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Abstract 
 
Enhancer of zeste homolog 2 (EZH2) is the lysine methyltransferase of polycomb repressive complex 2 (PRC2) that catalyzes 
H3K27 tri-methylation. Aberrant expression and loss-of-function mutations of EZH2 have been demonstrated to be tightly 
associated with the pathogenesis of various myeloid malignancies characterized by ineffective erythropoiesis, such as 
myelodysplastic syndrome (MDS). However, the function and mechanism of EZH2 in human erythropoiesis still remains 
largely unknown. Here, we demonstrated that EZH2 regulates human erythropoiesis in a stage-specific, dual-function 
manner by catalyzing histone and non-histone methylation. During the early erythropoiesis, EZH2 deficiency caused cell 
cycle arrest in the G1 phase, which impaired cell growth and differentiation. Chromatin immunoprecipitation sequencing and 
RNA sequencing discovered that EZH2 knockdown caused a reduction of H3K27me3 and upregulation of cell cycle protein-
dependent kinase inhibitors. In contrast, EZH2 deficiency led to the generation of abnormal nuclear cells and impaired 
enucleation during the terminal erythropoiesis. Interestingly, EZH2 deficiency downregulated the methylation of HSP70 by 
directly interacting with HSP70. RNA-sequencing analysis revealed that the expression of AURKB was significantly 
downregulated in response to EZH2 deficiency. Furthermore, treatment with an AURKB inhibitor and small hairpin RNA-
mediated AURKB knockdown also led to nuclear malformation and decreased enucleation efficiency. These findings strongly 
suggest that EZH2 regulates terminal erythropoiesis through a HSP70 methylation-AURKB axis. Our findings have 
implications for improved understanding of ineffective erythropoiesis with EZH2 dysfunction. 
 

Introduction 
Erythropoiesis is a complex and tightly controlled cellular 
process that consists of early erythropoiesis, terminal 
erythroid differentiation, and reticulocyte maturation. 
During early erythropoiesis, multipotent hematopoietic 
stem cells proliferate and differentiate into burst-forming 
unit-erythroid (BFU-E) cells and colony-forming unit-ery-
throid (CFU-E) cells. During terminal erythroid differenti-
ation, CFU-E cells differentiate into morphologically 
recognizable proerythroblasts (Pro), basophilic erythro-
blasts (Baso), polychromatic erythroblasts (Poly), and or-
thochromatic erythroblasts (Ortho).1,2 Over the last few 

decades, a growing body of evidence has revealed the 
critical roles of epigenetic regulators in the modulation 
of erythropoiesis.3 Epigenetic dysregulation has been 
found to be tightly associated with the onset and pro-
gression of many hematological malignancies character-
ized by dyserythropoiesis.4 
Enhancer of zeste homolog 2 (EZH2) is the core com-
ponent of polycomb repressive complex 2 (PRC2), a pro-
tein complex that catalyzes the trimethylation of histone 
H3 lysine 27 (H3K27me3), which regulates the expression 
of downstream target genes.10 In contrast to extensive 
studies on the function of Ezh2 in maintaining the self-
renewal of hematopoietic stem progenitor cells by sta-
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bilizing the chromatin structure5,6 and the roles in regu-
lating the quiescent hematopoietic stem cell pool by 
supporting their proliferation and exhaustion,7-11 only few 
studies have been conducted to explore the role of Ezh2 
during erythropoiesis. Previous studies have shown that 
deletion of EZH2 results in erythroblast impairment ac-
companied by enhanced apoptosis.12,13 It was shown that 
the stable expression of EZH2 prevents erythroid pre-
cursor cell apoptosis by silencing the expression of Bim1 
during the in vitro-induced differentiation of human fetal 
liver CD34+ hematopoietic stem cells.14 Furthermore, it 
has been reported that EZH2 abnormalities are associ-
ated with abnormal erythropoiesis in primary myelofi-
brosis (PMF), which is a hematopoietic stem cell (HSC) 
disease characterized by aberrant differentiation of all 
myeloid lineages and profound disruption of the bone 
marrow niche.15 Additionally, numerous recent studies 
have demonstrated that aberrant expression and loss-
of-function mutations of EZH2 are tightly associated 
with the pathogenesis and evolution of various myeloid 
malignancies characterized by dyserythropoiesis, such 
as MDS,16 AML,17 and MPN.18 These findings strongly sug-
gest that EZH2 plays critical roles in the regulation of 
human erythropoiesis. However, the mechanism by 
which EZH2 modulates human erythropoiesis still re-
mains largely unknown. 
In this study, we explored the roles and mechanism of 
EZH2 in the regulation of human erythropoiesis by com-
bining a short hairpin RNA (shRNA)-based knockdown 
strategy and treatment with a specific inhibitor to de-
functionalize EZH2. We showed that EZH2 deficiency im-
paired cell growth and delayed differentiation during the 
early stage of erythropoiesis and induced the generation 
of cells with abnormal nuclei and decreased enucleation 
rates during the terminal stage. Integrated analysis of 
RNA sequencing (RNA-seq) and chromatin immunopre-
cipitation sequencing (ChIP-seq) revealed that EZH2 
catalyzes histone and non-histone methylation in a 
stage-specific manner. During the early stage, EZH2 defi-
ciency reduced the abundance of H3K27me3, which in 
turn, upregulated the expression of various cyclin-de-
pendent kinase inhibitors (CDKI). However, during the 
terminal stage when histones are released from the nu-
cleus and are degraded, EZH2 deficiency led to de-
creased methylation of HSP70 accompanied by decrease 
of aurora kinase B (AURKB). Notably, similar to EZH2 defi-
ciency, AURKB knockdown also caused the generation of 
cells with aberrant nuclei and a significant decrease of 
enucleation rate, strongly suggesting EZH2 regulates ter-
minal erythropoiesis via HSP70-AURKB axis. Our findings 
provide novel insights into the role of EZH2 in regulating 
human erythropoiesis and have implications in under-
standing ineffective erythropoiesis associated with EZH2 
dysfunction.  

