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Abstract

Purpose Although paclitaxel is a promising first-line chemotherapeutic drug for ovarian cancer, acquired resistance to
paclitaxel is one of the leading causes of treatment failure, limiting its clinical application. Asparagus officinalis has been
shown to have anti-tumorigenic effects on cell growth, apoptosis, cellular stress and invasion of various types of cancer cells
and has also been shown to synergize with paclitaxel to inhibit cell proliferation in ovarian cancer.

Methods Human ovarian cancer cell lines MES and its PTX-resistant counterpart MES-TP cell lines were used and were
treated with Asparagus officinalis and paclitaxel alone as well as in combination. Cell proliferation, cellular stress, invasion
and DMA damage were investigated and the synergistic effect of a combined therapy analyzed.

Results In this study, we found that Asparagus officinalis combined with low-dose paclitaxel synergistically inhibited cell
proliferation, induced cellular stress and apoptosis and reduced cell invasion in paclitaxel-sensitive and -resistant ovarian
cancer cell lines. The combined treatment effects were dependent on DNA damage pathways and suppressing microtubule
dynamics, and the AKT/mTOR pathway and microtubule-associated proteins regulated the inhibitory effect through different
mechanisms in paclitaxel-sensitive and -resistant cells.

Conclusion These findings suggest that the combination of Asparagus officinalis and paclitaxel have potential clinical
implications for development as a novel ovarian cancer treatment strategy.

Keywords Asparagus officinalis - Paclitaxel resistance - Synergy - Ovarian cancer - DNA damage - Cytotoxicity

Introduction

Ovarian cancer (OC) is the most lethal gynecologic cancer
in women and the fifth leading cause of cancer death among
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approximately 19,880 new cases and 12,810 cancer-related
deaths in the United States in 2022 (Siegel et al. 2022).
Since most early-stage OCs lack disease-specific symptoms,
approximately 75% of women are diagnosed with OC at
advanced stages, presenting numerous treatment challenges
due to metastasis, recurrence, and acquisition of progres-
sive chemoresistance, leading to 5-year survival rates for OC
patients with stage 3 and 4 disease of only 42% and 26%,
respectively (Jayson et al. 2014; Tymon-Rosario et al. 2021).
Thus, there is an urgent need to develop new therapeutic
approaches for advanced and recurrent OC (Tymon-Rosario
et al. 2021; Pereira et al. 2021).

Given that paclitaxel (PTX) as a single agent has shown
favorable response rates in patients with persistent or recur-
rent disease, PTX has emerged as one of the most active
agents in OC clinical trials (Mosca et al. 2021; Tendulkar
and Dodamani 2021; Tropé et al. 1997). The combination
of PTX with a platinum analogue results in a significant
improvement in response and survival in patients with
advanced/recurrent disease, and thus represents our first-
line treatment regimen (Pokhriyal et al. 2019; Hoskins
et al. 2010). However, OC cell acquired resistance to PTX
is one of the leading causes of treatment failure and death in
OC patients, ultimately limiting the overall benefits of this
treatment (Tymon-Rosario et al. 2021). As PTX-resistant
patients lack effective alternatives to PTX, identifying ways
to increase PTX susceptibility and reduce PTX resistance
would be an important advance in OC (Mosca et al. 2021;
Das et al. 2021).

Natural products have been identified as sources of medi-
cines for various human diseases. More than 3000 plants
have been documented to be effective in the treatment of
cancer, of which more than 600 natural compounds have
potential anti-cancer effects in multiple preclinical models
(Acquaviva et al. 2022; Muhammad et al. 2022). Bioactive
compounds isolated from natural products with pharmaco-
logical properties may contain anti-tumor effects with lit-
tle or no side effects (Subramaniam et al. 2019). Several
FDA-approved natural compounds of plant origin such as
colchicine, etoposide, and PTX have become clinically
well-known antineoplastic drugs (Muhammad et al. 2022;
Tan et al. 2021). Asparagus officinalis (ASP) is a type of
liliaceous perennial vegetable crop that has been shown to
possess numerous biological activities including anti-tum-
origenic, anti-oxidant, anti-fungal, anti-inflammatory and
immunomodulatory effects (Xu et al. 2021a; Zhang et al.
2018a; Wang and Ng 2001; Romani et al. 2021). The main
bioactive constituents of ASP are a group of phytochemicals
including flavonoids, steroidal saponins and polysaccharides.
Phytochemicals extracted from ASP have been identified
as having significant anti-tumorigenic potential in vitro and
in vivo (Romani et al. 2021; Zhang et al. 2020, 2021a; Xiang
et al. 2014; Wang et al. 2013). Importantly, ASP potentiated
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the anti-tumorigenic effects of mitomycin in hepatocellular
carcinoma cells and a mouse xenograft model of hepatocel-
lular carcinoma (Xiang et al. 2014). Our previous research
found that ASP exhibited anti-proliferative and anti-meta-
static effects in OC cells and a transgenic mouse model of
OC, and that ASP combined with PTX had synergistic anti-
proliferative activity in OC cells (Xu et al. 2021b). Thus,
our current study aims to evaluate the possible anti-tumor-
igenic effects of the ASP extract in combination with PTX
on cell proliferation, apoptosis, cellular stress and invasion
in human PTX-resistant and -sensitive OC cell lines.

