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Effective therapeutic strategies are urgently required to
enhance the prognosis of patients suffering from KRAS
mutations. Owing to the undruggable nature of KRAS,
targeting downstream signaling pathways, namely PI3K/
AKT/mTOR, shows antiproliferative and apoptotic effects.
Unfortunately, targeting this pathway upregulates au-
tophagy, contributing to reduced drug efficacy. There-
fore, it was reasonable to use a combination of kinase
inhibitors and autophagy inhibitors to achieve a higher
therapeutic benefit. The impact of Dactolisib, a dual
PI3K/mTOR inhibitor, and Lys05, a dimeric chloroquine,
was tested on the survival of breast cancer MCF-7 and
lung cancer A549 cells. The dose selection for the opti-
mal effect of the Dactolisib/Lys05 combination was de-
termined using CompuSyn software. This combinatorial
effect was evaluated using various methodologies, such
as expression profile analysis for autophagic, prolifera-
tive, and apoptotic markers. These effects were corrobo-
rated by ELISA, Western blot, and flow cytometry using
the Annexin V-FITC apoptosis detection kit. A549 cells
treated in a 2:1 ratio of Lys05 and Dactolisib demon-
strated a synergistic effect on cell death, proliferation,
and apoptotic gene markers, in addition to its effect on
autophagic gene and protein markers, showing an en-
hanced effect compared to monotherapy. Therefore, the
PI3K/AKT kinase inhibitor/autophagy inhibitor combi-
nation establishes higher therapeutic benefits on A549
cells compared to kinase inhibitor monotherapy.
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INTRODUCTION

Epidemiologically, lung cancer represents the lead-
ing cause of cancer-related deaths among both men and

women (Barta ¢ al., 2019; Sun e¢f al., 2021). Our increas-
ing understanding of cancer biology has revealed numer-
ous causes for therapeutic failures (Rizzo, 2008). Re-
search on signaling pathways has uncovered a complex
network of cross-regulatory interactions, connecting re-
ceptors, enzymes, transducing systems, and transcription
factors that regulate cell fate (Sever & Brugge, 2015).

Resistance to apoptosis, continuous proliferation, eva-
sion from cell cycle suppressors, angiogenesis, invasion,
and metastasis are the five features that characterize car-
cinoma (Hanahan & Weinberg, 2011). Autophagy, a fur-
ther level of adaptation, is known to increase under con-
ditions of cellular stress, particulatly in cancer (Haider ef
al., 2020; White & DiPaola, 2009).

Currently, non-small cell lung cancer (NSCLC) ac-
counts for up to 85% of all lung cancers (El Osta ez al.,
2019). Kirsten Rat Sarcoma Viral Oncogene Homolog
(KRAS) is a gene that codes for a protein involved in
cell signaling pathways. It is a well-known oncogene,
meaning that mutations in the KRAS gene can contrib-
ute to the development of cancer. These mutations re-
sult in constant activation of the KRAS protein, leading
to abnormal cell growth and division. KRAS mutation is
among the most predominant mutations in NSCLC and
shows little variation between early-stage and metastatic
NSCLC (Ghimessy ¢ al., 2020; Lohinai e# al., 2017). The
undruggable nature of KRAS, attributed to the inability
to develop direct inhibitors that can effectively compete
with its high affinity for GTP, and the lack of selectiv-
ity with wild-type RAS resulting in toxicity, has hindered
the design of selective inhibitors targeting mutant KRAS
(Chen et al., 2020; Tuo e al., 2022). Inhibition of post-
translational modifications by farnesyltransferase inhibi-
tors has also demonstrated minimal clinical activity (Ad-
jei et al., 2003; Heymach ez al., 2004).

A promising approach now is to target KRAS down-
stteam  signaling pathways, particulatly PI3K/AKT/
mTOR, as evidence suggests their upregulation in lung
cancer, promoting cell survival, growth, proliferation, and
migration (Huang e al, 2021). The PI3K/Akt/mTOR
pathway also plays a role in tumors with other activat-
ing mutations (Yu e al, 2021), and increased PI3K or
Akt activity regulates mTOR activity in lung cancer (Li-
ang ¢t al., 2019). Treatment of NSCLC cells with mTOR
inhibitors has been reported to significantly decrease
cancer cell proliferation (Huang e @/, 2021). This signal-
ing pathway plays a crucial role in the occurrence and
progression of tumors by regulating autophagy and ap-
optosis of tumor cells (Lee ¢f al., 2021; Zou et al., 2020).

