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Deacetylisovaltratum disrupts microtubule dynamics
and causes G,/M-phase arrest in human gastric

cancer cells in vitro
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Aim: Deacetylisovaltratum (DI) is isolated from the traditional Chinese herbal medicine Patrinia heterophylla Bunge, which exhibits
anti-cancer activity. Here, we investigated the effects of DI on human gastric carcinoma cell lines in vitro and elucidated its anti-cancer

mechanisms.

Methods: Human gastric carcinoma AGS and HGC-27 cell lines were treated with DI, and cell viability was detected with MTT assay.
Cell cycle stages, apoptosis and mitochondrial membrane potential were measured using flow cytometry. Protein levels were analyzed
by Western blotting. Tubulin polymerization assays and immunofluorescence were used to characterize the tubulin polymerization

process.

Results: DI inhibited the cell viability of AGS and HGC-27 cells in a dose- and time-dependent manner with 1Cs, values of 12.0 and 28.8
umol/L, respectively, at 24 h of treatment. Treatment with DI (10-100 umol/L) dose-dependently promoted tubulin polymerization,
and induced significant G,/M cell cycle arrest in AGS and HGC-27 cells. Moreover, DI treatment disrupted mitochondrial membrane
potential and induced caspase-dependent apoptosis in AGS and HGC-27 cells.

Conclusion: DI induces G,/M-phase arrest by disrupting tubulin polymerization in human gastric cancer cells, which highlights its
potent anti-cancer activity and potential application in gastric cancer therapy.
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Introduction

Gastric cancer (GC) is the fourth most common cancer and
the second leading cause of cancer-related death worldwide!™.
GC is often diagnosed at an advanced stage, and the prog-
nosis remains very poor, with an average 5-year overall sur-
vival rate of 20% . Despite tremendous efforts to optimize
therapeutic strategies for treating gastric cancer, the standard
chemotherapy regimen is still controversial in gastric cancer
due to the complexity of GC staging!’. Therefore, exploring
efficacious compounds is a prevailing issue in gastric cancer
research that scientists will urgently need to address in the
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near future.

The traditional Chinese herbal medicine Patrinia heterophylla
Bunge has been used for centuries to treat metrocarcinoma
and cervical cancer. However, except for recently published
studies reporting potentially active compounds, there is scant
information on the bioactive components of this species®*.
Furthermore, the underlying mechanisms of its anti-cancer
activity remain largely unknown. Deacetylisovaltratum (DI)
is a novel compound isolated from P heterophylla Bunge with
good purity (298.0%) based on preparative thin layer chroma-
tography (TLC) and high-performance liquid chromatography
(HPLC), and its structure was determined by H-NMR" .,

In the present study, we found that DI effectively caused
G,/M-phase arrest in gastric cancer cells by disrupting tubu-
lin polymerization. In addition, prolonged treatment of DI
induced mitochondrial and caspase-dependent apoptosis.
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Therefore, DI shows promise as a potent anti-cancer agent.
Determination of the molecular target of DI will shed fur-
ther light on the exploration of natural compounds effective
against gastric cancer.

Materials and methods

Cell culture

F12, RPMI-1640 medium and fetal bovine serum (FBS) were
purchased from Gibco, BRL (Grand Island, NY, USA). The
Cycletest Plus DNA Reagent Kit was purchased from BD
Biosciences (Franklin Lakes, NY, USA). Hoechst33258 was
obtained from Sigma-Aldrich (St Louis, MO, USA). The
Annexin V-FITC Apoptosis Kit was purchased from BestBio
(Shanghai, China). The Mitochondrial Membrane Potential
Assay Kit was procured from Signalway Antibody (College
Park, MD, USA). The Tubulin Polymerization Assay Kit was
purchased from Cytoskeleton Inc (Denver, CO, USA). Pri-
mary antibodies were purchased from Abcam Inc (Cambridge,
MA, USA). Human gastric carcinoma AGS and HGC-27 cell
lines were purchased from the Chinese Academy of Sciences
(Shanghai, China). Cells were cultured in F12 or RPMI-1640
medium containing 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin at 37°C in a 5% CO, humidified atmo-
sphere. Deacetylisovaltratum (DI) was dissolved in DMSO at
a concentration of 100 mmol/L.

