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Glioblastoma (GBM) is the most common adult malig-
nant form of astrocytoma, accounting for more than 50% 
of glioma cases.1,2 Standard treatment for GBM involves 
surgery, radiation, and chemotherapy. The highly invasive 

nature of GBM makes complete surgical resection chal-
lenging; hence, surgery is accompanied by radiation and 
concurrent chemotherapy. Despite this aggressive thera-
peutic approach, prognosis for GBM patients remains 
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Abstract
Background.  In spite of standard multimodal therapy consisting of surgical resection followed by radiation and 
concurrent chemotherapy, prognosis for glioblastoma (GBM) patients remains poor. The identification of both dif-
ferentiated and undifferentiated “stem cell like” populations in the tumor highlights the significance of finding 
novel targets that affect the heterogeneous tumor cell population. Protein arginine methyltransferase 5 (PRMT5) 
is one such candidate gene whose nuclear expression correlates with poor survival and has been reported to be 
required for survival of differentiated GBM cells and self-renewal of undifferentiated GBM cells. In the current study 
we screened the specificity and efficacy of 4 novel PRMT5 inhibitors in the treatment of GBM.
Methods.  Efficacies of these inhibitors were screened using an in vitro GBM neurosphere model and an in vivo 
intracranial zebrafish model of glioma. Standard molecular biology methods were employed to investigate changes 
in cell cycle, growth, and senescence.
Results.  In vitro and in vivo studies revealed that among the 4 PRMT5 inhibitors, treatment of GBM cells with com-
pound 5 (CMP5) mirrored the effects of PRMT5 knockdown wherein it led to apoptosis of differentiated GBM cells 
and drove undifferentiated primary patient derived GBM cells into a nonreplicative senescent state.
Conclusion.  In vivo antitumor efficacy combined with the specificity of CMP5 underscores the importance of 
developing it for translation.
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dismal, with a median survival of around 15 months,1–4 and 
a significant improvement in patient outcome has yet to 
be realized. Thus there is an urgent need to discover new 
targets and develop novel target-specific therapies.

Protein arginine methyltransferase 5 (PRMT5) is a mem-
ber of the PRMT family of proteins that play a key role 
in regulation of cellular signaling and gene expression 
by covalently modifying (methylating) histones as well 
as nonhistone proteins.5 PRMT5 catalyzes the symmet-
ric dimethylation of guanidine nitrogen atoms within the 
arginine residues of its substrate. Dimethylation of his-
tone proteins H4 (S2Me-H4R3), H3 (S2Me-H3R8), and H2A 
directed by it regulates chromatin structure to promote 
transcriptional repression.6–8

Expression of PRMT5 is increased in high-grade glioma, 
and its expression negatively correlates with patient sur-
vival.9,10 Engineered loss of PRMT5 results in apoptosis or 
loss of self-renewal for differentiated or undifferentiated 
GBM cells, respectively.11 Significance of PRMT5 for gli-
oma genesis is further evidenced by the failure of intracra-
nial tumor growth in mice implanted with glioma depleted 
for PRMT5.9,11 These findings suggest that glioma growth is 
addicted to PRMT5 expression, which hence might repre-
sent a novel druggable target for GBM therapy.

Small-molecule inhibitors for PRMT5 were developed 
using the crystal structure of rat PRMT1 as a primary tem-
plate for modeling a human in silico catalytic domain and 
utilizing the ChemBridge CNS-Set library of 10 000 small 
molecules.12 This is the first account of PRMT5 inhibitors 
being tested for antitumor efficacy for glioma.12

Here we used in vitro and in vivo zebrafish GBM xeno-
graft models to screen the antitumor activity of these com-
pounds and have identified compound 5 (CMP5) as a novel 
therapeutic agent for treating GBM.

