1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

&

WEALTH 4
of P
e

/ HHS Public Access

Author manuscript

j Clin Cancer Res. Author manuscript; available in PMC 2022 December 16.

Published in final edited form as:
Clin Cancer Res. 2022 May 13; 28(10): 2180-2195. doi:10.1158/1078-0432.CCR-21-0833.

Antitumor Activity of a Mitochondrial-Targeted HSP90 Inhibitor
in Gliomas

Shiyou Weil:2:3, Delong Yin2:34, Shengnan Yu?3:°, Xiang Lin%, Milan R. Savani’, Kuang Du®,
Yin Kul, Di Wul, Shasha Lil, Hao Liu8, Meng Tian®9, Yaohui Chen!, Michelle Bowie?3,
Seethalakshmi Hariharan?3, Matthew Waitkus?2:3, Stephen T. Keir2:3, Eric T. Sugarman19,
Rebecca A. Deek!!, Marilyne Labriel2, Mustafa Khasraw?-3, Yiling Lul3, Gordon B. Mills12,
Meenhard Herlyn14, Kongming Wul®, Lunxu Liul, Zhi Wei®, Keith T. Flaherty16, Kalil
Abdullah’, Gao Zhang?317, David M. Ashley?3

1Department of Thoracic Surgery, Institute of Thoracic Oncology, West China Hospital, Sichuan
University, Chengdu, Sichuan, China.

2The Preston Robert Tisch Brain Tumor Center, Duke University Medical Center, Durham, North
Carolina.

Corresponding Authors: Gao Zhang, Duke University School of Medicine, 203 Research Drive, Durham, NC 27710. Phone:
919-684-3502; gzhang6@me.com; and David M. Ashley, david.ashley@duke.edu.

Authors’” Contributions

S. Wei: Data curation, software, formal analysis, validation, investigation, methodology, writing—original draft, writing—review

and editing. D. Yin: Data curation, software, formal analysis, validation, investigation, methodology, writing—review and editing.

S. Yu: Data curation, software, formal analysis, investigation, writing—review and editing. X. Lin: Data curation, software,

formal analysis, methodology, writing—review and editing. M.R. Savani: Data curation, validation, investigation, methodology,
writing-review and editing. K. Du: Data curation, software, formal analysis, methodology, writing—review and editing. Y. Ku:
Validation, investigation, writing—review and editing. D. Wu: Validation, investigation, writing—review and editing. S. Li: Validation,
investigation, writing—review and editing. H. Liu: Validation, investigation, writing-review and editing. M. Tian: Validation,
investigation, writing—review and editing. Y. Chen: Validation, investigation, writing-review and editing. M. Bowie: Resources,

data curation, investigation, methodology, writing—review and editing. S. Hariharan: Resources, methodology, writing—review and
editing. M. Waitkus: Resources, methodology, writing—review and editing. S.T. Keir: Resources, methodology, writing-review

and editing. E.T. Sugarman: Methodology, writing-review and editing. R.A. Deek: Formal analysis, methodology, writing-review
and editing. M. Labrie: Software, formal analysis, methodology, writing—review and editing. M. Khasraw: Writing-review and
editing. Y. Lu: Resources, methodology, writing—review and editing. G.B. Mills: Resources, funding acquisition, methodology,
writing-review and editing. M. Herlyn: Resources, funding acquisition, methodology, writing—review and editing. K. Wu: Resources,
methodology, writing—review and editing. L. Liu: Resources, methodology, writing—review and editing. Z. Wei: Resources,

software, formal analysis, methodology, writing—review and editing. K.T. Flaherty: Writing-review and editing. K. Abdullah:
Resources, validation, investigation, methodology, writing—review and editing. G. Zhang: Conceptualization, resources, data curation,
supervision, validation, project administration, writing—review and editing. D.M. Ashley: Conceptualization, resources, supervision,
funding acquisition, project administration, writing—review and editing.

Authors’ Disclosures

M. Khasraw reports grants from AbbVie and BMS, as well as personal fees from Janssen, Voyager Therapeutics, and Jax Laboratory
outside the submitted work. G.B. Mills reports SAB/consultant fees from AstraZeneca, BlueDot, Chrysallis Biotechnology, Ellipses
Pharma, ImmunoMET, Infinity, lonis, Lilly, Medacorp, Nanostring, PDX Pharmaceuticals, Signalchem Lifesciences, Tarveda,
Turbine, and Zentalis Pharmaceuticals; stocks, options, and financial support from Catena Pharmaceuticals, ImmunoMet, SignalChem,
Tarveda, and Turbine; and licensed technology fees from HRD assay to Myriad Genetics and DSP patents with Nanostring during the
conduct of the study. K.T. Flaherty reports personal fees and other support from Clovis Oncology, Kinnate Biopharma, Checkmate
Pharmaceuticals, Strata Oncology, Scorpion Therapeutics, PIC Therapeutics, Apricity, Tvardi, xCures, Monopteros, Vibliome, ALX
Oncology, Fog Pharma, and Soley Therapeutics, as well as personal fees from Nextech, Takeda, Transcode Therapeutics, and Novartis
during the conduct of the study. No disclosures were reported by the other authors.

S. Wei, D. Yin, and S. Yu contributed equally as co-authors of this article.

Note: Supplementary data for this article are available at Clinical Cancer Research Online (http://clincancerres.aacrjournals.org/).
Disclaimer

The Editor-in-Chief of Clinical Cancer Researchis an author on this article. In keeping with AACR editorial policy, a senior member
of the Clinical Cancer Research editorial team managed the consideration process for this submission and independently rendered the
final decision concerning acceptability.


http://clincancerres.aacrjournals.org/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wei et al. Page 2

SDepartment of Neurosurgery, Duke University School of Medicine, Durham, North Carolina.

4Department of Orthopedics, The Third Affiliated Hospital of Guangzhou Medical University,
Guangzhou, Guangdong, China.

5Department of Oncology, The First Affiliated Hospital of Chongging Medical University,
Chongging, China.

6Department of Computer Science, Ying Wu College of Computing, New Jersey Institute of
Technology, Newark, New Jersey.

"Department of Neurosurgery, Simmons Comprehensive Cancer Center, The University of Texas
Southwestern Medical Center, Dallas, Texas.

8Department of Neurosurgery, West China Hospital, Sichuan University, Chengdu, Sichuan,
China.

9Neurosurgery Research Laboratory, West China Hospital, Sichuan University, Chengdu,
Sichuan, China.

1%philadelphia College of Osteopathic Medicine, Philadelphia, Pennsylvania.

11Department of Biostatistics, Epidemiology, and Informatics, Perelman School of Medicine,
University of Pennsylvania, Philadelphia, Pennsylvania.

12Knight Cancer Institute, Oregon Health Sciences University, Portland, Oregon.

13pivision of Cancer Medicine, Department of Genomic Medicine, The University of Texas MD
Anderson Cancer Center, Houston, Texas.

14The Wistar Institute, Philadelphia, Pennsylvania.

15Department of Oncology, Tongji Hospital of Tongji Medical College, Huazhong University of
Science and Technology, Wuhan, Hubei, China.

16Massachusetts General Hospital Cancer Center, Boston, Massachusetts.

1’Department of Pathology, Duke University School of Medicine, Durham, North Carolina.

Abstract

Purpose: To investigate the antitumor activity of a mitochondrial-localized HSP90 inhibitor,
Gamitrinib, in multiple glioma models, and to elucidate the antitumor mechanisms of Gamitrinib
in gliomas.

Experimental Design: A broad panel of primary and temozolomide (TMZ)-resistant human
glioma cell lines were screened by cell viability assays, flow cytometry, and crystal violet assays
to investigate the therapeutic efficacy of Gamitrinib. Seahorse assays were used to measure the
mitochondrial respiration of glioma cells. Integrated analyses of RNA sequencing (RNAseq)
and reverse phase protein array (RPPA) data were performed to reveal the potential antitumor
mechanisms of Gamitrinib. Neurospheres, patient-derived organoids (PDO), cell line—derived
xenografts (CDX), and patient-derived xenografts (PDX) models were generated to further
evaluate the therapeutic efficacy of Gamitrinib.
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Results: Gamitrinib inhibited cell proliferation and induced cell apoptosis and death in 17
primary glioma cell lines, 6 TMZ-resistant glioma cell lines, 4 neurospheres, and 3 PDOs.
Importantly, Gamitrinib significantly delayed the tumor growth and improved survival of mice

in both CDX and PDX models in which tumors were either subcutaneously or intracranially
implanted. Integrated computational analyses of RNAseq and RPPA data revealed that Gamitrinib
exhibited its antitumor activity via (i) suppressing mitochondrial biogenesis, OXPHOS, and cell-
cycle progression and (ii) activating the energy-sensing AMP-activated kinase, DNA damage, and
stress response.

