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Abstract

Purpose: Gastrointestinal stromal tumor (GIST) is the most common sarcoma of the
gastrointestinal tract with mutant succinate dehydrogenase (SDH) subunits (A-D) comprising less
than 7.5% (i.e. 150-200/year) of new cases annually in the United States. Contrary to GISTs
harboring K/7or PDGFRA mutations, SDH-mutant GISTs affect adolescents/young adults, often
metastasize, and are frequently resistant to tyrosine kinase inhibitors (TKIs). Lack of human
models for any SDH-mutant tumors, including GIST, has limited molecular characterization and
drug discovery.

Experimental design: We describe methods for establishing novel patient-derived SDH-mutant
(mSDH) GIST models and interrogated the efficacy of temozolomide on these tumor models /n
vitroand in clinical trials of mSDH GIST patients.

Results: Molecular and metabolic characterization of our patient-derived mSDH GIST models
revealed that these models recapitulate the transcriptional and metabolic hallmarks of parent
tumors and SDH-deficiency. We further demonstrate that temozolomide elicits DNA damage and
apoptosis in our mSDH GIST models. Translating our /n vitro discovery to the clinic, a cohort

of SDH-mutant GIST patients treated with temozolomide (n=5) demonstrated a 40% objective
response rate and 100% disease control rate suggesting that temozolomide represents a promising
therapy for this subset of GIST.

Conclusion: We report the first methods to establish patient-derived mSDH tumor models,
which can be readily employed for understanding patient-specific tumor biology and treatment
strategies. We also demonstrate that temozolomide is effective in mSDH GIST patients who
are refractory to existing chemotherapeutic drugs (namely TKIs) in clinic for GISTs, bringing a
promising treatment option for these patients to clinic.

INTRODUCTION

Gastrointestinal stromal tumor (GIST) is the most common sarcoma of the gastrointestinal
tract. Although they are most frequently present in the stomach, they can arise anywhere in
the Gl tract (1). The majority of GISTs harbor oncogenic driver mutations in two receptor
tyrosine kinases, namely K/7 and platelet-derived growth factor receptor alpha (PDGFRA).
These K/T or PDGFRA mutant tumors are highly sensitive to tyrosine kinase inhibitors
(TKIs) such as imatinib and avapritinib, respectively, which are the mainstay of therapy

for most GIST patients (2). However, a distinct subset of GISTs (5%—7.5%) arise in the
setting of Carney-Stratakis syndrome (CSS; also called Hereditary GIST-Paraganglioma
Syndrome), which results from inherited loss of function mutations in the genes encoding
the succinate dehydrogenase (SDH) enzyme complex. These SDH-mutant GISTs, which are
particularly common in children, adolescents, and young adults, are highly metastatic and
have low TKI response rates (generally less than 15%) (1).
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The SDH enzyme complex consists of four subunits—SDHA, SDHB, SDHC, and SDHD—
and plays central roles in cellular respiration and energy production. It is the only enzyme
complex that participates in both the tricarboxylic acid (TCA) cycle and mitochondrial
electron transport. GISTs and paragangliomas (PGLSs) with inactivating mutations in the
SDHA, SDHB, SDHC, or SDHD genes lack a functional SDH complex (i.e., they are SDH-
deficient), resulting in elevated levels of an oncometabolite — succinate (3,4). Intracellular
accumulation of succinate causes metabolic and epigenetic rewiring with global DNA
hypermethylation and gives SDH-deficient GIST a strikingly divergent biology from other
GIST subtypes (5).

Modeling TKI-resistant SDH-deficient GIST is needed to find effective therapies for this
patient population. Existing GIST models are primarily for K/7-mutant GISTs, while SDH-
deficient GISTs have been difficult to model (6-9). Models for SDH-deficient tumors are
limited and the downstream effects of SDH-loss and succinate accumulation is primarily
studied by knock-down or genetic depletion of SDH subunits in already established cell
lines, murine or hamster cells (10-18). These models have accelerated our understanding
of major pathways being affected; however, they often do not recapitulate the complete
panel of patient-specific mutations and epigenetic alterations, pathway interactions and
gene expression profiles. Patient-derived xenografts (PDXs) have been utilized for SDH-
deficient GISTs, but the length of time required for establishing this model limits its use
for preclinical and high-throughput drug testing (19,20). Attempts to generate long term
cultures from these PDXs have had limited success (19), underscoring the requirement of
better patient-derived models for functional and mechanistic studies.

In this study, we describe the generation and characterization of patient-derived SDH-mutant
GIST cellular models that harbor mutations in SDHA, SDHB, or SDHC. These models
possess hallmarks of SDH complex loss (i.e., lack of SDHB protein expression, induction

of hypoxia-regulated genes, and accumulation of succinate). We further validate our model
for preclinical testing of drugs. We demonstrate that our established models are sensitive to
temozolomide (TMZ), an alkylating drug that showed promising results on SDH-deficient
PGL patients. Finally, we assessed the treatment efficacy of TMZ in a cohort of TKI-
resistant SDH-deficient GIST patients and found a high rate of treatment response and
improved disease control. Collectively, our results suggest the potential use of our models in
basic and translational research of SDH-deficient GISTs.

MATERIALS AND METHODS

Human GIST Samples

After obtaining informed written consent from each subject or each subject’s guardian,
tumor and blood samples were collected from GIST patients at the University of California,
San Diego (UCSD). All procedures and patient studies were approved by the UCSD Human
Research Protections Program (IRB #181755, 141555, 181798) and Clinicaltrials.gov
NCT02478931. This study was conducted in accordance with the Declaration of Helsinki,
Belmont Report, and U.S. Common Rule.
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Tumor Dissociation and Primary Cell Culture

GIST primary tumor cells were isolated from freshly resected human GISTs from patients
who underwent surgery at UC San Diego Moores Cancer Center. Tumor fragments were
cut into small (2—-4 mm) pieces, transferred to a tube containing RPMI 1640 (Corning,
10-040-CM) and a proprietary enzyme mixture from the MACS human tumor dissociation
kit (Miltenyi Biotec, 130-095-929). It was dissociated using the gentleMACS Dissociator
(Miltenyi Biotec) following the manufacturer’s instructions. Undigested tissue was removed
by passing through a MACS SmartStrainer 70-um filter and dissociated tumor cells were
washed with RPMI 1640 and collected by centrifugation. Cell viability was assessed

using 0.4% Trypan Blue and cell were counted using a TC20 Automated Cell Counter
(Bio-Rad Laboratories). Dissociated tumor cells were plated on a T75 flask coated with

an extracellular matrix derived from the human bladder carcinoma cell line HTB-9 (21).
Cells were maintained in RPMI growth media containing 5% fetal bovine serum (or FBS;
Gibco, ThermoFisher Scientific, 16000044), 1 mM sodium pyruvate (Lonza, 13-115E),

1% MEM-NEAA (Gibco, 11140050), insulin (5 ng/mL; Sigma-Aldrich, 12643), EGF (10
ng/mL; Sigma-Aldrich, E9644) hydrocortisone (200 ng/mL; Sigma-Aldrich, H0888), SCF
(50 ng/mL; Peprotech, 300-07), IGF-1 (10 ng/mL; Peprotech, 100-11), 1X B-27 Serum-Free
Supplement (ThermoFisher Scientific, 17504044), 1X Antibiotic-Antimycotic (Corning,
30-004-Cl) and maintained at 37° C with 5% CO,. Mycgplasma contamination testing was
regularly performed by PCR reaction on cellular supernatants.

