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     ABSTRACT 
 Phosphodiesterase 10A (PDE10) is a cGMP and cAMP degrading PDE isozyme 

that is highly expressed in the brain striatum where it appears to play an important 
role in cognition and psychomotor activity. PDE10 inhibitors are being developed 
for the treatment of schizophrenia and Huntington’s disease and are generally well 
tolerated, possibly because of low expression levels in most peripheral tissues. We 
recently reported high levels of PDE10 in colon tumors and that genetic silencing 
of PDE10 by siRNA or inhibition with small molecule inhibitors can suppress colon 
tumor cell growth with a high degree of selectivity over normal colonocytes (Li et al., 
 Oncogene  2015). These observations suggest PDE10 may have an unrecognized 
role in tumorigenesis. Here we report that the concentration range by which the 
highly specifi c PDE10 inhibitor, Pf-2545920 (MP-10), inhibits colon tumor cell growth 
parallels the concentration range required to increase cGMP and cAMP levels, and 
activates PKG and PKA, respectively. Moreover, PDE10 knockdown by shRNA reduces 
the sensitivity of colon tumor cells to the growth inhibitory activity of Pf-2545920. Pf-
2545920 also inhibits the translocation of β-catenin to the nucleus, thereby reducing 
β-catenin mediated transcription of survivin, resulting in caspase activation and 
apoptosis. PDE10 mRNA was also found to be elevated in colon tumors compared with 
normal tissues. These fi ndings suggest that PDE10 can be targeted for cancer therapy 
or prevention whereby inhibition results in cGMP elevation and PKG activation to 
reduce β-catenin-mediated transcription of survival proteins leading to the selective 
apoptosis of cancer cells. 

  INTRODUCTION 

 Phosphodiesterase 10 (PDE10) was fi rst identifi ed 
in 1999 by three groups independently [ 1 ]–[ 3 ]. PDE10 
is a dual substrate PDE that can hydrolyze both cyclic 
guanosine monophosphoate (cGMP) and cyclic 
adenosine monophosphate (cAMP). Unlike other PDE 
isozymes, PDE10 is expressed at high levels in the brain 
striatum but has limited expression in peripheral tissues 
in humans [ 4 ]. In the central nervous system PDE10 is 
known to mediate the responsiveness of striatal medium 
spiny neurons to dopaminergic transmission as shown 
by studies using PDE10A knockout mice [ 5 ]. There are 

two known isoforms of PDE10A in humans, PDE10A1 
which is cytosolic, while PDE10A2 contains 10 extra 
amino acids at the N-terminal domain, consisting of a 
membrane binding domain and a protein kinase A (PKA) 
phosphorylation motif [ 6 ]. The majority of research 
being conducted on PDE10 is in the fi eld of neurobiology 
where there is evidence that PDE10 inhibitors are 
effective in animal models of schizophrenia [ 7 ], [ 8 ] and in 
Huntington’s disease [ 9 ]. 

 Data from our lab has shown that colon tumor cells 
have high PDE10 mRNA and protein levels compared to 
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normal colonocytes [ 10 ]. We also showed that silencing 
PDE10 through siRNA/shRNA, or by pharmacological 
inhibition, suppresses the growth of colon tumor cells 
with minimal effects on normal colonocytes. PDE10 
inhibitors also induce caspase activation, reduce 
proliferation, and induce cell cycle arrest in colon 
tumor cells. PDE10 knockdown studies confi rmed these 
results, as well as linking the suppression of β-catenin 
signaling with the activation of protein kinase G (PKG) 
resulting from PDE10 inhibition and the elevation of 
intracellular cGMP levels. PKG has also been associated 
to the synthesis of cell cycle regulating proteins [ 11 ], 
and to β-catenin signaling in cancer cells [ 10 ], [ 12 ]–
[ 16 ]. To date, there have been no reports in the literature, 
besides our recent publication, implicating PDE10A in 
tumorigenesis with no reports suggesting that PDE10 
inhibitors could be used to treat malignant diseases [ 10 ]. 
Here we show that the highly selective PDE10 inhibitor, 
Pf-2545920, can suppress colon tumor cell growth 
through cGMP elevation and the activation of PKG. 
As evidence of its selectivity, knockdown of PDE10 by 
shRNA reduced the sensitivity of the cells to Pf-2545920 
treatment. PDE10 inhibition led to an increase in cGMP 
and cAMP which in turn activated the downstream 
kinases PKG and PKA, respectively, as shown through 
phosphorylation of the PKG substrate VASP. Through 
the use of pharmacological inhibitors of PKG and PKA 
it was determined that cGMP elevation was critical 
for the growth inhibitory activity of Pf-2545920. 
PDE10 inhibition also led to a reduction in the levels 
of β-catenin in the cytoplasm and nucleus resulting in 
decreased survivin expression, leading to an increase in 
caspase cleavage and the induction of apoptosis. We also 
show that PDE10 mRNA was increased in colon tumors 
compared with peripheral tissues from mice. 

 RESULTS 

 PDE10 inhibitor, Pf-2545920, inhibits colon 
tumor cell growth and induces apoptosis 

 Human colon cancer cell lines were previously 
reported to have high levels of PDE10 compared with 
normal colonocytes and that treatment using selective 
PDE10 inhibitors can inhibit colon tumor cell growth. 
The highly selective PDE10 inhibitor, Pf-2545920, was 
studied for growth inhibitory activity in a panel of nine 
human colon tumor cell lines. Isozyme selectivity of 
Pf-2545920 is shown in  Table 1 . As shown in  Figure 
1A , Pf-2545920 comparably inhibited the growth of 
all lines with IC 50  values ranging from 6.9 μM to 19.6 
μM. To confi rm that the growth inhibitory activity of 
Pf-2545920 is mediated by PDE10 inhibition, PDE10 
levels were suppressed by shRNA. As shown in  Figure 
1B , shRNA PDE10 knockdown reduced sensitivity 
of HT-29 colon tumor cells to growth inhibition when 

