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FGF2/FGFR1 regulates autophagy in FGFR1-
amplified non-small cell lung cancer cells
Hong Yuan1,2, Zi-Ming Li1, Jiaxiang Shao2, Wen-Xiang Ji1,2, Weiliang Xia2*† and Shun Lu1*†

Abstract

Background: Autophagy is a conserved catabolic process to degrade cellular organelles. The role of autophagy in
cancer development is complex. Amplification of fibroblast growth factor receptor 1 (FGFR1) is one of the most
frequent targets in lung squamous cell carcinoma (SQCC). Whether fibroblast growth factor 2 (FGF2)/FGFR1
contributes to the regulation of autophagy remains elusive.

Methods: Autophagic activity was evaluated by immunoblotting for microtubule-associated protein 1 light
chain 3 (LC3), formation of GFP-LC3 puncta, and monodansylcadaverine (MDC) staining. The effect of autophagy
inhibition on cell survival was assessed by cell viability and apoptosis assays.

Results: We elucidated that FGFR1 activation suppressed autophagy. Pharmacological or genetic inhibition of FGFR1
by AZD4547 or FGFR1 short hairpin RNA (shRNA) induced autophagy in FGFR1-amplified non-small cell lung cancer
(NSCLC) cells, H1581 and H520 cells. Mechanistic study revealed that the induction of autophagy by FGFR1 inhibition
was mediated through inhibiting the ERK/MAPK pathway not by AKT pathway, accompanied by upregulation
of beclin-1. Furthermore, activation of ERK/MAPK by transfection with a constitutively active MEK1 (caMEK1)
construct or knockdown of beclin-1 by RNAi could attenuate autophagy induced by FGFR1 inhibition. Beclin-1
expression was inversely correlated with MEK1 phosphorylation. Inhibition of autophagy by beclin-1 silencing
could enhance apoptosis after AZD4547 treatment in H1581 and H520 cells. High levels of LC3B mRNA was a
marker of poor prognosis in NSCLC patients.

Conclusions: Simultaneously inhibiting FGFR1 and autophagy could enhance cell death which should be
further explored in vivo.
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Background
Lung cancer is the leading cause of cancer-related mortal-
ity worldwide [1]. Lung squamous cell carcinoma (SQCC)
comprises approximately 30% of non-small cell lung
cancer (NSCLC). In contrast to the significant advances in
lung adenocarcinoma, no therapeutically tractable targets
have been identified in lung SQCC [2]. Patients with lung
SQCC are currently treated with standard chemotherapy,
which yields generally poor outcomes. Therefore, there is
an urgent need to develop more efficacious targeted
treatments.

Fibroblast growth factor receptor 1 (FGFR1), an onco-
genic receptor tyrosine kinase (RTK), plays fundamental
roles in physiological processes and cancer progression
[3]. Under normal conditions, FGFR1 signaling is
triggered by growth factors, such as fibroblast growth
factor 2 (FGF2), leading to receptor dimerization and
transphosphorylation of FGFR1. The activated FGFR1
results in the activation of downstream signaling path-
ways including the RAS/MAPK pathway, the PI3K/AKT
signaling, and STAT-dependent pathway [3]. Aberrant
FGFR signaling due to FGFR amplification, autocrine
stimulation, gene fusion, or activating mutation is associ-
ated with many cancers [4]. The frequency of FGFR1
amplification is 21–22% in lung SQCC samples [5–8].
Macroautophagy (herein referred to as autophagy) is

an evolutionarily conserved catabolic process for the
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degradation of various cellular constituents, such as
long-lived proteins and cytoplasmic organelles [9, 10].
The beclin-1-interacting complex promotes autophagoso-
mal membrane nucleation, whereas the Atg12-Atg5-
Atg16 and microtubule-associated protein 1 light chain 3
(LC3)/Atg8 conjugation systems are important for
autophagosomal elongation [11]. The role of autophagy in
cancer development seems to be controversial. Some
studies suggest that impaired autophagy may contribute
to cancer development [12, 13]. Others show autophagy
promotes cancer cell survival and is pro-tumorigenic
[14, 15]. According to an emerging hypothesis, autoph-
agy may enable tumor cells to evade treatments and
induce therapeutic resistance [16]. Further, autophagy
and apoptosis might be linked to each other and occur
simultaneously or sequentially in a context dependent
manner [17]. In NSCLC, there are only very few studies
on the prognostic value of the expression of autophagy-
associated markers, namely LC3A, LC3B, beclin-1, and
SQSTM1 [18–20]. Therefore, it is urgent to investigate
the impact of autophagy on tumorigenesis and chemo-
sensitivity, especially in FGFR1-amplified lung SQCC.
Several studies have shown that FGFR signaling

regulates autophagy. It was reported that the FGF
signaling axis activated mTOR and suppressed
autophagic activity via FGF receptor substrate 2α
(FRS2α)-mediated PI3K/AKT pathway in mouse
embryonic fibroblasts [21]. It has demonstrated FGF/
FRS2α-mediated signals prevented premature differenti-
ation of cardiac stem cells via inhibition of autophagy [22].
More recently, Wang et al. [23] have revealed that
activation of FGFR3 inhibited autophagic activity through
decreasing the level of ATG12-ATG5 conjugation in
chondrocytes. Settembre et al. [24] have demonstrated
that the growth factor FGF18 induced the activation of
FGFR4 and JNK, which activated the autophagy initiation
complex VPS34-beclin-1 during post-natal bone growth
in chondrocytes. All these studies suggest that FGF
signaling axis plays an important role in cell differenti-
ation, heart development, and bone growth through
regulating autophagy. However, the underlying molecular
mechanisms by which FGF2/FGFR1 regulates autophagy
in FGFR1-amplified NSCLC remain elusive.
In this study, we explored the effect of FGF signaling

