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Summary

Heterozygous mutation of IDH1 in cancers modifies IDH1 enzymatic activity, reprogramming
metabolite flux and markedly elevating 2-hydroxyglutarate (2-HG). Here, we found that 2-HG
depletion did not inhibit growth of several IDH1 mutant solid cancer types. To identify other
metabolic therapeutic targets, we systematically profiled metabolites in endogenous IDH1 mutant
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cancer cells after mutant IDH1 inhibition and discovered a profound vulnerability to depletion of
the coenzyme NAD+. Mutant IDH1 lowered NAD+ levels by downregulating the NAD+ salvage
pathway enzyme nicotinate phosphoribosyltransferase (Naprtl), sensitizing to NAD+ depletion
via concomitant nicotinamide phosphoribosyltransferase (NAMPT) inhibition. NAD+ depletion
activated the intracellular energy sensor AMPK, triggered autophagy and resulted in cytotoxicity.
Thus, we identify NAD+ depletion as a metabolic susceptibility of IDH1 mutant cancers.
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INTRODUCTION

Accumulating evidence indicates that mutations in canonical metabolic enzymes can
promote the development of cancer. Germline mutations in the tricarboxylic acid (TCA)
cycle enzyme succinate dehydrogenase (SDH) give rise to familial paraganglioma and
pheochromocytoma, and germline fumarate hydratase (FH) mutations result in familial
forms of renal cell cancer (Kaelin, 2009). More recently, recurrent somatic mutations in the
isocitrate dehydrogenase 1 (IDH1) and IDH2 genes have been identified in a large fraction
of gliomas, acute myeloid leukemias (AML), angioimmunoblastic T-cell lymphomas
(AITL), chondrosarcomas and cholangiocarcinomas.

In gliomas, approximately 90% of IDH1/2 mutations are arginine to histidine heterozygous
substitutions in codon 132 of the IDH1 gene (R132H). A small fraction of the IDH1/2
mutations found in gliomas are different amino acid substitutions at the R132 position of
IDH1 or substitutions of the structurally analogous R172 residue of the homolog IDH2
(Balss et al., 2008; Hartmann et al., 2009; Parsons et al., 2008; Yan et al., 2009). In contrast,
the most common mutation in cartilaginous tumors is IDH1 R132C (40%) (Amary et al.,
2011; Kipp et al., 2012; Wang et al., 2013a), whereas in AML and AITL, IDH2 mutations
are most common (Marcucci et al., 2010; Mardis et al., 2009; Ward et al., 2012; Cairns et
al., 2012). Essentially all of the mutations in IDH1/2 result in heterozygous amino acid
substitutions within a few targeted hotspot loci, suggesting an oncogenic functional
contribution of mutant IDH1/2 to tumorigenesis (Vogelstein et al., 2013). A shared
consequence of these IDH1/2 mutations is the near-complete elimination of the normal

Cancer Cell. Author manuscript; available in PMC 2016 December 14.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tateishi et al.

RESULTS

Page 3

oxidation and decarboxylation of isocitrate to alpha-ketoglutarate (a-KG) (Zhao et al., 2009;
Yan et al., 2009) and the neomorphic overproduction of 2-hydroxyglutarate (2-HG) via
NADPH-mediated reduction of a-KG (Dang et al., 2009). 2-HG is a byproduct metabolite
that is otherwise produced at only modest levels in hypoxic states (Wise et al., 2011).

2-HG has therefore been proposed as an “oncometabolite” mediator of tumorigenesis in
mutant IDH1/2 cancers. 2-HG has been shown to inhibit a range of a-KG-dependent
dioxygenases, including hypoxia inducible factor (HIF) hydroxylases, histone demethylases
and 5-methylcytosine hydroxylases, resulting in altered HIF activity, widespread chromatin
alterations and a stem-like cell differentiation block (Figueroa et al., 2010; Koivunen et al.,
2012; Losman et al., 2013; Lu et al., 2012; Saha et al., 2014; Chowdhury et al., 2011; Xu et
al., 2011). A characteristic feature of IDH1 mutant cancers is the CpG island methylator
phenotype (CIMP or G-CIMP) (Figueroa et al., 2010; Noushmehr et al., 2010; Sasaki et al.,
2012), and in experimental models, introduction of mutant IDH1/2 and overproduction of 2-
HG results in the subsequent development of global DNA hypermethylation (Figueroa et al.,
2010; Sasaki et al., 2012; Turcan et al., 2012). Thus, inhibitors that decrease 2-HG levels are
being investigated as potential therapeutics for IDH1 mutant cancers (Popovici-Muller et al.,
2012; Rohle et al., 2013).

In addition to these 2-HG-mediated effects, mutant IDH1 alters canonical metabolic
pathways (Reitman et al., 2014; Reitman et al., 2011; Zhao et al., 2009; Izquierdo-Garcia et
al., 2014; Leonardi et al., 2012), including glutamine catabolism (Metallo et al., 2012;
Seltzer et al., 2010) and the TCA cycle (Grassian et al., 2014). We therefore hypothesized
that disruption of mutant IDH1 enzymatic activity would reveal metabolic dependencies that
could be selectively targeted for therapeutic gain. Herein, we compared the metabolic
profiles of IDH1 mutant glioma tumor initiating cell (TIC) tumorsphere lines with and
without IDH1 inhibition to identify candidate metabolic vulnerabilities.