Materials and Methods

Tissue Culture

As per the guidelines put forth by the institutional review 
board of The Ohio State University and the University of 
Texas Health Science Center, de-identified GBM tumor 
samples were collected from the consenting patients, 
washed, and dissociated using TrypLE Express (Invitrogen) 
and the dissociated single cells were grown as GBM neu-
rospheres. Primary patient-derived GBM neurospheres 
(GBMNS) were cultured in Neurobasal medium (Gibco) 
with B27 without vitamin A (2%), human epidermal growth 
factor (50 ng/mL), basic fibroblast growth factor (50 ng/mL),  
and penicillin/streptomycin (1%) in low-attachment cell cul-
ture flasks.13 To obtain differentiated cells, neurospheres 
were grown in 10% serum for 10 days. To confirm the 

stemness and differentiation status of the GBMNS and 
their differentiated cells (GBMDC), respectively, we com-
pared the mRNA expression of stem cell markers such as 
cluster of differentiation (CD)133, sex determining region 
Y-box 2, and CD15 and differentiation markers (Tuj1 and 
glial fibrillary acidic protein) (Supplementary Figure S1).

Mouse Plasma Sample and Brain Sample 
Collection

All the experiments involving mice were performed as per the 
guidelines of the Committee on Animal Care at The Ohio State 
University approved under the protocol Phelps-2009A0196-R1. 
Thirty-four ICR (imprinting control region) mice were divided 
into liposome (14 mice), dimethyl sulfoxide (DMSO) (10 mice), 
and Tween 80 (10 mice) groups. Mice were given 200 μL i.p. 
injection for 3 formulations. The blood samples and brain tis-
sue were collected at specified timepoints. One hundred mil-
ligrams of brain tissue was weighed after quick grind, then 
homogenized on ice after adding 400  μL 50% MeOH. The 
mixture was sonicated on ice for 15 min and centrifuged. The 
supernatant was used as brain extract. Additional pharma-
cokinetic study methods are provided in the Supplementary 
methods.

Cell Cycle Analysis

Cells subjected to treatment conditions were washed with 
phosphate buffered saline and fixed with ethanol (80%). 
Fixed cells were stained with 50 µg/mL propidium iodide 
(PI) (Sigma-Aldrich). Flow cytometry analysis was done on 
stained cells using LSRII (Becton Dickinson).

β-Galactosidase Staining

GBMNS were trypsinized every 3  days and treated with 
fresh media and CMP5 each time for 20 days. At the end of 
the treatment, cells were trypsinized into single cells and 
subjected to β-galactosidase (β-gal) assay with the help of 
the Senescence Cells Histochemical Staining Kit, per man-
ufacturer’s instructions (Sigma-Aldrich).

Zebrafish Xenograft Model

Transparent casper mutant zebrafish (roy;nacre)14 pro-
cured from Children’s Hospital Boston (Dr Leonard Zon 
laboratory) were maintained according to the approved 
Institutional Animal Care and Use Committee protocol 
(2009A0141-R2, principal investigator Christine Beattie) at 
The Ohio State University. When a clear midbrain bound-
ary was visible, fish were recruited for the xenograft 

Importance of the study
This is the first study to test specificity and efficacy of 
PRMT5 inhibitors for GBM therapy. Among the tested 
PRMT5 inhibitors, CMP5 can effectively and specifically 

block the PRMT5 activity to cause apoptosis and senes-
cence in the differentiated and primary undifferentiated 
tumor cell populations, respectively.



755Banasavadi-Siddegowda et al. PRMT5 inhibition to treat glioblastoma
N

eu
ro-

O
n

colog
y

transplantation. Xenotransplants were carried out at 36 
hours post fertilization.

Green fluorescent protein (GFP)–positive GBMNS-
30 neurospheres (about 1  mm3) were dissociated using 
TrypLE (Gibco). Fish were immobilized by adding 4.2 mL 
of 25× stock solution of tricaine (Sigma-Aldrich) to 100 mL 
fresh fish water, and ~50 cells per animal were injected 
into the midbrain-hindbrain boundary with a pulled boro-
silicate glass pipette (Sutter Instruments) as described.15 
Transplanted animals were allowed to recover in 24-well 
plates (Corning) containing fish water and penicillin/
streptomycin (Invitrogen) and maintained on a warming 
plate at 32°C for the duration of the study. All fish were 
screened for tumor take 24 hours posttransplant.