axis for regulation of autophagy in FGFR1-amplified
NSCLC cells. Using in vitro cultured FGFR1-amplified
NSCLC cell lines, we demonstrate that FGFR1 activation
promotes autophagy inhibition. Suppression of FGFR1
increases the protein level of beclin-1 and induces
autophagy through inhibiting the ERK/MAPK pathway.
Genetic inhibition of autophagy enhances cell death of
H1581 and H520 cells after AZD4547 treatment. Our
findings provide a novel insight into the role of
autophagy in FGFR1-amplified NSCLC and have

important implications for autophagy inhibition in
FGFR1-targeted therapy.

Methods
Reagents and antibodies
Recombinant human FGF2 was purchased from
Invitrogen. A selective inhibitor of FGFR1, 2 and 3,
AZD4547 (a gift from AstraZeneca) was dissolved in
dimethyl sulfoxide (DMSO) for storage [25]. E-64d,
pepstatin A and monodansylcadaverine (MDC) were
purchased from Sigma-Aldrich Corp. Z-VAD-fmk was
obtained from Gene Operation. The antibodies for
western blotting and their relevant sources are as follows:
Anti-LC3B (Sigma-Aldrich); GAPDH (Abmart); Tubulin
(Abcam); total and Tyr653/654-phosphorylated FGFR, total
and T202/Y204-phosphorylated extracellular signal-activated
kinase (ERK), total and Tyr705-phosphorylated Stat3, PARP
and Caspase-9 (Cell Signaling Technology, Inc.); total and
S473-phosphorylated AKT1 (Epitomics); beclin-1 (Protein-
tech). Secondary antibodies were peroxidase-conjugated
AffiniPure Goat anti-mouse IgG and anti-rabbit IgG
(Jackson ImmunoResearch Laboratories, INC.).

Cell lines and cultures
The NSCLC cell lines, H1581 and H520 were pur-
chased from the American Type Culture Collection
(ATCC). SK-MES-1 cells were kindly provided by Cell
Bank, Chinese Academy of Sciences, Shanghai Branch
(Shanghai, China). H1581 and H520 cells were grown
in RPMI-1640 medium (Hyclone) supplemented with
10% fetal bovine serum (FBS) (Invitrogen), 100 U/ml
penicillin and 100 μg/ml streptomycin (Invitrogen),
and incubated in a humidified atmosphere (95% air
and 5% CO2) at 37 °C. SK-MES-1 cells were cultured
in MEM medium (Hyclone) with 10% FBS (Invitro-
gen), 100 U/ml penicillin and 100 μg/ml strepto-
mycin. All cells were passaged fewer than 6 months
after receipt from cell bank or resuscitation.

Western blotting
Cultured cells were harvested with a rubber scraper and
washed twice with cold phosphate buffered saline (PBS).
Cell pellets were lysed and kept on ice for at least
20 min in RIPA lysis buffer (Millipore), with addition of
phenylmethylsulfonyl fluoride and protease inhibitors
cocktail (Thermo Scientific). The lysates were cleared by
centrifugation, and the supernatants were collected.
Proteins were quantified by the BCA assay, and loading
buffer 5X was added to the proteins which were
incubated for 5 min at 95 °C. Then, proteins were loaded
on SDS-PAGE poly-acrylamide gel, transferred to
Immobilon-P PVDF membrane (Millipore), probed with
the appropriate primary antibodies, and detected by
chemoluminescence (ECL, Thermo Scientific). Images
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were then acquired with an ImageLab software (BioRad).
Image analysis of western blots was performed with Gel-
Pro analyzer software.

Immunofluorescence Microscopy
Cells were plated on glass chambers (NEST) at 60%
confluency and incubated in normal medium or
serum-free medium for overnight. H1581 and H520
cells were then either untreated or stimulated with
FGF2 (25 ng/ml) for 2 h. Cells were washed in PBS,
fixed with 4% paraformaldehyde (PFA) for 15 min at
room temperature (RT). Coverslips were mounted on
microscope chamber slides with DAPI (Beyotime) for
5 min at RT. Representative images were chosen and
exported from the Leica Application Suite software
using identical settings for each set of control versus
experimental conditions.

Autophagy Assays
Autophagic activity was analyzed by detecting the
LC3-II turnover, GFP-LC3 puncta, and MDC staining
[26–28]. For LC3-II turnover, 15% of SDS-PAGE gels
were used to clearly separate the LC3-I and LC3-II
bands. For GFP-LC3 puncta detection, H1581 and
H520 cells were transduced by a lentiviral vector to
stably express GFP-LC3. Numbers of GFP-LC3 puncta
per cell in cells transfected with GFP-LC3 were
quantified by fluorescence microscopy. All GFP-LC3
puncta quantitation was performed by an observer
blinded to experimental conditions.

MDC staining
Cells were seeded in 24-well plates with sterile cover
slips. After incubation with 50 μM MDC in growth
medium for 30 min at 37 °C, cells were washed three
times with PBS, and fixed in 4% PFA for 30 min at RT.
MDC was observed with a 335 (380)/525 nm filter set
by fluorescence microscopy (Leica, Germany).

