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Nuclear translocation of small G protein RhoA via
active transportation in gastric cancer cells
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Abstract. Recent studies have shown the localization of RhoA
in the cell nucleus, in addition to its cellular distribution in the
cytosol and cell membrane. Our previous results that a high
amount of RhoA was detected in gastric cancer cell nucleus and
application of anticancer drug Taxol could reduce RhoA nuclear
localization, suggest a relationship between nuclear transloca-
tion of RhoA and tumor progression. However, the mechanism
and biological function of RhoA nuclear translocation remain
unclear. The aim of the present study was to explore the mole-
cular mechanism(s) for RhoA protein entering the nucleus in the
human gastric cancer cell line AGS. Using immunofluorescence
microscopy we observed not only a partial colocalization of
RhoA with importin o, mainly surrounding and on the nuclear
membrane, but also an intensive colocalization of RhoA with
NF-kB P50 in both cytoplasm and nucleus, particularly in the
cell nucleoli. A strong association between RhoA and importin
o as well as RhoA and NF-«B P50 was revealed by co-immuno-
precipitation and western blotting. Moreover, AGS cells treated
with the nuclear export inhibitor, leptomycin B (LMB), showed
an increase of RhoA protein amount in the nucleus, indicating
an active transport process for nuclear export of RhoA. Taken
together, our results suggest that nuclear translocation of RhoA
in AGS cells is via active transportation, a process through
importin a in a NF-kB-dependent manner.

Introduction

Nuclear pore complexes (NPCs) connect the nuclear interior
with the cytoplasm and control the exchange between the two
compartments. They are built from nucleoporins (1,2) and are
equipped with a sieve-like barrier that is freely permeable
for small molecules, but becomes increasingly restrictive as
inert mobile species approach or exceed 5 nm in diameter (3).
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This limit corresponds to a mass of =30 kDa for spherical
proteins whose transportation needs nuclear transport recep-
tors (NTRs). Serving as the NTRs, the importin o and f3 target
hundreds of proteins to NPCs and facilitate their transloca-
tion across the nuclear envelope. Importin a binds to classical
nuclear localization signal (NLS)-containing proteins and
links them to importin 3, the karyopherin that ferries the
ternary complex through the NPCs (4).

RhoA, with molecular mass of 21 kDa, is the most exten-
sively studied member of the Rho GTPase family which
belongs to the Ras super-family of small G proteins. It has been
reported to regulate many biological activities including gene
transcription (5) and tumor progression (6). RhoA activation
is generally associated with invasive growth and metastasis.
RhoA overexpression is found in many human cancers, likely
contributing to the loss of growth control and the invasive
phenotype of cancer cells, whereas RhoA inhibition decreases
tumor cell invasion and metastasis.

Recent studies (7-9) have indicated that the distribution of
RhoA was not only in the membrane and in the cytoplasm
but also in the nucleus. Further investigations in our research
group showed that the nucleus localization of RhoA was
affected by many factors, such as inflammatory factors and
antimicrotubule agents (10).

RhoA has a close relationship with NF-«B, a focal point
of many signal transduction pathways (11). NF-xB has double
distribution in the cytoplasm and nucleus in many cell lines,
and highly expressed at inflammation. It is composed of
protein dimers, such as the heterodimer p50/p65. Classical
NLSs are found in both p50 and p65 (12). In the nucleus, RhoA
may directly bind with NF-«xB, Stat3, Stat5a, c-Myc and be
involved in regulation and control role of genetic transcrip-
tion (13,14). It has been reported that statins exert a positive
or negative modulation on NF-«kB through the involvement of
RhoA, but the exact mechanism has not yet been clarified (15).
Results from Chang and coworkers (16) provide evidence
that Ras-induced RhoA and NF-«B activation was involved
in the invasion/migration of bladder cancer. Furthermore,
LPS-induced nuclear translocation of RhoA is found to be
dependent on NF-«B in rat lung epithelial cancer cells (17).
The underlying mechanism(s) for RhoA entering the nucleus
is still unclear and warrants further investigation.

The biochemical characteristic of RhoA might incur the
thought that RhoA enters the nucleus through simple diffu-
sion, because it is a small molecule protein and does not
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have any classical NLS. However, based on our experiments,
we questioned whether RhoA might enter the nucleus via
active transportation with the help of NTRs (importin o/p)
through composing complex with other protein(s) containing
NLS. Thus, the mechanism(s) on RhoA nuclear translocation
requires further elucidation. In the present study, we took
the NF-xB as the entry point to explore the manner in which
RhoA enters the cell nucleus in the human gastric cancer cell
line AGS.