Inhibition of Mutant IDH1 in Endogenous IDH1 Mutant Cancer Cells Decreased 2-HG But
Did Not Inhibit Cell Growth or Tumor Propagation

We recently developed in vitro and in vivo patient-derived tumor initiating cell (TIC) models
of IDH1 mutant glioma that faithfully recapitulate the histological phenotypes and genetic
complexity of primary IDH1 mutant glioma tumors (Figures S1A, S1B) (Wakimoto et al.,
2014). To assess the effect of 2-HG reduction on these IDH1 mutant TICs, we exposed cells
to a well-characterized R132H and R132C IDH1 mutant specific inhibitor (IDH1i) (See
Supplementary Methods and Figure S1C for details of compound chemical synthesis,
structure and characterization) (Deng et al., 2015; Popovici-Muller et al., 2012). We
confirmed potent inhibition of 2-HG formation in vitro in IDH1R32H mutant glioma TICs
and an IDH1R132C mytant fibrosarcoma line (HT1080) (Figure 1A). Notably, despite 2-HG
reduction, IDH1i did not inhibit in vitro growth of 8 endogenous IDH1 mutant cell lines
tested, including 6 glioma TICs with IDH1R132H HT1080 (IDH1R132C) and an IDH1R132C
mutant melanoma (30T) (Figure 1B). We instead observed small but consistent increases in
cell proliferation in most lines (Figure 1B, Figure S1A). Our in vitro findings are similar to
prior studies in IDH2 leukemia models (Chen et al., 2013; Wang et al., 2013b),
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chondrosarcomas (Suijker et al., 2015) and colony forming assays of IDH1 mutant glioma
lines (Turcan et al., 2013) where slight in vitro proliferation increases were observed with
chemical inhibition of mutant IDH.

We then tested the in vivo effect of 2-HG depletion in an orthotopic glioma xenograft model
that was derived from an IDH1 mutant recurrent glioblastoma (MGG152) (Wakimoto et al.,
2014). Treatment of mice bearing orthothopic MGG152 tumors with IDH1i (400 mg/kg
twice a day) for 5 days resulted in IDHi accumulation and near-complete elimination of 2-
HG within the brain tumors (Figure 1C). However, continuous daily IDH1i treatment of
MGG152 orthotopic tumor bearing mice did not affect the survival of mice compared to
vehicle treatment (Figure 1D). At necropsy, we observed no difference between IDH1i- and
vehicle-treated animals in the size of orthotopic tumors or expression of mutant IDH1,
Ki-67, GFAP or nestin within the tumors. Furthermore, no difference in MGMT promoter
DNA methylation or H3K9 di- or tri-methylation was observed in tumor tissue (Figures
S1D, S1E, S1F).

We investigated whether epigenetic alterations in endogenous mutant IDH1 glioma cells
could be reversed in vitro by depletion of 2-HG. Because many cycles of cell division are
required to alter the epigenome after introduction of mutant IDH1 (Turcan et al., 2012), we
cultured two glioma TICs in IDH1i at concentrations sufficient to abrogate 2-HG production
for up to 12 months. After 12-months, cells retained both the wild-type and mutant IDH1
alleles and expression of the IDH1R132H mytant enzyme (Figures S1G, S1H). Prolonged
IDH1i exposure did not detectably alter the global trimethylation or dimethylation of histone
3 lysine 9 (H3K9), global trimethylation of H3K27, genomewide distribution of DNA
methylation, or the methylation of O-6-methylguanine-DNA methyltransferase (MGMT)
gene promoter (Figure 1E, 1F, 1G). Again, we observed a persistent acceleration of cell
proliferation with long-term IDH1i incubation (Figure 1H). In addition, long-term 2-HG
depletion did not delay the time-to-tumor-formation or frequency of tumor initiation after
implantation of IDH1 mutant glioma TICs into mouse brains (Figure 11). Surprisingly, long-
term exposure of MGG152 to IDH1i prior to intracerebral implantation resulted in
significantly shorter animal survival (Figures 11, S1I).

We then investigated whether DNA demethylation alone or in combination with IDH1i
could impact growth of IDH1 mutant cells. We found that decitabine, but not azacytidine,
decreased cell viability of MGG152 (Figure S1J). However, there was no additive or
synergistic effect on cell viability with the combination of IDH1i and either decitabine or
azacytidine (Figure S1K). Taken together, these data demonstrate that in some cell contexts,
2-HG levels can be uncoupled from IDH1 mutant cancer cell proliferation, and that the
cancer cell transformation induced in these endogenous IDH1 mutant cancers is not easily
reversed by depletion of 2-HG, even after many cell divisions.

Metabolic Profiling of Endogenous IDH1 Mutant Cancer Cells After IDH1 Inhibition Reveals
a Susceptibility to Depletion of the Canonical Metabolite NAD+

Cells harboring mutant IDH1 have altered levels of metabolites in addition to 2-HG
(Grassian et al., 2014; Metallo et al., 2012; Reitman et al., 2014; Reitman et al., 2011;
Seltzer et al., 2010; Zhao et al., 2009). To identify candidate metabolic therapeutic targets
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other than 2-HG, we performed unbiased metabolite profiling using liquid chromatography—
mass spectrometry (LC-MS) in MGG152 after short-term and long-term IDH1i incubation
invitro (Figure 2A, Table S1). As expected, we observed significant 2-HG reduction with
both short-term and long-term IDH1i incubation. We targeted as therapeutic candidates
those metabolites altered in consistent patterns in both short-term and long-term IDH1i-
exposed cultures, reasoning that stable metabolic alterations may require multiple cell
divisions. Other than 2-HG, only 3 metabolites were increased or reduced by 50% or greater
in both short- and long-term IDHZ1i exposure: NADH, citrate, and glycerol-3-phosphate
(G3P) (Figure 2A, Table S1).

