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Despite novel technologies, colon cancer remains undiagnosed and 25% of patients are diagnosed with meta-
static colon cancer. Resistant to chemotherapeutic agents is one of the major problems associated with treating
cAMP colon cancer which creates the need to develop novel agents targeting towards newer targets. A phosphodies-
CcGMP terase is a group of isoenzyme, which, hydrolyze cyclic nucleotides and thereby lowers intracellular levels of
gi:ﬁ:ﬁz g]ﬂiz cAMP and ¢cGMP leading to tumorigenic effects. Many in vitro and in vivo studies have confirmed increased PDE
Colon cancer expression in different types of cancers including colon cancer. cAMP-specific PDE inhibitors increase in-

tracellular cAMP that leads to activation of effector molecules-cAMP-dependent protein kinase A, exchange
protein activated by cAMP and cAMP gated ion channels. These molecules regulate cellular responses and exert
its anticancer role through different mechanisms including apoptosis, inhibition of angiogenesis, upregulating
tumor suppressor genes and suppressing oncogenes. On the other hand, cGMP specific PDE inhibitors exhibit
anticancer effects through cGMP dependent protein kinase and ¢cGMP dependent cation channels. Elevation in
cGMP works through activation of caspases, suppression of Wnt/b-catenin pathway and TCF transcription
leading to inhibition of CDK and survivin. These studies point out towards the fact that PDE inhibition is as-
sociated with anti-proliferative, anti-apoptotic and anti-angiogenic pathways involved in its anticancer effects in
colon cancer. Thus, inhibition of PDE enzymes can be used as a novel approach to treat colon cancer. This review
will focus on cAMP and cGMP signaling pathways leading to tumorigenesis and the use of PDE inhibitors in

colon cancer.

1. Introduction

Colon cancer is a major clinical problem and the third leading cause
of cancer worldwide. It is the second leading cause of cancer deaths in
the U.S. population which represents 8.1% of all new cancer cases and
8.3% of all cancer deaths in 2018 [1]. In 2018, estimated new cases and
deaths were 140,250 and 50,630 respectively [1]. Prevalence of colon
cancer in men is 30% higher than in women and 40% higher the
mortality ratio in men. The lifetime risk of developing colon cancer is
approximately 1 in 21 (4.6%) for men and 1 in 23 (4.2%) for women
[2]. In India, it is the fourth most common cause of cancer in men and
the third most common cause in women. The age-standardized rate for
developing colon cancer is 3.2 per 100,000 men and 5.1 per 100,000
women. However, the survival rate is lower in developing countries due
to limited resources and inadequate health infrastructure. Five-year
survival rate (2008-2014) is < 40% in India whereas in the U.S. it is
64.5% [3].

Colon cancer is an old age disease which occurs at the fifth decade

of lifespan. Studies showed that 5-15% of the young populations are
diagnosed with colon cancer which can be associated with in-
flammatory bowel disease or hereditary polyposis formation [4]. Other
than age, sex, race/ethnicity, genetic makeup, history of CRC, dietary
factors, increased BMI, red meat intake, low physical activity, long term
cigarette smoking (30-40 years), low vegetables and fruit consumption
is associated with colon cancer development [5].

With the development of newer screening techniques, early diag-
nosis of colon cancer is possible. Most of the patients undergo surgical
resection after diagnosis. The problem associated with resection is that
it reoccurs in a short time of about two years. In surgically resected
patients, 60% of patients develop relapses in the first 2 years whereas
90% after the first 4 years [6-8]. Despite novel technologies for early
diagnosis, > 25% of patients are diagnosed with metastatic cancer for
which systemic therapy remains the treatment option. The cytotoxic
agents and molecular targeted therapies like inhibitors of VEGF, tyr-
osine kinase, EGFR, BRAF, KRAS, MET and aurora kinase are used as
chemotherapy and immunotherapy is being used as adjuvant or
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Table 1
Pharmacological therapy for colon cancer.

Treatment Anticancer agent(s)

5-Fluorouracil/leucovorin

Capecitabine

Bevacizumab/capecitabine

Folinic acid, fluorouracil and oxaliplatin/oxaplatin and
capecitabine

Folinic acid, fluorouracil and irinotecan

Folinic acid, fluorouracil and oxaliplatin/penitumumab
Oxaplatin and capecitabine/cetuximab
5-Fluorouracil/oxaliplatin/capecitabine

Cetuximab

Bevacizumab

Aflibercept

Cetuximab/irinotecan

Penitumumab

Regorafenib

Trifluridine

First line

Second line

Third line

palliative therapy [9]. List of current chemotherapeutic agents for colon
cancer are provided in Table 1. Currently, the problem associated with
treating colon cancer using chemotherapy is resistance to these agents.
Most of the metastatic cancer develops resistance to adjuvant therapy in
3-12 months. Resistant to first-line therapies like 5-FU, capecitabine,
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irinotecan, and other chemotherapeutic agents creates a need for the
development of more effective alternative therapies [10,11]. These
points emphasize the need to develop novel agents targeting newer
targets.

Phosphodiesterases (PDEs) are a group of isoenzymes that catalyze
the hydrolysis of 3’ cyclic phosphate bond of cyclic nucleotides: cyclic
adenosine monophosphate (cAMP) and cyclic guanosine monopho-
sphate (cGMP) [12]. PDE enzymes with 11 enzyme families and 50
isoforms have been discovered from which, each has different location
and role in different diseases [13]. Non-selective PDE inhibitors like
caffeine and theophylline have been used for respiratory disorders like
asthma and airway diseases as a bronchodilator. Milrinone, a selective
PDES3 inhibitor was developed for heart failure [14]. Recently approved
roflumilast and cilomilast are potent PDE4 inhibitors used for treating
COPD [15,16]. Other PDE4 inhibitors like rolipram and theophylline
have been used as an antidepressant [17] and anti-asthmatic agents
respectively [18]. Selective PDE 5 inhibitors sildenafil causes NO-in-
duced relaxation that is used for erectile dysfunction [19] and zaprinast
is used as mast cell stabilizer in allergic conditions [20].

