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Abstract

The cyclic nucleotide phosphodiesterase10A (PDE10) has been mostly studied as a therapeutic 

target for certain psychiatric and neurological conditions, although a potential role in 

tumorigenesis has not been reported. Here we show that PDE10 is elevated in human colon tumor 

cell lines compared with normal colonocytes, as well as in colon tumors from human clinical 

specimens and intestinal tumors from ApcMin/+ mice compared with normal intestinal mucosa, 

respectively. An isozyme and tumor-selective role of PDE10 was evident by the ability of small 

molecule inhibitors and siRNA knockdown to suppress colon tumor cell growth with reduced 

sensitivity of normal colonocytes. Stable knockdown of PDE10 by shRNA also inhibits colony 

formation and increases doubling time of colon tumor cells. PDE10 inhibition selectively activates 
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cGMP/PKG signaling to suppress β-catenin levels and T-cell factor (TCF) transcriptional activity 

in colon tumor cells. Conversely, ectopic expression of PDE10 in normal and precancerous 

colonocytes increases proliferation and activates TCF transcriptional activity. These observations 

suggest a novel role of PDE10 in colon tumorigenesis and that inhibitors may be useful for the 

treatment or prevention of colorectal cancer.
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Introduction

Specific phosphodiesterase (PDE) isozymes hydrolyze the second messengers, cyclic 

adenosine and/or guanosine 3′, 5′-monophosphate (cAMP and/or cGMP) to suppress cyclic 

nucleotide signaling.1 The human genome encodes 21 different PDE genes categorized into 

11 families with unique substrate specificity, regulatory properties, tissue localization, and 

sensitivity to inhibitors.2 Studies have implicated the involvement of specific PDE isozymes 

in tumorigenesis. For example, PDE inhibitors that target PDE1, 4, 5, 7 or 9 have been 

reported to induce apoptosis or cell cycle arrest in various tumor cell lines,3–7 while various 

PDE isozymes have been reported to be overexpressed in various cancer types.3, 6–9 Despite 

the well-known regulatory influence of cyclic nucleotides over tumor cell proliferation and 

survival,10 no PDE inhibitor has received FDA approval for cancer.

cGMP plays an important role in the colon to regulate chloride secretion and water 

transport.11 Aside from its physiological function, studies suggest that elevation of 

intracellular cGMP levels can selectively inhibit proliferation and induce apoptosis of 

human colon tumor cells.12, 13 In addition, ligands for guanylyl cyclase C (GCC) such as 

uroguanylin are lost during colon tumorigenesis, while treatment with such peptides can 

suppress colon tumor growth in the ApcMin/+ mouse model of intestinal tumorigenesis.13–15 

The cGMP-dependent protein kinase (PKG) is considered to mediate the anti-proliferative 

and pro-apoptotic activity from elevation of intracellular cGMP levels.16 For example, PKG 

levels have been reported to be decreased in colon tumor cells compared to normal 

colonocytes,17 while ectopic expression of PKG induces apoptosis.18 However, the 

upstream cGMP PDE isozymes that are expressed in colon tumor cells and pathways 

downstream from PKG that regulate tumor cell growth have not been well defined. A 

potentially important target of cGMP/PKG signaling involves the inhibition of 

transcriptional activity associated with β-catenin-dependent T-cell factor (TCF) to suppress 

proteins such as cyclin D and survivin that regulate tumor cell proliferation and 

survival.18, 19

PDE10 was independently identified by three groups in 1999.20–22 Compared with other 

PDE isozymes, PDE10 has the most limited tissue distribution with high levels in the brain 

striatum, but low levels in peripheral tissues except testes.23, 24 Studies have suggested that 

PDE10 plays an important role in the central nervous system (CNS) by regulating striatal 

output to reduce the sensitivity of medium spiny neurons to dopaminergic and glutamatergic 
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excitation.25 Preclinical studies of PDE10 inhibitors in rodent models as well as genetic 

knockout experiments suggest that PDE10 may impact cognition, behavior, and motor 

function. Several inhibitors are in clinical trials for treatment of schizophrenia and 

Huntington’s disease.26 However, a role of PDE10 in tumorigenesis has not been reported in 

the scientific literature, nor have inhibitors been described to have anti-cancer activity.

Here we provide evidence that PDE10 is involved in colon tumorigenesis from studies 

showing that this enzyme is overexpressed in colon tumor cells compared with colonocytes. 

PDE10 was found to be essential for colon tumor cell growth as evident by experiments 

showing anti-proliferative and pro-apoptotic effects from small molecule inhibitors and 

genetic silencing. Consistent with the differential expression of PDE10 in colon tumor cells 

compared with colonocytes, the growth inhibitory effects resulting from PDE10 inhibition 

were only apparent in tumor cells. An oncogenic function of PDE10 was also evident by 

experiments demonstrating increased mitogenesis resulting from ectopic expression of 

PDE10 in normal or precancerous colonocytes. We also describe a novel pathway by which 

PDE10 inhibition and activation of cGMP/PKG signaling can inhibit colon tumor cell 

growth by attenuating β-catenin-dependent TCF transcriptional activity.

Results

PDE10 levels are elevated in human colon cancer

Initial experiments using human colon cell lines demonstrated that PDE10 protein levels are 

elevated in HT29, HCT116, SW480, and Caco2 adenocarcinoma cell lines compared with 

normal colonocytes (NCM460) as determined by western blotting (Figure 1a). PDE10 is 

also elevated in the human colon LT97 adenoma line27 compared with NCM460 

colonocytes. Quantitative real-time RT-PCR demonstrated that PDE10 expression is up-

regulated at the mRNA level in colon tumor cell lines compared with colonocytes 

(Supplementary Figure 1). Levels of the cGMP-specific PDE isozyme, PDE5 were also 

elevated, which we and others have previously reported in colon and other cancer 

types.4, 9, 12, 28–31 However, other cGMP-degrading isozymes (PDE1, 2, 3, 9, and 11) were 

either not expressed (PDE1), displayed limited expression (PDE2, 3, 11), or had reduced 

expression (PDE9) in colon tumor cell lines as shown in Supplementary Figure 2.

To assess the clinical relevance of these observations, PDE10 mRNA levels were measured 

in human colon tumor specimens using real-time PCR-based tissue arrays. Among 40 colon 

tumors with disease stages ranging from Stage I to IV, 29 exhibited a significant increase in 

PDE10 mRNA levels, compared with 8 samples from normal colonic mucosa (Figure 1b). 

As shown in Figure 1c, the magnitude of this increase was progressive between normal 

colonic mucosa and Stage II colon cancer (p<0.05). A trend showing a correlation between 

PDE10 levels with more advanced colon cancer (Stage III and IV) was also apparent, but 

not statistically significant due to samples with extremely high levels of PDE10 mRNA.

