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Abstract. Studies have shown that suppression of both the
JAK/STAT3 pathway and epithelial‑mesenchymal transition (EMT) may overturn the resistance of non‑small cell lung
cancer (NSCLC) cells to gefitinib. Zoledronic acid (ZA) injection is used to treat and prevent multiple forms of osteoporosis,
hypercalcemia and bone metastasis‑related complications of
malignancy. Clinical research has shown that ZA may exert
antitumour effects and delay the progression of NSCLC. In
the present study, we investigated whether ZA combined with
gefitinib could re‑sensitise NSCLC cells to gefitinib in vitro
and in vivo through inhibition of the JAK/STAT3 signalling pathway and EMT reversal. The results revealed that
ZA potently increased the sensitivity of gefitinib‑resistant
lung cancer cells to gefitinib. ZA decreased activation of
JAK/STAT3 signalling and reversed EMT in the H1975
and HCC827GR cell lines. Furthermore, addition of IL‑6
to ZA‑pretreated gefitinib‑resistant cell lines abrogated the
effect of ZA and restored the cellular resistance to tyrosine
kinase inhibitors. Finally, ZA‑based combinatorial therapy
effectively inhibited the growth of xenografts derived from
gefitinib‑resistant cancer cells, which was correlated with the
inhibition of the JAK/STAT3 signalling pathway and EMT
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reversal. In conclusion, ZA re‑sensitised gefitinib‑resistant
lung cancer cells through inhibition of the JAK/STAT3 signalling pathway and EMT reversal. The combination of ZA and
gefitinib may be a promising therapeutic strategy to reverse
gefitinib resistance and prolong the survival of patients with
NSCLC.
Introduction
Non‑small cell lung cancer (NSCLC), which accounts
for 85% of all lung cancer cases worldwide, is the most
common and aggressive malignant type of lung cancer (1,2).
Epidermal growth factor receptor (EGFR)‑activating mutations (exon 19 deletion or exon 21 L858R point mutation) were
found to be correlated with a 70% response rate to tyrosine
kinase inhibitor (TKI) treatment (3‑5). However, nearly all
patients inevitably develop an acquired resistance to TKIs
after a median progression‑free survival (PFS) period of
9 to 14 months, despite a dramatic initial response (6). The
main cause of acquired resistance is due to the EGFR T790M
mutation, tyrosine‑protein kinase Met (c‑MET) amplification
and epithelial‑mesenchymal transition (EMT) (7). A previous
study demonstrated that transforming growth factor (TGF)‑β
could induce TKI resistance by activating the signal transducer
and activator of transcription 3 (STAT3) signalling pathway
and EMT. Intriguingly, restraining the activation of interleukin (IL)‑6/Janus kinase (JAK)/STAT3 signalling and EMT
could overcome the cellular resistance to TKIs (8). Therefore,
inhibition of the IL‑6/JAK/STAT3 signalling pathway would
potentially be an effective strategy for overcoming TKI resistance in the desensitised cells.
Zoledronic acid (ZA) is a bisphosphonate compound that
alters bone formation and breakdown in the body, which can
slow down bone loss and effectively reduce the incidence of
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skeletal‑related events (9). ZA is widely used to treat abnormally high blood calcium (hypercalcemia) and bone pain
caused by multiple myeloma. ZA is not a chemotherapeutic
drug; however, preclinical studies have suggested that ZA
might have antitumour activity in lung cancer cells, such as
inhibiting cancer cell growth, angiogenesis, invasion, and
metastasis (10,11). Our preclinical study demonstrated that
ZA combined with gefitinib could synergistically inhibit
the proliferation of lung cancer cells by suppressing STAT3
activity, suggesting that ZA may overcome TKI resistance (12).
However, the underlying mechanism for this effect remains
unclear. Clinical research has shown that bisphosphonates
may exert antitumour effects and delay the progression of
NSCLC (13). Our study, and another retrospective clinical
study, demonstrated that ZA prolonged the overall survival
(OS) of bone metastatic NSCLC patients receiving TKI as
first‑line therapy (13,14).