Because G3P is a component of the NAD+/NADH shuttle system and NAD+ depletion has
been investigated as a therapeutic strategy in cancer (Galli et al., 2013), we further focused
on NAD+ and NADH. Using an independent method, we confirmed that IDH1i increased
NADH levels in MGG152 (Figure 2B). We then discovered that IDH1i increased NAD+ in
MGG152 as well as in other IDH1 mutant lines (Figure 2C). We did not detect a significant
change in NADP+ and we observed a decrease in NADPH, the substrate of the mutant
IDH1/2 enzyme, after long-term IDH1i incubation (Figure 2D).

We then investigated NAD+ as a potential therapeutic metabolic target in IDH mutant
cancer cells. We exposed cells to two chemically dissimilar, highly specific inhibitors of
nicotinamide phosphoribosyltransferase (NAMPT), the rate-limiting enzyme of the NAD+
salvage pathway; FK866 (Wosikowski et al., 2002; Hasmann and Schemainda, 2003) and
GMX1778 (Hjarnaa et al., 1999; Watson et al., 2009). Both NAMPT inhibitors potently
inhibited cell viability of 6 endogenous IDH1/2 mutant cancer cell lines, including 3
IDH1R132H mytant GBM TICs (MGG119, MGG152 and BT142), the IDH1R132C mytant
lines HT1080 and 30T, and SW1353 chondrosarcoma (IDH2R172S) (Figure 3A), with ICs
values ranging between 1-25 nM (Figures 3A). In contrast, 8 IDH1/2 wild-type cancer lines
derived from similar tissue types and normal human astrocytes (NHA) were resistant at
doses up to 10 uM (Figures 3A), indicative of a wide therapeutic index.

NAMPT inhibition also resulted in significant reduction of intracellular NAD+ and NADH
in the IDH1 mutant cancer cells (Figure 3B). NAMPT inhibition also decreased the
production of intracellular 2-HG in IDH1 mutant cancer cells (Figure 3C). We next tested
whether the effects of NAMPT inhibitors were specifically due to reduction of NAD+ levels
and on-target inhibition of NAMPT. We co-incubated IDH1 mutant cancer cells with FK866
or GMX1778 and increasing doses of NAD+ or nicotinoamide mononucleotide (NMN), a
precursor of NAD+, which bypasses NAMPT. Both NAD+ and NMN rescued IDH1 mutant
cells from the effects of FK866 and GMX1778 (Figures 3D, 3E). In addition, exogenous
NMN reversed intracellular NAD+ levels, which was depleted by NAMPT inhibitor (Figure
3F). In contrast, supplementation with nicotinic acid (NA), a precursor for an alternate NAD
+ salvage pathway rate-limited by nicotinic acid phosphoribosyltransferase (Naprt1) (Cerna
etal., 2012; Chiarugi et al., 2012; Watson et al., 2009), could not rescue IDH1 mutant cells
from the effects of NAMPT inhibition (Figure 3G).
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Mutant IDH1 Reduces NAD+ Levels and Sensitizes to NAD+ Depletion

We measured basal intracellular NAD+ levels in our cell panel and found NAD+ to be lower
in IDH1 mutant compared to IDH1/2 wild-type cells (Figure 4A). The relative decrease of
NAD+ levels after treatment with NAMPT inhibitor was not significantly different between
IDH1 mutant and IDH1/2 wild-type cells (Figure 4B), suggesting that the lower steady-state
NAD+ pool may render IDH1 mutant cells less able to compensate for NAMPT inhibition.
We therefore hypothesized that IDH1 mutant cells alter the dynamic steady-state supply of
NAD+.

NAMPT and Naprtl are the rate-limiting enzymes of distinct NAD+ salvage pathways that
replenish the intracellular NAD+ pool. We found that expression of NAMPT did not
correlate with sensitivity to NAD+ depletion, however all IDH1 mutant cell lines examined
had low or undetectable Naprtl expression (Figure 4C). We therefore asked whether mutant
IDH1 was sufficient to alter Naprt1 expression, lower NAD+ levels, and sensitize to NAD+
depletion. We engineered MGG18, an IDH1/2 wild-type, NAMPT inhibitor-resistant glioma
TIC (Figure 3A), with a tetracycline-inducible IDH1R132H mutant transgene (MGG18-
IDH1-R132H) (Figures 4D, S2A). Induction of IDH1R132H expression resulted in marked
elevation of 2-HG levels (Figure S2B) as well as significantly decreased Naprtl expression
(Figures 4E), reduced intracellular NAD+ level (Figure 4F), and remarkably, induced
sensitivity to NAD+ depletion (Figure 4G, S2C). We confirmed that mutant IDH1 reduces
Naprtl expression in an isogenic system where heterozygous IDH1 mutation has been
engineered in HCT116 cells (Figure S2D). We then tested whether over-expressing Naprtl
could rescue IDH1 mutant cells from the deleterious effects of NAD+ depletion. Lentivirus
constructs carrying either NAPRT1 driven by a constitutively active promoter (MGG152-
Naprtl) or control vector (MGG152-Control) were used to infect MGG152. After stable
lentiviral integration (Figure 4H), the relative NAD+ level decrease with NAMPT inhibition
was mild in MGG152-Naprtl cells but marked in MGG152-control cells (Figure 41). In
addition, this enforced NAD+ increase rescued MGG152-Naprtl from the anti-proliferative
effects of NAMPT inhibition (Figure 4J). Together, these data suggest mutant IDH1
regulation of Naprtl critically impacts the intracellular NAD+ pool and alters vulnerability
to NAMPT inhibitors.

