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CHAPTER 1: INTRODUCTION 

I. cGMP Dependent Protein Kinase 

A. PKG Structure and Expression 

The cGMP-dependent protein kinases (cGK), also known as protein kinase G (PKG), 

constitute a small family of enzymes that are encoded by two genes, type I (PKG1) and 

type II (PKG2), in mammals. The human type 1 gene found on chromosome 10 is 

alternately spliced to produce 2 isoforms (PKG1a and PKG1r3) that differ only in the 

amino-terminal89 and 104 residues (respectively)1
• The type 2 PKG gene is located on 

chromosome 4 and deviates in sequence, expression and function to type 1 PKG. The 

th ree PKG isozymes are highly conserved in sequence with other serine/threonine 

protein kinases in regions involved in ATP binding and phosphotransferase activity. The 

cyclic nucleotide binding domains are highly conserved between PKG and the cAMP

dependent protein kinase (PKA). With a few amino acid residue changes, the domains in 

PKG have much higher binding affinities to cGM P than cAMP2
' 

3 (Fig. 1A). The structure 

of PKG and its conformationa l change during protein activation have been well 

characterized and reviewed in the past4' 
5

. PKG enzymes exist as homodimers, where the 

monomers are held together at the acetylated amino-terminal leucine zipper domain 

1 



2 

(LZ}. This domain also mediates interactions with specific anchoring proteins that 

localize PKG to different subcellular regions, including myristoylation of PKG2 at Glycine-

2 for plasma membrane anchoring. Downstream of the LZ is an unordered strand 

containing a pseudosubstrate autoinhibitory domain (I} and autophosphorylation sites. 

Following these regulatory regions are tandem nucleotide binding sites (Gl, G2}, which 

upon engagement of cGMP cause an unfolding of the enzyme at the hinge region (H) to 

expose the catalytic domain (C) (Fig. lB}. 



A 
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Figure 1. Structure of the cGMP-dependent Protein Klnases. (A) Protein sequence and 

structure map of PKG 4
• The amino acid sequence alignment of the cAM P-dependent 

kinase PKA catalyt ic (PKA-C1) and regulatory (PKA-Rl ) domains are compared with the 

three isoforms of mammalian PKGs. Homology between the proteins is shown by the 

shaded areas that represent identical amino acid residues. The functional regions 

common to both PKA and PKG are indicated. The linear map shows domains of PKG 

protein. At the N-terminus on the left is the leucine zipper domain (LZ) in pink, 

followed by inhibitor domain (/)in black. Further downstream are the cGMP binding 

domains (Gl, G2 in green), which are joined by a hinge (H) to the catalytic region (C in 

light blue). (B) Activation of PKG. Two PKGs are dimerized by LZ domains, with 

inhibitory domains interacting with catalytic domains at inactive stage. Upon cGMP (in 

red) binding with Gl and G2, conformational changes of the dimer release catalytic 

domains for act ivation. 

3 
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Despite common structural features with other members of the AGC kinase family, PKG 

has been found to have a relatively high basal activity in the absence of cGMP 6• This 

suggests that some of the signaling functions might be regulated at the level of enzyme 

expression. PKGl is most abundant in vascular smooth muscle cells (VSMC) and is easily 

detected in neurons, platelets, vascular and intestinal smooth muscle cells, but is 

present at very low levels in cardiac muscle, vascular endothelium, and leukocytes5
. 

Despite the robust literature describing the expression of type 1 PKG, there is 

comparatively little known about the type 2 enzyme. While PKG2 is abundant in the 

intestinal mucosa (small and large), it was originally thought to be tissue restricted; but 

later it has been found to exhibit broad expression in diverse cells types in the kidney, 

lung, brain, and cartilage 7• In the intestinal mucosa, PKG2 was shown to be expressed in 

all epithelial cells including lower region of the crypts8
• However, a more recent study 

showed that PKG2 is only expressed in differentiated epithelial cells9
• In contrast, PKGl 

expression in the intestinal mucosa has not been reported, although PKGl expression 

has been detected in the surface epithelial cells (unpublished data). The mechanisms 

underlying PKG expression in different tissues are poorly understood. It has been 

suggested that E-box motif in the promoter region was involved at least in PKGl 

expression in VSMC 10 but has not been investigated in other tissues. 
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B. PKG Activation 

As suggested by the family name, the cGMP-dependent protein kinases are activated 

when the cellular levels of cGMP increase. This generally occurs following activation of 

guanylyl-cyclases, which use GTP as the substrate. The near ubiquitous soluble guanylyl

cyclases (sGC) are activated by the direct binding of nitric oxide (N0)11
• There are also at 

least 7 membrane bound guanylyl cyclases (particulate; pGC) that are partly 

homologous to their soluble counterpare2
•

13
• These proteins have extracellular receptor 

domains, which upon binding to ligands such as atrial natriuretic peptides (ANP) and 

guanylin can activate guanylyl-cyclase activity on the cytosolic side. The increased cGMP 

levels resulting from activation of either sGC or pGC are often transient owing to the 

expression of phosphodiesterases (POE) that cleave cGMP to GMP14
'

15
• The PDEs are a 

superfamily of enzymes that have attracted much attention as therapeutic targets 

owing to tissue-specific expression of many of the isoforms14
'
16

• PDES isoform has been 

described as cGMP-specific phosphodiesterase that is expressed in the intestine and 

regu late cGMP levels in the epithelial cells17
• lsoform-specific inhibitors have great 

potential to activate, amplify or prolong cyclic-nucleotide signaling. Other studies have 

identified non-canonical mechanisms of PKG activation including direct phosphorylation 

by PKC 18
, and by oxidative stress 19

, that ostensibly expand the potential roles of these 

enzymes beyond effectors of cGMP. 
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C. PKG Function 

The discovery that endothelial-derived NO is the mediator of smooth muscle relaxation 

was a major driving force behind interest in PKG function and won the 1998 Nobel Prize 

in medicine. Subsequently, multiple signaling mechanisms downstream of PKGl have 

been characterized in VSMCs and reviewed in detail20
• 

21
• Key components activated by 

PKGl phosphorylation include the BKca potassium channel 22
, myosin light chain 

phosphatase (MLCP) 23
' 
24

, and regulator of G-protein signaling 2 (RGS-2) 25
• In addition, 

PKGl can block calcium flux from both intracellular and extracellular pools by 

phosphorylating the inositoll,4,5-trisphosphate receptor I (IP3RI)-associated protein 

(IRAG) 26 and transient receptor potential channels (TRPC) 27 respectively. This 

dampening of intracellular calcium levels is likely to be a ubiquitous response to PKGl 

and is central to the inhibition of both VSMC contraction and platelet activation. Part of 

the mechanism by which PKGl causes MLCP activation is by phosphorylation-dependent 

inhibition of RhoA, which normally inhibits the phosphatase in response to calcium 

signaling 28
• 
29

• RhoA is a member of the small GTPases that regulate fundamental 

cellular processes; particularly those requiring cytoskeletal remodeling 30
• The regulation 

of small GTPases by PKGl is not limited to RhoA, as it is also a potent activator of Racl 31
• 

The mechanism of Racl activation by PKGl is not direct and probably involves 

regulation of guanine nucleotide exchange factor cascades32
. The effect of PKGl on 

cytoskeletal dynamics is even more complex as it can directly regulate (FH) domain

containing protein, FHODl 33
, vimentin 34

, and vasodilator stimulated phosphoprotein 

(VASP) 35
• Consistent with having a central role in cytoskeletal restructuring, PKGl is 
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required for neutrophil degranulation36
• 

37 and motility in several cell types including 

dendritic cells38
, osteoclasts39 and endothelial cells40

• PKGl can also promote VSMC 

differentiation. The mechanisms are not fully understood but increased expression of 

genes involved in differentiation in the cells suggested the possibility of regulation of 

gene transcription by PKG141
• There is abundant evidence for the regulation of gene 

expression by cGMP-PKGl signaling axis42
• For example, PKGl phosphorylation of the 

cAMP-response element binding protein (CREB) inducing gene expression has been 

reported in kidney fibroblast cells43
• Also, the serum-response factor (SRF) induced 

transcription is blocked by PKGl inhibiting RhoA activity in bovine aortic smooth muscle 

cells44
• In vitro studies in smooth muscle cells and T cells suggested that PKGl is also 

involved in inhibition of NF-KB signaling45
' 

46
, and can affect gene-expression by 

activation of mitogen activated protein kinases (MAPKs) including p38 MAPK 47
"
49

. PKGl 

regulating ERK has been controversial. While some studies in human endothelial cells 

suggesting PKGl activate ERK pathwa/6• so, 51
, other studies reported the opposite in 

colon cancer and kidney fibroblast cells 52
•

53
• PKGl KO mice have a complex phenotype 

that clearly illustrates the importance of PKGl in smooth muscle relaxation since they 

are hypertensive and ultimately short-lived owing to defective gastrointestinal 

peristalsis54
• Interestingly, either of the type 1 PKG isoforms is capable of rescuing the 

smooth muscle defects in the systemic PKGl KO mouse, suggesting that the unique 

kinetic properties of PKGla. and J3 are more significant in other processes 55
. These 

animals also confirmed roles for PKGl in neutrophil development, platelet activation, 

and neuron development37
• 

56
• 

57
• 
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PKG2 is a well-established regulator of electrolyte balance in response to 

guanylin/uroguanylin peptide hormones in the intestine and kidnel·12
• The specific 

ability of PKG2 to affect solute/water balance is due in part to its effect on the CFTR 

chloride channel, which is activated by direct phosphorylation58
• This pathway is also 

responsible for the excessive fluid secretion and diarrhea resulting from infections with 

the enterotoxigenic bacteria, which produce a heat stable toxin that mimics 

uroguanylin59
• 

60
• The natriuretic function of PKG2 has been confirmed in the PKG2 KO 

mouse, which have small intestinal secretory defects61
• Even though PKG2 regulating 

CFTR has been well characterized in the small intestine, virtually no information is 

available regarding the function of PKGl or 2 in the colon epithelium. The PKG2 KO mice 

also have a smaller stature; indicative of additional functions of PKG2 in bone 

developmene· 61
'

62
• Endochondral bone formation involves P-catenin-dependent 

proliferation of chondrocytes, which are maintained in an undifferentiated state by the 

activity of the Sox9 transcription factor63
.
65

• Activation of PKG2 has been reported to 

block nuclear entry of Sox9 leading to chondrocyte differentiation and formation of new 

bone62
•
66

• Such anti-proliferation and pro-differentiation roles of PKG2 have also been 

demonstrated in glioma celllines67
• In these cells, inhibition of both phosphorylation 

and protein expression levels of Sox9 by PKG2 was associated with decreased 

proliferation and increased differentiation. However, the nuclear localization of Sox9 

was not affected by PKG2 in these cells. 
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II. cGMP Signaling In Colon Cancer 

A. Guanylyl Cyclase C/cGMP In Colon Cancer 

The idea that cGMP signaling is important to colon cancer came from epidemiological 

studies that identified enterotoxigenic E. coli as a possible contribution factor underlying 

the lower prevalence of colorectal cancer in developing countries compared to 

industrialized ones 68
• 
69

. Heat-stable enterotoxins (STa) produced by these bacteria in 

the intestinal lumen mimic endogenous guanylin/uroguanylin causing elevated cellular 

cGMP levels in the intestinal epithelial cells 70
• Guanylin and uroguanylin are small 

peptide paracrine hormones produced at high concentrations in the intestinal mucosa71• 

72 and activate membrane bound receptor guanylyl cyclase C (GC-C) causing increased 

cGMP levels in the intestinal epithelium. In animals studies, stimulation of cGMP 

signaling in the intestines of ApcMm/f mice with exogenous uroguanylin can reduce 

tumor burden in these animals73• ApcMin/+ mice have truncation mutations of the 

adenomatous polyposis coli (Ape) gene, which is one of the most commonly mutated 

genes found in human colon cancer. When the Ape gene is mutated, J3-catenin 

accumulates in the cells resulting in a constitutively activated Wnt pathway and 

proliferation 74
. Ap~ml+ mice develop spontaneous polyps in the small intestine and are 

widely used to study development, treatment and prevention of intestinal neoplasia75
• 

Consistent with the importance of GC-C and cGMP downstream of uroguanylin, 

knocking out GC-C leads to increased colonic tumorigenesis in Ap~m/+ mice76
• 

Interestingly, ApcMin/+ and GC-C double mutations resulted in much higher incidence and 
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multiplicity of tumor formation in the colon compared to Ape deficient animals alone, 

where colonic tumors are raren. This increased tumor formation in the colon suggests 

that GC-C/cGMP signaling may have important anti-tumor functions specifically in the 

colon. Oownregulation of guanylin and uroguanylin in colon cancer supports the tumor

suppressive effect of cGMP78
' 
79

• The loss of these upstream agonists and up-regulated 

PDE-5 in colon cancer together cause reduced cGMP levels in tumors compared to 

normal colon mucosa80
• On the other hand, the GC-C expression remains unchanged in 

colon cancer and was suggested to be a biomarker for metastatic colon cancer 81
. The 

expression of GC-C is downregulated in most colon cancer cell lines and only T84 and 

CaCo2 cells have GC-C that respond to the upstream agonists to increase cGMP levels in 

the cells82
• 

B. PKG In Colon Cancer 

The widespread expression of PKGl in normal tissues is well-documented, but there 

have been very few studies in tumors 83
'
84

, and nothing is known about PKG2 in colon 

cancer. More recent eDNA arrays showed PKGl expression was decreased in many 

tumor types when compared to their normal counterpart tissues 85
. The same study 

confirmed a previous report that PKGl is expressed in normal intestinal epithelium 
86

, 

but found that the protein levels were reduced by 50% in matched tumors harvested 

from colectomy specimens. However, the expression of PKGl in established cancer cell 

lines remains controversial. Neither PKGl activity or expression is easily measured using 
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conventional assays85
• 
87

• While earlier studies were able to measure endogenous PKGl 

in some colon cancer celllines88
• 
89

, more recent work aiming to understand the PKGl 

signaling in colon cancer cells has relied upon overexpression of PKGl 90-
92

. 

