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Abstract
BACKGROUND—Slug is a transcription factor of the Snail/Slug zinc-finger family and is
implicated in metastasis of tumors, but its role in cell proliferation of prostate cancers is unclear.

METHODS—Expression level of Slug and other genes was examined by Western blot, RT-PCR,
and QPCR analyses. The forced expression of Slug was mediated by retroviruses and
adenoviruses. Slug was down-regulated by shRNA. Cell growth was measured by the MTT assay
and the quick cell proliferation assay.

RESULTS—Here, we demonstrated that Slug expression is elevated in mouse prostate tumors,
and human prostate cancer cell lines LNCaP, PC-3, and 22RV1. Forced expression of Slug
inhibited proliferation of prostate cancer cells PC-3 and DU-145. Conversely, reduced expression
of Slug by shRNA promoted growth of PC-3 cancer cells. Consistent with these data, we found
that forced expression of Slug in prostate cancer cells led to G1 cell cycle arrest. Furthermore,
ectopic expression of Slug decreased cyclin D1 expression in both PC-3 and DU-145 cells, and
knockdown of Slug by shRNA upregulated cyclin D1 expression in these cancer cells. In addition,
we demonstrated that ectopic expression of cyclin D1 relieved Slug-mediated inhibition of
proliferation of prostate cancer cells.

CONCLUSIONS—We provide the first compelling evidence that Slug is a negative regulator of
proliferation of prostate cancer cells. Our findings in this study are distinct from the previously
reported role of Slug as a promoter for tumor metastasis, and suggest that Slug is a prognostic
marker and potential therapeutic target.
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Introduction
Prostate cancer is a leading cause of illness and death among men in the United States and
Western Europe, and is the fourth most common male malignancy worldwide (1). Incidence
and mortality rates vary tremendously among countries, similar to the variations seen among
distinct ethnic groups in the United States. Prostate cancer is predominantly a disease of
elderly men, with more than 75% of new prostate cancers being diagnosed in men older than
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65 years. Recently, the standard therapies include androgen ablation that initially causes
tumor regression. However, cancer cells eventually recur and develop into hormone
refractory prostate cancer (2,3). New strategies developed to treat patients with advanced
prostate cancer require a thorough understanding of the molecular mechanisms that regulate
prostate cancer development and progression.

The androgen receptor (AR) is the key determinant in the development and progression of
prostate cancer. AR is expressed in almost all prostate cancer regardless of their hormone
sensitivity (4). Activation of AR stimulates proliferation of prostate cancer cells (5). In
contrast, inactivation of AR prevents prostate cancer cells from replicating DNA and
entering the S phase, and induces cell death (6,7). Although AR plays a central role in
regulation of the proliferation of prostate cancer, other factors such as Pten, Sox9, and
GSK3β are also critical for tumorigenesis of prostate cancers (8–10). Key transcription
factors that regulate growth of prostate cancers remain to be identified.

Slug is a zinc-finger transcription factor of the Slug/Snail superfamily. All members of this
family share similar structure and the same binding motif (AGAGGTG), and are involved in
the ingression of the early mesodermal cells at gastrulation, and in the delamination of the
neural crest from the neural tube during development (11,12). We previously demonstrated
that Slug protects mice from γ-radiation-induced death in a cell autonomous manner by
inhibiting the mitochondria-dependent apoptotic pathway in myeloid progenitor cells,
thereby allowing early hematopoietic progenitors to evade lethal effects of genotoxic agents
(13). In addition to its antiapoptotic function, Slug and Snail play important roles in the
epithelial-mesenchymal transition of mesodermal cells. Epithelial-mesenchymal transition is
a critical process during morphogenesis of multi-cellular organisms (14,15). Epithelial-
mesenchymal transition is not only a normal developmental process but is also essential for
tumor invasion and metastasis (16–20).

Mounting evidence indicates that elevated expression Slug or Snail promotes cancer cells to
become motile and invasive, by down-regulating epithelial markers (cytokeratin-18, Muc-1,
desmoplakin, E-cadherin) and up-regulating mesenchymal markers (fibronectin, vimentin,
Rho GTPases) (14,15,19,21). Elevated expression of Slug and Snail is associated with (i)
postoperative relapse, (ii) shorter patient survival, (iii) reduced E-cadherin expression, and
(iv) lymph node metastasis of a variety of epithelial tumors, such as breast cancer, lung
cancer, esophageal squamous cell carcinoma, gastric cancer, colorectal cancer, pancreatic
cancer, ovarian carcinoma, and hepatocellular carcinoma (22–29).

