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Abstract

Purpose—To identify potential molecular hubs that regulate oncogenic kinases and target them
to improve treatment outcomes for glioblastoma (GBM) patients.

Experimental Design—Data mining of The Cancer Genome Atlas (TCGA) datasets identified
Nicotinamide-N-methyl transferase (NNMT) as a prognostic marker for GBM, an enzyme linked
to the reorganization of the methylome. We tested our hypothesis that NNMT plays a crucial role
by modulating protein methylation leading to inactivation of tumor suppressors and activation of
oncogenes. Further experiments were performed to understand the underlying biochemical
mechanisms using GBM patient samples, established, primary, and isogenic cells.

Results—We demonstrate that NNMT outcompetes leucine carboxyl methyl transferase 1
(LCMT1) for methyl transfer from principal methyl donor SAM in biological systems. Inhibiting
NNMT increased the availability of methyl groups for LCMT1 to methylate PP2A, resulting in the
inhibition of oncogenic serine/threonine kinases (STKSs). Further, NNMT inhibition retained the
radiosensitizer nicotinamide and enhanced radiation sensitivity. We have provided the biochemical
rationale of how NNMT plays a vital role in inhibiting tumor suppressor PP2A while
concomitantly activating STKs.

Conclusion—We report the intricate novel mechanism in which NNMT inhibits tumor
suppressor PP2A by reorganizing the methylome both at epigenome and proteome levels and
concomitantly activating pro-survival STKs. In GBM tumors with NNMT expression, activation of
PP2A can be accomplished by FDA approved perphenazine (PPZ) which is currently used to treat
mood disorders such as schizophrenia, bipolar disorder, etc. This study forms a foundation for
further GBM clinical trials using PPZ with standard of care treatment.
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Introduction

The dysregulation of the cellular metabolism is a hallmark of cancer and plays a critical role
in maintaining cancer cell viability. The cancer metabolism depends on alterations of key
metabolic pathways which has a profound effect on the expression of oncogenes and tumor
suppressors. The pro-tumorigenic effects of mutations in metabolic enzymes have been
shown to be key regulators in the activation and inactivation of oncogenes and tumor
suppressor genes, respectively (1). While it has been shown that mutations in metabolic
enzymes contribute to tumorigenesis, the role of hyperactive metabolic enzymes which are
not mutated remains largely underexplored. We report that Nicotinamide-N-
methyltransferase (NNMT) is upregulated, however, rarely mutated in GBM (Fig. 1A). The
cytosolic enzyme NNMT catalyzes the transfer of the methyl group from S-
adenosylmethionine (SAM) (2-4), to nicotinamide (derivative of vitamin B3), producing S-
adenosylhomocysteine (SAH) and methylnicotinamide (MNA), respectively (5, 6). NNMT
is the only enzyme known to use nicotinamide as a methyl acceptor substrate and methylates
nicotinamide as a marker for degradation and excretion. Therefore, NNMT plays an
important role in controlling the intracellular concentration of nicotinamide, the precursor to
NAD(+), an important cofactor linking cellular redox states with energy metabolism (7).
Overexpression of NNMT has been linked to a variety of malignancies, including: lung,
liver, kidney, thyroid, prostate, bladder, and colon cancers (8-17). Additionally, the
increased activity of NNMT has been linked to tumor aggressiveness and shown to promote
the migration, invasion, proliferation, and survival of cancer cells (10, 11, 14, 18-20).
Despite the correlation between NNMT and these malignancies, the mechanism by which
NNMT enhances tumorigenesis is poorly understood. Here, we demonstrate that intact
NNMT plays a key role in altering biochemical and cellular functions in glioblastoma
(GBM) by repressing the activity of the tumor suppressor enzyme PP2A. This decrease in
the activation of PP2A enables the prolonged activation of key pro-survival kinases
implicated in the enhanced tumorigenesis and aggressiveness of GBM.

Materials and Methods

Study Approval

This study was conducted in accordance with The Ohio State University Intuitional Review
Boards for IRB (2009C0065 & 2014C0115), IACUC (2009A0127), and IBC (2009R0169).

