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Induction of cell cycle arrest by increasing GTP-RhoA levels via
Taxol-induced microtubule polymerization in renal cell carcinoma
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Abstract. Renal cell carcinoma (RCC) is the most common
neoplasm of the kidney in adults, accounting for ~3% of adult
malignancies. Understanding the underlying mechanism of
RCC tumorigenesis is necessary to improve patient survival.
The present study revealed that Taxol-induced microtubule
(MT) polymerization causes cell cycle arrest and an increase in
guanosine triphosphate-Ras homology gene family, member A
(GTP-RhoA) protein expression. Disruption of Taxol-induced
MT polymerization reversed GTP-RhoA expression and cell
cycle arrest. The localization and redistribution of MTs and
RhoA were consistent in cells with MT bundles and those
without. Decreased GTP-RhoA had no marked effect on
Taxol-induced MT bundling, however, it reduced the propor-
tion of cells in G2/M phase. Taken together, Taxol-induced
MT polymerization regulated the protein expression levels
of GTP-RhoA and cell cycle arrest. However, the alteration
in GTP-RhoA expression did not influence MT arrange-
ment, suggesting that GTP-RhoA serves a pivotal role in
Taxol-induced MT polymerization and cell cycle arrest in
RCC.

Introduction

Renal cell carcinoma (RCC) is the most common neoplasm
of the kidney in adults, accounting for ~3% of adult malig-
nancies (1). Surgical resection remains the only definitive
treatment for RCC (2). However, following surgery, 20-40% of
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patients will eventually relapse due to developing resistance
to other treatment regimens, for example chemotherapy and
radiotherapy (3). Therefore, there is an ongoing requirement
for novel therapeutic strategies and a greater understanding
of the underlying mechanisms involved in the development of
RCC.

Ras homology gene family, member A (RhoA) is a member
of the Ras-superfamily of small guanosine triphosphatases (4)
and is a pivotal control point by which cells sense alterations
in extracellular matrix and cytoskeletal organization. RhoA
translates these signals to downstream effectors to mediate cell
proliferation and motility (5,6). Active guanosine triphosphate
(GTP)-bound RhoA causes the formation of stress fibers by
activation of downstream Rho-associated kinases (7), which
enhance the formation of actin/myosin microfilaments (MF)
to facilitate cell motility (8). A previous report suggested
that the localization of RhoA and its effector, mammalian
diaphanous-related formin-1, control microtubule (MT)
dynamics, the actin network and adhesion site formation in
migrating cells (9). Our previous studies revealed that the
formation of an MT ring structure supported apoptotic cell
morphology (10-12). However, little is known about the role of
RhoA in MT polymerization.

The present study used Taxol, a common MT stabilizer
that promotes tubulin polymerization (13), to investigate the
association between RhoA and MT arrangement.

Materials and methods

Cell culture. The RCC cell line OS-RC-2, was obtained from
the Cell Bank of the Chinese Academy of Sciences (Shanghai,
China). Cells were cultured in RPMI 1640 medium, supple-
mented with 10% heat-inactivated fetal bovine serum,
100 U/ml penicillin and 100 ug/ml streptomycin (all from
HyClone; GE Healthcare Life Sciences, Logan, UT, USA), in
a humidified incubator at 37°C and 5% CO, (14). Following
culture for 24 h, OS-RC-2 cells were treated with 1 M Taxol
(Shanghai Hualian Pharmaceutical Co., Ltd., Shanghai, China)
for 0, 12, 24, 36 and 48 h. Alternatively, following culture for
24 h, the cells were pretreated with 10 uM MT depolymer-
izing agent Colchicine (Col; cat. no. C8190; Beijing Solarbio
Science & Technology Co., Ltd., Beijing, China) or 2 pg/ml
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RhoA inhibitor C3 transferase (cat. no. CT03-A; Cytoskeleton,
Inc., Denver, CO, USA) for 1 h, which was followed by treat-
ment with 1 M Taxol for 24 h 37°C and 5% CO,. Untreated
cells served as the control.

Immunofluorescent staining of MF, MT and RhoA. Cells were
stained for MF, MT and RhoA as previously described (15,16).
Coverslips were washed twice with phosphate-buffered saline
(PBS) and examined under a confocal scanning microscope
(Bio-Rad Laboratories, Inc., Hercules, CA, USA).

