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ABSTRACT OF THE DISSERTATION

Tracing Compartmentalized Metabolism in Mutant IDH Cancer Cells

by

Seth Jameson Parker
Doctor of Philosophy in Bioengineering with a Specialization in Multi-Scale Biology
University of California, San Diego, 2016

Professor Christian M. Metallo, Chair

Cellular metabolism comprises of a network of reactions responsible for converting nu-
trients into energy and building blocks necessary for cells to carry out specific functions and to
proliferate. In many diseases, including cancer, metabolism is dysfunctional and distinct from
normal, non-diseased cells largely due to the presence of mutations impacting the regulation of
cellular signaling and metabolic pathways. The chapters of this dissertation are independent
bodies of work that explore how specific mutations and environmental stresses can influence the
flow of nutrients through the metabolic network. Chapter 1, titled "Metabolic Consequences of
Oncogenic IDH Mutations”, is a review on a set of mutations in a specific metabolic enzyme
observed in several different types of human cancers and how these mutations affect the flow

of major nutrients through the metabolic network. The chapter also discusses possible ther-
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apeutic targets present in metabolism and current efforts to treat cancers that harbor these
mutations. Chapter 2, titled "IDH1 Mutations Alter Citric Acid Cycle Metabolism and Increase
Dependence on Oxidative Mitochondrial Metabolism”, explores how mutations in the cytosolic
enzyme isocitrate dehydrogenase 1 (IDH1) affects central carbon metabolism in response to the
low oxygen tensions commonly experienced in tumors. Cancer cells harboring mutations in IDH1
exhibited a greater reliance on oxidative mitochondrial metabolism under low oxygen tensions
and were significantly more sensitive to mitochondrial inhibitors, such as the biguanide phen-
formin. Chapter 3, titled "Tracing Compartmentalized NADPH Metabolism in the Cysotol and
Mitochondria of Mammalian Cells”, describes the development of a tracing technique utilizing
deuterium-labeled substrates and mass spectrometry to understand how NADPH and NADH,
two cofactors critical for a variety of cellular processes, are metabolized in intact cells. In addi-
tion, Chapter 3 discusses the development of a reporter system to detect metabolism of NADPH
in distinct organelles, such as the cytosol and mitochondria, in order to elucidate the activity
of NADPH-dependent isozymes that exist in both compartments. Lastly, Chapter 3 explores
the directionality of folate-mediated one carbon metabolism, a pathway critical for synthesizing
nucleotides and supplying NAD(P)H, utilizing the reporter system. Chapter 4, titled "Hypoxic
Reprogramming of Redox Metabolism in Mutant IDH2 Cells”, applies the deuterium tracing
technique discussed in Chapter 3 to understand how redox metabolism, specifically NADH and
NADPH metabolism, is reprogrammed in response to low-oxygen tensions. Furthermore, the
reporter system is applied to understand how mitochondrial NADPH pools are affected by mu-
tations in the mitochondrial enzyme IDH2 in cancer. Chapter 4 highlights an interesting, often

overlooked, aspect of metabolism: the compartmentalization of metabolic pathways.
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Chapter 1

Metabolic Consequences of
Oncogenic IDH Mutations

Abstract

Specific point mutations in isocitrate dehydrogenase 1 and 2 (/DHI1 and IDH2) oc-
cur in a variety of cancers, including acute myeloid leukemia (AML), low-grade gliomas, and
chondrosarcomas. These mutations inactivate wild-type enzymatic activity and convey neomor-
phic function to produce D-2-hydroxyglutarate (D-2HG), which accumulates at millimolar levels
within tumors. D-2HG can impact o-ketoglutarate-dependent dioxygenase activity and subse-
quently affect various cellular functions in these cancers. Inhibitors of the neomorphic activity of
mutant IDH1 and IDH2 are currently in Phase I/11 clinical trials for both solid and blood tumors.
As IDH1 and IDH2 represent key enzymes within the tricarboxylic acid (TCA) cycle, mutations
have significant impact on intermediary metabolism. The loss of some wild-type metabolic
activity is an important, potentially deleterious and therapeutically exploitable consequence of
oncogenic IDH mutations and requires continued investigation in the future. Here we review
how IDH1 and IDH2 mutations influence cellular metabolism, epigenetics, and other biochemical
functions, discussing these changes in the context of current efforts to therapeutically target

cancers bearing these mutations.



Introduction

Mutations in oncogenes and tumor suppressors facilitate the rapid growth of cancer cells
and their survival in response to environmental stress. To maintain this phenotype tumor cells
initiate a metabolic program that supplies the energy, reducing equivalents, and biosynthetic
precursors necessary to divide (Tennant et al., 2010). In the early 20th century Otto War-
burg observed that cancer cells (and normal proliferating cells) selectively metabolized glucose
to lactate even under aerobic conditions (Warburg, 1956). This phenomenon, also known as
the "Warburg Effect” is common to many (but not all) tumors. Since Warburg's discovery,
biochemists have painstakingly annotated the network of biochemical reactions comprising cel-
lular metabolism. Though not yet complete, this information provides a biochemical roadmap
to study metabolic dysfunction in the context of diseases using a range of datasets (Bordbar
et al., 2014; Yizhak et al., 2010). Most oncogenes and tumor suppressors directly impact cellular
metabolism, and several hallmark cancer mutations have been observed to occur in metabolic
enzymes. Homozygous loss-of-function mutations in fumarate hydratase (FH) or one of the five
subunits comprising the succinate dehydrogenase (SDH) complex can lead to the development
of specific cancers, representing the first time that metabolic enzymes were classified as bonafide
tumor suppressors (King et al., 2006). More recently, mutations in isocitrate dehydrogenase 1
and 2 (IDH1, IDH2) have been discovered in various cancers. These exclusively heterozygous
mutations do not follow a traditional loss-of-function mechanism, and the downstream effects of
these mutations on tumor initiation, metabolism, and growth are currently being investigated.
Here we review how mutations in IDH1 and IDH2 impact intermediary metabolism and other
cell functions. Finally, the metabolic and epigenetic consequences of mutant IDH1 and IDH2
are discussed in the context of current efforts to therapeutically target cancers harboring these

mutations.



Mutation of Isocitrate Dehydrogenase 1 and 2

Mutation of IDHI and IDH2 were initially identified through exome sequencing of colon
tumor and glioblastoma multiforme (GBM) (Parsons et al., 2008; Sjoblom et al., 2006). Since
these discoveries, IDH mutations have been observed in several other tumor types, including
acute myeloid leukemia (AML), chondrosarcoma, and intrahepatic cholangiocarcinoma (Amary
et al., 2011; Borger et al., 2012; Mardis et al., 2009; Parsons et al., 2008; Yan et al., 2009).
These mutations are somatically acquired and occur on distinct arginine residues of IDH1 (R132)
and IDH2 (R172 or R140). Interestingly, IDHI mutations occur at much higher incidences than
IDH2 mutations in low grade gliomas, cholangiocarcinoma, and chondrosarcoma; however, IDH1
and IDH2 mutations occur at similar rates in AML (Molenaar et al., 2014; Ward et al., 2010).
Due to the frequency of observation in low grade gliomas, IDH mutations are thought to play
a significant role in early tumorigenesis and precede other oncogenic mutations (Balss et al.,
2008; Juratli et al., 2013; Watanabe et al., 2009).

In contrast to SDH and FH mutants, which exhibit traditional homozygous loss-of-
function mutations, IDH mutants retain one wild-type allele and rarely exhibit loss of heterozy-
gosity (Jin et al., 2013; Mullen and DeBerardinis, 2012). Furthermore, the occurrence of
mutations on distinct IDH1 and IDH2 residues within the active site provided evidence that
these changes elicit a gain-of-function phenotype in each enzyme. Subsequently, an analysis of
the x-ray structure of mutant IDH1 in conjunction with metabolomics profiling demonstrated
that (D)-2-hydroxyglutarate (D- or R-2HG) was produced by mutant IDH1 and accumulated at
high levels in mutant tumors, confirming a gain-of-function mechanism (Dang et al., 2009).
Similar production of D-2HG was demonstrated in cells and tumors harboring IDH2 mutations
(Ward et al., 2010).

Wild-type IDH1 and IDH2 normally catalyze the reversible, NADP-+-dependent oxidative
decarboxylation of isocitrate to alpha-ketoglutarate in either the cytosol (IDH1) or mitochon-
dria (IDH2). However, the mutant IDH enzyme loses oxidative activity and instead reduces
alpha-ketoglutarate (aKG, also known as 2-oxoglutarate) to D-2HG, consuming one molecule

of NADPH in the process (Figure 1.1). Under normal conditions human cells produce low



levels of both D-2HG and L-2HG (or S-2HG) due to enzyme promiscuity, but 2HG (referring
to both D-2HG and L-2HG) fails to accumulate due to the activity enantiomer-specific FAD-
dependent 2-hydroxyglutarate dehydrogenases (L2HGDH and D2HGDH) that convert 2HG to
aKG (Van Schaftingen et al., 2013). Deficiency in L2HGDH or D2HGDH due to homozygous
loss-of-function mutation causes patients to develop 2HG aciduria characterized by an accu-
mulation of either enantiomer in body fluids (Rzem et al., 2007; Struys, 2006). About 50%
of patients with D-2HG aciduria have autosomal recessive mutations in D2HGDH; however,
the majority of patients with normal D-2HGDH enzyme but high D-2HG harbored mutations
in IDH2 (either R140Q or R140G) (Kranendijk et al., 2010). Patients with D-2HG aciduria
either show no symptoms or exhibit developmental delay, epilepsy, cardiomyopathy, and other
clinical symptoms (Kranendijk et al., 2010). In contrast, patients with L-2HG aciduria have an
increased risk of developing certain brain cancers, suggesting that 2HG may act as a driver of
tumorigenesis (DeBerardinis and Thompson, 2012; Moroni et al., 2004). Most patients who
developed metastatic brain tumors exhibited high levels of L-2HG, not D-2HG, and tumors that
develop are of a different type than those commonly associated with IDH mutation (Cairns
and Mak, 2013). Thus, D-2HG accumulation from mutant IDH may not be sufficient to drive
malignancy and may require additional oncogenic mutations. Indeed, IDH mutations observed in
low-grade gliomas frequently precede 1p/19q co-deletion and/or TP53 mutation which give rise
to either oligoastrocytomas/oligodendrogliomas or low grade astrocytomas, respectively (Cairns
and Mak, 2013; Labussiere et al., 2010; Lai et al., 2011). These tumors follow distinct trans-
formation programs with 1p/19q co-deleted tumors commonly activating PI3K/Akt or Ras and
p53 mutant tumors amplifying receptor tyrosine kinases (i.e., MET and PDGFR) (Wakimoto
et al., 2014). Further transformation of IDH mutant low-grade gliomas into secondary glioblas-
tomas requires EGFR amplification, PTEN loss, and/or additional genetic alterations (Lai et al.,
2011).

Sequencing of IDH1 and IDH2 in AML patients indicated that these mutations occurred
in a subset of tumors that were distinct from those harboring loss-of-function TET2 mutations,
suggesting that D-2HG accumulation disrupts the function of TET2 or another aaKG-dependent

dioxygenase (Figueroa et al., 2010). Several studies have subsequently indicated that both



L-2HG and D-2HG can act as competitive inhibitors of « KG-dependent dioxygenases, including
the EgIN family of prolyl hydroxylases (PHDs), the TET family of DNA demethylases, and the
JmjC family of histone demethylases (Chowdhury et al., 2011; Koivunen et al., 2012; Lu et al.,
2012; Xu et al., 2011). As such, D-2HG acts in a manner similar to the succinate and fumarate
that accumulate in the context of SDH and FH mutant tumors, respectively (Selak et al., 2005;
Xiao et al., 2012). Indeed, D-2HG accumulation resulting from mutant IDH expression has
been observed to promote DNA and/or histone hypermethylation phenotypes (Figueroa et al.,
2010; Lu et al., 2013; Turcan et al., 2012). At least in the context of SDH mutant cells, this
inhibitory effect on dioxygenase activity can be ameliorated by addition of cell-permeable aKG
analogs (MacKenzie et al., 2007). In addition, histone hypermethylation associated with IDH1
mutant expression in U87 glioma cells was reversed by octyl-aKG addition (Xu et al., 2011). In
contrast to the inhibitory mechanisms noted above, D-2HG has been observed to activate EgIN
in many cell and in vivo models, leading to hypoxia inducible factor-lae (HIF1a) degradation
and the promotion of tumor development (Koivunen et al., 2012; Losman et al., 2013). On
the other hand, other studies have observed increases in HIF1a levels in IDH1 mutant U87 cells
(Xu et al., 2011; Zhao et al., 2009) or in brain-specific Nestin-IDH1R132H/wt transgenic mouse
embryos (Sasaki et al., 2012a). In contrast, an analysis of IDH1-R132H and HIF1a expression in
serial sections of IDH1-R132H positive gliomas suggested that IDH1-R132H expression was not
sufficient for HIF1a stabilization (Williams et al., 2011). Overall, the role of IDH mutants and
2HG on HIF1a stabilization is complex and can be influenced by cell type, tissue, and the local
microenvironment. The epigenetic dysregulation caused by aKG antagonism has been proposed
to be one mechanism through which D-2HG contributes to tumorigenesis in mutant IDH tumors
(Figure 1.1). However, the specific «KG-dependent dioxygenases that contribute to tumor
development are likely to be context-dependent (e.g. tissue specific). As this family of enzymes
catalyzes a wide variety of reactions and includes protein- and DNA-modifying enzymes as well
as metabolic enzymes (reviewed by Losman and Kaelin (2013)), additional insights are needed
to determine the mechanistic drivers of tumorigenesis downstream of mutant IDH (Losman and

Kaelin, 2013).
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Figure 1.1: Multiple Cellular Pathways are Affected by Mutations in IDH1 and IDH2.
Metabolites involved in these reactions are critical for glucose, glutamine, NADPH, amino acid,
and lipid metabolism as well as epigenetic regulation.

IDH Mechanism and Regulation

The crystal structures of human IDH1 and pig IDH2, which shares >97% identity with
human IDH2, have yielded insights into the enzymatic and regulatory mechanisms of these
NADP—+-dependent enzymes (Ceccarelli et al., 2002; Xu et al., 2004). Structural studies of
IDH1 suggest that its IDH1 follows a self-regulation feedback mechanism whereby isocitrate
binds directly to Argl32, inducing a conformational change that allows the Asp279 residue to
interact with Ca?" cofactor and participate in catalysis (Xu et al., 2004). Kinetic studies
suggest that isocitrate, and to a greater extent NADP+, regulate the activity and directionality
of IDH1 (Rendina et al.,, 2013). The point mutations in IDH1 and IDH2 have significant
effects on enzyme catalytic function and mechanism (Dang et al., 2009; Rendina et al., 2013).
Argl32 directly interacts with isocitrate, and amino acid substitutions from any of the mutations
observed in gliomas prevented isocitrate from binding (Dang et al., 2009; Zhao et al., 2009).
Thus, IDH1 mutants become insensitive to physiological isocitrate levels and exhibit a >80%

decreased capacity to carry out the oxidative reaction (Zhao et al., 2009). Consequently, the



NADPH production by oxidative IDH activity is diminished, resulting in a "38% reduction in
the NADPH generation capacity in I[DHI-mutant versus wild-type glioblastoma tumor tissue
(Bleeker et al., 2010).

IDH1 mutants exhibit a sequential kinetic mechanism whereby NADPH first binds, re-
ductively trapping aKG into D-2HG before allowing it to undergo carboxylation to form ICT
(Rendina et al., 2013). IDH1-R132 variants (H, C, G, S, L) exhibit significantly different kinetic
parameters for aKG and, consequently, produce different levels of D-2HG in cells expressing
IDH1-R132 (Pusch et al., 2014). These mechanistic insights offer an explanation as to why
D-2HG is preferentially produced by mutant IDH1 enzymes. In addition to the IDH1-R132
and IDH2-R172 and R140Q mutants, other IDH mutation sites have been predicted and/or
demonstrated to exhibit neomorphic activity, including IDH1-R100, IDH1-Y179, and IDH1-G97
(Rendina et al., 2013; Ward et al., 2012). IDH1-Y179 and IDH1-G97 mutants exhibited lower
Km values for isocitrate (i.e., improved binding); suggesting that neomorphic function is not
reliant on an impaired utilization of isocitrate (Rendina et al., 2013). Ultimately, the changes
in wild-type and neomorphic function of IDH1 and IDH2 described above influence cell signaling,
epigenetics, and enzyme activity to directly and indirectly drive metabolic reprogramming within

tumors (Figure 1.2).

Glucose Metabolism

Glycolytic flux is commonly upregulated in tumors downstream of various signaling path-
ways. For example, phosphoinositide 3-kinase (PI3K) is activated in many tumors and plays a
significant role in maintaining the glycolytic phenotype of cancers through protein kinase B
(PKB/Akt) signaling (Engelman, 2009). This oncogenic signal stimulates glycolysis, in part,
by promoting the expression of glucose and other nutrient transporters and stimulating the
activity of glycolytic enzymes including hexokinase and PFKFB3 (Cairns et al., 2011; DeBer-
ardinis et al., 2008; Elstrom et al., 2004; Vander Heiden et al., 2009). While hyperactivation
of PI3K/Akt signaling contributes to the aggressiveness of gliomas (Bleau et al., 2009; Koul,
2008), U87 glioma cells expressing IDH1-R132H exhibited decreased Akt levels at both the
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mRNA and protein level (Bralten et al., 2011). Furthermore, expression of mutant IDH1 in
LN-319 glioblastoma cells caused a decrease in Akt phosphorylation, suggesting that mutant
tumors may exhibit less of a glycolytic metabolic phenotype compared to IDH1 wild-type tumors
(Birner et al., 2014). Importantly, the majority of tumors harboring both IDH mutations and
1p/19q co-deletion exhibit activation of PI3K/Akt; thus, the role of Akt on glucose metabolism
in mutant IDH tumors may also rely on external factors (i.e. additional oncogenic mutations,
tumor microenvironment).

Lactate dehydrogenase A (LDHA) is commonly upregulated in cancer cells downstream
of HIFla and Myc signaling (Cairns et al., 2011; Dang et al., 2008; Kim et al., 2007); this
enzyme helps maintain glycolysis via NAD+ regeneration (Metallo and Vander Heiden, 2013).
One recent study observed that IDH mutant gliomas and tumor-derived brain tumor stem cells
silence LDHA expression through promoter hypermethylation (Chesnelong et al., 2014). In addi-
tion, one study identified that AML patients with IDHI or IDH2 mutant tumors exhibited lower
LDH activity compared to wild-type IDH1 or IDH2 tumors, suggesting a common phenotype
between IDH mutants mediated by aKG/2HG (Chou et al., 2011). An analysis of gene expres-
sion in IDH1 mutant and /IDH1 wild-type glioma samples demonstrated that factor inhibiting
HIF-1 (FIH-1/HIFAN) was upregulated in IDH1 mutant tumors (Mustafa et al., 2014). FIH-1
inhibits the activity of HIF1la by preventing its transactivation in an aKG-dependent manner
(Mahon et al., 2001), and HIFla levels are known to be decreased in IDH1 mutant gliomas,
enhancing tumorigenesis (Koivunen et al., 2012). This phenotype is thought to result from in-
creased EgIN activity fueled by 2HG-otKG isomerization (Tarhonskaya et al., 2014). Putatively
as a consequence of HIFla suppression, IDH1 mutant gliomas expressed high levels of LDHB
relative to LDHA as compared to IDH1 wild-type gliomas or normal brain tissue (Mustafa et al.,
2014). Acting as the final step in converting glucose to lactate, LDHA silencing may act to
mitigate aerobic glycolysis. Although both isoforms of LDH (LDHA and LDHB) can metabolize
the conversion of pyruvate to lactate, the LDHB isoform is more sensitive to substrate inhibition
by pyruvate and is more capable of converting lactate to pyruvate (Dang, 2013).

Pyruvate dehydrogenase (PDH) is a major point of entry for glucose-derived pyruvate

oxidation in the TCA cycle. PDH activity is regulated by its phosphorylation state and HIFla
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stimulates expression of PDK1, leading to inactivating phosphorylation of PDH (Kim et al.,
2006; Papandreou et al., 2006; Rardin et al., 2009; Semenza et al., 1994). Thus, alteration
of HIF1la expression in mutant IDH cells and tumors may influence PDH activity and lead to
changes in flux of glucose-derived pyruvate into the mitochondria. In addition to mitochondrial
acetyl-CoA generated by PDH, cells need oxaloacetate (OAC) to maintain TCA cycle flux.
Cancer cells can obtain OAC through various mechanisms, including glucose anaplerosis via
pyruvate carboxylase or glutaminolysis, and pyruvate carboxylase is required for cells growing
in glutamine-deprived conditions (Cheng et al., 2011). Furthermore, in vivo tracing studies
in an orthotopic model of human glioblastoma using 13C-labeled glucose have indicated that
pyruvate carboxylase and PDH are highly active in GBM (Marin-Valencia et al., 2012). One
recent study demonstrated that IDH mutant overexpression in astrocytes results in an increased
fractional flux through pyruvate carboxylase and an increase in PC expression, suggesting this
pathway is critical for IDH mutant cells to maintain TCA activity (lzquierdo-Garcia et al., 2014).
Consistent with this observation, we observed increased pyruvate cycling through malic enzymes

and PC in HCT116 cells harboring heterozygous IDHI mutations (Grassian et al., 2014).

Glutaminolysis, Reductive Carboxylation, and TCA Metabolism

Glutamine is another major contributor to TCA metabolism in cancer cells and enters this
pathway at aKG. As such, glutamine-glutamate-alKG metabolism represents a critical node in
IDH mutant tumors. Glutamine is converted to glutamate during the biosynthesis of nucleotides,
hexosamines, and asparagine; alternatively this reaction may be catalyzed in mitochondria via
glutaminase (GLS). Transaminases or glutamate dehydrogenase (GLUD) can convert glutamate
to the TCA intermediate and IDH substrate/product aKG. These pathways are highly active
in most cancer cells as a result of oncogenic mutations or limited glucose oxidation (Gaglio
et al., 2011; Son et al., 2013a). Hypoxic microenvironments common to solid tumors promote
glutamine flux into TCA metabolism such that it becomes the predominant carbon source for
the glutaminolysis (Fan et al., 2013; Grassian et al., 2014; Le et al., 2012) and reductive

carboxylation pathways (Metallo et al., 2012; Mullen et al., 2012; Scott et al., 2011; Wise
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et al., 2011).

Not surprisingly, much of the D-2HG produced by mutant IDH1 and IDH2 in cells is
derived from glutamine (Grassian et al., 2014). Due to its clinical prevalence and the availability
of cell models more studies have focused on the impact of mutant IDH1 on TCA metabolism
compared to mutant IDH2. Beyond aKG generation, flux through both glutaminolytic and
reductive carboxylation pathways are significantly impacted by IDH mutations. When oxygen
is replete, evidence suggests that IDH flux predominantly occurs in the oxidative direction,
with minimal (but some) exchange observable. Given the impact of mutant IDH1 on WT
activity it is not surprising that such cells become more reliant on the glutaminolysis pathway.
Recent studies have highlighted differences in this pathway when cells express or harbor IDH1
mutations. For example, a glioblastoma cell line and transformed astrocytes both exhibited
increased sensitivity to pharmacological or siRNA-mediated inhibition of glutaminase (Seltzer
et al., 2010). In addition, Chen et al. recently observed that gliomas harboring IDH1 mutations
overexpressed glutamate dehydrogenase 1 and 2 (GLUD1 and GLUD2), and orthotopic growth
of mutant glioma lines were sensitive to GLUD1 or GLUD2 knockdown (Chen et al., 2014).
We observed a similar increase in the dependence of IDH1 mutant cells on glutaminolysis in our
analysis of a panel of HCT116 cells, providing evidence that these changes arise due to a direct
impact on metabolism rather than indirectly through cell lineage-specific mechanisms (Grassian
et al., 2014). Notably, this dependence on oxidative glutamine metabolism was exacerbated by
culture under hypoxia, such that mutant IDH1 cells exhibited decreased growth and increased
respiration under hypoxia (Grassian et al., 2014).

IDH1 has been implicated in catalyzing the reductive carboxylation of aKG to isocitrate,
a pathway that facilitates conversion of glutamine to biosynthetic intermediates under conditions
of hypoxia or mitochondrial dysfunction (Metallo et al., 2012; Mullen et al., 2012; Scott et al.,
2011). As the IDH reactions in human cells involve the interplay of NADH, NADPH, oKG,
and isocitrate in two important cellular compartments, the localization, interconnectivity (i.e.,
via NAD(P)H shuttling), regulation, and function of the reductive carboxylation pathway is
still actively investigated. In vitro enzyme studies have demonstrated that mutant/wild-type

heterodimers of both IDH1 and IDH2 are unable to catalyze the reductive carboxylation reaction
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(Leonardi et al., 2012). Given the demonstrated role of IDH1 in this reaction, mutant IDH1
cells exhibit a strong defect in the conversion of glutamine to isocitrate, citrate, and acetyl-
CoA under various conditions. Indeed, the extent that heterozygous mutant IDH HCT116
cells and IDH1-R132C HT1080 fibrosarcoma cells activate this pathway under hypoxia was
compromised when compared to cells with IDH2 mutations or wild-type IDH (Grassian et al.,
2014). Changes in glutamine metabolism under hypoxia were also observed in an additional
study that employed HCT116 IDH1-R132H cells (Reitman et al., 2014). Furthermore, IDH1
mutant cells exhibited increased sensitivity to inhibitors of respiration, conditions known to
promote reductive carboxylation (Fendt et al., 2013a; Gameiro et al., 2013; Mullen et al.,
2012). This sensitivity could be due to the cells’ inability to synthesize acetyl-CoA through
reductive carboxylation or alternatively due to their increased dependence on respiration under
hypoxia. TCA metabolism is coupled with cellular respiration. As noted above, we observed
increased sensitivity to ETC/respiration inhibitors and changes in oxygen consumption rates in
IDH1 mutant HCT116 cells under hypoxia (Grassian et al., 2014). More recently, Chan et al.
and other studies have demonstrated that D-2HG produced by mutant IDH inhibits complex IV
(also known as cytochrome c oxidase, COX) of the ETC (Chan et al., 2015; da Silva et al.,
2002; Wajne et al., 2002). This mechanism induced mutant IDH leukemia cell lines (patient-
derived and engineered) to become sensitive to Bcl-2 inhibitors, initially identified as a target in
a shRNA screen (Chan et al., 2015).

In addition to fatty acid and cholesterol synthesis, acetyl-CoA is an important building
block for phospholipids, amino acids, and protein acetylation (Kaelin and McKnight, 2013).
Interestingly, N-acetylated amino acids including N-acetyl-aspartyl-glutamate (NAAG) and N-
acetyl-aspartate (NAA) were significantly decreased in human glioma cells expressing IDH1-
R132H (Reitman et al., 2011). These results suggest that mutant IDH tumors may exhibit
perturbed acetyl-CoA metabolism, potentially due to changes in pathway fluxes fueling acetyl-
CoA pools. In addition to differences in acetyl-CoA metabolism, IDH mutant tumors exhibited a
significantly altered phospholipid profile compared to wild-type IDH tumors. Specifically, pools of
the phospholipid metabolites phosphoethanolamine and glycerophosphocholine were significantly

perturbed in mutant IDH versus wild-type IDH tumors (Esmaeili et al., 2014). Several of the
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oncogenic signaling pathways altered in IDH mutant tumors also impact fatty acid synthesis and
uptake. For example, ATP-citrate lyase (ACL) acts as the major supplier of cytosolic AcCoA for
fatty acid synthesis and is a major Akt substrate, and Akt also induces other fatty acid synthesis
enzymes (i.e. FAS, ACC) via mTORCL activation of SREBP-1 (Berwick et al., 2002; Porstmann
et al., 2008; Ru et al., 2013). In addition to de novo synthesis, fatty acids and cholesterol can
be scavenged from extracellular sources, and PI3K/Akt signaling can upregulate expression of
the LDL receptor—supplying cells with cholesterol—via SREBP-1 (Guo et al., 2011). Of note,
IDH1 is a transcriptional target of SREBP-1a and to a lesser extent SREBP-2, purportedly to
supply NADPH for reductive biosynthesis in the cytosol (Shechter et al., 2003).

In part due to a lack of isogenic or cell-based models, fewer studies have addressed
the impact of heterozygous mutations in IDH2 on intermediary metabolism. Generally, cells
expressing IDH2-R172 accumulate more or similar amounts of D-2HG than those with mutant
IDH1, though IDH2-R140Q mutants produce the least (Ward et al., 2010). In vitro enzyme
studies and ectopic expression of mutants has indicated that differences in gene expression
and compartment localization/conditions may influence the differential D-2HG production by
IDH1-R132 mutants versus IDH2-R172 mutants (Ward et al., 2013). In addition to effects on
D-2HG accumulation, some evidence indicates that the intermediary metabolism of cells with
mutant IDH1 versus IDH2 differs as well. As noted above, detectable and significant effects
on TCA metabolism were observed in an isogenic HCT116 cell panel cultured under normoxia
and hypoxia. In contrast, the profile of glucose and glutamine-driven TCA metabolism in cells
with either IDH2-R172 or IDH2-R140Q mutations was similar to that of parental cells cultured
normally or in the presence of exogenous D-2HG (Grassian et al., 2014). No in vitro growth
defect was observed under hypoxia, and the cells readily used the reductive carboxylation pathway
for de novo lipogenesis. Similar trends were observed when comparing HT1080 (IDH1-R132C)
fibrosacroma and SW1353 (IDH2-R172S) chondrosarcoma cells.

