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Abstract
Roles of cyclin dependent kinase inhibitors, p21/Cip1 (p21) and p27/Kip1 (p27) in prostate cancer
(PCa) progression is still not clear. Lower p27 protein expression in PCa tissues is often associated
with poor prognosis, but prognostic significance of p21 is still controversial. Herein, we investigated
the role of these molecules in determining PCa growth characteristics. We generated human PCa
DU145 cell variants with knocked down levels of p21 (DU-p21) or p27 (DU-p27), or both (DU-p21
+p27) via retroviral transduction of respective shRNAs and compared their various characteristics
with empty vector-transduced DU145 (DU-EV) cells in vitro as well as in vivo. Knocking down
either p21 or p27 did not show any significant change in doubling time, clonogenicity and cell cycle
progression in DU145 cells, but simultaneous knock-down of both p21 and p27 significantly
enhanced these parameters. In athymic mice, DU-p21+p27 tumors showed higher growth rate than
the comparable growth of DU-EV, DU-p21 and DU-p27 tumors. Concurrently, DU-p21+p27 tumors
had significantly higher proliferation rate, showing 54% and 48% increase in proliferating cell
nuclear antigen (PCNA) and Ki-67-positive cells, respectively, compared to DU-EV tumors. DU-
p21+p27 tumors also showed higher microvessel density and increased expression of vascular
endothelial growth factor (VEGF). Proliferation and angiogenic status of DU-p21 and DU-p27
tumors was comparable to DU-EV tumors. Both in vitro and in vivo results implicate that p21 and
p27 have compensatory roles in advanced prostate cancer cells, and ablation or down-modulation of
both these molecules essentially enhances the aggressive prostate carcinoma phenotype.
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Introduction
Prostate cancer (PCa) is the most frequently diagnosed cancer in the United States male
population.1 In the early stages, it is androgen-dependent and responds to androgen-ablation
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therapy. However, the disease almost invariably progresses to androgen-independent state
which is more malignant and apoptosis-resistant.2 Digital rectal examination and detection of
prostate specific antigen levels have been beneficial to screen and diagnose the disease only
at its early stages. Thus better biomarkers are needed to identify and predict the tumorigenic
potential of the cancer, disease outcome and recurrence rate and to provide more non-invasive
treatment options of the malignancy.

The sequence of events in cell cycle progression is highly orchestrated and depends on the
cyclic activation and inactivation of cyclin dependent kinases (CDK) which govern the
progression of the cells from one phase to another.3 In the event of tumorigenesis, constitutive
mitogenic signaling as well as mutations in tumor suppressor genes and proto-oncogenes leads
to cell cycle deregulation and uncontrolled proliferation.4 p21 and p27 belong to the Cip/Kip
family of cyclin dependent kinase inhibitors (CDKIs), which play a determining role in G1-S
transition by regulating cyclin dependent kinase (CDK) activity. p27 is considered to be
happloinsufficient due to increased predisposition of both p27 homozygous and heterozygous
mice to tumor formation at multiple sites on exposure to carcinogen.5 No such conclusive
reports are available about p21. However, the incidence of polymorphism or mutation of their
genes in cancer is very rare.6 Their altered protein expression level, on the other hand, is
considered important to predict disease outcome in various cancer types. In case of prostate
cancer, reduced p27 expression has been consistently associated with more aggressive form of
cancer and poor survival.7, 8 However, the significance of p21 protein expression in disease
prognosis has remained controversial. Upregulation of p21 by adenoviral infection or various
chemotherapeutic agents have shown to induce growth arrest in several androgen-dependent
and -independent prostate cancer cell lines.9-11 But paradoxically, elevated p21 level in human
prostate cancer tissues has in many cases been correlated with higher Gleason score, poor
survival and increased recurrence rate of the disease.12 Some studies suggest the inverse
relation of p21 level with survivability to be dependent on ethnicity.13 However, some reports
have also shown p21 to be associated with favorable prognosis. Cheng et al reported high p21
and p27 levels are associated with metastasis-free survival in patients treated by salvage
prostatectomy after radiation therapy. Thus these mixed observations warrant further studies
to examine the roles of these molecules in PCa progression and justify their use as biomarker
in prostate cancer patients.