Materials and methods
Cell culture and reagents

The human OC cell lines MES and its PTX-resistant coun-
terpart MES-TP were gifts from Dr Sikic (Stanford Uni-
versity School of Medicine). MES-TP cell line was devel-
oped paclitaxel combined with the P-glycoprotein inhibitor
PSC833. MES-TP cells were 4.6 times more resistant to PTX
than MES cells (Moisan et al. 2014). Both cell lines were
grown in McCoy’s 5A (Thermo Fisher Scientific, Waltham,
MA) containing 10% fetal bovine serum, and penicillin (100
U/ml) and streptomycin (100 U/ml) in a constant tempera-
ture environment of 37 °C and 5% CO,. For the MES-TP cell
line, 10 nM of PTX was added to the media. All antibod-
ies used in this study were purchased from Cell Signaling
Technology (Danvers, MA) and ABclonal (Woburn, MA).
DMSO, PTX, MTT, crystal violet, DCFDH-A, JC-1 and
Laminin were from Sigma (St. Louis, MO).

Preparation of ASP extract

The ASP extract was supplied by the Shandong Shuoyi Bio-
technology Co, LTD, P.R. China. The shoots of asparagus
officinalis (ASP) were used to prepare the ASP extract. The
procedure followed the protocol of our previous publication
(Xu et al. 2021a). The ASP extracts were tested by the local
government agency for 11 pesticide ingredients. No pesti-
cide components were found in the extracts (Supplemental
Table 1 and Table 2).

Cell proliferation assay

The MES and MES-TP cells were cultured in 96-well plates
with 4000 cells/well. After 24 h of incubation, the cells were
treated with ASP, PTX or the combination for 72 h, and
then 5 ul MTT (5 mg/ml) was added to each well for 1 h at
37 °C. The cells were then lysed with 100 ul DMSO/well,
and the absorbance at 575 nm was measured using a micro-
plate reader (Tecan, Durham, NC). The IC50 value for ASP
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and PTX was then calculated by the IC50 Calculator (AAT
Bioquest, Sunnyvale, CA).

Colony formation assay

The cells were plated at a density of 100/well in 6-well
plates containing a standard culture media overnight, and
then treated with 0.1 mg/ml ASP, 1 nM PTX or the combi-
nation for 24 h. The cells were fed every 3 days with fresh
media for up to 12 days. The colonies were then fixed with
4% formaldehyde (Thermo Fisher Scientific) and stained
with 0.1% crystal violet. Colonies containing 50 cells or
more were counted under a Thermo Scientific Invitrogen
EVOS microscope.

Cleaved caspase 3, 8 and 9 assays

The MES and MES-TP cells were cultured at 2.5 x 10°
per well overnight, and then treated with 0.5 mg/ml ASP,
5 nM PTX and the combination for 14—16 h. The cells were
washed with PBS twice, and 200 ul lysis buffer was then
added into each well. The BCA assay (Thermo Fisher Sci-
entific) was used to measure the concentration of lysis buffer.
Reaction buffer, containing caspase 3 or caspase 8 or caspase
9 substrates (AAT Bioquest), was added to the lysis buffer in
black 96-well plates at 37 °C for 20 min. The fluorescence
intensity of cleaved caspase 3, caspase 8 and caspase 9 activ-
ity was detected by a Tecan microplate reader. These assays
were repeated three times for consistency of results.

Reactive oxygen species (ROS) assay

The cells were seeded at 8000 cells/well in 96-well black
plates overnight, and then treated with 0.5 mg/ml ASP, 5 nM
PTX, or the combination for 8 h to induce ROS. DCFDH-A
(20 uM) was added to each well and incubated for 30 min at
37 °C in the dark. The fluorescence of the cells was meas-
ured using a Tecan microplate reader at an excitation wave-
length of 485 nm and emission of 525 nm.