treated with Pf-2545920 from an IC 50  of 1.2 μM in vector 
control cells to an IC 50  of 13.4 μM in PDE10 knockdown 
cells. A fl uorescent cytotoxicity assay was used to 
further characterize the tumor cell growth inhibitory 
activity of Pf-2545920. As shown in  Figure 1C , Pf-
2545920 induces cell death in a concentration-dependent 
manner at concentrations that parallel its growth 
inhibitory activity. The possibility that the mechanism 
of cell death involved apoptosis was determined by 
measuring Annexin V levels. As shown in  Figure 1D , 
Pf-2545920 induced apoptosis in a dose-dependent 
manner as evidenced by an increased percentage of cells 
showing positive staining for Annexin V, as a marker 
of apoptosis, and/or propidium iodide (PI), a marker of 
cell death. Treatment with vehicle control shows 10.7% 
of cells staining positive for Annexin V and 17.9% for 
Annexin V and PI. Treatment with 10 μM Pf-2545920 
increased the percentage of cells undergoing apoptosis 
to 25.9% showing positive staining for Annexin V and 
31.9% for both Annexin V and PI. Treatment with 25 
μM Pf-2545920 further increased the percentage of 
cells undergoing apoptosis with 38.2% showing positive 
staining for Annexin V and 31.4 % for both Annexin V 
and PI.   

 To confi rm that colon tumor cells express PDE10 
and to determine the relative expression of PDE10A1, a 
cytoplasmic enzyme, and PDE10A2, a membrane bound 
enzyme, subcellular localization studies were performed. 
The majority of PDE10 in three colon tumor cell lines, 
HT-29, SW-480, and HCT-116 was found to be distributed 
in the cytoplasm as shown by Western blot in  Figure 2A , 
and by confocal immunofl uorescence microscopy in 
 Figure 2B .  

 Inhibition of PDE10 by Pf-2545920 activates 
downstream kinases as shown by VASP 
phosphorylation in colon tumor cells 

 PKG activation has been previously reported by 
numerous groups to suppress colon tumor cell growth, 
while PKA activation does not appear to be involved 
[ 10 ], [ 12 ], [ 17 ]–[ 19 ]. To determine the signaling 
mechanisms resulting from PDE10 inhibition, vasodilator-
stimulated protein (VASP) was used as a marker for 
protein kinase activation in response to treatment. PKG 
phosphorylates VASP preferentially at serine 239, while 
PKA phosphorylates VASP preferentially at serine 157 
by increasing intracellular levels of cGMP and cAMP, 
respectively [ 20 ], [ 21 ]. As a control, treatment of HCT-116 
colon tumor cells with vehicle (DMSO) over a time period 
of 8 hours had no effect on the phosphorylation of VASP, 
as shown in  Figure 3A . Treatment of HCT-116 cells with 
Pf-2545920 at a concentration of 5 μM increased the level 
of phosphorylated VASP using phosphospecifi c antibodies 
specifi c for VASP (serine 239) and VASP (serine 157) in 
a time-dependent manner, as shown in  Figure 3B . HCT-
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     Figure 1: PDE10 as a target for colon cancer.   A.  A panel of human colon tumor cell lines were tested for growth inhibitory activity 
of PDE10 inhibitor Pf-2545920 in dose response for 72 hours.  B.  HT-29 PDE10 knockdown cells were tested for growth inhibitory activity 
of Pf-2545920 against vector control cells.  C.  Cytotoxicity assay was performed in the presence of Pf-2545920 in dose response over time 
and measured as fl uorescence intensity.  D.  HT-29 cells were incubated with DMSO, 10 μM Pf-2545920, or 25 μM Pf-2545920 for 72 hours 
before staining with Annexin V and analyzed by FACS. 

  Table 1: Phosphodiesterase specifi city of Pf-2545920 is presented for multiple PDE isoforms for both cGMP and 
cAMP   
 Isozyme  cGMP IC 50   cAMP IC 50  

 PDE1A  Inactive @ 10 μM 

 PDE2A  >50 μM  36.6 μM 

 PDE3A  >50 μM  >50 μM 

 PDE3B  Inactive @ 10 μM 

 PDE4B2  N/A  2.36 μM 

 PDE5  8.6 μM  N/A 

 PDE9A  Inactive @ 10 μM  N/A 

 PDE10A  0.156 nM  0.588 nM 

 PDE11A   Inactive @ 10 μM  
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     Figure 2: Subcellular localization of PDE10 in human colon tumor cell lines.   A.  Subcellular fractions of colon tumor 
cell lines HT-29, HCT-116, and SW-480 were analyzed for expression of PDE10. GAPDH served as loading control for cytoplasmic 
fraction. Na, K-ATPase served as loading control for membrane fraction. SP1 served as loading control for nuclear fraction.  B.  Confocal 
immunofl uorescence microscopy of PDE10 with secondary antibody conjugated to Alexa Fluor 488 merged with DAPI for HT-29, HCT-
116, and SW-480. Scale bar = 50μm. 

     Figure 3: PDE10 inhibitors induce downstream kinase signaling.   A.  VASP phosphorylation at serine 239, PKG site, and serine 
157, PKA site, in HCT-116 colon tumor cells treated with vehicle control DMSO over a time course of 8 hours.  B.  Pf-2545920 treatment 
at 5μM induces VASP phosphorylation at serine 239 as well as serine 157 in a time-dependent manner.  C.  HCT-116 cells treated in dose 
response with Pf-2545920 for 1 hour induces phosphorylation of VASP at serine 239 and at serine 157 in a concentration-dependent 
manner. Pf-2545920 treatment induces an increase in  D.  cGMP, and  E.  cAMP in a concentration-dependent manner. Statistical signifi cance 
was assayed using a Student’s T-test. *P<0.0001. 
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116 cells treated with Pf-2545920 for 1 hour activated 
both PKG and PKA as evidenced by the phosphorylation 
of VASP, as well as by the phosphorylation of CREB, a 
known PKA substrate, as shown in  Figure 3C  [ 22 ], [ 23 ]. 
Consistent with these observations, Pf-2545920 treatment 
of HCT-116 increased intracellular cGMP and cAMP 
levels,  Figure 3D  and 3E respectively. The concentration 
at which Pf-2545920 increases intracellular cGMP and 
cAMP levels not only parallel the concentration range 
required to activate PKG and PKA, but also parallels the 
IC 50  value to inhibit colon tumor cell growth as shown in 
 Figure 1A .  

