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Abstract
The anticancer role of cyclic guanosine 3¶,5¶-monophosphate
(cGMP)–dependent protein kinase G (PKG) has become of
considerable interest, but the underlying mechanisms are not
fully established. In this study, we examined the effects of
activation of PKG on the expression of three tumor suppressor
proteins in human SW480 colon cancer cells. Our results
revealed that treatment with cell permeable cGMP derivatives, or the cGMP phosphodiesterase inhibitor sulindac sulfone (exisulind, aptosyn, hereafter called exisulind) led to
increased expression of the tumor suppressor proteins
p21CIP1, p27KIP1, and Histidine triad protein 1 (HINT1), and
their corresponding mRNAs. Overexpression of PKG IB also
caused increased expression of the p21CIP1, p27KIP1, and
HINT1 proteins. Both the p21CIP1 and p27KIP1 promoters
contain Sp1 binding sites and they were activated by PKG
in luciferase reporter assays. Specific Sp1 sites in the p21
and p27 promoters were sufficient to mediate PKG-induced
luciferase reporter activity, suggesting an interaction between
Sp1 and PKG. Indeed, we found that PKG can phosphorylate Sp1 on serine residue(s) and this resulted in transcriptional activation of Sp1. Knockdown of Sp1 expression with
siRNA inhibited the increased expression of p21CIP1, p27KIP1,
and HINT1 induced by the cGMP derivative 8-pCPT-cGMP in
SW480 cells. These novel effects of PKG activation on the
expression of three tumor suppressor genes may explain, at
least in part, the anticancer effects of activation of PKG.
They also provide a rationale for further developing activators of PKG for the prevention and treatment of cancer.
[Cancer Res 2008;68(13):5355–62]

Introduction
Cyclic guanosine 3¶,5¶-monophosphate (cGMP) is an ubiquitous
second messenger that mediates cellular responses to various
exogenous and endogenous signaling molecules. cGMP regulates
physiologic processes by activating protein kinase G (PKG), the
cGMP-gated channels, and specific phosphodiesterases. PKG
belongs to the family of serine/threonine kinases and they are
present in a variety of eukaryotes (1, 2). Mammals have two PKG
genes that encode PKG I and PKG II. There are two splice variants
of PKG I, which are designated Ia and Ih (3).
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PKG I null mice seemed to have lost NO/cGMP-dependent
smooth muscle relaxation leading to severe vascular and intestinal
dysfunction with death at a young age (4). PKG I also regulates
myocardial contractility, platelet aggregation, endothelial cell
permeability, neuronal cell survival, and synaptic plasticity. PKG
has important regulatory roles in diverse processes in many cell
types such as cell growth and differentiation ( for review see ref. 5).
More recently, an antiproliferative/apoptotic effect of PKG has
been reported in many types of tumor cells. PKG has been
implicated in the mechanism underlying the induction of apoptosis
in colon as well as many other tumor cells in response to the
phosphodiesterase inhibitor exisulind ( for references, see ref. 5).
Indeed, in a previous study, we showed that activation of PKG is
sufficient to induce apoptosis in human colon cancer cells (6).
In colon cancer cell lines, exisulind can induce up-regulation of
PKG expression in addition to enzyme activation (7). A recent
study (5) found that PKG levels are decreased in most tumors
compared with the normal tissue counterpart. Moreover, in the
same study, antitumor properties of PKG were revealed by
exogenous expression of this enzyme in a colon carcinoma cell
line, which resulted in decreased growth of xenografts in nude
mice. However, the underlying mechanisms by which PKG exerts
antitumor effects have not been fully elucidated.
Both p21CIP1 and p27KIP1 (hereafter called p21 and p27) are
members of the cip/kip family of cyclin-dependent kinase
inhibitors. They are critical regulators of cell cycle progression
and considered important targets for cancer therapeutics (8, 9).
Although mutations in p21 are rare in human cancers, a variety
of studies suggest a tumor suppressor function for p21 (10–13).
Homozygous loss of p27 or silencing of the locus in human tumors
is extremely rare. However, an inverse correlation between p27
protein levels and prognosis was noted in many cancers (see review
ref. 9). Cellular levels of p21 are controlled transcriptionally by
p53-dependent and p53-independent mechanisms (14) and posttranscriptionally by the proteasome-mediated proteolysis (15–20).
Similarly, p27 protein levels are regulated both at the transcriptional level (21, 22) and also at the posttranscriptional level by
proteasomal proteolysis (23–26). It is of interest that multiple
Sp1 binding sites are present in the promoters of both the p21 and
p27 genes. Indeed, Sp1 mediates induction of the p21 and p27
genes in response to various stimuli (14, 21).
The Histidine triad protein 1 (HINT1) is a member of the Hint1
branch of the evolutionary conserved histidine triad (HIT) protein
family. These proteins contain a characteristic HIT motif, HisX-His-X-His-XX (X is a hydrophobic residue). All members show
nucleotide hydrolase and/or transferase activity (27). HINT1 has
emerged as a novel tumor suppressor (28, 29). It plays an important
role in regulating the activities of several transcription factors, and
its expression is inhibited by promoter methylation in several
human cancer cell lines (30–33). However, it is not known how
cells regulate the expression of HINT1 at the level of transcription.
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In the present study, we discovered that activation of PKG
increases the expression of three tumor suppressor proteins, p21,
p27, and HINT1 in SW480 human colon cancer cells and that this
is associated with increased transcription of the corresponding
genes. Luciferase reporter assays indicate that the transcription
factor Sp1 is directly involved in this up-regulation. Furthermore,
we obtained evidence that PKG can phosphorylate Sp1 on serine
residues, thus, presumably, causing its activation. The ability of
PKG to increase the expression of these three tumor suppressors
may explain, at least in part, the anticancer effects of various
activators of PKG.