Unfortunately, targeting the PI3K/Akt/mTOR path-
way with various kinase inhibitors results in the up-
regulation of autophagy (Y. Liu ef al, 2021; Zhao et al.,
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2015). Autophagy, as a cellular process in cancer, can
both suppress and promote tumor growth, depending
on the tissue and timing (Hanahan & Weinberg, 2011;
Lim et al., 2021). Furthermore, autophagy addiction char-
acterizes KRAS-driven cancers, including NSCLC, as it
replenishes mitochondria substrates required for acetyl-
CoA synthesis (Eng e al., 2016; White, 2012).

Given that the inhibition of the PI3K/Akt/mTOR
pathway leads to the upregulation of autophagy, it was
reasonable to consider a combination of kinase inhibi-
tors and autophagy inhibitors to achieve a higher thera-
peutic benefit.

MATERIALS AND METHODS

Cell viability assay

Cancer cells MCF-7 and A549 were plated in 96-
well plates at a density of 7000 cells/well in 100 pl of
DMEM high glucose medium (4.5 g/L) supplemented
with only 1% FBS overnight and 1% penicillin/strep-
tomycin at 37°C and 5% CO,. After serum starvation,
cells were treated with Dactolisib (LC Laboratories,
USA), and Lys05 (Sigma-Aldrich, China) at different
concentrations for 48 h. For cytotoxicity assay using
3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl- 2H-tetrazolium
bromide (MTT), MTT (5 mg/mL in 1XPBS) was added
to the cells and incubated for 3 h at 37°C in 5% CO,.
A volume of 100 uL of DMSO was added to the cells
to solubilize the formed formazan crystals with shaking.
Finally, the absorbance was measured at 490 nm and the
percentage of cell viability was calculated compared to
the control (Kumar ez al., 2018).

Identification of synergism and antagonism in drug
combination

Drug concentrations used in combination studies were
selected from the dose—response data for individual
agents in 1% FBS starved A549 cells. Fraction affected
(Fa) values were calculated as the percentage inhibition
of cell viability, relative to control, as described by Chou
(Chou, 2006). Synergism, additivity, or antagonism of
drug combinations was identified using the Chou Tala-
lay Combination Index (CI) method (Chou, 2006) and
CompuSyn software (http://www.combosyn.com) based
mainly on the following equation:

Cl=D),/ (DY, *+D), /D)),

where (D), and (D), represent the concentrations of
Drug 1 and Drug 2 in the combination that produce a
Fa value of x. (D), and (D,), represent the concentra-
tions of Drug 1 and Drug 2 that produce the same ef-
fect (x) when applied as single agents. CI values <1, =1,
and >1 indicate synergism, additivity, and antagonism,
respectively.

Protein determination and analysis by Sodium dodecyl
sulphate polyacrylamide gel electrophoresis (SDS-PAGE)
and western blotting

Protein concentration was determined according to
Bradford using bovine serum albumin as a standard
(Bradford, 1976). The total protein extract (50 pg) was
mixed with a 5X sample application buffer, boiled for
5 min, and resolved on 14% SDS-PAGE. L.C3B was
detected through western blotting using anti-LC3B
monoclonal antibody (Molecular weight 17.5 KDa)
(Cell signaling, USA) at a dilution of 1:1000. The sec-

ondary antibody used was goat anti-mouse IgG la-
beled with horse radish peroxidase (Invitrogen, USA)
at a 1:1000 dilution. The nitrocellulose membrane was
developed using enhanced chemiluminescence (ECL,
Sigma-Aldrich, China)(Liu et al, 2014). Beta-actin
(ACTB) (Molecular weight 42 KDa) was used as a
loading control.