HTB-9 matrix coated plates were prepared by growing HTB9 monolayer to confluency
and lysing a confluent HTB-9 monolayer with 20 mM ammonium hydroxide for 10-15
minutes at room temperature. The lysate was then aspirated off and the flask was rinsed
3 times with sterile PBS. HTB-9 matrix coated plates were stored in PBS containing 2x
antibiotic-antimycotic at 4°C until used.

Authentication of Cell Cultures

Cell Lines

The human cell line authentication service of ATCC (Manassas, VA) was used to confirm
the unique identity of our patient-derived mSDH GIST cell models from established cell
lines. Short tandem repeat (STR) DNA profiling was performed to examine 9 highly
polymorphic genetic markers (Supplementary Table S1) with genomic DNA from our
mMSDH GIST cell models. Comparative analysis was employed to compare the mSDH GIST
models with all cell lines in the ATCC's STR Profile database and demonstrated no matching
lines.

The GIST882 (K/TX642E) line (RRID:CVCL_7044) was provided by Dr. S. Singer,
Memorial Sloan-Kettering Cancer Center, New York and cultured in RPMI 1640
supplemented with 20% fetal bovine serum (Sigma, F0926) and 1x antibiotic-antimycotic at
37° C with 5% CO,.

HTB-9 cells were maintained in RPMI 1640 supplemented with 10% fetal bovine serum
(Gibco, ThermoFisher Scientific, 16000044) maintained at 37° C with 5% CO,.
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GIST-T1 line [KIT exon 11 (V560-Y579A5: imatinib-sensitive] was provided by Dr. T.
Taguchi, Kochi Medical School, Japan and cultured in DMEM supplemented with 10% FBS
(Sigma, F0926) and 1x antibiotic-antimycotic at 37° C with 5% CO,.

Non-adherent Spheroid Culture

For the spheroid culture, mSDH GIST models were seeded at a density of 5 x 10° cells/

well in 6% Poly(2-hydroxyethyl methacrylate) (Poly-HEMA, Sigma-Aldrich, P3932). Poly-
HEMA-coated 6-well plates in growth medium and allowed to grow as spheres for 3 -7 days
at 37°C with fresh media added every three days. Sphere formation was monitored using an
EVOS cell imaging system (ThermoFisher Scientific).

Soft Agar Colony Formation and Methylcellulose Assay

Soft agar colony formation was performed by resuspending 2000-16,000 cells/well of
mSDH models in 0.4% agarose (SeaPlaque agarose; Lonza, Rockland ME) in complete
growth medium and seeded in 24-well plates pre-coated with 0.8% agarose (in complete
growth medium) in triplicate. The cells were incubated at 37° C with 5% CO, for 2-5 weeks
prior to staining with crystal violet. Five fields per well were imaged and colonies were
counted. Each experiment consists of at least two biological replicates.

For methylcellulose assays, 3% methylcellulose stock solution (R & D Systems,
Minneapolis, MN) was thawed at 4°C, adjusted to room temperature, and diluted to a

final working concentration of 1% in complete growth medium. Cells were harvested and
resuspended at a density of 50,000 cells/well in methylcellulose. The cell suspension was
mixed well and added to a Poly-HEMA-coated 6-well plate in triplicate. The plates were
incubated for 2—-3 weeks in a 37 °C incubator with 5% CO,. Colonies were visualized using
an inverted Olympus microscope and quantified by counting 5 fields (20x) in each well.

Western Blotting

Whole cell lysates were prepared from cells grown on Col I-coated 6-well plates with

RIPA lysis buffer (100 mM Tris pH 7.5, 150 mM sodium chloride, 0.1% deoxycholate,
0.1% SDS) in the presence of protease inhibitors and scraped. The lysates were cleared

by centrifugation at 14,000 rpm for 20 min and total proteins were measured using

the BCA protein assay (ThermoFisher Scientific). 40 pg protein was boiled in reducing
NUPAGE™ LDS Sample Buffer (ThermoFisher Scientific) or Laemmli sample buffer
(Bio-Rad) and resolved on a NUPAGE 4%-12% Bis Tris gel (Invitrogen, ThermoFisher
Scientific). Proteins were transferred to a PVDF membrane, blocked, and incubated

with a mouse monoclonal antibody (mAb) to SDHA (Santa Cruz Biotechnology Cat#
sc-166909, RRID:AB_10611174), a mouse mAb to SDHB (Santa Cruz Biotechnology
Cat# sc-271548, RRID:AB_10659104), a mouse mAb to HIF1A (ThermoFisher Scientific
Cat# MAL1-516, RRID:AB_325431), or with a rabbit polyclonal antibody against HIF2A
(Proteintech Cat# 26422-1-AP, RRID:AB_2880510) at 4 °C overnight. An SDHA-specific
band, an SDHB-specific band and a HIF1A-specific band were revealed using a peroxidase-
conjugated goat anti-mouse 1gG (H+L) (Jackson ImmunoResearch Laboratories, 1:10,000);
a HIF2A-specific band was detected using a peroxidase-conjugated goat anti-rabbit 1gG
(H+L) (Invitrogen; Rockford, IL) and the Pierce ECL Western blotting detection system
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(ThermoFisher Scientific Cat# 32109). Alternatively, cells were plated on Col I-coated
6-well plates and treated with Vehicle (DMSQ) or TMZ (500 uM) for 72 h, lysed, and 10 ug
protein was boiled in reducing Laemmli sample buffer and resolved on NUPAGE 4%-12%
Bis Tris gels. Proteins were transferred and the membranes blocked, as described above,
then probed with rabbit monoclonal antibodies against DR5 (Cell Signaling Technology
Cat# 8074, 1:1000, RRID:AB_10950817), p21 Waf1/Cipl (Cell Signaling Technology Cat#
2947, 1:1000, RRID:AB_823586), cleaved caspase 3 (Cell Signaling Technology Cat#
9661, 1: 500), MGMT (Cell Signaling Technology Cat# 2739, 1:500, RRID:AB_2297658),
v-H2AX (Cell Signaling Technology Cat# 2577, 1:1000) and a-tubulin (Cell Signaling
Technology Cat# 3873, 1:5000) at 4°C overnight, followed by detection using appropriate
peroxidase-conjugated secondary antibodies and ECL as described above.

