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Abstract

Medulloblastoma is themost commonmalignant brain tumor
in children. Although accumulated research has suggested that
cancer stem-like cells play a key role in medulloblastoma tumor-
igenesis, the specific molecular mechanism regarding prolifera-
tion remains elusive. Here, we reported more abundant expres-
sion of maternal embryonic leucine-zipper kinase (MELK) and
enhancer of zeste homolog 2 (EZH2) in medulloblastoma stem-
like cells than in neural stem cells and the interaction between the
two proteins could mediate the self-renewal of sonic hedgehog
subtype medulloblastoma. In human medulloblastoma, exten-
sive nodularity and large-cell/anaplastic subgroups differed
according to the staining levels of MELK and EZH2 from the
other two subgroups. The proportion of MELK- or EZH2-positive
staining status could be considered as a potential indicator for
survival. Mechanistically, MELK bound to and phosphorylated

EZH2, and its methylation was induced by EZH2 in medullo-
blastoma, which could regulate the proliferation of cancer stem-
like cells. In xenografts, loss of MELK or EZH2 attenuated medul-
loblastoma stem-like cell-derived tumor growth and promoted
differentiation. These findings indicate that MELK-induced phos-
phorylation and EZH2-mediated methylation in MELK/EZH2
pathway are essential for medulloblastoma stem-like cell-derived
tumor proliferation, thereby identifying a potential therapeutic
strategy for these patients.

Implications: This study demonstrates that the interaction
occurring between MELK and EZH2 promotes self-proliferation
and stemness, thus representing an attractive therapeutic target
and potential candidate for diagnosis of medulloblastoma.
Mol Cancer Res; 1–12. �2017 AACR.

Introduction
Medulloblastoma is the most common pediatric malignant

brain tumor, accounting for about 20% of children with intra-
cranial tumors (1, 2). According to the2016WHOclassificationof
CNS tumor (3), medulloblastoma comprises four histologic
subgroups, including desmoplastic/nodular, classic, extensive
nodularity, and large-cell/anaplastic, and also four molecular
subtypes, including SHH, WNT, Group 3 and Group 4. Main-
stream treatment for medulloblastoma focuses on the surgical
resection with maximal security followed by radiation and che-

motherapy. Despite the significant progression in current thera-
peutic strategies, the 5-year survival rate in high-risk group is only
about 40% (4, 5), and about half of patients suffer from metas-
tasizing along the leptomeninges via CSF (6). Patients receiving
radio- or chemotherapy have to bear the life-long physiologic and
psychologic side effects. Therefore, improved prevention and
treatment of this disease will require deeper understanding of
the cellular and molecular basis of medulloblastoma.

Cancer stem-like cells (CSC) have been regarded as being
involved in tumorous proliferation, invasion, recurrence, and
chemoradioresistance, which creates a new concept of tumorige-
nicity and progression (7, 8). It has been hypothesized that
medulloblastomamayalsoderive from this stem-like population,
which contributes to self-renewal, relapse, and resistance to
chemoradiotherapy (9, 10). Then, the treatment failure is due to
the current therapy, which only impacts the bulk tumor but does
not target the CSCs. It is essential to develop a new therapeutic
strategy to solve this problemwith the goal of improving patients'
survival.

The serine/threonine kinase, maternal embryonic leucine-
zipper kinase (MELK), is categorized to the snf1/AMPK family
(11) and has been reported to enrich in a wide range of cancers
(12–17), especially in glioblastoma multiforme (GBM) previ-
ously described by Gu and colleagues (Supplementary Fig. S1A;
ref. 18). Some specific pathways, such as C-JUN/MELK
and MELK/PRC1, are activated in GBM for the survival of CSCs
(18, 19). In the previous work (18), GBM CSCs (GSC) were
identified to depend on JNK-driven MELK/c-JUN signaling to
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maintain the proliferation and facilitate tumor radioresistance
in a p53-dependent manner. Nevertheless, it is noteworthy that
only some limited available information about the expression
of MELK can be checked in medulloblastoma research field
(14, 19), and the functional mechanisms or interaction with
other main proteins still remain elusive. Furthermore, therapies
targeting this potential molecular mechanism have not been
developed.

Enhancer of zeste homolog 2 (EZH2), one member of the
complex of c-Myc/HBXIP/Hotair/LSD1 (20), is also the core
component of polycomb repressive complex 2 (PRC2; refs. 21–
23), which makes sense in histone epigenetic methylation as one
assembly of the polycomb group (24–27). According to the
existing data, high expression of EZH2 has been detected in a
broad spectrum of cancers, including medulloblastoma (Supple-
mentary Fig. S1B; refs. 28–32). Recent research indicates that
EZH2 as the transcriptional silencer produces the oncogenic
effects for promoting neoplastic proliferation, maintaining the
stem-like features, and inhibiting differentiation (31, 33). In
medulloblastoma, EZH2 can regulate the expression of DAB2IP
(29) and mediate aberrant methylation of H3K27 (34). Then,
there exists a challenging puzzle whether it can induce the meth-
ylation of MELK in medulloblastoma.

Recent studies (35, 36) show thatMELKandEZH2 colocate and
abundantly express in the GSCs nuclei, and a significant positive
correlation exists between the two proteins in human gliomas.
These backgrounds throw light on the subsequent research about
the interaction between MELK and EZH2 in medulloblastoma to
present the evidence supporting a novel application for targeted
therapy. In the current study, we investigated the differential
expression of MELK and EZH2 in four histologic subgroups of
medulloblastoma and analyzed the association with prognosis.
Moreover, we detected the MELK-mediated phosphorylation of
EZH2 and the EZH2-induced methylation of MELK, as well as
compared the levels of two proteins in neural stem cells (NSC)
and CSCs. Finally, we inhibited MELK and EZH2 by RNAi and
inhibitor techniques to verify the critical role of MELK/EZH2
pathway in regulating the proliferation of SHH subgroup medul-
loblastoma CSCs (MBSC). To the best of our knowledge, it is the
first novel study to demonstrate the crucial role of interaction
between MELK and EZH2 in maintaining medulloblastoma pro-
liferation. This study will further provide the framework to devel-
op the promising therapeutic approaches for medulloblastoma,
through targeting the MBSC stem features.