Conclusions: These preclinical findings established the therapeutic role of Gamitrinib in
gliomas and revealed the inhibition of mitochondrial biogenesis and tumor bioenergetics as the
primary antitumor mechanisms in gliomas.

Introduction

Gliomas are the most commonly occurring intrinsic brain tumors, with an estimated 100,000
newly diagnosed cases each year worldwide (1). Moreover, there are approximately 6 cases
per 100,000 individuals diagnosed each year in the United States (2). In nearly 50% of
patients with glioma, the disease presents as a WHO grade 1V, glioblastoma (GBM), which
is the most aggressive subtype of gliomas (2). Although survival has been improved due

to addition of temozolomide (TMZ) to the standard-of-care treatment for newly diagnosed
gliomas, the 5-year survival rate is still limited (3, 4). Other therapies, including a VEGF
antibody bevacizumab and the recombinant oncolytic poliovirus PVSRIPO, have been
administered in patients with recurrent gliomas, but efficacy remains quite limited (5, 6).
Notably, there have been no new drugs approved by the FDA for patients with primary

and recurrent gliomas since bevacizumab was approved in 2009. Therefore, it is urgent to
identify novel therapies for gliomas.

Metabolic reprogramming is a hallmark of gliomas, which represents a shift of intracellular
metabolism to meet energetic demands of rapidly proliferating tumor cells (7). Like many
other cancers, metabolic reprogramming in glioma cells is mainly characterized as aerobic
glycolysis (known as the Warburg Effect; ref. 8). With that being said, mitochondrial
processes, including oxidative phosphorylation (OXPHQS), continue to be the main source
of tumor-derived ATP, which exerts a critical impact toward tumor energy metabolism,
tumor cell proliferation, and treatment resistance (9, 10).

Heat Shock Protein 90 (HSP90) proteins are highly conserved molecular chaperones that
function predominantly to promote the folding of neo-synthesized proteins and prevent
their aggregation (11). Accordingly, a variety of diverse client proteins depends on HSP90
proteins for their activity and stability, which involve cellular functions that are crucial

for cell signaling, cycle, and differentiation (11-13). Previous studies have investigated the
functions of HSP90 proteins and their related homologue, TNF receptor-associate protein-1
(TRAP-1) localized to the mitochondria of tumor (though not most normal) cells (9, 10,
14-16). Their roles are critical for regulating the metabolic switch between OXPHOS

and aerobic glycolysis in response to energetic changes that occur in both tumors and
tumor microenvironment (11, 17, 18). Previous studies have shown that HSP90 proteins
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located in mitochondria are essential for regulating bioenergetics in tumor cells but not
normal cells (10, 16), making them therapeutic candidates in cancers. Gamitrinib (GA
mitochondrial matrix inhibitor) is a mitochondrial-localized HSP90 inhibitor, which was

a derivative from the HSP90 inhibitor 17-(allylamino)-17-demethoxy-geldanamycin (17-
AAG) and contained another benzoquinone ansamycin backbone (16). This design allows
Gamitrinib to specifically target the mitochondrial HSP90 but not cytosolic HSP90, which
makes it possible to selectively affect tumor cells, while simultaneously avoiding normal
tissues (10, 16). Gamitrinib has shown the antitumor activity in preclinical models for
multiple cancers, including prostate cancer, melanoma, lung cancer, colon cancer, breast
cancer, and GBM (9, 10, 14-16, 19). Kang and colleagues (14) first described the efficacy of
Gamitrinib in a GBM cell line U87MG. Subsequent studies reported the therapeutic efficacy
of Gamitrinib in other GBM cell lines, including T98G, LN229, U251MG, and A172 (9,

10, 20, 21). Unfortunately, studies that systematically investigate the effect of Gamitrinib are
lacking and the antitumor mechanisms in gliomas are still mostly unknown.

Toward this goal, we investigated the therapeutic efficacy of Gamitrinib as a single agent

in a broad panel of 17 primary human glioma cell lines, 6 TMZ-resistant glioma cell lines,
4 neurospheres, 3 patient-derived organoids (PDO), 1 cell line—derived xenograft (CDX),
and 1 patient-derived xenograft (PDX) models. We also explored the therapeutic efficacy

of Gamitrinib combined with standard-of-care therapies in glioma cell lines, neurospheres
and PDOs. In addition, we performed RNA sequencing (RNAseq) and reverse phase protein
array (RPPA) in glioma cells treated with or without Gamitrinib. This demonstrated that
Gamitrinib exhibited its antitumor activity via inhibiting mitochondrial biogenesis and tumor
bioenergetics, blocking cell-cycle progression and inducing DNA damage. In this study,

we established the therapeutic role of Gamitrinib in gliomas and provided strong scientific
rationale for propelling this mitochondrial-directed HSP90 inhibitor into clinical trials.

Materials and Methods

Human subjects

Cell lines

Patients’ tissues and blood were collected following ethical guidelines after written informed
consent was obtained from each patient. The study protocols have been approved by

the Institutional Review Boards (IRB) of the University of Texas Southwestern Medical
Center (IRB#: STU022011-070) and West China Hospital (IRB#: 2022363). The clinical
information and molecular profiles of included patients are shown in Supplementary Table
S2.

The glioma cell line, U251MG, was kindly provided by Dr. Yiping He (Department of
Pathology, Duke University, Durham, NC). The other glioma cell lines (A172, M059K, H4,
Hs683, M059J, LN18, LN229, U87MG, U118MG, U138MG, DBTRG-05MG, and T98G)
used in this study were obtained from the ATCC. Dr. Darell Bigner (Duke University,
Durham, NC) kindly provided 13.0302 neurospheres and patient-derived glioma cell lines
(D2363PXA, D645PXA, D2159MG, and D2224MG). TS-603 neurospheres were kindly
provided by Dr. Hai Yan (Duke University, Durham, NC) who received the permission
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from MSKCC. The normal human astrocytes (NHA) were ordered from Duke Cell

Culture Facility. U87MG, T98G, TS-603, and 13.0302 neurospheres grew in stem cell
media (Stemcell Technologies, 5751) supplemented with proliferation supplement (Stemcell
Technologies, 5751), 20 ng/mL H-EGF (Stemcell Technologies, 78006), 10 ng/mL H-bFGF
(Stemcell Technologies, 78003), and 2 pug/mL Heparin (Stemcell Technologies, 7980). The
rest of glioma cell lines were cultured in DMEM (Thermo Fisher Scientific, 11995073)
supplemented with 10% FBS (Hyclone, SH30071.03). Astrocytes were cultured in Astrocyte
Growth Medium (Sigma, 821-500). Cells were incubated in a humidified atmosphere with
5% CO» at 37° C. For all cell lines used in this study, cell line authentication was performed
by short tandem repeat fingerprinting and Mycoplasma testing was performed by use of the
MycoAlert PLUS Mycoplasma Detection Kit (Lonza, LTO7-703). The number of passages
between thawing and use in the previously described experiments was less than 5.

Chemicals and reagents

Gamitrinib (HY-102007A) was purchased from MedChemExpress. Temozolomize (TMZ;
14163), Sodium pyruvate (S8636), Ethidium bromide (E1385), and Phenformin (P7045)
were provided by MilliporeSigma. IACS-010759 (407917) was purchased from MedKoo
Biosciences. Uridine (20300) and 17-AGG (11039) were brought from Cayman Chemical.
CellTrace Violet (C34557) was purchased from Thermo Fisher Scientific. Propidium iodide
(PI) solution (25535-16-4) was purchased from Alfa Aesar, and PSVue 643 (P-1006) was
provided by Molecular Targeting Technologies. MitoTracker Green FM (9074) was ordered
from Cell Signaling Technology.

Cell viability assay

Cells were seeded into 96-well plates with 3,000-5,000 cells/well for 24 hours before
treatment with Gamitrinib at titrated doses for 72 hours. Three replicates were assigned for
each dose condition. Ten uL Cell Count Kit-8 (APEBIO, K1018) reagent was added into
each well and incubated with cells for 3 hours at 37°C. Then absorbance was measured at
450 nm by Tecan plate reader. Dose—response curves were generated and 1Csq values were
calculated with GraphPad Prism. Two independent experiments have been performed.

Apoptosis and cell death assay

Adherent cells were harvested with 0.25% Trypsin-EDTA (Gibco, 25200072), and washed
once with 1x PBS (Gibco, 10010-023). Cells were then pelleted and stained with PSVue 643
(MTTI, P-1006) at 5 umol/L and PI (Alfa Aesar, 25535-16-4) at 10 pg/mL diluted in 1x
PBS for 5 minutes in the dark. Cells were then immediately analyzed by FACS using a BD
flow cytometer and at least 5,000 cells per sample were acquired. Two to three independent
experiments have been performed.