Cell Culture

The 3 primary GBM cell lines (VC3, MGH8, & OSU68) used in this study were isolated
from GBM patient tissues and authenticated by neuro-pathologist. The 3 commercially
available cell lines (U87, LN18, and LN229) were obtained from ATCC. GBM cells were
maintained in DMEM (Life Technologies), supplemented with 10% FBS (Sigma-Aldrich),
and 1% antibiotic-antimycotic (Life Technologies). Cells were cultured at 37° C under a gas
phase of 95% air and 5% CO,. All studies were conducted within 10 passages.
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Isogenic NNMT Cell Lines

Three NNMT MISSION shRNA Lentiviral Transduction Particles were used to generate
stable NNMT knock down cell lines;: NM_006169.1-330s1c1 (Sequence;
CCGGCCTCTCTGCTTGTGAATCCTTCTCGAGAAGGATTCACAAGCAGAGAGGTTT
TTG), NM_006169.1-164s1cl (Sequence:
CCGGACCCTCGGGATTACCTAGAAACTCGAGTTTCTAGGTAATCCCGAGGGTTTTT
TG), and NM_006169.1-448s1c1 (Sequence:
CCGGGTGACCTATGTGTGTGATCTTCTCGAGAAGATCACACACATAGGTCACTTTT
TG) (Sigma-Aldrich).

Each construct was cloned into a pLKO0.1-Puro vector. The U87-NNMT-OE cell line was
generated using the true-ORF NNMT human cDNA clone in a pCMV6-Neo vector
purchased from Origene.

MTT Proliferation Assay

The MTT assay kit was used according to the manufacturer’s instructions (ATCC). Briefly,
the proliferation rate was determined by measuring the amount of oxidoreductase enzymes.
These enzymes reduce the yellow tetrazolium MTT to generate the insoluble purple product
formazan. The samples were then measured at an absorbance of 570 nm to quantify the
reducing activity and corresponding proliferation rate.

Clonogenic Survival Assay

Cell were plated at 8,000, 4,000, 2,000, 1,000, 500, and 50 cells/well in petri dishes and
radiated at 10, 8, 6, 4, 2 & 0 Gy respectively. The plates were incubated in a humidified CO,
incubator at 37°C, and grown for 10-14 days depending on colony size and cell type. After
10-14 days, the supernatant media was removed, and the surviving colonies were stained
with methylene blue, dried, and counted. Colonies = 50 cells were considered significant.
The plating efficiency was calculated from the ratio of colonies formed over the number of
cells plated.

In vitro PP2A Specific Activity Assay

The PP2A assay kit (R&D system) was used to detect PP2A activity according to the
manufacturer’s instructions. In brief, the active and inactive form of PP2A-C was bound by
an immobilized capture antibody. The unbound material was washed away and a synthetic
phosphopeptide substrate was added. Active PP2A dephosphorylated the substrate to
generate free phosphate and unphosphorylated peptides. The free phosphate was then
detected by a dye-binding assay using malachite green. The activity of PP2A in each well
was determined by comparing the rate of phosphate release to that of the phosphate
standard. Total PP2A concentration was measured using DuoSet IC sandwich ELISA Kit,
according to the manufacturer’s instructions. Relative PP2A activity was then determined by
normalizing the PP2A activity to the total PP2A enzyme concentration in the cell lysate.
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Western Analysis

Cells were harvested and protein was extracted using RIPA buffer (Sigma) with 1% v/v
protease inhibitor cocktail (Sigma) and 1% v/v phosphatase inhibitor cocktail (Sigma).
Samples were run on 10% SDS-PAGE gels and transferred to PVVDF membranes. The
membranes were then incubated overnight with the following primary antibodies: P-p44/42
MAPK, p44/42 MAPK, P-Akt (Ser473), Akt, PP2A-C, NNMT, PARP, Cleaved PARP,
Caspase-3, Cleaved Caspase-3, ASK1, p38, P-p38, LCMT1, B-Actin (Cell Signaling
Technology), and Me-PP2A-C (abcam). The membranes were then incubated for 1 hour
with mouse or rabbit IgG-HRP conjugate secondary antibodies (Cell Signaling Technology)
and developed.