Apoptosis detection by flow cytometry

Apoptosis was analyzed using Annexin V-FITC ap-
optosis detection kit (Miltenyi Biotec.). A549 cells were
treated with Lys05, Dactolisib and the synergistic com-
bination dose for 48 h. After incubation, cells were
harvested by centrifugation, re-suspended in binding
buffer, and incubated with fluorescein isothiocyanate
(FITC)-labeled with Annexin V for 15 min in the dark
at room temperature. Cells were then washed twice
with 1XPBS and resuspended in binding buffer, pro-
pidium iodide was added, and cells were incubated for
15 min in the dark at room temperature (Lakshmanan
& Batra, 2013). The stained cells were analyzed using
BD FACS flow cytometer (BD Biosciences) at the flow
cytometry service core facility at the Center of Excel-
lence for Research in Regenerative Medicine and its
Applications (CERRMA), Faculty of Medicine, Alexan-
dria University.

Quantitative RT-PCR

Total RNA was isolated and purified from the treated
and untreated A549 cells using TRIzol reagent (Qiagen,
Germany) following the manufacturer’s protocol (Rio et
al., 2010). The concentration and purity of RNA were
determined using Nanodrop. One microgram of the to-
tal RNA was reverse transcribed into the first strand
cDNA using a High-Capacity cDNA Reverse Transcrip-
tion Kit (Applied Biosystems) using random hexamer
primers according to the manufacturet’s instructions.
Quantitative real-time PCR was carried out in tripli-
cates using Maxima SYBR Green qPCR Master Mix
(ThermoFisher). Primers used were as follows: HPRT
forward primer, 5-TGACACTGGCAAAACAAT-3}
reverse, 5-GGTCCTTTTCACCAGCAA-3"; L.C3A for-
ward primer, 5-GGATTTTGAGGAGGGGACTC-3
reverse, 5-CATCTGCAAAACTGAGACAGTG-3Y
ATG4B forward primer, 5-GCAAGTCAAAAAGCT-
GTCTCT-3; reverse, 5-CAGTCGCTCTACATCA-
GAAGAA-3; LC3B forward primer, 5-CGAGA-
GCAGCATCCAACCAA-3'; reverse, 5-GAGCTGTAA-
GCGCCTTCTAA-3'; Ki67 forward primer, 5-GAG-
GTGTGCAGAAAATCCAAA-3'; reverse, 5-CTGTCC-
CTATGACTTCTGGTTGT-3'; CASP3 forward primer,
S5"“TTTTTCAGAGGGGATCGTTG-3"; reverse, 5'-CG-
GCCTCCACTGGTATTTTA-3". Primers were added
to the reaction mixture at a final concentration of 250
nM. The reaction was prepared in a final volume of 20
uL by mixing 5 pl. of each cDNA sample (diluted 1:5),
12.5 yL of SYBR Green, 0.5 pL of each primer, and
the final volume was adjusted through the addition of
RNase/DNase free water. The reaction conditions used
were as follows: 5 min at 95°C for 1 cycle followed by
40 cycles of 15 s at 95°C, 30 s at 58°C, and 30 s at
72°C. The specificity of each primer pair was verified
by the presence of a single melting curve peak. Results
were analyzed for the relative expression of mRNA
normalized against hypoxanthine guanine phosphori-
bosyl transferase (HPRT) as a housekeeping gene. Fi-
nally, the results were analyzed, and expressed as fold
change(Rao ¢ al., n.d.).
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Figure 1. MTT cytotoxicity assay of Lys05 (L) and Dactolisib (D)
on MCF-7.

Cells were treated with different concentrations of Lys05 and
Dactoilisb for 48h. Data were normalized and IC50 values were
12.6 pM and 1.1 pM (n=5). The fraction affected “Fa” was calcu-
lated as 1 - (% Cell viability/100)

ELISA assay

Coated 96-well strip plate has been pre-coated with
target-specific capture antibody LC3A (LifeSpan Biosci-
ence, Inc.), LC3B (LifeSpan Bioscience, Inc.) and P62/
SQSTM1 (MyBioSource, Inc.). A volume of 100 uL of
the samples was added to the wells and incubated for
2 hours at 37°C. The liquid was aspirated and 100 ul
of Biotin-labeled antibody working solution was added
and incubated for 1 hour at 37°C. The liquid was as-
pirated then the wells were washed 3 times with wash
buffer. The HRP-Streptavidin Conjugate working solu-
tion was added and incubated for 60 minutes at 37°C.
The liquid was aspirated, and wells were washed 5
times with a wash buffer. The reaction was visualized
by the addition of 90 pl of TMB Substrate solution and
incubated for 15-30 minutes at 37°C. The reaction was
stopped with 50 pl of sulfuric acid stop solution (IN
H,SO,) to complete the color development reaction
and then the ELISA plates were measured at a wave-
length of 450 nm using a micro-plate Spectrophotom-
eter.