Lentiviral experiments
The GFP-MAP1LC3B plasmid was purchased from Obio
Technology Corp., Ltd. GFP-LC3 lentiviruses were pro-
duced from pLOV-PuroR-based vectors by co-transfected
with delta and VSVG in 293 T cells. After transduction,
H1581/GFP-LC3 and H520/GFP-LC3 cell lines were
generated by selection with 1 μg/ml puromycin.
Lentiviral short hairpin RNA (shRNA) clones targeting

FGFR1 and non-targeting control were purchased from
Hanbio. H1581 and H520 cells were transduced by
lentiviral-encoded shRNA targeting RFP as a control or
two independent shRNAs against FGFR1 respectively,
and then selected for puromycin resistance. All
sequences are listed in Additional file 1: Table S1.

Small interfering RNA and transfection
Two 21-mer oligonucleotide small interfering RNA
(siRNA) duplexes targeting FGFR1 and a negative
control siRNA were acquired from GenePharma. Two
21-mer oligonucleotide siRNA duplexes targeting beclin-
1 and a negative control siRNA were acquired from
Biotend. H1581 and H520 cells were transfected with
siRNA using Lipofectamine RNAiMAX transfection
reagent (Invitrogen) according to the manufacturer’s
instructions. The sequences targeting FGFR1 and beclin-
1 are given in Additional file 2: Table S2.

DNA constructs and transfection
Constitutively active Akt1 was a gift from Heng Zhao
[29]. Constitutively active MEK (S218D/S222D), and
FGFR1 construct were ordered from Addgene [30].
Plasmid transfection was performed using jetPRIME
(Polyplus) according to the manufacturer’s instructions.

Cell viability assay
Cell viability was measured using Cell Counting Kit-8
(CCK-8, Dojindo Laboratories, Japan). Cells were seeded
in 96-well plates at the density of 1 × 104/well, and then
exposed to beclin-1 siRNA or AZD4547 at indicated
concentrations. CCK-8 solution was added to the
medium at a dilution of 1:10 and cells were incubated
with CCK-8 solution for 1–2 h at 37 °C. The absorbance
at 450 nm was measured using a microplate reader
(Synergy2, BioTek).

Apoptosis assay
Apoptosis was measured using FITC Annexin V apop-
tosis detection kit I (BD Biosciences) according to the
manufacturer’s instructions. Cells were harvested, centri-
fuged, and then resuspended in 100 μl of 1 X binding
buffer containing 5 μl of FITC Annexin V and 5 μl
propidium iodide (PI) for 15 min at RT in the dark.
After incubation with 400 μl 1 X binding buffer, the cells
were analyzed by flow cytometry (BD FACSCanto II)
and data were evaluated using FlowJo software.

Analysis of publicly available database
To examine the correlation between beclin-1 expression
and MEK1 phosphorylation in lung cancer patients, we
downloaded data from TCGA (http://www.cbioporta-
l.org/public-portal/), and analyzed data using GraphPad
Prism software [31, 32].
To analyze the prognostic value of LC3B mRNA expres-

sion on lung cancer patients, we generated Kaplan-Meier
survival curves based on expression values [33].

Statistical Analysis
Results are expressed as mean ± standard deviation (SD)
or mean ± standard error of mean (SEM) collected from
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at least three independent experiments. Data were
analyzed by GraphPad Prism software with one-way
ANOVA or Student t test. The relationship between
beclin-1 expression and MEK1 phosphorylation was
examined by Pearson correlation. A value of p < 0.05 was
considered statistically significant.

Results
FGFR1 activation inhibits autophagy
To evaluate whether FGFR1 activation inhibits autoph-
agy, we used two human NSCLC cell lines, H1581 and
H520, both of them are FGFR1 gene amplification and
high FGFR1 protein expression (Additional file 3: Figure
S1) [34]. We detected autophagy by measuring levels of
LC3-II, the autophagosome-associated lipidated form of
LC3, and by examining the subcellular localization of a
green fluorescent autophagy reporter protein, GFP-LC3
[26]. Serum depletion resulted in marked autophagy
induction, as evidenced by increased LC3-II conversion
(Fig. 1a-d) and an increase in GFP-LC3 puncta per cell
(Fig. 1e-h), which was reversed by FGF2 addition to the
serum-starved cells for 2 h.
We further employed MDC staining to verify inhibition

of autophagy by FGF2. As shown in Additional file 4:
Figure S2, serum depletion induced the accumulation of
MDC in the cytoplasmic vacuoles in H1581 and H520
cells, which was reversed by FGF2 addition to the serum-
starved cells for 2 h.

FGFR1 inhibition induces autophagic activity
To examine the effect of FGFR1 inhibition on autophagy
in FGFR1-amplified NSCLC cell lines, we treated H1581
and H520 cells with 1 μM AZD4547. As shown in
Fig. 2a-d, AZD4547 resulted in a minor increase in the
level of LC3-II. However, an increased level of LC3-II is
not a measure of autophagic flux per se, but can reflect
both the induction of autophagy and/or inhibition of
autophagosome clearance [26]. To further investigate
the magnitude of the flux through the autophagic
pathway, cells were treated in the presence of the
lysosomal protease inhibitors E64d and pepstatin A.
Thus AZD4547 induced a more pronounced accumula-
tion of LC3-II in the presence of lysosomal protease
inhibitors (Fig. 2a and b, right panel). This indicated
enhanced autophagic flux and not simply blocked
autophagic degradation. Lysosomal protease inhibitors
were included in all subsequent experiments.
To confirm the effect of FGFR1 inhibition on autophagy

in FGFR1-amplified NSCLC cell lines, we transduced
H1581 and H520 cells by lentiviral vectors encoding a
control shRNA targeting RFP or two independent shRNAs
targeting FGFR1. Using two well established markers of
this cellular process, we demonstrated that knockdown of

