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Cervical cancer ranks as the fourth most common cancer among women.
However, the current treatments have significant side effects and limited
therapeutic effects on advanced diseases, so it is necessary to discover better
treatments for cervical cancer. The current study investigated the potential
anticancer effects of a series of gefitinib-1,2,3-triazole derivative on Hela cells.
Among the investigated, the target compound c13 showed good anticancer
activity against Hela cells (IC50 = 5.66 ± 0.35 μM) compared with gefitinib (IC50 =
14.18 ± 3.19 μM). Moreover, compound c13 significantly inhibited the colony
formation ability of Hela cells in a dose-dependent manner, accompanied by
morphological changes in HeLa cells. Further investigations demonstrated that
compound c13 triggered cell apoptosis and arrested the cell cycle at the G2/M
phase in Hela cells. In addition, western blot analysis revealed that compound c13
upregulated the Bax/Bcl-2 ratio, and increased the levels of active caspase 3 and
PARP1 cleavage, which suggested the involvement of the mitochondrial pathway
in compound c13-induced apoptosis. In brief, these results indicated that
compound c13 is a promising compound for the treatment of cervical cancer.
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1 Introduction

According to Global Cancer Statistics 2020 years, cervical cancer (CC) is the fourth
most common malignant disease and is a major threat to women’s health worldwide, with
approximately 604,000 new cases and 342,000 deaths each year worldwide (Sung et al.,
2021). The commonly used treatment methods for cervical cancer include surgical
treatment, radiotherapy, chemotherapy, etc (Johnson et al., 2019). However, most of the
above treatment methods have certain side effects, such as gastrointestinal reactions, bone
marrow transplantation, and liver and kidney function damage, which to some extent
reduces the quality of life of patients with cervical cancer (Ferrall et al., 2021). Therefore, we
urgently need to discover effective and safer anticancer agents to provide better treatment
results and reduce side effects for patients.

Gefitinib, one of the first-generation epidermal growth factor receptor (EGFR)-tyrosine
kinase inhibitors, was approved by the US Food and Drug Administration (FDA) to treat
metastatic non-small cell lung cancer in 2015 (Kazandjian et al., 2016). Nowadays, gefitinib
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has been reported to be used to treat certain types of cancer with high
expression of EGFR, including cervical cancer (Sharma et al., 2013;
Krishna et al., 2023). Meanwhile, one study reported that treatment of
gefitinib caused Hela cells apoptosis and cell cycle arrest, and also
suppressed epithelial-mesenchymal transition (EMT) via the Wnt/β-
catenin signaling pathway (Zheng et al., 2019). Another study revealed
that gefitinib induced anoikis to exert the anti-proliferative effect on
cervical cancer cell lines including Hela cells and C33A cells (Jung
et al., 2024). According to previous studies, gefitinib exerts a potent
anti-cancer effect against cervical cancer.

1,2,3-triazole is a well-known scaffold among nitrogen-containing
heterocycles that could interact with different biological targets by
forming various non-covalent bonds such as hydrophobic
interactions, hydrogen bonding, van der Waals forces, and so on
(Bonandi et al., 2017; Bozorov et al., 2019). Therefore, the
compounds containing 1,2,3-triazole scaffold usually have various
pharmacological properties such as anti-cancer, anti-inflammation,
anti-bacterial, anti-viral, and antitubercular effects (Alam, 2022; Deng
et al., 2022; Feng et al., 2021). The characteristics of 1,2,3-triazole enable it
to simulate various functional groups, so 1,2,3-triazole has already been
widely used as a bioisostere in drug discovery (Bonandi et al., 2017). In
our previous studies, gefitinib was modified by 1,2,3-triazole to improve
its anticancer activity against lung cancer cells (Liu et al., 2024). In
addition, erlotinib derivatives incorporating various 1,2,3-triazole
moieties displayed remarkable antitumor activity than erlotinib on
different kinds of cancer cell lines. Especially, compound 3d, erlotinib
modified with (3,5-dibromobenzyl)-1H-1,2,3-triazole, exhibited
significant inhibitory effects against diverse cancer cell lines (Mao
et al., 2022). Also, we introduced 1,2,3-triazole groups with different
substituents to obtain icotinib derivatives, among which compound a12
showed effective antitumor activity in non-small-cell lung cancers cells as
a potent inhibitor for EGFRwith IC50 value of 1.49 μM(Mao et al., 2020).