Materials and Methods
Materials and cell lines. Exisulind and 8-bromoguanosine-3¶,5¶-cyclomonophosphate (8-Br-cGMP) were purchased from Sigma. The cGMP
compound 8-para-chlorophenylthio-cGMP (8-pCPT-cGMP) was from
BIOLOG. An anti-p21 antibody and an anti-p15INK4B antibody were from
Cell Signaling, an anti-p27 antibody and an anti–h-Catenin antibody were
from Transduction Laboratories, an anti–h-actin, an anti-phosphothreonine,
and an anti-hemagglutinin (HA) antibody were from Sigma. An antiphosphoserine antibody was from Zymed. An anti-Sp1 antibody was from
Santa Cruz. An anti-PKG Ih antibody was from Stressgen. An anti-HINT1
antibody was previously described (34). The construction and characteristics
of plasmids that encode HA-COOH-terminal–tagged wild-type, constitutively active (SD), and dominant negative (KR) forms of PKG Ia and PKG Ih were
described in our previous publication (35). The Sp1 expression plasmid was
kindly provided by Dr. Robert Tjian (University of California, Berkeley,
Berkeley, CA). The p21 and p27 promoter luciferase reporters and their
corresponding mutants were kindly provided by Dr. Toshiyuki Sakai (Kyoto
Prefectural University of Medicine, Kyoto, Japan). SW480 cells stably
expressing PKG Ih and a control cell line were described previously (6).
Western blot analysis. Cells were harvested and then sonicated in
radioimmunoprecipitation assay buffer. The lysates were separated using
SDS-PAGE and then electophoretically transferred to a polyvinylidene
difluoride membrane. The membrane was blocked with 5% dry milk and
incubated with the indicated antibodies. After washing, the membrane was
incubated with a horseradish peroxidase–conjugated secondary antibody
(Amersham Biosciences). Protein bands were visualized with the enhanced
chemiluminescence Western blotting system (Amersham Biosciences).
Immunoprecipitation assay. For immunoprecipitation, cells from 6-cm
plates were lysed in 400 AL of immunoprecipitation buffer [20 mmol/L
HEPES (pH 7.5), 150 mmol/L NaCl, 0.5% Triton X-100, 10% glycerol, and
1 mmol/L EDTA]. The lysates were rotated for 30 min at 4jC followed by a
10-s sonication and cleared by centrifugation at 13,000  g for 10 min at
4jC. Immunoprecipitation was done using EZview Red Protein A Affinity
gel (Sigma) and anti-Sp1 antibody (Santa Cruz). The beads were washed
three times with immunoprecipitation buffer, and the proteins were
resolved on SDS-PAGE.
Luciferase reporter assays. SW480 cells were plated at 1  105 cells
per well of 6-well 35-mm-diameter plates, and 24 h later, they were
transfected with pWWP or p27PF reporter plasmids or their corresponding
mutants, and as indicated in the figure legends, they were cotransfected
with the PKG IhSD expression plasmid, the PKG IhKR expression plasmid,
or the Sp1 expression plasmid and the Renilla Luciferase reporter plasmid
(as internal control), using the Lipofectin reagent (Invitrogen). Twenty four
hours after transfection, the cells were incubated in fresh growth medium
for additional 16 h and the cell extracts were analyzed using Dual-Luciferase
Reporter Assay System (Promega). The firefly luciferase activities were
normalized to the Renilla luciferase activities to compensate for variability
in transfection efficiencies. The relative luciferase activity measured in the
vector control cells was assigned the value of 100%. All experiments were
performed with duplicate plates for each point and repeated at least
three times.
Reverse transcription-PCR analysis. Total RNA was isolated from
SW480 cells using Trizol reagent as recommended by the manufacturer
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(Invitrogen). cDNA was amplified from 10 ng ( for h-actin) or 1 Ag ( for p21,
p27, and HINT1) of total RNA using a Superscript One-Step reverse transcription-PCR (RT-PCR) with the platinum Taq DNA polymerase system
(Invitrogen). Primer sets used were as follows: p21forward, 5¶-GCGACTGTGATGCGCTAAT-3¶; p21reverse, 5¶-TAGGGTTCCTCTTGGAGAA-3¶; p27
forward, 5¶-TGCAACCGACGATTCTTCTACTCAA-3¶; p27reverse, 5¶-CAAGCAGTGATGTATCTGATAAACAAGGA-3¶; Hint1forward, 5¶-CGAGATGGCAGATGAGATTG-3¶; Hint1reverse, 5¶-CCTTATTCAGGCCCAGATCA-3¶. As an
internal control, we used h-actin, forward, 5¶-GACCTGACTGACTACCTC-3¶,
reverse, 5¶-GACAGCGAGGCCAGGATG-3¶. After 30 cycles, PCR products
were analyzed by agarose gel electrophoresis.
RNA interference. On-TargetPlus SMARTpool siRNA for Sp1 or OnTargetPlus siControl pool were purchased from Dharmacon, and 10 nmol/L
of each pool were transfected into SW480 cells using HiPerfect transfection
reagent (Qiagen). Treatment of the cells with 8-pCPT-cGMP was conducted
60 h after transfection.
Statistical and densitometry analysis. All assays were repeated at least
three times. The results of quantitative studies are reported as mean F SD.
Differences were analyzed by Student’s t test. A P value of <0.05 was
regarded as significant, and such differences are indicated in the figures by
an asterisk. Densitometry was determined with NIH ImageJ v1.38 software
with normalization to the corresponding h-actin control.