Materials and methods

Cell lines and cell culture. Human gastric cancer cell line
AGS was obtained from the Institution of Cell Biology of the
Chinese Academy of Sciences (Shanghai, China). The cells
were maintained in DMEM supplemented with 10% FBS at
37°C in a humidified atmosphere of 5% CO,. The medium was
changed every two days and the cells were kept at subconflu-
ence.

Reagents. Dulbecco's modified Eagle's media (DMEM)
and fetal bovine serum (FBS) were purchased from Gibco
(Grand Island, NY, USA). Antibodies against RhoA (cat.
no. sc-418) and NF-kB P50 (cat. no. sc-114) were purchased
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA).
Monoclonal anti-importin a antibody (no. 11784) and nuclear
fluorochrome Hoechst 33342 were purchased from Sigma
(St. Louis, MO, USA). Leptomycin B (LMB) was purchased
from Beyotime Institute of Biotechnology (Shanghai, China).
Nuclear and Cytoplasmic Extract kit (cat. no. KC-435) and
the antibody against GAPDH (glyceraldehyde phosphate
dehydrogenase) were purchased from Kangcheng Bio-tech
(Hangzhou, China). FITC, TRITC and horseradish peroxidase
(HRP)-conjugated secondary antibodies were purchased from
Jackson ImmunoResearch Laboratories (West Grove, PA,
USA). Electrochemiluminescence (ECL) reagents were bought
from Amersham Biosciences (Buckinghamshire, UK).

Preparation of cytoplasmic and nuclear protein samples. The
cytoplasmic and nuclear proteins were extracted according
to the instructions of the manufacturer of the Nuclear and
Cytoplasmic Extract kit (Kangcheng Bio-tech).

Immunofluorescence microscopy. AGS cells grown on cover
slips were fixed with freshly prepared paraformaldehyde
(40 g/1 in PBS) for 30 min. After penetration with 30 ml/I
Triton X-100 and blocking with 30 g/l bovine serum albumin
(BSA), the cells were incubated with the primary antibody at
4°C overnight (o/n) followed by an another incubation with
fluorescein isothiocyanate (FITC) and/or tetrarhodamine
isothiocyanate (TRITC)-conjugated second antibody for 1 h
at room temperature (RT). Hoechst 33342 (0.2 mM) was
employed in the last incubation of 10 min to reveal the cell
nuclei. AGS cells were washed three times after each incuba-
tion. The distribution of target protein of the cells was analyzed
by fluorescence microscopy.

Western blotting and quantification. The sample proteins were
run on 10/12.5% SDS-polyacrylamide gels, and were trans-
ferred onto polyvinyl difluoride (PVDF) membranes (Bio-Rad
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Laboratories, Hercules, CA, USA). The PVDF membranes
were firstly blocked with 5% milk in TBS-T (NaCl 80 g/1, KC1
2 g/, Tris-HCI 30 g/1, Tween-20 0.1%, pH 7.4) for 1 h at room
temperature and then incubated with the primary antibodies
at 4°C overnight. After the incubation of membranes with the
horseradish peroxidase-conjugated secondary antibodies for
1 h at room temperature, ECL reagents were used to show the
positive bands on the membrane. The bands were detected
by Typhoon 9400 (GE Healthcare, Piscataway, NJ, USA). To
quantify the protein amount of RhoA, western blot results
were further analyzed by SPSS 13.0 Tool software (SPSS Inc.)
and the volume ratio of RhoA/GAPDH input was calculated
and presented.

Co-immunoprecipitation assay. Immunoprecipitated AGS
cells were lysed in TNEN buffer (50 mM Tris-HCI, pH 7.2,
100 mM NacCl, 2.5 mM EDTA, 0.5% NP-40). The antibodies
against RhoA, importin o, NF-«B and isotype matched IgG
were used for immunoprecipitation, respectively. Immuno-
precipitates were analyzed by western blotting as described
above, using anti-importin o, anti-NF-kB or anti-RhoA
antibody for corresponding protein. For analyzing proteins in
cell fractions, cells were first lysed in TNEN buffer, and then
extracted for nuclear and cytoplasmic proteins as described
above. Proteins in cell fractions were further immunoprecipi-
tated with an antibody against RhoA and detected by western
blotting, using anti-NF-kB antibody.

