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Metabolic dysregulation promotes cancer growth through not only energy production, but also epigenetic reprogramming.
Here, we report that a critical node in methyl donor metabolism, nicotinamide N-methyltransferase (NNMT), ranked
among the most consistently overexpressed metabolism genes in glioblastoma relative to normal brain. NNMT was
preferentially expressed by mesenchymal glioblastoma stem cells (GSCs). NNMT depletes S-adenosyl methionine (SAM),
a methyl donor generated from methionine. GSCs contained lower levels of methionine, SAM, and nicotinamide, but they
contained higher levels of oxidized nicotinamide adenine dinucleotide (NAD+) than differentiated tumor cells. In
concordance with the poor prognosis associated with DNA hypomethylation in glioblastoma, depletion of methionine, a
key upstream methyl group donor, shifted tumors toward a mesenchymal phenotype and accelerated tumor growth.
Targeting NNMT expression reduced cellular proliferation, self-renewal, and in vivo tumor growth of mesenchymal GSCs.
Supporting a mechanistic link between NNMT and DNA methylation, targeting NNMT reduced methyl donor availability,
methionine levels, and unmethylated cytosine, with increased levels of DNA methyltransferases, DNMT1 and DNMT3A.
Supporting the clinical significance of these findings, NNMT portended poor prognosis for glioblastoma patients.
Collectively, our findings support NNMT as a GSC-specific therapeutic target in glioblastoma by disrupting oncogenic
DNA hypomethylation.
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Introduction
Glioblastoma (GBM) is one of  the most lethal of  all human cancers, with current therapies offering only pal-
liation (1). Despite extensive genomic analysis that has informed the GBM genetic landscape, these findings 
have not been translated into clinical benefit. GBMs are extremely heterogeneous with striking differences 
between tumors (intertumoral heterogeneity) and within tumors (intratumoral and cellular heterogeneity) (2). 
Tumor genetics studies have identified a group of  patients with mutations in isocitrate dehydrogenase 1 or 2 
(IDH1/2) with a glioma-CpG island methylator phenotype (G-CIMP) that have a prolonged median survival 
(3). Other genetic lesions (including EGFR amplification and mutation, p53 mutation, and p16INK4A dele-
tion) are less informative than IDH mutations, prompting the creation of  gene expression signatures (proneu-
ral, neural, classical, and mesenchymal) that have been extensively investigated in laboratory studies but have 
yet to be informative in clinical settings (4–6). Within tumors, GBMs contain populations of  stem-like tumor 
cells, called GBM stem cells (GSCs), which contribute to tumor malignancy through promotion of  sustained 
tumor growth, angiogenesis, invasion, and therapeutic resistance (7, 8). While GSCs remain controversial 
due to unresolved questions of  cell-of-origin and identification methods, GBM is one of  the solid cancers 
for which cancer stem cells have been consistently described. Like normal stem cells, GSCs are functionally 
defined by stem cell markers, self-renewal, and recapitulation of  parental tissues (in this case, a tumor). Recent 
studies have shown that proneural and mesenchymal GSCs differ significantly in gene expression profiles, 
regulatory mechanisms, and responses to therapy (9, 10). Thus, interrogation of  molecular drivers of  GSCs 
may inform therapeutic strategies.

IDH1 mutations have provided the most concrete link in brain tumors between metabolism and tumor 
initiation (11). IDH1 catalyzes a reversible oxidative decarboxylation of  isocitrate to yield α-ketoglutarate 
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(α-KG) in the tricarboxylic acid cycle. Mutations in IDH1 or IDH2 cause both a loss of  normal enzymat-
ic function and gain of  neomorphic activity to generate the oncometabolite, 2-hydroxyglutarate (2-HG) 
(12). 2-HG inhibits the enzymatic function of  several α-KG–dependent dioxygenases, including histone 
and DNA demethylases, such as the ten-eleven translocation (TET) enzymes involved in the oxidation of  
5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC); thus, extensive changes in histone and DNA 
methylation landscape promote tumorigenesis. These findings have proven exciting but may not be relevant 
to the majority of  GBMs, which do not harbor IDH mutations. GBM patients with WT IDH1, non–G-
CIMP tumors display relative global DNA hypomethylation and worse clinical outcomes (3, 11). Further, 
patients with hypomethylation commonly have an unmethylated promoter of  MGMT (O6-methylgua-
nine-methyltransferase), permitting the expression of  MGMT, a resistance mechanism to the oral methyla-
tor chemotherapy, temozolomide (TMZ). Based on this background, we hypothesized that IDH WT GBMs 
may harbor other metabolic alterations that may function, in part, through altering DNA methylation.

Embryonic stem cells share several metabolic features with cancer to maintain their rapid cell cycles 
and epigenetic landscape necessary for multilineage potency (13–15). As with stem cells, tumor cells 
require concerted dysregulation of  metabolism and epigenetic cell states to simultaneously accommodate 
the bioenergetic demands of  increased proliferation and aberrant tumor cell fate through epigenetic modi-
fication. Tumor cells co-opt and dysregulate metabolic pathways through oncogenic mutations (e.g., MYC 
amplification or PTEN mutation) and/or altered expression of  metabolic regulators (16). Disorders of  
amino acid metabolism, including homocysteine and methionine, impair the developing nervous system 
through toxic effects on normal brain cells (17, 18). Based on this background, we employed a combined in 
silico and GSC-based discovery approach to determine potentially important metabolic regulators of  GBM 
epigenetic maintenance.