Immunofluorescence and Confocal Microscopy

mSDH GIST cells that had been expanded on a matrix-coated plate as described above were
plated on Col I-coated chamber slides overnight and fixed with 4% paraformaldehyde/PBS
for 20 min. Fixed cells were permeabilized for 5 min with 0.3% Triton X-100 in PBS,

then blocked with PBS/5% normal donkey serum for 1 h, and stained with a polyclonal
rabbit anti-human c-KIT antibody (Dako Cat# A4502, 1:600) and a mouse monoclonal
antibody against DOG-1 (Santa Cruz Biotechnology Cat# sc-377115, 1:100) diluted in
blocking buffer overnight at 4°C. Slides were then incubated with Alexa Fluor-conjugated
secondary antibodies (AF594 or AF488) specific for mouse and rabbit (ThermoFisher
Scientific) and1 pg/mL DAPI (4”,6-diamidino-2-phenylindole) for 1 h at room temperature
in the dark, washed, and mounted in ProLong Gold antifade mounting medium (Invitrogen,
ThermoFisher Scientific). Immunofluorescence staining was imaged on a Nikon Eclipse C1
confocal microscope with a 1.4 NA 60x oil-immersion lens. Alternatively, tumor cells were
allowed to grow for 7 days as tumorspheres on 6% poly-HEMA-coated 6-well plates, then
pelleted, embedded in OCT, and sectioned. Sections were fixed and stained as described
above. Patient tumors were embedded in OCT, sectioned, and processed as described for
tumorspheres above. To measure SDHB expression, mSDH GIST cells were cultured on Col
I-coated chamber slides, fixed, permeabilized and blocked as described above, and stained
with a mouse monoclonal antibody to SDHB (Santa Cruz Biotechnology Cat# sc-271548,
1:200, RRID:AB_10659104) at 4°C overnight, washed, and stained with a donkey anti-
mouse IgG (H+L)Alexa Fluor 488 antibody (ThermoFisher Scientific, 1:1000) and 1 pg/mL
DAPI in 5% NDS in PBS for 1 h at room temperature in the dark, washed, and mounted

in ProLong Gold antifade mounting medium. Images were taken with a Keyence BZ-X710
fluorescence microscope (Keyence Corporation, Itasca, IL).

To measure the levels of DNA methylation, tumorspheres were stained with a rabbit
monoclonal antibody against 5-methylcytosine (Cell Signaling Technology Cat # 28692,
1:1600, RRID:AB_2798962) or with a mouse mAb against 5-hydroxymethylcytosine (Cell
Signaling Technology Cat # 51660, 1:200, RRID:AB_2799398) followed by staining with
their respective Alexa Fluor 488 or Alexa Fluor 594-conjugated secondary antibodies
according to supplier instructions.
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To measure DNA damage, cells were plated on Col I-coated chamber slides and treated with
either vehicle (DMSO) or TMZ for 72 h washed with PBS, fixed with 2% paraformaldehyde
(w/v) in PBS for 15 min, washed, and permeabilized in 0.5% Triton X-100 in PBS for

10 min. Following three washes with PBS, cells were stained with a primary antibody
against y-H2AX (Cell Signaling Technology Cat# 2577, 1:500, RRID:AB_2118010) at 4°C
overnight. Cells were washed and stained with a donkey anti-rabbit 1gG (H+L) Alexa Fluor
594 antibody (ThermoFisher Scientific, 1:1000) and 1 pg/mL DAPI in 5% NDS in PBS for
1 h at room temperature in the dark. Mounting was performed as described above. Images
were taken with a Keyence BZ-X710 fluorescence microscope.

RNA Isolation for RNA Sequencing

Total RNA was isolated from homogenized, snap-frozen human GISTs and from the
corresponding cell cultures using the RNeasy Kit from Qiagen (Germantown, MD)
according to manufacturer’s instructions. DNase-treatment was performed using the RNase-
Free DNase Set from Qiagen to remove contaminating DNA. RNA concentrations were
determined using the NanoDrop 2000c (ThermoFisher Scientific) and RNA quality was
assessed using an Agilent Tapestation; samples determined to have an RNA Integrity
Number (RIN) of =7 were used. Libraries were generated at the UC San Diego Institute

for Genomic Medicine (IGM) Genomics Center from 1 pg of total RNA using lllumina’s
TruSeq Stranded mRNA Sample Prep Kit. Libraries were pooled and sequenced with 100
basepair (bp) paired end reads (PE100) to a depth of approximately 25 million reads per
sample on an Illumina HiSeq2500 Instrument. Genome alignment was performed by STAR
aligner with the human genome (hg38).

Quantitative RT-PCR

Total RNA was isolated from adherent monolayers of GIST882, SD-437A, SD-424B,
SD-435C GIST cells using the RNeasy Kit (Qiagen), followed by DNase treatment. RNA
concentration was determined using the NanoDrop 2000c as described above. cDNA

was synthesized by reverse transcription using the iScript cONA Synthesis Kit (Bio-Rad
Laboratories) in a 40 ul reaction using 2 ug of total RNA. Real-time PCR was carried out

on the CFX96 Real-Time Thermal Cycler (Bio-Rad) using the iTaq Universal SYBR Green
Supermix (Bio-Rad). Expression relative to a reference housekeeping gene and fold-change
was calculated relative to SDH-WT GIST cells using the 2~ AACt method (22). Primer
sequences are listed in Supplementary Table S2. Primer sequences were obtained from either
a published study (23), or the Harvard PrimerBank publicly available database (24), or when
not available, designed using Invitrogen primer design and primer3 tools (25).

Genomic Analysis of Patient Tumors and Cell Cultures

DNA extracted from formalin-fixed paraffin embedded (FFPE) sections of patient tumors
was used to make hybridization-captured, adaptor ligation-based libraries. As part of
routine clinical care, all tumors were sequenced by Foundation Medicine, Inc. using The
FoundationOne™ assay, a next-generation sequencing (NGS)-based genomic assay that
utilizes the Illumina HiSeq 2500 instrument (Illumina Inc., San Diego, CA) to sequence
coding regions of more than 400 cancer related genes (including SDHXx). Total DNA was
extracted from mSDH GIST cell cultures using the Wizard DNA isolation Kit as described
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above. Next generation sequencing of these cell cultures was performed at the Oregon
Health Sciences University (OHSU) Knight Diagnostics Laboratory (Portland, OR) for
SD-437A, SD-424B, and SD-435C.

