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Abstract
Background.  Medulloblastoma (MB) is the most common pediatric brain tumor. Although standard-of-care treat-
ment generally results in good prognosis, many patients exhibit treatment-associated lifelong disabilities. This 
outcome could be improved by employing therapies targeting the molecular drivers of this cancer. Attempts to do 
so in the SONIC HEDGEHOG MB subgroup (SHH-MB) have largely focused on the SHH pathway’s principal acti-
vator, smoothened (SMO). While inhibitors targeting SMO have shown clinical efficacy, recurrence and resistance 
are frequently noted, likely resulting from mutations in or downstream of SMO. Therefore, identification of novel 
SHH regulators that act on the pathway’s terminal effectors could be used to overcome or prevent such recurrence. 
We hypothesized that protein arginine methyltransferase 5 (PRMT5) is one such regulator and investigated its role 
and potential targeting in SHH-MB.
Methods.  PRMT5 expression in SHH-MB was first evaluated. Knockdown and pharmacological inhibitors of 
PRMT5 were used in SHH-MB sphere cultures to determine its effect on viability and SHH signaling. GLI1 arginine 
methylation was then characterized in primary SHH-MB tissue using LC–MS/MS. Finally, PRMT5 inhibitor efficacy 
was evaluated in vivo.
Results.  PRMT5 is overexpressed in SHH-MB tissue. Furthermore, SHH-MB viability and SHH activity is dependent 
on PRMT5. We found that GLI1 isolated from SHH-MB tissues is highly methylated, including three PRMT5 sites 
that affect SHH-MB cell viability. Importantly, tumor growth is decreased and survival increased in mice given 
PRMT5 inhibitor.
Conclusions.  PRMT5 is a requisite driver of SHH-MB that regulates tumor progression. A clinically relevant PRMT5 
inhibitor represents a promising candidate drug for SHH-MB therapy.

Key Points

	•	 PRMT5 is a required driver of SONIC HEDGEHOG Subgroup medulloblastoma.

	•	 PRMT5 inhibitor treatment reduces of SONIC HEDGEHOG Subgroup medulloblastoma 
progression in mice.

Protein arginine methyltransferase 5 regulates  
SHH-subgroup medulloblastoma progression
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Medulloblastoma (MB) is the most prevalent pediatric brain 
tumor, comprising approximately 20% of all cases.1 Efforts 
to elucidate the molecular underpinnings of the disease 
have led to the identification of 4 major subgroups. This in-
cludes the Sonic Hedgehog MB (SHH-MB) subgroup, which 
is typified by aberrant activity of the Sonic Hedgehog (SHH) 
signaling pathway and represents approximately one-third 
of pediatric MB patients.2–5 Despite this progress toward a 
deeper molecular genetic understanding of MB, relatively 
few targeted therapeutics have seen clinical success. This 
is concerning because, although overall survival rates are 
nearly 70%, standard-of-care therapies like craniospinal ra-
diation, chemotherapy, and surgical resection leave patients 
at risk for lifelong cognitive disabilities.6,7 Inhibitors of the 
SHH pathway’s principal activator, SMOOTHENED (SMO), 
have received FDA approval for the treatment of basal cell 
carcinoma and acute myeloid leukemia. Two of these inhibi-
tors, Vismodegib and Sonidegib, are currently undergoing 
clinical evaluation as a targeted therapeutic in multiple co-
horts of SHH-MB patients.8 However, despite significant 
early efficacy, frequent resistance and recurrence have been 
observed,9 likely arising from mutations in SMO or down-
stream elements of the SHH pathway.10 This unfortunate 
reality highlights the need for inhibitors of SHH signaling 
that act on elements of the pathway downstream of SMO 
capable of overcoming or preventing such recurrence.