Immunohistochemistry (IHC) studies were also performed to analyze PDE10 expression in 

human clinical specimens from patients with colorectal cancer or non-malignant disease. As 

shown in Figure 1d, PDE10 labeling was essentially undetectable in normal colonic mucosa 

from patients with non-malignant disease (panel i and ii), but readily apparent in specimens 
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from a patient with colorectal cancer containing either adenocarcinoma or uninvolved 

colonic mucosa as shown in panels iii and iv, respectively. Similar labeling of another 

specimen from a patient with colon adenocarcinoma is shown in panels v and vi, in which 

high magnification demonstrates that PDE10 is uniformly distributed in the cytoplasm, 

although there is evidence of localization in the perinuclear, nuclear, and cell membrane 

regions of the cell. PDE10 was also expressed in additional adenocarcinoma specimens 

analyzed, as well as precancerous colonic adenomas and metastatic lesions in the liver as 

shown in panels vii and viii, respectively.

Additional evidence that PDE10 is induced during tumorigenesis was obtained from 

analyzing PDE10 mRNA levels in specimens from the ApcMin/+ mouse model of intestinal 

tumorigenesis. Consistent with human clinical specimens, PDE10 mRNA levels were 

elevated in intestinal tumors from ApcMin/+ mice compared with normal intestinal mucosa 

from wild-type Apc mice (Figure 1e), as well as in paired tumor and normal mucosa samples 

from ApcMin/+ mice (Figure 1f). PDE10 levels were also elevated in normal intestinal 

mucosa from ApcMin/+ mice compared with normal intestinal mucosa from wild type mice.

PDE10 inhibitors selectively suppress tumor cell growth

Three chemically distinct PDE10 selective inhibitors, papaverine, PQ-10 and Pf-2545920, as 

shown in Figure 2a, were evaluated for inhibitory effects on the growth of human 

colonocytes and colon tumor cell lines. The PDE10 inhibitors suppressed the growth of 

human HT29, SW480 and HCT116 colon tumor cell lines by greater than 90% with IC50 

values ranging from 0.1–28 µmol/L (Figure 2b–d). Consistent with low levels of PDE10 in 

colonocytes, NCM460 cells were appreciably less sensitive to treatment in which IC50 

values ranging from of 8–118 µmol/L were measured. We also determined the effect of 

Pf-2545920 on proliferation and apoptosis of HT29 colon tumor cells. As shown in Figures 

2e and 2f, Pf-2545920 increased the activity of caspase-3 and 7 and inhibited DNA synthesis 

in a dose-dependent manner within the same concentration range as its IC50 value for 

inhibiting colon tumor cell growth. In addition, Pf-2545920 treatment led to a dose-

dependent increase in the percentage of cells in the G0/G1 phase of the cell cycle (Figure 

2g), indicating G1 cell cycle arrest.

Small interfering RNA (siRNA) knockdown of PDE10 selectively inhibits colon tumor cell 
growth

To further study the requirement of PDE10 for colon tumor cell proliferation and survival, 

siRNA knockdown studies were performed using human HCT116 and HT29 tumor cells and 

compared with colonocytes. Two sequences of PDE10 siRNA, designated as siPDE10-1 and 

siPDE10-2, were used to avoid potential off-target effects of siRNA. Knockdown efficiency 

was confirmed by western blotting, which showed substantial reductions of PDE10 levels in 

all three cell lines, including colonocytes that express appreciably lower levels of PDE10 

(Figure 3a).

PDE10 siRNA suppressed the growth of colon tumor cells within three days of transfection 

by approximately 40% compared with scrambled control cells. Consistent with the selective 

growth inhibitory activity of PDE10 inhibitors, PDE10 knockdown by siRNA did not 
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significantly affect the growth of colonocytes (Figure 3b). Knockdown of PDE10 also 

induced apoptosis of colon tumor cells as measured by increased activity of caspase-3 and 7, 

while caspase activity in colonocytes was not significantly affected (Figure 3c). In addition, 

a significant inhibition of DNA synthesis was measured in colon tumor cells transfected 

with PDE10 siRNA in comparison with cells transfected with scrambled control siRNA, 

which also occurred in a tumor cell-specific manner (Figure 3d). The effect of PDE10 

knockdown on cell cycle distribution was also determined. As shown in Figure 3e, a 

significant increase in the percentage of cells in G0/G1 with a corresponding decrease in the 

S phase was measured in HT29 colon tumor cells transfected with PDE10 siRNA compared 

with cells transfected with scrambled control siRNA. Observations from PDE10 inhibitors 

and siRNA knockdown studies indicate that the tumor cell growth inhibitory activity caused 

by PDE10 inhibition involves the inhibition of tumor cell proliferation resulting from G1 

cell cycle arrest and apoptosis induction.

Stable PDE10 knockdown inhibits colon tumor cell growth

Stable PDE10 knockdown cell lines were also developed using short hairpin RNA (shRNA). 

For establishing stable clones, two different colon tumor cell lines, HT29 and SW620, were 

used to eliminate the potential for cell line specific effects. Two stable PDE10 knockdown 

clones were selected from the HT29 cell line, and one from the SW620 cell line. 

Knockdown of PDE10 was confirmed by western blotting (Supplementary Figure 3a, b). As 

shown in Supplementary Figures 3c and d, a 50–75% reduction of growth was observed in 

stable PDE10 knockdown cells compared with vector control cells after 6 days of growth. 

The effect of PDE10 knockdown on growth was especially evident by confocal microscopy 

(Supplementary Figure 3e). Stable PDE10 knockdown also increased doubling time of the 

cell population from 21 hours in vector control HT29 cells to 45 hours in the knockdown 

cells (Supplementary Figure 3f). In addition, increased apoptosis following PDE10 

knockdown was observed by measuring cleaved caspase-3 levels using western blotting 

(Supplementary Figure 3a).

Colony formation assays were also conducted using stable PDE10 knockdown cells. In these 

experiments, PDE10 knockdown significantly interfered with the ability of HT29 and 

SW620 cells to form colonies by as much as 90% within 14 days of monolayer culture as 

compared with vector control cells (Supplementary Figure 4a, b). In addition, soft agar 

growth assays were performed to evaluate the effect of stable PDE10 knockdown on colony 

formation under conditions requiring anchorage-independent cell growth. As shown in 

Figure 3f, PDE10 knockdown substantially impaired the ability of the cells to form colonies 

in comparison to vector control cells. These results indicate that PDE10 is necessary for 

anchorage-dependent and -independent growth of HT29 colon tumor cells.