Measurement of Cell Viability

Cells were harvested from an extracellular matrix-coated plate (either HTB9 or Col I)
with TrypLE Express (Gibco, 12605028) and mSDH models were seeded at 600-1000 cells/
well in Col IV-coated Corning 96-well black polystyrene TC-treated microplates (Sigma-
Aldrich, CLS3904,), allowed to attach overnight, and then treated with 10-11 doses of
the indicated compounds for 3-7 days. Drugs used include Temozolomide (Selleckchem,
S1237), 2-deoxy-D-glucose (Selleckchem, 25972), 6-aminonicotinamide (ThermoFisher
Scientific, AAL0669203), imatinib (Chemietek, Indianapolis, IN) and sunitinib malate
(ThermoFisher Scientific, 341031-54-7 RS046). DMSO was used as a vehicle at the
appropriate concentration. Cell viability was determined using the CellTiter-Glo Cell
Viability Assay kit (Promega Corporation, G7572) according to manufacturer protocols.
Data were expressed as percentages of the survival of vehicle-treated control cells.

For Methyl-tetrazolium (MTT) assay, GIST-T1 and GIST882 cells were seeded in
96-well plate and treated with imatinib or sunitinib for 72 h. MTT reagent, 3-(4, 5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (Sigma) was added and cells were
incubated with the reagent for 4 h at 37 °C. DMSO was added to dissolve the formazan
crystals. The absorbance was read at 570 nm and percentage viability compared to the
DMSO control wells was determined.

Comet Tail Assay for DNA Damage

TMZ-induced DNA double strand breaks were measured using neutral comet tail assay.
Briefly, 2.5 x 10° cells were plated in Col I-coated T25 flasks overnight, then treated for

72 h with either vehicle or 500 uM TMZ. Cells were then harvested and assayed using

the Trevigen CometAssay kit (Trevigen, Gaithersburg, MD) following the manufacturer’s
instructions. Comet tail length in pixels was measured using CometScore freeware (TriTek
Corp., Sumerduck, VA) as previously described (26). About 100-150 cells were analyzed in
each sample group.

Tracing/Metabolomics Experiments

KIT-mutant and mSDH GIST patient plasma samples were obtained from the UC San
Diego Moores Cancer Center Biorepository and Tissue Technology Shared Resource.
Plasma metabolites were extracted from K/7-mutant and SDAH-mutant GIST patient plasma
samples and quantified as follows. For metabolite extraction, 10 pL of each plasma sample
was utilized. First, 90 pL of a 9:1 methanol water mix was added to each sample and

the samples were vortexed for 1 min. After centrifugation at 16,000 x g for 10 min,

90 L of supernatant was collected, evaporated under vacuum at —-4°C, and analyzed

using gas chromatography/mass spectrometry (GC/MS). Metabolite levels of succinate
were quantified using external standard curves (three biological replicates). Metabolites
were extracted from subconfluent WT (G1ST882) and mSDH (SD-437A, SD-424B, and
SD-435C) GIST cells (200,000) cultured under attached conditions for 24 h in glutamine-
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free RPMI-1640 medium containing 2 mM [U-13Cs]-glutamine, 11 mM glucose, and 5%
FBS (Gibco). Metabolites were extracted using a modified Bligh and Dyer method using
methanol/chloroform/water as previously described (27).

Gas Chromatography/Mass Spectrometry (GC/MS) Sample Preparation and Analysis

GC/MS sample preparation and analysis were performed as previously described (Cordes).
Briefly, polar metabolites were derivatized using a Gerstel MultiPurpose Sampler (MPS
2XL). Methoxime-tBDMS derivatives were formed by addition of 15 pL 2% (w/v)
methoxylamine hydrochloride (MP Biomedicals, Solon, OH) in pyridine and incubated at
45°C for 60 min. Samples were then silylated by addition of 15 pL A+tert-butyldimethylsily-
N-methyltrifluoroacetamide (MTBSTFA) with 1% tert-butyldimethylchlorosilane (tBDMS)
(Regis Technologies, Morton Grove, IL) and incubated at 45°C for 30 min. Derivatized
samples were injected into a GC-MS using a DB-35MS column (30 m x 0.25 mm i.d. x 0.25
pum, Agilent J&W Scientific, Santa Clara, CA) installed in an Agilent 7890B GC system
integrated with an Agilent 5977a MS. Samples were injected at a GC oven temperature

of 100°C which was held for 1 min before ramping to 255 °C at 3.5 °C/min, then to

320°C at 15°C/min, and held for 3 min. Electron impact ionization was performed with

the MS scanning over the range of 100-650 m/z. Metabolite levels and mass isotopomer
distributions of derivatized fragments were analyzed with an in-house Matlab script which
integrated the metabolite fragment ions and corrected for natural isotope abundances.

Respiration Experiments

Respiration measurements on adherent monolayers of GIST882, SD-437A, SD-424B,
SD-435C GIST cells were performed using a Seahorse XF96 Analyzer. Briefly, cells were
plated at 25,000 cells/well 48 h before measurement. Intact cells were assayed in DMEM
(Sigma, #5030) supplemented with 8 mM glucose, 2 mM glutamine, 2 mM pyruvate and

2 mM HEPES. Cells were permeabilized with 3 nm perfringolysin O (commercially XF
PMP) as previously described (28). State 3, succinate-driven respiration was measured in
permeabilized cells offered 4 mM ADP, 2 uM rotenone, and 5 mM succinate. NADH driven
respiration was measured in permeabilized cells offered 4 mM ADP, 5 mM pyruvate, and 0.5
mM malate. Maximal respiration was calculated as the difference between protonophore-
stimulated respiration (600 nM FCCP) and nonmitochondrial respiration (measured after
addition of 1 uM antimycin A). Data was normalized to protein content using the Pierce
BCA assay.

Patient Response

Tumor responses to treatment were assessed by RECIST version 1.1 and PERCIST (29,30).

Gene Expression Analysis

The gene expression level were obtained by processing the RNA-sequencing reads through
the BCBIO-nextGen pipeline (31), including alignment with STAR aligner (32) and
isoforms expression using Salmon (32) and gene level expression using the featureCount
script. The expression counts were then processed using DESeq (33) including variance
stabilization with rlog transformation.
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Gene Set Enrichment Analysis (GSEA)

The level of activity of each gene set investigated (Figure S2E) was calculated using single
sample GSEA implemented in the GSVA R package (method="ssgsea”). Enrichment scores
were then scaled to the 0-1 range.