Methods 
Antibodies  
The details of antibody usage are described in the Online 
Supplementary Appendix. 

Erythroid differentiation of CD34+ cells and small 
hairpin RNA-mediated knockdown 
Primary human cord blood CD34+ cells were isolated from 
mononuclear cells (MNC) obtained using standard density 
gradient centrifugation, followed by positive selection 
using CD34+ magnetic selective beads system (Miltenyi 
Biotechnology, Bergisch Gladbach, Germany) according to 
the manufacturer’s protocol.1 The cell culture details are 
described in the Online Supplementary Appendix. The de-
tailed preparation of lentivirus, and transduction in CD34+ 
cells have been described previously.19 

Flow cytometry analyses of H3K27me3 
For flow cytometry analysis of H3 Lys27 trimethylation, we 
collected normal erythroid cells cultured on days 7, 11 and 
15. Then the cells were fixed with 4% paraformaldehyde 
at 25°C for 10 minutes (min) and permeabilized with 0.1% 
Triton X-100 for 10 min. Cells were washed twice in phos-
phate-buffered saline (PBS) and stained with anti-Lys27-
Me3 antibody (Cell Signaling Technology, 9733S) for 20 
min, then incubated with anti-rabbit IgG Alexa fluor 488 
(Cell Signaling Technology, 2975) for 20 min, followed by 
fluorescence-activated cell sorting (FACS) analysis using 
a BD LSRFortessa™ flow cytometry.20  

Drug treatment 
The drugs for cell treatment were as follows. Tazemetostat 
(EPZ-6438, S7128) was purchased from Selleck and was 
added into cell culture at a final concentration of 0.5 mM 
and 5 mM. Barasertib (AZD1152-HQPA, AZD2811, S1147) was 
purchased from Selleck Chemicals dissolved in dimethyl 
sulfoxide (DMSO), and was used at a final concentration of 
2 n Mand 10 nM. Adenosine periodate oxidized (AdOx, 
A7154) was purchased from Sigma-Aldrich and was used 
at final concentrations of 10 mM and 20 mM. 

Protein immunoprecipitation and immunoblotting  
Cells (20×106) were collected and lysed with RIPA buffer 
(#89900, Thermo Fisher Scientific) supplemented with the 
proteinase inhibitor PMSF (#36978, Thermo Fisher Scien-
tific) for 1 hour. Cell lysates were precleared with magnetic 
protein A/G beads (#1614833, Bio-Rad) for 1 hour, followed 
by incubation with protein A/G beads for 2 hours and fi-
nally with antibodies (EZH2, HSP70, HSP90, methylated 
lysine antibody, or isotype control antibody) for 12 hours 
at 4°C and then washed 5 times with wash buffer (same 
as lysis buffer). The immunoprecipitation mixture was 
boiled in SDS sample buffer and separated by 10% SDS-
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PAGE, transferred onto a nitrocellulose membrane 
(#1620177, Bio-Rad), and western blotting was performed 
following standard protocols. 

Mass spectrometry 
The protein bands were shown by Coomassie staining. The 
blue staining was removed from the SDS-PAGE gel and 
digested for 12 hours at 37°C with 200 ng of modified se-
quencing grade trypsin (Promega) in 50 mM ammonium 
bicarbonate buffer containing RapiGest (Waters Corpor-
ation). Digested samples were analyzed by high sensitivity 
liquid chromatography tandem mass spectrometry and 
Orbitrap fusion Lumos mass spectrometer (Thermo Fisher 
Scientific). The mass spectrometry proteomics data have 
been deposited to the ProteomeXchange Consortium via 
the PRIDE21 partner repository with the dataset identifier 
PXD039069 and PXD039198. 

Data analysis 
We performed ChIP-seq and RNA-seq and a detailed de-
scription of the data analysis is provided in the Online 
Supplementary Appendix. 

Results 
Expression and subcellular location of EZH2 and 
H3K27me3 dynamically changed during erythropoiesis 
We differentiated cord blood-derived CD34+ cells to ery-
throid cells using a three-step culture erythroid system, 
as shown in Figure 1A. Although erythropoiesis is a con-
tinuous process, it can be divided into two stages: early 
erythroid development and terminal erythroid differenti-
ation. The cell composition of each cell category and cyto-
plasm were shown in the Online Supplementary Figure S1A, 
B. In order to investigate the function of EZH2 during 
human erythropoiesis, we first analyzed the expression 
level of EZH2 from the transcriptomics data of highly puri-
fied populations of erythroid cells from cord blood and pe-
ripheral blood at distinct stages of erythropoiesis.22 The 
expression of EZH2 was increased in late basophilic and 
polychromatic erythroblasts, but was decreased in ortho-
chromatic erythroblasts during erythropoiesis (Online Sup-
plementary Figure S2A, B). It is well known that EZH2 acts 
as a histone methyltransferase that catalyzes the modifi-
cation of H3K27me3.10 We collected cells at days 7, 9, 11, 
13, and 15 during the process of erythroid differentiation 
and detected the protein level of EZH2 and the abundance 
of H3K27me3 by western blot. As shown in Figure 1B, EZH2 
was consistently expressed at all stages of erythroid de-
velopment, while the abundance of H3K27me3 was grad-
ually decreased. We also used flow cytometry based 
strategy to check the level of H3K27me3 according to pre-
vious works.20 As shown in the Figure 1C, H3K27me3 was 