In the context of analyzing flux changes in heterozygous IDH mutant tumors versus those
with WT IDH1 and IDH2 it is important to consider that a heterozygous mixture of homo- and
heterodimers will exist within cells. Notably, the binding affinity of IDH1-R132 and IDH1-WT

monomers was not significantly different, suggesting that a diversity of homo- and hetero- IDH1
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dimers exists in IDHI mutant tumors (Jin et al., 2011). In contrast, IDH2-R172 weakly binds
IDH2-WT, indicating that there is a greater enrichment of WT-WT homodimers in mutant
IDH2 tumors (Jin et al., 2011). Furthermore, differences in substrate availability for the IDH
reaction are likely significant when comparing metabolism in the cytosol /peroxisome (IDH1) and
mitochondrial matrix (IDH2). The ability to resolve such differences remains a challenge, as it
is unclear to what extent reductive carboxylation is catalyzed in the mitochondria versus cytosol
(Metallo and Vander Heiden, 2013). While defects in this pathway arise in mutant IDH1 cells but
not mutant IDH2 cells, the expression of several mitochondrial enzymes (e.g. transhydrogenase,
aKG-dehydrogenase complex) influences reductive carboxylation flux (Gameiro et al., 2013;
Mullen et al., 2012). Despite the observed in vitro differences in metabolism and growth,
HCT116 cells containing either IDH1 or IDH2 mutations panel grew significantly slower as
xenografts when compared to parental cells (Grassian et al., 2014). These findings highlight
the importance of microenvironment on metabolism and the impact of IDH mutations as well

as the need for better cell/tumor models.

Other Metabolic Pathways

Beyond glucose, glutamine, and acetyl-CoA metabolism, aKG and 2HG can influence
a number of other metabolic pathways. As noted above, D-2HG may inhibit (or promote the
activity of ) other members of the aKG-dependent dioxygenase family. These enzymes catalyze
diverse functions that include various metabolic reactions beyond demethylation (Losman and
Kaelin, 2013; Rose et al., 2011). For example, the activity of several proline and lysine hy-
droxylases are perturbed in the context of IDH mutations, leading to compromised collagen
maturation and impacts on extracellular matrix (ECM) processing. Notably, a significant im-
pact on ECM was observed in an IDH mutant knock-in model (Sasaki et al., 2012b). The
dioxygenase family also includes enzymes involved in fatty acid metabolism, RNA modifications,
and carnitine biosynthesis (Losman and Kaelin, 2013; Rose et al., 2011). Furthermore, aKG
is a substrate for a large number of enzymes outside of dioxygenases, including transaminases.

Notably, BCAT1 expression is high in glioblastoma and suppressed by ectopic mutant IDH1 over-
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expression, suggesting that o KG or D-2HG levels influence branched chain amino acid (BCAA)
metabolism (Tonjes et al., 2013). The activities of aspartate aminotransaminase (AST) and
glutamate dehydrogenase (GDH), enzymes that utilize «KG as a substrate, were decreased in
IDH1 mutant U87 cells due to changes in expression (AST) or posttranslational modifications
(GDH) (Chaumeil et al., 2014). More focused, functional characterization of these pathways

may highlight additional metabolic perturbations in IDH mutant tumors.

NADPH Metabolism

In addition to the aforementioned TCA intermediates, the reactions catalyzed by IDH1
and IDH2 require NADPH as a cofactor (Figure 1.2). The pyridine nucleotide cofactor NADP(H)
is critical for important cellular processes supporting redox homeostasis and biosynthesis of lipids
and nucleotides (Pollak et al., 2007a). NADP(H) exists as either the oxidized (NADP+) or
reduced (NADPH) form, and the ratio of this redox couple heavily influences cellular physiology.
The regeneration rate of reduced NADPH is extraordinarily high in proliferating cancer cells such
that the pool turns over in approximately 20 minutes (Fan et al., 2014; Lewis et al., 2014).
Classically, NADPH was thought to be regenerated primarily by the oxidative pentose phosphate
pathway (PPP); however, recent evidence suggests that several other enzymes are also major
contributors (Fan et al., 2014; Lewis et al., 2014; Pollak et al., 2007a). These enzymes include
malic enzymes (ME), isocitrate dehydrogenases (IDH), aldehyde dehydrogenases (ALDH), and
methylene tetrahydrofolate dehydrogenases (MTHFD) (Lunt and Vander Heiden, 2011; Pollak
et al., 2007a; Tibbetts and Appling, 2010). Importantly, many of these enzymes have isoforms
that exist in specific organelles (e.g., ME1 is cytosolic while ME2 and ME3 are mitochondrial),
and since NADP(H) cannot transport directly across subcellular organelle membranes the main-
tenance of redox homeostasis in each organelle is distinctly regulated.

Mutation in either IDH1 or IDH2 deactivates the NADPH-production capacity of these
enzymes; thus, mutant IDH cells may need to reroute flux through compensatory NADP—-
dependent enzymes or suffer a decrease in available NADPH. In order to prevent oxidative

damage from reactive oxygen species (ROS) generated during proliferation cells must maintain
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pools of reduced glutathione (GSH), the most abundant cellular antioxidant (Balendiran et al.,
2004). Reduced glutathione can either be synthesized de novo or regenerated from oxidized
glutathione (GSSG) via NADPH and glutathione reductase. A reduction in NADPH availability
could lead to an increase in oxidative stress by decreasing GSH pools. In fact, one study
of clonally selected cells overexpressing wild-type or IDH1-R132H glioma cells indicated that
NADPH levels were decreased relative to wild-type IDH1 cells (Shi et al., 2014). Consequently,
ROS and GSH levels were increased and decreased, respectively, in cells expressing mutant
IDH1 (Shi et al., 2014). Furthermore, mutant IDH1 cells exhibited increased sensitivity to
temozolomide (TMZ) and cis-diamminedichloroplatinum (CDDP), which can induce oxidative
stress in tumor cells (Shi et al., 2014; SongTao et al., 2012). A similar sensitivity was observed
when cells ectopically expressing mutant IDH1 or IDH2 were exposed to radiation (Li et al.,
2013). These data provide some indication that oncogenic IDH1 perturbs NADPH homeostasis;
however, the extent that these findings correlate with survival and treatment responsiveness
remains unclear (Dubbink et al., 2009; Houillier et al., 2010). Ultimately, additional molecular
studies are required to elucidate whether this increased sensitivity to oxidative stress is due to
an inability to compensate metabolically or because of orthogonal effects of the mutation on
cell physiology/epigenetics.

An in vivo knock-in model of IDH1-R132H exhibited increased NADP+/NADPH ra-
tio, decreased GSH, and decreased ascorbate in whole brains, consistent with a decrease in
NADPH production and redox control capacity (Sasaki et al., 2012a). However, intracellu-
lar ROS levels in total brains of IDH1-R132H knock-in mice were significantly reduced relative
to IDH1-WT knock-in brains (Sasaki et al., 2012a). Inhibition of IDH1-R132H may increase
total ROS levels and, along with reduced NADPH and GSH levels, increase oxidative stress
in these tumors and lead to cell death. High levels of ROS can damage lipids, proteins, and
DNA and can lead to the activation of apoptosis and disruption of the cell cycle (Finkel and
Holbrook, 2000). In addition, high levels of mitochondrial ROS may contribute significantly to
mitochondrial dysfunction, as mtDNA is more readily damaged than nuclear DNA (Kim et al.,
2015). Mutation of mtDNA has been observed to contribute to tumorigenicity in several cancer

types (Sabharwal and Schumacker, 2014); to this end, mutant IDH2 cells in particular may
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exhibit compromised mitochondrial NADPH homeostasis, which may lead to increased mtDNA

mutation and mitochondrial dysfunction.

Allelic Inhibitors of Mutant IDH1 and IDH2

Given the distinct, gain-of-function activity caused by IDH mutations, several efforts
have identified selective pharmacological agents that target mutant IDH1 and IDH2 enzymes.
One of the first compounds (AGI-5198) to be discovered specifically inhibited IDH1-R132H
and IDH1-R132C mutant enzymes, reduced 2HG levels in glioma cells, and impaired growth of
IDH1 mutant but not IDH1 WT glioma xenografts (Rohle et al., 2013). AGI-5198 suppression
of 2HG levels did not completely ameliorate the DNA hypermethylation phenotype in mutant
IDH1 glioma cells, suggesting that mutant IDH1-mediated epigenetic dysregulation is not easily
reversed (Rohle et al., 2013). Since AGI-5198 was discovered, several other inhibitors have
been identified that reduce D-2HG production in both in vitro and in vivo models (Popovici-
Muller et al., 2012; Zheng et al., 2013). Shortly after the discovery of AGI-5198, medicinal
chemistry optimization yielded the first inhibitor of IDH2-R140Q (AGI-6780) that reversed the
hematopoietic differentiation induced by IDH2-R140Q in TF-1 erythroleukemia cells (Wang
et al., 2013). Several additional inhibitors of the IDH2-R172K and IDH2-R140Q), the two highest
frequency IDH2 mutations, have recently been discovered, including IDH2-C100 and AG-221,
a derivative of AGI-6780, which both exhibit efficacy in cell and in vivo models (Patent WO
2013102431) (Yen et al., 2013). In aggressive IDH2 mutant primary AML xenografts models,
AG-221 treatment reduced 2HG levels >90%, reversed histone and DNA hypermethylation, and
conferred significant survival benefits to mice (Yen et al., 2013).

Clinical data from Phase I/Il trials are emerging at a rapid rate, providing encouraging
results for AML. As we continue to gain a better appreciation of the response of solid and
blood tumors to these inhibitors, alternative approaches worth investigating are combinatorial
treatments that target the metabolic deficiencies in IDH mutant tumors. While resistance to
changes the epigenetic state of IDH mutant cells may emerge, these tumors are unlikely to

regain the wild-type IDH1 or IDH2 activity that was originally lost to mutation. Therefore,
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pharmacological inhibition of the specific metabolic pathways on which IDH1 or IDH2 mutant

cells are critically dependent may prove efficacious.

Conclusion

The discovery, functional characterization, and clinical development of therapies sur-
rounding oncogenic IDH mutations highlight the great potential impact of advanced scientific
technologies on medicine. In order to fully exploit the metabolic and physiological defects of IDH
mutant tumors additional studies are required to identify and target such biochemical pathways
in cellular and preclinical models. Improved biological models are still required, since patient-
derived IDH mutant tumor cells grow slowly, ectopic expression of mutant enzymes is unstable
and ineffective at producing high D-2HG levels, and isogenic, engineered cell lines lack appro-
priate biological context. Ultimately, molecular level analyses of how IDH mutations impact the
metabolism, epigenetics, and oncogenic development of tumors will lead to additional insights
into the pathogenesis of other transforming events (e.g. SDH and FH-deficient tumors) and

inborn errors of metabolism (L-2HG and D-2HG aciduria).
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Chapter 2

IDH1 Mutations Alter Citric Acid
Cycle Metabolism and Increase
Dependence on Oxidative
Mitochondrial Metabolism

Abstract

Oncogenic mutations in isocitrate dehydrogenase 1 and 2 (IDH1/2) occur frequently in
several tumor types, but the metabolic consequences of these genetic modifications are not fully
clear. To address this question, we performed 3C metabolic flux analysis (MFA) on an isogenic
cell panel containing heterozygous IDH1/2 mutations. We observe that IDH1, but not IDH2,
mutant cells exhibit increased oxidative tricarboxylic acid (TCA) metabolism and decreased re-
ductive glutamine metabolism in hypoxia. Selective inhibition of mutant IDH1 enzyme function
cannot reverse the defect in reductive carboxylation activity. Furthermore, this metabolic repro-
gramming increases the sensitivity of IDH1 mutant cells to hypoxia or electron transport chain
(ETC) inhibition in vitro. IDH1 mutant cells also grow poorly as subcutaneous xenografts within
hypoxic in vivo microenvironments. These results suggest that exploiting metabolic defects spe-

cific to IDH1 mutant cells could be an interesting avenue to explore therapeutically.
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Significance

This study identifies metabolic alterations induced by heterozygous IDH1 mutations,
specifically increased oxidative mitochondrial metabolism and a decrease in reductive glutamine
metabolism under hypoxia, which is not reversed by a mutant-IDH1 inhibitor. This metabolic
phenotype increases the sensitivity of IDH1 mutant cells to several inhibitors of the electron
transport chain, suggesting that these metabolic alterations could offer an additional means of

therapeutically targeting IDH1 mutant tumors.

Introduction

Mutations in the metabolic enzymes isocitrate dehydrogenase 1 and 2 (IDH1/2) have
been identified in a variety of tumor types, including acute myeloid leukemia (AML), gliomas,
cholangiocarcinomas, and chondrosarcomas (Arai et al., 2012; Cairns et al., 2012; Hayden et al.,
2009; Parsons et al., 2008; Yan et al., 2009; Mardis et al., 2009; Amary et al., 2011; Borger et al.,
2012; Wang et al., 2013). These mutations are almost exclusively heterozygous point mutations
that occur in specific residues within the catalytic pocket and are suggestive of activating,
oncogenic mutations. Although IDH mutants are no longer capable of efficiently carrying out
the normal oxidative reaction (converting isocitrate and NADP+ to o-ketoglutarate [aKG],
CO2 and NADPH), IDH mutations result in a novel gain-of-function involving the reductive,
NADPH-dependent conversion of aKG to (D)2-hydroxyglutarate (2-HG) (Ward et al., 2010;
Dang et al., 2009). 2-HG is not typically present at high levels in normal cells but accumulates
considerably in cells with IDH1/2 mutations as well as in the tumors of patients with IDH1/2
mutations, and has thus been termed an "oncometabolite” (Ward et al., 2010; Dang et al.,
2009; Yen and Schenkein, 2012).

Research into the oncogenic function of mutant IDH1/2 has focused in large part on
the effects of 2-HG. Numerous reports have linked 2-HG accumulation to epigenetic changes,
which are thought to contribute to alterations in cellular differentiation status (Xu et al.,

2011; Figueroa et al., 2010; Lu et al., 2012; Turcan et al., 2012; Chowdhury et al., 2011,
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Sasaki et al., 2012b; Wang et al., 2013; Losman et al., 2013; Koivunen et al., 2012; Rohle et al.,
2013). Additional mutant IDH phenotypes have also been reported, including changes in collagen
maturation and hypoxia inducible factor 1o (HIF-1) stabilization (Koivunen et al., 2012; Sasaki
et al., 2012a). These changes likely occur through inhibition of «KG-dependent dioxygenase
activity by high levels of 2-HG. However, the diverse roles that aaKG-dependent dioxygenases
play in the cell and the numerous phenotypes associated with mutant IDH and 2-HG suggest
that the phenotypes downstream of 2-HG induction could be cell type- or context-specific. We
hypothesize that metabolic alterations induced by IDH mutations may also be present and might
be a general phenotype that offers additional approaches to target these tumors. Previous work
suggests that overexpression of mutant IDH alters the levels of several metabolites (Reitman
et al., 2011) and leads to increased sensitivity to glutaminase inhibitors (Seltzer et al., 2010).
Studies by Leonardi and colleagues have indicated that the IDH1 mutant enzymes compromise
the ability of this enzyme to catalyze the reductive carboxylation reaction (Leonardi et al.,
2012). However, it is unclear how IDH mutations affect central carbon metabolism in the
heterozygous cellular setting, and further exploration into how these metabolic differences could
be therapeutically exploited is warranted. An important distinction between IDH1 and IDH?2 is
their localization in the cytosol/peroxisome and mitochondria, respectively, which may influence
the ultimate metabolic phenotype of tumor cells with mutations in either enzyme.
Systems-based approaches that employ stable isotope tracers (e.g., [**Clglutamine),
mass spectrometry, and network modeling to estimate metabolic fluxes offer a unique means of
characterizing intracellular metabolism (Zamboni, 2011). To understand the metabolic impact
of heterozygous IDH mutation in vitro we have applied *3C metabolic flux analysis (MFA) to a
panel of cell lines that differ only with respect to their IDH1 and IDH2 mutant status. Using this
approach we have characterized how cells with wild-type (WT) and mutant IDH1/2 respond to

hypoxia and pharmacological induction of mitochondrial dysfunction.
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Results

Mutant IDH1 Compromises Metabolic Reprogramming Under Hypoxia

We and others have previously demonstrated that TCA metabolism is reprogrammed
under hypoxia and flux through wild-type IDH1 and/or IDH2 become critical in these contexts
(Metallo et al., 2012; Wise et al., 2011; Mullen et al., 2012; Scott et al., 2011; Fendt et al.,
2013b; Gameiro et al., 2013). Oncogenic mutations in IDH1 and IDH2 mitigate these enzymes’
WT function and, in particular, the ability to catalyze the reductive carboxylation reaction while
inducing a neomorphic activity that results in the accumulation of D-2-HG (Dang et al., 2009;
Leonardi et al., 2012). Therefore, we hypothesized that cancer cells harboring mutations in
either IDH1 or IDH2 may be compromised in their ability to modulate metabolism under low
oxygen tensions. To identify metabolic liabilities induced by IDH1 mutations we applied 13C
MFA to isogenic HCT116 colon cancer cells with WT IDH1/2 (parental) or a heterozygous IDH1
mutation, IDH1 R132H/+ (clone 2H1). The IDH1 mutant, but not wild-type, cells have previ-
ously been shown to produce high levels of 2-HG (Grassian et al., 2012). To gauge relative flux
through the TCA cycle, each cell line was cultured in the presence of [U-13Cs]glutamine (uni-
formly 13C labeled glutamine) under normoxic or hypoxic (2% oxygen) conditions for 72 hours,
and isotope enrichment in various metabolites was determined via mass spectrometry (Figure
2.1A). Both cell lines displayed decreased oxidative TCA flux (as evidenced by decreased M3
aKG) in hypoxia (Figure S2.3A). While minimal changes in labeling were detected when com-
paring the mass isotopomer distribution (MID) of citrate in each cell type grown in normoxia
(designated as MO, M1, M2, etc. mass isotopomers, corresponding to ion fragments containing
zero, one, or two 3C, respectively), more significant deviations occurred in cells proliferating
under hypoxia (Figure 2.1B). Parental cells under hypoxia exhibited increased M5 labeling in-
dicative of reductive carboxylation (Figure 2.1B), as has been seen previously for many WT
IDH1/2 cell lines (Metallo et al., 2012; Wise et al., 2011; Scott et al., 2011). In contrast, the
IDH1 R132H/+ cells showed only a slight increase in the abundance of this mass isotopomer

under hypoxia (Figure 2.1B). M5 citrate can also be produced via M6 citrate and glutaminolysis
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(Le et al., 2012); however, no increase in the low basal levels of M6 citrate were observed in
hypoxia (Figure 2.1B). We observed similar changes in the labeling of other TCA metabolites, in-
cluding M3 fumarate, malate, and aspartate (derived from oxaloacetate), further supporting our
finding that IDH1 mutant cells display compromised reductive glutamine metabolism in hypoxia
(Figures 2.1A and S2.3B-D). To further quantify the metabolism of glutamine through the re-
ductive carboxylation pathway in these cells we determined the contribution of [5-13C]glutamine
to palmitate synthesis using isotopomer spectral analysis (ISA), as this tracer specifically labels
acetyl coenzyme A (AcCoA) through the reductive carboxylation pathway (Figure 2.1A) (Met-
allo and Vander Heiden, 2013). While parental cells increased the contribution of glutamine to
lipogenic AcCoA almost 5-fold under hypoxia, cells with a mutant IDH1 allele were compromised
in their ability to increase this reductive carboxylation flux (Figure 2.1C).

To characterize the metabolic phenotype of HCT116 cells with WT or IDH1 R132H/+ in
a more comprehensive and unbiased manner, we incorporated uptake/secretion fluxes and mass
isotopomer data into a network of central carbon metabolism. This model included glycolysis,
the pentose phosphate pathway (PPP), TCA metabolism, and various biosynthetic fluxes using
[U-13Cs]glutamine and [1,2-13C;]glucose (for the oxidative PPP bifurcation), as these tracers
provide optimal flux resolution throughout central carbon metabolism (Metallo et al., 2009). An
elementary metabolite unit (EMU)-based algorithm was used to estimate fluxes and associated
confidence intervals in the network (Young et al., 2008; Antoniewicz et al., 2006), and a detailed
description of the model, assumptions, and the complete data set are included as Supplementary
Material. As expected, glucose and lactate fluxes were significantly increased by hypoxia in both
cell lines, and significant 2-HG secretion occurred only in IDH1 R132H/+ cells (Figure 2.1D).
Notably, 2-HG secretion was elevated under hypoxia, consistent with previous observations of
2-HG accumulation at low oxygen tension (Wise et al., 2011).

The modeling data comparing parental HCT116 cells grown in normoxia and hypoxia
highlights some of the important metabolic changes that occur at low oxygen tensions (Figures
2.1E-l, S2.4, Tables S2.2-S2.5). In the HCT116 parental cells, pyruvate dehydrogenase (PDH)
and oxidative TCA metabolism are decreased under hypoxia, while pyruvate cycling through

malic enzyme (ME) and pyruvate carboxylase (PC) are elevated under these conditions. Parental
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cells increased reductive IDH flux several fold, such that net IDH flux slightly favored the direction
of reductive carboxylation (Figures 2.1F, G, and I. As with the MID changes (Figure 2.1B), only
modest changes in metabolism were detected when comparing parental HCT116 cells to IDH1
R132H/4 2H1 grown under normoxia (Figures 2.1E-H, Tables $2.2-S2.5). However, mutant
cells maintained high oxidative IDH and o KG-dehydrogenase (¢ KGDH) fluxes and were unable to
induce reductive carboxylation under hypoxia relative to the parental cells (Figures 2.1E-G, | and
Tables S2.2-S2.5). This oxidative TCA flux was maintained by increased glutamine anaplerosis
and flux through ME and PC (Figures 2.1H and | and Tables S2.2-S2.5). Overall, these results
demonstrate that significant reprogramming of TCA metabolism occurs in cells at 2% oxygen,
and expression of IDH1 R132H/+ abrogates the cells’ ability to respond appropriately to hypoxic

stress.

Compromised Reductive TCA Metabolism is Specific to Cells with Mutant IDH1

The MFA results above suggest that heterozygous IDH1 mutations disrupt the metabolic
response of cells to hypoxic stress. To determine whether this metabolic deficiency is common to
cells with either IDH1 or IDH2 mutations, we interrogated a panel of previously reported IDH1
and IDH2 mutant isogenic cells (Grassian et al., 2012) and measured the ability of each to
initiate reductive carboxylation under 2% oxygen. With the exception of IDH2 R140Q/+ cells,
these mutant cell lines exhibit a > 25-fold increase in 2-HG compared to parental HCT116 cells
(Grassian et al., 2012). We cultured each clone with [U-!3Cs]glutamine under normoxia and
hypoxia, quantifying M5 citrate abundance (see Figure 2.1A) to determine the relative extent
of reductive carboxylation induction. All but one of the IDH1 mutant clones were consistently
compromised in their ability to increase reductive carboxylation activity under hypoxia (Figure
2.2A). The one exception being the IDH1 R132H/+ 2C11 clone, which showed a weaker pheno-
type relative to the other IDH1 mutant clones (Figure 2.2A). This is likely explained by a lower
level of IDH1 R132H protein (Figure 2.2B) and lower level of 2-HG than the IDH1 R132H/+
2H1 clone (Grassian et al., 2012).

Unlike mutant IDH1 cells, HCT116 cells with IDH2 mutations exhibited levels of M5

citrate under hypoxia which were comparable to the parental cells (Figure 2.2A). Addition of
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Figure 2.1: Isogenic IDH1 Mutation Compromises Metabolic Reprogramming Under
Hypoxia. (A) Carbon atom (represented by circles) transitions and tracers used to detect
changes in flux. [U-13Cs]glutamine (purple circles) or [5-13C]glutamine (circle with red). The
fifth carbon is lost during oxidative TCA metabolism but is retained on citrate, AcCoA and palmi-
tate in the reductive pathway (green arrows). (B) Citrate MID labeling from [U-13Cs]glutamine
from HCT116 Parental and HCT116 IDH1 R132H/4 clone 2H1 cells cultured in normoxia or
hypoxia (2% oxygen) for 72 hours. Data are representative of more than three independent
experiments. Inset highlights changes in %M5 Citrate. (C) Contribution of [5-13C]glutamine
to lipogenic AcCoA from cells cultured as in Figure 2.1B. (D) Uptake and secretion fluxes for
cells cultured as in Figure 2.1B. (E, F, G and H) a-Ketoglutarate Dehydrogenase (E), Reductive
IDH (F), Oxidative IDH (G), and Glutamine Anaplerosis (H) flux estimates and 95% confidence
intervals by the 3C MFA model. (I) Graphical representation of fluxes determined via MFA.
Arrow thickness indicates level of flux in HCT116 cells cultured in hypoxia. Color indicates
fold difference between hypoxic and normoxic parental HCT116 cells (left panel) or between
hypoxic HCT116 IDH1 R132H/+ 2H1 cells and hypoxic HCT116 Parental cells (right panel).
The * denotes metabolites that were modeled as existing in separate mitochondrial and cytosolic
pools. (aKG) a-Ketoglutarate; (Cit) citrate; (Fum) fumarate; (Gluc) glucose; (Glu) glutamate;
(GIn) glutamine; (Lac) lactate; (Mal) malate; (Oac) oxaloacetate; (Pyr) pyruvate. See also
Supplemental Methods, Supplemental Figure 52.4 and Supplemental Tables S1-S4 for details
of MFA model, results, and data.



E
~ aKGDH Flux Reductive IDH Flux Oxidative IDH Flux
aKG= Suc + CO, | aKG + CO>Citrate Citrate+ aKG + CO,
60
= 10 = 16
i 501 £ 4 i +
$40 g g
o 3 3
§30— é e “g 8 +
x 4 x
S04 | o 5 4 , E
4
10 2T g
b
O EE LT Ui s OeTEE L
a ; T o E‘ E a E T o E T a ; T o ; T
=33 Som oo oo o0& =X
=3 =3 23 =3 =3 =3
— == - = = PR —_
Normoxia Hypoxia Normoxia Hypoxia Normoxia Hypoxia
I HCT116 parental HCT116 IDH1 R132H/+ 2H1 vs. parental
Hypoxia (2%) vs. Normoxia (21%) Hypoxia (2%)
Gluc Gluc
\ / Lac k / Lac
Pyr’ Pyr

oo (L
\
)

Fum’,

~ UMy
ot

Lipids < ACCOA’ Lipids <« ACCOA"

Glutamine Anaplerosis
Glutamate=>oKG

[
o

N
o

N
o

Flux (fmol/cell*hr)
w
o

=
o

b

o
+'
"

- ¥
& o9 & g3
S

& oo

=9 =9

o o
Normoxia Hypoxia

Metabolite Flux (fmol/cell/hr)

—lp 100

— 05
—>s > 500
—> 50 P> 1500

Change in flux

10x decrease No Change
2.5x decrease 1.5x increase
2x decrease 2x increase
1.5x decrease l 2.5x increase
No Change 3x increase

26
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Hypoxia, continued



27

10 mM D-2-HG to the culture media also had a minimal effect on TCA metabolism (Figure
2.2A). These data suggest that high 2-HG levels alone are unable to inhibit reductive carboxy-
lation activity, even though this dose of exogenous D-2-HG is sufficient to induce the 2-HG-
dependent epithelial-mesenchymal transition (EMT) phenotype previously described in these cell
lines (Grassian et al., 2012). Consistent changes were observed when normalizing M5 citrate
to M5 glutamate (Figure S2.5A) and levels of M6 citrate were not high in any of the clones
(Figure S2.5B) providing evidence that such changes are specific to the IDH/aconitase node of
metabolism. Similar trends were also observed when measuring the ratio of aKG/citrate under
normoxia and hypoxia (Figure 2.2C), another metric that describes the extent of reductive versus
oxidative IDH flux (Fendt et al., 2013b,a). Finally, the contribution of glutamine to lipogenic
AcCoA under hypoxia was significantly lower in cells with IDH1 mutations but not those with
IDH2 mutations or exogenous 2-HG (Figure 2.2D). Overall, the extent that each IDH1 mutant
cell line produced 2-HG correlated with their ability to activate reductive carboxylation flux under
hypoxia (Figure 2.2E), whereas IDH2 mutant cells did not adhere to this trend.

We next conducted shRNA-mediated knockdown of IDH1 and IDH2 in parental
HCT116 cells to examine the roles of wild-type IDH1 and IDH2 in mediating reductive
glutamine metabolism (Figures S2.5C-D). Knockdown of IDH1 decreased levels of M5 citrate
in cell populations cultured with [U-13Cs]glutamine, while cells expressing shRNAs targeting
IDH2 exhibited the same or higher M5 citrate (Figure 2.2F). These results are consistent with
previous studies in other cell lines (Metallo et al., 2012), highlighting the importance of WT
IDH1 expression in reprogramming TCA metabolism under hypoxia and further suggests that
IDH1 mutation selectively impedes WT IDH1 function in these cells.

To determine whether this mutant IDH1-induced metabolic deficiency is specific to the
HCT116 genetic background or more broadly applicable to cells of different tissue origin, we
performed similar analyses using MCF-10A immortalized mammary epithelial cells with het-
erozygous IDH1 mutations (Grassian et al., 2012). When cultured for 3 days under normoxia or
hypoxia, two distinct IDH1 R132H/+ clones were compromised in their ability to generate M5
citrate or lipogenic AcCoA from [U-13Cs]glutamine (Figures 2.2G-H and S2.5E). Thus, cells with

heterozygous IDH1 mutations, but not IDH2 mutations or exogenous 2-HG, are compromised
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for glutamine reductive carboxylation under hypoxia.

Compromised Reductive TCA Metabolism in Endogenous IDH1 Mutant Cells

In order to determine if mutations in IDH1 affect metabolic switching to reductive
carboxylation in hypoxia, we utilized an endogenous IDH1R?32¢/+ mutant HT1080 fibrosarcoma
cell line expressing a "corrected” IDH1 allele using the TALEN technology (Ma et al., 2015;
Wang et al., 2015). HT1080 IDH1 %/ cells were generated using TALEN and an IDH1 wild-type
allele (WT), an IDH1-R132H allele (R132), a catalytic dead IDH1-R132H-T77A allele (T77),
or vector (PB) were stably expressed using pBabe-puro. We observed a significant reduction in
2HG levels in IDH1 wild-type cell lines (PB, T77, WT) versus the IDH1 mutant cell line (R132)
(Figure 2.3A). Interestingly, there was no significant impact on growth rates after correction of
IDH1 mutation in contrast to the growth defect observed in HCT116 IDH1RI32H/+ cell lines
(Figure 2.3B). We cultured the engineered HT1080 cell lines in the presence of [U-13Cs]glutamine
in normoxia and hypoxia and quantified labeling on citrate as a readout of relative oxidative and
reductive glutamine metabolism (Figure 2.3C). Similar to the IDH1 mutant HCT116 cells, the
HT1080R132H/+ cells exhibited a blunted switch to reductive glutamine metabolism in hypoxia
and an overall increase in oxidative glutamine metabolism as evidenced by M+4 and M+5 citrate
labeling (Figure 2.3D-E). Furthermore, the contribution of glutamine to lipogenic acetyl-CoA
via reductive carboxylation followed a similar trend (Figure 2.3F). Strikingly, correction of the
mutant IDH1 allele resulted in significant rescue of reductive flux (Figure 2.3D-F). Furthermore,
overexpression of the IDH1 wild-type allele (WT) promoted increased reductive carboxylation in

both normoxia and hypoxia compared to PB and T77 cell lines (Figure 2.3D-F).