In the absence of SHH, its transmembrane receptor com-
plex, including PATCHED1 (PTCH1), functions to repress 
the activity of SMO11 (see Figure 1). This allows for the as-
sociation of the GLI family of transcription factors (GLI1, 
GLI2, and GLI312) with the negative regulator SUFU.13 These 
complexes are sequestered in the cytoplasm where they 
are phosphorylated and targeted for proteasomal degrada-
tion. Upon binding SHH, PTCH1 can no longer inhibit SMO, 
allowing SMO to localize in primary cilia, membrane-
encased protrusions on the apical side of polarized cells.14 
This in turn promotes the trafficking of GLI proteins to the 
cilium tip where they become differentially phosphoryl-
ated, dissociate from SUFU, and ultimately translocate to 
the nucleus where they drive SHH-related transcription.15 
As GLI proteins are the terminal step in SHH activation, 
they represent the most attractive target for the treatment 
of SHH-MB. Despite such potential, no drugs targeting GLI 
transcription factors have had significant clinical impact. 

As such, druggable proteins that indirectly regulate GLI 
proteins may provide an alternative method of inhibiting 
GLI activity in SHH-MB therapy.

Posttranslational modifications (PTMs) represent one 
potentially targetable regulatory mechanism of GLI pro-
teins, as the enzymes responsible for such modifications 
could be exploited therapeutically. While the roles of 
phosphorylation,16 ubiquitination,17 and acetylation18 in 
GLI regulation have received considerable attention, the 
effect of arginine methylation has only begun to be ex-
plored. Arginine methylation is a common PTM catalyzed 
by a family of nine enzymes known as protein arginine 
methyltransferases (PRMTs). PRMTs are categorized into 
three types based on the methylation they catalyze: Type 
I, which form asymmetric dimethylarginine; Type II, which 
produce symmetric dimethylarginine; and Type III, which 
catalyze monomethylarginine. The regulation of many cel-
lular processes, including mitosis, splicing, and transcrip-
tion is dependent on the activity of the PRMT family of 
enzymes.19 Multiple PRMTs have also been shown to con-
tribute to the development of human cancers, including 
the predominant Type II PRMT, PRMT5.20,21 Interestingly, 
PRMT5 was also shown to regulate GLI1 activity in a SHH 
responsive tissue culture cell line.22 Further, this group 

Importance of the Study

SHH-MB patients are at high risk for lifelong 
disabilities resulting from standard-of-care 
treatment. Therefore, the development of ther-
apies that directly target the molecular drivers 
of the disease would have a significant clinical 
impact. PRMT5 represents a promising thera-
peutic target in SHH-MB as it has previously 
been implicated in the regulation of GLI1, one 
of the ultimate effectors of SHH-driven tran-
scription, in tissue culture cells. Thus, our 
study translated this work into a SHH-driven 

tumor, evaluating the potential of PRMT5 in-
hibition in SHH-MB using primary sphere 
cultures ex vivo and multiple mouse models 
in vivo. Furthermore, we show for the first 
time the in vivo methylation pattern of GLI1 
in a SHH-driven tumor and the effects of a 
clinically relevant PRMT5 inhibitor on tumor 
growth. The translational significance of this 
work is considerable as it addresses one of 
the principal needs of SHH-MB patients, the 
development of targeted therapies.
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Figure 1.  Schematic representation of the SHH signaling pathway. 
Positive regulators are depicted in green while negative regulators 
are shown in red.
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Figure 1.  Schematic representation of the SHH signaling pathway. 
Positive regulators are depicted in green while negative regulators 
are shown in red.

  

identified a series of potential PRMT5 methylation sites 
on GLI1 using an in vitro methylation assay, a number of 
which were shown to be important functionally for GLI1 
stability.

We speculated that PRMT5 might play a significant role 
in a SHH-driven cancer such as SHH-MB and now show 
that PRMT5 is overexpressed in SHH-MB, where it inter-
acts with GLI1. We used both RNAi-mediated knockdown 
and pharmacological inhibition to demonstrate that loss 
of PRMT5 activity in SHH-MB sphere cultures leads to re-
ductions in cell viability and SHH signaling. We next iden-
tified PRMT5 methylation sites on GLI1 isolated from a 
SHH-driven MB tissue, providing for the first time direct 
evidence that GLI1 is methylated in vivo. Importantly, we 
show that a clinically relevant PRMT5 inhibitor can atten-
uate SHH-MB progression in vivo. Collectively, our results 
suggest that PRMT5 is an important regulator of SHH-MB 
progression and highlights the promise of a clinically rele-
vant PRMT5 inhibitor in late-stage clinical development to 
target SHH-driven cancers such as SHH-MB.