CellTrace violete assay

Adherent M059K, LN229, D2363PXA, and D2224MG cells were harvested with 0.25%
Trypsin-EDTA (Gibco, 25200072), and washed once with 1x PBS (Gibco, 10010-
023). Cells were labeled with CellTrace Violet (Invitrogen, C34557) according to the
manufacturer’s protocol and were allowed to adhere to tissue culture plates overnight
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following 5 pmol/L Gamitrinib treatment. Adherent cells were collected and detected the
fluorescent intensity of CellTrace Violet by FACS at days 0, 1, 3, and 5. FACS was
performed by using a BD flow cytometer and at least 5,000 cells per sample were acquired.
Two or three independent experiments were performed.

Immunofluorescence assay

Adherent M059K and LN229 cells were harvested with 0.25% Trypsin-EDTA (Gibco,
25200072), washed once with 1x PBS (Gibco, 10010-023), and seeded into a 24-well

plate. Cells were treated with a titrated dose of Gamitrinib after adherence. Seventy-two
hours after treatment, cells were fixed with 4% paraformaldehyde (Thermo Fisher Scientific,
28908) for 15 minutes at room temperature. Cells were rinsed three times with 1x PBS

for 5 minutes each, permeabilized with PBS containing 0.3% Triton X-100 (Thermo

Fisher Scientific, 9002-93-1) for 10 minutes, and blocked with 5% normal goat serum

(Cell Signaling Technology, 5425) for 1 hour. Then, cells were incubated with anti-Ki67
fluorescent antibody (Cell Signaling Technology, 11882) overnight at 4°C in the dark. Cells
were rinsed three times with 1x PBS for 5 minutes each, stained with DAPI (Cell Signaling
Technology, 8961) for 5 minutes, and then washed four times with 1x PBS. Images were
obtained by a fluorescence microscope. Two independent experiments have been performed.

Western blotting and antibodies

RT-gPCR

Protein was extracted from cells cultured in 6-well plates using RIPA lysis buffer (Thermo
Fisher Scientific, 89900) with protease inhibitors (Thermo Fisher Scientific, 78440). A total
of 30-ug protein lysates was separated by 4%—-12% NuPage Bis-Tris gels (Thermo Fisher
Scientific, NP0336) and then transferred to polyvinylidene fluoride membranes (Bio-Rad,
1620264). The membranes were blocked with 5% BSA (Sigma-Aldrich, A7906-100G),
probed with primary antibodies overnight at 4°C, and then incubated with the relevant
secondary antibody for 1 hour at room temperature. Bands were visualized using ECL
(Thermo Fisher Scientific, 34080) with Bio-Rad imaging system. The antibodies of anti-
PARP (9532), anti-Rb (9309), anti-pRbSer807/811 (8516), anti-yH2AX (9718), anti-TFAM
(8076), anti-AMPKa (5831), anti-pAMPKa 1172 (2535), anti-ERRa (13826), anti-VDAC
(4661), anti-PHB1 (2426), anti-HSP60 (12165), anti-NRF2 (12721), anti-SDHA (11998),
anti—B-actin (12620), anti-rabbit-1gG-HRP (7074), and anti-mouse-1gG-HRP (7076) were
purchased from Cell Signaling Technology. The antibodies of anti-PGCla (66369), anti-
UQCRC1 (21705), anti-ATP5A1 (14676), anti-COXIV (11242), anti-NDUFB8 (14794),
and anti-TUFM (26730) were purchased from Proteintech. Two or three independent
experiments were performed.

Total RNA was extracted from cultured cells by the miRNeasy Mini Kit (Qiagen,
217004) according to the manufacturer’s instructions. One mg of total RNA was reverse
transcribed into complementary DNA(cDNA) using the cDNA synthesis kit (Thermo
Fisher Scientific, K1651). Amplification of cDNA product was performed using specific
primers with the Fast SYBR Green Master Mix (Thermo Fisher Scientific, 4385610)

on a real-time PCR detection system (Bio-Rad). Samples were analyzed in triplicate,
and B-tubulin levels were used for normalization. The following are the primers
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sequences for RT-qgPCR: SDHB: forward primer, 5'-AAGCATCCAATACCATGGGG-3’,
and reverse primer, 5'-TCTATCGATGGGACCCAGAC-3’; COX7B:
forward primer, 5"-CTTGGTCAAAAGCGCACTAAATC-3’, and
reverse primer, 5'-CTATTCCGACTTGTGTTGCTACA-3’; ATP5B:
forward primer, 5-CAAGTCATCAGCAGGCACAT-3’, and reverse
primer, 5"-TGGCCACTGACATGGGTACT-3"; NDUFAS: forward
primer, 5'-CTCCTTGTTGGGCTTATCACA-3’, and reverse primer,
5'-GCCCACTCTAGAGGAGCTGA-3"; UQCRCB: forward primer,
5 -ACTGGGGTTAATGCGAGATG-3’, and reverse primer, 5'-
GTCCAGTGCCCTCTTAATGC-3"; and B-tubulin: forward primer,
5'-TGGACTCTGTTCGCTCAGGT-3’, and reverse primer, 5’-
TGCCTCCTTCCGTACCACAT-3 .

Mitochondrial DNA copy-number detection

Genomic DNA (gDNA) was extracted from cultured cells using DNA

Mini Kit (Qiagen, 51304) following the manufacturer’s instructions. Twenty

ng of gDNA was used to conduct gPCR. Mitochondrial DNAs (mtDNA)

were amplified using specific primers with the Fast SYBR Green Master

Mix (Thermo Fisher Scientific, 4385610). The following are the primers

sequence for gPCR: mtDNA: forward primer, 5"-CACCCAAGAACAGGGTTTGT-3’,

and reverse primer, 5'-TGGCCATGGGTATGTTGTTA-3"; and p2-microglobulin:

forward primer, 5-TGCTGTCTCCATGTTTGATGTATCT-3’, and reverse primer, 5’-
TCTCTGCTCCCCACCTCTAAGT-3’. Two independent experiments have been performed.

Crystal violet staining

Cells were plated into 12-well tissue culture plates at a density of 2,500 cells/well as
biological duplicates in drug-free medium. Once cells were adherent, cells were treated
with drug, including TMZ, IACS-010759, Phenformin, and Gamitrinib. The medium
supplemented with drugs was refreshed every 3 or 4 days for 8-14 days. Cells in plates
were then stained with methanol containing 0.05% crystal violet for 30 minutes at room
temperature. After extensive washing with distilled water, cells were air-dried and subjected
to image acquisition using Bio-Rad Imager. Two or three independent experiments were
performed.

Neurosphere formation and treatment

T98G, UB7MG, TS-603, and 13.0302 cells were cultured in neurobasal medium (Stemcell
Technologies, 5751) containing 10% proliferation supplement (Stemcell Technologies,
5751), 20 ng/mL H-EGF (Stemcell Technologies, 78006), 10 ng/mL H-bFGF (Stemcell
Technologies, 78003), and 2 pg/mL Heparin (Stemcell Technologies, 7980). Once
neurospheres were formed, they were dissociated by Accutase (VWR, 490007-741) into
single cells. Single cells were seeded into 12-well plates (5,000 cells/well) and treated with
control medium or Gamitrinib at 1, 2.5, and 5 pmol/L for 12 days. Phase contrast images of
neurospheres were acquired by ECHO Revolve Microscope at days 3, 6, 9, and 12. At day
12, neurospheres were stained using Live Dead Cell Viability Assay Kit (Sigma-Aldrich,
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CBAA415) and imaged by ECHO Revolve Microscope. Two independent experiments were
performed.

Seahorse assay

Mitochondrial respiration was measured with Agilent Seahorse XF96 FluxPak according to
the manufacturer’s instructions. Adherent cells were treated with different chemicals for 48
hours, and then 1.5-2x10 cells were plated in each well of a Seahorse XF96 cell culture
plate (80-mL volume) with the same treatment overnight. The culture media were then
exchanged with Agilent Seahorse XF Media and equilibrated in a 37°C incubator without
COy, for 1 hour before the assay. Cellular oxygen consumption was monitored at basal
condition and after injection of oligomycin, FCCP, and Rotenone plus Antimycin A. Two
independent experiments were performed.

Whole exome sequencing (WES) and RNAseq

RPPA

Genomic DNA was extracted from patients’ tissues and blood by the DNeasy Blood &
Tissue Kit (Qiagen, 69504). DNA sequencing was performed as previously described (22).
Total RNA was purified from M059K, LN229, U87MG, and A172 cells by the miRNeasy
Mini Kit (Qiagen, 217004) according to the manufacturer’s instructions. The complemental
DNA (cDNA) libraries were constructed and sequenced by Genewiz. Sequencing was
carried out using a 150 paired-end configuration on the Illumina sequencing platform (HiSeq
2500).

The RPPA assay was performed by the MD Anderson Cancer Center core facility using
80-ug protein per sample. The RPPA data can be accessed in Supplementary Table S1.

To determine a pathway score, the protein Z-scores were calculated and all positively
associated predictors were summed minus the predictors that are negatively associated with
the pathway. The result was then divided by the sum of the weight of each predictor (23, 24).

