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Suppression of Cyclic GMP-Specific Phosphodiesterase
5 Promotes Apoptosis and Inhibits Growth in HT29 Cells

Bing Zhu, Lakshmi Vemavarapu, W. Joseph Thompson, and Samuel J. Strada*

Department of Pharmacology, University of South Alabama College of Medicine, Mobile, Alabama 36688

Abstract Phosphodiesterase 5 (PDE5) is a major isoform of cGMP phosphodiesterase in a variety of human tumor
cell lines and plays a key role in regulating intracellular cGMP concentrations ([cGMP]i). Here, we demonstrate that
suppression of PDE5 gene expression by antisense pZeoSV2/ASP5 plasmid transfection results in a sustained increase in
[cGMP]i, growth inhibition, and apoptosis in human colon tumor HT29 cells. With stable transfection, antisense
transcripts exhibited a specific suppression in PDE5 activity, mRNA levels, and a 93 kDa hPDE5A1 protein. In cloned
antisense cells, prolongation of the cell growth doubling times correlate positively with suppressed PDE5 activity and
increased [cGMP]i. The growth inhibition in PDE5 antisense clones is due to an increased apoptotic rate and delayed cell-
cycle progression. These results corroborate previous findings with the PDE5 inhibitor exisulind and its derivatives
showing that sustained [cGMP]i induces apoptosis and growth inhibition in tumor cells. Furthermore, an induciblemitotic
inhibitor p21WAF1/CIP1 has been found to account for the delay of cell-cycle progression in PDE5 antisense clones at G2/M
phase. A proteolytic cleavage of p21WAF1/CIP1 in the antisense clones is also increased at the later stage of serum
stimulation. The protein kinase G (PKG) inhibitor, KT5823, can prevent the cleavage of p21WAF1/CIP. These data
substantiate a pivotal role for PDE5 as a modulator of apoptosis and cell-cycle progression for human carcinoma via a
mechanism involving the activation of [cGMP]i/PKG signaling pathways. J. Cell. Biochem. 94: 336–350, 2005.
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Phosphodiesterase 5 (PDE5) is onemember of
several cyclic nucleotide phoshodiesterase gene
families that hydrolyze cyclic GMP (cGMP-
PDEs) [Fawcett et al., 2000; Francis et al.,
2000; Soderling and Beavo, 2000]. The enzyme
activity of PDE5 is characterized by cGMP-
specifichydrolysisandcGMP-binding capability.
PDE5 regulates the basal levels and intensity
and duration of guanylyl cyclase (GC) agonist-
induced changes of intracellular cGMP concen-

tration [cGMP]i in normal and abnormal cells.
An up-regulated PDE5 expression was recently
shown in multiple human carcinoma and neo-
plasm and animal tumorigenesis as compared
with the normal counterpart tissues. For exam-
ple, increased amounts and activities of PDE5
were detected in human transitional and squa-
mous cell carcinoma of neoplastic bladder
versus normal urothelium [Piazza et al., 2001],
and specimens of human colonic neoplasias
with familial adenomatous polyposis (FAP)
versus normal mucosa [Piazza et al., 2000].
PDE5 was also detected as a predominant
isoform of cGMP-PDEs in many carcinoma cell
lines in culture, including colonic adenocarci-
noma (SW480, HCT116, HT29, T84), breast
cancer (HTB-26, MCF-7), lung cancer, bladder,
and prostate cancer (LNCAP, PC3), and leuke-
mia [Thompson et al., 2000; Whitehead et al.,
2003]. In the aggregate, these studies point
towards a functional role of an up-regulated
PDE5 enzyme in controlling cellular pathways
involved in carcinoma cell growth.
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Direct evidence for PDE5 involvement in
regulating tumor cell growth and death comes
from studies of the pre-apoptotic and growth
inhibitory effects of sustained [cGMP]i. Incre-
ased [cGMP]i elicited by various GC-agonists,
for example, guanylin/uroguanylin [Shailubhai
et al., 2000], atrial natriuretic peptide [Wu
et al., 1997], YC-1 [Thompson et al., 2000],
nitric oxide donors [Guh et al., 1998], and/or
PDE5-selective inhibitors, for example, silde-
nafil and vardenafil [Sarfati et al., 2003], induce
apoptosis and anti-proliferation. Moreover, the
inhibition of cGMP hydrolytic activity by selec-
tive inhibitors of PDE5 not only potentiates the
effects of GC agonists but also maintains a
persistent increase in [cGMP]i, as opposed to a
transient increase in [cGMP]i when the PDE5
activity is present. This concept is further
supported by a study with a novel class of
PDE5 inhibitors, exisulind (sulindac sulfone)
and its higher affinity analogues. These drugs
induce apoptosis and inhibit cell proliferation
in colonic tumor cell lines via a mechanism of
cellular signal transduction that involves per-
sistent increases in [cGMP]i and down-stream
targets [Thompson et al., 2000]. A strong cor-
relation was noted in rank order potencies for
PDE5 inhibition and apoptosis. Preliminary
clinical studies with these exisulind derivatives
have shown promising results in some cancer
patients suggesting novel targets for cancer
chemotherapy [Chan et al., 2002; Dy and Adjei,
2002; Sun et al., 2002]. Thus, PDE5 inhibition
appears essential for controlling sustained
[cGMP]i-mediated apoptosis and anti-prolifera-
tion in carcinomas.
To further substantiate the role of PDE5

expression in controlling carcinoma growth and
death, here we demonstrate a suppression of
PDE5 expression in human colonic tumorHT29
cells using an antisense approach. Regulatory
domains of humanPDE5A1/A2 genes have been
partially cloned from HT29 cells [Liu et al.,
2002] and show a close identity to the cloned
human PDE5A genes [Lin et al., 2000a,b]. The
PDE5 enzyme activity has also been identified
as the predominant cGMP hydrolytic activity
present in HT29 cells. A constructed antisense
RNA expression vector, which carries a human
PDE5A-specific cDNAdomain in protein kinase
G (PKG)-phosphorylation sites, has been used
in the current study to suppress the PDE5
expression and induce the predicted effects on
cell growth and apoptosis.