significantly decreased from day 7 to day 15. We further 
examined the location of EZH2 and H3K27me3 by immu-
nofluorescence and western blotting on days 7, 11, and 15 
(Figure 1D, E). Notably, we found that EZH2 was constantly 
located in the nucleus, but H3K27me3 was gradually re-
leased from the nucleus to the cytoplasm. Given that both 
EZH2 and H3K27me3 are located in the nucleus in early 
stage erythroid cells, and that H3K27me3 are predomi-
nantly present in the cytoplasm, we hypothesize that 
EZH2 played a critical role in modulating H3K27me3 dur-
ing the early erythroid development, while EZH2 regulates 
cellular function in a H3K27me3-independent manner 
during the terminal erythroid development. 

Deficiency of EZH2 impaired cell growth and delayed 
differentiation in the early stage of erythropoiesis 
In order to test our hypotheses, we used two methods to 
achieve EZH2 dysfunction during early and terminal ery-
throid development. One strategy used a shRNA-mediated 
approach using a tetracycline-inducible-GFP expression 
system that is induced by adding doxycycline (DOX) at 
specific stages, and the second approach was to treat 
cells with EPZ6438, a specific inhibitor of EZH2 (Figure 
2A). We first determined the knockdown efficiency of 
EZH2 in the erythroid progenitors using real-time polyme-
rase chain reaction and western blot analysis, which was 
shown to be nearly 80% (Online Supplementary Figure 
S3A–C). EZH2 deficiency reduced the cell number of the 
erythroid progenitor cells by 4-fold as compared to that 
of the control group (Figure 2B). In order to address the 
causes for impaired cell growth, we examined cell apop-
tosis using 7-AAD and Annexin V double staining and found 
that the cell apoptosis rate of the control group and EZH2 
knockdown group were approximately 7.29% and 7.51%, re-
spectively. For the DMSO control, the apoptosis rate was 
4.91%, while the apoptosis rate of the EPZ6438 0.5 mM and 
EPZ6438-5mM groups was 5.98% and 6.0%, respectively 
(Online Supplementary Figure S4A). There was no signifi-
cant difference in the cell apoptosis rate between the con-
trol and EZH2 dysfunction groups (Online Supplementary 
Figure S4B). We then checked cell cycle using an EdU flow 
cytometry assay and we found that knockdown of EZH2 
led to G1 phase cell cycle arrest of erythroid progenitors 
(Figure 2C). Aside from the impairment of cell growth, we 
further found that EZH2 knockdown also delayed the dif-
ferentiation of erythroid progenitor cells with an increase 
in BFU-E and decreased in CFU-E (Figure 2D). We then 
checked the colony-forming ability of erythroid progen-
itors and found that the number and size of BFU-E and 
CFU-E clones in the control groups were significantly 
greater than that of EZH2-defunctionalized groups (Figure 
2E). In summary, dysfunction of EZH2 impaired cell 
growth by arresting the cell cycle in G1 phase and delayed 
differentiation during early erythroid development. 
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Figure 1. The abundance and localization of EZH2 and H3K27me3 during erythropoiesis. (A) Schematic diagram of erythroid cell dif-
ferentiation from CD34+ cells. The day of getting CD34+ cells was recorded as day 0. Early erythroid development was the first phase 
(day 0 to day 7), terminal erythroid development was the second and third phase (day 7 to day 15). (B) Representative western blot 
showing the level of EZH2 and H3K27me3 in whole cell lysates prepared from cultured erythroid cells on days 7, 9, 11, 13, and 15. 
Quantitative analysis of EZH2 and H3K27me3 from 3 independent experiments. The H3K27me3 signals were normalized to H3 using 
densitometric analysis with ImageJ software. (C) Flow cytometry analysis of H3K27me3 in normal erythroid cells cultured on days 
7, 11 and 15. Quantitative analysis from 3 independent experiments showing the abundance of H3K27me3. (D) Immunofluorescence 
images showing the location of EZH2 and H3K27me3 (green) on days 7, 9, 11, 13, and 15. Hoechst 33342 (blue) was used to stain the 
nucleus. GPA (red) was used to stain the membrane of terminal erythroid cells. (E) Western blot analysis showing the location of 
EZH2 and H3K27me3 by extracting nuclear and cytoplasm protein. RCC1 and tubulin were used as nuclear and cytoplasmic markers, 
respectively. Quantitative analysis of EZH2 and H3K27me3 protein level in the nucleus and cytoplasm from 3 independent experi-
ments. Statistical analysis is from 3 independent experiments, and the bar plot represents mean ± standard deviation of triplicate 
