NEOPLASIA

www.neoplasia.com

Cdc6 and Cyclin E2 Are
PTEN-Regulated Genes
Associated with Human

Prostate Cancer Metastasis'

Volume 11 Number 1 January 2009 pp. 66-76 66

Abstract

Phosphatase and tensin homolog deleted on chromosome 10 (PTEN) is frequently inactivated in metastatic pros-
tate cancer, yet the molecular consequences of this and their association with the metastatic phenotype are in-
completely understood. We performed transcriptomic analysis and identified genes altered by conditional PTEN
reexpression in C4-2, a human metastatic prostate cancer cell line with inactive PTEN. PTEN-regulated genes were
disproportionately represented among genes altered in human prostate cancer progression and metastasis but not
among those associated with tumorigenesis. From the former set, we identified two novel putative PTEN targets,
cdc6 and cyclin E2, which were overexpressed in metastatic human prostate cancer and up-regulated as a func-
tion of PTEN depletion in poorly metastatic DU145 human prostate cancer cells harboring a wild type PTEN. Inhi-
bition of cdc6 and cyclin E2 levels as a consequence of PTEN expression was associated with cell cycle Gq arrest,
whereas use of PTEN activity mutants revealed that regulation of these genes was dependent on PTEN lipid phos-
phatase activity. Computational and promoter-reporter evaluations implicated the E2F transcription factor in PTEN
regulation of cdc6 and cyclin E2 expression. Our results suggest a hypothetical model whereby PTEN loss up-
regulates cell cycle genes such as cdc6 and cyclin E2 that in turn promote metastatic colonization at distant sites.

Neoplasia (2009) 11, 66-76

Introduction
Various mechanisms contribute to prostate cancer progression to ad-
vanced stage [1,2]. Among them, the deletion of tumor suppressor
gene PTEN (phosphatase and tensin homolog deleted on chromo-
some 10) is a frequent molecular alteration associated with tumor
progression [3,4]. Although only approximately 30% of primary
prostate cancers have PTEN mutations, these are found in up to
60% of metastatic and advanced prostate cancers [5,6]. PTEN dele-
tion is also correlated with a high Gleason score and advanced tumor
stage [7]. Although the correlation between loss of PTEN activity
and prostate cancer progression is clear, the effectors responsible
for this association remain incompletely characterized.
Genome-wide expression analysis of human tumors has demon-
strated that models, which predict clinical outcome in patients, can
be constructed [8]. Gene expression signatures can also be identified,
which reflect the activation status of oncogenic pathways, and these
in turn provide clinically relevant associations with disease outcomes

[9]. Recently, a microarray gene expression signature for immunohisto-
chemistry (IHC)-detectable PTEN loss in breast cancer has been devel-
oped [10]. Importantly, some PTEN IHC-positive cancers exhibited
the signature of PTEN loss, suggesting that the signature is more sensi-
tive than PTEN THC for identifying tumors with pathway activation.
Furthermore, this signature correlated to poor patient outcome in inde-
pendent data sets of breast, bladder, and prostate carcinoma.

With the objective of determining effectors of PTEN that are re-
lated to prostate cancer metastasis, here we use a conditional PTEN re-
expression model [11] to develop gene expression signatures associated
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with PTEN. To identify PTEN-regulated genes important in prostate
cancer progression and metastasis, we focused on transcripts whose ex-
pression was altered as function of human prostate cancer metastasis.
Using this approach, we identified cdc6 and cyclin E2 as novel PTEN-
regulated targets associated with prostate cancer metastasis.

Materials and Methods

Reagents

Akt inhibitor, 1,3-dihydro-1-(1-((4-(6-phenyl-1H-imidazo[4,5-¢]
quinoxalin-7-yl)phenyl)methyl)-4-piperidinyl)-2 H-benzimidazol-2-
one (Akt inhibitor VIII), and JNK inhibitor, anthra[1,9-¢d] pyrazol-6
(2H)-one (SP600125), were purchased from EMD Chemicals (San
Diego, CA).

Transcriptional Analysis of pTetOn PTEN C4-2 Cells

pTetOn PTEN C4-2 prostate cancer cells in which expression of
PTEN is under the control of TetOn system were previously described
[11]. Cells were treated with 1 pg/ml doxycycline (DOX) or vehicle for
24 hours and then total RNA were isolated and hybridized to HG-
U133A GeneChip Array (Affymetrix, Santa Clara, CA) as described
[12]. Cells used for transcriptional profiling were concurrently evalu-
ated by Western blot to confirm expression of the PTEN transgene as
described [11]. This experiment was repeated with a completely differ-
ent batch of cells 1 week after the initial experiment to provide dupli-
cate samples for statistical analysis. The local pooled error (LPE) test
[13] was used to find differentially altered probe sets in response to
DOX treatment (PTEN expression). Probe sets with a false discovery
rates (FDRs) of <.01 were designated as regulated by PTEN.

