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Abstract

Purpose:Glioblastoma (GBM) is a fatal primary malignant

brain tumor. GBM stem cells (GSC) contribute to resistance to

the DNA-damaging chemotherapy, temozolomide. The epi-

dermal growth factor receptor (EGFR)displays genomic altera-

tions enabling DNA repair mechanisms in half of GBMs. We

aimed to investigate EGFR/DNA combi-targeting in GBM.

Experimental Design: ZR2002 is a "combi-molecule"

designed to inflict DNA damage through its chlorethyl moiety

and induce irreversible EGFR tyrosine kinase inhibition.

We assessed its in vitro efficacy in temozolomide-resistant

patient-derived GSCs, mesenchymal temozolomide-sensitive

and resistant in vivo–derived GSC sublines, and U87/EGFR

isogenic cell lines stably expressing EGFR/wild-type or

variant III (EGFRvIII). We evaluated its antitumor activity

in mice harboring orthotopic EGFRvIII or mesenchymal

TMZ-resistant GSC tumors.

Results: ZR2002 induced submicromolar antiprolifera-

tive effects and inhibited neurosphere formation of all

GSCs with marginal effects on normal human astrocytes.

ZR2002 inhibited EGF-induced autophosphorylation of

EGFR, downstream Erk1/2 phosphorylation, increased

DNA strand breaks, and induced activation of wild-type

p53; the latter was required for its cytotoxicity through p53-

dependent mechanism. ZR2002 induced similar effects

on U87/EGFR cell lines and its oral administration signif-

icantly increased survival in an orthotopic EGFRvIII mouse

model. ZR2002 improved survival of mice harboring intra-

cranial mesenchymal temozolomide-resistant GSC line,

decreased EGFR, Erk1/2, and AKT phosphorylation and was

detected in tumor brain tissue by MALDI imaging mass

spectrometry.

Conclusions: These findings provide the molecular basis

of binary EGFR/DNA targeting and uncover the oral bio-

availability, blood–brain barrier permeability, and antitu-

mor activity of ZR2002 supporting potential evaluation of

this first-in-class drug in recurrent GBM.

Introduction

Glioblastoma (GBM), a grade 4 astrocytoma, is the most

common and aggressive malignant primary brain tumors in

adults (1). The standard treatment of patients newly diagnosed

with GBM implementing surgical tumor resection, chemoradia-

tion using the DNA alkylating agent temozolomide followed by

adjuvant temozolomide (Stupp-regimen) improved the median

survival to 14.6months (2). Tumor recurrence is inevitable, poses

major challenges for clinical management, and leads to a fatal

outcome. Several mechanisms account for GBM recurrence

including activity of the O6-methylguanine-DNAmethyltransfer-

ase (MGMT), which repairs cytotoxic DNA lesions such as, temo-

zolomide-induced O6-methylguanine adducts (3). Chemo- and

radioresistance of a small population of self-renewing, tumori-

genic cancer stem cells termed tumor-initiating cells or glioma

stem cells (GSC; ref. 4) prompted the need for effective molec-

ularly targeted therapies (5). The epidermal growth factor receptor

(EGFR), a key oncogene driver of chemo- and radioresistance

displays gene alterations in more than half of primary GBMs (6).

Activation of EGFRby ligandbinding (e.g., EGF) triggers a cascade

of cellular signaling events associated with increased cell prolif-

eration and survival through downstream effectors including PI3-

K/Akt, Ras–Raf—MAPK, andprotein kinaseC signaling pathways.

Themost common EGFRmutation, EGFRvIII (EGFR type III, de2-

7, D EGFR; ref. 7) results in a ligand-independent and constitu-

tively active receptor. EGFR and EGFRvIII confer protective effects

in response to DNA-damaging agents through several mechan-

isms including increased repair ofDNAstrandbreaks (DSB; ref. 8).

Likewise, alterations of the tumor suppressor TP53 pathway in

30%ofpatients newly diagnosedwithGBM(9) affectDNA repair,
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cell-cycle progression, apoptosis, and senescence in response to

various stress stimuli through transcriptional activation of mul-

tiple target genes, including p21WAF1/CIP1 (p21; ref. 10).

The EGFR pathway can be disrupted by EGFR tyrosine kinase

inhibitors (TKI), such as ZD1839 (Iressa, gefitinib) an orally

active, selective EGFR-TKI that blocks signal transduction path-

ways involved in cancer cell proliferation and survival (11).

However, treatment with adjuvant gefitinib did not significantly

improve progression-free survival or overall survival in patients

newly diagnosed with GBM (12).

In this study, we anticipate that the combinatorial approach

termed "combi-targeting" seeking to design a "combi-molecule"

as a single agent with twomechanisms of action could be applied.

The "combi-targeting" concept has evolved since the inception

of "type I combi-molecules" requiring hydrolytic cleavage to

exert their dual mechanism of action toward type II combi-

molecules, which do not require hydrolytic cleavage to exert their

dual mechanism of action (13). Although the combi-targeting

strategyhas beendescribed for breast (14), lung (15), andprostate

cancers, its use for GBM had scant attention (16). Our group

has characterized the dual EGFR/DNA targeting property of

ZR2002 (6-(2-chloroethylamino)-4-anilinoquinazolines), a type

IImolecular prototype in breast cancer cell lines, wherein ZR2002

exerts its DNA-damaging function through its chlorethyl moiety

with concomitant irreversible inhibition of EGFR-mediated pro-

liferation, survival, and DNA repair mechanisms (14). We

hypothesized that these properties in addition to its structure

(Supplementary Fig. S1; ref. 14) as a relatively lipophilic small

molecule might increase the prospects for crossing the blood–

brain barrier (BBB) and overcoming the activation of intrinsic or

adaptive DNA repair pathways involved in chemo- and radio-

resistance of GSCs (4). Given the central role of GSCs in tumor

initiation, chemo- and radioresistance, and tumor relapse (17),

we used patient-derived GSC neurosphere cultures to investigate

the effects of ZR2002. Herein, we report the mechanism of action

and the in vivo efficacy of a combi-molecule designed to possess

mixed EGFR-TK inhibitory and DNA-damaging properties for the

first time in GSCs and U87MG GBM cell lines isogenic for EGFR

and EGFRvIII. We show that ZR2002 drastically suppressed GSC

neurosphere growth in all GSC lines tested including a highly

aggressive mesenchymal temozolomide-resistant GSC line.

ZR2002 induced cytotoxic effects in U87MG isogenic GBM cell

lines stably expressing EGFR or EGFRvIII within a submicromolar

range. Mechanistically, ZR2002-induced cellular effects were

associated with decreased phosphorylation of EGFR, Erk1/2-

induced signaling, increased DNA damage and activation of

wild-type (wt)p53. Importantly, we showed that oral adminis-

tration of ZR2002 significantly increased survival in U87/EGFR-

vIII and the temozolomide-resistant GSC orthotopic xenografts

mice models. In the latter, we further provide the proof-of-

concept for ZR2002 delivery across the blood brain barrier BBB

by MALDI imaging mass spectrometry (MALDI IMS) and its

in vivo efficacy through decreased EGFR, Erk1/2, and AKT phos-

phorylation strongly supporting the potential clinical benefit of

such combi-molecule in GBM.

Materials and Methods
Cell culture, drug treatment, and transfection

GSCsOPK111,OPK49,OPK161, 48EF, andOPK257GSC lines

(isolated from patients newly diagnosed with GBM, provided

by Dr. K. Petrecca) were characterized by our group (18). Temo-

zolomide-sensitive (1123IC12S) and temozolomide-resistant

mesenchymal in vivo–derived GSCs sublines (1123IC7R and

1123IC8R) were established in the laboratory of Dr. J. Rak (19).