FGFR1 induced autophagy by the increase in the level of
LC3-II in H1581 and H520 cells (Fig. 2e-h). FGFR1
silencing increased GFP-LC3 puncta in H1581 cells stably
transfected with GFP-LC3 (Fig. 2i and k), and in H520/
GFP-LC3 cells (Fig. 2j and l). In addition to utilization of
LC3-II accumulation and GFP-LC3 puncta formation as
markers of autophagy, we further explored MDC staining
to confirm induction of autophagy by AZD4547. As
shown in Additional file 5: Figure S3, treatment with
AZD4547 induced the accumulation of MDC in the
cytoplasmic vacuoles in both cell lines. Conversely,
overexpression of FGFR1 in cultured SK-MES-1 NSCLC
cells (with low FGFR1 expression) led to a decrease in
LC3-II (Additional file 6: Figure S4). All these suggest that
pharmacological or genetic inhibition of FGFR1 induces
autophagic activity in FGFR1-amplified NSCLC cells.

FGF2 activates the ERK/MAPK pathway
Since the MEK/ERK and PI3K/AKT/mTOR are two
major pathways downstream of FGFR1, we explored
whether the main downstream signaling axis was
activated by FGF2. ERK1/2 phosphorylation was
induced within 30 min after treatment with FGF2 at
a final concentration of 25 ng/ml. The phosphoryl-
ation was reduced at a lagging mode in H1581 cells
(Additional file 7: Figure S5A). Consistently, ERK1/2
was also phosphorylated within 30 min, which was then
gradually reduced in H520 cells (Additional file 7:
Figure S5B). However, there were no obvious changes
in the phosphorylation of AKT and Stat3 (data not
shown). These results suggest that FGF2 induces activa-
tion of the ERK/MAPK pathway.

The induction of autophagy by FGFR1 inhibition is
mediated through suppressing the ERK/MAPK pathway
Downregulation of FGFR1 by transduction of FGFR1-
specific shRNAs inhibited ERK1/2 phosphorylation, but
no effect on phosphorylation of AKT in H1581 and
H520 cells (Fig. 3a and b). In addition, ERK phosphoryl-
ation activated by FGF2 prevented AZD4547-induced
increase in LC3-II in H1581 and H520 cells (Fig. 3c-f).
These data partially indicated that inhibition of the ERK/
MAPK signaling pathway was required for the induction
of autophagy after AZD4547 treatment.
To provide further evidence, we found that the increase

of LC3-II induced by shFGFR1 in H1581 cells was not
affected after transient transfection with a constitutively
active AKT1 (caAKT1) construct (Fig. 3g and i). In
contrast, the increase of LC3-II induced by shFGFR1 in
H1581 cells was prevented by transient transfection of
H1581 cells with a constitutively active MEK1 (caMEK1)
construct (Fig. 3h and j). These results indicate that the
induction of autophagy after FGFR1 inhibition is mediated
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through suppressing the ERK/MAPK pathway, but not
the PI3K/AKT pathway.

FGFR1 inhibition induces autophagy through beclin-1
As shown in Fig. 4a and b, AZD4547 treatment
upregulated the expression of beclin-1 in H1581 and

H520 cells. Similarly, knockdown of FGFR1 increased
the level of beclin-1 in stably transduced H1581 and
H520 cells (Fig. 4c and d). To gain further insight into
the mechanism, we examined the role of beclin-1 in
FGFR1 inhibition-induced autophagy. AZD4547-induced
autophagy was inhibited by beclin-1 silencing in H1581

Fig. 1 FGFR1 activation inhibits autophagy. a LC3-I/II western blot analysis in H1581 NSCLC cells cultured O/N in normal medium, serum-free
medium, or serum-free medium plus FGF2 (25 ng/ml, 2 h). b Quantification of LC3-II levels in (a); mean ± SD, n = 3, ***p < 0.001. c LC3-I/II western
blot analysis in H520 cells in conditions shown in (a). d Quantification of LC3-II levels in (c); mean ± SD, n = 3, ***p < 0.001. e Representative images of
GFP-LC3 puncta in H1581/GFP-LC3 cells in conditions shown in (a). Scale bars represent 25 μm. f Representative images of GFP-LC3 puncta in H520/
GFP-LC3 cells in conditions shown in (c). Scale bars represent 25 μm. g Quantitation of GFP-LC3 puncta in conditions shown in (e); mean ± SD, n = 3,
***p < 0.001. h Quantitation of GFP-LC3 puncta in conditions shown in (f); mean ± SD, n = 3, ***p < 0.001
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Fig. 2 FGFR1 inhibition induces autophagic activity. a H1581 cells were treated with 1 μM AZD4547 for 24 h. The last 8 h was in the presence or
absence of E64d (10 μg/ml) and pepstatin A (10 μg/ml). Protein levels of LC3-I/II, and GAPDH were measured by western blot assays. b H520 cells
were treated with 1 μM AZD4547 for 24 h. E64d and pepstatin A were added to the cells 8 h before harvesting. c Quantification of LC3-II levels in
(a); mean ± SEM, n = 3, ***p < 0.001. d Quantification of LC3-II levels in (b); mean ± SEM, n = 3, ***p < 0.001. e The levels of LC3-II and GAPDH were
determined by western blot in H1581 cells stably transduced by shRNA targeting FGFR1 and a control shRNA. FGFR1 and GAPDH protein expression
levels by western blot were included as a control for the efficiency of shRNA knockdown. f Confirmation of changes in levels of autophagy
after knockdown of FGFR1 by western blot with antibodies against LC3-I/II in H520 cells. g Quantification of LC3-II levels in (e); mean ± SD, n = 3,
***p < 0.001. h Quantification of LC3-II levels in (f); mean ± SD, n = 3, ***p < 0.001. i H1581/GFP-LC3 cells transfected with either siRNA targeting FGFR1
or negative control (NC) were analyzed by fluorescence microscopy to determine the distribution of punctate GFP-LC3. E64d and pepstatin A were
added for 8 h before fixation. Scale bars represent 25 μm. j Punctate GFP-LC3 distribution of H520/GFP-LC3 cells transfected with two independent
FGFR1 siRNA constructs or a negative control. E64d and pepstatin A were added for 8 h before fixation. Scale bars represent 25 μm. k Quantification of
levels of autophagy in H1581/GFP-LC3 cells transfected with control siRNA or siRNA against FGFR1 in conditions shown in (i); mean ± SD,
n = 3, ***p < 0.001. l Quantification of data from (j); mean ± SD, n = 3, ***p < 0.001
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cells (Fig. 4e and f). Furthermore, inhibition of beclin-1
prevented LC3-II accumulation induced by shFGFR1
(Fig. 4g and h). These results indicate that FGFR1
inhibition induced autophagy through beclin-1 in
FGFR1-amplified NSCLC cells.