Results
Activation of PKG leads to increased p21, p27, and HINT1
protein expression. To examine the effects of PKG activation on
the expression of the above three tumor suppressor proteins, we
treated the human colon cancer cell line SW480 with two PKG
activators, exisulind and 8-Br-cGMP. Exisulind is an inhibitor of
cGMP-phosphodiesterases and, thereby, increases cellular level of
cGMP. 8-Br-cGMP is a cell membrane permeable cGMP derivative.
Exisulind induced the up-regulation of p21 and HINT1 proteins
starting from 4 hours after the compound was added to the
medium, and this effect lasted until 16 h, the longest time point we
tested (Fig. 1A, left). 8-Br-cGMP caused a similar effect on p21 and
HINT1 protein expression with a slight difference: the up-regulation
of p21 and HINT1 could be seen at an earlier time point, 2 hours
(Fig. 1A, right), presumably because 8-Br-cGMP can bind PKG
directly, whereas exisulind causes an increase of intracellular levels
of cGMP indirectly by inhibiting phosphodiesterases that hydrolyze
cGMP. Another potent cell-permeable cGMP analogue, 8-pCPTcGMP, also caused increased expression of the p21, p27, and HINT1
proteins (Fig. 1B). These findings were confirmed by results
obtained with a SW480 cell line that stably overexpresses PKG Ih
(Fig. 1C). Compared with the control cell line, the latter cells express
markedly more p21, p27, and HINT1 proteins, whereas the level of
another cyclin-dependent kinase inhibitor, p15INK4B, was largely
unchanged. Interestingly, overexpression of PKG Ih also caused
decreased expression of the h-catenin protein (Fig. 1C), a previously
reported finding (6). Furthermore, transient overexpression of a
dominant-negative form of PKG Ih, PKG IhKR, significantly
inhibited 8-pCPT-cGMP–induced up-regulation of p21 and p27
(f50% inhibition for both genes) in SW480 cells (Fig. 1D).
Activation of PKG leads to increased expression of p21, p27,
and HINT1 mRNA. To examine if activation of PKG alters the
transcription of p21, p27, and HINT1, we again treated SW480
cells with exisulind or 8-pCPT-cGMP. Using RT-PCR, we found
that the mRNA levels of p21, p27, and HINT1 increased, although
with slightly different kinetics after drug treatments (Fig. 2). This
indicates that activation of PKG can activate the transcription of
these three genes.
PKG activates the promoter of p21 through Sp1 binding
sites. To explore how PKG increases the mRNA levels of p21, we
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those obtained with PKG IhSD in all of the luciferase assays in this
study (data not shown). For consistency, hereafter, we only show
the results obtained with PKG IhSD. Treatment of cells with
8-pCPT-cGMP also caused statistically significant activation of
pWWP (Fig. 3B, bottom) demonstrating that activation of PKG has
a positive role on the transcriptional activity of the p21 promoter.
Because a striking feature of the p21 promoter is that it contains
six potential Sp1 binding sites (14), we tested the possible role of
Sp1 binding sites in PKG-induced p21 promoter activation by using
two truncation mutants of pWWP, pWWP124 and pWWP101.
Although pWWP124 has only five Sp1 sites and one AP2 site and
pWWP101 contains only four Sp1 sites (Fig. 3A), both of these
promoters could still be activated by PKG IhSD, and this activation
was similar to that obtained with the pWWP except that the basal
expression of both mutant promoters was slightly decreased
(Fig. 3C). These findings suggest that Sp1 mediates PKG-induced
activation of the p21 promoter.
Because PKG seems to activate the p21 promoter through Sp1
binding sites, we examined the combined effects of PKG and Sp1
on activation of the p21 promoter. SW480 cells were cotransfected
with pWWP and a control vector, PKG IhSD, Sp1, or the
combination of PKG IhSD and Sp1. Both PKG IhSD alone and
Sp1 alone increased pWWP activity, and stronger activation was
obtained when PKG IhSD and Sp1 were cotransfected (Fig. 3D).
PKG activates the promoter of p27 through Sp1 binding
sites. A series of similar experiments were done to examine
activities of the p27 promoter. The full-length p27 promoter was
linked to a luciferase reporter (p27PF; Fig. 4A). The p27 promoter
contains two Sp1 sites (21). This promoter was activated by PKG
IhSD because we obtained a dose-dependent up-regulation of
p27PF activity by transfection of SW480 cells with increasing
amounts of the PKG IhSD expression plasmid (Fig. 4B). On the
other hand, PKG IhKR did not activate p27PF (Fig. 4B). To
determine the site of action of PKG on the p27 promoter, we also
tested a series of mutants of p27PF. The truncation mutant
p27No.2 reporter that only contains two Sp1 sites and one CTF site
(CCAAT box) was still activated by PKG IhSD (Fig. 4C). Therefore,
we then focused on the two Sp1 sites. We found that mutation of
the Sp1 site, Sp1-1, caused a loss of PKG IhSD activation.
Interestingly, mutation of the second Sp1 site, Sp1-2, did not result
Figure 1. PKG increases p21, p27, and HINT1 expression in SW480 cells.
SW480 cells were treated with 600 Amol/L exisulind (A, left), or 1 mmol/L
8-Br-cGMP (A, right), or 250 Amol/L 8-pCPT-cGMP (B) and harvested at the
indicated time points. Cell lysates were then subject to Western Blot analysis with
the indicated antibodies. All experiments were repeated at least three times and
representative results are shown. C, SW480 cells stably transfected with the
empty vector or the PKG Ih expression construct were harvested, and cell
lysates were subject to Western blot analysis with the indicated antibodies.
D, SW480 cells were transiently transfected with the empty vector or the PKG
IhKR expression construct. Forty hours after transfection, cells were treated
with 250 Amol/L 8-pCPT-cGMP for 8 h and harvested, and cell lysates were
subject to Western blot analysis with the indicated antibodies. Relative fold
expression was analyzed with NIH ImageJ v1.38 software with normalization
to the corresponding h-actin control. Similar results were obtained in three
independent experiments, and a representative one is shown.