Statistical analysis

Data were presented as mean * standard deviation
and were evaluated by a univariate analysis of variance
(ANOVA) Tukey’s multiple comparisons test at p<0.05
using GraphPad Prism version 7.00, GraphPad, Soft-
ware, San Diego California, USA. The IC,, values and
Combination analysis were conducted as described by
Chou using CompuSyn software (http:// www. combo
syn. com).

RESULTS

The effect of the individual administration of dactolisib
and Lys05 on MCF-7 and A549 cells

To evaluate the cell growth inhibitory effect of Dac-
tolisib and Lys05 individually, the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was
performed. The impact of both drugs on the survival
of MCF-7 and A549 cells was examined to determine
the IC50 values using GraphPad Prism version 7.0 and
CompuSyn software version 1.

Increasing concentrations of Dactolisib and Lys05,
as well as a clear culture media (control), were adminis-
tered to MCF-7 and A549 cells. Figure 1 illustrates the

Figure 2. MTT cytotoxicity assay of Lys05 (L) and Dactolisib (D)
on A549 cells.

A549 cells were treated with different concentrations of Lys05 and
Dactolisib for 48h. Data were normalized and IC50 values on A549
for LysO5 was 11.8 uM and for dactolisib was 0.375 uM (n=5). The
fraction affected (Fa) was calculated as 1 - (% Cell viability/100)

dose-dependent reduction in cell viability caused by the
individual administration of Dactolisib in MCF-7 cells
compared to the control (untreated cells). The cytotoxic
effect of Dactolisib was observed at a concentration of
1.1 uM (n=5) in MCF-7 cells.

Similatly, Fig. 2 shows the dose-dependent reduction
in cell viability caused by the individual administration of
Lys05 in A549 cells compared to the control. The cyto-
toxic effect of Lys05 was observed at a concentration of
0.375 uM (n=5) in A549 cells.

In summary, the individual administration of Dac-
tolisib and Lys05 resulted in a dose-dependent reduction
in cell viability in MCF-7 and A549 cells, respectively.
Dactolisib exhibited cytotoxic effects at concentrations
of 1.1 uM (n=5) in MCF-7 cells, while Lys05 showed
cytotoxic effects at concentrations of 0.375 pM (n=5) in
A549 cells.

A synergistic effect results from dactolisib/Lys05
combination on A549 cells

To investigate the combined cytotoxic effect of Dac-
tolisib and Lys05, starved A549 cells were exposed to
various combination ratios. The IC50 value of the 2:1
ratio (2L/1D) (0.05 uM Dactolisib + 3.19 uM Lys05)

@ 21D
0 uo
U0

Combination index (CI)

05
Fa =1- (% Cell viability/100)
Figure 3. Combination index plot.

was determined, and it showed a significant effect below
the additive line, indicating a synergistic effect. The com-
bination index (CI) for this ratio was calculated as 0.4.
This finding suggests that the combination of Dac-
tolisib and Lys05 at the specified ratio has a stronger
cytotoxic effect on A549 cells compared to what would
be expected if the effects of the two drugs were merely



618

M. M. Abdelwahab and others

2023

a b [
*k
[ xae
- | HEEE *kk
— AR AR KK KRR
@ 3o KRR rork g5 M &4 T
g S4 @& T
9s =8 & L3
g2 Q03 Qe
<D o 32
21 22 w
1 1
0 0 0
> o > H S o
R O P L 0
S S A S S
° o i

Figure 4. Expression levels of the autophagic markers.

