
ZMYND8 preferentially binds phosphorylated EZH2 to
promote a PRC2-dependent to -independent function
switch in hypoxia-inducible factor–activated cancer
Bo Tanga,b, Rui Sunb, Dejie Wangb

, Haoyue Shengb,c,d, Ting Weie, Liguo Wange
, Jun Zhangf, Thai H. Hog

,
Lu Yanga, Qiang Weia,1, and Haojie Huangb,h,i,1

aDepartment of Urology, Institute of Urology, West China Hospital, Sichuan University, 610041 Chengdu, China; bDepartment of Biochemistry and
Molecular Biology, Mayo Clinic College of Medicine and Science, Rochester, MN 55905; cDepartment of Urology, Fudan University Shanghai Cancer Center,
Shanghai 200032, China; dDepartment of Oncology, Shanghai Medical College, Fudan University, Shanghai 200032, China; eDivision of Biomedical Statistics
and Informatics, Mayo Clinic College of Medicine and Science, Rochester, MN 55905; fDepartment of Laboratory Medicine and Pathology, Mayo Clinic
College of Medicine and Science, Scottsdale, AZ 85259; gDivision of Hematology and Oncology, Department of Internal Medicine, Mayo Clinic College of
Medicine and Science, Phoenix, AZ 85054; hDepartment of Urology, Mayo Clinic College of Medicine and Science, Rochester, MN 55905; and iMayo Clinic
Cancer Center, Mayo Clinic College of Medicine and Science, Rochester, MN 55905

Edited by Arul M. Chinnaiyan, University of Michigan Medical School, Ann Arbor, MI, and approved January 14, 2021 (received for review September 9, 2020)

Both gene repressor (Polycomb-dependent) and activator (Polycomb-
independent) functions of the Polycomb protein enhancer of zeste
homolog 2 (EZH2) are implicated in cancer progression. EZH2 protein
can be phosphorylated at various residues, such as threonine 487
(T487), by CDK1 kinase, and such phosphorylation acts as a Polycomb
repressive complex 2 (PRC2) suppression “code” to mediate the gene
repressor-to-activator switch of EZH2 functions. Here we demonstrate
that the histone reader protein ZMYND8 is overexpressed in human
clear cell renal cell carcinoma (ccRCC). ZMYND8 binds to EZH2, and
their interaction is largely enhanced by CDK1 phosphorylation of
EZH2 at T487. ZMYND8 depletion not only enhances Polycomb-
dependent function of EZH2 in hypoxia-exposed breast cancer cells
or von Hippel–Lindau (VHL)-deficient ccRCC cells, but also suppresses
the FOXM1 transcription program. We further show that ZMYND8 is
required for EZH2–FOXM1 interaction and is important for FOXM1-
dependent matrix metalloproteinase (MMP) gene expression and
EZH2-mediated migration and invasion of VHL-deficient ccRCC cells.
Our results identify a previously uncharacterized role of the chromatin
reader ZMYND8 in recognizing the PRC2-inhibitory phosphorylation
“code” essential for the Polycomb-dependent to -independent switch
of EZH2 functions. They also reveal an oncogenic pathway driving cell
migration and invasion in hypoxia-inducible factor–activated (hypoxia
or VHL-deficient) cancer.
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Hypoxia plays important roles in cancer progression by in-
ducing stabilization of hypoxia-inducible factors (HIFs) (1,

2). HIF proteins function as transcription factors to mediate
the expression of hypoxia-inducible genes (3). There are three
members in the HIF protein family—HIF1, HIF2, and HIF3—
each of which consists of an O2-regulated α subunit and a con-
stitutively expressed β subunit (4–6). Under normoxic conditions,
HIFα proteins are hydroxylated by prolyl hydroxylases and hy-
droxylated HIFα proteins are ubiquitinated by von Hippel–Lindau
(VHL) E3 ubiquitin ligase, thereby undergoing proteasome deg-
radation (7). The VHL gene is frequently deleted or inactively
mutated in more than 80% of patients with clear cell renal cell
carcinoma (ccRCC) (8). HIFα proteins become stabilized in VHL-
deficient cells even under normoxic conditions (2), thereby inducing
expression of genes involved in angiogenesis, cell migration and
invasion, cell survival, and stem cell maintenance (3).
The Polycomb protein EZH2 is the catalytic subunit of Polycomb

repressive complex 2 (PRC2), which represses gene transcription by
catalyzing histone H3 lysine 27 trimethylation (H3K27me3) (9–12).
EZH2 is often overexpressed in many cancer types, including
prostate, breast, and kidney cancer, and EZH2 overexpression is
associated with poor patient outcomes (13–15). In addition to the
gene repression activity, the gene activator function of EZH2 is also

linked to its oncogenic roles (16–19). It has been shown that
phosphorylation of EZH2 at serine 21 (S21) and threonine 487
(T487) by PKB/AKT and CDK1, respectively, results in the disso-
ciation of EZH2 from the PRC2 complex (20, 21). Similarly,
AMPK-mediated phosphorylation of EZH2 at T311 also disrupts
EZH2 interaction with SUZ12 and abolishes its gene repression
function (22). Most importantly, S21 phosphorylation of EZH2 not
only switches off its gene repressor function, but also turns on its
gene activator activity by enhancing EZH2 interaction with tran-
scription factors such as androgen receptor, NFκB, and STAT3 (16,
17, 19), stressing the importance of the noncanonical gene activator
function of EZH2 in oncogenesis (18, 23). While EZH2 phos-
phorylation is highly implicated in its role in gene activation and
cancer progression, how EZH2 phosphorylation is leveraged by
other signaling pathways to contribute to cancer progression has
remained unexplored.
The bromodomain protein zinc finger MYND-type containing