Results
GBMs overexpress nicotinamide (NAM) N-methyltransferase (NNMT). Metabolic reprogramming is not sole-
ly a passenger in cancer formation, but it also drives transformation and modifies tumor epigenetics 
(19, 20). To investigate derangement of  metabolic programs in GBM, we interrogated the expression 
of  2,030 metabolism-related genes in The Cancer Genome Atlas (TCGA) GBM patient database com-
pared with normal brain (Supplemental Table 1; supplemental material available online with this article; 
https://doi.org/10.1172/jci.insight.90019DS1) (21). Among these, 850 genes were upregulated, while 
1,180 genes were downregulated, suggesting that metabolism was not globally activated. We found 9 
genes whose mRNA expression increased at least 8-fold in GBMs compared with nonmalignant brain 
tissues, which we considered as potentially oncogenic in GBM-associated metabolism (Figure 1A). Sev-
eral of  these 9 genes have already been investigated in GBM (e.g., CHI3L1, also known as YKL-40, is a 
key marker of  mesenchymal GBMs). Results from a single database can often be compromised by tech-
nical or patient-selection biases; therefore, to refine our target gene selection, we maximized the gener-
alizability of  our results by screening expression across several glioma datasets. We interrogated the top 
1% of  all expressed genes in the TCGA database across 6 major databases to identify genes that were 
consistently expressed at high levels in each set (Figure 1B). Targets identified included well-known 
oncogenic drivers involved in hypoxic responses and GSCs, including CD44, EGFR, HIF1A, VEGFA, 
and POSTN, supporting our strategy. Strikingly, NNMT  fulfilled all the criteria: it was one of  the 9 
metabolic genes upregulated, a highly ranked gene among total upregulated genes in the TCGA GBM 
dataset, and consistently overexpressed in each dataset (odds ratio > 2, P < 0.001, via fold-change) 
(Figure 1B). Moreover, NNMT mRNA levels were consistently overexpressed relative to nontumor spec-
imens in each glioma database (Figure 1C) (4, 22–26). To validate NNMT protein expression in GBM, 
we performed immunofluorescence for NNMT in GBM patient specimens and nonmalignant brain tis-
sues, confirming higher expression of  NNMT in GBM (Figure 1D). As NNMT is an essential cytosolic 
enzyme transferring the methyl group from S-adenosylmethionine (SAM) to nicotinamide (NAM), we 
tested whether the consistent enrichment of  NNMT expression in GBMs affected epigenetic regulation 
in these tumors by performing gene ontology (GO) analysis of  transcriptional signatures strongly cor-
related with NNMT mRNA levels in TCGA GBM data set. We found an exceptionally strong positive 
correlation with gene signatures whose expressions are repressed by DNA methylation in cancer and a 
strong anticorrelation with DNA methylation in normal stem or differentiated cancer cells (Figure 1E 
and Supplemental Table 2) (3, 27–35).
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Figure 1. Overexpression of NNMT in glioblastoma. (A) Fold-change (log2) of metabolic gene expression between glioblastoma and nontumor speci-
mens in the TCGA GBM microarray dataset. (B) Top 10% of genes overexpressed in glioblastomas vs. nontumor samples in 6 glioblastoma expression 
databases cross-referenced with top 1% of genes overexpressed in glioblastomas vs. nontumor samples from the TCGA dataset by the unsuper-
vised analysis tool in Oncomine. (C) Fold-change of NNMT mRNA expression between glioblastoma (GBM) and nontumor brain (NT) in glioblastoma 
expression datasets. Sample sizes as indicated on the figure. (D) Representative images of patient glioblastoma tissues with NNMT staining, out of 
2 total experiments. Frozen glioblastoma sections were stained with anti-NNMT antibody and DAPI. Scale bars: 75 μm and 25 μm, respectively. (E) 
Waterfall plot of correlation between NNMT mRNA expression and cancer or neural precursor methylation signature scores in the TCGA GBM microar-
ray dataset. Spearman correlation coefficients with FDR-adjusted P < 0.001 and R > 0.2 or R < –0.2 were considered significant.
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Figure 2. NNMT and NAMPT enrichment in mesenchymal glioblastoma stem cells. (A–E) NNMT, NAMPT, DNMT1, DNMT3A, and DNMT3B mRNA expression 
distribution by molecular subtypes (G-CIMP proneural, n = 41; non–G-CIMP proneural, n = 97; neural, n = 84; classical, n = 145; mesenchymal, n = 156) in TCGA 
GBM microarray dataset, respectively. (F) Supervised hierarchical clustering of NNMT, NAMPT, DNMT1, DNMT3A, and DNMT3B mRNA expression based on 
grouping by histological structure in the Ivy GAP RNAseq dataset. Sample size of each histological region as indicated. (G and H) Pairwise correlation between 
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Methyltransferases, like NNMT, are categorized based on structure, substrate, and target. Histone and 
DNA/RNA methyltransferases are ubiquitously expressed and frequently studied in stem cell and cancer 
biology. In contrast, natural product methyltransferases (NPMTs) comprise a diverse group of  enzymes 
that frequently transfer methyl groups to small molecules from SAM as the methyl donor. Many NPMTs, 
including NNMT, are specifically expressed in nervous system tissues, and defects in function are associat-
ed with neurological disorders (summarized in Supplemental Figure 1A) (36–47). We interrogated the rela-
tive expression levels and prognostic significance of  11 NPMTs in the 2 largest GBM datasets, TCGA and 
REMBRANDT. Five enzymes (NNMT, HNMT, COMT, PEMT, and TRMT5) were upregulated in GBM 
compared with normal brain, while the others (GNMT, PNMT, GHMT, GAMT, ASMT, and CARNMT1) 
were downregulated in GBM (Supplemental Figure 1B). Further, only NNMT and ASMT were associated 
with poor prognosis (Supplemental Figure 1A). These findings further suggest that the high expression of  
NNMT in GBM is not a phenomenon general to all methyltransferases.

NNMT expression is enriched in mesenchymal GSCs. Because GBMs comprise heterogeneous tumors, we 
examined whether NNMT upregulation is enriched in specific patient cohorts. In GBM, transcriptional 
profiles of  bulk tumors have yielded numerous profiles, with the greatest differences between proneural 
and mesenchymal tumors (4). During development of  therapeutic resistance, some tumors will undergo 
a proneural-to-mesenchymal transition, mimicking epithelial-to-mesenchymal transition (EMT). Based 
on predictions that NNMT expression would be associated with a hypomethylated state, we investi-
gated NNMT expression in the context of  G-CIMP tumors. As expected, NNMT mRNA expression 
was strongly downregulated in G-CIMP tumors (Figure 2A). In contrast, NNMT mRNA expression 
was consistently upregulated in mesenchymal GBMs, which exhibit a high level of  DNA hypomethyl-
ation (Figure 2A). Nicotinamide phosphoribosyltransferase (NAMPT), which is a key member of  the 
NAD salvage pathway that catalyzes NAM modification to produce NAD+, was similarly upregulated 
in mesenchymal GBMs and downregulated in G-CIMP tumors (Figure 2B). DNA methyltransferases 
(DNMTs) catalyze transfer of  a methyl group from SAM to cytosine to augment DNA methylation. 
Given the potentially opposing effects of  NNMT and DNMTs on DNA methylation, we interrogated 
DNMT expression in GBMs. Concordant with antagonistic functions of  DNMTs relative to NNMT, 
DNMTs were modestly elevated in proneural tumors relative to mesenchymal GBMs (Figure 2, C–E). 
GBMs display remarkable intratumoral heterogeneity, prompting us to examine NNMT mRNA expres-
sion in the Ivy GBM Atlas (Ivy GAP) dataset (http://glioblastoma.alleninstitute.org/), in which gene 
expression in GBM specimens is characterized by in situ hybridization and RNA sequencing (RNAseq). 
The highest expression levels of  NNMT mRNA were found in pseudopallisading cells around necrosis, 
with more modest expression in areas of  microvascular proliferation and cellular tumor, but with low-
est expression in the leading edge and invasive tumor (Figure 2F and Supplemental Figure 2). NAMPT 
shared an expression pattern with NNMT, while the DNMTs were preferentially expressed in vascular 
tumor microenvironments (Figure 2F). Thus, mesenchymal GBMs and tumor microenvironments favor-
able to mesenchymal GSCs (9, 10, 48, 49) highly express NNMT and downregulate DNMTs.

Having confirmed preferential expression of  NNMT in mesenchymal tumors, which are considered 
more aggressive than proneural tumors, we hypothesized that NNMT is preferentially expressed within 
the most aggressive tumor cell population, GSCs. In TCGA data, NNMT mRNA levels were negatively 
correlated with proneural GSC markers (SOX2, SOX4, SOX11, OLIG2, NOTCH1, DLL3, BCAN, and 
ACSL1) (Figure 2G) but positively correlated with mesenchymal GSC markers (CD44, TIMP1, TGFBI, 
POSTN, COL1A1, CHI3L1, IL6, and STAT3) (Figure 2H). To directly confirm these findings at the pro-
tein level, we immunoblotted 14 patient-derived GSC models that we previously functionally validated 
as cancer stem cells and whose subtypes have been confirmed (Figure 2, I and J). NNMT and NAMPT 
were preferentially expressed in mesenchymal GSCs compared with proneural GSCs, significantly cor-
related with high expression of  the mesenchymal marker CD44 (Pearson correlation coefficient: 0.56 
and 0.95 for NNMT and NAMPT, respectively) (Figure 2J). These results support specific NNMT 
expression in mesenchymal GSCs.

