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Abstract: Background: Nasopharyngeal carcinoma (NPC) exhibits a significant prevalence in the southern regions of

China, and paclitaxel (PTX) is frequently employed as a medication for managing advanced NPC. However, drug

resistance is typically accompanied by a poor prognosis. Exploring the synergistic potential of combining multiple

chemotherapeutic agents may represent a promising avenue for optimizing treatment efficacy. Methods: This study

investigated whether 3-Methyladenine (3-MA) could potentiated the effect of PTX and its potential molecular

mechanism. Samples were divided into the following categories: Negative control (NC) with the solvent dimethyl

sulfoxide (DMSO, 0.5% v/v), PTX (400 nM), 3-MA (4 mM), and PTX (400 nM) + 3-MA (4 mM). The viability of

NPC cells was assessed using both the cell counting kit-8 (CCK-8) assay and the colony formation assay. Microscopic

observation was performed to identify morphological cell changes. Flow cytometry was used to assess cell cycle status,

mitochondrial membrane potential (MMP), and apoptotic cells. Western blotting was conducted to quantify the

protein expression. Results: 3-MA enhanced PTX-specific inhibition of NPC cell proliferation. PTX, either alone or in

combination with 3-MA, caused cell cycle halt at the G2/M phase in the majority of NPC cells, and the combination

treatment of PTX with 3-MA induced a higher rate of NPC cell death compared to PTX alone. Western blotting

results revealed the combination of PTX with 3-MA heightened activation of cyclin-dependent kinase 1 (CDK1), a

key molecule in shifting cells from mitotic arrest to apoptosis, led to a reduction in Myeloid Cell Leukemia 1 (MCL-1)

expression and an increase in Poly (ADP-ribose) polymerase (PARP) cleavage. Conclusion: The concurrent

administration of PTX with 3-MA effectively enhances PTX’s inhibitory impact on NPC and activates the apoptosis

signal regulated by CDK1.

Introduction

Nasopharyngeal carcinoma (NPC) is a prevalent disease in the
southern regions of China, with a considerable portion of
patients diagnosed at an advanced stage [1,2]. Paclitaxel has
been established as the first-line chemotherapy drug for
advanced NPC in clinical practice, and drug resistance is
typically accompanied by a poor prognosis [3]. Exploring a
combination of multiple chemotherapy drugs with diverse

pharmacological mechanisms could be a feasible strategy for
enhancing treatment outcomes. This approach may offer
advantages such as shorter treatment duration, a lower-dose
regimen, and reduced resistance risks and side effects [4,5].

3-MA is a well-known Phosphoinositide 3-Kinase (PI3K)
inhibitor that targets both class I and class III PI3Ks. It
exhibits a long-lasting inhibitory effect on class I PI3K and
activates autophagy. In contrast, its inhibition of class III
PI3K is transient, inhibiting autophagy [6,7]. Current
evidence suggests that the PI3K signaling pathway is among
the most commonly dysregulated pathways in cancer and is
directly related to cellular quiescence, growth and lifespan
[8]. It plays a crucial role in the advancement of the cell
cycle, events such as G0/G1 phase transition, S phase entry,
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and M phase entry all present high PI3K activity [9,10]. Due to
3-MA influencing the activity of class I PI3K and class III
PI3K, suggesting complex and comprehensive effects of
3-MA in cell cycle progression.

Paclitaxel, belonging to the taxane class of drugs, is
commonly employed in the clinic to treat various cancers,
including nasopharyngeal carcinoma [11,12]. It works as an
anti-microtubule agent via its binding to tubulin dimers.
The permanent attachment of paclitaxel to microtubules
disrupts their dynamic regulation, causing mistakes in the
spindle-chromosome attachment process. Consequently,
cells either undergo mitotic arrest and irregular distribution
of genetic material, ultimately leading to mitotic catastrophe
[13,14]. Cells undergoing mitotic catastrophe present a
rounded cell shape, undergo gradual chromatin
condensation, and develop multiple micronuclei. Eventually,
this process leads to cell death [15]. Remarkably, mitotic
catastrophe serves as a vital mechanism by which cell cycle-
targeted chemotherapy suppress tumors [16].