Quantitative RT-PCR

The RNeasy® Mini Kit and Superscript® 111 First-Strand synthesis kit were used to isolate
RNA from samples and generate cDNA according to the manufacturer’s instructions. Using
quantitative RT-PCR, the expression level NNMT (Hs00196287_m1) (Thermo Fisher) was
measured using the Tagman® gene expression assay. GAPDH (Hs99999905_m1) (Thermo
Fisher) was used as the control. The gene expression profile data were generated using the
C1000™ Thermal Cycler-CFX96™ Real-Time System and analyzed using the BIO-RAD
CFX Manager.

Hematoxylin and Eosin (H&E) Staining and Immuno-Histochemistry of Coronal Sections of
Mice Brain Tumors

Formalin-fixed, paraffin embedded tissue sections were baked overnight at 60°C,
deparaffinized, rehydrated using xylene and ethanol graded mixture, treated with epitope
retrieval agent (Dako-TRS pH 6.1). Sections were stained with hematoxylin for 5 minutes,
rinsed in running tap water and counterstained in Eosin for 15 seconds, and mounted after
dehydration. Thorough washing with PBS (3x) was ensured after all incubation steps.

Metabolic Profiling

The metabolic profiling protocol used has been outlined previously (21). Briefly, mass
spectral profiling was done using Accurate Mass Q-TOF LC/MS instrument. The
fragmentation pattern of the metabolites were analyzed using fixed collision energy. The
product ions of precursor ion were confirmed with MS/MS data in Agilent METLIN
Personal Metabolite database. The synthetic compound of each metabolite of interest was
purchased and analyzed in targeted LC-MS/MS mode. The retention time and fragmentation
pattern of the synthetic compounds were matched with the differentially regulated
metabolites.

The metabolite validation and quantification was done using Triple Quad LC/MS through
multiple reactions monitoring (MRM) method. The known concentration of the synthetic
compound of targeted metabolites was used to quantify the differentially regulated
metabolites. The Mass Hunter Optimizer (B.03.01) was used to find the optimum collision
energy and fragmentor voltage for the targeted metabolite. 5uL of each sample was injected
to Triple Quad LC/MS to estimate the relative concentration of the targeted metabolites. The
same column, mobile phase, gradient, and source parameters were followed as used in
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Accurate Mass Q-TOF LC/MS system. The Mass Hunter Quantitative Analysis (B.04.00)
program was used to quantify the targeted metabolites. First, the standard calibration curve
was generated by serial dilution with a known concentration of synthetic compound then the
relative concentration of targeted ion in the sample was estimated.

Orthotopic Injection of Isogenic Cell Lines into NOD-SCID Mice

The GBM xenograft model used has been outlined previously (22). The sample size for
intracranial injection was determined based on the power calculation from an in vivo
experiment performed previously. It was determined that 5 mice would be sufficient to
determine an effect size of 5 days with a power of 0.90 and significance level of 0.05.
Differences in tumor growth between the different cell lines was determined using a p-value
of 0.05.

Statistical Analysis

Results

All results were confirmed in at least three independent experiments, and data from one
representative experiment were shown. All quantitative data are presented as mean + SD.
The statistical analysis was performed using SAS 9.2 (SAS Institute) or Graph Pad Prism 5.
Student’s t-tests were used for comparisons of means of quantitative data between groups.
Values of p<0.05 were considered significant.

Prognostic Value of NNMT in GBM Tumors

We discovered from the TCGA data comprising more than one hundred studies with
different types of cancers showed that NNMT is mutated in only 3% of cancers (Fig. S1).
We found that in brain tumors, the expression of NNMT in GBM patients was significantly
higher than that in other types of glioma by data mining publically available gene expression
data sets (454 tumor biopsies) (Fig. S2) and was validated using TCGA data that
demonstrated that the expression of NNMT in GBM was more than 2-fold higher compared
to low grade glioma (Fig. 1A). Further, we found that within GBM tumors, that NNMT
expression was inversely correlated with survival outcome (Fig. S3). Interestingly, this is one
of the few enzymes which is not mutated but has a higher expression level in aggressive
cancers. We further validated NNMT as a predictive and prognostic marker for GBM using
the gene expression profiles of 80 GBM patient tissues following temozolomide and
radiotherapy treatment (GSE7696) (23). Employing rigorous statistical conditions, we
determined that there were 73 genes that were significantly differentially regulated in
recurrent cases. Both NNMT probes were found among the differentially regulated genes
thereby supporting our findings that NNMT is a predictive and prognostic marker (Fig. S4).
The correlation between NNMT expression and recurrent glioma cases suggests that there
may be an association between NNMT and treatment resistance as well as tumor recurrence.