8 (ZMYND8) is initially identified as an activated protein-kinase
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C–binding protein (also termed PRKCBP1 or RACK7) (24).
ZMYND8 acts as a dual reader of histone marks H3K4me1 and
H3K14ac to inhibit expression of metastasis-linked genes (25).
ZMYND8 can recruit KDM5C histone demethylase to negatively
regulate enhancer H3K4me3 level and restrict enhancer over-
activation (26). Acting through the bromodomain, ZMYND8 also
regulates the transcription-associated DNA damage repair by
recognizing acetylated histones (27, 28). ZMYND8 can recognize
mutated histone H3.3 (H3.3G34R) detected in pediatric glio-
blastomas (29); however, it is unclear whether ZMYND8 can also
regulate tumor biology by recognizing posttranslational modifi-
cations of nonhistone proteins.

In this paper, we identify a molecular mechanism by which
PRC2 activity is restricted by ZMYND8. We demonstrate that
ZMYND8 interacts with T487-phosphorylated EZH2 and dis-
rupts EZH2 binding with other PRC2 components in ccRCC cells.
We also show that ZMYND8 augments EZH2 interaction with
FOXM1 and activates the transcription of matrix metal-
loproteinase (MMP) genes, thereby promoting EZH2 gene acti-
vator function and ccRCC cell migration and invasion.

Results
ZMYND8 Negatively Regulates PRC2 Target Gene Expression in Breast
Cancer Cells under Hypoxia. In an attempt to define novel func-
tions of ZMYND8 in cancer, we analyzed a published RNA-seq

Fig. 1. ZMYND8 negatively regulates PRC2 target gene expression in breast cancer cells under hypoxia. (A–D) Meta-analysis of down-regulated genes after
ZMYND8 KO under hypoxia (A and B) or normoxia (C and D) by Enrichr (http://amp.pharm.mssm.edu/Enrichr). Data are ranked according to P value corrected
by multiple hypothesis testing. Transcription factor (TF)-regulated (A and C) or histone modification-regulated (B and D) genes derived from the Encyclopedia
of DNA Elements (ENCODE) dataset with the expression dysregulated genes in ZMYND8 KO cells were determined using Fisher’s exact test. (E) Volcano plot
depicting the differentially expressed genes between ZMYND8 WT and KO MDA-MB-231 cells under hypoxia revealed by RNA-seq data. The names of the
representative PRC2 target genes are indicated. (F) Heatmap showing expression of representative PRC2 target genes between ZMYND8 WT and KO
MDA-MB-231 cells under hypoxia. (G) UCSC Genome Browser screen shot of RNA-seq tracks for well-known H3K27me3 target genes (HOXA3, RUNX2, and
TCF7) commonly down-regulated by ZMYND8 KO under hypoxia. (H) WB analysis of the indicated proteins in lysate of control (sgControl) and ZMYND8 KO
(sgZMYND8) MDA-MB-231 cells treated with or without the hypoxia mimetic reagent CoCl2 (200 μM) for 24 h before harvest. (I) Control (sgControl) and
ZMYND8 KO (sgZMYND8) MDA-MB-231 cells were transfected with control siRNA (siControl) and VHL-specific siRNA (siVHL) for 48 h, and cells were harvested
for WB analysis of the indicated proteins.
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dataset derived from ZMYND8 wild-type (WT) and knockout
(KO) MDA-MB-231 breast cancer cells (30). Pathway analysis
indicated that a subset of EZH2 and H3K27me3 target genes were
down-regulated in ZMYND8 KO cells (Fig. 1 A and B). This
phenomenon appears to be hypoxia-specific, since ZMYND8 KO
failed to elicit similar results under normoxic conditions (Fig. 1 C
and D). The top hits of ZMYND8 KO-affected H3K27me3 target
genes are shown in volcano plots and a heatmap (Fig. 1 E and F).
Analysis of RNA-seq data also showed that expression of canon-
ical PRC2 target genes HOXA3, RUNX2, and TCF7 (21) was

down-regulated by ZMYND8 KO under hypoxia (Fig. 1G). We
further confirmed that ZMYND8 KO increased the overall level
of H3K27me3 in MDA-MB-231 breast cancer cells, and that this
only occurred in cells under hypoxia (Fig. 1H).
The VHL gene is frequently deleted or mutated in ccRCC in

patients and loss of VHL results in the stabilization of HIFα
proteins, mimicking the role of hypoxia (8). As expected, similar
to the effect of hypoxia (Fig. 1H), knockdown of VHL resulted in
up-regulation of HIF2α protein in MDA-MB-231 cells under
normoxic conditions (Fig. 1I). Similar to the results reported

