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Abstract

Background: Glioblastoma (GBM) is a fatal brain tumor, lacking effective treatment. Epidermal growth factor

receptor (EGFR) is recognized as an attractive target for GBM treatment. However, GBMs have very poor responses

to the first- and second-generation EGFR inhibitors. The third-generation EGFR-targeted drug, AZD9291, is a novel

and irreversible inhibitor. It is noteworthy that AZD9291 shows excellent blood–brain barrier penetration and has

potential for the treatment of brain tumors.

Methods: In this study, we evaluated the anti-tumor activity and effectiveness of AZD9291 in a preclinical GBM

model.

Results: AZD9291 showed dose-responsive growth inhibitory activity against six GBM cell lines. Importantly,

AZD9291 inhibited GBM cell proliferation > 10 times more efficiently than the first-generation EGFR inhibitors.

AZD9291 induced GBM cell cycle arrest and significantly inhibited colony formation, migration, and invasion of

GBM cells. In an orthotopic GBM model, AZD9291 treatment significantly inhibited tumor survival and prolonged

animal survival. The underlying anti-GBM mechanism of AZD9291 was shown to be different from that of the first-

generation EGFR inhibitors. In contrast to erlotinib, AZD9291 continuously and efficiently inhibited the EGFR/ERK

signaling in GBM cells.

Conclusion: AZD9291 demonstrated an efficient preclinical activity in GBM in vitro and in vivo models. AZD9291

has been approved for the treatment of lung cancer with good safety and tolerability. Our results support the

possibility of conducting clinical trials of anti-GBM therapy using AZD9291.
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Background

Glioblastoma (GBM) is the most common malignant

adult brain tumor and has the poorest prognosis of all

brain tumors in adults [1]. To date, GBM treatment is

based on surgical maximum excision combined with

postoperative radiotherapy and chemotherapy [2]. Al-

though GBM diagnosis and treatment techniques have

been greatly improved, the median survival of GBM pa-

tients is still only 15–23months, with less than a 6%

five-year survival rate [3]. Hence, there is an urgent need

to develop new therapeutic drugs to treat GBM.

Epidermal growth factor receptor (EGFR) is a trans-

membrane receptor tyrosine kinase. Abnormal expres-

sion of EGFR regulates tumor cell proliferation,

migration, differentiation, and homeostasis [4]. Approxi-

mately 57% of GBMs have EGFR genetic variants, in-

cluding mutations, rearrangements, selective splicing,

and amplifications [5, 6]. Unlike lung cancer, with EGFR

mutations mainly in the kinase domain, GBM exhibits
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EGFR mutations mainly in the extracellular domain [7].

EGFR mutations enable GBM cells to activate down-

stream PI3K/AKT and RAS/ERK signaling pathways in-

dependent of EGF ligands. Numerous studies have

confirmed that EGFR overexpression and mutation pro-

mote the growth and survival of GBM [8, 9]. Knockout

of the EGFR gene have confirmed that the survival of

EGFR-mutant GBM cells is dependent on EGFR func-

tion [7]. Therefore, EGFR has long been considered a

very attractive target for the treatment of GBM.

Many studies have targeted EGFR for GBM treatment,

but so far no therapeutic effect has been reported [10,

11]. The first-generation EGFR inhibitors, such as gefi-

tinib and erlotinib, and the second-generation EGFR in-

hibitor afatinib have been demonstrated to inhibit GBM

cell growth, proliferation, and angiogenesis. However,

these EGFR inhibitors have not shown therapeutic effi-

cacy in clinical trials. Gefitinib did not improve overall

survival of the patients in a phase II trial of relapsed

GBM or in phase I/II trials of newly diagnosed GBM

combined with radiotherapy [12]. Erlotinib did not show

any therapeutic efficacy and caused unacceptable side ef-

fects in GBM patients [13]. Subsequent clinical trials

evaluating the therapeutic effects of combined erlotinib

and rapamycin (an mTOR inhibitor) or combined erloti-

nib and bevacizumab on recurrent GBM were also un-

successful [14]. In addition, the second-generation EGFR

inhibitor afatinib showed no effective outcomes in clin-

ical trials for the treatment of primary or recurrent

GBM [15]; these trials confirmed that afatinib barely

penetrated the blood-brain barrier. Two main explana-

tions for the failure of the above EGFR inhibitors in

GBM treatment have been reached [16]. First, relatively

high concentrations of the above EGFR inhibitors are re-

quired to inhibit GBM cell proliferation in vitro. Achiev-

ing such high drug concentrations in the brain is a great

challenge. Second, the abilities of these four EGFR inhib-

itors to cross the blood-brain barrier are very poor.