Upregulation of beclin-1 by FGFR1 inhibition contributes
to the induction of autophagy through inhibiting ERK
pathway
Activation of ERK activity by FGF2 (Fig. 5a) or transient
transfection with a caMEK1 construct (Fig. 5b) blocked

Fig. 3 Constitutive activation of ERK/MAPK pathway, but not PI3K pathway, prevents autophagy induced by FGFR1 inhibition. a and b ERK and AKT
phosphorylation by western blot in H1581 and H520 cells stably transduced by two independent FGFR1 shRNA constructs or a non-targeting control
vector. FGFR1 protein expression levels were included as a control of knockdown efficiency. The filters were stripped and reprobed for total ERK and
AKT to ensure equal loading of cell protein in each lane. c H1581 cells were treated with 1 μM AZD4547 for 24 h. FGF2 (25 ng/ml) was added for 2 h
before harvesting. d H520 cells were treated with AZD4547 (1 μM) for 24 h. Cells were treated with FGF2 for 2 h before harvesting and then subjected
to western blotting analysis. e Quantification of LC3-II levels in (c); mean ± SD, n = 3, ***p < 0.001. f Quantification of LC3-II levels in (d);
mean ± SD, n = 3, ***p < 0.001. g Western blot showing that the expression of a caAKT1 construct failed to prevent increase in LC3-II induced
by shFGFR1 in H1581 cells. h Western blot showing that the expression of a caMEK1 prevented increase in LC3-II induced by shFGFR1 in H1581 cells.
i Quantification of LC3-II levels in (g); mean ± SEM, n = 3, NS, not significant. j Quantification of LC3-II levels in (h); mean ± SEM, n = 3, ***p < 0.001
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upregulation of beclin-1 by FGFR1 inhibition. Activation
of ERK/MAPK pathway prevented LC3-II accumulation
induced by FGFR1 inhibition (Fig. 3c and h). These indi-
cate that pharmacological or genetic inhibition of FGFR1
increased level of beclin-1, which is mediated at least in
part through inhibiting ERK/MAPK pathway.
Downregulation of beclin-1 suppressed the induction of

autophagy by FGFR1 inhibition (Fig. 4e and g) but did not
affect inhibition of ERK phosphorylation by AZD4547 or
shFGFR1 (Fig. 5c and d), indicating that beclin-1 functions
downstream of the ERK/MAPK pathway.
To assess the impact of beclin-1 on MEK1 activa-

tion, we analyzed the correlation between beclin-1
expression and MEK1 phosphorylation in a cohort of
lung cancer patients that had altered levels of beclin-
1 protein expression as measured by reverse-phase
protein array (RPPA) [31, 32]. A statistically negative

correlation between beclin-1 and p-MEK1 (S217/S221,
Pearson’s r = −0.2152) was observed in a cohort of
lung SQCC samples (Fig. 5e). Inverse correlation of
beclin-1 expression and MEK1 phosphorylation (S217/
S221, Pearson’s r = −0.2273) was also observed in lung
adenocarcinoma patients (Fig. 5f ), which supported
our preclinical data.