Data Analysis and Statistics

RESULTS

Half maximal inhibitory (ICsg) concentration values of compound data were calculated
using Prism software (GraphPad Software, RRID:SCR_002798). All values are expressed
as the mean = SD (n = 3), unless otherwise noted. For the statistical analyses, results were
analyzed using Mann-Whitney t-test when indicated or One-way ANOVA followed by the
Student’s t-test, and Sidak's multiple comparison test to compare among more than two
groups. Differences were considered statistically significant if P<0.05.

Establishment of patient-derived mutant SDH GIST models

We obtained SDH-mutant tumor tissue from patients who underwent surgical resection
under an IRB-approved protocol following informed consent. Tumors representative of each
mutated SDH subunit were utilized for this study (described below). Single cells from
freshly resected tumors were obtained using a combination of mechanical and enzymatic
dissociation (Fig. 1A). We experimented with a variety of media compositions and culture
conditions. From our observation, these cells could only grow for limited passages on
regular culture dishes. Since extracellular matrices have been demonstrated to promote the
growth and expansion of tumor cells /n vitro (34), we examined whether mSDH GIST

cells could proliferate on an extracellular matrix. We determined that our mSDH models
[designated as SD-437A (SDHA splice site 1432_1432+1delGG), SD-424B (SDHB R90%*),
and SD-435C (SDHC R133*) where the A, B, or C refers to the mutated SDH gene]

could propagate in 2-dimensional (2D) cultures on a laminin-rich matrix derived from

the HTB9 bladder carcinoma cell line (21) (Fig. 1B). In our current media composition

and extracellular matrix, we are able to maintain these models for around 20 passages
under normoxia. Unique identity of these cells was confirmed by Short Tandem Repeat
(STR) cell line authentication (Supplementary Table S1). These cells further demonstrated
anchorage independence and were able to grow in non-adherent conditions as spheroids in
3-dimensional (3D) suspensions (after 7 days) (Fig. 1B), as well as form colonies in soft
agar (at 3-5 weeks) (Suplementary Fig. S1A and 1B) and in 1% methylcellulose (after 2
weeks) (Fig. S1C and S1D).

We next interrogated if these established mSDH GIST models recapitulate the metabolic,
transcriptomic and proteomic characteristics of parental tumors. GISTs are characterized
by the expression of two diagnostic markers, namely KIT and DOG-1 (7,35). Firstly, we
confirmed the expression of these markers in parental tumors and our mSDH GIST models.
An established K/7 mutant GIST cell line (GIST882), which is wild type (WT) for SDH,
was used as a positive control as the media conditions are similar to those of the mSDH
GIST models. Parental tumors and derived matched primary models grown in adherent

and non-adherent conditions expressed both KIT and DOG-1 (Fig. 1C). SDH-deficient
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GISTs, which include tumors harboring mutant or epigenetically silent SDH subunits have
undetectable levels of SDHB protein. This loss of SDHB protein expression in our models
was confirmed by immunaoblotting (Fig. 1D) and immunofluorescent staining (Fig. 1E). In
contrast, SDHA protein levels were unaltered except in the mSDHA cells as expected (Fig.
1D). Collectively, our models recapitulate the expression of characteristic markers of GIST
tumors and have SDHB loss characteristic of SDH-deficient GISTSs.

Mutant SDH GIST models mimic central carbon metabolic defects of SDH-deficient GISTs

The mitochondrial SDH complex in the Krebs cycle catalyzes the oxidation of succinate
to fumarate. To assess whether inactivation of SDH complex in SDH-deficient GIST
affects central carbon metabolism, we interrogated matched patient plasma samples from
patients whose tumors were used for establishing our cell models and performed a
targeted metabolomic analysis. Significantly elevated succinate plasma concentrations and
succinate/fumarate ratios were observed in SDH-deficient GIST patient plasma compared
to SDH-proficient GIST patient plasma (Supplementary Fig. S2A and S2B). We next
interrogated if our human mSDH GIST models mimic these metabolic alterations. Indeed,
our models had elevated succinate levels (Fig. 2A) and elevated succinate/fumarate ratios
(Fig. 2B) as compared to WT-SDH cells. As we confirmed the abrogation of a crucial

step in the TCA cycle and subsequent alterations in TCA cycle intermediates, we next
investigated mitochondrial activity of our models relative to WT-SDH GIST cells. All
mSDH GIST models have diminished basal and maximal uncoupled respiration relative

to WT-SDH cells in Seahorse assays (Fig. 2C-D). A reduction in both Complex | and
Complex Il-mediated oxygen consumption rates (OCR) in permeabilized cells was also
observed, indicative of mitochondrial dysfunction (Fig. 2E). In addition, these cells exhibit
a pseudohypoxic metabolic phenotype, with increased reductive carboxylation, as indicated
by elevated a-ketoglutarate/citrate levels (Fig. 2F) and increased M5 citrate labeling from
[U-13Cs]glutamine (Fig. 2G-H). These results are consistent with reports of increased
reductive carboxylation, as well as expression and flux through pyruvate carboxylase (PC)
in immortalized mouse chromaffin cell lines isolated from Sdhb knockout mice (36,37). In
addition, metabolic tracing studies revealed that impaired SDH activity led to increased
glycolysis, as indicated by increased M3 pyruvate (Supplementary Fig. S2C) and M3
lactate (Supplementary Fig. S2D) labeling from [U-13Cg]glucose. This is consistent with
increased glucose oxidation. Finally, the mSDH GIST models also showed higher levels of
2-hydroxyglutarate (2-HG) than WT-SDH cells (Supplementary Fig. S2E).