Therefore, selection of an EGFR inhibitor with better ac-

tivity and ability to penetrate through the blood-brain

barrier will allow more rational and targeted design in

anti-GBM therapy.

Osimertinib (AZD9291) is an oral, irreversible, third-

generation EGFR inhibitor [17]. AZD9291 has been mar-

keted for the treatment of lung cancer with very good

therapeutic effects [18]. The ability of drugs to penetrate

through the blood-brain barrier is one of the key factors

in determining the therapeutic efficacy of brain tumors.

P-glycoprotein (P-gp) and breast cancer resistance pro-

tein (BCRP) transporters are important in blocking the

passage of various molecules across the blood-brain bar-

rier [19]. Unlike the chemical structures of other EGFR

tyrosine kinase inhibitors (EGFR-TKIs), AZD9291 is a

substrate for P-gp and BCRP and thus easily penetrates

through the blood-brain barrier [20]. Study of an animal

model has demonstrated that AZD9291 penetrates well

and passes through the blood–brain barrier, and is 5–25

times more concentrated in brain tissue than in plasma

[21]. In addition, AZD9291 in brain tissue can reach a

concentration approximately 10-fold higher than gefi-

tinib can. Compared to other EGFR inhibitors,

AZD9291 has shown a good ability to inhibit tumor cell

growth in a mouse model with brain metastases of lung

cancer. AZD9291 effectively eliminates lung cancer cells

which have metastasized to the brain of patients in clin-

ical study [20]. AZD9291 targets cysteine-797 residue in

the ATP binding site of intracellular tyrosine kinase do-

main with T790M mutation to exert its anti-cancer ef-

fect in lung cancer [22]. However, AZD9291 can still

inhibit the kinase activity of wild-type EGFR with weaker

binding than T790M mutant EGFR (IC50: 184 vs 1 nM)

[21]. GBM exhibits EGFR mutations mainly in the extra-

cellular domain of EGFR. In contrast, the intracellular

kinase domain of EGFR remains wild-type in GBM.

Thus, AZD9291 may inhibit the activity of EGFR in

GBM through blocking the function of intracellular kin-

ase domain. In short, AZD9291 may be a suitable EGFR

inhibitor for the treatment of GBM.

This study evaluated the effects of AZD9291 on GBM

cell proliferation, colony formation, migration, and inva-

sion, as well as the anti-GBM therapeutic efficacy of

AZD9291 in a mouse intracranial GBM model. This pre-

clinical study provides support for clinical trials of

AZD9291 in GBM treatment.

Materials and methods

Cell lines and reagents

Human GBM cell lines U87, U251, U118, LN229, T98G

and LN18 were cultured in Dulbecco’s modified Eagle’s

medium (DMEM) supplemented with 10% FBS. These cell

lines were grown in a humidified incubator containing 5%

CO2 at 37 °C. AZD9291 and PD098059 were purchased

from MedChem Express (Guangzhou, China). ERK inhibi-

tor SCH772984 was obtained from CSNpharm (CSN13643,

CSNpharm, Chicago, USA). EGF was purchased from RD

systems. EGFR, p-EGFR (Tyr1068), p-ERK (Thr202/

Tyr204), p-AKT (Thr473), p-STAT3 (Tyr705), cleaved

caspase-3 and β-actin primary antibodies were purchased

from Cell Signaling Technology. Primary antibody against

Ki67 were obtained from Thermo Scientific. DAPI was pur-

chased from Sigma-Aldrich.

Construction of EGFR-WT and EGFR-C797S stable cell lines

The cDNA encoding human EGFR-WT or EGFR with

the C797S mutation was inserted into the pCDH-513B-1

lentiviral vector. The viruses were produced in 293FT

cells by co-transfecting the recombinant plasmids with

the helper plasmids pSPXA2 and pMD2.G. The U87
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cells were then transfected with the EGFR-WT or EGFR

with the C797S lentivirus for 48 h and then continuously

cultured in medium containing 2.5 μg/mL puromycin.

The surviving cells were cultured and used to generate

cell lines that stably expressed EGFR gene.

Cell viability assay

For the viability assays [23], the GBM cell lines were

plated in 96-well plates at a density of 3000 cells per well

and allowed to adhere for 24 h. The cells were treated

with 0.1% dimethyl sulfoxide (DMSO) or different doses

(0–20 μM) of AZD9291 for 72 h. Then 10 μL of CCK8

was added to each well and incubated for 2 h. The ab-

sorbance was measured at 490 nm in a microplate

reader. The experiment was repeated three times.