Transfection experiments. The pCl-neo empty vector were
provided by Professor Ningsheng Liu, Nanjing Medical
University (Nanjing, China). The control vector was produced
by inserting the RhoA coding DNA sequence into the
EcoRI-Sal I site of pCI-neo vector. The dominant-negative
mutants vector RhoAT19N was constructed using Asp
instead of Thr188 (mutations 849 A—T and 850 T—G) using
the site-directed mutagenesis kit (cat. no. 200517; Agilent
Technologies, Inc., Santa Clara, CA, USA). Cells were plated
in 25-cm? culture flasks at a density of 5x10° cells/flask.
Following culture for 24 h, cells were transiently transfected
with the control vector and RhoATI9N vector. Transfection
was performed using Lipofectamine® 2000 (Invitrogen;
Thermo Fisher Scientific, Inc., Waltham, MA, USA) in accor-
dance with the manufacturer's protocol. The concentration of
the DNA plasmid used was determined by the size of culture
dishes, also according to the manufacturer's instructions. Cells
were analyzed at 40 h following transfection (17).

Cell cycle measurements. For flow cytometric analysis of the
cell cycle, 1x10° cells were harvested by centrifugation (room
temperature, 184 x g, 5 min), washed with PBS and fixed
with ice-cold 70% ethanol overnight. Fixed cells were treated
with 25 pg/ml RNase A at 37°C for 30 min and stained with
50 pg/ml propidium iodide (Sigma Aldrich; Merck Millipore,
Darmstadt, Germany) for 30 min in the dark. The fluores-
cence intensity of individual cells was measured using a flow
cytometer (Beckman Coulter, Inc., Miami, FL, USA). At least
10,000 cells were counted using CXP Cytometer version 2.2
software (Beckman Coulter, Inc.) (18).

RhoA protein expression. The expression of RhoA protein
was measured by flow cytometry as previously described (6).
Briefly, 1x10° cells were fixed with 4% (w/v) paraformaldehyde
for 30 min at 4°C, and permeabilized using 0.1% Triton X-100.
Nonspecific antibody binding was blocked by incubation in
0.5% bovine serum albumin (BSA; Beijing Solarbio Science
& Technology Co., Ltd.) for 30 min at room temperature. Cells
were subsequently incubated with primary RhoA antibodies
(dilution, 1:500; cat. no. sc-418; Santa Cruz Biotechnology, Inc.)
in 0.01 M PBS at 4°C overnight. Following this, the cells were
incubated with a FITC-conjugated anti-mouse secondary anti-
body (dilution, 1:50; cat. no. BA1101; Wuhan Boster Biological
Technology, Ltd., Wuhan, China) for 1 h at room temperature
in the dark. The expression of RhoA was then measured by
flow cytometry (BD Biosciences, San Jose, CA, USA).

Western blot analysis. The OS-RC-2 cells were lyzed in ice-cold
radioimmunoprecipitation buffer (cat. no. R0010; Beijing
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Solarbio Science & Technology Co., Ltd.) containing PMSF
protease inhibitor (cat. no. Amresco0754; Beijing Solarbio
Science & Technology Co.,Ltd.) and phosphatase inhibitors (cat.
no. C500017; Sangon Biotech Co., Ltd., Shanghai, China). Equal
quantities of protein (40 ug) were separated by 12% SDS-PAGE,
prior to transferring proteins to polyvinylidene difluoride
membranes (0.4 ym; EMD Millipore, Billerica, MA, USA). The
membranes were blocked in 5% BSA in TBST (0.1% Tween-20)
with 0.2% sodium azide and incubated with primary antibodies:
RhoA (dilution, 1:500; cat. no. sc-418; Santa Cruz Biotechnology,
Inc.), GTP-RhoA (dilution, 1:500; cat. no. 80601; Neweast
Biosciences, King of Prussia, PA, USA) or GAPDH (dilution,
1:1,000; cat. no. 2118S; Cell Signaling Technology, Danvers,
MA, USA) overnight at 4°C. Following washing, membranes
were incubated with a horseradish peroxidase-conjugated goat
anti-mouse/rabbit IgG secondary antibody (dilution, 1:5000;
cat. no. BA1050/BA1054; Wuhan Boster Biological Technology,
Ltd.) at room temperature for 2 h, and chemiluminescence was
performed using an Enhanced Chemiluminescence Detection
kit (Shanghai Biyuntian Biological Co., Ltd., Shanghai, China),
according to the manufacturer's protocol, with Tanon MP
version 4.1.2 software (Tanon Science and Technology Co., Ltd.,
Shanghai, China) (19).

Statistical analysis. All experiments were repeated three
times. Data are expressed as the mean + standard deviation.
One-way analysis of the variance and Fisher's least significant
difference post hoc tests were performed to evaluate the
differences among groups by SPSS v13.0 software (SPSS, Inc.,
Chicago, USA). P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

Taxol induces MT polymerization, cell cycle arrest and
GTP-RhoA protein expression in OS-RC-2 cells. Taxol is an
effective chemotherapeutic used to treat cancer patients; it
binds to and stabilizes MT, causing abnormal MT aggrega-
tion (20). Immunofluorescent staining revealed that in the
absence of Taxol, tubulin was widely distributed throughout
the cytoplasm and accumulated in the perinuclear regions
of cells. However, in cells treated with Taxol, a distinct rear-
rangement of MT was observed, including the formation of
rigid MT bundles in the cytoplasm and the area surrounding
the nucleus (Fig. 1A).