Therefore, we introduced 1,2,3-triazol moiety to gefitinib to obtain a
series of gefitinib-1,2,3-triazole derivative. Given the promising antitumor
effect of novel gefitinib-1,2,3-triazole derivatives, the current study was
designed to evaluate the cancer-combating properties of gefitinib-1,2,3-
triazole derivatives on Hela human cervical cancer cell line, which aimed
to find new potential anticancer drugs for cervical cancer.

2 Chemistry

The preparation of the target compounds is outlined in Scheme 1.
Compound c1-14was synthesized using the click chemistry approach
as previously described (Liu et al., 2024). Compound b was
synthesized by reacting 4-(3-((4-chloro-7-methoxyquinazolin-6-yl)
oxy) propyl) morpholine (1) with 3-aminophenylacetylene. The
target compounds c1-14 was then obtained through a click
reaction between compound b and azide compounds. These
reactions were conducted under mild conditions and were
straightforward to perform. The structures of the key intermediates
and the target compound were confirmed using nuclear magnetic
resonance (1H NMR and 13C NMR) and high-resolution mass
spectrometry (HR MS). The structural characterization of
compounds c1-14 were provided in supplementary information.

3 Results

3.1 Gefitinib derivatives inhibited the cell
viability of Hela cells

To improve the anticancer effect of gefitinib on Hela cells, we
introduced a 1,2,3-triazole motif into gefitinib. According to our

SCHEME 1
Synthesis route of Gefitinib-1,2,3-triazole derivatives.
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previous research, the synthesis of 1,2,3-triazole analogs of gefitinib
was successfully carried out. The structure of the synthesized
compounds is shown in Figure 1.

To investigate the anti-proliferative effects of Gefitinib
derivatives c1-14 on Hela cells, the cell viability was detected
using the MTT method after being treated with compounds c1-
14 for 48 h. Doxorubicin was used as positive control. Cell viability
of gefitinib and its derivatives at 10 μMwere valued and summarized
in Table 1. As shown in Table 1, after treatment with 10 μM of
gefitinib, the cell viability of Hela cells was 75.87% ± 2.88%. And
compound c13, N-(3-(1-(3,5-dibromobenzyl)-1H-1,2,3-triazol-4-

yl)phenyl)-7-methoxy-6-(3-morpholinopropoxy)quinazolin-4-
amine), was suggested as the most highly active compound against
Hela cells. Therefore, compound c13 was selected for further
investigation.

To define the effects of compound c13 on cancer cell
proliferation, the half-maximal inhibitory concentration (IC50) of
compound c13 in Hela cells was calculated. Hela cells were treated
with compound c13 at different concentrations (0 μM, 1 μM, 5 μM,
10 μM, 20 μM, and 40 μM) respectively for 48 h, and the cell viability
was detected using the MTT method. According to the results,
compound c13 showed an IC50 value of 5.66 ± 0.35 μM against Hela

FIGURE 1
Structure of synthesized compounds c1-14.

TABLE 1 Antiproliferative activities of the synthesized compounds c1-14 against Hela cells.

Compd no. n R1 R2 R3 R4 R5 % Cell viability (at 10 μM)