Materials and Methods

Bioinformatics

Patient datasets were downloaded as log normalized ex-
pression set matrices from the NCBI GEO with accession 
numbers GSE74195, GSE50161, GSE68015, GSE42656, and 
GSE37385. The data were then analyzed in R 4.1.2 using the 
GEOquery23 and dplyr packages. No batch correction was 
performed and the data were not combined. Thus, each 
dataset is treated as a separate entity.

Cell Culture and Reagents

SMO agonist (SAG) treatments in NIH3T3 were performed 
in DMEM with 0.5% FBS and 100  nM SAG (SCBT). The 
medulloblastoma sphere cultures MSC2 (PTCH1-/-; TRP53-/-) 
and MSC4 (PTCH1-/-; TRP53+/+) were previously isolated in 
our lab24,25 and were cultured in MSC media (DMEM/F12 
media (Lonza) supplemented with HEPES, l-Glutamine, 
and B-27 (Thermo Fisher Scientific)) for a maximum of 
10 passages. MSC4R cells were selected for vismodegib 
resistance by culturing them in Neurobasal media with 
Glutamax (1%), B-27 (2%), N-2 (1%), EGF (25  ng/mL), 
and FGF (25  ng/mL), all purchased from Thermo Fisher 
Scientific, for 5  days.26 SUFU-/- immortalized MEFs were 
provided by Dr. Rune Toftgård (Karolinska Institutet) and 
cultured in DMEM supplemented with 10% FBS, peni-
cillin, and streptomycin. Granular cell progenitors (GCPs) 
were isolated and cultured as previously described using a 
Papain dissociation system (Worthington).27

LIGHT2 SHH Activity Reporter Assay

All siRNA were purchased as Smartpools from 
Dharamacon. Cells were transfected with 50  nM siRNA 
using Lipofectamine RNAiMAX (Thermo Fisher Scientific) 
as per the manufacturer’s instructions. After 48 hours, 

media was changed to DMEM with 0.5% NBCS supple-
mented with either 100 nM SAG or an equivalent amount 
of DMSO. Twenty-four hours later, cells were lysed and lu-
minescence assayed using a dual luciferase reporter assay 
kit (Promega).

Antibody Based Analyses

For immunoblotting, cells were lysed in 1X Laemmli 
sample buffer (BioRad) or RIPA (Thermo Fisher Scientific) 
and boiled before SDS-PAGE. Immunoblots were visualized 
on autoradiography film (VWR) or a BioRad ChemiDoc MP 
imaging system (BioRad). Quantification of immunoblots 
was performed using ImageJ.28

For immunoprecipitation intended for downstream 
LC-MS/MS analysis, mouse MB tissue was homogen-
ized and lysed for 30 minutes on ice using IP lysis buffer 
A (see supplementary). The lysate was then centrifuged at 
2000 × g for 15 minutes and the resulting supernatant cen-
trifuged at 16,000 × g for 30 minutes. A  total of 20 µg of 
custom GLI1 polyclonal antibodies29 or rabbit IgG (Jackson 
ImmunoResearch Laboratories) was then added to the su-
pernatant and rotated overnight at 4°C. Protein A/G Plus 
agarose beads (Santa Cruz Biotechnology) were then 
added and rotated for 4 hours at 4°C. The beads were then 
centrifuged, washed twice with IP lysis buffer A containing 
500 mM NaCl, and twice with normal IP lysis buffer A. The 
antibody bound beads were then resuspended in 50  µL 
Laemmli buffer, boiled, used in SDS-PAGE, and analyzed 
by LC–MS/MS.