Five days posttransplant (dpt) of tumor cells, tumor es-
tablishment was confirmed and animals were placed in 
1 mL fish water in 24-well plates and treated with either 1% 
DMSO (Thermo-Fisher Scientific), HLCL66 (0.1 µM), HLCL65 
(20 µM), CMP5 (20 µM), or CMP12 (20 µM) for 5 days at 28°C 
in 24-well plates. Fish water and drugs were replaced every 
day during the 5-day treatment period (5–10 dpt).

Animals were followed for survival up to 20 days post 
tumor implantation. SPSS was used to create Kaplan–
Meier survival curves.

Statistical Analysis

Results are presented as mean values ± standard deviation 
of the mean. Statistical analysis was carried out by unpaired 
Student’s t-test using GraphPad Prism software. For survival 
data, the Kaplan–Meier method was used to estimate sur-
vival fractions and the log-rank test was used to evaluate dif-
ference in survival between different groups. P-values were 
adjusted for multiple comparisons by Holm’s procedure. 
P-values <0.05 were considered statistically significant.

Results

In Vitro Screening of PRMT5 Inhibitors

Four second-generation PRMT5 inhibitors: CMP5, CMP12, com-
pound 65 (HLCL65), and compound 66 (HLCL66) were selected 
to test the utility of PRMT5 inhibition as a druggable target for 
GBM. Supplementary Figure S2 shows the structures as well as 
the modeled binding within the catalytic site of PRMT5 for each 
of these 4 compounds. To test the antiglioma utility of these 
inhibitors, we compared the dose-dependent cytotoxicity of 
these agents against the primary patient-derived neurospheres 
(GBMNS-30) 3 days after treatment by a standard MTT assay 
(Fig. 1A). All 4 of the PRMT5 inhibitors had a dose-dependent 
cytotoxicity against GBMNS-30 with lethal dose concentrations 
to kill 50% of test animals (LD50) of 22.5 µM, 25 µM, 150 nM, and 
15 µM for CMP5, CMP12, HLCL66, and HLCL65, respectively.

PRMT5 Inhibitors Are Effective in an In Vivo 
Zebrafish GBM Model

We utilized a zebrafish GBM model to screen these 
drugs for potential anti-GBM efficacy.15 Briefly zebrafish 

implanted with GFP expressing GBMNS-30 were treated 
with DMSO or the indicated compounds for 5 days deliv-
ered in the fish water in a 24-well plate, and the animals 
were observed for survival (n = 24/group) (Supplementary 
Figure S3A). Fig. 1B shows the Kaplan–Meier survival 
curves of tumor-bearing fish treated with the indicated 
drugs at close to LD50 concentrations of each agent (Fig. 
1A). While control DMSO-treated animals died with a 
median survival of 8 days, animals treated with HLCL65 
or CMP12 showed significant improvement in survival, 
with the median survival advantage of >1.5-fold compared 
with control animals. Interestingly, animals treated with 
HLCL66, the drug that showed the highest potency in vitro, 
did not show a survival benefit after treatment. More sig-
nificantly, more than 50% of animals treated with CMP5 
were long-term survivors, indicating the potential antitu-
mor efficacy of CMP5 in vivo. Consistent with the survival 
of tumor-bearing animals, fluorescent imaging of a repre-
sentative animal from each group for GFP-positive tumor 
progression over time revealed obvious tumor shrink-
age in fish treated with CMP5 and HLCL65 (Fig. 1C and 
Supplementary Figure S3B). To test the potential toxicity of 
these compounds, we evaluated the survival of non-tumor-
bearing zebrafish, treated with the indicated compounds 
in water (n = 24/group) (Supplementary Figure S3C). At 
the doses used in the efficacy study, HLCL66 was toxic to 
zebrafish, and treated animals died with a median survival 
of 13 days (P < 0.001) (Supplementary Figure S3C). None 
of the other compounds showed any significant toxicity 
in non-tumor-bearing zebrafish (P ≥ 1 between DMSO and 
CMP5, CMP12, and HLCL65).