Low passage number GSCs were maintained in NeuroCult NS-A

Basal Medium (STEMCELL Technologies) with NeuroCult NS-A

proliferation supplements (18). U87MG and its isogenic counter-

parts stably transfected to overexpress EGFR (U87/EGFRwt) or

EGFRvIII (U87/EGFRvIII)GBMcell lines (providedbyDr. B. Jean-

Claude; ref. 16) and normal human primary astrocytes (NHA)

(provided by Dr. J. Rak) were maintained in DMEM supplemen-

ted with 10% FBS and incubated in 5% CO2 atmosphere at 37�C.

Supplementary Table S1 summarizes some molecular and geno-

mic characteristics of GBM cell lines and GSCs used in this study.

Cells were treated with DMSO (control), gefitinib/Iressa (Ark

Pharm), temozolomide (Tocris), or ZR2002 (designed and syn-

thesized in the laboratory of Dr. B. Jean-Claude, Supplementary

Fig. S1) at the indicated doses. PLKO.1 shp53 vector (Addgene

No.19119) was used to generate p53 knockdown of OPK49 GSC

line. Cells were tested for Mycoplasma using the MycoAlert Kit

(Lonza).

GSCs growth assays and neurosphere formation assay

GSC neurosphere cultures were dissociated with Accumax

(Millipore), then seeded in triplicate at 1,500 cells per 96-well for

24 hours before treatment with temozolomide, gefitinib, ZR2002,

or DMSO for 5 days. Cell viability was assessed using the

AlamarBlue assay (Invitrogen) according to the manufacturer's

instructions. Drug sensitivity was also assessed using the neuro-

sphere assay. Cells were seeded overnight, treated the next day

with temozolomide, gefitinib, ZR2002, orDMSO, and the number

of spheres over 50 mm in size was counted 14 to 20 days later (18).

EGF-induced autophosphorylation assay and Western blot

analysis

GSCs were seeded in NeuroCult (STEMCELL) medium over-

night. U87/EGFR isogenic cell lines were allowed to attach

Translational Relevance

Glioblastoma (GBM), the most advanced and frequent

brain tumor in adults, remains incurable. To overcome chal-

lenges inGBMtreatment,we evaluated thepotencyof ZR2002,

a first-in-class type II combi-molecule designed to irreversibly

block EGFR signaling and damage DNA as an intact structure.

We show that ZR2002 induces submicromolar cytotoxic activ-

ity against GBM stem cells (GSCs) resistant to temozolomide,

the first-line chemotherapy for GBM and gefitinib, a clinical

EGFR inhibitor. ZR2002 was well-tolerated orally and signif-

icantly increased survival in the aggressive U87/EGFRvIII

and temozolomide-resistant mesenchymal GSC intracranial

mouse models. Furthermore, mass spectrometry imaging pro-

vided the first evidence of its ability to cross the blood–brain

barrier. Mechanistically, ZR2002 induced high levels of DNA

damage with concomitant inhibition of EGFR-mediated

MAPK/ERK and PI3K/AKT signaling pathways. On the basis

of these findings, our group is committed to pursue the

development of ZR2002 toward phase I clinical trial for

patients with recurrent malignant gliomas.

ZR2002 as a Novel EGFR/DNA Combi-molecule in Glioblastoma
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overnight, then serum-starved for 24 hours. U87/EGFR isogenic

cell lines or GSCs were exposed to the drugs for 2 hours rinsed

with PBS, treated with EGF (50 ng/mL) for 20 minutes, then

rinsed with ice-cold PBS to stop treatment before lysing.

For immunoblotting analysis, cells were seeded overnight in

standard medium, treated (drug or control) for 48 hours at the

indicated concentrations, washed twice (established cell lines)

or collected (GSCs) with ice-cold PBS, then lysed with RIPA

buffer (Boston BioProducts) supplemented with 0.2 mmol/L

sodium orthovanadate, protease (Sigma-Aldrich) and phos-

phatase (Roche Diagnostics) inhibitors cocktails. Western blot-

ting analysis on tumors excised from orthotopic mice xeno-

grafts was performed following brain tumor tissue homogeni-

zation, lysates preparation and analysis of the protein concen-

tration, as described above. Proteins (30 mg, Pierce BCA Protein

Assay Kit, Thermo Fisher Scientific Inc.) were electrophoreti-

cally separated in 12% SDS-PAGE and transferred onto PVDF

membranes. Membranes were probed for phosphorylated

EGFR (p-EGFR/Tyr1068), total EGFR, phospho-p44/42 MAPK

(p-Erk1/2), total Erk1/2, p-Akt/Ser473, p21WAF1/CIP1, p-his-

tone-H2A.X (Ser139) (20E3), Caspase-3 (Cell signaling),

PARP-1 (46D11) total Akt1/2/3 (H-136), p53 (DO-1, mutant

(mut) and wild-type forms) (Santa Cruz) and b-actin (Sigma-

Aldrich). Appropriate horseradish peroxidase–conjugated sec-

ondary antibodies (Life technologies) and chemiluminescence

detection were used (Amersham, GE Healthcare). Quantifica-

tion of Western blotting data normalized to corresponding

total antibodies and controls was performed using ImageJ

software.

Alkaline comet assay

Cells were seeded, allowed to attach for 24 hours, treated

with DMSO, temozolomide or ZR2002 (0, 1, 5, 10, 20, 50, or

100 mmol/L) for 2 hours. Cells were harvested, washed twice in

PBS, and electrophoresed at 20 V, 400 mA for 20 minutes.

Membranes were then, processed for staining with SYBR Gold

(Molecular Probes). Comets (at least 50) were visualized at

�400 magnification and DNA damage was quantified using

Comet Assay IV software to calculate tail moments, as described

previously (15).

MTT cell proliferation assay

NHAs and U87/EGFR isogenic cell lines (1,000–1,500 cells)

were plated in triplicate in 96-well plates and allowed to adhere

overnight. Cell viability and proliferation was measured follow-

ing 5days of treatmentwith indicated concentrations of each drug

orDMSOusingVybrantMTTCell ProliferationAssayKit (Thermo

Fisher Scientific) following the manufacturer's protocol. Absor-

bance at a wavelength of 570 nm was measured on a microplate

reader (Bio-Rad).

Clonogenic assay

Cells were plated in 6-well plates, allowed to adhere overnight,

and treated with ZR2002 or DMSO at varying concentrations in

standard medium for 2 hours. The medium was replaced with

drug-free medium and cells were incubated for additional 8 to

14 days or until colonies (more than 50 cells) were formed. Cells

were then fixed with 10% formalin and stained using 1.5%

methylene blue to count colonies. The surviving fraction was

normalized to the plating efficiency of the corresponding

controls (18, 20).

Dose-finding study and intracranial U87/EGFRvIII-Luc2 and

1123IC7R-Luc xenografts

Experiments were performed in accordance with a protocol

approved by our Institutional Animal Care Committee

(McGill University Health Centre Research Institute and McGill

University, Montreal, Canada). We performed a dose-finding

study evaluated in two schedules. In schedule No. 1 (Supplemen-

tary Fig. S3A), eight female nudemice received ZR2002 (100, 150,

and 200 mg/kg/day) or control via oral (per os gavage (n ¼ 2/

treatment group). In this schedule,micewere treated every day for

5 days with ZR2002 or vehicle control. After the first treatment

cycle, mice were given a 5-day break and the second 5-day

treatment cycle was started. The following parameters and end-

points were evaluated for a total of 60 days from the start of the

study:mortality, changes in bodyweights, skin toxicity, biochem-

istry assessment of blood levels of liver enzymes [alanine ami-

notransferase (ALT) and aspartate aminotransferase (AST)] and

complete blood count (CBC). In schedule No. 2 (Supplementary

Fig. S3A), 6 female nudemice received ZR2002 (n¼ 3) or control

(n¼ 3; 150mg/kg, orally) for 21 consecutive days. The following

parameters and endpoints were evaluated for 60 days: mortality,

changes in body weights, skin toxicity, and CBC.