In cancer cells, low Naprtl expression may be mediated by NAPRT1 promoter methylation
(Shames et al., 2013). In keeping with these prior findings, we found that the NAPRT1
promoter CpG island was hypermethylated in our cell lines with very low Naprtl
expression, including all IDH1 mutant lines (Figure 4K). Importantly, not all lines with low
Naprtl expression were sensitive to NAMPT inhibitors, indicating that other genetic and
epigenetic factors may mediate sensitivity. As such, we observed NAMPT inhibitor efficacy
in several IDH1/2 wild-type cell lines (Figure S2E), consistent with prior reports of NAMPT
inhibitor cytotoxicity in IDH1/2 wild-type cancer cell lines (Chiarugi et al., 2012; Galli et
al., 2013; Watson et al., 2009).

To assess whether alterations in observed NAD+ levels were due to changes in redox status
and utilization of reducing equivalents in IDH1 mutant cells, we calculated NAD+/NADH
and NADP+/NADPH ratios after long-term IDH1i treatment, NAMPT inhibitor treatment
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and mutant IDH1 induction. These various conditions did not significantly or consistently
alter NAD+/NADH and NADP+/NADPH ratios (Figures S2F-S2J). These results indicate
that the effects observed with mutant IDH1 and NAMPT inhibitors were unlikely to be
mediated by changes in net redox status.

NAD+ Depletion Disrupts TCA Cycle Metabolism in IDH1 Mutant Cancer Cells

Because oncogenic IDH1 mutations increase flux through the oxidative TCA cycle
(Grassian et al., 2014; Cuyas et al., 2015), we investigated the effect of NAMPT inhibitors
on three NAD+-requiring TCA cycle enzymes (alpha-ketoglutarate dehydrogenase, malate
dehydrogenase, and isocitrate dehydrogenase) in IDH1 mutant cells. Using LC-MS, we
found that short term incubation of MGG152 with FK866 resulted in significant
accumulation of TCA cycle precursors upstream of the NAD+-requiring enzymes, including
citric acid, fumarate and malic acid (Figure 5). In addition, the products of NAD+-requiring
enzymes in the TCA cycle, succinate and oxaloacetate, were significantly decreased. These
data indicate that NAD+ depletion may compromise the TCA cycle, upon which IDH1
mutant cells have increased dependence.

NAD+ Depletion Induces the Intracellular Energy and Nutrient Sensor AMPK and Initiates

Autophagy

Since the cell viability assay we used (CellTiter-Glo) quantitates intracellular ATP as a
surrogate for cell number, we confirmed that the effects on cell viability represented cell
death by counting the number of viable cells that excluded trypan blue. We found that time
dependent reduction of cell number with NAMPT inhibitor exposure correlated with ATP-
based cell viability assessment (Figure 6A). Cytotoxicity was not primarily mediated by
apoptosis, as Annexin V, double staining for Annexin V and propidium iodide (PI), and
activated caspases-3/7 did not significantly increase (Figures S3A, S3B). However, LC3-
phosphatidylethanolamine conjugate (LC3-I1) increased with NAMPT inhibitor exposure
(Figure 6B), consistent with initiation of the metabolic-sensing pathway of autophagy, and
indeed, the effects of NAD+ depletion on cell viability were rescued with the autophagy
inhibitor 3-methyladenine (3-MA, Figure 6C).

We determined that autophagy was initiated by AMP activated protein kinase (AMPK), a
key regulator of the metabolic checkpoint which is activated in response to nutrient- and
energy-poor conditions (Hardie et al., 2007). Depletion of NAD+ in MGG152 was
associated with significant phosphorylation and activation of AMPK (Figure 6D).
Concomitantly, we observed activating phosphorylation of the autophagy initiating complex
component ULK1 (Ser®°), which is catalyzed by AMPK (Egan et al., 2011), and activation
of Atg13, another component of the autophagy initiating complex. Additionally, we
observed AMPK-mediated phosphorylation of raptor and potent suppression of mMTOR
signaling, as illustrated by dephosphorylation of S6 ribosomal protein (S6) and eukaryotic
initiation factor 4E binding protein 1 (4E-BP1). The autophagy-inhibiting activity of mTOR
was therefore decreased, as noted by dephosphorylation of ULK1 Ser’®’, an mTORC1
substrate (Kim et al., 2011). These findings were partially reversed by NMN
supplementation, indicating autophagy initiation was an on-target effect of NAMPT
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inhibition. Together, these data implicate AMPK activation as an important metabolic state
sensor driving the induction of autophagy upon NAD+ depletion.