Materials and Methods
Samples and cells

The medulloblastoma specimens were obtained from 88
patients undergoing craniotomy at the Department of Neurosur-
gery in Sanbo BrainHospital, CapitalMedical University (Beijing,
P.R. China) from September 2010 to February 2016. None of the
tumors had received chemo- and radiotherapy before surgery. All
the samples were reviewed and diagnosed by two experienced
neuropathologists. All tissues were collected during operation,
and then were frozen and stored in liquid nitrogen. Patient and
tumor characteristics are shown in Table 1, and survival analysis
was based on this cohort of 88 cases. All procedures were
approved by the Research Ethics Committee of our institute, and
written informed consent was obtained from each patient includ-
ed in the study.

Human medulloblastoma Daoy cell line was obtained from
National Infrastructure of Cell Line Resource in Peking Union
Medical College (Beijing, P.R. China) in June 2013. The cell line in
C4 passage before thawing was confirmed free of mycoplasma
contamination by PCR, and the species origin was also confirmed
by PCR, with the results being viewed on the official website
(http://cellresource.cn). The identity was authenticated with STR
profiling (FBI, CODIS), and the tests were performed before cells
were cryopreserved or one of the vials from a lot was taken out for
examination. Primary human MB25550 cells were established
from fresh specimens in our institute as described previously
(Supplementary Fig. S2; ref. 38). All the tumor cells were main-
tained in DMEM supplemented with 10% FBS at 37�C in a
humidified 5% CO2 incubator.

Main reagents
The MELK inhibitor, OTSSP167, and EZH2 inhibitor, DZNep,

were purchased fromSigma. The following agentswere purchased
from Gibco: DMEM/F12 medium, Neurobasal medium, B27,
basic FGF (bFGF), EGF, and L-glutamine.

Tissue culture
Chippy human medulloblastoma tissues were digested with

0.25% trypsin and resuspended at 1 � 107 cells/mL in DMEM/
F12 medium with B27 (2%), bFGF (20 ng/mL), EGF (50 ng/
mL), L-glutamine (1%), and penicillin/streptomycin (1%) to
isolate the CSCs. After being dissociated into single cells, the
abovementioned cells were cultured in DMEMwith 10% FBS to
differentiate tumor cells. Fractions of fetal or adult mouse
cortex were digested with 0.25% trypsin and resuspended at
1 � 107 cells/mL in Neurobasal medium with B27 (2%), L-
glutamine (1%), and penicillin/streptomycin (1%) to isolate

Table 1. Characteristics of patients with medulloblastoma (88 cases)

Items N (%) OR

Gender 0.67
Male 46 (52.27)
Female 42 (47.73)

Age (y) 1.13
<3 13 (14.78)
3–16 51 (57.95)
>16 24 (27.27)

Prognosis 0.72
Alive 39 (44.32)
Dead 49 (55.68)

Risk stage 1.56
M0 31 (35.23)
M1 8 (9.09)
M2 49 (55.68)

MELK 2.01
<49.0% 43 (48.86)
>50.0% 45 (51.14)

EZH2 1.05
<49.0% 47 (53.41)
>50.0% 41 (46.59)

Ki-67 1.96
<30.0% 25 (28.41)
30.0–60.0% 44 (50.00)
>60.0% 19 (21.59)

Pathology 1.32
Desmoplastic/nodular MB 12 (13.64)
Classic MB 47 (53.41)
MB with extensive nodularity 7 (7.95)
Large-cell/anaplastic MB 22 (25.00)

Abbreviation: MB, medulloblastoma.
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the neurons (binding part) and gliocytes (suspended part). The
suspended gliocytes were collected and cultured in DMEM with
10% FBS. When small hippocampus tissues were digested and
dissociated into single cells, FACS was performed with the
CD133 antibody (Abcam) for sorting of the NSCs, and then,
the obtained cells were cultured in Neurobasal medium con-
taining B27 (2%), bFGF (20 ng/mL), EGF (50 ng/mL), L-
glutamine (1%), and penicillin/streptomycin (1%).

IHC and immunofluorescence staining
All the 5-mmthick sectionswere prepared fromparaffin-embed-

ded tissues. In brief, sections were stained with the anti-MELK,
EZH2, Nestin, or NeuN antibodies (1:100) at 4�C overnight.
Then, the sections were washed and incubated using secondary
antibodies for 1 hour. Two experienced pathologists in our
institute estimated the number of positive staining cells by count-
ing 500 nuclei in four highmagnification fields (400�) randomly
as the percentage. Histologic subtypes were also achieved by two
pathologists in our institute.

Tissue sections, neurospheres, or dissociatedMBSCs were incu-
batedwith blocking liquid for 1 hour and subsequently incubated
with anti-MELK, EZH2,CD133,Nestin,GFAP, orKi-67 antibodies
(1:200) overnight at 4�C and FITC secondary antibody at room
temperature for 1 hour.

RNA extraction and RT-PCR
RNA was isolated from Daoy and MB25550 tumor cells and

MBSCs using TRIzol reagent according to the manufacturer's
instructions (Invitrogen). cDNA was synthesized by using iScript
reverse transcription reagent from 2 mg of total RNA. The relative
levels of mRNA were determined by using SYBR Green on the
Mx3000P QPCR system and normalized for the expression of
GAPDH mRNA. The following sequences were used for the
primers, MELK: 50-CACCGCAGCAGCAGGCAGAC-30, 30-GG-
GTTGGTGAGGCGGGTATTTC-50; EZH2: 50-CCCTTCTCAGATTT-
CTTCCCA-30, 30-GAGGTGACGGAAGACTCAGG-50.