c1 1 H Cl F H H 83.83 ± 0.90**

c2 1 Br H H H H 82.77 ± 2.29***

c3 1 H F H H H 77.17 ± 2.75**

c4 1 Br H H F H 73.80 ± 3.37**

c5 1 F H Br H H 93.13 ± 2.03**

c6 1 H Cl F H H 98.00 ± 1.45

c7 1 F H H H Cl 70.94 ± 6.71*

c8 1 NO2 H H H H 78.37 ± 2.76**

c9 1 H H NO2 H H 97.40 ± 0.65*

c10 0 OCH3 H NO2 H H 70.49 ± 1.24***

c11 1 H H Br H H 88.93 ± 2.89**

c12 1 CN H H H H 76.40 ± 1.15**

c13 1 H Br H Br H 32.61 ± 8.61**

c14 1 H H CH3 H H 86.63 ± 1.32**

Gefitinib - - - - - - 75.87 ± 2.88**

Doxorubicin 11.95 ± 1.20***

All values are given as means ± SEM (n = 3).
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cells (Figure 2A), while the IC50 of gifitinib in Hela cells was 14.18 ±
3.19 μM.We further investigated the effects of compound c13 (0, 10,
20, and 40 μM) on the viability of HEK293T cells (human embryonic
kidney epithelial cells), NIH3T3 cells (mouse embryonic
fibroblasts), and Hela cells. The experimental results are shown
in the Supplementary Figure S1, where compound c13 significantly
inhibited the proliferation of Hela cells. In contrast, its effect on the
proliferation of HEK293T and NIH3T3 cells was minimal, with both
IC50 values exceeding 100 μM. Therefore, compound c13 selectively
inhibits the proliferation of Hela cervical cancer cells without
significant toxic effects on normal cells, HEK293T cells and
NIH3T3 cells, indicating its higher safety profile.

Also, severe morphological changes of Hela after treatment of
compound c13 were observed, including cell shrinkage and an
increase in floating dead cells (Figure 2B). To validate the impact
of compound c13 on cell proliferation, plate clone formation assay
was performed. As shown in Figure 2C, compound c13 significantly
inhibited the colony formation ability of Hela cells in a dose-
dependent manner. Taken together, these data suggested that
compound c13 possessed an inhibitory effect on the proliferation
of Hela cells.

3.2 Compound c13 triggered cell cycle arrest
in Hela cells

To further evaluate the effect of compound c13 on the cell cycle,
the cell cycle distributions of Hela cells after treatment of compound
c13 were detected by flow cytometry. As shown in Figure 3,
compound c13 at 20 μM downregulated the proportion of the
G1 phase to 52.05% ± 2.85% of control group. However, after
treatment of compound c13, the percentage of cells in the G2/M
phase was upregulated (Figure 3), which indicated that the cell cycle
was blocked in the G2/M stage by compound c13. These results
suggested that compound c13 induced G2/M phase block to exert an
inhibitory effect on the proliferation of Hela cells.

3.3 Compound c13 induced apoptosis in
Hela cells

To assess whether the anti-proliferative effects of compound c13
on Hela cells were associated with apoptosis, cell apoptosis after
treatment of compound c13 was measured using Annexin V-FITC

FIGURE 2
Anti-proliferative Effects of compound c13 on Hela cells. (A) Dose-dependent cytotoxicity of compound c13, assessed at concentrations ranging
from 0 to 40 μMonHeLa cells. Cell viability was plotted against the logarithm of compound c13 concentrations (n = 3). (B)Morphological profiles of Hela
cells were taken bymicroscope after treatment with compound c13 at different doses (0, 5, 10, and 20 μM) (n = 3). (C) Representative photomicrographs
of plate colony formation assay data with compound c13 at different doses (0, 5, 10, and 20 μM) (n = 3).
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and propidium iodide (PI) staining by flow cytometer. Compound
c13 concentration-dependently increased the apoptotic rate of Hela
cells, with amaximum effect at 20 μM (Figure 4). Compared with the
normal control group, compound c13 at 20 μMmarkedly raised the
apoptotic ratio of Hela cells to 62.03% ± 9.48%. The results indicated
that compound c13 significantly promoted the apoptosis of Hela
cells in a concentration-dependent manner.

3.4 Compound c13 regulated the expression
of apoptosis-associated proteins

To explore whether the induction of apoptosis caused by
compound c13 was associated with the activation of the
apoptosis-related protein, a western blot was used to detect the
expression of the protein including Bax and Bcl-2. Consistent with

FIGURE 3
Compound c13 induced cell cycle arrest of Hela cells. (A) Cell Cycle were detected by flow cytometry after treatment with compound c13 at
different doses (0, 10, and 20 μM) (n = 6). (B) Quantification of the data in (A) **p < 0.01 vs. the control group.

FIGURE 4
Compound c13 triggered apoptosis of Hela cells. (A)Cell apoptosis were detected by flow cytometry after treatment with compound c13 at different
doses (0, 5, 10, and 20 μM) (n = 3). (B) Quantification of the data in (A) ***p < 0.001 vs. the control group.