JC-1 assay

The MES and MES-TP cells were cultured in 96-well plates
at the concentration of 8000 cells/well, and then treated
with 0.5 mg/ml ASP, 5 nM PTX, or the combination for
8 h. 20 uM JC-1 was added to each well and incubated for
an additional 30 min at 37 °C. JC-1 production was detected
by a Tecan plate reader at wavelengths of 535/590 nm and
485/535 nm.

TMRE assay

Mitochondrial membrane potential was measured using the
TMRE assay (Thermo Fisher Scientific), according to our
previous protocol (Fan et al. 2022). The MES and MES-TP
cells were cultured in 96-well black plates at 8000 cells/well
for 24 h, and then treated with 0.5 mg/ml ASP, 5 nM PTX, or
the combination for 8 h. The plates were then washed with
PBS twice, and 100 ul PBS with 1 mM TMRE was added
to each well. The plates were then incubated for 30 min at
37 °C. The fluorescence density in each well was detected
using a microplate reader at an excitation of 548 nm and an
emission of 573 nm.

Adhesion assay

96-well plates were coated with 100 ul Laminin (12 ug/ml)
at 4 °C overnight. The MES and MES-TP cells were seeded
at 2.5 x 10* per well and treated with 0.5 mg/ml ASP, 5 nM
PTX, or the combination for 2 h. 100 ul of 5% glutaralde-
hyde was added to each well, and the plates were incubated
for 30 min at room temperature. After a PBS wash, each well
was stained with 100 ul of 0.1% purple crystal for 20 min.
The absorption values were detected at 570 nm with a micro-
plate reader (Tecan, Durham, NC).

Wound healing assay

The MES and MES-TP cells were seeded in 6-well plates at
a density of 4.5 10°/well for 24 h. A wound was created by
scratching a line across the bottom of the plate using a 20-pL.
pipette tip. The cells were then treated with 0.5 mg/ml ASP,
5 nM PTX, or the combination for 48 h. Photos were taken
at 24 h and 48 h after treatment. The distance between the
scratch was calculated using ImageJ analysis software. This
experiment was repeated three times for consistency.

Western blotting

The MES and MES-TP cells were treated with 0.5 mg/ml
ASP, 5 nM PTX, or the combination overnight, followed by
total protein extraction with RIPA lysis buffer. The protein
concentrations were measured with a BCA protein-assay
kit (Thermo Scientific, Waltham, MA). Next, proteins were
separated by 10-12% SDS-PAGE (Bio-Rad Laboratories,
Hercules, CA) and transferred to PVDF membranes (Mil-
lipore, Billerica, MA). After blocking with 5% non-fat milk
for 1 h at room temperature, the membranes were incubated
with the primary antibodies overnight at 4 °C, and then incu-
bated with the secondary antibodies for 1 h at room tem-
perature. The PVDF membranes were visualized by Super
Signal WestPico™ (Thermo Scientific) and analyzed using
the Bio-Rad ChemiDoc™ image system (Hercules, CA).
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Statistical analysis

Experiments were performed in triplicate with at least three
independent experiments unless indicated, and all data are
presented as a mean =+ the standard error of the mean. Sta-
tistical tests and graphs were generated by GraphPad Prism
8 software. Student’s t-test or one-way ANOVA was used
for comparisons between groups. p <0.05 was considered
statistically significant.

Results

The combination of ASP and PTX exerted enhanced
growth inhibition in OC cells

We first examined the inhibitory effect of ASP and PTX in
the MES-TP cell lines as well as in the parental MES cells.
Both cell lines were treated with different concentrations
of ASP or PTX for 72 h. MTT assays showed that ASP had
similar inhibitory effects on cell viability in both cell lines,
with IC50s of 0.92 mg/ml in the MES-TP cells and 0.81 mg/
ml in MES cells. PTX exerted significant cytotoxicity in
MES cells with an IC50 of 2.4 nM as compared to a much
higher IC50 of 17.42 nM in the MEX-TP cells (Fig. 1A). To
evaluate the synergistic effect of the combination of PTX
and ASP in MES and MES-TP cells, both cell lines were
treated with different doses (approximating IC20, IC50 and
IC70) of ASP alone, PTX alone, and the combination of
the two agents for 72 h. The combination of 0.1 mg/ml or
0.5 mg/ml ASP and different doses of PTX was significantly
more effective than PTX alone in inhibiting cell prolifera-
tion in the MES and MES-TP cells. ASP doses below the
IC50 did not increase the sensitivity to PTX in both cells
(Fig. 1B). Based on the cell viability at each combination
point, we used the Bliss Independence model to calculate
the combination Index values (CI) (Foucquier and Guedj
2015). The CI value was lower than 1.0 when both cells
were treated with the combination of PTX and ASP at low
doses, suggesting that the combination of ASP and PTX at
low doses generated synergetic effects in growth inhibition
in both the MES and MES-TP cells (Fig. 1C).