NNMT expression levels are higher in GBMs compared to normal brain

Using a tissue microarray (TMA) consisting of normal brain and GBM tissues, NNMT
protein expression was analyzed by immunohistochemistry staining. The Hematoxylin and
Eosin (H&E) and NNMT stained TMA shows that in general GBM specimens express

Clin Cancer Res. Author manuscript; available in PMC 2018 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Palanichamy et al.

Page 6

higher amounts of NNMT when compared to normal brain specimens (Fig. 1B & S5).
Patient-derived primary and commercially available GBM cell lines also expressed NNMT
(Fig. 1C). Of note, the expression levels of NNMT were found to be higher in primary cells
when compared to commercially available cells.

To determine the contribution of the increased expression of NNMT on the tumorigenicity of
GBM, we generated U87 NNMT knockdown (KD) and U87 NNMT overexpression (OE)
isogenic cell lines (Fig. 1D). We decided to use the U87 cell lines due to the lack of
availability of primary cell lines for other investigators, and also among U87, LN18 &
LN229, U87 is the only commercially available cell line used which can form intracranial
tumors. The U87 isogenic cell lines were implanted intracranially into NOD-SCID mice
(Fig. 1E). The KD cell line formed tumors at a significantly slower rate than the U87 wild-
type (WT) cell line (p-value = 3.93E-05). Conversely, the survival of the mice bearing the
OE-derived tumors appear to have two outliers which prevented us from being able to
determine any statistically significant changes in tumor growth without further
experimentation. Nonetheless, the decrease in tumor growth resulting from NNMT silencing
supports the role of NNMT in promoting tumor growth and aggressiveness.

NNMT Silencing Increases Sensitivity of GBM to Radiation Treatment

NNMT activity in the GBM and isogenic cell lines was determined by measuring the
concentration of nicotinamide (NA) and methyl nicotinamide (MNA) using LC-MS/MS in
the multiple reactions monitoring (MRM) mode (Fig. 2). The NNMT expression levels in
the cell lines tested corresponded with the concentration of MNA in each cell line. The
proliferative potential of NNMT isogenic cell lines was determined using MTT assay. KD
cells demonstrated a decreased proliferative potential compared to the WT and OE cell lines
(Fig. 3A). After irradiating the isogenic cell lines, KD cells showed an increased growth
inhibition and decreased colony forming ability compared to the other isogenic cell lines
(Fig. 3B & 3C). Of note, adding temozolomide to radiation treatment did not significantly
increase the growth inhibition of KD cells (Fig. 3D). Interestingly, western blot analysis
demonstrated that the KD cell line expresses a basal level of the apoptotic marker cleaved
caspase 3 (Fig. 3E). Overall, this suggests that inhibition of NNMT alone may decrease
GBM viability, perhaps as a result of the deactivated pro-survival pathway.

NNMT Silencing Attenuates the Activation of Pro-Survival Kinases and Induces Apoptosis
Following Radiation Treatment

In order to determine the mechanisms behind the increased treatment sensitivity induced by
NNMT silencing, we evaluated the expression levels of the pro-survival kinases Akt, along
with several enzymes involved in the MAPK pathway. The KD cells showed significantly
decreased activation of ASK1, SAPK/INK, p38 MAPK, p44/42 MAPK, and Akt both with
and without radiation treatment (Fig. 4A-C). Additionally, NNMT expression inversely
correlated with the concentration of cleaved PARP, a marker for apoptosis (Fig. 4D). The
decreased activation of p44/42 MAPK and Akt following NNMT silencing shows a similar
trend under /n vivo conditions (Fig. 5A).
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Downregulation of NNMT Increases PP2A Activity Which Inhibits Oncogenic Kinases

