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ABSTRACT
Cancer-Associated Isocitrate Dehydrogenase 1 Promotes Growth and Resistance to Targeted
Therapies in the Absence of Mutation
Andrea E. Calvert
Metabolic abnormalities of cancers provide opportunities for novel tumor-specific therapies.
Isocitrate dehydrogenases (IDHs) catalyze the oxidative decarboxylation of isocitrate to o-
ketoglutarate (0K G) and the reduction of NAD(P)+ to NAD(P)H. Oncogenic mutations in two
IDH-encoding genes (IDHI and IDH?2) have been identified in acute myelogenous leukemia,
low-grade glioma, and secondary glioblastoma (GBM), however it has been demonstrated that
primary GBM patients with wild-type IDHI have a shorter overall survival compared to those
patients with mutated /DHI. We therefore decided to determine if wild-type IDH1 might have a
role in the pathogenesis of GBM. We employed in silico analysis of The Cancer Genome Atlas
(TCGA) data with wet-bench analysis of tumor extracts and discovered that non-mutated IDH1
mRNA and protein are commonly overexpressed in primary GBM. We show that genetic
inactivation of IDHI1 decreases GBM cell growth and prolongs survival of animal subjects
bearing patient-derived xenografts (PDXs). On molecular levels, diminished IDHI1 activity
results in reduced aKG and NADPH production, which is paralleled by deficient metabolic flux
from glucose or acetate into lipids. Loss of IDH1 expression also promotes a more differentiated
tumor cell state, as seen by enhanced histone methylation and differentiation marker expression,
and leads to increased levels of Reactive Oxygen Species (ROS) and exhaustion of reduced
glutathione. While targeted therapies, including receptor tyrosine kinase inhibitors (RTKi) have

been developed for GBM, their potential has yet to be realized in the clinic. IDHI protein and



mRNA levels are increased in response to RTKi treatment through a FoxO6-mediated
mechanism, and IDH1 loss increases apoptosis in response to these targeted therapies, pointing
to IDH1 as a resistance mechanism for RTKi therapeutics. We furthermore use a pharmacologic
inhibitor of IDHI1, which reduces NADPH levels, increases RTKi-induced apoptosis, and
prolongs the survival of GBM xenograft bearing mice. Our findings suggest that IDH1
upregulation represents a common mechanism of metabolic adaptation of GBM to support
macromolecular synthesis, aggressive growth, and therapy resistance, and point to IDHI

inhibition as a promising therapeutic strategy, especially in combination with RTKi, for GBM.
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1.1 Opening

Since the discovery of specific point mutations in /DH/I in 2008 in GBM, IDHI biology has
become a major field of study for GBM, and other cancers. However, this has been mainly in
respect to IDH1 mutation biology and not wild-type IDH1 biology. GBM can be classified as
either primary or secondary. Secondary GBM develop from lower grade tumors, many of which
harbor IDH1 mutations, whereas primary or de novo GBM occur as a Grade IV tumor without a
preceding lower grade malignancy (Ohgaki and Kleihues, 2005). As primary GBM accounts for
the majority of GBM cases, which contain few IDH1 mutations, and patients with mutated IDH1
have a significantly prolonged survival compared to patients with wild-type IDHI1 (Ohgaki and
Kleihues, 2005), we wanted to determine if wild-type IDH1 impacted de novo GBM
pathogenesis. We discovered that wild-type IDHI1 is overexpressed in primary GBM, protects
cells from targeted therapy induced apoptosis through increasing metabolic flux to lipids,
maintaining a more dedifferentiated state, and inhibiting ROS. Furthermore, IDH1 levels are
increased further by receptor tyrosine kinase inhibitor (RTKi) treatment and inhibition of IDH]1
increases the efficacy of RTKi therapies. We have extended the view of IDHI biology by
functionally characterizing the upregulation of non-mutated IDH1 in primary GBM as a novel

oncogenic mechanism to be exploited to augment the efficacy of targeted therapies.

1.2 Glioblastoma (GBM)
1.2.1 Overview and Standard of Care
Glioblastoma (GBM; World Health Organization Grade IV glioma) is the most prevalent and

fatal form of primary brain tumors. Survival for GBM patients is just 14-16 months after initial
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diagnosis (Cloughesy et al., 2014; Dunn et al., 2012). Malignant diffuse gliomas consist of
astrocytic, oligodendroglial, and mixed oligoastrocytic cell populations based on their
histological appearance. Astrocytomas are defined by a large amount of cytoplasm and
expression of glial fibrillary acidic protein (GFAP) while oligodendrocytomas are characterized
by small, round nuclei, little cytoplasm, and no expression of GFAP (Holland, 2001). A Grade
IIT neoplasm is characterized by nuclear atypia and mitotic activity while Grade IV GBM are

necrotic and have microvascular proliferation (Dunn et al., 2012).

There are two main types of GBM, primary and secondary. Primary or ‘de novo’ GBM account
for more than 90% of malignant glioma, while secondary GBM, which arise from lower-grade
gliomas in younger patients represent less than 10% of clinical cases (Ohgaki and Kleihues,
2005). While primary and secondary GBM are histopathologically identical, they represent two
distinct diseases that arise through deregulation of different genetic pathways. EGFR mutations
and amplifications, and PTEN mutations are more frequent in primary GBM, whereas TP53
mutations are more frequent in secondary GBM. Secondary GBM patients have a median
survival of 7.8 months, whereas primary GBM patients only have a median survival of 4.7

months (Ohgaki and Kleihues, 2005).

Current standard of care for patients is surgical resection followed by co-treatment of
radiotherapy and the chemotherapeutic agent, temozolomide (TMZ). Because of these tumors
location and highly infiltrative behavior, it is very difficult to achieve a complete surgical
resection, always leading to tumor recurrence. In fact most tumor recurrence occurs within 2-3
cm from the original tumor (Jue and McDonald, 2016). Recurrent tumors can also differ in

genetic profile from the original tumor, especially if the tumor is harboring 7P53 mutations.



17

These tumors have increased complexity when they recur, while wild-type 7P53 tumor
recurrences are more similar to the debulked tumor (Jue and McDonald, 2016). While most
chemotherapeutics have shown little to no effect in GBM patient survival, TMZ has been the
most successful advancement in the treatment of GBM patients in recent history. TMZ acts as an
alkylating agent, which leads to DNA damage through depletion of the DNA repair enzyme O°-
methylguanine-DNA methyltransferase (MGMT), and subsequent cell death (Li et al., 2016). In
a phase III clinical trial of newly diagnosed GBM patients, when TMZ was added to
radiotherapy overall survival was significantly increased compared to the radiotherapy alone
group after 28-month median follow-up. The 2-year survival was also significantly increased in
the TMZ group compared to the radiotherapy-alone group. This study provided the current
standard of care of adding TMZ to tumor debulking and radiotherapy as a first line of defense in

GBM patients (Stupp et al., 2005). However, all patients still succumb to the disease.

1.2.2 Genomic Subtypes

GBM was the first cancer subtype studied by The Cancer Genome Atlas (TCGA) project and
their initial study was published in 2008. The TCGA looked at over 200 GBM tumors and found
that there are three main pathways altered in GBM; Receptor Tyrosine Kinase pathway, p53
pathway, and Retinoblastoma pathway. 74% of tumors had alterations in all three of these
pathways, suggesting that a core requirement for GBM is deregulation of all three pathways
(TCGA, 2008). PTEN is mutated, epigenetically inactivated, or lost in 40-50% of gliomas and as
it directly antagonizes PI3K signaling, PI3K signaling is maintained at high levels in gliomas

(Dunn et al., 2012). GBM patients with activated PI3K/Akt/mTOR pathway have a poorer
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overall survival compared to patients without alterations in this pathway (Li et al., 2016). NF'I, a
tumor suppressor that is known to inhibit Ras, is found to be mutated or deleted in 10% of GBM
(Brennan et al., 2013). NF'I loss can increase glioma cell growth in vitro and in vivo, but does not
have the ability to induce gliomagenesis alone (Dunn et al., 2012).

Furthermore, Verhaak et al., took the information from the TCGA database as well as several
other independent studies to segregate GBM tumors into subtypes based on their genomic
characteristics. The four subtypes are Classical, Mesenchymal, Proneural, and Neural. The
Classical, Mesenchymal, and Proneural subtypes are not only found in patient tumors, but are
also maintained in xenografts. The Classical subtype is defined by chromosome 7 amplification
(EGFR locus) and chromosome 10 loss (PTEN locus). While EGFR amplification is observed in
other subtypes, it is much more highly expressed in the Classical subtype. Other defining
characteristics of the Classical subtype include lack of 7P53 mutations, 9p21.3 homozygous
deletion (targeting CDKN2A), neural precursor and stem cell marker expression (NVES, NOTCH3,
JAGI, LFNG), and high expression of sonic hedgehog genes (SMO, GASI, GLI2). The
Mesenchymal subtype consists of tumors with deletion of 17q11.2 (NFI gene), resulting in lower
NFI expression levels, PTEN loss, mesenchymal (CHI3LI, MET) and astrocytic (CD44,
MERTK) marker expression, high expression of TNF and NF-xB (TRADD, RELB, TNFRSF1A4)
genes, and higher overall necrosis and inflammation. The Proneural subtype is defined by
alteration in PDGFRA and IDHI mutations, however most /DHI mutant tumors do not have
PDGFRA alterations. It was also found that this subtype contains many 7P53 mutations and loss-
of-heterozygosity (LOH), high expression of oligodendrocytic genes (PDGFRA, NKX2-2,

OLIG2), and proneural developmental genes (SOX, DCX, DLL3, ASCLI, TCF4). The Neural
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subtype is the least well defined, as these tumors contain many of the abnormalities seen in the
other subtypes, but also contain expression of neuron markers (NEFL, GABRAI, SYTI,

SLCI12A45). (Verhaak et al., 2010) These characteristics are summarized in Figure 1.

Primary GBM
(90%)
-EGFR mutation/amplification/overexpression
Classical -PTEN loss/mutation
> -CDKN2A loss

-NES overexpression
-Notch & Shh pathway activation

-NF1 loss/mutation
Mesenchymal 'TP53 IOSS/mUtatiOn
) -PTEN loss/mutation
-MET,CHI3L1, CD44, MERTK overexpression
-TNF family & NFxB pathway activation

-EGFR amplification/overexpression

Neural -Gene signature of normal brain
) -Neuron marker expression
(NEFL, GABRAT1, SYT1, SLC12A5)
-Remains to be better defined

-PDGFRA amplification

Proneural -IDH1 mutation
) -PIK3a/PIK3R1mutations

-TP53, CDKN2A & PTEN loss/mutation

-Proneural marker expression
Secondary GBM (SOX, DCX, DLL3, ASCL1, TCF4)

(1 0%) -Oligodendrocytic marker expression
(PDGFRA, OLIG2, TCF3 and NKX2-2)

-HIF, PI3K, and PDGFRA pathways activated

Grade I/l

Astrocytoma

Figure 1. GBM Genomic Subtypes
GBM can be categorized into 4 subtypes based on their genetic profiles. (Adapted from Van
Meir et al., 2010.)

Each of these subtypes have similarities to different neural cell types, indicating that these
subtypes may arise from different cells of origin. The Proneural subtype are enriched with an

oligodendrocytic signature, the Classical subtype are enriched with a murine astrocytic signature,
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the Neural subtype are enriched with oligodendrocytic and astrocytic differentiation signature
and neurons, and the Mesenchymal subtype are enriched for a cultured astroglial signature
(Verhaak et al., 2010). These subtypes also give us insight into survival and treatment outcomes.
Patients with Proneural tumors have a trend to increased overall survival, which may be due to
the younger age of patients with this subtype as well as most secondary GBMs being included in
this subtype, or because mutant /DH 1 tumors are found in the Proneural subtype. If the Proneural
subtype is split into those with and those without /DHI mutations, only those with IDHI
mutations have a survival advantage (Jue and McDonald, 2016). When looking at the effect of
aggressive treatment on the various subgroups, combined chemotherapy and radiation or at least
three rounds of chemotherapy did have a significant benefit to survival in patients with Classical
and Mesenchymal tumors and a trend towards significance in Neural tumors, but did not affect
tumors with a Proneural signature (Verhaak et al., 2010). This suggests that our treatment

regimens can and should be based on the genomic analysis of each patient’s tumor.

1.2.3 RTK Signaling and Targeted Therapies

Most GBMs harbor RTK amplifications and mutations and are driver mutations in many of these
tumors. Alterations in RTKs usually occur in the context of other PI3K-pathway alterations and
CDKN2A loss (Furnari et al., 2015). EGFR amplifications and mutations are the prevailing RTK
alteration in GBM (57%; Brennan et al., 2013). The major mutation in EGFR is EGFR variant II1
(EGFRvIII), which consists of the loss of exons 2 through 7 in the extracellular domain, resulting
in the constitutive activation of EGFR. While EGFR is amplified or mutated in most GBM

tumors and EGFR targeted therapies, including Erlotinib and Gefitinib, are approved for use in
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non-small cell lung cancer (NSCLC) (Mahipal et al., 2014), these drugs have shown little to no
efficacy in GBM patients in clinical trials, even in combination with other targeted therapies,
including mTOR and VEGF inhibitors (Reardon et al., 2010; Raizer et al., 2015). Some of the
reasons that EGFR-targeted thearapies have not worked in GBM will be discussed below.

Erlotinib and Gefitinib are kinase domain competitive inhibitors that work in patients with EGFR
mutations in NSCLC, the most common of which are L858R and del746-750, both occurring in
the kinase domain. Mutations in GBM are found almost exclusively in the extracellular domain
(Lee et al., 2006b; Vivanco et al., 2012). These reversible kinase domain inhibitors do not
effectively bind with the same affinity to EGFR in GBM as they do in NSCLC (Barkovich et al.,
2012; Vivanco et al.,, 2012). To correct for this, newer classes of drugs have been made,
including Lapatinib which is dual inhibitor of both EGFR and HER2 and inhibits EGFR by
binding to the ATP binding pocket, but this drug has also shown little efficacy in GBM patients.
This is thought to be due to the inability of Lapatinib to reach significant levels in the brain
(Vivanco et al., 2012). It is also not certain that these drugs easily cross the blood brain barrier
(BBB). While Erlotinib and Gefitinib do enter the brain, and decrease phosphorylated EGFR
(pEGFR) activity, it might not be to the extent necessary to decrease downstream signaling. The
BBB is an extensive network of capillaries formed by neurovascular and endothelial cells, as
well as astrocytes and pericytes. This barrier limits what can access the brain from the blood
stream (Jue and McDonald, 2016). While this protective function is typically advantageous as it
prevents entry of potentially harmful molecules such as neurotoxins into the brain and helps
regulate concentrations of essential molecules within the brain, in the case of delivering drugs to

the brain, it becomes another obstacle that needs to be overcome in the treatment of gliomas.
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Not only do the mutations in EGFR differ between GBM and NSCLC, but ways in which the
tumors become resistant to targeted therapies also vary between these two cancer types. While
Erlotinib and Gefitinib have shown to reduce levels of pEGFR in GBM patient tumors,
downstream signaling is maintained, leading to no survival benefit in response to these inhibitors
(Li et al., 2016). Several studies have pointed to co-activation of multiple RTKSs as a resistance
mechanism to EGFR-targeted therapies. While most GBMs harbor activation of numerous RTKs
that activate the same downstream pathways, co-extinction strategies must be employed to
decrease downstream signaling and viability (Stommel et al., 2007). EGFRvVII can
phosphorylate and activate cMET and combined inhibition of cMET and EGFR led to increased
apoptosis compared to inhibition of EGFR alone (Huang et al., 2007). Furthermore, in a genetic
mouse model of GBM with inactivation of Pten and Ink4a/Arf, with inducible expression of
EGFRvIII, treatment with either Erlotinib or Gefitinib did not significantly reduce tumor
formation as genetic ablation of EGFRvIII did even though pEGFR expression was significantly
reduced in the tumors. Further analysis of these tumors found that inhibition of cMET, which is
increased as a resistance mechanism, did not prolong survival of mice in combination with
EGFR inhibition, but downstream inhibition of PI3K/mTOR did prolong survival in combination
with EGFR inhibition (Klinger et al., 2015), demonstrating inhibition of multiple targets in the
same pathway has more effect than targeting several parallel pathways.

Intraglioma RTK expression is heterogenous. Co-amplification of both EGFR, PDGFRA, and/or
c¢cMET can occur in the same tumor. However, they are rarely found in the same cells, but in
distinct subpopulations within the tumor (Snuderl et al., 2011; Szerlip et al., 2012). Furthermore,

EGFRvIII DNA can be located in double minute DNA fragments outside of chromosomes,
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which are then passed to cells in an unequal manner resulting in differing levels of EGFRvIII in
different cells throughout the tumor (Nathanson et al., 2014). These diverse, heterogenetic
alterations lead to the pro-proliferative characteristic of tumors and protection against targeted

therapies.

1.2.4 GBM Cancer Stem Cells

Stem cells are defined by the ability to self-renew and have multi-potent differentiation capacity.
Neural stem cells (NSCs), which give rise to all neurons and macroglial cells in the brain, are
located in a hypoxic niche, which helps maintain an undifferentiated state (Ito and Suda, 2014).
There are two types of macroglial cells, astrocytes and oligodendrocytes, both of which can
become GBMs. Astrocytes are the major type of glial cell, help form the BBB, and a
subpopulation of astrocytes function as adult neural stem cells, while oligodendrocytes form the
myelin sheath (Gotz and Huttner, 2005). It is unclear if NSCs, astrocytes, or oligodendrocytes
are the cell of origin for GBM, or if all could be, but neural stem cells, astrocytes, and
differentiated neurons can all become gliomas through lentiviral transduction (Friedmann-
Morvinski et al., 2012). The order of molecular events leading to primary GBM is hard to
delineate as the tumors are already very malignant when first diagnosed (Furnari et al., 2015).
Cancer stem cells (CSCs), while similar to normal stem cells, are not necessarily the cell of
origin of tumors. Understanding the biology of GBM CSCs is important as they are resistant to
conventional therapies. In a mouse model of GBM, lineage tracing experiments found that CSCs

are resistant to TMZ treatment and can repopulate the tumor after treatment (Lathia et al., 2015).
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If we are able to define the GBM CSCs, we will be better able to specifically target these cells to
potentially halt tumor recurrence.

CSCs may have slightly different features than normal stem cells (Lathia et al., 2015). CSCs self-
renew and are able to differentiate into various progeny, have the same transcription factor
signatures (SOX2, NANOG, OLIG2, MYC, MUSASHI, BMI1, NESTIN, ID1I) as NSCs, and have
several surface markers that differentiate CSCs from non-stem tumor cells (CD133, CDI15,
integrin a6, CD44, LICAM, A2B5) (Lathia et al., 2015). CD133 is the most widely used marker
for glioma stem cells. It is a cell surface glycoprotein that is encoded by the Prominin-1 gene. It
is enriched in cells that have higher rates of self-renewal and proliferation, as well as decreased
as cells undergo differentiation. However, mRNA expression of Prominin-1 is not correlated
with stemness (Lathia et al., 2015).

To determine if cells are in fact actually stem cells, the most important experiment to perform is
to transplant potential CSCs in a limiting dilution fashion orthotopically into mice, and determine
if the tumors formed are similar to the parental tumor that the CSCs came from. There are four
transcription factors that can reprogram glioma cells into glioma CSCs: POU3F2, SOX2, SALL?,
and OLIG2 (Suva et al.,, 2014). When these induced tumor propagating cells (iTPCs) are
orthotopically injected into mice, they form high-grade glioma tumors with typical features,
including necrosis, atypical cytonuclear features, high mitotic index, and high levels of CD133.
As few as 50 iTPCs were able to produce tumors in 50% of the mice, while 500 cells were able
to produce tumors in 100% of the mice (Suva et al., 2014). These experiments show that

transcription factors important for normal stem cells are also necessary for CSCs.
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Metabolic changes in stem cells and their niches also provide maintenance of these cells. GBM
CSCs reside in hypoxic niches which limits oxygen and glucose availability. Therefore, GBM
CSCs do not depend on oxidative phosphorylation for ATP generation, but are mostly supported
by anaerobic glycolysis (Lathia et al., 2015). These cells also have increased glucose uptake
compared to NSCs as CSCs have increased GLUT3 transporter protein (Lathia et al., 2015) and
NSCs require Fatty Acid Synthase (FASN) to maintain lipogenesis to promote proliferation and
maintain neurogenesis in mice (Ito and Suda, 2014; Yasumoto et al., 2016). Reactive oxygen
species (ROS) play an important role in NSCs, which are sensitive to increases in ROS.
Increases in ROS in normoxic conditions cause NSCs to be forced out of their hypoxic state of
quiescence and into a more proliferative cell state (Ito and Suda, 2014). Furthermore, there are
many similarities between pluripotent stem cells and cancer cells, for example, both cell types
exhibit elevated levels of TCA intermediates to increase anaplerosis and rapid cell proliferation

(Zhang et al., 2012).

