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Novel quinazoline derivatives exhibit antitumor
activity by inhibiting JAK2/STAT3
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Abstract. Quinazoline core-containing compounds such
as gefitinib and erlotinib constitute an important group of
antitumor drugs that act as receptor tyrosine kinase inhibi-
tors against epidermal growth factor receptor (EGFR) kinase
activity. We investigated a group of recently prepared 2-alkyl-
substituted quinazolines (2-ASQs) for their antitumor activity
against non-small cell lung carcinoma (NSCLC) cells. The
compounds showed antitumor activity against A549, H1299,
and H460 cells by induction of apoptosis. The ICs, values
for (E)-2-propyl-4-styrylquinazoline (compound #4) and
(E)-2-cyclopropyl-4-styrylquinazoline (compound #7) against
these cell lines were 2-5 times lower than that of gefitinib.
Unlike gefitinib that blocks EGFR phosphorylation, these
compounds showed no activity against EGFR activation.
Instead, the compounds suppressed both constitutive and
IL-6-induced activation of JAK2/STAT3 phosphorylation and
downstream gene expression. Transient expression of a consti-
tutively active mutant of STAT3 reversed the pro-apoptotic
effect of compound #7. Using a nude mouse model bearing
A549 xenografts, we showed that administration of #7 at 15
and 30 mg/kg suppressed tumor growth. The present study
therefore demonstrated that 2-alkyl substituted quinazolines
target the JAK2/STAT3 pathway for their antitumor activity.

Introduction

Quinazoline derivatives have drawn significant attention ever
since the discovery of gefitinib, a front line drug for lung
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cancer. Several such as vandetanib, erlotinib and icotinib are
important antitumor agents containing a quinazoline core.
Gefitinib, also known as Iressa, is a synthetic anilinoquin-
azoline compound that acts as a receptor tyrosine kinase
inhibitor (TKI) for its antitumor effect (1). Gefitinib selec-
tively binds to the epidermal growth factor receptor (EGFR)
tyrosine kinase domain through hydrogen bond formation of
the N' atom of the quinazoline core with the Met769 residue
of the kinase domain, preventing ATP from binding and
blocking subsequent signal transduction for their antitumor
effect (1-3).

EGFR is a receptor tyrosine kinase that is overexpressed
and occasionally mutated in cancers of epithelial origin,
including non-small cell lung cancer (NSCLC), breast,
colorectal and pancreatic cancer (4-6). Over 80% of lung
squamous cell carcinomas and approximately half of all lung
adenocarcinomas overexpress EGFR (7,8). EGFR expression
is also associated with a poor response to therapy, development
of cytotoxic drug resistance, disease progression and poor
survival since the receptor tends to be hyperactivated (9,10).
Therefore, specific/selective inhibition of EGFR tyrosine
kinase activity has demonstrated efficacy against certain types
of tumors (11,12).

One of the important signaling mediators downstream
of EGFR signaling is signal transducer and activator of
transcription-3 (STAT3). STAT3 belongs to a protein family
of transcription factors which are essential for cellular func-
tions (13,14). In addition to EGFR, STAT3 can be activated
by other receptors and non-receptor tyrosine kinases, such as
the IL-6/gp130 receptor family, JAKs and Src kinases. STAT3
is persistently activated in a wide variety of tumors and has
been detected in over 50% of NSCLC primary tumors and cell
lines (15). STAT3 promotes tumor cell cycle progression, cell
proliferation and tumor metastasis through differential gene
regulation. In addition, aberrant STAT3 activation has been
linked to gefitinib resistance (15,16). Therefore, inhibitors of
the JAK/STAT?3 pathway have been developed as promising
antitumor agents.

We have developed methods to prepare novel quin-
azolines (17,18), including ultrasound-promoted synthesis (19),
and KOtBu-mediated stereoselective addition of quinazolines
to alkynes (20). These methods have allowed the preparation
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of quinazolines with 2-position substitutions, including aryl
groups and straight-, branched-chain, and cyclo-alkyl groups
with moderate to good yields (20). These compounds have not
been fully investigated for their biological activities. In view
of the unique structural feature of 2-substitution and the rapid
progress in preparation of 2-substituted quinazolines (21),
we studied the antitumor activity of 2-alky substituted quin-
azolines (2-ASQs) and found that these novel compounds
possessed anticancer activity against lung carcinoma cells.
2-ASQs showed no activity against EGFR activation, possibly
due to the steric effect caused by a bulky group near the
N' atom. Instead, the compounds promoted apoptotic cell
death through inhibition of STAT3 phosphorylation. In the
present study, we report the antitumor activity of these newly
synthesized quinazolines.