For Kaplan–Meier survival studies, U87/EGFRvIII and

1123IC7R GSC line were lentivirally transduced with a lucif-

erase-BFP dual gene vector (Luc2 pSMALB; Luc2 cloned from

pGL4.51 (Promega) into the pSMALB backbone described

previously; ref. 21) to monitor tumor growth using biolumi-

nescence imaging (BLI). For orthotopic injection, cells were

dissociated to single-cell suspensions, and 20,000 cells were

stereotactically injected into brains of 6- to 8-week-old nude

mice (Charles River). Three days after U87/EGFRvIII-Luc2 cells

implantation, mice were anesthetized with isoflurane and

subsequently administered 15 mg/mL of D-luciferin [D-

luciferin potassium salt (Cedarlane)] via intraperitoneal injec-

tion to perform BLI for pretreatment time point. For mice

injected with U87/EGFRvIII cell line, mice were randomized

into vehicle (control; n ¼ 7) or ZR2002 150 mg/kg, orally (n ¼

6). For mice injected with 1123IC7R GSC line, mice were

randomized into vehicle (control; n ¼ 6) or temozolomide/

66 mg/kg (n ¼ 6) or gefitinib/150 mg/kg (n ¼ 6) or ZR2002/

150 mg/kg (n ¼ 6) given orally. Tumor growth was monitored

by BLI (19) using an IVIS 200 scanner (PerkinElmer).

For intracranial tumor models, body weights were recorded

and mice were sacrificed upon significant weight loss (>20%) or

presentation of neurologic symptoms necessitating euthanasia.

Mice brains were collected following perfusion with formalin for

Westernblotting analysis onorthotopic tumors xenografts and for

IHC analysis of brain tissue sections. Tumors were excised for

brain tumor tissue homogenization followed by lysing for West-

ern blotting analysis and for paraffin embedding. Paraffin blocks

were processed in 4-mm thick sections for automated Ki-67 IHC

staining on BenchMark XT (Ventana Medical Systems). Slides

were digitally scanned using an Aperio scanner scope XT and

positively stained nuclei were quantified using ImageJ by two

independent observers.

MALDI imaging mass spectrometry

MALDI imaging mass spectrometry (MALDI IMS) was per-

formed on tissue sections (Supplementary Methods) on aMALDI

TOF/TOF Ultraflextreme mass spectrometer equipped with a

SmartBeam II Nd:YAG 355 nm laser (Bruker Daltonics).

Sharifi et al.
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Statistical analysis

Data are reported as mean � SD and are representative of at

least 3 independent experiments run in triplicate, unless other-

wise stated. Statistics were performed using unpaired two-tailed

Student t test. A Kaplan–Meier survival test was used for survival

studies in mice. Analysis was performed using GraphPad Prism

(GraphPad Software Inc.). P values <0.05 were considered statis-

tically significant.

Results
Antiproliferative effects of ZR2002 in GSCs

We first investigated the effect of ZR2002 in a panel of patient-

derived primary GSCs (OPK111, OPK49, OPK161, 48EF, and

OPK257), which exhibit different EGFR expression levels, as

shown by immunoblotting analysis (Fig. 1A). ZR2002 reduced

the viability (AlamarBlue) of OPK111, OPK49, OPK161, 48EF,

and OPK257 at the IC50 concentrations of 0.69, 0.60, 0.50, 0.39,

and 1.77 mmol/L, respectively (Fig. 1B; Supplementary Table S2).

Of note, ZR2002 is highly effective against MGMT-positive GSCs

(48EF, OPK111, and OPK161) and MGMT-negative (OPK257

andOPK49), previously characterized by our group (18) for their

MGMT expression levels (Supplementary Table S1). Interestingly,

all GSC neurosphere cultures were highly resistant to temozolo-

mide (IC50 >100 mmol/L) and displayed IC50 concentrations

ranging between 24 and 55 mmol/L in response to gefitinib

treatment.

We subsequently verified the effects of ZR2002 on mesenchy-

mal temozolomide-sensitive GSC (1123IC12S) and temozolo-

mide-resistant variant GSC lines (1123IC7R and 1123IC8R)

previously derived from NOD SCID gamma (NSG) immunode-

ficient mice harboring intracranial tumors of the parental GSC

line (1123ICP, mutp53 R248L) and treated in vivo with temozo-

lomide (19). 1123IC7R mutp53 R248L GSCs lacks a functional

DNA mismatch repair (MMR) pathway, as it has gained

MMR deficiency during temozolomide treatment (MSH4:

G21R mutation and MLH3: E506K mutation and decreased

expression of twoMMR genes, MSH2 andMSH6, Supplementary

Table S1). As expected (19), 1123IC12S was sensitive to temo-

zolomide (IC50:�21 mmol/L), whereas 1123IC7R and 1123IC8R

(MMR-deficient, MGMT-negative) were resistant to temozolo-

mide (IC50: >100 mmol/L).

Strikingly, our results revealed that 1123IC12S, 1123IC7R, and

1123IC8R were highly sensitive to ZR2002, reaching IC50's in the

submicromolar range (�0.6 mmol/L) regardless of their sensitiv-

ity to temozolomide (Fig. 1C). To ascertain whether ZR2002

antiproliferative effects might affect normal brain cells, we used

MTT proliferation assay to investigate its effects on NHA. ZR2002

exhibited at least 10-fold higher IC50 for NHA compared with

GSCs (�12 mmol/L; Fig. 1D), suggesting that its antiproliferative

effects on GSCs may not affect noncancer cells. Collectively, our

data demonstrate that ZR2002 had striking antiproliferative

effects on GSCs derived from patients newly diagnosed with

GBM, a mesenchymal temozolomide-sensitive and resistant GSC

lines, but not on NHA.

Inhibition of EGFR-induced downstream signaling,

neurosphere formation, and increased DSBs in GSCs

We have previously shown that ZR2002 induced irreversible

inhibition of EGF-stimulated autophosphorylation in breast can-

cer cell lines (14). Western blot analysis showed that ZR2002

treatment of GSCs at 1 mmol/L (Fig. 2A and B) was sufficient to

attenuate EGFR tyrosine phosphorylation (Tyr1068) and to dra-

matically reduce Erk1/2 andAkt phosphorylation (Ser473), there-

by blocking downstream signaling pathways in all tested GSC

lines with varied levels of EGFR and MGMT expression. Interest-

ingly, gefitinib induced similar effects at the IC50 20 mmol/L

(lowest range for gefitinib IC50s in GSCs), while temozolomide

did not show any effects at a concentration as high as 100 mmol/L.

We further performed a time course experiment to assess

phosphorylation of g-H2AX at Ser139, a hallmark of DSBs

induced by DNA damage. Western blotting analysis showed that

ZR2002 (1 mmol/L, 2 hours) induced a slight increase in the levels

of p-g-H2AX in 1123IC12S mesenchymal GSCs (Fig. 2C) while

upregulation of p-g-H2AX in 1123IC7R GSCs was detected only

after 24 hours following ZR2002 treatment. The upregulation of

p-g-H2AX in both mesenchymal GSCs tested was sustained up to

the last time point tested (48 hours).

Congruent results were also obtained with the neurosphere

assay for OPK111, OPK49, 48EF andOPK161GSCs, which failed

to form neurospheres following 1 mmol/L ZR2002 treatment

compared with DMSO control, while gefitinib (20 mmol/L) only

partially affected neurosphere formation and temozolomide had

no effect at 100 mmol/L (Fig. 3A and B). We subsequently tested

the DNA-damaging potential of ZR2002 GSCs using the comet

assay. ZR2002 treatment (1 mmol/L, 2 hours) resulted in signif-

icantly higher levels of DNA damage in GSCs compared with

DMSO control (Fig. 3C, P < 0.0001). As expected, treatment with

temozolomide for 2 hours induced barely detectable levels of

DNA damage at concentrations as high as 100 mmol/L. Figure 3D

shows representative images of DNA comets in 48EF treated

with ZR2002 (1 mmol/L) or temozolomide (100 mmol/L).