 Inhibition of PKG, but not PKA, blunts 
sensitivity of colon tumor cells to growth 
inhibition by PDE10 inhibitors 

 To discern potential differences that cGMP/PKG 
and cAMP/PKA signaling may have on colon tumor cell 
growth, experiments were designed to block downstream 
kinase activation resulting from PDE10 inhibition. The 
PKG inhibitor, KT 5823, was used as a probe to block 
activation of PKG in response to treatment with Pf-
2545920. KT 5823 has been previously reported to inhibit 
the effects from PKG activation in colon tumor cells 
[ 24 ], [ 25 ]. HT-29 cells were pretreated for 30 minutes 
with KT 5823 in ascending concentrations before the 
addition of 5 μM of Pf-2545920 to activate kinases PKG 
and PKA, as shown in  Figure 4A . Treatment of cells 
with KT 5823 caused a decrease in PKG activation when 
analyzed for VASP phosphorylation at serine 239, while 
minimally affecting the activity of PKA, as evidenced by 
VASP phosphorylation at serine 157. In order to assess 
downstream effects of PKG inhibition, HT-29 cells were 
pretreated with KT 5823 for 30 minutes before the addition 
of Pf-2545920 at 5 μM and 10 μM for 6 hours. As shown 
in  Figure 4B , the addition of 0.1 μM KT 5823 reduced 
apoptosis as shown by Western blot for cleaved-PARP. 
HT-29 cells were pretreated with or without 0.1 μM of KT 
5823 for 30 minutes before the addition of Pf-2545920. As 
shown in  Figure 4C , PKG activity is decreased in response 
to KT 5823 treatment when compared to control, while the 
activity of PKA is unchanged.  

 cAMP/PKA signaling was probed using H89, an 
inhibitor of PKA [ 26 ]–[ 28 ]. HT-29 colon tumor cells 
were pretreated with H89 for 10 minutes before being 
treated with Pf-2545920 to stimulate kinase signaling. 
As shown in  Figure 5A , pretreatment with H89 blocks 
the activation of PKA in a concentration-dependent 
manner, while also blocking the activation of PKG, 
albeit at higher concentrations. This is consistent 
with reports that H89 has the ability to inhibit other 
kinases at higher doses [ 26 ]. A low dose of H89 was 
chosen to selectively inhibit PKA activity, while 
having minimal effects on the activity of PKG. HT-
29 cells that were pretreated with H89 for 10 minutes 
prior to the addition of Pf-2545920 for 72 hours had 

no effect on the sensitivity of the cells to the growth 
inhibitory activity of Pf-2545920, as shown in  Figure 
5B . However, pretreatment of HT-29 cells with H89 
before the addition of Pf-2545920 for 1 hour greatly 
reduced the activity of PKA as evidenced by the lack of 
phosphorylation of VASP at serine 157, while minimally 
affecting PKG phosphorylation of VASP at serine 239 as 
shown in  Figure 5C .  

 Treatment of tumor cells with Pf-2545920 
induces apoptosis through a β-catenin 
mediated pathway 

 Human SW-480 colon tumor cells were used 
to determine the translocation of β-catenin into the 
nucleus where it binds to the Tcf/Lef transcription 
factor and induces the transcription of survival proteins 
such as survivin and cyclin D1 [ 10 ], [ 16 ]–[ 18 ], [ 29 ]. 
Translocation into the nucleus was stimulated using 
conditioned media from Wnt3a secreting cells. If 
Wnt ligand is not present, β-catenin not bound to 
cadherins junctions at the membrane is bound by the 
APC/Axin/GSK complex where it is phosphorylated 
and ubiquitinated by β-TRCP before being degraded 
by the proteasome. Wnt ligand binds to the Frizzled 
receptor on the cell surface which results in intracellular 
phosphorylation of the Dishevelled protein. Upon 
phosphorylation, Dishevelled binds to Axin resulting 
in dissociation of the APC/Axin/GSK complex, thereby 
allowing β-catenin to bypass the destruction complex 
and enter the nucleus [ 29 ]. As shown in  Figure 6A  
by confocal immunofl uorescence microscopy, pre-
incubation of SW-480 colon tumor cells with 10 μM Pf-
2545920 for 30 minutes reduced the amount of β-catenin 
in the nucleus (Panel ii) compared to control (Panel i), 
while total protein levels of β-catenin are decreased 
when treated with 25 μM Pf-2545920 (Panel iii). Basal 
levels of β-catenin in the membrane are shown (Panel iv) 
without Wnt stimulation. Similar results were seen by 
Western blot following subcellular fractionation,  Figure 
6B . With no Wnt stimulation the majority of β-catenin 
was found in the membrane fraction. Upon stimulation 
with Wnt, β-catenin was found to be localized in the 
membrane fraction, the cytoplasmic fraction, and the 
nuclear fraction. Treatment with 10 μM Pf-2545920 
reduced the levels of β-catenin found in the cytoplasmic 
and nuclear fractions, and treatment with 25 μM Pf-
2545920 reduced the total amounts of β-catenin found 
in the cells. The decrease in β-catenin in the nuclear 
fraction of treated cells resulted in a decrease in survivin, 
and an increase in caspase cleavage leading to apoptosis.  

 PDE10 expression in normal tissues and colon 
tumors 

 PDE10 mRNA and protein has been shown to be 
expressed  in vivo  at low levels in normal tissues in both 
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     Figure 4: Addition of KT 5823 blocks activity of PKG when stimulated with Pf-2545920.   A.  HT-29 cells were pretreated with 
KT 5823 for 30 minutes in ascending concentrations before the addition of Pf-2545920 at 5μM for 1 hour to stimulate kinase activity.  B.
HT-29 cells were treated with or without 0.1μM KT 5823 for 30 minutes before the addition of Pf-2545920 at the concentrations indicated 
for 6 hours and assayed for PARP cleavage.  C.  HT-29 cells were pretreated with or without 0.1μM KT 5823 for 30 minutes before the 
addition of Pf-2545920 in dose-response for 1 hour to stimulate kinase activity and assayed for VASP phosphorylation. 