The CDK1 in complex with cyclin B1 (CDK1-cyclin B1)
plays a crucial role in regulating the cell cycle advancement in
eukaryotes [17]. During mitosis, CDK1 serves as the catalytic
subunit, while cyclin B1 acts as a regulatory subunit. The
substrates of CDK1 kinase play essential roles in various
processes during mitosis, including spindle formation,
chromatin condensation, regulation of nuclear envelope
integrity, and induction of apoptosis following mitotic errors
[18]. During entry into mitosis, CDK1 and cyclin B1 proteins
steadily accumulate and form complexes [19]. The activation
of CDK1 also involves dynamic regulation of phosphorylation
sites, with Y15 and T14 acting as inhibitory sites, while T161
serves as the activation site. CDK1 becomes active only upon
phosphorylation of T161 [20]. Additionally, the degradation
of cyclin B1 is essential for the rapid inactivation of CDK1
and exit from mitosis. However, when cells experience
aberrant mitotic division or permanent cell cycle halt caused
by anti-mitotic drugs, the activation of CDK1 and the
execution of cell death are needed [21]. The initiation of cell
death signaling involves a reduction in anti-apoptotic proteins.
MCL-1, a prototypical anti-apoptosis protein, experiences
CDK1-mediated phosphorylation at the T92 site, leading to its
hydrolysis [22]. Throughout paclitaxel-triggered aberrant
mitotic division and subsequent mitotic arrest, the onset of
apoptotic signals coincides with MCL-1 hydrolysis and the
cleavage of Poly (ADP-ribose) polymerase (PARP) [23,24].

Based on the principle of using non-toxic concentrations
for chemosensitizers, we referred to the data from our
previous study on the proliferative inhibitory effects of
3-MA on 5–8 F and 6–10 B cells (refer to Suppl. Fig. S1),
we selected 3-MA (4 mM), a concentration proven non-
cytotoxic to nasopharyngeal carcinoma cell lines, for
combination with paclitaxel at an effective inhibitory
concentration. This combinatorial approach resulted in a
significant augmentation of growth inhibition in NPC cells
induced by paclitaxel. Subsequently, we investigated the
mechanisms of how 3-MA enhances paclitaxel-mediated
cytotoxicity against NPC cells and explored the underlying
molecular mechanisms connecting cell cycle and apoptosis.

Materials and Methods

Cell culture and drugs
NPC cell lines 5–8 F and 6–10 B were obtained from Sun Yat-
sen University Cancer Center (Guangzhou, Guangdong,
China). Prepare complete medium by adding 10% volume
of Fetal Bovine Serum (FBS; Biological Industries, 04-121-
1A, Kibbutz Beit-Haemek, Kibbutz, Israel) to Dulbecco’s
Modified Eagle Medium (DMEM; Biological Industries, 01-
052-1A, Kibbutz Beit-Haemek, Kibbutz, Israel), diluted
Penicillin-Streptomycin Solution (Biological Industries, 03-
031-1B, Kibbutz Beit-Haemek, Kibbutz, Israel) at final
concentration of penicillin at 100 U/mL and streptomycin at
100 μg/mL, which was added during cell culture. The cells
were cultured in an incubator set at 37°C with a 5%
concentration of CO2. 3-MA was purchased from GLPBIO
Technology (GC68539, Montclair, CA, USA), and paclitaxel
were purchased from MedChemExpress (HY-B0015,
Princeton, New Jersey, USA). The cells were treated with
4 mM 3-MA and/or 400 nM paclitaxel for the efficacy
analyses, and samples were divided into the following
categories: Negative control (NC) with the solvent dimethyl
sulfoxide (DMSO, 0.5% v/v), PTX (400 nM), 3-MA (4 mM),
and PTX (400 nM) + 3-MA (4 mM).

Cell counting kit-8 (CCK-8) assay
To assess impact on cell growth, in each well of a sterile 96-
well cell culture plate containing complete culture medium,
1.5 × 104 cells were plated. Cells were exposed to various
drugs after attachment and cultured under conditions
specified in the “Cell culture and drugs” section for 24 and
48 h. After 2 h of incubation with 10 µL of CCK-8 reagent
(APE-BIO, K1018, Houston, Texas, USA), the experimental
results were read using a microplate reader (BioTek
Instruments, EPOCH, Winooski, Vermont, USA) set at an
absorbance of 450 nm. Three multiple holes were set up in
this experiment.