Antiproliferative effects of ZR2002 are associated with

inhibition of EGFR autophosphorylation and its DNA-

damaging effects in U87/EGFR isogenic cell lines

To determine whether ZR2002 exhibits cytotoxicity for cells

with EGFR overexpression (EGFRwt) or expressing the constitu-

tively active variant EGFRvIII, we used GBM U87/EGFR isogenic

cell lines. Immunoblotting analysis confirmed that U87MG cells

had low EGFR expression levels while U87/EGFR isogenic cell

lines had high expression of EGFRwt (U87/EGFRwt) or EGFRvIII

(U87/EGFRvIII; Fig. 4A).

We used MTT viability/proliferation assay to assess the cyto-

toxicity of ZR2002 and determine the IC50 of ZR2002, temozo-

lomide, gefitinib, or DMSO control in U87/EGFR isogenic

cell lines. ZR2002 treatment reduced cell viability in a dose-

dependentmanner and exhibited strikingly low IC50s forU87MG,

U87/EGFRwt and U87/EGFRvIII (0.78, 0.76 and 0.6 mmol/L,

respectively) (Fig. 4B). Importantly, ZR2002 displayed approxi-

mately 27, 23, and 41-fold superior antiproliferative activity over

gefitinib in U87MG, U87/EGFRwt, and U87/EGFRvIII cells,

respectively. Temozolomide up to 100 mmol/L did not decrease

the viability of these cell lines, as previously reported (22).

To further explore the cytotoxic effects induced by ZR2002, we

performed a clonogenic assay to analyze the colony formation

ability of U87/EGFR isogenic cells. ZR2002 at 1 mmol/L (short

exposure for 2 hours then growth in drug-free medium for 8–

14 days) reduced the clonogenic survival of all EGFR/isogenic cell

lines tested (Supplementary Fig. S2). U87/EGFRvIII cells were

significantlymore sensitive toZR2002at 5mmol/L comparedwith

U87MG(P¼0.0013) andU87/EGFRwt (P¼0.0156). Theplating
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Figure 1.

A–D, ZR2002 significantly inhibits proliferation of GSCs at doses that do not affect proliferation of NHA. A,Western blotting analysis of EGFR expression levels in

a panel of 5 patient-derived primary GSCs (n¼ 3). Actin was used as a loading control. B, GSCs were treated with various concentrations of DMSO,

temozolomide (TMZ), gefitinib, or ZR2002 for 5 days and cell proliferation was measured using Alamar blue assay (���� , P < 0.0001). C, Effect of ZR2002

compared with temozolomide treatment of temozolomide-sensitive (1123IC12S) and temozolomide-resistant (1123IC7R and 1123IC8R) GSCs was measured using

Alamar blue assay (5-day treatment). D, NHAs were treated with ZR2002 at various concentrations for 5 days, and cell proliferation was measured using MTT

assay. Graphs represent mean values� SD from at least three independent experiments in triplicate.
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efficiencies of U87MG,U87/EGFRwt, andU87/EGFRvIII cells at 5

mmol/L ZR2002 (mean� SD)were 0.1� 5, 0.11� 10, and 0.06�

4.3, respectively (Supplementary Fig. S2A). Supplementary

Figure S2B shows a representative image of the drastic effects of

ZR2002 (5 mmol/L) on U87/EGFRvIII compared with DMSO

control.

D
M

S
O

D
M

S
O

 +
 E

G
F

T
M

Z
 +

 E
G

F

TM
Z 

(1
00

 m
m

ol
/L

)

G
ef

it
in

ib
 (
20

 m
m

o
l/L

)

Z
R

20
02

 (
1 

m
m

o
l/L

)

Z
R

20
02

 +
 E

G
F

G
ef

it
in

ib
 +

 E
G

F

D
M

S
O

D
M

S
O

 +
 E

G
F

T
M

Z
 +

 E
G

F

TM
Z 

(1
00

 m
m

ol
/L

)

G
ef

it
in

ib
 (
20

 m
m

o
l/L

)

Z
R

20
02

 (
1 

m
m

o
l/L

)

Z
R

20
02

 +
 E

G
F

G
ef

it
in

ib
 +

 E
G

F

D
M

S
O

D
M

S
O

 +
 E

G
F

T
M

Z
 +

 E
G

F

TM
Z 

(1
00

 m
m

ol
/L

)

G
ef

it
in

ib
 (
20

 m
m

o
l/L

)

Z
R

20
02

 (
1 

m
m

o
l/L

)

Z
R

20
02

 +
 E

G
F

G
ef

it
in

ib
 +

 E
G

F

OPK111 48EF OPK257A

p-EGFR (Tyr1068)

EGFR

p-Erk1/2

Total Erk1/2

Total Akt

Actin

p-Akt (Ser473)

D
M

S
O

T
M

Z
 (
10

0 
m
m

o
l/L

)

G
ef

it
in

ib
 (
20

 m
m

o
l/L

)

Z
R

20
02

 (
1 

m
m

o
l/L

)

D
M

S
O

T
M

Z
 (
10

0 
m
m

o
l/L

)

G
ef

it
in

ib
 (
20

 m
m

o
l/L

)

Z
R

20
02

 (
1 

m
m

o
l/L

)

1123IC12S 1123IC7R

175 kDa

175 kDa

44/42 kDa

44/42 kDa

60 kDa

60 kDa

42 kDa

1123IC12S

2 hours 24 hours 48 hours 2 hours 24 hours 48 hours

1123IC7R

C
o
n
tr

o
l

Z
R

20
02

C
o
n
tr

o
l

Z
R

20
02

C
o
n
tr

o
l

Z
R

20
02

C
o
n
tr

o
l

Z
R

20
02

C
o
n
tr

o
l

Z
R

20
02

C
o
n
tr

o
l

Z
R

20
02

p-EGFR (Tyr1068)

EGFR

p-Erk1/2

Total Erk1/2

Total Akt

Actin

p-Akt (Ser473)

p-histone-H2A.X

Actin

15 kDa

B

C

Figure 2.

A–C, ZR2002 inhibits EGFR-induced downstream signaling and increased g-H2AX in mesenchymal (1123IC12S and 1123IC7R) GSCs. OPK111, 48EF and OPK257 (A),

1123IC12S and 1123IC7R GSCs (B) were treated with temozolomide (TMZ; 100 mmol/L), gefitinib (20 mmol/L), ZR2002 (1 mmol/L), or DMSO control for 2 hours,

stimulated or not with EGF (50 ng/mL) for 20minutes, then probed for p-EGFR (Tyr1068), total EGFR, p-Erk1/2, total Erk1/2, p-Akt (Ser473), total Akt, and actin

as a loading control byWestern blotting (n¼ 2). C, 1123IC12S and 1123IC7R were treated with 1 mmol/L ZR2002 for 2, 24, and 48 hours and then lysed and probed

for p-histone-H2AX (Ser 139) and actin as a loading control byWestern blotting.
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We investigated the ability of ZR2002 to inhibit EGFR autopho-

sphorylation inU87/EGFR isogenic cell lines (Fig. 4C). Cells were

treated with temozolomide (100 mmol/L), gefitinib (20 mmol/L),

or ZR2002 (1 mmol/L) with or without EGF (2 hours) and the

effects on EGFR autophosphorylation (Tyr1068) and down-

stream signaling were analyzed by Western blotting. ZR2002

treatment (only 1 mmol/L, 2 hours) induced complete inhibition

of EGF-induced EGFRautophosphorylation), anddownregulated

Erk1/2 phosphorylation, which may account for its antiprolifera-

tive effects in EGFR-expressing isogenic cell lines (Fig. 4C).
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Figure 3.

