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PQR309, a dual PI3K/mTOR inhibitor, synergizes with
gemcitabine by impairing the GSK-3β and STAT3/HSP60
signaling pathways to treat nasopharyngeal carcinoma
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End-stage nasopharyngeal carcinoma (NPC) has unsatisfactory survival. The limited benefit of chemotherapy and the scarcity of
targeted drugs are major challenges in NPC. New approaches to treat late-stage NPC are urgently required. In this study, we
explored whether the dual PI3K/mTOR inhibitor, PQR309, exerted a favorable antineoplastic effect and sensitized the response to
gemcitabine in NPC. We observed that PI3K expression was positive and elevated in 14 NPC cell lines compared with that in normal
nasopharygeal cell lines. Patients with NPC with higher PI3K levels displayed poorer prognosis. We subsequently showed that
PQR309 alone effectively decreased the viability, invasiveness, and migratory capability of NPC cells and neoplasm development in
mice xenograft models, and dose-dependently induced apoptosis. More importantly, PQR309 remarkably strengthened the anti-
NPC function of gemcitabine both in vivo and in vitro. Mechanistically, PQR309 sensitized NPC to gemcitabine by increasing
caspase pathway-dependent apoptosis, blocking GSK-3β and STAT3/HSP60 signaling, and ablating epithelial-mesenchyme
transition. Thus, targeting PI3K/mTOR using PQR309 might represent a treatment option to promote the response to gemcitabine
in NPC, and provides a theoretical foundation for the study of targeted drugs combined with chemotherapy for NPC.
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INTRODUCTION
Nasopharyngeal carcinoma (NPC) mainly occurs in East and
Southeast Asia [1]. Approximately 10% of patients with NPC had
already progressed to the middle or late stage at initial diagnosis,
leading to a poor overall survival (OS) of 20 months [1]. Currently,
a gemcitabine plus platinum regimen has been established as the
normative therapy for recurrent or metastatic NPC (RM-NPC),
based on the landmark GEM20110714 study [2]. Although patients
with advanced NPC initially respond to chemotherapy, drug
resistance invariably emerges. Recently, targeted therapies have
greatly improved the therapeutic effect in patients with malignant
tumors. However, National Comprehensive Cancer Network
(NCCN) manuals only advise therapy using epidermal growth
factor receptor targeted inhibitors for advanced NPC [3]. There-
fore, novel therapeutic strategies with good efficacy in patients
with RM-NPC are required.
Gemcitabine, a cytotoxic deoxycytidine nucleoside analog of

fluorinated pyrimidine, is a backbone chemotherapeutic agent for
NPC, with tolerable adverse effects [2, 4, 5]. Monotherapy
gemcitabine, which was recommended as salvage treatment in
the NCCN guidelines [3], is also available for RM-NPC, exerting an
overall response rate of 28–44% [4, 5]. However, survival benefit
leaves much to be desired, with the median time to progression

ranging from 3.6 to 5.1 months [4, 5]. Consequently, novel
effective systemic regimens that enhance the efficacy of
gemcitabine for NPC are required urgently.
The phosphatidylinositol 3-kinase (PI3K)/mammalian target of

rapamycin (mTOR) signaling pathway has a significant impact on
multiple physiological functions, from cell differentiation to
development and metabolism [6]. Moreover, previous pre-
clinical studies suggested excitation of PI3K/mTOR signal path
has a vital function in NPC cells [7, 8]. Studies have claimed that
the PI3K/mTOR pathway correlated markedly with inferior survival
in patients with advanced NPC [8–10]. Molecular targeted
therapeutics to block PI3K and mTOR are being investigated
intensively [11–13]. Recent studies demonstrated the limited
monotherapy effectiveness of agents that inhibited PI3K or mTOR
at tolerated dosages. Resistance to PI3K suppressant could occur
because of persistent activation of mTOR signaling [14]. In
addition, mTORC1 inhibition could induce excitation of protein
kinase B (AKT) by reducing the negative regulation of other
pathways that rely on mTOR [15, 16]. Therefore, PI3K/mTOR
depressor is expected to damage AKT pathways, thereby reversing
PI3K-independent mTOR activation, which could exhibit promising
therapeutic potential [17]. Preclinical studies reported several dual
PI3K/mTOR inhibitors that effectively inhibited NPC cell
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proliferation, including BEZ235 [18], PF-04691502 [19],
GSK2126458, and PKI-587 [20]. The association of dual PI3K/mTOR
inhibitors with chemotherapy was tested in the combination of
BEZ235 and cisplatin [18], as well as PF-04691502 plus cisplatin or
paclitaxel [19]. The results showed that the combinations
synergistically inhibited NPC in vitro and in vivo [18, 19]. However,
whether these PI3K/mTOR inhibitors affect the antitumor activity
of gemcitabine remains unknown, thus warranting detailed
investigation.
PQR309 is a compound showing highly potent PI3K inhibition

and moderately potent mTOR inhibition, with some preference for
the PI3K alpha subunit (PI3Kα or PI3K p110α) to avoid the
feedback of PI3K re-activation and mTOR2-mediated AKT re-
activation [21]. PQR309 was identified as a candidate therapy in
oncology, including lymphoma and glioblastoma [22–24]. PQR309
is currently under investigation as a single agent or in combined
regimens for several types of cancer in clinical trials, showing
favorable efficacy and safety [23, 24]. However, whether PQR309 is
effective in patients with NPC and could act synergistically with
gemcitabine has not been studied.
Herein, the antitumor role of the PQR309 was notarized in NPC

cells. PQR309 was verified to suppress cancer development in vivo
and in vitro. Most importantly, this study confirmed the synergistic
antitumor activity of PQR309 combined with gemcitabine in NPC.
Together, these data indicated that PQR309, alone or in
combination with gemcitabine, is a potential therapeutic method
in NPC.

RESULTS
Gene analysis of PIK3CA in NPC cells, and PI3K p110α and
p110β protein levels in NPC cells and patient samples
PIK3CA is known to activate the PI3K pathway [25, 26], which is
associated with somatic mutations in breast, colorectal, gastric,
and some brain cancers [27]. Besides, PIK3CA was reported to be
associated with NPC distant metastasis [28]. We conducted Sanger
sequencing to better investigate PIK3CA mutations in 12 human
NPC cell lines. Remarkably, our study discovered high frequency of
PIK3CAmutations in miscellaneous NPC cells (CNE1, HNE1, HONE1,
SUNE1, 6–10B, 5–8 F, S18, S26, CNE2, TW03). In detail, CNE1
exhibited amino acid variation in Exon 21 p.His1047 Arg, Exon 13
p.Tyr644His, and Exon 12 p.Gly613Ser, p.Arg617Gln and
p.Asp626Asn; the amino acid variations of other cell lines were
shown to be Exon 21 p.His 1047 Arg (Fig. 1A, B, Supplementary
Fig. S1A–H and Supplementary Table S1).
PIK3CA encodes the p110α subunit of the PI3 kinase and