Inhibition of autophagy by beclin-1 silencing enhances
apoptosis after AZD4547 treatment
To establish whether autophagy inhibition would be an
effective therapeutic intervention after AZD4547 treat-
ment, we examined the effect of beclin-1 silencing on
AZD4547-induced cell death. In the absence of
AZD4547, treatment of cells with beclin-1 siRNA led to
a decrease in cell viability (Fig. 6a and b, left panel). In
the presence of AZD4547, substantial decrease in cell

Fig. 4 Downregulation of beclin-1 prevents autophagy induced by FGFR1 inhibition. a and b H1581 and H520 cells were treated with 1 μM
AZD4547 for 24 h. Then, total lysates were harvested and subjected to western blot analysis. c and d H1581 and H520 cells, stably transduced by
the indicated lentiviruses (scramble or shFGFR1), were subjected to western blotting analysis. e H1581 cells were transfected with beclin-1 siRNA
or control siRNA using Lipofectamine RNAiMAX transfection reagent as described in materials and methods. At 24 h after transfection, the cells were
treated with or without AZD4547 (1 μM) for 24 h. f Quantification of LC3-II levels in (e); mean ± SEM, n = 3, ***p < 0.001. g H1581 cells,
stably transduced by the indicated lentiviruses (scramble or shFGFR1), were transfected with beclin-1 siRNA or control siRNA, and then
cells were subjected to western blotting analysis. h Quantification of LC3-II levels in (g); mean ± SEM, n = 3, ***p < 0.001
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viability was obtained (Fig. 6a and b, right panel). These
indicate that inhibition of autophagy enhances cell death
after AZD4547 treatment.
To determine the role of autophagy in cell growth

and survival after AZD4547 treatment, we examined
the effect of autophagy inhibition on apoptosis.
Western blot assays showed that the combination of
AZD4547 with beclin-1 silencing noticeably increased
the cleavage of poly (ADP-ribose) polymerase (PARP)
and caspase-9 in H1581 and H520 cells (Fig. 6c and
d), suggesting that this combination activated the
apoptosis pathway. As shown in Fig. 6e and f, the
pan-caspase inhibitor, z-VAD-fmk blocked the cleav-
age of PARP in both cells. Flow cytometry analysis
showed that the proportions of early apoptotic cells
(FITC Annexin V positive and PI negative) and late
apoptotic cells (FITC Annexin V positive and PI

positive) increased when NSCLC cells were cotreated
with AZD4547 and beclin-1 siRNA (Fig. 6g-i). These
data indicated that the type of cell death induced by
combination of AZD4547 and beclin-1 silencing was
partially caspase-dependent apoptosis.

High levels of LC3B mRNA in lung cancer are associated
with poor prognosis
To explore the role of autophagy among distinct
subtypes of lung cancer, we analyzed the expression
of LC3B and performed analyses based on log-rank
test. High LC3B expression was a marker of poor
prognosis in both lung SQCC (Fig. 7a) and adenocar-
cinoma (Fig. 7b) (expression data are described in
http://www.oncolnc.org/) [33]. We also confirmed the
prognostic value of LC3B in lung cancer patients
from The Cancer Genome Atlas (TCGA) cohort

Fig. 5 Upregulation of beclin-1 by FGFR1 inhibition contributes to induction of autophagy through inhibiting ERK pathway. a H1581 cells were
treated with AZD4547 (1 μM) for 24 h prior to treatment with or without FGF2 (25 ng/ml) for 2 h. After treatment, cells were harvested and
subjected to western blotting analysis. b H1581 cells, stably transduced by FGFR1 shRNA or control shRNA, were transfected with caMEK1 plasmid or
control vector using jetPRIME transfection reagent as described in materials and methods. At 24–48 h after transfection, the cells were harvested and
then subjected to western blotting analysis. c H1581 cells were transfected with beclin-1 siRNA or control siRNA using Lipofectamine
RNAiMAX transfection reagent. At 24 h after transfection, the cells were treated with or without AZD4547 (1 μM) for 24 h. d H1581 cells,
stably transduced by the indicated lentiviruses (scramble or shFGFR1), were transfected with beclin-1 siRNA or control siRNA, and then
cells were subjected to western blotting analysis. e MEK phosphorylation was analyzed in a cohort of lung SQCC patients that had altered
levels of beclin-1 protein expression using cBioPortal. f MEK phosphorylation was analyzed in a cohort of lung adenocarcinoma patients
that had altered levels of beclin-1 expression using TCGA database
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(expression data are described in http://www.cbiopor-
tal.org/public-portal/) [31, 32]. Lung cancer patients
with alterations in LC3B exhibited lower overall
survival (OS) than those without alterations in LC3B
(Additional file 8: Figure S6).
To further explore the prognostic value of LC3B in

lung SQCC patients, we stratified them for high vs. low
expression of FGFR1 and LC3B, respectively [33]. In low
FGFR1-expressing lung SQCC, high LC3B expression
had significantly poorer OS compared with low LC3B
expression (Fig. 7c). In high FGFR1-expressing lung
SQCC, high LC3B expression conferred worse OS in
comparison to low LC3B expression (Fig. 7d).
Based on the study presented herein, we propose a

novel mechanism by which FGF2/FGFR1 regulates
autophagy in FGFR1-amplified NSCLC cells (Fig. 8).

Discussion
FGFR1 is frequently amplified in lung SQCC and is a
therapeutic target under investigation in multiple solid
tumors [35]. Clinical application of FGF/FGFR-targeted
therapy is under development for the treatment of
cancers caused by aberrant FGF signaling. FGFR
inhibitors mainly target the cytoplasmic kinase domain,
whereas a few FGF inhibitors target the extracellular
ligand-binding region [36]. Patients with FGFR genetic
alterations are predicted to be appropriate candidates for
FGFR inhibitors-based therapy. Treatment with a single
tyrosine kinase inhibitor (TKI) represents a step toward
personalized cancer therapy, but intrinsic and acquired
resistance limit their long-term benefit. What
determines response to FGFR inhibition in FGFR-
amplified cancers is unknown.