NAD+ Depletion Inhibits IDH1 Mutant Tumor Growth in vivo

To assess the in vivo effect of NAD+ depletion in endogenous IDH1 mutant xenografts, we
implanted HT1080 cells into the flank of SCID mice and treated with either FK866 or
vehicle intraperitoneally when xenograft tumor diameters reached 5 mm. After 17 days of
treatment, xenograft growth of FK866-treated animals remained near-completely inhibited
while xenografts of vehicle-treated animals grew significantly (median tumor volume
increase 3.2% * 36.0% vs 415.6% + 101.9% p=.003) (Figure 7A). There were significantly
less Ki-67 positive cells in FK866-treated versus control tumors (Figure 7B).

We further tested the effect of NAMPT inhibitors on mice harboring intracerebral MGG152
glioma xenografts. One week after intracerebral implantation, animals began weekly oral
dosing of either GMX1778 or vehicle. GMX1778 treatment resulted in a marked extension
of survival among MGG152-bearing animals (p=.0005, log rank test) (Figure 7C). We also
quantified NAD+ levels in MGG152 orthotopic gliomas 24 hours after a single dose of
GMX1778, and observed near-complete elimination of intratumoral NAD+ (Figure 7D). All
mice maintained good general health status and stable body weight during treatment
(Figures S4A, S4B).

DISCUSSION

Genetic evidence indicates that mutant IDH1 is a driver of tumorigenesis and a rational
therapeutic target. Targeted inhibitors of mutant IDH have shown promise in IDH-mutant
acute leukemia patients (Cancer Discovery, 2015). However, we found that 2-HG depletion
using a direct mutant IDH1 inhibitor was not sufficient to inhibit the growth of several IDH1
mutant solid cancer types. Other genetic and/or epigenetic factors may modulate the effect
of direct mutant IDH1 inhibition, and activity may be observed in only a subset of IDH1-
mutant patients. We therefore used the direct mutant IDH1 inhibitor in an unbiased screen to
identify other metabolic vulnerabilities and discovered an unanticipated and marked
susceptibility of IDH1 mutant cancers to depletion of the coenzyme NAD+, which is a
critical component of intracellular signaling pathways implicated in cancer cell growth
(Chiarugi et al., 2012). Depletion of NAD+ through the use of small molecule inhibitors
targeting the salvage NAD+ synthesis enzyme NAMPT resulted in strikingly selective
cytotoxicity in IDH mutant cancer cells.

Our findings indicate that mutant IDH1 promotes this selective vulnerability by altering
NAD-+ supply. Introduction of mutant IDH1 reduces expression of Naprtl, a rate-limiting
enzyme within the NAD+ salvage system, and results in lower basal NAD+ levels. Exposure
to NAMPT inhibitors thus effectively inhibits both NAD+ salvage pathways (NAMPT and
Naprtl) in IDH1 mutant cells, resulting in a metabolic crisis that activates the energy sensor
AMPK and initiation of autophagy. In contrast, IDH wild-type cells have either increased
expression of Naprtl to maintain an essential supply of NAD+, or access to alternative
metabolic pathways during metabolic stress (Wise et al., 2011; Mullen et al., 2012; Le et al.,
2012), neither of which appear functionally-available in IDH mutant cancers (Leonardi et
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al., 2012; Grassian et al., 2014). It is also possible that upregulated NAD+-utilizing/
consuming pathways partially account for the vulnerability of IDH1 mutant cells to NAD+
depletion. Indeed, others have demonstrated that IDH1 mutant cells have a greater
dependence on the NAD+-requiring TCA cycle (Grassian et al., 2014; Cuyas et al., 2015).
Although the effects of mutant IDH1 on NAD+-consuming pathways warrants further
investigation, we find that reduced NAD+ salvage plays a major role in the mechanism of
NAMPT inhibitor hypersensitivity.

The marked accumulation of 2-HG by mutant IDH induces global epigenetic changes
(CIMP) and blocks differentiation, mediating a tumorigenic effect (Saha et al., 2014; Wang
et al., 2013b). However, we did not detect epigenetic state changes nor growth inhibition of
IDH1 mutant glioma TICs with pharmacologic reduction of 2-HG. In several other model
systems, only minimal alterations in CIMP and moderate inhibition of IDH1 mutant tumor
growth have been reported despite near complete abrogation of 2-HG production
(Borodovsky et al., 2013; Grassian et al., 2014; Popovici-Muller et al., 2012; Rohle et al.,
2013; Turcan et al., 2013). Cellular, genetic, and organ-level context likely impacts 2-HG
effect and may explain the contrasting results between our models and in AML, where direct
inhibition of mutant IDH2 induces differentiation of leukemia blast cells (Wang et al.,
2013b). These differences suggest that IDH1/2 mutation may have additional contributions
to tumorigenesis.

Based on the available evidence, we hypothesize that IDH mutations induce a fertile
metabolic environment upon which subsequent oncogenic alterations arise, analogous to the
selection of oncogenic KRASand BRAF mutations in hypoglycemic conditions (Yun et al.,
2009). In gliomas, IDH1 mutation occurs at the earliest stages of tumorigenesis, yet
expression of IDH1 R132H is stable in TICs after multiple passages in vitro and in vivo
(Borodovsky et al., 2013; Wakimoto et al., 2014) and clinically-manifest IDH1 mutant
gliomas invariably maintain the mutant IDH1 allele despite acquiring additional malignant
driver mutations (Johnson et al., 2014; Wakimoto et al., 2014). Progressive IDH1 mutant
gliomas may therefore develop and maintain vulnerability to metabolic perturbations
through this context-specific development of later mutations. Exploiting such vulnerabilities
could theoretically be effective against all similarly-early mutant variants of IDH1 or IDH2,
and may potentially be further enhanced by combination with the cellular stress induced by
traditional chemotherapeutics or targeted radiation (Cairncross et al., 2014).