1.2.5 Metabolic Adaptations in GBM

Alterations in cancer cell metabolism have been described since the 1920s. Otto Warburg
observed that cancer cells undergo glycolysis even in the presence of abundant oxygen (aerobic
glycolysis) (Warburg et al., 1927). The ‘Warburg Effect’ has been confirmed in many cancer
types and the enhanced glucose uptake necessary for this process has been exploited for tumor
imaging. Positron emission tomography (PET)-based imaging of '*F-fluorodeoxyglucose has
been used for tumor diagnosis, staging, and treatment response in patients (Pavlova and

Thompson, 2016). While Warburg initially described this phenomenon necessary for tumor cell
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growth because of dysfunctional mitochondria in these cells, this was later reputed as most
tumors maintain mitochondrial function for oxidative phosphorylation. Why do tumors then have
increased glycolytic flux? Increased glycolysis leads to increased ATP production necessary for
the high energy demands of proliferating cells. It has also been proposed that this process occurs
as an adaptation during early tumorigenesis under hypoxic conditions when tumor cells do not
have enough oxygen supplied to them because of the avascular nature of the tumor, and/or it
occurs to provide carbon and reducing equivalents for macromolecular biosynthesis necessary
for rapid proliferation through offshoots of glycolysis, including the pentose phosphate pathway
(PPP) (Cairns et al., 2011).

In GBM particularly, glycolysis is enhanced three-fold compared to normal brain (Wolf et al.,
2010). Various genetic alterations have been shown to increase glucose uptake in tumor cells,
including Ras, c-MYC, and PI3K/Akt pathway activation. Ras can increase glucose consumption
of tumors as well as increase glucose transporter GLUT1 (Pavlova and Thompson, 2016). c-
MYC is a master transcription factor of energy metabolism and while it is mutated in many types
of cancer, it is rarely mutated in GBM, however, EGFRVIII can co-opt c-MYC to reprogram
GBM metabolism (Masui et al., 2016). PI3K/Akt is a master regulator of glucose uptake. It
activates the glucose transporter GLUTI1 and its translocation to the membrane, as well as
activates the glycolytic enzymes hexokinase (HK) and phosphofructokinase (PFK) (Pavlova and
Thompson, 2016). HK2 and transketolase (TKTL1) are increased glycolytic enzymes in GBM
(Wolf et al., 2010). TKTLI is an enzyme in the non-oxidative branch of the PPP responsible for
converting ribulose-5-phosphate to fructose-6-phosphate. TKTL1 expression and activity are

increased in GBM and other cancers and its expression is positively correlated with tumor
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growth (Volker et al., 2008; Langbein et al., 2006). HK?2 is the first step in glycolysis converting
glucose to glucose-6-phosphate. HK2 is overexpressed in GBM, whereas other isoforms (HK1
and HK3) are not. HK2 expression is correlated with poorer overall survival in GBM patients
and xenograft mouse models with decreased HK2 expression have decreased proliferation and
angiogenesis (Wolf et al., 2011), pointing to HK2 as a potential therapeutic target in GBM.
Vartanian et al. made an inducible knockdown of HK2 intracranial xenograft model and found
that the knockdown of HK2 sensitized these tumors to radiation and TMZ (Vartanian et al.,
2016). Furthermore, the knockdown of 7 different glycolytic genes (PFKI, PDKI, PGAMI,
ENOI, HK2, ALDOA, and ENQO2) each had survival benefits of intracranial xenograft GBM
mouse models (Sanzey et al., 2015).

However, increased glycolysis cannot account for all the metabolic changes required for
enhanced tumor cell growth. GBM tumors also have increased glutamine uptake and
glutaminolysis to provide cells with carbon precursors for anaplerosis (Wolf et al., 2010). While
it was once thought that glutamine was the main carbon source for anaplerosis, it has now been
shown that while GBM tumors have an increased uptake in glutamine, it is not deaminated to
glutamate and then reductively carboxylated to aKG (Marin-Valencia et al., 2012). Furthermore,
it has been demonstrated that it is glucose and acetate that are oxidized in GBM patient tumors
implanted directly into mouse brains (Marin-Valencia et al, 2012; Mashimo et al., 2014). While
these tumors have enhanced glucose oxidation through the TCA cycle, they also maintain high
levels of glycolysis. In addition, these PDX (patient-derived xenograft) tumors came from
patients with various genetic backgrounds, yet they all displayed similar metabolic

abnormalities.
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Another metabolic abnormality that was originally published over 60 years ago described tumor
tissues as having increased de novo fatty acid synthesis (Medes et al., 1953). While this
phenotype was not extensively studied at the time, it has now gained more attention in the last
twenty years. On molecular levels, expression of enzymes implicated in de novo fatty acid
synthesis (ACLY, ACC, FASN) is increased in many cancers including GBM. ACLY (ATP
citrate lyase) converts citrate to acetyl-CoA, a necessary substrate for fatty acid synthesis. ACC
(acetyl-CoA carboxylase) then converts acetyl-CoA to malonyl-CoA, which is then used by
FASN (fatty acid synthase) to produce palmitate, a saturated fatty acid. Palmitate can then
further be converted into mono- or poly-unsaturated fatty acids (Guo et al., 2013). This increased
fatty acid synthesis in GBM results in accumulation of various lipids, including unsaturated fatty
acids, cholesterol esters, phosphatidyl choline, and cholesterol uptake within the tumor (Guo et
al., 2013). This accumulation of fatty acids is necessary for cancer cells as substrates of cellular
membranes and energy metabolism (Menendez and Lupu, 2007). ACLY, ACC, and FASN are
upregulated by the transcription factor sterol regulatory element binding protein 1 (SREBP1),
which is activated by the RTK/PI3K/Akt/mTOR pathway (Wolf et al., 2010). In GBM cells that
have persistent EGFR signaling, activation of AMPK or inhibition of FASN inhibits tumor
growth through inhibition of lipogenesis (Guo et al., 2009a; Guo et al., 2009b). AMPK (AMP-
activated protein kinase) opposes the function of Akt and is a known integrator of metabolic
energy status and growth factor receptor signaling (Guo et al., 2009a). Akt also activates de novo
lipogenesis through phosphorylation and direct activation of ACLY (Cantor and Sabatini, 2012).

In addition to the above, mutations in IDH1/2 have been identified and will be further described

below. Alterations in GBM metabolism are many and contribute to the increased proliferation of
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these tumor cells. The hallmarks described above, i.e., enhanced glycolysis, TCA cycle, and de
novo lipogenesis are summarized in Figure 2 and point to altered GBM metabolism as pathways

that can potentially be therapeutically exploited.
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Figure 2. Altered GBM Metabolism

This schematic shows enzymes and pathways which play a role in the pathogenesis of GBM
through altered metabolism (in red). GLUTI, solute carrier family member 1; HK,
hexokinase; GPI, glucose-6-phosphate isomerase; PFK, phosphofructokinase; ALDO,
aldolase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; PGK, phosphoglycerate
kinase; PGAM, phosphoglycerate mutase; ENO, enolase; PKM, pyruvate kinase; LDHA,
lactate dehydrogenase A; PDH, pyruvate dehydrogenase; PDK, pyruvate dehydrogenase
kinase; ACSS2, acyl-CoA synthetase; CS, citrate synthase; ACO2, aconitase 2; IDH2/3,
isocitrate dehydrogenase 2/3; OGDH, a-ketoglutarate dehydrogenase; SUCLA2, succinyl-
CoA synthetase; SDH, succinate dehydrogenase; FH, fumarase; MDH, malate
dehydrogenase; GLS, glutaminase; GDH, glutamate dehydrogenase; IDHI, isocitrate
dehydrogenase 1; ACOI1, aconitase 1; ACLY, ATP citrate lyase; ME, malic enzyme; ACC,
acetyl-CoA carboxylase, FASN, fatty acid synthase; GO6PD, glucose-6-phosphate
dehydrogenase; PGD, phosphogluconate dehydrogenase; RPIA, ribose-5-phosphate isomerase
A; TKTLI, tansketolase; TALDOI1, transaldolase.

1.3 Isocitrate Dehydrogenase 1 (IDH1)

1.3.1 Function of wild-type IDH1

Isocitrate dehydrogenase (IDH) is responsible for the oxidative decarboxylation of isocitrate to
a-ketoglutarate (0KG). There are three isoforms of IDH in eukaryotic cells (Dalziel, 1980).
IDHI and IDH2 are homodimeric NADP+-dependent enzymes that are reversible reactions,
while IDH3 is a structurally distinct heterotetrameric enzyme that utilizes NAD+ as a co-factor
and is irreversible. The different IDH isoforms have overlapping, but non-redundant roles in
cellular metabolism (Mailloux et al., 2007; Reitman and Yan, 2010). IDH3 is responsible for the
rate-limiting step within the tricarboxylic acid (TCA) cycle. IDH2 is also located in the
mitochondria and is involved in regulation of the TCA cycle and oxidative phosphorylation.
IDH2 is highly expressed in the heart, muscle and activated lymphocytes and modestly
elsewhere. Whereas IDH1 is highly expressed in the liver with modest expression in other

tissues, including the brain. IDH1 expression is also decreased overtime in aging mice (Reitman
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and Yan, 2010). Cytoplasmic and peroxisomal IDH1 produces non-mitochondrial aKG and
NADPH, to activate various aKG-dependent dioxygenases (Hausinger, 2004), and to provide

reducing equivalents to support lipid biosynthesis and redox homeostasis (Jo et al., 2002; Lee et

al., 2002; Kim et al., 2007), (Figure 3A).

1.3.2 IDHI and aKG-dependent dioxygenases

Epigenetics has gained increased interest in cancer research as it plays a major role in the
regulation of many different developmental and transcriptional programs. aKG is a cofactor for
many enzymes involved in the regulation of epigenetics, including Jumonji (JmjC) family of
histone demethylases and the TET (ten-eleven translocation) family of DNA hydroxylases. As
IDHI is a contributor to cellular aKG pools, IDH levels can play a role in epigenetic regulation.
Similarly, mutations in D2ZHGDH (D-2-hydoxyglutarate dehydrogenase) in diffuse large B cell
lymphoma (DLBCL) leads to decreased aKG accumulation, causing increased histone
methylation, decreased ShmC, decreased NADPH/NADP+, and increased ROS (Lin et al.,
2015).

Histone methylation while once thought to be a static process has been determined to be very
dynamic and regulated by various histone demethylases. Histone methylation can occur at lysine
and arginine residues on histone tails. Methylation at these residues does not change the charge
of the DNA, like histone acetylation does, and has no direct effect on DNA and histone
interaction. Histone methylation acts as a recognition motif for other various activating or
repressing proteins depending on the specific mark. For example, methylation on H3K4 and

H3K36 are activating marks while methylation on H3K9 and H3K27 are repressing marks. One
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of the largest classes of histone demethylases are the JmjC family. The JmjC family consists of
30 different histone demethylases which require aKG as a cofactor. The JmJC histone
demethylases bind to Fe2+ to form a complex that can then bind to the cofactor aKG, then its
substrate and oxygen. This allows aKG to be oxidatively decarboxylated to form succinate,
carbon dioxide, and ferryl. Ferryl is able to oxidize the carbon-nitrogen bond in lysine and
methyl groups, allowing that bond to break, and release a methyl group (Cloos et al., 2008). In
addition to the aKG-dependent JmjC demethylases, the TET family of DNA hydroxylases
require aKG (Kaelin and McKnight, 2013). The TET family hydroxylate 5-methylcytosine
(5mC) to 5-hydroxymethylcytosine (ShmC) leading to decreased DNA methylation and actively
transcribed genes. As both JmjC and TET proteins require aKG, a product of IDHI, IDHI may

regulate epigenetics.

1.3.3 IDHI and Metabolism

IDHI has been implicated in de novo lipogenesis, as it produces NADPH. A transgenic mouse
model that overexpresses IDHI in the liver and adipose tissue has fatty livers, hyperlipidemia,
and increased body weight as well as decreased acetyl-CoA and malonyl-CoA levels. (Koh et al.,
2004). Acetyl-CoA and malonyl-CoA are necessary carbon sources for fatty acid synthesis. As
these levels are decreased in transgenic IDH1 overexpressing mice, it is thought that they are
being used up more rapidly to produce more fatty acids and leading to the obese mouse
phenotype. Ablation of IDH1 in another mouse model through overexpression of IDH1-targeting
miR-181a led to decreased size and lower body weight (Chu et al., 2015). Another group

transduced mice with an shRNA targeted to IDH1 and found that these mice with decreased
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IDHI1 expression in the liver, had significantly less weight gain, and blood triglyceride levels
than control mice when on a high fat diet (Nam et al., 2012).

Under hypoxic conditions or in tumor cells with defective mitochondria, IDH1 works in the
reverse reaction as it reductively carboxylates glutamine derived aKG to isocitrate to citrate
(Wise et al., 2011; Metallo et al., 2012; Mullen et al., 2012). Citrate can then be converted into
cytosolic acetyl-CoA for lipogenesis. This was an important finding showing that IDH1 plays
another role in lipid metabolism through maintenance of citrate production necessary for fatty
acid biosynthesis.

NADPH is a necessary cofactor in lipid biosynthesis, the synthesis of one molecule of palmitate
requires 14 molecules of NADPH and cholesterol requires 26 molecules of NADPH. NADPH
specifically from IDH1 has been more recently implicated in lipogenesis. As SREBPs are the
master regulatory transcription factors of cholesterol and fatty acid biosynthesis and IDHI1 is
upregulated in response to SREBP activation, it is possible that NADPH from IDH1 is necessary
for this biosynthesis (Shecter et al., 2003) whereas other cytosolic NADPH-producing enzymes
have not specifically been implicated in lipogenesis. Furthermore, NADPH from IDHI1 is 16-
and 18- fold higher than from glucose 6-phosphate dehydrogenase (G6PD) and malic enzyme
respectively, in rat liver (Veech et al., 1969) and increased fatty acid biosynthesis in high IDH1
expressing adipocytes is likely due to the ability of IDH1 to produce cytosolic NADPH (Koh et

al., 2004). These studies all point to IDH1 as playing a major role in de novo lipogenesis.
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1.3.4 IDHI and Redox Homeostasis

NADPH is an important reducing equivalent and is necessary for maintaining reduced
glutathione (GSH) levels. GSH is the major antioxidant in the cell necessary to neutralize
reactive oxygen species (ROS). During oxidative stress, ROS (superoxide, H,O,, hydroxyl
radical), reactive nitrogen species (RNS; NO, ONOO-), reactive sulfur species (RSS), and
reactive chloride species (RCS) are produced. These reactive species can oxidize DNA to
generate 8-hydoxy-2-deoxyguanosine, leading to DNA mutations as well as interact with DNA,
RNA, protein, and lipids to induce DNA alterations, cellular damage, and ultimately cell death
(Salazar-Ramiro et al., 2016).

While it has long been thought that glucose G6PD is the major cytosolic enzyme producing
NADPH, more recent studies have shown a major role for IDHI1 to produce cytosolic NADPH.
When cells are treated with oxidative stressors, the amount of IDHI present determines if the
cells are sensitive or not. Overexpression of IDHI1 makes cells more resistant to UVB radiation,
H,0,, and menadione, while knockdown of IDH1 makes cells more sensitive (Jo et al., 2002;
Lee et al., 2002; Kim et al., 2007), demonstrating that NADPH from IDH1 has a protective role
against oxidative damage. Furthermore, aKG can play a role in scavenging H,O,. Non-
enzymatic decarboxylation of aKG to succinate and H,O will also detoxify ROS (Chakrabarti et
al., 2015). To demonstrate the importance of IDH1 in redox homeostasis in vivo, a global IDH1
knockout (KO) mouse was developed. This group had previously used these IDH1***"VT mice on
a C57BL/6 background crossed with LysMCre or NestinCre mice to generate mice with the
IDHI1-R132H mutation in either hematopoietic or neuronal cells, respectively (Sasaki et al.,

2012a; Sasaki et al., 2012b). In the absence of Cre recombinase, the IDH1"YSE mice are null
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for IDH1 in all tissues. While this mouse developed and reproduced normally, it was more
sensitive to oxidative damage induced by LPS treatment. LPS treated IDH1 KO mice had more
oxidative damage, increased oxidative stress-induced genes, and increased mortality compared to
wild-type LPS treated mice (Itsumi et al., 2015). Since the IDH1 KO mice do not have as much
NADPH to counteract the increased oxidative stress brought on by LPS treatment, they become
more susceptible to LPS treatment. These studies demonstrate that cytoplasmic NADPH from

IDHI is necessary to help maintain a balanced cellular redox state.
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Figure 3. IDH1 wild-type and mutated functions

(A) Wild-type IDH1 produces NADPH and a-ketoglutarate necessary for redox homeostasis
and lipogenesis, and histone demethylation, respectively. (B) Mutant IDH1 produces the
oncometabolite 2-hydroxyglutarate which inhibits aKG-dependent histone demethylases and
DNA hydroxylases and prolylhydroxylases, necessary for epigenetic modifications and HIF-
la degradation, respectively.

1.3.5 Mutated IDH1 in cancer

IDH1 mutations were discovered in GBM in 2008 in a genomic analysis done by Parsons et al.
They found that there were recurrent mutations in the active site of IDH1 in 12% of GBM
patients and this mutation was associated with increased patient survival. Point mutations were
found at the Arginine-132 position, part of the active site of IDH1 where it interacts with the a-
carboxylate of isocitrate. /DHI mutations were found mostly in younger patients (mean: 33 years
vs. 53 years for wild-type) and these patients had a significantly prolonged survival (3.8 years vs.
1.1 years). Furthermore, it was determined that almost all patients with secondary GBM had
mutations in /DHI (Parsons et al., 2008). /IDHI and IDH2 mutations are also found in acute
myeloid leukemia (AML) in 12 to 17% of cases (Mardis et al., 2009; Paschka et al., 2010;
Graubert and Mardis, 2011), central and periosteal cartilaginous tumors in 56% of tumors
(Amary et al., 2011), and in cholangiocarcinomas in 23% of cases (Borger et al., 2012).
Wild-type and mutant IDH1 GBMs are clearly two separate diseases. While histopathologically
similar, there are differences; mutant IDH1 tumors are initially larger, have less contrast
enhancement, less peritumoral edema, and are more likely found in the frontal lobe than wild-
type IDH1 tumors (Dunn et al., 2012). In the TCGA follow-up study on GBM in 2013, IDH]I
was found to be mutated in only ~7% of the over 400 tumors that they looked at, most of these

(28 out of 423) had the R/32H mutation, one tumor had an R/32G mutation, and there were no
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mutations found in /DH2 (Brennan et al., 2013). When the mutated IDH1 tumors were looked at
more closely, it was found that most also had 7P53 mutations (12 of 13) and that these mutations
occurred most often in tumors without RTK alterations, consistent with these tumors being
secondary GBM tumors (Brennan et al., 2013). There is a vast difference when comparing /IDH 1
mutation status between primary and secondary GBM. Primary GBM tumors have mutations in
IDH] in less than 5% of cases, while mutations in /DHI occur in greater than 70% of Grade II,
II1, or secondary GBM (Cloughesy et al., 2014).

When comparing expression profiles of GBM mutant and wild-type IDH1 containing tumors,
mutant IDH1 tumors look more like lineage-committed neural precursors while wild-type IDH1
tumors more closely resemble neural stem cells (Dunn et al., 2012). This is consistent with other
studies looking at the evolution of IDHI mutant tumors which describe the cell of origin for
these tumors to be either neural stem cells or their progeny that has been differentiated (Lai et al.,
2011). Furthermore, it is believed that the evolution of IDHI mutant tumors is initiated by
mutant IDH1 protein, followed by mutations in 7P53, and copy number alterations in PTEN and
EGFR (Laietal., 2011).