Unsupervised Cluster Analysis of Probe Sets Altered by PTEN
Expression as Compared to Probe Sets in Human Prostate
Cancer Tumors

Using RMA [14] implemented in the Bioconductor project (htep://
www.bioconductor.org/), we computed expression measures from
PTEN and human prostate tumor microarray data [15]. Details of hu-
man tumor samples were described before [15]. Log, transformation
and interquartile range normalization were carried out for both data
sets. Because these two sets were hybridized to different platforms
(U133Plus2 for human tumor set and U133A for PTEN/cell lines
set), we compared UniGene IDs between these two data sets and se-
lected only probe sets in the human data that matched those identified
as PTEN-regulated in the analysis described above. Hierarchical clus-
tering analysis was performed on the human data with those selected
probe sets because it clusters coexpressed genes and shows expression
patterns of gene clusters effectively. Thus, all the probe sets that were
clustered on the human data were also specifically regulated by PTEN
expression with statistical significance based on the LPE test.

To further explore the correlation of PTEN-regulated probe sets
with those altered as a function of prostate cancer metastasis, the num-
ber of probe sets that were differentially regulated by PTEN was re-
duced by examining the differential expression of correlated probe
sets in the human data set between metastatic and nonmetastatic sam-
ples. Using the two-sample # tests, we examined the statistical signifi-
cance between benign and localized samples and the significance
between localized and metastatic samples. After computing Benjamini
and Hochberg-adjusted P values [16] from the raw P values of the
two-sample £ tests using the multitest package of the Bioconductor

project because of the multiple testing, we selected probe sets that
met both criteria, adjusted P values >.05 (no statistical difference) be-
tween the benign and localized samples and the adjusted P values <.05
(statistical different) between the localized and metastatic samples. In
other words, the expression levels of those selected probes are statisti-
cally different between localized and metastatic samples, whereas their
expression levels were similar between benign and localized samples.
Hierarchical clustering analysis was performed on this subset of probe
sets as described above.

Promoter Analysis and Interaction Network Toolset Analysis

To find putative transcription factors associated with gene expres-
sion changes altered by PTEN expression, we used the Promoter
Analysis and Interaction Network Toolset (PAINT) [17] (http://
www.dbi.tju.edu/dbi/tools/paint/). This tool identifies and quanti-
tates overrepresentation of transcription factor binding sites in the
promoters of PTEN-regulated gene sets. Gene accession numbers
corresponding to statistically significant (FDR < .01) PTEN-regulated
probe sets were uploaded into PAINT. TRANSFAC Public database
was chosen to find transcriptional regulatory elements (TREs) on up-
stream gene sequences. Enriched TREs were identified by comparing
promoter regions of genes down-regulated by PTEN to all human pro-
moter sequences in the PAINT database.

Real-time Reverse Transcription—Polymerase Chain
Reaction Analysis of Cdc6 and Cyclin E2 Expression Levels
After PTEN Reexpression

Real-time reverse transcription—polymerase chain reaction (RT-PCR)
was carried out on iCycler Optical Module (Bio-Rad, Hercules, CA)
with IQ SYBR Green (Bio-Rad) fluorescent dye included in the PCR
to determine the amount of mRNA level for cdc6 and cyclin E2. Primers
used for cdc6 were forward, 5'-GAGATGTTCGCAAAGCACTG-3/,
and reverse, 5'-TGGGAATCAGAGGCTCAGA-3'. Primers for cyclin
E2 were forward, 5'-CTATTTGGCTATGCTGGAGG-3’, and re-
verse, 5'-TCTTCGGTGGTGTCATAATG-3’. Real-time RT-PCR
for glucuronidase-f was used as an internal control, and primers were
forward, 5'-CCGACTTCTCTGACAACCGACG-3’ and reverse, 5’'-
AGCCGACAAAATGCCGCAGACG-3'. Expression levels of cdc6
and cyclin E2 were normalized to the expression of glucuronidase-f3
in each sample.

Small Interfering RNA

PTEN small interfering RNA (siRNA) duplex was described pre-
viously [18] and was purchased from Dharmacon (Lafayette, CO)
with the following target sequence: 5'-CCAGUCAGAGGCGCUAU-
GU-3’. siRNA duplex targeting luciferase (GL2), 5'-CGTACGCG-
GAATACTTCGA-3" was used as control siRNA. Transfection of
DU145 human prostate cancer cells (American Type Culture Col-
lection, Manassas, VA) with siRNA duplexes (200 nM) was done
in six-well plates using OligofectAMINE (Invitrogen, Carlsbad, CA)

according to manufacturer’s instructions.

