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ARTICLE INFO ABSTRACT

Keywords: Non-small cell lung cancer (NSCLC) is a prevalent and lethal form of lung cancer with few effective treatment
Alpelisib options, and targeted therapies for PI3K-mutated NSCLC remain particularly limited. The phosphatidylinositol 3-
Aumphag_y kinase (PI3K) pathway, frequently activated in NSCLC, is a viable therapeutic target, especially in tumors
Egllé);oqume harboring PI3K mutations. Alpelisib (BYL719), a selective PI3Ka inhibitor, has shown promise, but its efficacy is
NSCLC often hampered by compensatory survival mechanisms, including autophagy. This study assesses the therapeutic

PI3K potential of alpelisib as a monotherapy and in combination with an autophagy inhibitor for PI3K-mutated
NSCLC. Alpelisib significantly reduced cell viability in human NSCLC cell lines in a dose- and time-dependent
manner, with enhanced markers of autophagy and apoptosis, with pronounced effects in PI3K-mutant H460
cells. Co-treatment with alpelisib and chloroquine (CQ) further suppressed tumor cell growth, viability, migra-
tion, and colony formation more effectively than alpelisib alone, owing to increased apoptosis, elevated early and
late apoptotic populations, and increased levels of cleaved PARP and caspase-3. In xenograft mouse models, the
combination of alpelisib and CQ significantly inhibited tumor growth and reduced EGFR-Ras signaling compared
to monotherapy. These findings suggest that combining alpelisib with autophagy inhibition significantly en-
hances its antitumor activity in PI3K-mutated NSCLC, highlighting a promising therapeutic strategy to address
unmet clinical needs in this molecular subset. This discovery opens new possibilities for developing innovative
targeted therapies for challenging NSCLC.

1. Introduction

Lung cancer remains one of the leading causes of cancer-related
mortality worldwide, accounting for approximately 1.8 million deaths
in 2022 [1]. This malignancy is particularly challenging due to its
aggressive nature and poor prognosis, with a five-year survival rate of
only 5 % for patients with advanced disease [2]. Lung cancer is broadly
categorized into small cell lung cancer and non-small cell lung cancer
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(NSCLC), and about 85 % of all lung cancer cases are NSCLC. Current
treatment options for NSCLC are inadequate, underscoring the critical
need for innovative therapeutic approaches to improve patient out-
comes [3].

One of the key pathways implicated in the progression and survival
of NSCLC is the phosphatidylinositol 3-kinase (PI3K) pathway. Aberrant
activation of this pathway, often due to PIK3CA mutations, has been
observed in a significant subset of NSCLC cases, leading to enhanced

** Corresponding author at: Department of Pharmacology, College of Medicine, The Catholic University of Korea, Seoul 06591, Republic of Korea.
E-mail addresses: dongy@yuhs.ac (D. Chae), shimby@catholic.ac.kr (B.Y. Shim), jykim@catholic.ac.kr (J. Kim).

! These authors contributed equally to this work.

https://doi.org/10.1016/j.biopha.2025.118620

Received 17 July 2025; Received in revised form 24 September 2025; Accepted 1 October 2025

Available online 2 October 2025
0753-3322/© 2025 The Authors.

(http://creativecommons.org/licenses/by/4.0/).

Published by Elsevier Masson SAS. This is an open access article under the CC BY license


https://orcid.org/0000-0003-4091-4133
https://orcid.org/0000-0003-4091-4133
https://orcid.org/0000-0001-6737-2739
https://orcid.org/0000-0001-6737-2739
https://orcid.org/0000-0002-9816-5940
https://orcid.org/0000-0002-9816-5940
mailto:dongy@yuhs.ac
mailto:shimby@catholic.ac.kr
mailto:jykim@catholic.ac.kr
www.sciencedirect.com/science/journal/07533322
https://www.elsevier.com/locate/biopha
https://doi.org/10.1016/j.biopha.2025.118620
https://doi.org/10.1016/j.biopha.2025.118620
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biopha.2025.118620&domain=pdf
http://creativecommons.org/licenses/by/4.0/

J. Kim et al.

tumor growth, survival, and resistance to apoptosis [4,5]. Previous
research has demonstrated that inhibiting the PI3K pathway can effec-
tively hinder the growth and invasion of cancer cells reliant on PI3K,
such as NSCLC [6,7]. Consequently, the inhibition of class I PI3Ks is a
promising therapeutic strategy, and specific PI3K inhibitors have been
approved to treat several cancer types.

Alpelisib, an isoform-specific inhibitor targeting PI3K-alpha,
received FDA approval in 2019 for the treatment of advanced or meta-
static breast cancer with PI3K mutations [8]. While monotherapy with
isoform-specific PI3K inhibitors has shown limited effectiveness in
early-phase trials, recent evaluations of alpelisib in combination with
olaparib have yielded promising results in patients with ovarian cancer
or triple-negative breast cancer [9]. Additionally, alpelisib has enhanced
the antitumor effect of paclitaxel in PI3K-mutated human gastric cancer
models [10]. These positive results warrant further exploration of
alpelisib as a single or combination therapy across different cancer
subtypes with PI3K mutations.

Although multiple PI3K inhibitors, including pictilisib, buparlisib,
and alpelisib, have been evaluated in NSCLC, clinical activity has
generally been modest, with low response rates and frequent emergence
of resistance [11-13]. A key adaptive mechanism is therapy-induced
cytoprotective autophagy, which attenuates the cytotoxic effects of
PI3K pathway blockade. Accordingly, combining PI3K inhibitors with
autophagy inhibition has emerged as a rational strategy. Among clini-
cally used autophagy inhibitors, chloroquine (CQ) and hydroxy-
chloroquine (HCQ) inhibit lysosomal acidification and disrupt
autophagosome-lysosome fusion [14,15]. Notably, preclinical studies
show that CQ potentiates the antitumor efficacy of both chemotherapy
and targeted agents in NSCLC and other tumor models [16,17]. Given its
clinical availability, safety profile, and supportive preclinical evidence,
CQ was selected as the autophagy inhibitor to combine with alpelisib in
this study.

