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Synergistic antineoplastic effect of DLC1 tumor suppressor
protein and histone deacetylase inhibitor, suberoylanilide
hydroxamic acid (SAHA), on prostate and liver
cancer cells: Perspectives for therapeutics
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Abstract. Inactivation of tumor suppressor genes is a major
contributing alteration in the initiation or progression of cancer.
The human tumor suppressor gene DLC1 (deleted in liver
cancer 1) is frequently downregulated or silenced in multiple
cancers, predominantly by epigenetic mechanisms. With the
current considerable interest and progress in epigenetic therapy,
a number of promising antineoplastic agents, particularly
histone deacetylase (HDAC) inhibitors, have been developed
and used successfully in clinical trials. Both DLC1 and
HDAC inhibitors exert antineoplastic functions, and their
combined action could be exploited for a more effective cancer
therapy. To evaluate the potential benefits of this approach,
we examined the antineoplastic effects of adenoviral (Ad)-
DLC1-mediated transduction and exposure to suberoylanilide
hydroxamic acid (SAHA), a powerful HDAC inhibitor, in two
human cancer cell lines that lack intrinsic DLC1 expression,
22Rvl1 prostate cancer cells and 7703K human hepatocellular
carcinoma cells. Consistent with the oncosuppressive function
of DLCI in several cancers, including prostate and liver
cancer, transduction of 22Rv1 and 7703K cells with an
Ad-DLC1 expression vector resulted in alterations of cell
morphology, induction of apoptosis, and inhibition of cell
proliferation, migration, and anchorage-independent growth.
A low concentration of SAHA (5 uM) efficiently restored the
expression of DLCI in 22Rv1 cells that lack DLC1 expression
due to histone deacetylation but had a minimal effect in 7703K
cells in which silencing of the DLC1 gene is due mainly to
promoter hypermethylation. Regardless of the epigenetic
mechanism of DLCI inactivation, SAHA treatment of DLCI-
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transduced cells had a synergistic inhibitory effect on tumor
cell proliferation and tumorigenesis in both cell lines. In
22Rv1 cells, this combination regimen nearly abolished the
formation of colonies in semisolid media as a measure of
tumorigenicity in vitro. Current in vitro results validate this
protocol as a potentially new therapeutic option in certain
cancers.

Introduction

The DLCI1 gene that encodes a Rho GTPase-activating
protein is an authentic tumor-suppressor gene in several
common cancers (1-3). Loss of DLC1 expression is a frequent
mechanism for activation of Rho GTPases, key mediators of
human oncogenesis (4). In contrast with the early observation
that mutations in the coding region of DLCI1 are infrequent
in human cancers, recent genomewide sequencing analyses of
prostate, colon, and pancreatic cancers have identified missense
mutation of DLC1 (5,6). Similarly, new data show that the
incidence of DLCI deletions in liver, lung, and breast tumors is
higher than well-known tumor suppressor genes (2). Although
genetic alterations are major contributors to deregulation of
the DLC1 gene, most commonly silencing or downregulation
of DLCI in solid tumors and hematological malignancies is
mediated by epigenetic mechanisms. CpG island hyper-
methylation of DLCI1 was reported in a high proportion of
epithelial tumors, including 75-90% of carcinomas of the lung,
breast, ovary, and kidney, and as high as 93% of non-Hodgkin's
lymphomas (reviewed in ref. 3). Given the high frequency of
genetic and epigenetic alterations, DLCI is listed 10th among
the top 50 genes implicated in multiple cancers (7). Cells
derived from different types of cancer, such as breast, lung,
liver, ovary, prostate, and multiple myeloma (MM), are highly
sensitive to reactivation of DLCI1 function. Transcriptional
reactivation of DLC1 in human tumor cells with disabled
DLCI1 suppresses proliferation and migration, induces
apoptosis in vitro, and inhibits both in vivo tumorigenicity
and the development of metastases (reviewed in ref. 3).
Prostate cancer is among various types of cancer exhibiting
recurrent downregulation or inactivation of DLC1 partially
due to epigenetic mechanisms. Promoter methylation of
DLCI1 was detected in nearly 50% of prostate carcinomas and
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70% of benign prostatic hyperplasias (BPHs), but not in normal
prostatic tissues. Methylation of DLC1 correlated with the
age of prostate carcinoma patients and with prostate-specific
antigen blood levels in BPH patients (8). Histone deacetylation
is also an important component of DLC1 silencing, as demon-
strated with PC-3, LNCaP, and 22Rv1 prostate carcinoma cell
lines that are DLC1-negative or express a low level of DLC1
transcripts. Treatment with trichostatin-A (TSA), a widely
used HDAC inhibitor restored DLCI1 expression in 22Rv1
cells and, to a lesser extent, in LNCap, but was ineffective in
PC-3 cells (8). In contrast with other prostate carcinoma
cells, Ad-DLC1-mediated transduction of PC-3 cells failed to
induce apoptosis (9). These observations correlate strikingly
with the sensitivity of prostate tumor cells to the induction of
apoptosis by suberoylanilide hydroxamic acid (SAHA)
(vorinostat), another potent HDAC inhibitor (10). Treatment of
PC-3 cells with SAHA was ineffective in inducing apoptosis
compared with other prostate carcinoma cell lines. This
refractory response to different factors, a chemical compound
and a tumor-suppressor protein, was related to the high level of
the antiapoptotic protein Bcl-2, as PC-3 cells rendered sensi-
tive to SAHA or DLC1 induced apoptosis after treatment
with the Bcl-2 inhibitor HA14-1 (9,10).