     Figure 5: Pharmacological inhibition of PKA using H89.   A.  HT-29 cells were pretreated with H89 in ascending concentrations 
for 10 minutes before the addition of 5μM of Pf-2545920 to stimulate kinase activity for 1 hour.  B.  HT-29 cells were pretreated with 0.1μM 
H89 for 10 minutes before the addition of Pf-2545920 in dose-response and incubated for 72 hours at 37 degrees before being assayed for 
cell growth inhibition by the addition of CellTiter-Glo.  C.  HT-29 cells were pretreated with or without H89 for 10 minutes at 0.1μM before 
the addition of Pf-2545920 in dose-response for 1 hour to stimulate PKA activity and assayed for VASP phosphorylation via western blot. 
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     Figure 6: PDE10 inhibition using Pf-2545920 inhibits β-catenin translocation to the nucleus in SW-480 colon tumor 
cells.  Representative confocal immunofl uorescent images of β-catenin are shown in  A.  i) β-catenin translocation was stimulated by the 
addition of Wnt3a conditioned media for 5 hours. ii) Pretreatment of cells with 10μM Pf-2545920 for 30 minutes reduces the amount 
of β-catenin in the nucleus upon Wnt3a stimulation. iii) Pretreatment of cells with 25μM Pf-2545920 for 30 minutes further reduces the 
amount of β-catenin able to translocate to the nucleus in addition to reducing total amounts of β-catenin protein levels. iv) Localization 
of β-catenin is found predominantly at the membrane under basal conditions without Wnt3a stimulation.  B.  Subcellular fractionation of 
SW-480 cells under the same conditions as A were assayed by western blot for β-catenin as well as its transcriptional product survivin. 
Lysates were also probed for the activation of caspase cleavage with two distinct antibodies. Cell fractionation was confi rmed by analyzing 
fractionation controls: GAPDH for cytoplasm; Na, K-ATPase for membrane; and SP1 for nuclear. Cyt.= cytoplasmic fraction, Memb.= 
membrane fraction, Nuc.= nuclear fraction. Scale bar = 10μm. 
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humans as well as mice, however no reports indicate the 
expression of PDE10 in malignant tissues [ 4 ], [ 30 ]. To 
study PDE10 expression levels further in the context of 
our previous report showing PDE10 overexpression in 
colorectal tumors compared with normal colonic mucosa, 
tissues were collected from C57/BL6 mice and analyzed 
for the expression of PDE10. Consistent with previous 
reports of mRNA levels by other investigators, PDE10 
protein expression was high in the striatum and in the testis, 
with a low basal expression observed in the lung, liver, and 
colon mucosa,  Figure 7A  [ 30 ]. Tissues were also collected 

from athymic mice and analyzed for PDE10 expression, as 
shown in  Figure 7B . Consistent with results obtained from 
C57/BL6 mice, PDE10 expression was high in the striatum, 
with low levels in the lung and the colon mucosa. Colon 
tumors derived from HT-29 colon tumor cells established 
in athymic mice (HT-29XT) showed high levels of PDE10 
expression in comparison to normal mouse colonic mucosa.   

 Human PDE10 mRNA levels were also measured 
in a large number of tissues using cDNA arrays and 
compared with levels in colon tumors (Origene). As shown 
in  Figure 7C , the majority of colon tumor samples exhibit 

     Figure 7: PDE10 expression in normal tissues and colon tumors.   A.  Tissues were collected from C57/BL6 mice and analyzed for 
expression of PDE10.  B.  Tissues were collected from athymic mice and analyzed for expression of PDE10. HT-29XT, tumors established 
from HT-29 colon tumor cells in athymic mice.  C.  Human tissue cDNA array analyzing colonic tumors versus normal colon.  D.  Human 
tissue cDNA array analyzing PDE10 mRNA levels from normal tissues normalized to testis. 
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high PDE10 mRNA when compared to normal colon. 
In comparison to high levels of PDE10 mRNA levels in 
testis, all other tissues expressed appreciably lower levels 
of PDE10 mRNA, as shown in  Figure 7D . The average 
PDE10 mRNA level from colon tumors was higher than 
all other normal tissues in the array, including a more than 
30-fold increase in PDE10 mRNA when comparing to 
normal colon, with the exception of the kidneys. 

 DISCUSSION 

 PDE10 has mostly been studied in the fi eld of 
neurobiology where it appears to play an important role 
in the CNS to regulate motor function and cognition [ 31 ]. 
Stemming from this research, multiple pharmaceutical 
companies have developed PDE10 inhibitors in which 
several are in clinical trials for Huntington’s disease and 
schizophrenia. Studies previously published by our group 
have shown that a PDE10 inhibitor originally designed 
for use in CNS disorders, Pf-2545920, was able to inhibit 
colon tumor growth  in vitro.  We also reported that colon 
tumor cells express high levels of PDE10 in comparison 
to normal colon epithelial cells and genetic knockdown 
can selectively suppress growth of colon tumor cells 
with lesser effects on normal colon epithelial cells [ 10 ]. 
Furthermore, the neurological fi eld has been focused 
mainly on the regulatory role of PDE10 on cAMP/PKA 
signaling, where an increase in cAMP activates PKA to 
mediate gene transcription through the phosphorylation 
of CREB [ 31 ]. Here we show that a clinically relevant 
PDE10 inhibitor, Pf-2545920, can activate signaling 
through PKG as well as PKA. The downstream 
mechanism, as we hypothesized, involves the activation of 
caspases and induction of apoptosis through the inhibition 
of β-catenin mediated transcription. The mechanism also 
involves reduced translocation of β-catenin to the nucleus. 

