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Higher EZH2 expression is associated with extramedullary
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Abstract Accumulating evidence indicates that enhancer of
zeste homolog 2 (EZH2) promotes the metastatic ability of
solid tumors, but the role of EZH2 in extramedullary infiltra-
tion (EMI) in acute myeloid leukemia (AML) has not been
thoroughly explored. In the present study, we investigated the
possible association between EZH2 and EMI. We found that
the messenger RNA (mRNA) and protein expression levels of
EZH2 in AML patients were both significantly higher than in
idiopathic thrombocytopenic purpura (ITP) patients.
Furthermore, a positive correlation between EZH2 mRNA
expression and percentage of peripheral blood blasts wa s

found in AML patients (r=0.404, p=0.009). The migratory
capacities of Kasumi-1 and HL-60, which both show a high
level of EZH2 expression, were markedly higher than those of
U937 and KG-1α. In contrast, silencing of EZH2 resulted in
reduction in proliferation and migration ability and an increase
in apoptosis. The latter observation was accompanied by re-
duced expression of associated proteins p-ERK, p-cmyc, and
matrix metalloproteinase 2 (MMP-2) and an increase in epi-
thelial cadherin (E-cadherin). These data suggest that higher
expression of EZH2 may be associated with extramedullary
infiltration in acute myeloid leukemia and affect pathogenesis
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via activation of the p-ERK/p-cmyc/MMP-2 and E-cadherin
signaling pathways.

Keywords Acutemyeloid leukemia . EZH2 .Extramedullary
infiltration . p-ERK/p-cmyc/MMP-2

Introduction

As the most common type of adult acute leukemia, acute
myeloid leukemia (AML) is a malignant proliferative disease
that occurs in hematopoietic stem/progenitor cells. It is char-
acterized by unlimited proliferation of leukemia cells originat-
ing from the myeloid lineage and often accompanied by infil-
tration in extramedullary tissues. Thirty to forty percent of
newly diagnosed AML patients present with extramedullary
infiltration (EMI), of which common sites include skin, lymph
nodes, gingiva, liver, spleen, and central nervous system [1].
EMI is reported to be more common in M4/M5 subtypes
(French-American-British (FAB) classification) and associat-
ed with poorer treatment response [2–4], especially in AML
patients with the t(8;21) translocation [5].

Enhancer of zeste homolog 2 (EZH2), known as the cata-
lytic subunit of polycomb repressive complex 2 (PRC2), has
intrinsic histone methyltransferase activity and is involved in
trimethylated modification of H3K27 [6–8]. It is well
established that EZH2 plays an important role in cell prolifer-
ation, embryonic development, X chromosome inactivation,
maintenance of stem cells, and oncogenesis through transcrip-
tional inhibition of target genes [9–12]. An enhancing effect of
EZH2 up-regulation on proliferation was first demonstrated in
hematopoietic cells [13]. Subsequently, overexpression of
EZH2 has been found in a variety of human malignancies,
including esophageal neoplasm, lung cancer, prostate cancer,
and breast cancer, and is closely correlated with tumor aggres-
siveness, metastasis, and poor prognosis [14–17].

In malignant myeloid disorders, current research shows
that EZH2 overexpression in high-risk myelodysplastic syn-
drome (MDS) and AML transformed fromMDS confers poor
prognosis [18]. In addition, high EZH2 has been found to be
associated with high lactate dehydrogenase (LDH), high
WBC count, and poor prognosis in bone marrow tissues from
patients with de novo AML [19]. However, whether and how
EZH2 is involved in the EMI process of leukemia cells re-
mains largely unexplored. Therefore, to this end, we measured
expression of EZH2 in bone marrow cells and tissues from
patients with AML. We used four different AML cell lines
(U937, KG-1α, Kasumi-1, and HL-60) as models to verify
the effect of EZH2 expression on cell migration ability.
Finally, we used EZH2 knockdown to investigate this gene’s
role in the growth and migration of Kasumi-1 cells and the
associated molecular mechanisms.

Material and methods

Patient samples

Patients enrolled in this study were diagnosed between
October 2005 and February 2013 in Nanfang Hospital
(Guangzhou, China). Bone marrow mononuclear cells were
obtained from 42 cases of de novo AML patients (including
37cases of hospitalized patients and 5 cases of outpatients),
and bone marrow paraffin-embedded trephine biopsies were
analyzed from another 23 AML patients (including 18 cases
of de novo AML and 5 cases of relapsed AML). Bone marrow
mononuclear cells from 10 normal donors, 10 cases of idio-
pathic thrombocytopenic purpura (ITP) patients, and bone
marrow paraffin-embedded biopsies from 5 patients with
ITP were used as controls. All patients were diagnosed by
morphological analysis, immunohistochemical staining or
immunophenotyping, or combinations thereof. Subtypes were
classified according to the FAB classification and World
Health Organization criteria. Informed consent was obtained
from all patients according to institutional guidelines and in
accordance with the Declaration of Helsinki. Patients’ charac-
teristics are listed in Table 1.