MATERIALS AND METHODS

General Materials and Reagents

[2,8-3H] cyclic AMP and [8-3H] cyclic GMP
(Moravek Biochemicals, Inc., Brea, CA) and
Dowex-1X8-400 resin (Sigma, St. Louis,
MO) were prepared as described previously
[Thompson et al., 1979]. Proteinase inhibitors
(benzamidine, TLCK, aprotinin, pepstain A,
and leupeptin) and snake venom were from
Sigma. PDE isoform-selective inhibitors: zapri-
nast (PDE5/6), rolipram (PDE4), cilostamide
(PDE3), EHNA (PDE2), and vinpocetine (PDE1)
were obtained from Calbiochem (La Jolla, CA).
The kinase agonist, 8-Br-cGMP, and inhibitors,
KT5823 and KT5720, were purchased from
Calbiochem.

Cell Culture

Human colon adenocarcinoma HT29 cells
were obtained from the American Type Culture
Collection (Rockville, MD) and grown under 5%
CO2 at 378C in RPMI-1640 medium with 5%
FBS and 1% penicillin/streptomycin.

Plasmid Constructs

For antisense use, a 321 bp cDNA (ASP5)
encoding the phosphorylation domain for
human PDE5A1 (A2) was amplified by RT-
PCR using total RNA isolated from HT29 cell
(Fig. 1). The sequence of ASP5 was further
confirmed for its identity to a part of the amino
terminal regulatory domain of hPDE5A1 (136–
1,617 bp) as previously cloned from the same
HT29 cell line [Liu et al., 2002] andwas listed in
GeneBank. Specific primers for ASP5 were
50-GGGCCCTGTTAGAAAAGCCACCAG-30 and
50-GGTACCGAGTCTTGAGCACTGGTC-30. ASP5
was ligated to produce an expression plasmid
pZeoSV2/ASP5 with an antisense reading
frame orientation under SV40 promoter and
zeocine resistance.PlasmidpZeoSV2/ASP5 orb-
galactosidase control plasmid pZeoSV2/lacZ
were amplified in Top10 E. coli strain. All
reagents were from Invitrogen (Carlsbad, CA).

Antisense Transfection and Stable
Cell Line Selection

Ten micrograms of linearized plasmid was
electroporated into HT29 cells in a FBS free
RPMI-1640 medium along with mock transfec-
tion. Zeocine at 0.3 mg/ml (5� TC50 for HT29
cells) was added to select resistant cells with
stable transfection. After 4 weeks in culture,
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isolated colonies from antisense and LacZ
transfected cells were harvested for PDE activ-
ity assay and all cells in mock transfection were
dead by zeocine selection. One of the antisense
colonies, ASC4, was further sub-cultured by
limited dilution (one cell per 3-wells in 96-wells
plate) to achieve single cell clones. All trans-
fected cells were maintained in zeocinemedium
(0.06 mg/ml) with passages every 5 days and
kept in culture within 50 days for further tests.
PDE activities in cell supernatants were mea-
sured with 0.25 mM 3H-cGMP or 3H-cAMP as
substrate [Thompson et al., 2000].

Relative Quantitative (RQ) RT-PCR

RQ RT-PCR was performed according to
QuantumRNA 18S Internal Standards Compe-
timers techniques (Ambion, Austin, TX) with
total RNA extracted by RNA isolation kit
(Roche, Indianapolis, IN) and cDNA prepared
by First Strand RT-PCR kit (Stratagene, La
Jolla, CA) with random primers. Primers for
human PDE5 (A1, A2, and A3) are: 50-GAAT-
CATAGGGAAGAGGTTGTTGG-30 and 50-AGA-
ATCGGAGCAATCTTCATCCAC-30 to produce
a 322 bp band (Fig. 1) versus internal control
18S RNA at 488 bp. Primers for human PDE4A
(50-TACGCTGGAGGCCGCTCACTC-30 and 50-
GCTGAGGTTCTGGAAGATGTCGCAG-30) pro-
duced a band at 426 bp thatwas used as a native
PDE isoform mRNA control in RQ RT-PCR.

Western Blot Analysis

Whole cell extraction and immunoblotting
was performed as described previously [Thomp-

son et al., 2000]. Antibody toGST-fusion protein
of the high affinity cGMP-binding domain of
human PDE5 (cGB-I) [Liu et al., 2002] was
prepared to recognize the PDE5 A1/A2/A3 vari-
ants. TheN-terminal peptides (Fig. 1)wereused
to develop specific antibodies for PDE5 A1
(CMERAGPSFGQQRQQQQPQQQ) and A2
(CMLPFGDKTR). Antibody to PDE4A was pre-
pared as previously described [Thompson et al.,
2002]. Goat IgG to the N-terminal peptide of
human PDE3B (RGFFFHLCRFCNVE) was
also prepared and affinity-purified (Bethyl La-
boratories, Montgomery, TX) and compared
with PDE3B (N-20) antibody purchased from
Santa Cruz Biotechnology (Santa Cruz, CA).
Rabbit polyclonal antibody (H-164) raised
against recombinant protein corresponding to
amino acids 1–164 of full length p21WAF1/CIP1 of
human origin and antibody raised against a
peptide mapping at the carboxy terminus of
human origin (C-19) were obtained from Santa
Cruz. These antibodies were used to detect
either full length p21WAF1/CIP1 (H-164) or full
length plus cleaved p21WAF1/CIP1 (C-19). Anti-
human p27KIP1 and p14ARF/p16INK4a (Santa
Cruz), cyclin A, B1, and D1/D2 (Upstate,
Lake Placid, NY), cdk2 and cdc2 (Stressgen,
Victoria, Canada) antibodies were also used in
immunoblots.