cotransfected a constitutively active mutant of PKG Ih, PKG IhSD
(35), with a full-length p21 promoter linked to a luciferase reporter
(pWWP; Fig. 3A). A dose-dependent activation of pWWP was
obtained in the presence of PKG IhSD. A dominant-negative kinase
inactive mutant of PKG Ih, PKG IhKR, served as a negative control
(Fig. 3B, top). Results similar to those obtained with PKG IhSD
were obtained with a constitutively active mutant of PKG Ia, PKG
IaSD (data not shown). Indeed, PKG IaSD gave similar results to

www.aacrjournals.org

Figure 2. Treatment of SW480 cells with PKG activators led to increased
p21, p27, and Hint1 mRNA expression. SW480 cells were treated with (A)
600 Amol/L exisulind or (B ) 250 Amol/L 8-pCPT-cGMP and harvested at the
indicated times. Total RNA was extracted using Trizol reagent, and a one-step
RT-PCR kit (Invitrogen) was used to detect the mRNA expression. One
microgram of total RNA was used for p21, p27, and HINT1, and 10 ng of total
RNA were used for h-actin. All experiments were repeated at least three times,
and representative results are shown.
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Figure 3. PKG increased p21 promoter
luciferase reporter activity. A, schematic
diagrams of p21 promoter luciferase
reporter (pWWP) and its mutants.
B, the pWWP (20 ng) and the pRL-SV40P
(10 ng) plasmid (as an internal control)
were cotransfected into SW480 cells
together with the empty vector (0.5 Ag) or
increasing amounts of the PKG IhSD
expression plasmid (0.5, 1, and 2 Ag) or the
PKG IhKR expression plasmid in
6-well plates (top ). Or the pWWP (20 ng)
and the pRL-SV40P (10 ng) plasmid were
cotransfected into SW480 cells. Forty
hours later, the cells were treated with
indicated concentration of 8-pCPT-cGMP
for additional 8 h (bottom ). Luciferase
activities were assayed 40 h after
transfection and normalized to the Renilla
luciferase activities carried by pRL-SV40P.
All assays were conducted with duplicate
plates at least three times. P < 0.05,
versus controls. C, 20 ng of pWWP,
pWWP124, and pWWP101 were each
cotransfected with 10 ng of pRL-SV40P
and 1 Ag of PKG IhSD, as indicated.
Luciferase assays were done as described
in A . P < 0.05, versus controls. D, the
pWWP reporter was cotransfected with
the empty vector, PKG IhSD plasmid, and
Sp1 plasmid as indicated. Luciferase
assays were done as described above.
P < 0.05, versus control.

Vector

in any loss of PKG IhSD activation (Fig. 4C). Therefore, it seems
that Sp1 mediates the activation of the p27 promoter by PKG
IhSD through the Sp1-1 site. A mutation in the CTF site of the
p27 promoter did not have any effect on PKG IhSD activation (data
not shown).
We also examined the combined effects of PKG and Sp1 on
activation of the p27 promoter. SW480 cells were cotransfected with
p27PF and a control vector, PKG IhSD, Sp1, or the combination
of PKG IhSD and Sp1. Both PKG IhSD alone and Sp1 alone
increased p27PF activity, and an additive effect was obtained when
the cells were cotransfected with PKG IhSD and Sp1 (Fig. 4D).
Sp1 is required for PKG induced p21, p27, and HINT1 upregulation. To further investigate the requirement of Sp1 for PKG
induced up-regulation of p21, p27, and HINT1, we knocked down
expression of endogenous Sp1 using RNA interference technology.
The expression of Sp1 in SW480 cells was dramatically reduced by
the siRNA of Sp1 compared with the control siRNA (Fig. 5, top). The
activation of p21, p27, and HINT1 protein expression was clearly
seen in control siRNA–transfected SW480 cells after treatment of
the cells with 8-pCPT-cGMP. This activation was strongly inhibited
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by the knockdown of Sp1 expression (Fig. 5, second, third, and
fourth from the top). The basal levels of all three proteins were also
decreased in the latter cells (0 h; Fig. 5). Note that the level of
expression of PKG Ih was not affected by either Sp1 knockdown or
8-pCPT-cGMP treatment (Fig. 5, fifth from the top).
PKG phosphorylates Sp1 on serine residue(s). PKGs are
serine/threonine kinases. Therefore, we examined the possibility
that activated PKG can phosphorylate Sp1 on serine or threonine
residues and thereby enhance its transcription activity. First, we
treated SW480 cells with 8-pCPT-cGMP for the indicated times
(Fig. 6A). Using an anti–phospho-serine antibody, at time 0, we
detected a basal level of serine-phosphorylation of endogenous
Sp1. We then observed increased phosphorylation of Sp1 at the
2- and 4-hour time points. This phosphorylation of Sp1 returned to
the basal level at the 8-h time point (Fig. 6A, top). When we
reprobed the same membrane with an anti–phospho-threonine
antibody, we did not see a difference in the level of Sp1 threoninephosphorylation between the different time points (Fig. 6A,
middle). In these studies, the amount of endogenous Sp1 was
equally immunoprecipitated at all time points (Fig. 6A, bottom).
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To further establish the role of PKG in Sp1 phosphorylation,
we transfected two constitutively active mutants of PKG I, PKG
IaSD, and PKG IhSD (35) into SW480 cells. Both mutants caused
increased serine-phosphorylation of endogenous Sp1 when compared with the control cells transfected with an empty vector
(Fig. 6B, top). Neither mutant caused increased threoninephosphorylation of Sp1 (Fig. 6B, middle).
Taken together, these studies indicate that activation of PKG can
lead to serine-phosphorylation of the transcription factor Sp1.