The function of IDH mutations has been widely studied since they were discovered (Figure 3B).
The first study that came out about the functionality of IDH1 mutations was by Zhao et al. They
found that /DHI-R132 mutations impaired the interaction between isocitrate and IDH1 both
sterically and electrostatically while NADP+ binding was not altered, leading to a reduction in
activity of IDH1. They further went on to look at prolylhydroxylases (PHDs), which require

aKG to hydroxylate and degrade hypoxia inducible factor la (HIF-1a). During hypoxic

conditions, HIF-1a is not degraded and acts as a transcription factor that is important for the
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regulation of genes involved in glucose metabolism, angiogenesis, and other important pathways
involved in tumor cell growth. This group concluded that IDH1 acts as a tumor suppressor
through its involvement in the activation of HIF-1a (Zhao et al., 2009). However, while loss of
aKG may play a part in tumorigenesis of IDH1 mutant tumors, further studies found that IDH1
mutations lead to the production of the oncometabolite D-2HG. D-2HG is very similar
structurally to aKG except that a hydroxyl group replaces an oxygen atom at C2 in aKG (Xu et
al., 2011), formed from the reduction, but not carboxylation of aKG. Accumulation of D-2HG is
enhanced in IDHI1 mutant cells by forming a heterodimer with a wild-type allele, whereas D-
2HG levels are higher in IDH2 mutant tumors, independent of IDH2 wild-type allele which they
do not form heterodimers with (Losman and Kaelin, 2013). D-2HG is a competitive inhibitor of
aKG-dependent dioxygenases, including histone demethylases and the TET family of 5SmC
hydroxylases, leading to increased histone methylation and reduced 5ShmC, causing global
changes in epigenetics and contributing to tumorigenesis (Xu et al., 2011). Furthermore,
expression of mutant IDH1 in cortical astrocytes was sufficient to cause G-CIMP (Glioma CpG
island methylator phenotype), demonstrating the important role mutant IDH1 plays in epigenetic
changes (Turcan et al., 2012). Another group went on to show that changes in histone
methylation caused by D-2HG production prevent progenitor cells from differentiating, further
confirming a role of histone methylation in stem cell maintenance, differentiation, and
tumorigenesis (Lu et al., 2012).

While cells normally produce D-2HG, it is at very low levels, the IDH mutation is responsible
for an increase of 10- to 100-times higher than wild-type cells at levels between 10 and 30 mM

(Horbinski, 2013). 2-hydroxyglutaric aciduria is a rare metabolic disease resulting in production
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of either D-2HG or L-2HG. Patients producing L-2HG, have onset of the disease in early
childhood, progress slowly, have leukodystrophy, psychomotor retardation, cerebellar ataxia,
seizures, and an increase in tumor formation. Those patients with D-2HG have severe
encephalopathy with cardiomyopathy and dysmorphisms, or they have a milder form with
developmental delay and hypotonia (Horbinski, 2013).

As IDHI is an important molecule in metabolism within the cell and mutations in IDH1 have
similar functions to other abnormalities in metabolic enzymes (succinate dehydrogenase and
fumarase), the role of IDH1 mutations on the cellular metabolome has been extensively studied.
When IDHI is mutated, these tumors have increased free amino acids and lipid precursors and
decreased TCA cycle intermediates (Reitman et al., 2011). This group also compared IDHI-
R132H expressing cells with those that had knockdown of IDH1 and found few similarities in
changes in metabolites, concluding that mutations in IDH1 do not affect the cellular metabolome
through dominant negative effect or inhibition of wild-type IDHI, but rather through its
neomorphic activity of producing D-2HG. IDHI-R132H knock-in mice were created to
determine the effect in vivo. Sasaki et al. created two different glioma knock-in mice by crossing
IDHI"Y™T mice with either Nestin-Cre or GFAP-Cre mice, both models had increased
expression of D-2HG in the brain. Mice that expressed IDH1-R132H in Nestin positive cells
were born in the expected ratio, but died shortly after birth from massive hemorrhage in the
cerebral hemispheres and cerebellum (Sasaki et al., 2012b). Mice that expressed IDH1-R132H in
GFAP cells had about 8% survival to adulthood with the rest dying of hemorrhage similar to the

Nestin mice. GFAP-Cre is known to be a leaky model, most likely accounting for the reason that



42

some of these mice survived. The GFAP-driven IDH1 -knockin mice that survived had shorter
lifespan than wild-type mice and did not show any glioma formation (Sasaki et al., 2012b).
Inhibitors of mutant IDH1 have become a growing field to treat patients, as many are currently
under clinical trials, but they also are an invaluable tool to help further determine the mechanism
of IDH1 mutations. Rohle et al. published on an Agios-made specific IDH1-R132 mutation
inhibitor (AGI-5198) in glioma cells derived from an anaplastic oligodendroglioma (Grade III)
patient. In an in vivo, subcutaneous glioma model, AGI-5198 decreased tumor size, and
promoted a differentiation gene-expression profile towards astrocytes and oligodendrocytes
without changing DNA methylation patterns (Rohle et al., 2013). These results point to mutant
IDH1 promoting tumor progression and proliferation through epigenetic pathways.

While IDH1 mutations clearly are important for LGG initiation, it is possible that they are not
involved in further tumor progression. When IDH1-R132H mutations are overexpressed in cell
lines, there is actually a decrease in proliferation in vitro and in vivo (Bralten et al., 2011). The
mutation of IDH1 in and of itself may not lead to tumorigenesis, but might be more important in
slowing down differentiation so that more oncogenic mutations have a chance to occur in
undifferentiated cells (Horbinski, 2013). IDHI1 mutated glioma cells are also more sensitive to
radiotherapy, as IDH mutations lead to decreased NADPH levels (from reaction using aKG and
NADPH to produce D-2HG) necessary for reduced GSH and subsequent oxidative stress. R132H
glioma cells treated with IR have increased ROS, DNA double-strand breaks, and cell death.
These outcomes are reversed by treatment with the mutant IDH1 inhibitor, AGI-5198 (Molenaar
et al., 2015). These inhibitors must be used with caution as using them concomitantly with

radiation may prove to be unfavorable in the clinic. Furthermore, when accounting for grade,
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patients with mutations in IDH1 have less aggressive tumors, leading to prolonged survival of
these patients (Horbinski, 2013).

1.4 Conclusions

IDH1 mutations are important in the pathogenesis of LGG and secondary GBM, however they
rarely occur in primary GBM. Remarkably, patients with wild-type GBM tumors have a mean
survival of 15 months compared to 31 months for patients with mutant IDH1. GBM tumors and
ectopic expression studies point to tumor suppressive effects of mutant IDH1. Expression of
Argl32 point-mutated IDHI1 in established IDHI-wild-type glioma cell lines reduced
proliferation in vitro and extended the survival of mice bearing derived orthotopic xenografts
(Bralten et al., 2011). Similarly, RCAS-driven expression of mutant IDH1 in NSCs derived from
pi3-deficient Nestin-tv-a mice reduces progenitor cell growth in vitro and glioma formation in
vivo despite elevated D-2HG production in IDH1 mutant compared to wild-type cells. This
growth-inhibitory effect of mutant IDH1 is associated with diversion of aKG from wild-type
IDHI and reduced carbon flux from glucose or glutamine into lipids (Chen et al., 2014). Murine
NSCs lack glutamate dehydrogenase 2 (GLUD2) and expression of GLUD2 or administration of
glutamate, a neocortical neurotransmitter and substrate for GLUD2, compensates for growth and
flux deficiencies elicited by mutant IDH1 by replenishing aKG via increased glutaminolysis.
These observations suggest that IDH1 mutant tumors require a specialized metabolic niche
characterized by elevated glutamate flux for growth and expansion. Recent studies suggest that
IDHI mutant gliomas arise from a neural precursor population that is spatially and temporally
restricted in the brain, possibly coinciding with remodeling of the prefrontal cortex (Lai et al.,

2011). Primary GBM, on the other hand, inefficiently metabolize glutamine and most likely are
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unable to sustain high glutamine flux to support aKG and lipid biogenesis. To support
anaplerosis, in particular lipid biogenesis flux via enhanced aKG and NADPH, we investigated
whether wild-type IDH1 activity is regulated in primary GBM, and whether such regulation, by
impacting macromolecular synthesis activities, redox homeostasis and gene expression, affects

the tumor biologic properties of GBM.



CHAPTER 2: MATERIALS AND METHODS
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2.1 In Silico Genomic and Genetic Analysis

2.1.1 Preprocessing of TCGA GBM exon-array data and subtyping

The unprocessed Affymetrix exon-array datasets for 419 GBM samples and 10 normal brain
samples (control samples) were downloaded from the TCGA data portal (https:/tcga-
data.nci.nih.gov/tcga). We followed the data preprocessing procedure described in our recent
study (Pal et al., 2014). Samples underwent subtyping into one of four molecular classes of GBM
(Classical, Mesenchymal, Proneural, and Neural) (Verhaak et al., 2010). We used an isoform-

based classifier to obtain the patient subtype information (Pal et al., 2014).

2.1.2 Analysis of TCGA GBM, low grade glioma, lung adenocarcinoma, and lung squamous cell

carcinoma RNA-Seq data

RNASeqV2 level 3 released gene level expression data for RNA-Seq were downloaded for
glioblastoma (GBM), low grade glioma (LGG), lung adenocarcinoma (LUAD) and lung
squamous cell carcinoma (LUSC) from TCGA, and transcript levels in lymphoma from
GSE12195 (Compagno et al., 2009) and GSE6338-60 (Piccaluga et al., 2007) for the analysis of
IDHI, IDH?2, IDH3A, IDH3B, IDH3G, OGDH, SUCLA2, SDH, FH, MDH, CS, ACOI1, ACO2,
GNG4, NDUFSI, and TNFAIPI. The TCGA data processing and quality control were done by
the Broad Institute's TCGA workgroup. The reference gene transcript set was based on the HG19
UCSC gene standard track. MapSplice (Wang et al., 2010) was used to do the alignment, and
RSEM (Li and Dewey, 2011) to perform the quantitation. Student’s 7-test was used to determine
whether IDHI, IDH2, IDH3A, IDH3B, IDH3G, OGDH, SUCLA2, SDH, FH, MDH, CS, ACOI,

ACO2, GNG4, NDUFSI1, or TNFAIPI was differentially expressed between tumor and
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corresponding normal tissue. The upper quartile normalized RSEM count estimates were base-10

log transformed before the #-test.

2.1.3 TCGA GBM mutation data

We obtained level 2 GBM somatic mutation data from the TCGA web site (http://tcga-
data.nci.nih.gov/tcga/). All non-silent /DHI mutations were used. There were a total of 147

samples for which both expression and mutation data were available.

2.2 RT-qPCR

Total RNA from tumors or cell lines was extracted using RNeasy kit (Qiagen) according to
manufacturer’s protocol. cDNA was reversed transcribed (500 ng of total RNA as template)
using M-MLV Reverse Transcriptase reactions (Promega), according to the manufacturer’s
protocol. To analyze IDHI expression levels in glioma tumor samples, RT-qPCR was performed
using cDNA isolated from GBM tumor samples. Samples were acquired from patients having
undergone surgery at Northwestern Memorial Hospital (NMH) in compliance with the NMH
Institutional Review Board. Expression of IDH1 in glioma tumors was compared with a normal
brain reference pool consisting of 23 individual brain samples (FirstChoice Human Brain
Reference, catalog no. AM6050; Life Technologies). cDNA of matched CD133+ and CD133-
patient samples was obtained from Dr. Jeremy Rich (Cleveland Clinic). qPCR was performed
using SYBR Green technology (Life Technologies). The following primers were used to amplify
IDH1, GNG4, NDUFS1, TNFAIP1, ETV6, TUSC2, IDI1, LSS, and SREBP] respectively: IDH1

(forward primer: GGCGAGCAGCACAGAGAC and reverse primer:
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TCACCCCAGATACCATCAGA); GNG4 (forward primer:
GAGGGCATGTCTAATAACAGCAC and reverse primer: AGACCTTGACCCTGTCCATAC);
NDUFSI (forward primer: TTAGCAAATCACCCATTGGACTG and reverse primer:
CCCCTCTAAAAATCGGCTCCTA); TNFAIPI (forward primer:
ACCTCCGAGATGACACCATCA and reverse primer: GGCACTCTGGCACATATTCACQ);
ETV6 (forward primer: GCTCAGTGTAGCATTAAGCAGG and reverse primer:
CGAGGAAGCGTAACTCGGC); TUSC2 (forward primer:
GGAGACAATCGTCACCAAGAAC and reverse primer:
TCACACCTCATAGAGGATCACAG); IDII (forward primer: GGCGAGCAGCACAGAGAC
and reverse primer: TCACCCCAGATACCATCAGA); LSS (forward  primer:
CTGAACGGGATGACATTTTACG and reverse primer: GGAAAAGTGGGCCACCATAA);
SREBPI  (forward primer: CCCTGTAACGACCACTGTGA and reverse primer:
ACAGTGGCTCCGTCTGTCTT); HPRT was used as a house keeping control gene (forward

primer: AAGGACCCCACGAAGTGTTG and reverse primer:

GCTTTGTATTTTGCTTTTCCA). gPCR using Tagman Universal PCR Master Mix (Life
Technologies) was used for GFAP and Nestin mRNA expression using the following Tagman
probes: GAPDH (Hs02758991 gl), GFAP (Hs00909233 ml), and Nestin (Hs04187831 gl).
All reactions were performed on a 7900HT Fast Real-Time PCR System (Applied Biosystems).

Results were analyzed and mRNA expression quantified using the AACt method.
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2.3 R132H Mutation Status

To determine if GBM patient tumor samples, GBM transformed cell lines, and glioma initiating
cells (GICs) have the common R132H mutation in IDH1, cDNA was reverse transcribed (500 ng
of total RNA as template) using M-MLV Reverse Transcriptase reactions (Promega), according
to the manufacturer’s protocol. PCR amplification was performed using PrimeSTAR Taq
(Clontech) according to the manufacturer’s protocol using the following primers: forward primer
(AAAAATCAGTGGCGGTTCTQG) and reverse primer (GACAGAGCCATTTGGAATGA). The
PCR products underwent standard Sanger sequencing using the above primers and mutations at
position 396 was evaluated for wild-type (G) or mutation (typically A). This mutation is the most

common IDH1 mutation of Histadine replacing Arginine at position 132.

2.4 Immunohistochemistry

Deidentified tissue microarrays (TMAs) were purchased (US Biomax; GL806d), or constructed
from gliomas after obtaining University of Kentucky (UK) Institutional Review Board Approval
(UK-TMA). UK-TMA contained three 2-um diameter cores per tumor, with each core embedded
in a separate TMA block. A total of 104 cases comprised the UK-TMA, including 9 non-
neoplastic controls (cortical dysplasias) and 47 Grade IV GBMs. Paraffin-embedded mouse
brains isolated from PDX mouse models were deparaffinized, and incubated with 3% hydrogen
peroxide (to block endogenous peroxidases), avidin (to block endogenous biotin), and 5%
normal donkey serum (to reduce unspecific antibody binding). PDX tumor slides were incubated
with primary antibodies [1:1000 Ki67 (Abcam ab16667); and 1:500 Caspase-3 (Cell Signaling

9661)]. After primary antibody incubation, slides were incubated with secondary biotinylated
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antibodies (Vectastain ABC kit-Vector Laboratories), and finally with Biotinyl Tyramide
Working solution, Streptavidin-HRP, and DAB. TMA slides were processed as described above,
but antigen retrieval was done at 80° C for 1 hour (10mM sodium citrate, 0.1% Tween 20, pH 6).
TMA slides were incubated with an anti-IDH1 antibody (1:100; HistoBioTec DIA-W09) for 1
hour. Each TMA core was quantified by laser scanning cytometry (LSC) or visually
semiquantified via light microscopy. The TissueGnostics LSC system was used to take
representative photographs and the US Biomax TMA analyzed using HistoQuest software. Light
microscopy of UK-TMA by pathologist Dr. Craig Horbinski rated IDH1 expression on a relative
scale from 0 to 3, with 0 = negative and 3 = strongest. Results from all 3 cores were averaged
together to produce a final score for a tumor. Results were plotted, and differences were

calculated via one-way ANOVA with post-hoc Tukey’s test.

2.5 Cell Lines

Transformed glioma cell lines (LN382, U87, and LNZ308) were from Dr. Webster Cavenee
(University of California, San Diego) and normal human astrocytes (NHA) were from Dr. Russ
Pieper (University of California, San Francisco). GIC-20 was a gift from Dr. Kenneth Aldape
(University of M.D. Anderson Cancer Center). GIC-387 was a gift from Dr. Jeremy Rich
(Cleveland Clinic). NSC-2201 was a gift from Dr. Hongwu Zheng (Cold Spring Harbor
Laboratory). SUDHL4 diffuse large B-cell lymphoma cell line was a gift from Dr. Shad

Thaxton. Primary human astrocytes were from ScienCell (#1800).
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2.6 Cell Culture and Reagents

Transformed glioma cell lines and NHA were grown in DMEM 1X with 4.5 g/L glucose, L-
glutamine and sodium pyruvate (Corning), and supplemented with 10% fetal bovine serum (Life
Technologies) and 1% PenStrep (Life Technologies). GICs were grown as neurospheres in
DMEM/F12 50:50 with L-glutamine (Corning), supplemented with 1% PenStrep, B27
(Invitrogen), N2 (Invitrogen), human-Epidermal Growth Factor (hEGF; Shenandoah Biotech),
Fibroblast Growth Factor (FGF; Shenandoah Biotech), Leukemia Inhibitory Factor (LIF;
Shenandoah Biotech), and GlutaMAX (Life Technologies). SUDHL4 cells were grown in RPMI
1640 supplemented with 10% FBS and 1% PenStrep. Primary human astrocytes were grown in
astrocyte media (ScienCell) supplemented with 1% astrocyte growth supplement (ScienCell) and
2% FBS (ScienCell). Cells were routinely tested for mycoplasma contamination using
PlasmoTest (InvivoGen) according to the manufacturer’s protocol. Cells grown under hypoxic
conditions were grown in a 1.5% O, incubator. Cells were treated with the following drugs: 5
uM Erlotinib (Sigma), 5 uM SU11274 (Sigma), 5 uM Imatinib (Selleck Chemicals), 5 or 10 mM
dimethyl o-ketoglutarate (Sigma), 0.5 mM N-Acetyl-L-Cysteine, 25 uM EUK-134 (Sigma), 1
uM Sodium Palmitate (Sigma), 100 uM Mevalonic Acid Lithium Salt (Sigma), 7.5 uM Ibrutinib

(ChemieTek), or 5, 10, 20, 25, 50, or 100 uM GSK864 (Sigma).

2.7 Mutagenesis and Cloning of IDH1
IDHI1 wild-type cDNA (Origene) was mutated to be resistant to shIDH1-89 sequence using the
following mutagenesis primers: forward primer

(TGGGAGTTAATCAAAGAGAAACTCATTTTTCC) and reverse primer
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(GATAATCCGTGTCATTTCATCTCCTTGCATC) and digested with Dpnl (IDHI®®). IDH1
wild-type ¢cDNA and IDHI*® ¢DNA were cloned into CSII-CMV-MCS-IRES2-Venus vector
using unique Nhel and Agel restriction sites. RT-PCR was done on cDNA prepared from cells as
described previously using PrimeStar Taq (Promega) according to the manufacturer’s protocol
and HPRT and IDHI primers from RT-qPCR above and specific IDHI*® primers: forward
primer (ACGGATTATCTGGGAGTTAATCA) and reverse primer

(AAGGCCAACCCTTAGACAGA).