EIA for [cGMP]i and [cAMP]i

The whole cell acid extracts in 0.2 NHCl/50%
methanol were prepared as described pre-
viously [Thompson et al., 2000]. The amount of
cGMP and cAMP in acetylated samples were

Fig. 1. Schema of target human PDE5 antisense cDNA for
vector construct. A 321 bp PDE5-specific cDNA (ASP5) covering
PKG-phosphorylation site of hPDE5A1(A2) was constructed as a
3.8 kb pZeoSV2/ASP5 plasmid with antisense reading orienta-
tion under SV40 promoter and zeocine resistance. Regulatory
domains of human PDE5A1/A2 genes were cloned from colonic

tumor HT29 cells. Arrows indicate the primers used for PDE5
antisense cDNA cloning and RT-PCR to detectmRNA for A1/A2/
A3 (322 bp), A1 (353 bp), and A2 (330 bp). The ‘‘r’’ symbols
indicate the relative domains of antibodies raised for A1 and A2
splice variants.
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measured using enzyme immunoassay (EIA)
kits (Cayman Chemical, Ann Arbor, MI). Data
were expressed as pmol of [cGMP]i and [cAMP]i
generated per milligram total protein of the
cells.

DNA Fragmentation and Cell Growth Curves

DNA fragmentation in control LacZ and
antisense cells in 96-wells plate was measur-
ed using a DNA/histone-complex ELISA kit
(Roche) as described [Thompson et al., 2000].
Comparative values of DNA fragmentation
among different cell lines were based on using
the same cell number in each assay. Cell
proliferation was determined by MTT assay as
described [Guh et al., 1998]. Growth curves and
doubling times were plotted and calculated by
GrapghPad Prism software.

Immunofluorescence

Histochoice (Amresco, Solon, OH) fixed cells
were permeabilized with 0.5% Triton X-100 in
PBS and incubated with anti-PDE5 and/orM30
CytoDeath antibody binding to a caspase cleav-
ed cytokeratin-18 to indicate cell apoptosis
(Roche). Cells were incubated with secondary
antibodies conjugated with Cy3 (Jackson
ImmunoResearch Laboratories, West Grove,
PA) or FITC (SouthernBiotech, Birmingham,
AL) and observed using confocal fluorescence
microscope (Leica, TCS SP2).

Serum-Deprived Synchronized Flow Cytometry

Cellswere plated in 5%FBSmedium for 7 days
until 90%confluentand themediumwas changed
to 0.2% FBS for another 3 days to achieve serum-
deprived cell synchronization at G0/G1 phase
[Tobey et al., 1988; Dietrich et al., 1997; Davis
et al., 2001]. Cells were re-seeded to 5% FBS
mediumfor the times indicated.DNAcontentwas
measured with FACS-scan (Becton Dickinson,
SCANVantage SE) after cells were fixed in 70%
ethanol and stained with 100 mg/ml propidium
iodide to calculate cell-cycle distribution and
apoptotic content using CellQuest software.

RESULTS

Antisense pZeoSV2/ASP5 Stably Suppressed PDE5
Expression at Post-Transcriptional Levels

We have cloned regulatory domains of PDE5
genes from a human colonic tumor HT29 cell
line [Liu et al., 2002] and verified that the
sequence of such domains is identical to the
human PDE5A genes which were previously
reported as three splice variants A1, A2, and A3
in human, rat, and bovine tissues (Fig. 1) [Lin
et al., 2000b].AlthoughmessageRNAs forPDEs
1–11 are detectable using RT-PCR methods,
significant amounts of measurable cyclic nuc-
leotide hydrolysis in HT29 are restricted to
isoforms of only three PDE gene families: PDE
5, 4, and 3 (Table I).

TABLE I. Summary of PDEs Isotype Expression in Human Colon Tumor HT29 Cells

PDE
family

mRNA
(subtype)a

Activity and
amount (inhibitor)b

DEAE column
(Elution peak)c

Immuno-reactivity
(Western blot)d

Subcellular location
(immunofluorescence)e

PDE1–2 þ N.D. N.D. — —
PDE3 þ þ, Minor cAMP/cGMP 3B: 140 kDa Membrane

(3A/3B) (Cilostamide) (500 mM NaAC) 3A: N.D.
PDE4 þ þ, Major cAMP 4A: 87 kDa Cytoplasm

(A–D) (Rolipram) (500 mM NaAC) 4B–D: N.D.
PDE5 þ þ, Major cGMP 5A1: 93 kDa Cytoplasm

(A1>A2) (Zaprinast) (110 mM NaAC) 5A2: 85 kDa
PDE6–11 þ N.D. N.D. — —

N.D., not detected;—, not determined, PDE, phosphodiesterase.
aDetected by RT-PCR using total isolated RNA and PDE isoform- and correlated splice variants-specific primers. For PDE5, the
amplified PCR product for 5A1 was detected higher than 5A2 (A1>A2) based on the same amount of total RNA.
bPDE isoform-selective inhibitors including zaprinast (PDE5), rolipram (PDE4), and cilostamide (PDE3) were used to confirm isoform-
specific cAMP and cGMP-hydrolytic activities in HT29 cells either by whole cell extractions or partial purification with DEAE
chromatography. Other PDE inhibitors used in the studies were listed in Materials and Methods.
cDEAE-TM chromatography were used to isolate and quantitate relative amounts of the PDE isoforms present in whole cell extracts in
1% Trition X-100 as previously described [Thompson et al., 2000]. PDE activities were measured in fractions eluted by linear
concentrations (0–1,000 mM) of NaAC and further characterized using the selective inhibitors. One major cGMP-hydrolytic peak was
identified as eluting at low salt concentration (110 mM NaAC) and characterized as PDE5. Another minor cGMP-hydrolytic peak
(PDE3) was found at high salt elution (500mMNaAC). Only one cAMP-hydrolytic peak was found at 500mMNaAC that consisted of a
mixture of activities, PDE4 (major) and PDE3 (minor).
dAntibodies against PDE5, 4, and 3 and correlated splice variants were raised and used as described in Materials and Methods. The
major PDE isofoms in HT29 cells (PDE5A1 and PDE4A) are underlined.
eThe antibodies used for immunocytochemistry were the same as those used in Western blot.
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PDE5 accounts for more than 95% of the
cytoplasmic and approximately 85% of the whole
cell cGMP hydrolysis, with a minor activity from
PDE3B (140 kDa) activity associated with parti-
culate fractions (Table I). A comparable percent
of cytoplasmic cAMP hydrolysis from PDE4A
(87 kDa) is detectable, with a smaller amount
from PDE3B. The major immunoreactivity of a
93 kDa PDE5 was detected with an antibody
recognizing all spliced variants of hPDE5A1/A2/
A3 genes, and was subsequently identified as
hPDE5A1 (875 amino acid) with a 5A1-specific
antibody. Only a trace level of a 85 kDa protein
indicating thepresence ofhPDE5A2wasdetected
by a 5A2-specific antibody. RT-PCR and immu-
noprecipitation confirmed the ratio of dominant
hPDE5A1/A2 variants inHT29 cells with a lesser
amount of 5A2 than 5A1 and the absence of any
truncated 5A3 expression. Thus, the 93 kDa
hPDE5A1 is themajor cytosolic cGMP hydrolytic
activity present in cultured HT29 cells. These
results are similar to what have been found in
other colonic tumor cells [Thompson et al., 2000].
Immunofluorescence studies showed a subcellu-
lar locale for PDE5 that is primarily in discrete
perinuclear foci (refer to Fig. 5A), which is also
similar to observations seenpreviously in bladder
tumor cells [Piazza et al., 2001].