activates PI3K/AKT/mTOR signaling [29]. The PI3K holoenzyme is
formed from P85 and P110 [30]. Among them, p110α and p110β
are the major catalytic subunit isomers [31]. Therefore, we next
investigated the protein levels of p110α/p110β in 14 NPC cell
lines. We observed that p110α and p110β expression was positive
and elevated in the 14 NPC cell lines in comparison with that in
the NP69 normal nasopharygeal epithelial cells; there was no
difference in p110α and p110β expression between EBV positive
and negative NPC cells (Fig. 1C, D). Our previous study
summarized the results of hematoxylin-eosin (HE) staining in the
14 NPC cell lines [32]. Expression of PI3K was further tested via IHC
staining in 161 NPC tissue samples from SYSUCC with clinico-
pathological features (Supplementary Table S2). Figure 1E, F show
representative images of various IHC staining intensities of PI3K
p110α and PI3K p110β. The X-tile application was employed to
assess optimum cut-off values, and an IHC score of 8 for PI3K
p110α and 6 for PI3K p110β were obtained as the optimum cut-off
values for high/low expression (data not shown). Survival analyses
revealed that patients, who had a high level of PI3K p110α or PI3K
p110β had a shorter DFS than those with low PI3K p110α (median
DFS: 18.9 vs. 24.6 months, P= 0.0005, Fig. 1G) or PI3K p110β

expression (median DFS: 18 vs. 26.7months, P= 0.0003, Fig. 1H).
Patients who had both lower PI3K p110α and lower PI3K p110β
expression had prolonged DFS compared with that of patients
who had either higher PI3K p110α or PI3K p110β or both (median
DFS: 30.2 vs. 20.2 vs. 15.25 months, P < 0.001, Fig. 1I). The
univariate analysis suggested that age, PI3K p110α expression, and
PI3K p110β expression correlated significantly with DFS of patients
with NPC (P < 0.05, Supplementary Table S3). Multivariate analysis
showed that age, PI3K p110α expression, and PI3K p110β
expression were independent significant prognostic predictors
for DFS (Age: hazard ratio (HR)= 1.658, 95% confidence interval
(CI): 1.043–2.635, P= 0.033; PI3K p110α expression: HR= 1.841,
95% CI: 1.268–2.672, P= 0.001; PI3K p110β expression: HR= 1.811,
95% CI: 1.317–2.489, P= 0.00026, Supplementary Table S3). These
data indicated that suppression of PI3K p110α and/or PI3K p110β
might have potential antitumor activity in the management
of NPC.

PQR309 suppresses growth, induces apoptosis, and inhibits
the invasiveness and migratory capabilities of NPC cell lines
The small molecule PI3K/mTOR dual inhibitor PQR309 was applied
to test its therapeutic potential in NPC cells. The influence of
PQR309 on cell viability was investigated among 14 human NPC
cell lines. The 50% inhibitory concentration (IC50) for PQR309 in
PIK3CA mutant NPC cell lines ranged from 0.008617 μM to
0.6002 μM, while the IC50 values in HK-1 and C666-1 cells with
wild-type PIK3CA were 0.01342 and 0.01495 μM, respectively. The
results indicate sensitivity to PQR309 was not influenced by the
presence of a mutated or wild-type gene. Notably, the IC50 values
in CNE1 and HNE1 cells were relatively higher than those in other
NPC cells. In addition, CNE2-EBV and TW03-EBV cells showed
slightly higher IC50 values than CNE2 and TW03 cells (Supple-
mentary Fig. S2A–N, Supplementary Table S4). Considering that
PQR309 is a pan-PI3K inhibitor, we selected isoform-specific PI3K
inhibitors (BYL719 for PI3K p110α, GSK2636771 for PI3K p110β)
both of which have entered clinical assessment to further
compare their anti-tumor activities. We assessed the ability of
the two isoform-specific PI3K inhibitors to suppress proliferation
and viability in a panel of 12 NPC cell lines (Supplementary Table
S5). Overall, the IC50 values for PQR309 in all NPC cell lines were
lower than those for BYL719 and GSK2636771.
Using CNE1 and HNE1 cell lines which exhibited relatively

higher PI3K p110α and PI3K p110β expressions (Supplementary
Fig. S2O), we observed that treatment with PQR309 resulted in
markedly fewer colonies and this effect was dose-dependent (Fig.
2A, B). When treated with PQR309, apoptosis was observed to
increase significantly in a dose-dependent pattern for CNE1 and
HNE1 cells (Fig. 2C, D). Western blotting showed that PQR309
induced apoptosis through excitation of apoptosis-promoting
caspase-3 and -9 (Fig. 2E, F). Exposure to increasing doses of
PQR309 resulted in a marked dose-dependent decline in the
invasive and migrate capabilities of CNE1 and HNE1 (Fig. 2G–J).
Epithelial‑mesenchymal transition (EMT) exerts a vital function in
the regulation of malignant cell ability of invasive and migrate. To
determine PQR309’s impact on the levels of proteins involved in
EMT, we treated CNE1 and HNE1 cells with increasing doses of
PQR309 and evaluated the levels of mesenchymal markers
(β-catenin, vimentin, N-cadherin) and an epithelial marker (E-
cadherin). E-cadherin was upregulated, while β-catenin, vimentin,
and N-cadherin were downregulated by treatment with increasing
doses of PQR309 (Fig. 2K, L and Supplementary Fig. S2P).
Collectively, these findings indicated that PQR309 had favorable
antitumor effects in vitro. To investigate whether the expressions
of PI3K subunits are related to the sensitivity to PQR309, we
transfected CNE1 and HNE1 cells with siRNA to silence the
expression of PI3K p110α or p110β. We confirmed the down-
regulation of these two proteins using western blotting
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(Supplementary Fig. S2Q, R). Furthermore, we observed that the
sensitivity to PQR309 remained unchanged despite siRNA target-
ing PI3K p110α or p110β. This was evident from the comparable
half-maximal IC50 values of PQR309 in NPC cell lines, whether or
not they had undergone genetic downregulation of PI3K p110α or
p110β (Supplementary Fig. S2S, T).

PQR309 suppresses in vivo NPC tumor growth
Next, we examined PQR309’s anti-tumor functions in an NPC
tumor xenograft model using HNE1 cells (Fig. 3A). Mice were
injected of 5 × 106 human HNE1 NPC cells into their right flank and
randomized after 7 days (when tumor size had reached a volume
of 100mm3) to receive PQR309 orally daily (25/50/100 mg/kg).