In conclusion, we have discovered that IDH1 mutation can render cancer cells “addicted” to
a specific metabolite, NAD+. Importantly, our findings may have rapid translational impact
as NAMPT inhibitors have entered clinical development. Our study demonstrates that the
paradigm of metabolic targeting can be a highly selective and potentially effective strategy
for IDH1 mutant cancers.

EXPERIMENTAL PROCEDURES

Cell culture, creation of cell lines, genotyping and cell line fingerprinting

Glioblastoma TICs and xenografts were generated from patient tumors as previously
described (Wakimoto et al., 2009; Wakimoto et al., 2014). IDH1R132H gyerexpressing GBM
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TIC (MGG18-IDH1-R132H) was generated using pLenti3.3/TR or pLenti6.3/TO/V5
containing IDH1R132H hCMV-dr8.2-dvpr and pCMV-VSVG (ViraPower HiPerform T-Rex
Gateway Expression System, Invitrogen). The Naprtl overexpressing IDH1 mutant GBM
TIC (MGG152-Naprtl) was generated using CCSB-Broad LentiORF-NAPRT Clone (GE
Dharmacon), pPCMV-dr8.2-dvpr and pCMV-VSVG. Cell lines were obtained from ATCC
(BT142, HT1080, U87, SW1353), Sigma-Aldrich (A431), Horizon Discovery (HCT116,
MCF10A) and ScienCell (NHA). 30T and UACC257 were provided by Y.S. Chemicals
were purchased from Sigma-Aldrich (FK866, GMX1778, NMN, NAD+, NA, decitabine,
azacytidine, and 3-MA), or Cayman (GMX1778). For long-term IDH1i exposure, IDH1i (5
uM) or DMSO (0.1%) was added to the media 2—-3 times per week.

Western Blot analyses and Immunohistochemistry

Primary antibodies for blotting: IDH1R132H (Dianova), H3K9me2, H3K9me3 (Abcam),
H3K4me3, H3K27me3, p-AMPK, p-Raptor, p-mTOR, p-S6, p-4E-BP1, p-ULK1 (Ser®>®),
p-ULK1 (Ser’®7), LC3B, GAPDH and Actin (Cell Signaling); NAMPT (Bethyl Labs),
Naprtl (Sigma-Aldrich), p-Atg13 (Rockland) and Vinculin (Thermo Scientific). Primary
antibodies for IHC: anti-Ki-67 (1:125, Wako), Nestin (1:400, Santa Cruz), GFAP (1:400,
Sigma-Aldrich), IDH1R132H (1:200), H3K9me3 (1:400) and H3K9me2 (1:200).

Measurement of cell viability, cytotoxicity, autophagy and apoptosis

Cell viability was measured using CellTiter-Glo (Promega) and cytotoxicity was determined
by trypan blue exclusion assay. Apoptosis was measured by staining with propidium iodide
(PI) and APC-conjugated Annexin V (eBioscience) and analysis by flow cytometry (Accuri)
and BD CSampler software (BD Biosciences) and by Caspase-Glo 3/7 Assay (Promega).

Animal Efficacy Studies

2x106 HT1080 cells were subcutaneously implanted into the right flank of 7-10-week
female SCID mice. Mice were randomized to daily intraperitoneal injections of FK866 (30
mg/kg, n=6) or normal saline (n=6) for 17 days. 1-2x10° MGG152 cells were implanted
into the right striatum of SCID mice. Animals were randomly assigned for oral gavage
treatment with IDH1i (400 mg/kg, 2x/day), GMX1778 (250 mg/kg, 1x/week) or vehicle
(20% captisol (CyDex) and 5% dextrose in distilled water). For measurements of IDH1i in
tumor tissues, animals were treated for 5 days and then sacrificed. To evaluate
tumorigenicity, MGG152 was cultured in DMSO or IDH1i (5 pM) for the indicated passage
number then 1x10° cells were implanted intracerebrally. All mouse experiments were
approved by the Institutional Animal Care and Use Committee of Massachusetts General
Hospital and were performed in accordance with institutional and national guidelines and
regulations.

Liquid Chromatography-Mass Spectroscopy Data, Measurement of NAD+/NADH, NADP+/
NADPH and DNA Methylation Analyses

For detailed methods of metabolite quantification, metabolite profiling, 2-HG measurement
and IDHi measurement see Supp. Exp. Procedures. Genome-wide methylation analysis was
performed using the Illumina Infinium HumanMethylation450 BeadChip array. Methylation
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values for each site are expressed as a 3 value, representing a continuous measurement from
0 (completely unmethylated) to 1 (completely methylated). Methylation-specific PCR was
performed in a standard two-step approach.

Statistical analyses

Statistical analysis was performed with JIMP10 software. For parametric analyses, 2-tailed t
tests were used, and for analysis of frequencies of nominal data, 2-tailed Fisher exact test
was used. Correlation was assessed using the Pearson’s correlation coefficient. Data were
expressed as mean * SE. Survival analysis was performed using the Kaplan-Meier method
and the log-rank test was used to compare survival differences between treatment arms.
p<0.05 was considered statistically significant.