Discussion
The present studies provide the first detailed evidence that
activation of PKG can lead to increased expression of three tumor
suppressor genes p21, p27, and Hint1, as well as evidence that this
occurs via PKG activation of the transcription factor Sp1. Our study
used a combination of pharmacologic and genetic approaches in
SW480 colon cancer cells. Thus, the induced expression of these
three genes was seen with the cGMP-phosphodiesterase inhibitor
exisulind, two cell-permeable cGMP derivatives 8-Br-cGMP and
8-pCPT-cGMP, and the expression of constitutively activated
mutants of PKG Ia or PKG Ih. Although there is some controversy
about the mechanism of action of exisulind (36), the results we
obtained with the other approaches still provide strong support for
this conclusion. Furthermore, it is unlikely that our results are
an artifact due to overexpression of activated forms of PKG

because of the similar results obtained with the two cell-permeable
cGMP derivatives. More importantly, expression of dominantnegative form of PKG Ih, PKG IhKR, inhibited cGMP induced upregulation of p21 and p27 (Fig. 1D). This is a transient transfection
experiment so that only f60% of cells were transfected with PKG
IhKR expression construct (estimation based on green fluorescent
protein observation). However, we still obtained f50% inhibition
(Fig. 1D). In addition, we have previously reported that expression
of activated forms of PKG Ia and PKG Ih cause several effects that
mimic those of exisulind and permeable forms of cGMP, including
inhibition of cell proliferation, apoptosis, inhibition of h-catenin
and cyclin D1 expression, and activation of 15-Lox-1 expression
(6, 37). Previous studies in our laboratory showed that increased
expression of PKG Ih increases expression of the p21 protein (6). In
the present study, we found that the up-regulation of p21 by
activation of PKG occurs at the transcriptional level (Figs. 2 and 3).
Induction of p21 expression by OSI-461, a potent derivative of
exisulind that inhibits cGMP-phosphodiesterases, thereby increasing cellular levels of cGMP and activating endogenous PKG (7),
has also been described in chronic lymphocytic leukemia cells
but was not explored in detail (38). Our results are also consistent
with the finding of Gu and colleagues (39) that treatment of
adventitial fibroblast cells with nitric oxide, which activates
guanylyl cyclase, and thereby PKG, caused increased expression
of p21 via a cGMP-dependent pathway. We also found that activation of PKG causes up-regulation of the expression of p27 and

Figure 4. PKG increased p27 promoter luciferase
reporter activity. A , schematic diagrams of p27
promoter luciferase reporter (p27PF) and its
mutants. B, luciferase assays were
conducted as described in Fig. 3B except that
p27PF was used as the reporter instead of pWWP.
P < 0.05, versus control. C, luciferase assays were
conducted as described in Fig. 3C except
that p27PF, p27No.2, p27PFmSp1-1, and
p27PFmSp1-2 were used to replace pWWP,
pWWP124, and pWWP101. P < 0.05, versus
controls. D, the p27PF reporter was cotransfected
with the empty vector, PKG IhSD plasmid, and Sp1
plasmid, as indicated. Luciferase assays were done
as described in Fig. 3D . P < 0.05, versus control.
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HINT1 through transcriptional activation of these two genes
(Figs. 1, 2, and 4). Previous studies from our laboratory indicated
that the cyclooxygenase (COX) inhibitor sulindac sulfide also
increases cellular levels of p21 and p27 (40). Therefore, although
exisulind does not inhibit COX1 or COX2 (41, 42), certain
nonsteroidal anti-inflammatory drugs (NSAID) that do inhibit
COX1 or 2 may exert anticancer effects by a COX-independent
mechanism, involving PKG activation. Indeed, in a recent study
(43), we found that when tested at concentrations that inhibit the
growth of SW480 cells, the NSAIDs celecoxib, indomethacin, and
meclofenamic acid caused, within 1 hour, a f2-fold increase in
cellular levels of cGMP, which persisted for at least 24 hours, and
in vitro all three compounds inhibited cGMP phosphodiesterase
activity. Therefore, in future studies, it will be of interest to determine if these NSAIDs also induce the expression of p21, p27, and
HINT1 via PKG activation.
It is well-established that the transcription of p21 is regulated by
both p53-dependent and p53-independent mechanisms (44). The
promoter of the p21 gene contains two conserved p53-binding
sites, and at least one of these is required for p53 responsiveness
after DNA damage (45). In addition, a variety of transcription
factors that are induced by a number of different signaling pathways can activate p21 transcription by a p53-independent
mechanism, including Sp1, Sp3, STATs, CAAT/enhancer binding
protein (C/EBP), C/EBPh, and Smad3 ( for references see ref. 6).
Because the SW480 cells that we used carry a mutant p53, the
induction of p21 by PKG seems to be through a p53-independent
pathway. Indeed, we found that Sp1 is sufficient to mediate transcriptional activation of the p21 promoter by PKG in the absence of
p53 binding sites (Fig. 3).
Sp1 also plays an important role in transcriptional regulation of
the p27 promoter, which contains two Sp1 binding sites (21, 22).
We obtained evidence that activation of PKG increases the transcription of p27 through one of these Sp1 binding sites (Fig. 4C),