PDE10 knockdown selectively inhibits cGMP hydrolysis and activates the PKG pathway

To determine the effect of the PDE10 knockdown by siRNA on cyclic nucleotide 

hydrolysis, whole cell lysates from transfected cells were assayed for PDE activity using 

cGMP or cAMP as substrates. In comparison with lysates obtained from cells transfected 

with scrambled siRNA, transfection with PDE10 siRNA reduced cGMP hydrolysis by 

approximately 35% in HCT116 and HT29 colon tumor cell lines, but did not affect cGMP 
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hydrolysis in normal colonocytes (Figure 4a). PDE10 siRNA also did not significantly affect 

cAMP degradation in cell lysates from the three PDE10 knockdown cell lines compared 

with scrambled control cell lysates (Figure 4b). The selective effect of PDE10 knockdown 

on cGMP signaling was substantiated by measuring the activation of the PKG and protein 

kinase A (PKA) pathways in intact cells using phospho-specific antibodies against 

vasodilator-stimulated phosphoprotein (VASP), which is known to be phosphorylated at the 

serine 239 residue by PKG32 or the serine 157 residue by PKA.33 As shown in Figure 4c, 

PDE10 knockdown by siRNA increased PKG-mediated phosphorylation of VASP compared 

with scrambled control cells, but did not affect PKA-mediated phosphorylation. These 

results are consistent with the lack of effect of PDE10 knockdown on cAMP hydrolysis in 

whole cell lysates and suggest that PDE10 inhibition can selectively activate the 

cGMP/PKG pathway in intact cells.

Tumor cell growth inhibitory activity from PDE10 inhibition is associated with suppression 
of β-catenin and TCF transcriptional activity

Previous studies have reported that PKG activation can inhibit the Wnt/β-catenin pathway to 

suppress the TCF transcription factor.18, 34 To determine if PDE10 knockdown can affect 

this oncogenic pathway, β-catenin levels were measured along with the expression of 

survivin, which is regulated by TCF transcriptional activity.35 As shown in Figure 4d, β-

catenin and survivin levels were appreciably lower in PDE10 knockdown HCT116 colon 

tumor cells compared with scrambled control cells. In addition, PDE10 knockdown resulted 

in reduced TCF transcriptional activity in HCT116 and HT29 colon tumor cells as measured 

using a luciferase reporter gene assay (Figure 4e). To determine the mechanism by which 

PDE10 siRNA suppresses β-catenin signaling, the effect of PDE10 knockdown on steady-

state levels of β-catenin mRNA in colon tumor cells was measured. As shown in Figure 4f, a 

marked decrease in β-catenin mRNA levels was observed in PDE10 knockdown colon 

tumor cells compared with scrambled control cells. Knockdown of PDE10 also significantly 

inhibited the transcription of β-catenin as measured using a reporter construct that encodes 

for the promoter regions of β-catenin gene (CTNNB1) (Figure 4g). In addition, levels of 

phosphorylated β-catenin were measured by western blotting using a phospho-specific 

antibody with specificity for Ser33/37/Thr41 residues known to target β-catenin for 

proteasomal degradation, but we did not observe an increase of β-catenin phosphorylation in 

response to PDE10 knockdown (Supplementary Figure 5), suggesting that suppression of 

PDE10 can inhibit β-catenin expression at the transcriptional level rather than by increasing 

proteasomal degradation. These findings were confirmed by observations of reduced 

expression of β-catenin, cyclin D1 and survivin along with inhibition of TCF transcriptional 

activity in stable PDE10 knockdown cell lines (Supplementary Figure 6).

Overexpression of PDE10 promotes growth of colonocytes and adenoma cells

Based on the above loss-of-function experiments, we predicted that increased PDE10 

expression in colonocytes could stimulate growth by activating the Wnt/β-catenin pathway. 

To test this possibility, gain-of-function experiments were performed using colonocytes 

derived from either normal colonic intestinal mucosa (NCM460) or precancerous adenomas 

(LT97) that were transiently transfected with a PDE10 expressing vector to determine if 

ectopic expression of PDE10 is associated with changes in cell growth. Increased expression 
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of PDE10 in both cell lines compared with vector control cells was confirmed by western 

blotting (Figure 5a). A 30% increase in viable cell number compared with vector control 

cells was observed in colonocytes, while adenoma derived cells displayed a 20% increase 

within 3 days following transfection (Figure 5b). Consistent with experiments described 

above in which knockdown of PDE10 by siRNA suppressed Wnt/β-catenin signaling, cyclin 

D1 and survivin expression were induced in colonocytes by overexpressing PDE10 (Figure 

5c). These observations suggest that the mitogenic effects from PDE10 overexpression 

result from an activation in Wnt/β-catenin signaling.

Discussion

We show here in vitro and in vivo evidence that PDE10 levels are elevated in colon tumors 

cells compared with normal colonocytes. An isozyme and tumor-selective role of PDE10 

was demonstrated by the ability of specific PDE10 inhibitors and siRNA to selectively 

suppress colon tumor cell growth by inhibiting proliferation and inducing apoptosis. Other 

experiments showed mitogenic effects resulting from ectopic expression of PDE10 in 

normal colonocytes. The growth inhibitory activity resulting from PDE10 inhibition appears 

to be mediated by the cGMP/PKG pathway to inhibit β-catenin-dependent TCF 

transcriptional activity, while the mitogenic activity from PDE10 overexpression involves 

the induction of β-catenin-dependent TCF transcriptional activity. These observations 

suggest an important role of PDE10 in colorectal tumorigenesis and as a novel therapeutic 

target for developing potentially safe and efficacious drugs for colorectal cancer.

While these studies are limited to colorectal cancer, additional research is necessary to 

determine if other tumor types involve PDE10 and are sensitive to inhibitors. However, 

screening of tumor cell lines in the NCI-60 panel revealed broad sensitivity to the growth 

inhibitory activity of Pf-2545920. Tumor arrays from other cancer types also revealed that 

PDE10 is expressed in numerous other tumor types.

Consistent with previous reports concluding that PDE10 has a limited expression in 

peripheral tissues,23, 24 low levels of PDE10 were apparent in normal colonocytes and 

intestinal mucosa. By comparison, high PDE10 mRNA and protein levels were evident in 

human cell lines derived from either adenoma or adenocarcinoma. Elevated levels of PDE10 

mRNA were also observed in colon and intestinal tumors obtained from human clinical 

specimens and the ApcMin/+ mouse model of intestinal tumorigenesis, respectively. 

Immunohistochemistry confirmed that PDE10 protein is expressed in adenomas as well as in 

metastatic lesions. It was especially interesting that PDE10 levels are also elevated in 

normal colonic mucosa from patients with colorectal cancer compared with patients with 

non-malignant disease, as well as in intestinal mucosa from ApcMin/+ mice compared with 

normal intestinal mucosa from wild type mice. These observations suggest that PDE10 is 

induced prior to the development of tumors and may have predictive value as a cancer 

biomarker.

