) Coimmunoprecipitation assay showing that tyrosine

phosphorylation of EZH2 in NKYS cells in the presence or absence of JAK3 inhibitor PF. EZH2 was immunoprecipitated from cells and were immunoblotted with

antiphosphotyrosine antibodies to reveal the tyrosine phosphorylation levels of EZH2. (C) The top 3 phosphorylated tyr residues predicted by multiple phosphorylation site

prediction programs. The 3 phosphorylation defective mutants were generated by mutating Y to A. (D) MTS cell viability assay showing different abilities of ectopic expression

of EZH2 WT/mutants to affect cell growth of NKYS cells. Cells were transfected with the control empty vector pcDNA4.1 or EZH2 expression plasmids. The mean values of

triplicate samples are shown, and error bars indicate standard deviation (SD). n5 4 independent experiments. *P, .05 (Student t test). (E) Luciferase reporter assay showing

the effect of different EZH2 mutants on CCND1 promoter activity. NKYS cells were transfected with the luciferase reporter construct pGL4 containing the CCND1 promoter

and various amounts of EZH2 WT/mutant plasmids or a control vector. Luciferase activities were measured after 24 hours. Luciferase readings were further normalized to the

internal control pRL null. Results are presented as averages of triplicate experiments. Error bars indicate SD. *P , .05 (Student t test). (F) Coimmunoprecipitation assay of

EZH2 tyrosine phosphorylation in 293T cells cotransfected with EZH2 WT/Y244A and JAK3 A572A for 48 hours. Transfected EZH2 was immunoprecipitated from cells using

antihemagglutinin (HA) antibody and was immunoblotted with pEZH2-Y244 antibody or antiphosphotyrosine antibody to reveal the tyrosine phosphorylation level of EZH2. (G)

Immunoblot analysis of pEZH2-Y244 levels in NKTL cells exposed to JAK3 inhibitor PF for 2 hours. (H) Immunofluorescent staining of H3 K27 trimethylation in NKYS cells

transfected with EZH2 WT or Y244A expression plasmids for 2 days. Scale bars, 10 mm. The HA-EZH2-positive staining cells from EZH2 Y244A in general exhibit a stronger

increase in the staining (relative to those nontransfected cells in the same field) for H3 K27 trimethylation compared with those positive staining cells from EZH2 WT. (I)

Representative of immunoblot (left) and densitometric quantification (right; n 5 3 independent experiments) of H3K27 trimethylation in 293T cells transfected with EZH2
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(Figure 1D). These results indicate that H3K27me3 is dynamically
inhibited by JAK3 in NK tumor cells, suggesting a novel JAK3 function.
Tofurtherestablish the roleof JAK3in regulatingH3K27me3,weshowed
that H3K27me3 was markedly increased when JAK3 was knocked
down by 2 independent small interfering RNAs (siRNAs) (Figure 1E).
Conversely, overexpression of JAK3 resulted in a reduced H3K27me3
(Figure 1F). Of notice, EZH2 expression at both mRNA (supplemental
Figure 1D) and protein levels (Figure 1E-F) was not affected by JAK3,
and neither was its subcellular localization in chromatin-bound and in
soluble nuclear fractions (supplemental Figure 1E). Together, these obser-
vations raised a possibility that JAK3might regulate H3K27me3 through
posttranslational modification of the EZH2.

EZH2 Y244 site-specific phosphorylation mediates the effects

of activated JAK3

As JAK3 is a tyrosine kinase, we postulated that JAK3-mediated
phosphorylation of EZH2 at tyrosine residues may be involved in in-
hibiting EZH2 activity toward H3K27me3. Using antiphosphotyrosine
antibody on immunoprecipitated EZH2 in NK cells, we found EZH2
to be phosphorylated on tyrosine (Figure 2A). This EZH2 phosphor-
ylation is dependent of JAK3 as treatment of JAK3 inhibitor reduced
tyrosine-phosphorylated EZH2, suggesting a role of JAK3 in the
kinase-mediated modification of EZH2 protein (Figure 2B;
supplemental Figure 2A).