Cell Cycle Analysis

Cells were trypsinized, and cell cycle analysis with FACSCalibur
was carried out [11]. All flow cytometric measurements were done
using the same instrument settings, and >10,000 cells were analyzed
in each sample. The percentage of cells in different stages of the cell
cycle was determined with ModFit LT3.1 software (Verity Software
House, Topsham, ME).
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DNA Constructs, Transient Transfection, and Luciferase
Reporter Assay

Wild type and E2F binding site—-mutated cdc6 promoter frag-
ments in pGL3 basic were gifts from Dr. R.S. Williams [19]. The
E2F luciferase reporter construct was a gift from Dr. S. Chellappan
at University of South Florida. DNA transfection was performed us-
ing lipofectin according to the manufacturer’s protocol (Invitrogen),
and the transfection efficiency was approximately 70% as examined
under the fluorescence microscope with a cotransfected green fluores-
cent protein expression construct. pTetOn PTEN C4-2 cells were
transfected, and 24 hours later, 1 pg/ml DOX was added followed
by an additional 24 hours of incubation. Cells were lysed and ana-
lyzed for luciferase activity according to the manufacturer’s protocol
(Promega, Madison, WI). Luciferase activity was corrected for cell
number with SYBRGold assay (Invitrogen).

Western Blot Analysis

Western blot was carried out as described [11] using anti-HA
monoclonal antibody (Covance, Berkeley, CA) at a 1:3000 dilution.
The monoclonal anti-cdc6 antibody was from Santa Cruz Biotech-
nology (Santa Cruz, CA) and used at a 1:1000 dilution. The poly-
clonal anti-phospho-Akt (Ser473), anti-Akt, anti—-phospho-c-Jun,
anti—phospho-Rb, anti-E2F-1, anti-PTEN, and anti—cyclin E2 anti-
bodies were from New England Biolabs (Beverly, MA) and used at a
1:1000 dilution. The monoclonal anti—a-tubulin antibody was pur-
chased from Oncogene (San Diego, CA) and was diluted at 1:2000.
The HRP-conjugated antimouse (Pierce Biotechnology, Rockford, IL)

or antirabbit (New England Biolabs) secondary antibody was used at
a 1:200,000 dilution.

Results

Transcriptional Profiling of pTetOn PTEN(wt) C4-2 as a
Function of PTEN Reexpression

Transcriptional profiling was carried out as a function of PTEN re-
expression in pTetOn PTEN C4-2 prostate cancer cells [11] (Figure 1).
A decrease in phospho-Akt level with the PTEN induction in the C4-2
cells used in profiling was observed, confirming the biochemical im-
pact of the induction. Using the LPE test, we found that 123 probe
sets were differentially altered by PTEN expression with an FDR
Pvalue <.01. Among those 123 probe sets, 88 were up-regulated after
PTEN expression, whereas 35 were down-regulated. The top 10 up-
and down-regulated probe sets and corresponding genes are listed
in Table 1.

Probe Sets Altered by PTEN Expression Preferentially Cluster
with Metastatic Disease in Patients

Because functional loss of PTEN correlates with tumor grade and
stage in prostate cancer, we sought to examine whether probe sets al-
tered in response to PTEN reexpression were related to human pros-
tate cancer progression and metastasis. To do this, we matched our
PTEN-regulated probe sets to probe sets in a human prostate tumor
array set [15] by comparing UniGene IDs because the two array data
used different platforms. A total of 388 probe sets in the human tumor

pTetOn -Dox +Dox Primary human tissues
PTEN C4-2 —| = (Varambally et al., Cancer Cell, 2005)
ﬂ ﬁ benign localized metastatic
replicates e Ev Bl
e neacy N A
HA (PTEN) - o
| Affymetrix HG-U133 plus 2 GeneChip |
O-Tubulin | = s || e
UniGene ID
tAkt | e | |e» e
ﬂ I Corresponding 388 probe sets in human chip I
| Affymetrix HG-U133A GeneChip | Unsupervised cluster
ﬂ I analysis I
<@=m P>0.05 benign vs localized
I 123 PTEN regulated probe sets h P<0.05 localized vs metastatic

I Metastasis specific probe sets I

L ]