Cell and tissue lysis
Cells and tissues were lysed by using ice-cold buffer with 0.1%

Triton X-100 and 20 mmol/L Tris-HCl (pH ¼ 7.4) containing
protease inhibitor cocktail. Protein concentration was measured
by bicinchoninic acid assay according to the manufacturer's
protocol (Invitrogen).

Western blot analysis
Thewhole protein (50mg)was separated by 10%SDS-PAGE gel

and then transferred to the PVDF membranes. The membranes
were subsequently incubated with anti-MELK, EZH2, Nestin,
NeuN, b-actin antibodies (Sigma) and anti-SUV391H1, p-
KMT6/EZH2, and H3K27me3 antibodies (Abcam) overnight at
4�C. Secondary antibodies were used to probe themembranes for
1 hour at room temperature. All primary antibodies were diluted
at 1:500 expect for b-actin (at 1:3,000).

Coimmunoprecipitation
Anti-MELK and anti-EZH2 antibodies or anti-SUV391H1 and

anti-p-KMT6/EZH2 antibodies cross-linked with protein A/G
beads were incubated with 500 mg of lysates from tumor cells
and MBSCs overnight at 4�C, respectively. Then, protein was
eluted from beads and added into the 10% SDS-PAGE gel for
electrophoresis. Immunoblotting for the indicated antibodieswas
performed.

MELK and EZH2 knockdown by siRNA and shRNA
siRNA was synthesized using the Silencer siRNA Construction

Kit (Applied Biosystems/Ambion) as previously described accord-
ing to themanufacturer's instructions (37). Lentiviral vectorswere
produced by transfecting human embryonic kidney (HEK) 293T
cells with the MELK or EZH2 shRNA construct together with the
packaging agents pMD2.G andpsPAX2using Lipofectamine 2000
(Invitrogen). After removal of cell debris with filter, the superna-
tant containing lentivirus was used to infectMBSCs. The sequence
targeting MELK and EZH2 were: MELK sense, AATACCCACAT-
CGGTTTCCTGTCTC, antisense, AAAAACCCGATGTGGTGGGT-
ACCTGTCTC; EZH2 sense, CCGGGCTAGGTTAATTGGGACCA-
AA, antisense, CTCGAGTTTGGTCCCAATTAACCT.

Cell proliferation and colony formation assay
Dissociated MB25550 CSCs transfected with siMELK, siEZH2,

and nontarget siRNA were seeded in 60-mm dishes coated with
gelatin and cultured in DMEM/F12 without FBS. Dissociated
Daoy CSCs were seeded in 60-mm dishes coated with gelatin
and cultured in the presence ofOTSSP167, DZNep, and PBS. After
10 days, the cells were immersed into 4% paraformaldehyde and
0.1% crystal violet.

Transwell assay
Migration assay was performed using the Transwell chambers.

Briefly, Daoy cells differentiated from the MELK-, EZH2-, and
nontarget deficient MBSCs (1 � 103 in 100 mL) were added into
the upper chambers, while the lower chambers were filled with
500mLofDMEMwith10%FBS. After 8 hours, thefilterswere then
fixed and stained with 0.1% crystal violet, then counted.

Transplantation and drug administration
All animal experiments were performed in accordance with

national guidelines at Capital Medical University (Beijing, P.R.
China) and approved by our institutional ethics committee.
Dissociated Daoy or MB25550 CSCs infected with shMELK,
shEZH2, and nontarget shRNA (1 � 107 cells in 100 mL) were
subcutaneously injected into the left (experimental) and right
(control) flank of 6- to 8-week-old male Bal-B/C nude mice (n ¼
6/group). Tumor volumes were measured every 3 days and
calculated according to the following formula: V (mm3) ¼ 1/2
(L � W2). After 1 month, the mice were sacrificed and tumors
sections were stained with anti-Ki-67 antibody.

The above infected MB25550 CSCs (5 � 106 cells in 5 mL)
were used for the intracranial injection into the right hemi-
sphere by using a mouse stereotaxic apparatus as described
previously (38). MicroMRI scanning and PET/CT were per-
formed (on the 28th day) to investigate tumor growth and
metastasis. Survival was defined as the time from transplanta-
tion until death. Tumor sections were stained with anti-Ki-67,
Nestin, and NeuN antibodies.

The OTSSP167 and DZNep were utilized as the MELK and
EZH2 inhibitors to complement these findings, which have been
involved in a great deal of research (39–41). On the 5th day after
intracranial transplantation of dissociated MB25550 CSCs,
engraftments were confirmed with microMRI scanning, and mice
with equivalent volumes were randomized into three groups for
intraperitoneal treatment: OTSSP167 (20 mg/kg), DZNep (20
mg/kg), and control (n¼ 6/group). Tumor growth was measured
bymicroMRI scanning on the 28th day, and the adverse actions of
inhibitors were reflected by mice weight. Until tumor-associated
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morbidity, immunostaining for Ki-67 in tumor sections was
handled as above.

Public gene data
The data of MELK and EZH2 profiles in The Cancer Genome

Atlas (TCGA) database are available for analysis on the cBioPortal
website (http://www.cbioportal.org). MELK and EZH2 expres-
sion data in molecular subgroups of medulloblastoma were
checked in GSE50765 dataset from R2 database (https://hgser
ver1.amc.nl).

Statistical analysis
Statistical data handling was performed using SPSS 18.0 and

GraphPad Prism 7.0 software, and values were shown as mean
� SD and error bars represented as SEM. Statistical significance
between two groups was determined by t test, and comparison
of mean values between multiple groups was evaluated by one-

way ANOVA. Correlations of staining indexes were analyzed by
the Pearson test. Overall survival (OS) was assessed using
Kaplan–Meier method, and the log-rank test was adopted for
significance of differences between survival curves. Variable
prognostic factors were analyzed by Cox proportional model.
For all statistical methods, P < 0.05 was considered statistically
significant.