NNMT expression was performed with (G) proneural and (H) mesenchymal GSC markers in TCGA database as indicated. Numbers represent Pearson coeffi-
cient values. (I) Immunoblot analysis using indicated antibodies in indicated proneural, classical (CL), and mesenchymal GSCs. Quantification of NNMT and 
NAMPT protein levels was performed with ImageJ. Mann-Whitney U test was used to test differences in distribution. (J) Correlation between NNMT or NAMPT 
and CD44 protein levels shown in I. Pearson correlation coefficients (r values) were calculated with Microsoft Excel.
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Figure 3. Reduced availability of methyl donors in mesenchymal glioblastoma stem cells. (A) Immunoblot analysis using indicated antibodies in mesen-
chymal GSCs versus DTCs. (B–I) Metabolite analysis by specific assay kits and liquid chromatography-mass spectrometry (LC-MS/MS) (E and I) in GSCs vs. 
DTCs. LC-MS/MS was performed with 1 × 107 cells for NAM and 1-MNA measurements. Data represented as Tukey’s box and whisker plot of 4 technical repli-
cates. (J) Unsupervised hierarchical clustering of metabolite relative abundance in GSCs and DTCs from T3264, T3565, and T4121 tumors. Relative abundance 
for each metabolite was determined as fold-change compared with median of each metabolite across all samples in log2 values. (K) Rank-ordered list of 
genes (n = 29) from the KEGG nicotinate and nicotinamide metabolism gene set and 4 genes from the methionine salvage pathway (AHCY, BHMT, BHMT2, 
and MAT2A) based on fold-change between glioblastoma and nontumor specimens in indicated datasets. (L) Integrated pathways of methyl donors and 
NAD metabolism affected by NNMT and NAMPT gene expression in GSCs. L-met, L-methionine; SAM, S-adenosylmethionine; NAM, nicotinamide; 1-MNA, 
1-methylnicotinamide; SAH, S-adenosylhomocysteine; Hcy, homocysteine.
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Overexpression of  specific genes in the NAM and nicotinate metabolic pathways promote depletion of  methyl 
donor groups in GBM. NAM is the amide derivative of  nicotinic acid (vitamin B3, niacin) that functions as 
both a methyl sink and a substrate of  NAD production. NNMT has a unique role in NAM metabolism, 
but the full metabolic regulation of  NAM involves a large transcriptional program comprising dozens of  
genes. According to TCGA GBM dataset, the coding sequence of  the gene NNMT was rarely altered, 
with amplification and mutation found in less than 1.6% of  tumors in 6 glioma datasets (data not shown). 
Therefore, the action of  the WT enzyme could act in concert with other NAM-related enzymes to selec-
tively produce specific metabolites. Based on the KEGG database (http://www.genome.jp/kegg/pathway.
html), 25 enzymes were involved in NAM metabolism. In our analysis of  their expression levels in sev-
eral brain tumor databases, 8 NAM pathway enzymes, including NNMT, NAMPT, NADK, PNP, BST1, 
NT5E, NADSYN1, and ENPP1, were significantly upregulated in GBM, whereas the expression of  NAM 
pathway enzymes that act to augment methyl donor availability were decreased compared with normal 
brain (Supplemental Figure 3A). These multiple alterations can be mapped to a pathway analysis of  NAM 
metabolism to potentially alter 3 distinct metabolic streams in GBM: i) Production of  1-methylnicotin-
amide (1-MNA), which may affect to fate of  methyl donors; ii) accumulation of  NAM-derived metabolites 
from nicotinate-related ones (nicotinic acid, NA); and iii) alteration of  the methionine salvage pathway 
as a methyl group receiver (Supplemental Figure 3B). The reaction driven by NNMT is irreversible, and 
1-MNA, its enzymatic product, is secreted into the extracellular environment, resulting in a futile cycle of  
SAM and NAM consumption. Our observations are concordant with a recent report that NNMT impairs 
macromolecule methylation in cancer cells by consuming methyl groups from its substrates NAM and 
SAM (50). Therefore, NNMT-expressing cancer cells displayed altered epigenetic states with hypomethyl-
ated histones and other proteins. Taken together, these findings suggest that collective changes of  NNMT 
and other metabolic enzymes in NAM and nicotinate metabolism deplete available methyl donors.

Mesenchymal GSCs rapidly consume NAM to support NAD+ utilization and DNA hypomethylation. Based 
on the preferential expression of  NNMT in mesenchymal GSCs, we hypothesized that NNMT pro-
motes maintenance of  stemness of  these cells. To determine a potential role for NNMT in GSCs, we 
examined its expression within their cellular hierarchy in 3 mesenchymal GSC models (T3264, T3565, 
and T4121) and their differentiated progenies. Both NNMT and NAMPT expressions were higher in 
GSCs compared with their matched differentiated tumor cells (DTCs) (Figure 3A). Indeed, NNMT 
mRNA was also upregulated in other solid tumor cancer stem cells (30, 35), suggesting that NNMT 
upregulation may be a GSC-specific phenotype (Supplemental Figure 4). We then measured metabo-
lites in the NAM and nicotinate metabolic pathways in matched mesenchymal GSCs and DTCs using 
conventional assay systems and liquid chromatography-mass spectrometry (LC-MS/MS) analysis. 
Aligned with our predicted model, levels of  methionine, SAM, and NAM in 3 mesenchymal GSCs were 
lower than those in DTCs (Figure 3, B–D). In contrast, NAD+, homocysteine, S-adenosylhomocysteine 
(SAH), and MNAM levels were higher in the GSCs compared with the DTCs (Figure 3, E–H). SAH/
SAM ratios were calculated to determine the potential methylation status in GSCs compared with 
DTCs. GSCs displayed higher SAH/SAM flux than DTCs, suggesting hypomethylation of  NNMT-ex-
pressing GSCs (Figure 3I). Unsupervised hierarchical clustering of  relative abundance of  metabolites 
revealed a clear segregation of  GSCs from DTCs (Figure 3J). Based on the biochemical activities of  
NNMT to convert SAM to SAH and NAM to 1-MNA, coupled with gene expression changes between 
GBMs and normal brain (Figure 3K), we created a predictive model of  the metabolic status of  NAD+, 
methionine, and homocysteine in GSCs (Figure 3L). NNMT-expressing tumor cells reduce methylation 
potential by consuming SAM as a methyl donor (50). Methionine and homocysteine metabolism regu-
late pluripotent stem cell maintenance and differentiation in their roles as methyl donors and metabolic 
regulators (51). Therefore, our findings support DNA hypomethylation and NAD+ utilization in mes-
enchymal GSCs. Moreover, mesenchymal GSC may indirectly drive the metabolism of  precursors for 
methyl donors, including methionine and homocysteine.

Restricting methionine inhibits tumor growth with reduced expression of  DNMT1 and DNMT3A. Tumors 
require carbon sources to build the structural components of  cells during proliferation, yet areas of  restrict-
ed nutrient availability are associated with increased malignancy. We recently demonstrated that restriction 
of  glucose, the dominant carbon source for the brain, increases GSC frequency due to both preferential 
survival of  GSCs under stress and reprogramming of  DTCs to become GSCs (52). We hypothesized that 
restriction of  the common source of  methyl donor groups, methionine, could deplete methyl sources to 
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Figure 4. Reduced expression of DNMT1 and DNMT3A by methionine depletion. (A–D) KEGG nicotinate and nicotinamide metabolism, KEGG cysteine 
(Cys) and methionine (Met) metabolism, Met deprivation 48 hr, and Met deprivation 96 hr gene set signature score distribution by molecular subtypes 
(G-CIMP proneural, n = 41; non–G-CIMP proneural, n = 97; neural, n = 84; classical, n = 145; mesenchymal, n = 156) in TCGA GBM microarray dataset. (E) 
NNMT and NAMPT mRNA expression and KEGG nicotinate and nicotinamide metabolism, KEGG cysteine and Met metabolism, Met deprivation 48 hr, and 
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augment malignancy. A connection between methionine and stemness is supported by findings that methi-
onine deprivation rapidly reduces intracellular SAM levels in pluripotent stem cells to alter expression 
of  methionine-related metabolic enzymes, including DNMT3B (51). Concordantly, mesenchymal GBMs 
were positively correlated with the KEGG nicotinate and NAM metabolism gene set signature (Figure 4A 
and Supplemental Figure 5). Though the KEGG methionine and cysteine metabolism gene set signature 
scores were lower in mesenchymal tumors than in proneural tumors (Figure 4B), the nonsignificance of  
this trend may be explained by the common co-occurrence of  MTAP, an important methionine salvage 
pathway gene, and CDKN2A, a commonly deleted tumor suppressor in GBMs (Supplemental Figure 6). In 
contrast, signatures derived from cells cultured in methionine-depleted media (53) were positively correlat-
ed with mesenchymal tumors and inversely correlated with G-CIMP tumors (Figure 4, C and D).