A–D, ZR2002 inhibits neurosphere formation ability of GSCs and inflicts DNA damage in GSCs.A, Sphere formation results for GSCs after treatment with

temozolomide (TMZ; 100 mmol/L), gefitinib (20 mmol/L), ZR2002 (1 mmol/L), or DMSO control. Ten random fields were photographed for both vehicle and

drug-treated conditions and the number of spheres over 50 mm in size was scored 14 to 20 days later from three independent experiments in duplicate.

B, Representative images of 48EF treated with temozolomide (100 mmol/L) or ZR2002 (1 mmol/L). Scale bar, 200 mm. C, Cells were exposed to ZR2002 or

temozolomide for 2 hours and assessed for drug-induced DNA damage using an alkaline comet assay. Average comet tail moments were calculated from 50

comets based on three independent experiments for each concentration. D, Representative images of DNA comets stained with SYBR Gold dye and visualized

by fluorescence microscopy are shown for ZR2002 (1 mmol/L) and compared with temozolomide (100 mmol/L) in 48EF (���� , P < 0.0001; ns, not significant).

Sharifi et al.

Clin Cancer Res; 25(24) December 15, 2019 Clinical Cancer Research7600

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
lin

c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/2

5
/2

4
/7

5
9
4
/2

0
5
5
5
1
4
/7

5
9
4
.p

d
f b

y
 g

u
e

s
t o

n
 2

7
 A

u
g

u
s
t 2

0
2
2



175 kDa
145 kDa

42 kDa

TMZ
IC50:>100 mmol/L

Gefitinib
IC50: 21.49 mmol/L

ZR2002
IC50: 0.78 mmol/L

TMZ
IC50: >100 mmol/L

Gefitinib
IC50: 24.98 mmol/L

ZR2002
IC50: 0.6 mmol/L

TMZ
IC50: >100 mmol/L

Gefitinib
IC50: 17.77 mmol/L

ZR2002
IC50: 0.76 mmol/L

10-1 100 101 102 103

Concentration (mmol/L)

U87/EGFRvIII

10-1 100 101 102 103

Concentration (mmol/L)

10-1 100 101 102 103

Concentration (mmol/L)

125

100

75

50

25

0

P
ro

li
fe

ra
ti

o
n

 (
%

 o
f 

c
o

n
tr

o
l)

125

100

75

50

25

0

P
ro

li
fe

ra
ti

o
n

 (
%

 o
f 

c
o

n
tr

o
l)

125

100

75

50

25

0

P
ro

li
fe

ra
ti

o
n

 (
%

 o
f 

c
o

n
tr

o
l)B U87MG

U87/EGFRwt

Total EGFR

Actin

U
87

/
E
G

F
R

w
t

U
87

/
E
G

F
R

vI
II

U
87

M
G

A

p-EGFR (Tyr1068)

EGFR

p-Erk1/2

Total Erk1/2

Total Akt

Actin

p-Akt (Ser473)

U87/EGFRvIIIU87/EGFRwtU87MG

2 hours 24 hours48 hours 2 hours 24 hours48 hours 2 hours 24 hours 48 hours

C
o
n
tr

o
l

Z
R

20
02

C
o
n
tr

o
l

Z
R

20
02

C
o
n
tr

o
l

Z
R

20
02

C
o
n
tr

o
l

Z
R

20
02

C
o
n
tr

o
l

Z
R

20
02

C
o
n
tr

o
l

Z
R

20
02

C
o
n
tr

o
l

Z
R

20
02

C
o
n
tr

o
l

Z
R

20
02

C
o
n
tr

o
l

Z
R

20
02

U87/EGFRvIII

U87/EGFRwt

U87MG

U87/EGFRvIIIU87/EGFRwtU87MG

D
M

S
O

D
M

S
O

 +
 E

G
F

T
M

Z
 +

 E
G

F

TM
Z 

(1
00

 m
m

ol
/L

)

G
ef

it
in

ib
 (
20

 m
m

o
l/L

)

Z
R

20
02

 (
1 

m
m

o
l/L

)

Z
R

20
02

 +
 E

G
F

G
ef

it
in

ib
 +

 E
G

F

D
M

S
O

D
M

S
O

 +
 E

G
F

T
M

Z
 +

 E
G

F

TM
Z 

(1
00

 m
m

ol
/L

)

G
ef

it
in

ib
 (
20

 m
m

o
l/L

)

Z
R

20
02

 (
1 

m
m

o
l/L

)

Z
R

20
02

 +
 E

G
F

G
ef

it
in

ib
 +

 E
G

F

D
M

S
O

D
M

S
O

 +
 E

G
F

T
M

Z
 +

 E
G

F

TM
Z 

(1
00

 m
m

ol
/L

)

G
ef

it
in

ib
 (
20

 m
m

o
l/L

)

Z
R

20
02

 (
1 

m
m

o
l/L

)

Z
R

20
02

 +
 E

G
F

G
ef

it
in

ib
 +

 E
G

F

p-histone-

H2A.X

Actin

ZR2002 (2 hours)

C
ontr

ol

1 
m
m

ol/L
5 

m
m

ol/L
C
ontr

ol

1 
m
m

ol/L
5 

m
m

ol/L
C
ontr

ol

1 
m
m

ol/L
5 

m
m

ol/L

50

40

30

20

10

0

C
o

m
e

t 
ta

il
 m

o
m

e
n

t

15 kDa

D E

C

Figure 4.

A–E, Antiproliferative effects of ZR2002 are associated with inhibition of EGFR autophosphorylation, its DNA-damaging effects in U87/EGFR isogenic cell lines.

A,Western blotting analysis of EGFR levels in U87/EGFR isogenic lines (n¼ 2). B, Cells were treated with various concentrations of DMSO, temozolomide (TMZ),

gefitinib, or ZR2002 for 5 days. Cell proliferation was measured using Vybrant MTT Cell Proliferation Assay Kit. Graphs represent mean values� SD from at least

three independent experiments in triplicate ���� , P < 0.0001. C, Serum-starved U87MG, U87/EGFRwt and U87/EGFRvIII cells were treated with temozolomide

(100 mmol/L), gefitinib (20 mmol/L), ZR2002 (1 mmol/L), or DMSO control for 2 hours, stimulated or not with EGF (50 ng/mL), lysed, then probed byWestern

blotting (n¼ 2) for p-EGFR (Tyr1068), total EGFR, p-Erk1/2, total Erk1/2, p-Akt (Ser473), total Akt, and actin as a loading control. D, Cells were exposed to for

2 hours and assessed for drug-induced DNA damage using an alkaline comet assay. Average tail moments were calculated from 50 comets based on three

independent experiments for each concentration (P value for each condition compared with DMSO control is shown, ���� , P < 0.0001). E, U87/EGFR isogenic cell

lines were treated with 1 mmol/L ZR2002 for 2, 24, and 48 hours and then lysed and probed for p-histone-H2AX (Ser 139) and actin as a loading control by

Western blotting.
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Increasing exposure time showed expression of P-EGFR, its inhi-

bition by ZR2002 in U87MG and oversaturation of chemilumi-

nescence signal in EGFR-overexpressing cell lines (Supplementary

Fig. S2C). As expected, ZR2002didnot affect Akt phosphorylation

(Ser473) of U87/EGFR isogenic cell lines due to their PTEN-

deficient status (23).

We subsequently tested the DNA-damaging potential of

ZR2002 on U87/EGFR isogenic cell lines using the comet assay.

ZR2002 at an early time point (5 mmol/L, for only 2 hours)

significantly increased the levels of DNA strand breakage in

single cells as reflected by comet tails analysis in all U87

isogenic cell lines compared with their respective controls (P

< 0.0001; Fig. 4D). Supplementary Figure S2D shows dose-

dependent increase number of comet tails following treatment

with concentrations up to 100 mmol/L for all U87 isogenic cell

lines with noticeable effects seen for U87/EGFRvIII compared

to its isogenic counterparts. As expected, temozolomide treat-

ment did not significantly increase DNA damage in these cells

(data not shown).