EdU incorporation assay

A Cell-Light™ EdU Cell Proliferation Detection Kit

(Ruibo Biotech, Guangzhou, China) was used to detect

cell proliferation in accordance with the manufacturer’s

instructions [24]. U87 and U251 cells were seeded in 96-

well plates. After the cells were attached to the plate,

they were treated with 0.1% DMSO or different concen-

trations (0.5, 1 and 2 μM) of AZD9291. After 24 h, 50

μΜ EdU was added, and then the cells were incubated

for another 4 h. This was followed by fixing with 4%

paraformaldehyde for 15 min and treating with 0.5% Tri-

ton X-100 for 20 min. The cells were incubated with 1 ×

Apollo® reaction cocktail for 30 min and then stained

with DAPI for 15 min. After three washes in phosphate-

buffer saline (PBS), the cells were observed and photo-

graphed with an inverted fluorescence microscope

(Olympus, Japan). This experiment was repeated three

times.

Two dimensional (2D) and three (3D) dimensional colony

forming assay

The U87 and U251 cells were seeded in 6-well plates

with 500 cells per well and three replicated wells in each

group. After the cells were attached to the well, the cells

in the experimental group were treated with AZD9291

at indicated concentrations (0.5, 1 and 2 μM). After 24 h

of treatments, the media were changed, and the cells

were further incubated with fresh drug-free medium for

10–14 d. The cells were then washed with PBS and fixed

with methanol, followed by staining with a 0.1% crystal

violet solution. After rinsing off the dye, the cells were

observed, photographed, and counted under a

microscope.

The ability to create colonies was further verified using

3D culture with methylcellulose. Frozen methylcellulose

containing medium (2% stock solution) was thawed at 4

°C. Complete methylcellulose medium was prepared by

mixing 3 mL of 2.0% methylcellulose stock with 3 mL of

DMEM medium with 10% final concentration of fetal

bovine serum. Cells were added to complete methylcel-

lulose medium at a density of 600 cells/mL and mixed

well. Cells were plated in the culture mixture in 6-well

plates (three per group) and incubated at 37 °C in a hu-

midified atmosphere with 5% CO2 for 13–16 days.

Cell cycle analysis

Flow cytometry was used in this study to detect the cell

cycle distribution in GBM cells after AZD9291 treat-

ment. The U87 and U251 cells were plated in 6-cm cul-

ture dishes. Once the cells were adhered to the dish, 2

μΜ AZD9291 was added, and the cells were further in-

cubated for 24 h. The harvested cells were fixed with

70% ice-cold ethanol and subsequently washed twice

with PBS. A staining solution containing 50 μg/mL pro-

pidium iodide (PI) solution and 25 μg/mL ribonuclease

(RNase) were added to the cells for 30 min. Subse-

quently, the cells were assayed on a FACSCalibur (Bec-

ton-Dickinson) and analyzed by CellQuest Pro software

(Becton-Dickinson).

Cell migration assay

The U87 and U251 cells were plated in 6-well plates and

cultured overnight. Once the cells reached 90% conflu-

ence, a plastic pipette tip was used to scratch a wound

in the monolayer of cells. After washing in PBS, the

media was replaced with serum-free medium containing

either 0.1% DMSO or different concentrations of

AZD9291. Cells were then cultured for 24 or 48 h,

followed by randomly selecting five fields of view at the

edge of the disrupted area to photograph under a micro-

scope. This experiment was performed three times. The

numbers of cells migrating in the scratch were counted

in each treatment group for statistical analysis.

Transwell invasion assay

Cell invasion was detected using a transwell system ac-

cording to our previous report [24]. In brief, 50 μL

Matrigel with a final concentration of 1 mg/mL was ap-

plied to the transwell chamber. The U87 and U251 cells

cultured with serum-free medium containing either 0.1%

DMSO or AZD9291 at indicated concentrations were

added to the upper layer of the transwell chamber.

DMEM medium containing 10% FBS was added to the

lower transwell chamber to incubate the cells for 30 h.

Subsequently, the cells that invaded to the lower trans-

well chamber were stained with 0.1% crystal violet for 5

min. Five fields of these cells were randomly selected for

photographing and counting under a microscope to

analyze the cell invasion in each group.
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In vivo studies

Protocols for animal experiments in this study were ap-

proved by the ethics committee of Xuzhou Medical Uni-

versity. We purchased 5–6-week old male BALB/c

athymic nude mice from Weitong Lihua Experimental

Animal Technology Co., Ltd. (Beijing, China). U87 cells

(5 × 105 cells per mouse) were injected intracranially into

the right striatum of these mice using a small animal

stereotaxic apparatus [25]. Five days after the tumor cell

inoculation, the nude mice bearing tumor cells were ran-

domly divided into three groups (n = 14 mice per group).