As clonogenic assays remain the gold standard for assess-
ing cancer cell response to therapy, we evaluated the effects
of ASP, PTX and the combination on colony formation in
both cell lines. The MES and MES-TP cells were treated
with 0.1 mg/ml ASP, 1 nM PTX or the combination for
24 h, and then cultured for another 2 weeks. ASP and PTX
reduced colony formation in both cell lines; however, the
combination treatment produced a more potent inhibition
on colony formation (Fig. 1D). In the MES and MES-TP
cells, 1 nM PTX reduced colony formation by 32.8% and
25.1%, respectively, while 0.1 mg/ml ASP decreased colony
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formation by 23.2% and 20.3%, respectively. The combina-
tion of ASP and PTX reduced colony formation by 53.1%
in the MES cells and 64.8% in the MES-TP cells compared
to control groups (p <0.01). These results demonstrate that
the combination of ASP and PTX exhibited effective toxic-
ity not only in the PTX-sensitive MES cells, but also in the
PTX-resistant MES-TP cell line.

The combination of ASP and PTX exhibited more
efficient induction of apoptosis in OC cells

ASP and PTX are both known to induce apoptosis in can-
cer cells. To evaluate the effect of ASP, PTX or the com-
bination of ASP and PTX on apoptosis, we used ELISA
assays to detect the changes of caspase 3, 8 and 9 in the
OC cells. Increased activity of cleaved caspase 3, cleaved
caspase 8, and cleaved caspase 9 was observed in the MES
and MES-TP cells after 14—16 h of exposure to 0.5 mg/ml
ASP, 5 nM PTX and the combination treatment (p <0.01).
Both cell lines had similar responses to apoptosis induction
in response to these treatments. The combination treatments
had more potential to highly induce activity of cleaved cas-
pase 3, 8 and 9 compared to ASP alone and PTX alone in
both cell lines (Fig. 2A and B, p <0.05). Furthermore, west-
ern blotting analysis showed that 0.5 mg/ml ASP decreased
the expression of MCL-1 in the MES cells and BCL-XL
expression in the MES-TP cells, and 5 nM PTX reduced
MCL-1 and BCL-XL expression in both cell lines after 24 h
of treatment. Similarly, the combination treatment produced
potent inhibition of MCL-1 and BCL-XL expression com-
pared to ASP or PTX alone in both cell lines (Fig. 2C and
D).

The combination of ASP and PTX displayed effective
induction of cellular stress in OC cells

To define the combined effects of ASP and PTX on oxida-
tive stress, DCFH-DA assay was used to detect cellular ROS
production. Treatment of the MES and MES-TP cells with
ASP, PTX or the combination for 8 h increased intracellular
ROS levels, and this increase was more pronounced with the
combination treatment. Combination treatment resulted in
a 32.2% increase in the MES cells and a 54.6% in the MES-
TP cells compared to the control cells (Fig. 3A, p<0.01).
We next examined the combined effects of ASP and PTX
on mitochondrial membrane potential (A¥Ym). MES cells
treated with 0.5 mg/ml ASP, 5 nM PTX, or the combina-
tion significantly reduced A¥Wm, with the most pronounced
reduction in the combination group compared to ASP or
PTX alone (p <0.01). Similarly, a significantly superior
reduction in A¥Ym occurred in the MES-TP cells with the
same treatments (Fig. 3A and B). Western blotting results
showed ASP combined with PTX significantly increased
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Fig. 1 Effect of ASP, PTX or both in combinations on OC cell viabil-
ity. The MES and MES-TP cells were seeded in 96-well plates at a
density of 4000/well and treated with 0.5 mg/ml ASP, 5 nM PTX or
the ASP/PTX combination at different doses for 72 h. Cell prolifera-
tion was measured by MTT assay. ASP inhibited cell proliferation in
the MES and MES-TP cells (A). The combination of ASP and PTX
at low doses showed synergistic inhibitory effects on cell prolifera-
tion in both cell lines (B). The combination index (CI) was calculated

PDI and Bip expression compared to control and single
agent groups for both cell lines (Fig. 3C and D).