(@) ATG4B, (b) LC3A and (c) LC3B genes in A549 control cells, Dactolisib-treated cells (0.375 uM), Lys05-treated cells (11.8 uM) and mix-

treated cells (0.05 pM Dactolisib + 3.19 uM Lys05).

additive. The synergistic effect indicates that the combi-
nation is more effective than individual treatments alone.

Treatment of starved A549 cells with Lys05 plus dac-
tolisib with various combination ratios, the IC, value of
the 2:1 ratio (2L/1D) (0.05 uM Dactolisib + 3.19 uM
Lys05) showed a significant effect below the additive
line, indicating a synergistic effect with combination in-

dex “CI” 0.4.

Table 1. The combination index “Cl” of IC50 values of various
combination ratios.

Ratio

(2L/1D) L/D (1L/2D)
Combination
Index: "Cl 0.4 0.91 1.2

Dactolisib and Lys05 individually and in combination
altered the expression of autophagic, proliferative, and
apoptotic gene markers

Using quantitative real-time PCR, the gene expression
levels of the autophagic markers ATG4B, L.C3A, and
LC3B were determined. In Dactolisib-treated cells, the
levels of ATG4B, 1.C3A, and 1.C3B were found to be
elevated compared to control cells. Conversely, in Lys05-
treated cells, only I.C3A4 showed a significant increase in
expression compared to control cells (Fig. 4a).

Interestingly, in the mix-treated cells (combination of
Dactolisib and Lys05), while ATG4B and L.C3B were
downregulated, I.C3A exhibited a significant increase in
expression compared to control cells (Fig. 4a).

These results indicate that Dactolisib treatment leads
to the upregulation of ATG4B, I.LC3A, and LC3B, sug-
gestingthe induction of autophagy. In contrast, Lys05
treatment primarily upregulates the expression of L.C3A.
Notably, in the mix-treated cells, the combination of
Dactolisib and Lys05 resulted in the downregulation of
ATG4B and LC3B, but a significant increase in .C3.A4
expression compared to control cells.

These findings suggest that the combination treatment
may have a distinct effect on autophagic markers com-
pared to individual treatments alone.

The expression levels of CASP3 and KI67 were
examined in different treatment groups compared to
control cells

Firstly, it was observed that CASP3, a marker of ap-
optosis, showed a considerable elevation in mix-treated
cells compared to control cells (Fig. 5a). This suggests
that the combination treatment of Dactolisib and Lys05
induced a higher level of CASP3 expression, indicating
an increased apoptotic response. Additionally, CASP3
was also found to be upregulated in cells treated with
Dactolisib alone and Lys05 alone, indicating that both
individual treatments could induce apoptosis to some ex-
tent.

Secondly, the expression KI67, a marker of cellular
proliferation, was significantly downregulated in cells
treated with Dactolisib, Lys05, and the mix of Dactolisib
and Lys05 (Fig. 5b).

This suggests that Dactolisib, Lys05, and the combi-
nation treatments inhibited cellular proliferation, as evi-
denced by the reduced expression of KI67.

Overall, these results indicate that the mix-treated cells
had a notable elevation in CASP3 expression, indicating
an enhanced apoptotic response compared to control
cells. Additionally, both Dactolisib, Lys05 and the mix of
Dactolisib and Lys05 resulted in the downregulation of
KI67, suggesting inhibition of cellular proliferation.
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Figure 5. Expression levels of apoptotic and proliferative mark-
ers.

(@) CASP3 and (b) KI67 genes in A549 control cells, Dactolisib-treat-
ed cells (0.375 pM), LysO5-treated cells (11.8 uM) and mix-treated
cells (0.05 puM Dactolisib + 3.19 pM Lys05).
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Figure 6. Apoptosis detection through flow cytometry.

(@) A549 control cells, Dactolisib-treated cells (0.375 uM), Lys05-treated cells (11.8 uM ) and mix-treated cells (0.05 pM Dactolisib + 3.19
UM Lys05). Apoptosis was analyzed through double staining with Propidium iodide and Annexin V-FITC. The lower left quadrant repre-
sents control cells, the lower right quadrant represents cells in early apoptosis, the upper right quadrant represents cells in late apoptosis
and the upper left quadrant represent cells in necrosis. (b) Quantitative analysis of cell population in early, late apoptosis, and necrosis in
control A549 cells, Dactolisib-treated cells, Lys05-treated cells and mix-treated cells.