Our metabolic tracing studies revealed that mSDAH models had increased glycolysis, which
compelled us to test whether inhibition of glucose metabolism with either 2-deoxy-D-
glucose (2-DG; a glycolysis inhibitor) or 6-aminonicotinamide (6-AN; a pentose phosphate
pathway inhibitor) would impact the growth of these cells. Indeed, treatment with either
inhibitor resulted in significantly decreased cell viability in a dose-dependent fashion
(Supplementary Fig. S2F and S2G). This is consistent with earlier reports showing that
inhibition of glycolysis in GIST cell lines inhibits cell viability (38). Together, our findings
demonstrate that mSDH models, which have decreased respiratory activity and impaired
mitochondrial function, are dependent upon glycolysis for survival.
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Epigenetic and transcriptional alterations in mSDH GIST models are consistent with SDH-

deficiency

Tumor heterogeneity, cell-cell interactions, and cell-extracellular matrix interactions within
the tumor microenvironment are critical for tumor growth and chemoresistance. To
characterize our models further, we next defined the transcriptional profiles of our patient-
derived mSDH GIST models and matched parental tumors. RNA-sequencing of patient
tumors and corresponding mSDH GIST models revealed a greater than 90% concordance
between gene expression in the tumors and their derived cell models, reflecting minimal
alterations of gene expression under our cell culture conditions (Fig. 3A) as reported in
recent GBM models (39). Next, we compared the gene profiles of the matched tumors
and cell cultures with published gene sets for SDH-deficient tumors and cell. We observed
an enrichment of transcripts overexpressed in an SDHB-silenced human hepatocellular
carcinoma cell line (40), including genes involved in cell adhesion (LAMCZ, COL1A1),
proliferation (/NHBA), and metabolic processes (SLC1AI) (Fig. 3B).

Our earlier observations demonstrated that metabolic rewiring in SDH-deficient tumors
leads to accumulation of succinate. Succinate inhibits a-ketoglutarate (a-KG)-dependent
dioxygenases, including the HIF-prolyl 4-hydroxylases for hypoxia-inducible factor (HIF),
which results in stabilization of HIF and in a ‘pseudo-hypoxic’ state, that leads to
upregulation of HIF-dependent targets (11,15,41,42). Consistently, our mSDH GIST models
exhibited elevated protein levels of HIF-1a and HIF-2a as compared to a WT-SDH

GIST cell line (Fig. 3C). HIF-1a target genes, including LDHA, VEGFA, SLCZ2A1, and
SLC2A3were also found to be higher in mSDAH models than WT-SDH GIST cell line

(Fig. 3D-G). Finally, we observed that HIF-1 signaling genes (e.g., VEGFA, SLCZA1,
SLCZA3, HKZ2and ENOZ) previously linked to a hypoxia signature in soft tissue sarcomas
(43) were also highly expressed in these resected tumors and primary cell cultures

(Fig. 3H). Gene expression and gene set enrichment analysis (GSEA) confirmed that

the normalized gene expression levels seen in our SDH-deficient tumors and cells were
higher than those found in a WT-SDH GIST line (Supplementary Fig. S3A and S3B).
SDH-deficient GISTs and PGLs have higher levels of 5-methylcytosine (5-mC) as compared
to 5-hydroxymethylcytosine (5-hmC), resulting in global gene hypermethylation. Similarly,
our mSDH models also express higher levels of 5-mC compared to 5-hmC, as assessed by
immunofluorescence (Supplementary Fig. S3C). Taken together, our findings confirm that
these human SDH-deficient cell models have gene expression patterns commonly associated
with SDH deficiency, hypoxia, and cancer metabolism.

TKI-resistant mSDH GIST models are sensitive to temozolomide-induced DNA damage

To further assess the validity of our mSDH GIST cell cultures as a human-derived model

of TKI-resistant SDH-deficient GIST, we treated cells with imatinib and sunitinib (Fig.

4A and 4B). Cell viability was only decreased at the highest concentrations of each drug,
although they are known to be highly effective against K/7-mutant cell lines at lower doses
(Supplementary Fig. S4A and S4B). Temozolomide has been used as an alkylating agent for
metastatic pheochromocytoma and paraganglioma (MPHEO/PGL) (44,45). This prompted
us to examine whether our mSDH GISTs are sensitive to TMZ. Indeed, TMZ caused

a dose-dependent reduction of cell viability in all nSDH GIST models (Fig. 4C). TMZ
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induces methyl adducts like 0%-meG, N”-methylguanine (N7-meG), and N3-methyladenine
(N3-meA), resulting in DNA base mismatch repair with strand breaks (46). We next
examined whether TMZ would induce on-target DNA double-strand breaks (DSBs), as

has been reported in human glioma cells (47). We treated cells for 72 h with TMZ or
vehicle and measured DNA fragmentation using the neutral comet assay. We found that
TMZ significantly increased comet tail lengths in all the mSDH models (A/B/C) tested
(Fig. 4D). Furthermore, y-H2AX (phospho-S139 on histone H2AX), a marker for activated
DNA damage response, increased after TMZ treatment in mSDH GIST models (Fig. 4E),
confirming that TMZ suppresses cell viability by inducing on-target DNA damage.

We investigated the mechanism by which TMZ may be causing a reduction in cell viability
in our models. TMZ treatment induced p21, a cell cycle arrest marker in our mSDH

GIST models, which may be leading to a cell cycle arrest in our models post treatment
(Fig. 4F). TMZ also induced the expression of death receptor 5 (DR5) upon treatment, a
molecule involved in extrinsic pathway of apoptosis (Fig. 4F). Our observations suggest
that TMZ may sensitize these models to Tumor Necrosis Factor (TNF) related apoptosis-
inducing ligand (TRAIL) therapy and this strategy can be further explored for mSDH
tumors. Our earlier observations of TMZ induced DNA damage led us to interrogate the
levels of MGMT, an enzyme involved in repairs of O8-meG DNA adducts caused by

TMZ treatment. Promoter hypermethylation of O%-methylguanine-DNA-methyltransferase
(MGMT) is associated with TMZ sensitivity (48,49), while acquired TMZ resistance is
associated with increased MGMT expression (50-52). We investigated the levels of MGMT
after TMZ treatment in mSDH GIST models. TMZ treatment reduced the expression of
MGMT in mSDH GIST models at 7 days while simultaneously increasing y-H2AX (Fig.
4G). Further, occurrence of apoptosis was confirmed by observation of cleaved caspase 3
(CC3) in TMZ treated mSDH GIST models, with the most dramatic effect in the mSDHC
cells (Fig. 4G). Collectively, TMZ decreased the expression of essential base excision repair
protein, leading to further enhancement of DNA damage after treatment, which may be
leading to reduced cellular viability.