Materials and methods

Chemicals and reagents. Primary antibodies were commer-
cially purchased from Cell Signaling Technology or from
Santa Cruz Biotechnology. HRP-conjugated secondary
antibodies were purchased from Sigma-Aldrich, and Alexa
Fluor-conjugated secondary antibodies were purchased
from Life Technologies. Gefitinib, AG490 and S3I-201 were
purchased from Selleck and 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) was obtained from
Sigma-Aldrich. The preparation and identification of the
quinozalines tested in the present study were described as
previously reported (20).

Cell culture. A549, H460, H1299, 293T and Vero cells were
purchased from the Cell Bank of the Chinese Academy of
Sciences (Shanghai, China). A549, H460, 293T and Vero
cells were cultured in high glucose Dulbecco's modified
Eagle's medium (DMEM) supplemented with non-essential
amino acids, 10% heat-inactivated fetal bovine serum (FBS),
2 mM L-glutamine and sodium pyruvate (Life Technologies,
Carlsbad, CA, USA). H1299 cells were cultured in RPMI-1640
supplemented with non-essential amino acids, 10% heat-
inactivated FBS, sodium pyruvate and 2 mM L-glutamine.
The cells were maintained at 37°C in a humidified atmosphere
with 5% CO,.

Cell viability assay. For cell culture studies, the compounds
were dissolved in dimethylsulfoxide (DMSO) as a 1,000x
stock and were diluted with culture medium before testing.
The cytotoxic effect against Vero cells and ICy, values for
tumor cells were measured by cell viability using the MTT
assay. Briefly, the cells were seeded in 96-well plates at
5x10? cells/well in complete medium. The cells were treated
without or with (DMSO at 0.1% as a control) a compound at
different concentrations for 72 h. At the end of the experi-
ment, MTT was added to each well to a final concentration of
0.5 mg/ml for the measurement of formazan formation. The
absorbance was measured at 570 nm in a VersaMax Microtiter
Plate Reader (Molecular Devices, Sunnyvale, CA, USA). To
obtain an ICs, value, cells in 96-well plates were treated with
a test compound at concentrations of 0.3-30 yM for 72 h. Cell
viability was then determined using MTT assay and the data
were used to extrapolate ICs, values.
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Western blot analysis. Cells were lysed in extraction buffer
(300 mM NaCl, 1% Nonidet P-40 in 20 mM Tris-HCl, pH 7.9)
supplemented with protease and phosphatase inhibitors. The
cell lysates were cleaned by centrifugation at 10,000 x g and
soluble proteins were separated by SDS-PAGE, transferred
to PVDF membranes and immunoblotted with primary
antibodies followed by HRP-conjugated secondary anti-
bodies and developed using an ECL Plus kit (GE Healthcare,
Pittsburgh, PA, USA). The images were collected using Alpha
Innotech FluorChem FC2 imaging system (Alpha Innotech,
San Leandro, CA, USA).

Flow cytometric assay. The percentage of apoptotic cells
was detected by FACS assay using an Annexin V-FITC/PI
double labeling kit (Life Technologies). Briefly, the cells at a
density of 3x10° cells/ml were plated at 1.5 ml/well in 6-well
plates and allowed to attach overnight. The cells were treated
without or with a test compound at 1, 3 and 10 uM for 24 h.
The cells then were harvested and analyzed on FACSCalibur
(BD Biosciences) following the manufacturer's instructions.

Immunofluorescence analysis. To determine pSTAT3 distri-
bution, H1299 cells were pre-treated without or with 10 yM
compound #7 and then stimulated with IL-6 (20 ng/ml) for
15 min at 37°C. The cells were then fixed with 4% paraformal-
dehyde, followed by permeabilization with 0.2% Triton X-100
in phosphate-buffered saline (PBS). The cells were incubated
with anti-p-STAT3, followed by Alexa Fluor 568-conjugated
secondary antibody (Life Technologies). Nuclei were stained
with 10 ug/ml of DAPI for 15 min. The images were captured
on an Olympus FluoView FV10i confocal microscope.