CMP5 Decreases the Proliferation of GBMNS

The above results indicated that both CMP5 and HLCL65 
had antiglioma effects as well as a favorable safety profile. 
Our initial pharmacokinetic study with 3 different formula-
tions of CMP5 (Fig. 2A, Supplementary Table S2) revealed 
CMP5 to have brain tissue accumulation after i.p. injection 
without causing toxicity in mice. Thus we selected CMP5 
as a potential drug candidate for further development. We 
evaluated the impact of CMP5 on PRMT5 function by com-
paring the methylation status of histone H4 on arginine 3 
and histone H3 on arginine 8 [S(Me2)-H4R3 and S(Me2)-
H3R8] by western blot after treatment of GBMNS-30 and 
GBMNS-X12 cells grown as neurospheres (Fig. 2B). CMP5 
reduced the methylation of both PRMT5 target histones. 
Immunofluorescence for H4R3 further confirmed the reduc-
tion in PRMT5 activity in GBMNS-30 treated with CMP5 
(note the absence of green H4R3 staining in cells indicated 
by red arrows after treatment; Fig. 2C). Interestingly CMP5 
treatment completely abolished the presence of histone 
methylation markers in only a fraction of glioma cells. 
Since blocking PRMT5 function inhibits H4R3 and H3R8 
methylation but does not demethylate histones that have 
already been methylated by PRMT5 prior to its inhibition, 
this likely reflects the long half-life of H4R3 methylation in 
different cells. Methylated histones have been previously 
described to have a long half-life.16,17 Thus while reduced 
methylation indicates PRMT5 inhibition, complete loss of 



 756 Banasavadi-Siddegowda et al. PRMT5 inhibition to treat glioblastoma

this marker is not observed in all the cells. It is important 
to note that 100% of cells are positive for H4R3 methyla-
tion prior to treatment and that there is complete absence 
of H4R3 in a third of the cells after a single treatment with 
CMP5. These results indicate that CMP5 effectively blocks 
PRMT5 activity.

We have previously shown that PRMT5 knockdown dif-
ferentially impacts GBMNS and differentiated GBM cells. 

To evaluate the effect of CMP5 on the proliferation of undif-
ferentiated GBMNS and their differentiated counterpart 
(GBMDC) grown in serum (Supplementary Figure S1), 
GBMNS and GBMDC were treated with the indicated doses 
of CMP5 (Fig. 2D). CMP5 treatment decreased the prolifera-
tion of both GBMNS and GBMDC in a dose-dependent man-
ner. Interestingly GBMDC were significantly more sensitive to 
CMP5 compared with the undifferentiated primary GBMNS.
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Fig. 1  PRMT5 inhibitors affect the viability and tumor growth in vitro and in vivo. (A) Viability of GBMNS-30 treated with increasing doses of the 
indicated drugs; 72 h posttreatment, cells were subjected to MTT assay to measure the viability. (B) Kaplan–Meier survival curves of GBMNS-30 
bearing fish treated with the indicated drugs (treated day 5 post-implantation) for 5 days. Animals were followed for survival post tumor implanta-
tion (n = 24/group); P-values were adjusted for multiple comparisons by Holm’s procedure (** and ## P ≤ 0.05). (C) Spinning disk confocal fluores-
cent imaging of relative tumor growth on day 5 (day of treatment initiation) and day 10 post tumor cell implantation in one representative fish from 
each group from the survival study in (B) (bar: 50 µm). MTT = 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.
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CMP5 Decreases the Self-Renewal Capacity of 
GBMNS and Increases Apoptosis in GBMDC

To assess the effect of CMP5 on the viability of GBMNS and 
GBMDC, we treated 4 different primary patient-derived GBM 
cells (GBMNS-30, GBMNS-X12, GBMNS-57, and GBMNS-77) 
grown as neurospheres or differentiated GBM cells (GBMDC-30, 

