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ARTICLE INFO ABSTRACT

Keywords: Clinical outcomes in patients with WHO grade II/III astrocytoma, oligodendroglioma or secondary glioblastoma
IDH1 remain poor. Isocitrate dehydrogenase 1 (IDH1) is mutated in > 70% of these tumors, making it an attractive
SYC-435

therapeutic target. To determine the efficacy of our newly developed mutant IDH1 inhibitor, SYC-435 (1-
hydroxypyridin-2-one), we treated orthotopic glioma xenograft model (IC-BT142A0A) carrying R132H mutation
and our newly established orthotopic patient-derived xenograft (PDX) model of recurrent anaplastic oligoas-
trocytoma (IC-V0O914A0A) bearing R132C mutation. In addition to suppressing IDH1 mutant cell proliferation in
vitro, SYC-435 (15 mg/kg, daily x 28 days) synergistically prolonged animal survival times with standard
therapies (Temozolomide + fractionated radiation) mediated by reduction of H3K4/H3K9 methylation and
expression of mitochondrial DNA (mtDNA)-encoded molecules. Furthermore, RNA-seq of the remnant tumors
identified genes (MYOIF, CTCI and BCL9) and pathways (base excision repair, TCA cycle II, sirtuin signaling,
protein kinase A, eukaryotic initiation factor 2 and a-adrenergic signaling) as mediators of therapy resistance.
Our data demonstrated the efficacy SYC-435 in targeting IDH1 mutant gliomas when combined with standard
therapy and identified a novel set of genes that should be prioritized for future studies to overcome SYC-435
resistance.
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Introduction

Isocitrate dehydrogenase (IDH) is one of the key enzymes in the
tricarboxylic acid cycle for aerobic metabolism of carbohydrates and
fats. IDH catalyzes oxidative decarboxylation of isocitric acid to produce
a-ketoglutaric acid (a-KG). There are three IDH isozymes in humans,
with IDH1 located in cytoplasm and IDH2 and 3 in mitochondria[1,2].
Mutant IDH enzymes mostly lose the function of wild-type (WT)
enzyme. However, the mutant enzyme catalyze the NADPH-dependent
reduction of a-KG to R(-)—2-hydroxyglutarate (2-HG) leading to accu-
mulation of 2-HG [3]. 2-HG is an inhibitor of a-KG dependent histone
demethylases as well as DNA methyl hydroxylases [4] causing a
genome-wide histone/DNA hypermethylation phenotype and cancer
initiation.

IDH1 mutation occurs in > 70% of WHO grades II/III astrocytomas
and oligodendrogliomas and secondary glioblastoma (GBM) [5]. The
majority of mutations in the IDH1 gene in gliomas are R132H
(91.5-92.3%), with R132C (3.7-4.3%) the second most common mu-
tation type [6,7]. Genomic analysis showed that mutations in IDH1
preferentially occurred in younger patients with GBM and mutations in
IDH1 were found in nearly all of the patients with secondary GBMs [8].
IDH1 mutations are very early events in gliomagenesis [9]. To date,
IDH1 mutation has been recognized as a decisive genetic signpost of
secondary GBM [10]. Therefore, this mutation could be a distinctive
target for the treatment of secondary GBM. Indeed, treatment with a
selective IDH1-R132H inhibitor (AGI-5198) suppressed tumor volume
[11] and mutant IDH1 inhibitor MRK-A combination with CYP450 in-
hibitor aminobenzotriazole (ABT) significantly prolonged animal sur-
vival [12] in R132H-IDH1 mutant xenograft mouse models. While
suppressive effects on tumor growth by inhibition of mutant IDH1 has
been reported, patients with IDHI mutations have significantly
improved prognoses compared to patients with WT IDH1 [5]. Therefore,
the clinical significance of mutant IDH1 inhibition is controversial.

1-hydroxypyridin-2-one named SYC-435 is a novel investigational
mutant IDH]1 inhibitor [13]. Similar to other mutant IDH1 inhibitors
[11,14], SYC-435 is a potent inhibitor of not only R132H mutants but
also R132C-IDH1 mutants [13]. SYC-435 has a smaller molecular weight
(MW) of 215.3 than existing mutant IDH1 inhibitors, such as AGI-5198
(MW: 462.56) and AG-120 (MW: 582.96) [14]. This smaller MW may
give SYC-435 a higher chance to cross the blood-brain barrier (BBB) and
enter intracranial tumors.

The current standard therapy for newly diagnosed GBM is maximal
surgical resection, followed by radiation with concurrent and adjuvant
chemotherapy with temozolomide (TMZ). With these therapies, the
median survival was 14.6 months and the two-year survival rate was
26.5% [15]. Therapeutic efficacy of standard therapy is still poor. Many
glioma patients have been treated or will be treated with standard
therapy. Therefore, testing synergistic effects of SYC-435 with standard
therapy in pre-clinical animal models of GBM is an area of interest.

