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Abstract

Background: MYC amplification or overexpression is common in Group 3 medulloblastoma and is associated with
the worst prognosis. Recently, protein arginine methyl transferase (PRMT) 5 expression has been closely associated
with aberrant MYC function in various cancers, including brain tumors such as glioblastoma. However, the role of
PRMTS5 and its association with MYC in medulloblastoma have not been explored. Here, we report the role of
PRMTS5 as a novel regulator of MYC and implicate PRMT5 as a potential therapeutic target in MYC-driven medulloblastoma.

Methods: Expression and association between PRMT5 and MYC in primary medulloblastoma tumors were investigated
using publicly available databases. Expression levels of PRMT5 protein were also examined using medulloblastoma cell lines
and primary tumors by western blotting and immunohistochemistry, respectively. Using MYC-driven medulloblastoma cells,
we examined the physical interaction between PRMT5 and MYC by co-immunoprecipitation and co-localization
experiments. To determine the functional role of PRMT5 in MYC-driven medulloblastoma, PRMT5 was knocked-
down in MYC-amplified cells using siRNA and the consequences of knockdown on cell growth and MYC
expression/stability were investigated. In vitro therapeutic potential of PRMT5 in medulloblastoma was also
evaluated using a small molecule inhibitor, EPZ015666.

Results: We observed overexpression of PRMT5 in MYC-driven primary medulloblastoma tumors and cell lines
compared to non-MYC medulloblastoma tumors and adjacent normal tissues. We also found that high expression
of PRMT5 is inversely correlated with patient survival. Knockdown of PRMT5 using siRNA in MYC-driven medulloblastoma
cells significantly decreased cell growth and MYC expression. Mechanistically, we found that PRMT5 physically associated
with MYC by direct protein-protein interaction. In addition, a cycloheximide chase experiment showed that PRMT5 post-
translationally regulated MYC stability. In the context of therapeutics, we observed dose-dependent efficacy of PRMT5
inhibitor EPZ015666 in suppressing cell growth and inducing apoptosis in MYC-driven medulloblastoma cells. Further, the
expression levels of PRMT5 and MYC protein were downregulated upon EPZ015666 treatment. We also observed a
superior efficacy of this inhibitor against MYC-amplified medulloblastoma cells compared to non-MYC-
amplified medulloblastoma cells, indicating specificity.

Conclusion: Our results reveal the regulation of MYC oncoprotein by PRMT5 and suggest that targeting PRMT5 could
be a potential therapeutic strategy for MYC-driven medulloblastoma.
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Background

Medulloblastoma is the most common malignant
pediatric brain tumor, accounting for nearly 20% of all
childhood brain cancers [1]. Current therapies of medullo-
blastoma have improved patient survival to about 70% and
include surgical resection, radiation therapy, and chemo-
therapy [2]. Medulloblastoma has biological/genetic het-
erogeneity with 4 major molecularly distinct subgroups
including wingless (WNT), Sonic Hedgehog (SHH),
Group 3 and Group 4 [3-5]. Group 3 medulloblastoma
often exhibits MYC amplification or overexpression and
has the worst prognosis of the 4 medulloblastoma sub-
groups with <50% survival. MYC-driven medulloblasto-
mas have high metastatic potential and are often resistant
to even multimodal treatments [6—8]. Thus, understand-
ing the mechanisms of MYC-driven tumor progression/
recurrence and integration of molecular-targeted therapies
are critical to identifying novel and effective therapeutics
for these high-risk patients.

Epigenetic deregulation has emerged as a key driver in
medulloblastoma tumorigenesis, particularly alterations in
histone modifying enzymes such as histone methyl transfer-
ases [9, 10]. Furthermore, Group 3 and Group 4 medullo-
blastomas present with high levels of histone H3-lysine 27
tri-methylation (H3K27me3) due to altered activity of the
H3K27 methyltransferase and H3K27 demethylases [11,
12]. Post-translational methylation of histone may occur at
lysine (K) or arginine (R) residues. Past studies have focused
more on histone lysine methylation than histone arginine
methylation. However, growing evidence supports the im-
portance of arginine methylation by protein arginine meth-
yltransferases (PRMTs) in cancer progression. Particularly,
the overexpression of PRMT5 has been correlated with
poor prognosis in a variety of cancers [13].

PRMT5 represents a member of PRMT family pro-
teins that methylate histone and non-histone proteins
to regulate gene expression and cellular development
[14]. PRMT5 symmetrically dimethylates the arginine
residues of histone proteins H4 (S2Me-H4R3), H3
(S2Me-H3R8) and H2A, and thereby regulates chro-
matin structure to support transcriptional repression
[15]. PRMTS5 over-expression in cancers is thought to
epigenetically silence tumor suppressor and cell cycle
genes [16]. In addition, PRMT5 is known to post-
translationally methylate certain oncogenic transcrip-
tion factors (non-histone proteins) such as p53, NF-
kB (p65) and MYCN [17-20].

Recently, PRMT5 was found to associate with aberrant
MYC function in various cancers including brain tumors
such as glioblastoma and neuroblastoma [20-23]. How-
ever, the role of PRMT5 and its association with MYC
in medulloblastoma have not been explored. Based on
these observations, we hypothesized that PRMT5 is a
novel regulator of MYC expression whose inhibition
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may serve as a novel therapeutic strategy in MYC-driven
medulloblastoma.