GBMDC-X12, GBMDC-57, and GBMDC-77) with different doses 
of CMP5 and followed their viability by MTT assay (Fig. 3A). 
Differentiation status of GBMDC was validated by quantitative 
real-time PCR analysis of genes indicative of differentiation 
(Supplementary Figure S1). While CMP5 treatment decreased 
the viability of both GBMNS and GBMDC in a dose-dependent 
manner, GBMDC were more susceptible to CMP5 treatment.
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Fig. 2  CMP5 mediated inhibition of PRMT5 catalytic activity in mice and tumor cell proliferation. (A) The brain tissue (0–6 h) and plasma (0–8 h) 
concentration-time profile of CMP5 for 3 formulations. (B) Western blot analysis of GBMNS-30 and GBMNS-X12 treated with DMSO (Ctrl) or CMP5 
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(bar: 15 µm). (D) Relative growth of GBM30 cells grown as neurospheres (GBMNS) or differentiated cells (GBMDC) after treatment with increasing 
doses of CMP5 over time. A linear mixed model was used to account for the covariance structure due to repeat measures at different timepoints.
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Fig. 3  CMP5 causes apoptosis in GBMDC and decreases self-renewal capacity in GBMNS. (A) Viability of the indicated primary GBM cells grown 
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We further evaluated the effect of CMP5 on the apop-
tosis of GBMNS and GBMDC. GBMNS and differentiated 
GBMDC were treated with CMP5 for 72  h and percent 
of apoptotic cells was evaluated by annexin PI stain-
ing (Fig.  3B, Supplementary Figure S4A). Consistent 
with PRMT5 knockdown (Supplementary Figure S4B), 
we observed a significant increase in apoptotic cells in 
GBMDC with CMP5 treatment (Fig.  3B).11 Interestingly 

while GBMNS were resistant to CMP5-mediated apop-
tosis, there was significant reduction in their self-
renewal as assessed by the frequency of neurosphere 
formation in GBMNS-30, GBMNS-X12, GBMNS-57, and 
GBMNS-77, analyzed by linear regression (Fig.  3C and 
Supplementary Figure S5). CMP5 treatment resulted 
in reduction of both number as well as size of the neu-
rospheres, suggesting the effectiveness of CMP5 in 
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GBMNS-30 transfected with scrambled small interfering (si)RNA (Scr) or PRMT5 siRNA (P5i) were treated with DMSO or CMP5 (25 µM); 72 h 
posttreatment, cells were subjected to cell cycle analysis and the population of cells in each phase of the cell cycle were quantified. **Statistical 
significance of P5i + DMSO, Scr + CMP5, and P5i + CMP5 in comparison to control (Scr + DMSO) (**P ≤ 0.001). All the experiments were conducted 
in 3 biological triplicates.
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countering the self-renewal capacity of GBMNS. Overall 
these results show that CMP5 treatment decreases the 
self-renewal capacity of GBMNS without affecting via-
bility, and results in apoptotic death of differentiated 
GBM cells.

CMP5 Blocks Cell Cycle Progression in GBMNS

Next we tested the impact of CMP5 treatment on cell cycle 
progression (Fig.  4A, B). Briefly GBMNS and GBMDC 
were treated with CMP5 (25 µM) for 24 hours and then cell 
cycle analysis was done using PI staining to evaluate the 
effect of CMP5 on the progression of these cells (Fig. 4A). 
CMP5 treatment increased the G1 subpopulation by at 
least 20%, 25%, and 15% in GBMNS-30, GBMNS-X12, and 
GBMNS-57, respectively (upper panel), whereas CMP5 
treatment of GBMDC did not affect cell cycle progression 
but revealed an increase in G0 subpopulation indicative 
of apoptosis. These results suggest that the decreased 
proliferation and self-renewal of GBMNS is, in part, a 
result of G1 cell cycle arrest.

To reconfirm the specificity of CMP5 to target PRMT5, we 
treated PRMT5-depleted (P5i) GBMNS-30 with CMP5 and 
conducted cell cycle analysis (Fig. 4B). While both PRMT5 
depletion and CMP5 treatment led to G1 cell cycle arrest of 
GBMNS, treatment of PRMT5-depleted GBMNS with CMP5 
did not further increase G1 cell cycle arrest, indicating that 
CMP5 treatment–induced G1 cell cycle arrest depended on 
PRMT5 expression.

