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Abstract

Introduction: Clinical trials directed at mechanistic target of rapamycin (mTOR) inhibition have
yielded disappointing results in glioblastoma (GBM). A major mechanism of resistance involves
the activation of a salvage pathway stimulating internal ribosome entry site (IRES)-mediated
protein synthesis. PRMT5 activity has been implicated in the enhancement of IRES activity.

Methods: We analyzed the expression and activity of PRMTS in response to mTOR inhibition in
GBM cell lines and short-term patient cultures. To determine whether PRMTS5 conferred
resistance we used genetic and pharmacological approaches to ablate PRMTS5 activity and
assessed the effects on /n vitroand in vivo sensitivity. Mutational analyses of the requisite IRES-
trans-acting factor (ITAF), hnRNP Al determined whether PRMT5-mediated methylation was
necessary for ITAF RNA binding and IRES activity.

Results: PRMT5 activity is stimulated in response to mTOR inhibitors. Knockdown or treatment
with a PRMTS5 inhibitor blocked IRES activity and sensitizes GBM cells. Ectopic expression of
non-methylatable hnRNP Al mutants demonstrated that methylation of either arginine residues
218 or 225 was sufficient to maintain IRES binding and hnRNP Al-dependent cyclin D1 or c-
MYC IRES activity, however a double R218K/R225K mutant was unable to do so. The PRMT5
inhibitor EPZ015666 displayed synergistic anti-GBM effects /n vitroand in a xenograft mouse
model in combination with PP242.
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Conclusions: These results demonstrate that PRMTS5 activity is stimulated upon mTOR
inhibition in GBM. Our data further support a signaling cascade in which PRMT5-mediated
methylation of hnRNP Al promotes IRES RNA binding and activation of IRES-mediated protein
synthesis and resultant mTOR inhibitor resistance.
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Introduction

Glioblastoma is one of the most prevalent central nervous system tumors with a dismal
median survival of typically only twelve months [1]. The deadliness of this tumor is due to
the recalcitrant nature of the tumors to surgical resection and the inevitable development of
drug resistance [2]. The mutational landscape of GBMs includes EGFR amplification or
constitutively activating mutations, PTEN loss and hyperactivation of the
phosphatidylinositol 3-kinase (P13K) signaling cascade [3]. These molecular alterations are
seen in approximately ninety percent of GBMs and converge on the downstream effector
mMTOR, resulting in its hyperactivation [4]. mTOR is a major regulator of protein synthesis,
metabolism and autophagy in the cell and as a result controls tumor cell proliferation,
survival and drug resistance [5, 6]. mTOR exists in at least two complexes, mMTOR complex
1 and 2 (mTORC1 and 2) and each contain unique regulatory subunits dictating substrate
specificities [7].

The prototypic mTOR inhibitor rapamycin, and other first generation allosteric inhibitors
have failed in the clinic for GBM as a result of loss of feedback regulation promoting AKT
activation [8]. The second generation direct mTOR kinase inhibitors (TORKIs) which block
both mTORC1 and mTORC?2 activity await complete evaluation in GBM. Recently, an
inhibitor targeted to mTORC1, Rapalink-1 drove the regression of intracranial tumors
improving survival compared with earlier-generation inhibitors however this agent also
requires further evaluation [9]. Taken together, these studies emphasize the potential role of
mTOR kinase inhibitors in the treatment of GBM.

The signaling relationships between mTORCs suggest the possibility of several mechanisms
of mTOR inhibitor resistance [1, 10]. Our studies have demonstrated that both allosteric and
direct mTOR kinase inhibitors are able to activate a transcript-specific protein synthesis
salvage pathway capable of maintaining the translation of critical cell cycle mRNAs
resulting in resistance to mTOR therapies [11, 12]. Transcript-specific enhancement of
translation upon activation of the salvage pathway is mediated via IRES-dependent protein
synthesis and requires the ITAF, hnRNP Al [13]. Recently, we have described the
identification of a small molecule inhibitor of hnRNP A1 which blocks cyclin D1 and c-
MYC IRES activity and synergizes with mTOR inhibitors to achieve strong anti-GBM
activities [14].