Cell lines and cell culture

The human AML cell lines U937, HL-60, KG-1α, and
Kasumi-1 were purchased from Institutes for Biological
Sciences Cell Resource Center, Chinese Academy of
Sciences (Shanghai, China). U937, HL-60, and KG-1α were
cultured in Roswell Park Memorial Institute (RPMI)-1640
medium (Hyclone, MA, USA) supplemented with 10 %
heat-inactivated fetal bovine serum (Hyclone). Kasumi-1
was cultured in RPMI-1640 medium (Gibco, USA), supple-
mented with 20 % heat-inactivated fetal bovine serum
(Hyclone) and 100 μg/L L-glutamine. All cell lines were cul-
tured in medium supplemented with 100 U/mL penicillin and
100 μg/mL streptomycin and incubated in a humidified atmo-
sphere of 5 % CO2 at 37 °C.

Reagents

RNA extraction reagent kit, PrimerScript reverse transcription
(RT) reagent kit, and polymerase chain reaction (PCR) kit
were purchased from Dalian Biotechnology Company
(TaKaRa, China). Primers for EZH2 and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) were designed and syn-
thesized by Shanghai Yingjun Biotechnology Company
(Yingjun, China). Nuclear protein/cytosolic protein kit and
monoclonal antibodies against GAPDH were purchased from
FDbio Science. Monoclonal antibodies against EZH2, H3,
H3K27me3, ERK, p-ERK, amyloid precursor protein (APP),
and matrix metalloproteinase 2 (MMP-2) and horseradish
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peroxidase-conjugated mouse anti-rabbit IgG were purchased
from Cell Signaling Technology Company (CST, USA).
Monoclonal antibodies against c-myc and p-cmyc were pur-
chased from Abcam. A monoclonal antibody against epitheli-
al cadherin (E-cadherin) was purchased from Abclonal
(Boston, USA). Goat anti-rabbit IgG was purchased from
Dako (DAKO, Denmark). Diaminobenzidine (DAB), as the
developing agent, was purchased from Beijing Zhongshan
Golden Bridge Biotechnology (Zhongshan Jinqiao, China).
The Cell Counting Kit-8 (CCK-8) was purchased from
DOJINDO (Shanghai, China).

Lentivirus conduction and infection

Three individual EZH2-specific small interfering RNAs
(siRNAs) were used for EZH2 knockdown in Kasumi-1
(siRNA-1 AACAGCTGCCTTAGCTTCA, siRNA-2
AACAGCTCTAGACAACAAA , a n d s i RNA - 3
GGATAGAGAATGTGGGTTT). A non-targeting scrambled
RNA GV118 vector was used as a negative control
(TTCTCCGAACGTGTCACGT). All siRNAs were pur-
chased from Genechem (Shanghai, China). Kasumi-1 was
planted in 6-well plates. We then used the three different
siRNAs and the negative control lentivirus to transfect the
Kasumi-1 cells, marked siRNA-1, siRNA-2, siRNA-3, and
NC groups, respectively. After a 72-h incubation at 37 °C,
we captured images of the cells under a fluorescence micro-
scope. We selected the green fluorescent protein (GFP)-posi-
tive cells for culturing with flow cytometry. The gene silenc-
ing effects were confirmed by real-time reverse transcription
quantitative polymerase chain reaction (RT-qPCR) and
Western blot. The siRNAwith the greatest gene silencing ef-
fect was chosen for subsequent experiments.

RNA isolation and RT-qPCR

The expression of EZH2 in AML primary cells and cell lines
was measured by RT-qPCR. RNA extraction and RT-qPCR
were performed as described previously [20]. PrimerScript RT
Reagent Kit (TaKaRa) was used to synthesize cDNA. The real-
time PCR was carried out using a SYBR Green PCR mix in
AppliedBiosystems 7500 system. Primers usedwere as follows:
EZH2 5′-TTGTTGGCGGAAGCGTGTAAAATC-3′ (forward
primer) and 5′-TCCCTAGTCCCGCGCAATGAGC-3′ (reverse
primer) and GAPDH 5′-GTGAAGGTCGGAGTCAACG-3′
(forward primer) and 5′-CTGGGGAAGTAACTGGAGT-3′
(reverse primer).