To identify potential sites in EZH2 that is phosphorylated by JAK3,
wefirst used the phosphorylation site prediction programs (NetworKIN
3.0, GPS 3.0, DISPHOS 1.3, and NetPhos 2.0). The top 3 phosphory-
lated tyrosine residues predicted are Y23, Y244, and Y523; none of
which has been reported (Figure 2C). To confirm the critical tyr-
phosphorylation site on EZH2,we generated 3 phosphorylation defective
mutants in which each of these tyrosine residues was substituted
independently with alanine. Because EZH2 overexpression in NK
cell line confers cell growth advantage,6 the substitution mutants of
EZH2 were then tested for their ability to promote cell growth. 3-
(4,5Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl-2-(4-sulfophenyl)-
2H-tetrazolium (MTS) cell viability assay shows that NK cell line
expressing theEZH2Y244Amutanthadsignificantly reducedcellgrowth,
whereas the other 2 mutants had similar cell growth as NK cell lines
expressing EZH2 wild type (WT) (Figure 2D). This result indicates
that single-site substitution of EZH2 Y244 is sufficient to abolish its
growth-inducing effects.Our previous study showed thatEZH2 induced
growth and proliferation of NK cells through transactivation ofCCND1
(encoding cyclin D1) via a mechanism that is not dependent on its SET
domain, crucial for EZH2 histone methyltransferase activity.6 We
therefore checkedwhether the3mutants have the samecapability asWT
to upregulate the CCND1 promoter activity using luciferase reporter
assay. Consistent with the MTS data, only the Y244A mutant induced
significantly lower luciferase activity compared with vector control
(Figure 2E). These results demonstrate that substitution of Y244 with
alanine within EZH2 compromises EZH2 transcriptional activation of
the CCND1 gene and affects cell growth. Therefore, we speculate that
tyrosine244 is probably a crucial site forEZH2 toexert its nonenzymatic
function and its pro-proliferative effect on NKTL.

Next,we investigatedwhether JAK3 is able to phosphorylate EZH2
at the Y244 site. The Tyr 244 residue in EZH2, alongwith neighboring

residues, is evolutionarily conserved from zebrafish to mammals
(supplemental Figure 2B). We generated a rabbit polyclonal antibody
that specifically recognizes EZH2 phosphorylation at Y244. We
verified its specificity against EZH2 by immunoprecipitation (IP;
supplemental Figure 2C) and confirmed its phosphospecificity by
dot-blot assay using phospho- or nonphosphopeptides (supplemental
Figure 2D). When we replaced the Y244 residue with alanine (EZH2-
Y244A), ectopic expression of activated JAK3 was no longer able to
phosphorylate the mutant EZH2 demonstrated by the Y244 phospho-
EZH2 antibody (Figure 2F). Confirming this, the phosphorylation level
of EZH2 Y244A mutant was almost undetectable in an immunoblot
using antiphosphotyrosine antibody (Figure 2F). Importantly, treat-
ment of NKTL cells with JAK3 inhibitor reduced the level of pEZH2-
Y244 (Figure 2G). Thus, these results demonstrate that Y244 in EZH2
is indeed phosphorylated by JAK3. Next we asked whether the
phosphorylation of Y244 is responsible for regulating H3K27me3
levels. Consistent with preceding data showing that JAK3 inhibition
increases H3K27me3 levels (Figure 1), we observed that the
H3K27me3 level was higher in cells transfected with plasmids
encoding the mutant EZH2-Y244A than in cells transfected with
plasmids encoding EZH2 WT (Figure 2H-I). Furthermore, JAK3-
mediated downregulation of H3K27me3 level requires Y244 site-
specific phosphorylation in EZH2 (Figure 2J). Similar to the results
inNKYS (Figure 2D), the EZH2Y244Amutant led to attenuated cell
growth compared with EZH2 WT in 293T cells cotransfected with
JAK3 A572V (supplemental Figure 2E). Collectively, these results
demonstrate that Y244 site-specific phosphorylation in EZH2
mediates the effects of activated JAK3 in maintaining cell growth
while downregulating H3K27me3.