Methods

Cell lines and culture

The human medulloblastoma cell lines Daoy (HTB-186),
D-283 (HTB-185) and D-341 (HTB-187) were purchased
from American Type Culture Collection (ATCC, Manas-
sas, VA, USA). HD-MBO03 (ACC-740) human medullo-
blastoma cell line was purchased from Deutsche
Sammlung von Mikroorganismen und Zellkulturen
(DSMZ, Braunschweig, Germany). ONS-76 (IFO50355)
human medulloblastoma cell line was obtained from
Sekisui-XenoTech (Kansas, USA). These Cell lines were
authenticated by their respective companies using short
tandem repeat profiling. All cell lines were tested for
mycoplasma contamination using MycoSensor PCR
Assay Kit (Santa Clara, CA, USA). In this study, Daoy
and ONS-76 were used as SHH medulloblastoma sub-
group cell lines without MYC-amplification, whereas, D-
341, HD-MBO03 and D-283 were used as Group 3 medul-
loblastoma cell lines with MYC-amplified status. All
these cell lines were cultured and maintained using Ea-
gle’s minimal essential medium (EMEM) or RPMI-1640
media supplemented with 10% heat-inactivated FBS and
1% penicillin/streptomycin (Invitrogen, Carlsbad, CA,
USA) in a humidified incubator at 5% CO2 and 95% air
atmosphere at 37 °C. The experiments were performed
using no more than 10 passages for each cell line. The
cell lysate of human normal brain cerebellum was pur-
chased from BioChain Institute Inc. (Newark, CA, USA).

Patient data acquisition for PRMT5 expression and
survival

The R2 Genomics Analysis and Visualization Platform
(www.r2.amc.nl) was used to investigate PRMTS mRNA
expression and its correlation with patient survival across
medulloblastoma subgroups using publicly available data-
sets. The expression of PRMT5 mRNA in medulloblas-
toma was analyzed using a total 491 medulloblastoma
tumors (5 independent cohorts) and 9 normal cerebellum
samples. The survival analyses with respect to PRMT5 ex-
pression in medulloblastoma patients were performed
using a separate cohort of 612 medulloblastoma samples
from Cavalli (763 samples) dataset.

siRNAs and inhibitor

Both control (Scrambled, sc-37,007) and PRMTS5 siRNAs
((sc-41,073) were purchased from Santacruz Biotechnol-
ogy (Dallas, TX, USA). Each siRNA was dissolved in
RNase-free water at 10puM stock concentration and
stored at -20°C. The PRMTS5 inhibitor EPZ015666 was
purchased from Selleckchem Company (Houston, TX,
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USA). This inhibitor was dissolved in DMSO at 10 mM
stock concentration and stored at -20 °C.

siRNA knock-down and transfection

Control (scrambled) and PRMTS5 siRNA (a pool of 3 target-
specific 19-25 nt siRNAs with 50 nM) were transiently trans-
fected into medulloblastoma cells using Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA) according to the manufac-
turer’s instructions. Following 72 h of transfections, cells were
subjected to downstream analyses using western blotting and
MTT assay.

Cell growth assay

To examine the effects of PRMT5 inhibition on medul-
loblastoma cell growth, twenty thousand cells of each
medulloblastoma cell line were plated in 96-well
plates 24 h before the experiment. Then, these cells were
transfected with PRMT5 siRNAs or treated with PRMT5
inhibitor for 72h according to the experimental plan
and the growth of these cells was determined using an
MTT assay as described previously [24].

Apoptosis and cell cycle analyses

The effect of PRMT5 inhibitor to induce apoptosis in
medulloblastoma cells at 72 h, was determined using an
Annexin-V:FITC flow cytometry assay kit (BD Biosci-
ences, San Jose, CA, USA) following the manufacturer’s
instructions. For cell cycle analysis, the control and
PRMTS5 inhibitor-treated medulloblastoma cells for 24
and 48 h, were fixed with 75% ethanol and stained with
propidium iodide using a propidium iodide flow cytome-
try kit (Abcam, Cambridge, UK).

Cycloheximide chase and co-immunoprecipitation
experiments

To determine protein stability, medulloblastoma cells
were treated with 50 pg/ml cycloheximide (Sigma Al-
drich, St. Louis, MO, USA) following siRNA transfection
for 72 h. Following transfection, cell lysates from the in-
dicated time points of cycloheximide treatments were
subjected to western blotting.

For co-immunoprecipitation, 500 ug protein lysate was
precleared with 50 pl of protein A-Sepharose beads (Cell
Signaling Technology, Danvers, MA, USA) for 1h at
4°C. Immunoprecipitation was performed in the pres-
ence of 8 ug of the indicated primary antibodies at 4 °C
overnight. Inmune complexes were captured by adding
50 ul of protein A-Sepharose beads and rotated at 4°C
for 2 h. After the supernatant was discarded, protein A-
Sepharose beads were washed with PBS and lysed in 1x
Laemmli buffer and then subjected to western blotting.
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Western blotting

The expression levels of indicated proteins in medullo-
blastoma cells were determined using western blot ana-
lyses as described previously [24]. The primary human
antibodies for cMYC (sc-40), PRMT5 (sc-376,937), his-
tone H3 (sc-8654) and p-Actin (sc-130,301) were pur-
chased from Santacruz Biotechnology (Dallas, TX, USA).
H4R3me2s (61188) and H3R8me2s (ab130740) anti-
bodies were from Active Motif (Carlsbad, CA, USA) and
Abcam (Cambridge, UK), respectively. Immunoreactivity
was detected using appropriate peroxidase-conjugated
secondary antibodies (Jackson Lab, ME) and visualized
using an ECL detection system (Pierce, IL).