To our knowledge, this is the first report in the scientific literature describing tumor cell 

growth inhibitory activity of PDE10 inhibitors, including inhibitors in clinical trials for the 

treatment of schizophrenia and Huntington’s disease (e.g Pf-2545920). The PDE10 
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inhibitors, papaverine, PQ-10 and Pf-2545920, were found to effectively inhibit the growth 

of human colon tumor cells. By comparison, colonocytes were appreciably less sensitive, 

which is consistent with low levels of PDE10 in colonocytes. Similar differences in 

expression and sensitivity to inhibitors were also observed by comparing lung tumor cells 

and normal airway epithelial cells. The growth inhibitory activity of Pf-2545920 was 

associated with reduced proliferation, increased apoptosis, and G1 cell cycle arrest.

Additional experiments were performed to further study the role of PDE10 in colon tumor 

cell growth using a siRNA approach. The human colon tumor cell lines, HCT116 and HT29, 

along with NCM460 colonocytes were transiently transfected with PDE10 siRNA and 

effects on cell growth, apoptosis, and proliferation, were determined. The results from 

assays measuring viable cell number, caspase activity, and the level of DNA synthesis were 

consistent with anti-proliferative and pro-apoptotic effects of small molecule PDE10 

inhibitors.

Accompanying reduced protein levels of PDE10 brought about by siRNA in colon tumor 

cells and colonocytes, reduced levels of cGMP hydrolysis were measured in whole cell 

lysates from knockdown cells compared with lysates from scrambled control cells. In 

agreement with the selectivity by which PDE10 siRNA inhibits colon tumor cell growth, 

PDE10 siRNA only inhibited cGMP hydrolysis in colon tumor cells, despite comparable 

reductions of PDE10 in tumor cells and colonocytes.

An unexpected finding was that PDE10 knockdown in colon tumor cells did not affect 

cAMP hydrolysis, despite the reported dual substrate specificity of this PDE isozyme.20–22 

The selectivity by which PDE10 knockdown induces cGMP signaling, but not cAMP 

signaling, is supported with experiments showing increased phosphorylation of VASP at the 

serine 239 residue, a PKG substrate,32 but not at the serine 157 residue, a PKA substrate.33 

The selective effect of PDE10 knockdown on cGMP signaling as observed in intact cells 

may be attributed to an abundance of cAMP degrading isozymes that compensate for the 

effects of PDE10 knockdown on cAMP signaling. Alternatively, PDE10 is known to have a 

higher Km for binding cGMP (3 µmol/L) compared with cAMP (50 nmol/L) and a 5-fold 

higher Vmax for hydrolyzing cGMP compared with cAMP. These kinetic properties have led 

other investigators to conclude that PDE10 may function as a cAMP-inhibited cGMP 

PDE,20–22 which would also be supported by our observations.

Colon tumor cell lines with stable knockdown of PDE10 established by lentivirus-mediated 

transduction of shRNA were found to grow slower and have impaired ability to form 

colonies in monolayer or soft agar cultures. Since the ability of transformed cells to grow in 

an anchorage-independent fashion is a predictor of tumorigenicity and metastatic potential, 

the strong growth inhibitory effect resulting from PDE10 knockdown on the growth and 

colony formation of colon tumor cells under anchorage-independent conditions provides 

strong evidence that PDE10 is essential for maintaining their malignant phenotype.

Given the importance of Wnt/β-catenin signaling in colorectal tumorigenesis,36, 37 

experiments were conducted to determine if PDE10 inhibition can suppress this oncogenic 

pathway in colon tumor cells. PDE10 inhibition by isozyme specific inhibitors or 
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knockdown by siRNA were found to reduce the expression of β-catenin and inhibited TCF 

transcriptional activity to suppress target genes (e.g. cyclin D1 and survivin) that regulate 

colon tumor cell proliferation and survival. These observations are consistent with previous 

reports showing that activation of cGMP/PKG signaling can suppress the oncogenic Wnt/β-

catenin pathway and implicate a role of PDE10.9, 16, 29, 34, 38

The mechanism by which PDE10 inhibition suppresses the oncogenic activity of β-catenin 

appears to be at the transcriptional level given that β-catenin mRNA levels and CTNNB1 

promoter activity were reduced in colon tumor cells following transient transfection with 

PDE10 siRNA. Moreover, the ability of PDE10 siRNA to suppress β-catenin transcription 

paralleled its ability to inhibit of TCF transcriptional activity in colon tumor cells. Previous 

studies have reported binding sites of numerous transcription factors within CTNNB1 

promoter, including AP-1, TCF/LEF, E2F1, NF-κB, MEF1, Pax5, ISRE2, Smad3/4, GATA, 

and ZIC.39 In addition, the translocation of PKG to the nucleus was reported,40 suggesting a 

broader role of PKG in the regulation of gene transcription. It is possible that PKG can 

negatively regulate a transcriptional factor, thereby inhibiting transcription of β-catenin, 

although further experiments are necessary to study this possibility.

In summary, PDE10 was found to be strongly overexpressed in colon cancer cells and is 

essential for their proliferation and survival. As depicted in Figure 5d, the antineoplastic 

activity resulting from PDE10 inhibition involves the selective activation of the cGMP/PKG 

pathway in colon tumor cells, leading to the suppression of β-catenin and inhibition of TCF 

transcriptional activity, whereby the synthesis of important cell cycle proteins such as cyclin 

D and survivin, are reduced. These observations suggest a novel role of PDE10 in colon 

tumorigenesis and as a biomarker and therapeutic target for colorectal cancer.

Materials and Methods

Cells and cell culture

Human colon tumor cell lines and HEK293T cells were purchased from the American Type 

Culture Collection (ATCC) and grown under standard cell culture conditions in RPMI1640 

medium containing 5% serum at 37°C in a humidified atmosphere with 5% CO2. The 

NCM460 colonocyte line derived from normal human colon mucosa41 was obtained from 

INCELL (San Antonio, TX, USA) and grown in INCELL’s enriched M3:10 medium with 

10% serum as recommended by the supplier. The LT97 adenoma cell line was a generous 

gift from Dr. Brigitte Marian (Medical University Vienna, Austria) and grown as previously 

reported.27

siRNA knockdown of PDE10

One siRNA targeting human PDE10 (siPDE10-1) and scrambled control siRNA were 

purchased from Qiagen (Valencia, CA, USA). Another human PDE10 siRNA (siPDE10-2) 

was purchased from Dharmacon (Pittsburgh, PA, USA). The sequences of siRNAs can be 

found in the Supplementary Table 1. NCM460 and HCT116 cells were transfected with 

PDE10 siRNAs and scrambled control siRNA using Hiperfect transfection reagent (Qiagen), 

while HT29 cells were transfected with siRNA duplexes using RNAiMAX reagent 
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(Invitrogen, Grand Island, NY, USA) according to manufacturers’ specifications. Cells were 

then incubated at 37°C for up to 72 hours post-transfection.

shRNA-mediated knockdown of PDE10

GIPZ lentiviral shRNA vectors targeting human PDE10, nonsilencing GPIZ lentiviral 

control vector, and transduction kit were purchased from Open Biosystems (Pittsburgh, PA, 

USA). Lentivirus particles were produced in HEK293T cells according to the manufacturer's 

instructions. HT29 and SW620 cells were transduced by the lentivirus particles followed by 

puromycin selection (5 µg/mL) for two weeks. Individual cell colonies stably expressing 

shRNA were selected and isolated in the presence of puromycin, and evaluated by western 

blotting.