GSCs are found in 2 distinct niches, hypoxic (perinecrotic) regions and the perivascular niche (54–58). 
Vascular regions would be expected to have high levels of  methionine, while perinecrotic regions would be 
expected to have low levels of  methionine due to unreliable blood supply. Therefore, methionine availabili-
ty may determine methylation status and DNMT expression levels. We interrogated the Ivy GAP RNAseq 
data, which revealed enrichment of  methionine restriction signatures in tumor microenvironments with 
high NNMT expression (Figure 4E and Supplemental Figure 2). To examine whether low methionine 
levels in GSCs could functionally regulate DNMTs, we cultured GSCs under reduced methionine con-
centrations. Methionine deprivation diminished intracellular SAM levels in GSCs (Figure 4F) and expres-
sion of  DNMT1 and DNMT3A in a concentration-dependent manner (Figure 4G). Further, methionine 
restriction decreased SOX2 expression and induced CD44, suggesting methionine restriction may promote 
proneural-to-mesenchymal transition (Figure 4G). The reduction in methionine translated into function-
al changes with increased in vitro cell growth, although complete removal of  methionine decreased cell 
viability (Figure 4H and data not shown). Collectively, these findings suggest that restricted availability 
of  methionine can induce GSC transition to a mesenchymal state associated with loss of  DNMT1 and 
DNMT3A expression and increased tumor growth. To determine the clinical significance of  these findings, 
we interrogated the TCGA dataset with the NAM metabolism, methionine metabolism, and methionine 
depletion signatures, finding that each informed patient prognosis, supporting the potential that methi-
onine restriction augments tumor growth in patients (Figure 4, I–M).

Targeting NNMT reduces mesenchymal GSC growth and self-renewal in vitro. To evaluate the contribution of  
NNMT to tumor growth, we inhibited NNMT expression using siRNAs and then assayed cell viability and 
tumorsphere formation in a panel of  2 proneural (T1919 and T3691) and 2 mesenchymal (T3565 and T4121) 
GSCs. Transient transfection with NNMT siRNA pool decreased cell growth and tumorsphere formation, 
suggesting reduced self-renewal capacity (Figure 5, A–C). While the impact of  the siRNA was similar across 
models, there was modestly greater effect against mesenchymal models. To discount potential off-target 
effects of  siRNAs, we depleted NNMT using 2 nonoverlapping shRNAs (shNNMT.840 and shNNMT.330). 
Lentiviral transduction of  these shNNMTs enhanced cleavage of  PARP-1, indicating induction of  apoptosis 
and reduction of  GSC proliferation and sphere formation (Figure 5, D–F). To distinguish the contributions 
of  NNMT and NAMPT in mesenchymal GSCs, we targeted either NNMT or NAMPT expression through 2 
nonoverlapping lentiviral shRNAs for each target in mesenchymal and proneural GSCs, revealing a greater 
effect of  targeting NNMT than NAMPT in the inhibition of  tumorsphere formation, indicating reduced 
self-renewal capacity, and cell viability (Figure 5, G–J). Befitting the preferential expression of  both NNMT 
and NAMPT in mesenchymal tumors, targeting their expression in proneural GSCs revealed modest effica-
cy (Supplemental Figure 7). These phenotypes in NNMT-depleted GSCs demonstrate that targeting NNMT 
reduces in vitro measures of  mesenchymal tumor growth and GSC stemness.

NNMT promotes DNA hypomethylation and reduces expression of  DNMT1 and DNMT3A in a methi-
onine-dependent manner. To determine the potential mechanism induced by loss of  NNMT, we inter-
rogated DNA methylation status after NNMT inhibition. First, we compared levels of  methyl donors, 

Met deprivation 96 hr gene set signature score distribution in TCGA pan-glioma (GBMLGG) RNAseq dataset (codel, n = 167; G-CIMP high, n = 236; G-CIMP 
low, n = 17; PA-like, n = 11; others, n = 39; classical-like, n = 69; mesenchymal-like, n = 98) (6). (F) SAM measurements 3 days after culturing in media of 
different Met concentrations (100% Met, 115.5 μM; 10% Met, 11.5 μM; 5% Met, 5.75 μM). (G) Immunoblot performed using indicated antibodies under the 
3 media conditions. T3136 and T3691 are proneural GSCs; T3565 and T4121 are mesenchymal GSCs. CD44 and SOX2 band intensities were normalized to 
respective β-actin band intensities. (H) In vitro limiting dilution assay and (I) cell viability assay of T4121 GSCs cultured in different Met-restricted condi-
tions. (J–M) Patient survival data in the TCGA GBM microarray dataset. A given gene signature was evaluated as high (ssGSEA Z score > 0) or low (ssGSEA 
Z score < 0) (Supplemental Figure 5).
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SAM and L-methionine, in 2 proneural GSCs (T1914 and T3691) and 2 mesenchymal GSCs (T3565 
and T4121) with and without NNMT depletion, which increased SAM and L-methionine levels (Fig-
ure 6, A and B). Notably, even with NNMT RNA interference (RNAi), mesenchymal GSCs exhibited 
lower levels of  L-methionine compared with their proneural counterparts. NNMT depletion increased 
5mC levels from 34%–48%, representing a shift toward increased DNA methylation (Figure 6C). 
Building on the reciprocal expression pattern between NNMT and DNMTs in GBM samples, we con-
firmed an inverse relationship between transcript expression of  NNMT and the 3 DNMTs in TCGA 
GBM specimens (Supplemental Figure 5 and 9). We, therefore, sought direct evidence of  inverse reg-
ulation between NNMT and DNMTs. Stable lentiviral transduction of  shNNMTs (shNNMT.840 and  
shNNMT.330) increased expression of  DNMT1 and DNMT3A, but not DNMT3B (Figure 6D). In a 
xenograft derived from mesenchymal GSCs, silencing of  NNMT was associated with DNMT upregu-
lation (Figure 6D). The reciprocal regulation of  NNMT and DNMTs suggests that NNMT may have 
a dual mechanism to decrease DNA methylation through reduction of  methyl donor availability and 
downregulation of  DNMT1 and DNMT3A.

Figure 5. Decreased in vitro mesenchymal GSC growth and self-renewal capacity upon targeting NNMT. (A and B) Measurement of cell viability 
and sphere number formation after transient transfection with either siCTRL or siNNMT in proneural and mesenchymal GSCs. Data represented 
as box and whisker plots of at least 3 independent experiments. (C) Display of sphere size with siNNMT in T3565 and T4121 GSCs. Scale bars: 
300 μm. (D) Apoptosis analysis using by PARP-1 cleavage in T4121 GSCs transduced with shCTRL, shNNMT.840, or shNNMT.330 lentivirus. (E) In 
vitro limiting dilution assay and (F) cell viability assay of T4121 GSCs transduced with shCTRL, shNNMT.840, or shNNMT.330 lentivirus. (G–J) In 
vitro limiting dilution assay and cell viability assay of (G and H) T3264 or (I and J) GSC20 GSCs transduced with shCTRL, shNNMT.840, shN-
NMT.330, shNAMPT.1140, or shNAMPT.1183 lentivirus. χ2 test was used for pair-wise differences in stem population frequency. Nonparametric 
Mann-Whitney U test was used to determine significance in differences between median of shNNMT and shNAMPT treated samples.
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NNMT upregulation and DNMT1 downreg-
ulation in GBMs promote DNA hypomethylation 
of  mesenchymal subtype genes. The changes we 
observed in DNMT expression in response 
to methionine restriction and increased 
DNA methylation upon NNMT knockdown 
suggested an epigenetic adaptation to meta-
bolic stress to promote a proneural-to-mes-
enchymal transition. To interrogate this 
hypothesis, we first examined TCGA GBM 
RNAseq and DNA methylation array data-
sets to determine specific loci in GBM 
genomes that may be affected by reciprocal 
NNMT and DNMT1 expression levels (Fig-
ure 7, A and B). CpG probes whose meth-

ylation levels change significantly with coincident increased NNMT expression or DNMT1 downregulation 
were mostly present in the open sea region of  the CpG landscape, while CpG islands remained relatively 
stable (Figure 7C). Among 192 genes that significantly correlated positively with DNMT1 expression and 
554 genes that significantly anticorrelated with NNMT expression, 79 gene were common (Figure 7D). GO 
terms associated with these potential common targets of  NNMT- and DNMT1-mediated epigenetic regu-
lation were enriched in inflammatory responses and immune cell migration pathways (Figure 7E). Interest-
ingly, ~25% of  these genes were members of  the mesenchymal GBM molecular subtype signature. Further-
more, DNA methylation at the CpG probes annotated for these genes were significantly anticorrelated with 
their respective genes, suggesting repression of  these mesenchymal subtype signature genes through DNA 
methylation (Supplemental Figure 8). Thus, with reciprocal regulation of  NNMT and DNMT1 expression, 
the epigenetic landscape of  GBMs may promote the mesenchymal transcriptional program.