Fig. 6 Inhibition of autophagy by beclin-1 silencing enhances apoptosis after AZD4547 treatment. a H1581 cells were transfected with beclin-1
siRNA or control siRNA using Lipofectamine RNAiMAX transfection reagent. At 24 h after transfection, the cells were treated with or without
AZD4547 (1 μM) for 24 h. Cell viability was determined by CCK-8 assay; mean ± SD, n = 3, ***p < 0.001. b H520 cells were treated as described in
(a), and cell viability was measured by CCK-8 assay; mean ± SD, n = 3, ***p < 0.001. c and d H1581 and H520 cells transfected with beclin-1 siRNA
or control siRNA were treated with or without AZD4547 (1 μM) for another 24 h. Cleavage of both PARP and caspase-9 were analyzed by western
blot assay. e and f H1581 and H520 cells transfected with beclin-1 siRNA or control siRNA were treated with or without AZD4547 (1 μM) for another
24 h. The last 5 h was in the presence or absence of z-VAD-fmk (20 μM). PARP cleavage and tubulin were analyzed by western blot assay. g H1581
and H520 cells transfected with beclin-1 siRNA or control siRNA were treated with or without AZD4547 (1 μM) for another 24 h. Cell apoptosis was
determined by flow cytometry using FITC Annexin V/PI staining. The horizontal and vertical axes represent labeling with FITC Annexin V/PI, respectively.
LR (Q3) represents early apoptotic cells (positive for Annexin V only), UR (Q2) represents late apoptotic cells (positive for both Annexin V and PI), and LL
(Q4) represents live cells. h H1581 cells were treated as described in (g upper panel). The number of early/late apoptotic cells is shown as the sum of
Annexin V positive and Annexin V/PI double positive cells; mean ± SD, n = 3, ***p < 0.001. i H520 cells were treated as described in (g lower panel);
mean ± SD, n = 3, **p < 0.01
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Fig. 7 High levels of LC3B mRNA are associated with poor prognosis in NSCLC patients. a and b Kaplan-Meier curves of OS, with respect to LC3B mRNA
level, in a lung SQCC (N= 146 for low expression and N= 146 for high expression, p= 0.014), and b lung adenocarcinoma (N= 123 for low expression
and N= 123 for high expression, p = 0.5099). c Kaplan-Meier curves for OS in FGFR1 low - LC3B low expression (N= 125) and FGFR1 low - LC3B high
expression (N = 119) patients, the latter had poorer OS (p = 0.0111). d Kaplan-Meier curves for OS in FGFR1 high - LC3B low expression (N = 119) and
FGFR1 high - LC3B high expression (N = 124) patients, the latter conferred decreased OS (p = 0.1742). P-values are based on the log-rank test (a-d)
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Fig. 8 A schema depicting a mechanism by which FGF2/FGFR1 regulates autophagy. Left panel: FGFR1 activation by FGF2 upregulates ERK1/2
phosphorylation and then downregulates beclin-1, thereby suppresses autophagy. Right panel: FGFR1 inhibition (AZD4547 or FGFR1 knockdown)
downregulates phosphorylation of ERK1/2 and subsequently upregulates beclin-1, thereby induces autophagy
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It is proposed that there are at least four functional
forms of autophagy, cytoprotective, cytotoxic, cyto-
static, and nonprotective [37]. The role of autophagy
in cancer is paradoxical as it functions both as a
tumor suppressor and as a drug resistance mechanism
[14]. On one hand, autophagy appears to function as a
tumor suppressor mechanism as defective autophagy
is associated with malignant transformation and
carcinogenesis. Studies have demonstrated that het-
erozygous disruption of beclin-1 promotes tumorigen-
esis while the overexpression inhibits tumorigenesis
[12, 13]. In this circumstance, the induction of au-
tophagy may help to reverse the malignant phenotype.
On the other hand, conventional chemotherapeutic
drugs, radiation and the hypoxic tumor environment
can promote a cytoprotective form of autophagy in
tumor cells [38]. Consequently interference with or
suppression of this autophagy will be used as a thera-
peutic approach. Autophagy and apoptosis are tightly
regulated biological processes and their cross-talk is
complex, with conflicting models of interplays being
indicated [39–41]. Our study indicated that suppres-
sion of autophagy promoted apoptosis after AZD4547
treatment.
This study is designed to test the hypothesis that

FGFR inhibitor AZD4547 induced autophagy in FGFR1-
amplified NSCLC cells. Herein we found that genetic
inhibition of autophagy (beclin-1 silencing) enhanced
apoptosis after AZD4547 treatment in H1581 and H520
cells. AZD4547 induced protective autophagy in FGFR1-
amplified NSCLC cells. Based on the above findings, we
analyzed human lung cancer database and confirmed
that lung SQCC with high LC3B levels conferred poor
prognosis [31–33].
There are multiple links between oncogene and

autophagy. Firstly, activated EGFR directly phosphory-
lates and inhibits beclin-1, a key component in autoph-
agy initiation [42]. Secondly, EGFR TKIs upregulate
autophagy in many cancer cells [43]. These studies
support a role for EGFR signaling in autophagy suppres-
sion. A high-throughput image-based screening and
analysis approach indicate that knockdown of FGFR1
increases autophagy flux [44]. FGFR1 TKI induces
protective autophagy through suppressing AKT/mTOR
signaling pathway in FGFR1-amplified breast cancer cell
lines [45]. Similarly, our studies demonstrate that FGFR1
inhibition promotes induction of autophagy.
Based on earlier studies that TKIs induce autophagy