Fig. 1 Gene analysis of PIK3CA in NPC cells, and PI3K p110α and p110β protein levels in NPC cells and patient samples. A, B PIK3CA
mutation frequency was high in CNE1 and HNE1 cells. C, D Positive p110α and p110β expression in NP69 and 14 NPC cell lines (CNE1, HNE1,
HK-1, HONE-1, SUNE1, 6-10B, 5-8 F, S18, S26, C666-1, CNE2, CNE2-EBV, TW03, and TW03-EBV) (×20). Scale bars: 50 μm. E, F IHC staining
demonstrating negative and different intensities of positive expression of PI3K p110α and PI3K p110β (×10). Scale bars: 100 μm. G There was a
significant difference in DFS between NPC cases with PI3K p110α with a score lower than eight and those with PI3K p110α with a score greater
than eight (P= 0.0005). H There was a significant difference in DFS between NPC cases with PI3K p110β with a score lower than six and those
with PI3K p110β with a score higher than six (P= 0.0003). I There was a significant difference in DFS between NOC cases with lower PI3K
p110α and PI3K p110β expression levels and those with higher PI3K p110α and PI3K p110β expression levels (P < 0.0001). NPC Nasopharyngeal
carcinoma, IHC Immunohistochemistry, DFS Disease-free survival.
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Fig. 2 PQR309 suppresses the growth, invasion, and migration and enhances apoptosis in NPC cells. A, B PQR309 inhibits colony
formation of NPC cells in a dose-dependent way. C, D Annexin V/PI analysis of CNE1 and HNE1 cells treated with different concentrations of
PQR309. E, F Western blotting was applied to detect cleaved caspase-3 and capase-9 levels (apoptotic indexes). G, H Invasion assays of
CNE1 and HNE1 cells treated with different concentrations of PQR309. I, J Migration assays of CNE1 and HNE1 cells treated with
different concentrations of PQR309. K, L Western blotting was applied to detect EMT markers in CNE1 and HNE1 cells treated with different
concentrations of PQR309. All *P < 0.05, **P < 0.01, ***P < 0.001. The error bars represent the standard deviations of three independent
experiments. NPC Nasopharyngeal carcinoma, EMT Epithelial-mesenchyme transition.
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Therapy with PQR309 led to a considerable diminution in tumor
size: the growth of the tumor was suppressed dose-dependently
(Fig. 3B–D). No significant adverse effects, including a loss of body
weight, were found among the treated mice (Fig. 3E). Moreover,
western blotting of tumor protein lysates showed that caspase-3
and -9 cleavage was augmented dose-dependently in the
xenograft tumor tissues (Fig. 3F, G), which agreed with the results
obtained in vitro. Thus, the in vivo studies demonstrated that
PQR309 also effectively inhibited tumors progression.

PQR309 combined with gemcitabine exhibits synergistic
activities in NPC cell lines
Next, we assessed whether combination treatment with PQR309
and gemcitabine, which is the standard chemotherapeutic drug,
could further reduce the survival of NPC cells, and whether such a
combination worked synergistically. The results of Compusyn
identification manifested that the combination of PQR309 plus
gemcitabine exerted a synergistic cytotoxic effect on CNE1 and
HNE1 cells, with combination indices of less than 0.9 at the 50%
effective dose (ED50), ED75, and ED90 (Supplementary Table S6).
We also investigated whether the isoform-specific PI3K inhibitors
could have a synergistic effect with gemcitabine. We found that

only the PI3K p110α inhibitor BYL719 exhibited synergy with
gemcitabine, with combination indices of less than 0.9 at the
ED50, ED75, and ED90 (Supplementary Table S6). Next, RTCA
identified that CNE1 and HNE1 cell proliferation was reduced
significantly when they were treated with either PQR309 or
gemcitabine. Moreover, enhanced antiproliferative effects were
exerted by the combination treatment of PQR309 and gemcita-
bine on both CNE1 and HNE1 cell lines compared with either drug
alone (Fig. 4A, B). Combined therapy with PQR309 and gemcita-
bine significantly reduced the colony numbers in contrast to
treatment by either drug alone (Fig. 4C, D).
Next, the effects of the drug combination on apoptosis were

evaluated. Analysis of apoptosis using the Annexin-V/PI assay
showed significantly higher apoptosis activity in both CNE1 and
HNE1 cells under combination treatment with PQR309 and
gemcitabine compared with that under either compound alone
(Fig. 4E, F). To verify the impact of PQR309 and gemcitabine on
migratory behavior, Transwell assays were performed in CNE1 and
HNE1 cells. Both CNE1 and HNE1 cells showed a significant
additional reduction in migration and invasion activity after
exposure to PQR309 plus gemcitabine compared with that after
exposure to either drug alone (Fig. 4G–J). Western blotting

Fig. 3 PQR309 inhibits NPC progression in vivo. A–C Tumor Images and volumes taken at the end of the experiment. D, E Nude mice with
HNE1 xenograft tumors were administered with different concentrations of PQR309 (n= 5). F, G Western blotting analysis of the levels of
cleaved caspase-3 and capase-9 from HNE1 xenograft tumors treated with different concentrations of PQR309. All *P < 0.05, **P < 0.01,
***P < 0.001. The error bars represent the standard deviations of three independent experiments.
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Fig. 4 Gemcitabine and PQR309 inhibit the invasiveness and migratory capabilities and EMT of NPC cells. A, B Gemcitabine and/or
PQR309 were administered to CNE1 and HNE1 cells for various times. C, D Gemcitabine combined with PQR309 significantly inhibited the
formation of NPC cell colonies. E, F Annexin V/PI assessment of CNE1 and HNE1 cells in four groups. G–J Invasion and migration assays of
CNE1 and HNE1 cells in the four groups. K, L Western blotting was applied to detect cleaved caspase-3 and cleaved caspase-9 (apoptotic
markers).M, NWestern blotting was applied to detect EMTmarkers in CNE1 and HNE1 cells. All *P < 0.05, **P < 0.01, ***P < 0.001. The error bars
represent the standard deviations of three independent experiments. NPC nasopharyngeal carcinoma, RTCA Real-Time Cell Analysis, EMT
Epithelial-mesenchyme transition.
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analysis for cleaved-caspase-3 and -9 confirmed that the induction
of apoptosis by PQR309 plus gemcitabine in CNE1 and HNE1 cells
proceeded in a caspase-dependent fashion, as observed by
increased caspase-3 cleavage and caspase-9 cleavage in the
PQR309+gemcitabine group (Fig. 4K, L and Supplementary Fig.
S2U). To determine the ability of PQR309 plus gemcitabine to
reverse EMT, the levels of several EMT indicators were determined
by western blotting. PQR309 plus gemcitabine additionally
reduced EMT via downregulating N-cadherin, vimentin, β-catenin
(mesenchymal markers), and upregulating E-cadherin (epithelial
symbol) compared with treatment using either single drug (Fig.
4M, N and Supplementary Fig. S2V).
Importantly, we also assessed whether the combination of

PQR309 with gemcitabine could exhibit synergistic anti-tumor
effects in HK-1 and C666-1 cells with wild-type PIK3CA. This
combined therapy significantly increased apoptosis, anti-colony-
forming effects, and notably inhibited NPC cell migration and
invasion. These findings are consistent with the synergy observed
between PQR309 and gemcitabine in CNE1 and HNE1 cells with
mutant PIK3CA (Supplementary Fig. S3A–H). These results indicate
that PQR309 enhances the anti-tumor efficacy of gemcitabine in
NPC, regardless of whether the cell lines harbor PIK3CA mutations
or not.