Fig. 2. ZMYND8 is overexpressed in ccRCC and is associated with the poor clinical outcome in patients. (A and B) Analysis of ZMYND8 mRNA (A) and protein
(B) levels in human ccRCC and normal kidney tissues from the CPTAC ccRCC dataset. ***P < 0.001. (C) Kaplan–Meier survival analysis for ccRCC patients from
the TCGA dataset using the log-rank test. Patients were divided by median expression level of ZMYND8 mRNA. HR, hazard ratio. (D) Using cBioportal,
OncoPrint images of genomic alternations of the VHL gene were generated for 448 ccRCC samples from the TCGA dataset for which VHL status was available.
(E and F) Kaplan–Meier survival analysis using the log-rank test for TCGA ccRCC patients for whom VHL status and prognosis data were available. Results for
patients with VHL deletion/truncation/mutation are shown in E, and results for patients without VHL alterations are shown in F. Patients were divided by
median expression level of ZMYND8 mRNA. (G) Representative ZMYND8 IHC staining images from a human ccRCC and normal kidney TMA. (H) Quantification
of ZMYND8 protein level in normal kidney tissues and ccRCC specimens. **P < 0.01, chi-square test.
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previously (18), we demonstrated that VHL knockdown or hyp-
oxia exposure decreased the expression of PRC2 components
SUZ12 and EED, consistent with the decreased level of
H3K27me3 (Fig. 1 H and I). In contrast, EZH2 protein expression
was substantially up-regulated under both conditions (Fig. 1 H and
I). Surprisingly, we found that ZMYND8 KO increased the overall
level of H3K27me3 in VHL-deficient cells but not in VHL-
proficient cells under normoxic conditions (Fig. 1I), mimicking
the scenario in MDA-MB-231 cells under hypoxia (Fig. 1H). No-
tably, ZMYND8 KO failed to affect expression of PRC2 proteins,
including EZH2, SUZ12, and EED, regardless of hypoxia exposure
or VHL deficiency (Fig. 1 H and I).
To determine whether HIFα proteins play a critical role in

ZMYND8 regulation of H3K27me3 levels in ccRCC cells, we
knocked down HIF1α and HIF2α in hypoxia-treated or VHL-
deficient cells. HIF1/2α knockdown increased H3K27me3 and
decreased PRC2 target gene expression but abolished the
ZMYND8 knockdown-induced increase in H3K27me3 and de-
creased the expression of PRC2 target genes (SI Appendix, Fig.
S1 A–D). Together, our findings show that ZMYND8 expression
down-regulates H3K27me3 levels under HIFα activation condi-
tions (hypoxia or VHL loss) without affecting expression of the
key PRC2 components EZH2, SUZ12, and EED, implying the
existence of a previously undefined role of ZMYND8 in regu-
lating H3K27me3 and PRC2 activity.

ZMYND8 Is Overexpressed and Associated with Poor Clinical Outcome
in ccRCC Patients. Because ZMYND8 only regulates H3K27me3
levels under hypoxia or in VHL-deficient cells (Fig. 1 H and I), we
chose to determine how ZMYND8 regulates PRC2 activities in
ccRCC in which VHL is often deleted or mutated. Analysis of the
Clinical Proteomic Tumor Analysis Consortium (CPTAC) ccRCC
dataset (8) revealed that both ZMYND8 mRNA and protein
expression are significantly elevated in primary ccRCC compared
with adjacent normal kidney tissues (Fig. 2 A and B). Kaplan-
Meier analysis of The Cancer Genome Atlas (TCGA) dataset
revealed that high levels of ZMYND8 mRNA are associated with
poor overall survival of ccRCC patients (Fig. 2C).
To explore whether the association of ZMYND8 overexpression

with poor outcome of ccRCC patients is affected by the status of
VHL gene alteration, we stratified the TCGA patients into two
groups. We found that in the VHL deletion/truncation group (238
patients), high levels of ZMYND8 mRNA were associated with
poor overall survival (Fig. 2 D and E). In contrast, there was no
significant association of ZMYND8 mRNA expression with overall
survival of patients lacking VHL alterations (201 patients) (Fig. 2 D
and F). We further examined ZMYND8 expression in patient
samples by performing immunohistochemistry (IHC) on a tissue
microarray (TMA) containing a cohort of ccRCC specimens (41
ccRCC and 9 normal kidney TMA elements). Representative IHC
images displaying high and low staining of ZMYND8 are shown in
Fig. 2G. In this cohort, 20 of 41 (48.7%) TMA ccRCC specimens
were ZMYND8-positive, but none of the normal kidney specimens
expressed high levels of ZMYND8 (Fig. 2H). Together, these data
indicate that ZMYND8 is overexpressed in a subset of ccRCC, and
that its overexpression is associated with poor clinical outcome in
ccRCC patients with VHL deficiency.

ZMYND8 Negatively Regulates H3K27me3 Target Gene Expression in
ccRCC Cells in Culture and in Patients.Next, we sought to explore the
functional relevance of ZMYND8 regulation of PRC2 activity in
ccRCC. To mimic the composition of PRC2 under hypoxic con-
ditions, we performed our studies in two VHL-null ccRCC cell
lines, 786-O and A498, to determine whether ZMYND8 affects
EZH2 function and H3K27me3 level. We found that ZMYND8
knockout had no effect on EZH2 mRNA and protein expression
(Fig. 3 A and B). ZMYND8 depletion also failed to affect protein
expression of other PRC2 components examined, such as SUZ12

and EED (Fig. 3B). While ZMYND8 depletion had little or no
effect on the expression of total histone H3 protein, it largely
increased H3K27me3 levels in both 786-O and A498 cells
(Fig. 3B), consistent with observation inMDA-MB-231 cells under
hypoxic or VHL-depleted conditions (Fig. 1 H and I). The dif-
ferential expression of several PRC2 targets genes (e.g., HOXA3,
RUNX2, TCF7) in control and ZMYND8-deficient 786-O and
A498 cells was further verified by RT-qPCR (Fig. 3A). ZMYND8
overexpression in VHL-null ccRCC cell lines with relatively low
expression of endogenous ZMYND8 suppressed H3K27me3 lev-
els without affecting EZH2, SUZ12, or EED protein expression
(SI Appendix, Fig. S2 A and B).
We further examined ZMYND8 and H3K27me3 levels in a co-