 In summary, we showed PDE10 to be localized 
primarily to the cytoplasm of multiple colon tumor 
cell lines by Western blots and by immunofl uorescence 
microscopy. Pf-2545920 was shown to inhibit the growth 
of a panel of human colon tumor cell lines with similar 
potencies. The PDE10 involvement was confi rmed by 
shRNA knockdown of PDE10 to attenuate the ability of 
Pf-2545920 to inhibit the growth of colon tumor cells. Pf-
2545920 induced cytotoxicity in HT-29 colon tumor cells 
through the induction of apoptosis, as shown by Annexin 
V staining levels. 

 Treatment of human colon tumor cells with Pf-
2545920 activated both PKG and PKA, which occurred 
in a time and concentration-dependent manner, as shown 
by the phosphorylation of the PKG and PKA substrate 
VASP, as well as by the PKA substrate CREB. VASP is 
phosphorylated at serine 157 by PKA and at serine 239 
by PKG, while CREB is phosphorylated by PKA at 
serine 133. The activation of PKG and PKA signaling 
was a direct result of the increase in cyclic nucleotides 

when treating colon tumor cells with Pf-2545920 in a 
concentration-dependent manner. 

 To determine the importance of PKG and PKA 
signaling in colon tumor cells treated with PDE10 
inhibitors, kinase activity was inhibited prior to the addition 
of Pf-2545920. Through the use of the small molecule 
PKA inhibitor, H89, PKA was found to be inhibited at a 
concentration of 0.1 μM in HT-29 colon tumor cells without 
signifi cantly affecting PKG activity. Pretreating cells with 
the PKG inhibitor, KT 5823 at 0.1 μM, inhibited PKG 
signaling while having minimal effects on PKA activity. It 
was also shown that pretreating cells with KT 5823 before 
the addition of Pf-2545920 reduced PARP cleavage by 
blocking the ability of PKG to induce cell death. The ability 
of KT 5823 to block PKG signaling was confi rmed using Pf-
2545920. It should be noted that KT 5823 has been shown to 
act independently of PKG inhibition thereby producing off-
target effects [ 34 ]. However, through the use of dose-fi nding 
experiments it was determined that 0.1 μM was specifi c to 
inhibit PKG signaling but not PKA signaling. Pretreating 
cells with H89 before the addition of Pf-2545920 showed no 
effect on tumor cell growth inhibition following 72 hours of 
treatment, even though PKA signaling was inhibited when 
treating with Pf-2545920. It should be noted that there is a 
slight increase seen in phosphorylation of VASP at serine 
157 and a slight reduction of phosphorylation at serine 239. 
These observations suggest that although PKG preferentially 
phosphorylates VASP at serine 239 and PKA preferentially 
phosphorylates VASP at serine 157, each kinase does 
not exclusively phosphorylate its preferred site and can 
phosphorylate the other serine: serine 157 for PKG and serine 
239 for PKA [ 32 ], [ 33 ]. 

 PKG activation has been reported to inhibit β-catenin 
mediated transcription [ 10 ], [ 16 ]–[ 18 ]. By employing 
SW-480 colon tumor cells it was shown that under Wnt3a 
stimulation, β-catenin translocates from the membrane 
to the cytoplasm and the nucleus where it can mediate the 
transcription of survival proteins. This was shown by confocal 
immunofl uorescence microscopy whereby the addition of Pf-
2545920 inhibited the translocation of β-catenin to the nucleus 
at 10 μM, and at a higher concentration of 25 μM reduced 
the amount of total β-catenin. This data was confi rmed by 
subcellular fractionation followed by western blot. Controls 
showed that translocation of β-catenin to the nucleus 
was stimulated with the addition of Wnt3a, and that this 
translocation was inhibited by Pf-2545920. This was followed 
by the reduction of survivin, and the activation of caspase-3. 

 In studies to determine the  in vivo  relevance of 
PDE10 in colon cancer, PDE10 mRNA levels were found 
to be increased in colon tumors relative to normal colon 
as well as in comparison to various other normal tissues 
from a human tissue cDNA array. At the protein level it 
was shown that various peripheral tissues obtained from 
wild type C57/BL6 mice, as well as athymic nude mice, 
also have low PDE10 protein levels when comparing to 
the striatum as well as the testis. Meanwhile, xenograft 
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tumors derived from HT-29 colon tumor cells expressed 
high levels of PDE10 when compared to normal colon 
mucosa. While there is a low basal expression of PDE10 
in various normal peripheral tissues, our results indicate 
that colon tumors have an over-expression of PDE10 at 
both the mRNA and at the protein level. 

 Selectivity of Pf-2545920 indicated that this 
compound is a highly specifi c PDE10 inhibitor with IC 50  
values in the subnanomolar range as previously described 
[ 35 ]. With the exception of PDE5 and PDE4, Pf-2545920 
showed no inhibitory activity in the range by which tumor 
cell growth is inhibited. Studies by our lab have indicated 
that dual inhibition of PDE5 and PDE10 yielded additive 
effects in tumor cell growth inhibition [ 36 ]. In addition 
treatment with rolipram, a PDE4 inhibitor, did not affect 
colon tumor cell growth at concentrations up to 100 μM, 
data not shown. This is consistent with data presented here 
as well as elsewhere indicating that increasing cAMP to 

activate PKA in colon tumor cells does not signifi cantly 
contribute to cell death [ 19 ]. 

 In summary, colon tumor cell growth is suppressed 
by PDE10 inhibition which resulted in an activation of 
PKG signaling using the selective inhibitor Pf-2545920. 
Pf-2545920 increased intracellular cGMP levels, leading 
to the activation of PKG. Translocation of β-catenin to 
the nucleus was inhibited by PDE10 inhibition thereby 
reducing β-catenin mediated transcription of survival 
proteins, as depicted in Figure 8. It was also shown that 
PDE10 was increased in colon tumors when compared 
to various normal tissues at the mRNA level from a 
human tissue cDNA array and at the protein level in 
C57/BL6 and athymic nude mice tissues analyzed by 
Western blot. Taken together these observations support 
further research to determine the role of PDE10 in 
tumorigenesis and the possibility of using inhibitors for 
the treatment or prevention of cancer. 