Compared with its respective DMSO control, ZR2002 treat-

ment (1 mmol/L) increased phosphorylation of g-H2AX at

48 hours in U87MG cell line and induced comparable kinetics

of increased phosphorylation of g-H2AX at 24- and 48-hour

time points in U87/EGFRwt and U87/EGFRvIII cell lines

(Fig. 4E). ZR2002 treatment decreased pro-caspase-3 expres-

sion levels, but cleaved caspase-3 fragment was barely detect-

able in U87/EGFRwt and U87/EGFRvIII cell lines (data not

shown).

ZR2002 mechanism of action is mediated through wtp53

activation

Upon DNA damage, ataxia-telangiectasia (ATM), Rad3-related

(ATR), and DNA-PK activate p53 through phosphorylation (24).

Treatment with temozolomide (100 mmol/L), or ZR2002

(1 mmol/L), or gefitinib (20 mmol/L) induced a marked increase

in p53 levels and was accompanied by induction of its known

target p21 protein in U87/isogenic cell lines (wtTP53) and

OPK161, OPK49, 48EF, OPK257, and OPK111 (wtTP53) with

the exception of OPK257 (mutTP53; Fig. 5A and B; ref. 18). To

further explore the effect of p53 inhibition on ZR2002 treatment,

we used OPK49 GSC line, which showed the greatest increase of

p53 protein expression levels upon exposure to ZR2002 (Fig. 5B)

and performed shRNA-mediated TP53 knockdown. We achieved

at least 90% decrease of p53 expression with concomitant

decrease of expression levels of p53 target protein, p21

(Fig. 5C). Next, we examined whether p53-knockdown affects

the growth inhibitory effects of ZR2002. Silencing of p53 caused a

significant increase in drug resistance in OPK49/shRNA (P <

0.0001; IC50:0.66 and 2.66 mmol/L in OPK49 and OPK49/

shRNA, respectively; Fig. 5D). To further explore the effect of

p53 status on sensitivity to ZR2002 in OPK49, we performed a

neurosphere formation assay. OPK49/shRNA was able to form

neurospheres, despite treatmentwith ZR2002 at 1mmol/L, where-

as the same concentration completely inhibited neurosphere

formation of OPK49 mock cell line (Fig. 5E).

ZR2002 is well tolerated, crosses the BBB, and improves

survival of mice with EGFRvIII and 1123IC7R intracranial

tumors

To assess the in vivo efficacy of ZR2002, we performed a dose-

finding study to evaluate the optimal dose of ZR2002 in nude

mice. In schedule No. 1 (Supplementary Fig. S3A) mice were

treated (oral gavage of 100, 150 and 200mg/kg/day of ZR2002 or

vehicle control) every day for 5 days, followed by a 5-day break

then a second 5-day cycle, then monitored up to 60 days post-

treatment. ZR2002 at doses up to 150 mg/kg was well tolerated.

Mice were alive without having weight loss >20% (Supplemen-

tary Fig. S3B), did not show any significant changes in CBC, liver

enzymes ALT/AST (Supplementary Tables S3) or skin toxicity,

which could be a concern, as previously reported for EGFR

inhibitors (25). We monitored toxicity in mice treated with

150 mg/kg ZR2002 (orally) for 21 consecutive days (schedule

No. 2, Supplementary Fig. S3A). Over an observation period of

60 days post-treatment, ZR2002 (150 mg/kg) did not show any

significant difference compared to vehicle control groups for

mortality, weight loss (Supplementary Fig. S3C), skin toxicity,

or CBC counts (Supplementary Table S4).

Next, we assessed the in vivo efficacy of ZR2002 in a mouse

orthotopic U87/EGFRvIII GBM xenograft model known for

their high rate of intracranial tumor growth and short median

survival (26). U87/EGFRvIII-Luc2 cells were stereotactically

injected into the striatum of nude mice only 4 days before

starting treatment. After the second 5-day treatment cycle, 4 of 7

mice in the control group showed significant weight loss

(>20%), while none of the mice in the ZR2002 group showed

significant weight loss (>20%; Fig. 6A). ZR2002 significantly

reduced tumor BLI signal compared to control group at the

same time point (P ¼ 0.0262) (Fig. 6B). Interestingly, ZR2002

at 150 mg/kg significantly improved survival of mice compared

to the control group (P ¼ 0.0003; Fig. 6C; Supplementary

Fig. S4A). Hence, ZR2002 exhibits antiproliferative effects

within a submicromolar range in vitro and anti-tumor activity

in the highly aggressive U87/EGFRvIII orthotopic model with-

out toxicity in nude mice.

We also assessed the in vivo efficacy of ZR2002 in the highly

aggressive intracranial xenograft 1123IC7R GSC mesenchymal

temozolomide-resistant mouse model (19). Three days follow-

ing stereotactic injection of 1123IC7R GSCs stably transfected

with luciferase (1123IC7R-luc), mice were treated once daily

with either vehicle control (3 weeks), temozolomide (66mg/kg,

5 days; ref. 27), gefitinib (150 mg/kg, 3 weeks; ref. 28), or

ZR2002 (150mg/kg, 3 weeks) andmonitored for tumor growth

using BLI imaging. Figure 6D shows representative images of

BLI signals from mice in control and treatment groups at

different time points. Remarkably, ZR2002 treatment signifi-

cantly prolonged the survival of mice compared with vehicle

control (P ¼ 0.005; Fig. 6E; Supplementary Fig. S4B).

Micewere given afinal dose of 150mg/kg (ZR2002or gefitinib)

and 66mg/kg temozolomide prior to euthanasia to assess down-

stream signaling effectors on tumor tissue by Western blotting.

ZR2002 dramatically reduced EGFR, Erk1/2, and AKT phosphor-

ylation in 1123IC7R (Fig. 6F).

In accordance with previous studies showing that GSCs exhibit

pronounced apoptotic resistance (29), we did not detect cleaved

caspase-3 fragment by Western blotting in 1123IC7R tumor

lysates in vivo, neither following ZR2002 treatment of 1123IC7R

GSCs in time course experiments in vitro, wherein pro-caspase-3

was decreased at 48-hour time point (data not shown). To further

investigate the onset of ZR2002-induced cell death, we used

Western blotting to analyze expression and apoptotic and/or

necrotic processing of PARP-1, a key enzyme involved in DNA

repair in response to strand breaks in addition to DNA damage–
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induced necrotic cell death following excessive DNA damage.

Interestingly, treatment with ZR2002 increased expression of the

full length of PARP-1 (116 kDa), while cleavage of the apoptotic

fragment of 89 kDa was detectable and the major necrotic

cleavage fragment of 50 kDa, previously reported as a hallmark

of DNA-damage induced necrosis (30) was noticeable in 2 of 4

tumors analyzed (Fig. 6G).

ZR2002 significantly decreased numbers of cells that stained

positive for the proliferative marker Ki-67, which is consistent

with decreased phosphorylation of Erk1/2 shown by Western

U87/EGFRvIIIU87/EGFRwtU87MG

D
M

S
O

TM
Z

G
ef

iti
ni

b
ZR

20
02

D
M

S
O

TM
Z

G
ef

iti
ni

b
ZR

20
02

D
M

S
O

TM
Z

G
ef

iti
ni

b
ZR

20
02

OPK111 OPK49 OPK257OPK161 48EF

D
M

S
O

TM
Z

G
ef

iti
ni

b
ZR

20
02

D
M

S
O

TM
Z

G
ef

iti
ni

b
ZR

20
02

D
M

S
O

TM
Z

G
ef

iti
ni

b
ZR

20
02

D
M

S
O

TM
Z

G
ef

iti
ni

b
ZR

20
02

D
M

S
O

TM
Z

G
ef

iti
ni

b
ZR

20
02

O
PK

49
 m

ock

O
PK

49
/s

hR
N
A

OPK49 mock
IC50: ~0.66 mmol/L

OPK49/shRNA
IC50: 2.66 mmol/L

%
 V

ia
b

il
it

y

150

125

100

75

50

25

0

D

ZR2002 (mmol/L)

10-1 100 101 102

A

C

B

p53

p21

Actin

p53

p21

Actin

p53

p21

Actin

E
Control

ZR2002

ZR2002
(1 mmol/L)

Control

150

100

50

0

%
 o

f 
S

p
h

e
re

 f
o

rm
a
ti

o
n OPK49sh/RNA

Control

ZR2002

ZR2002
(1 mmol/L)

Control

150

100

50

0

%
 o

f 
S

p
h

e
re

 f
o

rm
a
ti

o
n

OPK49 mock

Figure 5.