Studies have reported high expression of PDE in many tumors such
as prostate and testicular cancer [21,22], breast cancer [23], lung
cancer [24-26], urinary bladder tumors [27,28] including colon cancer
[29]. Moreover, the hydrolytic effect of PDE leads to a decrease in the
intracellular level of cyclic nucleotides. A decrease in cAMP and cGMP
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Fig. 1. cAMP is synthesized from ATP by the catalytic action of AC and ¢cGMP is synthesized similarly from GTP by the catalytic action of pGC and sGC. PDEs
hydrolyze cAMP and cGMP in 5’AMP and 5’GMP respectively. PDE inhibitors increase level of cyclic nucleotides which leads to activation of downstream pathways

that leads to apoptosis, anti-proliferative and cell cycle arrest of colon cancer cells.

GPCR: G protein coupled receptor; AC: adenylate cyclase; pGC: guanyl cyclase; sGC: soluble guanyl cyclase; PDE: phosphodiesterase; cAMP: cyclic adenosine
monophosphate; ATP: adenosine tri-phosphate; cGMP: cyclic guanosine monophosphate; GTP: guanosine tri-phosphate; iNOS: nitric oxide synthase; NO: nitric oxide;
PKA: protein kinase A; PKG: protein kinase G; PI3K: phosphoionositide-3-phosphate; pAkt: phosphorylated Akt; PPA2: protein phosphatase 2; BAD: Bcl-2 agonist of
cell death; CREB: cAMP response element binding protein; CDK: cyclin dependent kinase; TCF: T cell factor.
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level has also been reported to have tumorigenic effects in several
cancers [29]. Inhibition of PDE5 in non-small cell lung cancer has
shown to have a cytotoxic effect [24-26]. Exisulind (PDES5 inhibitor) in
combination with docetaxel had significantly reduced the tumor in
orthotropic non-small cell lung cancer model [24-26]. Inhibition of
PDEA4D is associated with prostate cancer cell death and apoptosis in a
nude mouse model [30]. Moreover, inhibition of PDE enzyme is re-
ported to have anti-cancer effects in colon cancer [31], lung cancer
[32], gastrointestinal stromal tumors [33], prostate cancer [34], glioma
[35], leukemia [36] and ovarian cancer [37]. This review will focus on
cAMP and cGMP signaling pathways leading to tumorigenesis and use
of different PDE inhibitors in colon cancer.

2. Adenylate cyclase-cAMP pathway

Cyclic nucleotides, cAMP and ¢cGMP are important second messen-
gers in intracellular and extracellular signal transduction [38]. In-
tracellular regulation of cAMP is controlled by two different enzymes
i.e. adenylate cyclase (AC) and PDE. cAMP is synthesized from ATP by
the catalytic action of AC. PDE has the opposite action of AC that
cleaves cAMP and regulates its intracellular concentration. PDE acti-
vation requires magnesium ions and it can be inhibited by selective or
non-selective PDE inhibitors [39,40]. AC is stimulated by adrenergic
agonists which release Ga subunit of GPCR receptor protein that binds
to AC. Production of cAMP leads to different cellular functions like gene
expression, cell proliferation, growth, differentiation, cell cycle reg-
ulation, immune function, and metabolism according to its localization,
cell type and stimulus to its signal [38,41-44] (Fig. 1).

2.1. cAMP in colon cancer

cAMP is a ubiquitous second messenger and its activation is further
associated with the activation of cAMP-dependent protein kinase A
(PKA-I and PKA-II). Two isoenzymes after binding with cAMP lead to
the release of catalytic subunit serine-threonine kinase and phosphor-
ylate downstream target molecules by which many cellular activities
take place [45,46].

cAMP plays a major role in cell proliferation, apoptosis and cell
cycle regulation in many tumor cells. Agents that induce cAMP acti-
vation are AC activators like forskolin, PDE inhibitors (selective and
non-selective inhibitors) and cAMP analogs like 8-chloro cAMP, 8-
bromo cAMP, and other derivatives. These agents work through dif-
ferent mechanisms involving cAMP signaling in cancer [47-52]. Ele-
vation of cAMP can be a promising approach for cancer therapy. cAMP
works through three main effectors: Protein kinase A (PKA), exchange
protein activated by cAMP (EPAC) and cAMP gated ion channels which
regulate cellular responses like apoptosis, proliferation, differentiation,
vasodilation, and inflammation [53]. cAMP-mediated activation of PKA
leads to cell cycle arrest and growth inhibition by apoptotic pathways
in many cancer cells. Cyclic cAMP analog 8-bromo cAMP is supposed to
activate PKA-II for growth inhibition in cancer cells [52,54]. Other
approaches by which cAMP is involved in growth inhibition are
blocking extracellular signal-regulated kinase (ERK) [52]; suppression
of anti-apoptotic proteins Bcl2 and BclXI, upregulation of tumor sup-
pressor gene p53 and suppression of oncogenes myc and erbB-2
[52,55,56]. Also, regulation of angiogenetic pathway by inhibition of
VEGF, TGF-f, and EGFR is associated with elevation of cAMP levels.
Many tumors show a lower level of cAMP and thus cAMP levels can be
modified by activation of adenylate cyclase or inhibition of cAMP-
specific PDE enzymes in tumor cells [57-60].

In vitro study in different colon cancer cell lines HT29, LIM 1215 and
COLO 206F treated with cAMP analogs theophylline, 8-bromo cAMP,
dibutyryl-cAMP and chlorophenylthio-cAMP revealed different effects
on cancer cells. Former two analogs have shown to inhibit cancer cell
growth while later two have an increased number of cells in colon
cancer cell lines. These results make difficulty in understanding of
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cAMP role in colon cancer cell growth [61]. Variable results among
these analogs can be as a part of the difference in their functional
groups which are associated with different influence on cAMP [62].
These in vitro findings have confirmed the role of cAMP in the treatment
of colon cancer. However, further preclinical and clinical studies are
required to confirm the role of cAMP and its analogs for their beneficial
effects in colon cancer.