To construct an antisense cDNA expression
vector, a 321 bp cDNA (ASP5) containing the
PKG phosphorylation domain of PDE5 A1 and
A2 was ligated to a pZeoSV2(þ) vector with an
SV40 promoter. After electroporating the line-
arized pZeoSV2/ASP5 plasmid to HT29 cells
and 4 weeks of selective culture in zeocine, we
obtained 15 cell colonies from antisense stable
transfection, termed ASA3-ASD6. Ten other
colonies, termed LacZ, with introduced b-galac-
tosidase activity were obtained from control
vectorpZeoSV2/LacZ transfection. Twelve anti-
sense colonies cells showed variable 25–70%
reductions of PDE5 activity versus the LacZ
control and the un-transfected HT29 cells. One
of the antisense colonies cells, ASC4 (Fig. 2A),
showed the most inhibition (>70%) in cytosolic
cGMP hydrolytic activity (specific activity¼
13.8� 0.5 pmol/min/mg protein in HT29 cell).
Conversely, all antisense colonies have no
significant change in the activities of cytosolic
cAMPhydrolysis as compared to each other or to
control cells (specific activity¼ 49.2� 0.7 pmol/
min/mg protein in HT29 cell).

Using limited dilution of cell culture, 12 des-
cendant clones (S4-S34) were obtained from the

original ASC4 cells. Seven clones showed more
PDE5 suppression than their parent ASC4,
while the others showed a similar or less
inhibition (Fig. 2A). These results suggest that
ASC4 is composed of various cell clones having
different expressions of PDE5 antisense RNA
transcripts. One of the clones, S16, showed the
most significant inhibition, i.e., inhibition of
about 92% in PDE5 activity (P< 0.01 vs. LacZ
control). In addition, unchanged activities of
PDE4 or PDE3 were found in these clones
indicating a selective inhibition ofPDE5expres-
sion by the antisense construct.

RQ RT-PCR indicated that the down-regu-
lated expression of PDE5 in antisense cells was
specific tomRNA blocking. At the same levels of
18S RNA, PDE5 mRNA decreased in the anti-
sense cells without changing the level of PDE4
transcription (Fig. 2B). Western blots showed a
specific decrease of the 93 kDa PDE5A1 immu-
noreactivities in antisense clones, and no
alteration in the 87 kDa PDE4A (Fig. 2C). A
strong correlation exists between the levels of
decreased PDE5 activities, mRNA, and protein
in the antisense transfected clones (data not
shown). PDE profiles inDEAE chromatography
showed a reduction of PDE5 activity to 85% in
S16 cells as compared with LacZ control cells,
without changes in PDE4 and PDE3 activities
or the appearance of any novel PDE isoforms
(datanot shown). Theduration of reducedPDE5
activity in a continuously cultured S16 clone
was maintained for up to 75 days with the
activity gradually returning to pre-transfection
levels at about 200 days, perhaps reflecting a
relapse of antisense expression.

Increased Intracellular Cyclic Nucleotide
Content by PDE5 Suppression

The level of [cGMP]i in cultured HT29 cells is
near 50 fmol/mg protein, whereas [cAMP]i is
100� higher, i.e., at 5,000 fmol/mg. These
values are similar to those observed in other
cultured colon tumor cell lines, for example,
SW480 [Thompson et al., 2000]. There was no
change of [cGMP]i or [cAMP]i in transfection
control, LacZ cells.

The antisense clones that demonstrate sig-
nificant suppression of PDE5 activities showed
significant increases in [cGMP]i without
changes in [cAMP]i (Fig. 3). The S16 clone, in
which the PDE5 activity was greatly inhibited,
indicated the largest increases in [cGMP]i.
Further analysis using GraphPad Prism soft-
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Fig. 2. Antisense selectively suppressed PDE5 expression in
HT29 cells. A: PDE5 and PDE4 activities were measured in
established ASC4 antisense cells stably transfected with
pZeoSV2/ASP5 and descendent cells cloned from ASC4 by
limited dilution. The PDE5 cGMP-hydrolytic activities in the
ASC4 (up to 70% reduction) and clones (up to 92% reduction) are
significantly lower than the activities in pZeoSV2/LacZ stable
transfectants, LacZ controls, and un-transfected HT29 cells
(P<0.05, from six separated experiments), without changes in
PDE4 cAMP-hydrolytic activities. The values for PDE5 and PDE4

specific activities in cytosolic extraction of HT29 cells are
13.8� 0.5 and 49.2�0.7 pmol/min/mg protein, respectively.
B: Relative quantitative (RQ) RT-PCR using 18S RNA/Competi-
mers as internal control (488 bp) showing the down-regulation of
PDE5 mRNA (322 bp) but not PDE4A (426 bp) in antisense cells
(AS) and ASC4 clones versus LacZ and HT29 controls (CTL).
C: Immunoblots showing the down-regulation of PDE5 immu-
noreactivities at 93 kDa (5A1) but no change of PDE4A at 87 kDa
in ASC4 cells and descendent clones using actin (43 kDa) as the
gel loading reference.