FIGURE 5
Compound c13 changed pro-apoptotic Bax and anti-apoptotic Bcl-2 protein levels in Hela cells. (A) The protein levels of Bax and Bcl-2 were
measured by western blot after treatment with compound c13 at different doses (0, 10, and 20 μM) (n = 3). (B–D) Quantification of the data in (A) *p <
0.05, **p < 0.01 vs. the control group.
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the above data, the results showed that compound c13 enhanced the
protein expression of pro-apoptotic Bax, but diminished the protein
level of anti-apoptotic Bcl-2 (Figure 5). Furthermore, the ratio of Bax
to Bcl-2 was raised after being treated with compound c13, leading
to apoptosis in Hela cells.

To determine the potential function of compound c13 in the
regulation of the apoptosis signaling pathway, downstream key
proteins containing caspase 3, caspase 9, and PARP1 were
detected by western blot. As shown in Figure 6, after treatment
of compound c13 the protein levels of full-length caspase 9, caspase
3, and PARP1 were decreased compared with the control
group. Besides, a corresponding increase in the levels of cleaved-
caspase 3, and cleaved-PARP1 was observed (Figure 6). However,
the level of cleaved-caspase 9 had the tendency of upregulation but
had no significant difference. Taken together, these results provided
support for the key signaling pathways affected by compound c13
and indicated that compound c13 might cause apoptosis of cancer
cells through the mitochondrial pathway.

4 Discussion

The main cause of cervical cancer is the persistent infection of
high-risk human papillomavirus (HPV), which causes almost 100%
of cervical cancer cases (De et al., 2015). High-risk-HPV E6/
E7 infection could increase the expression of EGFR (Zhang et al.,
2022). Currently, the treatment of cervical cancer primarily involves
surgery, radiotherapy or chemotherapy based on platinum drugs,
which could prolong the survival time of patients to some extent
(Burmeister et al., 2022; Abu-Rustum et al., 2023). However, for
patients with recurrent or metastatic cervical cancer, there is still a
lack of satisfactory and effective treatment options (Cohen et al.,
2019). Also, traditional chemotherapy drugs, such as platinum-

based agents, have significant toxic side effects. Emerging
therapeutic drugs, including targeted molecular drugs and
immunotherapeutic drugs for cervical cancer, offer higher
efficacy and reduced adverse reactions (Ferrall et al., 2021).
Therefore, gefitinib, as one of the first-generation EGFR
inhibitors, shows better efficacy against tumor cells with high
EGFR expression and has higher specificity for cancer cells than
for normal cells (Krishna et al., 2023). In this research, we found that
the gefitinib derivative c13 also demonstrates good safety, selectively
inhibiting the proliferation of Hela cervical cancer cells (IC50 =
5.66 ± 0.35 μM) with minimal toxicity to HEK293T cells (human
embryo kidney epithelial cell) and NIH3T3 cells (mouse embryonic
fibroblasts) (IC50 > 100 μM).

Considering the promising antitumor efficacy of gefitinib, there
is ongoing research on the structural modification of gefitinib. For
instance, recent studies have demonstrated that the propyl derivative
of gefitinib exhibits potent cytotoxic activity against the A549 cell
line (pulmonary adenocarcinoma cell line), A431 (lung cancer cell
line), and MDA-MB-231 (breast cancer cell line) by inhibiting
EGFR, with IC50 values of 10.23 ± 2.3 μM, 10.87 ± 0.18 μM, and
1.68 ± 0.03 μM, respectively (Sharma et al., 2019). Furthermore, our
previous findings indicate that most gefitinib structural derivatives
possess strong anti-lung cancer activity. The IC50 values of
compound 4b were 4.42 ± 0.24 μM (NCI-H1299 cells), 3.94 ±
0.01 μM (A549 cells), and 1.56 ± 0.06 μM (NCI-H1437 cells)
exerting their anti-tumor effects by triggering apoptosis,
increasing the levels of activated caspase 3 and cleaved-PARP,
and decreasing the expression of Bcl-2 protein (Liu et al., 2024).
Additionally, gefitinib derivatives have shown anti-hepatocellular
carcinoma activity, with compounds 11m and 11t demonstrating
significant anti-proliferative activity against HepG2 cells, with IC50

values of 3.08 ± 0.37 μM and 3.60 ± 0.53 μM, respectively.
Mechanistic research suggests that compounds 11m and 11t may