To establish the pre-clinical rationale for treatment with the mutant
IDH1 inhibitor including SYC-435, animal models with this mutation are
needed. Currently, pre-clinical animal models of high grade glioma with
mutant IDH1 are limited to BT142 [16], TS603 [11] and GB10 [12], all
of which harbor the R132H mutation. In this study, we established and
characterized a new orthotopic patient-derived xenograft (PDX) mouse
model of recurrent anaplastic oligoastrocytoma (AOA) (IC-V0914A0A)
with an IDH1-R132C mutation. Using this model and BT142A0A, we
examined the therapeutic efficacy of the mutant IDH1 inhibitor SYC-435
alone and in combination with standard therapy to establish pre-clinical
rationale.

Materials and methods
Glioma models and tissue samples

An established neurosphere line of BT142 mut/- anaplastic
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oligoastrocytoma (AOA) (WHO grade III) [16] (catalog#ACS-1018) was
obtained from American Type Culture Collection (Manassas, VA). Pa-
tient tumor of V0914 recurrent AOA (WHO grade III) and 4687, 3752,
K012, K024 and K045GBMs (WHO grade IV) were collected from
resection [17,18]. VO914AO0A xenograft passage II was kindly shared
from Dr. Jialiang Wang in Vanderbilt University Medical Center,
Nashville, TN, USA. Adult normal cerebra, NC2, D0322, and T0503,
were obtained from autopsy. Signed informed consent was obtained
from patients or legal guardian prior to sample acquisition in accordance
with Institutional Review Board policy. All studies were conducted in
accordance with the ethical guidelines of Declaration of Helsinki.

Growth of tumor cell cultures

Patient-derived neurosphere line of BT142A0A, xenograft cells of
V0914AO0A, xenograft-derived neurosphere lines of 4687 and 3752 [18]
were cultured in serum-free cell growth medium, in which putative
cancer stem cell populations are enriched (see Supplementary Materials
and Methods).

Orthotopic PDX mouse models

Orthotopic free-hand surgical transplantation of tumor cells into
mouse cerebra was performed as we have described previously [19]
following an Institutional Animal Care and Use Committee-approved
protocol. (see Supplementary Materials and Methods).

PCR and pyrosequencing — IDH1 (R132) and IDH2 (R172) mutation
analysis

IDH1 (R132H and C) and IDH2 (R172K) mutation status was
examined through pyrosequencing using specific primer pairs (see
Supplementary Materials and Methods).

In vitro treatment with SYC-435

SYC-435 was designed and synthesized at Baylor College of Medicine
by Dr. Yongcheng Song [13]. For in vitro experiments, SYC-435 was
dissolved in dimethyl sulfoxide for a stock solution (20 mM). Tumor
cells were exposed to SYC-435 (< 20 uM) for 13 days. Cell viability was
measured periodically using Cell Counting Kit-8 (Dojindo Molecular
Technologies, Rockville, MD) [20,21].

In vivo treatment of orthotopic PDX mouse models with SYC-435 and
standard therapy

Two weeks after tumor cell implantation, mice were treated with
SYC-435 (15 mg/kg/day, ip, 28 days) and/or TMZ (50 mg/kg/day, oral)
plus fractionated X-ray irradiation (XRT) (2 Gy/day) for 5 days to the
right cerebrum (see Supplementary Materials and Methods). The mice
were monitored daily until they developed signs of neurological deficit
or became moribund, at which time they were euthanized and their
brains removed for analysis. To test the biologic effects of treatments at
the end of treatments, mice were treated with SYC-435 (15 mg/kg/day,
ip, 5 or 10 days) and/or standard therapy (TMZ, 50 mg/kg/day, oral and
XRT, 2 Gy/day, 5 days) beginning when neurologic symptoms were first
observed. These mice were euthanized 1 h after the last treatment and
their plasma and brains were harvested for analysis.

SYC-435, a-KG and 2-HG measurement

SYC-435, a-KG and 2-HG concentration in plasma and/or tumor was
measured by liquid chromatography with tandem mass spectrometry
(LC-MS/MS) (see Supplementary Materials and Methods).
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Immunohistochemical staining (IHC)

IHC staining was performed as described previously [19-22] (see
Supplementary Materials and Methods). IHC staining was assessed by
combining intensity, scored as negative (-), low (+), medium (++), or
strongly positive (+++), with extent of immunopositivity (percentage
of positive cells).

Western hybridization

To analyze the changes of histone methylation, histones were pre-
pared by acid-extraction and western hybridization was performed (see
Supplementary Materials and Methods).

RNA sequencing (RNA-seq)

RNA was extracted using AllPrep DNA/RNA/Protein Mini Kit ac-
cording to manufacturer’s instructions (Qiagen) and RNA-seq was per-
formed as we have described previously [23]. (see Supplementary
Materials and Methods). The RNA-seq data were uploaded into the GEO
database with access number GSE194169.