samples. ns: not significant; *P<0.05, **P<0.01, ***P<0.001.
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Figure 2. Deficiency of EZH2 impaired cell growth and delayed differentiation during early stage of human erythropoiesis. (A) 
Schematic diagram of experiment method. The day of getting CD34+ cells was recorded as day 0. Lentivirus human CD34+ trans-
duction at day 2. During the early stage erythroid development, small hairpin RNA (shRNA)-mediated knockdown was performed 
by using a tetracycline-inducible-GFP expression system, which can be induced by adding doxycycline (DOX) at day 3 or defunc-
tionized EZH2 by treating cells with EPZ6438 at day 3. (B) Growth curves of cells, including scramble-shRNA, EZH2-shRNA, di-
methyl sulfoxide (DMSO) control, EPZ6438-0.5 mM, and EPZ6438-5 mM. (C) Representative flow cytometry profiles of the cell 
cycle as assessed by EdU and 7-AAD staining of day 7 erythroid cells. Quantitative analysis of the cell cycle from 3 independent 
experiments. (D) Flow cytometry analysis of erythroid progenitor cells at day 7. The fold change of absolute progenitor cells 
(burst-forming unit-erythroid [BFU-E] and colony-forming unit-erythroid [CFU-E]) number. (E) Colony-forming ability of erythroid 
cells derived from scramble-shRNA, EZH2-shRNA, DMSO control, EPZ6438 0.5 mM, and EPZ6438 5 mM in BFU-E colony medium 
or CFU-E colony medium on day 6; scale bar, 200 mm. Quantitative analysis the number of BFU-E and CFU-E colonies from 3 in-
dependent experiments. Statistical analysis is from 3 independent experiments, and the bar plot represents mean ± standard 
deviation of triplicate samples. ns: not significant; *P<0.05, **P<0.01, ***P<0.001. 
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Integrated chromatin immunoprecipitation sequencing 
and RNA sequencing analyses of the effect of EZH2 on 
the early stage of erythropoiesis 
In order to further confirm our conjecture and explore the 
mechanism of EZH2 regulating early erythropoiesis via cata-
lyzing the formation of H3K27me3, we performed ChIP-seq 
and RNA-seq analyses of control and EZH2-knockdown ery-
throblasts cultured for 7 days (Online Supplementary Figure 
S5). Heat maps and corresponding profile plots of ChIP-seq 
displayed a significant decrease in the abundance of 
H3K27me3 in response to EZH2 knockdown (Figure 3A, B). 
We further conducted genomic feature analysis of the dis-
tribution of H3K27me3, and found that 23.57% of decreased 
peaks in EZH2-shRNA group had presence in the promoter 
regions (Online Supplementary Figure S6A). Volcano plot and 
heat map analysis of the RNA-seq data showed that there 
were approximately 696 differentially expressed genes 
(DEG) between the scramble-shRNA and EZH2-shRNA 
groups (adjusted P value <0.1), and the number of upregu-
lated and downregulated genes in EZH2-deficient cells was 
570 and 126, respectively (Online Supplementary Figure S6B, 
C). Gene ontology (GO) pathway enrichment analysis for 
DEG revealed that the upregulated genes were mainly en-
riched in the hemostasis and functional activation of hema-
topoietic cells, while the down-regulated genes 
predominantly enriched in metabolic pathways (Online Sup-
plementary Figure SA, B). Box plot of integrated ChIP-seq 
and RNA-seq analysis showed that the upregulated ex-
pression of genes was tightly associated with the reduction 
of H3K27me3 in EZH2-shRNA group (Figure 3C). Further GO 
terms analysis showed that the upregulated genes were 
significantly enriched in the cell growth-associated biolog-
ical processes, such as negative regulation of growth, 
negative regulation of cell growth, and cell growth (Figure 
3D). Heat maps showed that decreased H3K27me3 signal 
around transcription start site (TSS) and upregulated CDK 
gene expression in EZH2-shRNA group (Online Supplemen-
tary Figure S8A). Furthermore, the integrated analysis also 
revealed enrichment peaks of H3K27me3 at the promoter 
region of CDKN1A and CDKN1C (Figure 3E), together with sig-
nificantly upregulated mRNA expression of CDKN1A and 
CDKN1C (approximately 8 times) in EZH2-shRNA group (On-
line Supplementary Figure S8B, C). Taken together, our data 
show that EZH2 regulates the expression of CDK-related 
genes by modulating the modification of H3K27me3 and 
plays critical roles in the regulation of erythroid progenitor 
cell growth and differentiation of erythroid progenitors dur-
ing early erythroid development. 