EZH2 phosphorylation by JAK3 is inhibitory for PRC2-mediated

gene repression but required for gene activation toward

proliferation

To estimate whether phosphorylation of EZH2 by JAK3 has an impact
on transcription of PRC2-repressed genes, which is associated with
EZH2 canonical activity, we performed gene expressionmicroarray on
JAK3 siRNA-treatedNKYS cells and analyzed the data usingGene Set
EnrichmentAnalysis (GSEA).We found that the significantly enriched
gene sets downregulatedwith JAK3 knockdown includedH3K27me3,
SUZ12, and canonical EZH2 target gene sets (Figure 3A), suggesting
a restored epigenetic silencing effect on inhibition of EZH2 phos-
phorylation. To see if this is relevant in patients, we examined a gene
expression dataset of patient samples. This dataset comprises samples
from 19 unique NKTL patients, inclusive of 9 NKTL samples already
previously published.14 We derived a JAK-STAT activation gene
signature and a PRC2-repressed target gene signature (see “supple-
mental Materials and methods”). Indeed, our analysis revealed a strong
positive correlation between JAK-STAT signature and the PRC2-
repressed target gene signature (Figure 3B), suggesting that JAK3
activation weakens EZH2’s canonical silencing function.

To investigate whether phosphorylation of EZH2 is required for the
switch to a noncanonical function that activates gene expression, we
assessed the gene expression of NKYS cells ectopically expressing
EZH2 WT or its mutants, including the SET domain deletion mutant
(EZH2SETΔ),which lacked themethyltransferase activity forH3K27me3

Figure 2 (continued) WT/Y244A expression plasmids or control vector for 48 hours. Results are means 6 SD. *P , .05 (Student t test). Expression of EZH2 WT and the

Y244A mutant was detected by the HA-tag antibody. H3 and actin were used as loading controls. (J) Immunoblot analysis of H3 K27 trimethylation in 293T cells cotransfected

with JAK3 A572V and EZH2 WT/Y244A expression plasmid or control vectors for 48 hours. Expression of EZH2 WT and the Y244A mutant was detected by the HA-tag

antibody.
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Figure 3. Phosphorylation of EZH2 by JAK3 is inhibitory for PRC2-mediated gene repression but required for gene activation toward proliferation. (A) GSEA plots

show gene sets enriched among downregulated genes upon JAK3 knockdown. The 4 gene sets are described in Molecular Signatures Database: JAK-STAT signaling

pathway; Genes bearing the H3K27me3 mark; Putative targets of EZH2 as an epigenetic silencer; Genes upregulated upon knockdown of SUZ12. (B) Correlation plot

between the JAK-STAT gene signature and PRC2 canonical target gene signature indices in a dataset of NKTL patient samples (GSE80632). Each dot is a patient sample.
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while keeping its noncanonical transcriptional activation function
intact,6 EZH2 Y244Amutant (phospho-deficient) and Y244Dmutant
(phospho-mimic). Interestingly, the EZH2 Y244D mutant clusters
with EZH2 SETΔ, and they demonstrate a relative increase in general
gene expression compared with EZH2 WT and the phosphorylation
dead mutant Y244A (Figure 3C), supporting the hypothesis that the
Y244 phosphorylation of EZH2 is associated with active transcrip-
tional activity independent of histone methyltransferase activity.
To characterize potential noncanonical EZH2 targets, we identified
active genes that are downregulated by EZH2 siRNA, but upregulated
upon expression of Y244D mutant and EZH2 SETΔ. Ninety-three
genes fulfilled these criteria (supplemental Table 1). To validate these
EZH2-associated noncanonical targets, we performed chroma-
tin immunoprecipitation-quantitative polymerase chain reaction (ChIP-
qPCR) analysis of selected genes from the list. As expected, EZH2
occupancy in the promoters of previously identified PRC2-target genes
MYT-1, SOX-17,5 and SLIT25 was detected. Importantly, a few
previously unknown targets selected from the noncanonical target list,
PMSD1,KRAS, andMAPK15 genes, also show significant enrichments
of EZH2 (Figure 3D; supplemental Figure 3A). JAK3 inhibitor
treatment led to a decrease inmRNA expressions of noncanonical target
genes CCND1, RAD51C,5 PMSD1, KRAS, and MAPK15, although
the canonical PRC2-target genes remained unchanged (Figure 3E;
supplemental Figure 3B). Conversely, EZH2 enzymatic inhibitor
EPZ-643815 reactivated transcriptionof the canonicalPRC2-target genes
but did not affect these 5 EZH2 noncanonical targets (Figure 3F;
supplemental Figure 3C). Moreover, EZH2 noncanonical target gene
signature constructed using these 5 validated noncanonical genes shows
positive correlation with the JAK-STAT target signature in the dataset
of patient samples (Figure 3G). These results further confirm the gene
activation by JAK3- phosphorylated EZH2.