       Figure 8 : PDE10 signaling in colon cancer.  The inhibition of PDE10 increases intracellular concentrations of cGMP and cAMP 
leading to the activation of PKG and PKA, respectively. In colon cancer cells PKG acts to inhibit the nuclear translocation of β-catenin in 
order to modulate its oncogenic signaling. 
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 MATERIALS AND METHODS 

 Cell culture 

 Human tumor cell lines were obtained from ATCC 
and grown in RPMI 1640 medium containing 5% fetal 
bovine serum. 

 Growth inhibition assays 

 Growth Assays were performed by seeding 
5,000 cells per well in a 96-well microtiter plate, or 
2,500 cells per well in half-area 96-well microtiter 
plates. Cells were allowed to settle onto the bottom 
of the plate before being dosed with compounds in 
dose-response for 72 hours at 37°C in a humidifi ed 
incubator containing 5% CO 2.  After incubation, growth 
inhibitory activity was assayed using the Cell Titer 
Glo Assay (Promega) according to manufacturer’s 
recommendations. 

 cGMP EIA assay 

 Total levels of cGMP were measured using a 
competitive ELISA assay (Cayman Chemical) according 
to the manufacturer’s recommendations. A standard curve 
is generated using samples of known cGMP concentrations 
provided with the assay and plotted using linear regression 
to extrapolate samples. 

 β-catenin nuclear translocation 

 Cover glass bottom 35mm tissue culture dishes were 
precoated with EmbryoMax 0.1% gelatin from Millipore 
according to manufacturer’s recommendations. Cells were 
then plated and allowed to grow to 70-90% confl uency 
before treatments. SW-480 cells were serum starved 
overnight prior to the addition of PDE10 inhibitors at the 
concentrations indicated. Cells were allowed to incubate 
at 37°C for 1 hour before the addition of conditioned 
media. Briefl y, Wnt3a or parental L-cells lacking Wnt3a 
were purchased from the ATCC and grown according to 
the manufacurer’s recommendations. Once cells reached 
confl uency, the media was collected and fi ltered before 
use. Conditioned media was added to SW-480 cells in 
order to stimulate nuclear translocation of β-catenin for 5 
hours before fi xation and staining. 

 β-catenin immunofl uorescence 

 Cover glass bottom 35mm tissue culture dishes 
were precoated with EmbryoMax 0.1% gelatin from 
Millipore according to manufacturer’s recommendations. 
Cells were then plated and allowed to grow to 70-90% 
confl uency before treatments. Cells were fi xed with 10% 
buffered formalin, before permeabilization with PBS 
containing 0.1% Trition X-100. Cells were incubated 

with the appropriate primary antibodies before incubation 
with secondary antibodies conjugated with Alexa-fl uor 
488 and mounted using ProLong Gold antifade reagent 
with DAPI (Molecular Probes-ThermoFisher Scientifi c). 
Images were acquired using a Nikon A1 Laser Scanning 
Confocal microscope. Z-stacks of samples were acquired 
for analysis of whole cell β-catenin distribution. Images 
presented are of a single slice through the cells and are 
representative of the entire sample. 

 Western blot 

 Cell lysates were separated by SDS-PAGE using 
12% polyacrylamide gel, 7.5% for PDE10 protein analysis, 
followed by electrophoretic transfer to nitrocellulose 
membranes. The membranes were then blocked at room 
temperature on an orbital shaker for 1 hour in a solution of 
5% non-fat dry milk in TBS with 0.1% Tween 20 (TBS-T). 
Membranes were then incubated overnight at 4 degrees 
on an orbital shaker with appropriate primary antibodies. 
Membranes were then washed three times with TBS-T 
before addition of appropriate secondary antibodies, and 
incubated at room temperature for 1 hour on an orbital 
shaker. Membranes were washed and developed using 
SuperSignal West Enhanced Chemiluminescence Reagent 
(Pierce). 

 Cytotoxicity assay 

 Cells were plated in 96-well microtiter plates 
at a denstiy of 5,000 cells per well and treated with 
compound or vehicle control at the doses and times 
indicated. Cytotoxicity was measured using CellTox 
Green Cytotoxicity Assay (Promega) according to the 
manufacturer’s recommendations. 

 Apoptosis 

 Apoptosis was assayed using the Annexin V-FITC 
+ PI apoptosis detection kit from Leinco Technologies 
according to the manufacturer’s recommendations. HT-29 
cells were incubated with compounds for 72 hrs at 37°C 
before being analyzed for apoptosis by FACS. 

 Stable knockdown of PDE10 

 HT-29 PDE10 knockdown cells were generated 
and described previously [ 10 ]. Briefl y, lentiviral particles 
targeting PDE10 were produced in HEK293T cells 
according to the manufacturer’s instruction. HT-29 cells 
were transduced by the lentivirus particles followed by 
puromycin selection (5μg/ml) for 2 weeks. Individual 
cell colonies stably expressing shRNA were selected and 
isolated in the presence of puromycin, and evaluated by 
western blotting previously. PDE10 knockdown cells and 
vector control cells were plated in 96-well micro-titer 
plates and assayed for growth inhibition to Pf-2545920. 



Oncotarget5364www.impactjournals.com/oncotarget

 CONFLICTS OF INTEREST 

 The authors declare no confl icts of interest. 

 GRANT SUPPORT 

 This work was supported by National Institutes of 
Health Grants: 1R01CA148817, 1R01CA155638, and 
1R01CA131378 to G.A. Piazza. 

 REFERENCES 

1.  Soderling SH, Bayuga SJ, Beavo JA. Isolation and charac-
terization of a dual-substrate phosphodiesterase gene family: 
PDE10A. Proc Natl Acad Sci U S A. 1999; 96:7071–6.

2. Fujishige K, Kotera J, Michibata H, Yuasa K, Takebayashi 
S, Okumura K, Omori K. Cloning and Characterization 
of a Novel Human Phosphodiesterase That Hydrolyzes 
Both cAMP and cGMP (PDE10A). J Biol Chem. 1999; 
274:18438–45.