Autophagy is a cellular process that can promote tumor cell survival
under therapeutic stress by degrading and recycling cellular compo-
nents. Inhibiting autophagy has been shown to enhance the antitumor
effects of various chemotherapeutic agents. Therefore, combining PI3K
inhibitors with autophagy inhibitors might potentiate their therapeutic
efficacy against NSCLC [18-20]. For this study, we conducted in vitro
and in vivo experiments to investigate the combined effects of alpelisib
and autophagy inhibitors on NSCLC.

2. Materials and methods
2.1. Cell lines

The A549 and H460 human NSCLC cell lines were purchased from
the Korea Cell Line Bank (KCLB, Seoul, Republic of Korea). All cell lines
were maintained in RPMI-1640 medium (Gibco, Grand Island, NY,
USA), supplemented with 10 % fetal bovine serum (Gibco), 100 U/mL of
penicillin, and 100 mg/mL of streptomycin (Gibco). All cells were
incubated in sterile conditions at 37°C and 5 % CO». Mycoplasma
contamination was tested and confirmed negative using a MycoStrip™
mycoplasma detection kit (InvivoGen, San Diego, CA, USA).

2.2. Cell viability assay

Cell viability was assessed using Cell Counting Kit-8 (CCK-8) reagent
(Dojindo Laboratories, Kumamoto, Japan, CK04) according to the
manufacturer’s instructions. Human NSCLC cells were seeded into 96-
well plates at a density of 5 x 10° cells per well and allowed to attach
overnight. Treatment with various concentrations of alpelisib (BYL719)
and/or other autophagy inhibitors was then applied, and cells were
incubated for 4, 8, 24, and 48 h. After treatment, 10 pl of CCK-8 reagent
was added to each well, and the plates were incubated with at 37 °C for
1 h. The absorbance was measured at 450 nm using a microplate spec-
trophotometer (BioTek, Winooski, VT, USA). The percentage of cell
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viability was calculated relative to vehicle-treated control wells. For
each cell line, the half-maximal inhibitory concentration (ICsp) of
BYL719 was obtained from dose-response curves as the concentration
that reduced viability to 50 % of the control.

2.3. Synergy evaluation by combination index (CI) analysis

Drug interactions were evaluated using CCK-8 viability data after
treatment with BYL719, CQ, or their fixed-ratio combinations in A549
and H460 cells. The combination index (CI) was computed with Com-
puSyn (ComboSyn, Inc., Paramus, NJ, USA), which implements the
median-effect principle and the unified Chou-Talalay method [21]. For
each condition, the fraction affected (Fa) was defined as:

Fa =1 — (absorbance of treated wells / absorbance of control wells)

CI values were generated by the software based on the Chou-Talalay
algorithm and plotted against Fa (CI on the y-axis, Fa on the x-axis).
Interaction was interpreted as follows: CI < 1, synergy; CI = 1, addi-
tivity; CI > 1, antagonism.

2.4. Immunoblot analysis

Cell and tissue lysates were prepared using lysis buffer (20 mM Tris-
HCl, pH 7.9, 150 mM NacCl, 2 mM EDTA, 5 mM EGTA, 5 % glycerol, 1 %
Triton X-100) supplemented with Protease Inhibitor Cocktail (Roche,
Basel, Switzerland), 1 mM phenylmethanesulfonyl-fluoride, 10 mM
NaF, and 1 mM Na3VOy, and then they were subjected to sonication. The
protein concentration in each sample was determined using a Bradford
assay. Equal amounts of protein were separated by SDS-PAGE on 5-12 %
polyacrylamide gels (LABIS KOMA, Seoul, Korea, KG5012) and trans-
ferred to nitrocellulose membranes (Merk Millipore, Burlington, MA,
USA). The membranes were then blocked using either 5 % milk or 5 %
BSA and allowed to incubate with primary antibodies against p62/
SQSTM1 (Progen, GP62-C, 1:1000 dilution), LC3A/B (Cell Signaling
Technology, 4108, 1:1000 dilution), PARP (Cell Signaling Technology,
9532, 1:1000 dilution), cleaved caspase-3 (CASP3; Cell Signaling
Technology, 9662, 1:1000 dilution), phospho-mTOR (Ser2448) (Cell
Signaling Technology, 2971, 1:1000 dilution), mTOR (Cell Signaling
Technology, 2972, 1:1000 dilution), phospho-AKT (Ser474) (Cell
Signaling Technology, 8599, 1:1000 dilution), AKT (Cell Signaling
Technology, 2964, 1:1000 dilution), phospho-STAT3 (Tyr705) (Cell
Signaling Technology, 9131, 1:1000 dilution), STAT3 (Cell Signaling
Technology, 12640, 1:1000 dilution), beclin-1 (BECN1; Cell Signaling
Technology, 3495, 1:1000 dilution), ATG7 (Cell Signaling Technology,
8558, 1:1000 dilution), ATG5 (Cell Signaling Technology, 2630, 1:1000
dilution), phospho-EGF receptor (Tyr1068) (Cell Signaling Technology,
3777, 1:1000 dilution), EGF receptor (EGFR; Cell Signaling Technology,
2232, 1:1000 dilution), PI3 kinase (PI3K; Cell Signaling Technology,
4249, 1:1000 dilution), Ras (Cell Signaling Technology, 8955, 1:1000
dilution), phosphor-RAF1 (S259) (Abnova, PAB25227, 1:1000 dilution),
RAF1 (Abnova, PAB18217, 1:1000 dilution), phosphor-MEK1/2
(Ser217, Ser221) (Cell Signaling Technology, 9154, 1:1000 dilution),
MEK1/2 (Cell Signaling Technology, 9122, 1:1000 dilution), phosphor-
ERK1/2 (Thr202, Tyr204) (Cell Signaling Technology, 4370, 1:1000
dilution), ERK1/2 (Cell Signaling Technology, 4695, 1:1000 dilution),
BiP (Cell Signaling Technology, 3177, 1:1000 dilution), CHOP (Cell
Signaling Technology, 2895, 1:1000 dilution), or f-actin (ACTB; Abcam,
ab8227, 1:2000 dilution) overnight at 4°C. After the membranes were
incubated with HRP-conjugated secondary antibodies (Invitrogen,
31460 or 31430) for 1 h, immunoreactive protein bands were visualized
using a D-Plus™ ECL Femto system (Dongin Biotech, Seoul, Korea, ECL-
FS100) and a LAS-4000 mini system (Fujifilm, Tokyo, Japan). Densi-
tometry of the protein bands was performed using ImageJ (NIH).