2.8 Lentiviral Production and Cell Infection

GIC, NSC, transformed glioma cells, and lymphoma cells were lentivirally transduced with
pLKO.1-puro-CMV-tGFP, pLKO.I-puro-CMV-tGFP-SHCO016 (shScramble), pLKO.I-CMV-
tGFP-shIDH1 (TRCN000027249, TNCNO000027253, TRCN000027284, TRCN000027289,
TRCNO000027298;  Sigma-Aldrich), pGIPZ-puro, pGIPZ-puro-shIDI1 (V2LHS 48970,
V2LHS 67394, V2LHS 67395, V2LHS 67396), pGIPZ-puro-shLSS (V2LHS 134081,
V2LHS 134083), CSII-CMV-MCS-IRES2-Venus, CSII-CMV-MCS-IRES2-Venus IDH1, CSII-
CMV-MCS-IRES2-Venus IDHI®®, or pLV-Tomato-IRES-Luciferase (Northwestern University
SDRC DNA/RNA Delivery Core). 293T cells were plated in T-175 flasks (75% confluence).
Cells were then transfected using lipofectamine 2000 (Life Technologies) with 20 ug of
lentiviral construct, 15 ug of psPAX2 (HIV-Gag-Pol-Rev), and 10 ug of pMD2.G (envelope).
After 48-72 hours, virus-containing media was harvested, filtered through 45 um low protein
binding filter (Millipore), and concentrated at 25,000 rpm for 2 hours (Beckman Coulter). The

resulting viral pellet was resuspended in 30 uL of serum free media. For lentiviral transduction,
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transformed cells at 75% confluence or GICs, NSCs, and lymphoma cells at 1x10° cells per T-25
flask were incubated with 5 uL of virus for 48 hours. Subsequently, cells were sorted by FACS
to enrich for GFP-positive cells (pLKO, shIDH1, CSII, CSII-IDH1, CSII-IDH1*® constructs) or

RFP-positive cells (luc), or puromycin-selected (pGIPZ, shIDI1, shLSS constructs).

2.9 Retroviral Production and Cell Infection

Transformed glioma cells overexpressing Bcl-2 were generated by retroviral transduction using
pBabe-puro or pBabe-puro-Bcl-2. pPBABE-puro was a gift from Harmut Land, Jay Morgenstern,
and Bob Weinberg (Addgene plasmid #1764; Morgenstern and Land, 1990). Bcl-2 was cloned
into the pBabe-Puro retroviral vector using unique EcoRI restriction site. In a 10 cm dish, 40%
confluent 293T cells in OptiMEM were transfected with 4 ug of retroviral construct, 1 ug of
pVSVG (envelope), and 4 ug pCL-Ampho (packaging) using lipofectamine 2000 (Life
Technologies). The medium was changed to full-DMEM medium 24 hours post-transfection, and
cells were incubated at 37° C for an additional 24 hours. Medium was harvested, supplemented
with Polybrene (8 ug/mL; Sigma-Aldrich), and filtered through a 0.45 wm filter. For retroviral
infection, glioma cells at 50% confluence were incubated overnight with 3 mL of virus-
containing medium. Cells were selected by changing the medium to puromycin-containing

medium (1.5 ug/mL; Invitrogen).
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2.10 Transfection

Subconfluent glioma cells were transfected with a non-targeting siRNA control or with an
siRNA pool targeted to IDH1 (50 nM) or FoxO6 (100 nM) (Dharmacon) using Oligofectamine
or Lipofectamine 2000 (Invitrogen) according to the manufacturer’s protocol. Subconfluent GIC-
387 cells were transfected with a pCMV6-XL4-ME1 plasmid (Origene; 2 ug per well in 6 well
plate) or mock transfected using RNAiMax (Invitrogen) according to the manufacturer’s
protocol. Expression analysis for FoxO6, IDHI1, MEI, and cleaved effector caspases was

performed 48 hours post transfection.

2.11 Western Blot Analysis

For all Western Blot analyses, proteins were separated by 4-12% SDS/PAGE (Life
Technologies), transferred to Hybond PVDF membranes (Amersham), blocked with 5% milk in
PBS with 0.1% Tween 20 (PBS/Tween) for 1 hour, and incubated with the following antibodies:
anti-cleaved caspase-3 (Cell Signaling, 9664), anti-cleaved caspase-7 (Cell Signaling, 9491),
anti-Hsp70 (BD Pharmingen, 610607), anti-IDH1 (Cell Signaling, 8137), anti-H3K4me3
(Millipore, CS200580), anti-H3K9me3 (Active Motif, 39161), anti-H3K27me3 (Millipore,
CS200603), anti-H3K36me3 (Abcam, ab9050), anti-Histone H3 (Cell Signaling, 4499), anti-
MEI1 (Abcam, ab97445), anti-FoxO6 (Thermo Scientific PA5-35117), anti-phospho-FoxO6
(Abcam, ab154832), anti-phospho-EGFR (Cell Signaling, 2236S), anti-EGFR (Santa Cruz, sc-
373746), anti-phospho-Akt (Cell Signaling, 4060S), and anti-Akt (Cell Signaling, 9272S). The
blots were washed with PBS/Tween and subsequently incubated with goat anti-rabbit IgG or

goat anti-mouse IgG antibodies (Santa Cruz) in 5% milk in PBS/Tween. After washing with
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PBS/Tween, the blots were developed with Supersignal West Dura ECL (Pierce) following
manufacturer’s protocol. Quantification of blots determined by densitometry using Imagel

software.

2.12 Cell Proliferation Assay
GICs or NSC-2201 cells were plated at 50,000 cells per well in triplicate. After 3 days cells were
accutased and counted by trypan blue exclusion on Countess Cell Counter (Invitrogen). All cells

were replated, and recounted every three days for twelve days total.

2.13 In Vivo Xenograft Studies

All animals were used under an approved protocol of the Institutional Animal Care and Use
Committee of Northwestern University. Luciferase-expressing GIC-20, GIC-387, and NSC-2201
cells were injected intracranially into ~7 week old female CB17 SCID mice (Taconic Farms).
Briefly, cells were dissociated by accutase (Life Technologies), and suspended in HBSS. Each
mouse was anesthetized and placed in a stereotaxic frame, and the surgical area was cleaned with
alcohol and Betadine. An incision was made in the scalp, and a 0.7 mm burr hole was created in
the skull with a microsurgical drill 2 mm lateral right of the sagittal suture and 0.5 mm posterior
of bregma. A Hamilton syringe was loaded with 3x10° cells (GIC-20), 2x10° (GIC-387), or
4x10° (NSC-2201) in 3 uL and inserted 3.5 mm into the brain. The cells were implanted over a
period of 3 minutes, and the needle was left in place for 1 minute before the syringe was
withdrawn. After surgery, the skin was closed with sutures. Mice were sacrificed upon

observation of neurological impairment. 7-10 animals were used in each group. Mice were
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randomized to groups based on body weight. No blinding was possible in these studies. Survival
analysis between control and experimental groups was determined by the Kaplan-Meier method,
and statistical significance was assessed using the logrank (Mantel-Cox) test. For GSK864
inhibitor treatment, 20 animals were intracranially injected as described above with GIC-20.luc
cells. Two weeks after implantation, mice were randomized into two groups based on
bioluminescence from the IVIS spectrum. 10 animals received 150 mg/kg GSK864 (Sigma) in
propylene glycol, DMSO, PEG-400, and water (16.7:3.3:40:40) or vehicle for 10 days, M-F for 2

weeks. For lymphoma flank model, 2x10° cells in 100 uL of HBSS were combined with 100 uL

of ice cold Matrigel (Fischer Scientific). Mice were anesthetized and 200 uL of cells in Matrigel

were injected into either the left flank (pLKO) or right flank (shIDH1-98) of 5 mice.

2.14 In Vivo Bioluminescence Imaging

shIDH1-expressing GIC-20, GIC-387, and SUDHLA4 cells, and IDH1 overexpressing NSC-2201
cells were lentivirally transduced with a cDNA encoding firefly luciferase. Upon orthotopic cell
implantation, tumor growth was monitored by bioluminescence imaging (IVIS Spectrum,
PerkinElmer). Mice were injected with 200 uL luciferin potassium salt (Perkin Elmer),
anesthetized, and imaged using IVIS spectrum. Bioluminescence was analyzed using Living
Image (Caliper Life Sciences) software, and bioluminescence was quantified relative to non-

tumor bearing mice.
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2.15 a-Ketoglutarate Quantification

To quantify aKG, the aKG Assay Kit (BioVision) was used as a readout for IDHI activity
according to manufacturer’s protocol. GBM cells and GICs were grown in 6 well plates and
treated with drug or vehicle for 24 hours. Cells were collected in 50 uL of aKG Assay Buffer
and incubated on ice for 30 minutes. Samples were then deproteinized using PCA and
neutralized with KOH from Deproteinizing Sample Preparation Kit (BioVision). 50 uL of
sample was added to 3 wells each of 96 well plate and 50 uL. of Reaction Mix was added to each
sample. The plate was incubated at 37° C for 30 minutes in the dark, and read at Ex/Em 535/587

nm.

2.16 NADPH Quantification

To quantify NADPH, GBM cells and GICs (treated with drug or vehicle for 24 hours), were
processed using the NADP+/NADPH Quantification Kit (BioVision) according to
manufacturer’s protocol. Cells were collected on ice and washed with ice cold PBS and lysed
with 350 uL of NADP/NADPH extraction buffer. Samples were then filtered through 10 kDa
molecular weight cut off filters (BioVision) to remove enzymes that can rapidly consume
NADPH. Half of each extracted sample was heated at 60° C for 30 minutes to decompose
NADP+ and leave only NADPH. 50 uL NADPH and NADPH/NADP+ samples were transferred
to 96 well plate in triplicate and 100 uL. of NADP Cycling Mix was added to each well, followed
by 10 uL of NADPH developer per well. The plate was incubated at room temperature for 1 hour

and read at OD450. Results are expressed as NADPH/NADP+ ratio.
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2.17 “Carbon-Glucose and -Acetate Studies

2.17.1 Carbon Sample Preparation

GIC-20 cells were grown in medium supplemented with 10 mM glucose or 1 mM acetate until
90% confluence was reached. After 24 hours, media was added, which contained either 10 mM
[U-*C] Glucose or 1 mM [U-"C] Acetate (Cambridge Isotope Laboratories). After 3 hours
(acetyl-CoA) or 72 hours (fatty acids), cells were collected and pelleted, washed without
disturbing the pellet using 150 mM Ammonium Acetate, and snap frozen in liquid nitrogen.
Samples were sent to University of Michigan Metabolomics Core for GC-MS processing.
Microtubes containing cell pellets were removed from -80° C storage and maintained on wet ice
throughout the processing steps. To initiate protein precipitation, 0.3 mL of a chilled mixture of
isopropanol:chloroform (8:2) (EMD) was added to each sample. Extracted metabolites were
dried under vacuum at 45° C, and 1 mL of BF3/Methanol was added to each sample. Samples
were incubated at 60° C for 3 hours and cooled. Subsequently, 200 uL LCMS water, and 300 uL.
of Hexane was added. The samples were vortexed, allowed to sit for 5 minutes, vortexed again
and then centrifuged for 3 minutes to separate the layers. The organic layer was transferred to an

autosampler vial for GC-MS analysis.
2.17.2 GC-MS

GC-MS analysis was performed on an Agilent 69890N GC-5975 MS detector with the following
parameters: a 1 ul sample was injected splitlessly on an HP-5MS 15m column (Agilent
Technologies) with an He gas flow rate of 1.4 mL/minute. The GC oven initial temperature was

60° C, and was increased at 10° C per minute to 300° C, and held at 300° C for 5 minutes. The
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inlet temperature was 250° C and the MS-source and quad temperatures were 230° C and 150° C

respectively.

2.17.3 GC-MS Data Analysis

Metabolites were identified by matching the retention time and mass (+/- 10 ppm) to authentic
standards. Isotope peak areas were integrated using MassHunter Quantitative Analysis vB.07.00
(Agilent Technologies). Peak areas were corrected for natural isotope abundance using an in-
house written software package based on a method previously described (Fernandez et al., 1996),
and the residual isotope signal was reported. Data were normalized to cell protein content prior

to analysis of metabolite fluxes for fatty acid metabolites.

2.18 Extreme Limiting Dilution Assay

GIC-20, NSC-2201, or GIC-387 cells were plated at 1, 5, 10, or 20 cells per well in 96 well
plates. Spheres were determined by observation using an inverted microscope 6 or 7 days after
plating. Data was analyzed by ELDA software
(http://bioinf.wehi.edu.au/software/elda/index.html) to determine stem cell frequency (Hu and

Smyth, 2009).

2.19 Differentiation Experiment

GIC-20 cells were plated at 50,000 cells per mL on poly-D-lysine/laminin-coated coverslips in
GIC media with 1 ng/mL EGF and bFGF and no LIF. RNA was collected for RT-qPCR analysis
or immunocytochemistry was performed as previously described (Kouri et al., 2015). Cells were

fixed in 4% paraformaldehyde in PBS for 20 minutes, washed 3X with PBS and incubated
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overnight at 4° C using the following antibodies: rabbit anti-GFAP (1:1000; DakoCytomation
70334) and mouse anti-MAP2 (1:500; BD Pharmingen 556320). Cells were washed 3X with
PBS and incubated with 1:500 of the appropriate secondary antibody for 1 hour at room
temperature. Nuclei were counterstained with DAPI, and coverslips mounted. Cells were imaged
using a Nikon A1R Spectral confocal microscope, and quantification was performed using

TissueGnostics LSC System, and data were analyzed with HistoQuest Software.

2.20 Chromatin Immunoprecipitation-Sequencing

GIC-20 and GIC-387 cells were grown in 4 T75 flasks and infected with either shScramble,
shIDH1-89, or shIDH1-98 lentivirus. After 48 hours, media was changed on the cells and they
continued to grow. After 48 hours more, 6 million cells per sample were fixed with 1%
formaldehyde and ChIP-Seq was performed according to previous studies (Chen et al., 2015a
and Chen et al. 2015b) using antibodies against H3K4me3 (Hu et al., 2013), H3K27me3 (Active
Motif 39155), and H3K36me3 (Abcam ab9050). ChIP-Seq libraries were prepared with
[llumina’s TruSeq DNA sample preparation kit. Sequencing reads were aligned to the human
genome (University of California at Santa Cruz [UCSC] hgl9). Datasets were analyzed using
Spatial Clustering for Identification of ChIP-Enriched Regions [SICER; (Xu et al., 2014)], to
delineate ChIP-enriched regions, to assess their statistical significance, and to identify regions of
differential enrichment in shIDH1 versus control GICs. For each antibody, regions detected by
the SICER peak caller as reproducibly bound by the antibodies in at least one ChIP dataset were
identified. The number of reads for each sample in each of these regions were then counted, and

the R package edgeR (Robinson et al., 2010) was used to identify regions that significantly
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differed in H3K4me3, K27me3 and K36me3 binding between both shIDH1 infectants versus the
control cultures. A p value of <0.05 was considered significant. Subsequently, Ingenuity
Pathway Analysis (IPA; Qiagen) was performed to prioritize genes based upon enrichment in
signaling pathways associated with cancer and development. Genes in the top 5 canonical
pathways, as well as genes associated with pathways implicated in cellular and organismal
development, were ranked based upon most significant differential in H3K4me3 binding
between two independent shIDH1 infectants verses shScramble cells (64 genes). Genes with

annotated oncogenic or tumor-suppressive function (30 genes) were then analyzed by RT-qPCR.

2.21 Copy Number Alterations

For the analysis of EGFR copy number in GICs, genomic DNA was isolated [Blood and Cell
Culture DNA Mini Kit (Qiagen)], and 10 ng were analyzed using the TagMan Copy Number
Assay (Applied Biosystems) following the manufacturer’s protocol. RNase P TagMan was used

as a reference.

2.22 Quantification of Apoptosis

To quantify apoptosis of GBM cells and GICs, Annexin V positivity was determined by FACS
using the Annexin V-Cy5 Apoptosis Kit (BioVision) according to manufacturer’s protocol. Cells
were treated for 24 hours and cells collected by either accutase (GICs) or trypsin (adherent cells)
into single cell suspension. Cells were washed 1X with PBS, and resuspended in 500 uL of
Annexin V Binding Buffer. 5 uL of Annexin V-Cy5 was added to each samples and incubated in

the dark for 5 minutes. Cells were analyzed by FACS (Fortessa; BD Biosciences).
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2.23 ROS Quantification

To quantify ROS levels, GBM cells and GICs were treated with vehicle or RTKi for 24 hours,
followed by treatment of cells with 5 uM CellROX Deep Red (Life Technologies). Cells were
incubated at 37° C for 4 hours, washed twice with PBS, trypsinized (GBM cells; Life
Technologies) or accutased (GICs; Life Technologies) into single cell suspension, resuspended

into PBS and analyzed by flow cytometry (Fortessa; BD Biosciences).

2.24 GSH Quantification

To quantify GSH production, GBM cells and GICs (vehicle or RTKi treated for 24 hours), were
processed using the Glutathione Assay Kit (BioVision). Cells were homogenized 20 times with
loose fitting dounce homogenizer and deproteinized using Perchloric Acid (PCA) and
neutralized with KOH. 10 uL of sample was added in triplicate to 96 well plates, and volume
brought to 90 uLL with Glutathione Assay Buffer. 10 uL of o-phthalaldehyde (OPA) probe was
added to each well, incubated at room temperature for 40 minutes and read at Ex/Em 340/420nm

on Cytation3 (BioTek).

2.25 RTK Profile Array

RTK activation was determined using Human Phospho-RTK Array Kit (R&D Systems)
according the manufacturer’s protocol. Briefly, an RTK array was blocked for 1 hour and then
incubated with 200 ug of protein from cell lysates overnight. Arrays were washed and incubated
with anti-phospho-tyrosine-HRP antibody for 2 hours, washed again and developed using

Supersignal West Dura ECL (Pierce) following manufacturer’s protocol.
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2.26 Chromatin Immunoprecipitation

Chromatin Immunoprecipitations (ChIP) were performed using EZ-ChIP System (Millipore)
according to manufacturer’s protocol with slight modifications. LN382 cells were grown to 75%
confluence in four 15 cm plates, two plates each treated with 5 uM SU11274 plus 5 uM
Imatinib, or vehicle. After 48 hours, plates were washed with ice-cold PBS and fixed with 1%
formaldehyde in DMEM media for 10 minutes. The plates were washed with PBS and a stop
solution was added (1X glycine, 1X PBS, in ddH,0) for 5 minutes. The plates were washed 2X
with PBS and cells scraped on ice in 1 mL PBS + 5 uL PIC into a 15 mL falcon tube. The cells
were centrifuged at 2,500 rpm for 10 minutes at 4° C. The supernatant was removed and the cells
were lysed using 600 uL lysis solution and pipetting up and down. The cell lysis was then
incubated on ice for 30 minutes. After 30 minutes, each sample was sonicated five times each for
20 seconds and resting for 40 seconds between each sonication. The sonicated samples were
centrifuged at 12,500 rpm for 12 minutes at 4° C. 75 uL of sonicated lysate was transferred into
904.5 uL dilution mixture and mixed. 60 uL of Protein G agarose beads were added to each tube
and rotated by end-over-end mixing at 4° C for 1 hour. The samples were centrifuged at 4,000
rpm for 1 minute at 4° C. The supernatants were transferred to new tubes and 10 uL of
supernatant (1%) was saved as Input and stored at -20° C until the elution step. 5 ug of anti-
FoxO6 (Thermo Scientific PA5-35117) or IgG Rabbit (Santa Cruz) was added to the non-input
supernatant and mixed by end-over-end mixing overnight at 4° C. The next day 10 uL of protein
G agarose beads were added to each sample to pull down the antibody and mixed by end-over-

end mixing for 1 hour. The supernatant was carefully removed and each sample was washed by
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adding 1 mL of the following each and mixing by end-over-end mixing; Low Salt Buffer, Hi Salt
Buffer, LiCl Complex Buffer, and twice with TE Buffer. The DNA from the beads was eluted
twice with 100 uL of elution buffer (1% SDS, 0.1M NaHCOj; in ddH,O) for 15 minutes at room
temperature and was centrifuged at 8,000 rpm for 1 minute and the supernatant collected. 8 uL.
of NaCl was added to each tube and incubated at 65° C overnight. The next day, 1 uL of RNase
A was added and incubated for 30 minutes at 37° C, followed by the addition of 4 uL of 0.5 M
EDTA, 8 ulL of 1 M Tris-HCI, and 1 uL of Proteinase K and incubated at 45° C for 1.5 hours.
DNA was then purified using the spin columns. qPCR was performed using the following
primers for IDHI (forward primer: TATACTCCAGCCTGGGCAAC and reverse primer:
ACAGCCCCTAGGGTTCTTTG) and confirmed with an independent second set of IDHI
primers (forward primer: CTGAGATCACGCCACTATACTCCAGC and reverse primer:

GCCCTTACCCCATGCATGAAACTTCC).