In the present study we aimed to identify the importance of p21 and p27 in advanced prostate
cancer cells, in terms of their growth, cell cycle progression, tumorigenicity and angiogenic
potential. We generated advanced human PCa DU145 cells with stable knocked-down levels
of p21 and/or p27, and observed that diminished expression of either p21 or p27 alone does
not significantly alter the proliferation rate or tumorigenicity of DU145 cells, both in vivo and
in vitro. However, simultaneous reduction of p21 and p27 protein levels renders these cells
more aggressive and angiogenic.

Results
Effect of knocking down of p21 and/or p27 levels on proliferation rate and clonogenic
potential of DU145 cells

Stable knockdown of p21 and/or p27 levels were achieved by retroviral transduction of p21
and/or p27 shRNAs in DU145 cells. About 70% and 50% reduction in p21 level was obtained
in DU-p21 and DU-p21+p27 cells respectively, compared to empty vector infected cells (DU-
EV) (Fig. 1A). About 50 % reduction in p27 levels was achieved in both DU-p27 and DU-p21
+p27 cells compared to DU-EV cells (Fig. 1A). Transduction of p21 shRNA did not affect the
protein expression of p27 levels and vice versa which proves the target-specificity of the
respective shRNAs. Even though we did not obtain a complete knockdown in the levels of p21
and p27 levels in these cell lines, we evaluated the impact of reduction of these critical negative
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regulators of cell cycle on different phenotypic characteristics of DU145 cells. First we
compared the growth characteristics/proliferation rate of these different cell variants. We
observed that DU-EV, DU-p21 and DU-p27 cells followed similar growth pattern from 24-96
h after plating. However, DU-p21+p27 cells showed comparatively a much faster proliferation
rate (Fig. 1B). The doubling time of the cells was calculated using the formula: ‘h*ln(2)/ln
(c2/c1)’ where h is the time difference; c1 is the initial cell number; c2 is the final cell number
after h hours. The time span 48-96 h after plating, were selected for calculating the doubling
time. We observed that DU-p21+27 cells has a significantly shorter doubling time (28 h)
compared to DU-EV cells (34 h), while that of DU-p21 (32 h) and DU-p27 (33 h) cells were
very close to DU-EV cells. Moreover, only DU-p21+p27 cells had 30% higher clonogenicity
(P<0.001) than DU-EV cells, while the clonogenic potential of DU-p21 and DU-p27 was not
different from that of DU-EV (Fig. 1C).

Effect of knocking down of p21 and/or p27 levels on cell cycle progression in DU145 cells
Under asynchronous condition, all the four cell lines show similar cell cycle distribution (data
not shown). Given the fact that they are all immortalized tumor cells, any discernible difference
in their cell cycle progression is not expected under asynchronous condition. However, p21
and p27 are crucial regulators of G1 checkpoint and, therefore, determine the G1 exit of cell
population. Thus, if cells are brought to G0-G1 and then allowed to reenter into cell cycle, they
might respond differently. Hence, we synchronized the cells in G0-G1 by serum-starvation and
released them in serum-containing media and examined the pattern of G1-S transit in all the
four cell lines (Fig. 2A). At 0 h of release, all the cell lines showed ∼70% cell population in
G0-G1 phase. They started coming out of G1 from 12 h (data not shown), and by 16 h, all the
cell lines had a significant increase in population (from 20-22% at 0 h to 47-52% at 16 h) in S
phase (Fig. 2B). However, only the DU-p21+p27 cells showed a much higher percentage of S
phase population compared to DU-EV cells (52% in DU-p21+p27 versus 47% in DU-EV;
P<0.001). The S phase population of both DU-p21 (49%) and DU-p27 (49%) cells after 16 h
of release were not significantly different from that of DU-EV cells. The increased S phase
population of DU-p21+p27 cells was also evident after 20 h (56% in DU-p21+p27 versus 48%
in DU-EV; P<0.05) of release (Fig. 2B). From 16 h to 20 h after release, although cells
progressed from S to G2M, however, there was no considerable difference among the cell lines
(Fig. 2B).

CDK2 is the primary kinase at late G1 and early S phase and its kinase activity determines the
G1-S transit.3 Therefore, we analyzed the CDK2 kinase activity in the synchronized cells and
observed that at 0 h of release, all the cell lines had a very low CDK2 basal activity (Fig. 2C).
However, keeping with the cell cycle progression results, we observed that only DU-p21+27
cells showed higher kinase activity at 16 h of release (1.5 fold higher than 0 h kinase activity).
After 20 h of release, however, all the cell lines showed similar kinase activity (Fig. 2C). The
protein levels of S phase-regulating cyclins were also estimated under these conditions, and a
gradual induction in their levels, following release, was observed in all the four cell lines with
no observable difference in their extent of induction among the four cell lines (Fig. 2C). Overall,
these findings indicate that the increased G1 to S phase progression of DU-p21+p27 cells with
higher proliferation index compared to the other cell variants was primarily due to increased
CDK2 kinase activity which in turn occurs due to simultaneous knockdown of Cip/Kip
proteins.