Flow cytometry (FCM)

Flow cytometry was performed as we described previously [17,19,
24,25] (see Supplementary Materials and Methods).

Statistical analysis

Values were presented as mean + standard deviation (SD). The effect
of treatment on cell proliferation was analyzed with two-way analysis of
variance (ANOVA). SYC-435 concentration, 2-HG and o-KG were
analyzed with one-way ANOVA followed by a multiple comparison
procedure (Holm-Sidak method). Animal survival times were compared
through log-rank analysis. All statistical analyses were performed by
using SigmaPlot 11.0 (Systat Software, Inc., San Jose, CA). P < 0.05 was
considered statistically significant.

Results

Newly established orthotopic PDX model IC-V0914A0A with IDH1-
R132C mutation

Intra-cerebral (IC)-V0914A0A xenografts established from recurrent
AOA patient tumor (Table 1) was implanted to SCID mice. As shown in
Fig. 1A, median survival days was 129 days in passage I and 57-75 days
in passages II-V. H&E staining of paraffin-embedded brain showed

Table 1
Patient clinical course of V0914.
Date V0914
Age 21y
Gender Male
Original Path 8/1997 Grade 3 astrocytoma
Biopsy 9/1997 Stereotactic biopsy
Resection 3/1998 Resection
Path II 3/1998 Oligo with minor astrocytic
component
Treatments received prior to 1998-1999 Procarbazine, Vincrsitine,

collection of sample CCNU

Treatments received prior to 2004-2006 Temodar, CPT-11, Radiation
collection of sample
Resection 3/2012 Recurrent Sample collected
from resection
Final path Grade 3 Oligo
Treatments received after 5/2012 Avastin

collection of sample
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massive tumor formation in the right cerebrum (Fig. 1B). Tumor take
rate was > 80% in all passages. H&E staining showed various size of
tumor cells (Fig. 1Ca). Hemorrhage in tumor was frequently detected
(Fig. 1Cb). Subsequent IHC examination validated the human origin of
xenograft tumor in mouse brain (++ in > 75% cells) using human-
specific mitochondria (MT) antibody (Fig. 1C and Table S1). High
expression of cell proliferation marker Ki-67 (in 40-70% cells), vimentin
(VIM), a marker of intermediate filament associated with poor prognosis
and tumor invasion [26,27] (+++ in >75% cells) and tumor suppressor
p53 (+++ in > 75% cells) were detected. Microvessel density (16.7 +
7.3/high power field) was detected with vVWF and it was higher
compared to low grade glioma xenograft model (5.8 + 1.1) [28] indi-
cating highly active angiogenesis. While reactive astrocytes with strong
GFAP positivity (+++ in > 75% of mouse cells) surrounding the tumor
were detected, the GFAP expression in tumor was relatively low in in-
tensity (+ in > 75% cells).

We then assessed mutations in IC-V0O914A0A xenografts. For p53,
R213 truncation (mutation frequency 20%) and I1195T mutation (mu-
tation frequency 21%) were detected (Fig. 1D). This may explain the
high expression of TP53 protein. In addition, Q472H mutation in KDR
(mutation frequency 54%) was also detected. Most importantly, an
IDH1-R132C mutation (G to A transition in antisense codon 132 of IDH1
and remaining G, Fig. 1E) was detected and mutant allele frequency was
maintained 39-53% in passage I-V (Figs. 1E and S1C). An IDH1-R132H
mutation (C to T transition in antisense codon 132 of IDH1, Fig. S1A)
was detected in BT142A0A-neurosphere and xenografts with mutant
allele frequency > 94% (Fig. S1B and C) as previously reported [16].
IDH2-R172K mutation was not detected in any models (Fig. S1B and C).
Taken together, IC-V0914A0A possessed high and stable tumor take rate
as well as histopathological feature and mutation status consistent with
a human high-grade glioma, representing a suitable model for
pre-clinical drug testing targeting the IDH1-R132C mutation.

SYC-435 selectively inhibited cell proliferation in IDH1 mutant glioma
cells

The structure of SYC-435 (MW:215.3) was shown in Fig. 2A. A time-
and dose-dependent inhibition of cell proliferation under SYC-435
treatment was observed (Fig. 2B and C). SYC-435 at 0.5 and 1 M
suppressed cell proliferation 85.9% and 99.5%, respectively, in
BT142A0A-neurospheres (R132H) at Day 13. Similarly, in IC-
V0914A0A xenograft cells (R132C), SYC-435 at 0.5 and 1 pM sup-
pressed cell proliferation 59% and 99.3%, respectively at Day 13. No
major difference in inhibition of cell proliferation between R132H and
R132C mutant lines was consistent with the inhibitory effect of SYC-435
in IDH enzyme activity [29]. In IDH1-WT 4687 and 3752GBM-neuro-
spheres, 0.5 uM inhibited < 15% and 1 uM only up to 60.0% and
77.2% growth suppressions on day 13, respectively. Overall, SYC-435
preferentially inhibited cell proliferation in IDH1 mutant glioma with
lower doses and/or shorter incubation times cells over IDH1-WT GBM
cells, exhibiting approximately 2-fold differences.