I Top genes: cdc6, cyclin E2 I

Figure 1. Flow chart of experimental strategy. Gene expression changes in response to PTEN expression were analyzed by Affymetrix
GeneChip in pTetOn PTEN C4-2 cells after DOX treatment to reexpress PTEN. Probe sets specifically altered by PTEN were identified,
and probe sets in human prostate cancer array data corresponding to PTEN-altered probe sets in C4-2 cells were determined by UniGene
IDs. These PTEN-regulated probe sets in human samples were used for hierarchical clustering analysis with human tumor array data. A
subset of probes was identified as a function of their altered expression in metastasis but not transformation using a two-sample ¢ test.
PTEN target genes, cdc6 and cyclin E2, were further characterized from this subset of probe sets. Western blot confirmed PTEN ex-
pression in samples that were identical to those used in Affymetrix chip analysis. Two separate experiments with different batch of cells
were evaluated.
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Table 1. Top Up- or Down-regulated Genes After PTEN Expression in pTetOn PTEN C4-2 Prostate Cancer Cells.

Probe Set* Gene Name

Fold Difference’

PTEN up-regulated genes

213350_at Ribosomal protein S11 4,237
201427_s_at selenoprotein P, plasma, 1 3.462
209815_at patched homolog (Drosophila) 2.468
213736_at Cytochrome ¢ oxidase subunit Vb 2.248
202028_s_at ribosomal protein L38 2.177
212952 _at Transcribed locus 2.003
217989 _at Hydroxysteroid (17-beta) dehydrogenase 11 1.938
204663 _at malic enzyme 3, NADP(+)-dependent, mitochondrial 1.899
202627_s_at serpin peptidase inhibitor, clade E, member 1 1.899
213110_s_at collagen, type IV, alpha 5 (Alport syndrome) 1.866
PTEN down-regulated genes
201490_s_at peptidylprolyl isomerase F (cyclophilin F) -2.055
211450_s_at mutS homolog 6 (Escherichia coli) -1.990
220651_s_at MCM10 minichromosome maintenance deficient 10 (Saccharomyces cerevisiae) -1.896
213872_at Chromosome 6 open reading frame 62 -1.857
214079_at dehydrogenase/reductase (SDR family) member 2 -1.850
203968 _s_at CDCG6 cell division cycle 6 homolog (S. cerevisiae) -1.843
211814_s_at cyclin E2 -1.715
206752_s_at DNA fragmentation factor, 40 kDa, beta polypeptide (caspase-activated DNase) -1.696
209572_s_at embryonic ectoderm development -1.663
217294 _s_at enolase 1 (alpha) -1.660

*Affymetrix (www.Affymetrix.com).

"Fold change comparing PTEN-expressing cells (DOX-treated) with PTEN-unexpressed cells (DMSO-treated).

data set were found to correspond to the 123 (88 up- and 35 down-
regulated) PTEN-responsive probe sets, respectively. Of the 388, 292
matched to the 88 and 96 to the 35 probe sets in the pTetOn PTEN
C4-2 cells. Unsupervised hierarchical clustering of the 388 probe sets
was carried out in the human tissue data set to determine how PTEN-
regulated genes were associated to prostate cancer stage. Figure 2, 4
and B, shows a striking pattern of clustering associated with the tran-
sition between localized and metastatic human cancer rather than be-
tween benign and malignant disease. This was true for both up- and
down-regulated probe sets.

Identification of Probe Sets Altered by PTEN Expression and
Associated with Prostate Cancer Metastasis

The data previously mentioned suggest that probes differentially
expressed as a function of PTEN expression were more likely to be
associated with tumor progression than transformation. To identify
candidate metastasis genes (promoters or suppressors) that are regu-
lated by PTEN, we applied a two-sample # test on the expression
level of each probe identified above in three types of samples (benign,
localized, and metastatic) of the human prostate tissue data. Subsets
of PTEN-altered probe sets and corresponding genes (up- and down-
regulated) were thus identified as differentially expressed between
localized and metastatic samples (P < .05), whereas their expression
levels were not altered between benign and localized samples (P >
.05). To evaluate the effectiveness of this approach, a hierarchical
clustering analysis was applied to these subsets of PTEN-altered
probes on the human tumor data. As shown in Figure 2, C and
D, the clustering pattern of these probe sets even more profoundly
distinguished metastatic samples from benign and localized samples
than before selection (Figure 2, A and B).