PRMTS5 is a type Il methyltransferase which is essential for viability and normal
development and whose expression is increased in GBM and elevated expression is
negatively correlated with patient survival [15, 16]. Additionally, PRMTS5 regulates the
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expression and stability of critical transcription factors and signaling receptors that control
normal stem cell and oligodendrocyte progenitor cell function [17]. Further evidence in
support of the importance of PRMT5 in gliomagenesis is the observation that GBM cells
with depleted PRMTS5 fail to grow as intracranial xenografts [15, 18]. Data also now show
that small molecule inhibitors of PRMT5 demonstrate antitumor efficacy in GBM [19].
PRMT5 was recently demonstrated to activate IRES-mediated translation upon symmetrical
di-methylation of arginine (SDMA) residues in hnRNP A1 [20]. PRMT5 was shown to di-
methylate hnRNP A1l on two residues, R218 and R225, which facilitated the interaction of
hnRNP Al with IRES RNAs to promote IRES-mediated translation. In this report we
examined whether PRMTS5 is capable of regulating GBM tumor responses to mTOR
inhibitors. We demonstrate that mTOR inhibition results in stimulation of PRMT5 activity in
GBM and patient-derived cell lines. PRMT5 knockdown sensitizes GBM cells to mTOR
inhibition and suppresses mTOR inhibitor-induced IRES activity. It is shown that PRMT5-
mediated SDMA of hnRNP ALl is required for its binding to IRES RNAs and stimulation of
IRES activity in response to mTOR inhibition. We also examine the anti-tumor effects of co-
therapy utilizing specific PRMT5 and TORKI inhibitors /7 vitroand in xenografted mice.

Materials and methods

Results

Details regarding cell cultures, reagents, /n vitroand /n vivo protocols and data analyses are
described in Online Resource 1 Supplemental Materials and Methods.

MTOR inhibitors enhance PRMT5 activity

To investigate if PRMTS5 played a role in the response of GBM cells to mTOR inhibition we
examined whether PRMT5 transcript or protein levels were altered in response to rapamycin
or PP242 exposure in LN229 cells. Neither PRMT5 mRNA (/eft panel) nor protein (right
panel) was affected by exposure (Fig. 1a). Expression of the PRMTS5 cofactor, MEP50, was
also unaffected by mTOR inhibition. Similarly, PRMT5 mRNA or protein levels did not
change in GBM patient-derived cells (GBM39) upon mTOR inhibitor exposure (Fig. 1b).
However, upon exposure to either rapamycin or PP242, PRMT5 activity was markedly
stimulated as determined by an /n vitro methylation assay of immunoprecipitated PRMT5
from LN229 cells utilizing histone H4 as a substrate (Fig. 1c, left panel). A dose-dependent
increase in PRMT5 activity was observed in response to rapamycin or PP242 (Fig. 1c, right
panel). PRMTS5 activity was also stimulated by PP242 in U87 cells expressing a
constitutively active EGFRvIII allele, one of the most common genetic events driving GBM
[21] (Online Resource 2 Suppl. Fig. S2). Immunoblotting of lysates obtained from LN229 or
GBM39 cells treated with rapamycin or PP242 and probed with antibody recognizing
symmetric di-methyl arginine motifs also displayed enhanced levels of methylated species in
response to mTOR inhibition (Fig. 1d). These data demonstrate that PRMT5 activity is
stimulated by mTOR inhibition.
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Inhibition of PRMT5 sensitizes GBM cells to mTOR inhibitors

Knockdown

To determine whether a specific role for PRMTS exists in preventing mTOR inhibitor
mediated cell death we blocked PRMT5 expression via small interfering RNAs (siRNA) in
established GBM lines and patient-derived cell lines and assessed its effects on mTOR
inhibitor sensitivity. Knockdown of PRMTS5 significantly sensitized LN229, LN18, GBM6
and GBM39 cells to rapamycin and PP242 treatment inhibiting growth as compared to
controls (Fig. 2a). SIRNA targeting PRMTS5 effectively reduced expression by greater then
95% in patient-derived cells and below detectable levels in established GBM lines as
determined via immunoblot while a nontargeting scrambled control siRNA had no
appreciable effect on expression (Online Resource 3 Suppl. Fig. S3). Additionally,
cytotoxicity as determined by trypan blue exclusion assays, demonstrated a significant
increase in rapamycin or PP242-mediated cell death following knockdown of PRMTS5 (Fig.
2b). We noted that rapamycin induced markedly less cell death, even in the context of
PRMTS5 knockdown as compared to PP242. As rapamycin does not significantly inhibit
mTORC2 activity relative to PP242, this suggested that sustained mTORC?2 activity might
play a role in tumor cell survival. These data demonstrate that PRMT5 contributes to mTOR
inhibitor resistance by suppressing cell death and can be reversed by genetic inhibition of
PRMTS5 in GBM cells.