Western blot

The protein expression levels of EZH2, H3, HEK27me3,
ERK, p-ERK, c-myc, p-cmyc, MMP-2, E-cadherin, APP,
and GAPDH in AML cell lines were detected byWestern blot

Table 1 Clinical features and treatment of 65 AML patients

Gender no.

Male 31

Female 34

Age, median (range), years 35 (6–85)

FAB subtype no.

M1 3

M2 20

M4 14

M5 25

AML unclassified 3

Disease state no.

De novo 60

Relapse 5

PB blasts, median (range), % 54.5 (4.0–98.0)

BM blasts, median (range), % 70.0 (23.0–97.5)

WBC count, median (range), G/L 26.9 (0.2–337)

LDH, median (range), U/L 408.8 (139–2468)

EMI no.

With EMI 32

Without EMI 28

Cytogenetic risk group no.

Favorable 6

Intermediate 38

Adverse 4

Induction no.

DA 20

IA 24

HA 8

MA 3

Not receive chemotherapy 10

Consolidation no.

Low intensitya 21

Moderate intensityb 7

High intensityc 16

Death or loss before consolidation 21

HSCT no.

Allo-HSCT 16

Auto-HSCT 7

EMI was defined according to the literature as follows: 1
hepatosplenomegaly or splenomegaly only, 2 lymphadenopathy, 3 gingi-
val hyperplasia, 4 tumor nodules (myeloid or granulocytic sarcoma), 5
testes infiltration, and 6 meningeal infiltration. These lesions were con-
firmed by biopsy or significantly reduced or disappeared after
chemotherapy

PB peripheral blood, BM bone marrow, DA daunorubicin and cytarabine,
IA idarubicin and cytarabine, HA homoharringtonine and cytarabine,MA
mitoxantrone and cytarabine, HSCT hematopoietic stem cell transplanta-
tion, allo allogeneic, auto autologous
a Induction and <4 courses of medium/high-dose cytarabine or without
HSCT
b Induction and ≥4 courses of medium/high-dose cytarabine or auto-
HSCT
cAllo-HSCT
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(WB). WB was performed as described previously by our
group [20]. All experiments were performed in triplicate.

Immunohistochemistry

Immunohistochemistry (IHC) was employed to evaluate the
protein expression level of EZH2 in paraffin-embedded biop-
sies. Antigen retrieval was undertaken by microwaving in
citrate buffer for 10 min. Hydrogen peroxide at 0.3 % was
used to block activity of endogenous peroxidase for 15 min,
and normal goat serumwas used to block non-specific binding
site for 20 min. The tissue slides were then incubated with
EZH2 antibody (1:80 dilution) overnight at 4 °C in a moist
chamber. Subsequently, the slides were incubated with the
secondary antibody for 1 h at room temperature.
Diaminobenzidine was used as chromogen substrate and
counterstained with Mayer’s hematoxylin. PBS was used in
place of the primary antibody as a negative control, and
known positive tissues from breast cancer were used as posi-
tive controls. A semi-quantitative integral analysis system in-
cluding staining intensity and percentage of positive cells was
adopted to determine the expression of EZH2 protein. Nuclear
staining intensity was scored as follows: 0, no visible staining;
1, weak; 2, moderate; and 3, strong. One-thousand tumor cells
were selected randomly from 10 microscopic fields at higher
magnification to calculate the average percentage of positive
cells. The percentage of tumor cells was scored as follows: 0,
none; 1, 1–25 %; 2, 26–50 %; 3, 51–75 %; and 4, 76–100 %.
The score of intensity multiplied by the score of percentage
counts was used as the final score. For further analysis, final
scores of 0–3 and 4–12 were considered to indicate low and
high expression levels, respectively. This semi-quantitative
integral analysis system is in keeping with that published by
Yan-Wei Lin et al. [21].

CCK-8 assay

The capacity for cellular proliferation was measured using a
CCK-8 assay. Cells were divided into the three following
groups: untreated Kasumi-1 cells (wild), siRNA/EZH2-
treated Kasumi-1 cells (siEZH2), and scrambled siRNA-
treated Kasumi-1 cells (NC). Cells were plated at 104 per well
in 96-well plates with three replicate wells for each condition.
After culturing for 0, 24, 48, 72, and 96 h, 10 μL of 5 mg/mL
CCK-8 was added to each well. After that, cells were incubat-
ed in 5 % CO2 at 37.0 °C for 3 h, after which the optical
density was determined with a microplate reader at 450 nm.
Each experiment was performed in triplicate.