2.5. mRFP-GFP-LC3 assay

Autophagic flux was evaluated using the tandem mRFP-GFP-LC3
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construct (ptfLC3; Addgene #21074). Human NSCLC cells were trans-
fected with the plasmid using Lipofectamine™ 3000 (Thermo Fisher
Scientific, L3000015) according to the manufacturer’s instructions.
Twenty-four hours post-transfection, cells were treated with BYL719
and/or CQ for an additional 24 h. Confocal imaging was performed on
an LSM 780 microscope (Zeiss, Oberkochen, Germany). GFP and RFP
signals were acquired, and puncta were defined as non-nuclear fluo-
rescent punctate structures on a dark background. Yellow puncta (GFP +
RFP) were classified as autophagosomes, whereas red-only puncta (RFP)
represented autolysosomes. For each condition, yellow and red puncta
were quantified in > 40 cells to assess autophagic flux (reported as
puncta per cell).

2.6. Wound healing assay

To evaluate the migration ability of A549 and H460 cells, a wound
healing assay was conducted. The cells were seeded in 12-well plates at a
density of 2 x 10° cells per well and incubated until a confluent
monolayer was established. A 10 pl pipette tip was used to create a long,
thin scratch, generating an acellular area. The cells were then incubated
in media containing BYL719 and/or CQ. The width of the wound was
observed at 0 and 24 h using an IX73 microscope (Olympus, Tokyo,
Japan), and the area of wound closure was measured using ImageJ
software (NIH, Bethesda, MD, USA).

2.7. Clonogenic assay

For the clonogenic assay, also known as the colony formation assay,
cell suspensions were plated at a density of 1000 cells per well in 6-well
plates and incubated overnight. The cells were then treated with BYL719
and/or CQ for 10 days. After 10 days, the colonies were fixed with 4 %
paraformaldehyde for 15 min at room temperature and then stained
with 0.5 % crystal violet (Sigma, St. Louis, MO, USA, C0775) for 20 min.
Stereoscopic imaging was performed using an SMZ745T microscope
(Nikon, Tokyo, Japan), and the area and number of colonies were
evaluated using ImageJ software (NIH).

2.8. Annexin V-FITC/PI apoptosis assay

Apoptotic cells were detected using an Annexin V-FITC/PI apoptosis
detection kit (BD Biosciences, San Jose, CA, USA, 556547) according to
the manufacturer’s instructions. A549 and H460 cells were seeded in 6-
well plates at a density of 2 x 10° cells per well and treated with BYL719
and/or CQ for 24 h. After they were harvested, the cells were resus-
pended in a binding buffer consisting of 10 mM HEPES/NaOH (pH 7.4),
140 mM NaCl, and 25 mM CaCl,. Fluorescein isothiocyanate (FITC)-
conjugated Annexin V (Annexin V-FITC) and propidium iodide (PI)
staining was performed for 15 min, and the samples were analyzed using
a FACS Canto flow cytometer (BD Biosciences, San Jose, CA, USA).

2.9. Mouse xenograft and drug treatment

Five-week-old male BALB/c nude mice were purchased from Orient
Bio (Seongnam, Korea). The mice were housed under controlled con-
ditions at a temperature of 22 + 2 °C, 60 % humidity, and a 12-h light/
dark cycle, with ad libitum access to food and water. To investigate
whether the combined administration of BYL719and CQ synergistically
suppresses tumor growth in a xenograft mouse model, 6-week-old male
BALB/c nude mice were subcutaneously inoculated in the right flank
with 100 [ ]I of a mixture (1:1 Matrigel and medium) containing A549
cells (5.0 x 106) or H460 cells (5.0 x 106). When the tumors reached
approximately 100 mm?, the mice were randomly divided into four
groups (n = 5 per group): (1) vehicle (Veh)-treated control group (daily
intraperitoneal [i.p.] injection), (2) BYL719-treated group (25 mg/kg,
daily i.p. injection), (3) CQ-treated group (30 mg/kg, daily i.p. injec-
tion), and (4) BYL719 +CQ co-treated group (daily i.p. injection). Tumor
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size was measured three times a week using a digital Vernier caliper
(Mitutoyo, Kawasaki, Japan), and tumor volume was calculated using
the formula for ellipsoidal volume: V = (length x width?)/2. After the
final measurement, the tumors were collected for further analysis.

All animals were maintained in an SPF facility accredited by the
Association for the Assessment and Accreditation of Laboratory Animal
Care International. All animal experiments were approved by the Insti-
tutional Animal Care and Use Committee (IACUC) of the Catholic Uni-
versity of Korea and were conducted in accordance with IACUC
guidelines (Approval number: CUMS-2022-0037-10).

2.10. Statistical analysis

All data are represented as the mean + SEM for experiments using
cell lines and the mean =+ SD for experiments using mice, as noted in the
figure legends. Statistical significance was tested using one-way or two-
way ANOVA, as noted in the figure legends. P values less than 0.05 were
considered to indicate statistically significant differences (*p < 0.05,
**p < 0.01, and ***p < 0.001). Graph generation and statistical analyses
were performed using GraphPad Prism 8.0 software (GraphPad Software
Inc., San Diego, CA, USA).

3. Results

3.1. Alpelisib in combination with chloroquine, an autophagy inhibitor,
synergistically suppresses human NSCLC cell growth