2.1.1. Adenylate cyclase in colon cancer

Adenyl cyclase is an enzyme found in the plasma membrane and
responsible for the synthesis of cAMP, a second messenger which plays
an important role in various cellular reactions. It catalyzes the con-
version of ATP to cyclic AMP and pyrophosphates in the plasma
membrane [63]. It is a glycoprotein and is consisting of a large family of
nine isoforms (AC I to IX) and each is encoded with separate genes
(ADCY1 to ADCY9). It regulates its effects via GPCR (G-protein coupled
receptor). G; and G, decrease and increase the level of AC respectively,
moreover, forskolin, adenosine, and some hormones also regulate the
stimulation of AC [64]. Catecholamines binding with B-adrenergic re-
ceptors or peptide hormones binding to their receptors stimulate AC
activity. Accumulation of intracellular cAMP is dependent on these
hormones. cAMP synthesized will travel from the plasma membrane to
cytosol and binds to PKA to activate them. Activation of PKA will
regulate various cellular metabolic reactions depending upon cell type
[63].

AC activity is associated with many cancers as in ovarian cancer
[65], colon cancer [66,67], gastric cancer [68], prostate cancer [69]
and breast cancer [70]. Human colon cancer cell lines Colo 205 and
WiDr, dermal fibroblast and cells cultured from colonic adenomas and
colonic epithelium were evaluated to quantify and differentiate the
level of AC and cAMP in benign cells and colon cancer cells [67].
Cholera toxin and EGF were used to measure the level of cAMP sti-
mulation in these cells. This showed lower AC and cAMP activity in
colon cancer cell lines compared to dermal fibroblast. Also, the authors
reported that the difference observed in the level of cAMP was not
because of PDE enzyme as in break down site but from the synthesis
site. These can be useful in the differentiation of benign cells and ma-
lignant cells in colon cancer [67].

Adenyl cyclase activator forskolin has shown to inhibit the growth
of chemoresistant KM12C colon cancer cells. Low level of forskolin
inhibited proliferation and induced apoptosis by elevation of cAMP and
subsequent suppression of Akt/protein kinase-B pathway [66]. In an-
other study, forskolin is stated to inhibit proliferation of HT29 colon
cancer cells. Forskolin and vasoactive intestinal peptide (VIP) sup-
pressed the fetal calf serum (FCS) or insulin-induced proliferation in
HT29 cells through the increasing level of cAMP [71]. They arrested the
cell cycle in the GO/G; phase. Combination of forskolin and VIP showed
a synergistic effect on proliferation and cAMP accumulation. This
concludes elevation of cAMP induces cell cycle arrest at late G; or G1/S
transition [71].

Increase in cAMP levels is associated with either tumor cell growth
or inhibition depending upon different cell types. Some of the studies
are showing contrast results involved with adenyl cyclase expression
[72]. ADCY9 gene is a member of AC gene family which is involved in a
similar action as that of other AC enzyme families to produce cAMP
from activation of GPCR. Mutation in ADCY9 gene is involved in the
development of colon cancer. Colon cancer tissue samples were col-
lected from patients and evaluated for the expression level of ADCY9
gene and clinical pathological features associated with it. Prolonged
survival was observed in patients with lower expression of ADCY9 gene
which results are contrasted with cAMP inhibitory effects on colon
cancer [72]. Also, in prostate cancer cells expression of AC found to be
higher and leading to the proliferation of tumor cells and inhibition of
apoptosis. The possible mechanism was found to be EPAC/RAP/B-Raf
signaling [73]. This summarizes the role of AC can differ in types of
cells and activation of downstream signaling pathways in cancer cells.
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Since many studies have shown beneficial effects of AC in colon cancer,
activation of AC may have inhibitory effects in colon cancer through an
elevation in the level of cAMP.

3. GC-cGMP pathway

Cyclic guanosine 3’, 5-monophosphate (cGMP) is a cyclic nucleo-
tide which is synthesized by the catalytic action of guanyl cyclase (GC).
c¢GMP is synthesized from divalent metal bound GTP with the presence
of divalent metal bound cofactor Mg+2 [74,75]. GC is evenly dis-
tributed between cytosol and membrane which is activated by direct
stimuli. Ligands which activate GC are small paracrine peptides like
guanylin, enterotoxins and some cytokines, natriuretic peptides and
nitric oxide (NO) [76]. Alike cAMP, cGMP is also hydrolyzed by PDEs.
c¢GMP hydrolyzing PDEs are PDE 1, 2, 3, 5, 6, 9, 10 and 11 from which
PDE 5, 6, and 9 being specific to cGMP [77]. ¢cGMP signaling has a
positive or negative effect on cell growth depending upon the type of
cell or tissues.

3.1. ¢GMP in colon cancer

c¢GMP is ubiquitously present intracellular second messenger and
involved in various cellular processes as like cell growth, ion channel
conductance, apoptosis, cell mobility and contractility [78]. It is
abundantly present in the cardiovascular system for which it is im-
plicated in cardiovascular disorders. cGMP synthesis is carried out by
GC and it exerts its effects through ¢cGMP gated cation channels and
c¢GMP dependent protein kinase (PKG) [78].

c¢GMP regulation is associated with many types of cancers including
colorectal cancers, breast cancer [79-81], gastric cancers [207], mel-
anoma [82] and ovarian cancer [83]. As mentioned before, cGMP is
activated by NO and natriuretic peptides which leads to activation of its
three main effectors: PKG, cGMP gated cation channels, and PDE. PKG
leads to activation of downstream singling pathways leading to various
cellular responses like cell growth and proliferation, apoptosis, host
defense, neuronal transmission and vascular and platelet homeostasis
[84-86]. Anticancer effects of cGMP are mainly associated with the
activation of PKG and downstream effector pathways. PKG activation
leading to cell growth inhibition and apoptotic signaling is mainly
through Wnt/fB-catenin pathway [87], NF-xB pathway [88] and in-
crease in caspase levels [89]. Other approaches by which ¢cGMP/PKG
leading to inhibition of colon cancer cells are activation of caspase-3
and caspase-7 [90], suppression of P-catenin, T-cell transcriptional
factor (TCF) transcription, cyclin D1, and survivin [91,92] and iNOS
and INFy pathway [91]. These studies have explained the inhibitory
role of cGMP in colon cancer growth and proliferation through several
distinct pathways, which can be further evaluated to confirm their role
in treating colon cancer.