Results
Overexpression of MELK and EZH2 correlated with prognosis
of medulloblastoma patients

To identify the expression of MELK and EZH2 in medulloblas-
toma, 94 cases in total were collected in the current research,
including desmoplastic/nodular medulloblastoma (n ¼ 12),
classic medulloblastoma (n ¼ 47), medulloblastoma with exten-
sive nodularity (n ¼ 7), large-cell/anaplastic medulloblastoma
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Figure 1.

MELK and EZH2 proteins were abundantly enriched in medulloblastoma (MB) specimens. A, Representative IHC images in low magnification fields (100�) showed
that MELK, EZH2, and Ki-67 highly expressed in humanmedulloblastoma tissues comparedwith normal brain, and the staining levels could be ranked in three grades.
B, MELK or EZH2 and Ki-67 expression in 88 specimens were compared for their correlation. The Pearson coefficients were 0.71, 0.86, and 0.77, respectively.
C, Left, representative images of MELK and EZH2 expression in desmoplastic/nodular and extensive nodularity subtypes of medulloblastoma in low magnification
fields (100�). The first line showed the morphology in high magnification fields (H&E, 200�). Right, statistical graph showed that staining levels of MELK and
EZH2 in large-cell/anaplastic medulloblastoma were significantly higher than those in other subgroups (P < 0.01, P < 0.0001). D, The association between
OS and histologic subtypes was evaluated by Kaplan–Meier analysis, indicating that patients with desmoplastic/nodular and classic subtypes had more OS
benefit (P <0.0001). E and F, Patients were divided into two groups according to the MELK (E) or EZH2 (F) expression levels (low, percentage of positively stained
cells was lower to 49.0%; high, percentage of positively stained cells was more than 50.0%), and the postsurgical survival rate was evaluated by Kaplan–Meier
analysis. There was a significant difference between the high and low MELK staining group, but not in EZH2 expression (P < 0.01, P ¼ 0.26).
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(n ¼ 22), and normal cerebra (n ¼ 6), to assess the MELK, EZH2,
and Ki-67 staining levels by IHC (Table 1). Figure 1A showed that
MELK and EZH2 abundantly expressed in nuclei of medulloblas-
toma cells compared with the normal cerebra, and the staining
levels could be ranked in three grades, shown as the weak positive
(<30.0%), median positive (30.0%–60.0%), and strong positive
(>60.0%). We analyzed the correlation betweenMELK and EZH2
by Pearson analysis, indicating that a positive tendency was
present between the twoproteins (Fig. 1B). The similar correlation
could also be obtained in the SHH-MB dataset (Supplementary
Fig. S1C) from R2 Database. Then, the findings were also in
parallel with the correlation in glioma (Supplementary Fig.
S1D) according to the TCGAdatabase (42). In addition, at protein
levels, the statistically significant association of MELK or EZH2
with Ki-67 supported their strong dependability on proliferation
(Fig. 1B). Then, we checked the differential expression in histo-
logic subgroups, showing that both proteins were substantially
higher in extensive nodularity and large-cell/anaplastic medullo-
blastoma than the normal and other two subgroups (Fig. 1C).

The clinical characteristics utilized for survival analysis in this
cohort of cases are summarized in Table 2. Among the 88 cases,
the median follow-up time was 36.3 months (range, 3.0–65.0
months); 39 patients (44.32%) were still alive, and there were
49 deaths (55.68%) due to medulloblastoma during the fol-
low-up periods. The analysis of OS using variable histologic
subgroups was generated by Kaplan–Meier method, conferring
that patients with desmoplastic/nodular and classic character-
istics showed more survival benefit (Fig. 1D). To analyze the
prognostic impacts of both proteins, 88 tumors were divided
into two groups based on the average of MELK or EZH2
immunostaining intensities. Patients with higher MELK levels
had poorer postoperative survival, but a similar result was not
obtained in EZH2 (Fig. 1E and F). However, the assessment of
some possible clinicopathologic factors by Cox proportional
model and the OR data by logistic analysis showed that not
only MELK, but also EZH2 could be taken into account as the
prognostic indicator (Table 1; Supplementary Table S1). Taken

together, these data ruled out that both MELK and EZH2
contributed to predicting histologic diagnosis and postsurgical
survival of medulloblastoma patients.

MELK and EZH2 protein colocated in MBSCs
Using a stringent dilution cloning formation method, Daoy

andMB25550CSCswere isolated fromDaoy cell line andprimary
MB25550 cells. To identify the immunophenotype of CSCs,
staining for stem cell marker CD133 was performed, showing
notable expression in the MBSCs (Fig. 2A). To confirm the
interaction between MELK and EZH2 in MBSCs, coexpression
and localization were investigated by immunofluorescence. As
shown in Fig. 2B and C, MELK and EZH2 positively expressed in
the dissociate MBSCs and neurospheres, which were colabeled
with the other stem cell marker, Nestin. We further performed
confocal immunofluorescence staining in the single CSC to show
MELK and EZH2 colocated in the nuclei (Fig. 2D). The upregu-
lated levels of MELK and EZH2 were observed when they were
examined in the SHH-MB dataset (GSE50765; Supplementary
Fig. S3A). Similarly, the expression was also confirmed in medul-
loblastoma tissues developed from the Ptch1 heterozygous
mice by viewing the high magnification fields (Fig. 2E; Supple-
mentary Fig. S3B). Immunostaining forMELK or EZH2 andGFAP
in human medulloblastoma tissues (Supplementary Fig. S3C)
and tumor tissues of Ptcþ/� mouse model (Fig. 2F) showed that
both of the two proteins highly expressed and astrocytes were
activated, but not in normal cerebellum (Supplementary Fig. S3C
and S3D). To corroborate these staining findings with the cancer-
ous stem features in MBSCs, we observed markedly elevated
relative mRNA levels of melk and ezh2 in MBSCs, but little
differential expression in the non-CSCs (Fig. 2G; Supplementary
Fig. S3E). Immunoblotting of the cell lysates confirmed a stronger
expression of MELK and EZH2 in tumorigenic CSCs from Daoy
andMB25550, compared with their sister cultures in themedium
containing FBS (Fig. 2H). Thus, these data suggested that MELK
and EZH2 colocalized in MBSCs were required to maintain the
stemness.