Cell migration assay

Capacity of cell migration was evaluated by using a transwell
migration chamber with millipore membranes. The cell

migration assay was performed as described previously [20].
In addition, migrating cells attached to the lower surface of the
filter were fixed and stained with hematoxylin for counting.
We then captured images of the cells on the lower chamber
and the membranes. Each migration experiment was repeated
three times.

Flow cytometry analysis of apoptosis

The Annexin V-PI Apoptosis Detection Kit (NanJing KeyGen
Biotechnology, NanJing, China) was used to detect and quan-
tify apoptosis by flow cytometry. The three groups of cells
(wild, NC, and siEZH2 groups) were washed with 1× binding
buffer, and then, 5 μL of Annexin V was added to 100 μL of
the cell suspension. After incubating for 15 min, we added
5 μL of propidium iodide for 20 min and analyzed using a
FACScan flow cytometer Becton (Dickinson, CA, USA).
Each experiment was repeated three times.

Statistical analysis

Statistical analysis was performed with the statistical package
SPSS 20.0 (IBM Corp., Armonk, NY). Data from this study
were reported as mean± standard deviation, and t test or one-
way ANOVA was used to assess the values and percentages
between groups. The association between EZH2 protein ex-
pression and AML patients’ clinical features were assessed by
the chi-squared test, Mann-Whitney U test, and Kruskal-
Wallis H test. P values<0.05 were considered significant.

Results

The expression levels of EZH2 messenger RNA
and protein in 65 cases of patients with AML

RT-qPCR was used to measure the messenger RNA (mRNA)
expression of EZH2 gene in bone marrow mononuclear cells
from 42 cases of de novo AML patients; 10 cases of normal
donors and 10 cases of ITP patients were as the control. As
Fig. 1 shows, the expression of EZH2 mRNA in AML pa-
tients (1.69±0.72) was significantly higher than the normal
control group (0.88±0.66, p=0.002) and the ITP group (1.06
±0.55, p=0.001). Further analysis showed that there was no
difference between ITP group and control group (p=0.549).
In addition, the levels of EZH2 protein in bone marrow biop-
sies from 23 patients with AML were evaluated by IHC stain-
ing. According to the semi-quantitative integral analysis sys-
tem described earlier, high expression of EZH2 was observed
in 14/23 (60.9 %) of the bone marrow biopsies from patients
with AML but none of the biopsies from ITP patients (Fig. 2).
These observations support a role for EZH2 leukemia
pathogenesis.
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Association of EZH2 expression with clinical features
and prognosis in AML

On analysis of 42 cases of de novoAML, a significant positive
correlation was observed between EZH2 mRNA expression
and percentage of peripheral blood blasts (r=0.404, p=0.009;
Fig. 3). To further investigate the relationship between EZH2
expression and clinical features, the two groups of AML pa-
tients (one group of 42 cases and the second group of 23 cases)

were combined. A total of 65 cases were then divided into two
groups according to level of expression of EZH2 mRNA or
protein as follows: EZH2 mRNA above the median or high
expression of EZH2 protein was defined as the high expres-
sion group, and the opposite was defined as the low expres-
sion group. A summary of our analysis of the relationship
between EZH2 expression and clinical characteristics is

Fig. 1 The relative expression levels of EZH2 mRNA in bone marrow
mononuclear cells from 42 cases of AML patients,10 cases of normal
donors (normal controls), and 10 cases of ITP patients. **P< 0.01

Fig. 2 Immunohistochemical
staining of EZH2 protein in bone
marrow biopsies from 23 cases of
patients with AML and ITP (SP,
×400). aHE stain of bonemarrow
biopsies from idiopathic
thrombocytopenic purpura (ITP)
patients. b HE stain of bone
marrow biopsies from AML
patients. c Low expression of
EZH2 protein in ITP biopsies. d
High expression of EZH2 protein
in AML biopsies

Fig. 3 Correlation between expression of the EZH2 gene and proportion
of blasts in peripheral blood in the 42 cases of AML (r= 0.404, p = 0.009)

Tumor Biol. (2016) 37:11409–11420 11413



shown in Table 2. High EZH2 expression was closely corre-
lated with male gender, higher percentage of peripheral blood
blasts, higher white blood cell counts, a higher level of lactate
dehydrogenase, and the occurrence of leukemic
extramedullary infiltration (p<0.05) but showed no correla-
tion with age, percentage of bone marrow blasts, FAB sub-
type, or cytogenetic risk group (in the latter analysis, patients
without cytogenetic data were excluded; p>0.05). When we
compared EZH2 expression in the EMI group with that in the
group without EMI, we found a higher average expression in
the EMI group and a higher percentage of patients with high
expression of EMI patients (84.4 % of EMI patients versus
25 % of non-EMI patients in high EZH2 expression group).