In this present study, we found that ZA had the potential to
reverse the TKI (i.e. gefitinib) resistance of lung cancer cells.
The mechanisms involved may be attributed to the inhibition
of IL‑6/JAK/STA3 signalling and reversal of EMT. In addition, combination therapy significantly reduced the tumour
size as compared to treatment with single treatment in vivo.
The synergistic action of ZA might be due to its capability to
reverse EMT and inhibition of STAT3 phosphorylation. The
present work highlights the potential for combinatory treatment of patients with advanced NSCLC with gefitinib and ZA,
although more work is clearly needed in the future to verify
this.
Materials and methods
Cell culture and reagents. The human NSCLC cell line H1975
(EGFR L858R/T790M), HCC827 (exon19del E746‑A750),
and gefitinib‑resistant HCC827 cells (HCC827GR) were a
kind gift by Professor Wang Yongshen from West China
Hospital (China). The H1975, HCC827, and HCC827GR cells
were cultured in RPMI‑1640 medium (Gibco; Thermo Fisher
Scientific, Inc.) containing 10% foetal bovine serum (FBS)
(Gibco; Thermo Fisher Scientific, Inc.) and 1% penicillin‑streptomycin, at 37˚C in 5% CO2 and 90% humidity. Gefitinib
(ZD1839), ZA, Cell Counting Kit‑8 (CCK‑8), Annexin
V‑FITC, propidium iodide (PI) and Hoechst were purchased
from Selleck Company. The IL‑6 High Sensitivity Human
ELISA Kit (ab46042) was purchased from Abcam Company.
Cytotoxicity assay. Cells were seeded in a 96‑well plate at the
density of 4x103 cells per well. The cells were then treated with
various concentrations of gefitinib and ZA for 48 h. Thereafter,
cell viability was measured using the CCK‑8 assay according
to the manufacturer's instructions.
Detection of cell apoptosis. H1975 cells (1x106) were treated
with gefitinib (4 µM) and/or ZA (10 µM) for 48 h, and then
stained with Annexin V‑FITC. Cell apoptosis was analysed with
a Becton Dickinson FACS Calibur flow cytometer, and the data
were analysed using FlowJo software V10.6.2 (FlowJo LLC).
Enzyme‑linked immunosorbent assay. H1975 cells (0.8x106)
were treated with various concentrations of gefitinib (4 µM)

and/or ZA (10 µM) for 48 h. Then, the cell culture medium
was centrifuged at 1,000 x g for 10 min to remove debris. The
supernatant was collected and the level of IL‑6 was assayed
using the IL‑6 High Sensitivity Human ELISA kit according
to the manufacturer's instructions.
Western blot assay. H1975 or HCC827GR cells (0.8x10 6)
were seeded in a 60‑mm plate and allowed to adhere overnight. The cells were then treated with gefitinib, or ZA, or
gefitinib + ZA, or vehicle for 48 h. Cells were lysed by RIPA
lysis buffer, and 30 µg protein was resolved by 10% sodium
dodecyl sulphate‑polyacrylamide gel, following which the
protein bands were transferred to nitrocellulose membranes.
The membrane was blocked with 5% skim milk and probed
with primary antibodies with gentle shaking at 4˚C overnight.
The membranes were then washed three times with TBST, and
then incubated with the appropriated secondary antibodies for
2 h. Antibody‑bound proteins were detected by ECL Select
Western Blotting Detection Reagent (GE Healthcare). The
following primary antibodies were used: anti‑JAK1 (ab133666,
Abcam), anti‑phosphorylated (p)‑JAK (ab138005, Abcam),
anti‑STAT3 (ab119352, Abcam), anti‑p‑STAT3 (ab76315,
Abcam), anti‑E‑cadherin (ab76055, Abcam), anti‑vimentin
(ab8978, Abcam), and anti‑SNAIL (ab180714, Abcam). ImageJ
software v1.43 (National Institutes of Health, Bethesda, MD,
USA) was used to quantify the density and size of the blots.