Knockdown of EZH2 induced the generation of abnormal 
nuclear cells and impaired enucleation during the 
terminal erythroid development 
We then further explored the roles and mechanisms 
through which EZH2 regulates terminal erythroid devel-

opment (Figure 4A). We first determined the knockdown 
efficiency of EZH2 of erythroblasts during the terminal 
stage of erythropoiesis using real-time polymerase chain 
reaction (PCR) and western blotting. We found that the 
knockdown efficiency of EZH2 was approximately 85% on 
days 11 and 15 (Figure 4B-D). By counting cell numbers 
from day 7 to day 15, we found that the number of cells in 
the control and EZH2-knockdown groups increased from 
approximately 1×106 to about 100×106, whereas for the con-
trol and EPZ6438-treated groups, the cell numbers in-
creased from approximately 1×106 to about 130×106 (Online 
Supplementary Figure S9A). Then we detected cell apop-
tosis in the erythroblasts at days 11 and 13 using 7-AAD and 
Annexin V double-staining, which were analyzed by flow 
cytometry. The ratio of apoptotic cells in the Scramble-
shRNA group increased from approximately 6.7% to 8.9%, 
as compared to approximately 8.9% to 10.1% in the EZH2-
knockdown group. For the control and EPZ6438-treated 
groups, the ratio of apoptotic cells increased from approxi-
mately 5.7% to 8.8% and from approximately 6.4% to 9.4%, 
respectively. Taken together, we found that dysfunction of 
EZH2 had no effect on either the cell growth or cell apop-
tosis (Online Supplementary Figure S9B, D). We also moni-
tored changes in the cell cycle by an EdU incorporation 
assay, and we found no significant difference between the 
control and experimental groups (Online Supplementary 
Figure S9C, E). The differentiation of CFU-E cells into ery-
throid precursors is characterized by the surface ex-
pression of glycoprotein A (GPA), a specific marker of 
erythroid cells. The results showed that there was no dif-
ference in the ratio of GPA-positive cells on days 9, 11, 13, 
and 15 (Online Supplementary Figure S10A, B). Using α4-in-
tegrin and Band 3 as surface markers, differentiation of 
pro-erythroblasts to late-stage erythroblasts was detected 
by flow cytometry. The results showed that dysfunction of 
EZH2 does not affect terminal erythroid differentiation (On-
line Supplementary Figure S10D, E). Notably, the morpho-
logical observations indicated that both EZH2 knockdown 
and EPZ6438 treatment significantly increased the gener-
ation of cells with abnormal nuclei, with approximately 22% 
and 28% on days 13 and 15, respectively (Figure 4E; Online 
Supplementary Figure S10C). In addition, by using flow 
cytometry to check the extruded nuclei that were stained 
with Hoechst 33342, we found that EZH2 dysfunction also 
caused a dramatic decrease in the enucleation rate to ap-
proximately 15% and 20% on days 13 and 15, respectively. 
However, enucleation rates were approximately 30% and 
50% on days 13 and 15, respectively, for the control group 
(Figure 4F). In conclusion, although dysfunction of EZH2 
did not affect cell growth and differentiation, both knock-
down of EZH2 and treatment with EPZ6438 led to signifi-
cant impairment of the terminal stage of erythropoiesis by 
inducing the generation of erythroblasts with abnormal nu-
clei, which caused a reduction in the enucleation rate. 
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Figure 3. EZH2 regulated the CDK-related genes by modulating H3K27me3 during early stage erythropoiesis. (A) The heat maps 
showing the chromatin immunoprecipitation sequencing (ChIP-seq) signals of EZH2-small hairpin RNA (shRNA) (left) and 
scramble-shRNA (right) around TSS. (B) Representative peaks chart image showing the ChIP signals of EZH2-shRNA (blue) and 
scramble-shRNA (green) around TSS. (C) Box chart analysis showing downregulation of H3K27me3 gene expression. (D) Go analysis 
showing the functional classification of upregulation DEG by regulated of H3K27me3 after knockdown EZH2. (E) Methylation and 
gene expression level at CDKN1A and CDKN1C locus in scramble-shRNA and EZH2-shRNA.
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Figure 4. Knockdown of EZH2 induced abnormal nuclear cells and impaired enucleation during terminal erythropoiesis. (A) Sche-
matic diagram of experiment method. The day of getting CD34+ cells was recorded as day 0. Lentivirus transduction human 
CD34+ at day 2. Doxycycline (DOX) or EPZ6438 was added at day 7. (B) Quantitative real-time polymerase chan reaction (qRT-
PCR) results showing EZH2 expression in erythroblasts infected with lentivirus containing scramble-small hairpin RNA (shRNA) 
and EZH2-shRNA on days 11 and 15. (C) Representative western blot images showing the knockdown efficiency of scramble-
shRNA and EZH2-shRNA on days 11 and 15. (D) Quantitative analysis the knockdown efficiency of EZH2 from 3 independent ex-
periments. (E) Representative images of scramble-shRNA, EZH2-shRNA, diemthyl sulfoxide (DMSO) control, EPZ6438-0.5 mM, 
and EPZ6438-5 mM on day 15. Red arrow pointed to cells with abnormal nuclear morphology; scale bar, 5 mm. Statistical analysis 
of abnormal nuclear cells from 3 independent experiments. (F) Flow cytometry analysis showing the enucleation efficiency of 
scramble-shRNA, EZH2-shRNA, DMSO control, EPZ6438 0.5 mM, and EPZ6438 5 mM on days 11 and 15. Statistical analysis of the 
enucleation efficiency from 3 independent experiments. Statistical analysis is from 3 independent experiments, and the bar plot 
represents mean ± standard deviation of triplicate samples. ns: not significant; *P<0.05, **P<0.01, ***P<0.001.
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EZH2 interacted with HSP70 and catalyzed HSP70 
methylation 
In order to understand the molecular mechanisms under-
lying EZH2 regulation of terminal erythropoiesis, we carried 
out a co-immunoprecipitation coupled with mass spec-
trometry (CoIP-MS) assay to identify proteins that interact 
with EZH2. As shown in Figure 5A, various non-histone pro-
teins were found to possess the capability to bind with 

EZH2, among which HSPA8, HSP90AB1, HSP90AA1, and 
HSPA1B were identified to have the highest binging capa-
bility. Previous studies have reported that HSPA8 and 
HSPA1B are members of the HSP70 family, which is an evol-
utionarily conserved family of ATP-dependent chaperones 
involved in a variety of biological processes.23-25 Both 
HSP90AB1 and HSP90AA1 belong to the HSP90 protein 
family, which are highly conserved ubiquitous molecule.26,27 