FIGURE 6
Compound c13 changed the protein expressions of apoptosis signaling pathway in Hela cells. (A) The protein levels of apoptosis-associated proteins
were measured by western blot after treatment with compound c13 at different doses (0, 10, and 20 μM) (n = 3). (B–G) Quantification of the data in (A)
*p < 0.05, **p < 0.01, ***p < 0.001 vs. the control group.
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induce apoptosis in HepG2 cells through DNA damage (Wu et al.,
2024). In the study, compound c13 exerted antitumor effects by
inducing apoptosis in Hela cells.

Apoptosis is an indispensable natural process to eliminate
unwanted cells. Caspase 9 is an initiator caspase that acts as a
proteolytic signal to activate effector caspases. Effector caspases such
as caspase 3 cleave several cellular proteins on their target proteins,
such as PARP-1, to promote apoptosis (Langedijk et al., 2015). The
activation of the caspase protein family is regulated by the intrinsic
death pathway (mitochondrial pathway) or the extrinsic death
pathway (surface death receptor pathway). Among them, the
mitochondrial pathway is regulated by members of the Bcl-2
family, which mainly consists of two subfamilies: pro-apoptotic
proteins (e.g., Bax, Bad, Bim, Bid) and anti-apoptotic proteins
(e.g., Bcl-2, Bcl-xI) (Corbett et al., 2012). Abnormal production
of apoptotic proteins disrupts the balance between cell proliferation
and apoptosis, leading to cancer development (Hubsher et al., 2012).
Overexpression of Bax can promote mitochondrial permeability
changes, which is accompanied by the activation of the caspase
protein family and promotes cell apoptosis through a cascade
reaction. In this study, we observed that compound c13
prominently induced apoptosis in Hela cells using Annexin
V-FITC/PI staining by flow cytometer. Further investigations into
the underlying mechanism revealed that compound c13
significantly downregulated the expression of the anti-apoptotic
protein Bcl-2, accompanied by a marked upregulation in the
expression of the pro-apoptotic protein Bax in Hela cells.
Additionally, compound c13 treatment led to a dose-dependent
activation of downstream caspase 3 and PARP-1 cleavage.
Collectively, these findings suggest that compound c13 induces
apoptosis in Hela cells through the activation of the
mitochondrial pathway.

Investigations have reported that some compounds elicit their
anti-cervical cancer properties via inducing apoptosis through the
mitochondrial pathway. For instance, Yu Yang et al. delineated that a
noval Imidazo [1,2-a] pyridine derivative diminishes Hela cell
viability, achieving an IC50 of 15.32 μM, by triggering cell
apoptosis through the p53/Bax-dependent mitochondrial cascade
(Yu et al., 2022). Additionally, Yuqing Huang et al. have
demonstrated that β-estradiol imparts notable cytotoxicity to Hela
cells, with an IC50 of 18.71 ± 1.57 μMafter a 72-h treatment period, by
instigating mitochondrial apoptosis in HeLa cervical cancer cells,
characterized by the dissipation of mitochondrial membrane
potential, the activation of caspase enzymes, and a perturbed Bax/
Bcl-2 ratio (Huang et al., 2022). Furthermore, Rashmin Khanam et al.
have designed and synthesized a series of N-benzhydrylpiperazine
derivatives combined with 1,3,4-oxadiazoles (4a-4h) and evaluated
their anti-proliferative potential in HeLa cells. Among them,
compound 4d, (N-benzhydryl-4-((5-(4-aminophenyl)-1,3,4-
oxadiazol-2-yl)methyl)piperazine), exhibited an IC50 value of
28.13 ± 0.21 μg/mL and induced Hela cell death through the
mitochondrial pathway (Khanam et al., 2019). In this study, we
have identified that the gefitinib structural derivative c13 exhibits
robust anti-cervical cancer activity via mitochondrial-mediated
apoptosis pathway (IC50 = 5.66 ± 0.35 μM) markedly
outperforming the parent molecule gefitinib (IC50 = 14.18 ± 3.19 μM).