Alpelisib, a PI3K inhibitor, has demonstrated potential in inhibiting
tumor growth in various cancers by targeting the PI3K/AKT/mTOR
pathway, which plays a crucial role in cell survival, proliferation, and
apoptosis [2,22]. However, its specific effects on NSCLC cells and the
underlying mechanisms remain to be fully elucidated. To address this,
we investigated the antitumor effects of alpelisib in combination with
various autophagy inhibitors using two genetically distinct NSCLC cell
lines, A549 and H460. A549 cell line contains a KRAS mutation and is
wild-type for EGFR, whereas H460 cell line harbors co-occurring mu-
tations in KRAS and the PI3K pathway, rendering these models appro-
priate for evaluating PI3K-targeted therapies [23,24]. These cell lines
were treated with various doses of alpelisib for 4, 8, 24, and 48 h, and
cell viability was assessed. A dose-dependent reduction in cell viability
was observed in both cell lines, with the effect becoming more pro-
nounced at longer treatment durations at the same concentration
(Fig. S1A and B). To assess alpelisib sensitivity, 24-h ICso values were
determined in A549 and H460 cells. The IC5y was 39.67 pM (95 % CI,
30.67-51.22) in A549 and 50.16 uM (95 % CI, 40.94-61.54) in H460
(Fig. S1C and D). Based on these estimates, 30 and 60 uM were used in
subsequent experiments to probe effects near the ICso and to facilitate
detection of potential synergy with CQ without inducing near-maximal
cytotoxicity. Previous studies have demonstrated that PI3K inhibition
can induce autophagy, an adaptive cellular response often exploited by
tumor cells to overcome therapeutic and metabolic stress [25,26]. Based
on this, we hypothesized that autophagy inhibition could potentiate the
antitumor efficacy of alpelisib in A549 and H460 cells. Thus, we
investigated the combined treatment of alpelisib with various auto-
phagy inhibitors. Co-treatment with alpelisib and five autophagy in-
hibitors (3-methyladenine [3-MA], wortmannin [Wort], chloroquine
[CQ], hydroxychloroquine [HCQ], and bafilomycin Al [BafA])
demonstrated a distinct antitumor effect in A549 and H460 cells
compared to alpelisib alone (Fig. 1A and B). Specifically, co-treatment
with alpelisib and either 3-MA or CQ significantly reduced cell
viability in A549 and H460 cells compared to alpelisib treatment alone,
with the pronounced effect in H460, indicating preferential sensitivity of
PI3K-mutant cells (Fig. 1A and B). Since these inhibitors target different
stages of autophagy—3-MA at initiation and CQ at lysosomal fusion—-
they were selected for further mechanistic studies. Immunoblot analysis
demonstrated that 3-MA treatment decreased the conversion of LC3-I to
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Fig. 1. Alpelisib combined with an autophagy inhibitor synergistically suppresses human NSCLC cell growth. A-B Relative viability of A549 (A) and H460 (B) cells
treated with alpelisib (BYL719) in the absence and presence of each autophagy inhibitor: 3-MA (1 mM), wortmannin (Wort; 5 pM), chloroquine (CQ; 50 pM),
hydroxychloroquine (HCQ; 5 pM), bafilomycin Al (BafA; 50 nM). C-F Immunoblotting analysis of autophagy markers (p62 and LC3) in A549 (C) and H460 (E) cells
treated with BYL719 in the absence and presence of each autophagy inhibitor. The densitometric analyses are summarized in (D and F). Band intensity was
determined by densitometry and normalized to LC3-I for LC3-II and p-actin (ACTB) for p62. G-J Wound healing assay in A549 (G) and H460 (I) cells treated with
BYL719 in the absence and presence of CQ. Scale bar, 300 pm. The quantitative analyses are summarized in (H and J). K-N Colony formation assay in A549 (K) and
H460 (M) cells treated with BYL719 in the absence and presence of CQ. Scale bar, 5 mm. The quantitative analyses are summarized in (L and N). All data are shown
as the mean + SEM. *p < 0.05, **p < 0.01, and ***p < 0.001 by two-way ANOVA with Tukey’s test.
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LC3-II, consistent with early-stage autophagy inhibition, while CQ
treatment led to LC3-II accumulation, indicative of late-stage autophagy
blockade (Fig. 1C-F; Fig. S2A and B). The ratio of LC3-II to LC3-I band
intensity revealed that co-treatment with CQ significantly increased the
accumulation of LC3-II in A549 and H460 cells compared to alpelisib
treatment alone, confirming that alpelisib induces autophagy
(Fig. 1C-F). Consistent with these findings, tandem mRFP-GFP-LC3
imaging showed an alpelisib dose-dependent increase in LC3 puncta,
and co-treatment with CQ further elevated the accumulation of
LC3-lipidated autophagosomes in both A549 and H460 cells. Because
CQ inhibits autophagosome-lysosome fusion, this accumulation is
consistent with alpelisib-induced activation of autophagic flux
(Fig. S3A-D). Additionally, levels of cleaved caspase-3 (c-CASP3) were
markedly higher in A549 and H460 cells co-treated with CQ compared
to those treated with alpelisib alone, these levels were notably higher
than in cells co-treated with 3-MA, suggesting that inhibition of
late-stage autophagy more effectively enhances alpelisib-induced
apoptosis (Fig. 1C-F; Fig. S2A and B). Among the various autophagy
inhibitors tested, CQ had the best therapeutic efficacy without
increasing toxicity, and it has been approved for other diseases, such as
malaria, which facilitates its potential application in human studies
[27]. Therefore, CQ was selected as the combination therapy option for
the subsequent studies. Subsequently, synergy between alpelisib and CQ
was evaluated by the Chou-Talalay method. The combination index (CI)
was < 1 across a range of alpelisib-CQ dose combinations in both A549
and H460 cells, indicating robust synergism (Fig. S4). These findings
justified pursuing the combination in subsequent experiments and
further supported our use of 30 and 60 uM alpelisib as working
concentrations.

Next, we investigated the effect of co-treatment with alpelisib and
CQ on NSCLC cell growth. Cell migration and colony formation are
fundamental processes in tumorigenesis and metastasis [27]. The wound
healing assay assesses cell migration by measuring the closure of a
scratch or wound introduced to a cell monolayer [28]. Therefore, we
conducted both wound healing and clonogenic assays in human NSCLC
cells to evaluate how co-treatment with alpelisib and CQ affected
migration ability and colony formation capacity. The extent of wound
closure was notably reduced in alpelisib-treated A549 and H460 cells,
compared with vehicle-treated cells, and a further significant reduction
was observed in alpelisib and CQ, compared with alpelisib-treated cells
(Fig. 1G-J). The clonogenic assay revealed that the area and number of
colonies in alpelisib-treated A549 and H460 cells were significantly
reduced, compared with vehicle-treated cells, and a further reduction
was observed in cells co-treated with alpelisib and CQ, compared with
alpelisib-treated cells (Fig. 1K-N). These results suggest that combina-
tion treatment with alpelisib and CQ produces greater reductions in
migration and colony formation than alpelisib monotherapy.