The importance of PKG as a mediator of the anti-tumor effect of cGMP in colon cancer 

cells is supported by studies with exisulind (Aptosyn; a sulindac derivative). This 

derivative of non-steroidal anti-inflammatory drug (NSAID) induces apoptosis in diverse 

tumors 93
• 

94
, particularly in the colon where the mechanism involves inhibition of PDES 

and elevated cGMP 90
• 

95
• 
96

. These studies are not limited to the GC-C expressing cells, 

and have described pro-apoptotic effects in SW480 and HT29 cells 95
• 
97

• 
98

. However, the 

importance of cGMP in exisulind-induced apoptosis has been contested, and drug 

metabolites that are unrelated to PDEs inhibition have been implicated99
• 

100
• Several 

mechanisms have been suggested to be involved in the regulation of growth by PKGl, 

including activation of cJun N-terminal kinase (JNK), increasing levels of p21cip and 

p27kip189
• 
92

. In addition to the effect on cell growth, ectopically expressed PKG 1 can 

inhibit colon cancer cell migration 90
, but the signaling pathways involved have not been 

investigated. Meanwhile, a study by another group showed that PKGl does not directly 

induce apoptosis but sensitize the colon cancer cells to anoikis, a process in which cell 

death is induced by suspension87
. The same group also showed that SW620 colon cancer 

cells with overexpression of PKGl formed smaller tumor in xenograft with severely 

deficient angiogenesis relative to parent (PKGl-deficient) cells101
• The reduced VEGF 
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production by PKGl was suggested to explain the reduced angiogenesis in PKGl 

expression xenografts. In subsequent study, the reduced VEGF expression by PKGl was 

found to be hypoxia inducible factor (HIF-la) dependent102
. Under the hypoxic 

conditions (low oxygen level), HIF-la transcriptional activity was blocked by PKGl and 

hypoxia inducible genes expression (including VEGF) is downregulated. In agreement 

with the anoikis study, apoptosis was not found in hypoxia. Instead, 50% inhibition of 

colony formation was found in colon cancer cells with overexpression of PKGl and these 

cells have high level of necrosis. 

The downregulation of J3-catenin by PKGl has been reported in several cell lines by 

different laboratories, and is also likely to contribute to many of the anti-tumor effects 

of PKG observed in vitro and in vivo 101
'

103
' . More recently, it was demonstrated that 

PKGl does not cause J3-catenin degradation, but decreases expression by inhibiting 

transcription of the CTNNBl gene 104
. More importantly, the inhibition ofTCF activity by 

PKGl is through forkhead box 0 (FOXO) transcription factors. Exogenous PKGl causes 

nuclear localization of FOXO and interaction with TCF4. It prevents J3-catenin binding to 

TCF4 and inhibits the J3-catenin/TCF signaling in the colon cancer cells. The PKG

increased sensitivity to anoikis in colon cancer cells could be blocked by small increases 

in J3-catenin expression 105
• In addition, down-regulated J3-catenin with RNAi can inhibit 

the growth of colon cancer cells in vitro and in xenografts1
06-

108
• Since J3-catenin 

mediates expression of pro-angiogenic factors both directly 109
'

110 and indirectly through 
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cMyc m -m, it is also likely that the decreased angiogenesis in PKG expressing xenografts 

is also due in part to the decreased levels of P-catenin found in those tumors. 

Ill. cGMP Signaling In the Colon Mucosa 

A. Homeostasis of the Colon Mucosa 

The intestine (small and large) has many layers of tissues including, going from inside 

the lumen radially outwards, mucosa, sub-mucosa, muscle layers, subserosa and serosa. 

Each layer is composed of cells with different morphologies and functions (Fig. 2A) 114
• 

The mucosa layer is in direct contact with the luminal space and is composed of a layer 

of epithelial cells, lamina propria as connective tissue and the thin layer of smooth 

muscle muscularis mucosae. Colon homeostasis refers to balanced renewal of the colon 

mucosa by cell proliferation, differentiation, apoptosis and sheddingm. At the bottom 

of small invaginations in the luminal surface called crypts, stem cells generate 

progenitor cells and give rise to a much larger number of transit amplifying cells. These 

cells are undifferentiated and later on develop in to mature epithelial cells while they 

move up toward the luminal surface. During the process, cells are committed to either 

absorptive cells (enterocytes in the intestine and colonocytes in the colon) or secretory 

cells (paneth cells in the intestine, enteroendocrine cells and goblet cells) (Fig. 2B). Most 

pathological conditions of the colon, especially colon cancer, have been associated with 

alterations in growth and differentiation along the crypt-to-luminal axis 116
• On the top 
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of colon mucosa, epithelial cells go through apoptosis to allow renewal of the surface 

cells. As components of the surface in direct contact with luminal contents, colon 

epithelial cells are constantly under physical and chemical stress. Studies have shown 

that oxidative stress, radiation and bacterial endotoxins (such as LPS) in the lumen can 

all lead to colon epithelium apoptosis117
'
119

• Balance between apoptosis and cell renewal 

is critical to maintain the colon epithelial barrier. The barrier is formed by tightly 

connected colonocytes and is important to maintain the structure of colon mucosa and 

separate the luminal contents from tissues beneath. The integrity of colon epithelial 

barrier is achieved through a highly dynamic process involving reorganization of tight 

junction and adherent junction proteins in the cells120
. 



A 
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Figure 2. Structure of the Colon and Colon Crypt. (A) Cross section of the colon 

(modified from book Colon & Rectal Cancer 1999, Johnston L 121 
). A cartoon 

representation of cross section view of the colon (left). On the right, an enlarged view 

showing all/ayers. (B) Cartoon structure of a colon crypt. Few stem cells are located at 

the bottom giving rise to progenitor cells. While migrating toward the luminal surface, 

transit amplifying cells are derived from progenitor cells and start to differentiate into 

goblet cells (green), enteroendocrine cells (purple) and colonocytes (pink). On the top, 

the luminal surface is covered by mucus (green) secreted by goblet cells. 

15 
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Numerous signaling pathways have been identified as important organizers of the crypt

surface axis. One of the most widely studied key pathways is Wnt signaling through r3-

catenin/T-cell factor (TCF), which has a critical role in the maintenance of stem cells at 

the crypt base 122
• The Wnt family growth factors result in stabilization and increase of 

cellular r3-catenin. The cellular r3-catenin promotes interaction with TCF/LEF 

transcription factors and enter the nucleus to activate expression of growth-related 

target genes such as c-Myc and cyclin Dl 123
• 
124 and differentiation inhibiting genes such 

as Sox9 125
• Mis-regulation of the Wnt/r3-catenin pathway is thought to be the key 

initiating event in spontaneous intestinal neoplasia 126
. As cells move up from the base 

of the crypt and away from the influence of Wnt, r>-catenin is degraded by proteasomes 

and leads to reduced TCF/LEF and withdraw from the cell cycle127
•
128

• Tissue-specific 

knockdown of r3-catenin in the mouse intestinal epithelium causes differentiation of 

stem-cells, suggesting that the downregulation of r3-catenin that occurs as cells move 

out of the crypt is essential for the development of a functional mucosal surface 129
• 

The developmental program guiding cell differentiation in the crypt is complex, and 

involves well-orchestrated interactions between multiple signaling pathways. Central to 

the process is the gradient of r3-catenin expression in the crypt115
'
130

•
131

• When cells 

move away from the bottom of the crypt, some of the growth promoting genes (such as 

c-Myc and Cyclin D) are down-regulated in response to less r3-catenin expression. As 

cells slow proliferation, other signaling pathways either within epithelial cells (such as 
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Notch and Hedgehog) or in connection with surrounding mesenchyme (such as BMPs) 

together promotes cell lineage determination and differentiation131
• In addition, several 

growth factors can be secreted by epithelial cells (such as GLP-2 from enteroendocrine 

cells132
'
134

) or surrounding tissues (TGF-13 from lamina propria135
•
136

) that promote cell 

proliferation and tissue repairing when tissue damage and inflammation occurs. 

The function of Sox9 in crypt homeostasis is complex. As a direct downstream target of 

the J3-catenin/TCF4 pathway, Sox9 is highly expressed at the bottom of the crypt137
• By 

suppressing differentiation genes including CDX2 and MUC2, Sox9 keeps the transit 

amplifying cells in an undifferentiated state lower in the crypt until they reach the upper 

region where J}-catenin and Sox9 are down-regulated125
• However, Sox9 has also been 

shown to be necessary for development of paneth cells in the intestine138
• The CDX2 

gene belongs to the family of Caudal-related homeobox transcription factors. CDX2 has 

been implicated as a master regulator of the intestinal homeostasis since conditional 

knockout of the gene causes abnormal colon and loss of intestinal morphology in 

mice139
• 
140

. It is only expressed in the upper region of the crypt in absence of Sox9 and 

promotes goblet cell differentiation by inducing MUC2 expression141
• 

Apoptosis of the colon epithelium is part of homeostasis so that damaged epithelial cells 

can be removed for subsequent replacement of new cells. Regulating apoptosis in colon 

epithelium, therefore, is important to maintain the integrity of epithelial barrier. Studies 
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have suggested that apoptosis can be regulated at transcription level in the colon 

epithelium, where p53-dependent cell death pathway can be triggered by high level of 

genes expression (such as LKBl) in the top epithelial cells142
'
143

• Among many of the 

pathways regulating apoptosis in colon epithelial cells, cJun NH2-terminal kinase (JNK) 

has been observed to play a central role in both extrinsic (TNF, TRAIL and TLR) and 

intrinsic (mitochondrial) cell death pathways144
• Studies under pathogenic conditions, 

such as uncreative colitis, have showed that cJun NH2-terminal kinase (JNK) activation is 

involved in apoptosis of the colon mucosa145
• Moreover, blocking JNK activity with 

specific inhibitors has prevented further inflammatory damage in the colon of animals 

with colitis146
' 

147
• In the lower region of the crypt, where JNK activity has also been 

detected, JNK is highly expressed and has been found to promote cell proliferation of 

the progenitor cells by interacting with Wnt pathway148
• As a result, TCF4 is activated by 

JNK and the expression of Wnt targets such as Axin2 and LGRS are increased. Moreover, 

interaction with Wnt pathway makes JNK to be a possible inhibitory factor of 

differentiation in the crypt. The idea is supported by studies showing that JNK blocks the 

expression of a goblet cells differentiation gene MUC2 in colon cancer cells149
' 
150

• These 

studies suggested JNK could be a mediator in the communication between mucosal 

injury on the top and proliferation down in the crypt for repairing. Signaling pathways 

involved in communicating between mucosal injury and repairing are not fully 

understood. Trefoil factors have also been suggested to be a mediator involved in the 

process151
• They are small protease-resistant proteins secreted by goblet cells onto the 

mucosal surface. Trefoil factor expression is rapidly up-regulated in coordination with 
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the mucosal injury. Studies suggested that the expressions of these proteins are induced 

by cytokines (including IL-6 and IL-11) that are secreted in response to inflammatory 

damage152
. As a result, they promote restitution of the colon epithelial cells andre

establish the barrier integrity of the colon mucosa153
• 
154

• Compromised epithelial barrier 

leads to exposure of underlying colon mucosa to luminal contents and causes 

inflammation. The barrier is thought to be central to inflammatory bowel disease (IBD), 

including Crohn's disease and ulcerative colitis. 

B. cGMP Signaling In Colon Homeostasis 

Consistent with a role in inducing differentiation, both guanylin and GC-C knockout mice 

have an exaggerated proliferative compartment in the colon crypts and GC-C knockout 

mice also have deficiency in goblet and paneth cells76
'
155

• Furthermore, the increased 

cGMP levels stimulated by endogenous uroguanylin not only regulates electrolyte 

homeostasis, but also controls differentiation along the crypt-villus axis and limits the 

proliferative compartment 76
• 

77
• The signaling mechanism downstream of GC-C/cGMP in 

the intestine is not fully understood, but some insight comes from work with colon 

cancer cell lines grown in vitro. As mentioned earlier, the expression of GC-C is lost in 

most colon cancer cell lines; so studies have largely been limited to T84 and CaCo2 cells 

that express GC-C. Stimulation with ST in these cells impedes exit from cell cycle arrest 

without affecting apoptosis 82
• This cytostatic effect is thought to be mediated by 

calcium entry through cyclic nucleotide gated channels (CNG), which are activated by 
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the increased cGMP levels69
'

156
• Later the same group has reported that AKT 

inactivation has a role in the cytostatic effects of GC-C in vivo 157 
• In addition to 

increased proliferation and decreased differentiation found in the colon crypts, detailed 

examination of the GC-C deficient mice have also showed protein alterations in 

metabolic (increased glucose transporter 1, hexokinase II) and proliferative (increased 

cyclinDl, CDK4) pathways that are associated with AKT activation. Treatment of STand 

cGMP in colon cancer cells such as T84 has reversed those alterations, and the effects 

were associated with AKT inhibition possibly through PTEN. In addition to the 

homeostatic defects, dysfunctional epithelial barrier in GC-C knockout animals were also 

reported m several studies suggesting that cGMP/GC-C signaling pathway is important 

to maintaining the integrity of epithelial barrier in the intestine117
• 

158
•
159

. These animals 

have increased epithelium permeability and are more susceptible to epithelial injury 

caused by either radiation or chemical induced inflammatory damage. The mechanism 

of GC-C regulating epithelial barrier remains unclear but tight junctions are shown to be 

involved. Tight junction proteins such as Claudin 2, 4 and JAM-A are down-regulated in 

GC-C deficient mice and stimulation with ST in CaCo2 cells caused increased expression 

of these proteins. 