Cells with Endogenous IDH1 and IDH2 Mutations Respond Differently to Mi-

tochondrial Stress

To examine whether these trends are observed in cell lines from cancers with endogenous
IDH mutations we evaluated the ability of two cell lines harboring IDH1 or IDH2 mutations to
activate reductive carboxylation under conditions of mitochondrial stress. When switched to

hypoxic growth, HT1080 IDH1 R132C/+ fibrosarcoma cells exhibited a significantly decreased
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MS. (B) Maximal exponential growth rate in engineered HT1080 cell lines after 72 hours. (C)
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acetyl-CoA quantified by ISA.



32

ability to induce reductive glutamine metabolism in comparison to SW1353 IDH2 R172S/+
chondrosarcoma cells (Figures 2.4A and S2.6A). HT1080 cells also utilized less glutamine for de
novo lipogenesis than the SW1353 cells in 1% oxygen tension (Figure 2.4B). Thus, a cell line
with an endogenous mutation in IDH1, but not IDH2, displays compromised reductive glutamine
metabolism in hypoxia.

In addition to low oxygen tensions, an alternative means of inducing reductive TCA
metabolism is through the inhibition of oxidative phosphorylation (OXPHOS) (Mullen et al.,
2012; Fendt et al., 2013a). To compromise OXPHOS, we generated p° cells that lack a functional
electron transport chain from various cell lines using established methods (McClintock et al.,
2002). As expected, oxidative mitochondrial metabolism was virtually extinguished, as evidenced
by M3 and M3/M5 labeling of aKG in p® cells generated from IDH mutant cells (HT1080,
SW1353) or other cancer cell lines with WT IDH1/2 (143B osteosarcoma, A549 non-small cell
lung cancer) (Figures S2.6B-E). However, HT1080 IDH1 R132C/+ p° cells were compromised in
their ability to generate citrate and palmitate through reductive glutamine metabolism, whereas
SW1353 and both of the IDH1/2-WT p° cell lines were able to efficiently induce reductive
carboxylation and use glutamine for lipid synthesis (Figures 2.4C-F). Both the HT1080 and
SW1353 p° cells continued to use glucose for lipid synthesis, and this contribution was higher in
the HT1080 p°cells (Figure 2.4D). The increased glucose utilization in HT1080 p° cells compared
to SW1353 pC cells was facilitated by anaplerosis through pyruvate carboxylase, as demonstrated
by increased labeling in TCA intermediates from [3-13C]glucose (Figures S2.6F-G). These results
provide evidence that hypoxia and mitochondrial dysfunction drive reprogramming of the TCA
cycle, and cells with spontaneously acquired IDH1 mutations are unable to efficiently reprogram

metabolism to induce reductive glutamine carboxylation.
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Figure 2.4: Cells with Endogenous IDH1 and IDH2 Mutations Respond Differently to
Mitochondrial Stress. (A) Relative level of reductive glutamine metabolism, determined by M5
labeling of citrate from [U-13Cs]glutamine in HT1080 and SW1353 cells cultured in normoxia
or hypoxia (2% oxygen) for 72 hours. (B) Contribution of [5-13C]glutamine to lipogenic AcCoA
from HT1080 and SW1353 cells cultured in normoxia or hypoxia (1% oxygen) for 72 hours. (C)
Relative level of reductive glutamine metabolism, determined by M5 labeling of citrate from [U-
13Cs]glutamine in HT1080 and SW1353 WT or p° cells. (D) Contribution of [U-13Cs]glutamine
and [U-13Cg]glucose to lipogenic AcCoA from cells cultured as in Figure 2.4C. (E) Relative level
of reductive glutamine metabolism, determined by M5 labeling of citrate from [U-13Cs]glutamine
in A549 and 143B WT or p° cells. (F) Contribution of [U-13Cs]glutamine to lipogenic AcCoA
from cells cultured as in Figure 2.4E.

Mutant IDH1 Affects TCA Metabolism in vivo

The metabolic deficiencies of IDH1 mutant cells occur at oxygen tensions that are likely
to occur in solid tumors and some normal tissues (Hockel and Vaupel, 2001). To determine
whether these metabolic phenotypes arise in vivo we generated subcutaneous xenografts using
parental, IDH1 R132H/+ 2H1, and IDH1 R132C/+ 2A9 HCT116 cells. After tumors achieved
a minimum diameter of 0.8 cm, mice were infused with [1-13C]glutamine for 6 hours to achieve
steady state isotope enrichment in plasma and tumor (Figures 2.5A-B) (Marin-Valencia et al.,
2012). A targeted metabolomic analysis was performed on plasma and tumor extracts to quantify
isotope enrichment and metabolite abundances. Significant 2-HG was detected only in the
IDH1 mutant tumors (Figure 2.5C). Insufficient isotope enrichment was achieved in plasma and
intratumoral glutamine/oKG to detect label on citrate via reductive carboxylation (Figures 2.5A,
B and D). However, in agreement with the results obtained from in vitro studies, the aKG/citrate

ratio was significantly lower in IDH1 mutant tumors compared to those generated using parental
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Figure 2.4: Cells with Endogenous IDH1 and IDH2 Mutations Respond Differently to
Mitochondrial Stress, continued.

HCT116 cells (Figure 2.5E), indicating that TCA metabolism may also be perturbed in tumors
comprised of IDH1 mutant cells. In addition, the contribution of glutamine anaplerosis to the
aKG pool was significantly elevated in IDH1 R132H/+ and IDH1 R132C/+ tumors (Figure
2.5F), which was also observed in our MFA results (Figures 2.1H-I). Thus the available data are
consistent with our in vitro MFA results and provide evidence that TCA metabolism is similarly

compromised by IDH1 mutations in vivo.

Inhibition of Mutant IDH1 Does Not Rescue Reprogramming of TCA

Metabolism

One possible explanation for the decrease in reductive carboxylation flux in IDH1 mutant
cells is that localized substrate (aKG and NADPH) consumption by the mutant enzyme for
production of 2-HG compromises this activity. Therefore, we examined whether pharmacological
inhibition of mutant IDH1 could increase reductive carboxylation activity and rescue the ability

of cells to use this pathway for growth under hypoxia. To test this hypothesis we treated IDH1
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Figure 2.5: Mutant IDH1 Affects TCA Metabolism in vivo. (A and B) Box-whisker plots
showing [1-}3C]glutamine enrichment in plasma (A) and tumor (B) from mice with xenografts
derived from the indicated cell lines. Black dot: mean; Center line: median; Box: interquartile
range; Whiskers: maximum and minimum values. (C) Relative 2-HG levels from xenografts,
normalized to HCT116 parental xenografts. (D) Percentage of M1 aKG derived from [1-
13C]glutamine in tumor xenografts. (E) nMols aKG/nMols citrate ratio from xenografts grown
from the indicated HCT116 cells. (F) Glutamine anaplerosis, as determined by M1 labeling of
oKG relative to M1 labeling of glutamine from xenografts grown from the indicated HCT116

cells.
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R132H/4 2H1 or IDH1 R132C/+ 2A9 cells with a mutant IDH1 inhibitor (IDH1i A) similar to
a previously described structural class (Figure 2.6A) (Rohle et al., 2013; Popovici-Muller et al.,
2012). Doses of 10uM were able to decrease 2-HG levels more than 25-fold in both clones
(Figure 2.6B). As would be expected from an engineered cell line that does not exhibit growth
dependence on mutant IDH1 or 2-HG, 10uM of IDH1i A had no appreciable effect on the growth
rate of either cell line (Figure 2.6C). Both short term (3 day) and long term (31 day) treatment
with 10uM IDH1i A induced minimal changes in metabolite abundances beyond 2-HG (Figure
2.6D) and effectively reversed the mutant IDH-dependent EMT phenotype exhibited by these
cells (Figure S2.7A).

IDH1i A did not rescue the ability of cells to initiate reductive TCA metabolism under
hypoxia, as labeling of citrate (Figure 2.6E) and other metabolites (Figures S2.7B-D) from [U-
13Cs]glutamine was not increased compared to vehicle treatment. Other indices of reductive
TCA metabolism, including the ratio of aKG/citrate and contribution of glutamine to lipid
biosynthesis, also indicated that IDH1i A failed to rescue reductive carboxylation flux in these
cells (Figures 2.6F-G). At 10uM, the dose that showed maximal 2-HG inhibition, IDH1i A mildly
inhibited reductive carboxylation in the wild-type parental cells (Figures S2.7E-F), potentially
due to off-target effects on WT IDH1 at high concentrations. To further address this issue
we also treated the IDH1 mutant cells with an additional inhibitor of mutant IDH1 at more
moderate concentrations (Figure 2.6H). We again observed no rescue in reductive glutamine
metabolism (Figures 2.61-K), providing evidence that inhibition of IDH1 mutant activity may be

insufficient to remove the block in metabolic reprogramming in response to hypoxic stress.

Cells Expressing Mutant IDH1 are Sensitive to Pharmacological Inhibition of

Mitochondrial Oxidative Metabolism

In comparing the growth rates of the HCT116 panel under normoxia and hypoxia, we
observed that mutant IDH1 cells grew more poorly under conditions of low oxygen tension than
parental cells or those expressing mutant IDH2 (Figure 2.7A). HCT116 IDH1 mutant xenografts
also grew at a significantly slower rate than the HCT116 parental cells (Figure 2.7B), conditions

that exhibited significant stabilization of hypoxia inducible factor-lae (HIF-1at) in both parental
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Figure 2.6: Inhibition of Mutant IDH1 Does Not Rescue Reprogramming of TCA
Metabolism. (A) Structure and biochemical data for mutant IDH1 inhibitor, IDH1i A. Note
that this is the (S) enantiomer. (B) 2-HG levels in HCT116 IDH1 R132H/+ 2H1 and HCT116
IDH1 R132C/+ 2A9 cell lines treated with the indicated concentrations of IDH1i A for three
days. (C) Doubling time of cells cultured with or without 10uM of IDH1i A. (D) Change in total
metabolite levels of HCT116 IDH1 R132H/+ 2H1 and HCT116 IDH1 R132C/+ 2A9 cells cul-
tured in the presence or absence of 10uM of IDH1i A for 3 or 31 days, the final 72 hours of which
the cells are grown in hypoxia (2% oxygen). (E) Citrate MID labeling from [U-13Cs]glutamine
from cells cultured as in Figure 2.6D. Dotted line over M5 citrate represents average %Mb5
citrate observed in HCT116 parental cells cultured in hypoxia. (F) aKG/citrate ratio from cells
cultured as in Figure 2.6D. (G) Contribution of [U-13Cs]glutamine to lipogenic AcCoA from cells
cultured as in Figure 2.6D. (H) 2-HG levels in HCT116 IDH1 R132H/+ 2H1 and HCT116 IDH1
R132C/+ 2A9 cell lines treated with the indicated concentration of IDH1-C227 for three days.
(1) Relative level of reductive glutamine metabolism, determined by M5 labeling of citrate from
[U-13Cs]glutamine in HCT116 IDH1 R132H/+ 2H1 and HCT116 IDH1 R132C/+ 2A9 cell lines
treated in with 1uM of IDH1-C227 for 3 or 12 days, the final 72 hours of which the cells are
grown in hypoxia (2% oxygen). (J) aKG/citrate ratio from cells cultured as in Figure 2.6l. (K)
Contribution of [U-13Cs]glutamine to lipogenic AcCoA from cells cultured as in Figure 2.6l.
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Figure 2.6: Inhibition of Mutant IDH1 Does Not Rescue Reprogramming of TCA
Metabolism, continued.
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and IDH1 mutant tumors (Figure 2.7C). The growth rate of IDH2 mutant cells as xenografts was
also significantly decreased relative to the parental cells (Figure S2.8A), though our available
data does not yet support a hypothesis for how IDH2 mutations affect in vivo growth.

The slow growth of IDH1 mutant cells in the xenograft model suggests that altered
TCA metabolism may contribute to the slower growth of these cells under the decreased oxygen
levels in vivo. IDH1 mutant cells also exhibited increased oxidative TCA metabolism under
hypoxia compared to parental cells (Figures 2.1E and 1), providing evidence that they are more
dependent on OXPHOQOS. To further confirm this phenotype we measured oxygen consumption
in parental and IDH1 mutant cells under both normoxia and hypoxia. Consistent with our
MFA results, basal respiration was not significantly altered in parental and IDH1 mutant cells
under normoxic conditions, though uncoupled respiration was decreased in the IDH1 mutant
cells (Figsures S2.8B-E). Notably, mutant IDH1 cells exhibited significantly higher oligomycin-
sensitive oxygen consumption under hypoxia compared to parental HCT116 cells, an effect not
reproduced under normoxia (Figures 2.7D-E and S2.8F-G). Therefore, we hypothesized that, as
with growth in hypoxia, cells harboring IDH1 mutations may be more susceptible to inhibition
of oxidative mitochondrial metabolism than cells with WT IDH1/2 or mutant IDH2.

To address this question we cultured parental HCT116 cells and three IDH1 mutant
clones in the presence of several compounds that inhibit Complex | of the electron transport chain
(ETC) and OXPHOS. Confluency measurements were taken every 12 hours, and the maximum
specific growth rate of each cell was determined using a generalized logistic growth model and
compared to vehicle treatment for each cell line (Figure 2.7F). The proliferation rate of cells with
mutant IDH1 was significantly more affected than that of parental HCT116 cells in response
to discreet dose ranges of Complex | inhibitors. On the other hand, the IDH2 R172K/+ cells
displayed no such increased sensitivity with the same treatments (Figure S2.8H). This altered
sensitivity is not due to differences in target modulation, as 100nM rotenone effectively shut
down oxidative TCA cycle flux in all cells tested (Figure S2.81). Treatment of parental HCT116
cells with 100 nM rotenone also induced reductive carboxylation, whereas R132H/+ 2H1 and
R132C/4 2A9 HCT116 cells were less able to increase flux through this pathway (Figures

S52.8J-K). Treatment with Antimycin A, an inhibitor of Complex Il of the ETC, also inhibited
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oxidative TCA metabolism (Figure S2.8L). Induction of reductive carboxylation by Antimycin
A was observed in the parental, but not IDH1 mutant, cells (Figures S2.8M-N). However, this
compound had differential effects on succinate labeling compared to rotenone (Figure 52.80).
Notably, IDH1 mutant cells did not exhibit increased sensitivity to Antimycin A (Figure S2.8P),
suggesting that Complex Il inhibition suppresses growth through distinct mechanisms compared
to Complex | inhibitors (e.g. ROS generation, pyrimidine synthesis) (McClintock et al., 2002).
Thus, these data indicate that IDH1, but not IDH2, mutant cells are selectively sensitive to
Complex | inhibitors.

To determine whether IDH1 mutants are generally more sensitive to other treatments
we examined the effect of the cell cycle inhibitor—flavopyridol—in the HCT116 panel of cells.
IDH1 mutant cells did not display increased sensitivity in comparison to parental or IDH2 mutant
cells (Figure S2.8Q), further suggesting that the differential sensitivity we observe is specific to
inhibitors of mitochondrial metabolism. These results indicate that oncogenic IDH1 mutations
induce cells to rely more heavily on Complex | of the ETC, rendering these cancer cells more
susceptible to inhibition of this pathway compared to cells with WT IDH1/2 or mutant IDH2
alleles.

Finally, to evaluate whether these results are relevant to other cells, we interrogated
the Cancer Cell Line encyclopedia (CCLE) (Barretina et al., 2012), which contains compound
sensitivity data across more than 500 cell lines for four ETC inhibitors (Figure 2.7G) (Lai
et al., 2013). Cell lines clustered well into sensitive and insensitive groups, suggesting these
compounds show consistent behavior across a wide panel of cell lines. Notably, IDH1 mutant
HT1080 cells fell into the sensitive group, whereas IDH2 mutant SW1353 cells fell into the
insensitive group (Figure 2.7G). The differential effects of mitochondrial metabolism inhibitors
were not likely due to HT1080 being generally more sensitive to compound treatments, as the
sensitivities of HT1080 and SW1353 to a broad array of more than 1300 compounds were
within one standard deviation of each other (Figure S2.8R). Furthermore, HT1080 cells were
significantly more sensitive than SW1353 cells to phenformin treatment, a compound which was
not included in the CCLE screening set (Figure 2.7H). Together, these data indicate that IDH1

mutation may substantially sensitize cells to inducers of mitochondrial stress.



41

A ) B 3500 D E N
50 W Normoxia M HCT116 Parental 140 160 [
B Hypoxia WIHCT116 IDH1 R132H/+ 2H1 ©120 140
— =2 2 K]
z a0 { T 000{ MIHCT116 IDH1 R132C/+ 2A9 <3 ° %10
o £ £ €100 Lo
2 i i £ £5 £z
@ 30 @ 1500 4z Pl
2 i £ [ &c
£ [ ] = <= <c
s . o g e 3 ¢5 v5 ¥
% 20{ 8 = ? ) a1000 'EE 60 £8 60
& 2 25
3 2 &% 40 £ g a0
a 10 = 500 & o«
20 20
’ RO SN R gl I cy 3 14 a T TR
2
,b@? v v > ™ ® Days Post Implant Q}’\@ ’1‘/2\ ¥ Qf'\‘ ’1\3\ W
< IDHT DHI  + IDH2 & — = & -
RI32H/+  R132C/+ oG RI72K/+ RS SRS
o
83 oo 55 35 8§ &5
= 3& 2 & =i
T ol
t o
HCT116 IDH1 R132H/+ ] = 3
C HCT116 Parental Xenografts 2H1 Xenografts s 8 =
HE [T TR - ™
GAPDHE —— —

Figure 2.7: Cells Expressing Mutant IDH1 are Sensitive to Pharmacological Inhibition
of Mitochondrial Oxidative Metabolism. (A) Doubling times of HCT116 cells cultured in
normoxia or hypoxia (2% oxygen) for 72 hours. (B) Growth curves for HCT116 Parental and
IDH1 mutant xenografts. (C) Western blot showing HIF-1a expression in HCT116 Parental
and HCT116 IDH1 R132H/+ 2H1 cells grown in normoxia in cell culture (last two lanes) or as
xenografts. (D) ATP-linked oxygen consumption for the indicated cell lines grown in normoxia.
(E) ATP-linked oxygen consumption for the indicated cell lines grown in Hypoxia (3% 02). (F)
Growth charts from cells cultured as indicated. Images were acquired every 12 hours to measure
confluency. Change in growth relative to DMSO treatment (AX %) was calculated using a
generalized logistics growth model for batch culture, and represents the change in the specific
growth rate relative to the DMSO treatment for the indicated cell line. (G) Heatmap displaying
ICsp values to four inhibitors of mitochondrial metabolism for more than 500 cancer cell lines
(Cancer Cell Line Encyclopedia—CCLE); HT-1080 and SW1353 cells are indicated. (H) Growth
of HT-1080 and SW1353 cells under the indicated concentration of phenformin for 48 hours.
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Figure 2.7: Cells Expressing Mutant IDH1 are Sensitive to Pharmacological Inhibition
of Mitochondrial Oxidative Metabolism, continued.
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Discussion

Since the discovery of oncogenic mutations in IDH1 and IDH2, significant efforts have
been made to elucidate the mechanisms driving tumorigenesis in these cancers. Owing to
the accumulation of D-2-HG in these tumors, researchers have focused on the role of this
oncometabolite in regulating the phenotype of IDH1/2 mutant cancer cells. For example, high
D-2-HG levels and other metabolites regulate the activity of aKG-dependent dioxygenases that
control many distinct cellular processes (Yen and Schenkein, 2012). However, the diverse
roles of these enzymes in mediating activities ranging from collagen hydroxylation and HIF
stabilization to epigenetics regulation complicate identification of the specific process(es) driving
tumorigenesis in each tumor type.

Despite the central role of these enzymes in cellular metabolism, surprisingly few inves-
tigations have addressed the metabolic changes that occur as a result of these genetic modifi-
cations. Here, we find that IDH1 mutations cause cells to increase flux through the oxidative
TCA cycle, increase respiration, and compromise the conversion of glutamine to citrate, AcCoA
and fatty acids under hypoxia compared to those with WT IDH1 (Figure 2.8). Others have pre-
viously shown that IDH1 mutant proteins are biochemically compromised with respect to this
latter functionality, suggesting that cells harboring such mutations may be similarly defective
under certain conditions (Leonardi et al., 2012). However the cellular consequences of this
effect have not been well characterized within intact, heterozygous, IDH mutant cells. Prolif-
erating cells must double their membrane lipids in order to successfully complete cell division,
and evidence suggests that tumors may rely more on de novo lipogenesis than do non-neoplastic
tissues and inhibition of lipid synthesis decreases tumor growth in vivo (Medes et al., 1953;
Hatzivassiliou et al., 2005). Additionally, AcCoA is an important precursor for a number of other
molecules including cholesterol, phospholipids, amino acid modifications, and histone acetylation
(Kaelin and McKnight, 2013). Interestingly, previous studies have also found that overexpres-
sion of mutant IDH leads to a decrease in N-acetyl amino acids, and these changes were also
observed when comparing wild-type human glioma tissue to that of tumors with mutant IDH1

(Reitman et al., 2011). This suggests that other AcCoA-dependent molecules may be similarly
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perturbed in the IDH1 mutant setting. Our application of MFA to IDH1 mutant cells builds upon
these results by addressing the functional consequences of heterozygous IDH1 mutations and in
particular the metabolic limitations that arise in tumors cells with these genetic modifications.
Given the importance of each of these AcCoA-dependent processes for cellular homeostasis and
proliferation, we speculate that the reduced metabolic flexibility of these cells contributes to the
decrease in growth rate that we observe in the IDH1 mutant cells under conditions of decreased
oxidative mitochondrial metabolism.

Although 2-HG-mediated control of a KG-dependent dioxygenase activity clearly plays a
role in tumorigenesis driven by IDH mutations (Xu et al., 2011; Figueroa et al., 2010; Lu et al.,
2012; Turcan et al., 2012; Chowdhury et al., 2011; Sasaki et al., 2012b; Losman et al., 2013;
Koivunen et al., 2012; Rohle et al., 2013; Sasaki et al., 2012a), our results provide insights into
therapeutic strategies that exploit the metabolic vulnerabilities caused by partial loss of WT
IDH1 function. Interestingly, we observe that IDH1 mutant cells do not exhibit pronounced
metabolic differences in normoxia; however, growth in low oxygen tensions or with pharmaco-
logical inhibitors of mitochondrial metabolism results in the emergence of dramatic metabolic
changes. Our MFA results identify several enzymes and pathways that are altered under hypoxia
and in particular in the context of IDH1 mutations. Although compartment-specific IDH fluxes
cannot be resolved with these data, these findings further highlight the importance of WT
IDH1 activity in mediating reductive glutamine metabolism. Importantly, our results provide
evidence that IDH1 mutations functionally compromise cellular metabolism under conditions of
low oxygen levels, with the most pronounced effects being increased dependence on oxidative
mitochondrial metabolism and an inability to induce reductive glutamine metabolism. We arti-
ficially induced such stresses using pharmacological inhibitors of Complex | or manipulation of
the oxygen tensions and observed selective growth rate reductions in several IDH1 mutant cells,
but not in parental or IDH2 mutant cancer cells. Other recent studies have also highlighted the
importance of oxidative mitochondrial metabolism for tumor cell growth and survival both in
vitro and in vivo (Marin-Valencia et al., 2012; Grassian et al., 2011).

These results suggest that compromised IDH1 function may affect the proliferative ca-

pacity of tumor cells and furthermore that IDH1 mutant tumors may be sensitive to inhibitors
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that perturb mitochondrial metabolism. When comparing the metabolic phenotype of tumor
xenografts derived from parental or IDH1 mutant cells to our in vitro results similar changes
were detected, including increased glutamine anaplerosis and a decreased oKG to citrate ratio.
The increase in glutamine anaplerosis we observe in the IDH1 mutant cells is in agreement
with previous findings which suggest that IDH1 mutant cells display an increased sensitivity
to glutaminase inhibitors (Seltzer et al., 2010). The similar metabolic changes that could be
reliably measured in vivo suggest that the altered sensitivity we observe to inhibitors of mi-
tochondrial metabolism in vitro may also be true in vivo. Additional studies are required to
determine if cellular proliferation in the tumor microenvironment alone can drive hypoxia and
induce reductive glutamine metabolism. Regardless, tumors would still be expected to increase
their reliance on WT IDH1 (or cytosolic TCA) activity when treated with phenformin or other
inhibitors of mitochondrial metabolism, suggesting that these strategies could be efficacious in
IDH1 mutant cancers. As such, this increased susceptibility of cultured IDH1 mutant cells rela-
tive to parental cells or IDH2 mutant cells provides intriguing evidence of a potential therapeutic
strategy associated with IDH1 mutational status and warrants further investigation in preclinical
models.

We find that inhibition of mutant IDH1 is unable to reverse the observed metabolic
phenotype. The DNA hypermethylator phenotype which is highly associated with IDH mutation
is also not entirely reverted by a mutant IDH1 inhibitor (Rohle et al., 2013), providing further
evidence that some, but not all, mutant IDH-dependent phenotypes may be reversed by inhibitors
targeting 2-HG production. Mechanistically, this result also suggests that the metabolic defect
we observe may be independent of 2-HG production. A previous study used biochemical assays
to quantify the effects of IDH1 mutations on reductive carboxylation activity, and, in agreement
with our findings here, demonstrated that the mutant enzymes are unable to catalyze the
conversion of aKG and CO; to isocitrate (Leonardi et al., 2012). This study concluded that
the subunits in a wild-type/mutant heterodimer function independently; however our modeling
data indicate that heterozygous IDH1 mutations leads to a much greater than 50% inhibition
of reductive glutamine metabolism (Figure 2.1F), suggesting a possible dominant effect of the

mutant protein in cells or alternatively global metabolic reprogramming in response to the



46

compromised cytosolic IDH1 activity caused by these mutations.

Importantly, as small molecules capable of inhibiting mutant IDH1 enzymatic activity
and preventing D-2-HG accumulation fail to rescue mutant cell metabolism under hypoxia,
this suggests that combinatorial therapeutic strategies that block oncogenic D-2-HG production
(e.g. via a mutant-selective inhibitor of enzyme function), while simultaneously targeting mutant
IDH1-induced metabolic liabilities may be a viable option for therapy. Such an approach could
involve IDH1 mutant inhibitor treatment to attenuate any pro-survival or dedifferentiation effects
of D-2-HG, while increasing the tumor’s reliance on WT IDH1 activity through an inhibitor of
oxidative mitochondrial metabolism. As drugs which could target the mutant IDH1 metabolic
phenotype are already in the clinic (metformin, phenformin) and inhibitors of mutant IDH1 are
currently being developed (Rohle et al., 2013; Popovici-Muller et al., 2012), it is hoped that

this hypothesis will be tested in the clinic in the near future.

Materials and Methods

Cell Culture

HCT116 and MCF-10A isogenic clones were obtained from Horizon Discovery Ltd and
were not further tested or authenticated (Grassian et al., 2012). HCT116 cells were cultured
in McCoy's 5A modified medium with 10% fetal bovine serum (FBS). D-2-HG treatments were
done at 10 mM and replenished every 48 hours. MCF-10A cells were cultured as described
previously (Grassian et al., 2012). HT-1080, SW1353, A549 and 143B cells were cultured
in DMEM supplemented with 10% FBS. HT-1080 and SW1353 cells were obtained from the
American Type Culture Collection (ATCC) and cells were tested and authenticated by single-
nucleotide polymorphism fingerprinting. Ab49 cells were obtained from ATCC and were not
further tested or authenticated. 143B cells were kindly provided by Dr. Leonard Guarente and
were not further tested or authenticated. Cells were routinely cultured in normoxia (21% O;)
and then moved to hypoxia (1-3% 02, as indicated in the Figure Legends) for 48-72 hours where
indicated. Generation of the p° cells is described in the Supplemental Methods in Supplement to

Chapter 2. Xenograft assays are described in Supplemental Methods in Supplement to Chapter
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Figure 2.8: Mutant IDH1 Sensitizes Cells to Inhibition of Oxidative Mitochondrial
Metabolism. Left panel: Under normal growth conditions, glucose is metabolized oxidatively
in the mitochondria, and AcCoA and lipids are derived mainly from glucose carbons. Middle
panel: In IDH1 WT cells, inhibition of oxidative mitochondrial metabolism (induced by growth
in hypoxia or pharmacological inhibitors of the electron transport chain) limits glucose flux to
the mitochondria, and cells instead rely on reductive glutamine metabolism via IDH1 to provide
carbons for AcCoA generation and lipid synthesis. Right panel: When oxidative mitochondrial
metabolism is inhibited, cells with a mutant IDH1 allele are unable to fully induce reductive
glutamine metabolism, and are thus compromised for AcCoA and lipid production, leading to
decreased cell growth.
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Steady state labeling of organic, amino and fatty acids was accomplished by cultur-
ing subconfluent cells in triplicate in tracer medium for 72 hours in a 6-well plate. Labeling
studies of HCT116, SW1353, HT-1080, A549 and 143B cells were performed in glucose or
glutamine-free DMEM containing 10% fetal bovine serum and 17.5mM [1,2-13C;]glucose, 4mM
[U-13Cs]glutamine, or 4mM [5-13C|glutamine. For the HCT116 isogenic cells, the initial seeding
density was 150,000 cells per well except for the IDH1 R132H/+ 2H1, IDH1 R132C/+ 2A9 and
IDH1 R32C/+ 3A4, which were 250,000 cells per well. Labeling studies of the MCF-10A cells
was done in glutamine-free DMEM containing 4mMmg/L [U-13Cs]glutamine, 5% horse serum,
20 ng/ml epidermal growth factor (EGF), 10 pg/ml insulin, 0.5 pg/ml hydrocortisone and 100
ng/ml cholera toxin. Gas chromatography mass spectrometry (GC-MS) analysis is described in

Supplemental Methods in Supplement to Chapter 2.