of PRMT5 blocks IRES activity

As the induction of IRES activity has been demonstrated to be a major mode of drug
resistance to mTOR inhibitors, we assessed whether cyclin D1 or c-MYC IRES activity was
affected by PRMT5 downregulation in GBM lines and patient-derived GBM cells. IRES
reporter assays were conducted utilizing dicistronic mRNA reporters containing the
indicated IRES sequences within the intercistronic region between the Renillaand firefly
open reading frames. Thus, Renillaluciferase activity is a readout of cap-dependent
translation while firefly translation is driven by the respective IRES. Reporter plasmids were
transiently transfected into LN229, LN18, GBM6 or GBM39 cells in which PRMT5 was
knocked down via siRNAs. Cyclin D1 and c-MYC IRES activities were markedly induced
by PP242 relative to control or scrambled siRNA transfected groups (Online Resource 4
Suppl. Fig. S4). However, in cells treated with siRNAs targeting PRMT5 both cyclin D1 and
c-MYC IRES activities were curtailed following PP242 exposure. These data demonstrate
that PRMTS5 is required for cyclin D1 and c-MYC IRES activity in response to mTOR
inhibition.

R218/R225 methylation of the ITAF hnRNP Al is required for IRES activity in response to
MTOR inhibition

Our previous data demonstrated that hnRNP Al constitutively binds to the cyclin D1 and c-
MYC IRESs and is required for mTOR inhibitor-induced IRES activity [13]. As
symmetrical di-methylation of arginines 218 and 225 by PRMTS5 has recently been shown to
activate cyclin D1 and c-MYC IRES activity [20] we sought to determine whether these
methylation events were involved in mTOR inhibitor resistance in GBM. We utilized an
RNA pull-down assay to evaluate whether cyclin D1 or c-MYC IRES sequences would bind
native hnRNP A1, as well as hnRNP A1 mutants containing lysine substitutions at amino
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acids 218, 225 or both (R218K, R225K, R218K/R225K). HNRNP Al was precipitated from
LN229 or GBM39 lysates extracted from cells treated without or with PP242 by either of the
IRES RNAs (Fig. 3a; LN229; cyclin D1 IRES, upper left panel. c-MYC IRES, lower left
panel; GBM39; cyclin D1 IRES, upper right panel, c-MYC IRES, fower right panel) in the
sense orientation, but no hnRNP Al was detected in precipitates of the IRES RNAs in the
antisense orientation. Furthermore, this data, consistent with our previous experiments,
demonstrate that hnRNP A1l is constitutively bound to either the cyclin D1 or c-MYC IRESs
independent of PP242 exposure. However, in LN229 or GBM39 cells in which constructs
expressing the hnRNP Al R218K, R225K or R218K/R225K mutants were transfected 24 h
post hnRNP Al siRNA transfection, we observed that either of the single nonmethylatable
(R218K or R225K) hnRNP Al mutants were effectively pulled-down by cyclin D1 or c-
MYC IRESs, while the double (R218K/R225K) hnRNP A1 displayed significantly reduced
binding irrespective of PP242 treatment. We also determined the effects of these mutant
hnRNP A1 alleles on cyclin D1 and c-MYC IRES reporter activity in the absence or
presence of PP242. LN229 or GBM39 cells transfected with the single R218K or R225K
hnRNP A1 mutants and either the cyclin D1 or c-MYC IRES reporters 24 h post hnRNP Al
siRNA transfection displayed a marked induction of PP242 induced IRES activity (Fig. 3b).
However, consistent with the IRES binding data, LN229 or GBM39 cells transfected with
the double (R218K/R225K) mutant did not exhibit significant PP242-induced IRES activity.
These data suggest that PRMT5 directed methylation of either arginine residues 218 or 225
is necessary for hnRNP A1l cyclin D1 or c-MYC IRES binding and mTOR inhibitor-induced
IRES activity.