Animal experiments. A total of 24 female Nu/Nu mice
(15‑16 g, 4 weeks old) were used for the experiment. All
animals were kept in standard housing conditions with a
temperature of 21‑23˚C, 50‑70% relative humidity and 12‑h
light/dark cycle, and access to food and water ad libitum.
H1975 cells (1x107 in Hank's balanced salt solution) were
subcutaneously implanted into the left thigh of 6‑week‑old
female Nu/Nu mice (Chongqing Medical University, China).
Once the average volume of the tumour had reached 200 mm3,
the mice were randomly divided into the following 4 groups
(6 mice in each group): Those given 1 mg/ml ZA only
(100 µg/kg every 2 days for 2 weeks), those given 250 mg/l
gefitinib only (50 mg/kg/day for 2 weeks), those administered
both ZA and gefitinib combined (at the same dosages as for
their single use, for 2 weeks), and those administered PBS only.
All treatments were administered by intraperitoneal injection.
The tumours were measured every 4 days, and the tumour
volume was calculated according to the following formula:
Tumour Volume (mm3) = a x b2/2. Tumour size did not exceed
10% of body weight (approximately 1.5 cm diameter for each
mouse). The maximum diameter of the tumours was 1.45 cm
and the maximum tumour volume observed in this study
was 1206 mm3. Symptoms such as pain, weight loss, loss of
appetite, or weakness were set as humane endpoints for the
present study. Mice were euthanized with an intraperitoneal
injection of pentobarbital sodium (200 mg/kg) at the end of the
experiment, and then tumours were harvested and weighed.
All animal protocols were approved by the Ethics Committee
of Chongqing Medical University.
Immunohistochemistry. The H1975 xenograft tumours were
collected 14 days after treatment and fixed in 10% formalin.
Immunohistochemistry was used to detect the expression of
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Figure 1. ZA increases the sensitivity of gefitinib‑resistant cells to gefitinib. (A) ZA inhibited the proliferation of NSCLC tumour cells. Cell viability of H1975,
HCC827 and HCC8278GR cells treated with the indicated doses of ZA (0, 1, 4, 8, 16 and 32 µM) for 72 h were quantified by CCK‑8 assay. (B) Cell viability
was analyzed in HCC827 and HCC827GR cells treated with various concentrations of gefitinib alone or in combination with ZA (4 µM) for 48 h. (C) The cell
viability was assayed for H1975 cells following treatment with gefitinib (0, 1, 4, 8, 16 µM), ZA (10 µM) or combined treatment for 48 h. (D and E) H1975 cells
were treated with gefitinib (4 µM) (gef 4) or ZA (10 µM) (ZA10) or combined for 48 h, and analyzed for apoptosis using flow cytometry (n=3). **P<0.01. gef,
gefitinib; ZA, zoledronic acid; NSCLC, non‑small cell lung cancer.

target proteins in the tumour tissues, and PBS was used as
a negative control (12,13). The protein expression in the
cytoplasm was analyzed by ImageJ software v1.43 (National
Institutes of Health) and was expressed as mean intensity
optical density (IOD).
Kaplan‑Meier plotter. The Kaplan‑Meier plotter is an
open‑access analysis tool, (KM plotter, http://kmplot.com/analysis) which has survival information for 1,926 patients with
lung cancer, with a mean follow‑up of 33 months (15,16). In
this study, we used the KM plotter database to analyse the
prognostic value of the mRNA expression levels of IL‑6, JAK,
and STAT3 in lung cancer.
Statistical analysis. All data are presented as the mean ± standard deviation. Statistical analyses were carried out using the
unpaired, 2‑tailed Student t‑test. Differences between groups
were evaluated using one‑way analysis of variance. Multiple
comparisons between the groups were performed using the

Tukey post hoc test. P<0.05 was considered to indicate a statistically significant difference.
