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Inhibition of DLC-1 gene expression by RNA
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Abstract. DLC-1 (deleted in liver cancer-1) is a potential
tumor suppressor gene, which is inactive in liver carcino-
genesis. To observe the effects of DLC-1 gene expression on
cell proliferation and migration in the human colon cancer cell
line, RNAi Lipo-recombinant of the DLC-1 gene (pGCsil-
DLC-1) was constructed and transduced into LoVo cells
which are positive for DLC-1 gene expression. Results
showed that the RNAi recombinant effectively inhibited the
expression of the DLC-1 gene in LoVo cells. Additionally,
our data showed decreased DLC-1 gene expression which
resulted in the promotion of LoVo cell proliferation. Flow
cytometry in cell cycle detection further indicated that the
DLC-1 gene induced cell cycle arrest at G2/M and a cell
migration assay confirmed that the knocking down of DLC-1
gene expression promotes LoVo cell migration. Our
observations suggest that the DLC-1 gene is associated with
LoVo cell proliferation, migration and cell cycle distribution.
DLC-1 is a potential suppressor gene in the colon cancer
LoVo cell line and may play an important role in colon
cancer mechanisms.

Introduction

The DLC-1 (deleted in liver cancer-1) gene, identified from a
primary human hepatocellular carcinoma (HCC) by Yuan et al
(1), is located on chromosome 8p21-22 and encodes a Rho
GTPase-activating protein. The human DLC-1 gene was
reported as a regulator of the Rho family of small GTPases.
The Rho family plays an important role in the regulation of a
variety of cellular processes including cell cycle progression,
cytoskeletal organization, cell migration, malignant
transformation and cell adhesion to the extracellular matrix
(ECM) (2-4). It is clear that DLC-1 is the human homologue
of rat pl122 and is expressed in most human tissues. Its
expression is frequently down-regulated or silenced in
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various types of human cancers (5). It has been reported that
DLC-1 was down-regulated by promoter hypermethylation in
carcinoma of the liver, colon, breast and prostate (6,7).
Methylation of DLC-1 is also common in hematological
malignancies (8). There are many studies which have shown
that the transfection of the DLC-1 gene caused significant
growth inhibition and colony formation in human HCC cells
and abolished tumorigenicity of non-small cell lung
carcinoma cell lines in nude mice (9,10). Recent studies have
demonstrated that restoration of DLC-1 in breast cancer cells
resulted in the inhibition of cancer migration and invasion
(11). In addition, Wong et al (12) reported that DLC-1
expression reduced the migration and invasiveness of
SMMC-7721 HCC cells. Since the DLC-1 gene is very
important in tumor carcinogenesis, the potential for an
effective therapy based on DLC-1 transfer to tumor cells
appears high. However, DLC-1 has been less intensively
examined in colon cancer, therefore it is necessary to
investigate the possible involvement of DLC-1 in human
colon cancer cells. Thus, we constructed the RNAi Lipo-
recombinant of the DLC-1 gene (pGCsil-DLC-1) to inhibit
DLC-1 gene expression. It was transduced into LoVo cells,
which are positive for DLC-1 gene expression, in order to
observe the effects of DLC-1 on cell proliferation, cell
migration and cell cycle distribution and to further elucidate
the possible role of DLC-1 in colorectal tumor development.

Materials and methods

Colon cancer cell line. The human colon cancer LoVo cell line
was obtained from the Shanghai Institute of Cell Biology,
Chinese Academy of Sciences. Cells were cultured in
RPMI-1640 (Sigma, St. Louis, MO, USA) and antibiotics
were supplemented with 10% fetal bovine serum and 100 U/ml
of penicillin and streptomycin at 37°C in a humidified 5% CO,
and stored at -20°C.

RNA extraction and RT-PCR amplification. Total RNA
extraction was performed using Trizol reagent (Invitrogen,
Groningen, The Netherlands) according to the manufacturer's
instructions. RNA (5 ug) was used as a template in the first
strand complementary DNA (cDNA) synthesis in a 20 ul
reaction volume. The reaction was incubated at 42°C for
60 min, followed by heating at 99°C for 5 min. All primers
and amplification conditions in this study are listed in Table I
(13). Single round B-actin amplification was used to
demonstrate RNA integrity and RT performance. The final
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Table I. Each primer used and the PCR amplification conditions.
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Primer 5'-3' Sequence PCR condition Size of amplified
products (bp)
DLC-1 (RT-PCR) GGACACCATGATCCTAACAC 94/3 min (94/30 sec, 52/30 sec, 262
CTCATCCTCGTCTGAATCGT 72/40 sec) x 42, 72/7 min
B-actin (RT-PCR) CCGTGGCCTTAGCTGTGCT 94/3 min (94/30 sec, 50/30 sec, 457

TGTGCATAAAGTGTAAGTGTATAAGCA

72/40 sec) x 42,72/7 min

Table II. Oligonucleotide sequence of siRNA.

