Sheng etal. BMC Pharmacology
BMC Pharmacology and Toxicology (2023) 24:45

https://doi.org/10.1186/s40360-023-00686-7 and Toxicology

Panobinostat (LBH589) combined 1)

with AM1241 induces cervical cancer cell
apoptosis through autophagy pathway

Bo Sheng', Wenwen Wang?, Dongyue Xia' and Xiangdong Qu'"

Abstract

Purpose The study aims to investigate the apoptotic effects of combining LBH589 and AM1241 (a selective CB2
receptor agonist) on cervical cancer cells and elucidating the mechanism of this combined therapy, which may pro-
vide innovative strategies for treating this disease.

Methods The viability of the cervical cancer cells was measured by cell counting kit-8 (CCK-8) assay, and the syner-
gistic effect was analyzed using SynergyFinder. Cell proliferation was tested by cell cloning. The apoptosis and reactive
oxygen species (ROS) production in cervical cancer cells were analyzed by flow cytometry. Western blot and quanti-
tative real-time PCR (gqRT-PCR) were employed to determine changes in protein and gene levels of pathway-related
factors.

Results By the results of cytotoxicity assay, SiHa cells were selected and treated with 0.1 uM LBH589 and 4 uM
AM1241 for 24 h for subsequent experiments. The combination of both was synergistic as determined by bliss, ZIP,
HSA and LOEWE synergy score. Plate cloning results showed that LBH589 combined with AM1241 inhibited the pro-
liferation of cervical cancer cells compared to individual drug. Additionally, compared with LBH589 alone, the com-
bination of LBH589 and AM1241 induced autophagy by increasing LC3II/LC3I and decreasing P62/GAPDH, leading
to a significantly higher rate of apoptosis. Pharmacological inhibition of also inhibited apoptosis. Consistently, we
found that the endoplasmic reticulum, DNA damage repair pathway were induced after co-administration. Further-
more, cellular ROS increased after co-administration, and apoptosis was inhibited by the addition of ROS scavenger.

Conclusion LBH589 combined with AM1241 activated the endoplasmic reticulum emergency pathway, DNA dam-
age repair signaling pathway, oxidative stress and autophagy pathway, ultimately promoting the apoptosis of cervical
cancer cells. These findings suggest that the co-administration of LBH589 and AM1241 may be a new treatment plan
for the treatment of cervical cancer.
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Introduction

Cervical cancer is the fourth most common malig-
nancy among women, triggered by a high-risk human
papillomavirus (hrHPV) infection. With a tendency for
decreasing average age of onset among female patients,
cervical cancer is a growing concern [1]. Recent
advancements in cervical cancer biology have revealed
the prevalence of epigenetic alterations, particularly
histone modifications, in cervical carcinogenesis and
metastasis [2]. Among them, histone modifications are
essential for regulating gene expression through chro-
matin modifications, [3] such as histone acetylation
which is a process regulated by histone deacetylase
(HDAC) and histone acetyltransferase (HAT). Studies
have found that HDAC is overexpressed in a range of
malignancies, including cervical cancer, making HDAC
a potential target for cancer therapy [4].

Antineoplastic LBH589 is an oral histone deacety-
lase inhibitor that can change the expression of genes by
causing acetylation of histone lysine tails in chromatin. It
has been found to have good potential in anti-cancer in
recent years, such as the ability to inhibit the growth and
metastasis of hepatocellular carcinoma, [5] anti-ovarian
cancer activity in vivo and in vitro, [6] and the ability to
inhibit breast tumor growth and metastasis [7]. Besides,
Liu et al. identified LBH589 as a potential drug for use in
patients with high-risk cervical cancer through interac-
tion analysis between risk profile and drug response [8].
Despite its potential, phase II trials using HDACi against
solid tumors have shown limited success, with only a
small number of patients achieve complete remission [4].
However, the combination of LBH589 and topoisomer-
ase inhibitors, such as topotecan or etoposide, has been
shown to induce strong cell death in cervical cancer-
derived cells by activating the intrinsic apoptotic pathway
[9]. This suggests that the combination of HDACi and
another apoptosis-inducing tumor suppressor may be an
efficient cervical cancer treatment plan.