Metabolic Flux Analysis (MFA)

13C MFA was conducted using INCA, a software package based on the elementary
metabolite unit (EMU) framework (http://mfa.vueinnovations.com) (Antoniewicz et al., 2007).
Intracellular concentrations of free metabolites and intra- and extra- cellular fluxes were assumed
to be constant over the course of the tracing experiment. Fluxes through a metabolic network
comprising of glycolysis, the pentose phosphate pathway, the TCA cycle, biomass synthesis, and
fatty acid synthesis were estimated by minimizing the sum of squared residuals between experi-
mental and simulated mass isotopomer distributions and extracellular fluxes using nonlinear least
squares regression (Antoniewicz et al., 2006). The best global fit was found after estimating
100 times using random initial guesses for all fluxes in the network. A X2 statistical test was
applied to assess the goodness-of-fit using a of 0.01. The 95% confidence intervals for all fluxes
in the network were estimated by evaluating the sensitivity of the sum of squared residuals to
flux variations (Antoniewicz et al., 2006). Isotopomer Spectral Analysis (ISA) was performed
as previously described (Metallo et al., 2012). See Supplemental Methods in Supplement to

Chapter 2 for further details on MFA.
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Reagents

The following reagents were used at the doses indicated and as described in the
text/Figure legends: [1,2-13C;]glucose, [3-13]glucose, [U-13Cs]glutamine, [1-13C]glutamine and
[5-13C]glutamine (all from Cambridge Isotope Laboratories); IDH-C277 (Xcessbio); HIFla
antibody (610958, BD Bioscinces). Synthesis of IDH1i A is described in the Supplemental

Methods in Supplement to Chapter 2.

Determination of Oxygen Consumption

HCT 116 cells were grown at either normoxia or hypoxia (3% 0O2) and respiration was
measured using an XF¢96 analyzer (Seahorse Bioscience). Cell growth and assays at 3% O2 were
conducted using the Coy Dual Hypoxic Chambers for Seahorse XF¢ Analyzer (Coy Laboratory

Products, Inc.) as described in Supplemental Methods in Supplement to Chapter 2.

Proliferation Assays

To calculate doubling time, cells were trypsinized and viable cells were quantified on
a ViCell (Beckman-Coulter). Doubling times are presented as the average of three or more
independent experiments.

To generate longer term growth curves, cells were plated at 3000 cells per well in a
96-well plate in triplicate. 24 hours later, the indicated treatment was started and confluency
measurements were taken every 12 hours for 108-216 hours using an Incucyte Kinetic Imaging
System (Essen BioScience). Confluency data was modeled using a generalized logistic growth

equation (2.1) and the maximum growth rate was estimated using nonlinear regression.

. U-1L
o 1+ e*#max(t*to)

+L (2.1)

Where U and L represent upper and lower asymptotes, to represents the time at which

cell confluency reaches 50%, and pmax represents the maximum growth rate in h'l.
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Pharmacological profiling of the Cancer Cell Line Encyclopedia (CCLE) was performed
as previously described (Barretina et al., 2012).The growth inhibition assays are described in

Supplemental Methods in Supplement to Chapter 2.

Statistical Analysis

All results shown as averages of multiple independent experiments are presented as
mean = standard error; results shown as averages of technical replicates are presented as mean
+ standard deviation. P-values were calculated using a Student’s two-tailed t-test; (*) P-value
between 0.005 and 0.05; (**) P-value between 0.001 and 0.005; (***) P-value <0.001. All
errors associated with MFA and ISA of lipogenesis are 95% confidence intervals determined via

sensitivity analysis.
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Chapter 3

Tracing Compartmentalized NADPH
Metabolism in the Cysotol and
Mitochondria of Mammalian Cells

Summary

Eukaryotic cells compartmentalize biochemical processes in different organelles, often
relying on metabolic cycles to shuttle reducing equivalents across intracellular membranes.
NADPH serves as the electron carrier for the maintenance of redox homeostasis and reduc-
tive biosynthesis, with separate cytosolic and mitochondrial pools providing reducing power in
each respective location. This cellular organization is critical for numerous functions but com-
plicates analysis of metabolic pathways using available methods. Here we develop an approach
to resolve NADP(H)-dependent pathways present within both the cytosol and the mitochondria.
By tracing hydrogen in compartmentalized reactions that use NADPH as a cofactor, including
the production of 2-hydroxyglutarate by mutant isocitrate dehydrogenase enzymes, we can ob-
serve metabolic pathway activity in these distinct cellular compartments. Using this system we
determine the direction of serine/glycine interconversion within the mitochondria and cytosol,

highlighting the ability of this approach to resolve compartmentalized reactions in intact cells.
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Introduction

One of the defining characteristics of eukaryotic cell metabolism is the compartmen-
talization of reactions in different organelles. Although coordination of metabolic flux across
organelles is critical for cell physiology, the inability to distinctly observe identical reactions
present in more than one subcellular location has been a major barrier to understanding cell
metabolism. Many of these compartmentalized reactions are oxidation/reduction (redox) reac-
tions that utilize pyridine nucleotide-based cofactors to transfer electrons between metabolites
to support biosynthesis, redox homeostasis, signal transduction, and ATP generation (Pollak
et al., 2007a). For instance, reduction of NAD+ to NADH captures energy from catabolic reac-
tions to drive ATP synthesis through mitochondrial oxidative phosphorylation, whilst NADPH
is regenerated via a different set of reactions to maintain reduced glutathione (GSH) pools and
support reductive biosynthesis (Lunt and Vander Heiden, 2011). As such, NADPH has been
hypothesized to be limiting for proliferation, lipid biosynthesis, and survival in response to cell
stress (Diehn et al., 2009; Jeon et al., 2012; Jiang et al., 2013; Schafer et al., 2009). These
compartmentalized metabolic processes impact numerous cell and tissue functions; therefore,
understanding how biochemical networks function across compartments is necessary to deter-
mine how metabolism contributes to disease pathologies.

The pool of NADP(H) in cells is small relative to flux through pathways that utilize this
cofactor (Pollak et al., 2007a). Thus, interconversion between the oxidized and reduced states
must be coupled across all reactions involving this cofactor, and changes in abundance may not
be informative for assessing the use of NADPH in a particular pathway. Neither NAD(H) nor
NADP(H) are known to be transported across intracellular membranes (Nikiforov et al., 2011;
Pollak et al., 2007b), and multistep shuttles involving compartmentalized redox reactions are
used to transfer electrons between the mitochondria and cytosol (Bissell et al., 1976; LaNoue
et al., 1974; LaNoue and Schoolwerth, 1979). This organization facilitates the maintenance of
different NADPH/NADP+- ratios in each subcellular location and allows for the execution of
compartment-specific metabolic processes. Classically, cytosolic NADPH is thought to be regen-

erated primarily via the oxidative pentose phosphate pathway (PPP) (Lunt and Vander Heiden,
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2011; Pollak et al., 2007a). Other potential sources of cytoplasmic NADPH exist in mammalian
cells, including reactions catalyzed by specific isozymes of isocitrate dehydrogenase (IDH), malic
enzyme (ME), aldehyde dehydrogenase (ALDH), and methylene tetrahydrofolate dehydrogenase
(MTHFD) (Pollak et al., 2007a; Tibbetts and Appling, 2010). However, isoforms of several of
these enzymes also catalyze identical reactions in the mitochondria and can potentially transfer
reducing equivalents between the mitochondria and the cytosol. For example, the reductive car-
boxylation of alpha-ketoglutarate (aKG) to isocitrate by IDH2 consumes mitochondrial NADPH,
with citrate/isocitrate subsequently transported to the cytosol where it can be oxidized by IDH1
to produce cytosolic NADPH (Sazanov and Jackson, 1994; Wise et al., 2011). Theoretically,
the reverse cycle may be used to produce mitochondrial NADPH. Metabolic cycles such as
this utilize compartment-specific enzymes, and existing methods for tracing metabolism rely on
breaking apart cells and pooling metabolites from all compartments, making it impossible to

reliably distinguish the net reaction flux through each enzyme or pathway.

Results

Tracing NADPH With 2H-labeled Glucose

Because reaction mechanisms involving pyridine nucleotides transfer electrons as a hy-
dride (H") ion, isotope-labeled hydrogen atoms can be used to follow electron movement in
these reactions (Katz et al., 1965; Rendina et al., 1984). The transfer of 2H and 3H can also
be used to observe redox reactions in central carbon metabolism, an approach that has been
used to generate insight into NAD(P)H metabolism in eukaryotic cells (Ben-Yoseph et al.,
1994; Ruhl et al., 2012). Glucose is the primary carbon source for glycolysis and the oxidative
PPP in mammalian cells, with the latter pathway representing an important source of cytoso-
lic NADPH. Non-labile hydrogen atoms on specific glucose carbons (the 1 and 3 positions,
respectively) are transferred to NADPH by the oxidative PPP enzymes glucose-6-phosphate
dehydrogenase (G6PD) and 6-phosphogluconate dehydrogenase (6PGD). The hydrogen atom
on carbon-3 of glucose (which becomes carbon-1 of dihydroxyacetone phosphate in glycolysis)

can exchange with water during isomerization to glyceraldehyde-3-phosphate (GAP) by triose



55

phosphate isomerase (TPI) (Katz et al., 1965). This prevents confounding labeling of down-
stream metabolites including TCA cycle intermediates, suggesting that tracing this hydrogen
atom could provide a means of quantifying the contribution of 6PGD to the cellular NADPH
pool (Figure 3.1A) (Katz et al., 1966; Katz and Rognstad, 1978). To test this possibility, we
cultured H1299 non-small cell lung cancer cells in the presence of [3-?H]glucose and observed
labeling of NADPH using LC/MS-MS (Figure 3.1B). The rapid turnover of NADPH allows
labeling from [3-2H]glucose to reach isotopic steady state within 30 minutes, as evidenced by
the lack of any increased label incorporated into NADPH after culturing cells in the presence of
[3-2H]glucose for 24 hours (Figure 3.1B). NADPH has two hydrogens that can be transferred
when it acts as an electron donor. Once labeled, either the labeled or unlabeled hydrogen atom
can be transferred depending on the stereospecificity of downstream NADPH-utilizing enzymes
(You, 1985). Transfer of the unlabeled hydride from labeled NADPH generates labeled NADP+
(Figure S3.1A), and subsequent labeling of the second hydrogen on NADP+ yields NADPH
heavy by two mass units (M2) at later time points (Figure 3.1B). Some labeling of ribose-5-
phosphate and ribulose-5-phosphate was also observed at late time points, presumably via flux
through the nonoxidative PPP (Figure S3.1B). This label incorporation into the ribose moieties
of NADP(H) could account for a minor portion of the isotope enrichment observed at 24 hours
as suggested by the small amount of M+2 labeling of NADP+ (Figure S3.1A), but these atoms
would not be subject to transfer in downstream reactions utilizing NADPH as a cofactor. [3-
2H]glucose does not contribute to NAD(H) except by incorporation into the ribose moieties,
and only a small amount of NAD(H) is labeled at late time points (Figure S3.1C), arguing
that the majority of NADPH labeling from [3-2H]glucose reflects hydride transfer. Importantly,
metabolites in lower glycolysis such as pyruvate and lactate are not labeled from [3-2H]glucose
(see % values in Figure 3.1A) implying that the presence of label on downstream metabolites
must arise as a result of hydride transfer from labeled NADPH. [1-?H]glucose labels NADPH via
G6PD in the oxidative PPP (Figures S3.1D-E), and similar to [3-2H]glucose this label is detected
on NADP+ and pentose phosphate pathway intermediates (Figures S3.1E-F). However, deu-
terium present on carbon-1 of [1-?H]glucose can be lost due to reversibility of phosphoglucose

isomerase, resulting in less glucose-6-phosphate labeling from [1-2H]glucose in cells compared to
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Figure 3.1: Use of 2H Glucose to Label Cytosolic NADPH. (A) Atom-transition map
depicting a model of deuterium transfer from [3-2H]glucose through glycolysis and the pentose
phosphate pathway. Open large circles represent carbon and small red circles indicate deuterium
label from [3-?H]glucose. Where measured, enrichment of M1 isotopomer (%) for glycolytic
intermediates in parental H1299 cells is shown. (B) Labeling of NADPH from [3-2H]glucose in
parental H1299 cells over time. (C) Saturated fatty acid labeling (myristate; C14:0, palmitate;
C16:0 and stearate C18:0) from [3-?H]glucose in parental H1299 cells following incubation for 72
hours. (D) Cholesterol labeling from [3-2H]glucose in parental H1299 cells cultured for 72 hours.
(E) Enrichment of lipogenic [*H]-NADPH by [3-2H]glucose estimated by a model for saturated
fatty acid synthesis (ISA) in parental H1299 and A549 cells following incubation with tracer for
72 hours. Data plotted in a-d represent mean + SD of at least three biological replicates. For
e, data presented are mean + 95% confidence interval of at least three biological replicates.

labeling from [3-2H]glucose (Figure S3.1G) (Ben-Yoseph et al., 1994; Hellerstein et al., 1986;
Katz and Rognstad, 1976). In contrast to [3-2H]glucose, the deuterium isotope from carbon-1
of glucose does not exchange with water in any of the reactions of glycolysis and is retained on
carbon entering the TCA cycle (Figure S3.1D). Therefore, deuterium from [1-2H]glucose has
the potential to label downstream metabolites by either hydride transfer from NADPH or label
retention on the carbon from glucose. As a result, use of [3-2H]glucose is preferable for tracing
NADPH produced by the oxidative PPP.

The NADPH labeling we observe is a subset of the total cellular pool. To gain in-
sights into compartment-specific redox reactions we next quantified 2H enrichment in specific

metabolites downstream of NADPH-dependent reactions. For example, fatty acid and choles-
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terol synthesis occur specifically in the cytosol and require NADPH. When H1299 cells are
cultured with [3-2H] glucose for 72 hours to allow for accumulation of new lipid molecules, we
detected significant label on newly synthesized fatty acids; including myristate (C14:0), palmi-
tate (C16:0), and stearate (C18:0); as well as cholesterol (Figures 3.1C-D). Importantly, no
label from [3-2H]glucose was detected on citrate (see % value in Figure 3.1A), suggesting that
isotope enrichment on lipids was from the NADPH pool that was labeled by the oxidative PPP.
We also detected labeling of fatty acids from [1-2H]glucose (Figure S3.1H); however, tracing of
G6PD-derived NADPH is complicated by deuterium from [1-?H]glucose being retained on citrate
and lipogenic acetyl-CoA (Figure S3.1D). We next applied isotopomer spectral analysis (ISA)
to estimate the contribution of [3-?H]glucose to the lipogenic NADPH pool used for palmitate
synthesis, as fourteen NADPH molecules are required during the production of one palmitate
molecule (Kharroubi et al., 1992; Metallo et al., 2012). The ISA model includes two parameters
representing the deuterium enrichment of the NADPH pool and the percentage of palmitate
that was synthesized de novo (Figure S3.2). Using this method we estimated the enrichment
of lipogenic NADPH from [3-2H]glucose ranged from 12-20% in A549 and H1299 cells (Figure
3.1E). ISA modelling of other saturated fatty acids (e.g. myristate and stearate) yielded similar

estimations for the enrichment of lipogenic NADPH from [3-2H]glucose (Figure 3.1E).

Use of 2H Glucose to Trace NADH Metabolism

To maintain flux through glycolysis cytosolic NAD+ pools are regenerated primarily by
three enzymes: lactate dehydrogenase (LDH), malate dehydrogenase (MDH), and/or the glyc-
erol phosphate shuttle (Glyc3PDH) (Lunt and Vander Heiden, 2011; Metallo and Vander Heiden,
2013). Distinct hydrogen atoms on glucose are transferred to NAD+ during glycolysis via glycer-
aldehyde phosphate dehydrogenase (GAPDH). In theory, up to half of the hydrogen transferred
to NADH via GAPDH comes from carbon four of glucose; however, exchange with water in the
aldolase and TPI reactions decreases the net contribution of this hydrogen atom to NADH (Go
et al., 2009) (Figure 3.2A). Upon culturing A549 and H1299 cells with [4-2H]glucose, signifi-
cant labeling of lactate, malate, and glycerol 3-phosphate was observed (Figure 3.2B). Label

was detected on GAP in Ab49 cells; however, the level of GAP in H1299 cells was below the
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Figure 3.2: Use of 2H Glucose to Label NADH. (A) Atom-transition map depicting a model
of deuterium transfer from [4-?H]glucose through glycolysis and NAD+-dependent shuttle sys-
tems (malate dehydrogenase MDH, glycerol 3-phosphate dehydrogenase Gly3PDH, and lactate
dehydrogenase LDH). Open large circles represent carbon and small green circles indicate deu-
terium label from [4-2H]glucose. (B) Labeling of glycolytic intermediates from [4-2H]glucose in
A549 (left panel) and H1299 (right panel) cells. Glyceraldehyde-3-phosphate (GAP) was below
the limit of detection in H1299 cells, indicated by *. (C) Labeling of NADH from [4-2H]glucose
in parental H1299 cells over time. (D) Palmitate labeling from [4-2H]glucose in A549 and H1299
cells following incubation with tracer for 72 hours. (E) Time course labeling of NADPH from
[4-2H]glucose in parental H1299. Data presented are mean + SD of at least three biological

replicates.
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limit of detection. In addition, no label was detected on metabolites in lower glycolysis including
PEP, 3PG, and pyruvate. This pattern fits with known reactions using NADH in central carbon
metabolism (Figure 3.2A) and suggests that [4->H]glucose can be used to label the NADH pool
produced by glycolysis in cells. Consistent with these findings, we observed rapid labeling from
[4-2H]glucose on NADH (Figure 3.2C), as well as label on NAD+ (Figure S3.3A) arising from
donation of the unlabeled hydride from M+1 labeled NADH.

Interestingly, we observed isotope incorporation into fatty acid pools from [4-2H]glucose
(Figure 3.2D), suggesting that some label from NADH transfers to cytosolic NADPH through an
unknown mechanism (Figure S3.3F). Whilst deuterium label from [4-2H]glucose was detected on
aspartate, citrate, and isocitrate due to the symmetry of fumarate (Figures S3.3B-D), carbons la-
beled in this manner do not contribute to lipogenic acetyl-CoA, demonstrating that the observed
fatty acid labeling is derived from hydride transferring from NAD(H) to cytosolic NADP(H).
We also observed some isotope enrichment on NADP+ and NADPH from [4-2H]glucose (Figure
3.2E and Figure S3.3A); however, ribose 5-phosphate and ribulose 5-phosphate are also labeled
from [4-2H]glucose (Figure S3.3E). Furthermore, these direct measurements of total cellular
NADP(H) cannot distinguish between cytosolic and mitochondrial pools, highlighting the need

for methods to elucidate compartment-specific NADP(H) pools.

A Reporter System to Trace Compartmentalized Sources of NADPH

The above data demonstrate that we can observe cytosolic production of NADPH and
NADH in intact cells. Although we were able to quantify the contribution of oxidative PPP
enzymes to the lipogenic NADPH pool, deuterium tracing alone cannot distinguish other com-
partmentalized sources of NADPH. Therefore, we sought to develop a reporter system that
can detect pathway-specific NADPH production in different subcellular compartments. To ac-
complish this, we took advantage of the neomorphic mutant IDH enzymes that produce (D)2-
hydroxyglutarate (2HG) from aKG. This reaction reduces aKG by transferring a hydride from
NADPH to form 2HG. As 2HG is a xenometabolite that is only present at very low levels in
most cells (Matsunaga et al., 2012), it can be used as an end-product readout. By applying

specific metabolic 2H-tracers to cells and measuring enrichment of 2HG produced by ectopically
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expressed mutant IDH1 (cytosol) or IDH2 (mitochondria), we reasoned that pathway-specific
information on NADPH metabolism in each compartments could be obtained (Figure 3.3A).

We generated H1299 and A549 cell lines that express epitope-tagged mutant IDH1-
R132H (mtIDH1-C) or mutant IDH2-R172K (mtIDH2-M) in a doxycycline-dependent man-
ner (Figure S3.4A). We employed a weak promoter to minimize effects on endogenous IDH
metabolism. Indeed, flag-tagged mtIDH1-C was expressed at levels that were not detectable
with an antibody recognizing wild-type IDH1 enzyme in these cells (Figure S3.4A). mtIDH1-C is
expected to be expressed in the cytoplasm and mtIDH2-M in the mitochondria, and we confirmed
the localization of each using cell fractionation and Western blotting (Figure 3.3B). We also
confirmed that the flag-tagged mutant IDH enzymes produce 2HG in a doxycycline-dependent
manner in both H1299 and A549 cell lines (Figure 3.3C). Interestingly, mtIDH1-C produced
less 2HG than mtIDH2-M in cells, consistent with observations that ectopically expressed IDH2
mutants produce more 2HG than IDH1 mutants due to their mitochondrial localization (Ward
et al., 2013). In all cases 2HG levels were far below those observed in tumor cell lines expressing
endogenous mutations in IDH1 (R132C/+, HT1080) or IDH2 (R172S/4, SW1353) (Figure
3.3D). Introduction of mutant IDH enzymes could impact NADPH or TCA metabolism; how-
ever, 2HG production flux observed in cell lines expressing IDH1 mutations at higher levels is
small relative to other o KG-dependent reaction fluxes, suggesting mutant IDH expression has
a minimal direct impact on aKG pools (Grassian et al., 2014). Furthermore, no significant
change in [3-2H]glucose contribution to cytosolic NADPH was observed in A549 cells following
mtIDH1-C or mtIDH2-M expression (Figure S3.4G).

Although doxycycline can affect the metabolism and proliferation of some mammalian
cancer cell lines in culture (Ahler et al., 2013), we saw no dox-dependent changes in the
abundance of central carbon metabolites (Figure S3.4B) or in the proliferation rate (Figure
S3.4C) of A549 or H1299 cells. Importantly, cells expressing dox-inducible GFP also showed no
changes in metabolite pool sizes or proliferation rates (Figures S3.4B-C), indicating that when
added at this concentration doxycycline does not significantly affect metabolism in this system.
In addition, we observed no significant differences in pool sizes of NAD+, NADH, NADP-+
or NADPH in H1299 mtIDH1-C and mtIDH2-M cells following the addition of doxycycline for
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Figure 3.3: Generation and Characterization of Cell Lines Expressing Inducible Mutant
IDH. (A) Schematic demonstrating the transfer of deuterium (red dots) from NADPH to 2HG
via the reaction catalyzed by mutant IDH enzymes. mtIDHL1 is localized to the cytoplasm and
mtIDH2 is localized to the mitochondria. By expressing compartment specific mutant enzymes
and combining this with deuterated glucose tracer, it is possible to track 2HG production, and
therefore the source of the NADPH used to make the 2HG in the cytosol or the mitochondria.
(B) Mutant IDH1-R132H is localized to the cytosol (mtIDH1-C) and mutant IDH2-R172K is
localized to the mitochondria (mtIDH2-M) in H1299 and A549 cells. Cells were transduced
with lentiviral constructs containing cDNA encoding C-terminal FLAG-tagged IDH1-R132H or
IDH2-R172K under the control of a doxycycline-inducible promoter. Once stable cell lines
were established, cells were treated with 0.1 pg/mL doxycycline for 24 hrs. Protein expression
was analyzed by cellular fractionation and Western blotting using antibodies against FLAG,
Cytochrome C (mitochondrial-specific marker) and Hsp70 (cytoplasmic-specific marker). C:
Supernatant-100 fraction (cytoplasm); M: Mitochondria. White lines between blots in the
horizontal direction indicate separate gels. (C) Cell lines expressing inducible IDH mutants
produce 2HG in a doxycycline-dependent manner. H1299 and A549 cells stably expressing
inducible mtIDH1-C or mtIDH2-M constructs were treated with doxycycline (0.1 pg/mL) for 24
hrs. Amounts of 2HG (total ion counts: TIC) are shown relative to GFP control cells treated
with vehicle. (D) 2HG production, as measured by 2HG/aKG ratio, is much higher in cell
lines harbouring endogenous mutations for IDH1 (R132C/4, HT1080) and IDH2 (R172S/+,
SW1353) than cells expressing mtIDH1-C and mtIDH2-M. (E) NADPH produced by the pentose
phosphate pathway (6PGD) is cytosolic. Cells were cultured in [3-2H]glucose (10mM) for 24
hrs before adding doxycycline (0.1ug/mL) for 24 hours to induce mutant IDH expression and
amount of M1 label (%) from [3-2H]glucose incorporated into 2HG and aKG was measured.
(F) NADH supports NADPH production in the mitochondria. Cells were incubated with 10mM
[4-2H]glucose for 24 hours and treated and analyzed as in E. Data represent mean + SEM of
at least three biological replicates.
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Figure 3.3: Generation and Characterization of Cell Lines Expressing Inducible Mutant
IDH, continued.

24 hours, suggesting that dox-dependent production of 2HG was not altering the availability of
these cofactors for use in other redox reactions (Figure S3.4D). This is supported by the reported
keat of mutant IDH1 enzymes being small relative to wild type IDH1 (Dang et al., 2009) and

suggests that any direct effects of these enzymes on cellular redox state are minimal.

Validation of Compartment-Specific Cofactor Tracing

To validate the ability of this system to trace compartment-specific NADPH metabolism
we induced expression of the mutant IDH enzymes in cells cultured in the presence of [3-
2H]glucose and measured enrichment of 2H in the 2HG pool. In order to ensure that the cells
were at or near isotopic steady-state prior to induction of mutant IDH expression, the cells
were incubated with tracer for 24 hours prior to the addition of doxycycline. Consistent with
[3-2H]glucose producing cytosolic NADPH via the oxidative PPP, 2HG was only significantly
labeled from [3-2H]glucose in the mtIDH1-C cell lines and not in the mtIDH2-M cell lines (Fig-

ure 3.3E). Importantly, little to no label was observed on aKG under these conditions, ensuring
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Figure 3.4: Kinetic Isotope Effect Minimally Affects 3-2H-glucose and 4-2H-glucose
Metabolism. (A) [3-2H]glucose was titrated with unlabeled glucose and added to H1299 cells
expressing mtIDH1-C. Labeling from [3-?H]glucose on lipogenic NADPH (left panel) and 2HG
(right panel) was measured. Dashed lined (left panel) represents 1:1 contribution of lipogenic
NADPH from [3-2H]glucose to enrichment of [3-2H]glucose in media. (B) [4-?H]glucose was
titrated with unlabeled glucose and added to H1299 cells expressing mtIDH2-M. Labeling from
[4-2H]glucose on lactate and malate (left panel); aspartate, citrate, and fumarate (middle panel);
and 2HG (right panel) was measured. (C) [3-2H]glucose was titrated with unlabeled glucose
in HT1080 cells harbouring endogenous IDH1 mutations (R132C/+). Enrichment of lipogenic
NADPH from [3-2H]glucose (left panel) and M1 labeling on 2HG (right panel) was quantified
at 0, 25, 50, 75, and 100 percent dilution with unlabeled glucose (left panel) in HT1080 cells
cultured with [3—2H]g|ucose diluted with unlabeled glucose at 0, 25, 50, 75, and 100 percent
enrichment. Data presented are shown as mean + SD of three biological replicates.

that label on 2HG was a direct result of hydride ion transfer from NADPH by the mutant en-
zyme. We next asked whether label from [4-2H]glucose was incorporated into 2HG by either
mtIDH1-C or mtIDH2-M. Notably, more 2HG was labeled from [4-2H]glucose in mtIDH2-M
cells than in mtIDH1-C cells (Figure 3.3F). These data suggest that transfer of H" from NADH
to NADPH occurs through a mitochondrial intermediate (e.g. malate) or via nicotinamide nu-
cleotide transhydrogenase (NNT), and transfer of reducing equivalents from NADH to NADPH
mostly supports the mitochondrial NADPH pool. Similar results were observed in cell lines with
endogenous, heterozygous IDH1 and IDH2 mutations (Figures S3.4E-F).

In vitro steady state enzyme kinetics experiments have demonstrated that rate constants
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for reactions involving 2H transfer can be lower compared to studies conducted with unlabeled
substrate (Rendina et al., 1984). This phenomenon has been an invaluable tool for elucidating
biochemical reaction mechanisms, including many of the reactions responsible for label transfer
in our system. However, given the diverse means through which metabolism is regulated and the
challenges associated with understanding which enzymatic steps are rate limiting for pathways
in intact cells, the relevance of isotope effects to intracellular metabolic fluxes is not clear.
To determine the significance of this phenomenon in our system we cultured cells in different
ratios of [3-?H]glucose and unlabeled glucose and measured downstream labeling of lipogenic
NADPH and 2HG in H1299 mtIDH1-C cells (Figure 3.4A). Similarly, we titrated [4-2H]glucose
with unlabeled substrate in H1299 mtIDH2-M cells and observed whether label transfer to
lactate, malate, aspartate, fumarate, citrate, and 2HG was affected by different amounts of
labeled substrate (Figure 3.4B). We reasoned that if reaction rates are affected by the presence
of 2H isotopes, the use of unlabeled substrates would be favored and less relative transfer
of label would be observed as unlabeled substrate is titrated into the medium. However, in
all cases transfer of label from either tracer decreased linearly as the tracer was diluted with
unlabeled substrate, suggesting that kinetic isotope effects minimally impact the results of these
experiments (Figures 3.4A-B). A linear decrease in lipogenic NADPH and 2HG labeling was
also observed in endogenous mtIDH1 cells (HT1080) that exhibit much higher rates of 2HG
production when we titrated [3->H]glucose, further supporting the notion that isotope effects

minimally affect substrate fluxes through the reactions we traced in intact cells (Figure 3.4C).