3.1.1. Guanyl cyclase in colon cancer

GC was the first enzyme which was found to be forming cyclic
nucleotide (cGMP) [76]. It gets activated directly by ligand attachment
to GC receptors [93,94]. GC is evenly distributed between membrane
(pGC) and in the cytosol (sGC) [76]. Membrane-bound GC, also known
as seven particulate GC differ in tissue distribution and ligand binding
sensitivity and it responds to small natriuretic peptides, cytokines,
guanylin and enterotoxins [76,93]. Whereas, soluble GC (sGC) located
in the cytosol is activated by nitric oxide (NO) [76].

Soluble GC is divided into four subunits as a;, a,, B; and B, while
PGC has seven subunits as GC-A, GC-B, GC-C, GC-D, GC-E, GC-F and GC-
G [95]. Among these, GC-C is expressed by intestinal cells which is
further associated with synthesis of cGMP and leads to cell cycle
homeostasis mechanisms like cell proliferation, DNA repair, metabolic
programming and epithelial-mesenchymal interactions organizing the
epithelial crypt-surface axis [96-99]. GC-C is activated by paracrine
hormones, uroguanylin (GUCA2B) and guanylin (GUCA2A). These
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ligands bind to GCC receptor and regulate various cellular processes. In
colon cancer, these two hormones become lost which causes dysregu-
lation in cell cycle and DNA repair mechanisms [100]. GCC is trans-
membrane receptor protein which is encoded by GUGY2C gene and is
involved in intestinal cellular proliferation, regulation of electrolyte
homeostasis, inflammation and mucosal function in the intestine
[101-105]. Thus, dysregulation in GCC is involved with colon carci-
nogenesis. Other than colon cancer, its expression is also involved in
gastrointestinal tumors [106] like adenocarcinoma of esophagus and
stomach [107] and rectal cancers [108]. GUCY2C gene silencing leads
to dysfunction in cell cycle and induces susceptibility for the develop-
ment of colon cancer [98,109,110]. According to a study, GC-C gene
silencing led to tumorigenesis in mice which suggests its involvement in
the pathogenesis of colon cancer [111-114].

GC-C is used as a biomarker for colon cancer and it is now believed
to be intestinal tumor suppressor receptor. In vivo Apc™™ * and azox-
ymethane (AOM) induced colon cancer in mice showed a higher rate of
tumor incidence with GUCY2C™/~ than intact GUCY2C signaling
[112]. Another in vivo study in GUCY2C ™/~ mice showed higher co-
lonic cell proliferation and significantly decreased the amount of cGMP
than GUCY2C*/" mice in MNU induced colon cancer [115]. Also, by
the administration of 8-pCPT-cGMP attenuated aberrant crypt foci
formation in wild type and GUCY2C ™/~ mice which suggests the
beneficial role of cGMP in controlling colon cancer. Increase in cGMP
also activated PKGII and MAPK signaling following which activation of
p21 induced cell cycle arrest. These data suggest the role of GCC and
c¢GMP are important in the treatment of colon cancer [115]. Further in
vivo study proved that silencing of this gene is promoting the pro-
liferation of cancer cells by activating oncogenes like cyclin D1, p-ca-
tenin, Rb gene, and pAKT and also downregulating tumor suppressor
p27 and p21 genes [113-115]. MMP-9 is associated with colon cancer
cell migration and invasion leading to metastatic tumors. Targeting
MMP-9 is a novel approach for antimetastatic treatment [116,117]. In
T84 and Caco-2 colon cancer cell lines, GCC and subsequent activation
of cGMP reduce colon cancer tumor cell spreading and metastasis by
regulation of tumor epithelial matrix metalloprotease (MMP-9) [118].

In a clinical study, GC-C has been detected in > 1000 samples of
colon tissues and its expression at mRNA and protein levels were de-
tected higher (> 80%) in colonic and rectal tissues [119-121]. GC-C
RT-qPCR is useful in the detection of primary stage and metastatic
colon cancer [122]. GC-C expression was analyzed by im-
munohistochemistry in gastrointestinal tumors including esophageal,
gastric, pancreatic and colorectal primary and metastatic tumors of
total 627 patients. From which it is consistently expressed in both
primary and metastatic colorectal tumors which suggest the role of GCC
throughout the process of tumorigenesis [106]. GC-C synthetic acti-
vator linaclotide is in the clinical pipeline for chemoprevention of
colorectal cancer in healthy volunteers (clinicaltrials.gov
NCT01950403). This trial demonstrated activation of GUCY2C
leading to ¢cGMP accumulation in intestinal epithelial cells. This acti-
vated vasodilator-stimulated phosphoprotein (VASP) and reduced Ki67-
positive cells which suggest inhibition of proliferation [123]. Many
preclinical and clinical data suggest an important beneficial role of GC
activation and subsequent elevation of cGMP in colon cancer. Hence,
these findings imply the key role of GC in treating colon cancer which
can be further evaluated in clinical trials for their inhibitory effects on
colon cancer.