To validate this hypothesis, we cultured proneural GSCs in different methionine restriction conditions 
for 3 days and determined their mesenchymal and proneural subtype gene expression (Figure 7F). Pro-
neural GSCs upon restricted methionine increased expression of  predicted mesenchymal subtype genes 
(CTSC, CTSZ, GNA15, LAPTM5, and PTPN6) while simultaneously reducing core proneural subtype 
genes such as OLIG2 and ASCL1. To determine whether such increase in expression of  mesenchymal sub-
type genes upon methionine restriction is due to changes in DNA methylation of  their regulatory regions, 
we assayed the methylation level of  the CTSZ promoter region predicted to be affected by NNMT and 
DNMT1 expression levels via methylation-sensitive real-time PCR (RT-PCR) (Figure 7G). We could con-
firm that methionine restriction reduced the methylation level of  CpG loci in the CTSZ promoter region 4 
proneural GSC models (T3094, T3136, T3691, and GSC23) (Figure 7H). As methionine-restricted GSCs 
upregulate NNMT expression, we examined whether NNMT level modulates DNA methylation of  reg-
ulatory regions of  mesenchymal subtype genes by knocking down or overexpressing NNMT in proneural 

Figure 6. Reduced DNA methylation by deplet-
ing NNMT. (A and B) SAM and L-methionine 
levels under transient transfection of siNNMT 
for 3 days in indicated GSCs. Data represent 
as box and whisker plot of 3 independent 
experiments. Differences of mean tested with 
2-tailed Student’s t test. (C) 5-Methylcytosine 
measurement under transient transfection 
of siNNMT for 3 days in T4121 GSCs. 5hmC, 
5-Hydroxymethylcytosine; un-mC, un-meth-
ylcytosine. Pie and Tukey’s box and whisker 
graphs were developed from same data for 
visualization. Data were represented as box and 
whisker plot of 3 technical replicates. Differ-
ences of mean tested with 2-tailed Student’s t 
test. (D) Immunoblot analysis of indicated anti-
bodies in T4121 GSCs transduced with shCTRL, 
shNNMT.840, or shNNMT.330 lentivirus.
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Figure 7. NNMT and DNMT1 affect DNA methylation of inflammatory genes. (A) CpG probes significantly anticorrelated with NNMT mRNA expression 
in TCGA DNA methylation 450K array and RNAseq datasets (n = 51). (B) CpG probes with significant positive correlation with DNMT1 mRNA expression in 
TCGA DNA methylation 450K array and RNAseq datasets (n = 51). (C) Distribution of CpG region in probes with significant positive or negative correlation 
with NNMT expression (pos correl; neg correl) compared with nonsignificantly correlated CpG probes. Differences in distribution tested with 2-way ANOVA. 
(D) Annotated genes with significant negative correlation with NNMT mRNA expression and significant positive correlation with DNMT1 mRNA expres-
sion. (E) Gene ontology analysis of the common genes among those with significant negative correlation with NNMT mRNA expression and significant 
positive correlation with DNMT1 mRNA expression. Size of each node indicates the size of each gene set; thickness of each edge corresponds with the 
number of genes shared between connected nodes. (F) RT-PCR analysis of mesenchymal subtype genes in proneural T3136 and T3691 cultured in different 
methionine restriction conditions (100% Met, 115.5 μM; 10% Met, 11.5 μM; 5% Met, 5.75 μM). (G) Schema for methylation-sensitive (qMethyl) RT-PCR. Blue 
arrows indicate CpG probes significantly correlated with DNMT1 expression. Red arrow indicates CpG probe significantly correlated with NNMT expression. 
H3K27ac ChIP-seq data of proneural and mesenchymal GSCs (Stephen C. Mack, unpublished observations) visualized on IGV 2.3.80. (H) Quantification of 
DNA methylation levels of CpG loci in the CTSZ promoter region in 4 proneural GSC models (T3094, T3136, T3691, GSC23) cultured in different methionine 
restriction conditions (100% Met, 115.5 μM; 10% Met, 11.5 μM; 5% Met, 5.75 μM). Two-tailed Student’s t test used to determine changes in mean between 
conditions. (I and J) Quantification of DNA methylation levels of CpG loci in the CTSZ promoter region in 2 proneural GSC models (T3136 and T3691) and 
2 mesenchymal GSC models (T3264 and GSC20) (I) transduced with nontargeting control or shRNA clones targeting NNMT or (J) transduced with vector 
control or NNMT overexpression constructs.
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and mesenchymal GSCs. The methylation level of  the CTSZ promoter region was increased upon NNMT 
knockdown and reduced with NNMT overexpression (Figure 7, I and J). Thus, methionine restriction 
promotes a mesenchymal transcriptional program in proneural GSCs through DNA demethylation of  
regulatory regions of  mesenchymal subtype genes through modulation of  NNMT-associated methyl sink.

The core mesenchymal transcriptional factor C/EBPβ regulates NAM metabolism genes. To determine how 
NNMT and other NAM metabolism genes are upregulated in mesenchymal GBMs, we interrogated 
TCGA GBM RNAseq database to find potential transcription factors and transcription coactivators that 
are significantly correlated with NNMT mRNA expression level (Figure 8A). We found that C/EBPβ, a 
core transcription factor associated with mesenchymal subtype program (59, 60), was the factor most sig-
nificantly correlated with NNMT. Moreover, other transcription factors such as BATF and SP100 that are 
also mesenchymal subtype genes were very strongly correlated with NNMT expression. To further ascertain 
that mesenchymal transcription factors promote expression of  other NAM metabolism genes, we exam-
ined the promoter regions of  genes upregulated in the NAM metabolic pathway genes such as NNMT 
and NAMPT. In analyzing ChIP-seq data in GBMs and other human tissues, we found that both NNMT 
and NAMPT regulatory regions harbored C/EBPβ peaks, but NF-κB complex peaks were only present 
in the NAMPT promoter region (Figure 8B). We further examined for commonly enriched motives in 
the enhancer regions of  upregulated genes of  the NAM metabolism pathway (NNMT, NAMPT, MAT2A, 
AHCY, BST1, and BST2) and found that the C/EBPβ motif  (MA0466.1 CEBPB) is the most significantly 
enriched motif  across all the promoter regions (Figure 8C). We performed ChIP-PCR for C/EBPβ in mes-
enchymal GSCs to validate C/EBPβ interaction with NAM metabolism genes (Figure 8D). Indeed, C/
EBPβ interaction was enriched in the regulatory regions of  NNMT and NAMPT, as well as the classical tar-
get of  C/EBPβ, the IL6 gene. On the other hand, C/EBPβ did not interact with the promoter region of  the 
core proneural subtype transcription factor ASCL1 (Figure 8E). Knocking down CEBPB through shRNAs 
in GSCs resulted in decreased NNMT expression, as confirmed by RT-PCR (Figure 8, F and G). Thus, the 
core mesenchymal transcription factor C/EBPβ upregulates critical genes of  the NAM metabolic pathway 
that promote DNA hypomethylation.

Targeting NNMT extends survival of  mice bearing mesenchymal GSCs. In vivo tumor growth remains the 
gold standard of  GSC functional assays. To determine if  the roles of  methionine restriction and NNMT 
extended into in vivo tumor growth, we performed a series of  tumor growth studies. First, we tested methi-
onine depletion on in vivo tumor growth; mesenchymal GSCs were grown under low methionine condi-
tions for 3 days and then implanted into immunodeficient mice. Concordant with the in vitro findings, low 
methionine conditions augmented in vivo tumor growth (Figure 9A). Moreover, methionine restriction 
enhanced malignancy of  proneural T3136, resulting in reduced survival of  orthotopically xenografted mice 
(Figure 9B). We then targeted NNMT expression using 2 nonoverlapping shRNAs (shNNMT.840 or shN-
NMT.330) or a nontargeting controls (shCTRL) in both a mesenchymal and proneural GSC models. To 
directly monitor in vivo tumor growth, we initially implanted cells in the flanks of  immunocompromised 
mice and monitored tumor growth. Concordant with the effects of  NNMT silencing in vitro, in vivo tumor 
growth was substantially impaired with the loss of  NNMT expression (Figure 9C). As NNMT may interact 
with the tumor microenvironment, we tested the impact of  NNMT inhibition on orthotopic tumor growth. 
To determine the impact on tumor size, we sacrificed a cohort of  tumor-bearing mice from each group and 
performed a histologic evaluation. As expected, tumors expressing shCTRL showed substantial in vivo 
tumor growth, whereas tumors transduced with shNNMT had substantially reduced volumes (Figure 9D). 
In parallel, we determined the impact of  NNMT depletion on survival of  tumor-bearing mice and noted a 
significant extension of  survival (Figure 9E), supporting a role of  NMMT in tumor growth.