3.2. Alpelisib in combination with CQ enhances PI3K-mutated human
NSCLC cell death

To investigate the therapeutic effects of co-treatment with alpelisib
and CQ in NSCLC cells, we focused on apoptosis using flow cytometry.
The use of P and Annexin V-FITC is a standard procedure for monitoring
the progression of apoptosis. Early apoptotic cells are Annexin V-posi-
tive and PI-negative, and late (end-stage) apoptotic cells are Annexin V/
PI-double-positive [29]. After Annexin V and PI staining, we observed
that the number of both early (Annexin V-FITC"/PI' population) and late
apoptotic cells (Annexin V-FITC'/PI" population) increased
dose-dependently but not significantly in A549 and H460 cells after
alpelisib treatment alone (Fig. 2A-D). Co-treatment with alpelisib and
CQ significantly increased the proportions of early and late apoptotic
cells in both A549 and H460 compared with the same dose of alpelisib
alone, with a more pronounced increase in H460 than in A549
(Fig. 2A-D).

To further mechanism

elucidate the underlying
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alpelisib—-CQ-induced cell death, we performed tandem mRFP-GFP-LC3
imaging, which confirmed that alpelisib increases autophagic flux
(Fig. S3A-D), consistent with the immunoblot data in Fig. 1C-F. In
contrast, CQ blocks autophagosome degradation by impairing auto-
phagosome-lysosome fusion, thereby preventing lysosomal clearance of
pro-apoptotic factors and promoting apoptosis. To corroborate these
findings and assess a role for endoplasmic reticulum (ER) stress, we
examined apoptotic (PARP, CASP3) and ER-stress (BiP, CHOP) markers
by immunoblotting. Inhibition of autophagy with CQ heightened ER
stress, evidenced by decreased BiP and increased CHOP (Fig. S3E-H).
Notably, marked ER stress can be accompanied by reduced BiP, while
CHOP promotes intrinsic apoptosis by shifting the balance of pro- and
anti-apoptotic proteins, such as Bax and Bcl-2, toward caspase activation
and cell death [30-32]. Consistent with these observations, levels of
cleaved PARP and cleaved CASP3 increased with alpelisib treatment
alone, but not significantly (Fig. 2E-H). However, co-treatment with
alpelisib and CQ resulted in a significant increase in the levels of cleaved
PARP and CASP3 compared to alpelisib alone (Fig. 2F and H). The in-
duction of cleaved PARP and cleaved caspase-3 was most pronounced in
H460 cells, consistent with the preferential efficacy of the combination
in PI3K-mutant cells. Collectively, these results suggest that alpelisib
and CQ combination therapy has synergistic effects in NSCLC cells that
promote apoptosis, with preferential activity in PI3K-mutant H460
cells. Mechanistically, alpelisib-induced enhancement of autophagic
flux, together with CQ-mediated blockade of autophagosome degrada-
tion and consequent ER stress, converges to drive synergistic activation
of apoptosis.

3.3. Alpelisib treatment combined with CQ inhibits EGFR-Ras signaling in
PI3K-mutated NSCLC cells

To comprehensively understand the pathways and mechanisms
involved in the co-treatment with alpelisib and CQ in NSCLC cells, we
analyzed the expression of proteins associated with the PI3K/AKT/
mTOR pathway, autophagy, and tumorigenesis. First, we assessed the
expression of key autophagy-related proteins following alpelisib treat-
ment. Immunoblot analysis demonstrated a significant decrease in the
expression of phosphorylated mTOR and p62, coupled with an increase
in LC3 expression, indicating autophagy activation in response to
alpelisib treatment. Interestingly, the expression of other proteins
remained unchanged, suggesting a specific effect on autophagy-related
markers (Fig. 3A-D). Next, we explored the impact of alpelisib on the
PI3K/AKT/mTOR signaling pathway, a pivotal pathway implicated in
cancer progression. Immunoblot analysis revealed a marked reduction
in phosphorylated AKT and phosphorylated mTOR expression following
alpelisib treatment, indicative of pathway inhibition (Fig. 3A-D).
Notably, total AKT protein expression decreased, particularly in H460
cells, underlining the dose-dependent effect of alpelisib, either alone or
in combination with CQ (Fig. 3A-D). We next interrogated EGFR
effector pathways implicated in survival and proliferation—PI3K/AKT/
mTOR, RAS/ERK, and JAK/STAT3. Alpelisib significantly decreased
STAT3 phosphorylation at Tyr705 (p-STAT3 Y705) in both A549 and
H460 cells (Fig. 3A-D). However, addition of CQ did not further reduce
p-STATS3, indicating that JAK/STAT3 signaling was not synergistically
modulated by the combination. Additionally, we examined the effects of
alpelisib and CQ combination therapy on the epidermal growth factor
receptor (EGFR) and Ras signaling pathways, crucial players in tumor
progression [33]. Alpelisib monotherapy significantly decreased p-EGFR
(Y1068) in both A549 and H460 cells, and this suppression was further
enhanced by co-treatment with CQ (Fig. 3C and D). In contrast, re-
ductions in total EGFR and total Ras were prominent under the combi-
nation in H460 cells harboring a PIK3CA mutation, whereas
KRAS-mutant A549 cells showed only modest changes (Fig. 3C and D).
Thus, although p-EGFR signaling was suppressed in both lines, down-
regulation of total EGFR and Ras was preferentially observed in the
PI3K-mutant background.
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Fig. 2. Alpelisib combined with chloroquine synergistically enhances apoptosis in human NSCLC cells. A-D Flow cytometry analysis of apoptosis in human A549 (A)
and H460 (C) cells treated with alpelisib (BYL719) in the absence and presence of chloroquine (CQ; 50 pM). The quantitative analyses are summarized in (B and D).
E-H Immunoblotting analysis of apoptosis-related proteins (PARP and cleaved caspase-3) in A549 (E) and H460 (G) cells treated with BYL719 in the absence and
presence of CQ. The quantitative analyses are summarized in (F and H). Band intensity was determined by densitometry and normalized to p-actin (ACTB) band
intensity. All data are shown as the mean + SEM. *p < 0.05, **p < 0.01, and ***p < 0.001 by two-way ANOVA (B and D) and one-way ANOVA (F and H) with
Tukey’s test.
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Fig. 3. Alpelisib combined with chloroquine reduces the expression of EGFR and Ras in PI3K-mutated NSCLC cells. A-D Immunoblotting analysis of autophagy (p62,
LC3, ATG5, and ATG?7), the PI3K/AKT/mTOR pathway (PI3K, p-AKT, and p-mTOR), and tumorigenesis (p-EGFR, RAS, and p-STAT3) in A549 (A) and H460 (C) cells
treated with alpelisib (BYL719) in the absence and presence of chloroquine (CQ; 50 pM). The quantitative analyses are summarized in (B and D). Band intensity was
determined by densitometry and normalized to p-actin (ACTB) band intensity. All data are shown as the mean + SEM. *p < 0.05, **p < 0.01, and ***p < 0.001 by
one-way ANOVA with Tukey’s test.
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Recently, a mechanistic computational model was developed to
elucidate the complexity of the PI3K signaling network. This model
proposed that there is negative crosstalk between the PI3K/AKT/mTOR
signaling pathway and the Raf/MEK/ERK signaling pathway, with the
Raf/MEK/ERK pathway exerting negative feedback regulation on the
upstream epidermal growth factor receptor (EGFR) and Ras [34].
Consequently, we investigated whether the downregulation of EGFR and
Ras expression by alpelisib in NSCLC cells harboring PI3K mutations is
associated with the Raf/MEK/ERK signaling pathway. Immunoblot
analysis demonstrated that the Raf/MEK/ERK pathway was upregulated
following alpelisib treatment and was significantly further enhanced by
co-treatment with CQ (Fig. S5A and B). Furthermore, combined treat-
ment with alpelisib and CQ resulted in a marked inhibition of EGFR and
Ras expression, suggesting a potential negative feedback regulation of
EGFR and Ras expression by the activated Raf/MEK/ERK signaling
pathway (Fig. S5A and B). To test ERK dependence directly, H460 cells
were treated with alpelisib and CQ in the presence or absence of the ERK
inhibitor SCH772984. The alpelisib-CQ combination significantly
increased ERK phosphorylation while reducing total EGFR and Ras
protein levels. Notably, co-treatment with SCH772984 suppressed ERK
phosphorylation and restored EGFR and Ras expression toward baseline
(Fig. S5C and D). These results indicate that compensatory ERK activa-
tion contributes to EGFR and Ras downregulation, and that autophagy
blockade amplifies this feedback, particularly in PI3K-mutant NSCLC
cells.