Each group of mice was treated as follows: the control

group was intraperitoneally injected or oral administra-

tion with vehicle once every other day, and the drug

treatment groups were intraperitoneally injected or oral

administration with low-dose (15 mg/kg) or high-dose

(30 mg/kg) AZD9291 once every other day. After 25 d of

treatment, five mice from each group were randomly se-

lected and euthanized. The tumors of the control and

treated mice were harvested and prepared for histo-

logical study. The remaining nine mice in each group

were used for survival analysis.

Histopathology and immunofluorescence staining

The dissected whole brains of the control and the drug

treatment groups were fixed in 4% paraformaldehyde for

24 h, followed by continuously dehydrating in 20 and

30% sucrose solutions until the whole brains sank to the

bottom of the container. The whole brains were dehy-

drated in each of the gradient solutions for 24 h. The

frozen glioma tissues were serially sectioned at a thick-

ness of 12 μm. The brain slices were then stained with

hematoxylin and eosin (H&E) solutions and subse-

quently were observed. We photographed the tumors

under a light microscope to determine their sizes.

The remaining brain slices with tumors were incu-

bated with PBS containing 0.3% Triton X-100 at room

temperature for 30 min. We then directly added block-

ing solution containing 10% goat serum and incubated

the slices for 1 h. Subsequently, anti-Ki67 and anti-

cleaved caspase-3 primary antibodies were independ-

ently added to the brain slices, and the slices were incu-

bated overnight at 4 °C. After the slices were washed, the

corresponding secondary antibodies were applied to the

brain slices and incubated for 1 h at room temperature

in the dark. The brain slices were stained with DAPI so-

lution to identify the nuclei. The results of the fluores-

cent staining were observed and photographed with an

inverted fluorescence microscope.

Western blot analysis

U87 and U251 cells were incubated with different con-

centrations of AZD9291 for 24 h. Total protein were ex-

tracted and protein concentrations were determined by

the Bradford method. Then, fifty micrograms of total

sample proteins were run on 10% polyacrylamide gels

and electrotransferred to polyvinylidene difluoride

(PVDF) membranes. Subsequently, membranes were

blocked with 5% defatted milk powder for 1 h at room

temperature, incubated with indicated antibodies at 4 °C

overnight, and then were incubated with secondary anti-

bodies at room temperature for 2 h. The signals were de-

tected by the ECL detection system.

Statistical analysis

Each experiment was repeated more than 3 times inde-

pendently. Statistical analyses were performed using the

SPSS Version 16.0. The data were presented as the

means ± SEM of three to five independent experiments.

Differences between control and treatment groups were

calculated using the unpaired t-test. A Kaplan-Meier

survival curve was used for the survival analysis. P

values < 0.05 was considered as statistically significant.

Results

AZD9291 inhibits GBM cell proliferation

The cell counting kit-8 (CCK8) assay to evaluate the ef-

fects of the third-generation EGFR inhibitor, AZD9291,

on the growth of the six GBM cell lines. Our results

showed that AZD9291 significantly inhibited the growth

of the six GBM cell lines and demonstrated a dose-

dependent inhibitory effect, with IC50 values ranging

from 1.25 to 3.0 μΜ (Fig. 1a). Consistent with previous

reports, our study showed that the IC50 of each of the

first-generation EGFR inhibitors was above 10 μΜ, and

the inhibitory activity of AZD9291 on GBM cell growth

was 10-fold higher than that of either of the first-

generation EGFR inhibitors (Fig. 1b and c). These results

suggested that AZD9291 may be a potential EGFR-

targeted drug for GBM treatment and may achieve bet-

ter therapeutic efficacy than the first-generation EGFR

inhibitors can.

To further investigate whether AZD9291 inhibits

GBM cells growth due to off-target effect, we con-

structed two U87 cell lines stably expressing wild-type

or Cys797 mutant EGFR, respectively. The Cys797 resi-

due in the catalytic domain of EGFR is essential for the

inhibitory effect of AZD9291 [26]. Our data showed that

AZD9291 treatment significantly inhibited the growth of

the cells expressing wild-type EGFR. However, the in-

hibitory effects of AZD9291 on the growth of glioma

cells were nearly abolished in the cells expressing

Cys797 mutant EGFR (Fig. 1d).