Transfections. siRNAs against human STAT3 were purchased
from GenePharma (Shanghai, China). Sequences of the oligos
were as follows: sense, 5'-CCACTTTGGTGTTTCATAA-3';
siRNA and STAT3C were transfected using Lipofectamine
2000 (Life Technologies) following the manufacturer's
instructions. Overexpression of STAT3C and STAT3 siRNA
were verified after transfected for 24 h by western blotting.

STAT3 transcriptional activity. 293T cells were plated into a
12-well plate with 4x10° cells/well. The cells were transiently
transfected with the p-STAT3-TA-luc plasmid (Beyotime,
Nantong, China) using pRL as an internal control. Twenty
four hours after transfection, the cells were then treated with
or without #7 for 2 h before treatment with IL-6 for another
12 h. The cells were lysed and used for luciferase analysis
using a Dual-Luciferase Reporter Assay System and GloMax
Luminometer (Promega Madison, WI, USA). The ratio of
firefly luciferase activity over that of Renilla luciferase was
used as a measurement of reporter gene activity.

Tumor xenograft study. Six-week-old female BALB/c nude
mice were obtained from the Model Animal Research
Center of Nanjing University (Nanjing, China). Animal care
and experimental procedures were conducted in accordance
with the guidelines of the Institutional Animal Care and Use
Committee of the Medical School of Nanjing University. To
initiate the xenografts, 2x10° of A549 cells in 0.15 ml PBS
were mixed with Matrigel at a 4:1 ratio (BD Biosciences) and
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Figure 1. 2-Substituted quinazolines induce apoptotic cell death. (A) The chemical structures of the 2-substituted quinazolines and gefitinib and summary of
results from an initial screening. For the initial screening, A549 lung carcinoma cells were treated with a single dose of a test compound at 30 M, a concentra-
tion that showed no cytotoxic effect against non-cancerous Vero cells. Cell viability was determined using an MTT assay after 72 h. “code, names used in Zhao
et al (17); ®activity, inhibition of cell viability: -, no activity; +, <20%; ++, <40%; +++, <60%; ++++, <80%; and +++++, >80%. (B) Determination of the ICs,
values of compound #4 and #7 for A549, H1299 or H460 cells. Gef, gefitinib. (C and D) Compound #7 promotes cell death through apoptosis. H1299 or H460
cells were treated with #7 for 24 h at concentrations as indicated. (C) Cell apoptosis was determined by Annexin V/PI staining. (D) Caspase-3 and -9, and PARP

cleavage were detected by immunoblot analysis.

were subcutaneously injected into the flank area of the nude
mice. When palpable tumors were developed after 2 weeks,
the mice were randomly divided into 4 groups, 6 in each group
and treated by gavage with vehicle, with compound #7 at 15
and 30 mg/kg, or with genfitinb at 30 mg/kg. The animals
were treated 3 times/week for 4 weeks. The body weight of the
mice and the size of the tumor mass were measured weekly.
The tumor volume was calculated as (half of the length times
the square of the width, in mm?). At the end of the experi-
ment, the mice were sacrificed, and the tumors were excised
and weighed. A portion of each tumor was fixed in buffered
formalin and then embedded in paraffin for immunohisto-
chemical (IHC) staining or for hematoxylin and eosin (H&E)
staining. The remaining tissue was stored at -70°C for further
analysis.

For Ki-67 and cleaved caspase-3 staining, tissue sections
were de-paraffinized, fixed and stained with appropriate anti-
bodies. At least three randomly selected fields were examined
and photographed. The unfixed tumor tissues were homog-
enized and the proteins extracted were subjected to western
blot analysis.