2.27 MicroArray

LN382 cells were treated with 5 uM Erlotinib, 5 uM SU11274, a combination of both drugs, or
vehicle for 6 or 24 hours. Total RNA was extracted using RNeasy Kit (Qiagen). The quality of
the RNA was evaluated by Bioanalyzer, and subjected to whole genome profiling using the
[llumina HumanHT-12 Beadchip expression technology (Illumina). Cutoff conditions for
significant gene changes were fold change (fc)>2, p<0.01, and false discovery rate (FDR)>0.05.

Results were analyzed using Ingenuity Pathway Analysis (Qiagen).
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2.28 MTT Assay

LN382 or GIC-387 cells were plated at 10,000 cells per well in 96 well plates. Cells were treated
with Vehicle or 5 uM RTKi and/or 5, 50, or 100 uM GSK864 in 100 uL of media. After 48
hours, MTT assay was performed according to manufacturer’s protocol (ATCC). Briefly, 10 uL.
of MTT Reagent was added to each well, followed by incubation at 37° C incubator for 3 hours.
100 uL of Detergent Reagent was added to each well and plates were incubated in the dark at

room temperature overnight. Plates were read at OD 570.

2.29 Statistical Analysis

All experimental data are presented as mean + Standard Deviation, unless otherwise specified.
Control and experimental groups were compared by two-tailed Student’s z-test. A p value of
<0.05 was considered statistically significant. Sample size estimates were not used. Kaplan-

Meier survival curves were analyzed by Mantel-Cox and Gehan-Breslow-Wilcoxon tests.
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3.1 Wild-type IDH1 is overexpressed in GBM

The motivation for this study was initially provided by an in silico analysis of GBM specimens
profiled by TCGA (Brennan et al., 2013; TCGA, 2008), which revealed that wild-type IDH1 had
elevated expression in 65% of primary GBM in 419 tumor samples compared to 10 normal brain
samples, whereas the IDHI R132H point mutation occurred in only 2% of these tumors (Figure
4A) demonstrating that overexpression of IDHI is not associated with the mutation. We
confirmed the TCGA data in flash-frozen GBM tumors obtained from Northwestern Memorial
Hospital, which also showed elevated IDHI mRNA in over 90% of tumors (Figure 4B). Again,

this was not associated with mutation as none of these tumors had point mutations in R132.
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Figure 4. Wild-type IDH1 is overexpressed in GBM

(A) IDHI mRNA expression in TCGA GBM tumors (GBM n=419; normal n=10). (B) IDH1
transcript levels in an independent set of primary GBM resected at NMH (n=33). * p<0.0001.
OE, overexpression. TCGA analysis done with help from Yingtao Bi and Youjia Hua.

Increased mRNA in GBM was specific for IDHI, as IDH?2 transcript levels were not elevated
relative to normal brain, and /DH3 variants and all other enzymes of the TCA cycle were

significantly downregulated in GBM relative to normal brain (Figure 5). Aconitase 1 (4COI1)
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was the only other enzyme that showed upregulation in GBM, but not to the same extent as

IDHI (Figure 5).
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Figure 5. TCA cycle enzyme mRNA expression in normal brain vs. GBM

mRNA expression of IDH1, IDH2, IDH3A, IDH3B, IDH3G, OGDH, SUCLA2, SDH, FH,
MDH, CS, ACOI, and ACO2 in TCGA GBM (n=420) verses normal brain (n=10). IDHI1,
isocitrate dehydrogenase 1; IDH2, isocitrate dehydrogenase 2; IDH3A, isocitrate
dehydrogenase 3-alpha; IDH3B, isocitrate dehydrogenase 3-beta; IDH3G, isocitrate
dehydrogenase 3-gamma; OGDH, a-ketoglutarate dehydrogenase; SUCLA2, succinyl-CoA
synthetase; SDH, succinate dehydrogenase; FH, fumarase; MDH, malate dehydrogenase; CS,
citrate synthase; ACO1, aconitase 1; ACO2, aconitase 2. TCGA analysis done with help from
Yingtao Bi.
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Levels of IDHI mRNA varied with tumor type, grade and subclass, as IDHI was expressed at
lower levels in TCGA Grade II and III gliomas (The Cancer Genome Atlas Research, 2015)
(Figure 6A) compared to GBM, irrespective of tumor subclassification as astrocytoma,
oligoastrocytoma and oligodendroglioma (Figure 6B). Expression of IDHI transcripts was
enriched in IDHI WT compared to IDHI R132H mutant GBM (Figure 6C), and was highest in
GBM tumors of the Classical subtype, with other subtypes exhibiting similar average and range

of expression (Figure 6D).
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Figure 6. IDH1 mRNA is increased in high-grade gliomas, in wild-type tumors, and the
Classical subtype

(A) IDHI mRNA levels in GBM compared to lower grade gliomas (GBM, n=159; Grade 2,
n=190; Grade 3, n=203). (B) Levels of IDHI mRNA in GBM compared to lower grade
subtypes (GBM, n=159; astro, n=140; oligoastro, n=104, oligodendro, n=149). (C) mRNA
expression of /DHI in IDH1-R132H mutant (n=8) verses DH1" (n=139) GBM tumors. (D)
IDHI mRNA expression in GBM subtypes. * p<0.00005; ** p<0.0001; *** p<0.005. Astro,
astrocytoma; oligoastro, oligoastrocytoma; oligodendro, oligodendroglioma; CL, Classical;
M, Mesenchymal; N, Neural; PN, Proneural. TCGA analysis done with help from Yingtao Bi.
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Elevated IDH1 expression was also evident through immunohistochemical analysis of protein
using two independent tissue microarrays followed by quantitative analysis of staining intensity
using laser scanning cytometry (LSC; Figure 7A) or by semi-quantitative evaluation using light
microscopy (Figure 7B, 7C). These studies demonstrated diffuse cytoplasmic and speckled
staining distribution, which is consistent with well-described functions of IDH1 within the

cytosol and peroxisomes (Losman and Kaelin, 2013).
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Figure 7. Wild-type IDH1 protein is overexpressed in GBM

(A) Quantification of IDH1 staining intensities in TMA of GBM tumors (n=33) relative to
normal brain (n=35). (B) Quantification of relative IDH1 protein expression on an independent
TMA; shown is the IHC score in normal brain (r=7) and GBM tumors (n=35). (C)
Representative IDH1 IHC staining intensities for scores of 0, 1, 2, and 3. Bar, 50 um. *
p<0.05; ** p<0.001. LSC, laser scanning cytometry. IHC scoring done by pathologist Craig
Horbinski.
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Elevated IDHI mRNA and protein in primary GBM was not due to /DH copy number gains, as
the /IDHI-encoding 2q34 locus was not amplified in GBM, nor was the elevated expression due
to changes in /DH1 promoter methylation (Figure 8B). Together, these observations suggest that
in the absence of copy number gains or epigenetic activation through changes in CpG

methylation, primary GBM tumors are characterized by elevated IDHI mRNA and protein

expression.
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Figure 8. Elevated levels of IDH1 are not associated with copy number gains,
amplification, or promoter methylation

TCGA dataset analysis of IDHI mRNA, DNA copy number, and promoter methylation
(n=419). r, spearman correlation coefficients. TCGA analysis done by Yingtao Bi.
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3.2 IDH1 expression modulates GBM progression in vivo

To determine whether altering IDH1 expression affects GBM cell growth in vitro and tumor
growth in vivo, we suppressed IDH1 expression in two independent luciferase-labeled, patient-
derived glioma initiating cells (GICs) via lentiviral infection with IDH1-specific shRNA, or
overexpressed an /DHI cDNA in neural stem cells (NSCs) derived from mice with CNS-specific
deletion of p53 and PTEN tumor suppressors [mice develop Grade III anaplastic astrocytoma or
GBM with high penetrance; (Zheng et al., 2008)]. GICs are grown in specially formulated media
without serum, but containing human Epidermal Growth Factor (EGF), basic Fibroblast Growth
Factor (bFGF), and Leukemia Initiating Factor (LIF). This maintains these cells in a more stem-
like state as they grow in spheres and do not attach to the plate. These cells have been shown to
be more like a human tumor compared to transformed glioma cells as they give rise to tumors in
mice that are more infiltrative and maintain the genetic profile of the tumor they are derived
from, unlike transformed glioma cells (Lee et al., 2006a). shIDH1 on-target effect was verified
by analyzing IDH1 knockdown in glioma cells expressing RNAi-sensitive or RNAi-resistant

IDHI1 proteins (Figure 9).
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Figure 9. On target effect of shIDH1
(A) shRNA binding site in IDHI target sequence, and sequence of point-mutated IDHI

siR SiR siR
(IDH1 ). (B) RT-PCR for IDHI and IDHI in vector control, IDHI1, and IDHI -
expressing glioma cells, co-expressing pLKO or shIDH1. HPRT is shown as a loading
control. (C) Corresponding western blot analysis. Hsp70 is shown as a loading control.

Knockdown of IDHI1 with two different ShARNA constructs reduced GIC proliferation (Figure

10A, 10B), while ectopic expression of IDH1 accelerated NSC growth (Figure 10C).
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Figure 10. IDH1 promotes GBM cell growth

Cell proliferation in GIC-20 expressing shScramble or shIDH1 (A) , GIC-387 with pLKO or
shIDH1 (B) , and in NSCs with stable overexpression of IDH1 (C) (n=3; Mean + SD). *
p<0.005; ** p<0.05; *** p<0.01.

SCID mice receiving orthotopic implantation of luciferase-labeled GICs modified for reduced
IDHI1 expression showed diminished tumor growth in comparison to mice implanted with cells
infected with empty lentivirus, as indicated by bioluminescence monitoring and survival analysis
(Figure 11A-11D). Correspondingly, in a gain-of-function approach, animal subjects engrafted
with the luciferase-labeled IDH1-overexpressing NSCs showed accelerated intracranial tumor

progression (Figure 11E) and reduced survival when compared to vector controls (Figure 11F).
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Figure 11. IDH1 promotes GBM progression in vivo
Quantification of bioluminescence of intracranial engraftment models, using GIC-20
expressing pLKO and shIDHI1 (A), GIC-387 with shScramble and shIDH1 (B), and NSCs
expressing CSII and CSII-IDH1 (C) (n=7-10; Mean + SEM); and the corresponding Kaplan-
Meier survival curves (B, D, F) (n=9-10). * p<0.005; ** p<0.0005; *** p<0.01; ****
p<0.05; # p<0.001; ## p<0.0001. Animals studies done with help from Alexandra
Chalastanis and Lisa Hurley.
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Immunohistochemical analysis of sections from resected mouse brains revealed increased

apoptosis (aCasp3) and decreased proliferation (Ki67) of tumor cells modified for reduced IDH]1

expression in comparison to controls and decreased apoptosis and increased proliferation of NSC

tumors with overexpression of IDH1 compared to vector controls (Figure 12). These data support

tumor-promoting activities of IDHI1 in physiologically relevant gain- and loss-of-function GBM

mouse models in vivo.
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Figure 12. Knockdown of IDHI1 results in increased apoptosis and decreased cell
proliferation while overexpression of IDH1 results in decreased apoptosis and increased
cell proliferation in vivo

(A) Histopathological analysis of GIC-20 pLKO and shIDH1 tumors by H&E staining, [HC
for aCasp-3 (apoptosis) and Ki67 (proliferation). Bar, 50 um. (B) Quantification of aCasp-3
and Ki67 staining intensities by LSC (5 independent areas in 3 independent tumors per group
were counted, Mean + SD). (C) Histopathological analysis of NSC tumors by H&E staining,
IHC for aCasp-3 (apoptosis) and Ki67 (proliferation). Bar, 50 um. (D) Quantification of
aCasp-3 and Ki67 staining intensities by LSC (6 independent areas in 1 tumor per group were
counted; Mean £ SD). * p<0.0005; ** p<0.05; *** p<0.0001; **** p<(0.005. Histology
staining done by Lin Li in the mouse phenotyping and histology core.

3.3 Suppression of IDH1 reduces aKG and NADPH levels, and diminishes lipid

biosynthesis

Recent metabolomic flux studies in GBM cells, derivative orthotopic explant models and GBM
patients revealed that simultaneous to aerobic glycolysis, glucose or acetate-derived carbons are
oxidized in the TCA to produce both energy and macromolecular precursors (Marin-Valencia et
al., 2012; Mashimo et al., 2014). Studies in liver and adipose cells and tissue revealed that wild-
type IDHI1 controls lipid metabolism due to its ability to produce lipid carbon precursors and
non-mitochondrial NADPH, which is a rate-limiting factor for the synthesis of fatty acids and
lipids (Koh et al., 2004; Shechter et al., 2003). Thus, we explored the effect of IDHI on
anaplerotic flux, in particular lipid biosynthesis by performing targeted metabolomic studies
using gas chromatography-mass spectrometry (GC-MS). Glioma cells and GICs modified for
stable IDHI1 knockdown (Figure 13A) had reduced aKG (Figure 13B) and NADPH/NADP+

levels (Figure 13C), as expected as the products of the IDH1 enzymatic reaction.
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Figure 13. Knockdown of IDH1 decreases o KG and NADPH levels

(A) Western blot of IDHI in LN382 expressing pLKO or shIDHI. Levels of aKG (B) and
NADPH/NADP+ ratio (C) in cells infected with pLKO/shScramble, or shIDH1 (n=2 in
triplicates; Mean = SD). * p<0.005; ** p<0.01; *** p<0.00005; **** p<0.0005; # p<0.05.

Using uniformly "“C-labeled glucose and acetate tracers, we found the reduction in the
NADPH/NADP+ ratio to be associated with diminished saturated and unsaturated de novo fatty
acid synthesis (Figure 14A, 14B).

Under conditions of hypoxia (Wise et al., 2011; Metallo et al., 2012) and anchorage-independent
tumor spheroid growth (Jiang et al., 2016), IDHI1 can promote reductive formation of citrate
from glutamine by catalyzing the conversion of aKG to ICT (the ‘reverse’ reaction). Citrate can
subsequently be converted to acetyl-CoA and then malonyl-CoA, which are the carbon
precursors for de mnovo lipid biosynthesis. To determine whether IDHI1, under normoxic
conditions examined here, can promote anaplerotic replacement of acetyl-CoA by stimulating
aKG production (via ‘forward reaction’), we analyzed *C label incorporation into acetyl-CoA.

Using uniformly "*C-labeled acetate tracer, we found that GICs expressing shIDH1 exhibited
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elevated levels of *C-labeled acetyl-CoA (Figure 14C). These data suggest that acetyl-CoA
accumulates in IDH1 compromised cells, as it cannot be used for de novo fatty acid synthesis
due to limited cytosplasmic NADPH availability. Collectively, these targeted metabolic studies
together with published literature suggest a critical role of cytoplasmic NADPH for mediating

IDH1 metabolic effects.
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Figure 14. Knockdown of IDH1 reduces carbon flux from glucose or acetate into fatty
acids

13 13
Levels of total and C-labeled fatty acids labeled with C-glucose (A) or -acetate (B) in GIC-
20 expressing pLKO or shIDH1-89 (nl=5; Mean + SD). (C) Levels of acetyl-CoA in GIC-20

3
(pLKO vs. shIDH1-89) labeled with C acetate tracer (n=3; Mean + SD). * p,0.0005; **
p,0.001; *** p<0.005; **** p<(.05. °C labeling analysis done with help from Maureen
Kachman and Charles Burant of the University of Michigan Metabolomics Core.

3.4 IDH1 regulates histone methylation and GIC differentiation
As oKG impacts cellular differentiation processes by regulating multiple dioxygenases,
including Jumonji C (JmjC)-domain-containing histone lysine residue demethylases, we

examined histone lysine methylation in GICs modified for decreased IDH1 expression. shIDH1-

expressing GICs showed increases in trimethylation on H3K4, H3K9, H3K27, and H3K36
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similar to hypoxic conditions (1.5% O,; Kaelin and McKnight, 2013) (Figure 15).
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Figure 15. Knockdown of IDH1 increases histone methylation
Western blot of methylated histone species in GICs with pLKO, shIDHI1-89 (GIC-20), or
shIDH1-98 (GIC-387) (representative of 3 independent experiments). Histograms represent
densitometry of each methylated histone species.

Using Extreme Limiting Dilution Assays (ELDAs), we show that reduced IDH1 expression

diminished (Figure 16A), while increased IDH1 expression in NSCs enhanced stem cell

frequency (Figure 16B).
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Figure 16. Decreased IDH1 expression is associated with diminished stem cell frequency

ELDA of GIC-20s expressing shScramble or shIDH1 (A), and NSCs harboring empty vector
control or CSII-IDH1 (B) (n=15 per group). Stem Cell Frequency is stated on each graph. *
p<0.0001; ** p<0.0005; *** p<0.01.
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When exposed to a poly-D-lysine/laminin matrix, GICs with stable IDH1 knockdown more
readily differentiated when compared to control-infected cultures, as indicated by augmented
MAP2 and GFAP protein expression, markers for neuronal and glial differentiation, respectively
(Figure 17A, 17B). Pro-differentiation effect was confirmed by RT-qPCR, which revealed
increased levels of GFAP transcripts, and decreased mRNA levels of the well-defined neural
stem cell marker Nestin (Figure 17C). Further supporting a role for IDH1 in regulating glioma
cell multipotency, our RT-qPCR analysis of endogenous /IDHI mRNA in cell populations
separated on the basis of CD133 expression, showed increased /DHI transcript levels in the

glioma stem cell marker enriched versus non-selected populations (Figure 17D).
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Figure 17. IDH1 knockdown induces a more differentiated GIC state

(A, B) Immunocytochemistry (n=3) and quantification for MAP2 and GFAP in GIC-20
expressing shScramble or shIDH1. Bar, 50 um. (n=25,000; Mean + SD). (C) RT-qPCR for
GFAP and Nestin in GIC-20 expressing shScramble or shIDH1 (n=6-7 per group). (D) RT-
gPCR to quantify IDH1 mRNA levels in CD133+ versus CD133- populations. * p<0.001, **
p<0.05. Differention experiment done with help from Fotini Kouri.
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To begin to understand how IDH1 impacts gene expression through modification of histone
methylation, we performed ChIP-Seq experiments in two independent control and shIDH1 GIC-
20 or GIC-387 infectants, using antibodies recognizing tri-methylated H3K27, K36 and K4
proteins. The most significant changes were seen with H3K4me3. Upon ChIP-Seq dataset
analysis using SICER to delineate ChIP-enriched regions, to assess their statistical significance,
and to identify regions of differential enrichment in shIDH1 versus control GICs, we
subsequently performed Ingenuity Pathway Analysis (IPA), to prioritize genes based upon
enrichment in signaling pathways associated with cancer and development. mRNA expression of
the top 30 genes with most significantly altered H3K4me3 binding in GIC-387 cells was
subsequently assessed by RT-qPCR. Through this integrated analysis, we identified a tumor
suppresser gene signature induced by IDHI1 knockdown that contained NADH: ubiquinone
oxidoreductase core subunit SI (NDUFSI), Guanine Nucleotide Binding Protein Gamma 4
(GNG4), and TNF Alpha Induced Protein 1 (TNFAIP1), and that have been reported to suppress
cancer progression through effects on ROS, chemokine receptor biology, and NFkB signaling,
respectively (see Discussion). These genes showed increased binding of activating H3K4me3
(Figure 18 for full gene track; Figure 19A for zoomed in on promoter region), increased
transcript levels in IDH1 KD versus control GICs as determined by RT-qPCR (Figure 19B), and
correspondingly, reduced mRNA expression in TCGA GBM tumors compared to normal brain

(Figure 19C).
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Figure 18. Increased H3K4me3 binding at promoter regions of tumor suppressor genes
Genome tracks of tumor suppressor genes GNG4, NDUFSI, and TNFAIPI in GIC-387 (A)
and GIC-20 (B) shScramble or shIDHI infectants. ChIP-Seq experiments done with help
from Andrea Piunti and analysis done with help from Elizabeth Bartom.
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Figure 19. Increased binding of H3K4me3 leads to increased transcript levels of GNG4,
NDUFS1, and TNFAIPI

(A) H3K4me3 occupancy of GNG4, NDUFSI, and TNFAIP1 promoters as determined by
ChIP-Seq in GICs expressing shScramble or shIDH1. (B) RT-qPCR of GNG4, NDUFS1, and
TNFAIPI in GIC-387 expressing shScramble or shIDHI1. (C) GNG4 NDUFS] and TNFAIP1

mRNA expression in the TCGA dataset (n=419). * p<5x10 ok p<1x10 % p<0.005.
ChIP-Seq experiments done with help from Andrea Piunti and analysis with Elizabeth
Bartom. TCGA analysis done by Yingtao Bi.