Immunofluorescence

Methanol-fixed HD-MBO3 cells on glass cover slips, and
an antigen-retrieved medulloblastoma tumor section
were washed with PBS and blocked in 1% BSA in PBS
for 30 min. The tumor cells were then co-incubated with
PRMTS5 (rabbit, 1:100) and MYC (mouse, 1:100) anti-
bodies overnight at 4°C. Following three washes with
PBS, the «cells were further co-incubated with
fluorochrome-conjugated anti-rabbit (Alexa-488) and
anti-mouse (Alexa-647) secondary antibodies (Invitro-
gen, Carlsbad, CA) for 1h at room temperature. The
cells were then washed three times with PBS and the
cover slips were mounted on glass slides and visualized
under confocal microscope. DAPI was co-incubated with
the secondary antibodies to facilitate the visualization of
the nuclei. Confocal images were taken using a Zeiss
LSM 5 Pascal confocal microscope (Carl Zeiss, Oberko-
chen, Germany) using a 40x objective in the UNMC
Confocal Microscopy facility.

Immunohistochemical analyses in patient samples
Frozen samples of normal cerebella and medulloblas-
toma tumor specimens were collected from the Chil-
dren’s Hospital and Medical Center, Omaha and the
University of Nebraska Medical Center after Institutional
Review Board (IRB) approval. Normal cerebellum speci-
mens were obtained from patients at autopsy. All normal
and tumor samples were from the pediatric age group.
Normal cerebellum and medulloblastoma tumor sec-
tions were deparaffinized with xylene and rehydrated
with water. Antigen retrieval was performed using citrate
buffer at 95 °C for 20 min. Sections were treated with 3%
hydrogen-peroxide for 30 min to block peroxidase activ-
ity. Sections were blocked using 5% goat serum with
0.3% Triton-X-100 in PBS and incubated with PRMT5
(1:100) and MYC (1:100) rabbit-antibodies (Abcam,
Cambridge, UK) overnight at 4°C. Next day, primary
antibodies were washed with PBS three times and incu-
bated with appropriate HRP-conjugated secondary anti-
bodies for 1h at room temperature. Following three
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washes with PBS, detection was performed using a DAB
Peroxidase Substrate Kit (Vector Labs, Burlingame, CA,
USA) followed by counterstaining with hematoxylin.
Sections were mounted in Paramount solution and visu-
alized under an EVOS FL Auto Imaging System (Life
Technologies, Carlsbad, CA, USA). Staining intensity
was scored from O to 3, where signal detected at 10X
was 3+, at 20X was 2+, at 40X was 1+, and no detection
was 0. The percentage positive cells was scored from 1
to 4 scale, where <25% scored 1, 25-50% scored 2, 50—
75% scored 3; and > 75 scored 4. Composite score (0—
12) was derived from the staining intensity and % posi-
tive cells.

Statistical analysis

All experiments were repeated at least two times and the
mean and standard error values calculated. Differences
(p-value) were calculated using independent Student t-
tests or analysis of variance (ANOVA) and p-values <
0.05 were considered significant. The ICs, values of in-
hibitor EPZ015666 for each medulloblastoma cell line
were determined using GraphPad Prism V6 software
(provided in Table 1).

Results

PRMTS5 expression correlates with MYC in primary
medulloblastoma and cell lines

The aberrant expression of PRMT5 has been associated
with a variety of cancers including glioblastoma and
neuroblastoma. In addition, PRMT5 expression has cor-
related with MYC or MYCN protein in these cancers
[20—23]. However, its expression and function in medul-
loblastoma have not been reported. These studies
prompted us to examine the correlation between MYC
levels and PRMT5 expression in medulloblastoma. We
first examined the clinical relevancy of PRMT5 in me-
dulloblastoma by analyzing its mRNA expression in 491
medulloblastoma (from independent 5 cohorts) and 9
normal cerebellum samples using the R2 platform
(www.r2.amc.nl). Our analyses using these data showed
a significant overexpression of PRMTS5 in medulloblas-
toma compared to normal cerebellum tissues (Fig. 1a).
We further analyzed the PRMTS expression across me-
dulloblastoma subgroups using a cohort that has

Table 1 ICsy of EPZ015666 in medulloblastoma cell lines (MTT

assay 72 h)

MB Cell Line ICso (UM)
Daoy >10
ONS-76 >10
D-283 4.87
D-341 1.72
HD-MBO03 244
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maximum number (223) of samples with all 4 molecular
subgroups. We observed significantly higher expression
of PRMTS5 in Group 3 (MYC-driven) medulloblastoma
compared to other 3 subgroups (Fig. 1b). We next com-
pared PRMT5 expression against patient survival. To
this end, we performed survival analyses with respect to
PRMTS5 expression, using 612 medulloblastoma samples
from the Cavalli (763 samples) dataset. Our survival ana-
lyses showed that high levels of PRMTS5 expression cor-
related with poor survival of medulloblastoma patients, a
pattern recapitulated in Group 3 medulloblastoma pa-
tients (Fig. 1c and d). These data suggest that PRMT5
expression is not simply deregulated in medulloblas-
toma, but is also a poor prognostic marker, particularly
in Group 3 (MYC-driven) tumors.