The combined effects of ASP and PTX on invasion
in OC cells

To investigate the combined effects of ASP and PTX on cell
migration and invasion, we performed laminin-1 adhesion,
wound healing and transwell assays in the MES and MES-TP
cells. Inhibition of adhesion was observed in ASP-treated
and PTX-treated MES and ASP-treated MES-TP cells. 5 nM
PTX alone did not reduce cellular adhesion in the MES-TP
cells. Importantly, the combination of 0.5 mg/ml ASP with

using the Bliss Independence model (C). CI< 1, synergistic effect;
CI=1, additive effect; CI>1, antagonistic effect. The MES and
MES-TP cells were treated with ASP (0.1 mg/ml), PTX (1 nM) and
the combination treatment for 24 h, and then the cells were cultured
for an additional 2 weeks, followed by colony assay assessment. The
combination treatment produced more inhibitory effects on colony
formation in both cell lines (D). *p<0.05, **p<0.01. The experi-
ments were repeated three times

5 nM PTX significantly reduced cell adhesion in both cells
compared to controls as well as ASP or PTX alone (Fig. 4A,
p <0.05). A similar phenomenon was observed in both cell
lines when we used the transwell assay to detect cell inva-
sion. 0.5 mg/ml ASP inhibited cellular invasion in both cell
lines while 5 nM PTX reduced cellular invasion in the MES
cells but not in the MES-TP cells. Cellular invasion was
synergistically inhibited in the presence of the combination
of ASP and PTX (Fig. 4B, p <0.05). Results from the wound
healing assay showed that 0.5 mg/ml ASP and 5 nM PTX
inhibited the motility of MES cells. In MES-TP cells, ASP
displayed inhibitory effect on cell motility but PTX alone
did not affect cell motility. The combination of 0.5 mg/ml
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Fig.2 The effect of ASP, PTX or the combination on apoptosis. The
MES and MES-TP cells were treated with ASP (0.5 mg/ml), PTX
(5 nM) or the combination for 14—16 h. ELISA assay was used to
detect cleaved caspase 3, 8 and 9 activities. ASP or PTX significantly
increases the activity of caspase 3, 8 and 9, with the greatest effect on
combination treatments in both cell lines (A and B). Both cell lines
were treated with 0.5 mg/ml ASP, 5 nM PTX and the combination

ASP and 5 nM PTX had a greater ability to inhibit cellular
migration in both cell lines compared to vehicle, ASP or
PTX alone (Fig. 4C, p <0.05).

Due to the role of epithelial mesenchymal transition
(EMT) in the process of cell invasion, we used western blot-
ting to examine changes in EMT markers with ASP/PTX
treatment. The combination of ASP and PTX caused con-
siderable up-regulation of N-cadherin and downregulation
of vimentin, VEGF and B-catenin in both cell lines after
24 h of treatment (Fig. 4D). These results confirm that ASP
combined with PTX effectively suppressed both migration
and invasion in PTX-sensitive or -resistant OC cell lines.

The combined effects of ASP and PTX on the AMPK
and AKT/S6 pathways in OC cells

The AKT/mTOR pathway is a major pathway involved in
carcinogenesis, progression, and drug resistance in OC
(Guo et al. 2018). AMPK signaling controls energy bal-
ance, cell proliferation and survival in cancer (Russell and
Hardie 2020). To evaluate whether the AKT/mTOR and
AMPK pathways are responsible for the inhibitory effect
of ASP and PTX on MES and MES-TP cells, both cell
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Mcl-1 Bel-xL

for 24 h, and the expression of MCL-1 and BCL-XL was assessed
by western blotting. PTX significantly decreased the expression of
MCL-1 and BCL-XL in both cell lines, the combination treatment
produced more inhibitory effects on MCL-1 and BCL-XL com-
pared to ASP or PTX alone in both cell lines (C and D). *p <0.05,
**p <0.01. The experiments were repeated at least 2 times

lines were treated with 0.5 mg/ml ASP, 5 nM PTX and the
combination of ASP and PTX for 24 h. AKT/mTOR activ-
ity was determined by phosphorylation of AKT (ser473)
and S6 (Ser235/236), and AMPK activation was evalu-
ated by AMPK phosphorylation on Thr172. PTX slightly
increased phosphorylated AMPK expression in the MES-
TP cells. 0.5 mg/ml ASP combined with 5 nM PTX was
more effective in increasing the expression of AMPK
phosphorylation in both cell lines. In the MES cells, PTX
increased the expression of S6 phosphorylation, whereas
ASP decreased the expression of S6 phosphorylation
compared to the vehicle control. Combination treatment
resulted in a significant increase in phosphorylation of
AKT and S6. In the MES-TP cells, PTX, but not ASP,
reduced AKT phosphorylation, and ASP and PTX single
agent treatments did not change the expression of phos-
phorylation of S6. Combination treatment further reduced
the expression of AKT and S6 phosphorylation (Fig. 5).
Taken together, these data suggest that activation of the
AMPK pathway is one of the mechanisms responsible for
combination therapy-mediated cell growth inhibition, and
that the AKT/mTOR/S6 pathway exhibits distinct roles
in this process in PTX-sensitive and -resistant cell lines.
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Fig.3 The effect of ASP, PTX or the combination on cellular stress.
The MES and MES-TP cells were treated with ASP (0.5 mg/ml),
PTX (5 nM) or the combination for 8 h. Intracellular ROS produc-
tion was determined by DCFDA assay. Mitochondrial membrane
potential was detected by JC-1 assay and TMRE assay. ASP, PTX and
the combination treatment increased cellular ROS levels and reduced
mitochondrial membrane potential, with the greatest effect on com-
bination treatments in both cell lines (A and B). Both cell lines were