A–E, ZR2002mechanism of action is mediated throughwtp53 activation. A and B,Western blotting analysis showing p53 and p21 expression in GBM-established

cell lines (A) and GSCs (B) treated for 48 hours with DMSO, temozolomide (TMZ; 100 mmol/L), gefitinib (20 mmol/L), or ZR2002 (1 mmol/L). Cell lysates were

probed with p53 antibody, then reprobed for p21 and actin as a loading control. C,Western blotting confirmed p53-knockdown by at least 95% in OPK49/shp53.

D and E, p53-knockdown induced resistance to ZR2002 compared with the parental OPK49, as shown in viability assay (D; graph represent mean values� SD

from at least three independent experiments in triplicate) and sphere formation assay (E; from three independent experiments in duplicate; ���� , P < 0.0001).

Scale bar, 200 mm.
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A–I, ZR2002 is well tolerated, crosses the blood–brain barrier, and improves survival of mice with EGFRvIII and 1123IC7R intracranial tumors. A, U87/EGFRvIII-

Luc2 was stereotactically injected into the brain of nudemice. After 4 days, mice were orally treated with vehicle control (n¼ 7) or ZR2002 150mg/kg (n¼ 6)

according to schedule No. 1. Body weights of mice are shown for the end of the second 5-day treatment cycle. B, BLI signal of mice is shown for the same time

point (end of the second 5-days cycle; �statistical significance for control vs. ZR2002, P¼ 0.0262). C, Survival curves were generated for EGFRvIII-Luc2

intracranial tumors; ���, P¼ 0.0003. D and E, 1123IC7R-Luc2 GSCs were stereotactically injected into the brain of nude mice. After 3 days, mice were orally

treated with vehicle control (n¼ 6) temozolomide (TMZ)/66mg/kg (n¼ 6), gefitinib/150 mg/kg (n¼ 6), or ZR2002/150 mg/kg (n¼ 6) according to schedule

No. 2.D, Tumor growth was monitored using BLI and representative images of BLI signal are shown at pretreatment, 6 days and 13 days posttreatment for each

treatment group. E, Kaplan–Meier survival curves were generated for 1123IC7R-Luc2 GSC intracranial tumors; �statistical significance (P¼ 0.005); ns, not

significant (control vs. temozolomide; P¼ 0.0529), (control vs. gefitinib; P¼ 0.069). F and G,Mice were given a final dose of control, ZR2002, gefitinib, or

temozolomide before euthanasia. Tumor tissue collected frommice brains was processed for lysis (F and G) to analyze byWestern blotting p-EGFR (Tyr1068),

total EGFR, p-Erk1/2, total Erk1/2, p-Akt (Ser473), total Akt, PARP-1, and actin, and also paraffin embedding for IHC staining (H) as shown in representative

images of Ki-67 IHC staining for control and ZR2002 conditions. Scale bar, 100 mm I,MALDI IMS for blood brain barrier permeability of ZR2002. a,Optical scan of

tissue after CHCA deposition revealed the brain margin on four serial brain sections. b, Distribution of ZR2002 is shown in the mouse brain treated with ZR2002

(turquoise,m/z377.01) and absent in the control. Heme (red,m/z616.18) served as a marker for the lumen of blood vessels. Scale bar, 2 mm.
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blotting (Fig. 6F). Supplementary Figure S6 shows Ki-67 IHC

scoring analysis comparing ZR2002 treatment with vehicle con-

trol (P < 0.0001). Figure 6H shows representative images of

decreased Ki-67 proliferative index, which also revealed pat-

terns of ZR2002-induced necrotic cell death in areas with less

cellular density. This is in line with the presence of the necrotic

cleavage fragment of 50 kDa in the corresponding brain

1123IC7R tumor tissue analyzed by Western blotting (last

lane, Fig. 6G).

Interestingly, MALDI IMS (31) provided the perspective to

assess brain tumor permeability of ZR2002 through the BBB

in an intracranial 1123IC7R mouse model (Fig. 6I). Isotopic

pattern and MS/MS (m/z377.0!m/z341.0) were used to con-

firm the presence of ZR2002 on-tissue (Supplementary Fig. S5).

Hematoxylin and eosin (H&E) staining confirmed the presence

of tumor (Supplementary Fig. S7A). Optical scan of tissue

after CHCA deposition revealed the brain margin on four serial

brain sections (Fig. 6I, panel a). Distribution of ZR2002 is

shown in the mouse brain treated with ZR2002 (turquoise

signal), while absent in a mouse treated with vehicle control

(Fig. 6I, panel b). Heme (red, m/z616.18) was used as a marker

for the lumen of blood vessels (31, 32). IMS potentially

detected ZR2002 dealkylated metabolite (ZR01; ref. 14,

m/z315.0), a potent EGFR inhibitor in the brain of treated

mouse (Supplementary Fig. S7B and S7C). As expected, both

signals of ZR2002 and ZR01 are co-localized on the treated

tissue and absent from the control (overlay of ZR2002 and

ZR01 signals in yellow, Supplementary Fig. S7D). Taken togeth-

er, our data indicate that ZR2002 is well-tolerated in nude mice,

crosses the BBB and improves survival of mice with EGFRvIII or

1123IC7R intracranial tumors.

Discussion

Despite compelling evidence demonstrating the potential of

EGFR as a target in GBM, EGFR-targeted agents did not fulfill

their promise in the treatment of patients newly diagnosed with

GBM (12) or with recurrent disease (33). In this study, we

present novel findings for the potential clinical efficacy of

ZR2002, a small molecule designed to block EGFR-mediated

signaling but in contrast to other EGFR inhibitors, it carries a

haloalkyl arm capable of reacting with the receptor itself and

with DNA bases, and importantly was kept small enough to

maintain brain penetrability. First, we provide experimental

evidence for a unique growth inhibitory profile of ZR2002 in

experimental settings that recapitulates the heterogeneity and

aggressive nature of GBM disease. This includes (i) MGMT-

positive or negative GSCs derived from newly diagnosed GBM

patients; (ii) an experimental GSC model for in vivo temozo-

lomide resistance and GBM recurrence with the highly aggres-

sive temozolomide-resistant mesenchymal in vivo derived

MMR-deficient GSC subline; and (iii) GBM established cell

lines isogenic for EGFR or EGFRvIII. Second, our study high-

lights the cytotoxic effects of ZR2002 through DNA damage

(DSBs) shown by comet assay with concomitant inhibition of

EGFR or EGFRvIII-induced downstream signaling. Importantly,

its DNA damaging arm seems to act in a p53-dependent

manner, as suggested by increased expression of p53 in all

GSCs (except for mutantp53 OPK257) and the causal relation-

ship between TP53 activation and the antiproliferative effects of

ZR2002 in wtp53 GSC line. Third, we achieved a key step in

pre-clinical development of ZR2002 and showed its safety, BBB

permeability, oral bioavailability and in vivo anti-tumor prop-

erties with significant delay of tumor progression for either

EGFRvIII-driven or mesenchymal GSC temozolomide-resistant

intracranial xenografts in nude mice. Thus, our results suggest

DNA damage with concomitant irreversible inhibition of

EGFR tyrosine kinase activity as a key vulnerability in GBM.