Clone formation assay
To assess the impact on clone formation ability of cells, in
each well of a sterile 6-well cell culture plate containing
complete culture medium, 6 × 103 cells were plated. After
8 days, drugs were added at the concentrations specified in
the “Cell culture and drugs” section. The cells were cultured
for 48 h, followed by PBS washing and fixation with
formaldehyde (Beyotime Institute of Biotechnology, P0099,
Shanghai, China), and stained with gentian violet (Solarbio,
G1075, BeiJing, China). Microscope images were taken of
the stained cells (BioTek Instruments, Lionheart, Winooski,
Vermont, USA) and the number of clones was calculated by
Gen5 software (BioTek Instruments, version 3.12, Lionheart,
Winooski, Vermont, USA). Finally, the clone formation rate
was calculated and adjusted as follows = Clone formation
rate (%)/Clone formation rate in the NC group (%).

Microscopic observation
To observe the cell morphology changes induced by paclitaxel,
in each well of a sterile 24-well cell culture plate containing
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complete culture medium, 3 × 105 cells were plated. Cells were
exposed to various drugs after attachment and cultured under
conditions specified in the “Cell culture and drugs” section for
18 h. After the incubation period, observe and photograph
under a microscope (Leica Microsystems, DMIL LED,
Wetzlar, Hessian, Germany). The proportion of cells
displaying a rounded morphology to the total cell count was
determined across five randomly chosen microscopic fields
(magnification, ×200). To evaluate nuclear condensation
induced by paclitaxel in 5-8F and 6-10B cells, we utilized
Hoechst 33342 (Beyotime Institute of Biotechnology, C1028,
Shanghai, China) at a dilution of 1:100. After removing the
cell culture medium and rinse with PBS buffer, 180 µL of
diluted Hoechst 33342 solution was added to each well, and
incubate in a dark, 37°C incubator for 15 min.
Subsequently, the stained nuclei were observed under a
microscope. (Lionheart, BioTek Instruments Winooski,
Vermont, USA). The images were merged using ImageJ
software. (National Institutes of Health, version 1.42q;
Bethesda, Maryland, USA).

Western blotting
To measure the related protein expression, in each well of a
sterile 12-well cell culture plate containing complete culture
medium, 4 × 105 cells were plated. Cells were exposed to
various drugs after attachment and cultured under
conditions specified in the “Cell culture and drugs” section.
Treat the collected cells with pre-cooled lysis buffer
(Beyotime Institute of Biotechnology, P0013, Shanghai,
China) to obtain protein samples for Western blotting.
Protein concentration was determined using the
bicinchoninic acid (BCA) method (Beyotime Institute of
Biotechnology, P0011, Shanghai, China). The proteins were
separated by SDS-PAGE electrophoresis and transferred
onto an activated PVDF membrane (MilliporeSigma,
ISEQ00010, Burlington, Massachusetts, USA) for subsequent
immunoblotting experiments. The PVDF membranes were
incubated in blocking buffer (5% skim milk dissolved in
PBS with 0.05% Tween-20) at 25°C for 1 h to block
nonspecific binding sites. After washing the membrane three
times in PBST, the diluted primary antibody was added and
incubated overnight at 4°C. Afterwards, the membranes
underwent three washes, each lasting 15 min, in PBST,
followed by incubation with a diluted secondary antibody at
25°C for 60 min. Following five washes for 3 min each in
PBST, the protein bands were detected with
electrochemiluminescence (ECL) reagent (Thermo Fisher
Scientific, 34075, Waltham, Massachusetts, USA) and
imaged. CDK1 antibody (diluted at 1:1000, catalog number:
77055), phosphorylated (p-)CDK1 (Thr161) antibody
(diluted at 1:1000, catalog number: 9114), p-CDK1(Tyr15)
antibody (diluted at 1:1000, catalog number: 4539), p-CDK1
(Thr14) antibody (diluted at 1:1000, catalog number: 2543),
MCL-1 antibody (diluted at 1:1000, catalog number: 94296),
PARP antibody for detecting both cleaved and full-length
PARP (diluted at 1:1000, catalog number: 9532) were
produced by Cell Signaling Technology (Danvers,
Massachusetts, USA). B-cell lymphoma 2 (Bcl-2) antibody
(diluted at 1:2000, catalog number: ET1603-11) and Bcl-2
associated X protein (Bax) (diluted at 1:2000, catalog