Pharmacological inhibition of PRMT5 curtails PP242-induced cyclin D1 and ¢c-MYC IRES

activity

We also determined whether a pharmacologic approach to inhibiting PRMT5 via the
inhibitor EPZ015666 would have effects on PP242-induced IRES activity. We conducted co-
treatment experiments in several GBM lines and patient derived cells, and monitored cyclin
D1 and c-MYC IRES activity. PP242 induced significant cyclin D1 and c-MYC IRES
activities in LN229 and LN18 cells which was markedly suppressed by combining
EPZ015666 treatment (Online Resource 5 Suppl. Fig. S5). Similarly, in two patient-derived
cell lines (GBM6 & GBM39), PP242 also markedly induced cyclin D1 and c-MYC IRES
activity that was blocked by EPZ015666. These data show that hnRNP A1l-dependent
PP242-induced cyclin D1 and c-MYC IRES activity requires PRMT5 function in GBM.

Synergistic antiproliferative effects of PRMT5 and mTORC1/2 inhibitors

To determine whether the combination of PRMT5 and PP242 inhibitors would have effects
on /n vitro growth we initially determined if GBM lines were sensitive to growth inhibition
following exposure to EPZ015666 alone. No significant inhibition of cell growth was
observed at concentrations up to 10 pM in GBM cell lines or patient-derived cells (Fig. 4a).
We subsequently tested the effects EPZ015666 on LN229 and LN18 GBM lines and short-
term patient derived GBM39 cells following PP242 exposure. Treatment of these lines and
the short-term patient derived GBM39 cells with EPZ015666 at 1 and 5 UM concentrations
resulted in synergistic inhibition of cell growth over a wide range of concentrations of PP242
(Fig. 4b; CI = 0.45 at EDsg ratio of 1:100). We additionally determined whether combination
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treatment with EPZ015666 and PP242 would induce apoptosis. PP242 or EPZ015666 alone
resulted in minimal induction of apoptosis in the lines tested, however the combination of
the two inhibitors displayed a marked increase in apoptotic cell numbers (Fig. 4c). Cyclin
D1 and c-MYC expression was also significantly reduced in GBM lines and the short-term
patient derived GBM39 cells cotreated with PP242 and EPZ015666 (Fig. 4d).

Effects of EPZ015666 and PP242 combination treatment in GBM xenografts

To examine whether PRMT5 and mTOR inhibition would demonstrate anti-GBM effects /n
vivo, we conducted xenograft studies utilizing LN229 cells in mice. Mice were
subcutaneously implanted with cells and once palpable tumors formed (~200 mm3), mice
were randomized into treatment groups and treated with double vehicle, PP242 (50
mg/kg/d), EPZ015666 (50 mg/kg/d) and the combination PP242 (50 mg/kg/d) plus
EPZ015666 (50 mg/kg/d). Xenografts receiving monotherapy with PP242 displayed a
significant inhibition of tumor growth (29% inhibition at end of regimen; tumor growth
delay 5.5 days) (Fig. 5a). Tumor growth following treatment with EPZ015666 alone was
reduced (30% inhibition at end of regimen; tumor growth delay 5.5 days). However, the
combination of PP242 and EPZ015666 was markedly more effective as compared to either
of the monotherapies alone (75% inhibition at end of regimen; tumor growth delay, 16.5
days). The overall survival of mice receiving monotherapy with PP242 was significantly
extended relative to double vehicle (Fig. 5b). However, co-therapy with PRMT5 and
mTORC1/2 inhibitors significantly extended survival relative to either of the monotherapies,
consistent with the effects on xenograft growth. No overt indications of toxicity of this
combination of inhibitors were observed as the mice did not display weight loss and
tolerated this dosing regimen well. A significant induction of apoptosis was also observed in
the combination treated mice as monitored by TUNEL staining of tumor sections from
harvested tumors at autopsy (Fig. 5¢c, see also Online Resource 6 Suppl. Fig. S6). These data
were in agreement with the effects of combination treatment that were observed in vitro (see
Fig. 4c). We examined these harvested tumors for cyclin D1 and c-MYC protein levels via
Western blot analyses and mice receiving combination therapy displayed a marked reduction
in expression (Fig. 5d, /eft and right panels). To determine whether the reductions seen in
cyclin D1 and c-MYC protein expression were the result of actual changes in mMRNA
translational efficiencies, we performed polysome analysis on freshly harvested tumors
following the final day of inhibitor dosing. In tumors from double vehicle treated mice 42%
of cyclin D1 and 50% c-MYC mRNAs were associated with highly translated polysomes
(Fig. 5e). Tumors from mice receiving PP242 therapy exhibited reduced cyclin D1 and c-
MYC mRNA translational states (35% and 30% polysomal, respectively). Effective
inhibition of elF-4F-mediated translation was evident by the marked redistribution of actin
mRNA from polysomes to monosomal/non-ribosomal material in PP242 treated tumors.
Mice that received EPZ015666 monotherapy also displayed a modest yet significant
reduction in cyclin D1 and c-MYC mRNA which was associated with polysomes.
EPZ015666 treatment resulted in a redistribution of cyclin D1 and c-MYC transcripts to
45% and 42% present within polysomal fractions, respectively. However, tumors from mice
treated with the combination of inhibitors displayed a marked redistribution of cyclin D1
and c-MYC mRNAs to monosomal/non-ribosomal fractions with only 18% and 20% of
MRNAs associated with polysomes, respectively.
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Discussion