3.4. Co-treatment of alpelisib and CQ strongly suppresses tumor growth
and EGFR-Ras signaling in xenograft mouse models

Given the inhibition of cell growth and migration, along with
enhanced cell death observed in NSCLC cells, we investigated whether
combination treatment with alpelisib and CQ would synergistically
suppress tumor growth in a xenograft mouse model. BALB/c nude mice
were subcutaneously inoculated with human NSCLC cells (A549 or
H460) and subsequently treated with vehicle (Veh; DMSO), alpelisib
(BYL719; 25 mg/kg), chloroquine (CQ; 30 mg/kg), or a combination of
alpelisib and chloroquine (BYL719 +CQ). Alpelisib was administered at
25 mg/kg and CQ at 30 mg/kg in mice. Using standard body-surface-
area conversion (mouse — human, Km: 3/37) [35], these correspond
to human-equivalent doses (HEDs) of approximately 2.0 mg/kg and
2.4 mg/kg, respectively (approximately 120 mg/day and 145 mg/day
for a 60 kg adult). Clinically, alpelisib is typically given at 300 mg once
daily, and CQ at 250-500 mg/day, depending on indication. Thus, while
the alpelisib HED is below the approved clinical dose and the CQ HED
falls within clinically used ranges, both are clinically achievable and do
not constitute excessive exposure, supporting the translational relevance
of the combination. The selected doses are also consistent with prior
preclinical regimens demonstrating on-target inhibition and antitumor
activity for alpelisib (25-50 mg/kg) and autophagy blockade by CQ in
xenograft models [36]. Tumor size and weight were significantly
reduced in alpelisib-treated mice with A549 or H460 xenografts,
compared with Veh-treated mice, with a further significant reduction
observed in PI3K-mutated H460 xenograft mice co-treated with alpeli-
sib and CQ (Fig. 4A-D). Tumor growth inhibition was more pronounced
in H460 xenografts than in A549 xenografts, consistent with preferential
sensitivity of PI3K-mutant tumors. Notably, CQ monotherapy achieved
approximately 30-40 % tumor growth inhibition, although this did not
reach statistical significance. However, beyond autophagy blockade, CQ
has been reported to modulate Toll-like receptor 9, p53, and
CXCR4-CXCL12 signaling in cancer cells, as well as tumor vasculature,
cancer-associated fibroblasts, and immune components within the
stroma [37]. This suggests that CQ monotherapy may have modest ef-
ficacy in KRAS-mutant A549 cells—but not in PIK3CA-mutant mod-
els—potentially reflecting co-occurring genetic alterations or other
context-dependent factors. Tumor volume reduction was more pro-
nounced in the alpelisib and CQ co-treated groups than in those treated
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with alpelisib alone (Fig. 4E and F). Combination treatment did not
adversely affect the overall health of the mice, as indicated by their
consistent body weight measurements, which were recorded every two
days throughout the study (Fig. 4G and H).

To comprehensively understand the pathways and mechanisms
involved in the xenograft mice co-treated with alpelisib and CQ, we
analyzed the expression of proteins associated with the PI3K/AKT/
mTOR pathway, autophagy, tumorigenesis, and apoptosis within the
xenograft tumor tissues. Consistent with the in vitro experiments, the
immunoblot analysis demonstrated inhibition of both the PI3K/AKT/
mTOR pathway and autophagy, along with increased CASP3 cleavage in
A549 or H460 xenograft tumors co-treated with alpelisib and CQ
(Fig. 5A-D; Fig. S6A and B). Moreover, protein levels of EGFR and Ras
were significantly reduced in the H460 xenograft tumors co-treated with
alpelisib and CQ, mirroring the effects observed in vitro (Fig. 5C and D;
Fig. S6B). These findings indicate that the combination produces more
profound signaling suppression in H460 xenografts, consistent with
preferential efficacy in PI3K-mutant tumors. Collectively, these results
underscore the potential of combining CQ with alpelisib to enhance
chemotherapeutic efficacy as a promising therapeutic strategy for
treating NSCLC with or without PI3K mutations.