The combined effects of ASP and PTX on DNA
damage pathways in OC cells

PTX resistance involves modulating DNA repair, multi-drug
resistance (MDR) expression, and microtubule changes in
cancer. To explore the combined effects of ASP and PTX
on DNA damage pathways in MES and MES-TP cell lines
were treated with 0.5 mg/ml ASP, 5 nM PTX or the combi-
nation for 24 h, and western blotting was performed. PTX
treatment was capable of increasing the expression of DNA
damage markers, geminin and phosphorylation of y-H2AX,
in the MES and MES-TP cells, whereas ASP did not change
the expression of y-H2AX or CHK?2 phosphorylation. The
combination of ASP and PTX exhibited stronger effects in
inducing H2AX and CHK?2 phosphorylation and increasing
the expression of geminin in both cells (Fig. 6), suggesting
that the synergistic growth inhibition induced by combina-
tion treatment was dependent on DNA damage pathways.
Since the degree of MDR1 expression strongly correlated
with resistance to PTX in cancer cells (Mechetner et al.
1998), we assessed whether combined effects of ASP and

« EPTX
[J ASP+PTX

Relative Protein
Expression

BIP PDI

treated with 0.5 mg/ml ASP, 5 nM PTX or the combination at the
indicated doses for 24 h. Western blotting was performed to assess
protein expression levels of the cellular stress markers, PDI and
Bip (C and D). The combination of ASP and PTX resulted in more
increased PDI and Bip expression compared to control and single
agent groups for both cell lines. *p<0.05, **p<0.01. The experi-
ments were repeated at least 3 times

PTX had any relevant role in MDR1 expression by western
blotting after treatment with of ASP, PTX or and the com-
bination in both cell lines for 24 h. 0.5 mg/ml ASP or 5 nM
PTX alone did not change the expression of MDRI in the
MES cells; however, PTX increased MDRI1 expression in
the MES-TP cells. ASP combined with PTX reduced MDR1
expression in the MES cells and blocked the PTX-induced
MDR increase in the MES-TP cells.

Given that microtubule-associated proteins (MAPs) are
involved in regulating microtubule dynamics, stability of
microtubules and PTX sensitivity (Safinya et al. 2016; Shi
and Sun 2017), the expression of MAPs related proteins,
Salt Inducible Kinase 2 (SIK2), mitotic arrest deficient 2
(MAD?2) and p-tubulin, was detected by western blotting
after treatment with ASP, PTX or the combination for 24 h.
Highly expressed SIK2 and MAD? effectively induces PTX
resistance in ovarian and breast cancer (Ahmed et al. 2010;
Bargiela-Iparraguirre et al. 2014). 0.5 mg/ml ASP treatment
alone did not affect the expression SIK2, MAD?2 or -tubulin
in either cell line. 5 nM PTX slightly increased MAD?2 in the
MES cells, but decreased MAD2 in the MER-TP cells. PTX
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Fig.4 The effect of ASP, PTX or the combination on cell adhesion
and invasion. The MES and MES-TP cells were treated with ASP
(0.5 mg/ml), PTX (5 nM) or the combination for 4 h. Cell adhesion
was determined by laminin adhesion assay (A). Transwell assay was
used to assess effects on invasion in both cell lines (B). Both cell lines
were treated with ASP (0.5 mg/ml), PTX (5 nM) and the combina-
tion for 48 h. Wound healing assay was used to evaluate migration/

also marginally decreased the expression of B-tubulin in both
cell lines, whereas the combination treatment significantly
reduced its expression. In addition, the combination treat-
ment led to increased expression of SIK2 and MAD?2 in the
MES cells, but conversely decreased SIK2 and MAD2 in
the MES-TP cells compared to the control, ASP and PTX
groups. These results indicate that combination treatment
elicited different effects on MAPs in PTX-sensitive and
-resistant OC cells.