Group Sequence of siRNA nucleotides Sites

pGCsil-DLC-1  5-GGAACTGAAGAGACGCAAT-3'" 1596-1614

Control 5-TTCTCCGAACGTGTCACGT-3' -

marker control

pGCsil- DLC-1

DLC-1

Figure 1. Inhibition of DLC-1 expression in the LoVo cell line. RT-PCR
analysis was performed with total RNA extracted from the control and
pGCsil-DLC-1 cells. B-actin was analysed as a positive control. The
expression of mRNA was decreased in the pGCsil-DLC-1 cells. The size
is 252 bp, B-actin is 457 bp.

- - B-tubulin

® - " DLC-)

pGCsil-DLC-1  control

Figure 2. Western blot analysis of DLC-1 expression. Bands of 40 kDa
represent signals of B-tubulin and bands of 123 kDa represent signals of the
DLC-1 protein. Compared with the control group, a weaker expression of
DLC-1 was detected in the pGCsil-DLC-1 group.

products were analyzed by electrophoresis on 2% agarose
gels containing ethidium bromide.

ShRNA preparation and plasmid construction. Two pairs of
short hairpin RNA (shRNA) sequences were designed, one
was according to the DLC-1 sequence in the GenBank
(AF035119), while the other sequence of shRNA had no
homology with the human sequence and was used as a
control. Each pair contained a unique 19-nt double-stranded

sequence that is separated by a loop of 9-nt nucleotide
sequences (ttcaagaga). The oligonucleotide sequences of
siRNA that are listed in Table II, contained an EcoRI and
Xhol site. After purification and restriction digestion, the
oligonucleotides were ligated into plasmid pGCsi (Gene
Chem Inc., China) with the polymerase III U6 promoter.
DLC-1 recombinant was confirmed by sequencing and
named pGCsil-DLC-1.

Transfection assay. To generate DLC-1 transfected DLC-1
cells, 3 ug of plasmid DNA was transfected in 1x10° cells in
a 60-mm dish using lipofectamine 2000 (Invitrogen, USA),
according to the manufacturer's instructions. Selection for
transfected cells was carried out in a medium containing
400 pg/ml G418 (Geneticin; Nitrogen, USA) and the stably
DLC-1 gene-transfected cells were named pGCsil-DLC-1
LoVo cells.

Western blot. pGCsil-DLC-1 LoVo and control LoVo cells
(10x10°) were respectively harvested and lysed in 60 pl
cell lysis reagent, containing 50 mmol/l Tris-HCI (pH 8.0),
150 mmol/l NaCl, 100 xg/ml phenylmethylsulfonyl fluoride
(PMSF) and 1% Triton X-100. Equal amounts of total protein
were separated by 5% SDS-PAGE and then transferred onto
polyvinylidene fluoride (PVDF). Human monoclonal anti-
DLC-1 (1:200; clone 3; BD Biosciences PharMingen) as
primary antibodies, again incubated with bovine anti-mouse
IgG (1:2500; Santa Cruz, CA) as a second antibody. B-tublin
(1:3000) staining served as the internal standard for all
membranes.

Soft agar colony assays. For soft agar colony assays, 3x10?
LoVo cells of pGCsil-DLC-1 and control groups were
respectively mixed with RPMI-1640 medium complete
medium containing 0.4% agar and placed over 0.6% of
basal agar in six-well culture plates. After being grown for
2-3 weeks, colonies (>30 cells) were visualized micro-
scopically and photographed.

Cell migration assay. For migration assays, matrigel basement
membrane (BD Biosciences PharMingen) matrix was coated
with ECM proteins fibronectin, collagen-1V, or laminin-1.
LoVo cells from pGCsil-DLC-1 and control groups 1x10°
respectively were re-suspended in RPMI with 1% BSA and
allowed to migrate to the undersides of the membranes for
20 h at 37°C. Membranes were fixed in 4% paraformaldehyde
for 10 min. Cells remaining on the upper sides of the
membranes were removed using cotton swabs. The cells
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Figure 3. Inhibition of expression of DLC-1 induces cell anchorage-independent growth. Cells were grown in soft agar (0.4%) and the colonies were
visualized microscopically after 2 weeks and photographed from one representative experiment. (A and B) The size of the colonies formed by pGCsil-DLC-1
LoVo cells were significantly increased compared with the control group. (C) The number of colonies formed from three independent experiments, in the
pGCsil-DLC-1 group. The mean + SD was 24.00+3.00, while the control group was 15.67+1.53.
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Figure 4. Detection of LoVo cell invasiveness in vitro by repression of DLC-1 expression. PGCsil-DLC-1 LoVo cells were evaluated for their ability to migrate
across a matrigel-coated membrane in an invasion chamber. After incubation for 20 h at 37°C, the number of cells that had migrated across the membrane was
determined. Invasive cells were stained, photographed and counted under a microscope. (A and B) A representative result from three independent experiments
with similar results; (C) mean + SD of migrated cells in those three independent experiments. In the pGCsil-DLC-1 group, the mean + SD was 112.4+4.56, while
the control group was 68.4+2.40. Statistical significance (t-test) was set at p<0.05.