Effect of knocking down of p21 and/or p27 levels on DU145 tumor growth in athymic nude
mice

To confirm that the results obtained in vitro can be extrapolated to in vivo conditions, all the
DU145 cell variants were implanted s.c. in athymic nude mice and grown for 6 weeks. As
anticipated, DU-p21+p27 cells showed higher rate of tumor growth as compared to the DU-
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EV cells, with significant difference (P<0.001) observable after 4 weeks of cell inoculation.
After 6 weeks, the tumor volumes for DU-EV, DU-p21, DU-p27 and DU-p21+p27 cell variants
were 276 mm3, 414 mm3, 355 mm3 and 787 mm3 per tumor, respectively (Fig. 3A). For these
cell variants, the excised tumor weights were 0.128 g, 0.214 g, 0.177 g and 0.39 g per tumor,
respectively, (Fig. 3B). Both tumor volume (2.8-fold) as well as tumor weight (3-fold) for DU-
p21+p27 tumors were significantly (P<0.001) higher than that of DU-EV tumors after 6 weeks
of inoculation (Fig. 3A-B). The tumor volume and tumor weight for DU-p21 and DU-p27 were
slightly higher but insignificant when compared with DU-EV. Even after 6 weeks of
inoculation, the tumors from the DU-p21, DU-p27 and DU-p21+p27 cells had attenuated levels
of p21 and/or p27 as examined by the western blot analysis of tumor samples (Fig. 3C).
Densitometric analysis showed that compared to DU-EV tumors, the mean p21 levels was 60%
lower in DU-p21 and DU-p21+p27 tumors, while mean p27 levels was about 50 % lower in
DU-p27 and DU-p21+p27 tumors (Fig 3D). These results indicate that knocking down of both
p21 and p27 proteins have a pronounced impact on tumor growth potential of DU145 cells in
in vivo condition.

Effect of knocking down of p21 and/or p27 levels on tumor cell proliferation
Larger tumors are often a consequence of higher proliferation rate, which can be measured by
the immunoreactivity for PCNA and Ki-67 (Fig. 4A, C). Thus, we assessed the percentage of
PCNA and Ki-67-positive cells to analyze the correlation between the proliferative potential
and tumor growth of the four types of tumors obtained in the study. DU-EV tumors showed
37% PCNA-positive cells, while DU-p21 and DU-p27 tumors showed only a marginal increase
in proliferation rate with 40% and 42% PCNA-positive cells, respectively (Fig. 4B). However,
DU-p21+p27 tumors had 58% PCNA-positive cells indicating 56% increased (P<0.001)
proliferation compared to DU-EV tumors (Fig. 4B). The observed increase in proliferation rate
in DU-p21+p27 was reconfirmed by staining for Ki-67, another well known marker for tumor
cell proliferation, which also correlates with tumor grade and clinical course.14 In this analysis,
DU-p21+p27 tumors showed 49% Ki-67 positive cells (P<0.001 vs. DU-EV) which was
significantly higher than that of DU-EV (33%), DU-p21 (36%) and DU-p27 (39%) tumors (Fig
4D). Thus, the higher growth rate of tumor was accompanied by higher tumor cell proliferation
in p21+p27 knock-down DU145 cells.

Effect of knocking down of p21 and/or p27 levels on angiogenic potential of tumors
Angiogenesis allows solid tumors to grow beyond a diameter of 1-2 mm.15 Since we observed
a prominent difference in tumor sizes among the different cell line-derived tumors, we
investigated whether the larger tumor size of DU-p21+p27 was associated with increased
vasculature. The expression of CD31, a marker for endothelial cells, and VEGF was
immunohistochemically assessed (Fig. 5A, C). DU-p21+p27 tumors showed 28% increase in
CD31-positive endothelial cells over DU-EV tumors (P<0.001), while DU-p21 and DU-p27
tumors had equivalent microvessel density as DU-EV (Fig. 5B). Moreover, VEGF production
and secretion by tumors is critical to angiogenesis. Since we observed differences in
microvessel density in the different tumor types, we also assessed their intracellular VEGF
levels by immunohistochemical analysis (Fig. 5C). Similar to the tumor vasculature data, only
DU-p21+p27 tumors showed higher VEGF immunoreactivity (20% higher than DU-EV;
P<0.05), while that of DU-EV, DU-p21 and DU-p27 were comparable (Fig. 5D). These results
indicate that simultaneous down-regulation of both p21 and p27 makes DU145 tumors more
angiogenic to support their growth.