CR rate and CR duration were used to reflect the response to
chemotherapy. The 21 patients who died or were lost to
follow-up before consolidation therapy were excluded from
the study. The patients with high EZH2 expression had similar
CR rates after 2 cycles compared to the patients with low
expression (100.0 versus 88.9 %, respectively; p=0.054).
However, 46.2 % of AML patients relapsed within 6 months
of achieving first CR in the high EZH2 expression group,
which was significantly more than in the low EZH2 expres-
sion group (16.7 %, p = 0.042). When followed up for
12 months, the patients with high EZH2 expression remained
more likely to relapse than patients with low EZH2 expression
(61.5 versus 16.7%, p=0.003). This observation suggests that

Table 2 Association of EZH2
expression with clinical features
in AML patients

Patients characteristics Total no. (%) EZH2 expression no. (%) P value

Low expression High expression

Age, median (range), years 35 (6–85) 39 (16–85) 33 (6–64) 0.054

PB blasts, median (range), % 54.5 (4–98) 34 (4–94) 67 (4–98) 0.002

BM blasts, median (range), % 70.0 (23.0–97.5) 58 (24.5–94.0) 71.5 (23–97.5) 0.329

WBC count, median (range), G/L 26.9 (0.2–337) 7.6 (0.2–126.9) 35.4 (0.7–337) 0.006

LDH, median (range), U/L 408.8 (139–2468) 334.9 (139–1403) 453 (150–2468) 0.032

Gender 0.001

Male 31/65 (47.7) 7 (22.6) 24 (77.4)

Female 34/65 (52.3) 22 (64.7) 12 (35.3)

FAB subtypes 0.587

M1a 6/65 (9.2) 4 (66.7) 2 (33.3)

M2 20/65 (30.8) 8 (40.0) 12 (60.0)

M4 14/65 (21.5) 5 (35.7) 9 (64.3)

M5 25/65 (38.5) 12 (48.0) 13 (52.0)

EMI 0.000

With EMI 32/60 (53.3) 5 (15.6) 27 (84.4)

Without EMI 28/60 (46.7) 21 (75.0) 7 (25.0)

Cytogenetic risk group no. # 0.870

Favorable 6/48 2 (33.3) 4 (66.7)

Intermediate 38/48 15 (39.5) 23 (60.5)

Adverse 4/48 2 (50.0) 2 (50.0)

CR in two cycles 0.054

No 2/44 2 (11.1) 0 (0.0)

Yes 42/44 16 (88.9) 26 (100.0)

Relapse in 6 months 0.042*

No 29/44 15 (83.3) 14 (53.6)

Yes 15/44 3 (16.7) 12 (46.2)

Relapse in 12 months 0.003*

No 25/44 15 (83.3) 10 (38.5)

Yes 19/44 3 (16.7) 16 (61.5)

# Seventeen cases patients without cytogenetic data were excluded. During analysis CR rate and CR duration, the
21 patients who died or were lost to follow-up before consolidation therapy were excluded from the study

WBC white blood cell counts, LDH lactate dehydrogenase
aM1 including three cases of unclassified AML *p< 0.05
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the expression level of EZH2 may indicate a high tumor bur-
den; furthermore, EZH2may be an important predictivemark-
er of EMI.

Effect of EZH2 expression on migration in AML cell lines

Transcription and protein levels of EZH2 in the AML
cell lines U937, KG-1α, Kasumi-1, and HL60 were
measured by RT-qPCR and WB. As shown in Fig. 4a,
expression of EZH2 mRNA in U937 cells was 0.04
± 0.03 by one-way ANOVA analysis, which was signif-
icantly lower than in Kasumi-1 (0.11 ± 0.01, p= 0.000)
and HL60 (0.14 ± 0.03, p = 0.000) cells. The EZH2
mRNA expression in KG-1α (0.06 ± 0.03) cell was also
lower than Kasumi-1 (p= 0.001) and HL60 (p= 0.000)
cells, but there was no difference in expression between
U937 and KG-1α and between Kasumi-1 and HL60
(p> 0.05). The same findings were also obtained by im-
munoblotting (Fig. 4b). Images in Fig. 4c were taken
from the lower chamber of the migration assay at the
time of 18 h. Consistent with the trend of EZH2 ex-
pression, statistical analysis revealed that lower chamber
cell counts in U937 and KG-1α were significantly low-
er than for Kasumi-1 and HL60 (3.78 ± 2.11 × 104, 5.00

± 2.52 × 104, 8.06 ± 2.19 × 104, and 9.28 ± 1.95 × 104 for
U937, KG-1α, Kasumi-1, and HL-60, respectively;
p< 0.05; Fig. 4d).