Given the ability of HDAC inhibitors to suppress cancer
cell proliferation, to induce apoptosis in vitro and in vivo,
and to restore the expression of DLCI1 in tumor cells with
disabled DLC1, we decided to evaluate the combined effects
of DLCI transduction and exposure to SAHA on prostate and
liver tumor cells. We selected the 22Rv1 prostate carcinoma
cell line for several reasons. In 22Rv1 cells, inactivation of
DLC1 was mediated primarily by histone deacetylation, and
these cells are highly responsive to TSA-induced transcriptional
reactivation of the gene. Also, tumors developed in nude
mice by inoculation of 22Rv1 cells have been used previously
to test SAHA effects in vivo (11). Because none of the small
number of existing prostate carcinoma cell lines exhibit
inactivation of DLC1 mainly associated with promoter
methylation, for comparative analysis, we used 7703K, a
hepatocellular carcinoma (HCC) cell line lacking endogenous
DLCI1 expression that re-expresses mRNA after treatment
with 5-aza-2'-deoxycytidine (5-azadC) (12). To determine
whether SAHA cooperates with the function of DLC1, we
examined the effect of SAHA in Ad-DLCI-transduced cells
and showed that their combined action elicits a synergistic
antineoplastic effect in prostate and liver cancer cells.

Materials and methods

Cell lines and culture conditions. The human prostate carci-
noma cell line 22Rv1 was purchased from American Type
Culture Collection (Manassas, VA, USA) and was cultured
in RPMI-1640 (Invitrogen, San Diego, CA, USA), and the
HCC cell line 7703K from our laboratory stock was cultured
in DMEM/F12. Both media were supplemented with 10% (v/v)
fetal calf serum and were maintained at 37°C in a humidified
incubator containing 5% CO.,.

Chemicals and treatments. SAHA was provided by Aton
Pharma (Tarrytown, NY, USA) under an agreement with
the National Cancer Institute. A stock solution of 5 mM was
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prepared in DMSO, and in all experiments, an equivalent
volume of DMSO was added to the culture medium of control
cells. Treatments included 5 uM SAHA or DMSO for 24, 48,
or 72 h based on the experimental design.

Real-time PCR analysis. Real-time polymerase chain reaction
(PCR) analysis of DLC1 mRNA was performed as previously
described using an ABI PRISM 7900 sequence detection
system under universal cycling conditions (Perkin-Elmer
Applied Biosystems, Foster City, CA, USA) (8). The amount
of DLC1 mRNA was normalized by that of glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) mRNA. The 2-AACt
method was used to calculate the relative fold difference of
DLC1 mRNA.

Adenovirus infection. The pAd/CMV/V5-DEST expression
vectors (Invitrogen) with human DLC1 and LacZ cDNA inserts
were prepared and used for production of adenovirus as
previously described in detail (9). 22Rv1 and 7703K cells
were seeded at 2x10° cells/100 mm dish 24 h before infection,
and adenovirus for expression of DLC1 (Ad-DLCI) or LacZ
(Ad-LacZ) were added at MOIs 100 in 8 ml of medium.
After 24 h post infection, the virus-containing medium was
removed and the cells were cultured in a complete fresh
medium for another 24 h before use in experiments.