Results

The 2-substituted quinazolines exert antitumor effects by
induction of cell apoptosis. The antitumor activity of the
newly synthesized 2-ASQs and 2-aryl substituted quinazolines
was first evaluated against 3 different cell lines with wild-type
(wt) EGFR. The structures of the compounds tested are listed
in Fig. 1A. Several 2-ASQs showed selective cytotoxic effects
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Figure 2. Effect of compound #7 on EGFR and STAT3 phosphorylation and activation. (A) Compound #7 shows no effect on EGFR activation. H1299 cells
were pretreated with 1,3 and 10 uM of #7 and 10 uM gefitinib (Gef) for 2 h followed by treatment with 25 ng/ml EGF for 15 min. The phosphorylation status of
EGFR (pY1068) and MAPK/ERK were analyzed by western blotting. (B) Compound #7 blocks JAK2-STAT3 signaling. H1299 cells were treated with 10 uM
#7 for the indicated times. Whole cell lysates were subjected to western blot analysis to detect both total and phosphorylated JAK2 (Y1007), Src (Tyr416)
and STATS3. (C) Compound #7 does not inhibit the AKT and MAPK pathway. H1299 cells were treated with 10 uM #7 for the indicated times. Whole cell
lysates were subjected to western blot analysis to detect both total and phosphorylated AKT, JNK, p38 and ERK. (D) Effect of #7 on ligand-induced STAT3
activation. H1299 cells were serum starved for 6 h and then pretreated with 1, 3 and 10 uM #7 and 10 uM Gef for 2 h followed by treatment with 20 ng/ml
IL-6 (upper panel) or 25 ng/ml EGF (lower panel) for 15 min. (E) Effect of #7 on IL-6-induced STAT3 nuclear translocation. H1299 cells were serum starved
for 6 h and then pretreated without or with 10 uM #7 for 2 h followed by treatment with 20 ng/ml IL-6 for 15 min, and immunostained for STAT3 (red) and
DAPI (blue). (F) Compound #7 inhibits STAT3 transcription activity. 293T cells in triplicate were transiently transfected with p-STAT3-TA-luc using pRL as
an internal control. After transfection for 24 h, the cells were treated without or with #7 for 2 h, followed by IL-6 (20 ng/ml) for 12 h. The cells were lysed and
used for luciferase analysis by measuring firefly and Renilla luciferase activities. The relative activity in the unstimulated samples was used as 1. Bars represent

means = SD of 3 independent experiments. Compound #7 significantly blocked IL-6-induced firefly luciferase activity ("P<0.05).
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on tumor cells, while none of these compounds showed toxic
effects on Vero cells after treatment for 72 h (Fig. 1A). We then
performed experiments to quantitatively measure the cytotoxic
effects of compound 4 (#4) and 7 (#7) on tumor cell growth by
determining the half maximal inhibitory concentration (ICs)
values. A549, H460 and H1299 cells were cultured in the pres-
ence of varying concentrations of a test compound or gefitinib
as a positive control. As shown in Fig. 1B, the IC;, values for
#4 and #7 against these tumor cells were ~3- to 5-fold lower
than that of gefitinib. We used #7 as an example to delineate
the mechanism of its antitumor activity. The more sensitive
H460 and H1299 cells were incubated with #7 at increased
concentrations for 24 h. Annexin V/PI double staining was
used to assess apoptosis. As shown in Fig. 1C, treatment with
#7 significantly elevated the population of apoptotic cells.
The apoptosis was also validated with caspase activation
determined by immunoblotting studies. As shown in Fig. 1D,
in H460 and H1299 cells, treatment with #7 dose-dependently
caused caspase-9 and -3, and PARP cleavage, indicating that #7
exerted an antitumor effect through induction of cell apoptosis.

Compound #7 does not inhibit EGF-induced EGFR phos-
phorylation. We sought to determine whether the antitumor
activity of #7 was associated with EGFR inhibition. As shown
in Fig. 2A, gefitinib at 10 uM completely blocked EGF-induced
EGFR phosphorylation and downstream Erk activation. In
contrast, pretreatment of H1299 cells with varying concentra-
tions of #7 showed no effect on EGFR activation (Fig. 2A) nor
ERK, suggesting that the newly prepared 2-ASQs utilized a
distinct mechanism to inhibit tumor cell growth compared
with that of gefitinib.