Cell viability assay

Cell proliferation was measured by the MTT assay. Cells
(3x10°/well) were cultured in 96-well plates for 24 h and
treated with various concentrations (2.5, 5, 10, 15, 20, 30, and
40 pmol/L) of DI. After 24, 48, and 72 h treatment, 50 pL of
MTT solution (5 mg/mL in PBS) was added to each well, and
the cells were cultured for another 4 h at 37°C. The superna-
tant was completely removed, and formazan was solubilized
with 100 pL DMSO. Cell viability was quantified at 570 nm
using a Multiskan Spectrum spectrophotometer (Thermo Sci-
entific, Rockford, IL, USA).

Colony formation assay

AGS and HGC-27 cells were seeded in 6-well plates at the den-
sity of 1x10°/ well and incubated for 72 h. The cells were then
treated with various concentrations (4, 8, 10, and 20 pmol/L)
of DI. After 7 d, the cells were fixed with 4% paraformalde-
hyde for 15 min and stained with Giemsa solution for another
15 min. Visible colonies were photographed using the Chemi-
Doc XPS system (Bio-Rad, Hercules, CA, USA).

Cell cycle analysis

After treatment with DI, AGS, and HGC-27 cells were har-
vested and washed twice with cold PBS and then fixed in 70%
cold ethanol at 4°C overnight. The cells were stained using
the Cycletest Plus DNA Reagent Kit according to the manufac-
turer’s instructions (BD Bioscience, San Jose, CA, USA). Cell
cycle distribution was analyzed using a flow cytometer (Bec-
ton Dickinson, Franklin Lakes, NJ, USA).
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Detection of mitochondrial membrane potential

Mitochondrial membrane potential was visualized by staining
with 5,5,6,6’-tetrachloro-1,1",3,3" tetraethyl-imidacarbocyanine
iodide (JC-1). Cells were seeded in 6-well plates at the density
of 2x10°/well and cultured for 24 h. After treatment, the cells
were collected, washed with PBS, and incubated with JC-1 for
15 min at 37°C. After removing the dye by washing, the cells
were immediately analyzed using a flow cytometer (Becton
Dickinson, Franklin Lakes, NJ, USA).

Hoechst 33342 staining

AGS and HGC-27 cells (2x10* cells/well) were cultured in
24-well plates. After exposure to DI, the cells were fixed with
4% paraformaldehyde for 20 min and stained with Hoechst
33342 for 20 min at 37°C. After washing with PBS, the cells
were observed under a fluorescence microscope (Nikon, Ti-E,

Japan).

Apoptosis assay

Treated or untreated cells were harvested and washed with
PBS. The cells were then stained with the Annexin V-FITC
Apoptosis Kit according to the manufacturer’s instructions
and analyzed by flow cytometry (Becton Dickinson, Franklin
Lakes, NJ, USA).

Western blot analysis

After treatment with different concentrations of DI, total pro-
tein was extracted using RIPA Lysing Buffer as previously
described"”. The protein sample (40 pg) was subjected to
12% SDS-PAGE and transferred to a PVDF membrane (Bio-
Rad, Hercules, CA, USA). The membranes were blocked
with 5% non-fat milk at room temperature for 1 h and then
incubated with specific primary antibodies overnight at 4 °C.
After washing with TBST, the membranes were incubated
with secondary antibodies at room temperature for another
1 h. The protein bands were visualized using the ECL system
WBKLS0050 (EMD Millipore, Billerica, MA, USA) and ana-
lyzed using Bio-Rad Laboratories Quantity One software (Bio-
Rad, Hercules, CA, USA).

In vitro tubulin polymerization assay

The tubulin polymerization assay was performed as described
by the manufacturer (Cytoskeleton Inc, Denver, CO, USA).
Briefly, DI at various concentrations was incubated with puri-
fied bovine tubulin in 80 mmol/L PIPES buffer (pH 6.9) con-
taining 2 mmol/L MgCl,, 0.5 mmol/L EGTA, 1 mmol/L GTP
and 15% glycerol. Increases in absorbance at 340 nm were
recorded every min for 1 hat 37 °C using a spectrophotometer.