4. Phosphodiesterase in colon cancer

PDEs are the enzymes that regulate the level of cAMP and cGMP
through hydrolysis. PDE enzymes are encoded by 21 genes in humans
[77] and classified in 11 different families (PDE1-PDE11) from which
several of them contain isoform subfamilies. These PDEs differ in their
3D structure, cellular localization, cellular expression, kinetic proper-
ties and inhibitor sensitivity [77,124]. PDEs contain catalytic C domain
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and regulatory N terminal domain. These domains mediate different
signaling pathways and their regulation depends on cellular distribu-
tion and location with short term changes like phosphorylation, pro-
teolysis and long-term changes at the transcriptional level [125,126].
Many tumors display a decreased level of intracellular cAMP as a
consequence of high PDE expression [29]. First PDE inhibitor methyl-
xanthine was found in 1962 [127] and non -selective PDE inhibitors
papaverine and caffeine were getting used until potent PDE specific
inhibitors came into the market [128,129]. Currently PDE inhibitors are
being investigated for a variety of diseases like cognitive disorders
[130], inflammatory airway disease [131] and inflammatory skin dis-
eases [132], hypertension and renal vascular dysfunction [133] and
various tumors [134].

PDE2 was previously known as cGMP-stimulated PDE which is
regulated by cGMP. It is present in cardiac tissue and endothelial cells
and hydrolyzes cAMP and ¢cGMP with same V,,,x and K, value [135].
Sulindac sulfone (exisulind) is an NSAIDS derivative which induces
apoptosis in colon cancer cells independent of the cyclooxygenase
pathway. It induces apoptosis via cGMP PDE2/5 inhibition [136,137].
Exisulind works through the inhibition of PDE2 and PDE5 isoforms
[138]. In Familial Adenomatous Polyposis (FAP) patients with APC
mutation, exisulind induces apoptosis and degradation of [-catenin
which suggests induction of apoptosis through this wnt/p-catenin
pathway [87,139,140]. This hypothesis was evaluated in colon cancer
SW480 and HT29 cells from which SW480 cells are found to be the
target of exisulind and its analogs in which it causes apoptosis following
sustain release of cGMP, PDE2/5 inhibition, PKG activation and pro-
teasomal degradation of (-catenin. Thus, these in vitro data are sug-
gesting that PDE2 inhibitors may have a beneficial role in treating colon
cancer as proapoptotic agents. However, further animal studies and
clinical evaluations are necessary to confirm their role for anticancer
effects in colon cancer.

PDE3 enzyme has two isoforms as PDE3A and PDE3B which are
inhibited by ¢cGMP in contrary to PDE2 enzyme. It has a high affinity
towards both cAMP and ¢cGMP but it hydrolyzes cAMP with ten times
higher V,,.x than that of cGMP [51,141]. Both isoforms have different
localization as PDE3A is localized in platelets and functions during
thrombus formation while PDE3B is localized in peripheral blood T
cells and fibroblasts [142-144]. On the other hand, both isoforms are
localized in vascular smooth muscle and epithelial cells and facilitate
inflammation through the NF-kB pathway [88].

PDES3 inhibitor cilastazol is used for the treatment of intermittent
claudication in patients with peripheral artery disease. The mechanism
involved is increase in cAMP level by inhibiting PDE3 [145,146]. Ci-
lastazol is an anti-platelet agent and has been reported to exhibit ben-
eficial effect in liver metastatic tumor owing to its inhibitory effect in
the interaction of platelets and cancer cells [147,148]. This has been
evaluated in human colon cancer cell line DLD-1 in which it attenuates
colon cancer cell motility and inhibited cellular invasion by increasing
level of cAMP [149]. These improvements are believed to be associated
with an effect on cancer cells and platelets. Transcellular migration of
tumor cells is also inhibited which has a beneficial effect for host cells.
Cilastazol can be a novel anti-cancer drug which acts by inhibition of
cancer cell invasion. Anti-proliferative properties are not evaluated yet
but it might give beneficial results if given as a combination treatment
with 5-FU or other anti-proliferative drugs like paclitaxel or cisplatin in
the treatment of colon cancer [149].

Cyclic phosphatidic acid (cPA) is a bioactive lipid which elevates
cAMP level by inhibition of PDE3B and has been reported to inhibit
cancer cell proliferation and invasion. Colon cancer cell lines HT-29 and
DLD-1 were used to find expression level of PDE3 isoforms, PDE3A and
PDE3B. PDE3B levels are reported to affect colon cancer cell growth
and their expression was found to be significantly higher in HT-29 cell
lines but it was lower in DLD-1 cell lines. cPA treatment suppressed
tumor cell growth in HT-29 by inhibiting PDE3B in a dose-dependent
manner [150]. cPA treatment inhibited proliferation of HT-29 and
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LOVO cells expressing high levels of PDE3B but not in Caco-2 and DLD-
1 cell lines which express a lower level of PDE3B. These findings sug-
gest inhibition of PDE3B is associated with growth inhibition in colon
cancer cells [150]. cPA treatment was also found to inhibit AKT phos-
phorylation in a dose-dependent manner and subsequent downstream
processes involved with apoptosis and proliferation. Many tumors cells
proliferation is found to be associated with AKT phosphorylation. AKT
phosphorylation causes a decrease in the level of cAMP through acti-
vation of PDE3B and further leads to cell proliferation and suppression
of apoptosis [151]. Thus, this leads to the conclusion that cPA treat-
ment works though cPA-PDE3B-cAMP pathway and AKT depho-
sphorylation [150].