Combining SYC-435 with standard therapy synergistically prolonged
animal survival time

Next, we investigated the in vivo therapeutic efficacy, survival ben-
efits, of SYC-435 combined with standard therapy (TMZ/XRT) (Fig. 3A).
The orthotopically implanted GBM tumor cells were allowed to grow for
2 weeks to form solid intra-cerebral xenografts before treatment were
started with SYC-435 (15 mg/kg, i.p, daily x 28 days), XRT (2 Gy/day x 5
days) and TMZ (50 mg/kg, i.p., daily x 5 days). In IC-V0914A0A, SYC-
435 only increased the median survival times from 77 days in control to
82 days (P > 0.05), while TMZ/XRT significantly extended to 106 days
compared to control (P < 0.0005). The combination (SYC-435/TMZ/
XRT) further prolonged the median survival time to 124 days, a 61%
increase over the control (P < 0.00005), 16.9% prolongation over the
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Fig. 1. Establishment of IC-V0914A0A, orthotopic PDX mouse model with mutant IDHI-R132C. (A) Log-rank analysis of animal survival times during serial sub-
transplantation of IC-VO914AO0A from passage I to V (left panel). Tumor take rate median survival days (right panel). (B) H&E stained cross section of IC-
V0914A0A. (C) Histopathological features of IC-VO914A0A. Representative H&E staining of mouse brain shows tumor cell morphology (a) and hemorrhage in
tumor (b). Representative IHC staining shows tumor cells positively stained with Ki-67, vimentin (VIM), p53, GFAP, reactive mouse astrocytes (monoclonal anti-
bodies against GFAP) and blood vessels (bv) with vWF. Human tumor cells confirmed with human-specific antibodies against mitochondria (MT). Magnification x40.
(D) Mutation status in IC-V0914A0A xenografts. (E) Quantitative analysis of IDH1-R132C mutation allele frequency using pyrosequencing. Codon change in IDH1-
R132C, representative pyrograms indicating G (WT) to A (mutated) substitution in percent for IC-V0914A0A was indicated.

TMZ/XRT (P < 0.05), demonstrating a synergistic activity when SYC-
435 is combined with the standard therapies. In IC-BT142A0A, the
median survival time of 85 days in SYC-435 was barely increased from
the control of 82 days (P > 0.05). TMZ/XRT significantly prolonged the
survival time to 177 days (P < 0.0001). SYC-435/TMZ/XRT further
prolonged to 205 days, but the difference with TMZ/XRT groups was not
significant (P > 0.05). The strong efficacy of TMZ/XRT in IC-BT142A0A,
ie., 115% increase of survival time over the control, may have made it
difficult for further extension. Altogether, our data demonstrated strong
and synergistic in vivo anti-tumor activity of SYC-435 with standard
therapies.

SYC-435 effectively crossed BBB to penetrate orthotopic xenograft tumors

We examined the CNS penetration capability of SYC-435 to deter-
mine if the synergy with TMZ/XRT was due to the improved drug de-
livery by the standard therapies in IC-VO914A0A (Fig. 3B). After SYC-

435 single agent treatment for 5 or 10 days, its concentration in tu-
mors ranged from 154 + 36 to 185 + 42 ng/g (Fig. 3C). Similar SYC-435
levels were achieved when combined with TMZ/XRT. Compared with
the plasma concentration of SYC-435 (213 + 8 to 258 + 56 ng/mL) by
the treatment of SYC-435 with/without TMZ/XRT for 5 and 10 days,
tumor penetration reached 67-79% (Fig. 3C). These data confirmed
SYC-435 successfully crosses the BBB and maintained stable levels in
tumors after 5 days and TMZ/XRT did not significantly affect SYC-435
penetration into brain tumors.

SYC-435 induced modification of histone methylation

We measured concentrations of a-KG and oncometabolite 2-HG, a
competitive inhibitor of a-KG-dependent dioxygenases [4]. 2-HG con-
centration was dramatically increased to 54.3 + 11.7 mg/g in untreated
IC-V0914A0A compared to IDH1-WT tumors (0.5 + 0.1 mg/g) (P <
0.005) (Fig. 3D). None of the treatments changed 2-HG level. Despite
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Fig. 2. Anti-tumor effects of SYC-435 in glioma cells. (A) Structure and molecular weight of investigational mutant IDH1 inhibitor, SYC-435. (B) Cells (2000-6000
cells/well) were exposed to SYC-435 for 13 days and anti-tumor effects was examined by Cell Counting Kit-8 assay in BT142-neurosphere (R132H), IC-V0914A0A
xenograft cells (R132C), 4687GBM-neurosphere and 3752GBM-neurosphere (WT). (C) Anti-tumor effect was observed by staining with 250 pg/mL of MTT for 4 h at

Day 11. Viable cells were stained with dark colored intracellular crystal.

the presence of an IDH1-R132C mutation, a-KG concentration in un-
treated IC-V0914A0A was not reduced compared to IDH1-WT tumors
and none of the treatments changed a-KG concentration (Fig. 3D).