Table 2. Characteristics of medulloblastoma patients used for survival analysis (88 cases)

Items
Low MELK
(<49.0%)

High MELK
(>50.0%)

Low EZH2
(<49.0%)

High EZH2
(>50.0%)

Total of cases 43 (48.86) 45 (51.14) 48 (54.55) 40 (45.45)
Gender
Male 27 (62.79) 22 (48.89) 31 (64.58) 18 (45.00)
Female 16 (37.21) 23 (51.11) 17 (35.42) 22 (55.00)

Age (y)
<3 4 (9.30) 5 (11.11) 5 (10.42) 4 (10.00)
3–16 27 (62.79) 24 (53.33) 31 (64.58) 20 (50.00)
>16 12 (27.91) 16 (35.56) 12 (25.00) 16 (40.00)

Risk stage
M0 17 (39.53) 14 (31.11) 19 (39.58) 12 (30.00)
M1 4 (9.30) 4 (8.89) 3 (6.25) 5 (12.50)
M2 22 (51.16) 27 (60.00) 26 (54.17) 23 (57.50)

Ki-67
<30.0% 21 (48.84) 0 (0) 19 (39.58) 2 (5.00)
30.0%–60.0% 19 (44.19) 20 (44.44) 27 (56.25) 12 (30.00)
>60.0% 3 (6.98) 25 (55.56) 2 (4.17) 26 (65.00)

Pathology
Desmoplastic/nodular MB 8 (18.60) 4 (8.89) 9 (18.75) 3 (7.50)
Classic MB 33 (76.74) 15 (33.33) 36 (75.00) 12 (30.00)
MB with extensive nodularity 0 (0) 7 (15.56) 0 (0) 7 (17.50)
Large-cell/anaplastic MB 2 (4.65) 19 (42.22) 3 (6.25) 18 (45.00)

NOTE: Data are presented as number (percentage).
Abbreviation: MB, medulloblastoma.
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Interaction between MELK and EZH2 occurred in MBSCs
According to the relevance of colocation, the interaction

between MELK and EZH2 inMBSCs consecutively attracted more
attention. First, in spite of the functions ofMELK and EZH2 about
development and self-renewal in NSCs, the levels presented
lower than that in CSCs (Fig. 3A). Then, we examined whether
MELKphysically bound to EZH2by coimmunoprecipitation (Co-
IP). Endogenously expressed MELK protein in Daoy and
MB25550 CSCs was pulled down by the MELK antibody, and
immunoblotting analysis with EZH2 antibody was conducted,
indicating that endogenous EZH2 corresponded to MELK (Fig.
3B). Similarly, binding of endogenous MELK to EZH2 was also
confirmed by Co-IP of the lysates from MBSCs with EZH2 anti-
body (Fig. 3B). It was notable that similar results were not
obtained in the differentiated tumor cells (Fig. 3B). These data
suggested that the interaction between two proteins might keep
cancerous stem features. Because MELK held the property of
kinase, and EZH2 could methylate the specific histone proteins,

it was supposed that phosphorylation and methylation might
occur in the MELK–EZH2 complex. Then, we immunoblotted the
pattern of phosphorylated EZH2 (p-EZH2) after the protein
complex was pulled down by MELK antibody, indicating that
EZH2phosphorylation depended onMELK activity (Fig. 3C, left).
Similarly, the methylated MELK status could also be detected by
immunoblotting analysis after Co-IP of the lysates with EZH2
antibody, which suggested that EZH2 resulted in MELK methyl-
ation (Fig. 3C, right).

To investigate the roles of MELK and EZH2 in interacting
course, Western blot analysis showed a strong suppressing levels
of MELK and EZH2 in MBSCs through plasmid-mediated trans-
fected techniques to verify knockdown efficiency (Fig. 3D).
Decreased levels of p-EZH2 were observed in siMELK-expressing
MBSCs compared with the nontarget control (Fig. 3E), andMKEL
methylation dropped dramatically in EZH2-deficientMBSCs (Fig.
3F). EZH2 was the catalytic subunit of PRC2, which could tri-
methylate the Lys27 of H3 histone (H3K27me3), and p-EZH2
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MELK and EZH2 protein colocated in MBSCs. A,Morphology of Daoy and MB25550 CSCs spheres was shown and both were stained with CD133. Scale bar, 250 mm.
B, Dissociated Daoy CSC-binding dishes were stained with MELK, EZH2, and Nestin showing that MELK or EZH2 was coexpressed with Nestin (100�). C,
Immunocytochemistry of single MB25550 CSCs sphere showed that MELK or EZH2 was coexpressed with Nestin (400�). D, Positively stained single cells showed
that MELK and EZH2 colocated in the nuclei. Scale bar, 5 mm. E, Immunostaining for MELK, EZH2, and Nestin in tumor tissues of Ptcþ/� mouse model showed
that MELK and EZH2 highly expressed in tumor lesions and Nestin levels also increased (400�). F, Immunostaining for MELK, EZH2, and GFAP in cerebellar sections
of Ptcþ/� mouse model at 12 weeks showed the positive staining of MELK, EZH2, and GFAP in tumor lesions but not in normal (200�). G, qRT-PCR analysis
displayed that melk and ezh2 mRNA expression in MBSCs was higher than that in non-MBSCs. GAPDH was used as the internal control (P < 0.01, P < 0.0001)
H, Western blot analysis showed that the expression of MELK, EZH2, and Nestin is higher in MBSC spheres compared with the differentiated progeny
(non-MBSCs), whereas NeuN expressed higher in non-MBSCs. Actin was used as the internal control.
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could activate the downstream signaling pathways to promote the
tumorigenicity of CSCs (36, 43). It prompted us to test the
methyltransferase activity of p-EZH2. EZH2 knockdown signifi-
cantly decreased H3K27 methylation similar to the insufficient
MELK methylation after MBSCs were transfected with siEZH2
(Fig. 3G, left). Furthermore, the levels of H3K27me3 dropped in
parallel with the phosphorylation of EZH2 due to MELK knock-
down, indicating that phosphorylated condition was required for
EZH2-mediated methylation (Fig. 3G, right). Thus, the above-
mentioned data supported the molecular mechanism involving
the interactionbetweenMELKandEZH2with the cancer stemness
dependency.