AM1241 is a potent, classical, selective cannabinoid
receptor 2 (CB2) receptor agonist. The over-expression
of human CB2 promoted apoptosis of cervical can-
cer cells via up-regulating the Bax, Bad expressions and
down-regulating the Bcl-2 expression [10]. Recent stud-
ies have indicated that AM1241 significantly suppresses
p53-dependent apoptosis by stimulating production of
IL-10 [11]. Combining the properties of LBH589 and
AM1241, LBH589 may hold promise in producing unex-
pected anti-cervical cancer activity in combination with
AM1241. However, the function of LBH589 when used
in conjunction with AM1241 for cervical cancer remains
uncertain.

Therefore, we analyzed the role of LBH589 and
AM1241 in inducing apoptosis in cervical cancer cells in
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this study, respectively, and examined the role of LBH589
combined with AM1241 in cervical cancer cell apoptosis
and related mechanisms.

Materials and methods

Cell culture

Hela and SiHa cell lines were obtained from Shanghai Qi
Da Biological Technology Co., Ltd. The cells were main-
tained in Dulbecco’s modified Eagle medium (DMEM,
Gibco Invitrogen Corporation, Carlsbad, CA), supple-
mented with 10% fetal bovine serum (FBS) (Bayotime,
Shanghai, China) and 1% antibiotics (100 units/mL peni-
cillin and 100 pg/mL streptomycin (Invitrogen-Life Tech-
nologies, Carlsbad, CA)), in a humidified atmosphere of
5% CO, at 37°C.

Cell viability

The effect of LBH589 (MedChemExpress, USA) and
AM1241 (Sigma-Aldrich, USA) on the cellular activ-
ity of HeLa and SiHa cells was determined using the cell
counting kit-8 (CCK-8) assay. Various concentrations of
LBH589 (0, 0.1, 0.25, 0.5, 1, and 2 pM) or AM1241 (0,
1, 4, 10, 40, and 100 pM) were administered to the cells
for different time periods (24 and 48 h) (n=6). Cell sus-
pensions (100 pl/well) were inoculated in 96-well plates
and pre-cultured for 4 h at 37°C with 5% CO,. Addition-
ally, co-treat cells with LBH589 and AM1241 to evaluate
their synergistic effects using the SynergyFinder website
(http://synergyfinder.org/#!/) (n=5). After treatment, 10
ul of CCK-8 solution (Sigma-Aldrich, USA) was added to
each well and incubated for 1 h protected from light. Then
the absorbance was measured at 450 nm using a precise
microplate reader (MolecularDevices, Sunnyvale, CA).

Colony formation assay

The Hela and SiHa cells were distributed into control
group, 0.1uM LBH589 group, 4 uM AM1241 group and
0.1uM LBH589+4 uM AM1241 group. The subsequent
experiments were conducted in accordance with the
aforementioned grouping. Cells were seeded in the cul-
ture plates(1.5x 10%/well) and incubated for a period of 1
week to form colonies before the cells were stained with
crystal violet solution (n=5).

Western blot analysis

The extracted proteins from treated cells were analyzed
using SDS-PAGE (Beyotime Biotechnology, Shanghai,
China) and transferred to a PVDF membrane (Beyo-
time Biotechnology). The membrane was blocked and
then incubated overnight at 4°C with primary antibodies
against activator of transcription factor 4 (ATF4), ATF6,
eukaryotic initiation factor 2a (EIF2a), phosphorylated
EIF2«a (p-EIF2a), X-box binding protein 1 (XBP-1), C/
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EBP homologous protein (CHOP), y-H2AX, light chain
3 (LC3), P62, cleaved-caspase3, cleaved-PARP, and glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH), fol-
lowed by incubation with secondary antibodies. The
antibodies utilized in the analysis were procured from
Proteintech, USA. Analysis of protein bands was con-
ducted using Image ] (Bio-Rad, USA).