ware demonstrates a one-phase exponential
inverse correlation between reduced PDE5
activity and increased [cGMP]i among the
12 antisense clones (Fig. 4A). A relatively
smaller increase in [cGMP]i occurs in those
clones with a range of PDE5 suppression from
60 to 80%, but there are much greater increases
in those clones with higher PDE5 inhibition
(>90%). Therefore, a substantial inhibition of
PDE5 expression by antisense appears essen-
tial to induce significant increases in [cGMP]i in
HT29 cells.

Correlation of Growth Inhibition
With Increased [cGMP]i

Cloning of the antisense cells indicated that
these cells had much slower growth rates than
did the wild-type HT29 and LacZ controls in
culture. When quantitated, the doubling times
(T1/2) for the antisense clones ranged from 27 to
45 h, whereas the doubling times for HT29 and
LacZ cells were at 22 and 23 h, respectively.
Growth inhibition in antisense clones also
correlated with PDE5 suppression and [cGMP]i
elevation. One phase exponential plots fit the
data nicely for [cGMP]i versus T1/2 in antisense
clones (Fig. 4B) and PDE5 activities versus T1/2

(data not shown). The data showed anear linear
correlation between [cGMP]i and T1/2 values
in those cloneswhere [cGMP]i increased from50
to 75 fmol/mg protein and more growth inhibi-
tion in the clones with the ‘‘higher’’ [cGMP]i at

80–100 fmol/mg protein, such as S14, S16, and
S20.

Increased Apoptosis and Delayed Cell-Cycle
Progression by PDE5 Suppression

Cell cultures of antisense expressing cells
showed increased apoptosis compared with
vector control cells. When co-staining the cells
with a PDE5-specific antibody and a M30-
antibody against caspase-cleaved cytokeratin-
18 [Leers et al., 1999; Kusama et al., 2000],
confocal fluorescent images verified a correla-
tion between PDE5 suppression and apoptosis
in antisense ASC4 cells (Fig. 5A). The staining
of M30 with filamentous-type for early stage of
apoptosis or granular-type for later stage of
apoptosis co-localized only in those cells with
weak or negative PDE5 staining. In addition,
different densities (red) of PDE5 immunofluor-
escence in ASC4 cells would be expected from
the descendant clones with varying expression
of PDE5 suppressed by antisense RNA tran-
scripts (refer to Fig. 2). The S16 clone showed
similar M30 positive and PDE5 negative stain-
ing (data not shown). These morphological data
were further confirmed with a higher ‘‘basal’’
apoptotic rate of DNA fragmentation in S16
cells than LacZ controls and an increased
apoptotic index after re-seeding S16 cells to
the culture plate at 48–96 h (Fig. 5B).

To further study the role of PDE5 in growth
inhibition and cell-cycle progression, serum-

Fig. 3. Total intracellular cGMP concentration ([cGMP]I) of antisense cells parallels suppression of PDE5.
Increased [cGMP]i (solid bars) with constant [cAMP]i (open bars) in controls and total 12 antisense clones
were determinedby EIA assay. *, P< 0.05; **,P< 0.01 versus LacZ control, fromfive separated experiments.

342 Zhu et al.



deprivation was used as a method to synchro-
nize the cells. After 72 h in 0.2% low serum
medium and relatively high cell densities,
FACS analysis showed a major population of
cells synchronized at G0/G1 phase (>80%).
When these cells were replenished with 5%
serum, kinetics curves of cell phase distribution
showed the time points of ‘‘G0/G1-valley,’’ ‘‘S-
peak,’’ and ‘‘G2/M-peak’’ for ‘‘synchronized’’ cell-
cycle transition following serum re-stimulation.
Timepoints of cell-cycle transition forHT29and
lacZ control were around 24 h whereas a signi-
ficant delay was found in the antisense clones.
Among them,S16 cells showed a shift of the ‘‘G2/

M-peak’’ to 72 h (three times longer than control
cells), and a similar but lesser amount of delay
for ‘‘S-peak’’ or ‘‘G0/G1-valley’’ (Fig. 5C). Fur-
thermore, the FACS analysis also showed that
5–30% cells were in sub-diploid apoptosis for
antisense clones, whereas the index for control
cells was below 1% under the same serum re-
stimulation conditions (Fig. 5C). Themaximum
of the apoptotic index in FACS analysis was at
48–96 h after serum re-stimulation in the S16
clone, also consistent with the DNA fragmenta-
tion data (Fig. 5B) measured at this time point.

Inducible p21WAF1/CIP1 and Cyclin B1/A in
Cell-Cycle Progression by PDE5 Suppression

To elucidate the mechanism for the delay of
cell-cycle progression in PDE5 antisense cells,
levels of cell-cycle specific molecules including
cyclins, cdks, and cdk inhibitors (CKIs) were
determined. After addition of 5% serum to re-
stimulate synchronized cells, immunoreactiv-
ities of G2/M phase specific cyclin B1 and S–G2/
M phase-related cyclin A were increased in the
antisense clone S16 cells, either in initial S16-1
(<7 days when colon cells established) or
continuously cultured S16-2 (7–45 days). At
72 h serum re-stimulation, both cyclin B1 and
cyclin A were threefold higher in S16 cells than
in HT29 or LacZ control (Fig. 6A). A 50%
increase of cyclin D2 (34 kDa) with no change
in cyclin D1 (36 kDa) occurred in S16 cells. No
changes in cyclin dependent kinases including
cyclin D related cdk2 and cyclin B1/A related
cdc2 were detected in S16 cells. A twofold to
threefold increase of p21WAF1/CIP1, the mitotic
inhibitor, expression was found in S16 cells as
compared with control cells under the same
condition of serum re-stimulation at 72 h
(Fig. 6A). There were no changes in p27KIP1,
another mitotic inhibitor implicated in cyclin
D1-cdk2, 4 and cyclin E-cdk2 inhibition at G1

phase and inducible by TGFb and increased
[cAMP]i [Schreiber et al., 1999], nor was there a
change in the inhibitors p14ARF/p16INK4a
(data not shown).