The role of PKG downstream of GC-C/cGMP signaling in the colon is not clear. In colon 

cancer cells PKG has been proposed to antagonize the cytostatic signaling by activating 

PDE-5 and to inhibit CNG 160
, which is opposite to the effect of GC-C on cytostasis. The 



established role of PKG as an inhibitor of calcium signaling supports this idea, but 

conflicting evidence by independent investigators suggests that PKG promotes 

cytostasis by inhibiting ERK 161
• It is clear that GC-C agonists have cytostatic properties 

but the mechanism, particularly the role of PKG, remains inconclusive. 

21 
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HYPOTHESIS: PKG2 regulates homeostasis in the colon mucosa by 

blocking proliferation and inducing differentiation. 

Homeostasis of the mucosa is essential for maintaining a healthy intestine (including 

both small intest ine and colon), and disruption of this process is thought to be a major 

cause of intestinal disease. In vitro and in vivo studies suggested that the cGMP/GC-C 

signaling pathway plays an essential role in homeostasis of the colon mucosa by 

regulating cell proliferation and differentiation along the base-to-surface axis in the 

crypts. PKG2 as one of the main mediators of cGMP signaling in the intestinal mucosa, 

its function in the colon is unclear. Therefore, the objective of this thesis is to investigate 

the role of PKG2 in regulating homeostasis of the colon mucosa. This objective will be 

accomplished by experiments addressing the following specific aims: 

1. To Investigate the role of PKG2 in homeostasis of the colon mucosa by comparing 

PKG2 deficient mice and their wild type siblings 

2. To investigate the mechanisms of PKG2 regulating cell proliferation, apoptosis and 

differentiation with colon cancer cells in vitro 

3. To activate PKG2 in vivo with PDE-5 inhibitors 

3.1. To validate mechanisms suggested by in vitro studies 

3.2. To explore the clinical relevance of regulating PKG2 in the colon mucosa 



CHAPTER II: MATERIALS AND METHODS 

I. Standard Solutions 

10X Phosphate Buffered Solution {PBS}: 80g NaCI, 2g KCI, 2.1g monobasic sodium 

phosphate, 14.4g dibasic sodium phosphate, distilled water (diH20) to ll; adjust pH to 

7.4 and store at room temperature (RT) 

4X Lower Running Aery/amide Gel Buffer {pH 8.8}: 90.85g Tris base, 20ml10% (w/v) 

sodium dodecyl sulfate (SDS), diH20 to 500ml, adjust to pH 8.8. Store at room 

temperature (RT) 

4X Upper Loading Aery/amide Gel Buffer (pH 6.8): 30.3g Tris base, 20ml10% (w/v) 

sodium dodecyl su lfate (SDS), diH20 to 500ml, adjust to pH 6.8. Store at RT. 

SX SDS Polyacrylamide Gel Electrophoresis (SDS-PAGE} Buffer: 625mM Tris buffer 

pH6.8, 10% (w/v) SDS, 25% (v/v) glycerol, 0.015% (w/v) bromophenol blue, 5% (v/v) 13-

mercaptoethanol. For 40ml solution, 25.04 ml of 1M Tris buffer stock, 4g SDS, lOml 

glycerol, 0.006g bromophenol blue, 2mlj3-mercaptoethanol, diH20 top up to 40ml. 

Aliquot for long term storage at -80°C and short storage at -20°C. 

23 
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20X Phosphate Buffered Tween Buffer (PTS): 2.2g monobasic sodium phosphate, 6.6g 

dibasic sodium phosphate, 360g NaCI, lOg sodium azide, 20ml Tween 20, diH20 top up 

to 2L. Store at RT. diH20 dilute to lx for use. 

Tissue Lysis Buffer (pH 7.4): 150mM NaCI, 50mM Tris with pH7.4, 1% (v/v) NP-40, 0.25% 

(w/v) sodium deoxycholate, lmM EDTA. For l OOml, 3ml of 5M NaCI stock, 5ml of 1M 

Tris-HCL stock pH 8, l Oml of 10% (v/v) NP-40 stock. 0.25g of sodium deoxycholat e, 0.2ml 

of 0.5M ethylenediaminetetraacetic acid (EDTA) stock, diH20 top up to l OOml, adjust pH 

7.4, aliquot for storage at -2o•c. 

Western Blocking Buffer: for lX 5% (w/v) solut1on, 5g bovine serum albumin fraction 

(BSA, ethanol precipitated, biotech grade) in lOOmllx PTS. Filter and store at 4•c. 

10x Sodium-Citrate Boiling Antigen Retrieval Buffer: lOOmM sodium-citrate (2H20), 0.5% 

(v/v) Tween 20. For l OOml stock, 2.94g sodium-citrate, 500J.ll Tween 20, diH20 top up to 

lOOml, adjust to pH 6 using cit rate acid. diH20 dilute to lX before use. 

II. Cell Culture and Reagents 

All cell lines were obtained from the American Type Culture Collection (ATCC) and 

maintained in 5% C02 in normal growth medium (RMPI-1640 medium with 10% (v/v) 

fetal bovine serum (FBS), supplemented with 2mM L-glutamine, 10 IU/ml penicillin and 

10 mg/ml streptomycin) at 37•c . Cell lines made inducible for type 2 PKG expressions in 

response to doxycycline (doxy) were maintained in growth medium with additional 200 



J.tg/ml of G418 and 0.2 J.tg/ml of puromycin. Before experiments, the cells were grown 

up for at least one passage in normal growth medium without G418 or puromycin. For 

PKG2 activation, doxy (2J.tg/ml) and 8- Bromoguanosine- 3', 5'- cyclic monophosphate 

(8Br-cGMP, 100J.1M) were added to the medium for at least overnight. The doxy and 

8Br-cGMP were form Calbiochem (San Diego, CA, USA). NP-40, tween-20, and 

puromycin were from Sigma (St Louis, MO). G418 was from Hyclone (Logan, UT), FBS 

were from Gemini (Woodland, CA) and all other chemicals were from Fisher Scientific 

(Pittsburgh, PA). 

A. Maintaining and Splitting Cells 

25 

All cells are seeded on 10cm culture dish with 20% confluence with normal growth 

medium. To split cells, 0.05% (v/v) trypsin/EDT A was used to detach cells and re

suspend in excessive (at least 1:10) normal growth medium. To freeze cells at -so•c 

(store up to 6 months) or in liquid nitrogen tank (for long storage), cells were treated with 

trypsin and re-suspended in normal medium, centrifuged 5min at x1300g andre

suspended in freezing medium(70% RPM I, 20% FBS and 10% dimethyl sulfoxide (DMSO). 

B. Cell Transfection by Lipofectamine 2000 

Transient transfection was performed using Lipofectamine 2000 reagent (Invitrogen, 

Camarillo, CA). In brief, cells were split in normal medium with 70% confluence the day 
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before transfection. Prior to transfection, cells were washed with 1X PBS at RT and 

incubated in opti-MEM minimum growth medium (400~1 for 12-well plate, 750~1 for 6-

well plate, 1ml for 60mm dish). To transfect, mix Lipofectamine 2000 with opti-MEM 

(2~1 +5~1 for one well of 12-well plate, 5~1 +125~1 for 6-well plate, 10~1+250~1 for 60mm 

dish) for 5 min RT. Meanwhile, mix DNA constructs and opti-MEM (maximum 0.8~g 

total DNA+50 ~I for 12-well, 2~g+125 ~I for 6-well, 4~g+250~ll for 60mm dish). Mix all 

reagents together (100~1 in total for 12-well, 25o~l for 6-well, 500~1 for 60mm dish) for 

2Smin at RT and apply to cells with gentle dropping directly to wells, move plates back 

to incubator with minimum disturbance for transfection (up to 6 hrs for 293 cells, 

overnight for colon cancer cells). Change to fresh growth medium after transfection, and 

let cells recover at least 24hrs before harvesting. 

C. DNA Constructs and siRNA 

SiRNAs were designed and purchased from BLOCK-iT RNAi Designer (Invitrogen, 

Camarillo, CA, sequences are shown below in Table 1). When received, 20nmol RNA 

stocks were added with 1ml diH20 to make 20~M (20pmol/~l) stock and aliquot to store 

at -so·c. Flag-Sox9 and CDX2/MUC2- luciferase reporters were received from Dr. Jay 

(Montpellier II University, France) as described previously125
' . c-Jun- and ATF-Iuciferase 

reporter assays were performed using PathDetect c-JUN trans-Reporting System 

(Agilent Technologies, Santa Clara, CA). Dominant-negative JNK (JNK-DN) was a 

generous gift from Dr. Shuang Huang (Georgia Regents University, Augusta, GA). 
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Constitutively active MEK7 (MKK7D) construct was obtained from Dr. Jiahui Han (Scripps, 

La Jolla, CA). DUSP10 was purchased from GeneCopoeia (Rockville, MD). All other 

plasmids were purchased from Addgene (Cambridge MA). 

Table 1.. siRNA Sequences 

Target Primers Primer 1 Primer 2 
gene 
N/A Si-ctrl UUCCCUUCACCGACUUUCC GGAAAGUCGGUGAAGGGAA 
OUSP10 Si-181 AAAGGUUGAGAUCCUGAGGTT CCUCAGGAUCUCAACCUUUTT 
DUSP10 Sl-468 AUUAUUGUUGACCAUCUGGTT CCAGAUGGUCAACAAUAAUTT 
PTEN SI-PTEN AUUGUCAUCUUCACUUAGCCAUUGG CCAAUGGCUAAGUGAAGAUGACAAU 
Sox9 Sl-905 UUCUUCACCGACUUCCUCC GGAGGAAGUCGGUGAAGAA 
Sox9 Si-1211 GCGACGUCAUCUCCAACAU AUGUUGGAGAUGACGUCGC 

D. Generating Cell Unes with Inducible Expression of PKG2 

Synthetic construct of Homo sapiens PRKG2 mRNA (NCBI accession# BC111597), 

encoding complete protein, was purchased from Open Biosystems (Thermo Scientific, 

Waltham, MA) and sub-cloned into designated vector from Lenti-~ lentiviral inducible 

expression system (Cionetech Cat.# 632162, Mountain View, CA, USA). Cell lines with 

PRKG2 inserted into genome was generated following the Lenti-X kit protocol. In Brief, 

virus particles were generated by co-transfecting package DNA mixture and plVX 

vectors in low passage HEK293FT (kind gift from Dr. Shuang Huang, GRU) cells in T25 

flask. Cell culture supernatants with viral particles were harvested 48hrs after 

transfection for target cell infection. Viral particles containing supernatant were added 

to target cells with 1:1 ratio of normal growth medium for overnight incubation. The 

virus with plVX-Tight-Puro vector containing PRKG2 construct was applied to target cells 
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first. Then l~g/ml puromycin was used for 7-day selection. After selection, medium with 

puromycin at maintenance level 0.2~g/ml was changed for recover over 48hrs. Then 2nd 

infection was done using viral particles containing pLVX-Tet-On vector, which turns on 

expression of PRKG2 in response to doxy in the medium. Cells were plated out at low 

density for colony collection with puromycin at maintenance level 0.2~g/ml and G418 at 

selection level (400-lOOOugjml depends on cell types). Each colony survived after 2 

weeks of selection was picked and expanded as one cell line; all cell lines were screened 

for PKG2 expression induced by doxy. 

Ill. Animals 

The type 2 PKG knockout mouse was provided by Dr. Franz Hofmann (Technische 

Universitat MGnchen) with 129Sl/Sv X 129Xl/SvJ genetic background61
• All mice were 

bred within the strain and no backcrossing was carried out. Genotyping PCR was 

performed using 1~1 genomic DNA (purified by Gentra Puregene Mouse Tail kit, QIAGEN, 

Valencia, CA) with a common forward primer: AAGATAGTCCTATCAAATCATGGAACG 

(upstream of neomycin insert at the end of the 1st exon), a reverse primer to detect 

knockout: CATAGCGTIGGCTACCCGTGATATIGC (within the neomycin insert) and a 

reverse primer for wild type: GCCGCTACAGGACAGATAAGAGACGAA (intron sequence 

downstream of the neomycin insert). Age matched CO-l mice were purchased from 

Harlan (Prattville, AL). All mice were maintained with the GRU Laboratory Animal Service 

Standard Operating Procedures. 
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IV. Drug Administration 

A. In vitro Incubation 

Cells were treated with lOOJ..lM 8Br-cGMP and/or 2~Lg/ml doxy 24hrs before harvesting 

unless otherwise mentioned. For tissue explants, the Gl tract sections were harvested 

from animals with minimum disturbance and washed briefly with RT lx PBS and cut 

open longitudinally to expose the luminal surface. Opened intestinal tissues were then 

incubated in standard cell culture medium at 37°C for 2hrs with or without lOOJ..lM 8Br

cGMP (unless other treatment mentioned). Mucosa layer of the tissue was then scraped 

off for sample preparation. 