Discussion
G1 to S phase transition plays a crucial role in maintaining the genomic integrity since it
commits the cells to DNA replication and subsequent mitosis. The G1 checkpoint is often
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compromised in the event of carcinogenesis and thus tumor cells undergo limitless replication
with accumulating genomic damage. p21 and p27 physically interact with CDK and inhibit its
kinase activity.16 However, recent studies have revealed diverse aspects of their physiological
roles as well as their aberrant functions in various pathogenesis, including cancer. Though
termed as Cdk inhibitors, Cip/Kip proteins are shown to be required for the activation of Cdk4-
cyclin complexes in early G1 phase.16, 17 More intriguingly, aberrant accumulation of p21 has
being observed in specific cancer types including PCa.12, 13 In various cancer cell lines, cells
lacking p21 show increased sensitivity to apoptosis induced by cytotoxic agents.18 Moreover,
the sub-cellular compartmentalization of p21 and p27 also seems important to determine cell
survival or cell growth. Cytoplasmic sequestration of Cip/Kip proteins which prevents them
from inhibiting nuclear cyclin-Cdk complex, has been shown to facilitate cell proliferation.
19-21 Moreover, cytoplasmic p21 interacts with Ask1 and make the cells more resistant to
apoptosis.22 Li et al reported cytoplasmic p27 correlated with worse recurrence-free survival
of PCa patients.23 Thus the importance of these molecules in cancer needs to be validated more
cautiously. This provided us with the rationale to investigate the impact of the lack of either
or both of these proteins on PCa growth characteristics which was investigated in both in
vitro and in vivo conditions.

DU145 cells represent an advanced stage of PCa malignancy, since it is not only androgen-
independent but also the crucial cell cycle molecules e.g. p53, retinoblastoma (Rb) are mutated.
24, 25 In this case, the role of Cip/Kip proteins could be critical in regulating the proliferation
of DU145 cells. Also, in many clinical cases of advanced PCa, their lower levels have been
reported.7 Therefore, it is likely that modulation in their expression level can lead to a difference
in the cellular phenotypic characteristics. To explore this possibility, we knocked-down the
expression of p21 and p27, either individually or simultaneously in DU145 cells. Surprisingly,
reducing the expression of either of these CDKIs did not show any considerable change in the
growth and clonogenicity characteristics of the DU145 cells. These findings indicated that both
these CDKIs are closely related in regulating the biological activities including cell
proliferation and clonogenicity in DU145 cells. This implies that p21 and p27 proteins play a
compensatory role in advanced PCa, at least in DU145 cells. When both of these CDKIs were
ablated, an enhanced characteristic for cell growth and clonogenicity were observed, indicating
that simultaneous down-modulation of p21 and p27 could be a mechanism leading to
aggressive phenotype in PCa.

While exploring the underlying mechanisms for aggressive PCa phenotype, first we observed
that it is only the simultaneous knock-down of both p21 and p27 that shorten the first gap phase
of the cell cycle (G1) to make the cells readily available for DNA synthesis in S phase. The
accelerated transition through G1-S check-point was through the early increase in CDK2 kinase
activity that happened only with the simultaneous absence of both p21 and p27. These
observations are supported by the fact that both p21 and p27 can physically interact with CDK2
to inhibit its kinase activity. Therefore, the absence of either of them at a time could be taken
care by the presence of the other to regulate the CDK2 kinase activity as observed in DU-EV,
DU-p21 and DU-p27 cell variants.