PQR309 combined with gemcitabine inhibits the progression
of malignancy in vivo
To assess activity of the drug combination in vivo, BALB/c mice
with CNE1 or HNE1 subcutaneous xenografts were assigned to
four groups receiving PQR309 and/or gemcitabine. Treatments
with either gemcitabine or PQR309 alone suppressed subcuta-
neous tumor growth moderately, whereas combination therapy
with PQR309 and gemcitabine suppressed cancer growth
compared with either monotherapy. A highly significant inhibition
of xenograft growth under treatment by the drug combination
was observed (Fig. 5A–C, F–H). During the experiment, the mice’s
internal organs displayed no obvious pathological changes
according to hematoxylin and eosin (H&E) staining (Supplemen-
tary Fig. S4). We further compared the efficacy and toxicity of
PQR309 or BYL719 in combination with gemcitabine or alone.
Tumor-bearing mice were treated with PQR309, BYL719, and
gemcitabine either individually, or in combination. As expected,
compared to the control treated mice, tumor growth was
effectively inhibited in mice treated with PQR309, BYL719, or
gemcitabine alone. However, the combination of PQR309 and
gemcitabine led to optimal tumor regression and outperformed
both the control group and monotherapy (Supplementary Fig.
S5A–C). Importantly, whether gemcitabine was combined with
PQR309 or BYL719, the combination therapy was well-tolerated, as
evidenced by the fact that the body weight of all mice under the
various treatments showed no significant changes (Supplemen-
tary Fig. S5D). Additionally, we harvested various organs, including
the brain, heart, lung, stomach, gut, liver, kidney, and spleen, and
conducted H&E staining to pathologically assess the toxicity
profile. We found no obvious structural abnormalities (Supple-
mentary Fig. S5E). Collectively, our data suggest that the pan-PI3K
inhibitor PQR309, whether used as monotherapy or in combina-
tion with gemcitabine, can optimize anti-tumor efficacy without
leading to increased in vivo toxicity when compared to the
isoform-specific PI3K inhibitor BYL719.
Moreover, the percentages of p-STAT3, HSP60, p-GSK-3β, and

Ki67 (a proliferation marker)-positive cells decreased under
PQR309 or gemcitabine treatment, and were further decreased
after the combined treatment (Fig. 5D, E, I, J). Western blotting
showed elevated levels of cleaved-caspase-3 and capase-9 in the
PQR309 plus gemcitabine group in comparison with those in
control and single agent-treated groups (Fig. 5K and Supplemen-
tary Fig. S2W, X). Furthermore, combined treatment with PQR309
and gemcitabine reduced p-STAT3, HSP60, p-GSK-3β protein

levels in the xenograft tumor tissues, according to western
blotting analysis (Fig. 5L and Supplementary Fig. S2Y, Z). Taken
together, combined treatment with PQR309 and gemcitabine
could synergistically inhibit growth, reduce proliferation, and
induce the apoptosis of NPC tumors in nude mice.

PQR309 combined with gemcitabine inhibits phosphorylation
of GSK-3β, and STAT3/HSP60 signaling in NPC
To explore the underlying mechanism of the synergistic antitumor
effect observed with the combined treatment, we initially
evaluated its impact on the PI3K/mTOR pathway. As expected,
we observed that the substrate levels of the PI3K/mTOR pathway,
including those of p-mTOR (S2448/S2481), p-AKT (S473), p-S6
(S235/S236), p-4E-BP1 (T37/T46), p-S6K (T389), p-FOXO1 (S256),
p-FOXO3a (S318/S321), p-FOXO4 (S197), were inhibited by
PQR309 alone. However, the levels of these proteins in the
combination group did not further decrease compared to PQR309
alone (Supplementary Fig. S6A–E). These data suggest that the
PI3K/mTOR pathway might not be involved in the synergistic
antitumor mechanism mediated by PQR309 and gemcitabine.
Next, the synergistic effect of PQR309 and gemcitabine in
HNE1 cells on phosphorylated proteins was investigated with
the aid of a human phosphor-kinase array kit (Fig. 6A, B).
Decreased phosphorylation of several proteins was observed in
response to combined treatment with PQR309 and gemcitabine.
In addition, elevated levels of phosphorylated endothelial nitric
oxide synthase (eNOS) and YES were observed in the combined
treatment group. Among these proteins, we further utilized
western blotting to verify the most significantly reduced
phosphorylation of three proteins: STAT3, HSP60, and GSK-3α/β.
Consistent with previous results, levels of p-STAT3/HSP60 were
downregulated by treatment with the drug combination to a
higher degree than those under either treatment alone. Mean-
while, the combined treatment dramatically decreased the level of
p-GSK-3β, but did not affect GSK-3α phosphorylation (Fig. 6C and
Supplementary Fig. S6F, G).
Given that the expression of p-GSK-3β was reduced by the

combined therapy, we further established stable NPC cells with
either GSK-3β overexpression or knockdown, as confirmed by
western blotting (Supplementary Fig. S7A, B, E, F). Apoptosis and
the colony formation ability of these GSK-3β-modified NPC cells
were determined by flow cytometric and colony formation assays.
We observed that the promotion of tumor apoptosis and the
reduction in cell colony formation induced by PQR309 plus
gemcitabine were partially rescued by the overexpression of GSK-
3β (Fig. 6D, E, Supplementary Fig. S7C, D). Conversely shRNAs-
mediated knockdown of GSK-3β significantly increased apoptotic
cell percentages and inhibited NPC cell colony formation after
treatment with PQR309 and gemcitabine (Supplementary Fig.
S7G–J). These results indicate that PQR309 affects the efficacy of
gemcitabine via the downregulation of GSK-3β.
Recent findings suggest that the HSP60 gene promoter has a

STAT3 binding site [33] and that functional STAT3 signaling can
induce HSP60 expression [34]. Therefore, the downregulation of
p-STAT3 levels by treatment with PQR309 plus gemcitabine might
affect the transcription and expression levels of HSP60. To confirm
the possible mechanisms of STAT3 involvement in gemcitabine
sensitivity, we established STAT3-overexpressing NPC cells (Sup-
plementary Fig. S8A, B). We then determined the impact of STAT3-
overexpression on HSP60 regulation, which significantly increased
HSP60 levels in both CNE1 and HNE1 cells (Supplementary Fig.
S8A, B). As presented in Fig. 6F, G and Supplementary Fig. S8C, D,
the apoptosis rate was higher in the PQR309 + gemcitabine group
than in the PQR309 + gemcitabine + STAT3-overexpressing
group, and the number of colonies was larger in the PQR309 +
gemcitabine + STAT3-overexpressing group. Furthermore, we
transfected shRNAs targeting STAT3 into CNE1 and HNE1 cells,
followed by treatment with PQR309 plus gemcitabine.
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The effectiveness of STAT3 knockdown was verified using western
blotting, and STAT3 shRNA significantly reduced HSP60 levels in
CNE1 and HNE1 cells (Supplementary Fig. S8E, F). STAT3 knock-
down enhanced the antitumor effect in terms of apoptosis
induced by the combined treatment (Supplementary Fig. S8G, H).