B. In vivo Treatments: 

lOmg/pill Vardenafil was grinded and dissolved in in 10.25ml DMSO to make 2mM stock 

(lmg/ml) and stored at -80°C. Each mouse was treated for dose equivalent to suggested 

human consumption (0.6 mg/kg body weight)-a mouse with average body weight 25g 

will be treated with intraperitoneal (I.P.) injected lOJ..ll of 2mM stock (20nmol, 0.4mg/kg) 

mixed with 90J..1IlX PBS. For time course studies, CD-1 mice were treated with a single 

dose of Vardenafil and tissues were harvested at different time points. For other 

experiments, animals were treated with Vardenafil twice a day every day until 

harvesting colon tissues. JNK inhibitor SP600125 (Sigma, St Louis, MO) was dissolved in 
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DMSO to make 10mg/ml (3X stock) and stored at 4•c. For I.P. injection, fresh 1X solution 

of 3mg/ml SP in 30% (v/v) poly-ethylene glycol (PEG) was made. For 1mi1X solution, 

300~13X stock and 700~140% (v/v) PEG were used. For each mouse, a dose of 30mg/kg 

body weight was injected (10~11X solution per 1g of body weight) twice a day for 3 days 

and then tissues were harvested for histological examination. 

V. Western Blotting 

A. Preparation of Polyacrylamide Gel 

For one l.Smm midi separating gel (10ml), 4.7ml diH20, 2.4ml4x lower gel buffer, 

2.4ml(for 10%, 2.9ml for 12%) 40% acrylamide 37 (Bio-Rad), 48~110%(w/v) ammonium 

persulfate, 4.8~1 TEMED, mix and pour for polymerization for 1hr at RT. Then add 

stacking gel with loading wells (2ml per 1.Smm gel), 1.26ml diH 20, O.Sml 4x upper gel 

buffer, 195~1 40% acrylamide 37 (Bio-Rad), 10~110%(w/v) ammonium persulfate, 1J . .tl 

TEMED. Pour with combs and allow to polymerization up to 1hr at RT or 4°C overnight. 

B. Preparation of Blots 

Cells/tissues were incubated with ice-cold lysis buffer at 4°C for 20min, then transferred 

to tubes for centrifugation at X14,000g 10min. Aliquot supernatants to separate tubes, 

adding SX SDS-PAGE buffer and boiling for 10min at 100°C. Run the samples on 1.Smm 
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gels (40mA/gel) for protein separation. Gels were washed 10min with 1x blotting buffer 

(with 10% methanol if targeting small proteins) and blotting (100V 1hr) to 0.45~m 

nitrocellulose membrane (Bio-Rad). Block membranes with western blocking buffer 1hr 

at RT and apply primary antibodies (diluted in blocking buffer, concentration depends 

on instructions) for target proteins (RT 1hr or 4•c overnight). Wash membranes with 1X 

PTS 3x5min before adding secondary antibodies. After 45min RT incubation, membranes 

were washed again 3x5min with 1x PTS and then apply chemiluminescent substrates for 

1min for x-ray film imaging. 

C. Antibodies 

All antibodies were purchased and stored at designated temperature. Prior to use, 

antibodies were diluted with western blocking buffer (5% w/v BSA in 1XPTS). Diluted 

primary antibodies were recycled and stored at 4•c. PKG2 (1:200 dilution, Santa Cruz, 

CA) and Sox9 (1:200) from Abeam (Cambridge, MA), Flag (1:1000) and 13-actin (1:2000) 

antibodies from Sigma (St. louis, MO), and all others from Cell Signaling (1:1000, 

Danvers, MA). Goat anti-mouse/rabbit secondary antibodies (Bio-Rad) were diluted 

1:2500 v/v in blocking buffer. 
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VI. Cell viability assays 

A. MTTAssay 

The MTT assays were performed according to the manufacturer's instructions (ATCC, 

Manasses, VA). In brief, cells were split in 96-well plates (5000 cells/well), next day 

change medium lOOJ..ll w ith/out doxy/8Br-cGM P for 48 hours. To measure, 10J..ll warm 

MTT reagent was added directly to cells with 100J..ll growth medium, incubate 2hrs at 

3rc in the dark. Then add 100J..ll detergent reagent and incubate at RT in the dark for at 

least 2hrs. Measure the absorbance at 570nm wavelength. 

B. Colony Formation 

Cells were seeded in 6-well plate 5000 cells/well in the presence or absence of PKG2 

inducer doxy (2J..lg/ml) and 8Br-cGMP (100J..lM). Media with fresh doxy/8Br-cGMP was 

changed every other day and colonies formed after 14 days were fixed in -20oc 100% 

methanol for 30 min and stained with 1x PBS diluted KaryoMax Gimsa (Gibco, Life 

Technologies, Carlsbad, CA) for 1 hour. Wells were then washed gently with diH20 and 

tried overnight. Stained dishes were scanned at high resolution and images were 

processed using Scion Image software (Scion Corporation, Frederick, MD) for 

measurements of the total colony area, number of colonies per unit area, and average 

size of colonies. 
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C. Trypan Blue Cell Counting 

Cells were seeded in 6-well plates with 400,000 cells/well and in the presence or 

absence of doxy/8Br-cGMP for 72 hours. Cells were detached by 0.05% (v/v) 

trypsin/EDT A and re-suspended in 1XPBS. Add equal volume of cell containing 1XPBS to 

0.4%(w/v) Trypan Blue (Gibco) and after 5 minutes the number of living (unstained) and 

dead (stained with blue) cells in each well were counted in a hemocytometer. 

D. Apoptosis Assay by Flow Cytometery 

Cells were seeded in 12-well plates at SO% confluence and either untreated or treated 

with 2 f.tg/ml doxy and 100 f.tM 8Br-cGMP. 48 hours later, cell samples were processed 

according to the manufacturer instructions (Annexin-V FITC Apoptosis Kit, BD Bioscience, 

CA). In brief, cells were washed twice in cold 1xPBS and harvested using trypsin-EDT A 

solution. Centrifuge the cells, remove supernatant and re-suspend cells in staining 

buffer. For each sample, 90f.li 1X buffer, Sf.ll annexin-V fluorescein isothiocyanate (FITC) 

and Sf.ll propidium iodide (PI) were used. Re-suspend cells well by vigorous pi petting and 

keep at RT 15min in the dark. Then add 400f.tl1x binding buffer, mix well, keep at 4oc 

and analyze samples within 24hrs. 



E. Cell Cycle Assay By Flow Cytometery 

Split cells in 6-well plates with 50% confluence. After treatment with/out doxy&8Br

cGMP for 24hrs, cells were harvested using trypsin, washed with ice-cold PBST (1xPBS 

with 1mM EDTA, 0.1% v/v Triton-xlOO and 1% w/v BSA, pH=8). Centrifuge to remove 

supernatant, cells were then fixed with -2ooc 70% ethanol for 30 minutes on ice. Cells 

were then washed twice with 1xPBST buffer and re-suspended in staining buffer (for 

one sample, 5 !JI propidium iodide (BD-66211E) 1mM EDTA, SOO!Jg/ml RNAse and top 

up to SOOml with PBS were used). Incubate cells at RT for 30 min in the dark and then 

keep at 4 ·c for 2hrs. Samples were analyzed by flow cytometery within 24hrs. 

VII. Measurement of Gene Expression 

A. mRNA Isolation 
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Cells were split in 60mm plates and then treated for 24hrs before harvesting. To harvest, 

remove medium and wash with RT 1xPBS. Then 1ml Trizol was added directly to the 

plates to dissolve cells and collect samples to 1.Sml tubes. For tissue samples, mucosa 

tissues was scraped off to 1.5ml tubes; then add 1m I Trizol to dissolve tissues. When 

1ml sample containing Trizol was in the tubes, add 2001JI chloroform, vortex vigorously 

and centrifuge x14000g at 4•c for 10min. Collect top layer aqueous solution to a new 

tube, add SOO!JI isopropanol, mix gently for RNA precipitation. Centrifuge x14000g at 
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4•c for 15m in, remove supernatant and add 700J..ll 75% v/v ethanol to wash the pellet. 

Centrifuge again xSOOOg at 4•c for Smin, remove supernatant and air dry the pellets for 

Smin. dissolve RNA in SOJ..ll diH20, store at -so·c for long term storage. 

B. eDNA microarray 

The mucosal tissues of proximal colon were harvested from Prkg2-l· mice and their 

siblings for RNA isolation as described above. For each group, 3 mice at 6-8 week age 

were used. The RNA samples were then sent to GRU cancer center genomic core facility 

for eDNA m1croarray analysis. The statistical analysis was processed by Parteck 

Genomics software. Further functional analysis was done with PANTHER classification 

system. 

C. Reverse Transcription Polymerase Chain Reaction (RT-PCR) 

eDNA was made from mRNA by RT-PCR. For SOJ..ll reaction, Sj..lg RNA in SJ..ll diH20 mixed 

with 2.SJ..ll of SOmM stock Oligo d(T)16 and random Hexamers and heated at 7o•c for 

10m in. Then add lOJ..ll MgCI2 (2SmM stock), SJ..lllOx reaction buffer, 20J..ll dNTPs mix 

(stock with 2.SmM for each dNTP), 2.SJ..ll RNAse inhibitor (20U/ J..ll stock) and 2.SJ..ll 

reverse transcriptase (SOU/J..ll stock). Mix well and heat samples with program of lX 

60min at 4rC, lOX {SOsec at Gs·c +Smin at 4rC), lX Smin at gg•c, after cool off at 4•c 

keep samples at-2o•c for long term storage. 
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D. Polymerase Chain Reaction (PCR) 

For each 2Sf.tl PCR reaction, lOf.ll eDNA mixture (lf . .ll eDNA sample with 9f.ll H20), lOf.ll 

primer mixture (O.Sf.ll forward and reverse 20f.1M primer stock with 9f.ll H20), 2f.ll dNTPs 

(2.SmM stock), 0.3f.ll H20 and 0.2f.ll rTaq polymerase (SU/f.ll stock, Sigma) were mixed. 

Solutions were heated with lX 3m in at gs•c, 27X (30sec at gs•c +30sec at ss·c+30sec at 

7rC), lX 7min at n•c, and keep samples at 4•c until running on DNA gel. All reactions 

were done in same conditions unless otherwise mentioned. For data analysis, 2Sf.ll 

reaction samples were mixed with Sf.ll 6X loading buffer and loaded onto 2% w/v 

agarose gel containing O.Sf.lg/ml ethidim bromide. Bands were imaged by FluorChem E 

imaging system (Cell Biosciences, Santa Clara, CA). 

E. Primer Design 

Gene-specific primers were designed using the National Center for Biotechnology 

Information (NCBI) Primer Blast Software and sequences are listed in Table 2. 

Table 2. Primer Set Sequences 

Forward Reverse 
Hu CDX2 AGGCAGAAGAGCCGCGAGGA CCAGTCCTCCCGGAGTGGG G 
Hu DUSPlO GATCAGCCGGCGGAGACTGC CAGCCGCTGCATGGTGTCCA 
Hu MUC2 CCGCTGGAGCCGTATCTGCG CGGGGCAGGGCAGGTCTTTG 
Hu PKG2 AGCCCGCTTCAGGCCTCT CC AGTCGACCCTCTGCCAGCAC 
Hu Sox9 GATCTGAAGAAGGAGAGCGAGGAGGACAAG CGTTGGGGGAGATGTGCGTCTGCTC 
Mus DUSPlO TTGATGCGAATGAGACCCACTTCTC AGGTGTGAGGCGAGCCGAGT 
MusMUC2 CGCTGCCAGTGTCCGAAGGG TGCAGCCACTGCCCGTGATG 
Mus PKG2 GTGGCGGAGGACGCCAAGAC AGGCCTGCAGTGG GCTTCCT 
Common HPRTl GCGTCGTGATTAGCGATGATGAAC CCTCCCATCTCCTTCATGACATCT 
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VIII . luciferase reporter assays 

Assays were performed with Steady-Gio luciferase Assay System (Promega, Madison, WI) 

as described earlier104
• In brief, cells were split to 12-well plates with 70% confluence. 

Triplicate wells were co-transfected overnight with luciferase reporter (0.3j..lg DNA/well) 

and CMV-13-galactosidase (l3-gal) constructs (0.1j..lg/well)-as well as any desired DNA 

constructs-using lipofectamine 2000 reagents. After 8 hrs recovery, cells were treated 

with 8Br-cGMP and/or doxy for 24hrs. Protein samples were prepared same as Western 

blotting with lysis buffer. Cell lyse supernatants were then loaded as duplicate to 

separate 96-well plates (clear round bottom for j3-gal measurement, white flat bottom 

for luciferase measurement). After adding 1:1 volume of Steady-Gio premixed 

substrates, luciferase signal was measured as luminescence intensity using TECAN Ultra 

plate reader {TECAN, Research Triangle Park, NC). As loading control, j3-gal samples 

were mixed 1:1 with 2X j3-gal substrate buffer (0.164M Na2HP04, 36mM Na2H2P04, 

2mM MgCI2, 100mM 13-meracptoethanol and 1.33mg/ml 0 -Nitrophenyi-13-D

Galactopyranoside(ONPOT)), incubate at 3rc until the solution turns yellow and give 

A405 around 0.1. The results were presented as luminescence signal relative to 13-gal 

loading control. 
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IX. Immunohistochemistry and Immunofluorescence 

A. Immunocytochemistry 

Cells were split on glass cover slips in 6-well plate with SO% confluence and treated with 

8Br-cGMP and/or doxy for 24hrs. Cells were then gently rinsed with lX PBS and fixed 

with 3.7% v/v formaldehyde RT lSmins. Hematoxylin-eosin (H&E), and Alcian 

blue/periodic acid-Schiff (AB/PAS) staining was done with standard procedures in the 

GRU core histology facility. For immunofluorescent staining, fixed cells were then 

permeabilized with 0.2% v/ v Triton X-100 at RT for Smin, washed with 1xPBS Smin and 

then blocked with 5% v/ v goat serum in 1X PTS 1hr at 37•c. Primary antibodies MUC2 

(1:200, Santa Cruz Biotechnology, Santa Cruz, CA) and Sox9 (1:200, Abeam, Cambridge, 

MA) were diluted in 1XPTS with 5% v/v goat serum and applied to cells 1hr at 3rC. 