PDOs and staining

PDOs were treated with either DMSO, 2.5, or 5 pmol/L gamitrinib for 6 days. On day

6, organoids were either fixed in 10% formalin for histopathological analysis or harvested
for protein or RNA. For protein harvest, organoids were washed in ice-cold PBS and

lysed in RIPA lysis buffer containing protease inhibitor (Sigma-Aldrich, 11836153001) and
phosphatase inhibitor (Sigma-Aldrich, 04906845001). Lysed organoids were homogenized
using a TissueLyser (Qiagen) for one minute. Homogenized organoids were centrifuged

at 12,000 x g for 15 minutes at 4°C and supernatant was stored at —80° C for

subsequent protein analysis. For RNA harvest, organoids were washed in ice-cold PBS

and homogenized in 1 mL per 100 mg TRizol (Thermo Fisher Scientific, 10296028)

using a TissueLyser (Qiagen) for one minute. RNA was isolated from homogenized
organoids using an RNeasy Mini Kit (Qiagen, 74104) and stored at —80°C for subsequent
analysis. PDOs’ FFPE slides were stained with hematoxylin—eosin (H&E) first and then
immunohistochemistry (IHC) for anti-Ki67 according to the manufacturer’s instructions. All
stained tissues were blindly evaluated by a pathologist at UT Southwestern Medical Center.
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CDX and PDX models

The study protocol of animals in this study was approved by Animal Ethics Committee of
West China Hospital (No. 20211298A). All animal procedures followed the Institutional
Animal Care and Use Committee’s guidelines.

In the CDX models, female athymic mice (6—8 weeks old) were subcutaneously injected
with 7 x 108 U87MG cells. When tumors grew to an average of 100 mm3, mice were
randomly assigned to be injected intraperitoneally with DMSO-PBS (vehicle), Gamitrinib
at 10 mg/kg, TMZ at 30 mg/kg, and Gamitrinib 10 mg/kg plus TMZ at 30 mg/kg every
other day. Tumor lengths and widths were measured every other day with hand-held vernier
calipers. Tumor volumes were calculated with the following formula: volume = (length x
width x width)/2. Mice were sacrificed after 10-days treatment of Gamitrinib, and tumors
were harvested from mice and analyzed by histology.

In the PDX models, female NCG mice (6—8 weeks old) were subcutaneously implanted with
GBM PDX tissue. After tumor establishment with an average volume of 100 to 200 mm3,
mice were randomly assigned to be injected intraperitoneally with vehicle or Gamitrinib

at 10 mg/kg every other day (5 mice in each group). Subcutaneous tumors were measured
every other day with hand-held vernier calipers. After 10-days treatment of Gamitrinib, mice
were sacrificed, and tumors were harvested for histology analysis.

For orthotopic GBM xenograft models, 6- to 8-week-old female athymic mice were
stereotactically injected with 1 x 10° U87MG or PDX cells into the right cerebral striatum.
One week (U87MG) or 3 weeks (GBM PDX#823) after orthotopic implantation, mice were
randomly assigned to be injected intraperitoneally with vehicle or Gamitrinib at 10 mg/kg
every other day. Animal survival was calculated with GraphPad Software (version 8.0). The
endpoint of experiment was a moribund state or death of the animal in accordance with

the Institutional Animal Welfare Regulations. At the end of the experiment, brains were
harvested and analyzed by histology.

Statistical analysis

The two-sided Welch #test was conducted to compare control and treatment samples.
Heatmap was used to visualize data. Hierarchical clustering used “Canberra” as distance
measurement method and “Complete” as the agglomeration method. Survival analysis
was conducted with the Kaplan—Meier method. The log-rank test was used to determine
statistical significance associated with survival analysis. The quality of Fastq sequence
data were checked by Fastqc (v0.11.9; ref. 25). Then the reads were aligned to human
genome GRCH38 by STAR (v2.7.3a; ref. 26). The quality of BAM files were checked

by Picard CollectRnaSeqMetrics (v2.20.8; ref. 27). Then BAM files were sorted by name
using Samtools (v1.10; ref. 28). Counting was performed by HTSeq (v0.11.2; ref. 29).
DESeq2 (v1.28.1; ref. 30) in R (v4.0.2) was used for differential expression analysis. Then
the pre-ranked GSEA (gene set enrichment analysis; gene score enrichment analysis) was
performed by using fgsea (v1.14.0; ref. 31) in R.
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Data availability statement

Results

RNAseq data were deposited into Gene Expression Omnibus (accession number
GSE165819 for MO59K and LN229 cells; accession number GSE180872 for US7TMG
and A172 cells). WES data will be available upon request. RPPA data are available in
Supplementary Table S1.

Gamitrinib inhibits cell viability and induces cell death in glioma cell lines

To investigate the therapeutic efficacy of Gamitrinib in gliomas, we first performed cell
viability assay in a panel of 17 human glioma cell lines and calculated 1Csq value of
Gamitrinib when administered for 72 hours (Fig. 1A). The NHAs were included as a
control. The median 1Cgq value to Gamitrinib for glioma cell lines was 2.46 pmol/L as
opposed to the 1Csq value being more than 6 pmol/L for NHA that was the most insensitive
cell line (Fig. 1A). To further evaluate the impact of Gamitrinib on cell viability, we
performed a FACS-based screening of 17 glioma cell lines to determine cell apoptosis and
cell death (Fig. 1B). TMZ is a current standard-of-care therapy for patients with glioma
(32). IACS-010759 and Phenformin are OXPHOS inhibitors that have shown antitumor
activity in gliomas (33-35). Therefore, these inhibitors were chosen as controls. Cell lines
were treated with TMZ at 250 umol/L, IACS-010759 at 2.5 and 5 umol/L, Phenformin at
0.5 and 1 mmol/L, and Gamitrinib at 2.5 and 5 pmol/L for 96 hours, then analyzed with
flow cytometry (Fig. 1B). Among 17 glioma cell lines, D2224MG, M059K, D2363PXA,
LN229, and H4 cell lines were more sensitive to Gamitrinib with cell viability lower than
30%. T98G, U118MG, U138MG, DBTRG-05MG, and LN18 were relatively insensitive to
Gamitrinib with cell viability greater than 80% (Fig. 1B). Overall, these results indicated
that Gamitrinib is effective in a subset of glioma cell lines by significantly inhibiting their
cell viabilities.

Subsequently, we focused on two representative cell lines, MO59K and LN229. We treated
MO59K and LN229 with Gamitrinib at titrated doses, and observed efficacy of Gamitrinib

in inducing cell apoptosis and death in a dose-dependent manner (Fig. 1C; Supplementary
Fig. S1A and S1B). To further determine whether Gamitrinib inhibits cell division of glioma
cells, we labeled M059K and LN229 cells with a cell membrane dye, CellTrace Violet,

then treated them with DMSO or Gamitrinib at 5 umol/L, and monitored the fluorescence
intensity over 120 hours (Fig. 1D). In line with the inhibition of cell viability, Gamitrinib
significantly inhibited cell division of these two cell lines (Fig. 1D). To further investigate
the effect of Gamitrinib on cell proliferation, we treated these two glioma cell lines with
Gamitrinib at titrated doses for 72 hours. Gamitrinib resulted in a significant reduction of
cell numbers in a dose-dependent manner in both M059K and LN229 cell lines (Fig. 1E).
Immunofluorescence staining with Ki67, a proliferative marker, demonstrated decreased
expression in both M059K and LN229 cell lines treated with Gamitrinib in a dose-dependent
manner (Fig. 1F). Collectively, these results suggested that Gamitrinib effectively induces
cell apoptosis and death, and inhibits cell division and proliferation in glioma cells.
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To further gain insights into the long-term efficacy of Gamitrinib, we treated the same panel
of 17 glioma cell lines with TMZ at 250 pmol/L, IACS-010759 at 5 pmol/L, Phenformin

at 1 mmol/L, and Gamitrinib at 5 pmol/L for 8 to 14 days followed by crystal violet
staining (Fig. 1G). In line with experiments conducted for a short term, most of glioma cells
were intrinsically resistant to TMZ and IACS-010759. Interestingly, long-term treatment of
glioma cells with Phenformin or Gamitrinib impaired cell proliferation in all glioma cell
lines (Fig. 1G).