Additionally, STAT3 knockdown significantly potentiated the
inhibitory effect induced by PQR309 plus gemcitabine on colony
formation in CNE1 and HNE1 cells (Supplementary Fig. S8I, J). The
aforementioned results indicate that STAT3 is involved in the
synergistic effect of PQR309 and gemcitabine.

Fig. 5 Gemcitabine and PQR309 suppress NPC development in vivo. A, B, F, G Tumor Images and volumes at the end of the experiment.
C, H Nude mice with CNE1 and HNE1 xenograft tumors were treated in four groups (n= 5). D, E, I, J HE and IHC analysis were performed in
xenograft tumor models. K, L Western blotting of cleaved caspase-3, cleaved caspase-9, STAT3, p-STAT3, HSP60, p-GSK-3β, and GSK-3β from
two xenograft tumors. All *P < 0.05, **P < 0.01, ***P < 0.001. The error bars represent the standard deviations of three independent
experiments. NPC nasopharyngeal carcinoma, HE hematoxylin and eosin, IHC immunohistochemistry, HSP60 heat shock protein 60.
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Fig. 6 Gemcitabine and PQR309 exert a more potent antineoplastic effect by inhibiting the GSK-3β and STAT3/HSP60 signaling pathway.
A, B Protein lysates from the four groups of HNE1 cells were tested using a phospho-kinase array kit. C Western blot analysis of STAT3, GSK-3β,
and HSP60 in CNE1 and HNE1 cells. D, F, H Apoptotic assay results of HNE1 cells transfected with the GSK-3β, STAT3, and HSP60 overexpression
vectors. E, G, I Quantification of the indicated cells (scramble control, GSK-3β, STAT3, and HSP60 overexpression vectors) after crystal violet
staining. Data are shown as the mean ± SD. All *P < 0.05, **P < 0.01, ***P < 0.001. The error bars represent the standard deviations of three
independent experiments. HSP60, Heat Shock Protein 60.
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Considering the previously described importance of HSP60 in
cancer cells [35] and our data showing that STAT3 overexpression/
knockdown significantly increased/reduced HSP60 levels in CNE1
and HNE1 cells, we studied the effect of HSP60 in the therapeutic
efficacy of PQR309 + gemcitabine using HSP60-overexpressing
NPC cells (Supplementary Fig. S9A, B). Annexin V/PI staining
illustrated that the percentage of apoptotic cells significantly
decreased, and the number of colonies was significantly larger in
the PQR309 + gemcitabine + HSP60-overexpressing group,
indicating the pro-apoptosis and anti-proliferation effect of
PQR309 plus gemcitabine were reversed by HSP60 overexpression
(Fig. 6H, I and Supplementary Fig. S9C, D). To further explore the
role of HSP60 in this effect, we used a lentiviral system to knock
down HSP60 and observed that HSP60 knockdown could further
enhance the pro-apoptosis and anti-proliferation abilities of
PQR309 plus gemcitabine treatment (Supplementary Fig. S9E–J).
This suggests the critical role of HSP60 in the synergy of PQR309
plus gemcitabine.
Collectively, these results indicate that the co-administration of

PQR309 and gemcitabine exerts synergistic anti-NPC activity
through the regulation of the GSK-3β, p-STAT3/HSP60 axis.

DISCUSSION
The prognosis of RM-NPC is unsatisfactory and such tumors are
mainly treated with traditional chemotherapy. For RM-NPC, one of
the standard first-line treatment approaches is gemcitabine-based

chemotherapy [2]. However, acquired chemoresistance following
treatment is a critical factor resulting in poor survival of patients
with NPC. Hence, improvements in treatment strategies or
pharmaceuticals are still required. Aberrant excitation of PI3K/
mTOR signal channels are observed continually in NPC, which
stimulates proliferation and enhances the survival response and
drug resistance [36–40]. However, the role of PI3K/mTOR
retardants (PQR309), in patients with NPC has not been studied.
Our study showed that PIK3CA is mutated in most NPC cell lines.
PI3K p110α and p110β were positively expressed in 14 NPC cell
lines at higher levels than in the normal nasopharygeal epithelia
cell line NP69. Moreover, higher levels of PI3K p110α and p110β
isoforms were related to shorter DFS in NPC. Besides, we identified
that PQR309 could inhibit NPC cell growth, invasion, and
migration, and induced apoptosis. Furthermore, PQR309 could
act synergistically with gemcitabine via blockade GSK-3β and
STAT3/HSP60 signaling, and inhibition of EMT. Collectively,
PQR309 combined with gemcitabine might be a practical clinical
therapy strategy for further clinical study.
The PI3K signaling pathway plays a vital part in tumor growth,

development, apoptosis, and the migration and invasion capabil-
ities of various cancer cells [41]. Alterations of PI3K signaling are
likely linked with pathological factors related to poor prognosis,
including stage, distant metastasis, and tumor size [42]. p110α and
p110β, as widely expressed PI3K isoforms, have become the main
therapeutic targets in tumors [43]. PI3K/AKT/mTOR signaling has
an indispensable regulatory effect on tumor growth, migration,

Fig. 7 Potential mechanism of the antineoplastic role of PQR309 and gemcitabine in nasopharyngeal carcinoma. PQR309 sensitized NPC
to gemcitabine by increasing caspase-dependent pathway apoptosis, blocking GSK-3β and STAT3/HSP60 signaling pathways, and inhibiting
EMT. NPC Nasopharyngeal carcinoma; HSP60 Heat shock protein 60, EMT Epithelial-mesenchyme transition.
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survival, and angiogenesis [44]. Excitation of PI3K/AKT/mTOR
signal path contributes to cancer progression or resistance to
antitumor therapy [41]. Constitutive PI3K excitation is related to
resistance to cytotoxic drugs, which is always associated with
apoptosis inhibition [45–47]. Moreover, PI3K/Akt signaling exerts
an important function in the chemoresistance of gallbladder
cancer to gemcitabine [48]. In addition, excitation of PI3K/AKT/
mTOR signal channel triggers gemcitabine resistance in pancreatic
cancer [49]. Studies indicated that patients with NPC with PI3K
mutations and PI3K signaling activation have shorter survival
[38–40, 42], which is consistent with our findings. Originally, we
showed that patients with NPC with higher PI3K p110α and PI3K
p110β expression had inferior prognosis. Furthermore, the Cox
regression model showed that PI3K p110α and PI3K p110β
expression levels were independent prognosis indicators for
patients with NPC. Likewise, high PI3K p110α and PI3K p110β
expression was related to histological classification, metastasis,
and worse prognosis in colorectal carcinoma [50], lung cancer [51],
and gastric carcinoma [52]. Overall, these results suggested that
the PI3K pathway provided prognostic markers for NPC, and thus
might be a relevant therapeutic target.
PQR309 is an inhibitor of PI3K subtypes (p110α, p110δ, p110β,