Characterizing Serine/Glycine Metabolism in the Cytosol and Mitochondria

We next sought to use our reporter system to examine a compartmentalized metabolic
cycle. Reactions that make up folate-mediated one carbon metabolism exist in both the cytosol
and the mitochondria, although it is not clear from current literature whether these are linked in
a cycle and/or in which direction the reactions proceed (Anderson et al., 2011; Nilsson et al.,
2014; Tedeschi et al., 2013; Tibbetts and Appling, 2010). Serine and glycine interconversion
via serine hydroxymethyltransferase (SHMT) has been observed in cultured cells (Jain et al.,

2012; Levintow and Eagle, 1961; Perry et al., 2007) but 3C tracing is unable to ascertain the
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directionality, compartmentalization, and interconnectivity of this process. Indeed, upon cul-
ture with [U-13C3]serine we observed significant interconversion of serine and glycine in A549
mtIDH1-C and mtIDH2-M cells (Figure 3.5A). The reactions catalyzed by MTHFD1 (cytoso-
lic) and MTHFD2/MTHFD2L (mitochondrial) utilize NAD(P)H (Figure 3.5B); therefore, we
hypothesized that ?H-labeled serine and glycine tracing in combination with our compartment
reporter system would enable us to experimentally determine the direction of serine-glycine
exchange reactions in the cytosol and mitochondria. Hydrogens on carbon-3 of serine are trans-
ferred to 5,10-methylenetetrahydrofolate (5,10-methyleneTHF) and subsequently to NADPH
via MTHFD1/2 (Figure 3.5B). Additionally, the glycine cleavage system (GCS) exists in the
mitochondria and could transfer hydrogen from carbon two of glycine to 5,10-methylene-THF
and generate NADPH (Figure 3.5B) (Kikuchi et al., 2008).

To study these compartment-specific pathways, we cultured A549 mtIDH1-C and
mtIDH2-M cells with either [3,3-2Hp]serine or [2,3,3-2Hs]serine and unlabeled glycine or
[2,2—2H2]glycine and unlabeled serine and measured incorporation of ?H in cytosolic or
mitochondrial 2HG, respectively. ~ Strikingly, we detected label from [3,3-2Hy]serine and
[2,3,3-?H3]serine on 2HG only in mtIDH2-M cells, strongly suggesting that serine to glycine
conversion occurs primarily in the mitochondria in these cells with the MTHFD2/MTHFD2L
reaction operating oxidatively (Figures 3.5C and Figure S3.5A-C). We did not observe labeling
of 2HG from [2,2-2H,]glycine in cells expressing either mutant IDH (Figure 3.5C), indicating
that either the majority of mitochondrial glycine is generated by SHMT2 (rather than glycine
import) or the label is lost in the GCS. Consistent with the lack of label transfer from
2H-labeled serine or glycine to 2HG in mtIDH1-C cells, we detected minimal contribution of
these tracers in the lipogenic NADPH pool (Figure 3.5D). To further confirm the direction
of MTHFD1, we cultured A549 mtIDH1-C and mtIDH2-M cells with [3-2H]glucose, which
specifically labels cytosolic NADPH. We observed transfer of 2H from [3-2H]glucose onto
serine suggesting that cytosolic MTHFD1 can operate in the reductive direction in these cells
(Figure 3.5E). The lack of glycine labeling from [3-2H]glucose confirms label transfer to serine
was obtained from 5,10-methyleneTHF (Figure 3.5E, S3.5D). The lack of labeling from either

[2,3,3-2H3]serine or [3,3-2Hp]serine on either fatty acids or 2HG produced by mtIDH1-C is



66

Serine
- Glycine
E= mtiDH1-C Serine Glycine

= = miDHe-M 100 B mtDH1-C
e 75 mtiDH2- O I
§g OO ~ £ =3 miDH2-M
E £
2 g 50 o0 2 2
£ 5 oG %
[ 20
89 = cco —~_ 25
-3 O Se =

2 %

Mo M1 M2 M3 000 -/ o0 = 0
SHMT Mo M1 M2

No. of isotopes per molecule
No. of isotopes per molecule

Figure 3.5: Characterizing Serine/Glycine Metabolism in the Cytosol/Mitochondria. (A)
Serine (left panel) and glycine (right panel) labeling in A549 mtIDH1-C and mtIDH2-M cells
cultured with [U-13C;]serine. Cells were incubated with [U-13Cy]serine for 24 hours prior to dox-
induction (0.1 pg/mL) for an additional 48 hours. Middle panel demonstrates interconversion of
serine and glycine by SHMT. Data plotted represent mean £ SD for three biological replicates.
(B) A schematic of folate-mediate one carbon metabolism in cytosolic and mitochondrial com-
partments catalyzed via SHMT and MTHFD. Deuterium transfer from [3,3-2H;]serine is shown
for pathways containing SHMT and MTHFD and is indicated by small red or blue circles for
cytosolic and mitochondrial isozymes, respectively. The extra deuterium on [2,3,3-2H3]serine
is indicated by an orange (cytosolic) or a turquoise (mitochondrial) circle. Deuterium transfer
from [2,2-2Hy]glycine is shown for the glycine cleavage system (GCS) pathway indicated by
small green circles. (C) 2HG labeling from [3,3-2Ha]serine, [2,3,3-2H3]serine or [2,2-2H;]glycine
in A549 mtIDH1-C and mtIDH2-M cells. Cells were incubated with either tracer for 24 hours
prior to dox-induction (0.1 pg/mL) for an additional 48 hours. No label was detected on 2HG
in mtIDH1-C cells from either [3,3-2Hy]serine or [2,3,3-2H3]serine, nor was label detected on
2HG from [2,2-2H,]glycine in mtIDH1-C and mtIDH2-M cells (indicated by *). (D) Fatty
acid labeling from A549 mtIDH1-C and mtIDH2-M cells cultured with either [3,3-2H,]serine,
[2,3,3-2H3]serine, or [2,2-2H;]glycine. Cells were incubated with tracer for 24 hours prior to
dox-induction (0.1 pg/mL) for an additional 48 hours. (E) Serine and glycine labeling in A549
mtIDH1-C and mtIDH2-M cells cultured with [3-2H]glucose. Cells were incubated with tracer
for 24 hours prior to dox-induction (0.1 pg/mL) for 48 hours. Data represent mean + SEM of
at least three biological replicates for panels C-E.
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Figure 3.5: Characterizing Serine/Glycine Metabolism in the Cytosol/Mitochondria,
continued.

also consistent with minimal contribution of MTHFD1 to the cytoplasmic NADPH pool in
these cells, although channeling to other reactions cannot be ruled out by these methods.
Shuttling of serine labeled by [3-?]glucose by MTHFD1/SHMT1 into the mitochondria for
catabolism by MTHFD2/SHMT2 may account for the small amount of label (<1%) we
observe on mitochondrial 2HG in A549 mtIDH2-M cells cultured with [3-2H]glucose (Figure
3.3E). Collectively, these data provide direct evidence that serine metabolism can contribute to

regenerating mitochondrial NADPH in cells.

Discussion

We have developed a system that can distinguish compartmentalized pools of NADPH,
demonstrating the directionality and interconnectivity of serine/glycine metabolism in the cy-
tosol and mitochondria of intact cells. In the cells studied, conversion of serine to glycine

occurs primarily in the mitochondria with the reaction catalyzed by MTHFD2/MTHFD2L con-
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tributing to NADPH production in this compartment. Interestingly, label transfer from both
[2,3,3-?H3]serine and [3,3-?Hy]serine to mitochondrial 2HG was observed, suggesting that serine
metabolism by SHMT2 is a contributor to the mitochondrial NADPH and glycine pools. These
data also provide direct experimental support for the hypothesis that the cytoplasmic source of
formate used for purine synthesis can be mitochondrially-derived in some cells. Previous efforts
to ascertain directionality of folate-mediated one carbon metabolism have been unable to distin-
guish between compartments, relying on expression data (Nilsson et al., 2014), mathematical
modeling (Scotti et al., 2013; Tedeschi et al., 2013), or isolated mitochondrial preparations
(Barlowe and Appling, 1988). The importance of distinguishing compartmentalized redox path-
ways is highlighted by the large number of potential pathways that have been implicated in the
shuttling of reducing equivalents between the cytosol and mitochondria (Tibbetts and Appling,
2010). For instance, compartment-specific metabolic cycling through citrate/aKG (Sazanov
and Jackson, 1994; Ward et al., 2010), malate/pyruvate (Jiang et al., 2013; Son et al., 2013b),
proline (Hagedorn and Phang, 1983; Nilsson et al., 2014), and serine have been suggested to
be important for mammalian cell physiology. Although carbon tracing is increasingly combined
with genetic approaches to implicate a role for compartment-specific isozymes in such processes,
adaptation to genetic depletion strategies that break these cycles can confound interpretation.
The reporter system described here circumvents these issues for reactions involving NAPDH by
providing direct visualization of compartmentalized reaction activity and direction in intact cells.

Other subcellular compartments also have distinct metabolic needs in eukaryotic cells
and could be probed with an analogous approach by engineering the localization of mutant IDH
enzymes and/or monitoring 2H transfer between other metabolites. The endoplasmic reticulum
(ER) is an important site for protein folding, disulfide bond formation, long chain fatty acid
extension, and sterol reduction; as such, the NADP+/NADPH ratio within the ER can influence
diverse cellular and physiological processes (Banhegyi et al., 2009; Kardon et al., 2008; Szaraz
et al.,, 2010). This approach may also be adapted to quantify the NADP+/NADPH ratio in
particular organelles and the turnover rate of NADPH in specific compartments. Altering the
cofactor selectivity of the mutant IDH enzyme, or relying on NADH-dependent production of

another xenometabolite could similarly be used to visualize compartmentalized reactions that
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utilize NADH. Finally, these data may be integrated with compartmentalized 3C metabolic
flux analysis (MFA) models to better understand the role of cofactor metabolism in metabolic
engineering applications or disease models (Ruhl et al., 2012). Thus, this approach opens up
new avenues to observe metabolic processes in complex cells and improve our understanding of

metabolism in normal and disease states.

Materials and Methods

Cell Culture and Isotopic Labeling

All cell lines were maintained in DMEM supplemented with 10% FBS, 100 U/mL peni-
cillin/streptomycin and 4 mM L-glutamine. The pSLIK-mtIDH cell lines (see below) were
maintained as above, but FBS was substituted for Tet-free FBS (Clontech). Cell number was
determined using an automated cell counter (Nexcelom) or by haemocytometer. For isotopic la-
beling experiments in the pSLIK-mtIDH cell lines, cells were cultured in 6-well plates in glucose-
and glutamine- free DMEM, supplemented with 10% dialyzed Tet-free FBS, 100 U/mL peni-
cillin/streptomycin, 4 mM L-glutamine and 10 mM or 15 mM of the appropriate deuterated
glucose tracer ([3-2H, 95% or 98%]glucose or [4-2H, 94% or 98%]glucose) for 24 hour or 48-72
hour incubation, respectively (Omicron and Cambridge Isotope Laboratories, Inc.). For choles-
terol labeling experiments, parental H1299 cells were cultured in DMEM supplemented with
1% FBS for two passages prior to 72 hour incubation with [3-2H]glucose. Cells were cultured
in tracer medium for 24 hours prior to the addition of doxycycline hyclate (0.1 pg/mL in wa-
ter: Sigma) for 24 to 48 hours in order to induce mutant IDH expression and accumulate
2HG. Isotope-labeled glycine and serine tracer medium was prepared from custom phenol red-,
glucose-, sodium pyruvate-, amino acid- and sodium bicarbonate-free DMEM (Hyclone Labora-
tories, Inc.) supplemented with 10% dialyzed Tet-free FBS, 3.7 g/L sodium bicarbonate, and
DMEM-levels of L-arginine, L-cystine, L-glutamine, L-histidine, L-isoleucine, L-leucine, L-lysine,
L-methionine, L-phenylalanine, L-threonine, L-tryptophan, L-tyrosine, and L-valine prepared as
a 100x stock in aqueous acid (pH 2.0). A549 pSLIK mtIDH1-C and mtIDH2-M cells were

cultured in serine- and glycine- free DMEM supplemented with either [2,3,3-2H3, 98%]serine or
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[3,3-2H2, 98%]serine and unlabeled glycine (0.4 mM) (Cambridge Isotope Laboratories, Inc.), or
[2,2-2H,, 98%]glycine and unlabeled serine (0.4 mM) (Cambridge Isotope Laboratories, Inc.).
Cells were cultured in the presence of tracer medium for 24 hours prior to doxycycline addition

(0.1 pg/mL) for a further 48 hours.

Generation of Cell Lines Stably Expressing Inducible Forms of Flag-Tagged Mu-
tant IDH

To generate the doxycycline-inducible mutant IDH (mtIDH) cell lines, full-length cDNA
for IDH1-R132H and IDH2-R172K was amplified by PCR and cloned into the p3xFLAG-CMV14
vector (Sigma) to generate C-terminal Flag-tagged constructs. cDNA for IDH1-R132H-FLAG
and IDH2-R172K-FLAG was then amplified by PCR and cloned into the pEN_TTmcs entry
vector for recombination into the pSLIK-hygro lentiviral vector (Both vectors from Addgene
(Shin et al., 2006)). Lentiviruses were produced by transfecting HEK-293T cells with the pSLIK-
hygro-IDH1-R132H or pSLIK-hygro-IDH2-R172K plasmids along with the lentiviral packaging
plasmids pMDLg/pRRE and pRSV-Rev and the envelope plasmid pMD2.G (all from Addgene).
Supernatants containing lentiviral particles were collected 48 hours after transfection and used
to infect sub-confluent H1299 and Ab549 cells. Infected cells were allowed to recover for 24
hours before being placed under selection with 350 pg/mL hygromycin (Invitrogen) for ten
days. Protein expression was induced using 0.1 ug/mL doxycycline hyclate (Sigma) for 24-48

hours.

Protein Expression Analysis and Cellular Fractionation

For whole cell extracts, cells were lysed in RIPA buffer. Mitochondrial and cytoplasmic
fractions were prepared as previously described (Vander Heiden et al., 1997). Briefly, cells were
harvested in buffer A (250 mM sucrose, 20 mM HEPES, 10 mM KCl, 1.5 mM MgCI2, 1 mM
EDTA, 1 mM EGTA, 1 mM DTT, 1x EDTA-free protease inhibitor cocktail tablet (Roche)[pH
7.4]) and broken apart using a mechanical homogenizer (H Y Enterprise, Redwood City, CA).
Following centrifugation at 750 xg to remove unlysed ells and nuclei, mitochondria were isolated

by centrifuging at 10,000 xg for 25 mins. The resulting pellet was resuspended in buffer A
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and represents the mitochondrial fraction. The remaining supernatant containing cytoplasmic
and membrane proteins was centrifuged for 1 hour at 100,000 xg. The supernatant from this
final spin represents the S100 fraction. Protein expression was analyzed by Western blotting
using antibodies against FLAG (DYKDDDDK Tag: Cell Signaling), IDH1 (Santa Cruz), IDH2
(Abcam), Cytochrome C (clone 7H8.2C12, Abcam), Hsp 70 (Cell Signaling).

Metabolite Extraction and GC-MS Analysis

Polar metabolites and fatty acids were extracted using methanol/water/chloroform as
previously described (Metallo et al., 2012). Parental and pSLIK-mtIDH cells were cultured
in 6-well or 12-well plates and volumes of tracer media and extraction buffers were adjusted
accordingly. Derivatization of both polar metabolites and fatty acids has been described pre-
viously (Metallo et al., 2012). Briefly, polar metabolites were derivatized to form methoxime-
tBDMS derivatives by incubation with 2% methoxylamine hydrochloride (MP Biomedicals) in
pyridine (or MOX reagent (Thermo Scientific) followed by addition of N-tert-butyldimethylsilyl-
N-methyltrifluoroacetamide (MTBSTFA) with 1% tert-butyldimethylchlorosilane (t-BDMCS)
(Regis Technologies). Non-polar fractions, including triacylglycerides and phospholipids were
saponified to free fatty acids and esterified to form fatty acid methyl esters either by incubation
with 2% H2SO4 in methanol or by using Methyl-8 reagent (Thermo Scientific). Derivatized
samples were analysed by GC-MS using a DB-35MS column (30m x 0.25mm i.d. x 0.25 pm,
Agilent J&W Scientific) installed in an Agilent 7890A gas chromatograph (GC) interfaced with
an Agilent 5975C mass spectrometer (MS). Mass isotopomer distributions were determined by
integrating metabolite ion fragments (Table S3.1) and corrected for natural abundance using

in-house algorithms adapted from Fernandez et al. (Fernandez et al., 1996).

Extraction of NAD+, NADH, NADP+ and NADPH and Analysis by LC-MS/MS

The extraction protocol for NADPH was based on one previously described by Fendt
et al. (Fendt et al., 2013a), and was optimized for analysis by LC-MS/MS. Briefly, cells were
cultured in 6-well plates over the course of 30 minutes, washed once in ice cold water and

immediately quenched in liquid nitrogen. 200 plL ice cold extraction buffer (40:40:20 acetoni-
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trile/methanol /200 mM NaCl, 10 mM Tris-HCI, pH 9.2) was added directly to the cells. Cells
were scraped on ice and cleared by centrifugation at 4°C. 50 pL of supernatant was transferred
to a polypropylene vial and samples were analysed using a Q Exactive Benchtop LC-MS/MS
(Thermo Fisher Scientific).

For measurement of NAD(P)H at 24 hours, cells were cultured in 10 cm plates. After
24 hour incubation with tracer, approximately 1x107 cells were washed in ice cold 0.9% saline
and immediately quenched in 1 mL of 80% methanol at -80°C. Cells were scraped on dry ice and
cleared by centrifugation at 4°C. Cleared supernatant was transferred to Eppendorf tube, dried
under vacuum using a CentriVap (Labconco), resuspended in water and immediately loaded onto
a XSELECT HSS XP 150 mm AU 2.1 mm AU 2.5 um (Waters, Milford, MA) with an UFLC
XR HPLC (Shimadzu, Columbia, MD) coupled to an AB SCIEX Qtrap 5500 mass spectrometer
(AB SCIEX, Framingham, MA) operating in negative ion mode. Mass isotopomer distributions
were corrected for natural abundance using in-house software adapted from Fernandez et al.
(Fernandez et al., 1996). Additional information regarding chromatographic separation, mass
spectrometry, and data acquisition can be found in the Supplemental Experimental Procedures

in the Supplement to Chapter 3.

Isotopomer Spectral Analysis (ISA)

The ISA method compares a measured palmitate mass isotopomer distribution to one
that is simulated using a reaction network for palmitate synthesis whereby 14 NADPH molecules
are consumed to form one palmitate molecule. Models were also generated for myristate and
stearate synthesis whereby 12 or 16 NADPH molecules are consumed to form one myristate or
stearate molecule, respectively. Parameters for the relative enrichment of the lipogenic NADPH
pool from a given [2H] tracer and the percentage of fatty acids that are de novo synthesized
are extracted from a best fit model using the INCA metabolic flux analysis software package
(Figure S3.2) (Young, 2014). The 95% confidence intervals for both parameters were estimated
by evaluating the sensitivity of the sum of squared residuals between measured and simulated

palmitate mass isotopomer distributions to small flux variations (Antoniewicz et al., 2006).
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Cell Proliferation Assays

On day -1, 1/10 of a confluent 10cm dish of cells were seeded in six six-wells of a
six-well plate. 24 hours later, cells were counted on an automated cell counter (Nexcelom) and
this time-point was considered Tg. At Ty, all other time-points were media changed to £+ dox
media (0.1 pg/mL doxycycline hyclate (Sigma) in water). Cells were counted every 24 hours
in technical duplicate and biological triplicate. Media was changed every 48 hours to prevent

degradation of doxycycline in the media.
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Chapter 4

Hypoxic Reprogramming of NADPH
Metabolism in Mutant IDH Cells

Introduction

Pyridine nucleotides, such as NADP(H) and NAD(H), are critical cofactors involved in
many biosynthetic and cellular processes including lipid and nucleotide biosynthesis required for
proliferation. As detailed in Chapter 3, NADP(H) and NAD(H) cannot directly transport across
subcellular organelle boundaries allowing cells to maintain distinct cytosolic, mitochondrial, and
other compartmental pools (Pollak et al., 2007a). Canonical pathways that regenerate re-
duced NADPH include IDH, malic enzyme, and the pentose phosphate pathway (PPP) with
the latter pathway thought to contribute the majority of cytosolic NADPH (Pollak et al.,
2007a). Isoforms of these enzymes are localized in specific organelles and maintain the balance
of NADP+/NADPH within each compartment. For example, IDH1 and IDH2/3 are localized
to the cytoplasm and mitochondria, respectively. Specific biosynthetic reactions occur in spe-
cific compartments (i.e. fatty acid and cholesterol synthesis occur in the cytosol) and thus
require compartmentalized pools of NADPH. In addition, glycolysis occurs in the cytosol re-
quiring NAD+ regeneration via several cytosolic NADH-dependent shuttle systems (i.e. lactate
dehydrogenase (LDH), the malate-aspartate shuttle, and the glycerol 3-phosphate dehydroge-
nase shuttle) (Lewis et al., 2014). The TCA cycle and oxidative phosphorylation rely on tight
maintenance of the mitochondrial NAD+:NADH ratio in order to produce ATP.

Hypoxia is commonly experienced by cancers in vivo due to, in part, the lack of an

74
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efficient vascular system and high nutrient and oxygen consumption rates (Carmeliet and Jain,
2000; Eales et al., 2016). Low oxygen microenvironments lead to several metabolic alter-
ations with enhanced glycolytic rates representing a mutual response in both non-transformed
and transformed tissues (DeBerardinis et al., 2008). In addition, the ratio of mitochondrial
NAD+:NADH decreases in hypoxia leading to reduced mitochondrial oxidative phosphorylation
(Frezza et al., 2011; Hollinshead and Tennant, 2016). Several of the metabolic alterations in
hypoxia are caused by the activity of HIF1 which is stabilized under hypoxia. HIF1 regulates
the expression of glucose transporters (GLUT1 and 3) and glycolytic enzymes (HK1, aldolase A
and C, triose phosphate isomerase, and GAPDH) (Higashimura et al., 2011; Semenza et al.,
1996; Gess et al., 2004). In addition, hypoxia leads to alterations in NADPH metabolism both
in the cytosol and mitochondria. Generally, levels of ROS are thought to increase in hypoxia
and NADPH would become critical for maintenance of ROS-detoxifying systems in this mi-
croenvironment (Chandel et al., 2000). How hypoxia reprograms NADPH production and the
contribution of cytosolic and mitochondrial NADPH-producing pathways is largely unknown.
Folate-mediated one carbon metabolism (FOCM), involving the amino acids serine and
glycine, represents one such pathway that has been reported to be critical for supplying mito-
chondrial NAD(P)H critical for maintaining mitochondrial redox and oxidative phosphorylation
(Lewis et al., 2014; Fan et al., 2014). Serine lies at a critical pivot point within intermediary
metabolism, linking biosynthetic flux from glycolysis to purine synthesis, folate-mediated one-
carbon metabolism (FOCM), glutathione synthesis, and lipid metabolism (Tibbetts and Appling,
2010). Each of these metabolic processes may influence a number of biological functions, includ-
ing epigenetic regulation and cellular redox status. Not surprisingly, a growing number of studies
have demonstrated the importance of this pathway in cancer. Genes encoding several enzymes
along these pathways are amplified or overexpressed in tumors, including phosphohydroxyglycer-
ate dehydrogenase (PHGDH) (Locasale et al., 2011), serine hydroxymethyltransferase (SHMT),
and methylene tetrahydrofolate dehydrogenase (MTHFD) (Nilsson et al., 2014). Expression
of SHMT2, the mitochondrial isoform, is regulated by HIF-1o signaling and is involved in the
maintenance of cellular NADPH:NADP+ ratios (Ye et al., 2014). Modulation of serine avail-

ability can impact in vivo tumor growth and the sensitivity to mitochondrial inhibitors (Gravel
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et al., 2014; Maddocks et al., 2013). Several studies have also shed light on the impacts of
serine on purine and NAD(P)H regeneration (Fan et al., 2014; Field et al., 2015; Lewis et al.,
2014; Nilsson et al., 2014; Maddocks et al., 2016).

Mutations in specific compartmentalized NAD(P)H-dependent enzymes, including IDH1
and IDH2, influences redox metabolism in the cytosol and mitochondria. Specifically, heterozy-
gous IDH2- R140 and R172 and IDH1-R132 mutations eliminate the oxidative capacity of IDH
to produce NADPH leading to dysfunctional redox metabolism in either the cytosol or mitochon-
dria (Chapter 1) (Parker and Metallo, 2015). As demonstrated in Chapter 3, 13C tracing alone
cannot distinguish metabolic flux in redundant pathways involving isoforms in many subcellu-
lar compartments (i.e. malic enzyme, IDH, ALDHs); thus, we developed a compartmentalized
NADPH reporter system capable of deconvoluting such redundancies in intact cells (Lewis
et al., 2014). The compartmentalized NADPH reporter system uniquely enables us to perform
quantitative 2H tracing studies to investigate redundant metabolic pathway activity and NADPH
reprogramming in intact cells. Herein we utilize the cytosolic and mitochondrial NADPH re-
porter system to investigate NADPH reprogramming in IDH2 mutant cells, specifically in the
mitochondria. Furthermore, we investigate how the contribution of NADPH producing pathways
is influenced by hypoxic microenvironments and if mutations in IDH2 affect NADPH metabolic
reprogramming in hypoxia. These studies provide insight into possible metabolic liabilities in

mutant IDH2 cancers that could be targeted therapeutically to achieve a synthetic lethal effect.

Results

Hypoxia Reprograms NADH and NADPH Metabolism

In order to quantify the reprogramming of NADPH metabolism in response to hypoxic
microenvironments, we cultured a panel of cancer cell lines in the presence of [3-H]glucose under
normoxic of hypoxic (1% oxygen) for 48-72 hours and isotope enrichment of various metabolites
was determined by mass spectrometry (Figure 4.1A). As demonstrated in Chapter 3, cytosolic
NADPH produced by the pentose phosphate pathway (PPP) can be visualized by measuring

labeling on de novo synthesized fatty acids (Lewis et al., 2014). Strikingly, we observed
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a significant increase, ranging from 11—40%, in PPP contribution to cytosolic NADPH in
response to hypoxic stress (Figure 4.1B). We cultured HCT116 cells, which exhibited the largest
increase in PPP contribution under hypoxia, in the presence of [1,2-13C,]glucose and quantified
the relative shunting of glucose carbon through the oxidative PPP. Interestingly, we did not
observe a significant effect on the relative shunting through oxPPP in hypoxia (Figure 4.1C).
Given that glycolytic flux increases in hypoxic microenvironments and we observed an increase
in contribution, the absolute molar flux through the PPP is increased despite similar shunting
of glycolytic intermediates (Chapter 2, Figure 2.1D). These results suggest that cells exhibit an
increase in NADPH demand in hypoxic microenvironments. Interestingly, A549 cells did not
exhibit an increase in PPP contribution under hypoxia; however (Figure 4.1B).

To quantify reprogramming of NADH metabolism and glycolytic metabolism in response
to hypoxic microenvironments, we cultured A549 cells in the presence of [4-?H]glucose under
normoxic or hypoxic (1% oxygen) for 72 hours. Chapter 3 details the labeling through which
[4-2H]glucose labels NADH. Briefly, NAD+ is reduced to NADH via GAPDH in the cytosol
transferring ?H from [4-?H]glucose to NADH. NAD+ regeneration via three main cytosolic
NADH-dependent enzymes is required to maintain glycolytic flux. Under hypoxia, we observed
a significant decrease in labeling of [4-2H]glucose onto GAP (Figure 4.1D). As 2H can be lost
through water exchange during the TPI reaction, these results suggest that under hypoxia
there is an increased exchange flux at the TPI step of glycolysis diluting >H labeling on GAP.
Furthermore, we observed a significant decrease in labeling on cytosolic NADH as observed by
decreased labeling on lactate, glycerol 3-phosphate, and malate (Figure 4.1D). We observed a
significant decrease in NADH entry into the mitochondria via the malate-aspartate-shuttle and
incorporation into TCA intermediates in hypoxia (Figure 4.1E). Taken together, these results

suggest that cytosolic NADH metabolism is reprogrammed under hypoxia.

PPP Contributes to Cytosolic Reductive Carboxylation in Hypoxia

The malate-aspartate shuttle consists of a system of isozymes present in the cytosol and
mitochondria that can act to shuttle reducing equivalents into the mitochondria through coupled

reductive cytosolic and oxidative mitochondrial activity. Reductive carboxylation of glutamine
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Figure 4.1: NADPH and NADH Metabolism is Reprogrammed Under Hypoxia. (A)
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and subsequent oxidative IDH activity represents another such redox shuttle that has been shown
to be active under anchorage-independent conditions (Jiang et al., 2016). Furthermore, reduc-
tive carboxylation has been shown to facilitate lipogenesis under hypoxic microenvironments
and mitochondrial dysfunction (Metallo et al., 2012). In 143B cells cultured in the presence
of [U-13Cs]glutamine, we observed a significant switch from oxidative to reductive glutamine
metabolism in hypoxia as evidenced by decrease in M+4 and increase in M+5 citrate labeling
(Figure 4.2A-B). Furthermore, we observed a significant increase in reductive carboxylation to
lipogenic acetyl-CoA (Figure 4.2C). Reductive carboxylation can occur through either IDH1 or
IDH2 in the cytosol or mitochondria, respectively. To determine the compartmentalization of
reductive carboxylation, we cultured 143B cells with [3-?H]glucose to label cytosolic NADPH
and observed significant labeling of citrate under hypoxia (Figure 4.2D). These results suggest
that the reductive carboxylation of aKG primarily occurs in the cytosol via IDHL1 in the system

tested.