NNMT and NAMPT expression levels correlate with poor prognosis for GBM patients. Based on the biologic 
effects of  NNMT, we hypothesized that NNMT may inform the prognosis of  patients afflicted with GBM. 
Therefore, we interrogated several available glioma datasets to correlate each target with patient outcome. 
We generated Kaplan-Meier estimates of  survival for each gene based on 2 strategies: i) stratification based 
on median expression, and ii) stratification by the top and bottom quartiles, which could reveal the impact 
of  expression of  outliers. In each of  6 databases (TCGA GBM, REMBRANDT, TCGA GBMLGG, Phil-
lips, Gravendeel, and Nutt) (4, 6, 22, 23, 61, 62) revealed that high expression of  NNMT is correlated with 
poor patient survival both in the median (Figure 10, A–F) and the quartile cut-off  (Supplemental Figure 9, 
A–F). The significance for patient survival was present even with the exclusion of  G-CIMP patients, who 
have significantly better prognosis (Supplemental Figure 11). Likewise, NAMPT expression was associated 
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with poor patient survival, using either the median (Figure 10, G–L) and the quartile cut-off  (Supplemental 
Figure 10, G–L). In contrast, the DNMTs were not informative for patient survival (data not shown). Tak-
en together, core regulators in NAM metabolism, NNMT and NAMPT, are negative prognostic factors for 
human glioma patients.

Figure 8. C/EBPβ promotes upregulation of nicotinamide metabolism genes. (A) Correlation between NNMT and transcription factors and transcription 
coactivators in TCGA GBM RNAseq dataset. Pearson correlation test was used to evaluate relationship. TF, transcription factor; TCoF, transcription cofac-
tor. (B) ChIP-seq analysis of glioblastoma samples and published datasets visualized on IGV 2.3.80: H3K27ac ChIP-seq data from glioblastoma tissues (n 
= 5), nonmalignant brain tissue (n = 5), proneural (n = 8 ), and mesenchymal GSCs (n = 8) marking enhancer regions (Stephen C. Mack, unpublished obser-
vations); C/EBPβ ChIP-seq from ENCODE database (91, 92); NF-κB complex ChIP-seq data from previously published studies (93, 94). (C) Motif analysis of 
enhancer regions of upregulated genes of the nicotinamide and nicotinate metabolism pathway (NNMT, NAMPT, MAT2A, AHCY, BST1, and BST2). P value 
represents the motif offset probability that the match occurred by random chance according to the null model. E value represents the expected number 
of times that the given query sequence would be expected to match a target motif as well or better than the observed match in a randomized target 
database of the given size. Q value is the match false discovery rate (84–86). (D) Schema for ChIP-PCR primer design in C/EBPβ ChIP peak-enriched regions 
in NNMT, NAMPT, IL6, and ASCL1 regulatory regions. (E) ChIP-PCR analysis of NNMT, NAMPT, IL6, and ASCL1 loci in mesenchymal T4121 GSCs. (F and G) 
RT-PCR of CEBPB and NNMT mRNA in T4121 GSCs transduced with shRNAs targeting CEBPB and NNMT and nontargeting controls (shCTRL).
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Discussion
Metabolic dependencies in cancer have commonly centered on provision of  cellular energy and building 
blocks for replication, but increasing evidence implicates epigenetic regulation based on selected metabo-
lites functioning as substrates for chromatin modifying enzymes. Here, we show that mesenchymal GSCs 
preferentially activate 2 distinctive features ─ DNA hypomethylation and NAD+ utilization ─ due to a 
switch in NAM metabolism regulated by high levels of  NNMT and NAMPT (Supplemental Figure 2B). 
To date, functional contributions of  NNMT to diet-induced obesity, insulin resistance, glucose, lipid, and 
cholesterol metabolism have been delineated (63, 64). However, the oncogenic mechanisms of  NNMT are 
poorly understood, despite high expression levels in many cancers, including GBM. GBMs display striking 
regional and cellular heterogeneity in metabolism and gene expression. Regions of  tumors may be rich in 
methyl donors, while other areas that are often the most resistant to therapy may have low pools of  methyl 
donors, supporting a heterogeneous DNA methylation profile, including MGMT methylation. Further, 
ROS and NAD+/NADH levels will likely vary within the tumor, creating differential redox potentials that 

Figure 9. In vivo mesenchymal GSC growth and mice survival rate by methionine restriction or targeting NNMT. (A) Tumor mass from s.c. implanta-
tion of T4121 GSCs cultured under different methionine restriction conditions (100%, 115.5 μM; 10%, 11.5 μM; 5%, 5.75 μM) for 3 days before injection. (B) 
Kaplan-Meier curve of mice bearing intracranial xenograft of T3136 GSCs cultured for 3 days under different methionine restriction conditions (100%, 115.5 
μM; 10%, 11.5 μM; 5%, 5.75 μM) before injection. (C) Tumor mass from s.c. implantation of T4121 GSCs transduced with shCTRL, shNNMT.840, or shN-
NMT.330 lentivirus. Scale bars: 10 mm. (D and E) H&E staining of tumor-bearing brains and survival of tumor-bearing mice bearing intracranially xeno-
grafted T4121 GSCs transduced with shCTRL, shNNMT.840, or shNNMT.330 lentivirus. Cohorts of 12 mice were implanted with tumors from 2 mice in each 
experimental arm that were randomly selected for sacrifice for H&E staining 2 weeks after implantation, and 10 were used to observe mice survival rate.  
The P value represents the Mantel-Cox log-rank test of survival analysis.
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could manifest in variable therapeutic responses. The NNMT-based observations suggest a new therapeutic 
model for malignant GBM treatment due to multiple factors: i) mesenchymal GBMs have smaller pools of  
methyl donors due to elevated NNMT expression; ii) within mesenchymal tumors, GSCs display elevat-
ed levels of  NNMT and NAD+, with reduced DNMT expression and DNA hypomethylation relative to 
DTCs; and iii) within GBMs, regions of  necrosis have elevated NNMT levels, reduced methionine avail-
ability, and lower DNMT expression, leading to DNA hypomethylation (Figure 11). This suggested mecha-
nism is supported by the recent report showing that NNMT expression promotes histone hypomethylation 
by consuming SAM and methionine (50). In addition, intracellular SAM levels are maintained by methi-
onine, a precursor of  SAM, in a stem cell environment (51). Though NNMT upregulation in GBMs may 

Figure 10. Kaplan-Meier survival curves of NNMT and NAMPT mRNA levels in glioblastoma patients. Patient survival data based on expression of NNMT 
(A–G) and NAMPT (H–M) were evaluated by high vs. low expression levels, with the median value used as cutoff in indicated databases.
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not be exclusive to GSC populations, our results collectively suggest that GBMs harbor regions with differ-
ential metabolic and epigenetic regulation with key enzymes that could inform novel therapeutic targeting.

Necrotic regions within GBMs independently portend poor prognosis and have limited response to 
conventional therapy. Traditionally, the explanation for these areas has been that tumors outgrow their 
blood supplies. However, one could envision that the frequent intravascular blood clots and inflammatory 
responses in tumor regions could provide a significant advantage to long-term tumor growth. We previous-
ly showed that nutrient restriction, which would be expected to occur in hypovascular regions, promotes 
GSC maintenance (52). We now find that methionine restriction can increase tumor growth and is associ-
ated with poor patient outcome. These results could suggest that a tumor evolves to create regions of  stress 
that favor the maintenance of  GSCs through metabolic and epigenetic reprogramming. A recent report 
using mostly established cell lines suggested that methionine deprivation compromises proliferation, but 
the authors used complete removal of  methionine, rather than a gradient as we examined (Nota bene we 
found that complete removal of  methionine decreased proliferation) (65). Restriction of  methionine and 
other epigenetic cofactors may promote reduction of  available methyl donors and inhibit DNMT expres-
sion to shift the DNA methylation toward a more aggressive phenotype.