We next analyzed the correlation between PRMT5 and
MYC mRNA expression across medulloblastoma sub-
groups using Pfister (n =223) cohort at the R2 genomic
analysis platform. Results from this analysis showed that
high expression of PRMT5 was strongly correlated (R-
value = 0.531; p-value =2.51e-05) with high MYC in
Group 3 medulloblastoma. Although results showed some
degree of correlation (R-value=0.069-0.284; p-value =
0.111-0.606) of these genes in the other three medullo-
blastoma subgroups, none of these medulloblastoma sub-
groups showed a significant correlation between PRMT5
and MYC expression (Additional file 1: Figure S1). We
further examined the correlation between PRMT5 and
MYC expression at the protein levels by western blotting
in non-MYC (Daoy, ONS-76) and three MYC-driven (D-
283, D-341, HD-MB-03) medulloblastoma cell lines com-
pared to normal cerebellum. We observed that PRMT5
protein levels were significantly (p < 0.01) higher in MYC-
driven medulloblastoma cell lines compared to non-MYC
medulloblastoma cell lines and normal human cerebellum
cells (Fig. 2a and b). Stronger PRMT5 band intensity
seemed associated with higher MYC expression in medul-
loblastoma cell lines. To further authenticate this correl-
ation at the protein level, we examined the expression of
PRMT5 and MYC by immunohistochemistry in Group 3
medulloblastoma tumor samples (# = 6) compared to nor-
mal pediatric cerebellum (n =4). We found that the pro-
tein levels of PRMT5 and MYC were significantly (p =
0.004) higher with more than 75% staining in Group 3
medulloblastoma samples than normal pediatric cerebel-
lum tissues (Fig. 2c). We observed very poor immuno-
staining of these proteins in normal cerebellum with less
than ‘1’ intensity score. We not only observed intensely
high expression of PRMT5 and MYC protein in Group 3
medulloblastoma but also, a positive correlation with their
predominantly nuclear co-expression. These results con-
sistently suggest a positive correlation and co-operative
role of the PRMT5-MYC oncogenic axis in poor progno-
sis medulloblastoma.
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PRMT5 knockdown leads to decreased MYC expression

and cell survival in MYC-driven medulloblastoma cells

The strong correlation between PRMT5 and MYC ex-
pression prompted us to explore possible influence of
PRMT5 on MYC function. To investigate the role of
PRMT5 on MYC function, we determined the effect of
short-interfering RNA (siRNA)-mediated knockdown of
PRMT5 on MYC expression and cell survival in MYC-
amplified medulloblastoma cell lines. We used two cell
lines D-341 and HD-MBO3 in this study as both lines
have previously been reported as well-established Group
3 medulloblastoma cell lines with high MYC expression.
Consistently, our western blot results further confirmed
strongly higher expression of MYC protein in these two
cell lines compared to other medulloblastoma lines (Fig.
2a). Using these two lines, we first verified the knock-
down of PRMT5 protein expression after siRNA

transfections and then assessed the consequences of
knockdown. We found that knockdown of PRMTS5 effi-
ciently suppressed the expression of MYC protein in
both cell lines by approximately 35-45%, compared to
control scrambled siRNA (Fig. 3), suggesting an on-
target effect of PRMT5. Concurrently, PRMT5 knock-
down significantly reduced cell growth (Fig. 3) in both
cell lines by approximately 40—45%, compared to control
scrambled siRNA. We also observed that D-341 cell line
showed relatively lesser knockdown of PRMT5 and
MYC protein by 5 and 13%, respectively, compared to
HD-MBO03 cell line. However, the impact of knockdown
on inhibition of D-341 cell growth was relatively (~ 5%)
higher compared to HD-MBO03 cell growth, indicating
differential knockdown activity between two MYC-
amplified cell lines. One possible explanation for this dif-
ferential response in cell lines could be that they have
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different growth pattern in culture in vitro, as we ob-
served that D-341 cells grow more slower with mixed
spheroids and monolayer cells compared to mostly
monolayer HD-MBO3 cells.

Physical and functional interaction of PRMT5 and MYC in
MYC-driven medulloblastoma cells

Previous studies [20, 23] in neuroblastoma and glioblastoma
have demonstrated that PRMT5 can physically interact with
MYC and regulate its stability at the post-translational level.
To confirm whether endogenous PRMT5 physically interacts
with MYC protein in medulloblastoma, we performed a co-
immunoprecipitation experiment in MYC-driven HD-MB-03
medulloblastoma cells using MYC and PRMT5 antibodies.
Our results presented in Fig. 4a, showed the presence of
PRMT5 in MYC-immunoprecipitated complexes from cell
extracts. We further confirmed this interaction by detecting
MYC in the reverse PRMT5-immunoprecipitated complexes
(Fig. 4b). To further support of association between PRMT5
and MYC, we examined co-localization of these two proteins
in HD-MBO03 cells and a tumor specimen of a Group 3

medulloblastoma patient, using immunofluorescence-coupled
with confocal microscopy. As shown in Fig. 4c, the merged
immunofluorescent-staining of MYC and PRMT5 demon-
strated a significant co-localization pattern in both HD-MB03
and primary tumor cells. The results further showed that
both MYC and PRMT5 were predominantly co-localized in
the nucleus, and this localization pattern was consistent with
their immunohistochemical co-expression in Group 3 medul-
loblastoma primary tumors shown in Fig. 2c. Together, the
results of co-immunoprecipitation and co-localization of
MYC and PRMT5 suggest that endogenous PRMT5 forms a
complex with MYC in medulloblastoma cells harboring
MYC amplification. The observation of physical interaction
between PRMT5 and MYC indicates a potential functional
role of this novel protein complex in medulloblastoma.

To determine the consequence of this physical inter-
action on post-translational MYC stability and influence
on MYC expression, we performed cycloheximide
(CHX) chase experiments in PRMT5 knocked-down
HD-MBO03 cells and measured the half-life of MYC pro-
tein. As shown in Fig. 4d and e, MYC has a half-life of
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approximately 60 min after CHX treatment in cells
transfected with control scrambled siRNA, whereas
PRMT5 knockdown dramatically decreased its half-life
to approximately 35 min. There was approximately 25
min earlier degradation of MYC protein in PRMT5
knocked-down cells compared to control siRNA treated
cells. Together, these results suggest that PRMT5 phys-
ically interacts with and stabilizes MYC in medulloblas-
toma cells at the post-translation level.