Figure 5. EZH2 interacted with HSP70 
and catalyzed HSP70 methylation. (A, B) 
Mass spectrometry analysis of proteins 
pulled-down by an anti-EZH2 antibody. 
Immunoprecipitation (IP) was per-
formed using cell lysates collected from 
cultured cells on day 15 using control 
IgG, anti-EZH2 antibody, or anti-HSP70 
and anti-HSP90 followed by immunob-
lotting (IB) with anti-HSP70 antibody or 
anti-EZH2 antibody, followed by IB with 
anti-HSP90 antibody or anti-EZH2 anti-
body. (C) Immunofluorescence images 
showing the co-localization of EZH2 
(green) and HSP70 (red). Hoechst 33342 
(blue) was used to stain the nucleus. (D) 
Representative western blot showing 
the protein level of HSP70 in cells trans-
fected with scramble-small hairpin RNA 
(shRNA) or EZH2-shRNA and treated 
with or without EPZ6438 (0.5 mM, 5 mM). 
H3, and Tubulin were used as loading 
control. Quantitative analysis of the 
relative protein level of HSP70 from 3 
independent experiments. (E, F) IP 
analysis of anti-HSP70 or anti-Methyl-K 
was performed followed by IB with anti-
Methyl-K or HSP70 in cells were trans-
fected with scramble-shRNA and 
EZH2-shRNA. Statistical analysis is from 
3 independent experiments, and the bar 
plot represents mean ± standard devi-
ation of triplicate samples. ns: not sig-
nificant; *P<0.05, **P<0.01, ***P<0.001.  
IgG: immunoglobulin G.
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In order to verify the mass spectrometric results, we per-
formed immunoprecipitation with an anti-EZH2 antibody 
followed by immunoblotting using anti-HSP70 antibody and 
anti-HSP90 antibodies. The results further confirmed that 
EZH2 can interact with both HSP70 and HSP90 proteins 
(Figure 5B). In order to further confirm the interaction be-
tween EZH2 and HSP70, we performed immunofluor-
escence staining to check the location of EZH2 and HSP70. 
We found that they were co-localized together in the nu-
cleus (Figure 5C). In addition, by checking the expression of 
HSP70 after knockdown of EZH2, we found that the protein 
level of HSP70 remained unchanged in the EZH2 dysfunc-
tion group as compared to the control group (Figure 5D). 
Recently, it was reported that EZH2 performs a non-ca-
nonical enzymatic role by which EZH2 catalyzes the 
methylation of specific lysine residues of various non-hi-
stones.28,29 Thus, we speculated that, by direct binding to 
HSP70 and HSP90, EZH2 might exert regulatory roles by 
mediating the methylation of HSP70 or HSP90. By perform-
ing immunoprecipitation with a HSP70 or HSP90 antibody 
followed by immunoblotting using a pan-methyl lysine anti-
body, we found that dysfunction of EZH2 actually affected 
the methylation of HSP70, but not HSP90. We performed 
western blot analysis combined with co-immunoprecipita-
tion to assess the function of EZH2 in HSP70 and HSP90 
methylation. We found that HSP70 methylation was attenu-
ated after EZH2 deficiency (Figure 5E, F). However, no 
methylation of HSP90 was detected (data not shown), sug-
gesting that HSP90 methylation was not involved in medi-
ating EZH2 function. In order to gain further evidence that 
EZH2 catalyzes HSP70 methylation, we sought to identify 
the potential methylation sites in HSP70 protein by mass 
spectrometry. As shown in Online Supplementary Figure S11, 
we found that in the control group there were four methyl-
ated sites of HSP70, which were Lys7, Lys9, Lys10, and 
Lys33, while there were no methylated sites observed on 
HSP70 in the EZH2-knockdown groups. All of these results 
strongly indicate that EZH2 can bind to HSP70, which thus, 
modulates the terminal stage of erythropoiesis by catalyz-
ing methylation of HSP70. 

Knockdown of EZH2 resulted in downregulation of 
AURKB at the transcriptional level 
In order to further explore the molecular mechanisms 
underlying the roles of EZH2 in the regulation of terminal 
erythroid development, we performed RNA-seq analysis 
on cells in the control and EZH2-knockdown groups on 
day 15 (Figure 6A). Volcano and heat map analysis showed 
that the number of DEG were approximately 419, with ap-
proximately 166 and 253 genes upregulated and down-
regulated in EZH2-knockdown cells, respectively (Figure 
6B, C). Downregulated genes were enriched with GO terms 
involved in various biological processes reported to be 
tightly associated with nuclear condensation and enucle-

ation, which occur specifically during the terminal stage 
of erythropoiesis,30-32 including chromosome segregation, 
organelle fission and spindle organization. Gene set en-
richment analysis (GSEA) revealed that the AURKB gene, a 
subunit of the chromosome guest protein complex, which 
ensures accurate chromosome segregation and cell divi-
sion, was present in most of these key pathways (Figure 
6D, E). Based on the occurrence of methylation on non-
histone protein HSP70, we speculated that HSP70 methyl-
ation was tightly associated with the regulation of the 
expression of AURKB at the transcriptional level. In order 
to test this, we treated day 14 cells with or without the 
methyltransferase inhibitor adenosine-2�, 3�-dialdehyde 
(AdOx) (2 nM and 10 nM)33 and then determined the abun-
dance of HSP70 methylation and expression of AURKB. 
Western blot analysis showed that global lysine methyl-
ation decreased while the protein expression of HSP70 was 
unchanged (Figure 7A-C). We then performed an immuno-
precipitation experiment using anti-HSP70 antibody or 
anti-methyl-lysine antibody followed by immonblotting 
using an anti-methyl-lysine or anti-HSP70 antibody. As 
shown in Figure 7D and E, the results showed that HSP70 
methylation dramatically decreased in the presence of 
AdOx. We further found that the transcript level of AURKB 
was also significantly downregulated, which was accom-
panied with a decrease in the methylation of HSP70 (Figure 
7F). In conclusion, the decreased of AURKB transcription 
could be attributed to a reduction of HSP70 methylation. 