Discussion

The resistance of ovarian tumor cells to PTX is a key fac-
tor in limiting the effective treatment of advanced OC with
PTX. Therefore, the development of safe and effective
adjunct therapies to overcome PTX resistance is critical
to improving the survival rate of patients with advanced
or recurrent OC. In the present study, we assessed the
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invasive ability (C). ASP and PTX significantly reduced the adhesion,
migratory and invasive abilities of both cell lines, while the combina-
tion treatments exhibited more inhibitory effects. The protein expres-
sion of EMT biomarkers was determined by Western blot analysis
after 24 h of treatment in both cells (D). Scale bar: 100 um. The
experiments were repeated at least 3 times. *p <0.05, **p <0.01

therapeutic potential of the combination of ASP and PTX
on PTX-sensitive and -resistant OC cells by investigating the
anti-tumorigenic effects of ASP alone, PTX alone and the
combination treatment against both cell lines. Our results
demonstrated that combined ASP and PTX at low con-
centrations was highly synergistic in the inhibition of cell
proliferation, migration and invasion, and more effectively
induced apoptosis and cellular stress in MES and MES-TP
cells. These synergistic responses appear to result from dif-
ferent underlying effects on the AKT/mTOR signaling path-
way and DNA damage pathways in PTX-sensitive MES cells
and PTX-resistant MES-TP cells.

Although natural products of plant origin have tradition-
ally been considered complementary nutritional supple-
ments, there is a long history of evidence suggesting that
certain natural products or natural plant active ingredients
have anti-cancer effects. Now more than 60% of current anti-
cancer drugs are derived from natural sources in various
ways (Lin et al. 2020; Cragg and Pezzuto 2016). ASP is a
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Fig.5 The effect of ASP, PTX M ES

or the combination on the

AKT/mTOR/S6 and AMPK - -+ o+
pathways. The MES and MES- _ + - +

TP cells were treated with ASP

(1 mg/ml), PTX (5 nM) or the
combination for 24 h. Western

blotting was used to determine
the expression of phosphoryl-

ated AKT and S6 after drug
treatment. The results showed
that the combination of ASP

and PTX activated AMPK phos-
phorylation in both cell lines.

In the MES cells, combination

treatment resulted in increased

expression of phosphorylated

AKT and S6. In the MES-TP
cells, the combination treatment

decreased the expression of
phosphorylated AKT and S6.

In addition, the combination
treatment significantly increased
the expression of phosphoryla-
tion of AMPK in both cell lines.
*p<0.05, **p <0.01. The
experiments were repeated at
least 3 times
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popular healthy vegetable that is rich in steroidal saponins,
saccharides, flavonoids, phenolic compounds, among others.
These phytochemicals from ASP exhibit broad anti-tumor
activities in different cancer cells, including inhibition of cell
proliferation, induction of apoptosis and cell cycle arrest,
and inhibition of invasion in vitro and in vivo (Romani et al.
2021; Zhang et al. 2018b, 2020, 2021a; Xiang et al. 2014;
Wang et al. 2013). Early studies found that asparagus poly-
saccharide effectively increased sensitivity to mitomycin in
hepatocellular carcinoma cells and mouse models (Xiang
et al. 2014). Our previous results confirmed that ASP sig-
nificantly inhibited cell viability and increased sensitivity
to PTX in OC cells (Xu et al. 2021b). Given the cytotoxic
effects of ASP and PTX, we selected three concentrations
of ASP and PTX for synergistic studies in our current study,
based on their IC50 values in MES and MES-TP cells. Low-
dose ASP produced synergistic growth inhibitory effects and
induced significant apoptosis and cellular stress responses,
but only when combined with low-dose PTX as opposed to
high-dose PTX. In addition, high-dose ASP did not elicit a
synergistic response when combined with different concen-
trations of PTX in either cell line. These results suggest that
ASP has distinctly different mechanisms of inhibiting cell
growth and inducing apoptosis in MES and MES-TP cells
compared to PTX. Furthermore, increased sensitivity of
tumor cells to low-dose PTX via ASP is clinically relevant,
especially in PTX-resistant OC.
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The mechanisms responsible for PTX resistance are
multifactorial and included undesired DNA repair, up-reg-
ulation of anti-apoptotic proteins and efflux pump activity,
increased tubulin isoforms, activation of pro-survival path-
ways, enhanced function of drug-metabolizing enzymes,
among others (Mosca et al. 2021; Tendulkar and Dodamani
2021; Guo et al. 2018; Maloney et al. 2020). Recent stud-
ies have shown that most natural compounds reduce chem-
oresistance by inhibiting the expression of the multi-drug
resistance gene (MDR) or reducing MDR protein activity in
cancer cells (Turrini et al. 2014; Vaidyanathan et al. 2016;
Yan et al. 2020). Since MES-TP cells are resistant to PTX,
MES-TP cells expressed higher MDR1 than MES cells. ASP
and PTX did not increase or decrease MDR1 expression in
MES cells; however, in MES-TP cells, PTX-induced MDR1
overexpression. The combination of ASP and PTX reduced
MDRI1 expression in both cells. These results indicate that
ASP may be specifically effective in reversing PTX-induced
resistance in OC cells. This is the first demonstration that
ASP reduces PTX-induced MDR1 expression in PTX-resist-
ant OC cells.