Ectopic expression of PDE10

NCM460 and LT97 cells were transiently transfected with a human full-length PDE10 

cDNA (Origene, Rockville, MD, USA) using X-tremeGENE DNA transfection reagent 

(Roche, Indianapolis, IN, USA) for 72 hours. Empty vector PCMV6-XL4 was used as 

control.

TissueScan colon cancer cDNA array

TissueScan colon cancer cDNA array was purchased from Origene. The panel containing 48 

clinical samples covering four disease stages and normal tissues, and were used to evaluate 

PDE10 expression in human colon cancer according to manufacturer’s recommendation. 

Tissue cDNAs of assay are synthesized from high quality total RNAs of pathologist-verified 

tissues, normalized and validated with β-actin. The PDE10 primer and RT2 SYBR Green 

qPCR Mastermix were purchased from Qiagen. Real-time quantification was performed on 

a Bio-Rad Chromo 4 system. The results were analyzed using the 2−ΔΔCt method.

Quantitative real-time RT-PCR

Tumors were dissected out from ApcMin/+ mice, and the paired remaining intestinal 

epithelium was removed by scraping. Normal and uninvolved intestinal mucosa were also 

dissected from wild type and ApcMin/+ mice, respectively.

PDE10 mRNA levels in human colon cell lines, wild type and ApcMin/+ mice and β-catenin 

mRNA levels in PDE10 knockdown and scrambled control cells were evaluated by 

performing quantitative real-time RT-PCR as described previously.42 The human PDE10 

and CTNNB1 real-time PCR primers were purchased from Qiagen. The list of other primers 

used can be found in the Supplementary Table 1.

Immunohistochemistry

Tissue sections were cut from paraffin-embedded blocks and placed on chrome alum coated 

glass slides. Mounted tissue sections were heated at 60°C for 1 hour, deparaffinized with 

xylene, and rehydrated in decreasing concentrations of ethanol. Antigens were retrieved by 

incubating with Tris-EDTA buffer (pH9.0) in a scientific pressure cooker for 10 min. 

Endogenous peroxidase activity was inactivated in 3% hydrogen peroxide solution for 5 
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min. After blocking with 3% goat serum for 45 min, sections were incubated with either a 

PDE10 antibody (Novus, Littleton, CO, USA) that the specificity has been demonstrated in 

previous reports43 or a monoclonal PDE10 antibody (GeneTex, Irvine, CA, USA) for 1 hour 

at room temperature. After rinsing with Tris buffer, sections were incubated at room 

temperature for 30min with horseradish peroxidase (HRP)-conjugated anti-rabbit antibody. 

3,3'-diaminobenzidine (DAB) reactions were performed following 3 washes in Tris buffer. 

Sections were counterstained with hematoxylin for one minute, dehydrated and mounted 

with permount mounting medium.

Growth assay

The effect on cell growth caused by treatment was determined after 72 hours of treatment 

using the Cell Titer Glo Assay (Promega, Madison, WI, USA) as described previously.12 

Papaverine was purchased from Sigma-Aldrich (St. Louis, MO, USA). Pf-2545920 was 

purchased from Selleck Chemicals (Houston, TX, USA), while PQ-10 was synthesized as 

described previously.44

Caspase, cell proliferation and luciferase reporter assays

Caspase, cell proliferation and luciferase reporter assays were performed as previously 

described.12

Cell cycle analysis

Cells were fixed and permeabilized with ice-cold 70% ethanol at 4°C overnight. After 

washing with PBS, cells were treated with RNase at 37°C for 20 minutes, and stained with 

propidium iodide (40 µg/ml). Cells were analyzed for DNA content by FACSCalibur flow 

cytometer (BD, Franklin Lakes, NJ, USA). A total of 10,000 events were counted for each 

sample. Data were analyzed with CellQuest software to determine the percentage of cells in 

each phase (G1, S, and G2/M).

Cell doubling time assay

Stable PDE10 knockdown and vector control HT29 cells were plated in 6-well tissue culture 

plates in triplicate at a density of 250,000 cells per well. Cells were grown in RPMI1640 

media supplemented with 10% serum and counted after 72 hours of culture. The trypan blue 

exclusion test is used to determine the number of viable cells present in a cell suspension. 

The assay was performed each week for 4 weeks. The doubling time was calculated as 

follows: t (in hours)= h*ln(2)/ln(C2/C1). C1 is the cell number at the beginning of the 

incubation, and C2 is the cell number at the end of the 72 hour incubation.

PDE assay and western blotting

The PDE assay and western blotting procedures and quantification methods were performed 

as described previously.12 The PDE antibodies were purchased from GeneTex. All other 

antibodies were purchased from Cell Signaling (Danvers, MA, USA).
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Colony formation assay

For colony formation assays, 500 viable cells were plated in 6-well tissue culture plates and 

were cultured in RPMI1640 medium supplemented with 5% serum. Colonies were counted 

using ImageQuant LAS 4000 System (GE Healthcare, Pittsburgh, PA, USA) 14 days after 

staining with crystal violet.

Soft agar assay

The cell suspension (1×104 cells in 1.5ml of RPMI1640 medium supplemented with 5% 

serum and 0.3% agar) was plated onto 6-well tissue culture plates containing 2.5ml of 

RPMI1640 medium with 5% serum and 0.6% agar. Cells were then cultured for 21 days. 

Colonies were stained with crystal violet, and counted with ImageQuant LAS 4000 System.

Fluorescence microscopy

GFP-expressing PDE10 stable knockdown and vector control cells were fixed with 4% 

paraformaldehyde and permeabilized with 0.1% Triton X-100. Cell nuclei were 

counterstained with 4′, 6-diamidino-2-phenyl-indole (DAPI; 1 mg/ml). Images were 

captured by the Operetta confocal microscope (Perkin Elmer, Waltham, MA, USA).