number: ET1603-34) were purchased from Huaan
Biotechnology Company (Hangzhou, Zhejiang, China). The
primary antibody for GAPDH (diluted at 1:2000, catalog
number: AF0006) was produced by Beyotime Institute of
Biotechnology (Shanghai, China) and utilized as a control.
Anti-mouse IgG/HRP antibody (diluted at 1:2000, catalog
number: 7076) and anti-rabbit IgG/HRP antibody (diluted
at 1:2000, catalog number: 7074) were produced by Cell
Signaling Technology (Danvers, Massachusetts, USA). The
protein gray value was conducted with an image analysis
software (National Institutes of Health, ImageJ 1.8.0,
Bethesda, Maryland, USA). GAPDH was used as the
internal control; protein bands were normalized to GAPDH
and subsequently compared with the control group.

Cell cycle detection
To explore the profile of cell cycle phases, in each well of a
sterile 6-well cell culture plate containing complete culture
medium, 2 × 106 cells were plated. Cells were exposed to
various drugs after attachment and cultured under
conditions specified in the “Cell culture and drugs” section
for 24 h. Subsequently, cells were collected and immobilized
in 75% alcohol at 4°C for 24 h. After fixation, cells
underwent centrifugation at 500 × g at 4°C for 6 min to
eliminate the 75% alcohol, followed by three rinses with
cold PBS. Following this, the cells were subjected to staining
with propidium iodide (Beyotime Institute of Biotechnology,
ST511, Shanghai, China) at a concentration of 50 µg/mL
and treated with DNase-free RNase (Beyotime Institute of
Biotechnology, ST579, Shanghai, China) at a concentration
of 100 µg/mL, samples were incubated in a light-protected
37°C incubator for 20 min. The determination of cell cycle
phases involved assessing DNA content using a flow
cytometry-based method by BD Accuri C6 (BD Biosciences,
San Jose, California, USA), with subsequent data analysis
performed using the preloaded software of BD Accuri C6
(BD Biosciences, version 1.0.264.21, San Jose, California,
USA). We used the PTX (400 nM) as the control for
comparing alterations in the SubG1 phase, whereas the NC
group was employed as the control to assess alterations in
the G2/M phases.

JC-1 assay
The JC-1 assay kit (Beyotime Institute of Biotechnology,
C2003S, Shanghai, China) was utilized to assess MMP,
investigating the initiation of mitochondria-regulated
apoptosis. In brief, in each well of a sterile 12-well cell
culture plate containing complete culture medium, 3 × 105

cells were plated. Cells were exposed to various drugs after
attachment and cultured under conditions specified in the
“Cell culture and drugs” section for 48 h. The JC-1 staining
procedures were conducted according to the kit instruction.
The proportion of MMP changed cells was determined
using a flow cytometry-based method by BD Accuri C6 (BD
Biosciences, San Jose, California, USA) within 1 h, and data
analysis performed using the preloaded software of BD
Accuri C6 (BD Biosciences, version 1.0.264.21, San Jose,
California, USA). The alterations in the percentage of JC-1
monomer cells were quantified, indicating the dissipation of
MMP.
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Cell apoptosis detection
The Annexin V-FITC/PI Detection Kit (Yeasen
Biotechnology, 40302ES50, Shanghai, China) was used to
perform the cell apoptosis assay, following the
manufacturer’s protocol. In brief, in each well of a sterile
12-well cell culture plate containing complete culture
medium, 3 × 105 cells were plated. Cells were exposed to
various drugs after attachment and cultured under
conditions specified in the “Cell culture and drugs” section
for 48 h. To label the cells, 150 µL 1X Binding Buffer
containing 5 µL of prepared Annexin V-FITC staining
solution and 10 µL of prepared PI staining solution were
added to each sample tube. The cells were then incubated
for at 25°C for 15 min in the absence of light. After adding
400 µL of binding buffer to each sample, they are then
analyzed using a flow cytometry-based method by BD
Accuri C6 (BD Biosciences, San Jose, USA) within 1 h, and
data analysis performed using the preloaded software of BD
Accuri C6 (BD Biosciences, version 1.0.264.21, San Jose,
USA). Apoptotic cells comprise only early apoptotic cells
(FITC-positive, PI-negative) and late apoptotic cells (FITC-
positive, PI-positive). The fold change in the percentage of
apoptotic cell populations was computed compared with the
NC group, and then the fold change between the PTX
(400 nM) group and the PTX (400 nM) + 3-MA (4 mM)
group was compared.