PDE4 is a large family of 35 isoforms subgroups with four genes (4A,
4B, 4C, 4D) and is selective for cAMP [152]. PDE4D is localized in
inflammatory airways and smooth muscle cells while PDE4B is ex-
pressed higher in inflammatory cells. Thus, PDE4 inhibitors have been
developed for the treatment of airway inflammatory disorders like
COPD and asthma [18,153,154]. Other applications of PDE4 specific
inhibitors are allergic rhinitis [155], depression [156] and psoriasis
[157]. Higher expression of PDE4 is responsible for various cancer
pathologies including colon cancer [158], melanoma [159], lymphoma
[160,161], glioma [162], ovarian [163], brain tumors [164], non-small
cell and small cell lung cancer [165]. Documented evidence suggests
upregulation of PDE4B in oncogenic KRAS 3-dimensional colonic-crypt
in HCT-116 cell lines [158]. Further, inhibition of PDE4 hydrolyzing
activity produces luminal apoptosis in HCT116 colon cancer cell line
[166,167]. Oncogenic KRAS mutation will disrupt the acinar structure
and increase PDE4B expression leading to phosphorylation of AKT
[158]. In public dataset analysis of 16 patients in which patients
(n = 6) with relapsed CRC have acquired higher expression of PDE4B
mRNA than that of the non-relapsed CRC patients (n = 10), suggesting
poor prognosis and metastasis of CRC is associated with higher PDE4B
expression [168]. This concludes the key role of PDE4 in development
of cancer and as PDE4 inhibitors have been reported to have an an-
ticancer role in many tumors, this class of agents can be a novel
treatment approach for colon cancer as well.

Many in vitro and in vivo studies have reported the key role of PDE4
inhibitors in the treatment of various types of cancers. To find which
PDEs are involved in colon cancer cell invasion and motility, PDE 2, 4
and 5 were used in colon cancer DLD-1 cells [169]. PDE4 specific in-
hibitors rolipram and Ro-20-1724 elevated cAMP level in DLD-1 cells
but PDE2 inhibitors EHNA and PDES5 inhibitor zaprinast failed to do so
[169]. Further, in chemotaxis assay, rolipram and Ro-20-1724 inhibited
cancer cell motility in a dose-dependent manner but PDE2 and PDE5
inhibitors did not suppress motility. This concludes the key role of PDE4
enzyme in colon cancer cell motility which can further be evaluated as
a novel target for colon cancer as an anti-invasion therapy [169]. An-
other study suggested in HCT116 cells that AKT phosphorylation was
inhibited by rolipram and PDE4B3-shRNA producing beneficial effects
[158].

Specific PDE4 inhibitor apremilast is approved for the treatment of
inflammatory diseases like psoriasis and psoriatic arthritis [170,171]
and it has lesser side effects compared to other PDE4 inhibitors like
rolipram [172] in a colon cancer model with KRAS mutant gene and in
vitro cell line, the effect of apremilast was studied. Apremilast sig-
nificantly induced apoptosis in the 3D culture of HKe3-mtKRAS and
HKe3-wtPDE4B2 cells through inhibition of PDE4B2 and caspase-1
activation [173].

Resveratrol is a natural plant derivative found in grapes and red
wine and has got similar inhibitory action on PDE4 as of rolipram
[174]. Many in vitro and in vivo studies have been reported to have its
role in colon cancer. Resveratrol produces the formation of luminal
cavity and apoptosis of multicellular spheroidal HCT116 cells. It di-
rectly inhibits PDE4 activity and hence increasing cAMP leading to the
formation of luminal cavity and apoptosis. These results were similar to
the selective PDE4 inhibitor rolipram. Because of lower toxicity and
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efficacy of resveratrol, it may be useful as a chemopreventive therapy in
colon cancer [167]. Another study was carried out in LoVo cell lines
which have shown anti-proliferative and apoptotic effects of resveratrol
which was due to upregulation of bone morphogenetic protein 9
(BMP9) expression [175]. Increased expression of BMP9 was also
contributed to the activation of p38 MAPK. These results were also
confirmed in vivo xenograft model in athymic mice. Resveratrol effec-
tively inhibited the growth of tumor in vivo model. From this study, we
can conclude that resveratrol partly works through BMP9 and p38
MAPK pathway for its anticancer effects [175]. Inhibition of cell pro-
liferation is reported by many authors in vitro cell line studies including
HT-29 [176-179], Caco-2 [180-182], HCT-115 [181], SW480 [183]
and RKO [177]. It also has a role in the induction of apoptosis in colon
cancer inhibition. Many studies showing resveratrol and its effects on
the apoptotic pathway leading to tumor cell death. In HT-29 cell line, it
induces ROS production leading to the cytochrome-c release and sub-
sequent activation of procaspase-9 and downstream apoptotic mole-
cules [184]. Also, apoptosis in HT-29 cells by resveratrol was carried
out by activation of lysosomal cathepsin followed by caspase activation
in the endoplasmic reticulum [185]. This increases the expression of
apoptotic genes CHOP/GADD153 [186]. In SW480, SW620 and HT-29
cell lines, trans-resveratrol is reported to have apoptotic action via ac-
tivation of the MAPK pathway and its accumulation in lipid-raft [187].
It also causes monensin induced active endocytosis. These two events
are owing to the activation of the caspase pathway in colon cancer cell
lines [187]. HCT-116 cell line study showed to inhibit PI3K/Akt sig-
naling and an increase in PTEN expression leading to anti-proliferative
actions of resveratrol. m-RNA expression of [-catenin was also de-
creased in a dose-dependent manner. This study was also carried out in
xenograft athymic mice model which showed similar results to in vitro
study. Hence, these results suggest that resveratrol inhibits proliferation
of colon cancer cells via PTEN/PI3K/Akt and Wnt/p-catenin pathway
[188].