Experimental design and data analysis

Drug effects on cell growth and IC50 values were determined as described previously.28 All 

experiments were repeated a minimum of three times to determine the reproducibility of the 

results. All error bars represent standard error of the mean (SEM). Statistical analysis was 

performed using Student's t test. A p value of <0.05 was considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

We thank Dr. Graeme Bolger for critical reading of the manuscript. We also thank Dr. Marian from Medical 
University Vienna, Austria for the generous gift of LT97 adenoma cell line and Dr. Dan Dixon from University of 
Kansas Cancer Center for providing specimens from the ApcMin/+ mouse model. We are also grateful to Dr. 
Darren Browning from Georgia Regents University Cancer Center for providing the CTNNB1 luciferase reporter 
construct.

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

References

1. Francis SH, Blount MA, Corbin JD. Mammalian cyclic nucleotide phosphodiesterases: molecular 
mechanisms and physiological functions. Physiological Reviews. 2011; 91:651–690. [PubMed: 
21527734] 

2. Bender AT, Beavo JA. Cyclic nucleotide phosphodiesterases: molecular regulation to clinical use. 
Pharmacological Reviews. 2006; 58:488–520. [PubMed: 16968949] 

3. Marko D, Pahlke G, Merz KH, Eisenbrand G. Cyclic 3',5'-nucleotide phosphodiesterases: potential 
targets for anticancer therapy. Chemical Research in Toxicology. 2000; 13:944–948. [PubMed: 
11080038] 

Li et al. Page 12

Oncogene. Author manuscript; available in PMC 2015 September 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



4. Piazza GA, Thompson WJ, Pamukcu R, Alila HW, Whitehead CM, Liu L, et al. Exisulind, a novel 
proapoptotic drug, inhibits rat urinary bladder tumorigenesis. Cancer Research. 2001; 61:3961–
3968. [PubMed: 11358813] 

5. Saravani R, Karami-Tehrani F, Hashemi M, Aghaei M, Edalat R. Inhibition of phosphodiestrase 9 
induces cGMP accumulation and apoptosis in human breast cancer cell lines, MCF-7 and MDA-
MB-468. Cell Proliferation. 2012; 45:199–206. [PubMed: 22469131] 

6. Shimizu K, Murata T, Watanabe Y, Sato C, Morita H, Tagawa T. Characterization of 
phosphodiesterase 1 in human malignant melanoma cell lines. Anticancer Research. 2009; 29:1119–
1122. [PubMed: 19414353] 

7. Zhang L, Murray F, Zahno A, Kanter JR, Chou D, Suda R, et al. Cyclic nucleotide 
phosphodiesterase profiling reveals increased expression of phosphodiesterase 7B in chronic 
lymphocytic leukemia. Proceedings of the National Academy of Sciences of the United States of 
America. 2008; 105:19532–19537. [PubMed: 19033455] 

8. D'Andrea MR, Qiu Y, Haynes-Johnson D, Bhattacharjee S, Kraft P, Lundeen S. Expression of 
PDE11A in normal and malignant human tissues. The Journal of Histochemistry and 
Cytochemistry : Official Journal of the Histochemistry Society. 2005; 53:895–903. [PubMed: 
15995148] 

9. Tinsley HN, Gary BD, Thaiparambil J, Li N, Lu W, Li Y, et al. Colon tumor cell growth-inhibitory 
activity of sulindac sulfide and other nonsteroidal anti-inflammatory drugs is associated with 
phosphodiesterase 5 inhibition. Cancer Prevention Research (Phila). 2010; 3:1303–1313.

10. Savai R, Pullamsetti SS, Banat GA, Weissmann N, Ghofrani HA, Grimminger F, et al. Targeting 
cancer with phosphodiesterase inhibitors. Expert Opinion on Investigational Drugs. 2010; 19:117–
131. [PubMed: 20001559] 

11. Lucas KA, Pitari GM, Kazerounian S, Ruiz-Stewart I, Park J, Schulz S, et al. Guanylyl cyclases 
and signaling by cyclic GMP. Pharmacological Reviews. 2000; 52:375–414. [PubMed: 10977868] 

12. Li N, Xi Y, Tinsley HN, Gurpinar E, Gary BD, Zhu B, et al. Sulindac Selectively Inhibits Colon 
Tumor Cell Growth by Activating the cGMP/PKG Pathway to Suppress Wnt/beta-Catenin 
Signaling. Molecular Cancer Therapeutics. 2013; 12:1848–1859. [PubMed: 23804703] 

13. Pitari GM, Di Guglielmo MD, Park J, Schulz S, Waldman SA. Guanylyl cyclase C agonists 
regulate progression through the cell cycle of human colon carcinoma cells. Proceedings of the 
National Academy of Sciences of the United States of America. 2001; 98:7846–7851. [PubMed: 
11438734] 

14. Steinbrecher KA, Tuohy TM, Heppner Goss K, Scott MC, Witte DP, Groden J, et al. Expression of 
guanylin is downregulated in mouse and human intestinal adenomas. Biochemical and Biophysical 
Research Communications. 2000; 273:225–230. [PubMed: 10873591] 

15. Shailubhai K, Yu HH, Karunanandaa K, Wang JY, Eber SL, Wang Y, et al. Uroguanylin treatment 
suppresses polyp formation in the Apc(Min/+) mouse and induces apoptosis in human colon 
adenocarcinoma cells via cyclic GMP. Cancer Research. 2000; 60:5151–5157. [PubMed: 
11016642] 

16. Thompson WJ, Piazza GA, Li H, Liu L, Fetter J, Zhu B, et al. Exisulind induction of apoptosis 
involves guanosine 3',5'-cyclic monophosphate phosphodiesterase inhibition, protein kinase G 
activation, and attenuated beta-catenin. Cancer Research. 2000; 60:3338–3342. [PubMed: 
10910034] 

17. Hou Y, Gupta N, Schoenlein P, Wong E, Martindale R, Ganapathy V, et al. An anti-tumor role for 
cGMP-dependent protein kinase. Cancer Letters. 2006; 240:60–68. [PubMed: 16256267] 

18. 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 Research. 2004; 64:3966–3973. 
[PubMed: 15173009] 

19. Kwon IK, Schoenlein PV, Delk J, Liu K, Thangaraju M, Dulin NO, et al. Expression of cyclic 
guanosine monophosphate-dependent protein kinase in metastatic colon carcinoma cells blocks 
tumor angiogenesis. Cancer. 2008; 112:1462–1470. [PubMed: 18260092] 

20. 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; 234:109–117. [PubMed: 10393245] 

Li et al. Page 13

Oncogene. Author manuscript; available in PMC 2015 September 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



21. Fujishige K, Kotera J, Michibata H, Yuasa K, Takebayashi S, Okumura K, et al. Cloning and 
characterization of a novel human phosphodiesterase that hydrolyzes both cAMP and cGMP 
(PDE10A). The Journal of Biological Chemistry. 1999; 274:18438–18445. [PubMed: 10373451] 