We next evaluated whether the dysregulation of the heterotrimeric serine/threonine
phosphatase PP2A was responsible for the change in the activity of Akt and p44/42 MAPK.
The regulatory subunit B of PP2A is recruited by a dimer composed of the catalytic subunit
C (PP2A-C) and structural subunit A (24-26). Methylation of the C-terminal leucine residue
(Leu-309) of PP2A-C allows for the assembly and activation of the PP2A trimer (27-30).
PP2A-C methylation is regulated by the SAM-dependent trans-methylation reactions
involving leucine carboxyl methyltransferase-1 (LCMT1) and protein phosphatase
methylesterase-1 (PMEL) (31, 32). Western blot analysis revealed a higher expression level
of methylated PP2A-C in KD cells compared to WT, non-target (NT) knock down control,
and empty vector (EV) overexpression control (Fig. 5B). Conversely, OE cells showed a
considerable reduction of methylated PP2A-C (Me-PP2A-C) (Fig. 5C). Further /n vitro
studies confirmed the altered PP2A activity in the isogenic cell lines (Fig. 5D). The KD cell
line exhibited a 1.5-fold decrease in cellular methylation potential compared to the OE cell
line showing that NNMT expression correlates with the methylation potential (the ratio of
SAM/SAH) (Fig. 5E). Methylation potential is an important indicator of protein methylation
status (post-translational modification), DNA, RNA, and lipids. Cellular methylation is
regulated by methyltransferases that use SAM as a methyl donor (2, 4). SAH is a product of
methylation reactions and regulates the activity of these methyltransferases (33).
Additionally, the increased expression of Me-PP2A-C upon downregulation of NNMT was
validated in U87-KDj33 (a different Sh-RNA) and patient-derived MGH8-KD GBM cell
lines (Fig. 5F). The STK signaling cascades show a similar trend as that of U87-KD144.
Based on these results, we show that NNMT-PP2A-LCMT1 methylation plays a key role in
activating oncogenic kinases.

Antagonist-Agonist Approach Validates PP2A as a Secondary Target of NNMT

The basal expression level of Me-PP2A-C shows a significant down regulation in OE cells
compared to KD cells. To determine whether the changes in the methylation of PP2A-C
were dependent on NNMT we exogenously added the PP2A inhibitor Okadaic acid (OA)
and PP2A activator Perphenazine (PPZ) to the NNMT isogenic lines (Fig. 6A). The KD,
OE, and WT cell lines were treated with increasing concentrations of OA with and without
25 UM PPZ. There was an increase in the methylation of PP2A-C in the KD cells upon the
addition of PPZ, across all concentrations of OA. Conversely, the methylation of PP2A-C
was increased marginally in the WT (due to high basal expression level of NNMT) and OE
cell lines when PPZ was added with the lowest concentration of OA. However, the WT and
OE cells showed no significant increase of PP2A methylation when higher concentrations of
OA were added. These data indicate that PP2A activation is modulated by NNMT
expression. PP2A is one of several phosphatases that regulate the oncogenic activity of Akt
and MAPK in cancer cells (24-26). To determine whether the methylation of PP2A-C was
specifically dependent on NNMT expression and responsible for the observed changes in
Akt and p44/42 MAPK activation, we treated the KD cells with the same treatment regimen
of OA and PPZ. In all PPZ and OA treatments, we observed a decrease in Akt and p44/42
MAPK activation (Fig. 6B). These data clearly indicate that the methylation of PP2A-C is
NNMT dependent, which in turn affects the phosphorylation of the pro-survival kinases.
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Discussion

Previous reports have connected the increased expression levels of NNMT in cancer cells
with chemotherapy and radiation resistance as well as increased tumor aggressiveness (14,
20, 34). The downregulation or silencing of NNMT expression has been shown to increase
the sensitivity of carcinoma cells to radiation therapy and decrease tumorigenicity, providing
key support for the role of NNMT in promoting treatment resistance and tumorigenesis in
cancer cells (17, 35, 36). Existing literature reports the underlying mechanism for NNMT’s
role in resistance due to alterations at the epigenetic level, including histones. Here, we
report that NNMT plays a novel role in modulating protein methylation at translational level
and inhibiting tumor suppressive phosphatases to fuel oncogenic kinases.