MELK and EZH2 silencing attenuated MBSC proliferation
To extend the research achievements, we next investigated the

MBSCs self-renewal in vitro and in vivo through a couple of loss-of-
function studies to show the functional relevance of MELK and
EZH2 in tumorigenicity. We used the neurosphere and colony
formation assay as an estimation for MBSC self-proliferation.
Dramatic differences were evident when MELK and EZH2 were
silenced by RNAi technique (Fig. 4A). MELK and EZH2 depletion
also significantly abrogated the mobility of tumor cells differen-

tiated from the MBSCs transfected with plasmid carrying siMELK
or siEZH2, whichwas reflected by the decreased ratio ofmigrating
cells (Fig. 4B).

Dissociated Daoy and MB25550 CSCs infected with lentivirus
encoding shMELK, shEZH2, or scramble RNA were subcutane-
ously injected into nude mice, respectively (Supplementary Fig.
S4). Four weeks after transplantation, MBSCs expressing nontar-
get RNA gave rise to much larger tumor masses than MBSCs
expressing shMELK and shEZH2 (Fig. 4C). Similar results were
obtained after the indicated MB25550 CSCs were intracranially
transplanted into nudemice. RepresentativemicroMRI scans for 3
distinct mice on the 28th day showed that significantly decreased
tumor volumes existed in nude mice bearing MELK- and EZH2-
deficient MB25550 CSCs compared with the faster tumor growth
in control (Fig. 4D). Uptake of 18F-FDG on PET/CT scans for the
same 3 mice on the 28th day showed that the most extensive
metastasis was observed in control, while MELK and EZH2
silencing significantly inhibited metastasis. Then, statistical
graphs of standard uptake value ratio showed the more obvious
potency of MELK and EZH2 knockdown (Fig. 4D). Finally, all the
nude mice in control group died within about 5 weeks, whereas
the median survival of animals bearing xenografts derived from
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Figure 3.

Interaction between MELK and EZH2 occurred in MBSCs. A, Immunoblotting analysis showed that the expression of MELK and EZH2 was higher in MBSC spheres
compared with the NSCs, and no expression could be checked in fetal or mature neurons and gliocytes. B, Left, immunoblotting analysis following Co-IP
with MELK antibody showed that endogenous MELK could bind to EZH2 in both Daoy and MB25550 CSCs, but not in the non-CSCs; right, Western blot analysis
following Co-IP with EZH2 antibody showed that the binding of endogenous EZH2 to MELK in both Daoy and MB25550 CSCs, but not in the non-CSCs.
C, Immunoblotting analysis after Co-IP of the lysates with EZH2 antibody showed that MELK was methylated and vice versa; EZH2 was phosphorylated by
MELK. D, Western blot analysis showed the elimination of MELK and EZH2 by siMELK and siEZH2 in comparison with nontarget siRNA. E, Immunoblotting for p-
KMT6/EZH2 in siMELK-transfected Daoy and MB25550 CSCs showed that the level of p-EZH2 was attenuated due to the MELK knockdown. NT was the
control for MELK knockdown. F, Immunoblotting for methylatedMELK in siEZH2-transfected Daoy andMB25550 CSCs showed that theMELKmethylation level was
decreased by EZH2 knockdown. NTwas the control for EZH2 knockdown.G, Left, EZH2 knockdownmarkedly decreased the staining level of H3K27me3; right, MELK
knockdown not only diminished the phosphorylation of EZH2, but also reduced the methylation of H3K27me. Actin was used as the internal control.
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MELK- and EZH2-deficient CSCs was prolonged to 45 days (Fig.
4E). The majority of medulloblastoma cells infected with non-
target shRNApresented highproliferation,whereas only a fraction
ofMELK- or EZH2-deficient tumor cells were positive for Ki-67, as
shown in the results of Ki-67 staining in xenograft slices (Fig. 4F).
The MELK or EZH2 shRNA-transduced tumors displayed no
noticeable expression of the cancer stem-like marker Nestin,
but a remarkable increase of the differentiated neuron marker
NeuN. In contrast, immunostaining analysis of the control

tumors showed elevated percentage of Nestin and decreased level
of NeuN labeling (Fig. 4G). Thereby, these data suggested that
MELK and EZH2 were essential for the proliferation of
medulloblastoma.

MELK or EZH2 inhibitor suppressed medulloblastoma growth
Our abovementioned statements figured out the contribution

of interaction between MELK and EZH2 to medulloblastoma
growth based on the elevated expression in MBSC population.
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Figure 4.