Elevated intracellular ROS production is well known to
cause oxidative DNA damage that triggers the activation of
apoptosis through the extrinsic and intrinsic apoptotic path-
ways in cancer cells (Mohiuddin and Kasahara 2021; Srini-
vas et al. 2019). PTX increases the level of ROS in many
types of cancer cells, including PTX-resistant cell lines
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Fig.6 The effect of ASP, PTX MES
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(Mohiuddin and Kasahara 2021; Sugiyama et al. 2020; Chen
et al. 2017). Phosphorylated y-H2AX and CHK?2 as sensitive
indicators of DNA damage are commonly used to assess
PTX-induced DNA damage or DNA replication stress (Kim-
ani et al. 2021; Gutiérrez-Gonzéalez et al. 2013). In addition,
altered microtubule dynamics, due to changes in the expres-
sion or post-translational modifications of microtubule-asso-
ciated proteins (MAPs), may contribute to tumor resistance
to PTX in a wide range of cancer types (Safinya et al. 2016;
Orr et al. 2003; Xie et al. 2016). In the current study, PTX
increased the expression of geminin and phosphorylated
v-H2AX in the MES and MES-TP cells. The combination
of ASP and PTX exhibited more potent effects on geminin,
phosphorylated y-H2AX and CHK?2 in both cells. Similar
results occurred with p-tubulin changes following ASP and
PTX treatment. However, we observed that PTX and the
combination therapy had opposite effects on the expression
of the MAP proteins SIK2 and MAD?2 and activity of the
AKT/mTOR/S6 pathways in MES versus MES-TP cell lines.
These results provide evidence that the combination of ASP
and PTX synergically inhibited cell proliferation via DNA
damage pathways and suppressed microtubule dynamics in
both OC cell lines, and the MARs and AKT/mTOR pathway

@ Springer

mediated the inhibitory effect through different mechanisms
in PTX-sensitive and -resistant OC cells.

PTX-induced epithelial-to-mesenchymal transition
(EMT) involves several different dysregulated pathways
involved in regulating proliferation, apoptosis, and conven-
tional EMT (Jia et al. 2012; Kajiyama et al. 2007). Accu-
mulating studies show that the EMT process involves not
only tumor invasion and metastasis but also PTX resistance
in cancer cells (Yang et al. 2014; Ashrafizadeh et al. 2021).
Microtubule stabilization by PTX significantly reduces can-
cer cell invasion through inhibition of cytoskeletal network
remodeling in invadopodia maturation (Hwang et al. 2019).
ASP has been shown to inhibit cell motility and invasion
of breast cancer via modulating the Rho GTPase signaling
pathway (Wang et al. 2013). The asparanin A form of ASP
has been shown to reduce migration and invasion via the
Ras/ERK/MAPK pathway in endometrial cancer cells and
mouse models (Zhang et al. 2021b). We recently demon-
strated that inhibition of invasion by ASP may be related to
ASP’s effects on the regulation of EMT and angiogenesis
in OC in vitro and in vivo (Xu et al. 2021a). In this study,
ASP combined with PTX significantly decreased adhesion
and invasion through EMT process compared to ASP alone,
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PTX alone and vehicle control in MES and MES-TP cells.
Although more evidence is needed to better understand the
potential anti-metastatic mechanism of this combination,
these results support further investigation of the combina-
tion of ASP and PTX treatment in mouse models of OC.

Conclusions

Our data demonstrate that the combination of ASP and PTX
synergistically inhibited cell viability, induced apoptosis and
reduced invasion in PTX-sensitive and -resistant OC cell
lines compared to treatment with either drug alone. These
findings have potential clinical implications for the develop-
ment of more effective OC treatment strategies, especially in
platinum-resistant advanced and relapsed OC, a long-stand-
ing clinical dilemma for this highly lethal disease.
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