For all other immunoprecipitations, cells were lysed in 
Thermo Fisher Scientific IP Lysis Buffer supplemented 
with HALT protease inhibitor cocktail. One-hundred µg of 
total protein was then rotated overnight at 4°C with 2 µg 
of GLI1 antibodies.29 The following day, Protein A/G Plus 
agarose beads were added and rotated for an additional 
for 4 hours. Antibody-bound beads were then washed 3 
times with 25 mM Tris–HCl (pH 7.4), 300 mM NaCl, 1 mM 
EDTA, 1% NP-40, and 5% glycerol before resuspension in 
Laemmli buffer, boiling, and immunoblotting.

LC–MS/MS

Gel bands were excised, reduced with TCEP, alkylated 
with iodoacetamide, and digested in-gel with trypsin. 
LC–MS/MS was performed using a Q Exactive HF mass 
spectrometer (Thermo Fisher Scientific) coupled with a 
Nano-ACQUITY UPLC system (Waters). Samples were in-
jected onto a UPLC Symmetry trap column (180  μm i.d. 
× 2 cm packed with 5 μm C18 resin; Waters). Tryptic pep-
tides were separated by reversed-phase HPLC on a BEH 
C18 nanocapillary analytical column (75 μm i.d. × 25 cm, 
1.7  μm particle size; Waters) using a 90  min gradient 
formed by solvent A (0.1% formic acid in water) and sol-
vent B (0.1% formic acid in acetonitrile). Eluted peptides 
were analyzed by the mass spectrometer set to repetitively 
scan m/z from 400 to 2000 in positive ion mode. The full 
MS scan was collected at 60,000 resolution followed by 
data-dependent MS/MS scans at 15,000 resolution on the 
20 most abundant ions exceeding a minimum threshold 
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of 10,000. Peptide match was set as preferred, exclude 
isotopes option and charge-state screening were enabled 
to reject singly and unassigned charged ions. Peptide 
sequences and methyl-arginylation sites were identified 
using MaxQuant 1.6.1.0.30 MS/MS spectra were searched 
against a UniProt mouse protein database (10/01/2017) 
using full tryptic specificity with up to two missed cleav-
ages, static carboxamidomethylation of Cys, and variable 
Met oxidation, Arg methylation (mono, di, tri), and protein 
N-terminal acetylation. Consensus identification lists were 
generated with false discovery rates of 1% at protein, pep-
tide, and site levels.

Lentiviral Transductions

Lentiviral shRNA plasmids in the pLKO.1 vector were pur-
chased from Horizon Discovery. Lentivirus was produced 
by cotransfecting HEK293T with lentivirus plasmid and 
packaging plasmids pAX2 and pMDG.2 with Lipofectamine 
2000 (Thermo Fisher Scientific) in OptiMEM media 
(Thermo Fisher Scientific). Transfected cells were then cul-
tured for 72 hours before media was filtered using a sterile 
0.45  µm syringe filter. Filtered media was mixed with 
Lenti-X Concentrator solution (Takara) and centrifuged as 
per the manufacturer’s recommendations. The resulting 
pellet was resuspended in MSC media and titered using 
the QuickTiter Lentivirus Titer Kit (Cell Biolabs, Inc.).

SHH-MB sphere cultures were dissociated using 
Accutase Cell Dissociation Reagent (Thermo Fisher 
Scientific) before filtration through a 70  µm cell strainer 
(Corning), centrifugation at 200 × g, and resuspension in 
MSC media at 1 × 106 cells/mL. Lentivirus was then added 
at an MOI of 10, along with 8  µg/mL polybrene (Sigma 
Aldrich). This mixture was then centrifuged at 200 × g for 
2 hours. Cells were kept in culture after transduction for 
4 days when determining mRNA expression or 6 days be-
fore evaluating cell viability via a MTT reduction assay.24

RNA Expression

Total RNA was extracted using the RNAeasy Plus RNA 
Extraction Kit (Qiagen). RNA was then quantified using a 
NanoDrop spectrophotometer (Thermo Fisher Scientific) 
and cDNA produced using the High-Capacity RNA to 
cDNA Kit (Thermo Fisher Scientific). Gene expression 
was then determined using Universal qPCR Mastermix 
(Thermo Fisher Scientific) with Taqman Gene Expression 
Assays (Thermo Fisher Scientific) on a BioRad CFX96 
qPCR thermocycler. Data are normalized to mouse β ACTIN 
(ACTB) expression.