Compound #7 suppresses JAK2 and STAT3 phosphorylation
and downstream signaling. STAT3 overexpression has been
linked to tumorigenesis of NSCLC (22,23). We then examined
whether #7 had the ability to inhibit STAT3 phosphorylation
since both H460 and H1299 cells have hyperphosphorylated
STAT3. As shown in Fig. 2B, H1299 has hyperphosphorylated
STAT?3 and JAK?2. Treatment with 10 uM #7 for varying times
inhibited both JAK?2 (Y1007) and STAT3 (Tyr705) phosphor-
ylation. For comparison, the treatment did not significantly
affect Src (Y416) phosphorylation. In addition, #7 showed no
effect on Akt, p38, INK or ERK phosphorylation (Fig. 2C).

We also sought to determine whether #7 had an inhibitory
effect on IL-6 and EGF-induced STAT3 phosphorylation.
As shown in Fig. 2D, treatment with #7 blocked both IL-6
and EGF-induced STAT3 and JAK?2 phosphorylation. The
effect of #7 on STAT3 activation was confirmed by staining
for IL-6-induced STAT3 nuclear translocation. As shown
in Fig. 2E, treatment of H1299 cells with #7 effectively
blocked STAT3 nuclear translocation (Fig. 2E). In addition,
we also demonstrated that #7 blocked STAT3-mediated
transcription activity as was determined using a reporter gene
assay (Fig. 2F). These results together demonstrated that #7 is
a specific inhibitor of the STAT3 pathway.

Compound #7 promotes apoptosis by inhibition of STAT3
signaling. We determined whether compound #7-induced
apoptosis was dependent on STAT3 inhibition. First, we
examined the expression of anti-apoptosis protein expression
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Figure 3. Compound #7-induced apoptosis is dependent on STAT3 inhibi-
tion. (A) Compound #7 prevents STAT3 phosphorylation and expression
of related genes. H460 and H1299 cells were treated without or with #7 at
the indicated concentrations. The STAT3 phosphorylation and downstream
gene expression were detected with a specific antibody by western blotting.
(B) Effect of STAT3 siRNA or inhibitor on cell proliferation. H1299 cells
were treated with STAT3 siRNA (si-STAT3), JAK2 inhibitor (AG490) or
STATS3 inhibitor (S31-201) for 72 h. Cell viability was measured by MTT
assay. The blots show STAT3 expression and phosphorylation in these cells,
respectively. (C) Constitutively active mutant STAT3C reverses the effect
of #7-induced apoptosis. H1299 cells were transfected with empty vector
(con) or STAT3C plasmid for 24 h, and then treated with #7 at the indicated
concentrations for another 72 h. Cell growth was measured by MTT assay.
Bars represent means + SD of three independent experiments. Significant
difference between STAT3C-expressing and vector controls (‘P<0.05).

in #7-treated cells. As shown in Fig. 3A, treatment with #7
resulted in reduced STAT3 phosphorylation in both the H1299
and H460 cells. The treatment also suppressed Bcl-2, Bel-xL
and survivin expression in these cells, indicating that #7
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Figure 4. Inhibition of tumor growth in the animal model. (A) Average tumor volumes and (B) body weights measured weekly. A solid arrow indicates the
beginning of the treatment. (C) Tumor weight and (D) images of the tumors excised at the end of the experiment. Each bar represents mean + SD (n=6). "P<0.05;
significant difference as compared with the control. (E) Immunohistochemical staining for cleaved caspase-3 and Ki-67 expression, and H&E staining of tumor
samples. (F) Immunoblotting for p-STAT3 and STAT3 of excised tumor tissues using 3 animals (1, 2 and 3) from each group (left panel). The intensities of the
corresponding bands were quantitated using ImagelJ software. The relative intensity of p-STAT3 to that of STAT3 in each group was averaged and plotted as
average + standard deviation (right panel). "P<0.05; significant difference as compared with the control.

promoted tumor cell apoptosis through inhibition of STAT3
signaling.

We then performed two separate experiments to
substantiate the above conclusion. First, H1299 cells were
transfected with an siRNA to knockdown STAT3 expres-
sion or were treated with specific inhibitors to block STAT3
phosphorylation. As shown in Fig. 3B, knockdown of STAT3
expression or inhibition of STAT3 phosphorylation resulted
in significant reduction in cell viability. Conversely, we found
that ectopic expression of a constitutively active mutant of
STAT3 (STAT3C) was able to reverse the effect of #7 on cell
viability (Fig. 3C).