Figure 5. Sp1 is required for 8-pCPT-cGMP induced up-regulation of p21,
p27, and HINT1. SW480 cells were transfected with a control siRNA pool
or a Sp1 siRNA pool for 60 h and then the cells were treated with 250 Amol/L
8-pCPT-cGMP for the indicated times. Cell lystes were subject to Western
blot analysis with antibodies specific for Sp1, p21, p27, HINT1, PKG Ih,
and h-actin. The same experiment was repeated three times and representative
results are shown in this figure.
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Figure 6. PKG phosphorylates Sp1 at serine site(s). A, SW480 cells were
treated with 250 Amol/L 8-pCPT-cGMP for the indicated times and cell
lystes were used for immunoprecipitation assays with an anti-Sp1 antibody.
Phospho-serine (pS) bands were visualized by using an anti–phospho-serine
antibody. The same membrane was stripped and reprobed with an anti–
phospho-threonine (pT ) antibody and an anti-Sp1 antibody, consecutively.
B, SW480 cells were transfected with the empty vector, PKG IaSD, and PKG
IhSD plasmids, as indicated. Thirty hours after transfection, cell lysates were
used for immunoprecipitation assays and subsequent Westen blot analysis,
as described in A. All experiments were repeated three times and representative
results are shown.

thus resembling the mechanism by which PKG regulates p21
transcription. PKG may use a similar mechanism to modulate
HINT1 expression because we found that activation of PKG
increases expression of the HINT1 protein and mRNA (Figs. 1
and 2). Although the promoter of HINT1 has not been isolated,
using computer-based analysis3, we found potential Sp1 binding
sites in the Hint1 promoter. The requirement of Sp1 for the
up-regulation of p21, p27, and HINT1 by PKG is clearly shown
in the Sp1 knockdown SW480 cells. When compared with the
control RNAi SW480 cells, the PKG activator 8-pCPT-cGMP could
not increase the expression of p21, p27, or HINT1 in Sp1 RNAi
SW480 cells (Fig. 5).
Because PKG seems to up-regulate the expression of p21, p27,
and HINT1 through activation of Sp1 (Figs. 3–5), we sought to
examine if PKG can phosphorylate Sp1 in vivo. Indeed, we found
that there is increased phosphorylation of endogenous Sp1 at
serine sites after the treatment of SW480 cells with the above PKG
activator (Fig. 6A) or overexpression of constitutively activated
forms of PKG (Fig. 6). Posttranslational modifications of Sp1 such
as phosphorylation were shown to stimulate or inhibit its
transcriptional activity or DNA binding affinity in different contexts
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(reviewed in ref. 46). The present study provides the first evidence
that PKG can also phosphorylate Sp1. Sp1 phosphorylation by PKG
enhances its transcriptional activities toward the promoters of p21,
p27, and HINT1 because the transcription of these genes is all
up-regulated by PKG. The phosphorylation and activation of Sp1 by
PKG is consistent with previous reports that both PKG and Sp1
overexpression are sufficient to induce apoptosis (6, 47). We must
emphasize, however, that we have not shown that PKG can directly
phosphorylate and activate Sp1 in vitro, although our results
(Figs. 5 and 6) strongly support this mechanism.
Several potential Sp1 binding sites have been detected in the
promoter of the human PKG I gene (48). Interestingly, Sp1 was
found to mediate the suppression of PKG Ia promoter activity
induced by nitric oxide and cyclic nucleotides, including cGMP, in
vascular smooth muscle cells. It also seems that PKA instead of
PKG mediates the effect of cyclic nucleotides on PKG promoter
activity (49). In the current study, we did not detect altered
expression of PKG Ih after treating SW480 cells with 8-pCPT-cGMP
(Fig. 5). Therefore, the specificity of PKG for specific Sp1 binding
sites requires further study. Indeed, among the prominent
properties of Sp1 is its potential to rapidly regulate the expression
of a wide array of genes (46). Multigene regulation can result in
higher level physiologic outcomes. A previous study from our group
demonstrating that constitutively activated mutants of PKG I
induce apoptosis in SW480 colon cancer cells (6), plus the ability of

References
1. Francis SH, Corbin JD. Cyclic nucleotide-dependent
protein kinases: intracellular receptors for cAMP and
cGMP action. Crit Rev Clin Lab Sci 1999;36:275–328.
2. Pfeifer A, Ruth P, Dostmann W, Sausbier M, Klatt P,
Hofmann F. Structure and function of cGMP-dependent
protein kinases. Rev Physiol Biochem Pharmacol 1999;
135:105–49.
3. Ruth P. Cyclic GMP-dependent protein kinases:
understanding in vivo functions by gene targeting.
Pharmacol Ther 1999;82:355–72.
4. Pfeifer A, Klatt P, Massberg S, et al. Defective smooth
muscle regulation in cGMP kinase I-deficient mice.
EMBO J 1998;17:3045–51.
5. Hou Y, Gupta N, Schoenlein P, et al. An anti-tumor role
for cGMP-dependent protein kinase. Cancer Lett 2006;
240:60–8.
6. Deguchi A, Thompson WJ, Weinstein IB. Activation of
protein kinase G is sufficient to induce apoptosis and
inhibit cell migration in colon cancer cells. Cancer Res
2004;64:3966–73.
7. Thompson WJ, Piazza GA, Li H, et al. Exisulind
induction of apoptosis involves guanosine 3¶,5¶-cyclic
monophosphate phosphodiesterase inhibition, protein
kinase G activation, and attenuated h-catenin. Cancer
Res 2000;60:3338–42.
8. Weiss RH. p21Waf1/Cip1 as a therapeutic target in
breast and other cancers. Cancer Cell 2003;4:425–9.
9. Blain SW, Scher HI, Cordon-Cardo C, Koff A. p27
as a target for cancer therapeutics. Cancer Cell 2003;3:
111–5.
10. Jackson RJ, Engelman RW, Coppola D, Cantor AB,
Wharton W, Pledger WJ. p21Cip1 nullizygosity increases
tumor metastasis in irradiated mice. Cancer Res 2003;
63:3021–5.
11. Martin-Caballero J, Flores JM, Garcia-Palencia P,
Serrano M. Tumor susceptibility of p21(Waf1/Cip1)deficient mice. Cancer Res 2001;61:6234–8.
12. Philipp J, Vo K, Gurley KE, Seidel K, Kemp CJ. Tumor
suppression by p27Kip1 and p21Cip1 during chemically
induced skin carcinogenesis. Oncogene 1999;18:4689–98.
13. Topley GI, Okuyama R, Gonzales JG, Conti C, Dotto
GP. p21(WAF1/Cip1) functions as a suppressor of malig-