Furthermore, we chose two representative cell lines, LN18 and T98G, which were
intrinsically resistant to TMZ to explore the efficacy of the combination therapy of TMZ
plus Gamitrinib (Fig. 1H and I). We treated these two cell lines with DMSO or Gamitrinib at
2.5 pmol/L plus TMZ at titrated concentrations for 72 hours and then assessed cell viability
(Fig. 1H and I). We observed that Gamitrinib enhanced cell sensitivity to TMZ in both LN18
(ICs50 893.7 umol/L vs. 727.9 umol/L) and T98G (ICsq 604.3 umol/L vs. 505.3 pmol/L)

cell lines (Fig. 1H and I). Long-term combination therapy of TMZ plus Gamitrinib also
inhibited cell proliferation in both LN18 and T98G cell lines (Fig. 1J). We also generated six
TMZ-resistant (denoted as TMZ-R) glioma cell lines in culture and assessed the therapeutic
efficacy of monotherapy (Gamitrinib or Phenformin) or combination therapy (TMZ plus
Gamitrinib or Phenformin; Fig. 1K). We noticed that cell viabilities of TMZ-R cells were
impaired by either monotherapy or combination therapy (Fig. 1K). Taken together, we
demonstrated that Gamitrinib is effective in TMZ-R glioma cells, and combination of TMZ
plus Gamitrinib might be a potential therapeutic strategy for patients with recurrent glioma.

Gamitrinib exhibits antitumor activity in neurospheres

In addition to the adherent cells grown in two-dimensional culture system, we also
investigated the therapeutic efficacy of Gamitrinib in neurospheres grown in a three-
dimensional culture system. We generated four glioma neurospheres, including 13.0302,
TS-603, US7MG, and T98G and treated them with Gamitrinib at titrated doses for 6

days. Interestingly, Gamitrinib, even administered at very low doses, significantly reduced
the diameters and inhibited the growth of these four neurospheres (Fig. 2A and B). To
further evaluate living and deceased cells within neurospheres, we stained them with
Calcein-AM and PI dyes, respectively. We observed that Gamitrinib not only inhibited
growth but also induced cell death in neurospheres (Fig. 2C; Supplementary Fig. S1C

and S1D). Furthermore, we investigated the impact of Gamitrinib on the formation of
neurospheres. Neurospheres were digested into single cells, which were then treated with
Gamitrinib at titrated doses. As expected, even a relatively low dose of Gamitrinib at 1
pumol/L significantly prevented the formation of neurospheres (Fig. 2D-H; Supplementary
Fig. S1E-S1G). In addition, we tested the efficacy of TMZ plus Gamitrinib at titrated doses
in these neurospheres. Interestingly, T98G and U87MG neurospheres were highly sensitive
to TMZ administered at 250 umol/L for 6 days; however, 13.0302 and TS-603 neurospheres
were highly resistant to TMZ (Fig. 2l and J). Surprisingly, Gamitrinib significantly enhanced
the therapeutic efficacy of TMZ in these neurospheres (Fig. 21 and J).

Taken together, Gamitrinib as a monotherapy demonstrated therapeutic efficacy in both
primary and TMZ-R glioma cell lines as well as glioma neurospheres. In continuation,
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Gamitrinib also enhanced the therapeutic efficacy of TMZ in both glioma cell lines and
neurospheres.

Gamitrinib activity requires mtDNA

The depletion of mtDNA is usually associated with defective OXPHOS and increased
susceptibility to stress. To further ensure the specificity of Gamitrinib, we derived M0O59K
and LN229 p0 cell lines in which mtDNA was depleted by chronic exposure to ethidium
bromide, pyruvate, and uridine for roughly 12 weeks in culture. We first confirmed the
phenotype of depleted mtDNA by determining the relative mtDNA copy number in both
parental and pO cells. We observed a significant depletion of mtDNA copy numbers

in these two pO cell lines (Fig. 3A and B). Accompanying the depletion of mtDNA,

the fluoresce intensity of MitoTracker Red was decreased which measured mitochondrial
mass (Fig. 3C and D). Western blotting showed that the expression of OXPHOS complex
subunits was decreased in these two pO cells (Fig. 3E). To further elucidate the suppression
of mitochondrial metabolism, we performed a mitochondrial stress test for both LN229

and MO059K parental and p0 cells. As expected, in both cases, M059K and LN229

p0 cells demonstrated elevated extracellular acidification rate and a declination of basal
oxygen consumption rate (OCR), accompanied by decreases in maximal respiration, spare
respiratory capacity, ATP production, and proton leak (Fig. 3F and G; Supplementary Fig.
S2A and S2B). These results indicated that p0 cells, in which mtDNA was depleted, became
less dependent on mitochondrial respiration and reprogrammed the metabolic network
toward glycolysis. To test the hypothesis that p0 cells are less sensitive to Gamitrinib, we
treated both parental and pO cells with Gamitrinib. We observed a significant decrease in

the induction of apoptosis and cell death in both M059K and LN229 p0 cells treated with
Gamitrinib as compared with their parental cells (Fig. 3H and I). Furthermore, we attempted
to rescue the phenotype of mtDNA depletion exhibited by two pO cell lines via with drawing
ethidium bromide from the culture media for 8 weeks. Upon the restoration of mtDNA of
pO0 cells (Fig. 3J and K), we observed a significant increase in apoptosis and cell death

in p0 rescued cells treated with Gamitrinib (Fig. 3L and M). We also noticed increases in
OCR, maximal respiration, spare respiratory capacity, ATP production, and proton leak in
pO0 rescued cells (Fig. 3N and O; Supplementary Fig. S2C and S2D). Taken together, these
findings indicated that the antitumor activity of Gamitrinib in gliomas is directly selective to
mitochondrial activity.

Gamitrinib inhibits mitochondrial biogenesis and tumor bioenergetics in glioma cells

To further determine whether inhibition of mitochondrial respiration contributes to the
antitumor efficacy in gliomas, we first evaluated Gamitrinib in comparison with other
known OXPHOS inhibitors, including IACS-010759, Phenformin, and Gboxin (36). We
performed the mitochondrial stress assay and observed all of these OXPHOS inhibitors
significantly reduced the basal OCR, maximal respiration, ATP production, spare respiratory
capacity, and proton leak as expected (Fig. 4A and B; Supplementary Fig. S2E and S2F).
We also treated glioma cells with the cytosolic HSP90 inhibitor 17-AGG (37) from which
Gamitrinib was derived and assessed the mitochondrial respiration. As expected, 17-AGG
did not inhibit the mitochondrial respiration, thus indicating that Gamitrinib’s antitumor
efficacy is exhibited by targeting both mitochondrial HSP90 and their client proteins
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(Supplementary Fig. S2G). To further investigate the effect of Gamitrinib on mitochondrial
respiration, we treated M0O59K and LN229 cells with Gamitrinib at titrated doses and
performed mitochondrial stress assay. The results indicated that Gamitrinib inhibited the
mitochondrial respiration of both M0O59K and LN229 cell lines in a dose-dependent manner
(Fig. 4C and D; Supplementary Fig. S2H and S21). Furthermore, we explored the effect

of the combination therapy of Gamitrinib plus TMZ on the mitochondrial respiration by
performing mitochondrial stress test in LN229 cells. We found that TMZ alone had no
effect on mitochondrial respiration. In contrast, either Gamitrinib as a monotherapy or

the combination therapy of Gamitrinib plus TMZ led to a decrease in the basal OCR,
maximal respiration, and ATP production in LN229 cells (Fig. 4E; Supplementary Fig. S2J).
Taken together, these results suggested that Gamitrinib inhibits mitochondrial respiration
and bioenergetics in glioma cells.

Integrated computational analyses of transcriptomic and targeted proteomic data reveal
the antitumor mechanisms of Gamitrinib in gliomas

To further gain insights into antitumor mechanisms of Gamitrinib in gliomas in an unbiased
way, we first performed RNAseq for MO59K, LN229, U87MG, and A172 cells treated
with DMSO and Gamitrinib, respectively. The analysis of RNAseq data identified 4,036
differentially expressed genes (DEG) in M059K cells treated with Gamitrinib, including
1,847 upregulated and 2,189 downregulated genes (adjusted £ < 0.05; log, fold change
(FC) > 10.51; Fig. 5A). A total of 4,572 DEGs, including 2,156 upregulated and 2,416
downregulated genes were identified in LN229 cells (adjusted A< 0.05; log2 FC > 10.5I;
Fig. 5B). In UB7MG cells, we observed 7,610 DEGs with 3,609 upregulated and 4,001
downregulated genes (adjusted < 0.05; log2 FC > 10.5l; Fig. 5C). A total of 3,376

DEGs were identified in A172 cells, including 1,715 upregulated and 1,661 downregulated
genes (Fig. 5D). Furthermore, GSEA identified top-ranked pathways that were enriched in
upregulated and downregulated genes, respectively (Supplementary Fig. S3A-S3H).