To determine the effect of Taxol-induced MT polymerization
on the expression of GTP-RhoA and the cell cycle, western blot-
ting and flow cytometric analysis were performed. Expression
of GTP-RhoA was significantly upregulated following Taxol
treatment in a time-dependent manner (Figs. 1B and C).
Additionally, Taxol treatment caused an increase in GTP-RhoA
protein expression in a dose-dependent manner (data not shown).
The proportion of cells in G2/M phase increased >4-fold in cells
treated with Taxol for 12 h, compared with the control (Fig. 1D).
Therefore, these results suggested that Taxol-induced MT
polymerization is accompanied by an increase in GTP-RhoA
protein expression levels and cell cycle arrest.

Taxol treatment causes concurrent redistribution of MT and
GTP-RhoA. To investigate the potential association between
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Figure 1. Taxol-induced MT polymerization increases GTP-RhoA protein expression and cell cycle arrest. MT polymerization was elevated following Taxol
treatment, as determined by immunofluorescent staining and confocal microscopy. (A) Confocal images of MFs stained with rhodamine-phalloidin (red), MTs
stained with Alexa 488-labeled (3-tubulin antibody (green) and nuclei stained with DAPI (blue) are presented. Scale bar=10 pm. (B) Western blot analysis and
(C) Flow cytometry assessed GTP-RhoA protein expression levels following Taxol treatment. Expression of GTP-RhoA was significantly upregulated in a
time-dependent manner. (D) Taxol treatment caused a significant increase in the proportion of cells in G2/M phase, as determined by flow cytometry. Data are
presented as the mean + standard deviation of three independent experiments. "P<0.05 and “"P<0.01 vs. control. MT, microtubule; GTP, guanosine triphosphate;
RhoA, Ras homology gene family, member A; MF, actin/myosin microfilaments.

GTP-RhoA and MT arrangement, their cellular localization  widely distributed in control cells. The GTP-RhoA protein was
was determined via immunofluorescent staining. The results  located adjacent to the MT bundles in cells treated with Taxol.
revealed a consistent co-localization of GTP-RhoA and MT  Following treatment with the MT depolymerizing agent (Col),
structure (yellow colorization). GTP-RhoA and MT were the MT bundles were partially disrupted and the GTP-RhoA
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Figure 2. Taxol treatment of cells induces MT and GTP-RhoA co-localization, as determined by immunofluorescent staining. Confocal images demonstrate
cell staining of RhoA (red), MTs (green) and nuclei (blue). Scale bar=10 ym. MT, microtubule; GTP, guanosine triphosphate; RhoA, Ras homology gene

family, member A.

distribution dispersed. The results demonstrated a concurrent
redistribution of MT arrangement and GTP-RhoA in Taxol
treated cells (Fig. 2).

Disruption of Taxol-induced MT polymerization decreases
GTP-RhoA protein expression and reverses cell cycle arrest.
Next, the association between MT polymerization and
GTP-RhoA protein expression was investigated. Combined
treatment with Col and Taxol disrupted Taxol-induced
MT bundling, however, little effect on MF arrangement
was detected (Fig. 3A). The combination of Col and Taxol
abolished Taxol-induced GTP-RhoA protein expression
levels to the levels of the untreated control, as determined
by western blotting (Fig. 3B) and flow cytometric analysis
(Fig. 3C), and the Taxol-induced increase in the proportion of
cells in G2/M phase was significantly reduced (Fig. 3D). These
results suggested that MT arrangement regulated the protein
expression levels of GTP-RhoA and cell cycle arrest.

Inhibition of GTP-RhoA has no effect on Taxol-induced MT
bundling but inhibits the Taxol-induced increase in G2/M
cell number. To investigate the effect of GTP-RhoA on cyto-
skeleton arrangement and cell cycle, cells were pretreated
with a RhoA inhibitor (C3 transferase) for 1 h or transfected
with a RhoAT19N mutant to decrease GTP-RhoA expression
(Fig. 4A). The inhibition of GTP-RhoA expression partially
reduced the proportion of cells in G2/M compared with
Taxol treatment alone (Fig. 4B and C). However, no marked
effect on MT arrangement was observed in cells treated with
the combination of C3 transferase or RhoAT19N mutant

and Taxol (Fig. 4D). Thus, these findings confirmed that
the cell cycle was affected by alterations in RhoA expres-
sion; however, GTP-RhoA expression did not influence MT
arrangement.