To verify the inhibitory effect of AZD9291 on the pro-

liferation of GBM cells, the U87 and U251 GBM cell

lines were treated with AZD9291. This was followed by

measuring cell proliferation by an EdU assay. As shown

in Fig. 1e-h, the AZD9291 treatment groups had
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Fig. 1 (See legend on next page.)
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significantly lower EdU-positive cell counts than did the

control groups of the U87 and U251 GBM cell lines.

The percentages of EdU-positive cells in the U87 and

U251 GBM cell lines after 2 μΜ AZD9291 treatment

were reduced to 25.59 and 37.37%, respectively. These

results suggested that AZD9291 significantly inhibited

GBM cell proliferation in a dose-dependent manner.

AZD9291 inhibits colony formation and arrests the GBM

cell cycle

To observe the long-term inhibitory effect of AZD9291

on the GBM cell cycle, we used a colony formation assay

to evaluate the effect of AZD9291 on the abilities of the

U87 and U251 GBM cell lines to form colonies. As

shown in Fig. 2a and b, AZD9291 significantly inhibited

colony formation in these GBM cell lines. Compared

with the control group, the number of colonies formed

in the U87 cells after 2 μΜ AZD9291 treatment was sig-

nificantly reduced, by 67.82%. A similar result was also

observed in the U251 cells. Subsequently, the methylcel-

lulose colony assay was used to determine the ability of

GBM cell lines to create colonies with or without

AZD9291 pretreatment. We found that AZD9291 treat-

ment significantly reduced the colony numbers and sizes

in U87 and U251 cells (Fig. 2c and d). Taken together,

these data indicated that AZD9291 significantly inhibited

the ability of GBM cells to form colonies.

To investigate the mechanism of AZD9291 inhibition

of GBM cell proliferation, this study used flow cytometry

to analyze the cell cycle distribution. As shown in Fig.

2e-h, cell cycle progression was arrested in the G1 phase

in both U87 and U251 GBM cell lines after AZD9291

treatment. Compared with untreated cells, the number

of cells in the G1 phase after the AZD9291 treatment

was significantly increased, and the numbers of cells in

the S phase and G2 phase were reduced accordingly.

These results indicated that AZD9291-induced reduc-

tion of GBM cell proliferation was due to cell cycle ar-

rest in the G1 phase.

AZD9291 inhibits the migration and invasion of GBM cells

To clarify the effects of AZD9291 on the migration and

invasion of GBM cells, we performed wound healing as-

says and Transwell invasion assays. Compared with the

control group, the number of U87 cells that migrated

into the scratched region after 24 h and 48 h of

AZD9291 (2 μΜ) treatment were significantly reduced

to 38 and 26.33%, respectively. U251 cell migration

numbers at 24 and 48 h of AZD9291 (2 μΜ) treatment

were significantly reduced to 42.33 and 29%, respectively

(Fig. 3a-d). In addition, the Transwell assay showed simi-

lar results. Compared with the control group, the inva-

sion rates of the U87 and U251 GBM cells after the 2

μΜ AZD9291 treatment were significantly reduced by

53.12 and 68.56%, respectively (Fig. 3e-h). To exclude

the possibility that the reduced cell migration number

and the reduced cell invasion number are not caused by

the inhibitory effect of AZD9291 on cell viability, we

pretreated cells with AZD9291, and then we used the

treated cells for transwell migration assay and invasion

assay. These results further demonstrated that AZD9291

significantly inhibited the migration and invasion of

GBM cells in a dose-dependent manner (Additional file 1:

Figure S1 and S2).

AZD9291 inhibits the growth of GBM in an intracranial

xenografts mouse model

To determine if AZD9291 also inhibits GBM prolifera-

tion in vivo, we established an in situ GBM model in

nude mice and analyze the size of the GBM xenografts

and the survival of the GBM-bearing mice. The mice

were treated with intraperitoneal injection and oral ad-

ministration of AZD9291, respectively. In oral adminis-

tration group, the GBM xenografts in AZD9291-treated

mice were visibly smaller than those in the vehicle-

treated mice (Fig. 4a). Consequently, the AZD9291-

treated mice exhibited significantly increased survival

(Fig. 4b). In intraperitoneal injection group, AZD9291

treatment significantly inhibited the growth of U87

GBM cells in vivo after 25 d of treatment (Fig. 4c). Sur-

vival of the GBM-bearing mice was significantly pro-

longed after the AZD9291 treatment (Fig. 4d). Further

analysis of the effect of AZD9291 on the proliferation

and apoptosis of GBM cells in vivo by immunofluores-

cence staining of the GBM sections with antibodies

against Ki67 and cleaved caspase-3 (an apoptotic

marker) showed that the numbers of the Ki67-positive

cells and the cleaved caspase-3-positive cells in the GBM

sections in the AZD9291 treatment group were signifi-

cantly higher than those in the control group (Fig. 4e

(See figure on previous page.)