GSEA revealed a number of oncogenic pathways, such as “pro-
liferation and biosysthesis,” “stemness and invasiveness,” “oncogenesis,”
and “DNA replication and cell cycle,” overrepresented by these
EZH2-noncanonical genes (Figure 3H; supplemental Table 2). These
activated genesmay therefore contribute to the proliferative phenotype
observed in NKTL and 293T that requires EZH2 Y244 phosphory-
lation (Figure 2D; supplemental Figure 2F). Taken together, we
propose that JAK3-mediated phosphorylation of EZH2 at Y244
suppresses its canonical epigenetic silencing function but promotes its
noncanonical transcriptional activation function on a different set of
genes that are implicated in cancer,which contributes to the oncogenic
property of EZH2 in NKTL.

JAK3-mediated phosphorylation of EZH2 promotes the

formation of EZH2-Pol II complex and interferes with its binding

to SUZ12 and EED

Next, we explored themechanismof the switch in EZH2 function from
a polycomb group repressor to a transcriptional coactivator upon

phosphorylation by JAK3. SUZ12, a core component of PRC2, failed
to pull down JAK3, suggesting that JAK3-EZH2 complex could
be distinct from the conventional PRC2 complex (supplemental
Figure 4A). We therefore tested if EZH2 exists in a transcription
activating complex. Notably, we observed that EZH2 IP can pull down
Pol II (Figure 4A; supplemental Figure 4B). Due to the association
of JAK3 with EZH2, JAK3 may also be associated with the Pol II-
EZH2-containing complex. Using antibodies specific to endogenous
JAK3 and immunoblotting for Pol II, we showed that Pol II strongly
coprecipitated with JAK3. This interaction is confirmed by reciprocal
Pol II IP experiments followed by immunoblotting for JAK3
(Figure 4B; supplemental Figure 4C). The physical associations
among JAK3, EZH2, and Pol II support the idea that phosphorylated
EZH2 directly participates in transcriptional gene regulation by
interacting with transcriptional machinery. The interaction between
EZH2 and Pol II was less detected in Y244A than inWT, suggesting
that the phosphodeficiency impedes EZH2’s access to Pol II, while
it increased the EZH2 association with the PRC2 components SUZ12
and EED (Figure 4C). This result suggests that Y244 phosphorylation
of EZH2 interferes with its binding to other PRC2 subunits and thus
provides a molecular explanation for the global decrease in H3K27me3
levels associated with JAK3 activation. Consistent with this, we ob-
served that the Y244A mutant had less binding on the promoters of
EZH2-activated targets that we identified in Figure 3, such as CCND1,
RAD51C, PMSD1, KRAS, and MAPK15, while EZH2 binding to the
canonical PRC2-target genes, such as MYT-1, SOX-17, and SLIT2,
was not significantly affected (Figure 4D). To estimate the impact of
EZH2 Y244 modification on gene expression, we tested how these
EZH2-bound genes are differentially regulated with the Y244Amutant
using quantitative reverse transcription polymerase chain reaction
(qRT-PCR) assays. Consistent with the downregulation by JAK3
inhibitor (Figure 3E), Y244A mutant reduced expression of all these
EZH2-activated genesCCND1,PMSD1,KRAS, andMAKP15, while it
did not change expression levels of PRC2-targets,MYT-1, SOX-17, and
SLIT2 (Figure 4E). Collectively, these analyses support the conclusion
that phosphorylation ofY244 favors the association of EZH2with Pol II
and binding to a set of genes distinct from canonical PRC2 targets, lead-
ing to transcription activation.