and p110γ), and mTORC1/mTORC2 [21]. Previous preclinical
studies verified that PQR309 has antineoplastic efficacy in vitro
and in vivo toward lymphomas [53], diffuse large B-cell lymphoma
[54], glioblastoma [22] and endometrial cancer-derived models
[55], which are consistent with our findings. Moreover, we found
that the anti-NPC activity of PQR309 was dose-and time-
dependent. Other dual PI3K/mTOR inhibitors also showed
biological actions in NPC models, such as BEZ235 [18] and
PF-04691502 [19]. A completed phase I trial of PQR309 showed
clinical responses in 27% of patients with advanced solid tumors
[23]. PQR309 showed promising clinical efficacy without dose
limiting toxicity in a clinic trial of relapsed/refractory lymphoma
[24]. Various clinical trials of PQR309 for lymphoma and solid
tumors are ongoing [21]. Besides, PQR309 could cross the blood-
brain barrier, thus might show better anti-tumor proliferation
effect than other dual PI3K/mTOR inhibitors [21]. These observa-
tions indicate that PQR309 can be used as a potential targeted
therapy for RM-NPC.
PQR309 was reported to induce a synergistic effect with several

other drugs in various tumors [53], suggesting that the combina-
tion of PQR309 and other agents might be feasible. Verifying the
promising data in vivo, we found that PQR309 synergized with
gemcitabine to exert growth inhibition of mouse models bearing
NPC cells. Preclinical data from various lymphoma models showed
that PQR309 synergized with both targeted and chemotherapy
agents [53]. Similarly, Yang et al. showed that another PI3K/mTOR
inhibitor, BEZ235, synergistically sensitizes NPC cells to cisplatin
[18]. The combination of BEZ235 and gemcitabine has been
shown to improve antitumor efficacy in pancreatic cancer [56] and
cholangiocarcinoma models [57]. To the best of our knowledge,
this is the first study to suggest that PI3K/mTOR inhibitors plus
gemcitabine would have a synergistic antitumor effect in patients
with NPC.
Herein, PQR309 plus gemcitabine greatly enhanced the

induction of apoptosis and significantly activated caspase-9 and
caspase-3. Similarly, Yang et al. revealed that the antineoplastic
action of PQR309 on glioblastoma was mainly effected through
the induction of apoptosis [22]. PQR309-induced gene expression
and protein phosphorylation changes related to apoptosis were
revealed by proteomics and RNA profiling in lymphoma [53].
Levels of pro-apoptotic proteins (including Bad and cleaved-
caspase-9) were increased, while the expressions of anti-apoptotic
markers(e.g., MMP-9, MMP-2, and Bcl-2) were decreased in
PQR309-treated glioma models [22].
To further understand the underlying mechanism, we investi-

gated the synergistic effects of PQR309 and gemcitabine, and

demonstrated that it was the result of regulating the GSK-3β and
STAT3/HSP60 pathways. In this study, RTKA, a phospho-tyrosine
kinase array, and western blotting demonstrated that PQR309 plus
gemcitabine remarkably decreased p-STAT3, HSP60, and p-GSK-3β
levels. A growing body of evidence has shown that STAT3 or
GSK3β activation promotes tumor development and progression,
as well as gemcitabine resistance in pancreatic ductal adenocarci-
noma (PDAC) [58, 59]. Recent research has revealed that targeted
inhibition of STAT3 or GSK3β in combination with gemcitabine
can significantly enhance therapeutic efficacy in PDAC [59, 60].
These findings demonstrate that the expressions of both STAT3
and GSK3β may be associated with gemcitabine sensitivity, and
that there might exist a complex crosslink between gemcitabine,
STAT3 and GSK3β. STAT3, a major transcription factor that has
crucial functions in cell viability, survival, inflammation, immunity,
and the growth, invasion and metastatic potential of many
malignances, is abnormally activated in various cancer types
[61, 62]. In fact, evidence has shown a clear relationship between
STAT3 levels and cancer chemotherapy resistance. A recent study
reported that elevated STAT3 levels affected gemcitabine
resistance in lung cancer [63]. Similarly, STAT3 inhibitors promoted
the susceptibility of NPC cells to platinum-based chemotherapy
[64]. Recent studies have found that STAT3 can promote
carcinogenesis with the coexisting activation of PI3K [65]. More-
over, STAT3 signaling was inhibited when various tumor cell lines
were received treatment of mTOR inhibitor rapamycin [66], which
supports our observation that STAT3 phosphorylation was
inhibited by the combination of PQR309 and gemcitabine. In
addition, our findings of co-treatment with the dual PI3K/mTOR
inhibitor PQR309 and gemcitabine resulting in p-STAT3 blockage
are in line with previously shown evidence of PI3K/mTOR signaling
pathway-mediated STAT3 activation [67, 68], and STAT3 inhibitors
sensitizing mouse PIK3CA-mutant breast cancer to PI3K inhibitors
[69].
The typical chaperone, HSP60, aids protein folding in the

extracellular space, the cell surface, the cytosol, and the
mitochondria. HSP60 is overexpressed in several cancers [70],
accelerating cancer development and metastasis [71, 72]. More-
over, HSP60 mediated drug resistance in in vitro models [73] and
can be used to predict the response to chemotherapy [74].
Meanwhile, HSP60 was evidenced to exert a regulatory function in
patients with cisplatin-resistant ovarian cancer [75], in which high
expression of HSP60 can decrease the survival rate after cisplatin
chemotherapy. HSP60 has a STAT3-binding site in its promoter
and HSP60 can be regulated in a STAT3-dependent manner
[33, 34]. Specifically, we found that PQR309 plus gemcitabine
synergistically suppressed NPC tumor activity by downregulating
STAT3-mediated HSP60 expression. In addition, HSP60 was
reported to be an important regulator of apoptosis [76]. The
cytosolic fraction of HSP60 might interact with Bak and Bax,
because reduced HSP60 expression correlates with increased Bak
and Bax abundance. HSP60 can interact with β-catenin to increase
its protein level and enhance its transcriptional activity, thus
promoting EMT [72]. EMT inhibition is another important
mechanism of antitumor activity induced by PQR309 and/or
gemcitabine in NPC. The EMT process enables cell migratory and
invasive behavior, which is important for cancer invasion,
metastasis, and resistance to cytotoxic therapies [77].
The multifunctional serine/threonine protein kinase GSK-3 has