Ex vivo Drug Treatment

GSK3326595 treatments studying SHH-MB sphere cul-
ture cell viability were conducted for 10  days (changing 
media/drug every 3 days) and those evaluating biomarkers 
were conducted for 4 days. Vismodegib treatments were 
conducted for 72 hours. Cell viability was determined via 
an MTT reduction assay. Studies using GSK3326595 in 

SUFU−/− immortalized MEFs and GCPs were also carried 
out over 4 days.

Ectopic Expression of GLI1 Mutants

Plasmid DNA was electroporated into MSC4 cells using the 
P3 Primary Cell 4D X Kit and a Nucleoporator (Lonza). After 
96 hours, cell viability was measured using the Cell-Titer 
Glo Kit (Promega).

In Vivo Procedures

All mouse work was conducted in accordance with 
University of Miami IACUC protocol #19-095adm4. 
ND2:SMOA1 mice (Jackson Laboratory strain 008831) have 
been genetically modified such that an SMO mutant trans-
gene that is constitutively active is expressed from the 
NEUROD2 promoter,31 restricting its expression to the cer-
ebellum. To generate the primary tissue used in LC-MS/MS 
analysis, CD-1 Nude mouse (Charles Rivers Laboratories 
stock 086)  flanks were implanted with primary murine 
SHH-MB tissue. Orthotopic implantations were performed 
as previously described.24 MSC4 cells were transduced 
with CMV-Firefly luciferase lentivirus (Cellomics). These 
cells were grown for several days and frozen for later use. 
After reviving them, spheres were treated with Accutase 
and 3 µL was implanted at a concentration of 1.0 × 105 cells/
mL in DMEM/F12 2  mm posterior to the lambda suture, 
2 mm lateral of the sagittal suture, and 2 mm deep in CD-1 
Nude mice. Cells were injected over a period of 1 minute 
and the needle was held in place for an additional minute 
following injection. One-hundred mM GSK3326595 stocks 
in DMSO were diluted in 0.5% methylcellulose (Sigma 
Aldrich) such that the final concentration allowed for the 
administration of 200 mg/kg in 100 µL via oral gavage every 
day. Vehicle controls were treated with equal volumes of 
the DMSO/methylcellulose mixture. Luminescence was 
imaged using a Perkin Elmer IVIS Spectrum 10 minutes fol-
lowing the intraperitoneal injection of D-Luciferin (Perkin 
Elmer). For immunoblotting of tumor tissue, orthotopic 
allografts were implanted before treatment as above. When 
mice displayed symptoms of SHH-MB, they were euthan-
ized and tumor tissue isolated, homogenized, and lysed in 
RIPA buffer with HALT protease inhibitors before immuno-
blotting. To assess mouse survival with PRMT5 inhibition, 
ND2:SMOA1 litters were allowed to reach 2 months of age 
before GSK3326595 or vehicle was administered using the 
same schedule and dosage as above for 30 days.

Statistical Analysis

In vivo tumor volume studies are shown as the mean and 
SEM of 4 mice for each group normalized to the lumines-
cence intensity seen in each mouse at the first reading. 
Survival was assessed using a Kaplan-Meier survival anal-
ysis with 18 mice in each group and significance deter-
mined using a Log Rank Mantel-Cox test. Significance was 
defined as P < .05 and indicated via an asterisk. Plots were 
produced in GraphPad Prism 9.
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Results