JAK3 inhibitor is robust in inhibiting NKTL while EZH2

inhibitors are not efficacious

EZH2 is emerging as a therapeutic target in cancer.A number of EZH2
catalytic inhibitors or inhibitors that disrupt EZH2-EED protein-
protein interactions have been developed, and some are already in
clinical trials. In this study,we investigatedGSK126,16EPZ-6438,15 and
SAH-EZH22 using cell viability assay and found that either catalytic
inhibition of EZH2 or disruption of PRC2 complex was insufficient
to affect the viability of NKTL cells (Figure 5B-C,E-F; supplemen-
tal Figure 5A,C), although all 3 inhibitors effectively downregulated

Figure 3 (continued) Correlation coefficient and correlation test P value are also shown. (C) Hierarchical clustering of gene expression profiles of EZH2 KD, EZH2 WT, and it

mutants (Y244A, Y244D, and SETΔ) based on global profiling (GSE75680). Heat map shows expression profiles of noncanonical targets cross EZH2 KD, EZH2 WT, and its

mutants (Y244A, Y244D, and SETΔ) compared with their corresponding controls. (D) ChIP-qPCR assay in NKYS cells for endogenous EZH2 binding. RT-PCR was performed

with immunoprecipitated chromatin fragments obtained by using an anti-EZH2 antibody or an irrelevant antibody (immunoglobulin G, IgG) as a control. (E) qRT-PCR analysis

showing that JAK3 inhibitor PF decreased expression of noncanonical targets of EZH2. n5 4 independent experiments, means6 SD. *P , .05; **P, .01 (Student t test). (F)

qRT-PCR analysis showing that gene expression of EZH2 noncanonical targets was not affected by PRC2 inhibitor EPZ-6438 (EPZ). The RNA harvested from NKYS cells

exposed to EPZ at 200 nM was isolated, reverse-transcribed, subjected to qPCR by using primers as indicated, and normalized with glyceraldehyde-3-phosphate

dehydrogenase (GAPDH). n 5 5 independent experiments. Results are means 6 SD. *P , .05; **P , .01 (Student t test). (G) Correlation plot between the JAK-STAT gene

signature and EZH2 noncanonical target gene signature indices in a dataset of NKTL patient samples (GSE80632). Each dot is a patient sample, and no cell line is presented.

Correlation coefficient and correlation test P value are also shown. (H) GSEA plots of significantly enriched gene sets show the regulation of oncogenesis-related genes and

pathways by EZH2 noncanonical function. KD, EZH2 knockdown; NES, normalized enrichment score.
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H3K27me3 (Figure 5A,D,G; supplemental Figure 5B). These results
confirm our previous finding that EZH2’s oncogenic function in NKTL
is independent of its histone methylating activity.6

Because JAK3-directed noncanonical function of EZH2 seems to
be predominant in NKTL, we hypothesize that JAK3 inhibition would
be an effective therapy inNKTL. Indeed, treatment ofNKYScellswith

JAK3kinase inhibitor PF956980 dramatically decreased cell growth as
demonstrated by cell viability assay (Figure 5C,E-F). At the same time,
there was a reduction in cells undergoing S phase and more cells
undergo cell death (Figure 5H). Of note, the combination of PRC2
catalytic inhibitorswith JAK3 inhibitor had very little additional effects
compared with JAK3 inhibitor alone (Figure 5C,E-F). Importantly, the
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growth inhibitory effect of JAK3 inhibitor was fully rescued by
phosphomimic EZH2 mutant (Y244D), but not by phosphodeficient
Y244A mutant (Figure 5I). This result suggests that the observed

growth-inhibitory effect of JAK3 inhibition is mediated through
suppression of phosphorylation-associated noncanonical EZH2 func-
tion. Consistently, comparison of enriched gene sets or pathways in
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JAK3 and EZH2 WT versus their knockdown reveals that they share
92 significantly enriched gene sets, which are under 7 gene ontology
categories of biological processes or pathways, including “Enhanced
stemness and invasiveness,” “Oncogenesis,” “Enhanced DNA repli-
cation and cell cycle,” “Enhanced proliferation and biosynthesis,”
“Enhanced RNA process,” and “Drug responses” (supplemental
Table 3). Thus, from a translational point of view, these results suggest
a potential application of inhibiting JAK3 to treat NKTL patients with
high levels of EZH2, which might be worthy of clinical exploration.