migrated to the underside of the membranes where they were
hematoxylin and eosin stained and photographed.

Flow cytometry. LoVo cells from pGCsil-DLC-1 and control
groups were respectively fixed in 70% ethanol, incubated
for 5 min at 48°C with 0.1% Triton X-100 and RNase A
(100 U/ml, Sigma) and then stained with propidium iodide
(50 mg/ml, Sigma). The cells were analyzed for cell cycle
distribution by flow cytometry with a FACSort instrument
(Becton Dickinson, Boston, MA).

Results

Inhibition of DLC-1 gene expression by shRNA expression
vectors. The knock-down efficiencies of DLC-1-specific
shRNAs in LoVo cells were analyzed by semiquantitive
RT-PCR and Western blot, respectively. Relative DLC-1
mRNA levels were normalized by internal control B-actin and
Western blot assay for DLC-1 protein expression was
normalized by B-tubulin. After transfection, the mRNA and
the protein expression levels of DLC-1 were reduced in the
pGCsil-DLC-1 LoVo cells (Figs. 1 and 2).

DLC-1-specific shRNAs induce cell forming colonies. To
evaluate the tumor suppression function of DLC-1 in colon
cancer, we compared the anchorage-independent growth
ability of pGCsil-DLC-1 LoVo and control LoVo cells in
soft agar culture. The stably transfected pGCsil-DLC-1
LoVo cells exhibited a dramatically increasing ability to
form colonies on soft agar. The number and size of
colonies formed by the pGCsil-DLC-1 LoVo cells were
significantly increased compared with those of the control
LoVo (Fig. 3).

DLC-1-specific shRNAs induce cell migration in vitro. To test
whether DLC-1 is involved in the migration of LoVo cells, we
examined the effect of the invasiveness of pGCsil-DLC-1
LoVo cells in vitro. Cells migrated through a matrigel-coated
membrane during 20 h of incubation. Results showed that the
quantity of pGCsil-DLC-1 LoVo cells that migrated into the
lower compartment of the invasion chamber was markedly
increased compared with the control LoVo cells. Fig. 4
displays the mean + standard deviation (SD) of three
independent experiments, the pGCsil-DLC-1 group 112.4+4.56
and the control group 68.4+2 .40.
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Figure 5. Effect of the DLC-1 gene on cell cycle distribution in colon cancer cell lines. LoVo cells of the pGCsil-DLC-1 and control group were detected by
flow cytometry. A representative result from three independent experiments with similar results is shown. In the pGCsil-DLC-1 group, the percentage of cells
in GO/G1 and G2/M were 56.65 and 17.00% respectively, while the control group, was 8.60 and 49.29%, respectively.

DLC-1-specific shRNAs perturb cell cycle. We examined the
possible effect of DLC-1 expression on the cell cycle by flow
cytometric analysis. Results demonstrated that when compared
with the control group, the population of the stably transfected
pGCsil-DLC-1 LoVo cells in phases G2/M were reduced and
the cells were arrested at GO/G1 (Fig. 5). These data
indicated that DLC-1 gene-induced cell growth inhibition was
partially attributable to cell cycle arrest.

Discussion

The candidate tumor suppressor gene DLC-1 was isolated
from human hepatocellular carcinoma (HCC) by a PCR-
based subtractive hybridization approach (1). Determination
of the DLC-1 cDNA sequence shows that it is the human
homologue of rat p122, which has been found to act as a Rho
GTPase protein (RhoGAP ) (14). The DLC-1 gene contains a
RhoGAP domain and two other functional motifs, a sterile a
motif (SAM) domain and a StaR-related lipidtransfer
(START) domain (15).