After wash 3X15min with 1X PTS, Alexa Fluor 568 secondary antibodies (1:500, 

Invitrogen, Camarillo, CA) in lX PTS with 5% v/v goat serum were used for lhr at 3rc. 

Cells should always be protected against light. 2x10min wash with lX PTS, cells were 

then counter stained with 2J..lg/ml 4',6-diamidino-2-phenylindole (DAPI nuclear stain, 

Calbiochem, San Diego, CA) in lX PTS at RT for Smin. After another 10 min was with lX 

PTS, cells on cover slips were mounted with VectaMount aqueous mounting medium 

(Vectorm Burlingame, CA) and kept at 4•c in the dark at least overnight before analyzing 

the samples. DO NOT dehydrate slides before mounting. 
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B. Immunohistochemistry 

Gl tract tissues were gently harvested and rinsed in ice cold 1X PBS. Then they were 

Swiss-rolled and fixed in 10%v/v formaldehyde at RT overnight. Fixed samples were 

incubated in 70% v/v ethanol and sent to GRU core histology facility for paraffin 

imbedding, section, H&E and AB/PAS staining. Paraffin imbedded slides were first 

washed with xylene 3X5min, then rinsed with 100%, 80%, 70% and 50% v/v ethanol 

diluted with diH20 for 5 min each. Slides were then rinsed and stored in diH 20 ready for 

antigen retrieval. To stain for TUNEL, slides were treated as described from TUNEL 

staining kit (Millipore, Billerica, MA). In brief, slides were blocked with 3% v/v H20 2, 

incubated with equilibrium buffer and probed with DNA fragments recognizing TdT 

substrates and anti-digoxigenin conjugate that recognizing TdT. Slides were then stained 

with lmmPACT DAB peroxidase substrate kit (Vector, Burlingame, CA), counterstained 

with H&E (dipping slides in H&E for 5-10 seconds, and rinsed in running water 

immediately for 2 mins), and mounted with mounting medium at RT overnight in the 

dark. For all other staining, slides were incubated in pre-heated boiling temperature 

antigen retrieval buffer (10mM sodium citrate, 0.05% v/v Tween 20 in H20, pH=G) in 

13s·c incubator for 30m in. Slides were then cooled off at RT in the buffer, rinsed with 

H20 and kept at 4•c until staining. To stain, slides were firstly blocked with 5% v/v goat 

serum in 1X PTS at 3rc for 1hr, 3% v/v H20 2 blocking 5min (DAB staining only) and 

probed with primary antibodies 1hr at 3rc (diluted in 1XPTS with 5% v/v goat serum). 

Antibodies recognizing lyzozyme and Ki-67 (1:50 dilution; Dako Cytomation, Carpinteria, 

CA), BrdU (biotinated, 1:100 dilution; Abeam, Cambridge, MA), MUC2 (1:200 dilution; 



Santa Cruz Biotechnology, Santa Cruz, CA), cleaved caspase 3 (1:500, Cell signaling, 

Danvers, MA), and chromogranin A (1:200 dilution; lmmunostar, Hudson, WI) were 

purchased from commercial sources. For BrdU staining, BrdU labeling reagent 

(Invitrogen, Camarillo, CA) were I.P. injected to mice 2hrs prior tissue harvesting at 

1ml/100g body weight and rat ABC staining kit (Santa Cruz Biotechnology, Santa Cruz, 

CA) was used to detect biotinylated primary BrdU antibodies. All others primary 

antibodies were probed with HRP conjugated goat anti-mouse/rabbit secondary 

antibodies (1:500, Bio-Rad) 1hr at 3rc and stained with lmmPACT DAB peroxidase 

substrate kit, counterstained with H&E, and mounted with mounting medium at RT in 

the dark for overnight. Analysis was done independently by two individuals who were 

blinded to the mouse genotypes, and at least three mice of each genotype were 

analyzed. 

C. Immunofluorescence 

Tissue slides staining for Phospho-JNK were processed the same as described above. 

After probing for primary antibodies Phospho-JNK T183/Y185(1:100, Cell Signaling, 

Danvers, MA), slides were rinsed 3X10min with 1X PTS, then probed with Alexa Fluor 

568 secondary antibodies (1:500, Invitrogen, Camarillo, CA) in 1X PTS with 5% v/v goat 

serum for 1hr at 3rc. From this step, slides were always kept in dark. After 2x10min 

wash with 1X PTS, slides were then counter stained with 2~g/ml4',6-diamidino-2-

phenylindole (DAPI nuclear stain, Calbiochem, San Diego, CA) in 1X PTS at RT for 5min. 

40 
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After another 10 min wash with 1X PTS, slides were mounted with VectaMount aqueous 

mounting medium and kept at 4•c in the dark at least overnight before imaging. 

X. Measurement of cGMP Level in the Colon Mucosa 

Mice were treated with/out a single dose of Vardenafil by IP injection. Gl tract tissues 

were then harvested and rinsed in cold 1X PBS with minimum disturbance. Colon 

mucosa was harvested and processed as described in Cyclic GMP EIA Kit (Cayman, Ann 

Arbor, Ml) for cGMP measurement. In brief, mucosa was scraped off into 100!!1 0.1M 

HCL, incubated at 4 ·c 10 mins for killing enzyme activ1ty and centrifuged 10 min to 

harvest supernatant. Samples were stored at -so·c for the assay. To measure, samples 

were 1:3 diluted with 0.1M HCL for appropriate cGMP level. 50!!1 diluted sample per 

well was incubated with 50!!1 AChE tracer and cGMP EIA antiserum at 4•c for 18hrs. 

After rinsing and incubation with Ellman's reagent and tracer reagent 90 mins at RT in 

the dark, wells were covered with plastic film for multi-plate reader measuring 00405. 

00405 was between 0.1-0.8 to make sure the signal being linear correlated with actual 

cGMP concentration. For each experiment, 2-point standard curve with high and low 

cGMP concentration was performed side by side with samples. Standard curve was 

done following instruction. In brief, series dilution of cGMP stock (pmol/ml) was 

measured with 00405 to give scattered plot Y=aX+b, where Y=00405 of each well and X 

=log10 (cGMP cone. in pmol/ml). Value "a" was negative giving the plot with negative 

slope. To calculate cGMP level of a sample, cGMP concentration= 10 ... X=10 ... ((Y-b)/a). 



For all samples, protein level measured by 00280 was used as loading control. cGMP 

concentration over 00280 of each sample was then presented as relative cGMP level. 

XI. DSS-induced Colitis Study 
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8 week-old mice were treated with OSS (m.w. 36,000-50,000; MP Biomeicals) in 

drinking water ad libitum. For all studies, 3.5% w/v OSS was used for PKG2 WT/KO mice 

in 129 background, and 5% OSS was used for CD-1 mice. Vardenafil was I.P. injected 

twice a day for 2 days before OSS and continued through the whole experiment. For 

histological analysis of acute inflammatory damage, mice were treated with OSS for 5 

days and colon tissues were harvested and processed in Swiss-roll with minimum 

disturbance as described above. For colitis study, mice were treated with OSS (5% w/v 

for CO-l mice) in drinking water for 6 days and switched back to normal drinking water 

for 4 days recovery. During the whole procedure, three components were recorded 

daily: weight loss (0=0%, 1=1-5%, 2=5-10%, 3=10-20%, 4=>20%), diarrhea (O=normal 

stool, 1=soft stool with normal shape, 2=very soft stool with "watery anus", 3=diarrhea 

with "paste" around anus and some on tail, 4=dysenteric diarrhea with liquid on 

anus/tail/cage), and rectal bleeding (O=none, 1=occult bleeding with "pinky'' spots on 

stool, 2=bleeding with obvious "bloody'' spots on stool, 3=blood staining on fur/tail, 

4=gross macroscopic bleeding with obvious blood on fur/tail). Disease activity index (DAI) 

was plotted as summary of three components each day through the whole experiment. 
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XII. Statistical Analysis 

All quantitative experiments were reproduced in at least three independent 

experiments with multiple wells in each replicate. The resulting data were expressed as 

means with error bars indicating SEM. Two means were considered to be statistically 

significant when two-tailed Student T-test had p-value less than 0.05. 



CHAPTER Ill: RESULTS 

I. Characterization of Homeostasis in the Colon Mucosa of Prkg2•!• 

and Prkg2·!· Mice 

loss of either guanylin or its receptor GC-C in intestinal epithelial cells (IEC) 

compromises cGMP signaling and results in increased crypt size due to expansion of the 

proliferative compartment77
• 
155

• PKG2 is an important effector of cGMP in the intestinal 

mucosa but its role in homeostasis has not been investigated in the colon. A useful 

model to test this possibility is the Prkg2-l mouse that was created previously to 

demonstrate the function of PKG2 in intestinal secretion61
• The null mutation of the 

Prkg2 gene was generated by inserting a neomycin resistance cassette in place of the 

second exon and the following intron (Fig. 3A). To distinguish animals with loci that have 

intact or disrupted Prkg2, primer sets for PCR were used for genotyping with genomic 

DNA from mice. In WT animals, primers fa and ra bind to flank genomic sequences on 

each side of the insert and produce a 300 base pair (bp) DNA fragment by PCR. To 

detect the altered locus, the common upstream binding primer fa was used together 

with a primer 3f that is specific for neomycin cassette to produce a 750bp DNA fragment. 

44 
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With this design, mice with three different genotypes were identified by PCR (Fig. 38). 

WT and KO mice had distinctive bands at correct sizes, and the heterozygous mouse 

carrying both WT and mutant loci had two bands with 300bp and 750bp in size. To 

further confirm the genotyping results, colon mucosa from mice, which were identified 

as WT and KO by genotyping, were subjected to RT-PCR and Western blotting for mRNA 

and protein levels of PKG2. Results showed that distinctive PKG2 expression were only 

found in WT animals (Fig. 3C, D). WT and KO animals were identified and subjected for 

characterization of homeostasis in the colon mucosa. 
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Figure 3. Determination of t he Genotypes of Prkg2 Mice. (A) Cartoon depicting 

genomic structure of wild type (WT) and PKG2 target disrupted {KO) mice. 

Horizontal black lines represent part of the genome. Neomycin resistance cassette 

(NeaR, blue) was inserted between restriction sites (BamH1 and Hinc/1). Primer sets 

(red arrows) specifically recognize sequences within the genome or the neomycin 

insert to give 300bp or 750bp products. (B) WT (+/+), KO (-/-)and heterozygous 

(+/-)mice were genotyped by PCR using genomic DNA from tail tissue. (C) RT-PCR 

and (D) Western blotting were used to detect PKG2 expression in the colon mucosa 

of WT and KO animals. HPRT1 and fJ-actin were used os loading controls. 
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A. Proliferation and Apoptosis 

Prkg2·!- animals have a smaller stature than wild types owing to defective endochondral 

ossification
61

, but preliminary examination did not detect any notable macroscopic 

differences in the intestine. When the sections were processed for histological staining 

(H&E, Fig. 4A), careful measurement revealed significantly longer crypts in the Prkg2·1 

relative to wild type animals (Fig. 48). There were also significantly more proliferating 

cells in the crypts of Prkg2·!- animals compared to wild type siblings as detected with 

either Ki-67 staining or BrdU incorporation (Fig. 4C, D). The relative position of the 

proliferating cells corresponded to the transit amplifying region, suggesting that the 

increased crypt length was due to expansion of the progenitor cells. There are 

conflicting reports regarding intestinal apoptosis in GC-C knockout animals relative to 

wild type
76

• 
77

• 
117

• 
162

• Significantly more apoptotic cells were observed in the surface of 

the colon mucosa from the Prkg2-l- animals compared to wild type siblings when 

measured by either Terminal deoxynucleotidyl transferase dUTP nick end labeling 

(TUNEL) or cleaved-caspase 3 immunohistochemistry (Fig. 5). 
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Figure 4. Increased Proliferation In The Colon Mucosa of PKG2 KO Mice. (A) The 

colons were harvested from 6-week old WT and KO siblings and sections stained with 

H&E, the proliferation markers Ki-67 and DNA incorporation of BrdU. Quantification of 

(B) size of colon crypts and (C, D) number of proliferating cells. Crypts were larger and 

had significantly more proliferating cells in the colon mucosa from PKG2 KO animals 

compared to the wild type siblings. The scale bar represents 10pm and all panels are 

equal magnification. Error bars show 50, N>3, *p<O.OS, two-tailed t-test. 
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FigureS. Increased Apaptosis in the Colon Mucosa of PKG2 KO Mice. (A) Apoptotic 

cells in the proximo/ colons of WT and PKG2 KO animals were stained by TUNEL and 

cleaved caspase 3 (CC3). Arrows indicate cells with positive staining. (B) Quantitation 

of TUNEL and (C) CC3 showed significantly more apaptosis in the colon mucosa from 

PKG2 KO animals compared to the wild type siblings. The scale bar represents 10pm 

and all panels are equal magnification. Error bars show SD, N>3, *p<O.OS 
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B. Differentiation 

The increased crypt size and hyperplasia measured in the proximal colon of Prkg2·!· mice 

has also been observed in animals deficient in guanylin155 and its receptor Ge-e 77
• The 

Ge-e-deficient mice were also reported to have reduced numbers of goblet cells in the 

colon with no difference in enteroendocrine cells. To determine whether PKG2 

influences epithelial differentiation, sections of proximal colons from Prkg2·!· and wild 

type animals were stained for goblet cells, enteroendocrine cells and colonocytes (Fig. 