Results
Zoledronic acid re‑sensitises EGFR‑TKI‑resistant cells
in vitro. ZA inhibited the proliferation of NSCLC cell lines
in a dose‑dependent manner (Fig. 1A). To investigate whether
zoledronic acid can re‑sensitise EGFR‑TKI‑resistant cells,
the H1975 and HCC827GR cell lines were used. The human
gefitinib‑insensitive NSCLC cell line H1975, harbours an
EGFR mutation T790M at exon 20. The results showed that
H1975 cells were insensitive to ZA as compared to HCC827
and HCC827GR cells (Fig. 1A). Treatment with ZA significantly decreased the viability of the HCC827GR and H1975
cells and re‑sensitised them to gefitinib in a dose‑dependent
manner (Fig. 1B and C). To elucidate the potential mechanism
by which ZA reinforces the cytotoxicity of gefitinib, H1975
cells were treated with 4 µM gefitinib alone, 10 µM ZA
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Figure 2. ZA decreases the IL‑6 levels in H1975 cells. (A) The levels of IL‑6 in H1975 cells, treated with various concentrations of gefitinib alone (0, 1, 2, 4, 8
and 16 µM) or in combination with ZA (4 µM) for 24 h, were determined by ELISA. (B) Phosphorylated (p‑)STAT3 was determined as well as total STAT3 after
induction by IL‑6 and in combination with ZA. (C) Quantification of blots in B. *P<0.05, compared with the control (n=3 independent biological replicates);
##
P<0.01 compared with IL‑6 treatment alone. (D and E) Immunofluorescence staining showed that IL‑6 induced high levels of STAT3, which was reversed by
ZA treatment. Scale bar, 30 µm. (F) Quantification of the immunofluorescence in D and E (n=3 independent biological replicates). *P<0.05, compared with the
control; ##P<0.01 compared with IL‑6 treatment alone. gef, gefitinib; ZA, zoledronic acid; IL‑6, interleukin 6; STAT3, activator of transcription 3.

alone, or both drugs combined for 48 h. Treatment‑induced
apoptosis was detected using flow cytometry. As shown in
Fig. 1D and E, combinatorial treatment with gefitinib and
ZA significantly enhanced apoptosis of the H1975 cells as
compared to treatments alone (P<0.01). Taken together, these
results demonstrate that gefitinib and ZA treatment combined
could overcome the resistance of lung cancer cells to TKIs.
Zoledronic acid decreases the IL‑6‑induced activation of
STAT3. IL‑6 has been shown to positively impact the proliferation of lung cancer cells and to decrease the sensitivity of
erlotinib or gefitinib in killing cancer cells (17). To clarify
the molecular mechanisms by which ZA overcomes acquired
TKI resistance, we further investigated the effect of ZA upon
IL‑6 stimulation. Firstly, we used an enzyme‑linked immunosorbent assay to quantify the level of IL‑6 in H1975 cells
after treatment with 10 µM ZA alone, gefitinib (at 0, 1, 2, 4, 8,
and 16 µM) alone, or with both drugs combined. Our results
demonstrated that the combinatory treatment with ZA and
gefitinib affected cellular IL‑6 levels as compared to gefitinib
monotherapy (Fig. 2A). Since STAT3 is a key component
in IL‑6 signalling, we performed an immunofluorescence
assay to ascertain whether IL‑6 induces activation of STAT3.
The results clearly showed that IL‑6 treatment significantly
increased the levels of phosphorylated STAT3 (p‑STAT3)
whereas STAT3 control remained unchanged (Fig. 2D‑F).
Further analysis using western blot analysis confirmed an IL‑6
(10 ng/ml)‑dependent induction of p‑STAT3 (Fig. 2B and C).
Nevertheless, combined treatment of the cells with IL‑6 and
10 µM ZA significantly decreased STAT3 phosphorylation
(Fig. 2C and F), implying that ZA could block IL‑6‑induced
p‑STAT3 in H1975 cells.