EZH2 knockdown by RNA interference

To further explore the role and mechanism by which
EZH2 performs in AML cells, we used specific
siRNAs to knock out EZH2 expression in Kasumi-1.
Figure 5 shows Kasumi-1 cells 72 h after transduction
with siRNA-1, siRNA-2, siRNA-3, and the scrambled
control siRNA. We selected the GFP-positive cells for
culturing with flow cytometry. Then, RT-qPCR and WB
were used to measure mRNA and protein expression
levels of EZH2, respectively (Fig. 5B e, f). We found
that EZH2 mRNA expression was significantly down-
regulated following exposure to siRNA-1 (0.009
± 0.0004, p = 0.000), s iRNA-2 (0.0284 ± 0.0030,
p < 0.001), and siRNA-3 (0.007 ± 0.0001, p < 0.05;
Fig. 5B e). EZH2 protein expression level was also
down-regulated in these three groups (Fig. 5B f). We
found that siRNA-3 produced the highest efficiency of
EZH2 silencing; therefore, we choose siRNA-3 with
which to perform subsequent experiments (henceforth

Fig. 4 Expression of EZH2 and
migration capacity in AML cell
lines. a Transcriptional levels of
EZH2 in Kasumi-1 and HL-60
cells were significantly higher
than in U937 and KG-1α cells
(p < 0.05). b EZH2 protein in
different AML cell lines (U937,
KG-1α, Kasumi-1, and HL-60).
The expressions of EZH2 in
Kasumi-1 and HL-60 cells were
higher than in U937 and KG-1α
cells (p < 0.05). c Cell migration
detected by transwell migration
chamber (SP, ×100). d The cell
counts of the lower chamber were
more in Kasumi-1 and HL-60
cells indicating greater migratory
capacity (p< 0.05)
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termed the siEZH2 group). mRNA and protein expres-
sion levels of EZH2 were significantly reduced in
siEZH2 group compared to wild and NC groups
(0.124 ± 0.007, 0.115 ± 0.009, and 0.007 ± 0.0001 for ex-
pressions of EZH2 mRNA in wild, NC, and siEZH2
groups, respectively; **p< 0.001; Fig. 5B g, h).

EZH2 associated with migration of AML cells

It has been reported that EZH2 promotes invasion and metas-
tasis in many solid tumor types such as esophageal, lung,
prostate, breast, and renal cell carcinoma. There are certain
parallels between metastasis in solid tumor and EMI in
AML; therefore, we performed a cell migration assay to in-
vestigate the relationship between migration and EZH2 in
AML cells. In our study, a transwell migration chamber was
used to test the migration ability of Kasumi-1 with and with-
out expression of EZH2. Figure 6a–c shows images captured
in the lower compartments of the invasion chambers; we
found that the cell number in lower chamber for siEZH2-
transduced Kasumi-1 cells was significantly reduced com-
pared to the wild and NC cells (p<0.05; Fig. 6a–d). When
the ratio of migrated to non-migrated cells was compared, the
cells in the siEZH2 arm showed a significantly lower ratio
than either of the control arms (p<0.05; Fig. 6d). Finally,
the siEZH2 group had markedly fewer cells on the membrane
than the control groups (Fig. 6e–h). Therefore, our data sug-
gest that EZH2 may be involved in the migration of AML

cells, thus supporting a role for EZH2 in EMI in AML
patients.

EZH2 promotes proliferation and induces apoptosis
of AML cells

To investigate whether a high level of EZH2 is associated with
disease aggressiveness in AML, we used the CCK-8 assay and
flow cytometry to measure proliferation and apoptosis in Kasu-
mi-1 cells with and without EZH2 expression, respectively. We
observed that proliferative capacity was significantly lower after
knocking down EZH2 (p<0.05; Fig. 7a). In addition, the ratio
of apoptosis in siEZH2-treated cells (27.00±1.45) was higher
than in untreated cells (6.91±0.23, p=0.000) and those trea-
ted with a scrambled siRNA (7.60±0.78, p=0.000; Fig. 7b–d).