Discussion

Taxol is a member of the taxane class of antineoplastic micro-
tubule damaging agents and is widely used to treat a variety
of human malignancies, including breast, ovarian, lung,
prostate and bladder cancers. Taxol may stabilize microtu-
bules and subsequently cause cell death by arresting the cell
cycle at G2/M (21,22). The present study demonstrated that
Taxol-induced MT polymerization is accompanied by an
increase in GTP-RhoA protein expression levels and cell cycle
arrest in RCC cells. A previous report revealed that disruption
of MT arrangement causes enhanced GTP-RhoA activity via
release of an MT-associated Rho activator, guanine nucleotide
exchange factor (GEF) -H1 (GEF-H1) (23). Downstream of
RhoA,Rho-associated protein kinase (ROCK) signaling serves
a pivotal role in the rescue of the mutant huntingtin-expressing
cells from cell death caused by MT depolymerizing agents (23).
Furthermore, a recent report has discussed a similar feedback
loop between the Rho/ROCK signaling pathway and MT
dynamicsin an acute T lymphoblastic leukemiacell line (24,25).
The mechanism underlying MT rearrangement-associated
alteration of GTP-RhoA expression remains to be fully
understood. Therefore, the present study investigated the
regulatory association between the MT cytoskeleton and cell
cycle progression, in particular, the involvement of GTP-RhoA.
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Figure 3. Disruption of Taxol-induced MT polymerization decreases GTP-RhoA protein expression levels and reverses cell cycle arrest. Cells pre-treated with
the MT depolymerizing agent, Col, (A) exhibited reduced MT bundling and (B) GTP-RhoA protein expression levels, which was determined by western blot-
ting and (C) flow cytometry. (D) Taxol-induced cell cycle arrest was reversed following col treatment. Data are presented as the mean =+ standard deviation of
three independent experiments. "P<0.05 and “P<0.01 vs. control; “P<0.05 vs. Taxol. Scale bar=10 gm. MT, microtubule; GTP, guanosine triphosphate; RhoA,
Ras homology gene family, member A; Col, colchicine; MF, actin/myosin microfilaments.
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Figure 4. GTP-RhoA inhibition has no effect on Taxol-induced MT bundling, but partially inhibits the Taxol-induced increase in G2/M cell number. (A) Western
blotting demonstrated that transfection with the RhoAT19N mutant or using RhoA inhibitor (C3 transferase) significantly decreased GTP-RhoA expression.
(B and C) The combination of Taxol with RhoATI19N plasmid or C3 transferase decreased the Taxol-induced increase in the proportion of cells in the G2/M
phase however, (D) it had no marked effects on Taxol-induced MT bundling. Data are presented as the mean + standard deviation of three independent experi-
ments. "P<0.05 vs. control; “P<0.05 vs. Taxol. Scale bar=10 gm. GTP, guanosine triphosphate; RhoA, Ras homology gene family, member A; MT, microtubule;

MF, actin/myosin microfilaments.

Co-localization between GTP-RhoA and MT in
Taxol-treated cells was observed. GTP-RhoA was widely
dispersed in control cells; following Taxol treatment, a
GTP-RhoA bundle and an MT ring structure emerged.
Furthermore, although the combination of Taxol and col
partially destroyed the MT bundle, it was accompanied by
the dispersal of GTP-RhoA in the cytoplasm. RhoA is a key
regulator of cytoskeletal organization that regulates cell migra-
tion and invasion (26), polarity, division and early embryo
development (27). In addition, Meiri et al (28) suggested that
RhoGEF GEF-HI may be sequestered in an inactive state on

polymerized MTs by the dynein motor light-chain Tctex-1.
They also indicated that GEF-H1 activation in response to the
G-protein-coupled receptor ligands lysophosphatidic acid or
thrombin is independent of MT depolymerization. However,
the present study revealed that Taxol-induced cell toxicity
is dependent on MT arrangement, as the disruption in MT
bundling decreased GTP-RhoA protein expression levels and
relieved cell cycle arrest. Notably, the present study demon-
strated that decreased expression of GTP-RhoA with a specific
inhibitor or by transfection with the RhoATI9N mutant
plasmid had no marked effect on Taxol-induced specific MT
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bundling; however, it did reduce the Taxol-induced increase in
the proportion of cells in G2/M phase. These results suggested
that the expression level of GTP-RhoA had no significant
effect on MT arrangement. By contrast, MT rearrangement
increased GTP-RhoA protein expression levels in Taxol
treated cells. In conclusion, to the best of our knowledge, the
results of the present study suggested that Taxol-induced MT
arrangement regulates the expression levels of GTP-RhoA
protein and cell cycle arrest in RCC cells. However, alterations
in GTP-RhoA expression levels did not significantly influence
MT arrangement.
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