MELKor EZH2 knockdownattenuatedMBSCsproliferation.A,MELKandEZH2 knockdownhad significant inhibitory effects on the neurosphere and colony formation
inMB25550 CSCs (100�, 10�). The statistical graphs showed that siMELK and siEZH2 decreased the proliferation in comparisonwith the control (P <0.05, P <0.05).
B, Cell migration was evaluated by the transwell chamber assay without coated Matrigel displaying that differentiated Daoy cells transfected with plasmid carrying
siMELK or siEZH2 had defective mobility. The statistical graph showed the suppressed effects of siMELK and siEZH2 on migration compared with the
control (P < 0.05). C,Daoy andMB25550 CSCs infected with lentiviral vector carrying shMELK (#1 and #2) or shEZH2#1 were subcutaneously transplanted into nude
mice, respectively, and representative panels were shown as the inhibitory effects on tumor growth. Tumor volume curves were shown (P < 0.05, P < 0.01). D,
MicroMRI scans (top) for 3 distinct nude mice with intracranial tumors derived from stereotactic xenograft of MB25550 CSCs infected with lentiviral vector carrying
shMELK#1 or shEZH2#1 on 28th day showed that MELK or EZH2 knockdown attenuated tumor growth. PET/CT (lower) on 28th day demonstrated the
inhibitory effects onmetastasis. The graphs indicated the statistically evident difference of tumor volumes and radioactive absorption. Nontarget shRNAwas used as
the control (P < 0.0001, P < 0.0001). E, Kaplan–Meier analysis indicated that mice bearing shMELK and shEZH2-infected MB25550 CSC-derived intracranial tumors
had a longer survival than the nontarget control (P ¼ 0.0033). F, Immunostaining for Ki-67 in shMELK- and shEZH2-transfected MB25550 CSC-derived tumor
sections displayed the elimination of proliferation by MELK or EZH2 knockdown compared with the nontarget control (100�). The statistical graph
showed the number of cells with Ki-67–positive staining (P < 0.05). G, Representative IHC images of Nestin and NeuN staining in intracranial xenograft samples
derived from nontarget shRNA, shMELK, and shEZH2 MB25550 CSCs showed the low expression of Nestin and overexpression of NeuN. Histograms represented
the positive Nestin or NeuN in the specimens (P < 0.0001, P < 0.0001).
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Figure 5.

MELK or EZH2 inhibitor suppressed medulloblastoma. A, Colony formation and neurosphere formation assay of Daoy CSCs were performed in the presence of
OTSSP167, DZNep and PBS for 2 hours, and the staining with crystal violet and Ki-67 antibody displayed the roles of OTSSP167 and DZNep on the proliferation (10�,
100�). The statistical graphs showed that OTSSP167 and DZNep decreased the proliferation comparedwith the control (P < 0.001, P < 0.01). B,MicroMRI scans for 3
individual nude mice with intracranial tumors derived fromMB25550 CSCs showed that OTSSP167 and DZNepmarkedly inhibited tumor growth compared with the
control. Tumor volumes were shown in the statistical graph (P < 0.05). C, Kaplan–Meier curve demonstrated that the survival of mice bearing intracranial tumors
derived fromMB25550CSCs after treatmentofOTSSP167 andDZNepwasbetter than the control (P<0.001).D,The statistical graphofmouseweight showed that no
difference existed in therapeutic and control group (P ¼ 0.42). E, Immunostaining for Ki-67 in OTSSP167 and DZNep-treated xenografts showed the reductive
proliferation after using the targeted inhibitors (100�). The graph indicated the statistically significant difference of the Ki-67–positive staining cells (P < 0.01).
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We next asked whether medulloblastoma growth could be sup-
pressedwith the treatment ofMELKandEZH2 inhibitors. Anchor-
age-dependent colony formation assay was performed to show
OTSSP167 and DZNep could produce more colony reductive
effects on the anchorage Daoy CSCs compared with the PBS
control (Fig. 5A). Similar results were obtained in the MBSC
sphere formation assay by immunostaining of Ki-67 (Fig. 5A).
Interestingly, MTT data presented that no significant differences
existed between the single-medication group and the combina-
tion-medication group (Supplementary Fig. S5).

We then generated cohorts of MB25550 CSCs -bearing mice
to further assess whether tumor would be attenuated by target-
ing MELK and EZH2. According to the microMRI scans at
week 4, mice treated with OTSSP167 and DZNep revealed
powerful inhibition on tumor growth in contrast to the control
group (Fig. 5B). The mice in MELK and EZH2 inhibitory group
showed more survival benefit, with 1 of 5 mice achieving long-
term survival (�50 days after transplantation, Fig. 5C). The
mice weights were measured at week 6, with no differences
existing in three groups, indicating that OTSSP167 and DZNep
would not produce serious adverse actions (Fig. 5D). Dramatic
differences were distinctive when the xenografts were immu-
nostained for Ki-67 (Fig. 5E). Overall, these results further
confirmed the functions of MELK and EZH2 activity.

Discussion
Although multiple researches have illuminated the molecular

mechanisms underlying tumor initiation and progression, it still
requires profound understanding of the cellular and molecular
basis of medulloblastoma to identify the specific principles
responsible for neoplastic proliferation. Recently, the similarity
in regulating self-renewal of normal stemcells and cancer cells and
the possibility in the origin of cancer cells from normal stem cells
provide new insights into the conception that tumor contains
"cancer stem-like cells", which present the indefinite proliferative
potential contributing to the tumor growth or therapeutic resis-
tance (7). Our previous work showed that GSCs depended on
MELK/c-JUN signaling pathway to maintain survival and imma-
ture state (18). These current data present the novelty that the
interaction betweenMELK andEZH2occurring inMBSCs, but not
in NSCs, can lead to the enhancement in proliferation and
maintenance in stemness.

In this study, we report a number of findings referred to
mechanisms and clinical events: (i) MELK and EZH2 proteins
colocated in MBSCs are elevated in medulloblastoma and their
differential expression exists in histologic subgroups; (ii) only the
MBSCs, but not the NSCs, keep the extensively high levels of
MELK and EZH2 to go on forming tumors; (iii) MELK can induce
EZH2 phosphorylation, which is required for EZH2-mediated
methylation; (iv) MELK and EZH2 play an important role in
modulating stem-like cell population proliferation in pathologic
process; (v) MELK and EZH2 are required for immature mainte-
nance, and deletion of them markedly promotes differentiation;
(vi) MELK and EZH2 exhibit promising values as prognostic
indicators or therapeutic targets.