Two additional tumor suppressor genes, ETS variant 6 (ETV6) and tumor suppressor candidate 2
(TUSC2) in the top 30 gene list with highly differential binding between shIDH1 and shScramble

cells, failed to significantly exhibit transcriptional upregulation upon IDHI1 knockdown (Figure
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20). This data suggest that increased binding of H3K4me3 is not indicative of active gene
transcription only, demonstrating that IDH1 inhibition and associated decrease in aKG
production can lead to an increase of histone methylation independently of transcription at

different gene loci. Collectively, these data suggest that IDH1 inactivation reduces stem cell

frequency, enhances susceptibility to differentiation cues, and regulates (tumor suppressor) gene

expression by modulating histone trimethylation.
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Figure 20. Increased binding of H3K4me3 leads to unchanged transcript levels of ETV6
and 7USC2

(A) H3K4me3 occupancy of ETV6 and TUSC2 promoters as determined by ChIP-Seq using
GICs with shScramble or shIDH1. (B) RT-qPCR of ETV6 and TUSC2 in GIC-387s with
shScramble or shIDH1. ChIP-Seq experiments done with help from Andrea Piunti and
analysis from Elizabeth Bartom.
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3.5 IDH1 ablation increases RTKi-induced apoptosis through decreased lipid biosynthesis
and increased ROS in GBM

Unabated tumor growth requires elevated lipogenesis for membrane biogenesis (Menendez and
Lupu, 2007). A plethora of studies indicate that GBM tumors activate lipid biosynthesis through
oncogenic EGFR/PI3K/Akt pathway activation as a survival mechanism. Consequently,
blockage of de novo fatty acid biosynthesis (e.g., via treatment of cells with fatty acid synthase
(FASN) inhibitors or siRNA targeted to the master transcription factor SREBPI) sensitizes
glioma cells to EGFR inhibition (Guo et al., 2009a; Guo et al., 2009b; Guo et al., 2011).
Inhibition of RTKs is also known to cooperate with ROS scavengers to reduce GIC survival

(Monticone et al., 2014).

To address whether IDH1 modulates cell responses toward RTKi through its impact on lipid
biosynthesis and redox balance, we examined the apoptotic response of GICs with and without
amplified EGFR (Figure 21A, 21B), to RNA1 knockdown of IDH1. Erlotinib treatment increased
Annexin V positivity in shIDH1 GICs with amplified EGFR (GIC-387; EGFR amplification,
PTEN™™), but not in GICs lacking EGFR amplification (GIC-20; EGFR non-amplified, PTEN"";
Figure 21C). Correspondingly, NSCs ectopically expressing IDH1 exhibited reduced apoptosis
in response to Erlotinib, as evidenced by diminished effector caspase-3 and -7 activation

compared to vector controls (Figure 21D).
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Figure 21. Knockdown of IDH1 sensitizes cells toward Erlotinib-induced apoptosis

(A) EGFR copy number in GIC-20 and GIC-387. (B) Western blot of pEGFR and IDH1 in
GICs expressing shScramble or shIDH1 (representative of 3 independent experiments). (C)
Annexin V positivity of GICs expressing pLKO or shIDH1 +/- E (n=3; Mean + SD). (D)
Western blot of cleaved effector caspases in NSCs overexpressing IDH1 +/- E (representative
of 3 independent experiments). * p<0.05; ** p<0.001; *** p<0.005; **** p<(0.0005. E,
Erlotinib; LS, large subunit; LS+N, large subunit plus N-peptide.

Treatment of Erlotinib-primed cells with cell-permeable aKG (Figure 22A), or the fatty acid
palmitate plus the cholesterol precursor mevalonate (Figure 22B) protected cells from the pro-
apoptotic effects of IDH1 knockdown, suggesting that reduced fatty acid and cholesterol

biosynthesis contributes to the pro-apoptotic effect of IDH1 knockdown.
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Figure 22. Knockdown of IDH1 sensitizes cells toward Erlotinib-induced apoptosis by

decreasing lipid production
Western blot of cleaved effector caspases in GIC-387 expressing pLKO or shIDH1 +/- E and

co-treated with diMe-aKG (A), or Mev and Palm (B) (each representative of 2 independent
experiments). Histograms represent densitometry done for effector cleaved caspase-3 and -7.
E, Erlotinib; diMe-aKG, diMe-a-ketoglutarate; Mev, mevalonate; Palm, palmitate; LS, large
subunit; LS+N, large subunit plus N-peptide.

In addition to promoting Erlotinib treatment-associated apoptosis by limiting lipid synthesis,
IDHI1 knockdown in GICs augmented cellular ROS levels (Figure 23A) as a consequence of
decreased reduced glutathione (GSH; Figure 23B) and NADPH (Figure 23C). Treatment of
IDHI1 knockdown cells with the ROS scavenger EUK-134 (Figure 23D) or N-acetyl cysteine
(NAC) (Figure 23E) reduced effector caspase activation in response to Erlotinib treatment,
suggesting that elevated ROS in shIDH1 GICs contributes to the pro-apoptotic effects of EGFR
inhibition. To further confirm a role of diminished NADPH production for the pro-apoptotic
effect of IDH1 knockdown, we tested whether aKG add-back impacts the NADPH/NADP+
ratio, and whether overexpression of cytoplasmic NADPH-generating malic enzyme 1 (ME1)

can rescue pro-apoptotic effect of IDH1 KD. As shown in Figure 23F, diMe-aKG add-back
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increases the NADPH/NADP+ ratio, and overexpression of cytoplasmic NADPH-producing

MEI antagonizes the pro-apoptotic effect of IDH1 knockdown, similar to aKG add-back (Figure

23G, 23H).
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Figure 23. Knockdown of IDH1 sensitizes cells toward Erlotinib-induced apoptosis by
increasing ROS production

Levels of ROS (A) (n=3; Mean + SD), reduced glutathione (GSH) (B) (n=2; Mean + SD),
and NADPH (C) (n=2; Mean £+ SD) in pLKO or shIDH1-89-expressing GIC-387 +/- E. (D,
E) Western blot of effector caspase activation in GIC-387 treated with EUK-134 or NAC, +/-
E (representative of 2 independent experiments). (F) NADPH/NADP+ quantification in
shScramble and shIDH1-expressing GIC-387 cells +/- diMe-oaKG (n=5; Mean + SD). (G)
Western Blot of ME1 in GIC-387 overexpressing ME1. (H) Western blot of cleaved effector
caspases in GIC-387 expressing shScramble and shIDH1 +/- E (representative of 3
independent experiments). Histograms throughout represent densitometry done for effector
cleaved caspase-3 and -7. * p<0.005; ** p<0.0005; *** p<0.05, **** p<(0.01. E, Erlotinib;
diMe-oKG, diMe-a-ketoglutarate; NAC, N-Acetyl-Cysteine; ME1, malic enzyme 1: LS,
large subunit; LS+, large subunit plus N-peptide.
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Importantly, IDH1 knockdown in transformed glioma cells harboring co-activation of multiple
RTKs, including EGFR, the HGFR family member MSPR and PDGFRs as seen by phospho-
RTK array (Figure 24A), had similar effects as observed in patient-derived cultures with
activation of EGFR only. IDH1 ablation diminished NADPH levels in the transformed cells
(Figure 24B), and when combined with an RTK inhibitor cocktail caused a reduction in cellular
GSH (Figure 24C) as well as increases in ROS (Figure 24D), Annexin V positivity (Figure 24E),
and effector caspase activation (Figure 24F, 24G). Apoptosis sensitization by IDH1 knockdown
occurs upstream of mitochondrial outer membrane permeabilization, as overexpression of Bcl-2
blocked effector caspase activation in response to IDHI1 inhibition in Erlotinib-primed cells
(Figure 24H, 24I). In total, these results demonstrate that IDH1 knockdown, through inhibition
of NADPH and associated effects on lipid synthesis and ROS production, promotes apoptosis of

tyrosine kinase inhibitor treated cancer cells.
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Figure 24. Knockdown of IDH1 sensitizes transformed glioma cells harboring co-
activation of multiple RTKSs toward RTKi

(A) Phospho-tyrosine RTK antibody array in LN382 cells (representative of 4 independent
experiments). (B) NADPH (representative of 4 cultures;, Mean + SD), (C) GSH
(representative of 5 cultures; Mean = SD), and (D) ROS levels (3 cultures per group; Mean +
SD) were quantified in vehicle (Veh)- and RTKi-treated control (pLKO or shScramble), or
shIDH1-89-infected LN382 cells. (E) FACS-based quantification of Annexin V positivity of
RTKi-treated versus vehicle-treated LN382 cells expressing shScramble and shIDH1 cultures
(3 cultures per group;, Mean + SD). Effector caspase activation as determined by western
blotting of LN382 expressing shScramble or shIDH1 (F) (representative of 7 independent
experiments) or siScramble or silDHI1 (G) (representative of 4 independent experiments)
treated with RTKi. (H) Western blot for active effector caspases in LN382 overexpressing
Bcl-2, transiently transfected with siRNA targeted to IDH1, and treated with an RTKi cocktail
(representative of 2 independent experiments). (I) IDHI1 pro-apoptotic effects are upstream of
mitochondrial dysfunction. * p<0.05; ** p<0.005. MOMP, mitochondrial outer membrane
permeabilization; cyto ¢, cytochrome c; E, Erlotinib; S, SU11274; I, Imatinib; LS, large
subunit; LS+N, large subunit plus N-peptide. Panels G and H done by Yongfei Wu.
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3.6 IDH1 protects cancer cells derived from non-glioma tumors from apoptosis

To determine if IDH1 is not only important in GBM pathogenesis, we looked at TCGA database
for other solid cancer types as well as published gene expression array data from various
systemic malignancies. We found that /[DHI mRNA is also upregulated in other solid and
systemic malignancies, including lung adeno- and squamous cell carcinoma (Figure 25A), as
well as various types of lymphoma, including angioimmunoblastic, anaplastic large cell,
peripheral T cell, and diffuse large B cell (DLBCL) subtypes (Figure 25B). Stable knockdown
of IDHI in DLBCL cells (Figure 25C) enhanced apoptotic susceptibility toward the Bruton's
tyrosine kinase (BTK) inhibitor Ibrutinib, as indicated by increased Annexin V positivity of
treated cells (Figure 25D), which was paralleled by attenuated aKG production (Figure 25E),
reduced GSH (Figure 25F), increased ROS (Figure 25G), and decreased tumor size in a
subcutaneous xenograft model (Figure 25H, 251). These results demonstrate that IDHI plays a

role not only in glioma pathogenesis, but also other solid and systemic malignancies.
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Figure 25. IDH1 protects cancer cells derived from non-glioma tumors from apoptosis

(A) TCGA dataset analysis of /DHI mRNA in lung adenocarcinoma (n=488) and lung
squamous cell carcinoma (n=489) compared to normal lung tissue (n=50). (B) IDHI mRNA
expression in AILD (n=6), ALCL (n=6), and PTCL (n=28) in comparison to CD4 (n=35),
CD8 (n=5) or HLA-DR-positive T cells (n=10), and in DLBCL (n=73) in comparison to Foll
(n=38), Germ (n=10), Mem (n=5) or naive B cells (n=5). (C) The diffuse large B cell
lymphoma cell line SUDHL4 was lentivirally transduced with pLKO or shRNAs targeted to
IDHI, and IDH1 protein levels were assessed by western blotting. (D) Annexin V positivity
(3 cultures per group, Mean = SD), (E) o-KG (1 culture per group;, Mean + SD), (F) GSH (1
culture per group, Mean + SD), and (G) ROS levels (3 cultures per group; Mean + SD) were
quantified in vehicle (Veh)- or Ibrutinib-treated pLKO and shIDH1-98 cultures. (H, I)

Bioluminescence of SUDHL4 pLKO and shIDH1-98 cells 14 days after flank implantation in
-10 -5
SCID mice (n=5 animals per group; Mean = SEM). * p<5x10 , ** p<Ix10 , *** p<0.005,

RAE p<0.05, FEEEX p<0.001, # p<0.0l, ## p<0.0005. AILD, angioimmunoblastic
lymphadenopathy; ALCL, anaplastic large cell lymphoma; PTCL, peripheral T-cell
lymphoma; DLBCL, diffuse large B cell lymphoma; Foll, follicular; Germ, germinal; Mem,
memory. TCGA and GSE analysis done by Yingtao Bi. Animal experiment done with help
from Lisa Hurley.
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3.7 FoxO6 transcriptionally induces IDH1 expression in response to RTK inhibition

Results in recent studies have implicated Forkhead box O (FoxO) transcription factors as
positive regulators of IDH1 expression (Charitou et al., 2015). As Akt-mediated phosphorylation
inhibits FoxO transcriptional functions (Lam et al., 2013), we examined whether RTK inhibition,
and its downstream effect of suppressing Akt activity, increased IDH1 transcript and protein
levels through FoxO activation. Erlotinib induced IDH1 transcript and protein levels in EGFR
amplified, but not in non-amplified GICs (Figure 26A, 26B). Similarly, a combination of RTKi,
but not TMZ, a standard of care alkylating agent, promoted IDH1 expression in transformed
glioma cell cultures (Figure 26C), confirming that IDH1 induction is dependent on RTK-PI3K-
Akt activation. IDH1 induction was preceded by the binding of various FoxO transcription
factors, including FoxOl, FoxO3, and FoxO6, to an I/DHI intronic consensus-binding site
(Figure 26D), as determined by chromatin immunoprecipitation and qPCR (Figure 26E). FoxO6
showed preferential binding to the IDHI consensus sequence (Figure 26E). Knockdown of
FoxO6 by siRNA attenuated the RTKi-induced increase in IDH1 expression, as well as increased
apoptosis as seen by cleaved caspase activation (Figure 26F). These results are consistent with
IDHI1 upregulation, through FoxO6 activation, as a glioma cell adaptive response to growth

factor receptor inhibition.
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(A) RT-qPCR of IDHI in GIC-387 +/- E. (B, C) Western blot of IDH1 in GIC-387, GIC-20,
and LN382 cells +/- TMZ or RTKi (representative of 2 independent experiments). (D) Gene
organization of the 3 IDH1 isoforms with the position of an intronic FoxO6 binding site. (E)
ChIP using FoxO6 antibody, followed by RT-qPCR of IDH1 (representative of 3 independent
experiments). (F) Western blot for IDHI, effector caspases, FoxO6, and total and
phosphorylated Akt in LN382 cells treated with siFoxO6, +/- RTKi (representative of 3
independent experiments). E, Erlotinib; LS, large subunit; LS+N, large subunit plus N-
peptide; S+I, SU11274 + Imatinib; TMZ, temozolomide. Panel A done by Alexandra

Chalastanis. ChIP done by Fotini Kouri.

This interpretation is further supported by the results from whole genome mRNA expression

profiling by microarray of vehicle- and RTKi-treated glioma cells (Figure 27A). Ingenuity

Pathway analysis (www.ingenuity.com) of the 614 differentially expressed genes, identified

IDHI and lipid metabolism as the top priority signaling pathway induced upon RTKi treatment

(Figure 27B, 27C). Besides IDH1, RTKi-induced genes included lanosterol synthase (LSS), and

isopentyl-diphosphate delta isomerase 1 (IDII), two important genes involved in cholesterol

biosynthesis (Figure 27B, 27C). We confirmed that /DI] and LSS transcript levels are indeed

increased upon treatment with RTKi by RT-qPCR (Figure 27D).
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Microarray of 614 differentially expressed genes
between RTKi- and non-treated GBM cells
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Figure 27. Transcriptomic survey of RTKi-treated and untreated LN382 cells point to
lipid biosynthesis as a major roadblock to RTKi treatment

(A) Microarray comparing LN382 cells treated with vehicle (Veh) or indicated RTKi
cocktails. (p<0.01, fold change (fc)>2; false discovery rate (fdr)>0.05). (B) Ingenuity
pathway analysis of differentially expressed (DE) genes points to cholesterol biosynthesis as a
critical pathway differentially regulated by RTKi treatment. (C) Schematic of the cholesterol
synthesis pathway. Highlighted in red are enzymes upregulated on mRNA level upon RTKi
treatment. (D) RT-qPCR-based quantification of /D// and LSS mRNA expression in vehicle
versus RTKi-treated cells (representative of 3 independent experiments). E, Erlotinib; S,
SU11274; 1, Imatinib; ACAT2, acetyl-CoA acetyltransferase 2; HMGCSI1, 3-hydroxy-3-
methylglutaryl-CoA synthase 1; HMGCR, 3 hydroxy-3-methylglutaryl-CoA reductase; IDI1,
isopentenyl-diphosphate delta isomerase 1; FDFTI, farnesyl-diphosphate farnesyltransferase
I; SQLE, squalene epoxidase; LSS, lanosterol synthase; DHCR24, 24-dehydrocholesterol
reductase; MSMOI, methylsterol monooxygenase; DHCR7, 7-dehydrocholesterol reductase;
LS, large subunit; LS+N, large subunit plus N-peptide. Microarray done by Yongfei Wu and
confirmation done by Alexandra Chalastanis.
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The importance of lipid metabolism gene induction as a modifier of RTKi responses was further
supported by the results of IDI1 or LSS lentiviral knockdown in GBM transformed cells (Figure
28A), which sensitized glioma cells to RTKi-mediated apoptosis, as shown by enhanced tumor
cell effector caspase activation (Figure 28B) and Annexin V positivity (Figure 28C). Thus,
glioma cells adapt to growth factor inhibition by transcriptionally inducing cell death inhibitory
IDHI and attendant lipid biosynthesis via an RTK-PI3K-Akt-FoxO6 signaling axis. Such
adaption suggests that RTKi-primed glioma cells rely on IDHI-driven lipid biosynthesis for
proliferation and survival, and points to co-extinction strategies that targets both aberrant RTK

signaling and IDH1 activation to effectively halt unabated glioma growth.
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Figure 28. Knockdown of IDI1 or LSS increases RTKi-induced apoptosis

(A) IDII and LSS mRNA expression was assessed by RT-qPCR using total RNA isolated
from LN382 cells infected with shRNAs targeting either IDII or LSS (representative of 2
independent experiments). (B) LN382 cells modified for reduced IDI1 or LSS expression
were treated with vehicle (Veh) or RTKi, and effector caspase activation was assessed by
western blot analysis (representative of 2 independent experiments). (C) LN382 stably
expressing shRNAs targeted to IDI1 and LSS were treated with the indicated combinations of
RTKi, and Annexin V positivity was quantified by FACS (3 cultures per group;, Mean + SD).
*p<0.05; ** p<0.001; *** p<0.01; **** p<0.005. E, Erlotinib; S, SU11274; I, Imatinib; LS,
large subunit; LS+N, large subunit plus N-peptide. Done with help from Jasmine May.

3.8 Pharmacological inhibition of IDH1 reduces growth, augments RTKi susceptibility,
reduces stem cell frequency, and decreases GBM progression

To address whether wild-type IDH1 is an actionable therapeutic target, we treated non-
transformed cortical astrocytes, glioma cells and patient-derived GICs with GSK864. Similar to

the first generation compound GSK321, compound GSK864 was initially identified as a potent
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inhibitor against R132H point mutated IDHI1 [ICsy: 15.2nM; (Okoye-Okafor et al., 2015)]. In
IDHI mutant AML cells and derivative xenografts, GSK864 was shown to decrease D-2HG
levels, decrease percentage of blast cells, and increase myeloid differentiation (Okoye-Okafor et
al., 2015). GSK321 has been validated as an inhibitor of wild-type IDH1 (Jiang et al., 2016),
demonstrating that pharmacological inhibition of IDHI1 activity blunts reductive glutamine
metabolism, and in so doing enhances mitochondrial ROS, and reduces tumor spheroid growth.
Importantly, at higher doses, GSK864 also inhibited wild-type IDH1 [IC50: 466.5nM; (Okoye-
Okafor et al., 2015)], and thus, represents a valuable tool to assess whether pharmacological
inhibition of non-mutated IDH1 recapitulates cellular and tumor biological effects observed with
genetic inactivation, and whether overexpression of IDH1 is an actionable genetic aberration for

the treatment of intracranial GBM.