Data analysis
Each experiment was repeated three times, and findings were
expressed as mean ± standard deviation (SD). Statistical
assessments were carried out utilizing two-way ANOVA and
Tukey’s test. Data statistical analysis and graph generation
were conducted using GraphPad Prism (GraphPad Software,
GraphPad 8.30, San Diego, California, USA). A p-value less
than 0.05 was considered statistically significant.

Results

3-MA potentiates the inhibition of cell proliferation induced by
paclitaxel in NPC cells
The findings from the CCK-8 assays indicated ongoing
growth in both 5–8 F and 6–10 B cells after a 48-h culture
with 3-MA (4 mM), with no significant difference compared
to the NC group. Moreover, the suppressive impact of
paclitaxel on NPC cell growth was notably amplified by
3-MA (4 mM) after 48 h, as demonstrated by the reduction
in absorbance readings at 48 h (Figs. 1A and 1B).
Additionally, the clone formation assay also showed that
NPC cells simultaneously treated with paclitaxel and 3-MA
had the lowest clone formation rate (Figs. 1C–1E).

3-MA augments paclitaxel-specific morphological alterations in
NPC cells
The effects of paclitaxel on mitotic catastrophe manifest
through alterations in cell morphology and condensation of
chromatin [25,26]. Our findings indicated that treatment
with 3-MA significantly potentiate paclitaxel-specific
morphological changes, representative images (top rows in
Figs. 2A and 2B) illustrate that the majority of cells treated
with paclitaxel exhibited a rounded morphology. However,

combined treatment with paclitaxel and 3-MA, NPC cells
exhibit a greater propensity to present a rounded
morphology. We assessed the ratio of spherical cells to the
overall cell population across five randomly chosen fields of
view, which were depicted in the bottom row of Figs. 2A
and 2B. Statistical analysis showed that 3-MA significantly
increased the number of paclitaxel-induced rounded cells.
Additionally, the formation of multiple micronuclei in NPC
cells after 20 h, as shown in Figs. 2C and 2D. These data
demonstrate that 3-MA enhances NPC cells entering into
mitotic catastrophe in the presence of paclitaxel.

3-MA does not alter paclitaxel-induced G2/M phase arrest in
NPC cells
After 24 h of drug treatment, the profile of cell cycle phases in
NPC cells was assessed. Treatment with paclitaxel led to a
significant accumulation of NPC cells at the G2/M phase.
Similarly, the combination of paclitaxel and 3-MA induced
G2/M phase arrest. The PTX-alone and the PTX combined
with 3-MA groups did not exhibit any notable difference
(Fig. 3A). Furthermore, the inclusion of paclitaxel increased
the fraction of cells in the SubG1 phase in both the PTX-
alone and the PTX combined with 3-MA groups. Notably,
the PTX combined with 3-MA groups exhibited a
significantly higher fraction of cells in the SubG1 phase
compared to the PTX-alone groups. These cell cycle
analyses did not reveal any impact of 3-MA on the
distribution of the cell cycle, while it promotes cell death in
NPC cells exhibiting G2/M phase arrest, consequently
raising the fraction of cells in the SubG1 phase, which may
include apoptotic cells.