PRMT5 is Overexpressed in SHH-MB

We first examined the expression of PRMT5 in SHH-MB 
tissue relative to normal cerebellum. We found that PRMT5 
is more highly expressed in MB relative to normal cerebellar 
tissue in four distinct cohorts of MB patients (Figure 2A).32–35 
Similarly, resected MB tissue from SHH-MB patients ex-
pressed higher levels of PRMT5 compared to MB patients 
of other subgroups (Figure 2B).36 PRMT5 protein levels were 
also increased in granular cell progenitors (GCPs), the puta-
tive cell of origin of SHH-MB isolated from ND2:SMOA1 mice 
compared to those isolated from wildtype mice (Figure 2C 
and D). ND2:SMOA1 mice are a GEMM that spontaneously 
develops SHH-MB tumors due to an activating mutation in 

a transgenic SMO.31 Similarly, PRMT5 protein levels were 
elevated in ND2:SMOA1 MB tissue, relative to normal 
cerebellum, when analyzed by immunoblotting (Figure 2E 
and F). Global symmetric dimethylarginine (SDMA), a bio-
marker for PRMT5 activity, is also elevated in tumor tissue 
compared to normal cerebellum controls. These results 
show that PRMT5 and a surrogate for PRMT5 activity are el-
evated in SHH-MB tumors.

PRMT5 is Required for SHH-MB Cell Viability

We evaluated the role of PRMT5 in SHH-signaling using 
a commonly used SHH reporter cell line, LIGHT2. We at-
tenuated PRMT5 expression in LIGHT2 cells using siRNA 
and found that SHH-activity is decreased upon PRMT5 
knockdown (Figure 3A). We also noted that PRMT5 levels 
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munoblotting for the PRMT5 protein levels normalized to GAPDH. Data represent the mean and SEM of 3 biological replicates. Significance was 
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 6 Wynn et al. PRMT5 regulates SHH-MB progression

were increased in response to SHH activity induced by 
the small molecule SMO agonist SAG in NIH3T3 cells 
(Figure 3B and C). To determine if PRMT5 is required for 
MB cell growth, we used 2 separate SHH-MB sphere cul-
tures that were previously isolated from a primary murine 
SHH-MB tumor.24,25 These cells posses constitutive SHH 
activity due to loss of PTCH1 function. They also have dis-
tinct genetic backgrounds, one harboring TP53 mutations 
(MSC2) and one with wild-type TP53 (MSC4). We used 
these cultures because they retain their dependence on 
SHH signaling in culture,24,25 unlike immortalized SHH-MB 
cell lines.37 We knocked down the expression of PRMT5 
in these SHH-MB sphere cultures and measured cell vi-
ability or the expression of an SHH target gene, relative 
to a nontargeting shRNA control. A reduction of both cell 
viability (Figure 3D) and the expression of GLI1 (Figure 3E) 
was observed upon PRMT5 knockdown, relative to the 

expression of the housekeeping gene TBP. This observa-
tion distinguishes PRMT5’s role in SHH-MB from that of 
a number of other cancers, where it has been shown that 
the efficacy of PRMT5 inhibitors is correlated with TP53 
status.38,39