Zoledronic acid decreases IL‑6/JAK/STAT3 signalling in
H1975 cells. To better understand the mechanism by which
ZA re‑sensitises the H1975 cells to gefitinib, we further tested
the effect of ZA on cell survival signalling pathways downstream of IL‑6, such as STAT3. We analysed p‑STAT3 in
H1975 and HCC827GR treated with gefitinib with and without
ZA, using western blot analysis. Intriguingly, ZA alone was
able to decrease IL‑6‑dependent p‑STAT3 in both cell lines
(Fig. 3A‑D). Moreover, ZA treatment in combination with gefitinib further significantly decreased p‑STAT3 in H1975 and
HCC827GR cells, respectively (Fig. 3A‑D). Taken together,
the results demonstrated that the IL‑6/JAK/STAT3 signalling
pathway may contribute to TKI resistance in lung cancer
cell and that inhibition of this pathway could overcome
resistance.
Zoledronic acid overcomes the TKI resistance induced by
IL‑6 in H1975 cells. To elucidate the role of IL‑6 in TKI resistance, we treated H1975 cells with various concentrations of
gefitinib (0, 1, 2, 4, 8, and 16 µM) and IL‑6 (10 ng/ml) or ZA
(10 µM). The results demonstrated that the IL‑6‑dependent
resistance to gefitinib in H1975 cells could be abrogated by
treatment with ZA (Fig. 3E). To further characterize the role
of ZA, H1975 cells were pre‑treated with ZA for 48 h and then
ZA‑pre‑treated cells were treated with 10 µM ZA, or 4 µM
gefitinib, or 4 µM gefitinib + IL‑6 (10 ng/ml), or 4 µM gefitinib + IL‑6 (10 ng/ml) + 10 µM ZA. The results showed that
the pretreatment of the cells with 10 µM ZA potently enhanced
gefitinib‑induced cellular apoptosis by 22% compared with
gefitinib‑induced apoptosis in Fig. 1D (Fig. 1D, 3F). The addition of IL‑6 in ZA‑pre‑treated cells (gef+IL‑6 group) made
the cells resistant to gefitinib treatment (gef group), however,
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Figure 3. (A) Western‑blot analysis of STAT3 and phosphorylated (p‑)STAT3 levels in H1975 cells following gefitinib (4 µM) (gef) or ZA (10 µM) or combined
treatment (gef+ZA) for 48 h. (B) Western blot analysis of STAT3, p‑STAT3 in HCC827GR cells following gefitinib (1 µM) (gef), ZA (4 µM) or combined treatment (gef+ZA) for 48 h. (C and D) Quantification of blots in A and B. **P<0.01, compared with the control (n=3 independent biological replicates). Inhibition
of IL‑6 signaling is essential for ZA to re‑sensitise H1975 cells to gefitinib. (E) IL‑6 induced gefitinib‑resistance in H1975 cells, and ZA reversed this process.
(F) H1975 cells were pretreated with 10 µM ZA for 48 h, and then treated with 4 µM gefitinib (gef), 10 µM ZA, 4 µM gefitinib+ IL‑6 (10 ng/ml) (gef+IL‑6),
4 µM gefitinib+ IL‑6 (10 ng/ml) +10 µM ZA (gef+IL‑6+ZA) for 48 h, and analyzed for apoptosis using flow cytometry (n=3). **P<0.01, compared with that
without the addition of IL‑6; ++P<0.01, compared with the gefitinib group; ##P<0.01, compared with the gef+IL‑6 group. ZA, zoledronic acid; IL‑6, interleukin
6; STAT3, activator of transcription 3.

ZA (gef+IL‑6+ZA group) could reverse this phenomenon
(Fig. 3F). Thus, combining ZA with IL‑6 and gefitinib significantly restored the IL‑6‑induced TKI resistance.
Zoledronic acid reverses epithelial‑mesenchymal transi‑
tion in H1975 and HCC827GR cells. Since EMT accounts
for 5% of the acquired TKI resistance, it was important to
examine whether ZA could reverse EMT in H1975 cells.