Clinical efficacy of TMZ in TKl-resistant SDH-deficient GIST patients

At present, there are limited therapeutic options for SDH-deficient GIST patients. In

light of our findings that patient-derived mSDAH GIST models are sensitive to TMZ, we
retrospectively analyzed five patients with widely metastatic SDH-deficient GIST treated
with TMZ at our institution from 2016 to 2018. The patients included 2 females and 3
males, with a median age of 29.7 years old (range: 22.4-44.3) at the start of TMZ treatment.
All patients had biopsy-proven SDH-deficient GIST and confirmed germline alterations in
SDHA (n = 1), SDHB (n = 2), SDHC (n = 1), or SDHD (n = 1). Overall, they had received
a median of one prior line of TKI therapy (range: 0-2). Having limited therapeutic options
to offer these patients, they were treated with TMZ (administered in 4-week cycles at 85
mg/m2 daily for 21 days followed by 7 days off treatment). According to RECIST version
1.1 and/or PERCIST measurements (29,30), the disease control rate (DCR), defined as
partial response or stabilization of progressing disease, was 100% following treatment; two
patients had radiologic partial responses (PR) and three had stabilization of their disease
(SD) following progression (Fig. 5A-F). Despite either low-volume metastatic disease (Fig.
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5A and 5B) or very high-volume metastatic disease (Fig. 5C and 5D; Supplementary Fig.
S5A and S5B), PRs were observed. The median overall survival (OS) from date of diagnosis
was 6.4 years (95% CI1 0.9-13.6), and the median OS from the start of treatment was 1.9
years (95% CI 0.07-1.2), suggesting that 4 of 5 patients had highly aggressive disease
biology at the start of TMZ treatment (Fig. 5G and 5H). Collectively, our observations
suggest TMZ to be a promising therapy for SDH-deficient GIST patient population.

DISCUSSION

SDH-mutations are present in multiple tumors including SDH-deficient GISTSs,
paragangliomas (PGLs), pheochromocytomas (PCCs), renal cell carcinomas (RCCs),
pituitary adenomas (PAs), thyroid tumors and neuroblastomas. SDH-deficient GIST is an
orphan disease with limited treatment options and limited applicable human models to
facilitate drug screening. To date, genetic depletion in established human non-GIST cell
lines, murine or hamster cells has been employed to mimic the loss of SDH complex in
tumors (10-18). These studies were informative regarding major processes being affected
by succinate accumulation and SDH loss, however, are not appropriate models for studying
SDH-deficient GIST biology or personalized drug screening as they do not recapitulate
the physiological levels of SDH loss and fail to integrate the tissue-specificity and patient-
specific genetic-epigenetic aberrations along with SDH loss. To date, two patient-derived
xenograft (PDX) models have been established for SDH-deficient GIST. In one of these
models, the tumor also had KRAS mutation, which is very uncommon in SDH-deficient
GIST (19). Flavahan et. al. established another PDX model from an SDH-deficient patient
that was demonstrated to be sensitive to Fibroblast Growth Factor Receptor (FGFR)
inhibitors. A combination of FGFR and KIT inhibition was found to be even more potent
against these tumors (20). However, clonal selection in a murine environment, as well as
cost and time required to establish PDX models limits personalized drug screening. Here,
we describe for the first time the establishment, propagation and characterization of unique
patient-derived SDH A/B/C-mutant GIST cell models and this pipeline can be utilized for
personalized drug screening for clinical application.

In this study, we describe a novel pipeline to establish patient-derived succinate
dehydrogenase GIST models that can be directly utilized for identifying new therapeutic
agents and personalized drug screening of these patients. Our patient-derived mSDH GIST
models established in this study express classical GIST markers (i.e., KIT and DOG-1),
have low to undetectable levels of SDHB protein, and retain the molecular profiles of their
corresponding patient tumors. In addition, they have the predicted metabolic signature of
SDH enzyme complex loss, including elevated succinate, increased reductive carboxylation
and diminished mitochondrial function, thus making them sensitive to metabolic inhibitors.
We further demonstrate that these cells have elevated levels of HIF-1a and HIF-2a

and activation of downstream targets relative to WT-SDH GIST cells under normoxia.
Collectively, our models reliably recapitulate the metabolic, transcriptional and proteomic
profiles of parent tumors and also validate the characteristics of SDH-complex loss (Fig. 6).

Further, the characteristic TKI-resistance of these tumors is also recapitulated by these
models /n vitro. An important and novel finding in this study is that metabolic defects
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present in mSDH GIST models render them sensitive to the DNA alkylating agent TMZ,
which induces DNA damage and apoptotic cell death. Hadoux et. a/, in a study with
mSDHB PGL and PCC, observed 50% of SDHB-mutant patients had partial responses and
40% had stable disease with TMZ treatment, whereas no SDHB wildtype patients had PRs
and 40% had progressive disease (53). However, the drug sensitivity varies in different
tissues and hence we wanted to test the efficacy of TMZ in GIST as they have different
cells of origin than PCC and PGL. To date, two studies have evaluated the efficacy of TMZ
in GIST patients but without reported genomic data (54,55). The objective response rates
were 0% in both studies of 18 patients each, suggesting that TMZ is ineffective in unselected
GIST patients. The observed in vitro effects of TMZ in our mSDH GIST models have
clinical and translational relevance, as SDH-deficient GISTs differ from K/7-mutant tumors
not only in terms of genetics, but also in terms of clinical features, patient outcomes, and
TKI-responsiveness. In the present study, we now report that TMZ has promising activity

in a cohort of SDH-deficient GIST patients with disease progressing on prior therapies,
resulting in either partial responses or stabilization of disease in all patients. This represents
a major advance for patients and the field.

In conclusion, we have developed and characterized novel patient-derived mSDH GIST
models that recapitulate the cellular and molecular biology of mSDAH GIST and are sensitive
to TMZ (Fig. 6). Moreover, analysis of SDH-deficient GIST patients treated with TMZ
indicates that this is a promising treatment for these patients and demonstrates that our
mSDH GIST models are amenable for high-throughput drug testing. Based upon this early
efficacy signal, we have opened a multi-institutional Phase Il study of single agent TMZ
(NCT03556384) in patients with SDH-deficient GIST.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational relevance:

GISTs with SDH-deficiency often metastasize, are TKI resistant and affect adolescents
and young adults. Currently, no consistent mSDH GIST models exist in the field,
impeding their molecular characterization and drug screening. Our study introduces a
novel pipeline for generation of patient-derived tumor models for mSDH GISTs for
understanding pathobiology of the disease and for an application in personalized drug
screening. These models were characterized and they recapitulate parent tumor gene
expression and metabolism. We demonstrate that temozolomide effectively reduced cell
viability in our mSDH GIST models and showed promising results in our clinical trials,
thus introducing a new drug in our arsenal against mSDH GISTs.
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Figure 1. Establishment and characterization of SDHA, SDHB, and SDHC-mutant human GIST
models.

A. Schematic representation of workflow of establishment of patient-derived mSDH GIST
models and validation for recapitulation of essential features of parent tumors.