In vivo efficacy of resveratrol was also prominent and has been re-
ported by many authors in different animal models. In 1,2-dimethyl
hydrazine (DMH) induced rat model, resveratrol and its metabolites
inhibited ACF by 58% and 48% in medial and distal colon respectively
[189]. Active metabolites of resveratrol showing anticancer effects are
dihydroresveratrol, trans-resveratrol glucuronide and its sulfate con-
jugates [189,190]. In OM induced colon cancer in F344 rats, resveratrol
inhibited proliferation and induced apoptosis via modulation Bax and
p21 expression [191]. DMH induced COX-2 elevation was also reverted
by the administration of resveratrol which is associated with apoptosis,
anti-angiogenesis and immunomodulatory role in colon cancer [192]. It
also induced expression of heat shock protein 80 and caspase 3 in DMH
induced rat model [192]. Several studies have mentioned the role of
anti-oxidant modulating effects of resveratrol in DMH/AOM induced
colon cancer. Resveratrol increased the activity of glutathione re-
ductase, superoxide dismutase, catalase, and reduced glutathione while
diminishing activity of over-expressed glutathione peroxidase and
glutathione S-transferase [193]. In genetically modified Apc™® mice,
resveratrol completely suppressed tumors in the colon with also de-
creased number of tumors in the small intestine [194]. However, an-
other author has reported contradictory results of resveratrol in Apc™"/
* mice in which resveratrol does not show any effect in intestinal tu-
morigenesis [195]. In concluding, these studies are showing a major
anticancer role of resveratrol which can be used as a novel treatment for
colon cancer patients with further clinical evaluation.

Chemoresistance is a major problem associated with the treatment
of colon cancer [196]. Colon cancer resistance cells KM12C are found to
be resistant to cytotoxic agents acting through DNA damage and other
commonly used cytotoxic drugs [66]. Their growth is dependent on
PI3K/AKT signaling pathway and PTEN expression which negatively
regulates the PI3K/AKT pathway [197,198]. Low dose of forskolin (AC
activator) and rolipram (PDE4 inhibitor) but not PDE3 inhibitor cilos-
tamide, inhibited KM12C growth by overcoming resistance and
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deactivation of phosphoinositol-3, 4, 5-triphosphate/PI3K signaling
[66]. This leads to inhibition of AKT/PKB pathway. In addition, ex-
pression of PTEN which is lost in cancer cells was sensitized with a low
dose of forskolin. Combination of a low dose of forskolin (1 uM/L) and
rolipram (10 pM/L) have shown complete growth inhibition than a low
dose of forskolin alone which produced only 50% growth inhibition.
Rolipram alone did not show any effect on growth inhibition in KM12C
cells. Moreover, the expression of p21¥™! was increased which leads to
a decrease in the expression level of associated cyclins A, B;, and E and
CDK by high dose forskolin and a combination of low dose forskolin and
rolipram. This induces cell cycle arrest at the G;-S phase via the pRB/
cyclin/CDK pathway. It also inhibited cell viability by increasing cAMP
levels through activation of AC in KM12C cells. The further evaluation
suggested that out of 11 other cell lines, three of them KM12C, MCF7
and HT29 are found to be sensitive with this treatment at 80% of
growth inhibition. Other five cell lines A431, WiDr, RKO, A375, and
H630 has shown 40-60% inhibition of growth while remaining three
cell lines Dul45, SW480 and SW620 were insensitive to forskolin/roli-
pram treatment. This concluded sensitivity of KM12C cells is associated
with cAMP elevation by PDE4 inhibition, AC activation, and inhibition
of the PI3K signaling pathway [66]. PDE4 inhibitors have shown a wide
range of anticancer effects through inhibition of colon cancer cell
growth, proliferation, invasion and angiogenesis in both in vivo and in
vitro models. Moreover, PDE4 inhibitor resveratrol is being evaluated in
a clinical trial for its anticancer effects in colon cancer. Since clinically
PDE4 has shown to have high expression in colon cancer cells it can be
used as a novel target for colon cancer treatment.

PDES is encoded with PDESA gene with three isoforms PDE5SAI,
PDE5A2 and PDE5A3. PDES catalyzes cGMP and expressed mainly in
smooth muscle cells of corpus cavernosum and also in other vascular
smooth muscles, skeletal muscles, immune cells, and platelets [199].
Studies reported its higher expression levels in different malignancies
like non-small cell lung cancer [24-26], urinary bladder cancer [27,28]
and metastatic breast cancer [200]. Expression of PDE5 is higher in
colon adenomas and adenocarcinomas compared to the normal colonic
mucosa. None from normal colonic mucosa showed positive labeling of
PDE5 but 5 of 5 adenomas and 11 of 13 adenocarcinomas showed
positive labeling. This evidence suggested increased expression of PDE5
in colon cancer cells [201]. PDES5 inhibitors sildenafil, vardenafil, and
tadalafil are generally indicated in the treatment of erectile dysfunc-
tion. In vivol, 2-dimethyl hydrazine induced colon cancer rat model was
used to evaluate the effect of sildenafil and pentoxifylline in combina-
tion to first-line therapy 5-FU. In DMH induced model, the expression
level of tumor markers carcinoembryonic antigen (CEA), carbohydrate
19-9 (CA19-9) antigen and caspase-3 a marker for apoptosis were de-
termined. Plasma level of CEA and CA19-9 decreased in rats treated
with 5-FU plus pentoxifylline and sildenafil plus pentoxifylline treat-
ment while caspase-3 levels got increased with 5-FU plus sildenafil and
5-FU plus pentoxifylline. cGMP works by downstream activation of PKG
which leads to apoptosis and growth inhibition of cancer cells. In many
cancers, PKG is downregulated. PDE5 inhibitors work through an in-
crease in cGMP and subsequent apoptosis pathway in colon cancer cells
[89].

As previously stated, exisulind (an NSAID) works by inhibition of
PDE enzyme to produce anti-proliferative effects in colon cancer cells
[138]. Series of NSAID derivatives have shown to inhibit colon cancer
growth by increasing ¢cGMP level with no correlation to the cycloox-
ygenase pathway [201]. HT-29 treated with non-COX inhibitor sulindac
sulfone and sulfoxide derivative were compared with highly specific
COX-2 antagonist rofecoxib and COX-1 antagonist indomethacin. De-
spite COX inhibitory effects, sulindac derivatives inhibited the growth
of HT29 cells by inhibition of cGMP PDE. Indomethacin has also shown
inhibitory effects on ¢cGMP specific PDE5 but with lower efficacy
compared to sulindac sulfone despite its higher potency for COX-1 and
COX-2. All other NSAIDs showed lesser effects in reduction of HT29
growth. These data suggested that growth of colon cancer cells is
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sensitive to PDE inhibition and not related to cyclooxygenase inhibi-
tion. Adenylate cyclase activator forskolin failed to reduce growth in
HT29, HCT116 and SW480 cell lines suggesting cGMP PDE inhibition is
responsible for anti-proliferative action in these cell lines. In vivo effi-
cacy of sulindac was assessed in HT29 colon cancer xenograft mouse
model which decreased 55% growth of tumor than the vehicle control
group. The study concluded that cGMP PDE pathway and inhibition of
B-catenin transcription through NSAIDs derivatives can be used as a
novel target to treat colon cancer [201].