3-MA potentiates the apoptosis induced by paclitaxel in NPC
cells
Apoptosis has been established as the primary outcome of
mitotic catastrophe [27]. Cells undergoing early apoptosis
typically exhibit dysregulation of the MMP, leading to the
accumulation of monomeric JC1 in degenerating
mitochondria and subsequent loss of membrane potential
[28]. In both the PTX group (treated with paclitaxel at a
concentration of 400 nM) and the PTX group with 3-MA
(4 mM), there was an increase in the percentage of JC-1
monomers in NPC cells. Moreover, the PTX combined with
3-MA groups exhibited a higher percentage of JC-1
monomers than with paclitaxel alone (Figs. 3B and 3C,
upper parts). Results obtained from the Annexin V-FITC/PI
assay demonstrated an elevated proportion of apoptotic cells
within the PTX group treated with paclitaxel at a
concentration of 400 nM and the PTX group with 3-MA
(4 mM). Furthermore, simultaneous treatment of cells with
paclitaxel and 3-MA led to a significantly higher percentage
of apoptotic cells than with paclitaxel alone. These data
demonstrate a significant increase in paclitaxel-induced
apoptosis in NPC cells by 3-MA (Figs. 3B and 3C, lower part).

3-MA potentiates cell death induced by paclitaxel and activates
CDK1
Taking into account the initiation period of cell death
triggered by paclitaxel and the pivotal function of CDK1-
cyclin B1 in regulating mitosis, we analyzed the pattern of
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CDK1-cyclin B1 and CDK1 phosphorylation states at 16 and
24 h. In NPC cells exposed to paclitaxel, a more significant
activation of CDK1 was observed (with increased Thr161
phosphorylation and reduced Thr14 and Tyr15
phosphorylation compared to the NC groups). Upon
treatment with both paclitaxel and 3-MA, there was a
notable increase in Thr161 phosphorylation of CDK1 in

cells compared to those treated solely with paclitaxel
(Figs. 4A and 4B). Additionally, NPC cells in the PTX-alone
and the PTX combined with 3-MA groups showed a
significant reduction of the anti-apoptosis protein MCL-1
and increased cleavage of PARP at 24 and 48 h (Figs. 5A
and 5B). Bax facilitates apoptosis, whereas Bcl-2 plays an
anti-apoptotic role. Hence, we also investigated the protein

FIGURE 1. 3-MA potentiates the inhibition of cell growth induced by paclitaxel in NPC cells. The findings from CCK-8 assays demonstrated
that 3-MA potentiated the inhibitory effect of paclitaxel on cell growth of 5–8 F and 6–10 B cells (A and B). The data, represented as mean ± SD
(n = 3), underwent analysis through two-way ANOVA and Tukey’s test. Compare with PTX (400 nM) group at 48 h, *p < 0.05. Clone
formation assays revealed that 3-MA (4 mM) potentiated paclitaxel-induced inhibition of NPC cells clone formation ability (C–E). The
data, represented as mean ± SD (n = 3), underwent analysis through two-way ANOVA and Tukey’s test. Compare with NC group, *p <
0.05. Compare with PTX (400 nM) group, #p < 0.05. Scale bar = 10000 μm. OD, optical density.
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levels of Bax and Bcl-2. The fold change relative to the
negative control (NC) was calculated, and the Bax/Bcl-2
ratio, representing the apoptotic index, reflected cell
susceptibility to apoptosis [29]. The Bax/Bcl-2 ratio in the

PTX (400 nM) + 3-MA (4 mM) groups exhibited a
significant increase compared to the NC groups at 24 and
48 h. In contrast, the Bax/Bcl-2 ratio in the PTX (400 nM)
groups showed a significant increase only at 24 h.