In this report we describe the induction of PRMTS5 activity in response to mTOR inhibitors.
Blockade of PRMT5 via RNAI led to heightened sensitivity of GBM tumor cells to mTOR
inhibition and markedly inhibited IRES activity in response to PP242. An analysis of non-
methylatable alleles of hnRNP A1 suggested that either arginine 218 or 225 methylation via
PRMTS5 is sufficient to mediate hnRNP Al binding to IRES RNAs and to stimulate IRES-
mediated translation of cyclin D1 and c-MY C-based reporters following PP242 exposure.
Pharmacologic inhibition of PRMT5 utilizing EPZ015666 in combination with PP242
induced synergistic anti-GBM effects /n7 vitroand in xenografts. Taken together, these data
suggest that PRMT5 mediated methylation of hnRNP A1 stimulates IRES activity resulting
in GBM cell resistance to mTOR inhibition.

PRMTS5 is a type Il methyltransferase and participates in cellular signaling and gene
regulation by methylating histones and nonhistone proteins [22—26]. Several proteins are
regulated by PRMTS5 at the post-transcriptional level via IRES-dependent translation and
include cyclin D1, c-MYC, HIF1a and ESR1 [20]. The ability of PRMTSs to extensively
methylate hnRNPs [27-29] has been appreciated for some time, however, the recent
identification of the SDMA maodifications on hnRNP A1 which regulate IRES activity
extend the known functions of PRMT5 [20, 22]. These methylation events appear to
modulate the ability of hnRNP Al to bind RNA and promote IRES activity. We have
previously demonstrated that AKT-mediated phosphorylation of serine 199 on hnRNP Al
suppresses IRES activity [11] and that this ITAF is constitutively bound to the cyclin D1 and
c-MYC IRESs irrespective of mTOR inhibitor exposure [11, 13]. HnRNP Al is known to
facilitate RNA strand annealing activity [30, 31] and a critical function of this property may
be to facilitate the formation of a productive IRES conformation which is able to recruit the
small ribosomal subunit [32, 33]. Our studies suggested that serine 199 phosphorylation of
hnRNP A1 abolished its ITAF function by inhibiting annealing activity [11]. Our data (see
Fig. 3a) also support the ability of PRMT5-mediated arginine 218 or 225 di-methylation to
regulate hnRNP A1l binding to IRES RNAs, while serine 199 phosphorylation appears to
regulate IRES activity via effects on hnRNP Al-mediated RNA annealing properties. It will
be interesting to determine if other post-translational modifications participate in further
crosstalk mechanisms regulating the overall ITAF activity of hnRNP Al and mTOR
inhibitor resistance.