Snail/Slug family members also regulate cell-cycle progression and survival. Snail1
regulates components of the early to late G1 transition and G1/S checkpoint, including the
repression of cyclin D2 transcription and the increase in p21 (30). However, it remains to be
determined whether or not Slug alters cell cycle and proliferation of prostate cancer cells.

In this study, we determined that Slug expression is significantly up-regulated in prostate
tumor tissues from the transgenic adenocarcinoma mouse prostate (TRAMP) model (31) and
human prostate cancer cell lines (LNCaP, PC-3, 22RV1). Ectopic expression of Slug in
PC-3 and DU-145 cancer cells inhibited growth of these cancer cells and resulted in G1 cell
cycle arrest. By gain-of-function and loss-of-function approaches, we determined that Slug
inhibited proliferation of prostate cancer cells via downregulation of cyclin D1 expression.
Together, our data strongly suggest that Slug may represent a prognostic marker and a
potential therapeutic target of this highly aggressive tumor.

Liu et al. Page 2

Prostate. Author manuscript; available in PMC 2011 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Materials and Methods
Cell culture

PC-3, 22RV1, LNCaP, and DU-145 cells were obtained from American Type Culture
Collection (ATCC, Manassas, VA). These cells were maintained in culture medium,
according to the manufacturer’s instructions.

Plasmids
The pMIGw-cyclin D1-HA and the pMIGw-Cylin D1-HA T286A were constructed by
subcloning a 1,151-bp XhoI-BamHI fragment from pcDNA cyclin D1 HA and pcDNA
cyclin D1 HA T286A (32) respectively, into pMIGw vector. pLKO.1-Slug shRNA1 (target
sequence- 5’ CAGCTGTAAATACTGTGACAA3’) and pLKO.1-Slug shRNA2 (target
sequence- 5’ GCCAAATCATTTCAACTGAAA’) were obtained as a set (RHS4533-
MN_003068) from Open Biosystem (Huntsville, AL). pLKO.1-Slug shRNA3 (target
sequence- 5’CAGACCCAT TCTGAT GTAAAG, Addgene plasmid #10905) (33) or pLKO.
1-control shRNA (containing non-target scramble shRNA, Addgene plasmid #1864) (34)
were purchased from Addgene (Cambridge, MA).

Generation of chicken anti-Slug antibody
The chicken anti-Slug antibody was custom made using a short peptide (LQ[S/
P]KLSDPHAIEAEK) and purified by Aves Labs (Tigard, OR).

SDS-PAGE and Western blot analysis
Mouse prostate cancer tissues were dissected from TRAMP mice. Normal mouse prostate
tissue was cut into pieces and washed three times in 1×PBS (phosphate-buffered saline, pH
7.4). Tumor tissue and cells were lysed in the RIPA buffer (50 mM Tris-Hcl at PH 7.4, 150
mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM EDTA, 1 mM EGTA,
1 mM beta glycerophosphate, 1mM sodium orthovanadate), supplemented with 1 ml
protease inhibiter cocktail (Sigma, St. Louis, MO). Protein samples were analyzed by
Western blot analysis using a ECL kit (Pierce, Rockford, IL) with antibodies against
following antigens: Slug, cyclin D1 (ANASPEC, Fremont, CA), HA-tag (Bethyl
Laboratories, Montgomery, TX), α-tublin (Santa Cruz Inc, Santa Cruz, CA) and β-actin
(Bethyl Laboratories, Montgomery, TX).