hort of 9 normal kidney tissues and 41 ccRCC specimens. IHC
staining of patient samples on TMA was evaluated by measuring
both staining intensity and percentage of positive cells. Represen-
tative IHC images displaying high and low staining of ZMYND8
and H3K27me3 are shown in Fig. 3C. Further analysis showed that
ZMYND8 protein expression was inversely correlated with
H3K27me3 level in this cohort (Pearson’s product-moment corre-
lation, R2 = 0.26; P = 0.0007) (Fig. 3D). We also analyzed the
TCGA RNA-seq data from 238 VHL-deficient ccRCC patients and
found that samples with higher ZMYND8 mRNA levels expressed
higher levels of PRC2 target genes HOXA3, RUNX2, and TCF7
(Fig. 3E).
To further understand the mechanism by which ZMYND

depletion increases H3K27me3 level, we examined binding of
the PRC2 complex in these gene promoters. Consistent with the
finding that ZMYND depletion increased H3K27me3 levels in
the promoter of PRC2 target gene RUNX2, it also increased
occupancy of EZH2 and EED in the RUNX2 promoter in both
cell lines (Fig. 3F), although ZMYND8 depletion did not affect
EZH2 and EED protein expression (Fig. 3B). These data indi-
cate that ZMYND8 negatively regulates PRC2 occupancy at its
target gene loci without affecting the expression of PRC2
components examined.

ZMYND8 Interacts with EZH2 in ccRCC Cells. To further explore how
ZMYND8 regulates PRC2 function and H3K27me3 level in ccRCC
cells, we first examined whether ZMYND8 physically interacts with
EZH2, a subunit of the PRC2 complex catalyzing H3K27me3 (31).
We performed coimmunoprecipitation (co-IP) assays and demon-
strated that ectopically expressed Myc-EZH2 protein was coim-
munoprecipitated by Flag-ZMYND8 in 293T cells (Fig. 4A).
Reciprocally, we found that Flag-ZMYND8 was coimmunopre-
cipitated by Myc-tagged EZH2 (Fig. 4B). Co-IP analysis further
showed that ZMYND8 interacts with EZH2 at endogenous levels
in two ccRCC cell lines examined, but no ZMYND8 binding of
EZH1, SUZ12, or EED was detected (Fig. 4 C and D).
Next, we sought to identify the domain(s) involved in the in-

teraction between ZMYND8 and EZH2. ZMYND8 contains
multiple functional domains, including PHD finger, BROMO,
and PWWP (for histone modification and DNA binding) and
MYND at the C-terminal (involving protein–protein interac-
tions) (27, 32). We first generated one N-terminal (ΔPBP) and
three C-terminal (ΔC1, ΔC2 and ΔC3) truncation mutants from
Flag-tagged ZMYND8 (SI Appendix, Fig. S3A). Full-length (FL)
Flag-ZMYND8 and these truncation mutants were transfected
into 293T cells for co-IP assays. We demonstrated that FL Flag-
ZMYND8, ΔPBP, or ΔC3 deletion mutants interacted with
EZH2. In contrast, ΔC1 or ΔC2 mutant lacking the MYND
domain failed to interact with EZH2 (SI Appendix, Fig. S3B),
indicating that the MYND domain is required for ZMYND8
interaction with EZH2.
To determine which fragment of EZH2 is involved in ZMYND8

binding, we purified four glutathione S-transferase (GST) EZH2
recombinant proteins from bacteria (SI Appendix, Fig. S3 C and D).
GST pulldown assays showed that GST-EZH2-C (336-554), but not
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the other three truncation mutants of EZH2 or GST alone, spe-
cifically interacted with ZMYND8 in 786-O cell lysate (SI Appendix,
Fig. S3D). Furthermore, we generated a Flag-tagged MYND do-
main deletion mutant of ZMYND8 and produced Flag-ZMYND8-
FL and Flag-ZMYND8-ΔMYND proteins using the TNT Quick
Coupled Transcript/Translation System (from Promega). In vitro
protein binding assays showed that GST-EZH2-C specifically inter-
acted with Flag-ZMYND8-FL rather than the MYND domain de-
letion mutant (Fig. 4E). Furthermore, we demonstrated that rescued
expression of ZMYND8-WT, but not of ZMYND8-ΔMYND mu-
tant, in ZMYND8-depleted A498 cells decreased H3K27me3 levels
(Fig. 4F). Together, these data suggest that ZMYND8 directly binds
to EZH2, and that ZMYND8 binding of EZH2 and inhibition of
H3K27me3 is mediated through the MYND domain.