Next, we studied the in vivo tumor growth characteristics of DU145 cells having different levels
of p21 and/or p27 in stable transfectants in nude mice. Similar to the results from in vitro
studies, enhanced tumor growth rate was observed in cell variant knocked-down for both p21
and p27 as compared to DU-EV, DU-p21 and DU-p27 cell variants. The immunohistochemical
analysis of tumors for PCNA also showed comparatively higher number of proliferating cells
in tumors developed from the DU145 cells with lowered expression of both p21 and p27.
Further, we studied the angiogenic status of these tumors and observed increased vasculature
of DU-p21+p27 tumors compared to DU-EV tumors. This is an interesting observation that
p21 and p27 could modulate angiogenesis, although the increased angiogenesis observed in
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DU-p21+p27 tumors could also be an indirect consequence of increased proliferation rate in
tumors. Therefore, further studies are needed to examine the precise role, specifically direct
or indirect effect, of Cip/Kip proteins in regulation of tumor angiogenesis. Nevertheless, our
findings support that simultaneous down-regulation of both p21 and p27 could be a potential
mechanism to acquire aggressive tumor growth with enhanced tumor vasculature in PCa.

Overall, studies on prostatectomy samples from PCa patients have implicated ethnicity to be
an important context for correlation of Cip/Kip levels with disease outcome. p21 has been
shown to predict disease free survival in Caucasians, but not in Afro-Americans, and in this
regard, DU145 cells are from a Caucasian patient.13 Moreover, DU145 cells are already
aggressive cancer cells, and even in these cells, loss of p21 and p27 proteins induced a further
aggressive phenotype, especially in vivo. Therefore, the rationalized implication of present
study would be to investigate the roles of p21 and p27 in PCa growth and progression, in PCa
cell lines from different ethnic origin as well as with weak and aggressive tumorigenic
phenotypes.26 The impact of Cip/Kip protein knockdown in these cells will help to clarify the
importance of these molecules at different stages of the malignancy in different ethnic
population. In recent studies, p21 and p27 have often been implicated to induce growth arrest
or apoptosis by various chemopreventive agents.11, 27, 28 Thus, other implication of the present
study is that the generation of stable cell lines with knockdown levels of p21 and p27 could be
an effective tool to dissect out the importance of these molecules in mediating the
pharmacologic antitumor responses of chemopreventive agents in both in vitro and in vivo
conditions. Finally, our present study underscored the role of Cip/Kip (p21/p27) as tumor
suppressor molecules whose expression levels have a significant impact on tumor phenotype
of even advanced PCa cells.

Materials and Methods
Generation of p21, p27, p21 + p27 knockdown stable cell lines

For generating DU-p21 or DU-p27 cells, pSUPER-RETRO (OligoEngine, Seattle, WA) was
used as the vector to make puromycin resistant retroviruses. For p21, the targeted sequence is
GACCATGTGGACCTGTCAC, which is at position 325 to 343 in the p21 ORF. This plasmid
was obtained from R. Bernards (The Netherlands Cancer Institute) by way of Andriy Marusky
in Dr. James DeGregori's lab (UCHSC). For p27, the targeted sequence is
CCTGTGTACATAACTCTGTAA at position 2127-2147 of the 3′UTR of p27. Retroviruses
were made by transient transfection of Phoenix-Ampho packaging cells together with pCL-
AMPHO helper plasmid using ExGen 500 transfection reagent (Fermentas; Glen Burnie, MD).
Transduction of DU145 cells with retroviruses was performed using 3 rounds of infections at
3 h intervals with 50% diluted virus-containing media supplemented with 6 μg/ml polybrene
(Sigma, St Louis, MO) to obtain over 95% infection efficiencies. Stable transfectants were
selected using puromycin at 2.5 μg/ml. For producing the double p21+p27 shRNA DU145
cells, a G418 version of the p21 shRNA retrovirus was made by subcloning a 240 bp EcoR1-
Sal1 fragment from the pSUPER-RETRO construct into pSUPER –RETRONEO
(OligoEngine) and then producing virus as described above. DU145 shRNA p27 cells were
then used for infection. Stable transfectants were selected using G418 at 0.4 mg/ml in the
presence of puromycin to select for both p21 and p27 shRNA.

Cell counting and clonogenic assay
For growth curves, 1 × 105 cells were plated in 60 mm dishes and were counted in triplicates
after 24-96 h. To assess the clonogenic potential of the different cell lines, cells were seeded
at a density of 1000 cells / well in 6-well plates. After 10 days, cells were fixed in methanol:
acetic acid (3:1) for 10 mins and then stained with 0.1% crystal violet for 30 mins. The plates
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were washed thrice with PBS and the colonies (>50 cells/ colony) were counted under inverted
microscope.