Immunofluorescence analysis confirmed that ZA was able to
inhibit EMT as shown by increased expression of E‑cadherin
and decreased expression of SNAIL and vimentin in the H1975
cells (Fig. 4A and B). Western blot analysis further showed
that ZA significantly suppressed the expression of vimentin
and Snail, and increased the expression of E‑cadherin in the
H1975 and HCC827GR cell lines (Fig. 4C‑F). Thus, these data
clearly demonstrated that ZA was able to inhibit the EMT
process.
The synergistic effect of zoledronic acid and gefitinib in a lung
cancer xenograft model correlates with the inhibition of the

IL‑6/JAK/STAT3 signalling pathway and EMT reversal. To
investigate why the combination of ZA and gefitinib was more
effective than the single agents in inhibiting cell proliferation,
we performed xenograft studies using H1975 cells. Treatment
with ZA or gefitinib alone showed a slight inhibition of tumour
growth. In contrast, the combinatory treatment with ZA and
gefitinib significantly inhibited the growth of H1975 xenograft
tumours (P<0.05) (Fig. 5A). In this study, we also investigated
the systemic tolerance of the mice towards the therapies
through measurement of body weight. The treatments did not
cause any adverse effects in terms of decreased body weight,
suggesting that co‑treatment with gefitinib and ZA was well
tolerated (Fig. 5B).
Next, we investigated the markers of EMT (E‑cadherin,
vimentin, and SNAIL) in tumour tissues derived from the
mice in the different treatment groups. The results showed
that ZA significantly increased the expression of E‑cadherin
and significantly decreased vimentin and SNAIL compared
with control group suggesting a decrease in EMT progression
(Fig. 5C and E).
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Figure 4. ZA inhibits EMT in H1975 and HCC827GR cells. (A) Immunofluorescence analysis of EMT marker expression levels in response to gefitinib (4 µM)
(gef), ZA (10 µM), and gefitinib (4 µM) + ZA (10 µM) (gef+ZA). Scale bar, 30 µm. (B) Quantification of the immunofluorescence shown in A (n=3 independent
biological replicates). *P<0.05, compared with the control. (C and E) Western blot analysis of EMT marker expression levels in H1975 and HCC837GR
cells in response to gefitinib (gef) (4 µM for H1975 cells, 1 µM for HCC827GR cells), ZA (10 µM for H1975 cells, 4 µM for HCC827GR cells), and gef+ZA.
(D and F) Quantification of the blots in C and E (n=3 independent biological replicates). **P<0.01, compared with the control. ZA, zoledronic acid; EMT,
epithelial‑mesenchymal transition.

Figure 5. Effects of gefitinib and ZA on H1975 cell‑derived xenograft in nude mice. (A) ZA enhanced tumour growth (mm3) inhibition in response to gefitinib
treatment in an H1975 xenograft model. (B) Changes in mouse body weight during the treatment period. (C) Statistical histograms of protein expression in
the cytoplasm, respectively (n=4). ns, no statistical significance, *P<0.05, compared with the control. (D and E) Representative IHC images for the indicated
proteins in the xenograft tumours, magnification x200. gef, gefitinib; ZA, zoledronic acid; JAK, Janus kinase; IL‑6, interleukin 6; STAT3, activator of
transcription 3; p‑, phosphorylated.
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Figure 6. The prognostic value of IL‑6, JAK, and STAT3 expression according to the database of Kaplan‑Meier plotter. Notes: The desired Affymetrix ID is valid:
205207_at (IL‑6), 201648_at (JAK), 208991_at (STAT3). Survival curves are plotted for adenocarcinoma (A, C and E: n=125; B, D and F: n=720). Probability:
Post‑progression survival (PPS) (A, C and E), overall survival (OS) (B, D and F). JAK, Janus kinase; IL‑6, interleukin 6; STAT3, activator of transcription 3.