GICs infected with shScramble, but not shIDH1 expressing cells, showed a dose-dependent
reduction of the NADPH/NADP+ ratio, when treated with GSK864 (Figure 29A). Similarly,
non-transformed cortical astrocytes, expressing low levels of IDHI protein compared to
transformed glioma cells and GICs (Figure 29B) failed to respond to GSK864 treatment, as

evidenced by similar NADPH/NADP+ ratios in vehicle vs. GSK864-treated cells (Figure 29C).
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Figure 29. GSK864, an inhibitor of mutant IDH1, has activity against wild-type IDH1
(A) NADPH/NADP+ levels in GIC-387 expressing shScramble or shIDH1 +/- GSK864
(representative of one experiment, done in triplicate; Mean = SD). (B) IDH1 western blot of
transformed glioma cell lines, GICs, and primary human astrocytes (representative of 2
independent experiments). Histograms show relative levels of IDH1 protein as determined by
densitometry. (C) NADPH/NADP+ levels in primary astrocytes +/- GSK864 (n=2-3, Mean +
SD). * p<0.05. Panel B done by Jasmine May.

When used in combination with RTKi in glioma cells showing hyperactivation of cMET and
PDGFRs (Figure 30A, 30C, 30D), or in EGFR-amplified patient-derived GIC-387 cultures
(Figure 30B, 30E, 30F), GSK864 reduced cell viability, and induced tumor cell apoptosis (Figure
30A-30F), as evidenced by MTT, Annexin V and western blotting for active effector caspases,
respectively. Mirroring the effect of IDH1 knockdown on GIC differentiation (see Figure 16),
GSK864 reduced stem cell frequency in GIC-387 cells (ELDA, Figure 30G). The pro-apoptotic
effect of GSK864, similar to pro-death activity of RNAi-mediated KD of IDHI1 (Figure 22A),
can be abrogated by reconstituting cells with cell permeable aKG (Figure 30H), further

validating compound specificity.
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Figure 30. GSK864 inhibits GBM cell growth and increases RTKi-induced apoptosis in
vitro

(A, B) MTT assay of LN382 and GIC-387 treated with GSK864 +/- RTKi (n=6; Mean + SD).
Quantification of apoptosis in LN382 and GIC-387 treated with GSK864 +/- RTKi, by
Annexin V positivity (C, E) (n=3, Mean + SD), and western blotting of effector caspase
activation (D, F) (representative of 3 independent experiments). (G) ELDA of GIC-387 cells

4
treated with GSK864. p-values between Vehicle and the following: 1uM, p=1.06x10 ; SuM,

p=1.06x10 " 10uM, 9.43x10 " (n=15). (H) Western blot of effector caspases in GIC-387 +/-
GSK864, diMe-aKG, and/or E. (representative of 2 independent experiments). * p<0.05; **
p<0.01; *** p<0.00005; **** p<0.001; # p<0.00001; ## p<0.005; ### p<0.0001. E,
Erlotinib, S+I, SU11274 + Imatinib; LS, large subunit; LS+N, large subunit plus N-peptide;
diMe-oKG, dimethyl-a-ketoglutarate.
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To determine the effects of GSK864 in vivo, luciferase-modified GIC-20 cultures were
intracranially injected into immunocompromised mice. Upon establishment of progressive tumor
growth by non-invasive bioluminescence imaging, mice were treated with 150 mg/kg GSK864
or vehicle 13 days post cell inoculation. GBM progression was significantly impaired in mice
treated with GSK864 in comparison to vehicle-treated subjects, as evidenced by reduced
bioluminescence (Figure 31A, 31B), and accordingly, mice administered with compound
GSK864 showed increased survival (Figure 31C). These results provide initial proof-of-concept

that IDHI 1is a targetable oncogenic activity.
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Figure 31. GSK864 decreases tumor burden and prolongs subject survival in vivo
Bioluminescence imaging of luciferase-expressing explants derived from GIC-20 cultures,
treated with vehicle or GSK864 (A, B) (n=9-10; Mean + SEM). (C) Kaplan-Meier survival
curves of GIC-20 engrafted mice +/- GSK864 (n=9-10). * p<0.05. Animal experiment done
with help from Lisa Hurley.
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CHAPTER 4: DISCUSSION
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4.1 Discussion

We have demonstrated that several cancers, in particular primary GBM, show significant
upregulation of wild-type IDH1 to support tumor progression. Using pharmacologic and RNAi-
based loss-of-function together with cDNA complementation gain-of-function studies, we further
show that upregulation of IDH1 is a novel mechanism of metabolic reprogramming, which
enhances cellular anaplerosis, in particular lipid biosynthesis, alters the cellular redox state,
promotes a more dedifferentiated cell state, and causes resistance toward RTK-targeted therapies

(Figure 32).
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Figure 32. IDH1 promotes tumor progression
IDHI1 produces NADPH and aKG necessary for maintaining redox homeostasis and de novo
lipogenesis, and histone demethylation, respectively.
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Additionally, we have shown that except for moderate upregulation of ACOI, IDH]I is the only
TCA-associated enzyme that is robustly overexpressed in GBM tumors. Thus, our oncogenomic
analysis revealed that GBM tumors are not characterized by global induction of TCA-associated
anabolic enzymes. This finding supports our central hypothesis that IDH1 induction represents a
selective oncogenic mechanism contributing to tumor progression, rather than a passive non-
specific adaptation to increase proliferative rates. Our TCGA-based oncogenomic analyses rely
on comparisons between normal and tumor tissue and, in order to determine potential
involvement of a gene aberration in disease progression, between low and high-grade disease. It
is possible that differential mRNA expression in /DHI can reflect unselective tumor cell
adaption to meet the demands of rapid tumor cell proliferation. Despite this well-acknowledged
shortcoming of genomic analyses, such approaches represents an important first step in
identifying cancer-associated genetic mechanisms that contribute to or drive tumor progression.
Importantly, we have confirmed initial TCGA results in independent specimen sets by
quantifying IDH1 transcript as well as protein levels. Such initial oncogenomic analyses when
combined with deep biological experiments as presented here are critical for the identification of

novel cancer-associated mechanisms.

To support our IDH1 expression analyses, IDH1 levels were altered in mouse models of GBM.
When IDH1 expression is altered in either patient derived GICs or in murine neural stem cells
(NSCs), cell proliferation in vitro and in vivo as well as survival is distorted. GICs are a better
model to use than transformed glioma cells as they grow in serum-free conditions and better
maintain the genetic alterations that the patient had that they were derived from, whereas

transformed cells grown on plastic quickly change their genetic background (Lee et al., 2006a).



106

NSCs were derived from hGFAP-Cre”;p53"*  Pten™" mice, in which 73% developed either
Grade III or GBM with acute onset of neurological symptoms. These tumors resembled primary
GBM with both astrocytic and oligodendroglial histopathology. In addition, these tumors had
increased PI3K signaling, increased VEGF expression, and co-activation of multiple RTKs,
including PDGFRA and EGFR, consistent with genomic features of primary GBM (Zheng et al.,
2008). GICs with stable knockdown of IDH1 show reduced proliferation in vitro and in vivo by
bioluminescence imaging of orthotopic xenograft mouse models. This leads to an increase in
overall survival, as well as increased apoptosis and decreased proliferation in these tumors. In
contrast, murine NSCs null for both 7P53 and PTEN were made to stably overexpress IDHI.
These cells had increased proliferation and decreased overall survival in an orthotopic mouse
model. These studies combined point to IDH1 as a crucial metabolic enzyme necessary for GBM

growth and as a potential therapeutic target.

Recent studies suggest that dampened TCA cycle/OXPHOS activity and the associated increase
in ROS and oxidative DNA damage promotes genomic instability of gliomas, in particular
deletion or mutation of 7P53, and reduces cell proliferation as a result of reduced ATP
production. This loss of p53 function can trigger transformation of neural progenitor cells and
initiate gliomagenesis (Bartesaghi et al., 2015) as well as jump-start glycolysis, providing ATP
and cellular building blocks in the absence of normal mitochondrial OXPHOS (Berkers et al.,
2013). While p53 inactivation and the reliance on glycolysis for ATP production may be
sufficient to promote growth of less proliferative, lower grade tumors, highly aggressive cancers,
such as GBM, depend on more efficient ways to produce ATP and macromolecules, in particular

lipids, to support unabated growth (Marin-Valencia et al., 2012; Mashimo et al., 2014). Recent
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studies have challenged the notion that GBM tumor metabolism is confined to aerobic
glycolysis, i.e., Warburg effect. The difference between metabolism of GBM tumors grown as
PDX in vivo and glioma cell lines grown on plastic in vitro likely reflect adaptation to long-term
culture, and/or loss of microenvironmental factors that influence metabolism (DeBerardinis et
al., 2008). As demonstrated by a recent study (Marin-Valencia et al., 2012), simultaneous to
aerobic glycolysis, GBM tumors grown as PDX oxidize glucose via pyruvate dehydrogenase and
the TCA cycle, and use glucose to supply anaplerosis and other biosynthetic activities. While
effective to drive proliferation of cancer cells grown on plastic, these studies demonstrate that
aerobic glycolysis appears to be insufficient to drive anaplerosis and support tumor cell growth
in vivo. We therefore propose that GBM selectively induces IDHI mRNA, protein and
enzymatic activity, in order to support high-grade glioma cells with macromolecules for rapid
expansion. This in turn creates a unique IDHI1-dependent metabolic vulnerability of GBM that

we have described and therapeutically exploited.

IDH1 upregulation and its associated increase in cytoplasmic NADPH promotes lipid
biosynthesis, ROS scavenging and unabated tumor growth and survival. Several studies have
implicated IDH1 in the control of lipid metabolism in non-cancerous tissues. Transgenic IDH1
expression in liver and adipose tissues promoted hyperlipidemia and obesity, paralleled by
increased triglyceride and cholesterol content (Koh et al., 2004). Conversely, in vivo IDHI
ablation via expression of shIDHI-specific shRNA (Nam et al., 2012) or by transgenic
expression of IDH1-targeting miR-181a (Chu et al., 2015) resulted in weight loss associated with

reduced fat mass and circulating triglyceride levels.

NADPH is a critical and possibly rate-limiting factor required for cell proliferation, and a
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reducing agent necessary for lipid biosynthesis (Lunt and Vander Heiden, 2011). Several studies
point to IDH1 as a critical source of cytoplasmic NADPH. Studies by the DeBerardinis group
suggested that glutamine when oxidatively metabolized to malate and then converted to pyruvate
by malic enzyme can be a significant source of NADPH in human glioma cells cultivated in vitro
(DeBerardinis et al., 2007). More than half of the glutamine taken up is excreted as lactate,
which suggests that this pathway may be a significant source of NADPH production in glioma
cells grown on plastic (DeBerardinis et al., 2007). Recent studies by the Bachoo group, however,
revealed that in PDX models using patient-derived cells propagated solely through intracranial
implantation, tumor-associated glutamine pools are high as a result of high glycolytic carbon flux
and pyruvate carboxylase-dependent anaplerosis (Marin-Valencia et al., 2012; Mashimo et al.,
2014). Glutamine, however, was inefficiently metabolized, and glucose represented the primary
carbon source for oxidative metabolism in GBM PDX tumors. These findings were consistent
with elevated pyruvate carboxylase activity in GBM tumors compared to normal brain, but lower
expression levels of glutaminase (converting glutamine to glutamate in cells that use glutamine
catabolism for anaplerosis). Thus, conversion of glutamine to malate to pyruvate via the
pyruvate/malate cycle, or the conversion of glutamine to glutamate to aKG are unlikely to
provide patient-derived glioma cells and derivative tumors with NADPH or acetyl-CoA.
Furthermore, carbon flux studies in a variety of cancer cell lines using C labeled glucose
suggest that the pentose phosphate shunt cannot meet NADPH requirements for tumor cell
growth (Boros et al., 1998; Boros et al., 2002). In addition, a recent study by the DePinho group
suggested that mutant KRas-driven tumors, in particular pancreatic adenocarcinomas, utilize the

non-oxidative instead of the oxidative, NADPH-producing pentose phosphate pathway, and thus
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decouple anaplerosis from NADPH production and NADPH-mediated redox control (Ying et al.,
2012). Lastly, IDH1 has a higher maximal enzymatic activity compared to other NADPH-
producing enzymes in patient-derived GBM tissue (Bleeker et al., 2010), and is the most
differentially expressed NADPH producing enzyme in GBM compared to normal brain tissue
(Wahl et al., 2016). These studies, together with our observation that acetyl-CoA is increased in
GICs after IDH1 knockdown, suggest that IDHI-generated cytoplasmic NADPH is critical and
likely rate-limiting for maintaining lipid and ROS homeostasis to promote tumor cell growth and

survival.

IDHI-driven metabolic reprogramming might be particularly important for maintaining the
glioma stem cell compartment. aKG is necessary to maintain aKG-dependent dioxygenases
involved in embryonic stem cell pluripotency as well as involved in promoting the self-renewal
capacity of embryonic stem cells in vitro (Carey et al., 2015). While epigenetic changes are
known to be increased and play a role in the pathogenesis of mutant IDH1 tumors, altered
histone methylation is a common feature of both wild-type and mutant gliomas (Losman and
Kaelin, 2013). Cortical astrocytes overexpressing wild-type IDH1 had an altered methylome
compared to parental cells, although these changes were different from those in mutant-IDH]1
overexpressing astrocytes (Turcan et al., 2012). GIC cultures modified for reduced IDHI
expression showed diminished stem cell frequency and increased differentiation capacity. Robust
neuronal and astrocytic differentiation marker expression in shIDH1-expressing GICs exposed to
a poly-D-lysine/laminin matrix may suggest that compromised IDHI1 activity may selectively
drive differentiation into astrocytic and/or neuronal lineages. In addition, IDHI expression was

enhanced in CD133", glioma stem cell-enriched cultures in comparison to CD133™ non-stem
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cells. ChIP-Seq and mRNA expression analysis of control versus IDH1 knockdown GICs
identified a tumor suppressor gene signature modulated by IDH1 through its impact on histone
methylation. Specifically, IDH1 knockdown increased the binding of trimethylated histone
H3K4 to the promoter regions of NDUFSI, GNG4 and TNFAIPI, leading to increased
transcription of these tumor suppressors. In addition, each of these genes showed diminished
mRNA in TCGA GBM tumors. NDUFSI is the largest subunit of mitochondria complex I and is
responsible for oxidizing NADH, reducing ubiquinone, and moving protons across the
mitochondrial inner membrane (Hirst et al., 2013). It is also a major contributor to mitochondrial
ROS, and mutations within NDUFSI lead to a 70% reduction of complex I activity (Hoefs et al.,
2010). Two recent studies showed that low expression of NDUFS1 is an independent predictor
of shorter overall survival in clear-cell renal cell carcinoma (RCC) and NSCLC (Su et al., 2016;
Ellinger et al., 2016). GNG4 is a member of the gamma subunit of the G protein family,
regulates the interaction between the muscarinic receptor and voltage-sensitive calcium channels
(Kalyanaraman et al., 1998), and is a putative tumor suppressor in RCC and GBM. In RCC,
GNGH4 is a target gene of the von Hippel-Lindau (VHL) gene and is implicated in the tumor
suppressive function of VHL (Maina et al.,, 2005). In GBM, GNG4 is one of the most
hypermethylated and down regulated genes and has tumor suppressive functions through
regulation of the CXCR4/SDF1a signaling axis (Pal et al., 2016). TNFAIP1 is induced by TNFa
and IL6 and has roles in DNA synthesis, DNA repair, and apoptosis (Wolf et al., 1992).
TNFAIP1 has tumor suppressive functions in several cancer types, including gastric cancer,
NSCLC, pancreatic cancer, and uterine cancer, by supporting tumor growth through NFkB

signaling (Cui et al., 2015; Tan et al., 2016; Zhang et al., 2013; Zhang et al., 2015; Zhou et al.,
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2013). We propose that reduced NADPH levels upon genetic and pharmacological inhibition of
IDHI1 cooperates with increased NDUFS1, GNG4 and TNFAIP1 levels to inhibit proliferation
and promote ROS-induced apoptosis. Furthermore, increased H3K4me3 binding was evident in
additional tumor suppressor genes, ETV6 and TUSC?2, but neither showed increased transcript
levels with IDH1 knockdown. This excludes the possibility that increased binding of H3K4me3
is only indicative of active gene transcription, suggesting that IDH1 inhibition and associated
decrease in aKG production leads to an increase of histone methylation independent of

transcription at various gene loci.

Clinical trials testing Erlotinib as a monotherapy against EGFR-amplified GBMs elicited only
transient responses, with rapid tumor adaptation (Furnari et al., 2015). Our targeted expression
and global transcriptomic studies point to RTKi-mediated and FoxO6-dependent induction of
IDHI as a common adaptive response to RTKi treatment. Such metabolic adaptation allows
glioma cells to sustain lipid biosynthesis and to limit ROS toxicity in the absence of growth
factor signaling. Furthermore, the connection between RTK signaling and lipid metabolism has
been extensively studied, linking RTKs, including ERBB4, EGFR, and FGFR3, to enhanced
fatty acid and cholesterol biosynthesis (Haskins et al., 2015; Bian et al., 2015; Irwin et al., 2011;
Du et al., 2012). In particular, as concerns EGFR signaling, the EGFR/PI3K/Akt axis promotes
GBM tumor growth through AMPK-mediated activation of fatty acid and cholesterol
biosynthesis (Guo et al.,, 2009b). Furthermore, inhibition of SREBP1/ACC/FASN sensitizes
glioma cells to EGFR inhibition (Guo et al., 2009a). Finally, EGFR/PI3K/SREBP1 signaling
upregulates LDLR to promote cholesterol metabolism and the LXR agonist, GW3965 decreases

GBM cell proliferation in vitro and in vivo (Guo et al., 2011). Because of this well-established
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signaling mechanism, we determined whether pharmacological and genetic inactivation of IDHI1,
similar to e.g., to the inhibition of fatty acid biosynthesis through FASN inhibitors, enhances
glioma cell sensitivity to EGFR inhibitors. Similar to targeted therapies of SREBP1/ACC/FASN,
which lead to increased apoptosis in cells addicted to EGFR signaling (Guo et al., 2009a), we
found that inhibition of IDH1 increased Erlotinib-induced apoptosis only in cells with amplified
EGFR. This increase in apoptosis could be rescued by both cell-permeable aKG or addition of
both fatty acid and cholesterol precursors. Both mevalonate and palmitate, precursors for
cholesterol and fatty acid synthesis respectively, had to be added together to diminish the IDH1
and EGFR targeted therapies concomitant increase in apoptosis, pointing to lipid and cholesterol

synthesis both as important downstream mediators of the IDH1 protective effect.

While fatty acid biosynthesis plays a significant role in the IDH1-mediated protective effect of
GBM, we also wanted to determine if NADPH from IDH1 was necessary for maintaining redox
homeostasis. Knockdown of IDH1 led to decreased NADPH levels and associated decrease in
GSH levels and increase in ROS levels in response to Erlotinib. This led to increased apoptosis
and two different antioxidants, EUK-134 and NAC, both rescued this phenotype. Furthermore,
addition of cell-permeable aKG increased NADPH/NADP+ levels demonstrating aKG from
IDHI reaction can further increase NADPH levels in GBM tumor cells. NADPH is the key
product of this reaction as addition of malic enzyme 1 (MEI), a cytosolic enzyme that also
produces NADPH, can also rescue the Erlotinib-induced apoptosis in shIDH1 expressing cells.
Furthermore, these results hold true in a transformed glioma cell line with multiple-RTKs
hyperactivated. As fatty acid synthesis is downstream of RTK-PI3K signaling, IDH1 inactivation

and concurrent reduction in NADPH, aKG, and lipid biosynthesis sensitizes glioma cells
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irrespective of their RTK activation profile and PTEN status, suggesting that IDH1 targeted

therapies may represent a universal modality against GBM.