several isoforms, and exerts important functions in cell cycle
progression and apoptosis [78]. Previously, much of the focus on
the GSK-3 family has been on GSK-3β. Activation of GSK-3β/Wnt/
β-catenin signal channels by oncogenes are widely acknowledged
to promote EMT and metastasis in NPC [79]. Recent studies
suggested that blockade of GSK-3β could suppress the viability of
neuroblastomas [80], prostate cancer [81], and lung cancer [82].
Pancreatic cancer cell lines’ innate resistance to gemcitabine is
related to low E-cadherin expression [83]. Moreover, acquired
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resistance to gemcitabine could be mediated by compensatory
and treatment-induced changes to EMT [84]. Therefore, targeting
EMT is an important strategy to inhibit metastasis and improve the
drug response. Furthermore, a previous study indicated that high
levels of p-GSK3β are more sensitive to PQR309, and the
combination of PQR309 with a GSK3β inhibitor or GSK3β gene
silencing had a synergistic anti-tumor effect in glioblastoma [85],
suggesting that there may be a regulatory relationship between
PQR309 and GSK3β, which could also support our results.
Excitingly, in the current study, PQR309 reduced NPC cell
proliferation by co-inhibiting EMT through the GSK-3β and
STAT3/HSP60 signaling pathways. Moreover, the inhibitory effect
was more obvious when combined with gemcitabine, which
conformed with a previous report that PQR309 inhibits glioblas-
toma migration and invasion [22]. These findings illustrated the
synergistic effect of PQR309 plus gemcitabine on EMT inhibition,
which indicates that the drug combination could be a potential
treatment to suppress metastatic NPC.

CONCLUSION
Herein, we reported that PQR309, a dual PI3K/mTOR inhibitor,
suppressed the ability of NPC cells to migrate and invade, and
induced their apoptosis. Our findings indicated that
PQR309 significantly enhanced the anti-invasion and anti-growth
activities of gemcitabine against NPC in vivo and in vitro.
Furthermore, PQR309 sensitized NPC to gemcitabine by increasing
caspase-dependent pathway apoptosis, blocking GSK-3β and
STAT3/HSP60 signaling pathways, and inhibiting EMT (Fig. 7).
These results suggested that PQR309 plus gemcitabine has
synergistic anti-NPC activity, representing a potential treatment
option for patients with NPC. The results also provide basic
knowledge for subsequent translational clinical research of the
targeted drug PQR309 combined other chemotherapeutic agents
to treat NPC.

MATERIALS AND METHODS
Cell lines
This research applied a normal nasopharyngeal cell line NP69 and 14
human NPC cell lines, including TW03-EBV, TW03, CNE2-EBV, CNE2, C666-1,
S26, S18, 5–8F, 6-10B, SUNE1, HONE-1, HK-1, HNE1, and CNE1. Prof. Kaitai
Yao (Southern Medical University, Guangzhou, People’s Republic of China)
donated the HNE1 cells. The other cell lines were gratefully received from
Prof. Musheng Zeng (Sun Yat-Sen University Cancer Center (SYSUCC),
Guangzhou, People’s Republic of China). The culture medium for cells
transfected with short hairpin RNAs (shRNAs) targeting STAT3 (encoding
signal transducer and activator of transcription 3) was added with 0.5 μg/
mL of puromycin. Stock solutions (10mM) of PQR309 and gemcitabine
(Selleck Chemicals, Houston, TX, USA) were made for the in vitro assays. For
the in vivo studies, PQR309 was formulated in 0.5% Sodium carboxymethyl
cellulose and gemcitabine was diluted in sterile water to 5mg/mL.

Human tissue samples
The study cohort comprised of 161 available formalin-fixed, paraffin-
embedded samples from patients that had been confirmed pathologically
to have NPC, from December 1, 2005 to January 30, 2019 at SYSUCC. All
procedures were carried out following the tenets of the Declaration of
Helsinki. Informed consent was obtained from all subjects. Included cases
should be 18–80 years of age with a pathological diagnosis of NPC and
without second primary cancer. Follow-up was done at intervals of three
months for two years, every six months for another three years, and
annually thereafter until October 2020.

Tissue microarray (TMA) and immunohistochemistry (IHC)
analysis
A TMA (2mm) involving the aforementioned 15 cell lines was constructed
in our laboratory, as described previously [32]. Tumor samples from
patients and xenografts from nude mice were subjected to IHC using 3-
μm-thick sections. The primary antibodies recognized human PI3K p110α

(1:200), human PI3K p110β (1:200), murine proliferation marker Ki-67 (Ki-
67) (1:500), murine phosphorylated (p)-STAT3 (p-STAT3) (1:500) (all from
Abcam, Cambridge, MA, USA); murine heat shock protein 60 (HSP60)
(1:1000) and murine p-glycogen synthase kinase-3β (p-GSK-3β) (1:100) (Cell
Signaling Technology, Danvers, MA, USA). The IHC slides were judged
under a microscope in a double-blind manner by two pathologists. The
H-score was used as the scoring criterium for PI3K p110α, PI3K p110β, p-
STAT3, HSP60, and p-GSK-3β. In terms of the expression proportion,
scoring 0 indicated expression in less than 5% of cells, scoring 1 indicated
expression in 5–25% of cells, scoring 2 (26–50%), scoring 3 (51–75%),
scoring 4 ( > 75%). In terms of staining intensity, scoring 0 equated to no
staining, scoring 1 was slightly positive (+), scoring 2 was moderately
positive (++), and scoring 3 was strongly positive (+++). A final
immunostaining score comprised the expression proportion score × the
staining intensity score, ranging from 0 to 12.

Cell viability assays
Viability assays were based on Cell Counting Kit-8. First, cells (2–4 × 103) in
200 μL of culture medium were cultured on 96-well plates during 72 h of
exposure to PQR309, gemcitabine, or PQR309 plus gemcitabine. A
spectrophotometer was then utilized to record the absorbance of all wells
at 450 nm. Triplicate assays were carried out; and the experiment was
completed three times in total. Compusyn software (ComboSyn Inc.,
Paramus, NJ, USA) was used to analyze the effects of the drug
combinations by calculating the combination index for each tested
concentration, in which a combination index value < 0.9 indicated synergy,
= 0.9 indicated additivity, and > 0.9 indicated antagonism [86].

Colony formation assays
NPC cells (1 × 103 CNE1 and HNE1 cells/well) grown on 6-well dishes were
exposed to drugs at the indicated doses. After 7 to 14 days, the formed
colonies underwent methanol fixation and crystal violet staining. Colony
imaging was carried out under an inverted microscope, and those
containing in excess of 50 cells were recorded.

Flow cytometry detection of apoptosis
The indicated drugs were applied to CNE1 and HNE1 cells (2 × 106 per well)
on 6-well plates, and the cells were collected for apoptosis detection after
48 h. An Apoptosis Detection Kit was employed for staining. Apoptotic cells
were evaluated by applying flow cytometry. The annexin V-positive
population represented apoptotic cells.