Immunohistochemistry analysis showed that gefitinib
treatment alone did not decrease levels of IL‑6 compared to
the control group. IL‑6 levels were also significantly decreased
in the ZA treatment alone as well as in the combined treatment
group, consistent with the in vitro findings. Furthermore, ZA
treatment alone significantly reduced p‑JAK and p‑STAT3
in the H1975 xenograft tumours, whereas gefitinib treatment
alone slightly decreased the p‑JAK level. The combined
treatments decreased the levels of p‑JAK and p‑STAT3 even
further (Fig. 5C and D).
Increased IL‑6/JAK/STAT3 signalling is associated with poor
survival in patients with NSCLC. We further investigated
whether the IL‑6/JAK/STAT3 signalling pathway could be
associated with cancer survival. To this end, we analysed
the correlation between the mRNA expression of IL‑6, JAK,
and STAT3 and the survival of patients with lung adenocarcinoma, using a KM plotter database. In our present study,
all the IL‑6/JAK/STAT3 KM survival data was determined
using data from http://www.kmplot.com. Fig. 6 shows the
survival curves for all patients with lung adenocarcinoma.
For the IL‑6 data, the valid Affymetrix ID was 205207_at
IL‑6. Although the mRNA expression of IL‑6 was not
significantly related to post‑progression survival (PPS) of the
patients (HR=1.08, 95% CI: 0.68‑1.72, P=0.76; Fig. 6A), it was

significantly related to poor overall survival (OS) in these
patients (HR=1.68, 95% CI: 1.33‑2.13, P=1.2e‑05; Fig. 6B).
We next explored the relationship between JAK expression
and survival prognosis (valid Affymetrix ID: 201648_at JAK).
The mRNA expression of JAK was significantly correlated
with favourable PPS and OS in patients with adenocarcinoma (HR= 0.5, 95% CI: 0.31‑0.8, P= 0.0035; and HR= 0.43,
95% CI: 0.33‑0.55, P=3.3e‑12, respectively; Fig. 6C and D).
As shown in Fig. 6E and F, the mRNA expression of STAT3
was significantly correlated with worse PPS and OS in these
patients (HR=1.6, 95% CI: 1‑2.57, P=0.048; and HR=1.33,
95% CI: 1.05‑1.69, P=0.017, respectively).
Discussion
With the development of new drugs, the treatment options for
lung cancer patients have increased, yet the 5‑year survival
rate remains at only 15% (1). Although epidermal growth
factor receptor (EGFR)‑tyrosine kinase inhibitor (TKI) treatment can acquire a 70% response rate, drug resistance will
eventually develop as a result of EGFR secondary mutation,
epithelial‑mesenchymal transition (EMT), or IL‑6 overexpression (17‑19). Therefore, the search for novel compounds to
overcome the acquired resistance of cancer cells to EGFR‑TKI
is extremely urgent.
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Our previous clinical study demonstrated that bisphosphonates could sensitise patients with EGFR mutation‑positive
non‑small cell lung cancer (NSCLC) to gefitinib and significantly prolong their survival (12). Another retrospective
clinical study also showed that bisphosphonates could improve
the progression‑free survival (PFS) time of patients with
advanced EGFR mutation‑positive NSCLC (14). However,
the molecular mechanism behind the synergistic effect of
zoledronic acid (ZA) and gefitinib is not clear. It is therefore
important to further characterise how ZA is able to overcome
acquired TKI resistance. In this study, we found that ZA may
potentially achieve this in gefitinib‑resistant lung cancer cells
by reversal of EMT and suppression of STAT3 activation via
inhibition of the IL‑6/JAK/STAT3 signalling pathway.