Results

The nuclear localization of RhoA in the human gastric cancer
cell line AGS. Immunofluorescence microscopy showed that in
the AGS cells, RhoA protein was localized on the membrane,
in the cytoplasm and in the cell nucleus. Within the nucleus its
predominant localization was in the nucleolus (Fig. 1A and B).
Western blotting revealed similar subcellular distribution of
RhoA (Fig. 1C). Quantification of protein amount (Fig. 1D)
confirmed that RhoA concentrated in the nucleus of AGS
cells.

Intracellular colocalization of RhoA with importin o and
NF-xkB P50. Importin o recruits cargo at low RanGTP
levels in the cytoplasm, releases the cargo upon RanGTP
binding into the nucleus, and returns RanGTP bound to
the cytoplasm. There, GTP hydrolysis triggers dissociation
of the importin-RanGTP complex and allows the importin
o to bind a next cargo molecule (18). Thus, importin o has
subcelluar distribution in both cytoplasm and nucleus. To
determine whether importin was involved in the nulear trans-
location of RhoA, double-labeling immunofluorescence was
performed. A partial colocalization of RhoA with importin
o was observed, mainly surrounding and on the nuclear
membrane in AGS cells (Fig. 2A, arrows). Importantly,
an intensive colocalization of RhoA with NF-xB P50 was
found in both cytoplasm and nucleus, particularly in the cell
nucleoli (Fig. 2B, arrows).

Co-immunoprecipitation of RhoA with importin a and
NF-kB P50. To verify the findings from double labeling
immunofluorescence, co-immunoprecipitation (Co-IP) assay
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Figure 1. Subcellular localization of RhoA in human gastric cancer cell line AGS. (A) Immunofluorescence staining: RhoA was immunofluorescently stained
with a specific mAb and the result showed its localization on the membrane, in the cytosol and in the nucleus. (B) Corresponding nuclear staining with
Hoechst 33342. (C) Western blotting: localization of RhoA protein was determined in the nuclear fraction and the fraction of the membrane and cytosol
of AGS cells. P53 and tubulin were employed as the markers for the nuclear and cytosolic fractions, respectively. GAPDH expression served as a loading
control. (D) Volume ratio of RhoA/GAPDH input: western blotting results were analyzed by SPSS 13.0 Tool software for the calculation on the volume ratio
of RhoA/GAPDH input. Each bar represents the means + SE obtained from three independent experiments. N, nucleus; M+C, membrane and cytosol.
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Figure 2. Subcellular colocalization of RhoA with importin and NF-kB in AGS cells by immunofluorescence microscopy. The cells were stained with nuclear
dye Hoechst 33342 (blue), with mouse antibody against RhoA (red) and with rat antibodies against importin o (A) or NF-xB P50 (B) (green). Arrows in A
indicate the colocalization of RhoA with importin o surrounding and on the nuclear membrane. Arrows in B indicate the colocalization of RhoA with NF-xB
P50 in the nucleoli.
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Figure 3. Co-immunoprecipitation of RhoA with importin a and NF-xB in AGS cells. The binding between RhoA and importin a/NF-xB P50 were detected
using the co-immunoprecipitation assay. (A) Whole cell extracts immunoprecipitated with the antibody against importin o and detected with RhoA antibody.
(B) Whole cell extracts immunoprecipitated with the antibody against NF-xB P50 and detected with RhoA antibody. (C) Whole cell extracts immunoprecipi-
tated with RhoA antibody and detected with the antibody against importin a. (D) Whole cell extracts immunoprecipitated with RhoA antibody and detected
with the antibody against NF-kB P50. (E) Nuclear fraction of AGS cells immunoprecipitated with the antibody against NF-kB P50 and detected with RhoA
antibody. (F) Fraction of membrane and cytosol of AGS cells immunoprecipitated with the antibody against NF-kB P50 and detected with RhoA antibody. N,
nucleus; M+C, membrane and cytosol.
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Figure 4. Subcellular distribution of RhoA in AGS cells upon nuclear export
inhibition. AGS cells were left either untreated or treated with (20 ng/ml)
leptomycin B (LMB) for 12 h. (A) Indirect immunofluorescence of untreated
and LMB-treated AGS cells. (B) Western blotting of untreated and LMB-
treated AGS cell fractions. GAPDH served as a loading control. (C) Volume
ratio of RhoA/GAPDH input: western blotting results were analyzed by SPSS
13.0 Tool software for the calculation on the volume ratio of RhoA/GAPDH
input. Each bar represents means + SE obtained from three independent
experiments. N, nucleus; M+C, membrane and cytosol.

was performed for protein interactions. Consistent with our
colocalization results, there was a strong association between
RhoA and importin a (Fig. 3A and C) as well as RhoA and
NF-kB P50 (Fig. 3B and D) in AGS cells. Further investigation
on cellular fractionation showed that RhoA bound NF-«B P50
in the cytoplasmic and membrane fraction (Fig. 3F) and more
profound in the nuclear fraction of AGS cells (Fig. 3E).