4. Discussion

Alterations in the PI3K pathway are commonly observed in various
cancers, and PI3K-targeted therapies are widely used in clinical prac-
tice. However, monotherapy with PI3K inhibitors has shown limited
effectiveness and notable side effects in cancer patients. Therefore,
treatments that combine PI3K inhibitors with other mechanism-related
activators/inhibitors are being investigated in both clinical and labo-
ratory settings. For instance, the combination of alpelisib and olaparib, a
PARP inhibitor, demonstrated superior effects to either drug alone in
epithelial ovarian cancer [9]. Zhong et al. overcame the limited effec-
tiveness of pictilisib, an orally bioavailable class I PI3K inhibitor, by
combining PI3K and MEK inhibitors [38]. Recently, combined treatment
with gefitinib and BYL719 has shown promise in overcoming the EGFR
tyrosine kinase inhibitor resistance caused by PI3K/AKT activation in
NSCLC cells [39]. In this study, we examined the therapeutic potential of
combining alpelisib with autophagy inhibitors to improve treatment
outcomes in NSCLC experimental models.

Autophagy plays a dual role in cancer, both preventing tumor for-
mation and supporting the survival of cancer cells under growth-limiting
conditions. Recent studies have shown that drug-induced autophagy can
lead to chemotherapy failure and the development of chemoresistance
[40]. In ovarian cancer cells, autophagy acts as a compensatory mech-
anism to evade cell death after treatment with taselisib, a PI3K inhibitor
[41]. Therefore, blocking abnormal autophagy induction is an effective
method for enhancing antitumor effects. CQ, an autophagy inhibitor,
has previously been used to investigate the combined effects of anti-
cancer agents and autophagy inhibitors [42]. In this study, we found
that alpelisib treatment dose- and time-dependently activated auto-
phagy and suppressed tumor cell growth, as evidenced by changes in
protein expression and cell viability assays. Furthermore, combination
treatment with alpelisib and various autophagy inhibitors demonstrated
more potent suppression of cancer cell growth than alpelisib alone in
NSCLC cell lines, including A549 and H460, and xenograft mouse
models. Similar findings by Cocco et al. showed that combined admin-
istration of PI3K inhibitors and CQ enhanced anticancer effects in
triple-negative breast cancer models [43]. Thus, inhibiting autophagy in
combination with alpelisib treatment could have potential antitumor
effects in NSCLC.

Apoptosis, a programmed cell death process, is essential for the
development and survival of organisms. Consequently, the activation of
apoptosis is a major target for cancer therapy, although only a few
anticancer drugs designed to inhibit BCL-2 family members have been
FDA-approved [44]. Recent studies have explored the induction of
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Fig. 4. Alpelisib combined with chloroquine strongly suppresses tumor growth in xenograft mouse models. A-B Gross images of tumors isolated from the vehicle
(Veh)-treated group (n = 5), alpelisib (BYL719; 25 mg/kg)-treated group (n = 5), chloroquine (CQ; 30 mg/kg)-treated group (n = 5), and BYL719 +CQ co-treated
group (n = 5) of A549 (A) and H460 (B) xenograft mice. C-D Tumor weights in A549 (C) and H460 (D) xenograft mice were measured at the end of the experiment.
E-F Tumor volumes in A549 (E) and H460 (F) xenograft mice were calculated as: V = (length x width?)/2. G-H The body weights of A549 (G) and H460 (H)
xenograft mice were measured three times a week for 15 days. All data are shown as the mean =+ SD. *p < 0.05, **p < 0.01, and ***p < 0.001 by one-way ANOVA (C
and D) and two-way ANOVA (E-H) with Tukey’s test.
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Fig. 5. Alpelisib combined with chloroquine reduces the expression of EGFR and Ras in xenograft mouse models. A-D Immunoblotting analysis of autophagy (p62
and LC3), the PI3K/AKT/mTOR pathway (p-AKT and p-mTOR), tumorigenesis (EGFR and RAS), and apoptosis (cleaved caspase-3) in the vehicle (Veh)-treated group
(n = 5), alpelisib (BYL719; 25 mg/kg)-treated group (n = 5), chloroquine (CQ; 30 mg/kg)-treated group (n = 5), and BYL719 +CQ co-treated group (n = 5) of A549
(A) and H460 (C) xenograft mice. The quantitative analyses are summarized in (B and D). Band intensity was determined by densitometry and normalized to f-actin
(ACTB) band intensity. All data are shown as the mean + SD. *p < 0.05, **p < 0.01, and ***p < 0.001 by one-way ANOVA with Tukey’s test.

apoptosis using existing anticancer drugs and inhibitors/activators of
various mechanisms. For instance, the combination of apatinib, an
anti-angiogenic agent, and doxorubicin increased apoptosis induction in
triple-negative breast cancer, compared with doxorubicin monotherapy
[45]. Treating gastric cancer cells with biosynthetic silver nanoparticles
in combination with 5-fluorouracil, a common chemotherapeutic agent,
suppressed gastric cancer cell growth by generating reactive oxygen

10

species and promoting apoptosis [46]. Furthermore, miR-323a was
found to block the acquisition of gefitinib resistance by inducing
apoptosis [47]. In this study, the combination of alpelisib and CQ
increased apoptosis in both in vitro and in vivo models, compared with
alpelisib monotherapy. Our data suggest that combining alpelisib and
CQ reduced cancer cell viability by enhancing apoptosis.

As shown in previous cancer research, the EGF receptor plays a



J. Kim et al.

critical role in regulating cancer cell proliferation and survival through
its effects on various downstream pathways, including the PI3K/AKT/
mTOR, JAK/STAT3, and Ras/Raf/MEK/ERK pathways. Ras, a down-
stream protein of EGFR, is an important target for cancer treatment, and
several drugs targeting Ras are under development. Sotorasib (AMG510)
has recently been approved by the FDA for the treatment of specific RAS-
mutated NSCLC [48]. A combination of EGFR and MEK inhibitors, such
as WZ4002, has been shown to enhance chemosensitivity in lung cancer
patients with EGFR mutations [49]. Our data show that co-treatment
with alpelisib and CQ markedly decreased phosphorylated EGFR in
both A549 and H460 cells, whereas reductions in total EGFR and total
Ras were largely restricted to PI3K-mutant H460 cells. Although PI3K
inhibition alone can elicit compensatory receptor tyrosine kinase (RTK)
upregulation and resistance [50,51], the alpelisib—-CQ combination in
H460 uniquely lowered total EGFR and Ras abundance, suggesting an
RTK ‘down-scaling’ mechanism that may limit adaptive resistance—an
effect not observed in KRAS-mutant A549 cells. In contrast to sotorasib,
which targets KRAS G12C yet remains vulnerable to RTK-mediated
pathway reactivation [52,53], our combination appears to reduce up-
stream receptor and Ras levels, potentially explaining its selective ac-
tivity in PI3K-mutant tumors.