Viral production and infection
293T cells were seeded at 1 × 105 cells per 35 mm dish. The next day, a mixture of plasmid
DNA was transfected separately into 293T cells using FuGENE 6 transfection reagent
(Roche, Indianapolis, IN). For retrovirus production, pEco (packaging plasmid) was mixed
with pMIGR1-based retroviral vectors for expression of Slug, cyclin D1-HA, cylin D1-HA
T286A, or their control. For generation of lentiviruses, the packaging plasmids (pCMV-
VSVG and psPAX2) were co-transfected with pLKO.1-Slug shRNA or pLKO.1-control
shRNA (containing non-target shRNA) into 293T cells. For viral infection, PC-3 or DU-145
cells were seeded at 50% confluence in 12-well plates. The next day, virus-containing
supernatants from 293T cultures were mixed with polybrene (Sigma, St. Louis, MO) at final
concentration of 8 µg/ml, and added to the cells in each well. The plate was centrifuged at
2000 rpm for one hour at 35°C, and subsequently was returned to the cell culture incubator.
PC-3 cells infected with pLKO.1 lentiviruses were selected with puromycin (1 ug/ml),
starting at 48 hours after infection.
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RNA isolation, reverse transcription, RT- PCR, and QPCR analysis
RNA of the cultured cells was prepared using the Trizol reagent (Invitrogen, Carlsbad, CA).
Reverse transcription was carried out using random primers of the SuperScript III First-
Strand Synthesis SuperMix kit (Invitrogen, Carlsbad, CA), according to the manufacturer’s
protocols. Primers used for the RT-PCR and QPCR analysis were synthesized by Integrated
DNA Technologies (Coralville, IA). QPCR was performed on a Bio-Rad MyiQ system
using the HotstarTaq DNA polymerase kit (QIAGEN, Valencia, CA), according to the
manufacturer’s protocols. Data were analyzed by using the comparative CT method (35).
Quantities of gene-specific mRNA expression were determined by the CT method: CT refers
to the “threshold cycle,” and is determined for each experiment using MyiQ software.
Amplification of GAPDH was performed for each reverse-transcribed sample as an
endogenous quantification standard. The fold-difference in gene expression was determined
by 2− ΔΔCT. ΔΔCT is equal to (ΔCT of experimental conditions − ΔCT of control
conditions). ΔCT is equal to (gene-specific CT − GAPDH CT). The primers are as following:
Snail1, 5’-AATACTGCAACAAGGAATACCTCAGCCTGG-3’ and 5’-
GGACAGGAGAAGGGCTTCTCGCCAGTGTG-3’; Snail2/Slug, 5’-
CTTCCTGGTCAAGAAGCA-3’ and 5’-GGGAAATAATCACTGTATGTGTG-3’; Snail3,
5’ GCTGGAGACGCAGAGAGAAATCAATGGTGC-3’ and 5’-
CCAGAGCTTCCTCGATCCGTGGCAGGAGG-3’; Scratch1, 5’-
CGCGCCACTGCACGATAAAGGGTACCTC-3’ and 5’-
GTCGCCGTTGATGTAGCCGCCCGCAGC-3’; Scratch2, 5’-
GCCTCCCGGGGACAACGGGTACGC-3’ and 5’-
GCGTCCATGGAGTAGCTGTCGGTCACTG-3’; cyclin D1, 5’-
TCGCCACCTGGATGCTGGAGGTCTG-3’ and 5’-
CACCAGGAGCAGCTCCATTTGCAGCAG-3’; GAPDH, 5’-
ATTGACCTCAACTACATGGTTTACATG-3’ and 5’-
TTGGAGGGATCTCGCTCCTGGAAG-3’.

Analysis of cell cycle by flow cytometry
The cells were harvested from the dishes, fixed in 70% ethanol (Sigma) on ice for 30
minutes. The fixed cells were resuspended in 100 µl 1×PBS supplemented with 0.05 mg/ml
propidium iodide, 0.1 mg/ml RNase A, and 0.05% Triton X−100, followed by incubation
for 40 minutes at 37°C. The treated cells were washed two times and resuspended in 500 µl
PBS. The cells were analyzed for their DNA content on a BD FACSCalibur. Only signals
from the single cells were included in the analysis (10,000 cells/assay).

MTT assay
The cells were seeded at 1000 to 5000 cells per well (triplicates) in 48-well tissue culture
plates. 100 µl MTT (5 mg/ml in culture medium) was added to each well. The cells were
incubated for four hours at 37°C to allow the MTT to be metabolized. The cells were
washed twice in 1×PBS, followed by the addition of 100 µl DMSO to dissolve formazan
crystals. Absorbance of the dye solutions was measured at 492 nm on a multi-well
spectrophotometer (Power Wave×340, Bio-Tek).