Immunofluorescence

AGS and HGC-27 cells were plated incomplete medium in
SigmaNunc®Lab-Tek®[IChamber Slide systems (8 chamber;
Sigma-Aldrich, St Louis, MO, USA) at 10000 cells per chamber
and incubated for 24 h before use. The medium was replaced
with DI (12 or 30 pmol/L) or paclitaxel (0.5 pmol/L)™ and



cultured for 24 h. The cells were then rinsed with PBS twice
before fixation by 4% formaldehyde for 20 min at room tem-
perature. The cells were rinsed with PBS three times and per-
meabilized with 0.2% Triton X-100 for 10 min. After washing
with PBS, the cells were blocked with 5% BSA for 30 min and
incubated overnight with the primary antibody at 4°C. The
cells were washed with PBS and incubated with the second-
ary antibody (Goat Anti-Rabbit IgG H&L, Alexa Fluor® 594,
Abcam, Cambridge, MA, USA) for 30 min. The slides were
sealed with cover glasses using the ProLong® Gold anti-fade
reagent with DAPI (Invitrogen™, Thermo Fisher Scientific,
Waltham, MA, USA) and immediately observed by confocal
microscopy (Leica SP8, Mannheim, Germany). Tubulin was
visualized at 552 nm excitation, and fluorescence emission
was observed using a 570-710 nm bandpass filter. DAPI was
excited at 405 nm, and emission was detected from 420 to 540
nm.

Statistical analysis

The results are expressed as the meantSD of at least three
independent experiments. Differences between mean values
were analyzed using Student’s t-test and were considered
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statistically significant when P<0.05. Graphs were prepared
using SigmaPlot 12.0 software.

Results

Dl inhibited the proliferation of AGS and HGC-27 cells

After treatment with DI, both AGS and HGC-27 cells showed
markedly reduced viability in a dose- and time-dependent
manner (Figure 1A). Treatment of AGS cells with 10 pmol/L
DI resulted in approximately 40% of survival fraction com-
pared with untreated cells. In the same experimental panel,
HGC-27 cells were slightly less sensitive to DI than AGS
cells. The ICs, values were 12.0 and 28.8 pmol/L for AGS and
HGC-27 cells, respectively, at 24 h of treatment. In addition, 4
pmol/L DI caused notable inhibition of colony formation by
AGS cells (Figure 1B). However, apparent colony inhibition in
HGC-27 cells was achieved with 10 pmol/L of DI, which was
consistent with the cytotoxicity results that HGC-27 cells were
less sensitive than AGS cells to DI

DI caused G,/M-phase arrest in AGS and HGC-27 cells
Cells were treated with DI for various times and at vari-
ous concentrations and then analyzed by flow cytometry.
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Figure 1. DI inhibited the proliferation of AGS and HGC-27 cells. DI inhibited the proliferation of AGS and HGC-27 cells in a dose- and time-dependent
manner (A). The indicated concentrations of DI notably inhibited colony formation by both AGS and HGC-27 cells (B). Cells were treated with DI for 24 h

and cultured for another 7 d before Giemsa staining.
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As shown in Figure 2, 12 h of treatment with 12 pmol/L DI
resulted in an AGS cell population in G,/M phase that was
twice that of the untreated cells. For HGC-27 cells, the cell
proportion in G,/M phase gradually increased along with
treatment time, reaching the highest proportion at 12 h (1.5-
fold increase compared with untreated cells).

DI interfered with tubulin polymerization dynamics

The G,/M-phase transition is controlled by a complex consist-
ing of CyclinB and cdc2; this complex is further regulated by
cdc25¢, and Chkl is an upstream regulator of cdc25c. After
treatment with DI, expression of cdc2 and cdc25¢ proteins was
not greatly altered with treatment duration (Figure 3A), show-
ing that the Chkl-cdc25c-cdc2 signaling pathway might not
play a critical role in DI-induced G,/M arrest.

A tubulin dynamics assay in a cell-free system was used to
investigate the effect of DI on tubulin polymerization (Figure
3B). Drug-free tubulin polymerized gradually under physi-
ological conditions. Paclitaxel, which is known to accelerate
the velocity of tubulin polymerization, was used as a positive
control. In this study, the polymerization curve of paclitaxel-
treated tubulin exhibited a sharp upward slope compared
with that of drug-free tubulin or DI-treated tubulin. Although
low concentrations of DI resulted in only a mild upward slope,
as illustrated in Figure 3B, DI at 100 pmol/L induced tubulin
polymerization to a much higher degree.