Discussion

Dissecting the molecular pathways that drive noncanonical function of
EZH2 in NKTL is important to improve our understanding of the
biology of this aggressive cancer and to develop better therapeutic
strategies. In this study,we show that EZH2 is tyrosine-phosphorylated
by JAK3 at Y244, and this modification causes it to dissociate from
PRC2 complex, leading to EZH2 oncogenic function independent of
its enzymatic activity. Our findings therefore suggest a novel model
of JAK3-mediated oncogenic effect via posttranslational modification
of EZH2 at a specific residue, thereby changing its function fromagene
repressor to a gene activator of distinct genes involved in malignant
phenotype. JAK3 inhibitors, which are currently under clinical develop-
ment, inhibit NKTL cell growth through prevention of EZH2
phosphorylation at the Y244 residue andmay be a useful therapeutic
intervention (Figure 6).

The established oncogenic function of EZH2 is primarily through
silencing of tumor-suppressor genes byH3K27 trimethylation. However,
there has been emerging evidence that EZH2 may also function as a
transcriptional activator through different molecular mechanisms
in different cancer models. In breast cancer cells, EZH2 has been
reported to act as a transcriptional activator but its mechanism of
action depends on the cell type. In estrogen receptor-positive breast
cancer cells, EZH2 interacts directly with estrogen receptor and
b-catenin, functionally enhancing gene transactivation in the estrogen
and Wnt pathways.3 In triple-negative breast cancer cells, EZH2 can
activate transcription of the NF-kB target genes by forming a ternary
complex with RelA and RelB.4 In colon cancer, the proliferating cell
nuclear antigen-associated factor PAF binds to b-catenin and recruits
EZH2 at Wnt target genes to induce their expression.17 In NKTL, our
previous report6 and the current study demonstrate that EZH2 activates
genes, which contribute to higher proliferative capacity of NK cells.
However, in contrast to what was described in these studies, in which
EZH2’s transcriptional activation activity is independent of the EZH2
SET domain and H3K27me3, the transcriptional properties of EZH2 in

castration-resistant prostate cancer rely on its methyltransferase activity,
but not the other PRC2 components.5 In summary, these findings,
including ours, suggest an important role of EZH2 as a transcription
activator in a wide range of malignancies, yet its exact mechanisms and
deregulated pathways seem to be cell context-dependent. Importantly,
the molecular switch to gene activation function is less clearly defined.

Previous studies have noticed that H3K27me3 expression is
significantly lower in breast, ovarian, and pancreatic cancers than in
normal tissues.18 Although the molecular mechanisms underlying the
loss of H3K27me3 in these tumors remain elusive, increasing evidence
suggests that the EZH2 protein modification may account for this.19,20

NKTL is amalignancydrivenbyconstitutive activationof JAK3. Inour
study, we found that modification of EZH2 by JAK3 results in the
disruption of the integrity of the PRC2 complex (and EZH2 forming
new complex with other proteins), resulting in a reduction in the
methyltransferase activity and specificity toward H3K27. We found a
significant correlation between JAK/STAT activation and increase
expression of canonical PRC2 genes in our Asian NKTL patients. Our
results are consistent with reports showing that most NKTL expressed
phosphorylated JAK3 regardless of their JAK3 mutation status,9 and
several gene sets related to the PRC2 complex were enriched among
these upregulated genes.21 Conversely, phosphorylated EZH2 asso-
ciates with Pol II at the promoters of noncanonical target genes and
“actively” regulate the expression of these genes.We further elucidated
that the phosphorylation ofY244 residue onEZH2 is the keymolecular
mediator of this switch between the PRC2-mediated canonical func-
tion of repressing polycomb group-target genes and the noncanonical
function of transcriptional activation of distinct genes mediated via
EZH2’s association with transcriptional complex.