FIGURE 2. 3-MA amplifies the morphological transformations induced by paclitaxel and promotes nuclear condensation in NPC cells.
Treatment with 3-MA significantly augmented the morphological changes induced by paclitaxel in both 5–8 F and 6–10 B cells (A and B).
The data, represented as mean ± SD (n = 3), underwent analysis through two-way ANOVA and Tukey’s test. Compare with PTX (400 nM)
group, *p < 0.05. Top row scale bar = 500 μm, bottom row scale bar = 100 μm. Additionally, the presence of 3-MA increased nuclear
condensation in spherical 5–8 F and 6–10 B cells (C and D). Scale bar = 100 μm.
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FIGURE 3. 3-MA potentiates paclitaxel-induced apoptosis of nasopharyngeal carcinoma cells. (A) Paclitaxel treatment resulted in G2/M phase
arrest, whereas the addition of 3-MA notably increased the fraction of cells in the SubG1 phase after 24 h. The data, represented as mean ± SD
(n = 3), underwent analysis through two-way ANOVA and Tukey’s test. Compare with NC group, *p < 0.05. Compare with PTX (400 nM), #p <
0.05. (B and C) 3-MA significantly potentiate paclitaxel-induced apoptosis. When cells were concurrently treated with paclitaxel and 3-MA,
there was a notable increase in the proportion of JC-1 monomers compared to cells treated with paclitaxel alone (Figs. 3B and 3C, top rows),
accompanied by a significant rise in the percentage of dead cells compared to the paclitaxel-treated alone group (Figs. 3B and 3C, bottom rows).
The data, represented as mean ± SD (n = 3), underwent analysis through two-way ANOVA and Tukey’s test. Compare with PTX (400 nM), *p
< 0.05.
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All these western blot results suggest that the
combination of paclitaxel with 3-MA activates the
CDK1-related apoptosis cascade and potentiates paclitaxel-
induced NPC cell death.

Discussion

It is now understood that paclitaxel induces abnormalities in
the cell division process and triggers the regulatory
mechanisms of apoptosis, with CDK1-cyclin B1 playing a

key role in determining cell fate between survival and death
[30]. Typically, cells undergo prolonged mitotic arrest after
exposure to antimitotic drugs, leading to the activation of
CDK1 and related cell death signals [31].

In cancer treatment, paclitaxel drug resistance remains a
major concern. To enhance cancer therapeutic effects,
combining drugs with diverse mechanisms has emerged as a
promising and alternative tactic [32]. For instance, a panel
of tyrosine kinase inhibitors (lapatinib and poziotinib)
potentiates the antitumor properties of paclitaxel treatment

FIGURE 4. 3-MA promote paclitaxel-induced CDK1 activation at 16 and 24 h. In both the NPC cell lines 5–8 F (A) and 6–10 B (B), the PTX-
alone and the PTX combined with 3-MA groups exhibited a significant increase in cyclin B1 protein accumulation compared to the NC groups.
Additionally, the phosphorylation pattern of CDK1 shifted from an inhibitory pattern to an activating pattern at 16 and 24 h. The data,
represented as mean ± SD (n = 3), underwent analysis through two-way ANOVA and Tukey’s test. Compare with NC group, *p < 0.05.
Compare with PTX (400 nM), #p < 0.05. Protein bands were normalized to GAPDH and subsequently compared with the control group.
p-, phosphorylated.
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in ovarian cancer cells by direct inhibiting the activity of
paclitaxel-induced ATP-binding cassette sub-family B
member 1 (ABCB1) activity. It has been suggested that
combining paclitaxel therapy with the United States Food
and Drug Administration (FDA)-approved lapatinib is a
promising strategy for patients with recurrent ovarian
cancer [33]. Additionally, applying the P-glycoprotein (Pgp)
inhibitor NSC23925 in combination with paclitaxel has been
shown to improve the long-term clinical outcomes of
ovarian cancer patients [34]. In another study, a
combination of the neuroleptic agent Penfluridol (PFL) with
paclitaxel significantly reduced the survival of paclitaxel-
resistant breast cancer cells [35].