Time courses of p21WAF1/CIP1 expression in
S16-1 versus control LacZwere further studied
at 0–96 h of serum re-stimulation (Fig. 6B).
Both LacZ control and S16 antisense cells
showed a similar level of basal p21WAF1/CIP1

expression in the serum-deprived cells (G0/G1

arrest). After serum replenishment, LacZ cells
showed a decrease in p21WAF1/CIP1 between 12
and 24 hwith the lowest seen at 24 h (about 45%

Fig. 4. Correlation of PDE5 inhibition, [cGMP]i elevation, and
growth doubling time prolongation in HT29 cells with PDE5
suppression. Plots showing one-phase exponential inverse curve
between [cGMP]i and PDE5 activity in 12 antisense clones and
controls (A); andone-phase exponential associatedcurvebetween
[cGMP]i andgrowthdoubling time (B). Thecell doubling timewas
obtained from the growth curves using the methods described in
Materials andMethods. The values for PDE5 activity and [cGMP]i
content were indicated in Figures 2 and 3.
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of basal expression). Then, p21WAF1/CIP1 return-
ed gradually to the basal level after 24 h and
kept the same level from 48 to 96 h inLacZ cells.
These results suggest the role for basal level of
p21WAF1/CIP1 in controlling serum-stimulated
normal cell-cycle transition fromG0/G1 arrest to
proliferation. There appears to be no further
involvement of p21WAF1/CIP1 at the later stage of
cell proliferation with normal basal [cGMP]i.
Conversely, even though the expression of
p21WAF1/CIP1 in antisense S16 cells and LacZ
controls were similar during the first 12–24 h, a
significant difference was found after 48 h. In-
deed, an increased expression of p21WAF1/CIP1

was found at 48 h, 147� 16% of basal (P< 0.05
vs. Lac Z control). This inducible p21WAF1/CIP1

was maintained in S16 from 72 (182� 16%) to
96 h (252� 32%), whichwas coincident with the
time point ofG2/Mphase delay (refer to Fig. 5C).
In addition, changes of cyclin B1/A were also
noted inS16 cells under the same time course of
serum re-stimulation and were comparable to
p21WAF1/CIP1 induction (Fig. 6B).

Proteolytic Cleavage of p21WAF1/CIP1

Proteolytic cleavage of p21WAF1/CIP1 has been
found to play essential roles in tumor cell
apoptosis and the process whereby cells convert
from cell-cycle progression arrest to apoptosis
[Jin et al., 2000; Kim et al., 2001; Ham et al.,
2003]. We used an antibody (C-19) that can
recognize both the full length of p21WAF1/CIP1

Fig. 5. Increased apoptosis and delayed cell-cycle progression
by PDE5 suppression.A: Confocal immunofluorescence indicat-
ing PDE5 (red) by a PDE5 specific antibody and apoptosis (green)
by aM30 antibody (caspase cleaved cytokeratin-18) in antisense
ASC4 cells. Arrows indicate cells in the process of early stage
(upper panel, filamentous type) or late stage (lower panel,
granular type) of apoptosis that co-localized with low or
undetectable PDE5 staining (40�). B: Increased apoptosis
determined with DNA fragmentation for endonuclease-cleaved
mono- and oligo-nucleosomes (absorbanceA at 405–490 nm) in

antisense S16 clone (solid bars) versus LacZ control (open bars).
For comparative purposes, same amounts of cells (1,000 cell/
20 ml cell lysis buffer) were used in the ELISA assay at the
indicated time of cell culture. Data from one experiment
repeated three times. C: FACS analysis showing cell-cycle
progression at G2/M, S, and G0/G1 phases and apoptotic indexes
in serum re-stimulated synchronous antisense S16 clone (^)
versus LacZ (&) and HT29 (*) controls. Data represent the
average from three separated experiments.
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(p21) and a cleaved fragment (p14) to distin-
guish changes in two polypeptides after serum
re-stimulation. There was an increase of cleav-
ed p21WAF1/CIP1 fragment, with the full length
one, in antisense S16 cells versus LacZ control
that occurred at 72–96 h of serum re-stimula-
tion, but no such change was detected at the
earlier stage of treatment (12–24 h, Fig. 7A).
Furthermore, the PKG inhibitor, KT5823 (2 mM
concentration which is 10� that of its Ki to
inhibit PKG in vitro), blocked the increased
cleavage of p21WAF1/CIP1 in S16 cells at 72 h but

did not influence the level of full length protein
(Fig. 7B). Neither the PKG agonist 8-Br-cGMP
(5 mM) nor the PKA inhibitor KT5720 (1 mM
concentration which is 10� that of its IC50 to
inhibit PKA in vitro) influenced the cleavage of
p21WAF1/CIP1.