Luciferase assay and DLCI promoter activity. 22Rv1 and
7703K cells were transfected with the DLC1 promoter-
luciferase construct (kindly provided by Dr Yung-Jue Bang
from Seoul National University College of Medicine, Korea),
using Lipofectamine 2000 (Invitrogen). Twenty-four hours
post transfection, cells were treated with 5 yM SAHA, or
DMSO as control, for an additional 24 h. The DLC1 promoter
activities of 22Rv1 and 7703K cells were evaluated with the
britelite™ plus luciferase assay kit (Perkin-Elmer, Waltham,
MA, USA) according to the manufacturer's instructions.
Luciferase activities were measured using a Wallac plate
reader.

Cell morphology, proliferation, and viability. 22Rv1/Ad-
DLC1, 22Rv1/Ad-LacZ, 7703K/Ad-DLCI, and 7703K/Ad-
LacZ cells infected with adenovirus as described above were
seeded in 6-well plates at 5x10* cells per well. After 24 h,
5 uM SAHA or DMSO were added to the cultures, and the
medium was changed every other day. On each of 5 days after
chemical treatment, one well of each culture was examined
and photographed with a Nikon Eclipse TE2000U inverted
microscope with twin CCD cameras for recording morpho-
logical changes. Cells in another well of each culture were
collected after trypsinization, and cell number and viability
were determined by trypan blue exclusion with the use of a
cellometer (Nexcelom Bioscience, Lawrence, MA, USA).

Caspase-3 activity. Ad-DLC1- and Ad-LacZ-transduced 22Rv1
and 7703K cells were cultured in 96-well plates with 5 yM
SAHA or DMSO for 24 h. Caspase activity was determined
with a Caspase-Glo 3/7 assay Kkit, according to the manufac-
turer's instructions (Promega Corp., Madison, WI, USA).
Generation of luminescent signal (the number of relative light
units, RLU), indicative of caspase-3 activity, was measured
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with a Wallac multilabel plate reader (Perkin-Elmer, Waltham,
MA, USA).

Cell invasion assay. The invasiveness of cells in vitro was
determined 24 h after SAHA or DMSO treatment of Ad-DLC1
22Rv1 and 7703K and Ad-LacZ 22Rv1 and 7703K cells with
an InnoCyte™ cell invasion assay kit (EMD Chemicals, Inc.,
Gibbstown, NJ, USA). A total of 2x105 cells were seeded in a
serum-free medium into the upper compartment of the invasion
chambers containing a membrane coated with a basement
membrane matrix (pore size, 8 ym). The lower compartment of
the chambers contained a complete medium. After incubation
of the chambers for 24 h at 37°C under 5% CO,, cells that
had migrated to the bottom surface of the membrane were
stained with a 500 ul cell staining solution supplied with the
kit for an additional 30-60-min incubation. Staining solution
(200 ul) containing the dislodged invasive cells was trans-
ferred to duplicate wells of a 96-well plate. The fluorescence
was measured at an excitation wavelength of 485+10 nm and
an emission wavelength of 520+10 nm.

Assay of anchorage-independent cell growth. Colony formation
in soft agar was evaluated with the use of a cell transformation
detection assay kit (Chemicon International, Billerica, MA,
USA). 22Rv1 and 7703K cells infected with Ad-LacZ or
Ad-DLCI and treated with SAHA or DMSO for 24 h were
suspended in 0.35% low-melting-point agarose and were plated
at a density of 2x10* per well on a layer of 0.8% agarose in
6-well culture plates according to the manufacturer's manual.
The number of colonies with a diameter of >100 M was
counted after culture for 3 weeks.

Statistical analysis. All of the data represent three independent
experiments. The significance of differences between means
was determined by Student's t-test. A p<0.05 was considered
statistically significant.