Nicotinamide has been identified as a radiation and/or chemotherapy sensitizing agent in
carcinoma, sarcoma, and breast cancer (37, 38). Additionally, nicotinamide has been the
subject of several successful Phase Il and Phase I11 clinical trials targeting carcinoma and
non-melanoma skin cancer (39, 40). NNMT transfers the methyl group from SAM to
nicotinamide to form MNA and is the only enzyme known to use nicotinamide as a methyl
acceptor substrate. This N-methylation reaction marks nicotinamide for degradation and
excretion. Therefore, NNMT plays an important role in controlling the intracellular
concentration of nicotinamide, the precursor to NAD(+), which is involved in the regulation
of the cellular energy supply, cellular resistance to stress or injury, and longevity.
Nicotinamide induces increased radiation and chemotherapy sensitivity in cancer cells by
inhibiting PARP, thus preventing efficient single-stranded DNA break repair (41). We show
that when NNMT is inhibited in GBM, increased intracellular nicotinamide inhibits PARP
leading to radiosensitization. Apoptosis induced by radiation generated DNA fragmentation
was measured by the increased cleaved PARP signal, a result of the increased activation of
the apoptosis executioner protease cleaved caspase-3. This further reinforces the role of
nicotinamide as a radiosensitizing agent and provides support for the use of nicotinamide in
combination with radiation as a potential GBM therapy.

A previous report showed the ability of NNMT to regulate the epigenetic landscape in the
earliest steps of human embryonic stem cell development (42). In cancers, higher expression
of NNMT has been reported to impair the cellular methylation potential by producing
increased concentrations of MNA, resulting in an altered epigenetic state through
hypomethylated histones (20). The kinetics of cellular methylation events are controlled by
the rate constants K, and K;j of methyltransferases for SAM and SAH, respectively. Here,
we show that increased expression of NNMT (K, = 1.3) selectively affects LCMT1 (K, =
1.8), resulting in lower PP2A activation (5, 43). The ICgy for SAH is 3.0 mM for LCMT1
and 40-100 mM for NNMT (20), suggesting NNMT has a higher affinity for SAM as
compared to LCMTL. This indicates that NNMT pre-dominantly utilizes the methyl group
from SAM to excrete or catabolize nicotinamide and under these circumstances LCMT1
lacks the ability to methylate PP2A. Even if there are methylated products in the system by
LCMT1 which is a O-methylating enzyme could be potentially reversed to unmethylated
product due to their reversible nature and availability of demethylases such as PMEL. In
contrast, N-methylating NNMT enzyme product MNA which is stable and acts as
methylation sink (20) further favoring methyl transfer by NNMT compared to LCMT1.
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A few cancer-relevant mechanisms of inhibiting PP2A tumor suppressor activity have been
reported (44-48). However, cancer-associated mechanisms preventing PP2A-mediated
inactivation of the MAPK pathway remain elusive. We have shown that silencing NNMT
favors LCMT1 mediated PP2A activation followed by the inhibition of the oncogenic
MAPK/Akt STKs. This is supported by a previous study that showed that decreased LCMT1
expression or SAH concentration decreases endogenous activated PP2A (49). Previous
studies have also shown that PME1-mediated inhibition of PP2A promotes basal MAPK
pathway activity and is required for efficient growth factor response (50). This suggests that
the NNMT-PME1-LCMT1 signaling axis is one mechanism by which the activity of the
MAPK/Akt pathways are maintained in cancer cells. However, in GBMs NNMT-PP2A-
LCMT1 signaling axis regulates the activation of STKs and further suggests an important
functional role of this signaling axis in the disease progression of gliomas. The schematic
overview of NNMT altering SAM:SAH due to the formation of stable N-methylated product
(MNA) by consuming the methyl groups which are otherwise utilized by O-methylating
product by LCMTZ1. Blockage of MNA production by inhibiting NNMT rescued the
LCMT1 mediated methylation of PP2A subunit C resulting in the activation of phosphatase
PP2A and inhibition of STKs (Fig. 6C).

Through this study, we offer a biochemical mechanism to explain the role of NNMT in the
epigenetic remodeling and modulation of phosphatases and oncogenic STKs in GBM.
Additionally, we demonstrate the ability of increased intracellular nicotinamide to sensitize
GBM cells to radiation treatments and provide further support for the use of nicotinamide in
combination with radiation treatment in the clinic.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational Relevance

Glioblastoma (GBM) is a lethal brain tumor with a median patient survival of
approximately 15 months and a 5-year survival rate of less than 10%. The activation of
oncogenic Kinases serves as a treatment escape mechanism in various targeted biologic
therapies, providing a barrier in improving treatment outcomes for GBM patients.
Therefore, identifying novel targets that modulate the activity of these kinases is
imperative to improve treatment outcomes.
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(A) The RNA-Seq data obtained from the cBioPortal shows the relative expression levels
and mutational status of NNMT for a wide range of cancers including brain tumors.
(B) Representative tissue sections in TMA showing the NNMT staining in normal and GBM

tissues.