[46] and the belief that autophagy induction may lead
to chemoresistance [47], there are currently several
NIH-sponsored clinical trials that combine autophagy
inhibitory agents with TKIs in the treatment of
NSCLC. Previous studies have claimed that autophagy
induction can limit or enhance the response to TKI

therapy. In our study, AZD4547 treatment induced
autophagic activity in both of the cells, suggesting
that synergy with autophagy inhibition is a sequence
of the drug itself inducing autophagy. Combining
autophagy inhibitors with FGFR1 selective inhibitors
identifies a potential strategy for treatment of FGFR1-
amplified cancers. This is in contrast to a recent
study, which has shown that autophagy induction
contributes to EGFR TKI responses in NSCLC with
active EGFR mutations, and the use of autophagy
inhibitors in patients receiving EGFR TKI may
adversely (rather than favorably) affect their clinical
course [42].
Activation of ERK has been associated with either

induction or inhibition of autophagy, depending on cell
types [48–50]. Here we demonstrate that inhibition of
the ERK/MAPK pathway was required for FGFR1
inhibition-induced autophagy, because constitutive
activation of the ERK/MAPK pathway by expression of a
caMEK1 construct prevented the induction of autophagy
by FGFR1 inhibition.
A few caveats should be clarified. Our findings are

based on in vitro experiments and lack in vivo studies
that directly assess the effects of modulating autophagy
on the response of NSCLC to TKIs. For the future, it
will be necessary to determine whether FGFR1
inhibition-induced autophagy can be targeted for
therapeutic gains using in vivo tumor models, particu-
larly patient derived xenograft (PDX) models. The
beclin-1/VPS34 complex plays a crucial role in autopha-
gosome formation [51]. Using TCGA database, we
observed an inverse correlation between beclin-1 expres-
sion and MEK phosphorylation in lung cancer samples,
which supported our preclinical data. However, we do not
explore the regulation of the beclin-1 interactome such as
bcl-2/beclin-1 or beclin-1/VPS34 complex. It will be
important to explore the mechanisms in further study.
In a summary, we found that pharmacological or

genetic inhibition of FGFR1 induced autophagy; the
response was elicited through complex mechanisms
involving both inhibition of the ERK/MAPK pathway
and upregulation of beclin-1. Furthermore, our findings
indicate that clinical efficacy of treatments for FGFR1-
driven lung cancer may be achieved by combining
autophagy inhibitors and FGFR-specific TKIs. Further
in-depth studies are needed to understand the role of
autophagy in FGFR1-targeted therapy, which may bene-
fit patients through development of novel combination
treatments and provide the basis for the design of
multiple clinical trials.

Conclusions
In this study, we offer convincing evidence that autoph-
agy is induced in FGFR1-amplified NSCLC cells after
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pharmacological or genetic inhibition of FGFR1. This
effect is dependent on beclin-1 through suppressing
ERK/MAPK pathway. These indicate a new mechanism
by which FGF2/FGFR1 regulates autophagy. Synergistic
targeting of autophagy and FGFR pathways should be
further explored in FGFR1-amplified NSCLC in vivo.

Additional files

Additional file 1: Table S1. Sequences of FGFR1 shRNA constructs that
were used in the study. (TIF 65 kb)

Additional file 2: Table S2. Sequences of all siRNA constructs that were
used in the study. (TIF 67 kb)

Additional file 3: Figure S1. Immunoblot analysis of FGFR1 in NSCLC
cell lines. Extracts from NSCLC cells were subjected to immunoblot analysis
for FGFR1, GAPDH as a loading control. (TIF 140 kb)

Additional file 4: Figure S2. FGFR1 activation inhibits autophagy. (A)
MDC staining analysis in H1581 (upper panel) and H520 (lower panel) cells
cultured O/N in normal medium, serum-free medium, or serum-free medium
plus FGF2 (25 ng/ml, 2 h). Scale bars represent 25 μm. (B) Quantitative results
of MDC staining in conditions shown in (A); mean ± SD, n= 3, ***p < 0.001,
**p < 0.01. (TIF 2400 kb)

Additional file 5: Figure S3. AZD4547 induces autophagy. (A) H1581
and H520 cells grown in 24-well plates were treated with DMSO, or AZD4547
(1 μM) for 24 h. MDC staining was performed and the cells were examined
under a fluorescence microscope. Scale bars represent 25 μm. (B) Quantitative
results of MDC staining in conditions shown in (A); mean ± SD, n = 3,
**p < 0.01. (TIF 1577 kb)

Additional file 6: Figure S4. Overexpression of FGFR1 inhibits autophagy
in SK-MES-1 cells. (A) The SK-MES-1 cells were transfected with control vector
or FGFR1 plasmid. At 48 h post-transfection, LC3-I/II and GAPDH were
determined by western blot. The lower panel shows the efficiency of
FGFR1 overexpression. (B) Quantification of LC3-II levels in (A); mean ± SD,
n = 3, ***p < 0.001. (TIF 321 kb)

Additional file 7: Figure S5. FGF2 activates the ERK/MAPK pathway.
(A and B) H1581 and H520 cells treated with 25 ng/ml FGF2 were lysed and
probed with the indicated antibodies. The filters were stripped and reprobed
for total FGFR1 and ERK to ensure equal loading of cell protein in
each lane. (TIF 899 kb)

Additional file 8: Figure S6. Kaplan-Meier curves for lung cancer
patients. OS for patients in TCGA cohort, in lung cancer (N = 12 for
cases with alterations in LC3B and N = 941 for cases without alterations in
LC3B). P-values are based on the log-rank test. (TIF 179 kb)
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