A Clinically Relevant PRMT5 Inhibitor Attenuates 
SHH-MB Cell Viability

A number of selective PRMT5 inhibitors have been devel-
oped, some of which are undergoing clinical evaluation. 
This includes GSK3326595 (also known as Pemrametostat 
or EPZ015938), which is currently in Phase II clinical trials for 
breast cancer (clinicaltrials.gov identifier NCT04676516). 
To validate the effect of GSK3326595 on SHH activity, we 
treated SUFU−/−immortalized MEFs that have constitu-
tive SHH activity with the drug. GSK3326595 reduced the 
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then the 0-hour sample and represent the mean and SEM of 3 biological replicates. D) SHH-MB sphere cultures were transduced with lentivirus 
bearing either a nontargeting shRNA control or shRNA targeting PRMT5 for 6 days, followed by evaluation of cell viability via an MTT reduction 
assay. Data are normalized to the nontargeting control and represent the mean and SEM of 3 biological replicates. Significance was determined 
using a t-test (P < .05) and is indicated with asterisks. E) RNA was collected from SHH-MB sphere cultures treated with lentivirus containing a non-
targeting control or shRNA against PRMT5 for a period of 4 days. This RNA was then analyzed by RT-qPCR to determine the expression level of the 
indicated genes. Data are normalized to the control shRNA-treated sample and represent the mean and SEM of 3 biological replicates. Significance 
was determined using a t-test (P < .05) and is indicated with asterisks.
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expression of GLI1 in SUFU-/-immortalized MEFs (Figure 
4A), consistent with it attenuating SHH activity and doing 
so acting downstream of SMO. Notably, SHH signaling is 
resistant to vismodegib in these cells.24 We next examined 
the impact of PRMT5 activity on the tumorigenic proper-
ties of SHH-MB by treating 2 distinct SHH-MB sphere cul-
tures with GSK3326595. The viability of these cultures was 
reduced in a dose-dependent manner, with an approxi-
mate IC50 of 300 and 80 nM in MSC2 and MSC4 respec-
tively (Figure 4B). GSK3326595 has a similar IC50 in MSC4 
cells selected for resistance to vismodegib,26 designated 
MSC4R (Figure 4C). Reduction in the expression of the 
SHH target gene GLI1 is also seen in MSC4 upon PRMT5 
inhibitor treatment (Figure 4D), as were GLI1 protein levels 
(Figure 4E). A  decrease in both CYCLIN-D1, a biomarker 
of SHH activity and cell proliferation, and SDMA, a bio-
marker for PRMT5 activity, was also observed (Figure 4E). 
An increase in the level of the apoptotic biomarker cleaved 
CASPASE-3 was also seen in response to PRMT5 inhibitor 

treatment (Figure 4E). In sum, these results reveal that 
PRMT5 activity is essential for cell viability and GLI activity 
in SHH-MB sphere cultures, likely through attenuation of 
proliferation and increased apoptosis.

GLI1 is Methylated in SHH-MB Tissue

We reasoned that, if PRMT5 regulation is an important 
driver of SHH activity, GLI1 should be highly methylated 
in SHH-MB. We therefore immunopurified endogenous 
GLI1 from MB tissue isolated from a SHH-MB mouse 
model and analyzed these samples by LC–MS/MS to iden-
tify methylated GLI1 residues. This approach yielded 13 
methylated arginines that are conserved in human GLI1 
(Figure 5A). Three of these residues (R517, R599, and 
R995) were dimethylated, making these arginines poten-
tial PRMT5 substrates. These residues are conserved in 
human GLI1 as R515, R597, and R990 (Figure 5B) and were 
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previously shown to be directly methylated by PRMT5 
in an in vitro biochemical assay.22 Also, consistent with 
PRMT5 directly methylating GLI1 in SHH-MB, PRMT5 
and GLI1 co-immunoprecipitate from primary SHH-MB 
tissue (Figure 5C). Furthermore, the viability of MSC4 
cells ectopically expressing loss-of-function mutations at 
R597 or R990 is significantly reduced relative to wildtype 
GLI1, suggesting they play a functionally significant role in 
SHH-MB (Figure 5D).

PRMT5 is Required for SHH-MB Progression 
In Vivo

Based on our ex vivo experiments, we hypothesized 
that PRMT5 is required for MB progression. We there-
fore treated GCPs isolated from a genetically engineered 
mouse MB model, ND2:SMOA1,31 with either GSK3326595 
or a vehicle control. Such cells showed reduced GLI1 levels 
as well as lower levels of PCNA, a biomarker for cell pro-
liferation when treated with GSK3326595 (Figure 6A). 
ND2:SMOA1 mice were also given daily oral administra-
tion of GSK3326595 over a 30-day period, and this treat-
ment resulted in significantly increased survival relative 
to control mice (Figure 6B). Importantly, the SMO variant 
expressed in ND2:SMOA1 mice harbors a mutation that 
renders them resistant to vismodegib.31,40,41 An orthotopic 
PTCH1 driven SHH-MB mouse model was also treated 
daily with this PRMT5 inhibitor and the average volume 