Quantitative Real-time Polymerase Chain Reaction
(GRT-PCR)

Treated cells were lysed using Trizol and then total RNA
was obtained. RNA concentrations were determined
spectrophotometrically. The total RNA was then added to
nuclease-free PCR tubes on ice along with nuclease-free
water, TransScript All-in-One SuperMix for qPCR, and
gDNA Remover. The samples were incubated at 42°C for
15 min, and then heated at 85°C for 5 s to inactivate Trans-
Script RT/RI and gDNA Remover. The resulting cDNA
was diluted tenfold and used as a template for qPCR. For
each reaction, 2 pl of the cDNA solution was added to 10
ul reaction of SybrGreen qPCR Master Mix (TAKARA),
0.4 ul (1 uM) of both forward and reverse primers, and 7.2
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ul of nuclease-free water. qRT-PCR primers for LC3: For-
ward 5-GAGTTACCTCCCGCAGCC-3; Reverse 5-TTA
CAGCGGTCGGCGAAG-3. qRT-PCR primers for P62:
Forward 5-GATTCGCCGCTTCAGCTTCT-3;, Reverse
5-CCCGTCCTCATCGCGGTA-3. Reactions were per-
formed in an ABI Stepone plus real-time PCR instrument.
All PCR cycles began with denaturation for 3 min at 95°C,
followed by 40 cycles of 7 s for 95°C, 10 s for 57 °C and
15 s for 72°C. Relative mRNA expression was calculated
using the 2744t method.

Cell apoptosis assay

The rate of apoptosis was quantified using the Annexin
V FITC Apoptosis Kit (BD Biosciences, USA). Briefly,
upon digestion, resuspended samples were labeled with
Annexin V fluorescein isothiocyanate and propidium
iodide and incubated for 15 min prior to being subjected
to flow cytometry (BD Biosciences, USA). The resulting
data were analyzed using FlowJo (BD Pharmingen, USA).
The autophagy inhibitor, 3-methyladenine (3-MA), and
the ROS scavenger, N-acetyl-L-cysteine (NAC), were
obtained from Sigma-Aldrich (USA).
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Fig. 1 The appropriate treating concentration of LBH589 and AM1241 on cervical cancer cells. A LBH589 was applied to Hela cells at various
concentrations in an effort to find the appropriate amount (n=6). B LBH589 was applied to SiHa cells at various concentrations in an effort to find

P

the appropriate amount. Compared with O uM LBH589 in 24h,

P<0.001; compared with 0 uM LBH589 in 48h, #P<0.01, #P<0.001 (h=6). C

AM1241 was applied to Hela cells at various concentrations in an effort to find the appropriate amount (n=6). D AM1241 was applied to SiHa cells
at various concentrations in an effort to find the appropriate amount (n=6). Compared with OpM AM1241 in 24h, "P<0.05, P < 0.001; compared

with 0 uM AM1241 in 48h, *P<0.05, **P < 0.001
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Measurement of ROS generation

The cells were pre-incubated at 37°C for 2 h, and sub-
sequently treated with the drug for the specified period
of time. Subsequently, the cells were resuspended in
medium and incubated with DCFH-DA at 37°C for 20
min. The resulting fluorescence intensity was assessed
using a flow cytometer (BD Biosciences, USA).

Statistical analysis

Statistical analysis of result was performed using one-way
ANOVA by GraphPad Prism v8.0.2. All data are given as
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mean + standard deviation. A p<0.05 value was consid-

ered significant. Each experiment was repeated at least
thrice with three replicates.

Results

LBH589 combination with AM1241 inhibited

the proliferation of cervical cancer cells

Prior to the experiment, both Hela and SiHa cervical can-
cer cell lines were subjected to various concentrations of
LBH589 (0, 0.1, 0.25, 0.5, 1 and 2 pM) and AM1241 (0, 1,
4, 10, 40, 100 pM) for 24 h and 48 h to evaluate the cell
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Fig. 2 Synergistic effect chart of AM1241 and LBH 589 combined treatment on Hela cervical cancer cells. Synergistic effect charts of Hela cervical

cancer cells were calculated using A ZIP, B HSA, C Bliss, and D Loewe reference models. These data were obtained using the SynergyFinder software.
The synergistic effect is manifested as a ZIP synergy score of more than 1, and Loewe, Bliss, and HSA synergistic scores of more than 0 (n=5)
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viability. The results revealed that when treated with 0.1
uM LBH589 for 24 h, the viability of Hela cells remained
relatively stable (Fig. 1A and B). Similarly, the viability of
Hela and SiHa cells remained stable after being treated
with 4 uM AM1241 for 24 h (Fig. 1C and D). Therefore,
0.1 pM LBH589 and 4 uM AM1241 and 24 h treatment
time were selected as the conditions for the follow-up
experiments.