mTOR has become recognized as a validated target as a result of its persistent
hyperactivation in GBM due to EGFR, PDGFRa or c-MET amplification, EGFRvIII
mutation or PTEN loss [4]. Sensitivity to EGFR-targeted therapies has been demonstrated to
be dependent on mTOR inhibition [34, 35] and this suggests a potential mechanism by
which EGFR tyrosine kinase inhibitors may also significantly upregulate PRMT5 activity
leading to drug resistance. As mTOR inhibitors typically induce a cytostatic response in
GBM, with minimal clinical benefit, the ability of a combination therapeutic strategy, via
pharmacologic inhibition of PRMT5 and mTOR, to induce a cytotoxic response may
represent an advancement in therapeutic options. Our data demonstrating a synergistic
induction of cell death in response to both drugs further supports this notion (see Figs. 4¢c &
5c¢). However, poor blood-brain-barrier (BBB) penetration may limit the efficacy of these
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inhibitors as preclinical data suggests that EPZ015666 may only be able to access late-stage
tumors with a compromised BBB [36]. The BBB-penetrant mTOR kinase inhibitor
AZD2014 may find utility in this regard [37].

The mechanism by which mTOR inhibition results in activation of PRMT5 remains to be
elucidated. Curiously, MEP50 has been reported to be a cyclin D1/Cdk4 substrate and
phosphorylation on Thr-5 markedly increases PRMT5/MEP50 activity [38]. It is tempting to
speculate that mTOR inhibitor-induced cyclin D1 IRES-mediated protein synthesis may
promote downstream cyclin D1/CDK4 complex formation and subsequent phosphorylation
of MEP50 to activate PRMT5 methyltransferase activity. This feed-forward mechanism may
result in continued PRMT5/hnRNP A1 signaling, however it is unlikely to be the initiating
signaling event leading to activation of PRMT5 in response to mTOR inhibitor exposure. An
increased understanding of the upstream regulators of PRMT5 is required.

Collectively, our current work supports a model wherein mTOR inhibition activates PRMT5
leading to dimethylation of hnRNP A1 stimulating its binding to cyclin D1 and c-MYC
IRES RNAs and promoting mRNA translation resulting in drug resistance in GBM (Fig. 5f).
Our functional analysis revealed that PRMT5 is necessary for cyclin D1 and c-MYC IRES
activity and mTOR inhibitor resistance. Future studies directed towards addressing the
mechanism(s) of PRMTS5 activation by mTOR inhibitors will be of significant importance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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PRMT5 expression and activity in response to mTOR inhibition. a Expression of PRMT5
MRNA (/eft panel) and protein (right panel) in LN229 cells following treatment with
rapamycin (rapa) or PP242 (50 nM) for the indicated time points. b Effects of mMTOR
inhibitors on PRMT5 mRNA (/eft panel) and protein (right panel) in short-term patient
derived GBM39 cells. Cells were treated for 24 h at 50 nM with each inhibitor. ¢ LN229
cells expressing Flag-PRMT5 were treated with the indicated concentrations of either rapa
or PP242 (0-100 nM) for 4 h and subsequently PRMT5/MEP50 complexes were
immunoprecipitated using Flag antibodies. /7 vitro methylation activity of the complexes
was then determined utilizing H4 as a substrate and activity detected by immunoblotting
reactions with symmetric dimethylarginine (R3me2s)-specific antibodies. Reactions were
also probed for H4 and PRMT5. NE, no extract used in reactions (negative control);
recombinant PRMT5/MEP50 was added to positive control reactions (/eft panel). In vitro
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PRMTS5 activity of LN229 cells treated with mTOR inhibitors displayed graphically (right
panel). d LN229 or GBM39 cells were treated with mTOR inhibitors (50 nM, 24 h) and
extracts immunoblotted with pan-SDMA motif and actin antibodies.
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cell line death as determined by trypan blue exclusion assays. Data are means +S.D., n=3. *

P<0.05.
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Fig. 3.

Methylation of hnRNP Al is required for mTOR-inhibitor induced IRES-binding and
activity. a RNA-pull down assays utilizing biotinylated cyclin D1 and c-MYC IRES RNAs.