T487 Phosphorylation by CDK1 Largely Enhances EZH2 Interaction
with ZMYND8. Notably, our GST pulldown results (SI Appendix,
Fig. S3D) showed that ZMYND8 binds to EZH2 in the region
between amino acids 336 and 554 (SI Appendix, Fig. S3C), which

contains several EZH2 phosphorylation sites (20–22, 33–35).
Therefore, we sought to determine whether the ZMYND8–
EZH2 interaction is regulated by EZH2 phosphorylation. To this
end, we treated 786-O cell lysate with λ protein phosphatase
prior to the co-IP assay. As expected, we found that phosphatase
treatment blocked EZH2 phosphorylation of several residues,
including T487, and increased EZH2 interaction with SUZ12
and EED; however, phosphatase treatment largely decreased
the interaction between endogenous ZMYND8 and EZH2
(Fig. 5A). We also observed an obvious mobility shift of ZMYND8
protein on Western blot (WB) gels after phosphatase treatment
of cell lysate (Fig. 5A), suggesting that ZMYND8 is also a phospho-
protein. Therefore, we examined whether ZMYND8 phosphoryla-
tion plays any role in regulating the binding of these two proteins.
We performed GST pulldown assays using GST-EZH2-C recombi-
nant protein, a region interacting with ZMYND8 (SI Appendix, Fig.
S3D). We demonstrated that while phosphatase treatment caused
fast mobilization of ZMYND8 protein in both input and GST
pulldown samples, it failed to affect ZMYND8 binding with

Fig. 3. ZMYND8 negatively regulates H3K27me3 target gene expression in ccRCC cells in culture and in patients. (A) 786-O and A498 cells transfected with
control (sgControl) or two independent ZMYND8-specific sgRNAs (sgZMYND8-1 and sgZMYND8-2) were harvested for RT-qPCR analysis of expression of the
indicated genes. *P < 0.05; **P < 0.01; ***P < 0.001; n.s., not significant. (B) WB analysis of the indicated proteins in lysate of 786-O and A498 cells transfected
with sgControl or sgZMYND8. (C) Representative images of IHC with anti-ZMYND8 and anti-H3K27me3 antibodies on TMA (9 normal kidney and 41 ccRCC
TMA elements) tissue sections. (D) Correlation analysis of IHC staining of ZMYND8 and H3K27me3 proteins in ccRCC patient specimens. (E) Meta-analysis of
mRNA expression of indicated PRC2 target genes in ZMYND8 high and low TCGA patient samples. **P < 0.01; ***P < 0.001. (F) 786-O and A498 sgControl or
sgZMYND8 cells were harvested for ChIP-qPCR analysis of the occupancy of indicated proteins at the RUNX2 gene locus. *P < 0.05; **P < 0.01; ***P < 0.001.
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GST-EZH2-C (Fig. 5B). These data confirm that phosphorylation
of EZH2, but not ZMYND8 protein, is important in regulating
ZMYND8–EZH2 interaction.
According to the EZH2 phosphorylation sites reported previ-

ously (20–22, 33, 34) (Fig. 5C), we mutated those residues indi-
vidually to alanine (A), including serine 21 (S21A) and threonine
residues 345, 416, and 487 (T345A, T416A, and T487A). WTEZH2
and the alanine mutants were transfected into 293T cells for co-IP
assays. We demonstrated that different from WT and S21A, T345A
and T416A mutants, the binding of T487A mutant to ZMYND8 was
largely reduced (Fig. 5D). Detection of a residual interaction between
ZMYND8 and T487A-mutated EZH2 (Fig. 5D) is consistent with
the observation that the in vitro translated ZMYND8 is also able to
bind to GST-EZH2 recombinant protein purified from bacteria
(Fig. 4E), suggesting the presence of a certain degree of basal-level
constitutive interaction between ZMYND8 and EZH2. We further
generated an EZH2 T487 phosphorylation-mimicking mutant
(T487D) by converting T487 to aspartic acid (D). We found that the
T487D mutation substantially enhanced EZH2 interaction with
ZMYND8 (Fig. 5E). In addition, ZMYND8 depletion reduced the
EZH2 phosphorylation level and increased EZH2 interactions with
SUZ12 and EED (Fig. 5F), while overexpression of ZMYND8

decreased EZH2 interactions with SUZ12 and EED (SI Appendix,
Fig. S4A), indicating that ZMYND8 interacts with phosphorylated
EZH2, which not only protects EZH2 phosphorylation, but also
keeps EZH2 away from the PRC2 complex. These results also sug-
gest that EZH2 T487 phosphorylation is important for ZMYND8–
EZH2 interaction.
It has been reported that EZH2 T487 is phosphorylated by

CDK1 (21). Analysis of the TCGA ccRCC dataset revealed that
CDK1 mRNA was significantly elevated in primary human
ccRCC tumors compared with adjacent normal kidney tissues (SI
Appendix, Fig. S4B). The CPTAC database (8) also showed that
CDK1 expression was much higher in tumors at both mRNA and
protein levels compared to their normal counterparts (SI Ap-
pendix, Fig. S4 C and D). Overexpression of V5-tagged CDK1
protein substantially increased EZH2 T487 phosphorylation and
its interaction with ZMYND8 (Fig. 5G). In contrast, knockout of
CDK1 by CRISPR/Cas9 in 786-O cells largely decreased EZH2
T487 phosphorylation level and the interaction between endoge-
nous ZMYND8 and EZH2 proteins (Fig. 5H) but increased EZH2
interaction with SUZ12, consistent with previously reported results
(21). Similar to the results obtained from the genetic manipulation,
we found that pharmacologic inhibition by roscovitine, a pan