Elucidating the interaction betweenMELK and EZH2 inMBSCs
is essential for understanding the roles of the two proteins in
medulloblastomaproliferation. The direct interaction contributes
to keep the stemness ofmedulloblastoma, as evidencedby theCo-
IP results demonstrating that the MBSC-specific MELK binding to

EZH2 differed from that in non-MBSCs (Fig. 2B). It has been
reported that phosphorylation of EZH2 can enhance the STAT3
activity by mediating methylation of STAT3, which preferentially
occurred in GSCs relative to non–stem-like tumor cells (36). Our
data provide the following evidences that (i) MELK phosphor-
ylates EZH2 and EZH2 methylates MELK by indefinite direct or
indirect binding in MBSCs but not in non-CSCs; (ii) MELK and
EZH2 colocate with Nestin in SHH-MB mouse model sections,
which sheds light on the function of MELK–EZH2 pathway in
regulating the MBSCs self-renewal. Likewise, given the exagger-
ated profiles of MELK and EZH2 in a high level of Ki-67þ–
associated medulloblastoma samples, such as the large-cell/ana-
plastic or SHH subgroup (Fig. 1A andC; Supplementary Fig. S3A),
it also highlights the impacts of the two in tumor growth.
Furthermore,MELK silencing inhibits EZH2phosphorylation and
EZH2 depletion also represses MELKmethylation, thereby block-
ing medulloblastoma proliferation in vitro and in vivo. However,
we cannot rule out whether the interaction regulates medullo-
blastoma proliferation in the same molecular basis as previously
identified in GBM (18, 35), which demands further research.

Our data reveal that different expression levels of MELK
and EZH2 exist between MBSCs and NSCs. In addition, the
two protein expressions are rarely found in normal differential
neurons and gliocytes (Figs. 1A and 3A). In this study, the usage
of CD133 to mark MBSCs has its specific drawbacks as follows:
on one hand, the percentage of CD133þ cells is less than that
of CD15þ in medulloblastoma, which shows greater potential
in labeling the CSCs (44). On the other hand, only one marker
is chosen to identify MBSCs with more meaningful results
probably coming from two indexes, such as CD133þCD15,
CD133þCD34, or CD133þnestin. However, stem cell micro-
environment has changed a great deal with the initiation and
progression of neoplasms. Studies have suggested the vital role
of tumor microenvironments that normally operate to regulate
various types of protein stabilities during CSCs self-prolifera-
tion (45). CSCs are "clever" enough to modify the microenvi-
ronment by recruiting agents to make others, including vessels,
astrocytes, fibroblasts, etc., serve themselves with the goal of
maintaining self-renewal (46). For example, in medulloblas-
toma, GFAPþ staining represents that a few astrocytes in tumor
microenvironment are activated in human and mouse model
tissues (Fig. 2F; Supplementary Fig. S3B), and this population
of cells may secrete various factors, such as sonic hedgehog,
TGFb, CCL2, etc., to support MBSC self-renewal and achieve
malignancy (47).

Recent discoveries have demonstrated four distinctive molec-
ular subtypes of human medulloblastoma: SHH, WNT, Group 3,
and Group 4 (3). In our research, the Daoy cell line and Ptcþ/�

mouse model are classified as the SHH subgroup, and MB25550
cells are also derived from the SHH-MB (Supplementary Fig. S6A;
refs. 48, 49). MELK interacts with EZH2 in Daoy and MB25550
CSCs, and the xenografts that develop from the two kinds of
MBSCs are strongly attenuated by RNA knockdown or inhibitors.
Initial findings have revealedNestin-bound hedgehog pathway to
promote the development of SHH-MB (45). The sample of SHH-
MB in this research also displays the high expression of Nestin
(Supplementary Fig. S6B). Our current work shows that loss of
MELK or EZH2 dramatically inhibits Nestin expression, suggest-
ing that targeting the interaction between two proteins may
present a promising therapeutic strategy for the treatment of
SHH-MB. Further research is warranted to investigate the
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mechanisms and functions of the interaction between MELK and
EZH2 in other three subgroups.

The observation of proliferative regulation by interaction
between MELK and EZH2 has made it an attractive target candi-
date for diagnosis and treatment of medulloblastoma. On one
hand, MELK and EZH2 expression are examined by IHC in 88
human medulloblastoma samples, and the correlation with
prognosis is assessed by Kaplan–Meier, Cox proportional model,
and logistic analysis, showing that MELK and EZH2 are strongly
linked to theprognosis of patientswithmedulloblastoma, despite
the negative result of EZH2 in Kaplan–Meier analysis, which
needs more samples to be evaluated (Fig. 1E and F; Tables 1
and 2). On the other hand, the impact of MELK and EZH2
knockdown or inhibition on tumor growth in our work would
facilitate the management strategies of MELK or EZH2 inhibitors
in medulloblastoma patients, which is in agreement with the
previous significant data on targeting EZH2 in medulloblastoma
(50).However, combination of the two drugs does not exhibit the
indicated advance and the reasonsmay be that both the inhibitors
focus on only the same MELK/EZH2 pathway. Then, the research
involved in the effects of MELK or EZH2 inhibitor with other first-
line antineoplastics (methotrexate, cisplatin, etc.) on medullo-
blastomawill be required in the future program. Besides, inmany
cases, tumor exhibits relapse or resistance to chemo- and radio-
therapy due to the population of CSCs. Given thatMELK or EZH2
silencing significantly reduces the Nestin expression and aug-
ments the NeuN expression to break the medulloblastoma stem-
ness and promote the differentiation (Fig. 4G), it is possible that
lowering themalignancy and elevating the sensitivity to therapies
can rely on the modulation of the two oncogenic proteins.

On the basis of our studies, it is the first novel evidence that the
phosphorylation and methylation between MELK and EZH2
occurring in MBSCs, but not in NSCs, can regulate the prolifer-
ation and differentiation ofmedulloblastoma. Meanwhile, MELK
immunostaining presents the prognostic value for medulloblas-
toma patients. Through the loss-of-function study, MELK and
EZH2 silencing or inhibition suppresses the neurosphere forma-
tion and attenuates the MBSC-derived xenograft growth, and also
induces the differentiation of MBSCs. In conclusion, further
research in considering MELK and EZH2 as prognosis indicators

and/or therapeutic targets may contribute to improving diagnosis
and treatment of patients withmedulloblastoma. Potentially, this
strategy also can be expanded to other cancers if the interaction
between MELK and EZH2 functions in a similar way to regulate
the tumorigenicity.
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