For complete details of all experimental procedures, see Supp. Exp. Procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance

Recently-discovered tumorigenic mutations in canonical metabolic enzymes highlight the
importance of altered metabolism in cancer pathogenesis. IDH mutant cancers are
hallmarked by aberrant accumulation of the metabolite 2-HG, which has been found to
mediate many of the pathogenic phenotypes observed in these cancers. However, we
found that proliferation of IDH1 mutant solid cancers can be decoupled from 2-HG levels
in some contexts. Furthermore, by systematically investigating for other metabolic
vulnerabilities, we discovered that mutant IDH1 cancers are exquisitely susceptible to
depletion of the canonical coenzyme NAD+. Thus, we identify a potential therapeutic
metabolic target specifically for IDH1 mutant cancers.
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Figure 1. Effects of mutant-specific IDH1 inhibitor in endogenous | DH1 mutant cancer cells
(A) R-2-HG levels in IDH1 mutant lines (MGG119 and MGG152 have IDH1R132H 'HT1080

harbors IDH1R132C) measured by liquid chromatography-mass spectrometry (LC-MS) +/-
mutant-specific IDH1 inhibitor (IDH1i 5 uM, 48 hr) in vitro. (B) Cell viability assay of cell
lines after incubation with IDH1i (CellTiter-Glo, normalized to DMSO control). MGG lines
were analyzed at day 9, HT1080 and 30T were analyzed at day 3. (C) Concentrations of
mouse MGG152 orthotopic xenograft tissue IDH1i (upper panel) and R-2-HG (lower panel)
measured by LC-MS. Data were acquired after 5-day oral gavage, 2x/day, of IDH1i (400
mg/kg, n=5) or vehicle (n=5). (D) Kaplan-Meier estimates of survival by treatment. SCID
mice bearing MGG152 orthotopic xenografts were randomly assigned to oral gavage of
IDHZ1i (red, 400 mg/kg 2x/day, n=6) or vehicle (black, 2x/day, n=6). Median survival with
IDHL1i, 46 days (95% CI; 42-50) and with vehicle, 46 days (95% ClI; 45-48, p=0.79). (E)
Western blot analysis of histone methylation marks in MGG152 (IDH1R132H) cells +/-
IDH1i for 2 days or 10 months. MGG8, IDH1/2 wild-type. Actin, loading control. (F)
Methylation-specific PCR (MSP) showing MGMT gene promoter methylation in MGG152
+/—- IDH1i. P, passage number; U, unmethylated; M, methylated. (G) Genome-wide
distribution of DNA methylation in MGG152 cells treated with DMSO or IDH1i (5 uM) for
2 days (R=0.996, p<0.001, left) and 10 months (R=0.989, p<0.001, right). (H) Cell viability
assay (CellTiter-Glo) of MGG152 treated with DMSO or IDHL1i (5 uM) for 12 months in
vitro. Data were obtained at day 3 and normalized to DMSO control at day 0. (1) Kaplan-
Meier estimates of survival after intracerebral implantation of pre-treated MGG152. Cells
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were incubated +/— IDH1i in vitro for the indicated cell passage number and then 1x10°
cells were implanted into SCID mouse brains. Animals were then monitored for survival. In
all panels: bars, +/— SEM; *, p<0.05. See also Figure S1.
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Figure 2. Metabolic profiling after IDH1 inhibition reveals NAD+ level alterations in IDH1
mutant cancers

(A) Heat map representation of metabolites in MGG152 cells quantified by LC-MS.
Analytes are represented as relative change with IDH1i for 2 days (upper row) or 6 months
(lower row) compared to DMSO control, with increases in red and decreases in green. (B)
NADH levels in MGG152 cells treated with DMSO or IDH1i for 6 months. (C) NAD+
levels in endogenous IDH1 mutant cancer cells +/— IDH1i exposure for the indicated times.
(D) NADP+ and NADPH levels in MGG152 +/- IDH1i for 6 months. Bars, +/- SEM, *
p<0.05. See also Table S1
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Figure 3. NAMPT inhibitors selectively inhibit IDH1 mutant cancers in vitro by depleting NAD+
(A) Cell viability assay (CellTiter-Glo) after 72 hr treatment with FK866 (left panel) and

GMX1778 (right panel). IDH status: IDH1R32H: MGG119, MGG152, BT142 (gliomas);
IDH1R132C: HT1080 (fibrosarcoma), 30T (melanoma); IDH2R172S SW1353
(chondrosarcoma); IDH1/2 wild-type: MGG18, MGG23, MGG85, MGG91, MGG102,
MGG171, (gliomas), U87 (glioblastoma), UACC257 (melanoma) and NHA (normal human
astrocytes). (B) NAMPT inhibitor effect on NAD+ and NADH levels in IDH1 mutant
cancer cells. Cells were treated with FK866 (12.5 nM, gray) or GMX1778 (12.5 nM, black)
for 24 hr prior to measurement. Data are represented as %DMSO control. (C) R-2-HG levels
measured by LC-MS in IDH1 mutant cells +/- incubation with FK866 (12.5 nM, 48 hr,
gray) or GMX1778 (12.5nM, 48 hr, black). (D) and (E) Cell viability assay of IDH1 mutant

Cancer Cell. Author manuscript; available in PMC 2016 December 14.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Tateishi et al.