3. Loughney K, Snyder PB, Uher L, Rosman GJ, Ferguson 
K, Florio VA. Isolation and characterization of PDE10A, 
a novel human 3’, 5’-cyclic nucleotide phosphodiesterase. 
Gene. 1999; 234:109–17.

4. Coskran TM, Morton D, Menniti FS, Adamowicz 
WO, Kleiman RJ, Ryan AM, Strick CA, Schmidt CJ, 
Stephenson DT. Immunohistochemical Localization of 
Phosphodiesterase 10A in Multiple Mammalian Species. J 
Histochem Cytochem. 2006; 54:1205–13.

5. Siuciak JA, McCarthy SA, Chapin DS, Fujiwara RA, James 
LC, Williams RD, Stock JL, McNeish JD, Strick CA, 
Menniti FS, Schmidt CJ. Genetic deletion of the striatum-
enriched phosphodiesterase PDE10A: Evidence for altered 
striatal function. Neuropharmacology. 2006; 51:374–85.

6. Kotera J, Fujishige K, Yuasa K, Omori K. Characterization 
and Phosphorylation of PDE10A2, a Novel Alternative 
Splice Variant of Human Phosphodiesterase That Hydrolyzes 
cAMP and cGMP. Biochem Biophys Res Commun 1999; 
261:551–7.

7. Grauer SM, Pulito VL, Navarra RL, Kelly MP, Kelley C, 
Graf R, Langen B, Logue S, Brennan J, Jiang L, Charych 
E, Egerland U, Lie F, et al. Phosphodiesterase 10A Inhibitor 
Activity in Preclinical Models of the Positive, Cognitive, 
and Negative Symptoms of Schizophrenia. J Pharmacol Exp 
Ther. 2009; 331:574–90.

8. Schmidt CJ, Chapin DS, Cianfrogna J, Corman ML, Hajos 
M, Harms JF, Hoffman WE, Lebel LA, McCarthy SA, 
Nelson FR, Prouix-Lafrance C, Majchrzak MJ, Ramirez 
AD, et al. Preclinical Characterization of Selective 
Phosphodiesterase 10A Inhibitors: A New Therapeutic 
Approach to the Treatment of Schizophrenia. J Pharmacol 
Exp Ther. 2008; 325:681–90.

9. Kleiman RJ, Kimmel LH, Bove SE, Lanz TA, Harms JF, 
Romegialli A, Miller KS, Willis A, Etages S des, Kuhn M, 

Schmidt CJ. Chronic Suppression of Phosphodiesterase 
10A Alters Striatal Expression of Genes Responsible 
for Neurotransmitter Synthesis, Neurotransmission, and 
Signaling Pathways Implicated in Huntington’s Disease. J 
Pharmacol Exp Ther. 2011; 336:64–76.

10. Li N, Lee K, Xi Y, Zhu B, Gary BD, Ramírez-Alcántara V, 
Gurpinar E, Canzoneri JC, Fajardo A, Sigler S, Piazza JT, 
Chen X, Andrews J, et al. Phosphodiesterase 10A: a novel 
target for selective inhibition of colon tumor cell growth and 
β-catenin-dependent TCF transcriptional activity. Oncogene. 
2015; 34:1499–509.

11. Cen B, Deguchi A, Weinstein IB. Activation of Protein 
Kinase G Increases the Expression of p21CIP1, p27KIP1, 
and Histidine Triad Protein 1 through Sp1. Cancer Res. 2008; 
68:5355–62.

12. Tinsley HN, Gary BD, Keeton AB, Zhang W, Abadi AH, 
Reynolds RC, Piazza GA. Sulindac sulfi de selectively inhib-
its growth and induces apoptosis of human breast tumor cells 
by phosphodiesterase 5 inhibition, elevation of cyclic GMP, 
and activation of protein kinase G. Mol Cancer Ther. 2009; 
8:3331–40.

13. Soh J-W, 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. 2008; 47:519–25.

14. Browning DD. Protein kinase G as a therapeutic target for the 
treatment of metastatic colorectal cancer. Expert Opin Ther 
Targets. 2008; 12:367–76.

15. Babykutty S, Suboj P, Srinivas P, Nair AS, Chandramohan 
K, Gopala S. Insidious role of nitric oxide in migration/inva-
sion of colon cancer cells by upregulating MMP-2/9 via acti-
vation of cGMP-PKG-ERK signaling pathways. Clin Exp 
Metastasis. 2012; 29:471–92.

16. Whitt JD, Li N, Tinsley HN, Chen X, Zhang W, Li Y, Gary 
BD, Keeton AB, Xi Y, Abadi AH, Grizzle WE, Piazza GA. 
A Novel Sulindac Derivative that Potently Suppresses Colon 
Tumor Cell Growth by Inhibiting cGMP Phosphodiesterase 
and β-Catenin Transcriptional Activity. Cancer Prev Res 
(Phila Pa). 2012; 5:822–33.

17. Li N, Xi Y, Tinsley HN, Gurpinar E, Gary BD, Zhu B, Li Y, 
Chen X, Keeton AB, Abadi AH, Moyer MP, Grizzle WE, 
Chang WC, et al. Sulindac Selectively Inhibits Colon Tumor 
Cell Growth by Activating the cGMP/PKG Pathway to 
Suppress Wnt/β-Catenin Signaling. Mol Cancer Ther. 2013; 
12:1848–59.

18. Kwon I-K, Wang R, Thangaraju M, Shuang H, Liu K, 
Dashwood R, Dulin N, Ganapathy V, Browning DD. PKG 
inhibits TCF signaling in colon cancer cells by blocking 
β-catenin expression and activating FOXO4. Oncogene. 
2010; 29:3423–34.