22. Soderling SH, Bayuga SJ, Beavo JA. Isolation and characterization of a dual-substrate 
phosphodiesterase gene family: PDE10A. Proceedings of the National Academy of Sciences of the 
United States of America. 1999; 96:7071–7076. [PubMed: 10359840] 

23. Coskran TM, Morton D, Menniti FS, Adamowicz WO, Kleiman RJ, Ryan AM, et al. 
Immunohistochemical localization of phosphodiesterase 10A in multiple mammalian species. The 
Journal of Histochemistry and Cytochemistry : Official Journal of the Histochemistry Society. 
2006; 54:1205–1213. [PubMed: 16864896] 

24. Xie Z, Adamowicz WO, Eldred WD, Jakowski AB, Kleiman RJ, Morton DG, et al. Cellular and 
subcellular localization of PDE10A, a striatum-enriched phosphodiesterase. Neuroscience. 2006; 
139:597–607. [PubMed: 16483723] 

25. Siuciak JA, McCarthy SA, Chapin DS, Fujiwara RA, James LC, Williams RD, et al. Genetic 
deletion of the striatum-enriched phosphodiesterase PDE10A: evidence for altered striatal 
function. Neuropharmacology. 2006; 51:374–385. [PubMed: 16769090] 

26. Siuciak JA, Chapin DS, Harms JF, Lebel LA, McCarthy SA, Chambers L, et al. Inhibition of the 
striatum-enriched phosphodiesterase PDE10A: a novel approach to the treatment of psychosis. 
Neuropharmacology. 2006; 51:386–396. [PubMed: 16780899] 

27. Richter M, Jurek D, Wrba F, Kaserer K, Wurzer G, Karner-Hanusch J, et al. Cells obtained from 
colorectal microadenomas mirror early premalignant growth patterns in vitro. European Journal of 
Cancer. 2002; 38:1937–1945. [PubMed: 12204677] 

28. Tinsley HN, Gary BD, Keeton AB, Zhang W, Abadi AH, Reynolds RC, et al. Sulindac sulfide 
selectively inhibits growth and induces apoptosis of human breast tumor cells by 
phosphodiesterase 5 inhibition, elevation of cyclic GMP, and activation of protein kinase G. 
Molecular Cancer Therapeutics. 2009; 8:3331–3340. [PubMed: 19996273] 

29. Whitt JD, Li N, Tinsley HN, Chen X, Zhang W, Li Y, et al. A Novel Sulindac Derivative that 
Potently Suppresses Colon Tumor Cell Growth by Inhibiting cGMP Phosphodiesterase and beta-
Catenin Transcriptional Activity. Cancer Prevention Research (Phila). 2012; 5:822–833.

30. Pusztai L, Zhen JH, Arun B, Rivera E, Whitehead C, Thompson WJ, et al. Phase I and II study of 
exisulind in combination with capecitabine in patients with metastatic breast cancer. Journal of 
Clinical Oncology. 2003; 21:3454–3461. [PubMed: 12972520] 

31. Whitehead CM, Earle KA, Fetter J, Xu S, Hartman T, Chan DC, et al. Exisulind-induced apoptosis 
in a non-small cell lung cancer orthotopic lung tumor model augments docetaxel treatment and 
contributes to increased survival. Molecular Cancer Therapeutics. 2003; 2:479–488. [PubMed: 
12748310] 

32. 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. Molecular Cancer Therapeutics. 2002; 1:803–809. 
[PubMed: 12492113] 

33. Smolenski A, Bachmann C, Reinhard K, Honig-Liedl P, Jarchau T, Hoschuetzky H, et al. Analysis 
and regulation of vasodilator-stimulated phosphoprotein serine 239 phosphorylation in vitro and in 
intact cells using a phosphospecific monoclonal antibody. The Journal of Biological Chemistry. 
1998; 273:20029–20035. [PubMed: 9685341] 

34. Kwon IK, Wang R, Thangaraju M, Shuang H, Liu K, Dashwood R, et al. PKG inhibits TCF 
signaling in colon cancer cells by blocking beta-catenin expression and activating FOXO4. 
Oncogene. 2010; 29:3423–3434. [PubMed: 20348951] 

35. Kim PJ, Plescia J, Clevers H, Fearon ER, Altieri DC. Survivin and molecular pathogenesis of 
colorectal cancer. Lancet. 2003; 362:205–209. [PubMed: 12885482] 

36. Anderson CB, Neufeld KL, White RL. Subcellular distribution of Wnt pathway proteins in normal 
and neoplastic colon. Proceedings of the National Academy of Sciences of the United States of 
America. 2002; 99:8683–8688. [PubMed: 12072559] 

Li et al. Page 14

Oncogene. Author manuscript; available in PMC 2015 September 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



37. Morin PJ, Sparks AB, Korinek V, Barker N, Clevers H, Vogelstein B, et al. Activation of beta-
catenin-Tcf signaling in colon cancer by mutations in beta-catenin or APC. Science. 1997; 
275:1787–1790. [PubMed: 9065402] 

38. Liu L, Li H, Underwood T, Lloyd M, David M, Sperl G, et al. Cyclic GMP-dependent protein 
kinase activation and induction by exisulind and CP461 in colon tumor cells. The Journal of 
Pharmacology and Experimental Therapeutics. 2001; 299:583–592. [PubMed: 11602670] 

39. Li Q, Dashwood WM, Zhong X, Al-Fageeh M, Dashwood RH. Cloning of the rat beta-catenin 
gene (Ctnnb1) promoter and its functional analysis compared with the Catnb and CTNNB1 
promoters. Genomics. 2004; 83:231–242. [PubMed: 14706452] 

40. Gudi T, Lohmann SM, Pilz RB. Regulation of gene expression by cyclic GMP-dependent protein 
kinase requires nuclear translocation of the kinase: identification of a nuclear localization signal. 
Molecular and Cellular Biology. 1997; 17:5244–5254. [PubMed: 9271402] 

41. Moyer MP, Manzano LA, Merriman RL, Stauffer JS, Tanzer LR. NCM460, a normal human colon 
mucosal epithelial cell line. In Vitro Cellular Developmental Biology Animal. 1996; 32:315–317. 
[PubMed: 8842743] 

42. Li X, Gao L, Cui Q, Gary BD, Dyess DL, Taylor W, et al. Sulindac inhibits tumor cell invasion by 
suppressing NF-kappaB-mediated transcription of microRNAs. Oncogene. 2012; 31:4979–4986. 
[PubMed: 22286762] 

43. Tian X, Vroom C, Ghofrani HA, Weissmann N, Bieniek E, Grimminger F, et al. Phosphodiesterase 
10A upregulation contributes to pulmonary vascular remodeling. PloS One. 2011; 6:e18136. 
[PubMed: 21494592] 