Although N-methylation of  histones is closely associated with functional changes of  chromatin 
and, thus, is involved in cell biology (63, 66), N-methylation of  metabolites may serve as a point of  
fragility for tumor cells due to simultaneous effects on both metabolism and epigenetic modifications, 
as demonstrated by efficacy of  NAMPT inhibitors in IDH1 mutant or MYC-amplified gliomas (67, 68). 

Figure 11. Proposed model of NNMT dependence in glioblastoma stem cells. Mesenchymal GSCs are enriched in the perinecrotic niche where compro-
mised vasculature delivers unreliable supplies of methionine and NAM. Reduced nutrient availability promotes upregulation of NNMT and NAMPT that 
converts the available methyl donor SAM and the small molecule NAM to SAH and 1-MNA or NAD+, respectively. The paucity of methyl donor pool and 
reduced expression of DNMTs reduce DNA methylation, promoting the mesenchymal transcriptional program. In the perivascular niche, relatively richer 
supply of nutrients including methionine and NAM promotes DNA methylation and increased expression of DNMTs, leading to enriched proneural GSCs in 
this microenvironment. Met, methionine; NAM, nicotinamide; 1-MNA, 1-methylnicotinamide; SAM, S-adenosyl methionine.
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Further, NAMPT may regulate GBM sphere-forming cells through regulation of  the inhibitor of  dif-
ferentiation (ID) pathway (69). Although NNMT and NAMPT are both involved in NAM metabo-
lism, they are nonredundant with different enzymatic activities and functions. In contrast to NAMPT, 
NNMT is not part of  the NAM salvage pathway and more directly depletes the methyl donor, SAM, 
which is reflected in its role in induction of  DNA hypomethylation. NNMT methylates NAM to pro-
duce 1-MNA, thereby consuming SAM as a critical methyl source and increasing SAH (50, 51). In 
human studies and animal models of  oxidative stress, 1-MNA has been suggested to increase oxidative 
stress to promote antiinflammatory M2 polarization of  macrophages, reduced proliferative exhaustion, 
and lifespan extension (70–73). NNMT is required for low SAM levels and reduced histone methyl-
ation (histone 3 lysine 27 tri-methylation, H3K27me3) status in the epigenetic landscape of  human 
embryonic stem cells (51). Targeting NNMT has proven beneficial for protection against diet-induced 
obesity through regulation of  the SIRT1/NAMPT/NAD+ pathway (64, 74). Given the potential utility 
of  NAMPT inhibitors in some gliomas, future studies may demonstrate the benefit of  dual targeting of  
NNMT and NAMPT for glioma therapy (67, 68).

Translating our findings into clinically actionable efforts can be leveraged by recent efforts to apply 
NAM and its derivatives to drug discovery and patient treatment in human diseases. NAM, as an antican-
cer drug, has clinical efficacy in a phase III randomized trial of  chemoprevention of  nonmelanoma skin 
cancers (75). Based on the KEGG pathway and the functional analyses of  NAM metabolism, enzymatic 
regulators, and their metabolites biochemically and functionally connect a methionine cycling pathway 
as a precursor of  SAM. SAM is a major methyl donor, and its de novo synthesis pathways are recycled 
by methionine and homocysteine pathways. These metabolites have been implicated in various biological 
significances, including human diseases (65, 76, 77). SAM, popularly called SAMe, has been used in com-
plementary and holistic medicine as a potential therapy for numerous conditions, including cancer, sug-
gesting that it is safe. SAM supplementation may have limited impact due to delivery into poorly vascular-
ized tumor regions but could serve as a complement to other therapies. In addition, NAD+, as a product 
of  NAM metabolism, is regulated by an enzymatic reaction by NAMPT. Inhibitors of  the NAMPT, such 
as FK866 and other small molecules, are currently under clinical trial to evaluate an effect on metabolic 
perturbations in various cancers (78, 79).

Clinical development of  NNMT (or NAMPT) inhibitors should be informed by several opportunities 
and challenges. First, hypomethylation of  the MGMT promoter is both prognostic and predictive of  TMZ 
sensitivity. A suicide inhibitor of  MGMT, O6-benzylguanine, has been used in clinical trials, with activity 
limited by severe toxicity (80). Dose-dense TMZ may reduce MGMT expression, but clinical trials have 
failed (81). Future studies may permit the use of  NNMT or NAMPT inhibitors to increase MGMT pro-
moter methylation, potentially sensitizing tumor cells to TMZ. Another potential targeting approach could 
leverage the differential regulation of  NNMT and the DNMTs. Targeting NNMT expression is associat-
ed with increased DNMT expression. Therefore, NNMT inhibition may be combined or sequenced with 
DNMT inhibitors, including azacytidine and decitabine, to augment tumor control. In conclusion, the 
ability to target aberrant metabolic regulation could have several beneficial effects on tumor control and 
offer new therapies that could be combined with conventional therapies or other targeted therapies. Our 
bioinformatics findings support a precision medicine model to apply these efforts to patients with IDH WT, 
mesenchymal tumors with necrotic regions.

Methods
Culture of  human GBM specimens and cells. As previously described (8), patient-derived GSCs were cultured 
in Neurobasal medium supplemented with B27 (without Vitamin A, Invitrogen), basic fibroblast growth 
factor (bFGF, 20 ng/ml, R&D Systems), and epidermal growth factor (EGF, 20 ng/ml, R&D Systems). All 
specimens were validated as a unique cell by short tandem repeat (STR) analysis. All cell lines are routinely 
tested for mycoplasma contamination and were negative.

Intracranial and s.c. xenograft implantation. Cells were intracranially or s.c. implanted into female and 
male NOD SCID γ (NSG, JAX, Charles River Laboratories) mice (4–6 weeks old). Development of  neuro-
logical signs was considered end-point in all intracranial xenograft experiments. In parallel survival exper-
iments, mice were monitored until they had neurological signs. For H&E staining, 2 mice in each group 
were sacrificed 2 weeks after the intracranial injection, and the staining was performed with Cleveland 
Clinic imaging core service.
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Transfection of  siRNA and transduction of  shRNA or NNMT overexpression lentiviral particles. Cells were 
transfected and Lipofectamine RNAiMAX (for siRNA, Invitrogen) according to the manufacturer’s reverse 
transfection protocol. siRNAs against the following genes were purchased from Santa Cruz Biotechnol-
ogy Inc.: NNMT and a nontargeting control. shRNA lentiviral clones against NNMT (shNNMT.840, 
TRCN0000294436; shNNMT.330, TRCN0000035226), CEBPB (shCEBPB.1448, TRCN0000007440; 
shCEBPB.250, TRCN0000007441; shCEBPB.1002, TRCN0000007443), NAMPT (shNAMPT.1140, 
TRCN0000424413; shNAMPT.1183, TRCN0000454907), and a nontargeting control (shCTRL, SHC002) 
were purchased from Sigma-Aldrich. NNMT overexpression construct (HsCD00442343) and control vec-
tors were purchased from DNASU plasmid repository (Arizona State University, Tempe, Arizona, USA). 
Cells were transduced per recommendations from the manufacturer. Lentiviral particles were generated in 
293FT cells with cotransfection with the packaging vectors pCMV-dR8.2 dvpr (Addgene) and pCI-VSVG 
(Addgene) by Lipofectamine 2000 (Invitrogen). Stable clones were selected with puromycin dihydrochlo-
ride (Sigma-Aldrich) for 3 days and processed for downstream experiments.