Quick cell proliferation assay
The cells were seeded at 1000–5000 cells per well (triplicates) in 48-well tissue culture
plates. For measuring cell proliferation, 100 µl growth medium supplemented with 10 µl
water soluble tetrazolium (WST, BioVision, Mountain View, CA) was added to the cells in
each well. The cells were incubated for 2.5 hours at 37°C to allow the WST to be
metabolized. Absorbance of the dye solutions was measured at 492 nm on a multi-well
spectrophotometer (Power Wave×340, Bio-Tek).
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Statistical Analysis
QPCR data and cell growth data were analyzed by the Student's t-test (one-tailed). P < 0.05
was used to define statistically significant differences.

RESULTS
Slug protein expression is elevated in prostate gland tumors

Slug is implicated in tumor metastasis of multiple tumors, including mammary gland
tumors, ovarian cancer, and lung adenocarcinoma. To facilitate analysis of Slug protein
expression, we validated specificity of the chicken anti-Slug antibody (Supplementary Fig.
S1). To determine whether Slug plays a role in regulation of prostate tumor cells, we
examined Slug expression by Western blot analysis in prostate tumors from mice harboring
the transgenic adenocarcinoma of the mouse prostate (TRAMP) (31). Our data indicated that
Slug protein was highly expressed in tumor samples but not in normal prostate tissue (Fig.
1A). In addition, we studied Slug expression in human prostate cancer cell lines and found
high Slug protein levels in PC-3, LNCaP, and 22RV1 cell lines. In contrast, Slug expression
was minimal in the DU-145 cell line. Together, these data suggest that Slug may play a role
in regulation of prostate cancer. In contrast to a recent report (36), Slug protein expression
level was not inversely correlated with p53 status.

Slug is a member of the Snail/Slug superfamily selectively expressed in human prostate
cancer cell lines

Slug belongs to Slug/Snail superfamily of the zinc finger transcription factors, which has
five members. It is possible that each of these members is differentially expressed in prostate
tumors, thus has distinct role in regulation of tumor growth. By RT-PCR (Fig. 2A) and
QPCR (Fig. 2B), we analyzed RNA transcripts of the Slug/Snail superfamily members,
including Snail1, Snail2/ Slug, Snail3, Scratch1, and Scratch2 in the four human prostate
cancer cell lines (PC-3, LNCaP, DU-145, and 22RV1). Among the five Slug/Snail
superfamily members, only Slug transcripts were prominent in prostate cancer cell lines
PC-3 and DU-145, and became evident in the other two cell lines (LNCap and 22RV1)
when the number of PCR cycle increased from 27 to 35 (Fig. 2). Other members of this
family were expressed at a minimum level in these cell lines. Interestingly, although Slug
protein is expressed in LNCaP, PC-3, and 22RV1 cell lines (Fig. 1B), its transcripts were
only highly expressed in PC-3 cells. Collectively, our data suggest that Slug, as a Slug/Snail
family member, was selectively expressed in human prostate cancer cell lines; its expression
may be subject to regulation at the transcriptional or post-translational level. Slug may play
a role in regulation of cell growth of human prostate cancer cells.

Forced expression of Slug suppresses cell growth of prostate cancer cell lines and
resulted in G1-phase cell cycle arrest

To test whether Slug can regulate cell growth of prostate cancer cell lines, we infected
human PC-3 cells with control retroviruses or retroviruses expressing Slug (Fig. 3A, left
panel), and measured cell growth of these two stable cell lines by MTT assay. We found that
forced expression of Slug significantly inhibited PC-3 cell growth (Fig. 3A, right panel). In
addition, we generated two DU-145 cell lines stably harboring vector or Slug expression
vector via retroviral infection (Fig. 3B, left panel). Similar to the result using PC-3 cells,
elevated level of Slug suppressed DU-145 cell growth, as determined by the quick cell
proliferation assay (Fig. 3B, right panel). Together, these data indicated that growth
inhibition of prostate cancer cells by forced expression of Slug is not cell type-specific.