In addition to IDH1 overexpression in GBM, we also found that /[DHI mRNA expression is
increased in lung adeno- and squamous cell carcinomas compared to normal lung tissue as well
as in angioimmunoblastic (AITL), anaplastic large cell (ALCL), peripheral T-cell (PTCL), and
diffuse large B cell (DLBCL) lymphomas. Lung adeno- and squamous cell carcinomas are
NSCLCs and mutations in IDH1/2 have not been reported in these cancers. However, increased
wild-type IDH1 has been reported in NSCLC tumors and in the blood plasma of these patients,
which is negatively correlated with patient survival (Tan et al., 2011; Sun et al., 2013). IDH2
mutations have been reported in 20-45% of AITL, but IDH1/2 mutations have not been found in
ALCL, PTCL, and DLBCL (Cairns et al., 2012). While these cancer types are not associated
with IDH mutations, but have overexpression of IDH]I, this points to IDH1 overexpression as a
possible therapeutic target independent of IDH1 mutation status. Furthermore, we show that
knockdown of IDH1 increases Ibrutinib-induced apoptosis, decreasing aKG, and GSH levels,
and increases intracellular ROS. IDH1 KD also leads to smaller tumors in a DLBCL
subcutaneous xenograft model. Ibrutinib is a Bruton’s tyrosine kinase (BTK) inhibitor which
binds to the ATP-binding site within the tyrosine kinase domain of BTK. Ibrutinib is currently
approved for mantle cell lymphoma (MCL) and chronic lymphocytic leukemia (CLL) patients
who have undergone previous treatment, CLL patients with 17p deletion, and Waldenstrom’s
macroglobulinemia (WM) patients. It is in ongoing clinical trials that show promise for other
forms of non-Hodgkin’s lymphoma (NHL), including DLBCL, and follicular lymphoma (FL)

(Wang et al., 2015). Many B-cell malignancies depend on B-cell receptor (BCR) signaling and
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have increased activation of this pathway, pointing to members of this pathway as being
potential therapeutic targets. BTK is downstream of BCR signaling and activates NFkB
transcription factor to inhibit apoptosis and promote proliferation. While Ibrutinib has shown
efficacy and is approved for certain types of NHL, it is currently being used in combination with
other therapeutics to further increase the efficacy (Wang et al., 2015). We show that inhibition of
IDHI in combination with Ibrutinib increases the efficacy of Ibrutinib in a DLBCL preclinical
model. Therefore, co-extinction strategies targeting both IDHI in combination with already

approved tyrosine kinase inhibitors, such as BTK inhibitors, may enhance their efficacy.

Moreover, IDHI may represent a resistance mechanism to RTK-targeted therapies. We found
that IDH1 levels are increased in response to RTKi-treatment, but not to other standard therapies,
including TMZ. Recent studies have implicated FoxOs as transcription factors that promote
IDHI1 expression and lead to increases in cytosolic aKG and NADPH levels (Charitou et al.,
2015). FoxOs are also known to be activated by RTKis, including FoxO6 specifically being
activated by Erlotinib (Lam et al., 2013; Rothenberg et al., 2015). To determine if IDHI
upregulation in response to RTKis is dependent of FoxOs, we performed a ChIP experiment
using antibodies against three different FoxO transcription factors, FoxO1, FoxO3, and FoxO6.
While all three had increased binding to a forkhead response element consensus sequence in
response to RTKi treatment, FoxO6 had a more significant response. FoxO6 is the least well
defined of the FoxO transcription factors, which may be due to the fact that it was once
considered only present in the brain, but it is now known to have a much wider distribution
throughout various tissues (Lee and Dong, 2017). FoxO6 has the least amount of homology with

the other FoxOs, at only around 30% and does not include a nuclear export signal as the others
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do. FoxO6 remains in the nucleus and its function is not inhibited by exportation to the
cytoplasm, but rather through direct phosphorylation at Thr26 and Ser184 by Akt/PKB,
disrupting FoxO6 from binding to DNA (Lee and Dong, 2017). FoxO6 has several key functions,
including glucose and lipid metabolism, as well as regulation of oxidative stress (Lee and Dong,
2017). In particular, a global FoxO6 knockout mouse develops normally, however these mice
have decreased hepatic gluconeogenesis and decreased fasting glycemia. When these mice are
fed a high fat diet, they have decreased oil red O staining, consistent with decreased hepatic fat
deposition (Calabuig-Navarro et al., 2015). Similar to IDHI transgenic mice, liver-specific
FoxO6 transgenic mice had increased plasma triglyceride levels, nonesterified fatty acid levels,
tryglyceride very low density lipoprotein levels, and impaired fat tolerance. While there was no
difference in body weight between FoxO6 transgenic mice and wild-type controls, transgenic
mice had increased fat content in the liver as well as increased expression in lipogenesis genes,
SREBPI1, FASN, and ACC (Kim et al., 2014). Furthermore, hepatocellular carcinoma patients
had increased FoxO6 expression, which correlated with decreased survival, and increase in
oxidative stress markers (Chen et al., 2016). These studies point to FoxO6 playing a significant
role in lipid biosynthesis as well as redox homeostasis. As we have demonstrated that IDH1 is
important in these functions, the role FoxO6 plays may be in part be due through its upregulation

of IDHI.

To further implicate increased IDH1 expression as a resistance mechanism to targeted therapies,
we performed a genome-wide microarray assay comparing GBM cells treated with or without
RTKis. Ingenuity pathway analysis pointed to the superpathway of cholesterol biosynthesis as

the most upregulated pathway in cells treated with RTKi compared to vehicle-treated cells. Not
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only did this pathway include IDH1 as being upregulated, but also /DI] and LSS. IDII catalyzes
the conversion of isopentyl diphosphate (IPP) to dimethylallyl diphosphate (DMAPP) ultimately
leading to cholesterol synthesis. IDI1 is negatively regulated by STAT6 through a miR-
197/FOXJ2 pathway in lung cancer cells (Dubey et al., 2011; Dubey and Saini, 2015). LSS
catalyzes the conversion of oxidosqualene to lanosterol in the first step of cholesterol, steroid
hormones, and vitamin D synthesis. Inhibition of LSS has been used as an anti-cancer
therapeutic in pre-clinical studies of GBM, pancreatic, and colon cancers (Staedler et al., 2012;
Maione et al., 2015). To support the implication of LSS and IDI1 in cancer progression, we
showed that knockdown of either IDI1 or LSS enhanced RTKi-induced apoptosis, further

implicating lipid and cholesterol biosynthesis as key resistance mechanisms toward RTKis.

In addition to showing the effects of genetic manipulation of IDH1 on GBM progression, we also
wanted to confirm that pharmacological IDH1 inhibition has similar effects. We used GSK864,
originally an inhibitor of mutant IDH1, but also with inhibitory effects on wild-type IDH1. The
selectivity of GSK864 and first generation GSK321 for IDHI was determined by
chemoproteomics experiments, using a closely related and inactive derivative (GSK990) as a
negative control. While GSK321 was first characterized with 1Cs, values of 4.6, 46, and 496 nM
for R132H IDH1 mutant, wild-type IDHI1, and wild-type IDH2, respectively, its derivative,
GSK864 was found to have enhanced pharmacokinetic properties (Okoye-Okafor et al., 2015).
GSK864 has potent effect against mutant IDH1, and to a lesser degree against wild-type IDHI1
with 1Csy values of 15.2, 466.5, and 1,360 nM for R132H mutant IDH1, wild-type IDHI, and
wild-type IDH2, respectively (Okoye-Okafor et al., 2015). Besides detailed evaluation of these

GSK drugs reported in Okoye-Okafor et al., it is important to stress that GSK321 has been
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validated as an inhibitor of wild-type IDHI. In a model of anchorage-independent growth of lung
cancer cells, carbon from glutamine was reductively carboxylated through IDH1 to maintain
redox homeostasis within these cells (Jiang et al., 2016). In addition, inhibition of IDH1 with
GSK321, similar to IDH1 genetic ablation, resulted in blunted reductive glutamine metabolism,
and in so doing, enhances mitochondrial ROS and reduces tumor spheroid growth (Jiang et al.,
2016). This study points to this class of GSK inhibitors as important pharmacological tools not
only for mutant IDH1, but also wild-type IDH1. We have shown that GSK864 is also specific for
wild-type IDH1, as it reduces NADPH levels in GICs, but not in IDH1 low-expressing cortical
human astrocytes, or in GICs modified for IDH1 knockdown. In addition, GSK864 also
enhances the RTKi-induced decreased proliferation, and enhanced apoptosis, as well as
decreases stem-cell frequency, similar to genetic knockdown of IDHI. Furthermore, we
demonstrate that the pro-apoptotic effect of GSK864, similar to the pro-death activity of RNAIi-
mediated knockdown of IDHI, can be abrogated by reconstituting cells with cell permeable
aKG, suggesting that GSK864 is targeting wild-type IDHI. In addition, it is conceivable that
different thresholds for IDH1 inactivation exists to trigger apoptosis, promote differentiation, and
inhibit growth, as RTKi treatment leads to upregulation of IDH1 levels, suggesting that higher
IDHI expression may require higher drug concentrations to observe biological effects. However,
in our PDX mouse model studies, we used a standard concentration (150 mg/kg) of GSK864, the
same used to suppress AML xenograft progression (Okoye-Okafor et al., 2015), to show that
pharmacologic inhibition also decreases tumor size and prolongs survival, pointing to IDH1 as a

therapeutically targetable enzyme.



118

Oncogenic mutations in IDH1 and IDH2 have been identified in acute myelogenous leukemia,
low-grade gliomas, and secondary GBM, but are rare in primary GBM specimens (Losman and
Kaelin, 2013; Horbinski, 2013). Remarkably, patients with wild-type GBM tumors have a mean
survival of 15 months compared to 31 months for patients with mutant IDH1 GBM tumors and
ectopic expression studies point to tumor suppressive effects of mutant IDH1. Expression of
Argl32 point-mutated IDHI1 in established IDHI-wild-type glioma cell lines reduced
proliferation in vitro and extended the survival of mice bearing derived orthotopic xenografts
(Bralten et al., 2011). Similarly, RCAS-driven expression of mutant IDH1 in NSCs derived from
pi3-deficient Nestin-tv-a mice reduces progenitor cell growth in vitro and glioma formation in
vivo despite elevated D-2HG production in IDH1 mutant compared to wild-type cells. This
growth-inhibitory effect of mutant IDH1 is associated with diversion of aKG from wild-type
IDHI and reduced carbon flux from glucose or glutamine into lipids (Chen et al., 2014). Murine
NSCs lack glutamate dehydrogenase 2 (GLUD2) and expression of GLUD2 or administration of
glutamate, a neocortical neurotransmitter and substrate for GLUD2, compensates for growth and
flux deficiencies elicited by mutant IDH1 by replenishing aKG via increased glutaminolysis.
These observations suggest that /DHI mutant tumors require a specialized metabolic niche
characterized by elevated glutamate flux for growth and expansion. Recent studies suggest that
IDHI mutant gliomas arise from a neural precursor population that is spatially and temporally
restricted in the brain, possibly coinciding with remodeling of the prefrontal cortex (Lai et al.,
2011). Primary GBM, on the other hand, inefficiently metabolize glutamine and most likely are

unable to sustain high glutamine flux to support aKG and lipid biogenesis. To support

anaplerosis, in particular lipid biogenesis flux via enhanced aKG and NADPH, we propose that
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the upregulation of non-mutated IDH1 is important for primary GBM progression. Our data
suggest a novel treatment paradigm for wild-type IDH1 (representing 90% of all high-grade

gliomas), not IDH1 mutant GBM tumors.

Cancer up-regulates a variety of metabolic genes that conspire to reprogram tumor cell
metabolism and support unabated growth and therapy resistance. Consequently, drug
development efforts focus on inhibiting a plethora of metabolic enzymes with overexpression in
various cancers, many of which are being tested in combination with targeted and conventional
chemo- and radiation therapies (Cantor and Sabatini, 2012; Granchi, et al., 2014; Tarrado-
Castellarnau, et al., 2016; Vander Heiden et al., 2011; Zhao et al., 2013). In light of the low
expression of IDHI in normal brain, robust upregulation of IDH1 in GBM tumors, and the
absence of developmental and fertility-related abnormalities in global /DHI knockout mice
(Itsumi et al., 2015), our data suggest that small molecule inhibitors of IDH1, such as GSK864,
warrant further preclinical testing, especially when used in combination with inhibitors of RTK-

PI3K signaling.

4.2 Summary and Future Directions

As we have shown here, IDH1 is a critical enzyme overexpressed in primary GBM, and other
solid and systemic malignancies. This increase in IDH1, enhances NADPH and aKG production
necessary for lipid biosynthesis, maintaining redox balance, and maintaining a dedifferentiated
state. Additionally, IDH1 levels can be further increased by treatment with RTKis, pointing to an

adaptive response of GBM tumor cells, that can be exploited to further promote the apoptotic



120

effects of RTKis. Both genetic and pharmacologic studies point to IDHI as an actionable

therapeutic target that should be exploited in GBM.

While this work points to IDHI1 as an actionable therapeutic target, there are additional studies
that would build on our work. First and foremost, the identification of the mechanism underlying
IDHI mRNA upregulation in GBM tumors would be interesting and important, as it would
further our understanding of IDHI1 biology as well as support our finding that upregulation of
IDHI is specific. As pointed out in the introduction, other metabolic enzymes, including TKTLI,
ACC, FASN, and HK2, have also been shown to be upregulated in GBM and may be therapeutic
targets. While the mechanism of how these genes are upregulated has not been fully elucidated,
it will be important to determine if IDH1 and these other enzymes share common regulatory

mechanisms.

While our studies represent an initial proof-of-concept that cancer-associated IDH1 through
aKG production can regulate gene expression in glioma-initiating cells, these studies can and
should be further expanded. It is important to identify the specific demethylases that are
impacted by IDHI1-driven aKG production, to confirm that the changes in methylation status are
not due to indirect effect on the transcriptional activation. Furthermore, the implication of GNG4,
NDUFS1, and TNFAIPI as tumor suppressive genes that play a role in IDH1 tumor-promoting
activities, needs in depth characterization as these genes contribute to IDH1 dedifferentiaton and

oncogenic effects.

While we provide a detailed overview of IDH1 biology in GBM, we also show that IDH1 plays a

role in other solid and systemic malignancies, pointing to IDH1 as a potential therapeutic target
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in multiple cancer types. Further analysis of IDH1 within lymphomas as well as in lung cancers
should be determined as these tumors have increased /DHI mRNA expression compared to

normal tissue.

As we have shown that IDHI is an actionable therapeutic target, it is important to find more
potent and specific wild-type IDHI inhibitors. In on-going studies, we are working with Milan
Mrksich and SAMDI Tech to discover and characterize novel wild-type IDH1 inhibitors. Novel
inhibitors specific for wild-type IDHI will be important tools to further elucidate the
mechanisms behind IDH1 upregulation in GBM, as well as be important to confirm our studies
done with the mutant IDH1 inhibitor GSK864, to show more specifically that it is wild-type
IDHI inhibition leading to decreased NADPH and aKG, necessary for stem cell maintenance, de
novo lipogenesis, and redox homeostasis, and not off-target effects of the high concentrations of

GSK&64 that we had to use.

In addition to discovering novel small molecule inhibitors of IDH1, work has been ongoing in
collaboration with Dr. Chad Mirkin’s group to functionalize IDH1 siRNA to spherical nucleic
acids (SNAs). SNA technology was discovered by Dr. Mirkin and have many advantages over
traditional therapeutics. In GBM mouse models, our groups have been able to show that SNAs
cross the BBB when given systemically, accumulate within and disseminate throughout an
orthotopic glioma explant, and robustly downregulate gene expression within intracerebral
tumors (Jensen et al., 2013). In on-going work, siRNA targeted to IDH1 have been made and
initial in vitro studies have shown positive results. These IDHI-SNAs need to be further

characterized and studied in vivo.
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Our work is the first to show the potential of wild-type IDHI as a therapeutic actionable target to

treat primary GBM tumors, which have had very little therapeutic advances over the years.
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* Calvert AE, Chalastanis A, Wu Y, Hurley LA, Kouri FM, Bi Y, Kachman M, May JL, Bartom
E, Hua Y, Misha RK, Schiltz GE, Dubrovskyi O, Mazar AP, Peter ME, Zheng H, James CD,
Burant CF, Chandel NS, Davuluri RV, Horbinski C, Stegh AH. Cancer-associated IDH1
promotes growth and resistance to targeted therapies in the absence of mutation. Cell Reports.
2017. In press.

¢ Chen B, Xue J, Meng X, Slutzky JL, Calvert AE, Chicoine LG. Resveratrol prevents hypoxia-
induced arginase Il expression and proliferation of human pulmonary artery smooth muscle cells
via Akt-dependent signaling. Am J Physiol Lung Cell Mol Physiol. 2014 Aug 15; 307(4): L317-
25.
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¢ Jensen SA, Calvert AE, Volpert G, Kouri FM, Hurley LA, Luciano JP, Wu Y, Chalastanis A,
Futerman AH, Stegh AH. Bcl2L13 is a ceramide synthase inhibitor in glioblastoma. Proc Natl
Acad Sci USA. 2014 Apr 15; 111(15): 5682-7.

* Chen B, Calvert AE, Meng X, Nelin LD. Pharmacologic agents elevating cAMP prevent
arginase II expression and proliferation of pulmonary artery smooth muscle cells. Am J Respir
Cell Mol Biol. 2012 Aug; 47(2): 218-26.

¢ Chicoine LG, Stenger MR, Cui H, Calvert AE, Evans RJ, English BK, Liu Y, Nelin LD. Nitric
oxide suppression of cellular proliferation depends on cationic amino acid transporter activity in
cytokine-stimulated pulmonary endothelial cells. Am J Physiol Lung Cell Mol Physiol. 2011 Apr;
300(4):L596-604.

* Chen B, Calvert AE, Cui H, Nelin LD. Hypoxia promotes human pulmonary artery smooth
muscle cell proliferation through induction of arginase. Am J Physiol Lung Cell Mol Physiol.
2009 Dec; 297(6): L1151-9.

Presentations

* Center of Cancer Nanotechnology Excellence Site Visit, Poster Presentation, Evanston, IL, May
2016.

* American Association of Cancer Research Meeting, Poster Presentation, New Orleans, LA, April
2016.

* Lurie Cancer Center Symposium, Oral Presentation, Chicago, IL, July 2015.

¢ Cancer Research Club Research in Progress, Oral Presentation, Chicago, IL, January 2014.

¢ NIH/NCI Carcinogenesis T32 Meeting, Oral Presentation, Chicago, IL, March 2013.

* Pediatric Academic Societies Annual Meeting, Poster Presentation, Vancouver, BC, Canada, May
2010.

* Pediatric Academic Societies Annual Meeting, Poster Presentation, Baltimore, MD, May 2009.

Leadership and Qutreach

¢ Student Assisted Mentoring Program (STAMP), Mentor for junior graduate students, 2014-2015.

* Northwestern International Explorers, Mentor for international graduate students across all
disciplines, 2013.

* Graduate School Genetics Course, Teaching Assistant, 2013.

Awards, Fellowships, and Professional Memberships

¢ NIH/NCI T32 Carcinogenesis Training Grant Fellowship, 2012-2014.

* American Association of Cancer Research (AACR), Member, 2016-present.

* Northwestern Cancer Research Club, Member, 201 1-present.

* Northwestern Cancer Cluster, Member, 201 1-present.

* Northwestern Oncology Research Journal Club, Member, 2012-2014.

¢ Collaborative Learning and Integrated Mentoring in the Biosciences (CLIMB), Member, 2010-
2011.

*  Wake Forest University Dean’s List, 7 semesters, 2004-2007.
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Additional Information

Kellogg Certificate of Management
Management for Scientists and Engineers, 2014.
* Highly competitive program for PhD candidates in various science and engineering programs
* Covered many topics including: economics and strategy, accounting for decision making,
leadership, team building, finance, operations management, risk and uncertainty, IP management,
negotiations, crisis management, entrepreneurship and innovation, and marketing management.
Managerial Challenges in the Pharmaceutical, Biotechnology, and Medical Device Industries (HEMA-
453), 2015.
* Topics covered included: history of pharmaceuticals, strategic management in drug discovery
process, history of regulation, business development, and ethics.