B. Micrographs of mSDH GIST models SD-437A, SD-424B, and SD-435C propagated in
adherent conditions on a laminin-rich HTB9 matrix (2D) or in non-adherent conditions for 7
days as spheroids on Poly-HEMA coated wells (3D). Scale bar, 50 pm.

C. Immunofluorescence staining of KIT (red) and DOG-1 (green) in parent tumors and
mSDH GIST models grown in adherent and in non-adherent conditions.

D. Immunoblot analysis confirming expression of SDHA and SDHB protein in K/7-mutant/
SDH-WT (wildtype) GIST882 cells and in mSDH GIST models. a-tubulin was used as a
loading control.

E. Immunofluorescence staining of SDHB (green) and DAPI (blue) in K/7-mutant/ SDH-
WT (wildtype) GIST882 cells and in mSDH GIST models. Scale bar, 50 um.
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Figure 2. Metabolic profiles of mSDH GI ST modelsrecapitulate succinate dehydrogenase
deficiency.

A. Per cell abundance of succinate relative to GIST882 in mSDH GIST models grown for 48
h (n = 3). One-way ANOVA (multiple comparisons) was performed for statistical analysis
with **** P<0.0001.

B. Ratio of intracellular succinate-to-fumarate concentrations relative to GIST882 in mSDH
GIST models grown for 48 h (n = 3). One-way ANOVA (multiple comparisons) was
performed for statistical analysis with P>0.05 (ns), ****, P<0.0001.

C. Oxygen consumption rate (OCR) trace of intact mSDH GIST models (n = 5).

D. Basal respiration rate of intact mSDH GIST models (n = 5). One-way ANOVA (multiple
comparisons) was performed for statistical analysis with ****, P<0.0001.

E. Maximal uncoupled respiration driven by succinate relative to WT in permeabilized
MSDH GIST models (n = 5). One-way ANOVA was performed. ***, P<0.001; ****
P<0.0001. Maximal uncoupled respiration driven by NADH relative to WT in permeabilized
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mSDH GIST models (n = 5). One-way ANOVA was performed. ***, P<0.001; ****,
P<0.0001.

F. Ratio of intracellular a-ketoglutarate (a-KG) to citrate relative to GIST882 in mSDH
GIST models grown for 48 h (n = 3).

G. Atom transition diagram of reductive glutamine catabolism using a [U-13Cs] glutamine
tracer. Open circles represent 12C, closed circles represent 13C carbon atoms.

H. Percent labeling of M5 citrate from [U-13Cs]-glutamine in mSDH GIST models grown
for 48 h (n = 3). Data are represented as mean = SEM with biological replicates as indicated.
One-way ANOVA was performed for statistical analysis with P>0.05 (ns), *, P<0.05; **,
P<0.01; ***, P<0.001; ****, P<0.0001.
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Figure 3. Transcriptional profilesof mSDH GI ST models recapitulate succinate dehydrogenase
deficiency.

A. Scatterplots comparing gene expression levels (RNA sequencing) between patient tumors
(x-axis) and mSDH GIST models (y-axis) as measured by Pearson correlation coefficient
(r®>0.9).

B. The relative expression levels (z-scores) for each gene comprising SDH loss related gene
set (40) are indicated for each SDH-deficient tumor and models, as well as one WT SDH
(non-SDH deficient) cell line (GIST882).

C. Immunoblot of HIF-1a and HIF-2a. proteins in K/7-mutant/ SDH-WT (wildtype)
GIST882 cells and in mSDH GIST models.

D-G. gPCR analysis of H/F1A target gene VEGFA (D), LDHA (E), SLC2AL1 (F) and
SLC2A3 (G) expression in mSDH GIST models. Results are depicted as fold-change
relative to WT-SDH (GIST882) cells. One-way ANOVA was performed for statistical
analysis with P>0.05 (ns); *, P<0.05; **** P<0.0001.
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H. The relative expression levels (z-scores) for each gene comprising hypoxia related gene
set (43) are indicated for each SDH-deficient tumor and models, as well as one WT SDH
(non-SDH deficient) cell line (GIST882).
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Figure 4. Temozolomide reduces cell viability of mSDH GIST models by induction of DNA
double-strand breaks and impairing DNA repair.

A-C. Cell viability of mSDH GIST models determined by CellTiter-Glo viability assay after
treatment by Imatinib (A), sunitinib (B) and temozolomide (C). Viability was measured after
3 days of treatment for imatinib and sunitinib and on 7 days of TMZ treatment. Data are
presented as mean + s.d.

D. Representative images of a neutral comet assay for mSDH GIST models treated with
either DMSO or 500 uM TMZ for 72 h. Comet tail lengths were measured (n = 100+ cells
per group) and plotted.

E. Representative immunofluorescence images of mSDH GIST models treated with DMSO
or TMZ (500 uM) and stained for y-H2AX™ nuclei. Quantification of y-H2AX * cells in
mSDH GIST models treated with DMSO or TMZ for 72 h. For each GIST model, y-H2AX
* nuclei were quantified and shown as % of total nuclei. Mann-Whitney t-test was performed
for statistical analysis with **, P<0.01; ***, P<0.001, ****, P<0.0001.
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F. Immunoblots of mSDH GIST models treated with DMSO or TMZ (500 uM) for 3 days
and probed for indicated proteins.

G. Immunoblots of mSDH GIST models treated with DMSO or TMZ (500 uM) for 7 days
and probed for indicated proteins. CC3 denotes cleaved caspase 3.
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Figure 5. Human SDH-mutant Gl STsare sensitiveto TMZ.
A-D. CT scan of a 22-year old male (Patient 5) with SDHB-mutant GIST before (A)

and after 9 months of TMZ (B). PET scan of a 31-year old male (Patient 4) with SDHB-
mutant GIST before (C) and after 2 cycles of TMZ (D). Red arrows indicate representative
examples of tumor responses to TMZ.

E. Waterfall plot demonstrating best tumor responses in 5 SDH-mutant GIST patients
treated with TMZ.

F. Swimmer’s plot demonstrating partial response, stable disease, and progressive disease in
the same SDH-mutant GIST patients treated with TMZ depicted in 5E.

G-H. Kaplan-Meier survival curves for SDH-deficient GIST patients treated with TMZ.
Overall survival (OS) from date of diagnosis (G) and OS from start of TMZ treatment (H).
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Figure 6. Characteristics of mSDH models and proposed mechanism of action of TMZ.
Schematic representation highlighting metabolic and transcriptional characteristics of

SDH-deficient parental tumors recapitulated by our patient-derived mSDH GIST models.
Mechanism of action for TMZ proposed is also depicted. TMZ induces DNA damage,
reduces the MGMT levels and leads to apoptosis. Created with BioRender.com.
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