To study the mechanisms by which Slug inhibits proliferation of prostate cell lines, we
analyzed cell cycle profile of PC-3 cells carrying vector (pMIGR1) or expressing Slug
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(pMIGR1-Slug). In agreement with its inhibitory function, forced expression of Slug
resulted in G0/G1 cell cycle arrest, leading to decreased percentage of S-phase cells (Fig.
3C). These data imply that Slug may regulate some cell cycle regulators in G1-phase.

Knockdown of Slug expression promotes prostate cancer cell growth
In addition to gain-of-function studies (Fig. 3), we used a loss-of-function approach to assess
the effects of Slug on cell growth of human prostate cancer cells. We first established three
PC-3 stable cell lines by infection of lentiviruses expressing control shRNA or small hairpin
RNA (shRNA) targeting the human Slug gene, followed by selection with puromycin. As we
expected, Slug protein expression was significantly reduced by two Slug shRNAs (Fig. 4A).
QPCR analysis further confirmed that Slug RNA level was decreased more than 10-fold in
two PC-3 cell lines stably expressing Slug-specific shRNAs, compared with PC-3 cells
expressing control shRNA (non-target shRNA) (Fig. 4B).

To assess the effect of Slug suppression on PC-3 prostate cancer cell growth, we measured
cell growth of these two PC-3 sub-lines by the quick cell proliferation assay. As shown in
Figure 4C, PC-3 cells with reduced Slug expression started to grow faster, starting at day 4
after plating. The cell growth rate of the PC-3 cell line harboring Slug shRNA was almost
double, compared with the control cell line at 9 days after plating. In addition, we obtained a
lentiviral Slug shRNA3 that effectively downregulates human Slug in melanocytes (33).
Consistently, Slug shRNA3 relieved Slug-mediated growth inhibition of prostate cancer
cells (Supplementary Fig. S2). Together with the results shown in Figure 3, this data
indicated that Slug is a potent negative regulator of cell growth for prostate cancers.

Slug regulates cyclin D1 expression in prostate cancer cells
To study underlying molecular mechanisms by which Slug negatively regulates cell growth
of prostate cancer cell lines, we analyzed several cell cycle regulators by Western blot and
QPCR analyses. We found that cyclin D1 protein was reduced 2-fold in PC-3 cells infected
with retroviruses expressing Slug, compared with cells infected with control viruses (Fig.
5A).

Mounting evidence indicates that the cyclin D1 gene is amplified or overexpressed in
several types of human cancer, including cancers of the breast, esophagus, head, and neck.
Recently, it was reported that the expression of cyclin D1 is increased in several prostate
cancer cell lines and in a subset of primary prostate cancer. Thus, cyclin D1 is a potential
target of Slug in prostate cancer cells. To further test this possibility, we used shRNA to
knockdown protein expression of endogenous Slug in PC-3 prostate cancer cells. We found
that reduced protein expression of Slug led to an elevated cyclin D1 expression (Fig. 5B).
Furthermore, we infected DU-145 prostate cells with increasing doses of adenoviruses
expressing Slug, and then analyzed cyclin D1 expression by Western blot analysis four days
after viral infection. Our data showed that expression of cyclin D1 is dramatically down-
regulated by forced expression of Slug (Fig. 5C).

To assess whether elevated expression of Slug down-modulated cyclin D1 expression at the
transcription level, we analyzed cyclin D1 expression by QPCR analysis. We found that
cyclin D1 RNA level was reduced 2-fold by adenovirus-mediated overexpression of Slug in
DU-145 cells (Fig. 5D). In summary, Slug negatively regulated cyclin D1 expression at both
protein and RNA level, suggesting that cyclin D1 is an in vivo target of Slug in prostate
cells. However, it remains to be determined whether or not Slug directly regulates cyclin D1.
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Forced expression of cyclin D1 relieves Slug-mediated cell growth inhibition of prostate
cancer cells