6A). Staining with either alcian blue & periodic acid Schiff (AB&PAS) or anti-Muc2 

antibodies revealed numerous oligomucous cells deeper in the crypts without notable 

difference between Prkg2·!· and wild type animals. In contrast, the Prkg2·!· animals had 

significantly less mature goblet cells in the upper regions of the crypts than wild type 

animals (approximately 1/3rd, p < 0.01). Very similar observations were obtained 

independent of whether AB/PAS or Muc2 staining was used (Fig. 68, C). 

Enteroendocrine cells represent the other secretory lineage cell that was quantitated in 

colon sections by staining for chromogranin A. Much like the goblet cells, there were 

significantly fewer enteroendocrine cells in the proximal colons of Prkg2·!· animals 

relative to wild type siblings (Fig. 60, approximately Yz, p < 0.05) . Staining with alkaline 

phosphatase for absorptive cells colonocytes showed no difference between Prkgz1· 

and wild type animals suggesting that PKG2 is necessary for the differentiation or 

maintenance of secretory cells but not absorptive cells in the colon. The effect of PKG2 

status on proliferation and differentiation was most pronounced in the proximal rather 

than the distal colon (not shown). This regional effect in Prkg2·/ mice was consistent 
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with the expression of PKG2 in wild type animals, which was higher in the small intestine 

but decreased along a rostrocaudal axis and was virtually undetectable in the distal 

colon8
. However, analysis of the ileum showed increased villus length, but more subtle 

changes in apoptosis and crypt hyperplasia (Fig. 7). Notably, Prkg2 status did not 

significantly affect differentiation of secretory lineage cells in the ileum (Fig. 8). 
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Figure 6. Reduced Differentiation in the Colonic Mucosa of PKG2 KO Mice. {A) 

Differentiation in the mucosa of the colon from WT and KO mice was measured by 

staining sections for goblet cells {Muc2 protein and associated polysaccharides, 

AB&PAS), enteroendocrine cells (chromogranin A, CgA), and colonocytes (alkaline 

phosphatase, Alk. Phos). {8, C) There were significantly less mature goblet cells (darkly 

staining cells near the luminal surface) and (D) enteroendocrine cells in the colons of 

PKG2 KO mice relative to the WT siblings. Red arrows indicate typical cells that were 

counted. The scale bar represents lOf.Jtn and all panels are equal magnification. Error 

bars show SD, N>3, *p<O.OS, **p<O.OOl, two-tailed t-test. 
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Figure 7. Increased Proliferation in the Small Intestine of PKG2 KO Mice. {A) The ileum 

from WT and KO mice was harvested and sections were stained with H&E, Ki-67, BrdU 

and TUNEL as indicated. The arrows in the TUNEL panel indicate apoptotic cells. {8-F} 

Histological data were quantitated, and revealed larger villi and crypts in the PKG2 KO 

mice. Proliferation (Ki-67 ond BrdU) and apoptosis (TUNEL) were similarly increased in 

the PKG2 KO mice relative to wild type siblings. The scale bars represent 40J.DTI. Error 

bars SD, N>3, *p<O.OS two-tailed t-test. 
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Figure 8. Normal Differentiation in the Ileum of PKG2 KO Mice. (A) Differentiation in 

the ileum was measured by staining with AB&PAS (goblet cells), lyzozyme (paneth cells) 

and CgA (enteroendocrine cells). Red arrows in the CgA panel indicate enteroendocrine 

cells. {8-D) Quantitation of the histological data revealed no significant difference in 

differentiation between WT and KO animals. The scale bars represent 40J.Un. Error bars 

show SD, N>3, *p<O.OS by two-tailed t-test. 



II. The Mechanisms Underlining t he Regulation of Homeostasis by 

PKG2 in the Colon Epithelium 
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To better understand PKG2 signaling in the colon mucosa, colon cancer cells were used 

for in vitro studies. The PKG2 expression was examined by RT-PCR, and it was found that 

the mRNA level was unchanged in paired tumor and normal specimens from colon 

cancer patients (Fig. 9A), but was undetectable in colon cancer cell lines (Fig. 98, C). This 

pattern of expression is reminiscent of GC-C expression, which has been highlighted as a 

marker of metastases of intestinal origin but is absent from many colon cancer cell lines 

163
• Cell lines such as T84 and Caco2 that retain GC-C expression have been instrumental 

in characterizing downstream signaling. However, since PKG2 was not detected in any of 

the cell lines tested, colon cancer cell lines were created to ectopically express PKG2 in 

response to doxycycline (doxy). Treatment of these cell lines with doxy resulted in 

robust increases in PKG2 mRNA and protein (Fig. 10). To confirm induction of PKG2 

activity, the phosphorylation of the well-characterized PKG substrate vasodilator 

stimulated phosphoprotein (VASP)164
'
165 was examined. The phosphorylation-induced 

electrophoretic mobility shift of VASP when cells were stimulated with doxy and the 

membrane permeable analog 8Br-cGMP, demonstrated inducible PKG2 activity. 
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Figure 9. PKG2 Expression in Colectomy Specimens and in Colon Cancer Cell Lines. (A) 

RNA samples were harvested from colon tumor (T) and adjacent normal (N) tissues of 

colon cancer patients (P1-P4}. PKG2 expression was examined by RT-PCR. (B) PKG2 

expression in different colon cancer eel/lines was examined at the RNA level by RT-PCR 

and compared to human colon mucosa. HPRTl wos used as eDNA loading control. (C) 

PKG2 protein levels in colon cancer cel/lmes were measured by immunoblotting. HT29 

cells transiently transfected with expression plasmids encoding human PKG2 was used as 

positive control and /)-actin was used as a loading control. 
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Figure 10. Creation of Cancer Cell Lines with Inducible PKG2 Expression. In order to 

study PKG2 signaling, colon cancer cell lines were created that can be induced to express 

PKG2 by treating with doxycycline (doxy). (A) PKG2 expression in response to doxy(+) 

was measured by RT-PCR. (B) The expression of functional PKG2 protein in response to 

treatment with doxy and BBr-cGMP (Doxy+cGMP) was assessed by mobility shift of the 

PKG target vasodilator-stimulated phosphoprotein (VASP). lmmunoblotting to detect 

PKG2-phosphorylated VASP (shifted VASP-P) was done, and then blots were re-probed to 

detect PKG2 as indicated. 
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A. Proliferation and Apoptosis 

The crypt hyperplasia observed in the colons of Prkgz1· mice suggested that inhibiting 

the proliferation of progenitor cells could be an important function of PKG2 in wild type 

animals. To test this idea in vitro, colony formation assays were used to determine the 

effect of PKG2 expression on the proliferation of colon cancer cell lines. These studies 

showed that ectopic PKG2 inhibited colony formation in both LS174T (30%) and HT29 

(SO%) (Fig. 11). Under identical conditions of doxy and 8Br-cGMP, the parental cell lines 

that do not express PKG2 showed either no significant effect (HT29) or slightly increased 

colony formation (LS174T). Similar effects of PKG2 on cell proliferation were obtained 

using MTT assays (35% decrease) and direct cell counting in a hemocytometer (25% 

decrease) (Fig 12 A, B). While ectopic PKG2 inhibited proliferation, it did not significantly 

affect trypan-blue positive cells. The ability of PKG2 to affect cell viability was further 

explored using annexin/propidium staining and cell cycle analysis, but neither approach 

was able to detect a significant effect (Fig. 12C, D). Notably, while the cell cycle analysis 

did not measure an effect of PKG2 on sub-Gl cells, there was a significant increase in Gl 

cells (12.5%) and a decrease in the S+G2/M phase cells (25.6%). These results are similar 

to signaling downstream of GC-C where cGMP-dependent cytostatic effects have been 

reported without any effect on apoptosis156
. 
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Figure 11. Ectopic PKG2 Inhibits Colony Formation In Colon Cancer Cells. Colony 

formation assays were used to test whether induction and activation of PKG2 

(doxy+cGMP} affected the growth of colon cancer cells (inducible clones). Identical 

conditions were used for cells with no PKG2 induction (parental}. Colonies formed by (A} 

HT29-1116 and (B) L5174T-114 cells were stained with Giemsa™ and imaged. (C, D) The 

total colony area of control cells (Ctrl) and cells treated by doxy and cGMP-treated cells 

(+).Error bars shaw SEM, *p<O.OS, two-tailed t-test. 
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Figure 12. PKG2 Inhibits Proliferation but Not Apoptosls In LS174T Cells. PKG2 induction 

and activation(+) inhibited the proliferation of LS174T-114 cells compared to control (Ctrl) 

as measured by (A) MTT assay and (B) counting cells in a hemocytometer. The trypan 

negative/positive indicates alive/dead cells respectively. The PKG2 effects on LS174T-114 

apoptosis was measured by (C) annexin/propidium staining and (D) cell cycle analysis by 

propidium iodine incorporation. Error bars show SEM, *p<O.OS 
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B. Differentiation 

The Prkgzl· mice had less goblet and enteroendocrine cells in the proximal colon 

suggesting that PKG2 might facilitate terminal differentiation in the colon mucosa. This 

idea has precedent as PKG2 has been reported to increase differentiation markers in 

glioma cell lines and in proliferating chondrocytes in the developing bone62
•

67
. To 

explore this possibility further, histological staining for polysaccharides and 

immunostaining for Muc2 was carried out as a measure of goblet cell differentiation. 

There was a relatively high background sta ining of mucopolysaccharides in the LS174T 

cells but this increased significantly between 24-48 h after PKG2 induction and 

activation (Fig. 13A, B). In contrast, there was very little background staining in HT29 

cells and this did not change with ectopic PKG2 (data not shown). The regulation of 

MUC2 expression by PKG2 was examined further using RT-PCR, which showed that PKG2 

activity resulted in increased MUC2 mRNA (Fig. 13C, D). CDX2 activity is associated with 

differentiating IEC and is a direct transcriptional activator of MUC2 141
' 
166

• Ectopic PKG2 

also increased CDX2 mRNA levels in LS174T cells with similar kinetics to MUC2. 

Consistent with a transcriptional regulatory mechanism, PKG2 dose-dependently 

increased transcription from luciferase reporter constructs driven by upstream 

promoter regions from MUC2 (3 fold) and CDX2 (1.7 fold) genes (Fig. 14). In agreement 

with AB/PAS and Muc2 immunostaining, the increased expression of both CDX2 and 

MUC2 by activation of ectopic PKG2 was observed in LS174T cells but not in HT29 cells 

(data not shown). 
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Figure 13. PKG2/nduces Differentiation in LS174T Cells. (A) Mucus production 

measured by AB&PAS and Muc2 staining in LS174T cells treated without (Ctrl) or with 

(PKG2) induction and activation of PKG2. Muc2 was counterstained with DAPI (right 

panel) and scale bars are shown at the bottom. (B) Quantitative analysis of Muc2 

fluorescence as a funct ion of DAPI staining. Semi-quantitative RT-PCR showed expression 

of the differentiation markers Muc2 and CDX2 in LS174T cells {C) treated with nothing 

(Ctrl}, BBr-cGMP only (cG}, doxy only (Dox) and BBr-cGMP +doxy (Dox+cG) and (D) 

treated with different time for BBr-cGMP. HPRTl was used as a loading control. Error 

bars show SEM. •p<O.OS, two-tailed t-test. 



63 

75 • • 
65 

Ocoxz 
.Muc2 

55 

~ ·s; 
'B 45 

"' u 
::l _, 
Cll 
> 35 
; 

"' "ii « 
25 

15 

PKG2 

~-actin 

0 0.02 0.2 2 

Doxy (~-~&/ml) 

Figure 14. PKG21nduces Transcription of Dl/ferentlation Genes in LSl74T Cells. 
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immunoblotting and {Jactin is shown as a loading control. Error bars show SEM. 

•p<O.OS, two-tailed t-test. 
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C. Sox9 as a Potential PKG2 Effector in the Colon 

The original report of Prkg2-l- mice described reduced GC-C-mediated secretion in the 

intestine but it was noted that these animals also exhibited dwarfism owing to defective 

endochondral ossification61
• Subsequent work by an independent laboratory 

demonstrated that PKG2 blocks Sox9 repressor activity leading to hypertrophic 

differentiation of chondrocytes62
• As a target of the Wnt/j3-catenin pathway, Sox9 also 

has an important role in intestinal homeostasis and is a transcriptional repressor of 

MUC2 and CDX2 genes in colon cancer celllines125
• Therefore inhibition of Sox9 

repressor activity by PKG2 could have a role in the differentiation of LS174T colon 

cancer cells. Over-expression of Sox9 reduced the basal level of transcription from the 

MUC2-Iuciferase reporter in HT29 and LS174T cells and completely blocked the 

capability of PKG2 to increase the transcription activity in LS174T cells (Fig. lSA, B). 