5mC measurement. Detection of  5mC and 5hmC was performed using EpiMark 5-hmC and 5-mC 
Analysis Kit (New England Biolabs) (82). Genomic DNA was treated with T4-BGT, generating gluco-
sylated 5hmC (5ghmC) from 5hmC. Restriction endonuclease digestion was performed by MspI or HpaII 
on genomic DNA in accordance with the manufacturer’s instructions. Unmodified DNA was analyzed 
without T4-BGT by the same process. Amplification of  the glucosylated DNA and mock target DNA with 
primers flanking CCGG sites were performed. Real-time PCR was performed for the amplification.

Methylation-sensitive RT-PCR. DNA methylation levels in promoter regions of  interest were measured 
using the OneStep qMethyl kit (Zymo Research). Primers for CTSZ region of  interest were designed per 
manufacturer recommendations (Supplemental Table 3). Genomic DNA from GSCs was isolated using 
Quick-DNA Miniprep Plus Kit (Zymo Research). RT-PCR of  restriction enzyme–treated samples and ref-
erence samples was performed with Radiant SYBR Green qPCR kits (Alkali Scientific Inc.).

ChIP-PCR. C/EBPβ ChIP was performed as previously described (83). Briefly, 1 × 107 cells were fixed 
with 1% formaldehyde (Sigma-Aldrich) for 7 minutes and quenched with 125 mM glycine (Sigma-Aldrich). 
Mouse anti-C/EBPβ (5 μg, Santa Cruz Biotechnology Inc., sc-7962X) or mouse IgG control (Santa Cruz 
Biotechnology Inc., sc-2025) antibodies were used to bind sonicated nucleosomes and incubated overnight 
in 4°C. After washes with 0.25 M LiCl solution (Sigma-Aldrich), DNA was decrosslinked from nucleosomes 
in 0.1 M sodium bicarbonate 1% SDS solution (Sigma-Aldrich) in 65°C for 12 hours. Genomic DNA was 
isolated using the QIAquick PCR Purification kit (Qiagen, catalog 28104). DNA (50 ng) was used per PCR 
reaction with Radiant SYBR Green qPCR kits (Alkali Scientific Inc.), with primers designed for each C/
EBPβ-enriched regions and negative control regions (Supplemental Table 3).

Motif  analysis. Promoter regions of  genes upregulated in the NAM metabolism pathway were analyzed 
with the MEME-DREME suite v4.11.2 to identify enriched DNA binding motifs as previously described 
(84–86). DNA sequences from hg19 assembly were scanned for gapped motifs using GLAM2. The best motif  
as enriched by GLAM2 was cross-referenced with a known database of  eukaryotic motifs using TOMTOM.

Metabolite measurement. For measurement of  L-methionine, homocysteine, SAM, SAH, and NAD+ 
conventional assay kits were used for their detection as follows: Bridge-It L-methionine fluorescence 
assay kit (Mediomics); Homosysteinie ELISA, SAM and SAH ELISA combo kit (Cell Biolabs); and 
NAD/NADH quantitation colorimetric kit (Biovision). All assays were performed as detailed in the 
manufacturers’ protocols under the indicated conditions. SAH/SAM ratios were mathematically calcu-
lated using SAH and SAM levels. For detection of  NAM and methyl-NAM, LC-MS/MS was performed 
by the Cleveland Clinic core service. As recommended, cell pellets were suspended in 80% methanol 
and centrifuged to isolate supernatants. The supernatant was evaporated and concentrated by nitrogen. 
Nicotinamide-d4 (CND Isotope) and N-Methylnicotinamide-2,4,5,6-d4 (CND Isotope) were used for 
internal standard in LC-MS/MS.

Western blotting. Proteins were extracted by CelLytic M (Sigma-Aldrich) cell lysis buffer supplemented 
with protease inhibitor cocktail and phosphatase inhibitors. Protein levels were determined by Western blot-
ting using conventional protocols. Proteins were detected using specific primary antibodies from DNMT1 
(Cell Signaling Technology, 5119), DNMT3A (Cell Signaling Technology, 3598), and DNMT3B (Cell 
Signaling Technology, 67259); PARP-1 (Cell Signaling Technology, 9542); NNMT (Abcam, ab58743 for 
immunoblot; Santa Cruz Biotechnology Inc., sc-376048 for IF), NAMPT (Abcam, ab45890), H3K4-me3 
(Abcam, ab8895), and H3K27-me3 (Abcam, ab6002); β-actin (Sigma-Aldrich, A5316); GFAP (Covance, 
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SMI-21R); SOX2 (R&D Systems, MAB2018) and CD44 (R&D Systems, MAB6127); and subsequently 
with the appropriate horseradish peroxidase–conjugated (HRP-conjugated) secondary antibodies (mouse-
HRP: Cell Signaling Technology, 7076; Rb-HRP: Cell Signaling Technology, 7074).

Immunofluorescent staining. Immunofluorescence assays of  paraffin embedded and frozen patient GBM 
specimens, nonneoplastic epileptic brain frozen sections, and xenografted tumor tissues were performed 
with conventional protocols. After deparaffinization or fixation, slides were incubated with indicated pri-
mary antibodies and subsequently with the appropriate Alexa Fluor 488– (Thermo Fisher, catalog A-11001, 
1:1,000) or -568–conjugated (Thermo Fisher, catalog A-11011, 1:1,000) secondary antibodies. DAPI (1 μg/
ml) was stained for nuclei. Samples were photographed with a Leica confocal microscopy.

Cell viability assay. GSC viability was assayed using CellTiter-Glo Reagent (Promega) per manufacturer 
recommendations. Briefly, after equilibration to room temperature for 30 minutes, cells were lysed with 
CellTiter-Glo reagent at 1:1 volume-wise ratio with cell culture media. After stabilizing the luminescent 
signal at room temperature for 10 minutes, the cell plate was read on the multiplate reader (Perkin Elmer 
Victor3), used for signal detection.

In silico analysis. All gene expression, DNA methylation array, and clinical datasets were downloaded 
from GlioVis (http://gliovis.bioinfo.cnio.es/) and TCGA2STAT package on R (http://www.liuzlab.org/
TCGA2STAT). Mutational status of  target genes in TCGA GBMLGG dataset was analyzed and inte-
grated with clinical information on cBioPortal (87, 88). Gene signatures analyzed were obtained from 
the Molecular Signatures Database (http://software.broadinstitute.org/gsea/msigdb) (89). Gene signa-
ture scores were calculated by deriving Z-scores across all the tumor specimens from single sample GSEA 
results for each gene set (89, 90). For survival analysis based on gene signature scores, high enrichment of  
a gene signature was determined as Z-score > 0 and low enrichment as Z-score < 0. Hierarchical clustering 
of  gene expression was performed with median-centered gene expression values on Matlab using Euclidean 
distances and optimal leaf  ordering. For gene rank analysis by Oncomine (http://www.oncomine.org), the 
top 10% of  genes overexpressed in glioblastomas vs. nontumor samples in 6 glioblastoma expression data 
sets were crossreferenced with the top 1% of  genes overexpressed in glioblastomas compared with nontu-
mor samples in the TCGA dataset through the unbiased analysis tool from Oncomine.

Statistics. All data presented as Tukey’s box and whisker plots (the box marked by the median, bound-
ed by the 75th and 25th percentiles) were analyzed with Mann-Whitney U test when possible (n > 3) and 
2-tailed unpaired Student’s t test to analyze differences in mean between groups (n = 3). To determine 
the correlation between mRNA expression and DNA methylation levels, Spearman correlation test was 
performed and FDR adjusted using the Benjamini-Hochberg procedure. Chi-square test was performed 
to examine differences in CpG probe distribution among CpG landscape. The statistical analyses were 
performed with Matlab 2016b, GraphPad Prism, and Microsoft Excel software. Kaplan-Meier curves were 
generated by using GraphPad Prism and NCSS softwares. Mantel-Cox log-rank test was used to test signif-
icance in survival outcomes, with p < 0.05 considered statistically significant.

Study approval. GBM and nonmalignant brain tissues were obtained from excess surgical materials with 
full informed consent from patients at the Cleveland Clinic as approved by the IRB of  the Cleveland Clinic 
Foundation (IRB protocol 2955). All animal experiments were performed as approved by the IACUC of  
the Lerner Research Institute in the Cleveland Clinic Foundation (IACUC protocol 2016-1566).
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