Anti-medulloblastoma efficacy of a small molecule
inhibitor of PRMT5

Given the potential for anti-neoplastic effects with
PRMT5 knockdown, via reduction in cell viability and
MYC expression, we investigated the therapeutic poten-
tial of PRMTS5 inhibition using a recently developed po-
tent PRMT5 inhibitor (EPZ015666) [25]. We first
determined the growth inhibitory efficacy of EPZ015666
against three MYC-amplified (D-283, D-341, HD-MBO03)
and two non-MYC amplified (Daoy, ONS-76) medullo-
blastoma cell lines. Cells were treated with inhibitor
(0.1-10 uM) in a dose-dependent manner for 72h and
growth of cells was assessed using an MTT assay. Our
MTT results clearly demonstrated that EPZ015666

significantly induced the dose-dependent growth inhib-
ition of all MYC-driven medulloblastoma cell lines at
low micromolar potency with IC50 of ~1.5-2.5uM
(Fig. 5a, Table 1). However, there was minimal effect of
EPZ015666 on growth inhibition of non-MYC amplified
medulloblastoma cells even at higher doses, suggesting
anti-neoplastic specificity of EPZ015666 to MYC-
dependent tumors.

We next determined the ability of EPZ015666 to in-
duce apoptosis in a representative MYC-amplified me-
dulloblastoma cell line HD-MBO03. The results of the
apoptosis analyses (Fig. 5b) using Annexin-V assay dem-
onstrated a dose-dependent induction of apoptosis by
EPZ015666 and showed consistency with MTT growth
results. Since PRMTS5 is known to act during the G1 cell
cycle phase, we sought to investigate whether inhibiting
PRMT5 by EPZ015666 reduced medulloblastoma cell
growth by disrupting the cell cycle. The cell cycle results
(Fig. 5¢) using PI staining of DNA, demonstrated that
treatment of EPZ015666 at 24 h and 48 h arrested me-
dulloblastoma cells in the G1 cell cycle phase in a dose-
dependent manner. Since we observed a doubling time
of the HD-MBO3 cell line of between 28 to 36 h, we ex-
amined the impact of EPZ015666 on HD-MBO03 cell
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cycle at 24 and 48 h, close to the doubling time points.
Lastly, using western blot analyses, we confirmed that
treatment of HD-MBO3 cells with optimum doses of
EPZ015666 efficiently downregulated the expression
levels of PRMT5 and its key target symmetric dimethy-
lated histone H3 (H3R8me2s) and H4 (H4R3me2s), in-
cluding suppressed MYC expression (Fig. 5d). Taken
together, these results suggest that inhibiting the specific
interaction of PRMT5 with MYC arrests medulloblas-
toma cell growth and favors apoptosis in MYC-
dependent tumors.

Discussion

Despite significant improvements in outcomes and over-
all survival of medulloblastoma patients with current
therapies, patients with high-risk disease, particularly
MYC-driven medulloblastomas still face a paucity of ef-
fective therapies [2]. The minimal improvement in sur-
vival of these high-risk medulloblastoma patients
identifies a need for novel targeted therapeutic
approaches against MYC-driven (high-risk) medulloblas-
toma. In addition to genetic abnormalities, deregulated
epigenetic modifiers are frequently observed in these ag-
gressive medulloblastoma tumors [9, 10]. The import-
ance of epigenetic control in aggressive medulloblastoma
underscores the need to identify and understand epigen-
etic regulatory mechanisms and their targets.

The evolutionarily-conserved PRMT family of enzymes
is involved in a wide range of developmental and cellular
processes. PRMTS5 is the major type II arginine methyl-
transferase that silences gene transcription by symmetric
dimethylation of arginine residues on histone proteins
[15, 16]. PRMTS5 is involved in the epigenetic regulation
of chromatin complexes by interacting with a number of
proteins including transcription factors [26]. Growing
evidence suggests that PRMT5 expression and activity
are dysregulated in various solid and hematological ma-
lignancies [16]. Recent studies found PRMT5 as a key
epigenetic regulator in glioblastoma tumorigenesis.
Interestingly, increased expression of PRMT5 positively
correlates with high-grade glioma malignancy and is in-
versely associated with patient survival. In addition, high
levels of MYC and PRMTS5 correlate with glioma malig-
nancy [21-23]. Further, PRMT5 is associated with
MYCN (another member of the MYC family of tran-
scription factors) in neuroblastoma cells and promotes
its stability [20]. However, the role of PRMT5 and its as-
sociation with MYC in medulloblastoma are unexplored.
Here, we showed that PRMT5 is a novel regulator of
MYC protein in medulloblastoma.