Cell synchronization and cell cycle analysis
Cells (1 × 105) were plated in 60 mm dishes and after 24 h, serum-free media was added, which
was replaced after every 12 h to minimize autocrine stimulation. After 36 h of serum-
deprivation, cells were released in 10% FBS-containing media and harvested after 0-24 h and
analyzed for cell cycle distribution by flow cytometry.

Western immunoblotting, immunoprecipitation and kinase assay
Cell lysates, from cell culture and tumor xenograft studies, were prepared in non-denaturing
lysis buffer as reported previously, and subjected to sodium dodecyl sulfate–polyacrylamide
gel electrophoresis (SDS-PAGE) on 12% Tris–glycine gel.29 The separated proteins were
transferred on to nitrocellulose membrane followed by blocking with 5% non-fat milk powder
(w/v) in Tris-buffered saline (10 mM Tris–HCl, pH 7.5, 100 mM NaCl, 0.1% Tween 20) for
1 h at room temperature. Membranes were probed with antibodies for p21 and p27 (Millipore,
Billerica, MA), Cyclin A and Cyclin E (Santa Cruz Biotechnology Inc., Santa Cruz, CA)
followed by peroxidase-conjugated appropriate secondary antibody and visualized by ECL
detection system (GE Healthcare Bioscience, Piscataway, NJ). To ensure equal protein loading,
each membrane was stripped and reprobed with anti-β-actin antibody (Sigma, St Louis, MO)
to normalize for differences in protein loading. For Cdk2 kinase assay, 200 μg of protein lysates
per sample were immunoprecipitated with anti-CDK2 antibody (Santa Cruz Biotechnology).
The beads were washed three times with lysis buffer and once with kinase assay buffer (50
mM Tris-HCl, pH 7.4, 10 mM MgCl2 and 1 mM DTT). Phosphorylation of histone H1 substrate
(Boehringer Mannheim Corp., Indianapolis, IN) was measured by incubating the beads with
30 μl of reaction solution (0.2 μl (2.5 μg) of histone H1, 0.5 μl (5 μCi) of γ-32P-ATP, 0.5 μl of
0.1 mM ATP and 28.8 μl of kinase buffer) for 30 min at 37°C. Reaction was stopped by boiling
the samples in SDS buffer, and samples were resolved on 12% SDS-PAGE and subjected to
autoradiography as reported.30

In vivo tumor xenograft study
Cells were detached from the culture dishes by trypsinization and then collected, washed, and
resuspended in serum- and antibiotic-free RPMI 1640 media. To establish DU145 tumor
xenografts in mice, 6-week-old athymic nu/nu male mice were injected s.c. with 3.5 × 106 cells
mixed with Matrigel (1:1) (Collaborative Biomedical Products, Bedford, MA) in the right flank
of each mouse. Once xenografts started growing, their sizes were measured weekly with digital
caliper. The tumor volume was calculated by the formula “0.5236 L1(L2)2, where L1 is the
long axis and L2 is the short axis of the tumor” as reported previously.31 The average tumor
volume of each group was calculated as ‘total tumor volume of all the animals in the group,
divided by the number of animals in the group’. At the end of experiment, tumors were excised,
weighed, and stored at -80°C until additional analysis.

Immunohistochemistry
Tumor samples (one piece of each) were fixed in 10% buffered formalin for 12 h and processed
conventionally. The paraffin-embedded tumor sections (5-μm thick) were heat immobilized,
deparaffinized using xylene, and then rehydrated in a graded series of ethanol followed by
antigen retrieval and blocking of endogenous peroxidase activity as reported.32 Sections were
then incubated with specific primary antibodies including, anti-PCNA (Dako, Carpinteria,
CA), anti-Ki67 (Dako), anti-CD31 (Abcam, Cambridge, MA) or anti-VEGF antibody (Santa
Cruz Biotechnology), and then incubated with biotinylated secondary antibody, streptavidin
and 3,3′-diaminobenzidine (Sigma). For PCNA and Ki-67 quantification, cells were counted
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in five arbitrarily selected fields at 400× magnification and data is represented as the number
of positive (brown) cells × 100/total number of cells. For microvessel density quantification,
the number of CD31-positive vessels per 400× field were counted in five randomly selected
fields and the data is represented as the number of CD31-positive microvessels per 400×
microscopic field. For VEGF, the staining intensity was graded as 0, 1, 2, 3, and 4 representing
nil, weak, moderate, strong and very strong immunoreactivity, respectively, and the average
of five random fields per sample at 400× magnification was quantified.