EZH2 regulates migration of AML cells via
the EZH2/p-ERK/p-cmyc/MMP-2 and E-cadherin
signaling pathways

To investigate the possible mechanism via which EZH2 is
involved in migration, proliferation, and apoptosis, we mea-
sured the level of several proteins associated with these pro-
cesses byWB. Several studies have reported that MMP-2 was
associated with migration [22, 23].We have previously shown
that the APP can promote extramedullary infiltration of
AML1/ETO+ leukemic cells by activating the p-ERK/c-
myc/MMP-2 signaling pathway [20]. We therefore assessed

Fig. 5 A Lentivirus transduction and infection. Images of lentivirus
transduction in Kasumi-1 taken under a fluorescence microscope. a–d
Three siRNAs targeting different sequences of EZH2 (siRNA-1,
siRNA-2, and siRNA-3) and a negative control lentivirus, respectively
(SP, ×200). B RT-qPCR and Western blot to measure EZH2 gene and
protein expressions, respectively, after silencing of EZH2 in Kasumi-1. e,

f The mRNA and protein expression levels of EZH2 were significantly
reduced after depletion of EZH2 by siRNA-1 and siRNA-3 (p< 0.001);
furthermore, the knockout efficiency of EZH2 in siRNA-3 group is the
most obvious (*p< 0.05). g, h The mRNA and protein expression levels
of EZH2 were significantly down-regulated in the siEZH2 group
compared to the untreated (wild) and NC groups (**p< 0.001)

11416 Tumor Biol. (2016) 37:11409–11420



the level of all these proteins in EZH2-positive and EZH2-
negative AML cells in the present study. We found that
H3K27me3 is remarkably down-regulated by knockdown of

EZH2. In addition, p-ERK, p-cmyc, and MMP-2 are signifi-
cantly reduced, while levels of ERK, c-myc, and APP remain
essentially unchanged. Furthermore, E-cadherin, a protein

Fig. 7 CCK-8 assay to measure the proliferation and apoptosis of
Kasumi-1 and Western blot to examine the related protein. a The
proliferation of the siEZH2 group was significantly lower than that of
the other groups (p< 0.05). b–d Apoptosis was increased after silencing
of EZH2 (p < 0.05). e EZH2 promotes migration via regulating the

signaling pathway of p-ERK/p-cmyc/MMP-2 and E-cadherin. Western
blot analysis of GAPDH, EZH2, H3, H3K27me3, ERK, p-ERK, c-myc,
p-cmyc, MMP-2, and APP expressions after knockdown of EZH2. We
show that H3K27me3, p-ERK, p-cmyc, andMMP-2 are up-regulated and
E-cadherin increased markedly after down-regulation of EZH2

Fig. 6 The effects of siEZH2 on Kasumi-1 cell migration measured
using a transwell migration chamber (SP, ×200). a–c Cells in the lower
chamber of transwell plates of wild, NC, and siEZH2 groups,
respectively. d When comparing the ratio of migrated cells, we found
that the ratio of siEZH2 group was lower than the other groups. e–g

The number of cells in the wild, NC, and siEZH2 groups, respectively,
on the membrane after staining with hematoxylin. hWhen comparing the
number of cells on the membrane, we found that the number of cells of
siEZH2 group was significantly less than the two control groups
(*p < 0.05)
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associated with invasion and metastasis of malignant tumors,
is obviously up-regulated (Fig. 7e). These findings suggest
that EZH2 may modulate migration via the p-ERK/p-cmyc/
MMP-2 and E-cadherin signaling pathways in AML cells.

Discussion

EZH2, as a catalytic subunit of PRC2, can repress its target
genes transcriptionally by trimethylation of lysine 27 on his-
tone H3 (H3K27), thereby promoting proliferation and ag-
gressiveness of cancer cells [6, 7, 24]. A variety of studies
show that EZH2 is overexpressed in prostate, breast, lung,
esophageal, and kidney cancers and its expression is associat-
ed with tumor malignancy, tumor invasion, metastasis, and
poor outcome [14–17, 25]. In addition, EZH2 has been found
to be overexpressed in AML, lymphoma, and high-risk
myelodysplastic syndrome (MDS) [18, 26]. Fiskus et al.
[24] reported that 3-Deazaneplanocin A (DZNep), a non-
specific inhibitor of EZH2, can down-regulate EZH2 and in-
duce apoptosis in AML cell lines and primary cells. Tanaka
et al. [6] observed that EZH2 can promote leukemogenicity by
promoting differentiation blockage and found that inhibiting
the expression of EZH2 decreased cell proliferation in AML.
These findings suggest that EZH2 may contribute to disease
aggressiveness in AML by enhancing cell migration and
proliferation.

EMI is one of the common clinical characteristics of acute
leukemia. Due to differences in definitions and inclusive
criteria of EMI, the association between EMI and outcome
remains a controversial issue. However, the majority of stud-
ies have shown that the occurrence of EMI is closely associ-
ated with low CR rate, high risk of recurrence, and poor prog-
nosis [18]. In this study, we found that patients expressing a
high level of EZH2 had a higher likelihood of EMI at diagno-
sis and were also more likely to have relapsed at 6- and 12-
month time points.