DISSCUSSION

PDE5 plays a key role in determining the
sustained levels of [cGMP]i that impact cell
growth and apoptosis in tumor cells. The

Fig. 6. Inducible expression of p21WAF1/CIP1 and cyclin B1/A in
antisense S16 clone. S16 cells in initial S16-1 (<7 days) or
continuously cultured S16-2 (7–45 days) were synchronized to
G0/G1 phase with serum-deprivation and then in cell prolifera-
tion induced by serum re-stimulation. One hundred micrograms
of protein of whole cell extractswere loaded to 10%BTNuPAGE
pre-cast gel. Immunoblots were performed as described in the
legend of Figure 2C. All antibodies used in blots were obtained
and used as described in Materials andMethods. A: Comparison
of mitotic inhibitors (p21WAF1/CIP1 and p27KIP1), cyclins (A, B1,
and D1/D2), cyclin dependent kinase (cdk2 and cdc2) expres-
sion in S16 and control cells at 72 h of serum stimulation.
Antibody (H-164), raised against human recombinant protein of
p21WAF1/CIP1, was used to detect full length of protein inWestern

blot. Representative results from one of three separate blots are
shown. B: Time course for full length of p21WAF1/CIP1 expression
in S16-1 (solid) and LacZ (open) cells from 0 to 96 h with serum
stimulation indicating sustained inducible p21WAF1/CIP1 expres-
sion in S16 cells. After normalization to unstimulated LacZ,
relative p21WAF1/CIP1 immunoreactivties were plotted versus
serum stimulation time. Data are expressed as average and
standard error of six separate experiments that obtained and
quantitated by densitometric scanning in AlphaEase software. *,
P<0.05 versus LacZ control at each point of time. Blots for
p21WAF1/CIP1, cyclin B1/A, and actin (protein amount control) at
the bottom of the plot represent data from one experiment. ‘‘L’’
stands for LacZ control and ‘‘S’’ stands for S16.
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current study demonstrates that suppression of
PDE5 expression in human HT29 cells via
antisense vector pZeoSV2/ASP5 transfection
leads to sustained increases in [cGMP]i, apop-
tosis, and growth inhibition. These data support
the previous finding that inhibition of cGMP-
PDE activities by exisulind and its higher
affinity analogues induce apoptosis in colon
tumor cells via persistent, rather than transi-
ent, elevations of [cGMP]i [Thompson et al.,
2000]. A positive correlation between PDE5
suppression, [cGMP]i elevation, and growth
inhibition has been shown in the antisense cells

that have more than 90% of PDE5 activity
suppressed in a specific manner without influ-
encing other endogenous PDEs, for example,
PDE4 and PDE3. This suggests that antisense
RNA transcripts can be used effectively and
with sequence specificity to influence post-
transcriptional regulation of PDE5A gene
expression in human tumor cells. It expands
the number of studies that have used the
antisense approach to suppress the expression
of PDE genes [Jiang et al., 1996; Epstein, 1998;
MacKenzie et al., 1998; Rybalkin et al., 2002].
Furthermore, the non-linear exponential corre-
lation between PDE5 suppression and cGMP
elevation in the various antisense clones indi-
cates that a substantial and sustained suppres-
sion of PDE5 (>70%) is required to initiate a
sustained [cGMP]i rise in these cells.

A quantitative correlation between [cGMP]i
elevation and growth inhibition has been estab-
lished, for the first time, with the reduction of
PDE5 expression. Following the growth inhibi-
tion, increased apoptotic rates, measured by
DNA fragmentation or apoptotic sub-diploid
DNA in FACS analysis, also correlate quanti-
tivelywith the increase in [cGMP]i anddecrease
in PDE5 expression under both basal culture
and serum re-stimulation conditions. In addi-
tion, staining of caspase-cleaved cytokeratin
18 (M30) was detected in those antisense cells
with very low or undetectable levels of PDE5
immunoreactivities. These results suggest that
de-regulated PDE5 activity is critical to the
proteolytic-mediated apoptosis as previously
noted for exisulind derivatives [Thompson
et al., 2000; Li et al., 2002]. A common or similar
signaling mechanism for sustained [cGMP]i-
mediated apoptosis seems to exist in those
tumor cells following the suppression of PDE5
expression by antisense and the inhibition of
PDE5 activity by some selective pharmaco-
logical agents. Additional studies related to
potential contributions of both GC and PDE5
isoforms to these complex processes are under
investigation.

At least two novel downstream targets of
activated protein kinase G (PKG) have been
postulated tobe involved in theprocess ofPDE5/
[cGMP]i-mediated apoptosis in tumor cells.
First, mutations of b-catenin and/or adenoma-
tous polyposis coli (APC) in colon tumor cells
lead toadefectivephosphorylation ofb-cateninby
GSK3b kinase and b-catenin is unable to be de-
graded by ubiquitin-proteasomal. This situation

Fig. 7. A PKG-dependent proteolytic cleavage of p21WAF1/CIP1

in the later stage of serum re-stimulation in antisense S16 clone.
Antibody (C-19) raised against carboxy terminus peptides of
human p21WAF1/CIP1 was used to detect both full length and
cleavedproteins.A: Cleaved fragment, p14, for p21WAF1/CIP1was
increasedwith full length of protein in S16 cells in the later stage,
72–96 h, of serum re-stimulation, but not change in the early
stage at 12–24 h versus control LacZ cell. B: The increased
cleavage of p21WAF1/CIP1 in S16 cells was blocked by a treatment
with PKG inhibitor, KT5823 (1 mM), at 72 h of serum re-
stimulation. KT5823 showed no effect in the early stage at 24 h
(data not shown). PKGagonist, 8-Br-cGMP (5mM), did not further
enhance the cleavage of under the same condition. PKA
inhibitor, KT5720 (2 mM), showed no effect.
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results in an accumulation of a cellular b-
catenin pool that induces the abnormal tumor
cell growth [Morin et al., 1997; Efstathiou et al.,
1998; Hsi et al., 1999]. Attenuation of cellular
b-catenin accumulation via a [cGMP]i-activated
PKG phosphorylation occurs in exisulind-trea-
ted colonic tumor cells that subsequently in-
duces apoptosis [Thompson et al., 2000; Li et al.,
2002]. Second, Soh et al. have reported that a
phosphorylation and activation of MEKK1–
SEK1–JNK1 pathway triggered by either exi-
lulind-mediated PKG activation or a constitu-
tively active mutant PKG construct promote
cGMP-mediated apoptosis [Soh et al., 2000,
2001]. Since the mitogen-activated protein
kinase family can respond to many external
stress signals that could lead to the induction of
apoptosis [Hochedlinger et al., 2002], activation
of JNK1 by PKG and induction of apoptosis due
to sustained [cGMP]i is implicated in PDE5
antisense cells as it occurs within the time
course of serum-restimulation. A possible role
for JNK1 activation in the apoptosis seen in
PDE5 suppressed HT29 cells is also supported
by the increase amounts of proteolytically
cleaved p21WAF1/CIP1 detected during the later
stage of cell-cycle progression after serum re-
stimulation (see below). In addition, certain
growth factors that are involved in cell mitosis
via their actions on the pool of cellular b-catenin
[Davies et al., 2001] may also be influenced by
PKG-mediated phosphorylation under the sus-
tained [cGMP]i condition.
Delays in certain phases of cell-cycle transi-