To investigate common antitumor mechanisms of Gamitrinib in gliomas on the
transcriptional level, we first performed an integrated analysis of DEGs across all

4 glioma cell lines. Two hundred and two common upregulated genes and 180

common downregulated genes were identified across all 4 glioma cell lines (Fig. 5E;
Supplementary Fig. S31). Next, we performed GSEA based on these common upregulated
and downregulated genes to identify which signaling pathways were enriched (Fig. 5F;
Supplementary Fig. S3J). Interestingly, among top 20 common upregulated signaling
pathways, there were 4 pathways related to cell death, including (i) transcriptional
regulation by TP53, (ii) programmed cell death, (iii) death receptor signaling, and (iv)
apoptosis, and 3 stress response pathways, including (i) cellular response to starvation,

(it) AUTOPHAGY; and (iii) ATF4 activates genes in response to endoplasmic reticulum
stress, which were significantly enriched in common upregulated genes. In contrast, 7
signaling pathways related to cell cycle, including (i) M phase, (ii) mitotic prometaphase,
(iii) mitotic metaphase and anaphase, (i\v) separation of sister chromatids, (v) resolution of
sister chromatid cohesion, (Vi) mitotic G, Go—M phases, and (vii) recruitment of numa to
mitotic centrosomes, were significantly enriched in common downregulated genes (Fig. 5F).
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These results further suggested that Gamitrinib exhibits its antitumor activity via inducing
cell death and engaging stress response, and inhibiting cell-cycle progression in glioma cells.

In addition, we performed RPPA for M059K, LN229, U87MG, and A172 cells to further
elucidate the antitumor mechanisms of Gamitrinib on the protein level (Supplementary
Table S1). The analyses of RPPA data identified 257 differential expressed proteins between
Gamitrinib and control groups in M059K (a panel of 486 proteins), with 121 upregulated
proteins and 136 downregulated proteins (Fig. 5G; Supplementary Fig. S4A). A total of

142 differential expressed proteins were identified in LN229 (a panel of 303 proteins), with
57 upregulated proteins and 85 downregulated proteins (Fig. 5H; Supplementary Fig. S4B).
One hundred and fifty-nine differential expressed proteins were observed in U87MG (a
panel of 303 proteins), with 74 upregulated proteins and 85 downregulated proteins (Fig. 5I;
Supplementary Fig. S4C). A total of 189 differential expressed proteins were observed in
A172 (a panel of 484 proteins) with 85 upregulated proteins and 104 downregulated proteins
(Fig. 5J; Supplementary Fig. S4D).

To identify common antitumor mechanisms of Gamitrinib in gliomas at protein level,

we performed a comprehensive analysis of differentially expressed proteins across all 4

cell lines. We identified 9 common downregulated proteins and 2 common upregulated
proteins across all 4 cell lines (Supplementary Fig. S4E and S4F). There were 33 common
downregulated proteins and 19 common upregulated proteins across more than 3 cell lines
(Supplementary Fig. SAE-S4H). Among common downregulated proteins, expression levels
of cdc25C, Cyclin-D3, and Chk1 were significantly inhibited in all 4 cell lines treated

with Gamitrinib (Fig. 5K; Supplementary Fig. S4G and S41-S4K), and the expression level
of pRbS807/S811 \yas significantly decreased in LN229, US7MG, and A172 cells treated
with Gamitrinib (Fig. 5K; Supplementary Fig. S4G and S4J and S4K). Furthermore, we
computationally calculated scores for 14 tumor-intrinsic signaling pathways by analyzing
RPPA data. We observed that DNA damage and apoptosis signaling pathways were triggered
by Gamitrinib, and cell-cycle signaling pathways were substantially inhibited in these 4
cells treated with Gamitrinib (Fig. 5L; Supplementary Fig. S4L-S4N). Taken together, these
findings further strengthened the notion that cell-cycle progression was inhibited in glioma
cells treated with Gamitrinib.

In addition, the expression level of TUFM, a regulator of mitochondrial biogenesis, was
significantly decreased in M059K, LN229, and A172 cells, indicating that Gamitrinib
exhibits its antitumor activity via inhibition of mitochondrial biogenesis (Fig. 5K;
Supplementary Fig. S4G and S41 and S4K). Furthermore, the energy stress sensor
pAMPKaTh172 \was significantly increased in MO59K, LN229, and A172 cells after
Gamitrinib treatment (Fig. 5K; Supplementary Fig. S4H and S41 and S4K).

Finally, we validated the findings based on the analysis of RPPA data of LN229 cells treated
with Gamitrinib using western blotting. Two OXPHOS inhibitors were also included as
controls such as IACS-010759 and Phenformin. Western blotting experiments verified that
Gamitrinib inhibited the expression level of mitochondrial biogenesis and OXPHOS proteins
to a greater extent as compared with other OXPHOS inhibitors (Fig. 5M). Moreover, we
confirmed that Gamitrinib decreased the expression level of pRbS807/S811 and increased the
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expression levels of cleaved PARP, yH2AX, and pAMPKa 172, suggesting that Gamitrinib
triggered apoptosis, DNA damage, and energy stress (Fig. 5N).

In summary, our findings strongly suggest that Gamitrinib induces cell death via inhibiting
mitochondrial biogenesis and blocking cell cycle in gliomas.

Gamitrinib inhibits the cell proliferation in GBM PDOs models

PDOs models maintain many key features of primary tumors and can be used as preclinical
models to investigate therapeutic efficacy (22). As a proof-of-principle study, we further
investigated the therapeutic efficacy of Gamitrinib in patient-derived GBM organoids. We
generated 3 GBM PDOs (UTSW128, UTSW140, and UTSW160) and treated them with
DMSO, Gamitrinib at 2.5 or 5 umol/L, radiotherapy, and Gamitrinib plus radiotherapy,
respectively. The IHC results showed that Gamitrinib at both 2.5 and 5 pmol/L doses
significantly reduced the expression of Ki67 (Fig. 6A-C; Supplementary Fig. S5A-S5C).
Although radiotherapy also inhibited the proliferation of PDOs, the addition of Gamitrinib
to radiotherapy further reduced the proliferation of PDOs (Fig. 6A-C; Supplementary

Fig. S5A-S5C). To further validate the antitumor mechanisms of Gamitrinib in PDOs
models, we, respectively, performed RT-gPCR and western blotting with the RNA and
protein samples derived from UTSW128 PDOs as a representative. As expected, Gamitrinib
inhibited the expression of OXPHOS complex proteins and mitochondrial biogenesis at the
protein level (Fig. 6D). Furthermore, the mMRNA expressions of OXPHOS complex subunits
were significantly decreased with Gamitrinib treatment (Fig. 6E). Taken together, these
results suggested that Gamitrinib is effective in PDOs models and exhibits its antitumor
activity by inhibiting OXPHOS process and mitochondrial biogenesis.

Gamitrinib delays tumor growth and improves survival of mice in GBM CDX and PDX

models

To further determine the efficacy of Gamitrinib /n vivo, we first generated a GBM PDX
model (#823), which is an ideal preclinical model to evaluate the therapeutic efficacy of
drugs in gliomas (38). Tumor-bearing mice were treated with the vehicle or Gamitrinib at
the dose of 10 mg/kg. The results indicated that Gamitrinib significantly delayed the tumor
growth of GBM PDX#823 (Fig. 6F and G). In addition, we xenografted U87MG cells
subcutaneously and treated tumor-bearing mice with vehicle, Gamitrinib 10 mg/kg, TMZ 30
mg/kg, and Gamitrinib 10 mg/kg plus TMZ 30 mg/kg. As expected, both Gamitrinib and
TMZ as monotherapy significantly delayed the tumor growth, and Gamitrinib plus TMZ
combination therapy further inhibited the tumor growth (Fig. 6H and I). Mice were tolerant
to the treatment of Gamitrinib (Supplementary Fig. S5D and S5E). Furthermore, the Ki67
IHC staining of tumor tissues indicated that Gamitrinib inhibited cell proliferation in both
U87MG CDX and GBM PDX#823 models (Supplementary Fig. S5F and S5G).

To further investigate the therapeutic efficacy of Gamitrinib in orthotopic GBM models,
intracranial implantation of U87MG cells and PDX cells were performed, respectively,
and vehicle or Gamitrinib at the dose of 10 mg/kg were administrated subsequently.
Indeed, Gamitrinib significantly improved survival of mice in both orthotopic U87MG and
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GBM PDX#823 models (Fig. 6J and K), which was accompanied by the reduction of the
expression of Ki67 in tumor tissues (Fig. 6L and M; Supplementary Fig. S5H and S5I).
Taken together, our CDX and PDX models in which tumors were either subcutaneously or
intracranially implanted demonstrated the therapeutic efficacy of Gamitrinib in gliomas as a
monotherapy.

Discussion

In this study, we systematically investigated the therapeutic efficacy of Gamitrinib in a
broad panel of 17 primary human glioma cell lines, 6 TMZ-resistant glioma cell lines,

4 neurospheres, 3 GBM PDOs models, and 1 GBM CDX and 1 GBM PDX models.
Gamitrinib, as a single agent, inhibited cell proliferation and induced apoptosis and

cell death. When combined with TMZ or radiotherapy, Gamitrinib further enhanced the
efficacy of standard-of-care therapies. Mechanistically, comprehensive analyses of RNAseq
and RPPA data indicated that Gamitrinib exhibited its antitumor activity via inhibition

of mitochondrial biogenesis and tumor bioenergetics, blocking cell-cycle progression and
inducing DNA damage.