Interleukin (IL)‑6, a 26‑kDa molecular‑weight protein
containing 185 amino acids, plays a key role in many biological and pathobiological events (20‑22). Many recent studies
have suggested that IL‑6 may play a critical role in EMT and
chemoresistance in cancers (23). Database analysis verified
that IL‑6 expression was significantly correlated with poor OS
in patients with lung adenocarcinoma. IL‑6 activation confers
the acquisition of TKI resistance in lung cancer cells. However,
inhibition of IL‑6 signalling has been shown to reverse EGFR
TKI resistance in human lung cancer cells both in vitro and
in vivo (24). In this study, we verified that ZA could decrease
the levels of IL‑6 in vivo as well as in vitro. It has been reported
that ZA could induce apoptosis in bone marrow stromal cells
(BMSCs) and significantly inhibit the constitutive production of IL‑6 by BMSCs (25). IL‑6 secretion was significantly
reduced after ZA treatment in hormone‑independent prostate
cancer cell lines and bone marrow‑derived mesenchymal
stem cells (26,27). However, the exact mechanism of how ZA
regulates IL‑6 in lung cancer cells is still unclear. A previous
study demonstrated that sorafenib, sunitinib, and pazopanib
could strongly (10‑fold) induce the secretion of IL‑6 in 786‑O
cells, even at a low concentration of these inducers (28).
Other studies have demonstrated that high circulating levels
of IL‑6 in patients with locally advanced or metastatic lung
cancer, and high levels of serum IL‑6 are correlated with short
survival and weight loss (29). In our present study, gefitinib
treatment did not induce secretion of IL‑6 in lung cancer cells.
A previous study demonstrated that there was a strong correlation between mutant EGFRs and p‑STAT3 (30). EGFR‑TKI
treatment could upregulate the IL‑6‑induced phosphorylation
of STAT3 in an autocrine manner (8,31). In this present study,
IL‑6 alone upregulated the expression of p‑STAT3. Moreover,
ZA significantly decreased IL‑6‑induced activation of STAT3
in the H1975 cells. Furthermore, adding IL‑6 to ZA‑pretreated
TKI‑resistant cells abolished the ZA‑dependent effect and
restored the TKI‑resistance phenotype. Using the KM plotter
database, we found that high mRNA expression of IL‑6
was significantly correlated with poor OS in patients with
adenocarcinoma, and high mRNA expression of STAT3 was
significantly correlated with worse PFS and OS. Surprisingly,
high mRNA expression of JAK was significantly related to
favourable PFS and OS in these patients. Further research
with a large sample size is needed to clarify the prognostic
value of JAK mRNA expression in patients with lung cancer.
Taken together, these results suggest that ZA effectively can

overcome TKI resistance in lung cancer cells by inhibiting the
IL‑6/JAK/STAT3 signalling pathway.
Apart from the inhibitory effect on the IL‑6/JAK/STAT3
signalling pathway, the inhibition of EMT may also play a critical role in the reversal of acquired TKI resistance in the cells.
EMT is a crucial biological event which is involved in cellular
transformation, tumourigenesis, and metastasis in many
cancers (23). Previous studies have shown that EGFR‑TKI
resistance is associated with EMT (32‑38). In this present
study, IL‑6 treatment resulted in an increased expression of
SNAIL and vimentin and decreased expression of E‑cadherin
in H1975 cells. ZA was able to reverse the IL‑6‑induced EMT
process and restore the sensitivity of H1975 cells to gefitinib.
Another study demonstrated that STAT3 activation occurred
in the IL‑6‑mediated induction of EMT, and metformin
reversal of EMT in the TKI‑resistant lung cancer cell lines
and IL‑6‑stimulated PC‑9 cells (23). The reversal of EMT may
be a promising strategy for improving patient outcomes in
advanced cancer. Taken together, our findings indicate that the
combination of gefitinib and ZA could be a novel therapeutic
strategy for treating advanced NSCLC.
In conclusion, we showed here that activation of
IL‑6/JAK/STAT3 signalling may be linked to the acquisition of TKI resistance and the EMT phenotype in EGFR
secondary mutated NSCLC. Treatment with ZA was able
to reverse the acquired TKI resistance in vitro and in vivo
through inhibition of the IL‑6/JAK/STAT3 signalling
pathway and thereby reversal of the EMT process. On the
basis of these findings, a clinical trial has been registered in
the Chinese Clinical Trial Registry, with the aim to further
evaluate whether the combination of ZA with EGFR‑TKIs
could elicit a synergistic effect in patients with advanced
EGFR mutation‑positive NSCLC.
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