To address the role of PRMT5 in medulloblastoma, we
first accessed expression of PRMT5 across medulloblas-
toma subgroups including Group 3 medulloblastoma pa-
tients and high-MYC expressing medulloblastoma cell
lines. Our expression findings confirm that high levels of
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PRMTS5 not only mirror MYC expression in the most
aggressive medulloblastomas but also inversely correlate
with poor outcomes in patients. This finding purports
the clinical utility of PRMT5 as a prognostic marker for
patients with more aggressive disease. Although numer-
ous epigenetic abnormalities have been reported in me-
dulloblastoma tumors, including expression of histone
and DNA methyltransferases [27], the prognostic applic-
ability of these markers remains unclear. Identification
of prognostic markers like PRMT5 will contribute to de-
veloping novel therapeutic strategies for this disease.
Our data on PRMT5 knockdown in MYC-amplified
medulloblastoma cells showed that PRMT5 can regulate
the stability of MYC protein by physically interacting
with it, suggesting MYC regulation by PRMT5 at the
post-translation level. Further, we showed that knock-
down of PRMT5 suppressed medulloblastoma cell
growth by inhibiting MYC expression, suggesting a func-
tional role of PRMT5-MYC interaction in medulloblas-
toma tumorigenesis. These are in agreement with a
previous study by Park et al. [20], where they showed
similar interactions in neuroblastoma. Since our results
showed that PRMT5 and MYC co-expressed and co-

localized predominantly in the nucleus, it is possible that
PRMT5 may also regulate MYC expression at the tran-
scriptional level. Further studies with the analyses of
MYC association to the chromatin and promoter activity
are required to explore the possibility of transcriptional
regulation of MYC by PRMT5. In addition, it is highly
likely that there are other mechanism(s) that could be
involved in the PRMT5-mediated regulation of MYC.
Such analyses would certainly be a topic for future
studies.

PRMTS5 is a key and emerging stemness factor for nor-
mal and cancer stem cells. Its role in stemness has been
demonstrated in embryonic and neural stem cells [28—
30]. Given that neural stem or cancer stem cells have
profound impact on driving medulloblastoma tumori-
genesis and recurrence, there might be role of PRMT5
in regulating self-renewal capacity of medulloblastoma
tumor initiating cells. Recently, PRMT5 has also been
shown to methylate a key stemness factor KLF4 in breast
cancer [31]. Methylation of KLF4 by PRMT5 leads to
stabilization of KLF4 protein, resulting in promotion of
tumorigenesis. In a subsequent study, the authors devel-
oped a novel and potent PRMT5 inhibitor, WX2-43,
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that disrupts PRMT5-KLF4 interaction and suppresses
breast cancer progression [32]. Further investigation of
targeting unexplored PRMT5-KLF4 interactions in me-
dulloblastoma might be another new strategy to develop
therapy for MYC-driven medulloblastoma.

Given the role of PRMT5 in MYC-driven medulloblas-
toma cells, we further tested the therapeutic potential of
targeting PRMT5 using a selective small molecule inhibi-
tor, EPZ015666, against medulloblastoma cell lines. Our
results demonstrated that EPZ015666 significantly inhibits
proliferation and survival of MYC-driven medulloblas-
toma cells associated with G1-S cell cycle arrest. Our re-
sults also indicated that MYC-amplified cells show greater
sensitivity to EPZ015666 compared to non-MYC ampli-
fied medulloblastoma cells, further supporting the role of
PRMTS5 acting in MYC-dependent manner. Molecularly,
EPZ015666 significantly downregulated the expression of
PRMT5 and MYC protein in MYC-driven cells. These
data support our hypothesis of the potential for PRMT5
to serve as a therapeutic target in MYC-driven medullo-
blastoma and this warrants further, systematic evaluation
in appropriate preclinical mouse models.

Conclusion

In summary, we have demonstrated for the first time
that PRMTS5 is a critical regulator of MYC expression in
MYC-amplified medulloblastomas. PRMT5 and MYC
expression are positively correlated in medulloblastoma
cells. Mechanistic studies revealed that PRMT5 could
elevate MYC expression and stability, enhancing medul-
loblastoma tumorigenicity. Our results using a PRMT5
inhibitor EPZ015666 highlight the PRMT5-MYC onco-
genic axis a viable therapeutic approach for MYC-driven
medulloblastoma. With evaluation of this approach in
preclinical mouse models, we may take the first steps to-
wards translating this discovery to the clinic.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/512885-019-6291-z.

Additional file 1: Figure S1. The expression correlation of PRMT5gene
with MYCgene in medulloblastoma. These data were analyzed using a
Pifster(n = 223) cohort at R2-Genomics platform.

Abbreviations

DNA: Deoxyribonucleic acid; FBS: Fetal bovine serum; FITC: Fluorescein
isothiocyanate; h: Hour; ICsq: Inhibitory concentration of inhibitor with 50%
inhibition;; min: Minute; ml: Milliliter; mMRNA: Messenger ribonucleic acid;
MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; MYC: v-
myc avian myelocytomatosis viral oncogene homolog; nm: Nanometer;

nt: Nucleotide; PBS: Phosphate buffered saline; SDS: Sodium dodecyl sulfate;
SiRNA: Small interfering ribonucleic acid; pg: Microgram; pl: Microliter;

um: Micrometer; uM: Micromolar

Acknowledgements
The authors thank the Flow Cytometry and Tissue Science Core Facilities at
UNMC for their assistance with these studies. The authors thank the State of

Page 10 of 11

Nebraska for their financial support of the UNMC/Children’s Hospital
Pediatric Cancer Research Program. The authors also thank the Pediatric
Cancer Action Network (PCAN) and the Fred and Pamela Buffet Cancer
Center grant (NCI-P30CA036727) supported Core Facilities.

Authors’ contributions

NKC and DC designed the study. NKC, SM, SR, VK, MJK, MS, RK and NP
performed the experiments and analyzed the data. TRM, JGS, DC, and SSJ
contributed significantly to the interpretation of the data. NKC, JGS and SSJ
wrote the manuscript. All authors read and approved the final manuscript.

Funding

This work was fully supported by the State of Nebraska through the Pediatric
Cancer Research Grant Funds (LB905) awarded to D. W. Coulter, MD. This
funding had no role in the study design, data collection and analysis,
interpretation of the data, decision to publish, or writing the manuscript.