Phosphorylation is considered to be one of the key steps in sig-
nal transduction and regulation of enzymatic activity, and growing
evidence shows that EZH2 activity and stability are tightly regulated by
this posttranslational modification. AKT was shown to phosphorylate
EZH2 at serine 21 and inhibit its enzyme activity forH3K27me3.19 This
phosphorylation site was shown to be critical for the H3K27me3-
independent function of EZH2 in castration-resistant prostate cancer5

and glioblastoma.22 Several independent studies have identified EZH2
residues phosphorylated by CDK1/2 at multiple sites, including T345,
T416, and T487with diverse regulations, andmay depend on cell types
and conditions.20,23-25 Intriguingly, JAK2 has been found in a recent
study to phosphorylate EZH2 at tyrosine 641 (Y641), which promotes
the interaction of EZH2 with E3 ubiquitin ligase b-TrCP and de-
gradation of EZH2.26 On the other hand, our study in NKTL shows a
distinctmechanismbywhich JAK3-mediated EZH2phosphorylation at
Y244 converts EZH2 silencing activity into an activating effector. We
point out that the possibility of Y641 as a potential phosphorylation site
in EZH2 mediating the effects of JAK3 in NKTL can be ruled out for
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3 reasons. First, the reported JAK2-mediated EZH2 Y641 phosphor-
ylation results in proteasomal degradation of EZH2, whereas EZH2
protein level is not affected by JAK3 in NKTL (Figure 1C-F). Second,
Y641 is in the SETdomain ofEZH2protein; however, even the deletion
of SET domain cannot impair the ability of EZH2 protein to confer cell
growth advantage in NKTL.6 Last, EZH2 Y244A mutant is sufficient
to abolish the tyrosine-phosphorylation of EZH2 mediated by JAK3
activation (Figure 2F). In summary, posttranslational modifications
of EZH2 therefore regulate its function in cells and may be the critical
mechanism modulating its oncogenic function in different cancers.

Recent discoveries of recurrent somatic EZH2 mutations in
myelodysplastic syndromes and myeloproliferative neoplasms indi-
cate that inactivation of EZH2 may contribute to the pathogenesis of
myeloid malignancies, which would presumably be associated with
loss ofH3K27 trimethylation at specific gene targets. It is noteworthy
that a striking correlation exists between lowH3K27me3 expression
and poor prognosis in patients with breast, ovarian, and pancreatic
cancer.18 In gliomas, aberrant epigenetic silencing throughH3K27me3-
mediated inhibition of PRC2 activity promotes oncogenesis.27,28 In
addition, direct EZH2 inhibition by small molecules targeting the
enzyme active site may have detrimental effects on global methyl-
ation patterns in normal cells. All these could lead to concerns about
the use of EZH2 enzymatic inhibitors. Furthermore, considering a
tumor-suppressor function for EZH2 in some cellular contexts,29-31

indiscriminate depletion of EZH2 protein or inhibition of EZH2
function may be problematic. Understanding the complex mecha-
nisms that regulate EZH2 activity in tumor cells may help design
better therapeutic intervention strategies. Our study suggests that
inhibition of JAK3-mediated phosphorylation of EZH2 may be an
alternative therapeutic option to diminish EZH2 oncogenic activity
in cancer cells without reducing the global EZH2-mediated gene
silencing.

JAKs are critical components of many cytokine receptor systems:
regulating growth, survival, differentiation, and immune response.
Researchers have found that dysregulated cytokine signaling contrib-
utes to cancer. Our study reveals a mechanistic link between JAK3
and EZH2-mediated oncogenesis, 2 important oncogenic pathways in
NKTL. The data provide evidence that JAK3 directly phosphorylates
EZH2 at a novel site, and thismodification confers EZH2noncanonical
function.Deregulation of the epigeneticmachinery and gene regulation
may therefore represent an additional key mechanism by which JAK3

contributes to cancer. Of importance is that JAK3 is aberrant in several
hematologic malignancies and solid tumors, such as colon32,33 and
breast carcinoma,33-35 and seems to be of functional relevance in these
cancers. Because tumors in which JAK3 is activated overlaps with
thosewith reducedH3K27me3 andEZH2overexpression, the findings
in our study could have broader utility and implications outsideNKTL.
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