2-HG inhibits histone demethylases, resulting in hypermethylation of
histone lysine residues (especially in H3) [30]. We next investigated the
histone H3 lysine methylation status. As shown in Fig. 3E, protein levels
of H3K4me2 and H3K4me3 as well as H3K9me2 and H3K9me3,
H3K36me3, H3K79me2 and H3K79me3 were increased in both
IC-V0914A0A and IC-BT142A0A tumors compared with IC-K012GBM
(WT). Although TMZ/XRT did not affect their expression, SYC-435
caused a dose-dependent decrease of H3K4me2, H3K4me3, H3K9me2
and H3K9me3 expression in IC-VO914A0A on day 5. In addition,
SYC-435 with TMZ/XRT synergistically decreased those levels. Pro-
longed treatment to 10 days was only able to generate sustained sup-
pression of H3K4me2 and H3K9me2, while protein expression of
H3K4me3 and H3K9me3 was restored back to the high levels. Surpris-
ingly, combining SYC-435 with TMZ/XRT lead to a sustained reduction
of H3K4me3 and H3K9me3, particularly at 30 mg/kg. Since all the tu-
mors eventually recurred in the survival group and the recurrent tumor
regained the high levels of H3K4me3 and H3K9me3 as well as
H3K4me2, sustained inhibition of H3K4me3, H3K9me3 and H3K4me2
by SYC-435/TMZ/XRT may have contributed to the synergistic thera-
peutic efficacy in vivo.

Acute treatment with SYC-435 and/or standard therapy affected different
gene sets

To further understand the acute changes of gene expression profiles
directly induced by treatments, we performed RNA-seq analysis in tu-
mors from biology cohort (Fig. 3B) of IC-V0914A0A. Compared with
untreated tumor, SYC-435 up-regulated 596 and down-regulated 1561
genes. Notably, 22 of the top 30 (73%) up-regulated genes by SYC-435
were mitochondrial genes. Mitochondrial genes were significantly
down-regulated in SYC-435/TMZ/XRT group both in the biology and
survival cohorts (Fig. $2). TMZ/XRT up-regulated 81 and down-
regulated 272 genes with 33 genes jointly up-regulated (including 12
mitochondrial genes) and 127 genes jointly inhibited with SYC-435
group. SYC-435/TMZ/XRT affected the least number of genes, acti-
vating 38 and inhibiting 23 genes with < 10 genes shared with either
SYC-435 or TMZ/XRT groups (Fig. 4A, left panel). These data suggested
that SYC-435 and standard therapy target distinct sets of genes with
limited overlap.

Hierarchical clustering analysis of the top 30 up-/down-regulated
genes of all the treatment groups in the biology cohort showed SYC-435
was most active in reversing the dysregulated genes of the untreated
tumors (Fig. 4B, left panel), inhibiting the expression of nestin (NES),
VGF, PARP1, and SET Domain bifurcated histone lysine
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Fig. 3. SYC-435 can penetrate into mouse brains and prolongs animal survival in combination with standard therapy in IC-V0914A0A (R132C) but not in IC-BT142A0A
(R132H). (A) Two weeks after tumor implantation, mice were treated with SYC-435 and/or standard therapy (TMZ/XRT) as indicated in A (Survival group). An-
imal survival was monitored. n = 10 per group. *P< 0.0005 compared to Untreated, /P< 0.05 compared to TMZ/XRT. (B) After early signs of sickness were observed
in IC-VO914A0A, mice were treated with SYC-435 and/or standard therapy as indicated in B (Biology group). Plasma and tumor were obtained at 1 h after the last

treatment and SYC-435 (C), 2-HG and a-KG concentration (D) in IC-V0914A0A were measured by LC-MS/MS. *

methylation in IC-V0O914A0A was detected by western hybridization.

methyltransferase 1 (SETDB1) and activating ITGB8, CD34 (angiogen-
esis marker), MYOIF, ICAM2, and BLCAP (an apoptosis inducing factor).
Ingenuity analysis also identified 8 pathways that were commonly
modulated by all treatments in the biology cohort (Fig. 4C and
Table S$2). Two of these pathways, the sirtuin signaling pathway and the
protein ubiquitination pathway, were also shared in the survival cohort
in which the total number of the affected signaling pathway was much
smaller (Fig. 4C and Table S3).