Results

SAHA-mediated restoration of DLCI expression in 22RvI
and 7703K cells. The 22Rv1 and 7703K tumor cell lines used
in this study are DLC1-negative primarily due to histone
deacetylation and promoter hypermethylation, respectively
(8,12). We first examined the effect of SAHA on DLCI1
expression. As expected from the mechanism responsible for
silencing of the DLC1 gene, exposure to SAHA efficiently
restored DLC1 expression in 22Rv1 cells. Exposure of 22Rv1
cells to 5 uM SAHA for 24 and 48 h resulted in an increased
level of DLC1 expression of 30- and 55-fold, respectively. In
7703K cells, the same concentration of SAHA resulted in
only approximately a 3-fold increase in DLC1 expression

(Fig. ).

Activation of DLC1 promoter by SAHA in Ad-DLCI-trans-
duced cells. To determine whether the SAHA-mediated
increase in DLC1 mRNA levels is regulated by activation of
DLCI1 promoter, 22Rv1 and 7703K cells were transfected
with the DLC1 promoter-luciferase construct (577/+117-
pGL3Db) and cultured in the presence of 5 uM SAHA for 24 h
(13). In 22Rv1 cells, SAHA increased the activity of DLCI1
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Figure 1. Induction of DLC1 expression in 22Rv1 and 7703K cells by SAHA.
Real-time PCR analysis of DLCI expression in 22Rv1 and 7703K cells 24
and 48 h after treatment with 5 yM SAHA. Data are presented as the mean +
SE of triplicate values from a typical experiment.
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Figure 2. Activation of DLC1 promoters by SAHA. 22Rv1 and 7703K cells
were transiently transfected with the empty reporter vector pGL3b (Vec only)
or the DLC1 promoter-luciferase construct 577/+117-pGL3b (Vec/DLCl1p) for
24 h, followed by treatment with DMSO or 5 uM SAHA for 24 h. The DLC1
promoter activity was measured and indicated by relative luciferase activity.
The data represent the combined results of three independent experiments.

promoter by 50-fold (Fig. 2). Consistent with the low level of
DLC1 expression induced by SAHA in 7703K cells, there
was only an eightfold increase in DLC1 promoter activity,
suggesting that histone deacetylation also contributed to the
transcriptional silencing of DLC1 in 7703K cells (Fig. 2).

Effects of SAHA on cell proliferation and viability. It has been
well-documented that overexpression of DLC1 suppresses
cell proliferation and tumorigenicity (reviewed in ref. 3).
Cells transduced with Ad-DLC1 and Ad-LacZ controls
were used to assess the effect of SAHA on cell proliferation
and viability. Both DLC1 reexpression and treatment with
SAHA inhibited 22Rv1 and 7703K cell growth and viability.
SAHA treatment of Ad-DLC1-transduced cells was more
effective than each taken separately in both cell lines. However,
22Rv1 cells were considerably more sensitive than 7703K
cells over a period of 5 days after exposure to 5 M SAHA
(Fig. 3).
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Figure 3. Reduction of cell proliferation and cell viability by SAHA in DLCI1-transduced 22Rv1 and 7703K cells. Growth kinetics of 22Rv1 (A) and 7703K (B)
cells during 5 days of SAHA treatment (5 #M). Cell viability was evaluated by trypan blue staining over 5 days after SAHA addition to 22Rv1 (C) and 7703K (D)
cells. Each condition was examined in triplicate; bars, + SE.
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Figure 4. Alterations of cell morphology and activation of caspase activity induced by SAHA in DLCI1-transduced cells. Microscopic images of 22Rv1 (A, upper
row) and 7703K (A, lower row) cells after 72 h of SAHA treatment. In addition to reduced cell density, cells from both cell lines showed loss of membrane
attachment and cell shrinkage, especially in Ad-DLC1/SAHA groups. (B) Treatment with 5 xM SAHA for 24 h in combination with DLC1 transduction increased
caspase activity more than in SAHA and DLCI alone. The data shown are the mean levels of caspase activity + SE from three independent experiments.
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Figure 5. Inhibition of colony formation in soft agar and cell invasion by
SAHA in DLC]1-transduced cells. Ad-DLC]1-transfected 7703K and 22Rv1
cells with or without SAHA treatment were assayed for the ability to form
colonies during incubation in soft agar for 4 weeks (A and B). Data are
expressed as the number of colonies per well and are the means + SE from
three independent experiments. 7703K and 22Rv1 cells that had migrated
to the lower surface of the membrane were quantified by fluorescence and
expressed as the means + SE from three independent experiments (C).