Dysfunction of AURKB led to the generation of abnormal 
nucleus and impairment in enucleation efficiency 
We then conducted experiments to examine the effects of 
AURKB deficiency on terminal erythropoiesis. We treated 
day 11 cultured normal cells with AZD2811,34 an AURKB in-
hibitor used at 2 nM and 10 nM or knockdown AURKB using 
shRNA-mediated approach on day 11. Flow cytometry 
analysis showed that the addition of AZD2811 had no effect 
on cell apoptosis at days 13 and 15 (Online Supplementary 
Figure S12A, B). Furthermore, there were no difference in 
terminal erythroid differentiation after adding AZD2811 
(Online Supplementary Figure S12C, D). However, we found 
that addition of AZD2811 impaired the enucleation effi-
ciency in cells on days 13 and 15. The enucleation efficiency 
with AZD2811 treatment was decreased nearly 15% and 
28% on days 13 and 15 (Figure 8A, B), respectively. Similarly, 
knockdown of AURKB also decreased enucleation effi-
ciency. Upon morphology observation, approximately 20% 
of the cells in the AZD2811 groups and AURKB-shRNA 
groups had abnormal nuclei (Figure 8C, D). These results 
suggested that inhibiting the function of AURKB can also 
cause abnormal nuclei and decreased enucleation effi-
ciency. In summary, these findings suggested that EZH2 
may regulated AURKB expression by mediating HSP70 
methylation during terminal erythroid development. 
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Figure 6. EZH2 deficiency resulted in the downregulation of AURKB at transcriptional level. (A) Principal component analysis of 
samples representing 3 biologic replicates from D15 cells transfected with scramble-small hairpin RNA (shRNA) and EZH2-shRNA. 
(B) Volcano map showing genes with significant difference between scramble-shRNA and EZH2-shRNA group. (C) Heat map 
showing expression values of differentially expressed genes (DEG) between scramble-shRNA and EZH2-shRNA group. (D) The 
top 15 downregulated pathways revealed by gene ontology gene ontology (GO) analysis of the differentially expressed genes be-
tween scramble-shRNA and EZH2-shRNA. (E) Rank-based gene set enrichment pathways by EZH2 significantly regulated. The 
images of gene set enrichment analysis  demonstrated the key pathways which all involved in the AURKB gene. 

A B

C

E

D

Haematologica | 108 September 2023 

2497

ARTICLE - Dual function of EZH2 in erythropoiesis M. Li et al.



Discussion 
In this study, we are surprised to find that EZH2 regulates 
human erythropoiesis in a stage-specific dual function 
manner, by regulating early erythroid development via 
catalyzing H3K27me3 and modulating terminal stage de-
velopment by eliciting non-histone methylation. It is im-
portant to note that terminal erythroid differentiation is a 
complex and highly regulated process that includes de-
creased nuclear size, chromatin condensation, and cul-
minates in enucleation.31,32 Previous studies have shown 
that some nuclear proteins, such as histones, are ex-
ported from the erythroid precursor nucleus into the 
cytoplasm and ultimately degraded during terminal ery-
throid development.35 Our results demonstrated that 
H3K27me3 was exported into the cytoplasm of normal 
erythroblasts during maturation, whereas EZH2 was con-
stantly localized in the nucleus during normal erythro-
poiesis. This finding provides a useful model to study the 
non-canonical roles of EZH2, such as non-histone 

methylation, without interference from the classical sub-
strate H3K27me3.  
It has been reported that EZH2 deletion can affect cell 
proliferation through cell cycle arrest in lung cancer 
cells,36 mouse osteogenesis,37 breast cancer,37 and human 
glioma cells.37 Triviai et al. also reported that EZH2 abnor-
malities can promote clonal proliferation of tumorigenic 
hematopoietic stem cells, block the hematopoietic pro-
genitor cell cycle, and impair erythropoiesis in PMF15. In 
our study, on early erythroid development, we found defi-
ciency of EZH2 impaired cell proliferation due to cell cycle 
arrest in the G1 phase and delayed the differentiation of 
progenitor erythroid cells. Furthermore, we found that 
EZH2 function was dependent on H3K27me3 during early 
erythroid development. A previous study reported that in 
acute myeloid leukemia, EZH2 deletion leads to a signifi-
cant reduction in the level of H3K27me3 and affects CDKI 
and genes related to the development and differentiation 
process.38 Consistent with the previous findings, our cur-
rent study demonstrated that knockdown of EZH2 led to 