, P< 0.005 compared to IDH1-WT. (E) Histone

Molecular mechanisms of recurrence and potential novel therapeutic
targets

To investigate the molecular causes of recurrence, RNA-seq was
performed in the recurrent/remnant tumors (survival cohort). In the
tumors of the survival cohort, SYC-435 up-regulated 374 (> 2 fold) and
down-regulated 735 genes, while TMZ/XRT up-regulated 51 and down-
regulated 16 genes, and SYC-435/TMZ/XRT activated 47 and sup-
pressed 37 genes compared with untreated tumor (Fig. 4A, right panel).
Hierarchical clustering analysis of the top 30 up-/down-regulated genes
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Fig. 4. Identification of molecules regulated by SYC-435 and standard therapy. IC-V0914A0A mice were treated with SYC-435 (15 mg/kg/day) and/or standard therapy
for treatment schedules of biology (5 days) and survival cohorts. RNA extraction/RNA-seq analysis was performed. (A) Summary of up- and down-regulated genes as
related to the three different treatment strategies compared to untreated control. (B) Heatmaps show top 30 up (red)- and down (blue)-regulated molecules induced
by the treatments compared to untreated control. (C) Summary of the affected signaling pathways with p-value < 0.01 (equal to -log10(p-value)>2) compared to

untreated control. Shared pathways were highlighted.

revealed significant differences between the recurrent tumors (in all
three treatment groups) and the untreated tumor (Fig. 4B, right panel).
The activated (e.g., BCL9, CTC1, MYOIF) and down-regulated genes (e.
g, CDC42, HOOK2, PEG10, RAB1a) were largely different from those in
the biological cohort. MYOIF was the only gene that was activated by all
the treatments in the biology cohorts and remained elevated in the
survival cohorts (Fig. 4B). These data showed that SYC-435 and/or the
standard therapy significantly altered the overall gene expression profile
of the IC-V0O914A0A tumors, which in turn confirmed the dramatic
genetic differences between primary and recurrent tumors.

To identify pathways that promoted recurrence in the survival

cohorts after the treatments were discontinued, significantly altered
pathways in survival cohort compared to biology cohort were detected
(Fig. 5 and Table S4). The differentially expressed genes (|fold
change|>=2) were analyzed by Ingenuity Pathway Analysis (IPA). The
canonical pathways with most over represented genes are obtained by
pathway enrichment analysis with -logl0 (P-Value)>1.32 (Fisher’s
exact test). Many of the affected signaling pathways (n = 110) in SYC-
435 group were altered when the treatment was discontinued indi-
cating short-term effects or reversible activities of SYC-435. Changes
induced by the TMZ/XRT and SYC-435/TMZ/XRT groups were more
sustainable as only 13 pathways found in the acute treatment phase



M. Kogiso et al.

+  mTOR Signaling

+ Protein Ubiquitination Pathway

» Breast Cancer Regulation by Stathmin1 °

* Dopamine-DARPP32 Feedback .
in cAMP Signaling

+ NRF2-mediated Oxidative
Stress Response

» Cardiac B-adrenergic Signaling

+ ATM Signaling

+ CREB Signaling in Neurons

» Sumoylation Pathway

* Molecular Mechanisms of Cancer

(see table S4 for top11 to 95)

» Oxidative Phosphorylation
» Mitochondrial Dysfunction

* nNOS Signaling in Neurons
+ Glutamate Receptor Signaling
* Huntington's Disease Signaling

+ ERKS5 Signaling .
» Colorectal Cancer Metastasis Signaling .

Translational Oncology 18 (2022) 101368

*  RAR Activation

« Aldosterone Signaling in Epithelial Cells
Unfolded protein response

Regulation of elF4 and p70S6K Signaling

* Semaphorin Signaling in Neurons
» Acetate Conversion to Acetyl-CoA
* Adipogenesis pathway

* Asparagine Degradation |

* Adenine and Adenosine Salvage |

+ Sirtuin Signaling Pathway
* Protein Kinase A Signaling
» EIF2 Signaling

* a-Adrenergic Signaling

BER pathway
TCA Cycle Il (Eukaryotic)

Fig. 5. Private and shared signaling pathways among the treatments that were contributed to tumor resistance/recurrence. IC-V0914AOA mice were treated with SYC-435
(15 mg/kg/day) and/or standard therapy for treatment schedules of biology (5 days) and survival cohorts. RNA extraction/RNA-seq analysis was performed.
Pathways with p-value < 0.01 (equal to -log10(p-value)>2) in biology cohort vs survival cohort in each treatment was analyzed. Private and shared signaling

pathways were identified.

were altered in the recurrent tumors (Fig. 5 and Table S4) indicating
that the standard therapy may have played a dominant role in sustaining
the combination treatment induced genetic changes. These pathways
altered by the combination therapy may have contributed to tumor
recurrence. Among them, the base excision repair (BER) and TCA cycle
IT pathways occurred exclusively in SYC-435/TMZ/XRT group, while 4
pathways (sirtuin signaling, protein kinase A, eukaryotic initiation fac-
tor 2 (EIF2) and a-adrenergic signaling) were shared by all three treat-
ments (Fig. 5 and Table S4). These data provided important clues to
inform future molecular targets for the development of therapies for
tumor recurrence. For example, the expression of G protein subunit
gamma 3 (GNG3), one of hub genes recently found in GBM [31], was
significantly increased following SYC-435/TMZ/XRT compared to un-
treated IC-VO914A0A at the end of treatment (biology cohort) and it
sustained in recurrent tumors (survival cohort). GNG3 was
down-regulated (log2(fold change) = —0.72) in untreated
IC-V0914AO0A compared to normal tissue (Tables S5-8).