Negative Regulation of PTEN by PRMT5 Is 
Disrupted by CMP5

To test if CMP5 affected the PRMT5-phosphatase and ten-
sin homolog (PTEN)-Akt signaling, we treated GBMNS 
(GBMNS-30, GBMNS-X12, and GBMNS-57) and GBMDC 

(GBMDC-30, GBMDC-X12, and GBMDC-57) with CMP5 
and probed for the expression of both phosphorylated 
Akt (pAkt) and PTEN expression (Fig. 5). CMP5 treatment 
decreased the phosphorylation of Akt in GBMNS (Fig. 5A). 
More importantly, CMP5 treatment resulted in increased 
expression of PTEN in GBMNS but not in GBMDC (Fig. 5B), 
indicative of transcriptional repression of PTEN by 
PRMT5.11 These results confirm that CMP5 derails the nega-
tive regulation of PTEN by PRMT5, which in turn decreases 
the Akt activity in GBMNS.

CMP5 Drives GBMNS Toward Senescence

The above results show that CMP5 treatment decreased 
the proliferation and self-renewal of GBMNS (Figures 2, 
3). Since CMP5-treated GBMNS did not undergo apoptotic 
cell death, we investigated whether CMP5 treatment led to 
the induction of senescence in these cells after treatment 
(Fig. 6A, B). Briefly GBMNS (GBMNS-30, GBMNS-X12, and 
GBMNS-57) were treated with CMP5 (25 µM) for 20 days. 
Cells were trypsinized every 3 days and fresh media with 
DMSO or CMP5 were added. Twenty days posttreatment, 
GBMNS were made into single cells and probed for sen-
escent cells by β-gal staining assay. Bright field images 
(20x) of GBMNS treated with CMP5 revealed increased 
cell size along with a significant increase in the number of 
β-gal positive cells per microscopic view filed (Fig. 6A, B). 
Irrespective of the signaling pathway involved in inducing 
senescence, downstream candidates most often involved 
are p53 and p21.18 Hence, to further confirm the senescent 
phenotype, GBMNS were treated with CMP5 for 20 days. 
Posttreatment, we probed these cells for the expression of 
p53 and p21 protein (Fig. 6C) and mRNA (Supplementary 
Figure S6). CMP5 treatment increased the expression 
of both p53 and p21. Together these results suggest that 
CMP5-treated GBMNS undergo senescence.
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Fig. 5  CMP5 affects PTEN-Akt signaling. (A) Western blots of pAkt and total Akt on GBMNS-30, GBMDC-30, GBMNS-X12, GBMDC-X12, GBMNS-
57, and GBMDC-57 treated with DMSO or CMP5 (25 µM) for 72 h. (B) Indicated GBMNS and GBMDC were treated with CMP5 (25 µM) for 72 h, lysed, 
and probed for PTEN expression by western blot. Glyceraldehyde 3-phosphate dehydrogenase served as internal control.
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Discussion

Tumor heterogeneity is increasingly recognized as a major 
hurdle toward the development of anti-GBM therapeutic 

approaches.19 Therapies targeted to specific driver muta-
tions and signaling events have developed epigenetic 
shifts in GBM tumor cells, and this is thought to be one 
of the major contributors for development of resistance to 
targeted agents.20–23 Recent studies have uncovered the 
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Fig. 6  CMP5 causes senescence in GBMNS. (A) β-gal assay on GBMNS-30, GBMNS-X12, and GBMNS-57 that were treated with Ctrl (DMSO) 
or CMP5 (25 µM) every 3 days for 20 days. Neurospheres were dissociated into single cells for treatment. Twenty days posttreatment they were 
trypsinized to make into single cells. Cells were then stained for β-gal. Representative microscopic images (20x magnification) demonstrating β-gal 
positive and negative cells (bar: 40 µm). (B) Quantification of Figure 6A showing the number of β-gal positive cells observed per view field with Ctrl 
or CMP5 treatment. Experiment was conducted in 3 biological replicates (**P ≤ 0.001). (C) Western blot analysis of the indicated GBMNS treated 
with DMSO (C) or CMP5 (C5) (25 µM) every 3 days for 20 days. Posttreatment, cells were lysed and probed for the expression of p53 and p21 by 
western blot. Glyceraldehyde 3-phosphate dehydrogenase is used as an internal control. (D) Schematic representation of the effect of CMP5 on 
the differentiated and undifferentiated stemlike cells of GBM tumor.
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presence of both (i) a small undifferentiated population 
of cells within GBM that retain plasticity and can adapt to 
therapy-induced stress, as well as (ii) a large mature differ-
entiated population of tumor cells.19,23 Thus therapies that 
selectively target only one of these populations result in 
limited efficacy and eventual disease progression.