The potential for synergistic cytotoxic activity between
LBH589 and AM1241 was assessed using SynergyFinder
software based on four reference models: ZIP, HSA, Bliss,
and Loewe [12]. Upon analyzing the synergistic graph of
LBH589 and AM1241, it was observed that the drugs in
this combination exhibit a synergistic effect across the
four models. The corresponding synergy scores for these
models were 1.73, 5.9, 1.75, and 4.94 (Fig. 2 and S1).

The results of cell cloning experiments showed that
both of LBH589 and AM1241 inhibited the prolifera-
tion of Hela cells and SiHa cells, while LBH589 combined
with AM1241 produced a stronger inhibition of pro-
liferation (Fig. 3). Given that the IC;, value for LBH589

Control
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Hela
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on SiHa and Hela cells was similar, and the ICg, value for
AM1241 was significantly lower on SiHa cells, SiHa was
chosen for further experimentation.

LBH589 combination with AM1241 activates endoplasmic
reticulum (ER) stress pathway and DNA damage repair
(DDR) signaling pathway to promote apoptosis in cervical
cancer cells

To probe the means by which the combination of
LBH589 and AM1241 inhibited the proliferation of cer-
vical cancer cells, an investigation was carried out on
the activation of the ER stress, DDR, and autophagy
signaling pathways. The results indicated that the addi-
tion of LBH589 or AM1241 increased the expression of
ATF4, ATF6, EIF2«, XBP-1, CHOP, besides, the expres-
sion of the above ER stress pathway-related factors was
significantly increased when the cells were treated with
the combination of LBH589 and AM1241, indicating
that the ER stress pathway was activated by the com-
bination of LBH589 and AM1241 (Fig. 4A). Addition-
ally, both LBH589 and AM1241 elicited an upregulation
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Fig. 3 The effect of different concentrations of LBH589 or AM1241 on the proliferation of cervical cancer cells. The impact of LBH589 and AM1241,
either alone or in conjunction, on the proliferation of HelLa and SiHa cells was assessed via colony formation assay (n=3). Compared with 0 uM

AM1241+0 uM LBH589, P < 0.001
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of y-H2AX expression, and when used in conjunction,
y-H2AX expression was significantly augmented, thus
activating the DDR signaling pathway (Fig. 4B). In agree-
ment, we observed an increase in LC3 expression and a
decrease in P62 expression at both protein and mRNA
levels upon the administration of either drug, and when
both drugs were combined, the enhancement of LC3
expression and reduction of P62 expression were nota-
bly amplified, attesting to the activation of the autophagy
pathway (Fig. 4C and D).

LBH589 combined with AM1241 promoted cervical cancer
cell apoptosis and oxidative stress

The addition of LBH589 or AM1241 resulted in a sig-
nificant increase in apoptosis, as evidenced by the flow
cytometric assay (Fig. 5A and B). Besides, the apop-
tosis-related protein cleaved-caspase3 and cleaved-
PARP upregulated upon treatment with LBH589 or
AM1241(Fig. 5C and D). Notably, the combined use
of LBH589 and AM1241 resulted in a higher apopto-
sis rate compared to the use of either agent alone. Upon
further investigation into the effect of combined dos-
ing of LBH589 and AM1241 on cervical cancer cells,
we observed a significant increase in ROS in SiHa cells
(Fig. 5E and F). Apoptosis of SiHa cells was suppressed
by the addition of the ROS scavenger NAC, with the

effect of NAC being comparable to that of adding the
autophagy inhibitor 3-MA. This indicates that LBH589
combined with AM1241 promotes apoptosis of cervical
cancer cells by activating autophagy and increasing ROS
accumulation (Fig. 5G and H).

Discussion
The incidence of cervical cancer ranks fourth globally,
claiming the lives of nearly 300,000 individuals annu-
ally, with approximately 600,000 new cases diagnosed
each year [1]. In our study, we demonstrated a syner-
gistic anti-cancer effect in the combination of LBH589
and AM 1241. Apoptosis of cervical cancer cells could
be induced and enhanced by autophagy activation, DDR
signaling pathway activation and endoplasmic reticulum
stress, all of which could be induced by LBH589 and
AM1241. The use of LBH589 and AM1241 to induce
these pathways could potentially be a valuable addition
to the current cervical cancer treatment regimen. Fur-
ther research in this area could provide more insights
into the underlying mechanisms of cervical cancer and
aid in the development of more effective treatment
options.