Impact of the combined therapy on cancer stem cells and cellular apoptosis

Since we have observed the down-regulation of nestin, a gene
frequently associated with cancer stem cells (CSC)s [32], we examined
the contribution of CSCs to the effect of therapies. IC-V0914A0A and
IC-BT142A0A showed low levels of CD133/CD15 expression and
neither SYC-435 nor TMZ/XRT treatment changed CD133/CD15
expression in biology/survival groups (Fig. S$3). We also examined
whether survival benefits were mediated by apoptosis. IHC staining
showed SYC-435 and TMZ/XRT treatment in IC-V0914A0A did not in-
crease the levels of the cleaved caspase-3 and cleaved PARP (+++ in
<25% cells or ++ in <25% cells in any treatment groups at any time
points) (Table S1). Taken together, these data suggested the survival
benefits were independent of CSC expression and apoptosis.

Discussion

In this study, we established a novel AOA orthotopic PDX mouse
model, IC-V0O914A0A, the first glioma xenograft model with IDH1-
R132C mutation. This model possessed high and stable tumor take
rate. Histopathological and molecular feature and mutation status were

consistent with a human high-grade glioma, representing a suitable
model for pre-clinical drug testing targeting the IDH1-R132C mutation.
The mutant protein IDH1-R132C also produced 2-HG similar to IDH1-
R132H [7]. Therefore, this model not only represents patients with
R132C mutation (3.7-4.3% of glioma) [6,71, but also contributes to the
cohort of xenografts with IDH1 mutation. TP53 mutation frequently
co-occurred with IDH1 mutation [33,34], and our IC-VO914A0A har-
bors a TP53 mutation as well as IDHI.

Effective delivery of therapeutic agents across the BBB has long been
a challenge for brain tumor treatment. Compared with other existing
IDH1 inhibitors, our newly developed SYC-435 has the smallest MW.
Although SYC-435's ICs inhibition of 2-HG (2.4 £+ 0.5 pM) in human
fibrosarcoma HT1080 cells (R132C) [29] was higher than AG-120
(0.039 pM), AGI-5198 (0.724 pM) [14], and MRK-A (0.1 pM) [12],
SYC-435 at 0.5 uM suppressed cell proliferation >50% in BT142A0A
and V0914A0A, which was better than the 30% cell growth inhibition
by 50 uM of AGI-5198 in IDH1-R132H mutant cells [35] and no changes
in cell viability were observed by 1 pM of MRK-A [12]. Using our
orthotopic PDX models, we confirmed that SYC-435 was able to effec-
tively penetrate the orthotopic PDX tumors and such drug delivery was
not adversely affected by the standard therapy.

More importantly, SYC-435 significantly prolonged animal survival
times when combined with standard therapy. Although SYC-435 pene-
trated the BBB, SYC-435 alone did not improve survival, which was
similar to other investigational mutant IDH1 inhibitors acting alone
[11]. While it is frequently accepted that combination therapy leads to
better therapeutic outcomes in most tumors, it is often challenging to
select proper combinatory treatment. Since patients with high grade
gliomas harboring IDH1 mutation often have better overall survival than
those with IDH1-WT tumor when treated with radiation alone or in
combination with TMZ [36] and GBM cells overexpressing IDH1-R132H
and IDH2-R172K mutant proteins displayed higher radiation sensitivity
in vitro [37], we decided to combine SYC-435 with the standard therapy
of XRT and TMZ. Remarkably, such combination significantly prolonged
animal survival time compared to standard therapy alone in
IC-V0914A0A. Our data demonstrated of synergistic activities of this
combination supports the translation of SYC-435 into clinical trials.

To address the underlying mechanism of action of SYC-435, we
measured 2-HG and a-KG levels and histone H3 lysine methylations.
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Although IDH1-R132C mutation in IC-VO914A0OA dramatically
increased 2-HG level, SYC-435 treatment with/without standard ther-
apy did not significantly suppress 2-HG. This finding combined with our
in vitro observation and comparison with other IDH1 inhibitors (as
mentioned above) supports that 2-HG levels should not be used to
evaluate the anti-tumor activities of mutant IDH1 inhibitors. In contrary,
SYC-435 treatment with/without standard therapy dramatically
reduced methylation of H3K4 and H3K9. Hypermethylation of H3K4
and H3K9 results in tumorigenesis, de-differentiation and drug resis-
tance [38]. Thus, the down-regulated H3K4 and H3K9 methylation
might have contributed significantly to the anti-tumor effects of
SYC-435. In addition, our analysis of the putative CSCs did not identify
major changes of CD133"/CD15"cell fraction suggesting the SYC-435
and standard therapy combination was effective in killing both cancer
stem and non-stem tumor cells.