Alterations of cell morphology and activation of caspase-3
activity by SAHA. To determine whether the reduction in cell
proliferation and viability is associated with morphological
alterations and may reflect induction of apoptosis, we next
examined changes in cell morphology and caspase-3 activity
in Ad-DLCI-transduced cells in the presence and absence
of SAHA. Morphological alterations were observed in both
22Rv1 and 7703K cells and became most noticeable 72 h
after treatment with SAHA (Fig. 4A). These alterations
consisted of cell blebbing, loss of membrane attachment,
and shrinkage, all of which suggest apoptosis. Consistently,
changes in cell morphology were more severe in SAHA-
treated DLC1-transduced cells than when each was used
separately (Fig. 4A). Activation of caspases is critical in the
induction of apoptosis. Both DLC1 reactivation and HDAC
inhibitors, including SAHA, activate caspases (9,14,15). In
SAHA-treated and DLC1-transduced cells, caspase-3 was
activated (Fig. 4B). The caspase activity of 22Rv1 cells was
increased 4.4- or 4.6-fold with SAHA or DLCI1 alone,
respectively, and ~7.4-fold with both SAHA and DLCI1
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(Fig. 4B). The relative increase in caspase activity was lower
in 7703K cells than in 22Rv1 cells; an increase of ~2.4- or
2.6-fold resulted after treatment with SAHA and DLC1
transduction alone, respectively, and a 3.8-fold increase
occurred when the two were combined (Fig. 4B).

Oncosuppressive effects of SAHA. 22Rv1 and 7703K cells
infected with either Ad-DLC1 or Ad-LacZ and treated with
SAHA or DMSO were examined for colony formation in soft
agar and for cell invasion. Anchorage-independent growth, as
assessed by the number and size of colonies formed in soft
agar assays, was significantly more pronounced in the 22Rv1
cell line than in 7703K cells (Fig. 5A and B). DLCI expression
and SAHA treatment inhibited the number of colonies by
61 and 42%, respectively, in 22Rv1 cells and by 64 and
53% in 7703K cells (Fig. 5A). The combination of DLCI1
expression and SAHA treatment resulted in a reduction of
colony formation by 86 and 69% in 22Rv1 and 7703K,
respectively (Fig. 5A). To evaluate the effect of SAHA and
DLCT on cell invasion, transwell invasion assays were assessed
(Fig. 5C). SAHA treatment or DLCI1 transduction inhibited
the invasiveness of 22Rv1 cells by 48 and 41%, respectively,
and that of 7703K cells by 34 and 46%. The invasiveness of
22Rv1 and 7703K DLCI-transduced cells treated with SAHA
was reduced 73 and 57% (Fig. 5C).

Discussion

During the process of cancer development, the expression
output of a variety of genes can be altered by mutations,
amplifications, deletions, and epigenetic modifications
consisting primarily of DNA methylation and histone acety-
lation/deacetylation modifications (16-18). Epigenetic changes
are important in the initiation and progression of human neo-
plasia particularly by promoting silencing of tumor suppressor
genes in many forms of cancer (19). In a recent report, current
concepts and advances in the epigenetic control of tumor
suppression are comprehensively covered and underline the
contribution of DNA methylation and histone deacetylation
to the complexity of gene regulation in oncogenesis (20).
Unlike genetic changes, epigenetic alterations are reversible
and thus provide a target for therapeutic interventions (21).
Because DNA methyltransferase inhibitors and HDAC inhi-
bitors have the distinct capacity to reactivate silenced tumor
suppressor genes and to elicit antioncogenetic activities, a
significant effort was directed in developing agents with
therapeutic potential such as zebularine, a stable DNA cyto-
sine DNA methylation inhibitor, and a number of HDAC
inhibitors, including SAHA, which is already used in clinical
trials for certain cancers (22-25).

Previous studies showed that TSA efficiently restores
the expression of DLC1 in gastric and prostate cancer cells
as well as in MM (26-28). Recently, a study providing clues
for the mechanism responsible for the induction of DLCI1
expression through HDAC-mediated chromatin modifications
demonstrated that TSA activates DLC1 promoter in gastric
cancer cells and that Sp1 binding sites are required for promoter
activation (13).