Invasiveness and migration assays
For these assays, Transwell chambers were employed. In the migration
assay, 8 × 104 CNE1 cells or 5 × 104 HNE1 cells in Dulbecco’s modified
Eagle’s medium (DMEM) without fetal bovine serum (FBS) were placed in
the top Transwell chamber with the indicated drugs. Then, DMEM with
20% FBS was placed in the lower compartment. Cell invasiveness assays
were performed with Matrigel-coated (Corning Inc., Corning, NY, USA)
Transwell chambers. Cells were incubated for 18 to 36 h. Afterwards, a
10min methanol fixation and a 15min crystal violet staining at room
temperature were performed. Cells were enumerated using ImageJ (NIH,
Bethesda, MD, USA). Assays were performed three times independently.

Real-time cell analysis (RTCA)
An RTCA S16 kit for continuous cellular proliferation detection was used
(Acea biosciences, San Diego, CA, USA). First, 50 μL of DMEM was placed in
the wells of the microelectrodes in the E-plate to obtain the impedance
background. Second, 1 × 103 CNE1 or HNE1 cells were seeded into each
well before drug treatment. For each drug regimen, two wells were used
for the assay. The E-plate was then left to equilibrate for 30min at room
temperature, before incubation in the RTCA workstation. The impedance
was monitored at 15-minute time intervals for 120 h. The cell index value
was computed to indicate cell proliferation.

Western blotting analysis
The agents (at the indicted concentrations) were used to treat CNE1 and
HNE1 for 48 h. For western blotting, primary antibodies recognizing
caspase-3, cleaved-caspase-3, caspase-9, cleaved-caspase-9, E-cadherin,
β-catenin, N-cadherin, Vimentin, STAT3, phosphorylated (p)-STAT3, HSP60,
GSK-3α, p-GSK-3α, GSK-3β and p-GSK-3β (Cell Signaling Technology;
1:1000) were used. The controls comprised antibodies against β-actin,
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glyceraldehyde-3-phosphate dehydrogenase (GAPDH), α-tubulin, and
β-tubulin (Cell Signaling Technology). Supplementary Table S7 details
the antibodies. The secondary antibodies comprised horseradish perox-
idase (HRP)-attached goat anti-mouse or anti-rabbit antibodies (1:5000
dilution; Santa Cruz Biotechnology, Santa Cruz, CA, USA).

Cell transfection
Three shRNAs targeting STAT3 were cloned and incorporated into vectors
using a pSIH-H1-puro Lentivector Packaging Kit, following the supplier’s
protocol. The sequences of the shRNAs targeting STAT3 were:
5’-TCTCTGCAGAATTCAA-3’ (STAT3sh1)
5’-CAGGCTGGTAATTTATATAAT-3’ (STAT3sh2)
5’- GGCGTCCAGTTCACTACTA-3’ (STAT3sh3)
The sequence of the shRNA scrambled control (sc-shRNA) was 5’-

CAACAAGATGAAGAGCACCAA-3’. Lentiviral vectors encoding the
scrambled control or STAT3-shRNA were transfected into logarithmically
growing NPC cells.
For stable knockdown of GSK3β and HSP60, shRNAs (LPP-HSH099777-

LVRU6GP-200 for GSK3β and LPP-HSH009098-LVRU6GP-200 for HSP60) were
used, along with the relative scramble controls (LPP-CSHCTR001-LVRU6GP-
200). These reagents were obtained from GeneCopoeia (Rockville, MD, US)
To overexpress STAT3, GSK3β and HSP60, overexpression plasmids

(EX-Z2835-M02 for STAT3, EX-Z0294-M02 for GSK3β, and EX-G0175-M02 for
HSP60, GeneCopoeia) were transfected into cells using a Lip3000
(Invitrogen) following the manufacturer’s protocol. EX-NEG-M02 served
as the negative control.
After transfection, cells were selected using culture medium supple-

mented with puromycin. For siRNA transfection (Ribobio and Qingke), cells
in the exponential growth phase were seeded into six‐well tissue culture
plates (1 × 105 cells/well), and then the cells were transfected with siRNA
using OPTI‐MEM I‐reduced serum medium and lipofectamine RNAimax
reagent to stably silence PI3K p110α or PI3K p110β expression after 24 h.
The siRNA sequences are shown in Supplementary Table S8. Protein levels
of STAT3, GSK3β, HSP60, PI3K p110α and PI3K p110β were determined
using western blotting.

Human phospho-kinase array
The relative extent of protein phosphorylation after treatment with the
indicated drugs in HNE1 cells was evaluated using a Human Phospho-
Kinase Array Kit comprising 37 kinase phosphorylation sites and two total
proteins. 5 × 106 HNE1 cells were placed in 10 cm dishes, subjected to
treatment with PQR309, gemcitabine, and their combination at the
indicated doses, and collected to obtain protein samples after 48 h. The
chemiluminescent signals were imaged and quantification was performed
using Quantity One Software.

Nude mouse tumor xenografts
The Institutional Animal Care Committee of SYSUCC granted consent for
the mouse experiments. Female nude mice, aged six weeks and weighing
14–18 grams were reared in a specific pathogen-free (SPF) environment.
Three xenograft studies were conducted.
The first investigated the activity of single-agent PQR309 in the HNE1

cell line. In this experiment, mice were administered either a sterile water
vehicle alone or PQR309 at varying doses (25, 50, and 100mg/kg).
The other two experiments explored the combination of PQR309 or

BYL719 with gemcitabine in the CNE1 or HNE1 cell lines. In these
experiments, mice received treatments as follows: a sterile water vehicle
alone, PQR309 (50mg/kg), BYL719 (50 mg/kg), gemcitabine (50mg/kg),
PQR309 (50mg/kg) combined with gemcitabine (50 mg/kg), and BYL719
(50mg/kg) combined with gemcitabine (50mg/kg).
To initiate the experiments, the right-side flanks of mice were injected

subcutaneously with 200 μL of phosphate-buffered saline containing 5 × 106

CNE1 or HNE1 cells. Tumor measurements were conducted using electronic
calipers, and tumor sizes were estimated using the formula: volume
(mm3)= (length ×width2) × 0.5. When the tumors grew to around 100mm3,
the animals were randomized into four groups. Mice received PQR309 once
a day via oral gavage, or gemcitabine was administered twice a week by
intraperitoneal injection. Caliper measurements were performed three times
per week until the tumor volume reached 2000mm3.

Statistical analysis
SPSS Statistics 25 or GraphPad Prism 8 were utilized to carry out the
statistical analyses. All quantitative results were described by the mean and

standard deviation (SD). The optimal cutoff for determining low or high
expression was generated via X-tile software. Associations between protein
expression in NPC tissues and patients’ disease-free survival (DFS) were
identified utilizing log-rank and Kaplan–Meier analyses. The univariate
/multivariate determinations were carried out utilizing Cox proportional
risk models. Comparisons among groups were made using one-way and
two-way analysis of variance (ANOVA) and Student’s t-test. A P-value < 0.05
indicated statistical significance.

DATA AVAILABILITY
The datasets used and analyzed in this study are available from the corresponding
author upon reasonable request. The authenticity of this article has been validated by
uploading the key raw data onto the Research Data Deposit public platform
(www.researchdata.org.cn), with the approval RDD number as RDDB2023807552.
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