G6PD Knockdown Reduces Reductive Carboxylation

As we observed contribution of NADPH labeled from [3-?H]glucose to reductive car-
boxylation, we knocked down G6PD the first enzyme of the PPP in A549 cells stably expressing
a non-targeting (shNT) or G6PD (shG6PD) hairpin and utilized 3C and 2H tracing to charac-
terize effects on NADPH metabolism and impacts on RC flux (Figure 4.3A). Culturing G6PD
knockdown A549 cells in the presence of [1,2-13C,]glucose confirmed that relative flux through
the oxidative branch of the PPP was significantly reduced in G6PD knockdown cells (Figure
4.3B). Furthermore, G6PD knockdown significantly reduced the contribution of oxPPP to cy-
tosolic NADPH by approximately 50% (Figure 4.3C, left). Treatment with the G6PD inhibitor,
6-aminonicotinamide (6AN), leads to a similar reduction in contribution from oxPPP to cytosolic
NADPH (Figure 4.3C, right). Characterizing impacts on RC, we cultured G6PD knockdown cells
in the presence of either [1-13C]glutamine or [5-13C]glutamine which yield two distinct readouts
of RC activity (Figure 4.3D). Citrate labeling from [1-13C]glutamine via RC increased under
hypoxia in both control and G6PD knockdown cells; however, the increase in RC was blunted

in G6PD knockdown cells (Figure 4.3E). Furthermore, [5-13C]glutamine labeling of palmitate
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followed a similar trend whereby G6PD knockdown significantly reduced the contribution of RC

to lipogenic acetyl-CoA (Figure 4.3F).

Hypoxia Promotes NADPH Shuttling Into the Mitochondrial via FOCM

FOCM can act as a cytosol:mitochondrial redox shuttle (Tibbetts and Appling, 2010).
Since 13C tracing is not sufficient to determine the directionality of isozymes present in the FOCM
pathway (Lewis et al., 2014), we engineered 143B, HCT116, and A549 cell lines to express the
dox-inducible cytosolic (mtIDH1-C) and mitochondrial (mtIDH2-M) NADPH probes discussed
in Chapter 3. 143B mtIDH1-C and mtIDH2-M cell lines produced 2HG when treated with
0.1 pg/mL doxycycline (Figure 4.4A). Strikingly, hypoxia increased the amount of 2HG similar
to that previously observed in endogenous mutant IDH cell lines (Figure 4.4A). In order to
quantify the shuttling of cytosolic NADPH into the mitochondria, we cultured 143B mtIDH2-
M cells in the presence of [3-2H]glucose in normoxic and hypoxic conditions. Notably, we
observed significantly increased labeling of serine (via MTHFD1) and citrate (via reductive IDH1)
from cytosolic NADPH in hypoxia (Figure 4.4B). Furthermore, significant label incorporation
in mitochondrial 2HG was observed from cytosolic NADPH (Figure 4.4B) suggesting increased
shuttling of cytosolic NADPH into the mitochondria. To quantify FOCM pathway activity in
response to hypoxia, we cultured 143B mtIDH1-C and mtIDH2-M cells in the presence of [2,3,3-
2Hs]serine (Figure 4.4C). Strikingly, the contribution of MTHFD2 to mitochondrial NADPH
increased significantly in response to hypoxia (Figure 4.4D). Only minimal oxidative MTHFD1
activity was observed in hypoxia suggesting that the pathway was operating mainly to supply
mitochondrial NADPH (Figure 4.4D). Knockdown of either MTHFD1 or SHMT2 in HCT116 or
A549 mtIDH2-M cell lines, respectively, resulted in a significant decrease of cytosolic NADPH
contribution to the mitochondrial NADPH pool. Taken together, these results suggest that

FOCM contributes a significant portion of mitochondrial NADPH under hypoxia.

Cytosolic NADPH Shuttling is Critical for Mutant IDH2 Cells

In order to understand how mitochondrial NADPH metabolism is reprogrammed in IDH2

mutant versus wild-type cells, we first engineered IDH2 wild-type HCT116 cells to express our
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Figure 4.3: G6PD Knockdown Blunts Switch to Reductive Carboxylation Under Hy-
poxia. (A) Immunoblot of G6PD and BActin in A549 cells expressing control or G6PD-targeted
hairpins. (B) (left) Labeling of lactate from [1,2-13C,]glucose in A549 shNT and shG6PD
cells. (right) Ratio of M1/(M14+-M2) lactate from [1,2-13C;]glucose. (C) (left) Contribution
of [3-2H]glucose to lipogenic NADPH in A549 shNT and shG6PD cells after 72 hours. (right)
Contribution of [3-2H]glucose to lipogenic NADPH in A549 cells treated with vehicle (DMSQ) or
100 M 6AN for 72 hours. (D) Tracer diagram depicting atom transitions for [1-13C]glutamine
(light green) and [5-13C]glutamine (dark green). The 13C label on [1-13C]glutamine is retained
on citrate only if glutamine is metabolized reductively as the label is lost as CO» via aKGDH
(Figure 4.3D). In addition, the 13C label on [5-13C]glutamine will only label lipogenic acetyl-CoA
if metabolized by reductive carboxylation. (E) Citrate labeling from [1-13C|glutamine in A549
shNT and shG6PD cells cultured in normoxia or hypoxia for 72 hours. (F) Contribution of [5-
13C]glutamine to lipogenic acetyl-CoA via reductive carboxylation in A549 shNT and shG6PD
cells cultured in normoxia or hypoxia for 72 hours.
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Figure 4.4: Redox Shuttling of Cytosolic NADPH into the Mitochondria. (A) 2HG/aKG
ratio in 143B cells expressing either pSLIK-IDH1-R132H (mtIDH1-C) or pSLIK-IDH2-R172K
(mtIDH2-M) in normoxia or hypoxia. (B) Labeling of serine, citrate, aKG, and 2HG in 143B
mtIDH2-M cells cultured in the presence of [3-2H]glucose in normoxia or hypoxia. (C) Tracer di-
agram for [2,3,3-2Hs]serine depicting atom transitions through FOCM. Small blue dots represent
2H atoms arising from oxidative MTHFD2 activity. Small red dots represent 2H atom-transitions
arising from oxidative MTHFD1 activity. (D) 2HG labeling from [2,3,3-2Hs]serine in 143B pS-
LIK cell lines cultured in normoxia or hypoxia for 48 hours. Dox induction (0.1 pg/mL) for 24
hours. (E) Serine labeling from [3-2H]glucose in HCT116 parental mtIDH2-M cells expressing
shNT or shMTHFD1 in normoxia or hypoxia for 48 hours. (F) 2HG labeling from [3-2H]glucose
in HCT116 parental mtIDH2-M cells expressing shNT or shMTHFD1 in normoxia or hypoxia
for 48 hours. Dox induction (0.1 pg/mL) for 24 hours. (G) 2HG labeling from [3-2H]glucose in
A549 mtIDH2-M cells expressing shNT or shSHMT2 in normoxia or hypoxia for 48 hours. Dox
induction (0.1 pg/mL) for 24 hours.
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cytosolic and mitochondrial NADPH reporters discussed in Chapter 3. HCT116 parental (IDH2
wild-type cells) were engineered to express either pSLIK-IDH1-R132H or pSLIK-IDH2-R172K;
hereby referred to as mtIDH1-C or mtIDH2-M (as reported in Chapter 3), respectively; and gen-
erated 2HG only in the presence of 0.1 pg/mL doxycycline (Figure 4.5A). We cultured HCT116
parental cells expressing the mtIDH2-M mitochondrial NADPH reporter and HCT116 cells engi-
neered to express heterozygous IDH2RY72K/+ mutations (clones 59F10 and 45G9) in the presence
of [3-?H]glucose to quantify the contribution of cytosolic NADPH to the mitochondrial pool of
NADPH. We observed that cytosolic NADPH redox shuttling accounted for approximately 3%
of mitochondrial NADPH at normal oxygen tensions in both IDH2 wild-type and mutant cells;
however, a significant increase in mitochondrial NADPH labeling from [3-?H]glucose was ob-
served in hypoxia (Figure 4.5B). In addition, we observed a significant increase in cytosolic
NADPH contribution to mitochondrial NADPH in IDH2 mutant cells compared to wild-type
cells (Figure 4.5B). These results suggest that cytosolic NADPH contributes a significant por-
tion of mitochondrial NADPH in hypoxia and that mutant IDH2 cells rely on this redox shuttling
significantly more than IDH2 wild-type cells.

To determine if FOCM activity was important in an endogenous IDH2 mutant context,
we cultured SW1353 chondrosarcoma cells, which harbor a heterozygous IDH2R172K/+ mutation,
in the presence of [2,3,3—2H3]serine in normoxia and hypoxia. In addition, we knocked down
the mitochondrial NAD(P)+-dependent enzyme MTHFD2 to determine if FOCM was involved
in the mitochondrial NADPH labeling from [2,3,3-2Hs]serine. We observed robust labeling of
mitochondrial 2HG in normoxia and a significant increase in labeling under hypoxia (Figure
4.5C). Furthermore, MTHFD2 knockdown significantly blunted the labeling of mitochondrial
2HG from [2,3,3-2H3]serine (Figure 4.5C). Furthermore, MTHFD2 knockdown blunted FOCM
flux as indicted by a significant decrease in M+1 serine labeling from [2,3,3-2Hs]serine indicative

of flux through MTHFD1/2 (Figure 4.5D).
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Figure 4.5: IDH2 Mutant Cells Rely More on Cytosolic Redox Shuttles to Supply
Mitochondrial NADPH. (A) 2HG/aKG ratio in HCT116 parental cells expressing pSLIK-
IDH1-R132H (mtIDH1-C) or pSLIK-IDH2-R172K (mtIDH2-M) treated with or without dox (0.1
wg/mL) for 72 hours. (B) 2HG labeling from [3-2H]glucose in HCT116 parental mtIDH2-M cells
or HCT116 IDH2R72K/+ (clones 59F10 and 45G9) in normoxia or hypoxia for 48 hours. Dox
induction (0.1 pg/mL) for 24 hours. (C) 2HG labeling in SW1353 shNT or shMTHFD2 cells
cultured in presence of [2,3,3-2H3]serine in normoxia or hypoxia for 48 hours. (D) Serine labeling
in SW1353 shNT or shMTHFD2 cells cultured in presence of [2,3,3—2H3]serine in normoxia or
hypoxia for 48 hours.
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Discussion

Adaptation to hypoxia is critical in order for cancer to survive during progression. Many
of the metabolic responses to hypoxia are controlled by HIF-1 signaling which facilitates the
switch to aerobic glycolysis by activating transcription of glucose transporters and several gly-
colytic enzymes. Here we show reprogramming of cytosolic NADPH and NADH metabolism in
response to hypoxic microenvironments. We observed a significant increase in the reliance on
the oxidative PPP pathway to supply cytosolic NADPH under hypoxia. In addition, the relative
shunting of glycolytic carbon through the oxPPP was not significantly affected; however, molar
glucose flux and lactate secretion are significantly increased in hypoxia suggesting that absolute
NADPH production flux is increased and, thus, the demand for NADPH in hypoxia. Fatty acid
synthesis, one of the major NADPH consuming pathways in the cell (Fan et al., 2014), is sig-
nificantly decreased in hypoxia suggesting that other NADPH consumption pathways, including
reactive oxygen species defense, may be driving the increased NADPH demand in hypoxia.

In addition to increased aerobic glycolysis, glutamine metabolism is reprogrammed in
hypoxic environments routing flux reductively to form citrate necessary for maintaining de novo
lipogenesis (Metallo et al., 2012). The switch to reductive glutamine metabolism has also been
shown to activate in conditions of anchorage-independence (Jiang et al., 2016). Jiang et al.
demonstrated that reductive carboxylation occurred in an IDH1-dependent manner and coun-
teracted the substantial increase in mitochondrial ROS in anchorage independent conditions.
This study and others have suggested that reductive carboxylation can act to shuttle cytosolic
reducing equivalents into the mitochondria to support redox homeostasis through mitochondrial
glutathione and thioredoxin regeneration; however, the role of mitochondrial NADPH has not
been fully elucidated (Wallace, 2012; Wallace and Fan, 2010; Wallace et al., 2010). Our re-
sults suggest that reductive carboxylation occurs in the cytosol and blunting cytosolic NADPH
production by the oxPPP compromises the switch in hypoxia. Furthermore, we observe transfer
of cytosolic reducing equivalents into the mitochondria under hypoxia suggesting this pathway
is important for supplying mitochondrial NADPH in addition to facilitating fatty acid synthesis.

Serine and glycine metabolism have been proposed to form a redox cycle similar to reductive
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carboxylation (Tibbetts and Appling, 2010; Fan et al., 2014; Lewis et al., 2014). We have ob-
served labeling from cytosolic NADPH on citrate (via RC) and on serine (via reductive MTHFD1
activity) in hypoxia, suggesting that both of these pathways are active in hypoxia and could be
responsible for supplying mitochondrial reducing equivalents that we observe.

For cancer cells that have a deficiency in one or many of these redox shuttles, such as
the inability to switch to reductive carboxylation in IDH1 mutant cells or the increased reliance
on FOCM in IDH2 mutant cells, inhibiting one or many of these pathways may selectively sen-
sitize IDH mutant cancer cells to redox stress or conditions that promote ROS (i.e. hypoxia,
anchorage-independence). The studies presented herein do not explore possible synthetic lethal-
ity, but the increased reliance of IDH2 mutants on FOCM for mitochondrial NADPH suggests
that these cells may be selectively sensitive to inhibitors of FOCM. Unfortunately, no publically
available inhibitors of MTHFD or SHMT exist; however, several are currently in development.
Knockdown of SHMT?2 has been shown to increase mitochondrial ROS and cause cell death in
cancer cells under hypoxia supporting the notion that this pathway is critical for mitochondrial

redox homeostasis and a viable therapeutic target (Ye et al., 2014).

Materials and Methods

Cell Culture

A549 and 143B cell lines were cultured in DMEM supplemented with 10% FBS and
1% Pen Strep. HCT116 isogenic clones were obtained from Horizon Discovery Ltd. Cells were
routinely cultured in normoxia (21% O2) and then moved to a Coy hypoxia chamber (1% O3)
for 48 to 72 hours.

Steady-state labeling of intracellular metabolites was achieved by culturing subconfluent
cells in triplicate for 48-72 hours as indicated. Glucose- and glutamine- free DMEM containing
10% dialyzed FBS and 1% Pen Strep and 20 mM of either [1,2-13C;]glucose, [3-2H]glucose,
[4-2H]glucose and 4mM unlabeled glutamine or 20 mM unlabeled glucose and 4mM of either [U-
13Cs)glutamine, [1-13C]glutamine, or [5-13C]glutamine. Extraction of intracellular metabolites

and GC-MS analysis of labeled species was conducted using protocols presented in Chapter 2
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and Chapter 3.

Reagents

[1,2-13C;]glucose, [U-13Cs]glutamine, [1-13C]glutamine, and [5-*3C]glutamine were ac-
quired from Cambridge Isotope Laboratories. [3-?H]glucose and [4-2H]glucose were acquired

from Omicron Biochemicals.

Isotopomer Spectral Analysis (ISA)

A model for palmitate biosynthesis, whereby eight acetyl-CoA molecules are consumed
to form one palmitate molecule, was generated to estimate the rate of de novo synthesis from
experimental palmitate mass isotopomer distributions. Parameters for the relative enrichment of
lipogenic acetyl-CoA from a given '3C tracer and the percentage of fatty acids that are de novo
synthesized are extracted from a best-fit model using the INCA MFA software package (Young,
2014). The 95% confidence intervals for both parameters were estimated by sensitivity analysis
of the sum of squared residuals between measured and simulated palmitate mass isotopomer

distributions to small flux variations (Antoniewicz et al., 2006).

Production of Stable Knockdown Transformed Cells

Lentival shRNA plasmids targeting human SHMT2 (NM 005412.4—541s21cl:
CCGGGTCTGACGTCAAGCGGATATCCTCGAGGATATCCGCTTGACGTCAGACTTTTTG),
MTHFD1 (NM  005956.2—2559s1c1: CCGGGCAGATGACATTGAATTACTTCTCGA-
GAAGTAATTCAATGTCATCTGCTTTTTG), or MTHFD2 (NM 006636.2—772slcl:
CCGGGCAGTTGAAGAAACATACAATCTCGAGATTGTATGTTTCTTCAACTGCTTTTTG)
or a non-targeting control construct were packaged in 293FT cells using FUGENE 6 as a
transfection agent for the desired pLKO vector and VSV-G, gag/pol, and rev. The 293FT
spent medium containing the lentiviral constructs was collected and filtered (0.45 pm) to
remove any cells. Polybrene was added to a final concentration of 8 pg/ml. Cells in 6-well

plates were cultured with 0.5 ml of the virus-containing medium for 4-6 hours before addition
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of 2 ml of virus free medium. Cells were then selected and maintained in media containing 2
ug/ml puromycin.
Statistical Analysis

All results shown as averages of multiple technical replicates are presented as mean +
SD. P-values were calculated using a Student’s two-tailed t test. * p-value between 0.05 and
0.01, ** p-value between 0.01 and 0.001, *** p-value < 0.001. All errors associated with ISA

of de novo lipogenesis are 95% confidence intervals determined by sensitivity analysis.
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Chapter 5

Conclusions

The works presented in this dissertation highlight the influence of subcellular compart-
mentalization of metabolic processes and the impact of specific mutations and/or microen-
vironments on intermediary metabolism. Specifically, this dissertation focuses on metabolic
reprogramming in hypoxic microenvironments and how mutations in isocitrate dehydrogenase
(IDH) affect metabolic flux in response to stress.

The first chapter, "Metabolic Consequences of Oncogenic IDH Mutations”, examines the
molecular signaling and metabolic impacts of oncogenic mutations in a compartmentalized TCA
cycle enzyme present in the cytosol or mitochondria. IDH mutations are particularly interesting
as they represent one of only a few metabolic enzymes that are found to be mutated in cancer,
others including succinate dehydrogenase (SDH) and fumarate hydratase (FH). Mainly, groups
have focused on elucidating the impacts of 2-hydroxyglutarate (2HG)—a metabolic byproduct
of IDH mutation—on signaling pathways, on how IDH mutation impacts cellular metabolism,
and on the oncogenic development of tumors harboring these mutations. This chapter reviews
some of these efforts and highlights the need for improved preclinical models and studies that
identify exploitable metabolic and signaling defects in cancers that harbor IDH mutation.

The second chapter, "IDH1 Mutations Alter Citric Acid Cycle Metabolism and Increase
Dependence on Oxidative Mitochondrial Metabolism”, focuses on metabolic studies using 13C
stable isotope tracing and metabolic flux analysis to examine alterations in central carbon
metabolism in mutant IDH cancer cells. These studies were done using a cell model engineered

to express heterozygous IDH1 (IDH1-R132H/C) or IDH2 (IDH2- R140Q, R172K) mutation and
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were also replicated in several cell models harboring endogenous IDH mutations. Surprisingly,
there were only minor differences between IDH mutant and wild-type cells in flux through central
carbon metabolism in basal conditions; however, when cells were cultured under low oxygen en-
vironments, a significant defect in mitochondrial metabolism in IDH1 mutant cells was observed.
Mutant cells relied more on oxidative mitochondrial metabolism and were incapable of switching
to reductive glutamine metabolism in hypoxic microenvironments, sensitizing cells to inhibitors
of the electron transport chain (ETC). This metabolic deficiency was observed in additional
cell models and also in vivo. Future work into effective dosing of mitochondrial inhibitors in
vivo and possible synergistic co-treatments is needed in order to validate this proof of principle
therapeutic target for treating mutant IDH1 cancers.

The third chapter, "Tracing Compartmentalized NADPH Metabolism in the Cytosol and
Mitochondria of Mammalian Cells”, discusses the use of a stable isotope tracing methodology
to understand compartmentalized NADH and NADPH metabolism in intact cells. Importantly,
NAD(H) and NADP(H) cannot cross intracellular membranes and cells maintain distinct ratios
of NAD(P)+/NAD(P)H to execute compartment-specific metabolic processes. Previous tech-
niques to measure NAD(P)H suffer from several technical limitations, including mixing organelle
pools and long sample preparation time; therefore, this chapter discusses the use of reductive
biosynthesis as a readout of NADPH metabolism that circumvents these limitations. Further-
more, this chapter discusses the development of NADPH reporters capable of tracing redox
metabolism in specific compartments (i.e. the cytosol and mitochondria of cells) to observe the
activity of complex, multi-compartment pathways in greater detail. Finally, the chapter high-
lights the utility of this technique by applying it to resolve the directionality of folate-mediated
one carbon metabolism, which involves multistep, compartmentalized redox reactions existing
in both the cytosol and mitochondria. Future work into developing reporters for other subcel-
lular compartments, including the endoplasmic reticulum and nucleus, would be beneficial as
metabolism in these organelles becomes more appreciated.

The fourth chapter, "Hypoxic Reprogramming of NADPH Metabolism in Mutant IDH2
Cells”, investigates the impact of hypoxia and IDH2 mutations on cytosolic and mitochon-

drial NADPH metabolism. Several metabolic pathways, including folate-mediated one carbon
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metabolism and reductive carboxylation, have been proposed to operate as a cycle shuttling
reducing equivalents between the cytosol and mitochondria. Studies have shown cytosolic
NADPH to shuttle into the mitochondria via reductive carboxylation in cells under conditions
of anchorage-independence. Reductive carboxylation can also support de novo lipogenesis, and
this chapter explores the compartmentalization of RC and how it can shuttle cytosolic NADPH
to combat the increased redox stress experienced by cells under hypoxia. In addition, this
chapter describes how inactivating mutations in IDH2, which eliminate the capacity of reduc-
tive carboxylation to facilitate reducing equivalent shuttling, results in a greater contribution
of mitochondrial NADPH to come from FOCM shuttling. Future work investigating potential
increased sensitivity of FOCM inhibitors in mutant IDH2 cells is needed in order to validate this

pathway as therapeutically efficacious.



Supplement to Chapter 1

Abbreviations

ACC: acetyl-CoA carboxylase, ACO: aconitase, AML: acute myeloid leukemia,
oKG: alpha-ketoglutarate, D-2HG: D-2-hydroxyglutarate, FAS: fatty acid synthase, Fum:
fumarate, FH: fumarate hydratase, ICT: isocitrate, IDH: isocitrate dehydrogenase, L-2HG:
L-2-hydroxyglutarate, LDH: lactate dehydrogenase, Mal: malate, Oac: oxaloacetate,
Pyr:  pyruvate, PC: pyruvate carboxylase, PDH: pyruvate dehydrogenase, SDH: succinate

dehydrogenase.
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Supplement to Chapter 2

Abbreviations

IDH, isocitrate dehydrogenase; 2-HG, 2-hydroxyglutarate; MFA, metabolic flux analy-
sis; aKG, a-ketoglutarate; EMT, epithelial-mesenchymal transition; HIF-1a, hypoxia inducible
factor 1la; WT, wild-type; ISA, isotopomer spectral analysis; AcCoA, acetyl coenzyme A; PPP,
pentose phosphate pathway; TCA, the citric acid cycle; PDH, pyruvate dehydrogenase; ME,
malic enzyme; PC, pyruvate carboxylase; OXPHQOS, oxidative phosphorylation; ETC, electron

transport chain.

Materials and Methods

Extracellular Flux Determination

Cells were seeded in triplicate at a density of 150,000 or 250,000 cells/well. After 72
hours, cells were counted by hemacytometer and conditioned medium was collected by centrifu-
gation. Glucose and lactate concentrations were measured in fresh and spent medium (after
24-72 hours of culture) using a NOVA Biomedical BioProfile FLEX Analyzer or a Yellow Springs
Instruments (YSI) 7100. Concentrations of glutamine, glutamate, 2-hydroxyglutarate, pyruvate,
and alanine in fresh and spent medium were determined by GC-MS analysis of corresponding
methoxime-tBDMS derivatives. Briefly, 25 ul of fresh and conditioned medium was extracted in
200 pl of cold 80% methanol (-80°C) containing 1 pg norvaline to serve as an internal standard.
Concentrations were determined by comparing total ion counts to a calibration curve generated

in parallel. The cell specific growth rate (1) was measured assuming exponential growth and
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uptake/secretion fluxes (q;) for each of the aforementioned metabolites were quantified using

the following equations (52.1-52.3):

dX
— =uX 2.1
praall’ (52.1)
dC;

L — g X et S2.2
ar ~ Biee (S2.2)
dCain

dil = _kGlnCGln + QGlnXoeut (523)

Where C; and X represent the concentration of the ith metabolite and the cell density,
respectively. The spontaneous first-order degradation of glutamine to ammonia and pyrroli-
donecarboxylic acid was estimated to be 0.002 h! and included in the calculation of the cellular

uptake flux of glutamine (Ozturk and Palsson, 1990; Ahn and Antoniewicz, 2011).

Gas Chromatography Mass Spectrometry (GC-MS) Analysis

Extracted polar metabolites were derivatized to form methoxime-tBDMS derivatives by
first dissolving the evaporated samples in 20 pl of 2% (w/v) methoxylamine hydrochloride (MP
Biomedicals, Solon, OH) in pyridine and incubating at 37°C for 60-90 minutes. Samples were
then silylated by addition of 30 ul of N-tert-butyldimethylsily-N-methyltrifluoroacetamide (MTB-
STFA) with 1% tert-butyldimethylchlorosilane (tBDMS) (Regis Technologies, Morton Grove, IL)
and incubated at 37°C for 30-45 minutes. Samples were centrifuged at 14,000 rpm for 5-15
minutes and clarified supernatant was transferred to GC sample vials for analysis. Extracted
nonpolar metabolites were esterified to form fatty acid methyl esters (FAMEs) by adding 500
ul of 2% (w/v) H2SO4 in methanol and incubating at 50°C for 90-120 minutes. The reactions

were quenched with 100 ul of saturated NaCl solution and FAMEs were extracted with two
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hexane washes. Extracted hexanes were evaporated to dryness at room temperature, dissolved
in 50-100 pl of hexane, and transferred to glass GC vials for analysis. Derivatized samples were
analyzed by GC-MS using a DB-35MS (30m x 0.25mm i.d. x 0.25um, Agilent JW Scientific)
installed in an Agilent 7890A gas chromatograph (GC) interfaced with an Agilent 5975C mass
spectrometer (MS) operating in electron impact mode scanning over the range 100-650 m/z for
methoxime-tBDMS derivatives and 100-350 m/z for FAMEs. The GC oven temperature meth-
ods for methoxime-tBDMS and FAME derivatives were run as previously described (Metallo

et al., 2012).

Metabolic Flux Analysis (MFA)

Table S2.1: Metabolite Fragment lons Used for GC-MS Analysis. Carbons represented,
chemical formula, and m/z for each metabolite included in Chapter 2.

Metabolite Carbons Formula Mass (m/z)
Pyruvate 123 CgH1203NSi 174
Lactate 23 C10H25028i2 233
Lactate 123 C11H25038i2 261
Citrate 123456 C20H3gOeSi3 459
Citrate 123456 C23H5507Si4 591
aKG 12345 C14H2305N8i2 346
Succinate 1234 C12H2504Si2 289
Fumarate 1234 C12H2304Si2 287
Malate 1234 C18H3gO5Si3 419
Alanine 23 C10H260NSi2 232
Alanine 123 C11H2502Nsi2 260
Aspartate 12 C14H3202NSi2 302
Aspartate 234 C17H4003NSi3 390
Aspartate 1234 C13H4004Nsi3 418

Glutamate 12345 C17H3602N8i2 330
Glutamate 12345 C19H4ZO4NSi3 432
Glutamine 12345 C19H4303sti3 431
2-HG 12345 Ci19H4105Sis3 433
Palmitate 1-16 C17H3402 270

13C metabolic flux analysis was conducted under the following assumptions:

1. Cells were assumed to be at metabolic and isotopic steady state, i.e. intracellular free

metabolite pool size and 3C enrichments are constant.

2. Per cell extracellular flux of glucose, lactate, glutamine, glutamate, pyruvate, 2-HG, and
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alanine were assumed to be constant over the course of the labeling experiment.
3. Cells were assumed to grow exponentially.

4. Succinate and fumarate are structurally symmetric and can be enzymatically converted to

their subsequent products in either configuration.

5. Labeled CO; released during decarboxylation reactions is diluted upon release and does

not reincorporate during carboxylation reactions.

6. Separate mitochondrial and cytosolic pools of aspartate, malate, fumarate, pyruvate, and
acetyl-CoA were modeled with exchange fluxes for malate and pyruvate. The pool of
succinate was comprised of an unlabeled dilution pool and a metabolically active pool

(Noguchi et al., 2009).

7. Malic enzyme flux was assumed to be primarily mitochondrial, as minimal labeled lactate
was detected from [U-13Cs]glutamine. Alanine exhibited more significant label from [U-

13Cs]glutamine and the mitochondrial flux enabled us to address this discrepancy.

8. The extracellular flux of 2-HG was calculated assuming that all 2-HG produced by the cell

is secreted.

9. Relative branching of glucose flux to the oxidative pentose phosphate pathway (PPP)
relative to glycolysis was determined via the M1/M2 lactate ratio in HCT116 parental
and IDH1 R132H/+ (2H1 clone) cells cultured in either normoxia or hypoxia with [1,2-

13C,)glucose.

Abbreviations used in Tables S2.2-S2.5

2-HG, 2-hydroxyglutarate; 2-HG.x, 2-hydroxyglutarate secretion; 3PG, 3-
phosphoglycerate; AcCoA.m, mitochondrial acetyl-coenzyme A; AcCoA.c, cytosolic
acetyl-coenzyme A; aKG, o-ketoglutarate; Ala, alanine; Ala.x, alanine secretion; Asp.c,
cytosolic aspartate; Asp.m, mitochondrial aspartate; Cit, citrate; CO2, carbon dioxide;

DHAP, dihydroxyacetone phosphate; E4P, erythrose 4-phosphate; F6P, fructose 6-phopsphate;
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Fum.c, cytosolic fumarate; Fum.m, mitochondrial fumarate; G6P, glucose 6-phosphate;
GAP, glyceraldehyde 3-phosphate; Glc.x, glucose uptake; Gln, glutamine; GlIn.x, glutamine
uptake; Glu, glutamate; Glu.x, glutamate secretion; Lac, lactate; Lac.x, lactate secretion;
Mal.c, cytosolic malate; Mal.m, mitochondrial malate; P5P, ribose 5-phosphate; Palm.d,
dilution/already present Palmitate; Palm.s, de novo synthesized Palmitate; Pyr.c, cytosolic
pyruvate; Pyr.m, mitochondrial pyruvate; Pyr.x, pyruvate secretion; S7P, sedoheptulose

7-phosphate; Suc, succinate; Suc.d, succinate dilution.