www.aacrjournals.org

PKG to activate the transcription of multiple tumor suppressor
genes, of p21, p27, and HINT1, through phosphorylation of Sp1,
provides another example of multigene regulation. Previous evidence that activation of PKG can decrease cellular levels of hcatenin, cyclin D1, 15-LOX-1, and can cause phosphorylation of
VASP ( for review, see ref. 37) provided mechanisms by which PKG
activators can exert anticancer effects. The effects of PKG
activation on three tumor suppressor genes described in the present study may further contribute to the anticancer effects of PKG
activators. Thus, the findings in the present study provide a further
rationale for developing activators of PKG as a novel therapy for
cancer prevention and therapy.

Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.

Acknowledgments
Received 1/2/2008; revised 4/14/2008; accepted 4/16/2008.
Grant support: T. J. Martell Foundation, the National Foundation for Cancer
Research, and the Entertainment Industry Foundation (I.B. Weinstein).
The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.
We thank Dr. Robert Tjian for the Sp1 expression plasmid and Dr. Toshiyuki Sakai
for the p21 and p27 promoter luciferase reporters and their corresponding mutants.

nant skin tumor formation and a determinant of
keratinocyte stem-cell potential. Proc Natl Acad Sci
U S A 1999;96:9089–94.
14. Gartel AL, Tyner AL. Transcriptional regulation of the
p21((WAF1/CIP1)) gene. Exp Cell Res 1999;246:280–9.
15. Kim GY, Mercer SE, Ewton DZ, Yan Z, Jin K,
Friedman E. The stress-activated protein kinases p38
a and JNK1 stabilize p21(Cip1) by phosphorylation.
J Biol Chem 2002;277:29792–802.
16. Li Y, Dowbenko D, Lasky LA. AKT/PKB phosphorylation of p21Cip/WAF1 enhances protein stability of
p21Cip/WAF1 and promotes cell survival. J Biol Chem
2002;277:11352–61.
17. Rossig L, Jadidi AS, Urbich C, Badorff C, Zeiher AM,
Dimmeler S. Akt-dependent phosphorylation of
p21(Cip1) regulates PCNA binding and proliferation of
endothelial cells. Mol Cell Biol 2001;21:5644–57.
18. Rossig L, Badorff C, Holzmann Y, Zeiher AM,
Dimmeler S. Glycogen synthase kinase-3 couples AKTdependent signaling to the regulation of p21Cip1
degradation. J Biol Chem 2002;277:9684–9.
19. Scott MT, Ingram A, Ball KL. PDK1-dependent
activation of atypical PKC leads to degradation of the
p21 tumour modifier protein. EMBO J 2002;21:6771–80.
20. Zhou BP, Liao Y, Xia W, Spohn B, Lee MH, Hung MC.
Cytoplasmic localization of p21Cip1/WAF1 by Aktinduced phosphorylation in HER-2/neu-overexpressing
cells. Nat Cell Biol 2001;3:245–52.
21. Inoue T, Kamiyama J, Sakai T. Sp1 and NF-Y
synergistically mediate the effect of vitamin D(3) in
the p27(Kip1) gene promoter that lacks vitamin D
response elements. J Biol Chem 1999;274:32309–17.
22. Minami S, Ohtani-Fujita N, Igata E, Tamaki T, Sakai
T. Molecular cloning and characterization of the human
p27Kip1 gene promoter. FEBS Lett 1997;411:1–6.
23. Carrano AC, Eytan E, Hershko A, Pagano M. SKP2 is
required for ubiquitin-mediated degradation of the CDK
inhibitor p27. Nat Cell Biol 1999;1:193–9.
24. Sheaff RJ, Groudine M, Gordon M, Roberts JM,
Clurman BE. Cyclin E-CDK2 is a regulator of p27Kip1.
Genes Dev 1997;11:1464–78.
25. Sutterluty H, Chatelain E, Marti A, et al. p45SKP2
promotes p27Kip1 degradation and induces S phase in
quiescent cells. Nat Cell Biol 1999;1:207–14.