Our data indicated that increased expression of Slug inhibits cell growth of prostate cancer
cells (Fig. 3), and that reduced expression of Slug accelerates cell growth of these cancer
cells (Fig. 4). In addition, Slug negatively regulated cyclin D1 expression in prostate cancer
cells (Fig. 5). Because cyclin D1 is a major cell cycle regulator for both normal and varied
tumor cells, we tested whether forced expression of cyclin D1 relieves Slug-mediated cell
growth inhibition of prostate cancer cells. To this end, we generated three stable PC-3 cell
lines: (i) cells carrying vector only, (ii) cells expressing Slug, and (iii) cells expressing both
Slug and cyclin D1. The expression of cyclin D1 was decreased in the PC-3 cells harboring
pMIGR1-Slug, and elevated in the PC-3 cells expressing both Slug and cyclin D1 (Fig. 6A).
We measured cell growth of these three cancer cell lines for up to eight days. As we
expected, cell growth of PC-3 cancer cells stably expressing Slug was significantly
decreased, starting from day 4 up to day 8 after plating (Fig. 6B). Interestingly, forced
expression of cyclin D1 completely mitigated Slug-mediated cell growth inhibition of PC-3
prostate cancer cells. These data, together with Figure 5, demonstrated that cyclin D1 is a
functional target of Slug in the regulation of cell growth of prostate cancer cells.

DISCUSSION
It has been extensively documented that Slug is involved in triggering epithelial-
mesenchymal transition during embryonic development and tumor metastasis, thereby
implicating its direct function in cadherin regulation (11). However, the role of Slug in
regulation of cancer cell growth remains to be determined. In this study, we studied the
regulative function of Slug in prostate cancer cell models by showing its remarkable
inhibitory effect on the growth of PC-3 and DU-145 cells. Western blot analysis showed that
Slug was expressed in both primary prostate tumors from TRAMP mice (a murine prostate
cancer model) carrying SV40 T-antigen (37) and human prostate cancer cell lines. These
data suggest that Slug is a common regulator of prostate cancers.

Interestingly, Slug expression is minimal in the normal murine prostate, compared with
primary prostate cancer tumors, implying that Slug plays an important role in regulation of
prostate cancer but not normal prostate cells. A recent study suggests that wild-type p53
suppresses cancer invasion by inducing Slug degradation, whereas mutant p53 stabilizes
Slug protein (36). Thus, we also showed p53 status in these cancer cell lines, and attempted
to establish an inverse relationship between p53 and Slug. Our data indicated that Slug
protein level is highest in LNCaP cancer cells carrying wild-type p53 and is lowest in p53-
mutated DU-145 cancer cells. Taken together, these data indicate that Slug expression in
prostate cancer cells is not regulated by p53.

Slug belongs to the Slug/Snail family that includes five members (Snail1, Snail2/Slug,
Snail3, Scratch1, and Scratch2) in human cells. Although this family was implicated in
various cancers, Slug appears to be more highly expressed in human prostate cancer cell
lines when compared with the other four members, suggesting that Slug may play a unique
role in the tumorigenesis of prostate cancer cells.

By comparing Western blot and the PCR analyses, we noticed that Slug expression is the
highest in LNCaP cells and lowest in DU-145 at protein level; in contrast, Slug RNA level is
significantly lower in LNCaP than in DU-145 cells. These data suggest that Slug stability is
regulated in prostate cancer cells by a post-translational mechanism. Indeed, SP Wang et al.
and AE Vernon et al. showed that Slug protein stability is regulated by the p53-MDM2
complex in non-small-cell lung cancers (36) and by the F-box protein Ppa during neural
crest development (38). We anticipate that Slug degradation is not mediated by the p53-
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MDM2 in prostate cancer cells, because Slug protein level does not inversely correlate with
p53 status in these cells.

By using both gain-of-function and loss-of-function approaches, we confirmed that Slug is a
potent negative regulator of cell growth of prostate cancer cells. In this study, we used three
Slug specific shRNAs to assure that knockdown is specific for Slug gene and not due to off-
target effects (39). To study underlying molecular mechanisms by which Slug regulates the
growth of prostate cancer cells, we found that cyclin D1, a key regulator of cell cycle (G1-
phase) for both normal and tumor cells, is negatively regulated by Slug in prostate cancer
cells. Consistent with this finding, forced expression of Slug resulted in cell cycle G1-phase
arrest. This mechanism is unlikely cell type-specific, because forced expression of Slug
down-regulated cyclin D1 expression in both PC-3 and DU-145 cells. Although cyclin D1
RNA level was reduced in DU-145 cells after infection with an adenovirus expressing Slug,
we cannot exclude the possibility that elevated expression of Slug accelerates cyclin D1
degradation through indirect or direct protein-protein interaction. Because Slug protein is
labile in cells and is regulated by the 26S proteasome (36), we will explore whether Slug
facilitate cyclin D1 degradation through proteasome degradation pathways in the future.
Nevertheless, Slug-mediated inhibition of cyclin D1 expression supports the finding that
Slug suppressed cell proliferation of prostate cells. It has been well established that Slug
promotes tumor metastasis by down-regulating epithelial related genes (14,15,19,21). Thus,
it is important to study whether Slug promotes tumor metastases at the expense of tumor cell
proliferation.