Determination of Oxygen Consumption

HCT 116 cells were grown at either normoxia or hypoxia (3% 0O2) and respiration was
measured under these conditions using an XF¢96 analyzer (Seahorse Bioscience). All cell growth
and assays at 3% O2 were conducted using the Coy Dual Hypoxic Chambers for Seahorse XF¢

Analyzer (Coy Laboratory Products, Inc.). See set-up pictured below (Figure S2.1):

Figure S2.1: Coy Dual Hypoxic Chambers for Seahorse XF¢ Analyzer.

Parental cells or IDH1 mutant cells were maintained in DMEM + 10% (v/v) fetal
bovine serum + 2 mM GlutaMAX + 100U/mL penicillin, and 100pg/mL streptomycin and
plated in 96-well XF assay plates subsequently kept at normoxia (parental—1.75x10* cells/well;
IDH1 mutants—2.0x10* cells/well) or hypoxia (parental—1.25x10* cells/well; IDH1 mutants—
1.5x10* cells/well). After two days, medium was changed to DMEM supplemented with 10 mM
glucose, 4 mM glutamine, and 1.5 mM pyruvate prior to conducting the assay.

Respiration under hypoxia was measured using Wave 2.0 software with the XF®96 in
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Hypoxia Mode and the oxygen tension set to 3%. 250 mM sodium sulfite was added during the
course of the experiment to provide a zero-point calibration of the system. Medium was buffered
with 44 mM NaHCOs, as the hypoxia chamber enclosing the instrument contained 5% CO,.
Respiration data under normoxia was obtained both on the benchtop (medium buffered with
10 mM HEPES) and in the Coy chamber, with bicarbonate-buffered medium and the oxygen
tension set to 20.7% O2. The respiration data collected in the chamber and on the benchtop
showed no qualitative difference, so the values were pooled for analysis. Five independent,
biological replicates were conducted with 10 technical replicates per cell line. Immediately after
the assay, total cell protein was calculated by lysing cells in 20uL/well RIPA buffer and protein
was calculated using the bicinconinic acid (BCA) assay. All oxygen consumption values were
normalized to microgram of total cell protein.

ATP-linked respiration was determined by the amount of oxygen consumption sensitive
to 2ug/mL oligomycin. Maximal respiration was determined under normoxia as the amount
of respiration stimulated by the protonophore FCCP (added in subsequent injections for final
concentrations of 500 nM and 750 nM in the medium). Non-mitochondrial respiration was
determined by shutting down mitochondrial electron transport with 2 uM rotenone and 1 pM
antimycin A. The ratio of maximal respiration to ATP-linked respiration (i.e. the respiratory
capacity) was also determined. Uncoupler-stimulated respiration was not calculated under 3%
02 because the well reached anoxia during the measurement phase.

Statistical analysis was conducted on the raw data by analysis of variance (ANOVA)
of repeated measurements with Dunnett's post-hoc test (p<0.05). All respiration data are

presented as mean + S.E.M.

Biomass Equation

In order to quantify the per cell dry weight, 18-20 million HCT116 cells were pelleted by
centrifugation and washed three times with cold acetone (-80°C) to remove free metabolites.
Cell pellets were then evaporated to dryness overnight and weighed. The dry weight per cell was
estimated to be approximately 400 pg. The dry cell mass composition (in %w/w) was estimated

from the literature for hybridomas (Quek et al., 2010; Sheikh et al., 2005) and the stoichiometric
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coefficients (in fmol/cell) were determined by multiplying the biomass composition by the per

cell dry weight (Murphy et al., 2013).

RNA Interference and LC-MS Analysis of Citrate

IDH1/2 shRNAs were generated in pLKO-based lentiviral vectors containing a
tetracycline-inducible promoter as described previously (Grassian et al., 2012). The
targeting sequences for the IDH1/2 shRNAs were as follows: IDH1 shRNA A, GGAATC-
CGGAATAAATACTAC; IDH1 shRNA B, GCCTGGCCTGAATATTATACT,; IDH2 shRNA A,
GTGGACATCCAGCTAAAGTAT; IDH2 shRNA B, CACCATACTGAAAGCCTACGA. The
indicated cells lines were transduced with these shRNAs or a nontargeting control (NTC).
After viral transduction, 0.6 pg/ml puromycin was added to select for polyclonal pools of cells
with stable integration of the shRNA constructs. For all experiments, cells were grown in the
presence of 100 ng/ml doxycycline where noted for the indicated number of days to induce
shRNA expression. Quantitative PCR (qPCR) was performed as previously described (Grassian
et al., 2012).

HCT116 Parental cells with NTC or IDH1/2 shRNA were cultured in glutamine free
DMEM media supplemented with [U-'3Cs]glutamine under normoxia and hypoxia (1% oxygen).
Cell pellets were lysed in 80% methanol in water (4:1 v/v) via 3 cycles of freeze-thawing in
liquid nitrogen. Supernatants of the cell extracts were dried down and reconstituted in water for
LC-MS/MS analysis. Citrate 3C-labelled isotopologues were quantified using LC-MS/MS with
an API4000 triple quadruple MS system (AB Sciex, Framingham, MA). Analytes of interests
were individually tuned and the most sensitive MRM was selected for quantification. Citrate was
separated on Phenomenex Luna PFP 2x150mmc column, 3um particle size with 0.1% formic
acid in water as mobile phase A (MPA) and 0.1% formic acid in acetonitrile as mobile phase B
in a 7 minute gradient from 100% MPA to 90% MPA. The retention times were verified using
authentic standards. Contributions from natural isotope distribution and mass spec cross-talk

from isotopologues that are within 2 Da have been corrected for the data presentation.
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Generation of p° Cells

To generate p0 cells, cells were grown in DMEM with 10% fetal bovine serum,
100iAnw/ml uridine, 1mM sodium pyruvate and 50 ng/ml ethidium bromide for 4-6 weeks.
To ensure inactivation of mitochondrial DNA, cells were cultured in DMEM without glucose,
with 10% dialyzed fetal bovine serum and 25mM galactose; no surviving cells after 48 hours

confirmed the of inactivation of mitochondrial DNA.

Growth-inhibition Assay

Cells (HT-1080 or SW1353) were plated at 3000 or 6000 cells per well in a 96-well plate.
Each 96-well plate contained six replicates of treatment concentration gradient, vehicle control,
and background control. Cells were allowed to attach overnight and phenformin- (Fluka) or
vehicle- (DMSO, Sigma) containing media was added after approximately 16 hours. Following
48 hour incubation, media was removed and cells were fixed with ice-cold 4% paraformaldehyde
(Electron Microscopy Sciences) in PBS for 15 minutes at room temperature. Then, 0.9%
(w/v) crystal violet (Sigma) in water was added to each well and incubated for 8-10 minutes
at room temperature. Crystal violet solution was removed and plates were washed and allowed
to dry overnight. Absorbed dye was dissolved in a 4:1:1 ethanol:methanol:water mixture and
the absorbance was measured at a fixed wavelength of 595 nm. Measured absorbance was

background-corrected and normalized to vehicle control.

Xenograft Studies

Cells tested were free of mycoplasma and viral contamination in the IMPACT 1 PCR
assay panel (RADIL, MU Research Animal Diagnostic Laboratory, Columbia, MO). For xenograft
growth analysis, 2x10° cells were injected subcutaneously in a suspension in PBS (cat. 17-516F,
Lonza) solution. The total injection volume containing cells in suspension was 200 pl. For
cell implantation, mice were anesthetized with continuous flow of 1.5-3.5% isoflurane/oxygen
mixture using the integrated multi chambers anesthesia center (IMCAC) and induction chamber

(Vetequip, Inc. Pleasanton, CA). Animal well-being and behavior, including grooming and
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ambulation were monitored twice daily. Individual tumor volumes were measured twice a week
by manual calipers and data collected in the Abivo data capture package. Tumor volumes were
calculated as (length x width?) x /6. Individual body weights (BW) were measured twice a
week. The percent change in BW was calculated as (BWcyrrent-BWinitiat) /BWinitial X100.

For in vivo glutamine infusion studies, Parental HCT116, HCT116 IDH1 R132H/+ 2H1,
or HCT116 IDH1 R132C/+ 2A9 cells were suspended in sterile PBS, and injected at 5 AU 108, 5
x 100, or 10 x 10° cells, respectively, into the flanks of nu/nu mice. Tumor growth was monitored
by caliper measurement in two dimensions and tumor volume was estimated by the equation V
= (m/6)(L*W?). Mice were prepared for glutamine infusions when tumors reached a minimum
diameter of 0.8cm. Chronic venous catheters were implanted into the jugular vein of animals
with xenograft tumors 5-7 days before performing glutamine infusion experiments. After surgical
recovery, mice were fasted overnight before [1-'3C]glutamine was reconstituted in saline and
infused into conscious mice for 360 min following a bolus to achieve steady-state enrichments,
as previously reported (Marin-Valencia et al., 2012). Next, mice were anesthetized with sodium
pentobarbital injection and tissue harvested within 5 minutes, snap frozen in liquid nitrogen using
Biosqueezer (BioSpec Products), and stored at -80°C for subsequent analysis and metabolite
extraction. All animal procedures followed protocols approved by MIT's Committee on Animal
Care. Data are expressed at means + S.E.M. Metabolites were extracted by finely grinding tissue
at liquid nitrogen temperatures using a Retsch Cryomill. Tissues were resuspended in 3:1:2
methanol, water, chloroform and phase extracted. Polar metabolites were dried under nitrogen
gas and frozen at -80°C for subsequent derivitization and analysis by gas-chromatography mass-

spectrometry.
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Synthesis of IDH1i A

CHO NH, 0 e o r]l\)oJ\ HE o IL\)T\ ”H'NF'
OO e O — 7Y é%\o SRaP e
cl it
Cl Cl

Figure S2.2: Chemical Synthesis Scheme for IDH1i A.

A mixture of 2-fluorobenzaldehyde (250 mg, 2.014 mmol) and 3-chloro aniline (257
mg, 2.014 mmol) was stirred at room temperature in a 50 mL reaction tube for 30 minutes.
The resulting beige solid was dissolved by the addition of toluene (8 ml) and warming at 60°C.
2-(methoxycarbonyl(methyl)amino)-acetic acid (296 mg, 2.014 mmol) and cyclohexylisocyanide
(0.250 ml, 2.014 mmol) were added and the reaction stirred at 60°C for 20 hours. The resulting
amber solution was cool to room temperature and poured into water. The aqueous mixture
was extracted with CH2Cly and organic layer was washed with brine, dried over MgSQO4 and
concentrated under reduced pressure to give a brown oil. The crude material was purified via
HPLC (Sunfire Prep C18 column, OBO 5um, 19x100 mm, 10-80% acetonitrile/water gradi-
ent over 15 min) to give methyl (2-((3-chlorophenyl)(2-(cyclohexylamino)-1-(2-fluorophenyl)-2-
oxoethyl)amino)-2-oxoethyl)(methyl)carbamate as a white solid (110 mg). The enantiomers of
this compound were separated via chiral HPLC (Chirapak IA column, 5um particle size, 20x250
mm, 20% MeOH + 5mM NH4OH in CO,) To give the individual enantiomers:

(R)-methyl(2-((3-chlorophenyl)(2-(cyclohexylamino)-1-(2-fluorophenyl)-2-
oxoethyl)amino)-2-oxoethyl)(methyl)carbamate: 25 mg, white solid, HPLC (chiral
prep) tg = 1.85 min (A = 220 nm). This compound was presumed to be the (R) enantiomer
based on a comparison of the biochemical activity versus the enantiomer below and comparison
of these results to the results of an analogous set of compounds prepared in a chirally specific
manner. This enantiomer is less active than the (S) enantiomer, and was not used for these
studies.

(S)-methyl(2-((3-chlorophenyl)(2-(cyclohexylamino)-1-(2-fluorophenyl)-2-
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oxoethyl)amino)-2-oxoethyl)(methyl)carbamate: 17 mg, , white solid, HPLC (chiral
prep) tr = 2.65 min (A = 220 nm). 'H NMR (400 MHz, CD,Cly) (mixture of rotamers) &
7.12-7.33 (m, 4H), 6.88-7.12 (m, 4H), 6.37 (s, 0.6H), 6.34 (s, 0.4H), 6.18 (d, J = 7.53 Hz,
0.6H), 5.72 (d, J = 7.53 Hz, 0.4H), 3.68-3.96 (m, 3H), 3.70 (s, 2H), 3.63 (s, 1H), 2.92 (s,
2H), 2.89 (s, 1H), 1.84-2.12 (m, 2H), 1.58-1.84 (m, 4H), 1.05-1.46 (m, 4H); 13C NMR (101
MHz, CD,Cly) major rotamer & 169.19, 167.67, 161.41 (d, J = 247 Hz), 157.70, 140.13,
134.73, 132.26 (d, J = 3 Hz), 131.16 (d, J = 8 Hz), 130.48, 129.15, 129.18, 128.73, 124.36
(d, J = 3 Hz), 122.10 (d, J = 14 Hz), 115.59 (d, J = 22 Hz), 58.68, 53.15, 52.40, 49.37,
35.99, 33.10 (2C), 25.95, 25.41, 25.30, minor rotamer & 169.00, 167.83, 161.35 (d, J = 247
Hz), 157.07, 139.93, 134.73, 131.89 (d, J = 3 Hz), 131.25 (d, J = 8 Hz), 130.48, 129.15,
129.18, 128.73, 124.54 (d, J = 3 Hz), 121.81 (d, J = 13 Hz), 115.67 (d, J = 21 Hz), 58.32,
52.96, 51.76, 49.30, 36.14, 33.18 (2C), 25.87, 25.25, 25.16; HRMS (ESI-MS) m/z calcd for
C25H29CIFN304 [M + H]+ 490.1909, found 490.1884; HPLC tg = 2.70 min. This compound
was presumed to be the (S) enantiomer based on a comparison of the biochemical activity
versus the enantiomer below and comparison of these results to the results of an analogous
set of compounds prepared in a chirally specific manner. For the studies presented in this
paper, only the (S) enantiomer was used. Biochemical assays using IDH1i A were performed

as previously described in Patent W02013046136 Al.
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Supplemental Figures and Tables

M Parental Normoxia
70 M IDH1 R132H/+ Normoxia
M Parental Hypoxia
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Figure S2.3: Isogenic IDH1 Mutation Compromises Metabolic Reprogramming Under
Hypoxia. (A, B, C and D) a-Ketoglutarate (A), Fumarate (B), Malate (C) and Aspartate (D)
MIDS labeling from [U-13Cs]glutamine for HCT116 Parental and HCT116 IDH1 R132H/+ clone
2H1 cells cultured in normoxia or hypoxia (2% oxygen) for 72 hours.
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HCT116 Parental - Normoxia (21%)

Fractional abundance

Pyri74 Lac233 Lac261 Ala232 Ala260 Suc289 Akgdd6 Mald19 Asp302 Asp390 Aspd18 G330 Giud32 Ginddi Citd59 Cits91 Paim270

HCT116 Parental - Hypoxia (2%)

Fractional abundance

Cits91 Paim270

Fractional abundance

Pyri74 Lac233 Lac261 Ala232 Ala260 Suc289 Akg346 2HG433 Mald19 Asp302 Asp390 AspdiB G330 Glud32 Ginddi Citds9 Cits91 Paim270

HCT116 IDH1 R132H 2H1 - Hypoxia (2%)

Fractional abundance
T

Pyri74 Lac233 Lac261 Ala232 Ala260 Suc289 Akgd46 2HG433 Mal19 Aspd02 Asp390 Aspd18 G330 G432 GInd3! Citds9 Citso1 Paim270

Figure S2.4: Simulated and Measured Uncorrected MIDs. Simulated and measured un-
corrected MIDs; outside and inside (black-outlined) bars, respectively; for HCT116 parental
and HCT116 IDH1 R132H/4 2H1 cells cultured in either hypoxic (2%) or normoxic (21%)
conditions. Simulated MIDs were extracted from best model fit listed in Tables 52.2-52.5.
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Figure S2.5: Compromised Reductive TCA Metabolism is Specific to Cells with Mutant
IDH1. (A) Relative level of reductive glutamine metabolism, determined by M5 labeling of cit-
rate normalized to M5 labeling of glutamate from [U-13Cs]glutamine in HCT116 Parental cells
with or without 10mM 2-HG, or HCT116 IDH1/2-mutant isogenic cells cultured in normoxia or
hypoxia (2% oxygen) for 72 hours. (B) M6 labeling of citrate from [U-13Cs]glutamine in cells
cultured as in Figure S2.5A. (C and D) Relative levels of IDH1 and IDH2 mRNA and protein from
cells cultured as in Figure 2.2F. (E) Relative level of glutamine reductive carboxylation, deter-
mined by M5 labeling of citrate normalized to M5 labeling of glutamate from [U-13Cs]glutamine
of cells cultured as in Figure 2.2G.
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Figure S2.6: Cells with Endogenous IDH1 and IDH2 Mutations Respond Differently to
Mitochondrial Stress. (A) Glutamine reductive metabolism, as determined by M5 labeling of
citrate relative to M5 labeling of glutamate from [U-13Cs]glutamine in cells cultured as in Figure
2.4A. (B) Relative level of oxidative TCA flux, determined by M3 labeling of aKG relative to M5
labeling of aKG from [U-13Cs]glutamine in A549 and 143B wild-type or p° cells. (C) Relative
level of oxidative TCA flux, determined by % M3 labeling of aKG from [U-!3Cs]glutamine in
A549 and 143B wild-type or p® cells. (D) Relative level of oxidative TCA flux, determined by
M3 labeling of aKG relative to M5 labeling of aKG from [U-13Cs]glutamine in HT-1080 and
SW1353 wild-type or p° cells. (E) Relative level of oxidative TCA flux, determined by % M3
labeling of aKG from [U-13Cs]glutamine in HT-1080 and SW1353 wild-type or p® cells. (F and
G) Relative level of pyruvate carboxylase activity, as determined by M1 labeling of aspartate (F)
and malate (G) from [3-13C]glucose in HT-1080 and SW1353 wild-type or p° cells.
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Figure S2.7: Inhibition of Mutant IDH1 Does Not Rescue Reprogramming of TCA
Metabolism. (A) mRNA levels of EMT markers (which have been previously shown to be
modulated by 2-HG levels (Grassian et al., 2012)) in HCT116 IDH1 R132H/+ 2H1 and HCT116
IDH1 R132C/+ 2A9 cells which were cultured in the presence or absence of 10uM IDH1i A for
28 days. Expression is normalized to DMSO control for each cell line. (B-D) aKG (B), Malate
(C), and Aspartate (D) MID labeling from [U-'3Cs]glutamine from cells cultured as in Figure
2.6D. (E) Citrate MID labeling from [U-13Cs]glutamine from HCT116 Parental cells cultured in
the presence or absence of 10uM of IDHLi A for 3 or 12 days, the final 72 hours of which the
cells are grown in hypoxia (2% oxygen). (F) aKG/citrate ratio from cells cultured as in Figure

S2.7E.
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Figure S2.8: Cells Expressing Mutant IDH1 are Sensitive to Pharmacological Inhibition
of Mitochondrial Oxidative Metabolism. (A) Growth curves for HCT116 Parental and IDH2
mutant xenografts. (B) Maximal respiration rate for the indicated cells in Normoxia. (C)
Respiratory capacity (ratio of maximal respiration to ATP-linked respiration) of the indicated
cells in Normoxia. (D) Representative trace of oxygen consumption rates in Normoxia for the
indicated cell lines. Data is presented as percentage of HCT116 Parental cells setting the third
measurement as 100%. (E) Representative trace of Oy levels for HCT116 IDH1 R132H/+
2H1 cells in Normoxia. Data is presented as percentage of background. (F) Representative
trace of oxygen consumption rates in Hypoxia (3% O2) for the indicated cell lines. Data is
presented as percentage of HCT116 Parental cells setting the third measurement as 100%.
(G) Representative trace of O levels for HCT116 IDH1 R132H/+ 2H1 cells in Hypoxia (3%
02). Data is presented as percentage of background. (H) Growth charts from cells cultured
as indicated. Images were acquired every 12 hours to measure confluency. (I) Relative level
of oxidative TCA flux, determined by M3 labeling of oKG relative to M5 labeling of aKG
from [U-13Cs]glutamine in HCT116 parental, HCT116 IDH1 R132H/+ 2H1, or HCT116 IDH1
R132C/+ 2A9 cells cultured in the presence or absence of 100nM Rotenone for 72 hours. (J)
Reductive glutamine metabolism, determined by M5 Citrate labeling from [U-13Cs]glutamine
of cells cultured as in Figure S2.81. (K) Ratio of a-ketoglutarate to citrate from cells cultured
as in Figure S2.8l. (L) Relative level of oxidative TCA flux, determined by %M3 aKG labeling
from [U-13Cs]glutamine from cells cultured in the presence or absence of 1uM Rotenone or
1pM Antimycin for 6 hours. (M and N) Reductive glutamine metabolism, determined by M3
Fumarate (M) and Malate (N) from [U-13Cs]glutamine of cells cultured as in Figure S2.8L. (O)
M4 labeling of Succinate from [U-13Cs]glutamine from cells cultured as in Figure S2.8L. (P and
Q) Growth charts from cells cultured as indicated. Images were acquired every 12 hours to
measure confluency. (R) Average 1Csq’s of the CCLE cell panel across all compounds tested.
HT-1080 and SW1353 are indicated. Dotted lines represent +/- 1 standard deviation (SD), and
+/- 2 SD.
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Figure S2.8: Cells Expressing Mutant IDH1 are Sensitive to Pharmacological Inhibition
of Mitochondrial Oxidative Metabolism, continued.
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Figure S2.8: Cells Expressing Mutant IDH1 are Sensitive to Pharmacological Inhibition
of Mitochondrial Oxidative Metabolism, continued.
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Table S2.2: Estimated Fluxes from MFA model for HCT116 Parental Cells in Normoxia.
Analysis, assumptions and model described in Supplementary Experimental Procedures. Data
are presented as averages of three replicates from a single experiment and representative of three
independent experiments.

HCT116 Parental - Normoxia (21%)

Flux 95% Confidence Interval
Pathway/Reaction (fmol/cell/hr) Lower Upper
Glycolysis
Glc.x -> G6P 302.20 295.60 308.90
G6P -> F6P 289.20 282.50 295.90
F6P -> G6P 0.00 0.00 Inf
F6P -> DHAP + GAP 296.10 289.50 302.70
DHAP -> GAP 296.10 289.50 302.70
GAP -> DHAP 0.19 0.00 Inf
GAP ->3PG 595.60 582.50 608.70
3PG -> GAP 1.05 0.00 Inf
3PG -> Pyr.c 595.60 582.50 608.70
Pyr.c -> Lac 498.60 484.90 512.30
Lac -> Pyr.c 26.73 0.00 Inf
Lac -> Lac.x 498.60 484.90 512.30
Pyr.c-> Ala 2.80 -221.40 266.00
Ala -> Pyr.c 0.11 0.00 271.70
Pyr.m -> Ala 8.94 -254.50 232.90
Ala -> Pyr.m 0.00 0.00 Inf
Pyr.c -> Pyr.x 49.08 47.70 50.46
Ala -> Ala.x 4.74 4.39 5.09
Pentose Phosphate
G6P -> PSP + CO2 13.04 12.19 13.89
P5P + PSP -> S7P + GAP 3.44 3.10 3.77
S7P + GAP -> P5P + P5P 0.11 0.00 Inf
S7P + GAP -> F6P + E4P 3.44 3.10 3.77
F6P + E4P -> S7P + GAP 0.11 0.00 Inf
P5P + E4P -> F6P + GAP 3.44 3.10 3.77
F6P + GAP -> P5P + E4P 0.50 0.00 Inf
Anaplerotic Reactions
Pyr.c -> Pyr.m 45.08 -221.10 266.10
Pyr.m -> Pyr.c 63.21 0.00 221.40
Pyr.m + CO2 -> Oac.m 1.84 1.32 2.44
Mal.m -> Pyr.m + CO2 6.71 3.00 11.06
Pyr.m -> AcCoA.m + CO2 41.01 34.85 47.27
Glu -> Akg 8.24 4.66 12.26
Akg -> Glu 607.30 285.90 Inf
Gln ->Glu 30.17 26.37 34.16
Glu->GlIn 1.89 0.00 5.09
GIn.x -> GIn 33.92 29.78 38.16

Glu -> Glu.x 18.58 18.37 18.79
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Table S2.2: Estimated Fluxes from MFA model for HCT116 Parental Cells in Normoxia,

continued.

HCT116 Parental - Normoxia (21%)

Flux 95% Confidence Interval
Pathway/Reaction (fmol/cell/hr) Lower Upper
TCA Cycle
AcCoA.m + Oac.m -> Cit 41.01 34.85 47.27
Cit -> Akg + CO2 12.35 10.68 14.27
Akg + CO2 -> Cit 2.47 1.85 3.18
Akg -> Suc + CO2 20.59 15.45 26.35
Suc -> Fum.m 20.59 15.45 26.35
Fum.m -> Suc 6.04 0.00 Inf
Fum.m -> Mal.m 20.59 15.45 26.35
Mal.m -> Fum.m 1.63E+05 0.00 Inf
Mal.m -> Oac.m 39.16 33.20 45.25
Oac.m ->Mal.m 0.00 0.00 69.35
Oac.m -> Asp.m 0.00 0.00 0.00
Asp.m ->Oac.m 0.00 0.00 Inf
Oac.c -> Mal.c -8988.00 -Inf 30.30
Mal.c -> Oac.c 9.99E+06 0.00 Inf
Oac.c -> Asp.c 9016.00 2.72 Inf
Asp.c -> Oac.c 0.00 0.00 Inf
Asp.c -> Fum.c 9013.00 0.00 Inf
Mal.c -> Fum.c -9013.00 -Inf 0.00
Fum.c -> Mal.c 9.99E+06 0.00 Inf
Mal.c -> Mal.m 25.28 20.41 30.30
Mal.m -> Mal.c 26.82 0.00 Inf
Biomass
Cit -> AcCoA.c + Oac.c 28.65 23.13 34.33
0*AcCoA.c + 0¥*AcCoA.c + ... 0.11 0.00 Inf
Palm.d -> Palm.s 0.08 0.00 Inf
114*Asp.c + 152*Glu + 0.03 0.02 0.04
Dilution/Mixing
0*Pyr.c -> Pyr.mnt 0.66 0.24 1.00
0*Pyr.m -> Pyr.mnt 0.34 0.00 0.76
0*Mal.c -> Mal.mnt 0.11 0.00 Inf
0*Mal.m -> Mal.mnt 0.22 0.00 Inf
0*Asp.c -> Asp.mnt 0.49 0.00 1.00
0*Asp.m -> Asp.mnt 0.51 0.00 1.00
Suc.d -> Suc.mnt 0.34 0.27 0.40
0*Suc -> Suc.mnt 0.66 0.60 0.73
0*Fum.m -> Fum.mnt 0.48 0.00 1.00
0*Fum.c -> Fum.mnt 0.52 0.00 1.00
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Table S2.2: Estimated Fluxes from MFA model for HCT116 Parental Cells in Normoxia,

continued.

HCT116 Parental - Normoxia (21%)

Flux 95% Confidence Interval
Pathway/Reaction (fmol/cell/hr) Lower Upper
Glu.d ->Glu 1.14 0.63 1.68
Pyr.mnt -> Pyr.fix 1.00 1.00 1.00
Suc.mnt -> Suc.fix 1.00 1.00 1.00
Asp.mnt -> Asp.fix 1.00 1.00 1.00
Fum.mnt -> Fum.fix 1.00 1.00 1.00

Neomorphic reactions

Akg -> 2HG -
2HG -> 2HG.x -

SSE= 87.1

Expected SSE = [45.5, 129.5] (99.9% confidence, 81 DOF)
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Table S2.3: Estimated Fluxes from MFA model for HCT116 IDH1 R132H/+ 2H1
Cells in Normoxia. Analysis, assumptions and model described in Supplementary Experimental
Procedures. Data are presented as averages of three replicates from a single experiment and
representative of three independent experiments.

HCT116 IDH1 R132H 2H1 - Normoxia (21%)

Flux 95% Confidence Interval
Pathway/Reaction (fmol/cell/hr) Lower Upper
Glycolysis
Glc.x -> G6P 304.40 299.30 309.60
G6P -> F6P 288.10 282.80 294.60
F6P -> G6P 0.00 0.00 Inf
F6P -> DHAP + GAP 297.60 292.60 303.70
DHAP -> GAP 297.60 292.60 303.70
GAP -> DHAP 0.35 0.00 Inf
GAP ->3PG 600.00 590.00 612.00
3PG -> GAP 8.40 0.00 Inf
3PG -> Pyr.c 600.00 590.00 612.00
Pyr.c-> Lac 475.30 466.80 483.80
Lac -> Pyr.c 0.00 0.00 Inf
Lac -> Lac.x 475.30 466.80 483.80
Pyr.c -> Ala 0.00 -74.15 115.50
Ala -> Pyr.c 0.00 0.00 115.30
Pyr.m -> Ala 12.43 -103.00 86.73
Ala -> Pyr.m 0.05 0.00 Inf
Pyr.c -> Pyr.x 81.05 75.95 85.48
Ala -> Ala.x 7.10 6.89 7.32
Pentose Phosphate
G6P -> P5P + CO2 16.30 14.58 18.01
P5P + P5P -> S7P + GAP 4.74 4.05 5.33
S7P + GAP -> P5P + P5P 0.00 0.00 Inf
S7P + GAP -> F6P + E4P 4.74 4.05 5.33
F6P + E4P -> S7P + GAP 0.00 0.00 Inf
PSP + E4P -> F6P + GAP 4.74 4.05 5.33
F6P + GAP -> P5P + E4P 0.02 0.00 Inf
Anaplerotic Reactions
Pyr.c -> Pyr.m 43.62 -74.09 115.60
Pyr.m -> Pyr.c 3.04 0.00 74.17
Pyr.m + CO2 -> Oac.m 1.94 1.54 2.60
Mal.m -> Pyr.m + CO2 4.48 3.36 9.71
Pyr.m -> AcCoA.m + CO2 33.74 29.07 39.48
Glu -> Akg 7.00 4.34 11.90
Akg -> Glu 1396.00 390.40 Inf
GIn->Glu 32.82 29.88 37.76
Glu->GIn 2.24 0.00 6.05
GIn.x -> GIn 35.68 32.41 40.83

Glu -> Glu.x 23.83 23.08 24.69
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Table S2.3: Estimated Fluxes from MFA model for HCT116 IDH1 R132H/+ 2H1 Cells
in Normoxia, continued.