Dactolisib/Lys05 combination enhances killing in A549
cells

Flow cytometry was employed to evaluate the induc-
tion of apoptosis in starved A549 cells following treat-
ment with Dactolisib, Lys05, or a combination of both.
The percentage of cells undergoing early apoptosis was
determined for each treatment group.

The results showed that Dactolisib treatment led to
an eatly apoptosis percentage of 16.9%. Lys05 treatment
exhibited a significantly higher catly apoptosis percent-
age of 82.6%. Notably, when the two drugs were com-
bined (mix), the early apoptosis percentage dramatically
increased to 96.3%. In comparison, the control group of
untreated A549 cells had an early apoptosis percentage
of 1.3% (Fig. 0).

These findings indicate that both Dactolisib and
Lys05 treatments can induce apoptosis in starved A549
cells. However, the combination of Dactolisib and Lys05

(mix) resulted in a much higher eatly apoptosis percent-
age compared to ecither treatment alone or the control
group. This suggests a synergistic effect between Dac-
tolisib and Lys05 in promoting apoptosis in A549 cells.

Dactolisib and Lys05 individually and in combination
alter the expression of autophagic protein markers on
A549 cells

The expression levels of P62/SQSTM1, LC3A, and
LC3B were assessed in different treatment groups com-
pared to control cells.

Firstly, it was found that the expression of P62/
SQSTMI1, a protein involved in autophagy, was signifi-
cantly increased in LysO5-treated cells and mix-treated
cells compared to control cells (Fig. 7a). This suggests that
both Lys05 treatment and the combination treatment led
to an upregulation of P62/SQSTM1 expression, indicating
a potential disruption in the autophagic process.
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Figure 7. ELISA assay of autophagic protein markers.

(@) P62 protein, (b) LC3A protein and (c) LC3B protein on control A549 cells, Dactolisib-treated cells (0.375 pM), Lys05-treated cells (11.8

M) and mix-treated cells (0.05 uM Dactolisib + 3.19 uM Lys05)
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Secondly, the levels of LC3A, an autophagy-related
protein, were significantly higher in mix-treated cells
compared to control cells (Fig. 7b). This indicates that
the combination treatment resulted in an increased ex-
pression of LC3A, suggesting the induction of au-
tophagy. Similarly, LC3B showed a significant increase in
expression in Lys05-treated cells (Fig. 7c). Interestingly,
the same pattern was observed in cells treated with the
combination of both drugs, indicating a consistent effect.

Overall, these results demonstrate that the Lys05
treatment and the combination treatment (mix) led to an
upregulation of P62/SQSTM1 expression. Furthermore,
the combination treatment resulted in higher levels of
LC3A expression compared to control cells, while Lys05
treatment specifically increased LC3B expression. These
findings suggest a potential modulation of autophagy-
related proteins by the treatments, indicating a complex
interplay between autophagy and the therapeutic effects
of Lys05 and the combination treatment.

In the experiment, a semi-quantitative analysis of
LLC3B expression was conducted using Image | software.
Figure 8 illustrates the results of this analysis, showing
the upregulation of LC3B in LysO5-treated cells and mix-
treated cells compared to the untreated control A549
cells.

The upregulation of LC3B in LysO5-treated cells and
mix-treated cells suggests an increase in autophagy activ-
ity. LC3B is a well-known marker for autophagosomes,
which are structures involved in the autophagy process.
The upregulation of LLC3B indicates an accumulation of
autophagosomes, suggesting an enhancement of the au-
tophagic response in the treated cells.

The semi-quantitative analysis performed using Image
] software allows for the quantification and comparison
of LC3B expression levels between different treatment
groups. The results clearly demonstrate the higher ex-
pression of LC3B in Lys05-treated cells and mix-treated
cells, highlighting the impact of these treatments on au-
tophagy induction.