In our investigation, we discovered that combining
paclitaxel with 3-MA could represent a promising
chemotherapy treatment for NPC, given the low toxicity of
3-MA and the effective improvement of paclitaxel lethality.
We observed that the addition of 3-MA not only amplified
the paclitaxel’s ability to inhibit the replication of
nasopharyngeal carcinoma cells but also resulted in a higher

number of cells entering mitotic catastrophe within 24 h.
Once cells experience mitotic catastrophe, a significant
portion of them undergo irreversible apoptosis [36]. The
results from flow cytometry analysis of JC-1 and apoptosis
further substantiated that 3-MA could induce more
apoptosis in nasopharyngeal carcinoma cells. Additionally,
by analyzing the phosphorylation of CDK1, we hypothesized
that 3-MA could accelerate the transition of nasopharyngeal
carcinoma cells, arrested in the G2/M phase by paclitaxel,
towards cell cycle regulation, mitotic catastrophe and trigger
the apoptotic pathway regulated by CDK1 [37,38]. This
shortened the time required for paclitaxel to exert its effects
on nasopharyngeal carcinoma cells. However, the potential
mechanism behind this phenomenon is still unknown.

3-MA and paclitaxel appear to intersect in their effects on
cell cycle progression. We hypothesize that these convergent
points could be crucial in understanding how 3-MA
enhances paclitaxel-mediated cytotoxicity against NPC cells.
It is now understood during the G2 phase, attenuation of
PI3K signaling promotes the translocation of Forkhead box

FIGURE 5. 3-MA enhances paclitaxel-activated apoptosis signal in NPC cells. NPC cell line 5–8 F (A) and 6–10 B (B) exposed to paclitaxel all
presented low level MCL-1 expression and high PARP cleavage. The data, represented as mean ± SD (n = 3), underwent analysis through two-
way ANOVA and Tukey’s test. Compare with NC group, *p < 0.05. Compare with PTX (400 nM), #p < 0.05. Protein bands were normalized to
GAPDH and subsequently compared with the control group.
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O (FoxO) proteins from the cytosol to the nucleus [39]. This,
in turn, regulates the expression of Polo-like kinase 1 (PLK1)
and cyclin B1 [40]. Increased cyclin B1 may lead to the
activation of CDK1, thereby accelerating paclitaxel-induced
cell cycle halt and apoptosis. Besides, as cells enter mitosis,
CDK1 takes over most of the regulatory functions of
mammalian target of rapamycin complex 1 (mTORC1) [41].
This includes phosphorylating Autophagy-related protein 13
(ATG13), Unc-51-like kinase (ULK1), Autophagy-related
protein 14 (ATG14), Vacuolar protein sorting 34 (Vps34),
and 4E-binding proteins (4E-BPs), resulting in the
repression of autophagy to protect nuclear components.
Consequently, the dissociation of the autophagy initiation
complex Beclin1-Vps34 occurs, releasing a pool of free
Beclin1 [42]. The cleavage products of Beclin1 sensitize cells
to apoptosis [43]. Importantly, 3-MA inhibits the activity of
class III PI3K Vps34 in the Beclin1-Vps34 complex. Last but
not least, PI3Ks contribute to metaphase regulation and
spindle dynamic [44]. Inhibition of class I PI3K leads to
mislocalization of the dynein-associated dynactin and
defects in spindle orientation [45]. Importantly, the
combination of 3-MA and paclitaxel was found to
exacerbate improper spindle-chromosome attachment
during metaphase and accelerates the activation of CDK1
and related apoptosis signals. Furthermore, the interplay
between the PI3K pathway, autophagy, cell cycle, and
apoptosis could be the key to understanding how 3-MA
enhances the effect of paclitaxel, particularly the
coordination of PI3Ks and CDK1 in cell division. These
aspects will be further investigated in our future research.

Conclusion

The current study showed that 5–8 F and 6–10 B cells exposed
to paclitaxel and nontoxic doses of 3-MA exhibited increased
cell death, potentially through the potentiation and triggering
of the CDK1-related apoptosis signal cascade by 3-MA. This
suggests that 3-MA could potentially serve as a sensitizer for
paclitaxel in NPC chemotherapy.
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Supplementary Materials

FIGURE S1. DMSO at concentrations below 1% (v/v) did not exhibit any inhibition of cell proliferation (A and B). At a concentration of
4 mM, 3-MA slightly inhibited the proliferation of 5–8F cells but had no impact on 6–10B cells (C and D). The data, represented as mean ±
SD (n = 3), underwent analysis through two-way ANOVA and Tukey’s test. Compare with NC group, *p < 0.05.
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