Fig. 4. ZMYND8 interacts with EZH2 in ccRCC cells. (A and B) WB analysis of co-IP of ectopically expressed Flag-ZMYND8 and Myc-EZH2 in 293T cells. (C and D)
WB analysis of co-IP of endogenous ZMYND8 and PRC2 components EZH2, SUZ12, and EED in 786-O cells (C) and A498 cells (D). (E) WB analysis of ZMYND8-FL
and ZMYND8-ΔMYND proteins produced by the TNT Quick Coupled Transcript/Translation System pulled down by GST or GST-EZH2-C recombinant proteins.
(F) A498 cells stably infected with lentivirus for sgControl or sgZMYND8 were transfected with empty vector (EV), ZMYND8-FL, or ZMYND8-ΔMYND. Cells
were harvested for WB analysis of indicated proteins.
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inhibitor of CDK1, CDK2, and CDK5, or RO-3306, a CDK1-
selective inhibitor (36, 37), not only abolished EZH2 T487 phos-
phorylation, but also decreased ZMYND8–EZH2 interaction at the
endogenous level in 786-O ccRCC cells (Fig. 5I and SI Appendix,
Fig. S4E). Furthermore, we found that while ZMYND8 interaction
with WT EZH2 was largely enhanced by CDK1 overexpression, the
interaction between ZMYND8 and EZH2 nonphosphorylatable
mutant T487A or T487D was unaffected (Fig. 5J). These results
were confirmed by reciprocal co-IP assays (SI Appendix, Fig. S4F).
Together, these results suggest that CDK1 overexpression enhances
EZH2 interaction with ZMYND8, and that this effect is specifically
mediated through EZH2 T487 phosphorylation.

ZMYND8 Is Important for FOXM1 Activation Mediated by EZH2. Since
our data suggest the presence of a PRC2-independent ZMYND8-

EZH2 complex, we further explored the function of this complex.
Meta-analysis of RNA-seq data from ZMYND8-proficient and
-deficient MDA-MB-231 cells in hypoxic conditions (30) indicated
that ZMYND8 depletion inactivates the FOXM1 transcriptional
program while activating the Polycomb function of EZH2
(Fig. 1A). Notably, it has been reported that HIF activation results
in an EZH2 function switch to activating transcription factor
FOXM1 (18). Therefore, we sought to explore whether ZMYND8
affects EZH2-FOXM1 function. To this end, we analyzed the
RNA-seq data in ZMYND8 WT and KO MDA-MB-231 cancer
cells. We found that MMP genes, known targets of the EZH2-
FOXM1 complex, were down-regulated after ZMYND8 KO in
hypoxia-exposed breast cancer cells (Fig. 6A). RT-qPCR analysis
in 786-O and A498 cells confirmed that expression of several
MMP genes (MMP2, MMP7, MMP19, and MMP24) was indeed

Fig. 5. T487 phosphorylation by CDK1 largely enhances EZH2 interaction with ZMYND8. (A) WB analysis of co-IP of indicated proteins from 786-O cell lysate
treated with or without λ protein phosphatase. (B) WB analysis (Top) of ZMYND8 from 786-O cell lysate pulled down by GST-EZH2-C recombinant proteins
(Bottom). (C) Schematic diagram showing the EZH2 residues phosphorylated by AKT and CDK1 and CDK2. (D and E) WB analysis of co-IP of ectopically
expressed Flag-ZMYND8 and Myc-EZH2 WT or the indicated mutants in 293T cells. (F) WB analysis of EZH2 phosphorylation and co-IP of endogenous EZH2
with SUZ12 and EED in sgControl or sgZMYND8 786-O cells. (G) WB analysis of co-IP of ectopically expressed Flag-ZMYND8 and Myc-EZH2 in 293T cells
transfected with the indicated plasmids. (H) WB analysis of co-IP of endogenous EZH2 with ZMYND8 and SUZ12 in 786-O cells expressing sgControl or sgCDK1.
(I) WB analysis of co-IP of endogenous ZMYND8 and EZH2 in 786-O cells treated with or without CDK1-selective inhibitor RO-3306 (10 μM; 24 h). (J) WB
analysis of co-IP of ectopically expressed WT EZH2, T487A or T487D mutant, and/or indicated proteins in 293T cells transfected with indicated plasmids.
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down-regulated after ZMYND8 KO (Fig. 6B). We further ana-
lyzed TCGA RNA-seq data from 238 VHL-deleted/truncated
ccRCC patients and found that higher ZMYND8 mRNA level
positively correlated with higher expression of theseMMP genes in
this cohort of patients (Fig. 6C).
It has been reported that PRC2 and the EZH2-FOXM1 complex

co-occupy at theMMP gene promoters, where they act oppositely in
regulating the expression of MMP genes (18). Therefore, we per-
formed ChIP-qPCR analysis in 786-O and A498 cells to determine
whether ZMYND8 influences PRC2 and EZH2-FOXM1 occu-
pancy on the genomic loci of MMP genes. We found that
ZMYND8 depletion largely increased PRC2/EED occupancy but
decreased FOXM1 binding at the MMP2 gene promoter, although
no EZH2 binding change was detected in the promoter region
(Fig. 6D). Similar to the findings in breast cancer cells (18), the co-
IP assay demonstrated that ZMYND8 and FOXM1 interacted with
each other at the endogenous level in ccRCC cells (Fig. 6E). Ad-
ditional co-IP experiments showed that apart from FL ZMYND8
and other deletion mutants (SI Appendix, Fig. S3A), ZMYND8-
ΔC1 failed to bind FOXM1 (Fig. 6F), suggesting that a region
between PWWP and MYND (amino acids 761 to 1002) in
ZMYND8 is required for its interaction with FOXM1.
We further examined whether the ZMYND8–FOXM1 inter-