Fig. 1 AZD9291 inhibits GBM cell viability and proliferation. a GBM cells were treated by different concentrations of AZD9291 for 72 h. The cell

viability was examined by CCK8 assay. Comparation of different sensitive of GBM cells to EGFR inhibitors (AZD9291, Erlotinib and Gefitinib). U251

(b) and U87 (c) cells were incubated with indicated concentrations of AZD9291, Erlotinib and Gefitinib for 72 h, respectively. Cell viability was

assessed by CCK8 assay. d Mutation of EGFR abolishes the inhibitory activity of AZD9291 in GBM cells. EGFR WT and EGFR C797S mutant cells

were treated with AZD9291 for 72 h, and then cell viabilities were examined by CCK8 assays. e and g Measurement of antiproliferation effects of

AZD9291 by EdU incorporation assay. f and h Quantitative results of EdU incorporation assay. The numbers of proliferative cells were normalized

to that of the control group. All the data were presented as means ± SEM from three independent experiments (*P < 0.05)
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Fig. 2 (See legend on next page.)
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and f), suggesting that AZD9291 inhibited the prolifera-

tion and promoted apoptosis of the GBM cells in vivo.

AZD9291 continuously inhibits activation of the EGFR/ERK

pathway in GBM cells

To elucidate the mechanism of AZD9291 inhibition of

GBM cell proliferation, western blot analysis was used to

evaluate the effect of AZD9291 on EGFR, AKT, STAT3,

and ERK phosphorylation in GBM cells. In Fig. 5a and b,

different concentrations of AZD9291 treatment in U87

and U251 GBM cells showed had no significant changes

in total EGFR expression. However, the expression of

phosphorylated EGFR was gradually reduced with in-

creasing AZD9291 concentrations. AZD9291 signifi-

cantly lowered the phosphorylation level of ERK but had

no effect on the phosphorylation levels of AKT and

STAT3. Recent report has demonstrated that adaptive

activation of the ERK pathway in GBM cells mediates

the primary resistance to erlotinib. As shown in Fig. 5c

and d, we also observed that erlotinib treatment inhib-

ited ERK phosphorylation in GBM cells for a short time,

but a reactivation of ERK was seen at 24–48 h in

erlotinib-treated cells. Notably, AZD9291 can continu-

ously suppress the phosphorylation of EGFR and ERK.

Therefore, AZD9291 may inhibit the growth of GBM

cells by continuously blocking the EGFR/ERK pathway.

Combined with ERK inhibitor PD098059 enhances the

anti-proliferation and anti-invasion activities of AZD9291

in GBM cells

We further investigated whether ERK suppression could

enhance the inhibitory effect of the AZD9291 on GBM

cell function, because AZD9291 inhibit the proliferation

of GBM cells by blocking the EGFR/ERK pathway.

PD098059 represent specific inhibitor of the ERK cas-

cade [27]. In the EdU assay, we found that either

AZD9291 or PD098059 alone inhibited the proliferation

of GBM cells. Interestingly, compared with these mono-

therapies, a combination of AZD9291 and PD098059

significantly further reduced the proportion of EdU-

positive cells. A Transwell invasion assay also showed

that PD098059 enhanced the inhibitory effect of

AZD9291 on GBM cell invasion (Fig. 6). We also com-

bined an ERK inhibitor SCH772984 with AZD9291 to

perform EdU proliferation and transwell invasion assays

[28]. The combination of AZD9291 with SCH772948

showed synergistic effects on proliferation of GBM cells,

but not on cell invasion. (Additional file 1: Figure S3).

These data suggested that ERK inhibition could increase

the sensitivity of GBM cells to AZD9291.

Discussion

Although targeted EGFR therapy has achieved significant

success in treating epithelial cancers [29], such as lung

cancer, its therapeutic effect on GBM has been disap-

pointing. The underlying mechanism of why GBM relies

on abnormally activated EGFR pathways but does not

respond to EGFR inhibitors has not been fully eluci-

dated. In this study, we showed that the third-generation

EGFR inhibitor AZD9291 inhibited the activity of GBM

cells > 10-fold more than the first-generation EGFR in-

hibitors and significantly prolonged survival in a mouse

intracranial GBM model.