Gamitrinib was first described in 2009 and has shown the antitumor activity in preclinical
models for multiple cancers, including prostate cancer, melanoma, lung cancer, colon cancer,
breast cancer, and GBM (9, 10, 16-18, 21). Among these studies, Chae and colleagues

(9) investigated the antitumor activity in breast, prostate, lung, and brain tumors, and
demonstrated that mitochondrial, but not cytosolic, HSP90s is a global integrator of tumor
bioenergetics, autophagy, and interorganelle stress-response signaling (10). In another study
of Chae and colleagues (9), they determined the role of mitochondrial HSP90 protein folding
on cellular homeostasis and demonstrated that mitochondrial HSP90 is required for disease
maintenance. Their two studies provide a rationale that mitochondrial HSP90 would be a
tractable target for cancer therapy. In the subsequent studies, Ishida and colleagues (22)

and Zhang and colleagues (23) have attempted the combination of Gamitrinib and other
small-molecular inhibitors (JQ1, OTX015, and crizotinib) in GBM, and have achieved
promising results. In current study, we systematically evaluated the therapeutic efficacy

of Gamitrinib in gliomas, and we also investigated the combination of Gamitrinib and
standard-of-care therapies in gliomas. More importantly, we performed integrated analyses
of RNAseq and RPPA data to elucidate the antitumor mechanisms of Gamitrinib. To the

best of our knowledge, this is the first study that comprehensively assesses the therapeutic
efficacy and the antitumor mechanisms of Gamitrinib in gliomas.

Mitochondria harbor their own genome consisting of an approximately 16.6 kb double-
stranded circular DNA (mtDNA) encoding 2 rRNAs, 22 tRNAs, and 13 polypeptides
subunits of the respiratory chain complexes (39). Previous studies have used cells in which
mtDNA was depleted (RhoO or p0 cells) to examine the roles of mtDNA and particularly the
roles of mtDNA in regulating apoptosis (40, 41). In our study, to demonstrate the specificity
of Gamitrinib, we generated two GBM p0 cells after long-term exposure to ethidium
bromide (EtBr) administered at very low concentrations. As expected, the expression

levels of respiratory chain complexes were decreased and the mitochondrial respiration
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was diminished in these p0 cells as compared with parental cells. Upon the depletion of
mtDNA, glioma cells escaped from the apoptosis induced by Gamitrinib, which can be
further rescued by restoring mtDNA in p0 cells. These findings might partially explain
the specificity of Gamitrinib to mitochondria. To further prove this possible specificity,
we treated glioma cells with Gamitrinib in comparison with the cytosolic HSP90 inhibitor
17-AGG and assessed the mitochondrial respiration. As expected, Gamitrinib, but not 17-
AGG, inhibited the mitochondrial respiration, thus indicating that Gamitrinib exhibits its
antitumor efficacy by targeting both mitochondrial HSP90 proteins and their client proteins.
Collectively, these findings underscore the specificity of Gamitrinib in terms of its ability
to target mitochondrial HSP90 subcellularly, which might provide tangible therapeutic
implications for gliomas.

For the first time, we performed integrated computational analyses of RNAseq and RPPA
data to elucidate the antitumor mechanisms of Gamitrinib in the current study. Integrated
analysis of DEGs across the 4 cells identified a total of 220 common upregulated genes
and 180 common downregulated genes. Among top 20 common upregulated signaling
pathways, 4 pathways related to cell death and 3 stress-response pathways were significantly
enriched. Interestingly, Shi and colleagues (36) and Chae and colleagues (10) also reported
the activation of stress-response pathways in cancers treated with OXPHQS inhibitors. In
contrast, 7 signaling pathways related to cell cycle, were significantly enriched in common
downregulated genes. Among significantly enriched pathways, several cell death-related
pathways and cell-cycle—related pathways were identified. More importantly, comprehensive
analysis of RPPA data across the 4 cells identified 9 common downregulated proteins,
including cdc25C, Cyclin-D3, and Chk1, which are generally associated with cell-cycle
progression. These comprehensive analyses of RNAseq and RPPA data highly suggested
that Gamitrinib exhibited its antitumor activity via inhibition of cell-cycle progression in
glioma cells. In addition, we also observed suppression of mitochondrial biogenesis and
OXPHQOS, and activation of the energy-sensing AMPK and DNA damage in glioma cells
treated with Gamitrinib. Previous studies have also demonstrated that targeting TRAP1-
directed protein folding in mitochondria with Gamitrinib inhibits both mitochondrial
biogenesis and OXPHOS in several cancer types (9, 15). However, how Gamitrinib inhibits
mitochondrial biogenesis and OXPHOS in cancer cells is not fully known and warrants
further investigation in future studies.

PDOs are novel and three-dimensional ex vivo models that can accurately represent the
diverse genetic, molecular, morphological, architectural, and functional pathophysiological
hallmarks of cancer (42-46). PDOs models have provided the opportunity to facilitate

the principles of 3Rs in research and have been extensively used as a preclinical model

to predict the clinical outcome and as a drug-screening platform to identify personalized
medicine (42). In this study, we further investigated the therapeutic efficacy of Gamitrinib by
using 3 GBM PDOs. We demonstrated that Gamitrinib is effective in this PDO model and
exhibits its antitumor activity via inhibiting OXPHOS process and mitochondrial biogenesis.
In addition to GBM PDO models, Gamitrinib significantly delayed the tumor growth in
subcutaneous GBM models and improved survival of mice in orthotopic GBM models,
exhibiting its antitumor activity /7 vivo. Notably, a previous study also demonstrated that
Gamitrinib as a monotherapy significantly improved survival of mice in an orthotopic
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U87MG model (47). Taken together, these findings might provide a potential rationale for
propelling Gamitrinib into clinical trials to provide patients with primary and recurrent
gliomas a novel therapeutic strategy.

Several limitations exist in this study, which warrants further investigation. First, because
the main purpose of this study is to investigate the antitumor activity of Gamitrinib as a
monotherapy in experimental models, we just combined Gamitrinib with standard-of-care
therapies (such as TMZ or radiotherapy) when possible. Further studies are warranted to
systematically assess the therapeutic efficacy of Gamitrinib combined with standard-of-care
therapies in gliomas. Second, to determine the antitumor activity of Gamitrinib through

a broad screen of gliomas, we investigated the therapeutic efficacy of Gamitrinib in both
established glioma models and patient-derived models. The long-term cultured cells might
not recapitulate the actual disease very well; therefore, the results from these established
models need to be interpreted with caution. Third, there is a possibility that the procedure
of orthotopic implantation may artificially disrupt the blood-brain barrier (BBB). Therefore,
we do not have direct evidence to support that Gamitrinib could penetrate the BBB, even
though Gamitrinib inhibited the proliferation of tumor cells as well as improved survival

of mice in two orthotopic GBM models. Actually, the ability and degree of Gamitrinib to
cross the BBB has not been formally documented (48). Further studies are warranted to
pinpoint the BBB penetrance based on the compound profiles of Gamitrinib, including size,
polarity, transporter, efflux, etc., using LC/MS assay. Fortunately, a first-in-human phase |
clinical trial that evaluates the feasibility and safety of Gamitrinib in patients with advanced
cancers is currently ongoing (Clinical Trials.gov Identifier: NCT04827810), which we expect
will soon provide us with more information to document pharmacokinetics of Gamitrinib in
patients in the clinical setting (49).

In conclusion, our study systematically evaluated the therapeutic efficacy of Gamitrinib and
established its therapeutic role in gliomas. Our study not only demonstrated Gamitrinib’s
ability to effectively inhibit mitochondrial biogenesis and respiration, but it also suppresses
cell-cycle progression and activates DNA damage in gliomas. Our findings are based on a
large panel of glioma cell lines and patient-derived models and provide a proof-of-principle
study for demonstrating the efficacy of Gamitrinib in the preclinical study setting. Further
studies are warranted to bring this mitochondria-directed HSP90 inhibitor into clinical trials
to benefit patients with glioma.
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Translational Relevance

There have been no new drugs approved by the FDA for patients with primary and
recurrent gliomas since bevacizumab was approved in 2009. There is an urgent need to
identify novel therapies for patients with primary and recurrent gliomas. In this study, we
established the therapeutic role of a mitochondrial-directed HSP90 inhibitor, Gamitrinib,
in a broad panel of TMZ-sensitive and -resistant glioma cells, as well as neurospheres,
patient-derived organoids, and patient-derived xenografts. Mechanistically, Gamitrinib
exhibits its antitumor activity via suppressing mitochondrial biogenesis and OXPHOS,
and activating the energy-sensing AMP-activated kinase, as well as suppressing cell-
cycle progression. These preclinical findings highlight the potential therapeutic role of
Gamitrinib in gliomas, and provide a scientific rationale for propelling Gamitrinib into
clinical trials to treat patients with primary and recurrent gliomas.
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Figure 1.
Therapeutic efficacy of Gamitrinib in glioma cells. A, The ICgqg value of Gamitrinib for