of tumors determined by IVIS imaging. Tumors in mice 
treated with PRMT5 inhibitor were reduced in size rela-
tive to the vehicle control (Figure 6C). The average reduc-
tion in luminescence intensity for this cohort of mice over 
the course of the experiment, is also shown in Figure 6D. 
SDMA is also significantly reduced in tumor tissue isolated 
from similarly treated mice, demonstrating the effect of 
GSK3326595 on PRMT5 activity (Figure 6E and F). Together, 
these results provide evidence that PRMT5 inhibition re-
duces SHH-MB progression in vivo.

Discussion

Here, we evaluate the functional significance of PRMT5 
and the potential of a clinically relevant PRMT5 inhib-
itor in SHH-MB. We found that PRMT5 is overexpressed 
in SHH-MB tissue and that GLI1 originating from such 
primary SHH-MB tissue is methylated at a number of 
PRMT5 consensus sites, some of which are important for 
SHH-MB cell viability. We also found that GLI1 associates 
with PRMT5 in this tissue. Furthermore, shRNA-mediated 
knockdown and pharmacological inhibition revealed that 
PRMT5 regulates SHH-MB cell viability and SHH activity 
in such cells. Most importantly, we were able to attenuate 
SHH-MB progression in two distinct mouse MB models 
using a clinically relevant PRMT5 inhibitor. Thus, our work 
suggests that PRMT5 is an important regulator of SHH-MB, 
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which could serve as an important, druggable regulator of 
GLI activity in SHH-driven cancers such as SHH-MB.

As GLI1 methylation was implicated in GLI1 regulation 
in the SHH responsive mesenchymal cell line C3H10T1/2, 
we hypothesized that GLI1 would be methylated in SHH-
dependent tumors like SHH-MB. This analysis revealed that 
a subset of these methylated arginines were dimethylated, 
accordant with them being methylated by a Type II PRMT 
such as PRMT5. This is the first direct identification of ar-
ginine methylation sites in GLI1 from primary SHH-driven 
tumor tissue. Furthermore, we found that PRMT5 associ-
ated with GLI1, which is consistent with GLI1 being a di-
rect substrate of PRMT5. Importantly, 4 of the conserved 
arginines in human GLI1, arginines 515, 597, 990, and 1018, 
have been previously shown to play a functional role in the 
stability of GLI1 in C3H10T1/2 cells (Figure 5A).22 A subset 
of these residues was found to be crucial in SHH-MB 
sphere culture viability (Figure 5D). We suggest that PRMT5 
enhances the tumorigenic properties of SHH-MB via this 
increase in GLI1 stability. This model is consistent with the 
reduction in GLI1 protein levels we observed upon PRMT5 
inhibition (Figure 4E).

Importantly, the clinically relevant drug used in this 
study, GSK3326595, is a substrate competitive selective 
PRMT5 inhibitor currently in phase II clinical trials for use 
in early-stage breast cancer. Since medulloblastoma is a 
relatively rare disease, drugs in development for its treat-
ment may be granted Orphan designation by the FDA. 
Repurposed inhibitors are therefore particularly attractive 
as they can be transitioned into the clinic more feasibly 
and rapidly. Our findings suggest that GSK3326595 is an 
attractive candidate therapeutic for such a repurposing in 
SHH-MB. This may be especially true since its inhibition of 
SHH activity occurs downstream of SMO and is effective 
in vismodegib-resistant models ex vivo and in vivo, which 
may allow the drug to overcome or prevent the resist-
ance to SMO inhibitors commonly observed in SHH-MB 
patients.

In conclusion, our findings demonstrate that PRMT5 is a 
key regulator of SHH-MB tumorigenicity. Furthermore, we 
show that the use of a clinically relevant PRMT5 inhibitor 
reduces SHH-MB progression in vivo. Taken together, our 
findings provide compelling evidence supporting the devel-
opment of PRMT5 inhibitors for the treatment of SHH-MB.
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