DISCUSSION:

Indeed, the PI3K/mTOR signaling pathway plays a
crucial role in various aspects of cancer development

LC3BW- 17.5 KDa

a [

ACTE ' N ¥ o 42 KDa
1 2 3 4

250
200

=
LC3B
Relative Expression (%)

Figure 8. Western blot analysis of LC3B expression in A549 cells.
After treatment with Dactolisib and Lys05 individually and in com-
bination. (a) Lane 1 represents A549 control cells, lane 2 repre-
sents Dactolisib-treated cells (0.375 pM), lane 3 represents Lys05-
treated cells (11.8 puM) and lane 4 represents mix-treated cells
(0.05 uM Dactolisib + 3.19 uM Lys05). (b) Chart represents LC3B
expression level.

and progression, including cell proliferation, angiogen-
esis, invasion, cell survival, and motility. Dysregulation of
this pathway has been frequently observed in many types
of cancer, making it an attractive target for developing
novel anticancer agents (Samuels ez al., 2004).

Targeting the PI3K/mTOR pathway has shown
promise as a therapeutic approach in cancer treatment.
By inhibiting specific components or key signaling mol-
ecules within this pathway, it is possible to disrupt the
aberrant signaling cascade and potentially halt or slow
down cancer progression (Herrera ez al., 2011).

Several studies have investigated the development of
novel anticancer agents that target the PI3K/mTOR
pathway. These agents aim to selectively inhibit the ac-
tivity of specific enzymes or molecules within the path-
way, thereby modulating its downstream effects on cell
proliferation, angiogenesis, invasion, and survival (Her-
rera et al., 2011).

Previously, it has been revealed that inhibition of the
PI3K/mTOR pathway induces autophagy as a mecha-
nism of cell death or drug resistance (Fujiwara e/ al,
2007; Yang et al., 2011). Therefore, the inhibition of au-
tophagy in addition to targeting the PI3K/Akt/mTOR
pathway may enhance cancer cell death.

In our study, we examined the cytotoxic effect of
the two drugs on MCF-7 and A549 cells. The IC50 val-
ues for each cell line were determined and presented in
Fig. 1 for MCF-7 cells and Figure 2 for A549 cells. The
results revealed that A549 cells exhibited greater sensitiv-
ity to the two drugs compared to MCF-7 cells.

Additionally, we investigated the effect of combining
Lys05 and Dactolisib on starved A549 cells using differ-
ent ratios. Among the combination ratios tested, the 2:1
ratio (2 parts LysO5 to 1 part Dactolisib) demonstrated
a significant effect below the additive line, indicating a
synergistic effect. The combination index (CI) value of
0.4, as shown in Figure 3, further supports the synergis-
tic interaction between the two drugs.

Furthermore, we investigated the gene expression lev-
els of autophagic markers, namely ATG4B, LC3A, and
LC3B, using quantitative real-time PCR. ATG4B is an
autophagic cysteine protease responsible for cleaving the
pre-protein ATGS, specifically LC3, resulting in the for-
mation of the non-lipidated soluble form (ILC3A). The
cleaved LLC3A can then interact with phosphatidyletha-
nolamine to form the lipidated form (LC3B), which is
anchored to the autophagic membrane (Xia e al., 2022).

Our gene expression analysis revealed significant up-
regulation of ATG4B, LC3A, and LC3B in Dactolisib-
treated cells compared to the control cells, indicating
autophagic induction (p values = 0.0009 for ATG4B,
0.0001 for LC3A, and 0.0003 for LC3B) (Fig. 4a, 4b, and
4c, respectively). Similarly, in LysO5-treated cells, we ob-
served a significant upregulation of LC3A (p = 0.0001)
(Fig. 4a) as a compensatory mechanism in response to
Lys05-induced autophagic inhibition. However, ATG4B
and LC3B showed obvious downregulation, suggesting
autophagosome inhibition.

In mix-treated cells, we found that LC3A was sig-
nificantly upregulated compared to the control cells
= 0.0032) (Fig. 4a). However, both ATG4B and LC3B
were downregulated, likely due to the combined effect of
the two drugs. These findings indicate that the combina-
tion of Dactolisib and Lys05 exerted a significant effect
on A549 cells, modulating autophagic processes through
differential regulation of autophagic markers.