In addition, we alleviated Slug-mediated cell growth inhibition of prostate cancer cells by
overexpression of cyclin D1. Our data showed that the rescue of cell growth in Slug-
expressing stable PC-3 cells by cyclin D1 is not due to decreasing Slug expression. Thus,
cyclin D1 is a functional target of Slug in prostate cancer cells. In this study, we used a cell
culture model to demonstrate that Slug is a potent negative regulator of prostate cell growth
via down-regulating cyclin D1. However, it remains to be tested whether forced expression
of Slug inhibits tumorigenesis of prostate cancer cells in vivo, such as in a xenograft tumor
model in nude mice. Furthermore, because genetically defined mouse prostate cancer
models such as TRAMP mouse and Pten−/− mice are readily available, we should
investigate the role of endogenous Slug in the initiation, promotion, and progression of
prostate tumors. These future studies will add substantively to the knowledge of the
underlying molecular mechanisms by which Slug regulates tumorigenesis of prostate cancer.

CONCLUSIONS
We were the first to determine that Slug was up-regulated in mouse prostate tumors and
human prostate cancer lines. Forced expression of SLUG inhibited proliferation of prostate
cancer cells through downregulation of cyclin D1 expression. Our data might suggest that
SLUG may promote migration of tumor cells at the expense of their proliferation.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Examination of Slug protein expression in prostate cancer
A: Western blot analysis of Slug protein in prostate tumors from the TRAMP mouse model.
Prostate tumors were dissected from 21-week-old TRAMP mice (carrying large T-antigen),
and all proteins extracted from these tumor samples were immunoblotted using anti-Slug
antibody. Normal prostates (NP) were isolated from 21-week-old wild-type mice. β-actin
was the loading control.
B: Western blot analysis of Slug protein in human prostate cancer cell lines. Proteins were
extracted from human cancer cell lines (PC-3, LNCaP, DU-145, and 22RV1) and analyzed
by Western blot using anti-Slug antibody. β-actin was the loading control. p53 status in
these cell lines: null, p53−/−; WT, wild-type p53; M, mutated p53.
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Fig. 2. RNA transcript levels of Slug/Snail family members in human prostate cancer cell lines
A: RT-PCR analysis of RNA transcripts of Slug/Snail family members. RNA was extracted
from PC-3, LNCaP, DU-145, and 22RV1 prostate cancer cell lines and subjected to cDNA
synthesis. mRNA transcript level of each Slug/Snail family member in these cell lines was
analyzed by PCR using primers specific for Snail1, Snail2/Slug, Snail3, Scratch1, and
Scratch2. The number of PCR cycle is 35 for Snail2/Slug and 27 for the other members.
Gapdh was included as a loading control. Only Snail2/Slug was highly expressed in human
prostate cancer cell lines (PC-3 and DU-145).
B: QPCR analysis of Slug transcript in human prostate cancer cell lines. RNA was extracted
from PC-3, LNCaP, DU-145, and 22RV1 prostate cancer cell lines, and. Slug transcript
level was analyzed by QPCR. Slug transcript level is greater in PC-3 versus LNCaP,
DU-145, and 22RV1 lines.
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Fig. 3. Cell growth curve of PC-3 and DU-145 prostate cancer cells stably expressing Slug
A: Cell growth curve of PC-3 cells stably harboring pMIGR1-Slug or pMIGR1. PC-3 cells
were infected with retroviruses generated from pMIGR1-Slug vector or pMIGR1 (left
panel). Slug and GFP genes were driven by a common MMCV promoter. The PC-3 cells
stably expressing Slug or vector were seeded in 48-well tissue culture plates (1000 cells per
well), and their growth was measured by MTT assay at the indicated time points. Data
shown are the average values from triplicate measurements. p < 0.05 at days 6 and 8.
B: Cell growth curve of DU-145 cells stably expressing pMIGR1-Slug or pMIGR1. DU-145