tion with serum deprivation and replenishment
appear to account for the prolongation of cell
doubling time induced by PDE5 suppression.
The delayed cell-cycle progression pattern in
the PDE5 antisense HT29 cells did not show a
phase-specific effect, as it involved the entire
cycle from the G0/G1 phase to the G2/M phase,
however, with a larger delay occurring in the
G2/M phase. The exisulind derivatives, PDE5
inhibitor, does produce a more selective G2/M
arrest in tumor cells [Moon and Lerner, 2002;
Yoon et al., 2002]. A delay of cell-cycle progres-
sionwas also observed inT84 colonic tumor cells
treated with the GC-C stimulator, uroguanylin
[Pitari et al., 2001]. All these data suggest that
the alteration of cell-cycle progression in these
tumor cells is due to the increased cGMP-
mediated signaling pathway.
The interplay of cyclin related proteins alters

the speed or arrest of cell-cycle progression

[Schreiber et al., 1999]. Changes in G2/M phase
related cyclin B1/A and, more importantly,
inducible expression of mitotic inhibitor,
p21WAF1/CIP1, have now been identified in the
PDE5antisense cells. Thisfinding suggests that
after PDE5 gene suppression a sustained
[cGMP]i-mediated G2/M phase effect involves
p21WAF1/CIP1. The role of p21WAF1/CIP1 is sup-
posed to be specific at G2/M phase with the
cyclin B1/A, as it is found in mitosis inhibition
[Bunz et al., 1998; Schmidt et al., 2001]. At least
three lines of evidence support this hypothesis.
First, serum-stimulated p21WAF1/CIP1 induction
in PDE5 antisense cells occurred at the later
stages of cell proliferation (48–96 h), the time
point when the cell-cycle progression was
delayed at G2/M phase; while LacZ control cells
did not show this effect on p21WAF1/CIP1. Second,
G2/M phase related cyclin B1 and A were
induced at the same time period. Third, there
was neither a significant change of G0/G1 phase
specific cyclin D1/D2 nor the mitotic inhibitor
p27KIP1, which is known to affect G1 phase
cyclins/cdks and is inducible by [cAMP]i/TGFb
[Schreiber et al., 1999; Schmidt et al., 2001].
These results suggest that the inducible
p21WAF1/CIP1 in PDE5 antisense cells leads to a
cell-cycle progression delay mainly at the G2/M
phase with the interaction on cyclin B1/A-cdc2
complex rather than as a ‘‘universal’’ cdks
inhibitor [Xiong et al., 1993]. Thus, we conclude
that sustained [cGMP]i plays a unique role in
regulating G2/M phase-specific effects in HT29
cells via the regulation of p21WAF1/CIP1. In
addition, ERK1/2/MAPK maybe involved in
cGMP-mediated induction of p21WAF1/CIP1 [Gu
et al., 2000] as depicted for PDE5 antisense
HT29 cells in Figure 8.

A role for p21WAF1/CIP1 in PDE5 suppressed
HT29 cell appears to be involved in both the
process of cell-cycle progression and also in the
level of apoptosis seen in these cells. A coin-
cidence of increased cleaved p21WAF1/CIP1 with
increased index of apoptosis occurs at the later
stage of serum stimulation in PDE5 antisense
cells. Recently, several studies have shown that
a proteolytic cleavage of p21WAF1/CIP1 by cas-
pase-3 is required for ginsenoside-induced
apoptosis in human hepatoma cells [Jin et al.,
2000;Hamet al., 2003] and forTGF-b1-initiated
conversion from a stage of cell-cycle progression
arrest to apoptosis [Kim et al., 2001]. Indeed,
these findings support the notion that proteoly-
tic cleavage of p21WAF1/CIP1 may affect the
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degree of apoptosis in PDE5 antisense HT29
cells. More importantly, we found that the
increased cleavage of p21WAF1/CIP1 in PDE5
antisense cells could be blocked by addition of
the PKG inhibitor, KT5823, but not by a PKA
inhibitor. Therefore, the proteolytic cleavage of
p21WAF1/CIP1 via a [cGMP]i/PKGsignalingpath-
way may be a primary mechanism involved in
apoptosis in the PDE5 antisense HT29 cells
(Fig. 8). In addition, the actions of JNK1 involve
the cleavage of p21WAF1/CIP1 to induce apoptosis
in cancer cells [Ham et al., 2003]. Since
exisulind induces apoptosis in colon cancer via
a PKG–MEKK1–SEK1-mediated phosphory-
lation and activation in JNK1 [Soh et al., 2000,
2001], the role for JNK1 to induce apoptosis in
PDE5 antisense transfected HT29 cells via a
mechanism of PKG-mediated cleavage of
p21WAF1/CIP1 needs to be further studied.

In summary, a tight and specific correlation
was established between PDE5, [cGMP]i, and
cell growth using a vector-based antisense
cDNA to PDE5. In this regard, antisense RNA

transcripts may serve as a useful approach to
silence the over-expression of PDE5 in various
tumors. The adaptive phenomenon of reduced
PKG and [cGMP]i, as observed in many tumor
cells, may lead to the proapoptotic effects of
increasing [cGMP]i in the cells. The antisense
data in the present study implicate PDE5 as a
potentially important endogenous modulator
of apoptosis and cell-cycle progression in neo-
plastic cells and perhaps even in some normal
cells.
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