To further confirm these results in an intracellular system,
immunofluorescence was used to probe intracellular tubulin

before and after treatment. DI at 12 and 30 pmol/L caused
intense fluorescence in AGS and HGC-27 cells, respectively,
compared with untreated cells. Moreover, distinct differ-
ences in the organization of microtubule arrays were observed
between untreated and DI-treated cells, which was similar to
paclitaxel-treated cells (Figure 3C). Therefore, DI could share
paclitaxel’s ability to promote tubulin polymerization.

Dl induced loss of mitochondrial membrane potential
Measurement of mitochondrial membrane potential is one of
the methods used to detect changes in mitochondrial mem-
brane polarization and apoptosis initiation. To explore the
effect of DI on mitochondrial membrane potential, cells were
cultured in the presence of DI for 24 h. With increasing DI
concentration, the fluorescence generated from JC-1-stained
cells gradually shifted from red to green, suggesting a decrease
in mitochondria membrane potential (Figure 4A and 4B).
Therefore, DI disrupted mitochondrial membrane potential in
a dose-dependent manner in both AGS and HGC-27 cells.

DI induced apoptosis in AGS and HGC-27 cells

Flow cytometry was employed to analyze early and late apop-
totic cells before and after DI treatment. For AGS cells, the
total number of apoptotic cells (including Annexin V* and PI")
increased significantly (4-fold compared as control) after treat-
ment with 16 pmol/L of DI (Figure 4C). For HGC-27 cells, 30
pmol/L DI resulted in a 5-fold increase in the total number of
apoptotic cells (Figure 4D).
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Figure 2. DI caused cell cycle arrest in AGS (A) and HGC-27 (B) cells. AGS and HGC-27 cells were treated with 12 and 30 umol/L DI, respectively, for 6
and 12 h. The cells were then stained with Pl and analyzed by flow cytometry. Each bar represents the mean+SD. “P<0.05, ~P<0.01.
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Figure 3. Effects of DI on cell cycle regulatory proteins and tubulin polymerization. AGS (left panel) and HGC-27 (right panel) cells were treated with
12 and 30 pmol/L DI, respectively, for indicated time, and Western blot analysis was performed (A). Polymerization of microtubules in the presence
of various concentrations of DI or paclitaxel was recorded continuously for 60 min by measuring absorbance at 340nm (B). Immunofluorescence was
used to probe intracellular tubulin (C). Cells were treated with DI or paclitaxel for 12 h and then fixed, permeabilized and incubated with primary and
secondary antibodies. Tubulin was visualized by excitation at 552 nm; fluorescence emission was observed using a 570-710 nm bandpass filter. DAPI

was excited at 405 nm, and emission was detected from 420 to 540 nm.

To further assess DI-induced apoptosis, DI-treated cells
were stained with Hoechst 33342 and observed under fluores-
cence microscopy (Figure 4E). Compared to the uniformly dis-
tributed blue fluorescence in untreated cells, the cells treated
with increasing concentrations of DI exhibited shrunken size,
bright staining, chromatin condensation or fragmented nuclei.
More importantly, apoptotic bodies were observed at high DI
concentrations (yellow arrows in Figure 4E).

The effect of DI on proteins regulating cell cycle and apoptosis
In both AGS and HGC-27 cells, active caspase-3 gradually

increased in response to high concentrations of DI, which
further contributed to PARP cleavage. In addition, procas-
pase-9 was found to decrease after DI treatment, indicating
that the mitochondrion-caspase pathway might be involved
in the observed DI-induced apoptosis (Figure 5A). As 12 h
of DI treatment induced G,/M-phase arrest, DNA damage
was examined after the installation of DNA replication. The
appearance of y-H2AX at 24 h after exposure to the highest
concentration of DI indicated apoptotic DNA fragmentation.
DI significantly reduced the level of p-Stat 3 after an
extremely short treatment time, an event that was further

Acta Pharmacologica Sinica
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Figure 4. DI disrupted mitochondrial transmembrane permeability. AGS (A) and HGC-27 (B) cells were treated with different concentrations of DI for
24 h and stained with JC-1 dye, followed by flow cytometry analysis. DI caused apoptosis in AGS and HGC-27 cells. AGS (C) and HGC-27 (D) cells before
and after treatment with DI for 24 h were stained with Annexin V-FITC/PI, followed by flow cytometry analysis. Cellular morphological changes were
examined by Hoechst 33342 staining and observed under fluorescence microscopy (E). Each bar represents the mean+SD. ““P<0.01.