cells were infected with retroviruses generated from pMIGR1-Slug vector or pMIGR1 (left
panel). The DU-145 cells stably expressing Slug or vector were seeded in 48-well tissue
culture plates (500 cells per well), and their growth was measured by the quick cell
proliferation assay at the indicated time points. Data shown are the average values from
triplicate measurements. p < 0.05 at days 6 and 8.
C: Cell cycle analysis of PC-3 stable cell lines. PC-3 cells carrying pMIGR1 vector or
expressing Slug (pMIGR1-Slug) were fixed in 70% ethanol followed by propidium iodide
staining and cell cycle analysis. The percentages of cells in each phase are shown. The
percentage of cells in G1-phase was significantly higher in PC-3 cells expressing Slug than
in the cells carrying vector (pMIGR1). **p < 0.01
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Fig. 4. Knockdown of Slug expression and cell growth curve of PC-3 cells stably expressing Slug
shRNAs
A: Western blot analysis of Slug expression in PC-3 cell lines harboring control shRNA or
Slug shRNAs. PC-3 cells were infected with lentiviruses expressing control shRNA, Slug
shRNA1, or Slug shRNA2, and selected with puromycin (1 µg/ ml). Proteins were extracted
from the stable lines and analyzed by Western blot with anti-Slug antibody and anti-β-actin
antibody.
B: QPCR analysis of Slug RNA transcript in the stable lines harboring control shRNA or
Slug shRNAs.
C: Cell growth curve of PC-3 cells stably expressing Slug shRNAs or control shRNA. The
PC-3 stable cell lines were seeded in 48-well tissue culture plates (5000 cells per well) in the
cell culture medium (2% FBS). Their growth was measured by the quick cell proliferation
assay at the indicated time points. Data shown are the average values from triplicate
measurements. p < 0.05 at days 3, 5, 7, and 9.
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Fig. 5. Slug regulates cyclin D1 expression in PC-3 and DU-145 cell line
A: Western blot analysis of cyclin D1 protein expression in PC-3 cell lines stably expressing
Slug. All protein was extracted from the PC-3 cell lines stably carrying pMIGR1-Slug or
pMIGR1 (vector), and examined by Western blot analysis using anti-Slug, anti-cyclin D1,
and anti-β-actin antibodies.
B: Western blot analysis of cyclin D1 protein expression in PC-3 cells expressing Slug
shRNA. All protein was extracted from PC-3 cells stably expressing Slug shRNA3 or
control shRNA (Fig. S2), and immunoblotted with anti-cyclin D1 and anti-α-tubulin
(loading control) antibodies.
C: Western blot analysis of cyclin D1 protein expression in PC-3 cells after infection with
adenovirus-mediated delivery of Slug. PC-3 cells were infected with an increasing dose of
adenoviruses expressing Slug (Ad-Slug). Four days after infection, all protein was extracted
from infected cells and analyzed by Western blot analysis using anti-Slug, anti-cyclin D1,
and anti-α-tubulin antibodies (loading control).
D: QPCR analysis of cyclin D1 RNA transcripts. PC-3 cells were infected with an
increasing dose of Ad-Slug, and all RNA was extracted from these cells four days after
infection. The cyclin D1 transcript level was analyzed by QPCR.
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Fig. 6. Forced expression of cyclin D1 reverses Slug-mediated cell growth inhibition
A: Western blot analysis of PC-3 stable cell lines. PC-3 cells were infected with retroviruses
prepared from pMIGR1 (vector), pMIGR1-Slug, or pMIGR1-Slug plus pMIGR1-HA-cyclin
D1. Protein was extracted from cells and immunoblotted with anti-HA or anti-α-tubulin
antibodies.
B: Cell growth curve of PC-3 stable cell lines. PC-3 cell lines carrying pMIGR1 (vector),
pMIGR1-Slug, or pMIGR1-Slug plus pMIGR1-HA-cyclin D1 were seeded in 48-well plates
(1000 cells per well). Growth of these three cell lines was measured by the quick cell
proliferation assay at the indicated time points. Data shown are the average values from
triplicate measurements. p < 0.05 at days 4, 6, and 8.
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