Cytoplasmic extracts of LN229 or GBM39 cells in which hnRNP Al has been knocked

Page 15

down via siRNA and expressing the indicated wfhnRNP Al or non-methylatable hnRNP Al
mutant (A1-R218K, A1-R225K or A1-R218K/R225K) constructs in the absence or presence
of PP242 (50 nM, 24 h) were incubated with biotinylated cyclin D1 (fop panels) or c-MYC
(bottom panels) IRES RNAs and precipitated with streptavidin-Sepharose beads. AS,
antisense RNA sequence. Input and bound fractions were analyzed by immunoblotting using
hnRNP Al antibodies. b LN229 or GBM39 cells were transfected with control siRNA or
SiRNA targeting hnRNP Al and 24 h later either co-transfected with the control pRF, cyclin
D1 or c-MYC IRES reporters and the indicated non-methylatable hnRNP A1 mutant (Al-
R218K, A1-R225K or A1-R218K/R225K) in the absence or presence of PP242 (50 nM, 24
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h). Relative Renillaand firefly luciferase activities were subsequently determined. Data are
means + S.D., n = 3.
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Fig. 4.

Synergistic anti-GBM effects of MTORC1/2 and PRMTS5 inhibitors /n vitro. a Viability of
LN229, LN18 and GBM39 cells following 48 h in culture in EPZ015666 at the indicated
concentrations. Data represent £S.D. of 3 independent experiments. b Combination analysis
of PP242 and EPZ015666 in LN229, LN18 and GBM39 cells. Cells were treated with the
indicated doses PP242 alone or in combination with EPZ015666 for 48 h and percent cell
viability was determined relative to control cultures. Control cells were treated with DMSO
vehicle. Data are means +S.D., n = 3. ¢ Percent apoptotic cells as determined via annexin V-
FITC staining in LN229, LN18 and GBM39 cells treated with the indicated inhibitors for 48
h (PP242, 50 nM; EPZ015666, 5 uM; PP242, 50 nM + EPZ015666, 5 UM). Data are means
+S.D., n = 3. d Protein levels of cyclin D1, c-MYC and actin in LN229, LN18 and GBM39
cells following the indicated treatments with PP242, EPZ015666 or both compounds at 24 h.
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C(?—therapy of GBM xenografts with mTOR and PRMTS5 inhibitors. a Xenograft tumor
volume in SCID mice implanted with LN229 cells and treated with the indicated schedules
for 10 consecutive days and tumor growth assessed every two days following the initiation
of treatment (start, day 0). *, £< 0.05 (significantly different then double vehicle) n=6 mice
per treatment group. b Overall survival of mice with subcutaneous implanted LN229 tumors
receiving the indicated treatment schedules. Treatments were initiated upon tumors reaching
~ 100 mm3 in size. *, P< 0.05, n=6 mice per treatment group. ¢ Apoptotic cells were
identified by TUNEL assays of sections prepared from harvested tumors at day 12 following
initiation of treatment regimens. Data are expressed as the number of positive apoptotic
bodies divided by high power field (hpf; 10-12 hpf/tumor). Values are means +S.D., * P<
0.05. d Cyclin D1(/eft panel) and c-MYC (right panel) protein levels in tumors. Values are
means £S.D. *, < 0.05 (significantly different from vehicle). Protein levels were quantified
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by Western analyses of harvested tumors from mice with the corresponding treatments as
indicated. Band intensities were quantified by densitometry analyses via ImageJ software. e
Polysome distributions of cyclin D1, c-MYC and actin transcripts from tumors harvested
from mice receiving the indicated treatments. Tumor cell extracts were separated via sucrose
density gradient centrifugation, fractionated and pooled into nonribosomal, monosomal
fraction (N, white bars) and polysomal fraction (P, black bars). Purified mMRNAs were
subsequently used in grt-PCR analyses to determine distributions of the indicated MRNAS
across the gradients. Means and +S.D. values are shown for quadruplicate measurements. *,
P<0.05. f mTOR inhibition leads to activation of PRMT5 and symmetric dimethylation of
hnRNP A1 at arginine residues 218 and 225. Either of these methylation events is sufficient
to promote hnRNP Al binding to cyclin D1 and c-MYC IRESs resulting in enhanced
protein synthesis of these determinants and mTOR inhibitor resistance in GBM.
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