The first-generation EGFR inhibitors, gefitinib and er-

lotinib, are competitive reversible inhibitors of ATP

binding, as they are ATP analogs [30]. The third-

generation EGFR inhibitor, AZD9291, irreversibly in-

hibits EGFR activity by covalent binding [26, 31]. Thus,

this drug has higher activity and selectivity than the

first-generation EGFR inhibitors do. Previous reports

and our results indicated that the IC50 of gefitinib and

erlotinib was over 20 μM in GBM cells [32, 33]. Given

the challenge of achieving the needed plasma drug con-

centration in safe doses, it is unlikely that this concen-

tration of gefitinib and erlotinib can be safely applied in

the brain. This may be one of the reasons for the failure

of the first-generation EGFR inhibitors for the treatment

of GBM in clinical trials. However, in this study, the IC50

of AZD9291 needed to inhibit U87 and U251 GBM cells

was less than 2 μM. Importantly, AZD9291 has shown a

good ability to penetrate through the blood-brain bar-

rier. Administration of 25 mg/kg of AZD9291 in mice

resulted in 2.98 μM and 7.13 μM concentrations of

AZD9291 in the plasma and the brain tissue, respect-

ively [20]. More importantly, a previous clinical trial of

AZD9291 treatment in lung cancer patients with brain

metastases showed that AZD9291 effectively eliminated

the metastatic tumor cells in the brain [21]. In our study,

(See figure on previous page.)

Fig. 2 AZD9291 treatment inhibits colony formation and induces cell cycle arrest. a and b U87 and U251 cells were treated with different

concentrations of AZD9291 for 24 h, and then changed with drug-free medium for another 12 day. The numbers of colony formation were

counted. The numbers of colony formation were normalized to the control group. c and d Colony formation abilities were assessed by

methylcellulose clonal assays. The number and size of clones were statistically analyzed between the control group and AZD9291 treatment

group. e and g Representative data of the cell cycle analysis of AZD9291-treated cells. U87 and U251 cells were treated with AZD9291 at the

indicated concentrations for 24 h. Cell cycle profile was evaluated using flow cytometry. f and h Quantitative analysis of cell cycle phase

distribution in the control group and the AZD9291-treated group. The data from three independent experiments were expressed as the means ±

SEM (*P < 0.05)
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Fig. 3 AZD9291 suppressed the migration and invasion of GBM cell. a and c Cell migratory ability of the control group and the AZD9291-treated

groups were detected by wound healing assay in U87 and U251 cells. b and d Quantitative analysis of migratory cell numbers. e and g Effects of

AZD9291 on invasion ability of U87 and U251 cells as examined by transwell assay. f and h Quantitative analysis of invading cell numbers. The

numbers of migratory and invading cells were normalized to that of the control group. The values were presented as the means ± SEM, *P < 0.05,

versus the control
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AZD9291 significantly prolonged the survival of mice

modeling intracranial GBM. In summary, AZD9291 may

be a suitable potential targeted drug for the treatment of

GBM because of its properties which are not available in

the first- and second-generation EGFR inhibitors, in-

cluding good activity and ability to penetrate across the

blood-brain barrier.

Numerous studies have confirmed that abnormal activa-

tion of EGFR is one of the key factors in GBM pathogen-

esis [34, 35]. In GBM, EGFR primarily regulates the AKT,

RAF/ERK, and STAT3 pathways [16, 36, 37]. Extracellular

EGFR mutations continuously activate ERK/matrix metal-

lopeptidase 1 (MMP1) signaling and enhance the invasion

and proliferation of GBM cells [38]. We found that

AZD9291 significantly inhibited the phosphorylation of

ERK but had no impact on the phosphorylation levels of

AKT and STAT3. These results may be due to other key

molecules which regulate AKT and STAT3 activities in

GBM. Inhibition of EGFR alone did not completely block

AKT and STAT3 activity. The first- and second-generation

Fig. 4 AZD9291 inhibits GBM tumorigenesis in vivo. a Mice bearing U87 xenograft tumor were treated with AZD9291 by oral administration.

Representative images of H&E staining of whole brain sections from control group and AZD9291 treatment group. b The survival analysis of mice

with AZD9291 treatment by oral administration. c U87 cells were transplanted into the right striatum of nude mice to establish an intracranial

GBM model. Mice were sacrificed at 4 weeks after treatment via intraperitoneal injections with vehicle, AZD9291 15 mg/kg and AZD9291 30 mg/

kg, respectively. Representative images of H&E staining of coronal sections from mouse brains with orthotopic tumors. d The survival of mice

with tumors derived from the vehicle or AZD9291-treated groups were measured by Kaplan-Meier survival curves. e and f The effects of AZD9291

on cell proliferation and apoptosis in vivo. Cell proliferation and apoptosis of the orthotopic tumor were assessed with anti-Ki67 and anti-cleaved

caspase-3 immunostaining. Scale bar: 50 μm, **P < 0.01, ***P < 0.001
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EGFR inhibitors also mainly inhibited the ERK pathway.