Figure 7. Methylated HSP70 regulates the transcription of AURKB. (A) Representative western blot showing the protein level of 
HSP70 in cells treated with or without adenosine-2�, 3�-dialdehyde (AdOx). H3 and tubulin were used as loading control. (B) 
Quantitative analysis of the relative protein level of Methyl-K from 3 independent experiments. (C) Quantitative analysis of the 
relative protein level of HSP70 from 3 independent experiments. (D, E) Cells were treated with or without AdOx (2 nM, 10 nM) 
and then used in an immunoprecipitation with anti-HSP70 or anti-Methyl-K followed by immunoblotting with anti-Methyl-K or 
HSP70. (F) Quantitative analysis the relative mRNA expression level of AURKB from 3 independent experiments. Statistical analysis 
is from 3 independent experiments, and the bar plot represents mean ± standard deviation of triplicate samples. ns: not signifi-
cant; *P<0.05, **P<0.01, ***P<0.001. IB: imminoblotting; IP: immunoprecipitation; IgG: immunoglublin G; DMSO: dimethyl sulf-
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Figure 8. Deficiency of AURKB led to the generation of abnormal nucleus and decreased enucleation efficiency. (A) Flow cytometry 
analysis showing the enucleation efficiency of dimethyl sulfoxide (DMSO) control, AZD2811 2 nM, and AZD2811 10 nM on days 13 and 
15. Statistical analysis of the enucleation efficiency from 3 independent experiments. (B) Flow cytometry analysis showing the enu-
cleation efficiency of scramble-small hairpin RNA (shRNA), AURKB-shRNA1, and AURKB-shRNA2 on days 13 and 15. Statistical analysis 
of the enucleation efficiency from 3 independent experiments. (C) Representative cytospin images of DMSO control, AZD2811 2 nM, 
and AZD2811 10 nM on day 15. Red arrow pointed to cells with abnormal nuclear morphology; scale bar, 5 mm. Statistical analysis 
of abnormal nuclear cells from 3 independent experiments. (D) Representative cytospin images of scramble-shRNA, AURKB-shRNA1, 
and AURKB-shRNA2 on day 15. Red arrow pointed to cells with abnormal nuclear morphology; scale bar, 5 mm. Statistical analysis 
of abnormal nuclear cells from 3 independent experiments. Statistical analysis is from 3 independent experiments, and the bar 
plot represents mean ± standard deviation of triplicate samples. ns: not significant; *P<0.05, **P<0.01, ***P<0.001.
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upregulation of cell cycle-related gene expression, includ-
ing CDKN1A and CDKN1C.  
In recent years, it has been shown that EZH2 not only regu-
lates biological processes via catalyzing H3K27me3, but 
also modulates the transcriptional expression of genes in-
dependent of H3K27me3. Numerous studies have shown 
that EZH2 can modulate non-histone protein methylation 
in an H3K27me3-independent manner, and most of them 
are transcription factors (TF) and chromatin-associated 
proteins,29 such as STAT3,39 GATA4,29 and AR.40 Interestingly, 
during terminal erythroid development, we found in the 
present study that EZH2 knockdown had no significant ef-
fect on the proliferation, apoptosis, and differentiation, but 
it rather increased abnormal nuclear cells and decreased 
enucleation efficiency in an H3K27me3-independent 
manner. We found that H3K27me3 was released into the 
cytoplasm, while EZH2 was still in the nucleus in the late 
erythroid cells. Moreover, EZH2 can interact with non-hi-
stone HSP70 and HSP90. It is worth mentioning that EZH2 
can only regulate HSP70 methylation. Based on these re-
sults, we conclude that the dysfunction of the late-stage 
cells induced by EZH2 knockdown is caused by decreasing 
non-histone HSP70 methylation independent of the effects 
of H3K27me3 on terminal erythropoiesis. 
HSP70 proteins are well-known molecular chaperones in-
volved in protein folding.41,42 Several studies have demon-
strated that HSP70 can play an important regulatory role 
in human erythroblasts by stabilizing GATA1, a core tran-
scription factor in the differentiation and maturation of 
erythroblasts.24 In our study, the result showed that al-
though knockdown EZH2 significantly affected the 
methylation of HSP70, but did not affect the protein ex-
pression level of HSP70. Based on this finding, we specu-
lated that it is very likely GATA1 is not changed in 
EZH2-knockdown cells. This hypothesis is supported by 
our western blot as well as RNA-seq analysis (Online Sup-
plementary Figure S13A-C). It has also been reported that 
abnormal expression or function of HSP70 can promote 
ineffective erythropoiesis in β-thalassemia,43,44, MDS,23,45, 
and Diamond-Blackfan anemia.24,46 In addition, an increas-
ing number of studies have revealed other functions of 
HSP70 chaperone proteins and linked the methylation of 
non-histone proteins to the regulation of gene transcrip-
tion.33,47 More importantly, a previous study reported that 
nuclear HSP70 can directly interact with AURKB, and en-
hanced HSP70 lysine methylation can promote its 
activity.48 In the present study, we provide evidence show-
ing that dysregulation of HSP70 methylation led to re-
pression of AURKB expression during terminal erythroid 
development. 
AURKB has been identified as a key component of chro-

mosome passenger complex (CPC), and inhibition of 
AURKB leads to impaired CPC function.49 The highly dy-
namic CPC is critical for various cell processes, such as 
chromatin condensation, chromosome orientation at the 
mitotic spindle and spindle assembly checkpoints, and 
cytoplasmic division.50 Most of these cell processes have 
been shown to play critical roles during the unique cell 
events of the terminal stage of erythropoiesis, including 
nuclear condensation and enucleation.  
In summary, we uncovered a previously unknown mech-
anistic roles for EZH2 in the regulation of human erythro-
poiesis. We demonstrated that EZH2 can modulate normal 
erythropoiesis via catalyzing methylation of both non-hi-
stone and histone proteins in a stage-dependent manner. 
Our findings provide novel insights into understanding of 
the roles of EZH2 in the regulation of normal and ineffec-
tive erythropoiesis. 
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