Availability of data and materials
All data generated or analyzed during this study are included in this article.

Ethics approval and consent to participate

Ethical consent for using patient tumors and normal tissues in this study,
were obtained under a University of Nebraska Medical Center Institutional
Review Board approved protocol (# 561-16-EP). The informed consent to
participate was not obtained due to exempted nature of study.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interest.

Author details

'Department of Pediatrics, Division of Hematology and Oncology, University
of Nebraska Medical Center, Omaha, NE 68198, USA. 2Department of
Biochemistry and Molecular Biology, University of Nebraska Medical Center,
Omaha, NE 68198, USA. *Child Health Research Institute Cancer, University of
Nebraska Medical Center, Omaha, NE 68198, USA. “Department of Genetics,
Cell Biology and Anatomy, University of Nebraska Medical Center, Omaha, NE
68198, USA. *Department of Pharmacy Practice, University of Nebraska
Medical Center, Omaha, NE 69198, USA.

Received: 25 April 2019 Accepted: 25 October 2019
Published online: 06 November 2019

References

1. Packer RJ, Macdonald T, Vezina G, Keating R, Santi M. Medulloblastoma and
primitive neuroectodermal tumors. Handb Clin Neurol. 2012;105:529-48.

2. Gajjar AJ, Robinson GW. Medulloblastoma-translating discoveries from the
bench to the bedside. Nat Rev Clin Oncol. 2014;11(12):714-22.

3. Cavalli FMG, Remke M, Rampasek L, Peacock J, Shih DJH, Luu B, Garzia L,
Torchia J, Nor C, Morrissy AS, et al. Intertumoral heterogeneity within
Medulloblastoma subgroups. Cancer Cell. 2017;31(6):737-54.

4. Northcott PA, Buchhalter I, Morrissy AS, Hovestadt V, Weischenfeldt J,
Ehrenberger T, Grobner S, Segura-Wang M, Zichner T, Rudneva VA, et al.
The whole-genome landscape of medulloblastoma subtypes. Nature. 2017;
547(7663):311-7.

5. Taylor MD, Northcott PA, Korshunov A, Remke M, Cho YJ, Clifford SC,
Eberhart CG, Parsons DW, Rutkowski S, Gajjar A, et al. Molecular subgroups
of medulloblastoma: the current consensus. Acta Neuropathol. 2012;123(4):
465-72.

6. Cho YJ, Tsherniak A, Tamayo P, Santagata S, Ligon A, Greulich H, Berhoukim
R, Amani V, Goumnerova L, Eberhart CG, et al. Integrative genomic analysis
of medulloblastoma identifies a molecular subgroup that drives poor
clinical outcome. J Clin Oncol. 2011;29(11):1424-30.

7. Pei’Y, Moore CE, Wang J, Tewari AK, Eroshkin A, Cho YJ, Witt H, Korshunov
A, Read TA, Sun JL, et al. An animal model of MYC-driven medulloblastoma.
Cancer Cell. 2012;21(2):155-67.

8. Hill RM, Kuijper S, Lindsey JC, Petrie K, Schwalbe EC, Barker K, Boult JK,
Williamson D, Ahmad Z, Hallsworth A, et al. Combined MYC and P53


https://doi.org/10.1186/s12885-019-6291-z
https://doi.org/10.1186/s12885-019-6291-z

Chaturvedi et al. BMC Cancer

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

(2019) 19:1056

defects emerge at medulloblastoma relapse and define rapidly progressive,
therapeutically targetable disease. Cancer Cell. 2015;27(1):72-84.

Yi J, Wu J. Epigenetic regulation in medulloblastoma. Mol Cell Neurosci
2018;87:65-76. doi: https;//doi.org/10.1016/jmcn.2017.09.003. Epub 2017
Dec 18.

Roussel MF, Stripay JL. Epigenetic drivers in pediatric Medulloblastoma.
Cerebellum. 2018;17(1):28-36.

Dubuc AM, Remke M, Korshunov A, Northcott PA, Zhan SH, Mendez-Lago
M, Kool M, Jones DT, Unterberger A, Morrissy AS, et al. Aberrant patterns of
H3K4 and H3K27 histone lysine methylation occur across subgroups in
medulloblastoma. Acta Neuropathol. 2013;125(3):373-84.

Alimova |, Venkataraman S, Harris P, Marquez VE, Northcott PA, Dubuc A,
Taylor MD, Foreman NK, Vibhakar R. Targeting the enhancer of zeste
homologue 2 in medulloblastoma. Int J Cancer. 2012;131(8):1800-9.

Yang Y, Bedford MT. Protein arginine methyltransferases and cancer. Nat
Rev Cancer. 2013;13(1):37-50.

Wei H, Mundade R, Lange KC, Lu T. Protein arginine methylation of non-
histone proteins and its role in diseases. Cell Cycle. 2014;13(1):32-41.

Stopa N, Krebs JE, Shechter D. The PRMT5 arginine methyltransferase: many
roles in development, cancer and beyond. Cell Mol Life Sci. 2015;72(11):
2041-59.

Shailesh H, Zakaria ZZ, Baiocchi R, Sif S. Protein arginine methyltransferase 5
(PRMTS) dysregulation in cancer. Oncotarget. 2018;9(94):36705-18.

Cho EC, Zheng S, Munro S, Liu G, Carr SM, Moehlenbrink J, Lu YC, Stimson
L, Khan O, Konietzny R, et al. Arginine methylation controls growth
regulation by E2F-1. EMBO J. 2012;31(7):1785-97. https://doi.org/10.1038/
emboj.2012.17.