These results support the idea that partial differentiation of LS174T cells by PKG2 could 

result from inhibition of Sox9 repressive activity in these cells. PKG2 was reported to 

inhibit Sox9 in chondrocytes by blocking nuclear translocation62
, but this was not 

observed in the colon cancer cells examined here, where Sox9 was exclusively nuclear 

regardless of PKG2 status (Fig. lSC). The nuclear localization of Sox9 was also not 

affected by PKG2 in glioma cells, but in that system PKG2 inhibited Sox9 expression at 

both protein and mRNA levels 67
• Overexpression and activation of PKG2 in LS174T cells 

resulted in decreased Sox9 protein, but not in HT29 cells (or in SW480 and SW620 cells; 

data not shown), where a slight increase in Sox9 was observed (Fig. 150). Additionally, 

while PKG2 reduced endogenous Sox9 protein levels, there was no effect on the level of 
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transfected Sox9 driven by a constitutive CMV promoter. This indicated that post

translational mechanisms were probably not responsible for the change in Sox9 protein. 
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Figure 15. Sox9 is Involved in PKG2 Induced Differentiat ion of LSl74T Cells. {A, B) 

Luciferase assays were used to measure PKG2 effects on MUC2 transcription in HT29 

cells and LS174T cells. Overexpression of Sox9 (Sox9) blocked the activation effect of 

PKG2 in LS174T cells only. (C) lmmunostaining of exogenous Sox9 in LS174T cells without 

(Ctrl} or with (PKG2) overexpression of PKG2. Transfected flag-Sox9 was stained in red, 

and the cell nucleus was counterstained with DAPI blue. 10 pm scale bar is shown at the 

bottom. (D) The effect of PKG2 activity on Sox91evels in LS174Tand HT29 cells was 

examined by immunoblotting of transiently transfected cells (os indicated). p.actin was 

used as protein loading control. Error bars show SEM, *p<O.OS, two-tailed t-test. 
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As suggested by studies in chondrogenesis, Sox9 phosphorylation at serine 181 by PKG2 

was also important for inhibiting Sox9 activity167
.
169

. To determine whether 5181-P has a 

role in Sox9 expression in colon cancer cells, the CMV driven wild type Sox9 and S181A 

mutant constructs were transfected into LS174T cells. While wild type Sox9 was being 

phosphorylated by PKG2, the mutant Sox9 had no phosphorylation at amino acid 

position 181 regardless of PKG2 activation in the cells (Fig. 16A). However, both types of 

Sox9 were blocking MUC2 expression induced by PKG2 (Fig. 16B) suggesting that Sox9 

Ser181 phosphorylation by PKG2 was not likely to be involved in the regulation of 

differentiation in colon cancer cells. To explore this further, RT-PCR was used to show 

that expression and activation of PKG2 markedly reduced the steady state level in 

LS174T but had no effect on Sox9 mRNA levels in HT29 cells (Fig. 17A). The significance 

of Sox9 downregulation by PKG2 in vivo was investigated by immunohistological 

comparison of Sox9 expression in the colon mucosa of wild type and Prkgzl· mice (Fig. 

17B, C) . Strong nuclear staining was observed deep in the crypts irrespective of Prkg2 

status, and there was cytosolic staining in the surface epithelial cells. The cytosolic 

staining of Sox9 appeared to be more intense in the Prkg2-l mice, and there were 

significantly more Sox9 positive nuclei per crypt relative to wild type siblings. 
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Figure 16. 5181 Phosphorylation by PKG2 does not Affect 5ox9 Expression in LS174T 

Cells. (A) Western blotting was used to examine phosphorylation of 5ox9 at 5181 (P-Sox9 

5181) by PKG2. Cells were transfected with CMV driven wild type (Sox9-WT} or S181A 

mutant derivative (Sox9-S181A} and treated without(-) or with(+) PKG2 induction and 

activation for 24 hrs. Total 5ox9 and /3-actin were used as loading control. (B) Luciferase 

reporter assay showed activation of MUC2 expression by PKG2. Cell transfected with 

Sox9 constructs were treated without (Ctrl) or with (PKG2) PKG2 induction and 

activation. Error bars show SEM, *p<O.OS, two-tailed t-test. 
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Figure 17. PKG2 Suppresses Sox9 Expression In LS174T Cells and In Colon Mucosa. (A) 

PKG2 effect on Sox9 mRNA levels in inducible LS174T and HT29 colon cancer cells as 

measured by RT-PCR. The cells were treated without(-) or with (+) Doxy and BBr-cGMP 

for 24 h. (B) The immunolocalization of Sox9 in the proximal colon mucosa of wild type 

(WT) and Prkg21· (KO) mice. (C) Quantitative analysis of cells that were immunopositive 

for nucleor Sox9 in the crypts. Scale bar represents 10pm. Error bars show SD, N>3, 

*p<O.OS, two-tailed t-test. 
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D. DUSPlO Is a PKG2 Effector in the Colon Mucosa 

To further explore the mechanism(s) by which PKG2 controls homeostasis, eDNA 

microarray analysis was used to compare gene expressions in the colon mucosa of WT 

and Prkg21· mice (Table 3). In supporting with the histological analysis, eDNA array data 

also suggested that Prkg2·!- mice had altered colon homeostasis. The differentiation 

associated genes (red) were downregulated and proliferation genes (blue) were up

regulated in the colon mucosa of KO mice compared to WT. As one of the very few 

genes found on the list that are involved in signal transduction, dual specificity protein 

phosphatase 10 (DUSPlO) has the most significantly decreased gene expression in 

Prkg2 1 mice relative to WT siblings. The DUSPlO gene encodes a MAPK phosphatase 

(MKPS) that inactivates c-Jun N-terminal kinase (JNK) by dephosphorylating 

serine/threonine or tyrosine residues in the active enzyme170
•
171

• It has been reported 

that JNK can inhibit MUC2 expression via a repressive site in the promoter149
•

150
• 

Therefore, the significance of DUSPlO in the regulation of differentiation by PKG2 was 

tested in vitro using LS174T cells. 
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Table 3. Summary of eDNA array data analysis 

p-value 
Fold decrease Gene 

Gene Assicnment 
(vs WT) Symbol 

0 001 4 S1 :PR(2 Dl'otefn kln.u cGMP-Gependent. tv1:1e 'II 
0010 2 14 ~1~12 wlutc arner limilv 1~ IH•/OC'otide tranlDOrttrl. membl' 
0039 204 Cldn4 ctaudtn 4 1~1 junclon 

0000 1 63 Sprr2J ~mill prohnt uch prott•n 2J 
cu 0040 1 S8 Oflrl310 l)lfictorv receotor 1310 u e 0 007 1S8 EG'3821S6 prechctf'CI cene. EG3821S6 

0 0 007 ISO TnmU triNrt•te mouf contaillil'lllt 13 
¥ ooos 1 ss DusolO dual SD«ffidtv phosCihruse 10 
c 003S 1 S5 Mt2 metallothlone•n 2 

"n 0043 1 55 MVt!f2 mvelin bauc DtOteln e xores\IOn factor 2. brain muscle different~tlon 
cu 

004~ 1 54 Ppm1j lprote•n phosphi ta~e 1J "" nl 
0033 1.52 £1na3 eohnnAl :.;, 

Cot 0018 1 so lrcll [!nterfcron-rel.lted develoornental rer.~tor 1. dillerl'ntl.ltlon m muscle 
cu 

0 007 150 U1rl2 •nterleukm 1 receptor ·hkl' 2 ~ . 
c: 0040 148 Adhfib .alcohol dehvdr011:enase 68 lcl.lu V) 
3 0014 144 Xtrp2 ••n actltl·blndin& repeoat conti•n•n&2 0 
"0 0025 143 Tantd2 tumor a~lOC•atf'CI ak1um lignaltransdU<er 2 

"' 0032 1 41 Arl4a ADP·nbosvlat•on lactor·l•ke 4A cu 
c 0027 1 41 Ode :dooa decarboxvtne. r.erotonin svnthMil 
11.1 

0036 Ollr24 ollactorv recl"otor 24 

"' 1 41 
0004 1 40 Odil I DNA-dima~l'l induciblt> 1 homoloa 115 «>rewllel 
0013 1 39 Ollr9SS I olfactorv receotor 958 

0048 138 Beitl I tlcstroohln 2 alaum actiVated donde dlannt'1 
0014 136 Otfr521 ollactorv rececnor 521 

p ·value 
Fold increase Gene 

Gene Assicnment 
(vs WT) Symbol 

0031 1 7S N.ap112 nucteosome USl'mbly P• otem 1-like 2 
0016 172 Pgl<l pho,phoglyt!'rate l11naSl' 1 

0 005 171 Cma2 chyma\1' 2. mast cell 
0048 1 58 Gng3 G protem . gamma 3 

0024 1 ss Histlh21b histont' cluster 1 H2ab 
cu 0037 1 S1 Cka4 chlor~ channel calcium awvatf'CI 4 
.!:! 004S 1 S1 Nuvpl nudeol.ar 1nd $Dlndle usoc:Qtecl protl'in 1 E 

0 014 150 R.ab18 RA818 member RA5oncogenefamlly 
0 0037 149 Ccn.2 [cydin A2 ~ 
c 0021 147 Kprp keratmocvtr t•prrsSI'd prohne•rKh 

"0 0009 14S MaU6 MAK16!hom~ (S c~siael mutation asue G1 arrest 
cu 0039 10 KMir3 KOElll vs..Asp-Giuolf!lll endool.nnuc retiCulum protem rete .... 

.!! 0017 143 Cct18 chemolmt> IC C mot•llllgand 28 
~ 0040 142 Ly9 e antigen 9 110 cu 0!022 1 42 Zfp804a 11nc finger protein 804~ actlvatf'CI bv HOXC8 
~ 
I 

0043 1 41 Rablc RAB3C member RAS oncoeene family c. 
~ 0022 1 40 Rps6U6 robo\Oit'lal ptott'in S61r.lnase polypeptide 6 

"' 002. 1 38 Kllll lunesm family member 11 ml!o~ cu 
c 0046 1 38 Lcp2 [lymphoc~te cytosobc protr•n 2 cu 

"' 0036 138 Prunl'2 prune homolog 2 (DrOSOPhila) 

0!01• 137 Khdc1a KH domain containing lA 

0040 1 37 434166 prf'CIICtl'd gene. 434166 

0!021 1 37 Sc:Kn secretal!Oflln. H hand calc•um bindong protem 

0030 137 Ccnbl cydinBl 
0011 1 36 M~thRl mlcroRNA host arnr 1 

8 Genes associated with differentiation 8 Genes associated with proliferation 
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As described earlier MUC2 expression was increased by PKG2, and the change was 

coupled with elevated mRNA level of DUSPlO in response to PKG2 expression and 

activation {Fig. 18A). The ability of JNK to inhibit MUC2 expression in LS174T cells was 

validated by co-transfection of a dominant-negative JNK construct with a MCU2-

Iuciferase reporter. These experiments revealed that the dominant-negative construct 

increased transcription of the MUC2 gene by 50% {P<O.OS) {Fig. 18B). The effects PKG2 

on JNK activity were further examined using an ATF21uciferase reporter, of which 

activity was induced by the transcription factor ATF2. As a downstream target of JNK, 

ATF2 transcription activity is increased by JNK activation172
• A constitutive active form of 

JNK activator MEK7 {MKK7D) increased the reporter activity by 4 fold and ectopic PKG2 

blocked this by 70% {Fig. 18C). To determine whether DUSPlO mediates the effect of 

PKG2 on MUC2 expression, siRNA was used to block the PKG2-dependent increase in 

DUSPlO mRNA {Fig. 19A). In these experiments, DUSPlO-specific siRNA significantly 

inhibited (p<O.OS) the PKG2-dependent increase in MUC2-Iuciferase reporter activity 

(Fig. 19B). These data demonstrate that DUSPlO mediated suppression of a basal JNK 

activity by PKG2 and lead to promotion of the differentiated goblet cell marker MUC2. 
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Figure 18. PKG2 Induces MUC2 Expression by Blocking JNK Activity. (A) The effect of 

PKG2 on MUC2 and DUSP10 gene expression were measured by RT-PCR. RNA 

samples were harvested from cells treated without(-) or with(+) PKG2 induction and 

activation for 24 hours. HPRT1 was used as RNA loading control. {B) The effect of 

dominant negative JNK (JNK-DN) on MUC2 promoter transcription activity was 

measured by luciferase assay. {C) The effect of PKG2 on JNK activity was measured by 

luciferase assay. The ATF2 reporter was made specific for JNK. Transfection of MEKl 

activates JNK in the cells. Error bars show SEM, *p<O.OS, two-tailed t-test 
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Figure 19. PKG2 Induces MUC2 Expression by Increasing DUSP10 mRNA. {A) DUSP10 

specific siRNA (Si-181 and Si-468) effects on DUSP10 gene expression level was measured 

by RT-PCR. Cells treated with nothing (Ctrl) were compared with PKG2 activation 

{Vector) and PKG2 activation with siRNA. Scrambled siRNA (Si-ctrl) was used as control. 