Our RNA-seq data also shed light to the mechanism of xenograft
survival prolongation. Interestingly, compared to SYC-435 alone, stan-
dard therapy affected less genes/pathways, combination therapy (SYC-
435/TMZ/XRT) affected the least genes/pathways in biology cohort and
survival outcome was the best. Acute treatment of SYC-435-induced
changes were short-term effects or reversible. The standard therapy
may have played a dominant role in sustaining the combination treat-
ment induced genetic changes. The dramatic genetic differences be-
tween primary and recurrent tumors were confirmed. We identified that
MYOIF was the only gene that was activated by all the treatments
immediately at the end of treatments (biology cohorts) and remained
elevated until tumor relapse (survival cohorts). Interestingly, mutant
MYOIF was recently shown to alter the mitochondrial network and in-
duces tumor proliferation in thyroid cancer [39]. B-cell lymphoma 9
(BCL9) and conserved telomere maintenance component 1 (CTCI) were
activated by all the treatments in recurrent tumor. It was reported that
loss of BCL9 blocks colonic tumourigenesis [40]. CTC1 increases the
radioresistance of human melanoma cells by inhibiting telomere short-
ening and apoptosis [41]. These indicate tumor-activating molecules
were up-regulated in recurrent tumors. Signaling pathways contributed
to tumor resistance/recurrence in combination therapy were in the wide
range. BER pathway which was reported that blocking BER enhanced
response to TMZ [42]; protein kinase A were ten-times more abundant in
GBM than normal brain, protein kinase A was involved in differentiation
and apoptosis in glioma cells [43,44]; TCA cycle II and sirtuin signaling
pathway (mitochondria and mtDNA); EIF2 signaling (angiogenesis);
indicating there are wide range of targets to completely suppress
recurrence. Among identified genes and pathways by RNA-seq in this
study, regulation of nestin has been also reported after the treatment of
other mutant IDH1 inhibitors. AGI-5198 treatment markedly reduced
the fraction of nestin-positive TS603 cells in vitro [11]. In contrast,
MRK-A treatment increased nestin expression in BT142 cells in vitro.
MRK-A treatment in vivo did not change nestin levels [12]. In our study,
SYC-435 down-regulated nestin expression in biology cohort in
IC-V0914AO0A. Mutant IDH1 inhibitors works differently for nestin in
different IDH1-mutated cells indicating nestin is not crucial target of
mutant IDH1 inhibitors. To date, a high frequency of mtDNA mutations
and copy numbers in GBM patients [45,46] and increased tumor mtDNA
content in IDH1-mutant low grade gliomas [47] as well as reduction of
mtDNA transcription in GBM [48] have been reported. In the current
study, we found 22 of the 30 (73%) top up-regulated genes by SYC-435
were mitochondrial genes compared to untreated tumor. Combination
therapy down-regulated mtDNA-encoded molecules at the end of
treatment and recurrent tumor, which seemed to agree with a previous
study in which depleting mtDNA in GBM cells decreased their tumor
forming capacity in vivo [49]. Notably, there were changes in
mtDNA-encoded molecules and H3K4/H3K9 methylation (e.g,
K3K4me2, K3K4me3, H3K9me2 and H3K9me3) which played key roles
in mediating SYC-435-induced anti-tumor activities. Our RNA-seq
analysis showed that GNG3 expression was up-regulated in combina-
tion therapy compared to the untreated control both at the end of
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treatment and recurrent samples. As seen in our experiments,
down-regulation of GNG3 in GBM has also been reported [31]. This is
the only molecule consistently up-regulated both at the end of treatment
and at recurrence, although the full contribution of GNG3 in GBM re-
mains to be elucidated.

In conclusion, we have newly established and characterized an
orthotopic PDX mouse model of IC-V0914A0A bearing IDH1-R132C
mutation. Inhibition of mutant IDH1 by SYC-435 decreased growth of
both IDH1 mutant and WT glioma in vitro but not in vivo. SYC-435
treatment synergistically prolonged animal survival in combination
with standard therapy. Therapeutic agents targeting the regulation of
H3K4/H3K9 methylation, MYOIF, CTC1, BCL9 and mtDNA-encoded
molecules should be prioritized as targets for further mechanism char-
acterization. Our data support the rationale for SYC-435 in clinical trial
testing for patients with IDH1 mutant glioma treated with standard
therapy.
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