Overexpression of p122 in cultured cells induces
morphological changes in adherent cells and the detachment
of cells from the substratum (4). The human DLC-1 gene was
reported to be a regulator of the Rho family of small GTPases,
hence implicating that the DLC-1 gene controls actin
cytoskeleton organisation, membrane trafficking, gene
expression, cell proliferation, malignant transformation and
metastasis (2,3). Further studies demonstrated that the
expression of DLC-1 resulted in a marked inhibition of cell
proliferation and reported that the transfer of DLC-1 into
three DLC-1-negative human non-small cell lung carcinoma
cell lines caused a significant inhibition in cell proliferation
and a decrease in colony formation (9). DLC-1 restoration in
DLC-1 negative SNU-368 human HCC cells resulted in the
inhibition of cell proliferation and migration and the
induction of cell morphological changes (4). In addition, the
restoration of DLC-1 expression on tumorigenic breast
cancer cells and hepatocellular carcinoma cells can inhibit

cell invasiveness and tumorigenicity in vivo, which indicates
that DLC-1 plays a tumor suppressor role (12,16,17).

Based on the above, we investigated whether DLC-1
expression affects colon cancer cell growth, thus eukaryotic
expression plasmid vectors of short hairpin RNA (shRNA)
specific for the DLC-1 gene were designed and generated to
inhibit DLC-1 expression in the LoVo cell line which highly
expresses the DLC-1 gene. The data also show that lack of
DLC-1 expression resulted in the promotion of cell growth and
the pGCsil-DLC-1 cells exhibited a dramatically increasing
ability to form colonies on soft agar compared with those of
the control group, which was consistent with previous results
of other research in hepatocellular carcinoma (12). We then
examined whether DLC-1 had an effect on the invasive and
migratory abilities of LoVo cells via transwell migration
assays. Fig. 4 showed that with knocking down the DLC-1
gene expression, LoVo cells demonstrated a higher ability of
migration. These findings were highly consistent with those
found in cancer cell lines of different tissue types as reported
by others (10,11,16-18). To further substantiate how the
DLC-1 gene affects LoVo cell proliferation and migration,
we tested the cell cycle via FCM. After down-regulating
DLC-1 gene expression, the population of LoVo cells in
phases G2/M were markedly reduced and more cells arrested
at the GO/G1. Our results are in agreement with some recent
studies, which indicated that the inhibition of cancer cell
growth was via G2/M arrest and induction of apoptosis
(19-23). Taken together, this strongly suggests that DLC-1
gene-inducing cell growth inhibition is partially attributable
to perturb cell cycle progression.

Our results strongly suggested that DLC-1 is a tumor
suppressor gene, which may be involved in the pathogenesis of
colon cancer. Many studies have revealed that the DLC-1 gene
is a novel function in oncogenesis, which may provide new
insight into the mechanisms underlying the carcinogenesis
of colorectal cancer and may be of prognostic value for
colorectal cancer. DLC-1 gene status in colorectal carcino-
genesis needs further study, which should focus on
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understanding the regulation of DLC-1, as well as the
detailed molecular mechanism by which DLC-1 affects cell
proliferation and migration.

Generally, there are three mechanisms that lead to gene
silencing, mutation, genomic deletion and promoter
methylation. Mutation, as a cause of DLC-1 inactivation, is
effectively ruled out because of the low rate of occurrence
(5,24). This implies that either genomic deletion or
promoter methylation is the primary cause for altered
expression or inactivation of the DLC-1 gene (2). Promoter
hypermethylation is an epigenetic mechanism which may
lead to the silencing of the gene expression (25). Studies
have indicated that promoter hypermethylation of DLC-1
was found in HCC (26), gastric cancer (13) and prostate (7).
In hematological malignancies, methylation of DLC-1 is
common and has been found in 87% of non-Hodgkin's
lymphomas (NHLs) and multiple myeloma tumors or tumor
cell lines, though not in benign hyperplasia (8). It has also
been proposed that DLC-1 methylation status in NHLs
could be used as a diagnostic marker (27). This implies that
promoter methylation is the primary cause for altered
expression or inactivation of the DLC-1 gene (2). Thus,
further study on the methylation status in colon cancer
would be valuable in order to further elucidate the
mechanism based on the DLC-1 gene in colon cancer
carcinogenesis.

Recently, the other members of the DLC family, DLC-2
and DLC-3, have been coloned (28). DLC-2 is located on
chromosome 13q12 which is 50% identical to DLC-1 and
shares the same SAM-RhoGAP domain organization. Little is
known about DLC-3 located on the X chromosome at q13 or
its function. Studies have indicated that DLC-2 has an
inhibitory effect on Ras-induced cellular transformation and
suppression in the growth of human liver and breast tumor
cells (29,30). Therefore, the mechanism of the DLC as a
suppressor gene, is more complicated than previously known.
Currently, observations have indicated the alterations of the
DLC family are in a variety of cancers, which strongly
suggested that the DLC gene has potential clinical application
in the prevention, early detection and therapy of cancer (31).
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