The demise of tumor cells is a multifaceted phenomenon that
encompasses a spectrum of factors, notably the generation of

reactive oxygen species (ROS), the induction of endoplasmic
reticulum (ER) stress, and the activation of autophagy (Gao
et al., 2020). Elevated levels of intracellular ROS can lead to
oxidative stress, which in turn induces the aggregation of
misfolded or unfolded proteins within the ER. This accumulation
triggers ER stress and initiates apoptotic pathways in tumor cells
(Lin et al., 2019). Furthermore, the activation of autophagy not only
promotes apoptosis and inhibits tumorigenesis (Xi et al., 2022), but
also mitigates the release of excessive DNA-damaging reactive
oxygen species from damaged mitochondria by eliminating these
compromised organelles, thereby reducing oncogenic mutations
within cells (Bhutia et al., 2013). The anticancer effects of
compound c13 may not only be mediated through the
mitochondrial apoptosis pathway but may also involve multiple
pathways such as oxidative stress, autophagy, and endoplasmic
reticulum stress. Therefore, future studies should explore the
potential contributions of these pathways to gain a more
comprehensive understanding of the mechanisms underlying the
action of compound c13.

5 Conclusion

In summary, anticancer activities of a series of novel synthetic
gefitinib-1,2,3-triazole derivatives on Hela cells were detected.
Among all derivatives, compound c13 exhibited the best
inhibitory effect IC50 value of 5.66 ± 0.35 μM. Further
evaluations including colony formation, cell cycle analysis, and
cell apoptosis analysis identified that compound c13 had good
anti-proliferative and pro-apoptotic activity. Western blot
analysis provided mechanistic insights, demonstrating that
compound c13 upregulated the Bax/Bcl-2 ratio and increased
levels of active caspase 3 and cleaved PARP1, which suggested
the involvement of the mitochondrial pathway in compound
c13-induced apoptosis. The results of the current study
underscore the potential of compound c13 as a promising
candidate for the treatment of cervical cancer.

6 Experimental

6.1 Materials and chemistry

Gefitinib, purchased from Aladdin (Shanghai, China) with a
purity ≥99% analyzed by HPLC, was prepared as a stock solution
at a concentration of 10 mM in dimethyl sulfoxide (DMSO). Prior to
drug administration, the stock solution was diluted with culture
medium to achieve the desired working concentrations.

4-(3-((4-Chloro-7-methoxyquinazolin-6-yl)oxy)propyl)morpholine
(Compound a, 0.01 mol) was suspended in isopropanol. To this
solution, 3-aminophenylacetylene (1.2 g, 0.01 mol) was added. The
suspension was stirred at refluxing temperature under a nitrogen
atmosphere, during which a solid gradually formed. The reaction
progress was monitored by TLC. Upon completion, the reaction
mixture was poured into ice water and stirred for 30 min. The
resulting solid was collected by filtration and washed with
isopropanol to yield compound b, which was then purified to
obtain the final product.
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Compound b and Aryl-azido were added to 200 mL of a water/
t-butanol / THF mixture (1:1:1). The reaction was conducted in the
presence of copper sulfate and sodium ascorbate at 80 ℃. Upon
completion, as confirmed by TLC, the mixture was extracted with
dichloromethane (3 × 100 mL). The combined organic layers were
washed successively with water and brine, dried over sodium sulfate,
and concentrated in vacuo. The residue was purified by column
chromatography (VCH2Cl2/VMeOH = 40:1) to yield the target
compounds c1-14. After numerous experiments, these
compounds were accumulated for subsequent experiments.

6.2 Biological study

6.2.1 Cell culture
Hela cells were purchased from ATCC (American Type Culture

Collection, United States). The cell line was cultured in Dulbecco’s
Modified Eagle medium (LifeTech, Grand Island, NY, United States)
supplemented with 10% fetal bovine serum (FBS, Siji Green, China),
100 IU/mL of Penicillin and 100 μg/mL Streptomycin in a 5% CO2

incubator with a humidified atmosphere at 37°C.