19. Tinsley HN, Gary BD, Thaiparambil J, Li N, Lu W, Li Y, 
Maxuitenko YY, Keeton AB, Piazza GA. Colon Tumor Cell 
Growth–Inhibitory Activity of Sulindac Sulfi de and Other 
Nonsteroidal Anti-Infl ammatory Drugs Is Associated with 



Oncotarget5365www.impactjournals.com/oncotarget

Phosphodiesterase 5 Inhibition. Cancer Prev Res (Phila Pa). 
2010; 3:1303–13.

20. Deguchi A, Soh J-W, 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 1 Supported by funds from Cell Pathways, 
Inc. and awards to I. B. W. from the T. J. Martell Foundation 
and the National Foundation for Cancer Research. 1. Mol 
Cancer Ther. 2002; 1:803–9.

21. Ali M, Rogers LK, Pitari GM. Serine phosphorylation of 
vasodilator-stimulated phosphoprotein (VASP) regulates 
colon cancer cell survival and apoptosis. Life Sci. 2015; 
123:1–8.

22. Sakamoto KM, Frank DA. CREB in the Pathophysiology of 
Cancer: Implications for Targeting Transcription Factors for 
Cancer Therapy. Clin Cancer Res. 2009; 15:2583–7.

23. Giralt A, Saavedra A, Carretón O, Arumí H, Tyebji S, 
Alberch J, Pérez-Navarro E. PDE10 inhibition increases 
GluA1 and CREB phosphorylation and improves spatial 
and recognition memories in a Huntington’s disease mouse 
model. Hippocampus. 2013; 23:684–95.

24. Saha S, Chowdhury P, Pal A, Chakrabarti MK. 
Downregulation of human colon carcinoma cell (COLO-205) 
proliferation through PKG-MAP kinase mediated signaling 
cascade by E. coli heat stable enterotoxin (STa), a potent 
anti-angiogenic and anti-metastatic molecule. J Appl Toxicol. 
2008; 28:475–83.

25. Zhu B, Vemavarapu L, Thompson WJ, Strada SJ. 
Suppression of cyclic GMP-specifi c phosphodiesterase 5 
promotes apoptosis and inhibits growth in HT29 cells. J Cell 
Biochem. 2005; 94:336–50.

26. Lochner A, Moolman JA. The Many Faces of H89: A 
Review. Cardiovasc Drug Rev. 2006; 24:261–74.

27. Kisslov L, Hadad N, Rosengraten M, Levy R. HT-29 human 
colon cancer cell proliferation is regulated by cytosolic phos-
pholipase A2α dependent PGE2 via both PKA and PKB 
pathways. Biochim Biophys Acta BBA - Mol Cell Biol 
Lipids. 2012; 1821:1224–34.

28. Leone V, di Palma A, Ricchi P, Acquaviva F, Giannouli 
M, Prisco AMD, Iuliano F, Acquaviva AM. PGE2 inhib-
its apoptosis in human adenocarcinoma Caco-2 cell line 
through Ras-PI3K association and cAMP-dependent kinase 

A activation. Am J Physiol - Gastrointest Liver Physiol. 
2007; 293:G673–81.

29. Kolligs FT, Bommer G, Gӧke B. Wnt/Beta-Catenin/
Tcf Signaling: A Critical Pathway in Gastrointestinal 
Tumorigenesis. Digestion. 2002; 66:131–44.

30. Lakics V, Karran EH, Boess FG. Quantitative comparison of 
phosphodiesterase mRNA distribution in human brain and 
peripheral tissues. Neuropharmacology. 2010; 59:367–74.

31. Nishi A, Kuroiwa M, Shuto T. Mechanisms for the 
Modulation of Dopamine D1 Receptor Signaling in Striatal 
Neurons. Front Neuroanat. 2011 [cited 2015 Apr 16]; 5. 
Available from: http://www.ncbi.nlm.nih.gov/pmc/articles/
PMC3140648/

32. Burkhardt M, Glazova M, Gambaryan S, Vollkommer 
T, Butt E, Bader B, Heermeier K, Lincoln TM, Walter U, 
Palmetshofer A. KT5823 Inhibits cGMP-dependent Protein 
Kinase Activity in Vitro but Not in Intact Human Platelets 
and Rat Mesangial Cells. J Biol Chem. 2000; 275:33536–41.

33. Aizawa T, Wei H, Miano JM, Abe J, Berk BC, Yan C. 
Role of Phosphodiesterase 3 in NO/cGMP-Mediated 
Antiinfl ammatory Effects in Vascular Smooth Muscle Cells. 
Circ Res. 2003; 93:406–13.

34. Aktas B, Utz A, Hoenig-Liedl P, Walter U, Geiger J. 
Dipyridamole Enhances NO/cGMP-Mediated Vasodilator-
Stimulated Phosphoprotein Phosphorylation and Signaling 
in Human Platelets In Vitro and In Vivo/Ex Vivo Studies. 
Stroke. 2003; 34:764–9.

35. Verhoest PR, Chapin DS, Corman M, Fonseca K, Harms 
JF, Hou X, Marr ES, Menniti FS, Nelson F, O’Connor R, 
Pandit J, Prouix-Lafrance C, Schmidt AW, et al. Discovery 
of a Novel Class of Phosphodiesterase 10A Inhibitors and 
Identifi cation of Clinical Candidate 2-[4-(1-Methyl-4-pyridin-
4-yl-1H-pyrazol-3-yl)-phenoxymethyl]-quinoline (PF-
2545920) for the Treatment of Schizophrenia††Coordinates 
of the PDE10A crystal structures have been deposited in the 
Protein Data Bank for compound 1 (3HQW), 2 (3HQY), 3 
(3HQW) and 9 (3HR1). J Med Chem. 2009; 52:5188–96.

36. Li N, Chen X, Zhu B, Ramírez-Alcántara V, Canzoneri JC, 
Lee K, Sigler S, Gary B, Li Y, Zhang W, Moyer MP, Salter 
EA, Wierzbicki A, et al. Suppression of β-catenin/TCF tran-
scriptional activity and colon tumor cell growth by dual inhi-
bition of PDE5 and 10. Oncotarget. 2015; 6:27403–15. Doi: 
10.18632/oncotarget.4741.