17 human glioma cell lines and normal human astrocyte (NHA). B, Heatmap of cell
viability for 17 glioma cell lines following treatment with the DMSO, TMZ at 250 umol/L,
Phenformin at 0.5 and 1 mmol/L, IACS-010759 at 2.5 and 5 pmol/L, and Gamitrinib at 2.5
and 5 pmol/L for 4 days. C, FACS data of M059K and LN229 cells. Cells were treated with
indicated drugs and doses for 4 days and stained with Pl and PSVue 643, and then analyzed
by FACS. D, M059K and LN229 cells were labeled with CellTrace Violet and then treated
with Gamitrinib at 5 umol/L. The fluorescence intensity of CellTrace Violet was measured
by FACS at days 0, 1, 3, and 5. Data were representative of 3 biological replicates. E,

Phase contrast images of M059K and LN229 cells treated with Gamitrinib at 0, 1, 2.5, and
5 umol/L for 4 days. F, Immunofluorescence staining images of M059K and LN229 cells
treated with or without Gamitrinib at 5 umol/L for 4 days. Blue indicated the DAPI staining
whereas green indicated the Ki67 staining. G, Crystal violet staining images for 17 glioma
cell lines. Cells were treated with DMSO, TMZ at 250 umol/L, Phenformin at 1 mmol/L,
IACS-010759 at 5 umol/L, and Gamitrinib at 5 umol/L for 8-14 days. Then cells were
fixed and stained with crystal violet. H and I, The ICgq value of TMZ for LN18 and T98G
cell lines treated with DMSO or Gamitrinib at 2.5 umol/L. J and K, Crystal violet staining
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images for LN18 and T98G cell lines (J) or TMZ-resistant (TR) cell lines (K) treated with
indicated drugs for 8-14 days; ****, £< 0.0001.
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neurospheres that were treated with titrated doses of Gamitrinib for 6 days (A) and
diameters of 4 to 5 representative neurospheres were measured (B). C, Immunofluorescence
staining images of TS-603 and T98G neurospheres. Cells were treated with Gamitrinib at
5 umol/L for 9 days and live/dead staining was performed at days 0, 3, 6, and 9. Green
indicated live cells; red indicated dead cells; blue indicated nucleus. D, Phase contrast
images of TS-603 neurospheres treated with or without Gamitrinib at indicated doses. E—
H, Neurosphere growth curves for TS-603 (E), 13.0302 (F), US7MG (G), and T98G (H)
treated with or without Gamitrinib at 5 umol/L. I, Phase contrast images of neurospheres
that were treated with indicated drugs for 6 days. J, Diameters of 4 to 5 representative
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Figure 3.
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The activity and specificity of Gamitrinib requires mitochondrial DNA. A and B, Relative
mtDNA copy number in paired LN229 and LN229 p0 cells (A), and M059K and M059K

pO cells (B). Data were representative of 3 biological replicates. C and D Fluorescence

intensity of Mitotracker Green in LN229 and LN229 p0 cells (C) and M059K and M059K
pO0 cells (D). Data were representative of 3 biological replicates. E, Immunoblot analysis
of OXPHOS proteins in paired parental and pO cells. F and G, Mitochondrial respiration,
indicated as the oxygen comsumption rate (OCR) of LN229 (F) and M059K (G) parental

and p0 cells, was measured by a Seahorse XF96 Analyzer. Maximal respirations were

determined by the sequential addition of oligomycin, FCCP, and rotenone and antimycin

A, respectively. Data were representative of 4 to 5 biological replicates. H and I, The
percentage of apoptosis and cell death in parental and pO cells treated with or without

Gamitrinib at 5 pmol/L for 3 days. Data were representative of 3 biological replicates. J

and K, Relative mtDNA copy number of parental, pO and pO rescued cells. Data were

representative of 3 biological replicates. L and M, The percentage of apoptosis and dead
cells in parental, p0 and pO rescued cells treated with or without Gamitrinib at 5 pmol/L

for 3 days. Data were representative of 3 biological replicates. N and O, Mitochondrial

respirations of parental, LN229 (N) and M059K (O) p0 and pO rescued cells treated with
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or without 5 umol/L Gamitrinib, were measured by a Seahorse XF96 Analyzer. Data were
representative of 4 to 5 biological replicates; *, P< 0.05; **, < 0.01; ***, P<0.001; ****,
P<0.0001.
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Figure 4.
Inhibition of mitochondrial respiration by Gamitrinib in gliomas. A and B, Mitochondrial

respirations of LN229 (A) and M059K (B) cells treated with DMSO, 1ACS-010759,
Phenformin, Gboxin, and Gamitrinib, respectively, were measured by a Seahorse XF96
Analyzer. Data were representative of 4 to 5 biological replicates. C and D, Mitochondrial
respirations of LN229 (C) and M059K (D) cells treated with DMSO, Gamitrinib 1 umol/L,
Gamitrinib 2.5 pmol/L, and Gamitrinib 5 pmol/L, respectively, were measured by a Seahorse
XF96 Analyzer. Data were representative of 4 to 5 biological replicates. E, Mitochondrial
respirations of LN229 cells treated with DMSO, Gamitrinib, TMZ or Gamitrinib plus TMZ,
respectively, were measured by a Seahorse XF96 Analyzer. Data were representative of 4 to
5 biological replicates. *, < 0.05; **, P<0.01; ***, £<0.001; ****, P<0.0001.
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Figure 5.
Integrated computational analyses of transcriptomic and proteomic data in glioma cells

treated with Gamitrinib. A and D, Volcano plots of differentially expressed genes in M059K
(A), LN229 (B), UB7MG (C), and A172 (D) cells treated with or without Gamitrinibat

5 umol/L for 72 hours. x and y axes represent log, fold change (FC) and —Log1g Z,
respectively. Gray dots indicated non-significant genes; blue dots indicated significantly
downregulated genes; and red dots indicated significantly upregulated genes. E, Venn

plot indicated the common downregulated genes across 4 cells treated with Gamitrinib.

F, Gene set enrichment analysis indicated the top 20 ranked common pathways that were
downregulated by Gamitrinib. G-J, Volcano plots of differentially expressed proteins in
MO59K (G), LN229 (H), UB7MG (I), and A172 (J) cells treated with or without Gamitrinib
at 5 umol/L for 72 hours. K and L, Heatmaps of differentially expressed proteins indicated
mitochondrial biogenesis, OXPHOS, apoptosis, and cell-cycle signaling pathway (K) and
RPPA pathway scores (L) in LN229 cells treated with or without Gamitrinib for 72 hours.
M and N, Immunoblot analysis of mitochondrial biogenesis and OXPHQOS proteins (M) and
cell cycle, apoptosis, and DNA damage proteins (N) in LN229 cells treated with or without 5
pmol/L Gamitrinib.
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Figure 6.

Agtitumor activity of gamitrinib in GBM PDOs, CDX, and PDX models. A-C, The
hematoxylin and eosin (H&E) and Ki67 IHC staining of the GBM organoids UTSW 160
(A), UTSW140 (B), and UTSW128 (C). PDOs were treated with the DMSO control,
Gamitrinib at 2.5 or 5 umol/L, radiotherapy at 10 Gy, and Gamitrinib at 2.5 or 5 pmol/L plus
radiotherapy at 10 Gy. D, Immunoblot analysis of mitochondrial biogenesis and OXPHOS
proteins in GBM PDOs (UTSW128) treated with DMSO control or Gamitrinib at 5 pmol/L.
E, Relative mRNA expression of OXPHOS genes in GBM PDOs (UTSW128) treated with
DMSO or Gamitrinib. F and G, The tumor growth curve (F) and tumor images (G) of
GBM PDX#823 tumor. Tumor-bearing mice were treated with control or Gamitrinib at 10
mg/kg every other day. Mice were sacrificed 10 days after Gamitrinib treatment. H and I,
The tumor growth curve (H) and tumor images (1) of U87MG tumor. Tumor-bearing mice
were treated with control, Gamitrinib at 10 mg/kg, TMZ 30 mg/kg, and Gamitrinib at 10
mg/kg plus TMZ 30 mg/kg every other day. Mice were sacrificed 10 days after Gamitrinib
treatment. J and K, Kaplan—Meier survival curves of orthotopic PDX#823 (J) and U87TMG
(K) models. Six mice for each group in orthotopic PDX#823 models, and 7 mice for each
group in orthotopic U87MG models; Mantel-Cox log-rank test, two-tailed test. L and M,
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The H&E and Ki67 IHC staining of the orthotopic PDX#823 (L) and U87MG (M) models;
scale bars, 50 um. **, P< 0.01; ***, P< 0.001; ****, P<0.0001.
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