Recently we and others have shown that PRMT5 ex-
pression is higher in high-grade gliomas and negatively 
correlates with GBM patient survival.9,10 We utilized 
patient-derived primary GBM cells (grown in stem cell 
culture) to uncover the differential role played by PRMT5 
in the survival, proliferation, and self-renewal of primary 
GBMNS, and their differentiated counterpart.11 These stud-
ies showed that PRMT5 plays a significant role in both sur-
vival and self-renewal of mature and undifferentiated GBM 
tumor cells, respectively.

Here we tested the potential of PRMT5 as a druggable 
candidate for GBM therapy. Crystal structure of a highly 
homologous rat PRMT1 enzyme was utilized to design in 
silico compounds with the potential to block PRMT5 cata-
lytic site and hence function.12 Treatment of GBM cells with 
these agents revealed dose-dependent decrease in their 
proliferation. Of these agents, CMP5 retained specificity 
for PRMT5 inhibition, and in vivo treatment of zebrafish 
bearing intracranial tumors revealed that it could effect-
ively curb GBM tumor growth and increase survival.

Conventional therapy for GBM consists mainly of cyto-
toxic treatment in the form of chemotherapy and radi-
ation. But with time GBM tumor cells develop resistance 
to the treatment conditions by various mechanisms.24–28 
An emerging strategy to overcome this therapy resistance 
is with cytostatic agents that disable the proliferation and 
growth of the tumor cells and synergize in combination 
with cytotoxic drugs.29–31 Cellular senescence is a form of 
persistent cytostatic response by the cells to the stress, 
wherein cells undergoing senescence cease to proliferate 
but can remain metabolically active and viable.32 Therapy-
induced senescence is considered an important route to 
achieving therapeutic sensitivity for tumor cells that are re-
sistant to apoptosis.33,34 More interestingly, senescent cells 
have also been shown to attract and interact with innate 
immune cells such as natural killer cells, neutrophils, den-
dritic cells, and macrophages that augment the clearance of 
senescent cells from the system.35,36 Further, the identifica-
tion of molecular targets such as PTEN, p53, S-phase kinase 
associated protein 2, Aurora kinase A, etc, which are impli-
cated in regulating senescence in cancer,37–43 has led to the 
development of numerous senescence-inducing small-
molecule therapeutic agents. Many of these are currently 
being tested in GBM and other cancer patients for safety 
and efficacy (NCT02122770, NCT01164033).44–46

Clinical trials of MLN4924 and RO5045337 drugs in solid 
and hematological malignancies, respectively,47,48 favor 
therapeutic senescence. On the contrary, a more recent 
study by Ouchi et al reported that the mature GBM cells 
undergoing senescence can be a mechanism by which im-
mature cells can avoid cell death and promote malignant 
progression of the GBM tumor,49 implying senescence as a 
way for tumor cells to escape cytotoxic death.

Even though drugs like MLN492447 and Nutlin3a50 have 
the ability to induce senescence or apoptosis based on cell 
line type and p53 status, respectively, to the best of our 

knowledge, as summarized in Fig. 6D, this is the first report 
of an agent (CMP5) that can induce apoptosis of differenti-
ated cells as well as result in induction of senescence in 
immature primary tumor cells (Fig. 6D). Thus CMP5 can be 
considered a class of agents in itself that can differentially 
regulate differentiated and primary undifferentiated tumor 
cell populations.

Future studies are focused on the drug development of 
CMP5 to improve its pharmacodynamic and pharmacokin-
etic properties to use as a therapy for GBM.

Supplementary Material

Supplementary material is available at Neuro-Oncology 
online.
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