In vitro evaluation of chemically modified sulindac and ADT-094 as
a form of a dual inhibitor of PDE5 and PDE10 inhibited tumor growth of
HCT116 cells by cGMP/PKG signaling and suppression of B-catenin, T-
cell factor (TCF) transcription, cyclin D1, and survivin. This suggested
dual inhibition as a novel approach for the treatment of colon cancer
[90]. Chronic inflammatory conditions like IBD and colitis may lead to
carcinogenesis of the colon [202]. In an inflammation derived colon
cancer mouse model, sildenafil reduced polyp multiplicity by 50% than
normal disease control mice model. DSS induced colitis and subsequent
azoxymethane/dextran sulfate sodium (AOM/DSS) induced colon
cancer in mice was treated with sildenafil. Sildenafil protected the in-
testinal epithelium from DSS injury and suppressed polyp formation in
AOM/DSS colon cancer model through activation of cGMP signaling
and phosphorylation of PKG substrate vasodilator-stimulated phos-
phoprotein (VASP) [91]. Polyps treated with sildenafil were less in-
flamed which is acting through iNOS and INFy pathway. Early carci-
nogenesis was prevented by sildenafil with 50% reduction in polyp
multiplicity. Also, in a later stage of cancer development, sildenafil
treatment showed similar results through an increase in mucus forma-
tion, a decrease in the level of pro-inflammatory cytokines and anti-
proliferative action. However, sildenafil did not show any apoptotic
effects in polyps, although they were less proliferative in sildenafil
treated colon cancer group [91]. As like PDE4 inhibitors, these class of
agents also have a wide range of anticancer properties in both in vitro
and in vivo colon cancer models as well as in clinical trials. Further
research can be done to evaluate the beneficial role of PDE5 inhibitors
for colon cancer patients.

PDE10 is cGMP specific enzyme which has limited distribution in-
cluding in brain and testes. It plays a key role in cognition [203]. PDE10
expressions are increased in colon cancer adenocarcinoma cell lines
HT29, HCT116, Caco-2 and SW-48 than normal colonocytes. In human
colon cancer cells among 40 colon cancer patients, 29 showed an in-
creased level of PDE10 mRNA compared with 8 normal colonocytes
[92]. Selective PDE10 inhibitors papaverine, PQ-10, and Pf-2545920
suppressed growth in human cancer cell lines HT29, SW480 and
HCT116. Pf-2545920 increased caspase-3 and -7 to induce apoptosis
and inhibited DNA synthesis in a dose-dependent manner in HT29
cancer cell lines. Further siRNA knockdown of PDE10 inhibited colon
tumor growth. It has also inhibitory effects on ¢cGMP hydrolysis and
PKG activation which leads to suppression of Wnt/B-catenin signaling
and TCF transcriptional activity in HCT116 and HT29 cells. As in
contrast over expressing PDE10 cell lines, exhibited increased growth of
tumors by activation of B-catenin, cyclin D1, and survivin. In vivo,
Apc™™* mouse model showed a higher level of PDE10 mRNA com-
pared to normal mucosa from wild type Apc mice. These all data sug-
gested PDE10 had higher expression in colon cancer that can be used as
a novel target to inhibit colon cancer through cGMP PKG and wnt/[3-
catenin signaling pathway [92]. In vivo study showing higher expres-
sion of PDE10 in colon cancer cells and anticancer role of PDE10 in-
hibitors in different in vitro models are pointing towards the fact that it
can be used as a novel target with further evaluation in animal models
and clinical research.

5. Conclusion

Colon cancer is one of the fastest growing cancers and five-year
survival rate is lower in developing countries due to limited resources
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and inadequate health infrastructure. Despite newer screening tech-
nologies, > 25% of the patients are diagnosed with metastatic cancer.
Major obstacles to colon cancer treatment are relapses after surgical
resection and resistant to existing chemotherapeutic agents. Resistant to
adjuvant therapies like 5-FU, capecitabine and other first-line therapies
are developed within 3-12 months of the treatment. This is why novel
targets are needed for the treatment of resistant colon cancer. With the
development of newer diagnostic techniques, PDE enzymes have been
reported to have increased expression in colon cancer patients. Higher
expression of PDE in colon cancer patients leads to poor prognosis and
tumor metastasis. PDEs hydrolyze cyclic nucleotides (cCAMP and cGMP)
and causes tumorigenic effects in the colon. Inhibition of these enzymes
could result in beneficial effects in treating colon cancer. Many in vitro
and in vivo studies have confirmed inhibition of PDEs leads to tumor cell
apoptosis, inhibition of tumor cell proliferation, inhibition of angio-
genesis and tumor cell invasion and motility. Several PDE inhibitors
like resveratrol, tadalafil, sildenafil, udenafil, and sulindac are currently
in the clinical trial pipeline for the treatment of colon cancer (Table 2).
With the help of novel techniques including western blot analysis and
gene expression studies, we can further identify downstream signaling
molecules and pathways which lead to anticancer effects of PDE in-
hibitors. With this, we can conclude that PDE inhibitors can be used as
monotherapy or in combination with other chemotherapeutic agents to
have beneficial effects and overcome resistance in colon cancer pa-
tients.
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