Furthermore, we examined the gene expression levels
of a proliferative marker, KI67, and an apoptotic mark-
er, CASP3. CASP3 is an executioner caspase involved
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in apoptosis that coordinates the degradation of cellular
structures (Ma ez 4/, 2021). KI67 is an antigen associ-
ated with nuclear proliferation and is expressed during
the growth and synthesis phases of the cell cycle (G,
S, G2, and M), but not during the resting phase (GO)
(Getdes e# al., 1991).

Our results demonstrated that Ki-67 was significantly
downregulated in Dactolisib-treated cells and mix-treated
cells compared to control cells (p=0.0244 and 0.0001,
respectively) (Fig. 5b). This suggests that the treatment
with Dactolisib and the combination of the two drugs
resulted in a suppression of proliferation in A549 cells.

In contrast, CASP3 was upregulated in Dactolisib-
treated cells and Lys05-treated cells. Notably, it was sig-
nificantly upregulated in mix-treated cells compared to
control cells (p=0.0007) (Fig. 5a). These findings indicate
that the combination of Dactolisib and Lys05 had a sig-
nificant impact on promoting apoptosis in A549 cells.

Taken together, our results demonstrate the significant
effects of the drug combination on both the proliferative
and apoptotic levels in A549 cells, as evidenced by the
downregulation of the proliferative marker KI67 and the
upregulation of the apoptotic marker CASP3.

It is well-established that the evasion of regulated
modes of cell death is a hallmark of cancer (Sharma ez
al., 2019). In our study, we further supported our find-
ings regarding apoptotic and proliferative levels using
flow cytometry analysis. Annexin V/PI staining of A549
cells treated with dactolisib, Lys05, and the combination
(Mix) revealed percentages of eatly apoptosis at 16.9%,
82.6%, and 96.3%, respectively (Fig. 6). In compatison,
the control untreated A549 cells exhibited an early ap-
optosis rate of 1.3%. These results clearly demonstrate
that our combination treatment has a significant effect
on both proliferation and apoptosis in A549 cells.

Furthermore, to support our gene expression findings,
we performed additional analyses using ELISA for p62/
SQSTM1 and LC3s (MAP1-LC3A and B), and West-
ern blot for LC3B. P62/SQSTM1 acts as a receptot for
cargo destined to be degraded by autophagy, including
ubiquitinated protein aggregates targeted for clearance.
The p62 protein can bind to both ubiquitin and LC3,
facilitating the targeting of cargo to autophagosomes for
degradation (Berkamp e al, 2021). LC3s (MAP1-LC3A
and B) are structural proteins found in autophagosomal
membranes and are widely used as biomarkers of au-
tophagy (Koukourakis ez al, 2015).

Our results revealed that p62/SQSTM1 was signifi-
cantly upregulated in both Lys05- and mix-treated cells
(»=0.0305 and 0.0011, respectively) compared to the
control (Fig. 7a). This upregulation indicates autophag-
ic inhibition. Additionally, LLC3A was significantly up-
regulated in mix-treated cells (p=0.0044) (Fig. 7b). On
the other hand, LLC3B was significantly upregulated in
Lys05-treated cells (p=0.0482) (Fig. 7c) due to its accu-
mulation resulting from autophagic inhibition. Similarly,
mix-treated cells exhibited the same pattern of upregu-
lation in LC3B due to the combined effect of the two
drugs (p=0.0017). The semi-quantified Western blot
analysis of LLC3B aligned with the ELISA results (Fig. 8).
These findings strongly support the efficacy of our drug
combination.

Considering the comprehensive findings from our
study, it is evident that the combination of kinase inhibi-
tor and autophagy inhibitor led to increased cell killing,
as demonstrated by enhanced annexin V/PI staining,
upregulation of the apoptotic gene marker CASP3, and
downregulation of the proliferative gene marker KIG67.
This combination exhibited a synergistic effect on A549

cells compared to each drug used alone. Therefore, we
can confidently conclude that the kinase inhibitor/au-
tophagy inhibitor combination provides greater thera-
peutic benefits for A549 cells compared to monotherapy
with kinase inhibitors alone. This synergistic effect has
also been observed in other studies involving glioma
(Cerniglia e7 al, 2012) and malignant peripheral nerve
sheath tumors (Ghadimi ez a/, 2012), further supporting
the significance of our findings.
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