action is regulated by phosphorylation. To this end, we treated
A498 cell lysate with λ protein phosphatase prior to the co-IP
assay. While we observed obvious WB band shifts of both
ZMYND8 and FOXM1 proteins after phosphatase treatment,

there was no detectable change in the interaction of these two
proteins (SI Appendix, Fig. S5). Most strikingly, co-IP assay dem-
onstrated that ZMYND8 KO completely abolished the EZH2–
FOXM1 interaction, although ZMYND8 depletion had no obvious
effect on the expression of either protein (Fig. 6G). Furthermore,
we found that CDK1 overexpression increased the FOXM1 asso-
ciation with WT EZH2, but not nonphosphorylatable mutants
T487A and T487D (Fig. 5J). These data suggest that ZMYND8
may function as a scaffold “bridging” the formation of the EZH2-
FOXM1 complex.

ZMYND8 Promotes Tumor Migration and Invasion via Interacting with
EZH2 in ccRCC Cells. MMPs are major extracellular enzymes in-
volved in cancer invasion and metastasis (38). To elucidate the
biological function of the ZMYND8 interaction with EZH2, we
performed wound healing and transwell invasion assays to ex-
amine their effects on migration and invasion of ccRCC cells. As
expected, we found that EZH2 overexpression increased mi-
gration and invasion of both 786-O and A498 ccRCC cells
(Fig. 7 A–E). Importantly, these effects were completely abol-
ished by ZMYND8 KO in both cell lines (Fig. 7 A–E). Moreover,
the rescue experiments showed that different from FL
ZMYND8, the MYND domain deletion mutant (ZMYND8-
ΔMYND) failed to enhance cell migration and invasion
(Fig. 7 F–J), indicating that the MYND domain is important for
ZMYND8-mediated cell migration and invasion. Similarly, this
domain is also critical for the cooperative effects of EZH2 and

Fig. 6. ZMYND8 is important for FOXM1 activation mediated by EZH2. (A) Heatmap showing expression of indicated MMP genes between sgControl and
sgZMYND8 MDA-MB-231 cells under hypoxia. (B) sgControl or sgZMYND8 786-O and A498 cells were harvested for RT-qPCR analysis of mRNA expression of
the indicated MMP genes. *P < 0.05; **P < 0.01. (C) Meta-analysis of indicated MMP genes at the mRNA level in ZMYND8 high and low TCGA ccRCC patient
specimens. *P < 0.05; **P < 0.01. (D) sgControl or sgZMYND8 786-O and A498 cells were harvested for ChIP-qPCR analysis of the occupancy of indicated
proteins at the MMP2 gene locus. *P < 0.05; **P < 0.01; ***P < 0.001; n.s., not significant. (E) WB analysis of co-IP of endogenous ZMYND8 and FOXM1 in
786-O cells. (F) WB analysis of co-IP of FOXM1 with Flag-tagged FL ZMYND8 or truncation mutants in 293T cells. (G) WB analysis of co-IP of endogenous EZH2
and FOXM1 in 786-O cells transfected with sgControl or sgZMYND8.
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Fig. 7. ZMYND8 promotes tumor migration and invasion via interaction with EZH2 in ccRCC cells. (A) 786-O and A498 cells stably infected with lentivirus for
sgControl or sgZMYND8 were transfected with empty vector (EV) or EZH2. Cells were harvested for WB analysis of indicated proteins. (B and C) 786-O and
A498 stable cell lines were infected with lentivirus as in A and cultured to confluence on six-well plates. The cell layer was scratched with a 200-μL pipette tip.
For each sample, at least three scratched fields were photographed immediately (0 h) or 16 h after scratching. Photographs of representative images were
taken at 100× magnification and results are shown in B, and the quantified data are presented in C. (Scale bars: 200 μm.) ***P < 0.001; n.s., not significant. (D
and E) 786-O and A498 stable cell lines were infected as in A and subjected to Matrigel invasion assays. Representative images of invasion assay are shown in
D, and the quantified data are presented in E. (Scale bars: 200 μm.) **P < 0.01; n.s., not significant. (F) sgZMND8 786-O and A498 stable cells were transfected
with indicated plasmids, and cells were harvested for WB analysis of indicated proteins. (G and H) 786-O and A498 stable cell lines were transfected as in F and
cultured to confluence on six-well plates. The cell layer was scratched with a 200-μL pipette tip. For each sample, at least three scratched fields were pho-
tographed immediately (0 h) or 16 h after scratching. Photographs of representative images were taken at 100× magnification and are shown in G, and the
quantified data are presented in H. (Scale bars: 200 μm.) *P < 0.05; **P < 0.01; ***P < 0.001. (I and J) 786-O and A498 stable cell lines were transfected as in F
and subjected to Matrigel invasion assays. Representative images of invasion assay are shown in I, and the quantified data are presented in J. (Scale bars: 200
μm.) **P < 0.01; ***P < 0.001. (K) Schematic model depicting the function switch of EZH2 mediated by ZMYND8. In hypoxia-exposed or VHL-deficient cells,
EZH2 expression is up-regulated, while other components of PRC2, such as SUZ12 and EED, are down-regulated. Under this condition, overexpressed ZMYND8
preferentially binds to T487-phosphorylated EZH2 mediated by CDK1, which not only is critical for the maintenance of EZH2 phosphorylation and inhibition
of assembly of the PRC2 complex, but also mediates EZH2 interaction with FOXM1, thereby promoting FOXM1-dependent expression of MMP genes and
cancer invasion and progression.
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ZMYND8 on migration and invasion in these two cell lines
(Fig. 7 F–J). These results indicate that interaction with
ZMYND8 plays a pivotal role in EZH2-mediated migration and
invasion in ccRCC cells.