Jansson M, Durant ST, Cho EC, Sheahan S, Edelmann M, Kessler B, La
Thangue NB. Arginine methylation regulates the p53 response. Nat Cell Biol.
2008;10(12):1431-9.

Wei H, Wang B, Miyagi M, She Y, Gopalan B, Huang DB, Ghosh G, Stark GR,
Lu T. PRMTS5 dimethylates R30 of the p65 subunit to activate NF-kB. Proc
Natl Acad Sci U S A. 2013;110(33):13516-21.

Park JH, Szemes M, Vieira GC, Melegh Z, Malik S, Heesom KJ, Von Wallwitz-
Freitas L, Greenhough A, Brown KW, Zheng YG, et al. Protein arginine
methyltransferase 5 is a key regulator of the MYCN oncoprotein in
neuroblastoma cells. Mol Oncol. 2015;9(3):617-27.

Yan F, Alinari L, Lustberg ME, Martin LK, Cordero-Nieves HM, Banasavadi-
Siddegowda Y, Virk S, Barnholtz-Sloan J, Bell EH, Wojton J, et al. Genetic
validation of the protein arginine methyltransferase PRMTS as a candidate
therapeutic target in glioblastoma. Cancer Res. 2014;74(6):1752-65.

Han X, Li R, Zhang W, Yang X, Wheeler CG, Friedman GK, Province P, Ding
Q, You Z, Fathallah-Shaykh HM, et al. Expression of PRMT5 correlates with
malignant grade in gliomas and plays a pivotal role in tumor growth

in vitro. J Neuro-Oncol. 2014;118(1):61-72.

Mongiardi MP, Savino M, Bartoli L, Beji S, Nanni S, Scagnoli F, Falchetti ML,
Favia A, Farsetti A, Levi A, et al. Myc and Omomyc functionally associate
with the protein arginine methyltransferase 5 (PRMT5) in glioblastoma cells.
Sci Rep. 2015;5:15494.

Chaturvedi NK, Rajule RN, Shukla A, Radhakrishnan P, Todd GL, Natarajan A,
Vose JM, Joshi SS. Novel treatment for mantle cell lymphoma including
therapy-resistant tumor by NF-kB and mTOR dual-targeting approach. Mol
Cancer Ther. 2013;12(10):2006-17.

Chan-Penebre E, Kuplast KG, Majer CR, Boriack-Sjodin PA, Wigle TJ, Johnston
LD, Rioux N, Munchhof MJ, et al. A selective inhibitor of PRMT5 with in vivo
and in vitro potency in MCL models. Nat Chem Biol. 2015;11(6):432-7.
Karkhanis V, Hu YJ, Baiocchi RA, Imbalzano AN, Sif S. Versatility of PRMT5-
induced methylation in growth control and development. Trends Biochem
Sci. 2011;36(12):633-41.

Klonou A, Spiliotakopoulou D, Themistocleous MS, Piperi C, Papavassiliou
AG. Chromatin remodeling defects in pediatric brain tumors. Ann Trans|
Med. 2018;6(12):248.

Tee WW, Pardo M, Theunissen TW, Yu L, Choudhary JS, Hajkova P, Surani
MA. Prmt5 is essential for early mouse development and acts in the
cytoplasm to maintain ES cell pluripotency. Genes Dev. 2010;24(24):2772-7.
Chittka A, Nitarska J, Grazini U, Richardson WD. Transcription factor positive
regulatory domain 4 (PRDM4) recruits protein arginine methyltransferase 5
(PRMTS5) to mediate histone arginine methylation and control neural stem
cell proliferation and differentiation. J Biol Chem. 2012;287(51):42995-3006.
Banasavadi-Siddegowda YK, Russell L, Frair E, Karkhanis VA, Relation T, Yoo
JY, Zhang J, Sif S, Imitola J, Baiocchi R, Kaur B. PRMT5-PTEN molecular

31

32.

Page 11 of 11

pathway regulates senescence and self-renewal of primary glioblastoma
neurosphere cells. Oncogene. 2017;36(2):263-74.

Hu D, Gur M, Zhou Z, Gamper A, Hung MC, Fuijita N, Lan L, Bahar I, Wan Y.
Interplay between arginine methylation and ubiquitylation regulates KLF4-
mediated genome stability and carcinogenesis. Nat Commun. 2015,6:8419.
Zhou Z, Feng Z, Hu D, Yang P, Gur M, Bahar |, Cristofanilli M, Gradishar WJ,
Xie XQ, Wan Y. A novel small-molecule antagonizes PRMT5-mediated KLF4
methylation for targeted therapy. EBioMedicine. 2019;44:98-111.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1016/j.mcn.2017.09.003
https://doi.org/10.1038/emboj.2012.17
https://doi.org/10.1038/emboj.2012.17

	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Cell lines and culture
	Patient data acquisition for PRMT5 expression and survival
	siRNAs and inhibitor
	siRNA knock-down and transfection
	Cell growth assay
	Apoptosis and cell cycle analyses
	Cycloheximide chase and co-immunoprecipitation experiments
	Western blotting
	Immunofluorescence
	Immunohistochemical analyses in patient samples
	Statistical analysis

	Results
	PRMT5 expression correlates with MYC in primary medulloblastoma and cell lines
	PRMT5 knockdown leads to decreased MYC expression and cell survival in MYC-driven medulloblastoma cells
	Physical and functional interaction of PRMT5 and MYC in MYC-driven medulloblastoma cells
	Anti-medulloblastoma efficacy of a small molecule inhibitor of PRMT5

	Discussion
	Conclusion
	Supplementary information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