In the present study, we show that EZH2 mRNA and pro-
tein expressions in bone marrow mononuclear cells were sig-
nificantly higher in AML than the control group. Furthermore,
we detected up-regulation of EZH2 in AML patients with
EMI. Our observation of overexpression of EZH2 in AML
pathogenesis is consistent with the results of previous research
[19, 27]. Tanaka et al. [6] found that EZH2 can inhibit differ-
entiation in AML by down-regulating cell cycle and
differentiation-related genes such as Cdkn2a and Egr1. Chen
et al. [28] found that the overexpression of EZH2 can augment
leukemogenesis through methylation of H3K27. In our study,
high EZH2 expression was closely correlated with male gen-
der, a higher percent of peripheral blood blasts, higher white
blood cell counts, higher level of lactate dehydrogenase, and a
greater likelihood of leukemic EMI. These results provide
evidence that EZH2 may play a role in leukemic EMI;

however, the precise nature of this role and its molecular
mechanism require further investigation.

To determine whether EZH2 expression contributes to dis-
ease progression and EMI in AML, we choose four kinds of
AML cell lines for the study. We found that in concordance
with higher expression of EZH2, the migratory capacities of
Kasumi-1 and HL-60 were obviously greater than those of
U937 and KG-1α, suggesting that EZH2 enhances cell migra-
tion. To further explore the possible mechanism and the rela-
tionship between EZH2 and migration, proliferation, and ap-
optosis, we silenced EZH2 in Kasumi-1 with siRNAs. We
found that both the proliferation and migration abilities of
Kasumi-1 were reduced and the apoptotic rate increased by
knockout of EZH2. A series of studies has demonstrated that
EHZ2 promotes leukemogenesis and proliferation in AML
[29, 30]. These studies further support a role for EZH2 as an
adverse prognostic factor in AML. Many investigators have
demonstrated that H3K27me3 is down-regulated by suppres-
sion of EZH2 expression [24, 25, 30, 31]. In the current study,
we demonstrate that knockdown of EZH2 inhibits
trimethylation of lysine 27 on histone H3. Inhibitory effect
of EZH2 on target genes is weakened; therefore, proliferation
and migration were weakened and apoptosis was increased in
AML cells by silencing EZH2.

As with invasion and metastasis of tumor cells, EMI is a
complex multi-step process in AML. An increasing body of
evidence has proven that the abnormal expression of adhesion
factors in the bonemarrowmicroenvironment in leukemia cell
surface leads to a decrease in their ability to adhere and mi-
grate, facilitating their escape into the peripheral blood. Cells
then move into the endothelium with the help of chemokines,
and begin to secrete cell matrix metalloproteinase to degrade
the extracellular matrix (ECM), promoting their migration to
extramedullary tissue [20, 22, 32]. Shin et al. found that EZH2
can depress tissue inhibitor of matrix metalloproteinases
(TIMPs) and raises MMPs by methylating TIMP; the latter
promoting the degradation of the extracellular matrix and en-
hancing the migratory ability of prostate cancer cells [23].
Furthermore, the authors confirmed that EZH2 may be a ma-
jor contributor to the process of shifting the MMP/TIMP bal-
ance in favor of MMP activity, thus promoting ECM degra-
dation and subsequent invasion of prostate cancer cells [23].
In a separate study, MMPs were found to be up-regulated and
to show characteristics associated with infiltration in acute
myeloid leukemia [33]. We have previously shown that APP
can promote the migratory ability of AML cells by regulating
the signaling pathway of p-ERK/cmyc/MMP-2 [21]. ERK is a
member of the mitogen-activated protein kinase (MAPK) sig-
naling pathway, and when stimulated, converts to p-ERK,
which activates expression of MMP-2 [20]. The MAPK path-
way is closely linked to the formation, proliferation, and dif-
ferentiation of tumors [34]. In this study, we found a signifi-
cantly reduced expression of p-ERK, p-cmyc, and MMP-2.
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This is consistent with published findings of solid tumors. It
has been shown that EZH2 can promote the migration of
cancer cells in prostate cancer and renal cell carcinoma by
up-regulating the expression of E-cadherin [23, 25]. In the
present study, we also found up-regulation of E-cadherin on
down-regulation of EZH2.

In conclusion, our data suggest that EZH2 might be asso-
ciated with the migratory ability of AML cells via the p-ERK/
p-cmyc/MMP-2 and E-cadherin signaling pathways. The pre-
liminary results of this study provide a rational basis to ex-
plore combining chemotherapy with a targeted EZH2 inhibi-
tor in AML with EMI to improve therapeutic efficacy. Further
investigation is needed to confirm the biological and clinical
bases for this approach.
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