Activation of autophagy has emerged as a promising
treatment strategy in combination with existing cancer
therapies [13]. Studies have shown that autophagy can
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be induced by regulating targeted genes (such as Bcl-2,
THBS2) and pathways (such as Wnt signaling pathway)
to promote apoptosis in cervical cancer cell [14-16].
LBH589, as the most effective HDACi in clinical devel-
opment, can promote tumor cell apoptosis by induc-
ing autophagy. Fazio et al. stated that the combined
use of LBH589 and tamoxifen induces autophagy and
leads to the death of liver cancer cells [17]. In recent
years, studies have found that CB2 plays a protective
role in various pathological conditions by activating
autophagy, [18]. However, no studies have examined
the effect of CB2 receptor agonists such as AM1241

*xx

ek

P<0.001

P<0.001. G and HTo detect the effect

on cervical cancer cells. Liu et al. demonstrated that
AM1241 induced autophagy through activation of the
Pink1/Parkin pathway, attenuating myocardial ischemia—
reperfusion injury in rats [19]. In our study, both of
LBH589 and AM1241 induced autophagy in SiHa cells.
In addition, AM1241 and LBH589 work better together
than either drug alone in inducing autophagy in SiHa
cells. After blocking autophagy, cells apoptosis was inhib-
ited, instructing us that LBH589 and AM1241 are able to
promote apoptosis by inducing autophagy.

In addition to autophagy activation, apoptotic signaling
can be generated from cell membrane, mitochondria and



Sheng et al. BMC Pharmacology and Toxicology (2023) 24:45

ER. Among them, ER stress is considered to be the key
mechanism of many pathological processes and diseases
[20]. It has been reported that inhibiting the activation
of ER stress pathway and autophagy through drugs may
enhance cytotoxicity [21]. Our research found that the
combined use of LBH589 and AM1241 induced the acti-
vation of the ER stress pathway, thereby promoting apop-
tosis in cervical cancer cells.

Studies have shown that radiation-induced autophagy
can directly or indirectly damage DNA, thereby activat-
ing the DDR signaling pathway and causing damage to
the extranuclear target ER [22]. DDR, a network of cel-
lular pathways, prevents the reproduction of damaged
DNA to maintain genome integrity. Mutations or loss of
function of the components of these pathways is a car-
cinogenic step [23]. Studies have shown that the activa-
tion of DDR protein is necessary to complete the virus
life cycle and is closely related to the replication and
transformation of HPV [24]. In our investigation, it was
observed that the combination of LBH589 and AM1241
not only activates the ER stress pathway, but also triggers
the DDR signaling pathway. The interplay between DDR
and autophagy holds great promise in developing novel
and efficacious strategies for treating cancer.

Indeed, as has been well established, the formation of
autophagy is intricately linked to the impact of oxidative
stress [25]. In our study, we observed that compared to
the use of either agent alone, the combination of LBH589
and AM1241 led to a substantial increase in cellular ROS
levels. Further, we observed that the addition of a ROS
scavenger resulted in a significant reduction in cell apop-
tosis. The aforementioned drug combination was found
to increase the level of ROS, which in turn mediates the
increased level of apoptosis in cervical cancer cells.

However, further research and clinical trials are needed
to fully assess the safety and efficacy of using LBH589
and AM1241 in the treatment of cervical cancer. Addi-
tionally, it’s important to consider individual patient fac-
tors and potential side effects before implementing a new
treatment strategy.

In conclusion, our study proved that LBH589 com-
bined with AM1241 induced the apoptosis of cervical
cancer cells by activating the ER stress pathway, DDR
pathway and autophagy pathway. The administra-
tion of LBH589 combined with AM1241 promoted
the activation of autophagy induced by LBH589, and
increased ROS expression, which further promoted
the apoptosis oxidative damage of cervical cancer cells.
Our research provides a glimmer of possibilities for
the use of LBH589 combined with AM1241 in the clin-
ical treatment of cervical cancer.
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using the SynergyFinder software. The synergistic effect is manifested as
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scores of more than 0 (n=5).
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