Discussion
ZMYND8 was originally identified in a protein complex possessing
histone deacetylase and nucleosome remodeling activities (39, 40).
ZMYND8 canonically functions as a chromatin reader that recog-
nizes histone codes, such as methylation (H3K4me1, H3K4me3,
and H3K36me2) (25, 26, 28) and/or acetylation (H4K14ac and
H4K16ac) (25, 28). In the present study, we demonstrate that
ZMYND8 preferentially binds phosphorylated nonhistone protein
EZH2. Moreover, the histone reader functions of ZMYND8 are
shown to be mediated by the BROMO and PWWP domains (27,
28). In contrast, the distinct EZH2 phosphorylation recognition
activity of ZMYND8 is dependent on the MYND domain in a
manner independent of the BROMO and PWWP domains. Thus,
in addition to recognizing histone codes such as methylation and
acetylation, we reveal a reader function of ZMYND8 in recognizing
a phosphorylation “code” on a nonhistone protein. Moreover, along
with binding of histone deacetylases, ZMYND8 is also associated
with other histone “erasers,” such as demethylases, including
KDM5A, KDM5C, and LSD1 (26, 27, 41, 42). Our results extend
previously reported findings by identifying the epigenetic “writer”
EZH2 methyltransferase as a binding partner of ZMYND8.
EZH2 canonically acts as a gene repressor in a PRC2-dependent

manner by catalyzing H3K27me3 to mediate gene silencing (9–12).
Notably, the PRC2 complex is disassembled due to EZH2 phos-
phorylation at different residues, such as S21 and T487, mediated by
AKT and CDK1 kinases, respectively (20, 21). Further studies have
shown that EZH2 phosphorylation at these sites not only abolishes
its Polycomb-dependent repressor function, but also allows EZH2 to
gain a Polycomb-independent gene activator function (19). Our
present findings show that ZMYND8 can bind to EZH2 in a
manner largely dependent on T487 phosphorylation mediated by
CDK1. We further show that ZMYND8 functions as a scaffold
protein that is critical for mediating the EZH2 recruitment of
FOXM1 and the expression of cancer migration and invasion genes
transactivated by the EZH2-FOXM1 complex. Additionally, it
seems that ZMYND8 binding also protects and maintains EZH2
phosphorylation at T487, thereby tipping EZH2 function away from
PRC2 and toward Polycomb-independent functions. Thus, our cur-
rent findings advance the field by identifying an additional layer of
regulation of EZH2 phosphorylation and associated tumor biology.

Notably, we observed that ZMYND8 antagonizes Polycomb-
dependent function to inhibit H3K27me3 level only in hypoxia-
or VHL-deficient cancer cells, conditions of which are commonly
associated with the up-regulation of HIF transcription factors. In
agreement with a previous report showing that HIF1α inhibits
PRC2 activities (18), we confirm that EZH2 expression is sub-
stantially up-regulated while SUZ12 and EED, two key compo-
nents of PRC2 complex, are largely down-regulated in hypoxia-
or VHL-deficient cells. Based on our findings, we envision a model
wherein under hypoxic or VHL-deficient (but normoxic) conditions,
overexpression of ZMYND8 cooperates with CDK1 to promote
EZH2 T487 phosphorylation-dependent formation of an EZH2-
FOXM1 complex by leveraging the extra “free” EZH2 proteins that
are unassociated with the PRC2 complex. As a result, ZMYND8
overexpression impairs EZH2 Polycomb-dependent gene repressor
function but activates EZH2 Polycomb-independent gene activator
function, thereby enhancing cancer migration and invasion (Fig. 7K).
In summary, our findings uncover a previously unidentified role

of ZMYND8 in regulating PRC2 activities and promoting a
Polycomb-dependent to -independent switch of EZH2 functions in
hypoxia-exposed or VHL-deficient cancer cells. Our data suggest
that EZH2 T487 phosphorylation is important for ZMYND8–
EZH2 interaction, and that this interaction can be largely enhanced
by CDK1 phosphorylation of EZH2. We also demonstrate the
ZMYND8 is essential in mediating the EZH2–FOXM1 interaction
and MMP gene induction. Thus, this essential role of ZMYND8 in
regulating the gene activator function of EZH2 might represent a
viable target for the effective treatment of cancers under hypoxia or
with VHL deficiency, such as ccRCC.

Materials and Methods
The materials used in this study, including cell lines, chemicals, antibodies, and
sequences for sgRNAs, siRNAs, RT-qPCR and ChIP primers, are described in SI
Appendix. TCGA ccRCC patient data were generated using the web-based
tools from UCSC Xena (https://xena.ucsc.edu/) and cBioPortal (https://www.
cbioportal.org/). CPTAC ccRCC patient data were derived through a meta-
analysis from the CPTAC Data Portal (https://cptac-data-portal.georgetown.
edu/). Detailed descriptions of the study methods, including cell culture and
transfection, stable cell line generation, TMA, IHC, co-IP, WB, GST pulldown
assays, RT-qPCR and ChIP-qPCR, and in vitro migration and invasion assays, are
also provided in SI Appendix.

Data Availability.All study data are included in themain text and SI Appendix.
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