The concept of EGFR oncogene "addiction" has gained a

momentum based on clinical evidence for the success of

different EGFR-targeted therapies in different cancer types.

Further experimental evidence revealed the role of EGFR as a

key oncogene driver at the nexus of tumor metabolism and

immunogenic cell death (34). Oncogenic TKs orchestrate com-

plex signaling pathways, cross-talk with each other, trigger

similar signaling pathways that enable alternate compensatory

mechanisms following inhibition with RTK inhibitor as a

monotherapy. The potency of ZR2002 stems from its concep-

tual design to achieve divergent targeting of different cellular

components (i.e, co-targeting a RTK and DNA) (14, 16). Our

findings showing the in vivo potency of ZR2002 support the

concept of divergent targeting as an efficient and promising

multi-targeting approach beyond co-targeting RTKs to inhibit

downstream compensatory mechanisms.

Given the important role of GSCs as a disease reservoir

in GBM, unraveling the molecular mechanisms involved

in the maintenance of GSCs provided the rationale for preclin-

ical and clinical testing of targeted therapeutic strategies aiming

to eradicate GSCs (5). ZR2002 displayed cytotoxic anti-

proliferative effects with an IC50 within a submicromolar range

and drastically obliterated neurosphere formation of GSCs

including MGMT-positive GSCs intrinsically resistant to temo-

zolomide (48EF, OPK111 and OPK161) and MGMT-negative

MMR-deficient GSC line (1123IC7R, Supplementary Table S1).

Our results are in accordance with studies showing that EGFR-

knockdown in EGFR-positive GBM neurosphere cultures led to

differentiation and less malignant tumors in vivo, and its

inhibition resulted in reduced neurosphere formation in the

presence of EGF (35).

Our study provides some mechanistic insights underlying the

antiproliferative effects and potency of ZR2002 to eradicate

neurosphere forming ability and improve survival in a highly

aggressive GSC model refractory to temozolomide and gefitinib.

Tyr1068, has been reported as one major EGFR autophosphor-

ylation site (36), which is key in Ras–Raf–MAPK ERK1/2 path-

way (37). Our in vitro and in vivo experiments show that ZR2002

treatment drastically downregulated this tyrosine kinase site. It

has been previously reported that temozolomide and ZR2002 are

able to induce methylation of genomic DNA (22) and ZR2002

alkylating chloroethyl function (14), respectively. ZR2002 inflicts

DNA damage inducing DNA strand breaks through its DNA-

damaging moiety as shown by comet assay in breast cancer cell

lines (14) and in the current study, in which ZR2002 induced

sustained increased g-H2AX phosphorylation reminiscent of per-

sistence of DSBs and low efficiency of DNA repair (Fig. 2C

and Fig. 4E). We surmise that its EGFR TK-targeting moiety

irreversibly induces covalent damage to ATP site, which subse-

quently cutback EGFR-mediated DSB repair. Indeed, besides its

canonical role as a cell surface receptor in signal transduction to

downstream effectors, EGFR is shuttled to the nucleus (38).

Several studies provided convincing evidence for the role of

nuclear EGFR in transcriptional regulation (cyclin D1) (39), DNA

ZR2002 as a Novel EGFR/DNA Combi-molecule in Glioblastoma
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synthesis, and repair and showed its role in chemo- and radio-

resistance and association with worst clinical prognosis (40).

Nuclear EGFR directly interacts with and enhances the activity

of DNA-PKcs known for their major role in nonhomologous end

joining of DSBs repair (41) in addition to its direct interaction

with histone H4 affecting DNA synthesis and repair (42).

Furthermore, a study by Yakoub and colleagues demonstrated

that EGFR is also involved in upregulation of DNA repair genes

such as XRCC1 and ERCC1 (43). Additional studies are needed

to identify the specific mechanism(s) by which ZR2002 inhibits

EGFR-mediated repair of DNA damage (decrease in DNA

synthesis and repair in GBM), which might be critical for its

in vivo efficacy.

Resistance to apoptosis in GBM (29, 44) is heightened

with loss of a functional p53 response (45) and gain of

MMR-deficiency during temozolomide treatment (46). Our

orthotopic in vivo experiments revealed that ZR2002 induced

drastic anti-proliferative effects (low Ki67 proliferation

index and suppression of P-ERk1/2 induced signaling), while

promoting to some extent necrotic cell death with evidence of

PARP-1 necrotic cleavage and necrotic areas in brain tumor

tissue of mutp53 MMR-deficient 1123IC7R GSC temozolo-

mide-resistant mouse model. This is in line with the tenet

that DNA damage triggers necrosis cell death as a self-

determined cell fate through PARP-1 activation independently

from p53, Bax/Bak, or caspases (47). Excessive DNA damage

and/or DNA repair defects with overwhelming unrepaired DNA

breaks lead to sustained PARP-1 activation, inhibition of gly-

colysis, depletion of cellular ATP pools, and necrotic cell

death (48–50).

In accordance with the important role of p53 in response to

DNA damage, ZR2002 treatment increased expression of wtp53

to a variable extent in EGFR isogenic cell lines and GSCs, and this

increase was more pronounced compared to temozolomide or

gefitinib. Accordingly, increased expression of its downstream

effector p21, a readout of p53 activation known to mediate cell-

cycle checkpoints and apoptosis (51) might support ZR2002-

induced cytotoxicity. Previous work has shown that loss of

functional p53 increased the sensitivity of normal and neoplastic

astrocytic cells to DNA alkylating agents (52). Dinca and collea-

gues (53) demonstrated in an intracranial xenograft model that

U87MG cells were sensitized to temozolomide by pretreatment

with pifithrin-a (inhibitor of p53). Loss of functional p53 was

previously shown to contribute to stemness and survival in

GSCs (54). The relationship between p53 and sensitivity to

ZR2002 in wtp53 GSC line (OPK49), wherein p53-silencing by

RNAi significantly conferred resistance to ZR2002 (Fig. 6D),

suggests that ZR2002 might partially exert its effects on GSCs in

a p53-dependent manner and extends on previous findings

corroborating the role of functional p53 in GSCs in response to

DNA damage.

ZR2002 exhibited in vitro and in vivo effects on U87/EGFRvIII

cell line unveiling EGFR/DNA binary targeting as a novel

strategy to directly inhibit EGFRvIII. Thus far, strategies target-

ing EGFRvIII-positive GBM tumors has failed in GBM (55, 56).

EGFRvIII has been shown to enhance DSB repair in a mouse

orthotopic glioma model (57). Co-expression of EGFRvIII and

PTEN (negative regulator of PI3K/Akt pathway) in GBM cells is

associated with heightened sensitivity to EGFR kinase inhibi-

tors, while PTEN deficiency decreases response to EGFR inhi-

bitors due to high levels of Akt activation (58). Accordingly,

ZR2002 induced marked dephosphorylation of EGFR and

Erk1/2, but not p-Akt (Ser473) in PTEN-deficient (23) U87/

EGFR isogenic cell lines.

Collectively, our findings demonstrate the drastic effects of

ZR2002 on GSG neurosphere formation in vitro and its in vivo

efficacy in a temozolomide -resistant GSC model in addition to

noticeable cytotoxic effects on EGFRvIII in vitro and in vivo. Our

study highlights binary EGFR/DNA–targeting strategy to induce

irreversible inhibition of EGF-stimulated autophosphoryla-

tion, while increasing DSBs as a potentially attractive thera-

peutic strategy to overcome EGFR-induced compensatory DNA

repair mechanisms in GBM. It also provides the proof-of-

principle to suggest ZR2002 as a novel approach in GBM

including for patients with recurrent temozolomide-resistant

GBM, for which effective therapeutic options are not currently

available.
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