Distribution of RhoA within the nucleus upon nuclear export
inhibition. To acquire further evidence for the molecular mech-
anism of RhoA nuclear transportation, AGS cells were treated
with the nuclear export inhibitor, leptomycin B (LMB) for 12 h.
Immunofluorescence revealed a reduction of RhoA signal in
the cytoplasm but a strong accumulation of RhoA in the nucleoli
of LMB-treated cells (Fig. 4A). Western blot assay confirmed
that the protein amount of RhoA was highly increased in the
nucleus of LMB-treated AGS cells (Fig. 4B and C).

Discussion

In the classical nuclear import pathway (19), a protein
containing a classical basic nuclear localization signal (NLS)
is imported by a heterodimeric import receptor consisting
of the B-karyopherin importin 3, which mediates interac-
tions with the nuclear pore complex, and the adaptor protein
importin o, which directly binds the classical NLS. Over the
past twenty years, the universe of basic transport sequences
has been greatly expanded leading to the definition of clas-
sical NLSs and, more recently, non-classical NLSs, which
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can be more complex in sequence, length and amino acid
composition (20).

In the small G protein family only a small part of members
has NLSs, e.g., Racl and R-Ras. In spite of RhoA being a small
molecule protein and lacking NLSs, it is hard to conclude that
nuclear translocation of RhoA is simply through diffusion,
because RhoA content is higher in the nucleus than in the cyto-
plasm in some cancer cells (7,10) and its nuclear translocation
has the intimate connection with the inflammation and cancer.

Serving as a focal point of many signal transduction
pathways, NF-kB regulates the expression of genes involved
in inflammation, cellular proliferation and apoptosis (21).
Activation of NF-kB is followed by its rapid translocation into
the nucleus where it activates the transcription of numerous
genes including those encoding for cytokines and cell adhe-
sion molecules. NF-kB contains classical NLSs and enters
the nucleus through active transportation with the help of
importin a (12).

Consistent with the previous reports, the present research
results confirmed the subcellular localization of RhoA on the
membrane and in the cytoplasm and cell nucleus of human
gastric cancer AGS cells. Furthermore, RhoA colocalized
partially with importin a on and surrounding the nuclear
membrane and intensively with NF-«kB P50 in both cyto-
plasm and nucleus, particularly in the cell nucleoli. A strong
association between RhoA and importin a as well as RhoA
and NF-«B P50 was verified by co-immunoprecipitation and
western blotting, indicating RhoA, NF-kB and importin o
bound together in the cytoplasm and nucleus. Since RhoA
cannot be recognized and bound directly by importin o, a
possible explanation is that RhoA might form a complex with
NF-«B, probably also other proteins, and thereby indirectly
binding to importin a. These results suggest that the RhoA
entry to the nucleus is via active transportation with the help
of NTR importin a through composing complex with NF-xB
in human gastric cancer AGS cells.

Cancer cells utilize the normal processes of nuclear-
cytoplasmic transport through the nuclear pore complex of
a cell to effectively evade anti-neoplastic mechanisms (22).
Karyopherins include both importins and exportins (23).
Leptomycin B (LMB), the first identified small molecule
inhibitor of CRMI1 (also known as exportin-1), has greatly
facilitated investigation to uncouple nuclear export from
import and to analyze shuttling proteins via nucleocyto-
plasmic transport (24). However, no small molecule inhibitor
of nuclear import has been described up to now (25). A
significant increase of nuclear RhoA in AGS cells after LMB
treatment implies that the molecular mechanism of RhoA
protein transport out of the nucleus is also through the active
transportation pathway.

The intracellular location of a protein is crucial to its func-
tioning in a cell. As nuclear translocation of RhoA promotes
the cancer progression, elucidating the nuclear functioning of
RhoA will be the future task and may provide a new approach
to treating cancer.
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