Page 21

lines incubated with FK866 (12.5nM, 72 hr) or GMX1778 (12.5nM, 72 hr) and increasing
concentrations of exogenous NAD+ (72 hr, D) or nicotinamide mononucleotide (NMN, 72
hr, E). *, p<0.05 for difference between addition of NAD+ or NMN vs. FK866 alone; **,
p<0.05 for difference between addition of NAD+ or NMN vs. GMX1778 alone. (F) Relative
NAD+ levels in IDH1 mutant cancer cells 24 hours after treatment with FK866 (12.5 nM),
NMN (1 mM), or the combination of FK866 (12.5 nM) and NMN (1 mM) vs. DMSO (24
hr) control. (G) Cell viability assay of IDH1 mutant cancer cells incubated with FK866 (12.5
nM, 72 hr) or GMX1778 (12.5 nM, 72 hr) and increasing concentrations of exogenous
nicotinic acid (NA, 72 hr). Bars, +/- SEM, * p<0.05.
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Figure 4. IDH1 mutation reprograms NAD+ metabolism
(A) Scatter plots of absolute NAD+ (left panel) and NADH (right panel) levels in a panel of

glioma tumorsphere lines. (B) Relative NAD+ and NADH decrease after FK866 (12.5 nM,
24 hr) treatment of the lines in panel A compared to DMSO control (24 hr). (C) Western
blot analysis of IDH1R132H NAMPT and Naprtl. Actin, loading control. (D) and (E)
Western blot analysis of MGG18 (IDH1/2 wild-type) engineered with a tetracycline (tet)-
inducible IDH1R132H gene (MGG18-1DH1-R132H). MGG18-IDH1-R132H was incubated
+/- tet for 2 months in vitro, then harvested for analysis. Actin, Vinculin, loading controls.
(F) NAD+ levels of MGG18-IDH1-R132H cells +/- tet induction for 2 months. (G) Cell
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viability assay of MGG18-IDH1-R132H cells +/- tet induction for 2 months followed by +/
- FK866 (12.5nM, 5 days). (H) Western blot analysis of MGG152 infected with lentivirus
carrying no (MGG152-control) or Naprtl cDNA (MGG152-Naprtl). Vinculin, loading
control. (1) Relative NAD+ change after FK866 treatment (12.5 nM, 24 hr) in MGG152-
control and MGG152-Naprtl compared to DMSO control (24 hr). (J) Cell viability assay of
MGG152-control and MGG152-Naprtl after 48 hr incubation with FK866 or GMX1778.
(K) Heatmap of NAPRT1 promoter DNA methylation status in IDH1 mutant (MGG119,
MGG152 and HT1080) and IDH1/2 wild-type (MGG18, MGG23, MGG85 and MGG91)
lines measured by Infinium arrays. p values represent the fraction of methylated CpG site.
Data were acquired by Infinium HumanMethylation 450 BeadChip array. Bars, +/- SEM, *
p<0.05. See also Figure S2.
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Figure 5. NAMPT inhibitor effect on NAD+-utilizing pathways in IDH mutant cancers
Metabolites of the tricarboxylic acid (TCA) cycle in MGG152 cells were quantified by LC-

MS after treatment with DMSO (36 hr, white bars) or FK866 (12.5 nM, 36 hr, black bars).
Bar graphs represent the changes in FK866-treated cells relative to DMSO control.
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Figure 6. NAD+ depletion triggers AMPK-initiated autophagy and cell death in IDH1 mutant
cancer cells

(A) Relative cell viability of cells treated with FK866 (upper row) and GMX1778 (lower
row) measured by CellTiter-Glo (white bars) and viable cell count (Trypan blue exclusion
assay, black bars) compared to DMSO controls. (B) Western blot analysis of LC3-1 and
LC3-11 expression in MGG152 cells after treatment with FK866 (12.5 nM) and GMX1778
(12.5 nM) compared to DMSO control (72 hr). Vinculin, loading control. (C) Cell viability
assay (CellTiter-Glo) of MGG152 cells treated for 72 hr with FK866 (12.5 nM, left),
GMX1778 (12.5 nM, right), or DMSO +/- autophagy inhibitor 3-methyladenine (3-MA).
Bars, +/— SEM, * p<0.05. (D) Western blot analysis of MGG152 cells treated with DMSO
(48 hr), FK866 (12.5 nM, 48 hr), GMX1778 (12.5 nM, 48 hr) and NMN (100 pM, 48 hr)
alone and in combinations as indicated. Actin, loading control. See also Figure S3.
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Figure 7. NAMPT inhibitors inhibit growth of IDH1 mutant xenograft tumors
(A) SCID mice implanted with HT1080 (IDH1R132C) cells in the flank were randomly

assigned to intraperitoneal injections (4 days/week) of FK866 (30 mg/kg, n=6) or vehicle
(n=6). Day 0 (treatment initiation) was the baseline. (B) Hematoxylin and eosin (H&E) and
Ki-67 staining of HT1080 xenograft tissues. Ki-67 staining index: 63.5 + 10.3 % (vehicle,
left) vs 7.7 + 4.8% (FK866, right) p=.001. Scale bars, 100um. (C) Kaplan-Meier estimates
of survival by treatment. SCID mice intracerebrally implanted with 2x10° MGG152 cells
were randomly assigned to oral gavage (1/week) of either GMX1778 (250 mg/kg, n=6) or
vehicle (n=6). (D) NAD+ levels in MGG152 orthotopic xenografts measured 24 hr after one
dose of GMX1778 (250 mg/kg, black bar) or vehicle (white bar). Bars, +/- SEM, * p<0.05.

See also Figure S4.
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