PTEN Inhibits the Expression of Cdc6 and Cyclin E2, Two
Genes Up-regulated in Prostate Cancer Metastasis

For further study, we selected genes that were both among the top
10 PTEN-regulated probe sets and altered as a function of human

prostate cancer metastasis. Only two PTEN down-regulated probe
sets met this criterion, corresponding to cdc6 and cyclin E2. Exami-
nation of the human prostate cancer array data [15] showed higher
expression levels of all cde6 and cyclin E2 probe sets in metastatic
samples compared to benign and localized samples (Figure 3, A
and B). Elevated expression levels of cdc6 and cyclin E2 in metastatic
samples were further supported by results of independent analysis us-
ing Oncomine (Figure 3, C and D) [20].

To validate our microarray data, we used real-time RT-PCR to ex-
amine expression levels of cdc6 and cyclin E2 in response to PTEN
induction and found that their expression levels were inhibited ap-
proximately four- and three-fold, respectively (Figure 4A), confirm-
ing the PTEN chip result. Consistent with mRNA levels, the protein
levels of cdc6 and cyclin E2 were also decreased by three- and two-
fold, respectively, after PTEN expression as indicated by Western
blots (Figure 4B). Real-time RT-PCR was also carried out on pTetOn
C4-2 cells that lacked pTRE2-PTEN vector exposed to DOX. No
significant change of cdc6 and cyclin E2 expression levels was ob-
served in these cells (data not shown), indicating that the inhibition
of ¢cde6 and cyclin E2 expression was specific to PTEN induction. To
independently verify the regulatory effect of endogenous PTEN on
these two genes, we depleted this protein in DU145, a poorly meta-
static human prostate cell line with high PTEN expression levels
[11]. In support of PTEN regulation of cdc6 and cyclin E2 expres-
sion, depletion of this former protein (Figure 4C) increased the ex-
pression of the latter two (Figure 4D).

Inhibition of Cdc6 and Cyclin E2 Expression After PTEN
Induction Correlated with a Cell Cycle G; Block

Both c¢dc6 and cyclin E2 are implicated in the cell cycle G;- to S-
phase transition [19,21], and our previous work showed that PTEN
expression blocked C4-2 cells at the G; phase [11]. We began evalu-
ating the relationship of PTEN to cdc6 and cyclin E2 by examining
the correlation of ¢dc6 and cyclin E2 expression with cell cycle G;
arrest after PTEN reexpression. Minor expression of PTEN was
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observed after 12 hours of treatment with DOX, and its expression
reached maximal after 24 hours of DOX treatment (Figure 5A4). Sig-
nificant cell cycle G arrest was not observed until 24 hours of treat-
ment with DOX, with the percentage of cells at the G-phase
increasing from 54% to 75% (Figure 5B). The expression levels of
cyclin E2 and cdc6 were significantly inhibited after 12 hours of

treatment with DOX, and both expression levels were maximally re-
duced at 24 hours of DOX treatment (Figure 5C). The correlated
cell cycle G block with reduced expression of cyclin E2 and cdc6
after PTEN expression suggests that the cell cycle G, arrest after
PTEN expression in C4-2 cells may be associated with PTEN inhi-
bition in cyclin E2 and cdc6 expression.

PTEN up-regulated probe sets

Human Tissue Samples

PTEN down-regulated probe sets

il

—

Human Tissue Samples

E PTEN down-regulated probe sets
(reduced set)

PTEN up-regulated probe sets
(reduced set)

il

1
=T

Human Tissue Samples

Human Tissue Samples

Figure 2. (A-B) Unsupervised cluster analysis of all probe sets regulated by PTEN in C4-2 cells, which matched with those in human
prostate tumor array data. Probe sets that are specifically regulated by PTEN in our pTetOn PTEN C4-2 chip analysis were identified and
linked to probe sets in human tumor array data based on their UniGene IDs. A total of 292 (A) and 96 (B) probe sets in human array data
were found to be corresponding to 88 up- and 35 down-regulated PTEN-responsive probe sets, respectively. These 96 and 292 probe
sets were used in an unsupervised hierarchical cluster analysis with human tumor array data, and heat maps were generated to show
the expression patterns of these probe sets among the three sample sets (benign, localized, and metastatic) of prostate cancer tissues.
(C-D) Cluster analysis of a subset of PTEN-regulated probe sets as a function of prostate cancer metastasis. The number of probe sets
(388 total) in human tumor array data that were corresponding to PTEN-regulated probes were reduced by a two-sample t test: adjusted
P > .05 (no statistical difference) between the benign and localized samples and the adjusted P < .05 (statistically different) between the
localized and metastatic samples. The resulting 61 up- (C) and 21 down-regulated (D) PTEN-responsive probe sets were clustered with
human tumor array data, and the expression patterns of these probe sets among human prostate tumor samples (benign, localized, and
metastatic) were shown with corresponding heat maps.
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