HCT116 IDH1 R132H 2H1 - Normoxia (21%)

Flux 95% Confidence Interval
Pathway/Reaction (fmol/cell/hr) Lower Upper
TCA Cycle
AcCoA.m + Oac.m ->Cit 33.74 29.07 39.48
Cit -> Akg + CO2 11.94 10.73 13.93
Akg + CO2 -> Cit 1.52 1.17 2.07
Akg -> Suc + CO2 17.05 14.73 23.65
Suc -> Fum.m 17.05 14.73 23.65
Fum.m -> Suc 5.24 0.00 Inf
Fum.m -> Mal.m 17.05 14.73 23.65
Mal.m -> Fum.m 13.31 0.00 Inf
Mal.m -> Oac.m 31.80 27.32 37.32
Oac.m ->Mal.m 0.00 0.00 9.68
Oac.m -> Asp.m 0.00 0.00 0.00
Asp.m ->Oac.m 0.05 0.00 Inf
Oac.c -> Mal.c -1.00E+07 -Inf 22.89
Mal.c -> Oac.c 3425.00 0.00 Inf
Oac.c -> Asp.c 1.00E+07 2.09 Inf
Asp.c -> Oac.c 9.93 0.00 Inf
Asp.c -> Fum.c 1.00E+07 0.00 Inf
Mal.c -> Fum.c -1.00E+07 -Inf 0.00
Fum.c -> Mal.c 0.00 0.00 Inf
Mal.c -> Mal.m 19.24 15.51 22.89
Mal.m ->Mal.c 159.20 35.96 Inf
Biomass
Cit -> AcCoA.c + Oac.c 21.80 17.58 25.93
0*AcCoA.c + 0*AcCoA.c + ... 0.10 0.00 7.01E+06
Palm.d -> Palm.s 0.37 0.00 Inf
114*Asp.c + 152*Glu + 0.02 0.02 0.03
Dilution/Mixing
0*Pyr.c -> Pyr.mnt 0.46 0.00 1.00
0*Pyr.m -> Pyr.mnt 0.54 0.00 1.00
0*Mal.c -> Mal.mnt 0.00 0.00 Inf
0*Mal.m -> Mal.mnt 0.00 0.00 Inf
0*Asp.c -> Asp.mnt 1.00 0.73 1.00
0*Asp.m -> Asp.mnt 0.00 0.00 0.27
Suc.d -> Suc.mnt 0.47 0.42 0.50
0*Suc -> Suc.mnt 0.53 0.50 0.58
0*Fum.m -> Fum.mnt 0.88 0.00 1.00

0*Fum.c -> Fum.mnt 0.12 0.00 1.00
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Table S2.3: Estimated Fluxes from MFA model for HCT116 IDH1 R132H/+ 2H1 Cells
in Normoxia, continued.

HCT116 IDH1 R132H 2H1 - Normoxia (21%)

Flux 95% Confidence Interval
Pathway/Reaction (fmol/cell/hr) Lower Upper
Glu.d ->Glu 1.42 0.96 1.92
Pyr.mnt -> Pyr.fix 1.00 1.00 1.00
Suc.mnt -> Suc.fix 1.00 1.00 1.00
Asp.mnt -> Asp.fix 1.00 1.00 1.00
Fum.mnt -> Fum.fix 1.00 1.00 1.00
Neomorphic reactions
Akg -> 2HG 1.89 0.00 3.79
2HG -> 2HG.x 1.89 0.00 3.79

SSE= 77.6
Expected SSE = [56.1, 147] (99.9% confidence, 95 DOF)
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Table S2.4: Estimated Fluxes from MFA model for HCT116 Parental Cells in Hypoxia
(2% Oxygen). Analysis, assumptions and model described in Supplementary Experimental
Procedures. Data are presented as averages of three replicates from a single experiment and
representative of three independent experiments.

HCT116 Parental - Hypoxia (2%)

Flux 95% Confidence Interval
Pathway/Reaction (fmol/cell/hr) Lower Upper
Glycolysis
Glc.x -> G6P 752.40 725.80 778.90
G6P -> F6P 719.10 692.40 745.70
F6P -> G6P 0.00 0.00 Inf
F6P -> DHAP + GAP 739.10 712.50 765.70
DHAP -> GAP 739.10 712.50 765.70
GAP -> DHAP 6.31E+06 0.00 Inf
GAP ->3PG 1488.00 1435.00 1541.00
3PG -> GAP 0.00 0.00 Inf
3PG -> Pyr.c 1488.00 1435.00 1541.00
Pyr.c -> Lac 1416.00 1362.00 1470.00
Lac -> Pyr.c 9.53 0.00 Inf
Lac -> Lac.x 1416.00 1362.00 1470.00
Pyr.c -> Ala -74.89 -274.00 308.10
Ala -> Pyr.c 396.30 8.06 1533.00
Pyr.m -> Ala 88.07 -300.10 287.20
Ala -> Pyr.m 3.66 0.00 431.60
Pyr.c -> Pyr.x 41.55 34.34 48.75
Ala -> Ala.x 4.81 3.27 6.33
Pentose Phosphate
G6P -> P5P + CO2 33.31 31.22 35.39
P5P + P5P -> S7P + GAP 10.02 9.30 10.74
S7P + GAP -> P5P + P5P 1.00E+07 0.00 Inf
S7P + GAP -> F6P + E4P 10.02 9.30 10.74
F6P + E4P -> S7P + GAP 1.00E+07 0.00 Inf
P5P + E4P -> F6P + GAP 10.02 9.30 10.74
F6P + GAP -> P5P + E4P 2.36E+06 0.00 Inf
Anaplerotic Reactions
Pyr.c -> Pyr.m 105.70 -285.50 298.70
Pyr.m -> Pyr.c 0.00 0.00 283.40
Pyr.m + CO2 -> Oac.m 3.09 2.00 4.25
Mal.m -> Pyr.m + CO2 18.50 11.27 26.15
Pyr.m -> AcCoA.m + CO2 33.01 27.18 38.99
Glu -> Akg 19.44 12.87 26.41
Akg -> Glu 292.20 110.30 Inf
Gln ->Glu 36.45 29.71 43.67
Glu ->GIn 5.43 0.00 15.23
Gln.x -> GIn 40.94 33.74 48.73

Glu -> Glu.x 14.01 13.24 14.78
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Table S2.4: Estimated Fluxes from MFA model for HCT116 Parental Cells in Hypoxia
(2% Oxygen), continued.

HCT116 Parental - Hypoxia (2%)

Flux 95% Confidence Interval
Pathway/Reaction (fmol/cell/hr) Lower Upper
TCA Cycle
AcCoA.m + Oac.m ->Cit 33.01 27.18 38.99
Cit -> Akg + CO2 -1.29 -2.74 -0.05
Akg + CO2 -> Cit 7.63 5.69 9.96
Akg -> Suc + CO2 18.15 12.63 24.17
Suc -> Fum.m 18.15 12.63 24.17
Fum.m -> Suc 2.09 0.00 Inf
Fum.m -> Mal.m 18.15 12.63 24.17
Mal.m -> Fum.m 1.00E+07 0.00 Inf
Mal.m -> Oac.m 29.92 24.42 35.72
Oac.m ->Mal.m 0.00 0.00 6.38
Oac.m -> Asp.m 0.00 0.00 0.00
Asp.m ->Oac.m 0.00 0.00 Inf
Oac.c -> Mal.c 30.27 -Inf 35.76
Mal.c -> Oac.c 865.70 159.50 Inf
Oac.c -> Asp.c 4.03 3.30 Inf
Asp.c -> Oac.c 1.03 0.00 Inf
Asp.c -> Fum.c 0.00 0.00 Inf
Mal.c -> Fum.c 0.00 -Inf 0.00
Fum.c -> Mal.c 1.00E+07 0.00 Inf
Mal.c -> Mal.m 30.27 24.80 35.76
Mal.m ->Mal.c 379.20 83.80 Inf
Biomass
Cit -> AcCoA.c + Oac.c 34.30 28.10 40.53
0*AcCoA.c + 0*AcCoA.c + ... 0.00 0.00 Inf
Palm.d -> Palm.s 0.00 0.00 Inf
114*Asp.c + 152*Glu + 0.04 0.03 0.04
Dilution/Mixing
0*Pyr.c -> Pyr.mnt 0.95 0.81 1.00
0*Pyr.m -> Pyr.mnt 0.05 0.00 0.19
0*Mal.c -> Mal.mnt 0.00 0.00 Inf
0*Mal.m -> Mal.mnt 0.44 0.00 Inf
0*Asp.c -> Asp.mnt 0.99 0.58 1.00
0*Asp.m -> Asp.mnt 0.01 0.00 0.42
Suc.d -> Suc.mnt 0.61 0.57 0.66
0*Suc -> Suc.mnt 0.39 0.34 0.43
0*Fum.m -> Fum.mnt 0.39 0.00 1.00

0*Fum.c -> Fum.mnt 0.61 0.00 1.00
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Table S2.4: Estimated Fluxes from MFA model for HCT116 Parental Cells in Hypoxia
(2% Oxygen), continued.

HCT116 Parental - Hypoxia (2%)

Flux 95% Confidence Interval
Pathway/Reaction (fmol/cell/hr) Lower Upper
Glu.d ->Glu 2.37 1.81 3.04
Pyr.mnt -> Pyr.fix 1.00 1.00 1.00
Suc.mnt -> Suc.fix 1.00 1.00 1.00
Asp.mnt -> Asp.fix 1.00 1.00 1.00
Fum.mnt -> Fum.fix 1.00 1.00 1.00

Neomorphic reactions
Akg -> 2HG - - _
2HG -> 2HG.x - - -

SSE= 1355
Expected SSE = [54.5, 144.5] (99.9% confidence, 93 DOF)
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Table S2.5: Estimated Fluxes from MFA model for HCT116 IDH1 R132H/+ 2H1 Cells
in Hypoxia (2% Oxygen). Analysis, assumptions and model described in Supplementary
Experimental Procedures. Data are presented as averages of three replicates from a single
experiment and representative of three independent experiments.

HCT116 IDH1 R132H 2H1 - Hypoxia (2%)

Flux 95% Confidence Interval
Pathway/Reaction (fmol/cell/hr) Lower bound Upper bound
Glycolysis
Glc.x -> G6P 766.00 650.60 884.20
G6P -> F6P 724.80 607.60 844.50
F6P -> G6P 0.02 0.00 Inf
F6P -> DHAP + GAP 751.40 636.10 869.60
DHAP -> GAP 751.40 636.10 869.60
GAP -> DHAP 0.00 0.00 Inf
GAP ->3PG 1516.00 1286.00 1751.00
3PG -> GAP 10.57 0.00 Inf
3PG ->Pyr.c 1516.00 1286.00 1751.00
Pyr.c -> Lac 1415.00 1183.00 1653.00
Lac -> Pyr.c 0.00 0.00 Inf
Lac -> Lac.x 1415.00 1183.00 1653.00
Pyr.c->Ala 6.14 -316.30 323.10
Ala -> Pyr.c 4.42 0.00 617.30
Pyr.m -> Ala 13.90 -302.80 336.40
Ala -> Pyr.m 0.00 0.00 1003.00
Pyr.c -> Pyr.x 97.22 83.27 111.00
Ala -> Ala.x 16.77 14.39 19.11
Pentose Phosphate Pathway
G6P -> P5P + CO2 41.15 18.09 64.23
P5P + P5P -> S7P + GAP 13.29 5.56 20.98
S7P + GAP -> P5P + P5P 0.63 0.00 Inf
S7P + GAP -> F6P + E4P 13.29 5.56 20.98
F6P + E4P -> S7P + GAP 0.27 0.00 Inf
P5P + E4P -> F6P + GAP 13.29 5.56 20.98
F6P + GAP -> P5P + E4P 0.25 0.00 Inf
Anaplerotic Reactions
Pyr.c->Pyr.m -2.59 -324.40 315.20
Pyr.m -> Pyr.c 232.70 0.00 314.50
Pyr.m + CO2 -> Oac.m 9.71 7.93 11.61
Mal.m -> Pyr.m + CO2 48.00 37.90 59.01
Pyr.m -> AcCoA.m + CO2 21.79 17.86 25.86
Glu -> Akg 40.32 31.53 50.07
Akg -> Glu 413.50 151.80 Inf
Gln ->Glu 62.24 53.22 72.06
Glu ->GIn 12.33 0.00 37.29
Gln.x -> GIn 63.99 54.71 74.04

Glu -> Glu.x 21.22 19.04 23.42
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Table S2.5: Estimated Fluxes from MFA model for HCT116 IDH1 R132H/+ 2H1 Cells
in Hypoxia (2% Oxygen), continued.

HCT116 IDH1 R132H 2H1 - Hypoxia (2%)

Flux 95% Confidence Interval
Lower Upper

Pathway/Reaction (fmol/cell/hr) bound bound
TCA Cycle
AcCoA.m + Oac.m -> Cit 21.79 17.86 25.86
Cit -> Akg + CO2 8.40 6.66 10.46
Akg + CO2 -> Cit 0.93 0.45 1.48
Akg -> Suc + CO2 48.26 38.17 59.52
Suc -> Fum.m 48.26 38.17 59.52
Fum.m -> Suc 60.13 0.00 Inf
Fum.m -> Mal.m 48.26 38.17 59.52
Mal.m -> Fum.m 1.00E+07 0.00 Inf
Mal.m -> Oac.m 12.08 9.79 14.46
Oac.m ->Mal.m 0.00 0.00 1.13
Oac.m -> Asp.m 0.00 0.00 0.00
Asp.m ->0Oac.m 0.85 0.00 Inf
Oac.c -> Mal.c 0.00 -Inf 14.34
Mal.c -> Oac.c 1.00E+07 0.00 Inf
Oac.c -> Asp.c 13.40 <13.36 Inf
Asp.c -> Oac.c 0.00 0.00 Inf
Asp.c -> Fum.c 11.82 0.00 Inf
Mal.c -> Fum.c -11.82 -Inf 0.00
Fum.c -> Mal.c 0.59 0.00 Inf
Mal.c -> Mal.m 11.82 9.36 14.34
Mal.m -> Mal.c 1.00E+07 485.80 Inf
Biomass
Cit -> AcCoA.c + Oac.c 13.39 10.61 16.25
0*AcCoA.c + 0*AcCoA.c + ...
-> Palm.s 0.15 0.00 3.24E+06
Palm.d -> Palm.s 1.23 0.00 Inf
114*Asp.c + 152*Glu +
237*Ala + 127*GIn +
970*AcCoA.c + 92*P5P ->
Biomass 0.01 0.01 0.02
Dilution/Mixing
0*Pyr.c -> Pyr.mnt 1.00 0.92 1.00
0*Pyr.m -> Pyr.mnt 0.00 0.00 0.08
0*Mal.c -> Mal.mnt 0.00 0.00 Inf
0*Mal.m -> Mal.mnt 0.00 0.00 Inf
0*Asp.c -> Asp.mnt 1.00 0.98 1.00
0*Asp.m -> Asp.mnt 0.00 0.00 0.02
Suc.d -> Suc.mnt 0.72 0.67 0.77
0*Suc -> Suc.mnt 0.28 0.23 0.33
0*Fum.m -> Fum.mnt 0.02 0.00 1.00

0*Fum.c -> Fum.mnt 0.98 0.00 1.00
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Table S2.5: Estimated Fluxes from MFA model for HCT116 IDH1 R132H/+ 2H1 Cells
in Hypoxia (2% Oxygen), continued.

HCT116 IDH1 R132H 2H1 - Hypoxia (2%)
Flux 95% Confidence Interval

(fmol/cell/hr) Lower Upper

Pathway/Reaction bound bound
Glu.d ->Glu 1.40 0.59 2.26
Pyr.mnt -> Pyr.fix 1.00 1.00 1.00
Suc.mnt -> Suc.fix 1.00 1.00 1.00
Asp.mnt -> Asp.fix 1.00 1.00 1.00
Fum.mnt -> Fum.fix 1.00 1.00 1.00
Neomorphic reactions

Akg -> 2HG 0.46 0.31 0.61
2HG -> 2HG.x 0.46 0.31 0.61

SSE= 141.2
Expected SSE = [53.0, 142.0] (99.9% confidence, 91 DOF)



Supplement to Chapter 3

Materials and Methods

LC-MS/MS Analysis of NAD(H) and NADP(H)

For analysis of NAD(H) and NADP(H) using a Q Exactive Benchtop LC-MS/MS
(Thermo Fisher Scientific), chromatographic separation was achieved by injecting 2uL of sample
on a SeQuant ZIC-pHILIC Polymeric column (2.1x150mm 5uM, EMD Millipore). Flow rate was
set to 100pL/min, column compartment was set to 25°C, and autosampler sample tray was set
to 4°C. Mobile Phase A consisted of 20mM Ammonium Carbonate, 0.1% Ammonium Hydroxide
in 100% Water. Mobile Phase B was 100% Acetonitrile. The mobile phase gradient (%B) was
as follows: 0 min 80%, 5 min 80%, 30 min 20%, 31 min 80%, 42 min 80%. All mobile phase
was introduced into the lon Max source equipped with a HESI Il probe set with the following
parameters: Sheath Gas = 40, Aux Gas = 15, Sweep Gas = 1, Spray Voltage = 3.1 kV, Capillary
Temperature = 275°C, S-lens RF level = 40, Heater Temp = 350°C. NAD+, NADP+, NADH,
and NADPH were monitored in negative mode using a targeted selected ion monitoring (tSIM)
method with the quadropole centred on the M-H ion m+42 mass. Isolation window was 5 amu,
resolution was set to 140,000, and AGC target was set to 1e5 ions. Data were acquired and
analysed using Xcalibur v2.2 software (Thermo Fisher Scientific). Raw counts were corrected
for quadropole bias by measuring the quadropole bias experimentally in a set of adjacent runs of
samples at natural abundance. Quadropole bias was measured for all species by monitoring the
measured vs. theoretical m1/m0 ratio at natural abundance of all species with m-1, m0, m1,

and m2 centred scans. Quadropole bias-corrected counts were additionally corrected for natural
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abundance to obtain the final mass isotopomer distribution for each compound in each sample.

Chromatographic separation of NAD(H) and NADP(H) using a XSELECT HSS XP
(Waters, Milford, MA) with an UFLC XR HPLC (Shimadzu, Columbia, MD) was operated
as follows. Mobile phase A was composed of 10 mM tributylamine (TBA), 10 mM acetic
acid (pH 6.86), 5% methanol, and 2% 2-propanol; mobile phase B was 2-propanol. Oven
temperature was 40°C. The chromatographic conditions are as follows: 0, 0, 0.4; 5, 0, 0.4; 9,
2, 0.4, 95,6, 04; 115, 6, 0.4, 12, 11, 0.4; 13.5, 11, 0.4; 15.5, 28, 0.4; 16.5, 53, 0.15; 22.5,
53, 0.15; 23, 0, 0.15; 27, 0, 0.4; 33, 0, 0.4; (Total time [min], Eluent B [vol%], Flow rate
[mL*min"1]). The autosampler temperature was 10°C and the injection volume was 10 pL with
full loop injection. An AB SCIEX Qtrap 5500 mass spectrometer (AB SCIEX, Framingham,
MA) was operated in negative mode. Electrospray ionization parameters were optimized for 0.4
mL/min flow rate, and are as follows: electrospray voltage of -4500 V, temperature of 500°C,
curtain gas of 40, CAD gas of 12, and gas 1 and 2 of 50 and 50 psi, respectively. Analyser
parameters were optimized for each compound using manual tuning. The instrument was mass
calibrated with a mixture of polypropylene glycol (PPG) standards. Samples were acquired
using the scheduled MRM pro algorithm in Analyst 1.6.2. The acquisition method consisted
of a multiple reaction monitoring (MRM) survey scan coupled to an information dependent
acquisition (IDA) consisting of an enhanced resolution (ER) and an enhanced product ion (EPI)
scan for compound isotopomer distribution and compound identity confirmation. MRMs were
processed using Multiquant 2.1.1. Enhanced production ion (EPI) scans and enhanced resolution
scans were processed using Analyst. The identity of each compound was previously determined
running pure standards. Linearity of each compound was determined by running calibration
curves that spanned the upper and lower limits of detection. Quality controls and carry-over

checks were included with each batch.
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Supplemental Figures and Tables
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Figure S3.1: 1-2Hglucose and 3-2Hglucose Label Cytosolic NADPH via G6PD and
6PGD. (A) NADP+- labeling in parental H1299 cells incubated for 24 hours with [3-2H]glucose
measured via LC-MS/MS. (B) Labeling of ribose 5-phosphate (R5P) and ribulose 5-phosphate
(Ru5P) from [3-2H]glucose measured via LC-MS/MS in parental H1299 cells after 24 hour
incubation. (C) NAD+ (top panel) and NADH (bottom panel) labeling in parental H1299 cells
incubated over a course of 30 minutes and for 24 hours with [3-2H]glucose measured via LC-
MS/MS. (D) Atom-transition map depicting a model of deuterium transfer from [1-2H]glucose
through glycolysis and the pentose phosphate pathway. Open large circles represent carbon and
small blue circles indicate deuterium label from [1-?H]glucose. Enrichments of M1 isotopomer
(%) for glycolytic intermediates from [1-2H]glucose in parental H1299 cells measured via GC-
MS are indicated below specific metabolites. (E) Labeling of NADP+ and NADPH in parental
H1299 cells incubated for 24 hours with [1-2H]glucose measured via LC-MS/MS. (F) Labeling of
ribose 5-phosphate (R5P) and ribulose 5-phosphate (Ru5P) in parental H1299 cells incubated
for 24 hours with [1-2H]glucose measured via LC-MS/MS. (G) Glucose 6-phosphate (G6P)
labeling in parental H1299 cells incubated for 24 hours with either [1-2H]glucose or [3-2H]glucose
measured via LC-MS/MS. Lower G6P labeling from [1-2H]glucose is due to deuterium exchange
with hydrogen from water from phosphoglucose isomerase (PGIl) reversibility. (H) Saturated
fatty acid labeling (myristate, palmitate, and stearate) in parental H1299 cells incubated for 72
hours with [1-2H]glucose. Due to label from [1-2H]glucose on citrate, some fatty acid labeling
arises from deuterium on lipogenic acetyl-CoA. Data shown represent mean £+ SD of at least
three biological replicates.
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Figure $3.1: 1-2Hglucose and 3-2Hglucose Label Cytosolic NADPH via G6PD

6PGD, continued.
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Table S3.1: Metabolite fragment ions used for GCMS and LCMS analysis.

Metabolite Carbons Formula Mass (m/z)
GCMS: -- -- --
Pyruvate 123 CgH12,03NSiI 174
Lactate 23 C10H»505Si, 233
Lactate 123 C11H,505Si; 261
Citrate 123456  CyoH3906Si3 459
Citrate 123456  CygHs505Sis 591
Isocitrate 123456  CyoH3906Si3 459
Isocitrate 123456  CygHs50,Sis 591
aKG 12345 C14H,805NSi; 346
Succinate 1234 C12H2504Si; 289
Fumarate 1234 C12H304Si; 287
Malate 1234 C18H39055i3 419
Glyceraldehyde 3-phosphate 123 Ci1gH4306NSisP 484
Phosphoenolpyruvate 123 C17H3g06SisP 453
3-phosphoglycerate 123 Cy3Hs405Si4P 585
Glycerol 3-phosphate 123 Cy3Hs5606SisP 571
Alanine 23 C10H260ONSI; 232
Alanine 123 C11H2602N5i2 260
Aspartate 12 C14H3,0,NSi; 302
Aspartate 234 C17H4003NSi3 390
Aspartate 1234 C18H4004N5i3 418
Glutamate 2345 C16H3502N5i2 330
Glutamate 12345 C19H4204NSi3 432
Glutamine 12345 C19H43N2035i3 431
Glycine 2 C9H24ONSi2 218
Glycine 12 C10H2402N5i2 246
Serine 23 C14H34NOSI; 288
Serine 12 C14H3202N5i2 302
Serine 23 C16H400,NSi3 362
Serine 123 C17H4003N5i3 390
2HG 12345 C19H4105Si3 433
Myristate 1-14 C15H3002 242
Palmitate 1-16 C17H340z 270
Stearate 1-18 C19H350; 298
6-phospogluconate 123456  CgHy3040P 276
Ribulose 5-phosphate 12345 CsHq,0gP 230
Ribose 5-phosphate 12345 CsH110gP 230
NAD+ 1-21 Cy1HoeN;014P, 662
NADH 1-21 Cy1Ho7N;04P, 663
NADP+ 1-21 Cy1HogN;04,P3 743

NADPH 1-21 CaiHoN7017P3 744
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Figure $3.2: Overview of 2Hglucose Isotopomer Spectral Analysis (ISA). The ISA method
applied to palmitate synthesis provides estimates for the relative enrichment of lipogenic NADPH
from a particular source (e.g. [3-2H]glucose labels NADPH via 6PGD), the D parameter, and
the fraction of the fatty acid pool that was synthesized de novo, the g(t) parameter. Parameters
are estimated by comparing simulated to measured palmitate mass isotopomer distributions, and
the 95% confidence interval is determined by sensitivity analysis.
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Figure S3.3: 4-2H-glucose Labels NADH via GAPDH. (A) NAD-+ (left panel) and NADP+
(right panel) labeling over 24 hours in parental H1299 cells incubated with [4-?H]glucose. (B)
Atom-transition map depicting a model of label transfer from ?H-labeled NADH to malate, via
malate dehydrogenase, and subsequent labeling of TCA intermediates. Malate labeling enters
the TCA cycle via the malate-aspartate shuttle (small black circles) and labeling is scrambled
due to the symmetry of fumarate and reversibility of fumarase (small green circles). Open
large circles represent carbon and small coloured circles (black/green) indicated deuterium label
from 2H-labeled NADH. No deuterium labels lipogenic acetyl-CoA. (C) M1 and M2 labeling
of malate (Mal), fumarate (Fum), and succinate (Succ) in parental A549 (left panel) and
H1299 (right panel) cells from [4-2H]glucose. (D) M1 labeling of aspartate (Asp), citrate (Cit),
isocitrate (ICT), and alpha-ketoglutarate (aKG) in parental A549 (left panel) and H1299 (right
panel) cells from [4-2H]glucose. (E) Labeling of ribose 5-phosphate (R5P) and ribulose 5-
phosphate (Ru5P) in parental H1299 cells incubated for 24 hours with [4-2H]glucose. Data
represent mean + SD of three biological replicates. (F) Possible mechanisms for [4-2H]glucose
labeled NADH transferring to cytosolic and mitochondrial NADPH. Labeling of malate and
TCA intermediates are described in Figure S3.3B. Labeled malate can label cytosolic NADPH
through malic enzyme 1 (ME1) or label mitochondrial NAD(P)H through either ME2 or ME3.
Mitochondrial NADH can transfer H™ to mitochondrial NADPH via transhydrogenase (NNT).
Due to fumarate symmetry, label from [4-2H]glucose can transfer to citrate, as described in
Figure S3.3B, and label mitochondrial NAD(P)H via isocitrate dehydrogenase 2 or 3 (IDH2/3)
or label cytosolic NADPH via IDH1.
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Figure S3.4: Characterization of Cell Lines Expressing Inducible mtIDH1-C and
mtIDH2-M. (A) Flag-tagged exogenous mutant IDH proteins (mtIDH1-C and mtIDH2-M)
induced by doxycycline are not overexpressed when compared to endogenous IDH levels. (B)
Doxycyline does not affect pool sizes of central carbon metabolites as measured by GCMS and
compared to vehicle (water) treated (No Dox) H1299 (upper panel) and A549 (lower panel)
cells. (C) Doxycyline does not affect proliferation rates of H1299 (upper panels) or A549 (lower
panels) cell lines. (D) Doxycyline addition and 2HG production does not affect pool sizes of
NAD+, NADH, NADP+ or NADPH in H1299 mtIDH1-C cells (upper panel) or mtIDH2-M
cells (lower panel). (E) NADPH production from the pentose phosphate pathway (as shown by
[3-2H]glucose tracing) occurs in cells harboring endogenous IDH1 mutations (HT1080) but not
endogenous IDH2 mutations (SW1353). (F) [4-2H]glucose labels mostly 2HG in SW1353 cells
(IDH2 R172S/+) and not in HT1080 (IDH1 R132C/+) cells. Data shown are mean + SEM
of three biological replicates (B-D). (E-F): data shown represent mean £ SD of three biological
replicates. (G) Enrichment of lipogenic NADPH from [3-2H]glucose in A549 cells expressing
either GFP, mtIDH1-C, or mtIDH2-M following incubation with tracer for 24 hours prior to
dox-induction (0.1 pg/mL) for 48 hours. Data plotted as mean £+ 95% confidence interval of
at least three biological replicates.
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Figure S3.4: Characterization of Cell Lines Expressing Inducible mtIDH1-C and
mtIDH2-M, continued.
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Figure S3.5: Directionality of Folate-Mediated Serine and Glycine Metabolism. (A)
Serine and glycine labeling in A549 mtIDH1-C and mtIDH2-M cells cultured with [3,3-?Hz]serine
for 24 hours plus 48 hours mtIDH induction (0.1 pg/mL dox). (B) Serine and glycine labeling in
A549 mtIDH1-C and mtIDH2-M cells cultured with [2,3,3-2Hs]serine for 24 hours plus 48 hours
mtIDH induction (0.1 ug/mL dox). (C) Serine and glycine labeling in A549 mtIDH1-C and
mtIDH2-M cells cultured with [2,2-2H,]glycine for 24 hours prior to 48 hours mtIDH induction
(0.1 pg/mL dox). Data shown represent mean + SEM of three biological replicates. (D) Serine
fragment (C1Cy or C,C3) labeling in A549 mtIDH1-C and mtIDH2-M cells cultured with [3-
2H]glucose for 24 hours plus 48 hours mtIDH induction (0.1 pg/mL dox). Presence of label on
the C,C3 fragment but not the C;Cy fragment of serine reveals that label arises from transfer
of H from NADPH to 5,10-methylene-THF. Data shown represent mean + SEM of at least
three biological replicates.
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