In vivo antitumor activity study in a xenograft model. The
antitumor activity of #7 was then evaluated in nude mice
bearing xenografts. We chose to use the A549 xenograft since
it is a well established animal for antitumor studies. BALB/c
athymic nude mice bearing A549 tumors were treated with
#7 at 15 and 30 mg/kg, with gefitinib at 30 mg/kg, or with
PBS by intragastric gavage. After treatment for 4 weeks, the
mice were sacrificed and the size of the tumors was recorded.
As shown in Fig. 4D, tumors in mice treated with #7 at 15
and 30 mg/kg were significantly smaller than tumors in the
control group. The dynamic change in tumor size also demon-
strated that #7 markedly attenuated A549 tumor growth in
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nude mice without significantly affecting the body weight
of the animals (Fig. 4A-C). Examination after H&E staining
revealed that the tumor tissues from the 30 mg/kg group were
filled with fibrous tissues accompanied by reduced numbers
of cancer cells (Fig. 4E). The level of Ki-67, a marker of cell
proliferation detected by immunohistochemical staining,
was decreased in the treated groups compared to that in the
untreated controls. In contrast, the level of cleaved caspase-3
was increased in the #7-treated tumors, indicating that #7
promoted tumor cell apoptosis (Fig. 4E). We also examined
the STAT3 phosphorylation status in the tumor tissues by
western blot analysis. Consistent with the results from the cell
culture studies, treatment with #7 also resulted in decreased
phosphorylation of STAT3 in these samples (Fig. 4F).

Taken together, these results demonstrated that 2-ASQ
derivatives exert antitumor effects through STAT3 inhibition.

Discussion

Quinazoline derivatives have demonstrated distinct thera-
peutic activities including anticancer, anti-inflammatory,
antibacterial, antiviral and antiobesity effects (21). We
previously prepared a broad range of quinazoline derivatives
and characterized compounds #4 and #7 as having potent
antitumor activity through inhibition of JAK2/STAT3 activa-
tion. Several small organic molecules including ursolic acid
and curcumin have been identified as inhibitors of STAT3
pathway signaling (24,25). Most of the JAK1/2 inhibitors
that are approved for clinical use or testing are heterocyclic
compounds including those containing a pyrimidine or pyrro-
lopyrimidine ring (26,27). It is known that quinazolines block
EGFR activity by blocking ATP binding to the kinase domain.
Although we do not know the targets of 2-ASQ action, our
data and data published by other groups strongly suggest that
the JAK/STAT3 pathway is a potential target of their action. In
a recent docking study, Yang et al (28) predicted that quinazo-
line derivatives also could interact with the active site of JAK2
and selectively block JAK?2 activity. In addition, 2-guanidino-
substituted quinazolines have recently been identified as new
inhibitors of the STAT3 pathway (29). Further studies to
optimize the structures of the lead compounds and identify
their molecular targets are critical considering the importance
of the role of the JAK/STAT3 pathway in tumor development
and antitumor resistance to TKIs.

Nearly all patients develop resistance to TKIs and relapse
for a variety of reasons (30,31). Given the fact that ~50%
of tumors possess activated STAT3 and only 16% contain
activating EGFR mutations that have increased sensitivity to
EGFR TKIs (10), it is possible that further study of 2-ASQs
may lead to potent chemotherapeutics targeting STAT3 activa-
tion. We prepared 2-ASQs with relatively high yields under
mild conditions. 2-ASQ derivatives with further modifications
can also be readily prepared with methods developed by us.
STATS3 signaling is frequently activated, often constitutively,
in a variety of human malignancies, including cancers of the
head and neck, colorectum, cervix, breast and esophagus.
STAT3 regulates cancer progression including cell prolif-
eration, apoptosis resistance and angiogenesis. As JAK/STAT
signaling controls a variety of cellular processes and affects
the microenvironment of tumor growth and antitumor immu-
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nity, therapeutics targeting the JAK/STAT3 pathway may have
a wide range of systemic ramifications for tumor treatment and
inflammatory diseases.
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