44. Chappie TA, Humphrey JM, Allen MP, Estep KG, Fox CB, Lebel LA, et al. Discovery of a series 
of 6,7-dimethoxy-4-pyrrolidylquinazoline PDE10A inhibitors. Journal of Medicinal Chemistry. 
2007; 50:182–185. [PubMed: 17228859] 

Li et al. Page 15

Oncogene. Author manuscript; available in PMC 2015 September 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
PDE10 expression is elevated in human colon cancer and intestinal tumors from ApcMin/+ 

mice. a, PDE10 protein levels in human normal colonocytes (NCM460) and colon tumor 

cell lines derived from adenocarcinomas (HCT116, HT29, Caco2, SW480) or adenomas 

(LT97) as determined by western blotting. The antibody recognizes a protein band with a 

MW of approximately 90kD, which corresponds to the predicted MW of PDE10. b, PDE10 

mRNA expression in human normal colon and adenocarcinomas as determined by 

quantitative real-time PCR. c, Data for induction fold for each cancer stage in panel b are 
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represented as box-and-whisker plots with minimum and maximum. The boxed area 

represents 50% of samples (from the 25th to the 75th percentile) and the band inside the box 

represents the median. d, expression of PDE10 in normal colonic mucosa (i–ii), 
adenocarcinoma and matched uninvolved mucosa distal to tumor (iii–iv), another 

adenocarcinoma (v–vi), adenoma (vii), and metastasis to liver capsule of colorectal cancer 

(viii) as determined by immunohistochemistry. Tissues were labeled either with a PDE10-

specific antibody from Novus (i to vi) or a monoclonal PDE10 antibody from GeneTex (vii 
and viii), while controls with no antibody showed no labeling. Red arrows show the border 

of a colon tumor adjacent to uninvolved colorectal glands (blue arrows). The area within the 

blue squares is enlarged and presented to the right of image. Green arrows indicate the 

localization of PDE10 in perinuclear, nuclear, cytoplasmic and cell memebrane regions of 

the cell. The final magnification of i–iv and vii is 100×. The final magnification of v and viii 
is 200×. The final magnification of vi is 630×. e, PDE10 mRNA levels were increased in 

intestinal tumors from ApcMin/+ mice compared with normal intestinal mucosa from wild-

type mice. f, PDE10 mRNA expression in paired normal intestine and tumors from ApcMin/+ 

mice. g, PDE10 mRNA levels in normal intestinal mucosa from ApcMin/+ mice and wild-

type mice. All data in panel e–g are represented as mean±SEM of three independent 

experiments. *p<0.05, **p<0.01.
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Figure 2. 
PDE10 inhibitors selectively inhibited colon tumor cell growth. a, chemical structures of 

papaverine (i), PQ-10 (ii) and Pf-2545920 (iii). b–d, dose-dependent cell growth-inhibitory 

activity of PDE10 inhibitors papaverine (b), PQ-10 (c), and Pf-2545920 (d) as measured by 

luciferase-based ATP assay after 72 hours of treatment. e, apoptosis induction of HT29 cells 

by Pf-2545920 after 24 hours of treatment. f, inhibition of proliferation by Pf-2545920 

treatment after 24 hours in HT29 colon tumor cells. g, induction of G1 cell cycle arrest in 
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HT29 cells after 48 hours of treatment with Pf-2545920. All data are represented as mean

±SEM of three independent experiments. *p<0.05, **p<0.01.

Li et al. Page 19

Oncogene. Author manuscript; available in PMC 2015 September 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Knockdown of PDE10 exhibits potent anticancer activity. a, siRNA-mediated knockdown of 

PDE10 expression as determined by western blotting. b, PDE10 knockdown by siRNA 

selectively inhibited tumor cell growth. c, tumor cell specific induction of apoptosis by 

PDE10 siRNA. d, selective inhibition of tumor cell proliferation by PDE10 siRNA. e, 
siRNA-mediated PDE10 knockdown arrested HT29 colon tumor cells in the G1 phase of the 

cell cycle. f, Stable PDE10 knockdown leads to a decrease of anchorage-independent colony 

formation in HT29 cells. Cells were grown in soft agar for 21 days then stained and counted. 
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Images from a representative experiment are shown on the left, and statistical analysis is 

shown on the right. All data are represented as mean±SEM of three independent 

experiments. *p<0.05, **p<0.01.
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Figure 4. 
Knockdown of PDE10 by siRNA activates the cGMP/PKG pathway and inhibits Wnt/β-

catenin signaling. a, selective suppression of cGMP hydrolysis by PDE10 siRNA in 

HCT116 and HT29 colon tumor cells, but not NCM460 colonocytes. b, no effect of PDE10 

siRNA on cAMP hydrolysis in HCT116, HT29 and NCM460 cells. c, siRNA-mediated 

PDE10 knockdown activated PKG, but not PKA, as determined by increased 

phosphorylation of VASP at the serine 239 residue, but not the serine 157 residue, in 

HCT116 colon tumor cells. d, PDE10 siRNA suppressed the expression of β-catenin and 
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survivin in HCT116 colon tumor cells. The numbers indicated below the blots (panel c and 

d) derive from band quantification normalized to GAPDH and are expressed as ratio of 

scrambled control siRNA treatment. e, PDE10 knockdown by siRNA inhibited β-catenin-

dependent TCF transcriptional activity. f, PDE10 knockdown decreased β-catenin mRNA 

levels in colon tumor cells at 72 hours post-transfection. β-catenin mRNA expression was 

normalized to GAPDH expression. g, suppression of CTNNB1 (β-catenin gene) 

transcriptional activity by PDE10 siRNA after 72 hours transfection in HCT116 and HT29 

colon tumor cells. All data are represented as mean±SEM of three independent experiments. 

**p<0.01.
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Figure 5. 
Overexpression of PDE10 promotes colon cell growth. a, confirmation of ectopic expression 

of PDE10 in colonocytes (NCM460) and adenoma cells (LT97) by western blotting. b, 
ectopic expression of PDE10 promoted growth of colonocytes and adenoma cells after 72 

hours transfection of PDE10-expressing vector compared with cells transfected with control 

vector. All data are represented as mean±SEM of three independent experiments. *p<0.05. 

c, PDE10 overexpression activated β-catenin signaling pathway as shown by increased 

expression of cyclin D1 and survivin, two genes that are regulated by β-catenin signaling, in 
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PDE10-experssing vector transfected cells. d, schematic hypothesis for the mechanism 

underlying the antitumor activity of PDE10 inhibition in colon tumor cells. Inhibition of 

PDE10 elevates intracellular cGMP levels and activates PKG to suppress the expression of 

β-catenin and inhibit TCF transcription of target genes (e.g. cyclin D and survivin).
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