6.2.2 MTT assay
Cell viability was determined using theMTT assay. In brief, Hela

cells were seeded in 96-well plates at a density of 3000 cells/well for
24 h. Then, the cells were treated with different concentrations of the
investigated compounds for 48 h. After treatment, MTT (Sangon
Biotech, Shanghai, China) solution reagent was added into each well
to a final concentration of 50 μg/mL, and the cells were incubated for
3 h at 37°C. After the incubation, the formazan product, indicative of
viable cells, was solubilized by adding 100 μL of dimethyl sulfoxide
(DMSO) to each well. The absorbance of the resulting solution was
then measured at 490 nm using a microplate reader (Biotek
Instruments, Winooski, VT, United States). The half-maximal
inhibitory concentrations (IC50) value was determined by
GraphPad Prism 8.0 software.

6.2.3 Plate clone formation assay
Hela cells with a density of 5 × 102 cells/well were seeded in 6-

well plates overnight. The cells were treated with different
concentrations of compounds (0, 5, 10, and 20 μM) were
added and continued to be cultured at 37°C with 5% CO2.
When more than 50 cell clone formations were visible, the
culture medium was discharged. Then, the cells were fixed
with 2 mL of 4% paraformaldehyde for 15 min and stained
with 2 mL of crystal violet solution at room temperature for
15 min. A microscope was used to take photos and count the
number of cell clones.

6.2.4 Apoptosis assay
Hela cells with a density of 1.5 × 105 cells/well were seeded in 12-

well plates overnight for adhesion. The cells were treated with
different concentrations of compounds (0, 5, 10, and 20 μM) for
48 h. After treatment, the cells were washed with PBS and stained
with Annexin V-FITC and Propidium Iodide (PI) for 15 min in the
dark. Cell apoptosis rate was detected by BD Accuri C6 Plus flow
cytometry (BD Biosciences) and all analyses were performed with
FlowJo software.

6.2.5 Cell cycle analysis
Hela cells with a density of 1.5 × 105 cells/well were seeded in 12-

well plates overnight. Different concentrations of compounds (0, 5, 10,
and 20 μM) were added to treat the cells for 48 h. After treatment, the
cells were washed with PBS and then the cells were fixed with 70%
ethanol at −20°C overnight. Subsequently, the cells were stained with
PI staining solution containing 10 μg/mL RNAase for 30 min in the
dark. The data was collected by BD Accuri C6 Plus flow cytometry
(BD Biosciences). All analyses were performed with FlowJo software.

6.2.6 Western blot analysis
Whole cell extracts were prepared by lysing cells on ice for

30 min using RIPA lysis buffer (Beyotime Biotechnology, Shanghai,
China). Following centrifugation at 12, 000 g for 15 min at 4°C, the
supernatants were collected. The protein content concentrations of
samples were determined according to the manufacturer’s protocol
for the BCA protein assay kit (Thermo Scientific, Rockford, IL,
United States).

Equal amounts of protein were resolved using sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
subsequently transferred to a 0.2 μm nitrocellulose membrane. The
membranes underwent blocking for a minimum of 1 h in 5% skimmed
milk diluted in TBST. Subsequently, the blots were incubated overnight
at 4°C with primary antibodies. Primary antibodies used were include,
Bcl-2 (ABclonal, Wuhan, China), Bax (Wanleibio, Shenyang, China),
Caspase 9/p35/p10 antibody (Proteintech, Wuhan, China), Caspase 3/
p17/p19 (Proteintech, Wuhan, China), PARP-1 (Proteintech, Wuhan,
China), β-actin (Sigma-Aldrich, St Louis,MO,United States). Following
incubation, the membranes were washed three times with TBST buffer
and then incubated with secondary antibodies (Kangchen
Biotechnology, Shanghai, China) for 1 h at room temperature.
Subsequently, the blots were washed three times with TBST buffer
and developed using an enhanced chemiluminescence reagent
(Millipore Corporation, Bedford, MA, United States). The intensity
of each protein band was quantitatively analyzed using ImageJ software.

6.2.7 Statistical analysis
All data were statistically analyzed using Graph Prim 8.0 software.

The experimental results are all expressed asmean ± Standard Error of
Mean (Mean ± SEM). For multiple comparison, data was analyzed by
one-way ANOVA followed by Dunnett’s multiple comparisons. And
for two groups comparison, student’s t test was used. When P < 0.05,
the data is considered statistically significant.
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