5361

26. Vlach J, Hennecke S, Amati B. Phosphorylationdependent degradation of the cyclin-dependent kinase
inhibitor p27. EMBO J 1997;16:5334–44.
27. Brenner C. Hint, Fhit, and GalT: function, structure,
evolution, and mechanism of three branches of the
histidine triad superfamily of nucleotide hydrolases and
transferases. Biochemistry 2002;41:9003–14.
28. Su T, Suzui M, Wang L, Lin CS, Xing WQ, Weinstein
IB. Deletion of histidine triad nucleotide-binding protein
1/PKC-interacting protein in mice enhances cell growth
and carcinogenesis. Proc Natl Acad Sci U S A 2003;100:
7824–9.
29. Li H, Zhang Y, Su T, Santella RM, Weinstein IB. Hint1
is a haplo-insufficient tumor suppressor in mice.
Oncogene 2006;25:713–21.
30. Wang L, Zhang Y, Li H, Xu Z, Santella RM, Weinstein
IB. Hint1 inhibits growth and activator protein-1 activity in human colon cancer cells. Cancer Res 2007;67:
4700–8.
31. Weiske J, Huber O. The histidine triad protein Hint1
interacts with Pontin and Reptin and inhibits TCF-hcatenin-mediated transcription. J Cell Sci 2005;118:
3117–29.
32. Weiske J, Huber O. The histidine triad protein Hint1
triggers apoptosis independent of its enzymatic activity.
J Biol Chem 2006;281:27356–66.
33. Razin E, Zhang ZC, Nechushtan H, et al. Suppression
of microphthalmia transcriptional activity by its association with protein kinase C-interacting protein 1 in
mast cells. J Biol Chem 1999;274:34272–6.
34. Klein MG, Yao Y, Slosberg ED, Lima CD, Doki Y,
Weinstein IB. Characterization of PKCI and comparative
studies with FHIT, related members of the HIT protein
family. Exp Cell Res 1998;244:26–32.
35. Deguchi A, Soh JW, Li H, Pamukcu R, Thompson WJ,
Weinstein IB. Vasodilator-stimulated phosphoprotein
(VASP) phosphorylation provides a biomarker for the
action of exisulind and related agents that activate
protein kinase G. Mol Cancer Ther 2002;1:803–9.
36. Pitari GM, Li T, Baksh RI, Waldman SA. Exisulind and
guanylyl cyclase C induce distinct antineoplastic
signaling mechanisms in human colon cancer cells.
Mol Cancer Ther 2006;5:1190–6.
37. Deguchi A, Xing SW, Shureiqi I, et al. Activation of

Cancer Res 2008; 68: (13). July 1, 2008

Downloaded from cancerres.aacrjournals.org on October 14, 2019. © 2008 American Association for Cancer
Research.

Cancer Research

protein kinase G up-regulates expression of 15lipoxygenase-1 in human colon cancer cells. Cancer
Res 2005;65:8442–7.
38. Moon EY, Lerner A. Benzylamide sulindac analogues
induce changes in cell shape, loss of microtubules and
G(2)-M arrest in a chronic lymphocytic leukemia (CLL)
cell line and apoptosis in primary CLL cells. Cancer Res
2002;62:5711–9.
39. Gu M, Lynch J, Brecher P. Nitric oxide increases
p21(Waf1/Cip1) expression by a cGMP-dependent pathway
that includes activation of extracellular signal-regulated
kinase and p70(S6k). J Biol Chem 2000;275:11389–96.
40. Ikui AE, Yao Y, Zhou P, Weinstein IB. Induction of
apoptosis by sulindac sulfide in HL60 cells is enhanced by
p21CiP1 or p27KiP1. Anticancer Res 2001;21:2297–303.
41. Shen TY, Winter CA. Chemical and biological studies

Cancer Res 2008; 68: (13). July 1, 2008

on indomethacin, sulindac and their analogs. Adv Drug
Res 1977;12:90–245.
42. Thompson HJ, Briggs S, Paranka NS, et al. Inhibition of mammary carcinogenesis in rats by sulfone
metabolite of sulindac. J Natl Cancer Inst 1995;87:
1259–60.
43. Soh JW, Kazi JU, Li H, Thompson WJ, Weinstein IB.
Celecoxib-induced growth inhibition in SW480 colon
cancer cells is associated with activation of protein
kinase G. Mol Carcinog 2007.
44. el-Deiry WS, Tokino T, Velculescu VE, et al. WAF1, a
potential mediator of p53 tumor suppression. Cell 1993;
75:817–25.
45. el-Deiry WS, Tokino T, Waldman T, et al. Topological
control of p21WAF1/CIP1 expression in normal and
neoplastic tissues. Cancer Res 1995;55:2910–9.

5362

46. Chu S, Ferro TJ. Sp1: regulation of gene expression by
phosphorylation. Gene 2005;348:1–11.
47. Deniaud E, Baguet J, Mathieu AL, Pages G,
Marvel J, Leverrier Y. Overexpression of Sp1 transcription factor induces apoptosis. Oncogene 2006;25:
7096–105.
48. Orstavik S, Natarajan V, Tasken K, Jahnsen T,
Sandberg M. Characterization of the human gene
encoding the type I a and type I h cGMP-dependent
protein kinase (PRKG1). Genomics 1997;42:311–8.
49. Sellak H, Yang X, Cao X, Cornwell T, Soff GA,
Lincoln T. Sp1 transcription factor as a molecular target
for nitric oxide- and cyclic nucleotide-mediated suppression of cGMP-dependent protein kinase-Ia expression in vascular smooth muscle cells. Circ Res 2002;90:
405–12.

www.aacrjournals.org

Downloaded from cancerres.aacrjournals.org on October 14, 2019. © 2008 American Association for Cancer
Research.

Activation of Protein Kinase G Increases the Expression of
p21 CIP1, p27KIP1, and Histidine Triad Protein 1 through Sp1
Bo Cen, Atsuko Deguchi and I. Bernard Weinstein
Cancer Res 2008;68:5355-5362.

Updated version

Cited articles
Citing articles

E-mail alerts
Reprints and
Subscriptions
Permissions

Access the most recent version of this article at:
http://cancerres.aacrjournals.org/content/68/13/5355

This article cites 48 articles, 26 of which you can access for free at:
http://cancerres.aacrjournals.org/content/68/13/5355.full#ref-list-1
This article has been cited by 5 HighWire-hosted articles. Access the articles at:
http://cancerres.aacrjournals.org/content/68/13/5355.full#related-urls

Sign up to receive free email-alerts related to this article or journal.
To order reprints of this article or to subscribe to the journal, contact the AACR Publications
Department at pubs@aacr.org.
To request permission to re-use all or part of this article, use this link
http://cancerres.aacrjournals.org/content/68/13/5355.
Click on "Request Permissions" which will take you to the Copyright Clearance Center's
(CCC)
Rightslink site.

Downloaded from cancerres.aacrjournals.org on October 14, 2019. © 2008 American Association for Cancer
Research.