Recent report has shown that adaptive activation of the

ERK pathway in GBM cells mediates the primary resistance

to erlotinib [39]. Erlotinib treatment inhibits ERK phos-

phorylation in GBM cells for a short time, but ERK phos-

phorylation was restored 24 h later, possibly reactivated by

feedback pathway. Inhibition of the JNK/ERK pathway en-

hances the sensitivity of GBM cells to erlotinib-mediated

inhibition of proliferation. Unlike erlotinib, AZD9291 in

this study continuously suppressed the phosphorylation of

EGFR and ERK. This may be one of the reasons why

AZD9291 inhibited GBM cell proliferation by more than

10-fold more than the first-generation EGFR inhibitors.

Our data suggested that AZD9291 might overcome the pri-

mary resistance to erlotinib in GBM cells. These results also

suggested that the abnormal signaling pathways in GBM

cells are very complex, and inhibition of a single pathway

may possibly be ineffective. Combination therapy using the

third-generation EGFR inhibitor and inhibitor(s) of the

AKT and/or STAT3 signaling pathways may be a more ef-

fective approach for the treatment of GBM than

monotherapy.

Conclusions
In summary, our study showed that AZD9291 has better

ability to inhibit the proliferation of GBM cells than

other EGFR-TKIs. AZD9291 significantly prolonged the

survival of our preclinical GBM mouse model. The

underlying mechanism for this may be that AZD9291

inhibited GBM cell proliferation by sustained and effi-

cient blocking of the EGFR/ERK signaling pathway.

Given its very good permeability of the blood-brain bar-

rier, the approval of clinical applications for the treat-

ment of lung cancer, and its good safety and tolerance,

AZD9291 is supported by our findings as a good choice

to be applied in future clinical trials for the treatment of

GBM, either as monotherapy or combined with other

drugs.

Fig. 5 AZD9291 continuously blocks the activation of EGFR/ERK pathway in GBM cells. a and b U87 and U251 cells were exposed to indicated

concentrations of AZD9291 for 24 h and then stimulated with EGF (100 ng/mL) for 30 min. Cell lysates were prepared and examined using

Western blot analysis with indicated antibodies. c and d U87 and U251 cells were treated with AZD9291 or Erlotinib for 4, 24 and 48 h. The

expression level of p-ERK were assessed using Western blot analysis

Liu et al. Journal of Experimental & Clinical Cancer Research          (2019) 38:219 Page 11 of 14



Fig. 6 Combined with PD098059, a MEK/ERK inhibitor significantly increases the sensitivity of GBM cells to AZD9291. a Measurement of cell

proliferation after treating with AZD9291 or PD098059 alone or their combinations by EdU incorporation assay. b and c Quantitative analysis of

proliferative and invading cell numbers. The numbers of proliferative and invading cells were normalized to that of the control group. d U251

cells were incubated with AZD9291 or PD098059 alone or their combinations for 30 h. Cell invasive abilities were evaluated by transwell assay.

Results were expressed as means ± SEM of three independent experiments. *P < 0.05 and **P < 0.01 compared with control group
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Additional file

Additional file 1: Figure S1. AZD9291 pretreatment inhibited GBM cell

migration. The cells were pretreated with AZD9291 for 24 h, and then the

treated cells were used to conduct transwell migration assay (no

Matrigel). Representative images of migratory abilities of AZD929-treated

U251cells (A) and U87 cells (B). Figure S2. AZD9291 pretreatment inhib-

ited GBM cell invasion. The cells were pretreated with AZD9291 for 24 h,

and then the treated cells were used to conduct transwell invasion assays

(Matrigel was added). Representative images of invasive abilities of

AZD929-treated U251cells (A) and U87 cells (B). Figure S3. Combined

with SCH772984, another ERK inhibitor significantly increases the sensitivity

of GBM cells to AZD9291. (A and B) Measurement of cell proliferation after

treating with AZD9291 or SCH772984 alone or their combinations by EdU

incorporation assay. (C-F) U87 and U251 cells were incubated with AZD9291

or SCH772984 alone or their combinations for 30 h. Cell invasive abilities

were evaluated by transwell invasion assay. (DOCX 3630 kb)

Abbreviations

CCK-8: Cell counting kit-8; DAPI: 4′,6-diamidino-2-phenylindole; EdU: 5-

ethynyl-2′-deoxyuridine; EGF: Epidermal growth factor; EGFR: Epidermal

growth factor receptor; GBM: Glioblastoma multiforme
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