Statistical analysis
Statistical significance of difference between DU-EV and all other cell lines was determined
by one-way ANOVA followed by Bonferroni t-test using SigmaStat 2.03 software. P<0.05
was considered statistically significant.
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Abbreviations
p21  

p21/Cip1

p27  
p27/Kip1

CDK  
cyclin-dependent kinase

CDKI  
cyclin-dependent kinase inhibitor

PCa  
prostate cancer

PCNA  
proliferating cell nuclear antigen

CD31  
cluster of differentiation molecule 31, also called PECAM-1 for platelet
endothelial cell adhesion molecule

VEGF  
vascular endothelial growth factor
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Figure 1.
Effect of p21 and/or p27 knockdown on proliferative and clonogenic potential of DU145 cells.
A, protein expression levels of p21 and p27 were estimated by western blot analysis in DU145
cells transduced with empty vector, p21, p27 or both p21 and p27 shRNA retroviruses as
detailed in Materials and Methods. B, the in vitro proliferation rate of asynchronous DU-EV,
DU-p21, DU-p27 and DU-p21+p27 cells were measured by counting the cells after 24, 48, 72
and 96 h of plating. C, the clonogenic potential of the four cell lines were assessed by counting
the number of colonies formed after 10 days. Data are represented as mean ± SEM (n=3). #,
P<0.05 and *, P<0.001. If not otherwise indicated, statistical analysis is performed versus DU-
EV.
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Figure 2.
Effect of p21 and/or p27 knockdown on cell cycle progression in DU145 cells. A, DU-EV,
DU-p21, DU-p27 and DU-p21+p27 cells were arrested in G0-G1 phase by serum-starvation
for 36 h and then released in 10% serum containing media and harvested at different time points
as indicated. B, cell cycle progression of all the four cell lines, after release from G0-G1 block,
was analyzed by flow cytometry as detailed in Materials and Methods. C, protein expression
of cyclin A, cyclin E and CDK2 as well as CDK2 kinase activity were assessed in all the four
cell lines at different time points after release from G0-G1 block as detailed in Materials and
Methods. The quantitative data shown is mean ± SEM of two independent experiments done
in triplicates. #, P<0.05 and *, P<0.001 versus DU-EV. The immunoblots are representative
of two independent experiments.
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Figure 3.
Effect of p21 and/or p27 knockdown on the DU145 tumor growth in athymic nude mice. Mice
(n=5 per group) were subcutaneously injected with 3.5 × 106 DU-EV, DU-p21, DU-p27 or
DU-p21+p27 cells mixed with matrigel and animals were euthanized after 6 weeks and tumors
were collected. A, tumor growth was monitored and tumor volume is represented as average
(mean ± SEM) of 5 animals in each group. B, excised tumor weight is represented as average
(mean ± SEM) of 5 animals in each group, at the end of 6 weeks. C, two randomly selected
tumor samples from each group was subjected to immunoblotting for p21 and p27 protein
expression levels as detailed in Materials and Methods. D, densitometry data are shown for
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p21 and p27 protein levels in tumors from Fig. 3C. *, P<0.001. If not otherwise indicated
statistical analysis is performed versus DU-EV.
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Figure 4.
Proliferation status of DU-EV, DU-p21, DU-p27 and DU-p21+p27 tumors. The tumor samples
collected at the end of 6 weeks of the study detailed in Figure 3, were processed for
immunohistochemical analysis of the proliferation markers (A) PCNA and (C) Ki-67 as
detailed in Materials and Methods. Representative images of DU-EV and DU-p21+p27 tumors
are shown in each case. Immunostaining was quantified for (B) PCNA and (D) Ki-67 positive
cells as detailed in Materials and Methods. #, P<0.05; *, P<0.001.
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Figure 5.
Angiogenic status of DU-EV, DU-p21, DU-p27 and DU-p21+p27 tumors. The tumor samples
collected at the end of 6 weeks of the study detailed in Figure 3, were processed for
immunohistochemical analysis for (A) CD31 and (C) VEGF staining. Representative images
of DU-EV and DU-p21+p27 tumors are shown in each case. Immunostaining was quantified
for (B) CD31-positive cells and (D) VEGF immuno-intensity as detailed in Materials and
Methods. The arrows in the images for CD31 (panel A) show representative positive staining
for CD31. #, P<0.05; *, P<0.001.
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