In a preliminary attempt, we now show that SAHA signi-
ficantly increased DLC1 promoter activity, particularly in
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prostate cancer cells with DLC1 silenced by histone
deacetylation. Experiments are in progress to determine
whether SAHA activates the DLCI promoter through the
same Sp1 binding sites or other elements of DLC1 promoter.

Current results show clearly that DLC1 re-expression and
SAHA exposure synergistically inhibit in vitro growth of
prostate and liver carcinoma cells. Experiments in immuno-
compromised mice are under way in our laboratory as a
step toward clinical interventions. The inhibition of xeno-
transplanted prostate tumor growth in nude mice by SAHA
underscores the importance of in vivo experiments (11). Very
recently, a preclinical in vivo study demonstrated SAHA-
mediated prevention of brain metastasis of 231-BR cells, a
brain trophic subline of MDA-MB-231 breast carcinoma cell
line, in the absence of apoptosis by accumulation of double-
strand breaks and downregulation of Rad52, a DNA repair
gene (29). DLCI also was found to be downregulated in
MDA-MB-231 breast cell populations that were highly
metastatic to bone (30). Similarly, in two isogenic breast
and prostate cancer sublines with diametrically opposite
metastatic capabilities, DLC1 is downregulated in metastatic
compared with nonmetastatic clones. Ad-DLC1-mediated
transfer in metastastic clones inhibited cell proliferation
and anchorage-independent growth in vitro and induced
apoptosis or development of lung metastases in nude mice
(9,31). Based on current results, SAHA may enhance the
Ad-DLCI1-mediated suppression of metastases. In other
experiments, we found that transcriptional reactivation of
DLCI1 in breast and lung carcinoma cell lines prevented the
development of tumors in nude mice, whereas in liver and
prostate carcinoma lines, DLCI1 re-expression resulted only
in a reduction in the size and number of tumors (9,14,32,33).
DLCI1 transduction in conjunction with continuous SAHA
treatment could significantly enhance the inhibition or even
abolish the tumor development in nude mice of tumor cells
that are less sensitive to DLC1 activation.

Despite the successful anticancer effects of HDAC inhi-
bitors, it is increasingly recognized that their combination
with other therapeutic modalities will be required to optimize
treatment efficacy (34). In clinical trials, patients with MM who
relapsed responded well to combined treatment with SAHA
and bortezomib, a proteasome inhibitor (25). Another powerful
combination would consist of treatment with zebularine that is
preferentially incorporated into DNA and targets cancer cells,
in conjunction with SAHA (35). This combination regimen was
highlighted among the most promising therapeutic options in
tumors with low levels of endogenous DLC1 expression (36).
Reactivation of several tumor suppressor genes, such as MLH1,
p16™&4 or maspin, requires both DNA methyltransferase and
HDAC inhibitors (20,37,38). In myelodysplastic syndrome,
acute myeloid leukemia, and MM, optimal re-expression of
epigenetically silenced genes, including DLC1, was achieved
when application of DNA methyltransferase inhibitors was
sequentially followed by histone deacetylase inhibitors (28,39).
Most likely, the sequential application of these agents is
effective in prostate cancer because both epigenetic alterations
contribute to the silencing of the DLC1 gene (8).

As stated earlier, studies with prostate cancer cells show
that in certain cell lines, SAHA treatment or transduction with
DLCI induced apoptosis only after treatment with the Bcl-2
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inhibitor HA14-1 (9,10). These results suggest that DLCI1
transfer, alone or in combination with other agents such as
Bcl-2 inhibitors or SAHA, might prove effective in the
treatment of metastatic aggressive prostate tumors. Further-
more, an antisense Bcl-2 oligonucleotide that depleted the
mRNAs for several members of the Bcl family, including
Bcl-2, induced apoptosis in PC-3 cells and enhanced their
chemosensitivity to chemotherapeutic agents or radiation, thus
demonstrating that a variety of combinations could influence
antioncogenic response in certain cancers (28).

In conclusion, several combinatorial options might hold
clinical promise as anticancer therapy in tumors with disabled
DLCI1. Given the overwhelming evidence that DLCI is
silenced by epigenetic mechanisms with staggering frequency
in a considerable number of solid tumors and hematological
cancers, the development of a tailored combined therapeutic
strategy could be beneficial for many patients.
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