found to be independent of JAK 2. Furthermore, the DNA Discussion

damage predictors p-ATM and p-ATR were unchanged after The reported anticancer effect of Patrinia heterophylla Bunge
DI treatment, suggesting that DI-induced G,/M arrest directly  has been barely found®”.. DI is a novel compound with a spe-
caused mitochondrial and caspase-dependent apoptosis. cific structure extracted from this plant. Our study showed
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Figure 5. The effect of DI on apoptotic and cell proliferative proteins. (A) AGS and HGC-27 cells were treated with the indicated concentrations of DI for
24 h before Western blot assay. (B) Proteins regulating cell proliferation were determined after treatment with DI.

that DI possesses an anti-tumor activity by inducing cell cycle
arrest and apoptosis.

It is well known that cyclin proteins and cyclin-dependent
kinase are two key components of cell cycle regulation". The
G,/M checkpoint is controlled by cdc2 and CyclinB, and the
activated CyclinB/cdc2 complex is important for the transi-
tion from G, to M phasem’ M After formation of the CyclinB/
cdc2 complex, cdc25c allows progression to mitosis!"> '*. In
our study, both AGS and HGC-27 cells exhibited obvious
G,/M-phase arrest by flow cytometric analysis after treatment
with DI for 12 h. However, regulatory proteins including
p-Chkl, p-cdc25¢c and p-cdc2 were not altered with DI treat-
ment. These results caused us to speculate that DI treatment
would evoke M-phase arrest, rather than G,-phase arrest, in
gastric cancer cells. Accordingly, we then examined whether
DI could disrupt tubulin polymerization, a function exhib-
ited by paclitaxel™” I,
polymerization in a dose-dependent manner compared with

Interestingly, DI accelerated tubulin

the untreated group in a cell-free system (Figure 3B). We fur-
ther validated the effect of DI by probing intracellular tubulin
using immunofluorescence (Figure 3C) and found that DI

shares with paclitaxel the ability to stabilize polymerized tubu-
lin in both AGS and HGC-27 cells, as suggested by intensified
red fluorescence in DI- and paclitaxel-treated cells (Figure 3C).

Prolonged treatment with DI generally causes gradual DNA
damage, resulting in ATR phosphorylating and activating
Chk1, which in turn reduces the level of cdc25¢ protein™ 2,
In our study, neither p-ATM nor p-ATR was altered with
treatment duration (Figure 5B). In contrast, p21, which is
strongly induced upon DNA damage and plays a pivotal role
in the G,/M checkpoint® !, was dramatically up-regulated
after treatment with DI for 6 h (Figure 3A). These results sug-
gest a possible role for p21 in DI-induced cell cycle arrest.

The caspase family is a group of critical proteins regulating
apoptosis; the members of this family participate in the proteo-
lytic pathways required for executing programmed cell death
or apoptosis!®

mediators of apoptosis and is responsible for the proteolytic
pl2s,26]

. In particular, caspase-3 is one of the key
cleavage of many key proteins, such as PAR . Active cas-
pase-3 and cleaved PARP were found after DI treatment in our
study. In addition, a depolarized mitochondrial membrane
potential was detected using JC-1 staining. Thus, our data
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suggest that DI induced mitochondrial and caspase-dependent
apoptosis with prolonged treatment. Lastly, an extremely
short DI treatment time (0.5 h) greatly reduced expression of
p-Stat 3, which was found to be JAK2 independent. How-
ever, as additional analysis using siRNA to knockdown Stat
3 expression did not undermine the effect of DI (data not
shown), future work is needed to identify the molecular target
of DI

To summarize, our study demonstrated that DI caused G,/
M-phase arrest by interfering with the tubulin polymeriza-
tion process in both AGS and HGC-27 cells and prolonging
the DI treatment time could further induce mitochondrial and
caspase-dependent apoptosis. Therefore, full exploration of
DI may help to elucidate the molecular mechanisms of the
active constituents of P heterophylla Bunge and provide alter-
native therapeutic regimens for the treatment of human gastric
cancer.
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