The lack of a synergistic effect on STAT3 was unexpected given its
position downstream of EGFR; however, STAT3 signaling in NSCLC can
be sustained via JAK kinases and cytokine pathways [54,55], which may
account for its relative insensitivity to PI3K-autophagy co-targeting.
Collectively, these findings suggest that the therapeutic efficacy of
alpelisib plus CQ is mediated predominantly through PI3K/AKT/mTOR
and EGFR/Ras suppression rather than the JAK/STAT3 axis.

The preferential EGFR/Ras down-regulation in PI3K-mutant
H460—but not KRAS-mutant A549—further underscores mutation-
specific dependencies: PI3K-mutant cells appear more susceptible to
RTK down-scaling that augments PI3K blockade [56], whereas onco-
genic KRAS can maintain downstream signaling despite reduced re-
ceptor levels, constraining the benefit of this combination. This
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highlights the importance of genetic context in the application of
PI3K-targeted therapies.

This result suggests that combination treatment with alpelisib and
CQ might be mechanistically effective in PI3K-mutated cells. Although
some research has reported that EGFR and Ras can regulate autophagy
activation by modulating ATG5 and ATG7 expression and the interac-
tion between Bcl2/Mcll and Beclinl [57], our results indicate that
co-treatment with alpelisib and CQ did not affect autophagy modulation
through EGFR and Ras. However, it did exhibit an inhibitory effect on
tumor cell growth by regulating the expression of the EGFR and Ras
proteins. The JAK/STAT3 pathway, another one of EGFR’s downstream
pathways, is a well-known mediator of cell proliferation and autophagy
inhibition [58]. Our results show no additional reduction in STAT3
expression when alpelisib was combined with CQ treatment, suggesting
that the JAK/STAT3 pathway might not be a major mechanism of action
for this combined treatment. Therefore, the combination of alpelisib and
CQ suppressed tumor cell growth by regulating the expression of the
EGFR and Ras proteins, rather than by affecting the autophagic changes
associated with EGFR and Ras in PI3K mutation cells.

In summary, Alpelisib selectively inhibits the PI3K/AKT/mTOR
signaling pathway, reducing tumor growth in NSCLC. However, this
inhibition triggers autophagy, which helps tumor cells survive and
develop resistance. Co-treatment with CQ, an autophagy inhibitor, en-
hances tumor cell death and reduces this resistance. Additionally, in
PI3K-mutated human lung cancer, alpelisib leads to AKT inactivation,
activating ERK through negative crosstalk with Raf. This activated ERK
inhibits receptor tyrosine kinases (RTKs), including EGFR and Ras, thus
decreasing tumor cell proliferation and promoting apoptosis (Fig. 6).
Consequently, our findings demonstrate that combining alpelisib and
CQ induces apoptosis in NSCLC cells, as evidenced by the increased
expression of apoptosis-related proteins and a higher number of
apoptotic cells, compared with alpelisib monotherapy. Notably, the
synergistic effects of alpelisib and CQ co-treatment were particularly
effective in PI3K-mutated cells. Therefore, our results provide

|  PDGF @ IGF

| RTks * @ EGF

L 4
ey
— Ras

i © Crosstalk l
P

4 Raf H—

—— QL

: P’ I Alpelisib (BYL719)
|
|

+ —> Tumor cell proliferation

NSCLC

Plasma membrane

|
|
|
! A
P Autopha

4 Mek } o v— phagy

| e Metabolites &
L | Lcal pszlsns‘rm: g Lysosome . organelle

| Lean ) R .

* Erk | \ I - f“. recycling  cg|
: oy (s Cholroquine s survival
] Autolysosome
, Autophagosome

Fig. 6. Schematic diagram illustrating the effects of co-treatment with alpelisib and chloroquine in human NSCLC cells. Alpelisib (BYL719) selectively inhibits the
PI3K/AKT/mTOR signaling pathway, thereby suppressing tumor growth in NSCLC. This inhibition activates autophagy as a compensatory mechanism, enhancing
tumor cell survival and ultimately contributing to the development of resistance against alpelisib. Co-treatment with CQ, an established autophagy inhibitor, notably
induces tumor cell death and mitigates the resistance conferred by autophagy. Furthermore, in PI3K-mutated human lung cancer, alpelisib-induced AKT inactivation
leads to the activation of ERK through negative crosstalk with Raf. This activated ERK subsequently inhibits the expression of upstream receptor tyrosine kinases
(RTKs), likely including EGFR, and Ras via negative feedback regulation, thereby suppressing tumor cell proliferation and promoting apoptosis. This schematic
diagram was created by Editage (Cactus Communications, Seoul, Republic of Korea).
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compelling evidence that combining alpelisib and CQ could be an
effective treatment approach for PI3K-mutated NSCLC.

Despite the promising findings, several limitations warrant consid-
eration for clinical translation. Alpelisib—while effective in PIK3CA-
mutant cancers—is associated with class-specific toxicities such as hy-
perglycemia and rash [59]. These events are increasingly manageable
with glucose monitoring, early metformin initiation, and supportive
dermatologic care [60], yet tolerability remains a concern. Adding CQ
may further complicate safety, given reports of gastrointestinal intol-
erance, dermatologic reactions, and rare cardiotoxicity [61]; nonethe-
less, oncology trials indicate that CQ can be administered safely at
clinically relevant doses with appropriate monitoring. A further limita-
tion is that CQ is not a potent autophagy inhibitor relative to
next-generation lysosomal agents (e.g., Lys05, DC661), which show
superior preclinical activity but remain investigational [62,63]. Finally,
benefit from PI3Ko inhibition is enriched in PIK3CA-mutant tumors,
underscoring the need for patient selection. Incorporation of validated
PIK3CA testing—already standard in breast cancer [59]—will likely be
essential to maximize the clinical impact of alpelisib combined with
autophagy inhibition in NSCLC.
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