(C-D) Protein and mRNA expression levels of NNMT in (C) primary and established GBM

cell lines and (D) NNMT isogenic cell lines.

(E) Kaplan-Meier survival curves of NOD-SCID mice intracranially injected with NNMT

isogenic cells.
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Figure2. LC-MS/MSwas used to measure NNM T activity

The accurate mass LC-MS Q-TOF and LC-MS QQQ instruments were used in combination
with the Mass Hunter qualitative analysis (B.03.01) software to identify the concentrations
of NA and MNA. The smaller boxes adjacent to the ion chromatogram represent the target
analysis MS/MS product ion spectrums of NA and MNA. The table within the ion
chromatogram represents the intracellular concentration of NA and MNA in the patient-
derived primary, commercially available, and NNMT isogenic cell lines.
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Figure 3. NNMT silencing sensitizes GBM cellsto radiation treatment, decreases proliferation
and colony forming ability

(A) The MTT assay was used to calculate the relative proliferation rate of the NNMT
isogenic cell lines relative to the U87-WT cell line.

(B) Growth inhibition of the NT and KD cell lines following radiation and temozolomide
treatment.

(C) The growth inhibition of KD and NT cells following 6 Gy radiation over a 12 day
period.

(D) Clonogenic survival curves of the NNMT isogenic cell lines. Representative pictures of
the clonal cells used to calculate the colonies and plot the survival curve have also been
provided.

(E) Western blot analysis of the basal levels of NNMT and cleaved caspase 3.
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KD, and OE cell lines following 6 Gy radiation over a 5 day time period, (B) the basal
NNMT expression levels in the isogenic U87 cell lines, (C) the activation of the Akt and
MAPK kinases in the NT and KD cell lines following 6 Gy radiation over a 6 hour time
period, (D) Caspase-3, PARP, and the apoptotic marker cleaved PARP in the NT, KD, and
OE cell lines following 6 Gy radiation over a 24 hour period.
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Figure5. NNMT silencing decreases STK activation by methylating PP2A-C
(A) Immunohistochemical staining of tumors harvested from mice injected with KD and OE

cells. The tissue sections were stained with H&E and Akt, P-Akt, p44/42 MAPK, and P-
p44/42 MAPK antibodies for immunodetection.

(B) Western blot analysis of the change in PP2A activation, corresponding LCMT1
expression levels, and activation of STKSs in the KD and OE cell lines (Ratio = expression
level normalized to B-Actin) [Ratio* = Expression level of (Me-PP2A-C:B-Actin):(PP2A:B-
Actin)]. The control group of wild type, knockdown, and overexpression is shown on the
right.

(C) Basal level of PP2A activation in the NNMT isogenic cell lines (Ratio = Expression
level of (Me-PP2A-C:B-Actin):(PP2A:B-Actin)).

(D) The in vitroactivity of PP2A in the KD and OE cell lines.

(E) LC-MS/MS was used to determine the concentrations of the substrates and products
involved in the NNMT enzymatic reaction, along with the methylation potential (MP) for the
GBM cell lines tested. The graph to the right represents the relative MP of the KD and OE
cell lines.

(F) Western blots showing an increased methylation of PP2A-C and a consequent inhibition
of P-Akt and P-p44/42 MAPK in U87-KD33q and MGH8-KD cells.
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Figure 6. NNMT silencing decreases the methylation potential and schematic illustration
(A) Western blot analysis was used to determine the change in PP2A methylation/activation

following different concentrations of PPZ and OA in the WT, KD, and OE cell lines.

(B) Western analysis of NNMT expression and Akt and p44/42 MAPK activation following
the addition of OA with and without the addition of PPZ.

(C) A schematic illustrating the in cancer cells, the upregulation of NNMT utilizes an
increased amount of SAM, directly modulating the expression of pro-survival kinases by
influencing the activation of phosphatases.
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