HPRT1 used as loading control. (B) The effect of DUSP10 specific siRNA of PKG2-induced 

MUC2 transcription was assessed by MUC2 luciferase reporter. Error bars show SEM, 

*p<O.OS, two-tailed t-test. 
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Ill. Determination of the Effect of PKG2 Activation by PDES Inhibitors in 

the Colon Mucosa 

Analysis of homeostasis in PKG2 WT and KO animals led to the hypothesis that PKG2 

suppresses proliferation and promotes differentiation in the colon mucosa173
• However, 

there is a possibi lity that the homeostatic changes in colon mucosa were secondary 

adaptations to the systemic deficiency of PKG2 expression in the body. To test the 

hypothesis that PKG2 directly regulates homeostasis in the colon, it was necessary to 

identify an efficient method for PKG2 activation via increasing cGMP in the epithelial 

compartment. GC-C agonists have been reported to increase cGMP in the intestinal 

epithelium, but no detail was shown in the colon60
• 

73
'
174

. The other way of regulating 

cGMP level in the cells will be blocking degradation of cGMP by PDES. The function and 

clinical applications of PDES inhibitors have been reviewed in depth175
• In summary, the 

inhibitors block the cGMP hydrolysis catalyzed by PDES and cause accumulation of 

cGMP in the cells. In cardiovascular system, increased cGMP level is correlated to 

smooth muscle relaxation and blood vessel dilation. Based on this notion, it has been 

widely used in treating diseases including coronary artery disease and erectile 

dysfunction. More recently, it has also been suggested to treat lower urinary tract 

symptoms176 and even used daily for prostate hyperplasia177
• PDES is also expressed in 

the colon and was shown to be involved in regulation of fluid secretion17
• Moreover, 

PDES inhibitors have been reported to protect colonic inflammation in the rat, though 

the mechanism remains unclear178
• Therefore, systemic administration of the PDES 
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inhibitor Vardenafil was used as an alternative to increase cGMP level and activate PKG2 

in the colon mucosa. Therefore, the ability of PDE-5 inhibitors inhibiting cGMP 

hydrolysis in the colon was tested by intraperitoneal injection (I.P.) of mice with 

Vardenafil (Levitra \A single dose of Vardenafil significantly increased mucosal cGMP 

levels in the ileum (2.1 fold, p<0.05) and proximal colon (5.6 fold, p<O.OOl) when 

measured at 6 h post injection (Fig. 20A). No difference in cGMP was observed in the 

distal colon at 6 h, but levels were elevated at earlier time points (not shown). In the 

proximal colon the effect ofVardenafil was rapid, with maximal cGMP levels and 

observed at 3-4 h after administration, and this slowly declined to near-basal levels after 

8 h (Fig. 20B). Ser239 VASP phosphorylation, as the well-known phosphorylation 

substrate for PKG, also increased significantly in the colon mucosa 4 h after Vardenafil 

treatment (Fig. 20C, D) suggesting that cGMP levels elevated by Vardenafil were 

sufficient to activate PKG in the colon mucosa. Therefore, it is possible to study effects 

of PKG2 in colon mucosa by activating PKG2 in vivo. 
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Figure 20. Vardenafillncreases cGMP Levels and Activates PKG2 in the Colon Mucosa. 

(A) cGMP levels in the mucosa were measured. Intestinal and colonic mucosa of mice 

treated with vehicle (Ctrl) or Vordenofil (Vard) were harvested 6 hours after drug 

administration. (B) cGMP levels in proximal colon mucosa were measured over time 

after a single dose of Vordenafil. (C) Western blot showing phospho-VASP Ser239 (VASP 

239-P) in mucosa from colon treated without (Ctrl) or with (Vord) Vordenofil. f3-octin 

served as protein loading control. (D) Quantification of VASP 239-P immunoblotting 

bond intensity relative to pactin from multiple experiments. Error bars show SD, n>3, 

*P< 0.05, ***P< .001, two-toiled t-test. 
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A. The Effect of Vardenafil Treatment on Homeostasis in the Colon Mucosa 

Wild type and PKG2-deficient mice were treated with Vardenafil daily, and after 7 days 

the proliferation and apoptosis were measured in the colon epithelium using 

immunohistochemistry (Fig. 21A). Vardenafil treatment significantly reduced 

proliferation by 20-30% throughout the colon epithelium of wild type mice, but had no 

effect in Prkg2·/· mice (Fig. 218). Vardenafil treatment also inhibited basal levels of 

apoptosis by 40-60% with increasing efficacy along the rostral-caudal axis, but was 

similarly ineffective in the colon of PKG2-deficient animals (Fig. 21C). Central to 

homeostasis in the colon is the differentiation of cells as they move to the luminal 

surface and withdraw from the cell cycle To determine whether the anti-proliferative 

effect of Vardenafil treatment affects differentiation, the colon sections were also 

analyzed for goblet and enteroendocrine cell content (Fig. 22). The mature goblet cells 

were identified in the upper half of colonic crypts by staining for mucus with A8&PAS, 

and were observed to increase in density from the proximal to distal colon. Vardenafil 

treatment dramatically increased mature goblet cell numbers in the colons of wild type 

but not Prkg21 mice (Fig. 228). While goblet cell density was significantly higher in the 

proximal and distal regions of the colon from treated mice (SO% increase, p<O.OOl), the 

effect was most pronounced in the mid-colon with a 2-fold increase. Despite the higher 

goblet cell density induced by Vardenafil treatment, no significant difference in the 

thickness of the luminal mucus layer in the colon was observed (data not shown). To 

determine whether the differentiation-promoting effect of Vardenafil was limited to 

goblet cells, we stained sections for CgA to identify enteroendocrine cells. Similar to 
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goblet cells, Vardenafil treatment of mice resulted in significant increases in colon 

enteroendocrine cells, but to a lesser degree in the range of 20-29% (p<O.OS). Vardenafil 

treatment of Prkg2·/- mice had no effect on enteroendocrine cells (Fig. 22C). Despite the 

relatively potent effect of Vardenafil on cGMP levels in the terminal ileum, this agent did 

not significantly affect homeostasis (not shown). Taken together, these data 

demonstrate that the PDE-5 inhibitor Vardenafil is capable of increasing cGMP levels in 

the colon mucosa, and that this regulates homeostasis in a PKG2-dependent manner. 
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Figure 21. Vardenafil Decreases Cell Proliferation and Apoptosis in the Colon Mucosa 

of WT M ice. {A) IHC staining of Ki-67 (proliferative cells) and TUNEL (apoptotic cells, red 

arrows) in proximal colon mucosa of WT mice treated with vehicle (Control) or 

Vardenafil for 7 days. Scale bars represent 20pm. {8 and C) Quantification of Ki-67 

positive cells and TUNEL positive cells stained in proximal (Prax), middle (Mid) and distal 

(Distal) colons of WT and KO mice treated with vehicle (Ctrl) or Vardenafil {Vard). Error 

bars show SD, N>3, *P< 0.05, **P< .01, ***P< .001, two-tailed t-test. 
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Figure 22. Vardenafillncreases the Number of Differentiated Cells in Colon Mucosa of 

WT Mice. (A) IHC staining for secretory lineage differentiated cells, AB&PAS for mucus 

producing goblet cells and CgA for enteroendocrine cells (red arrows) in proximal colon 

of WT mice treated with vehicle (Control) or Vardenoftl for 7 days. Scale bar represents 

20)JITI. Quantification of (B) upper region matured goblet cells and (C) CgA positive cells 

stained in proximal (Prox), middle (Mid) and distal (Distal) colon tissues of WT and KO 

mice treated with vehicle (Ctrl, dash lines) or Vardenafil (Vard, solid lines). Error bars 

show SD, N>3, *P< 0.05, ***P< .001. 
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B. PKG2-DUSPlO Signaling in the Mouse Colon 

DUSP10 was identified as a PKG2 effector eDNA array, and together with in vitro studies 

indicated that PKG2 inhibits JNK activity, and induced differentiation. To determine 

whether this pathway exists in mouse colon mucosa, RT-PCR showed that DUSP10 

expression was decreased in Prkg2·!· mice (Fig. 23A). Next, the effects of PKG2 activation 

on DUSP10 expression were examined by incubating colon explants from WT and KO 

mice with 8Br-cGMP for 2 h in vitro (Fig. 23B). These experiments showed that DUSP10 

mRNA levels increased only in the colon mucosa of WT animals, and this corresponded 

with reduced levels of phospho-JNK (Fig. 23C). Treatment of mice systemically with 

Vardenafil for 48 h also led to increased DUSP10 mRNA levels in the terminal ileum and 

colon (Fig. 230). This suggested that increased MKPS levels could mediate the effects of 

PKG2 on homeostasis, and that sub-threshold levels of MKPS could contribute to the 

aberrant homeostasis observed in the PKG2-deficient animals. To further explore this 

possibility, histological analysis was used to determine the effect of JNK inhibition on 

homeostasis in the colons of Prkg2'1 mice. Prkg21 mice exhibited 1.5 fold higher 

proliferation (Ki-67 staining cells) and apoptosis (TUNEL positive cells) relative to wild 

type siblings. However, treatment with the JNK inhibitor SP600125 reduced both 

proliferation and apoptosis to 80% and 60% of the wild type (Fig. 24A). The Prkg2'1· mice 

were also deficient in differentiated goblet and enteroendocrine cells in the colon 

relative to wild type siblings (approximately half). Treatment of the Prkg2·!· mice with 

SP600125 significantly increased the density of differentiated goblet cells (170%, p< 0.05) 

and enteroendocrine cells (110%, p<0.01) in the colon epithelium relative to wild type 



siblings (Fig. 248). Taken together these findings highlight the importance of JNK 

suppression in the regulation of homeostasis by PKG2 in the colon. 

83 
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Figure 23. PKG2 Induces DUSP10 Expression and Blocks JNK Activi ty in the Colon 

Mucosa. (A) RT-PCR detected mRNA levels of DUSP10 and PKG2 in colon mucosa of 3 WT 

and KO siblings. WT and KO mice colon mucosa explants were treated without(-) or with 

(+) BBr-cGMP for 2 hours. (B) RT-PCR showing mRNA levels of DUSP10, and (C) Western 

blots showing phospho-JNK T183/Y185 (JNK-P). HPRT1 and total JNK were used as 

loading control respectively. (D) RT-PCR showing expression levels of DUSP10 in mucosa 

from ileum (f) and colon (C) of mice treated with vehicle (Ctrl} or Vardenafil (Vard) for 4 

hrs. HPRT1 was used as loading control. 
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Figure 24. JNK Inhibition Reverses Homeostatic Alterations In the Colon of PKG2 

Deficient M ice. PKG2 KO mice were treated without (KO) or with the JNK inhibitors 

SP600125 (KO+SP) and proximal colon tissues were subjected to quantification of (A} 

proliferattve cells (Ki-67), apoptotic cells(TUNEL) and (B) matured goblet cells, 

enteroendocrine cells (CgA). All numbers ore presented as percentage of WT control. 

Error bars SD, N>3, *P< 0.05, t wo-tailed t-test. 
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C. The role of DUSPlO/JNK in the Suppression of Colonocyte Apoptosis by PKG2 

JNK signaling has many context-specific functions, but it is well-established that this 

pathway is pro-apoptotic in most systems179
• Work shown here demonstrated that 

Vardenafil treatment significantly reduced apoptosis in the luminal epithelium of the 

colon in mice. Vardenafil also increased DUSPlO expression, suggesting that the effect 

of this agent on apoptosis could involve suppression of phospho-JNK. This idea was 

explored further using immunofluorescence to study the phosphorylation state of JNK in 

the colon mucosa (Fig. 25). The majority of phospho-JNK staining was observed in the 

nuclei of cells predominantly in the lower half of the crypts with little staining at the 

luminal surface. This observation supports previous work suggesting that the JNK 

activity may have a paradoxical proliferative role deeper in the crypt by potentiating (3-

catenin/TCF signaling148
• Treating mice with Vardenafil did not affect phospho-JNK 

stainmg in the crypts, but the absence of staining toward the luminal surface precluded 

the ability to determine Vardenafil effects in this region. To elicit a more robust 

activation of JNK in the luminal epithelium, dextran sulfate sodium (DSS) was used since 

this complex polysaccharide is known to activate the stress response and cause 

apoptosis in the colonic epithelium180
• After 5 days of DSS treatment, a dramatic 

increase in both nuclear phospho-JNK staining and apoptotic cells were observed in 

luminal epithelium (Fig. 25A). This acute DSS-challenge caused a 2-fold increase in 

phospho-JNK and a 10-fold higher level of apoptosis relative to controls, but the 

changes were almost completely blocked by simultaneous Vardenafil treatment (Fig. 

2SB, C). Furthermore, the protective effect of Vardenafil on DSS-mediated epithelial 
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apoptosis in the colon was not observed in Prkg2-l mice, indicating an important role for 

PKG2 in this process (Fig. 26}. Together these data demonstrate that activation of PKG2 

signaling in the luminal epithelium of the colon reduces phospho-JNK levels and 

suppresses apoptosis in these cells. 
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Figure 25. Vardenafil Treatment Blocks DSS Induced JNK Phosphorylation and 

Apoptosis in the Colon Mucosa. Mice were treated for 5 days with normal drinking 

water {Ctrl), 5% DSS in drinking water (DSS) or 5% DSS in drinking water together with 

J.P. injection of Vardenafi/ (DSS+Vard) and distal colon samples were processed for 

Immunohistological staining. (A) IF staining for phospho-iNK (upper panels, red, 

counterstained with DAPI blue) and IHC staining for TUNELfor apoptotic cells (lower 

panels, brown staining). Scale bar represents 20pm. (B) Quantification of phospho-iNK 

staining intensity in upper region (Top) and bottom region (Bottom) of crypts between 

animal groups. All numbers were standardized by area size and background staining. {C) 

Quantification of TUNEL positive cells in colon mucosa. Error bars show SO, N=2, *P< 

0.05, two-tailed t-test. 
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Figure 26. Vardenafil Treatment Requires PKG2 to Inhibit DSS Induced Apoptosis in the 

Colon Mucosa. WT and KO mice were treated 5 days with 3.5% DSS in drinking water 

together with I.P. injection with either vehicle {Ctrl) or Vardenafil (Vard) throughout the 

experiment. Distal colon tissues were then subjected for (A) IHC staining with TUNEL for 

apoptotic cells (red arrows). Scale bar represents 20pm (B) Statistical analysis of TUNEL 

positive cells presented as counting per crypt. Error bars show SO, N>3, *P< 0.05, two

tailed t-test. 



IV. Determination of the Effect of PKG2 Activation in DSS-induced 

Colitis 

90 

The experiments with short term DSS treatment strongly supported the idea that PKG2 

inhibits apoptosis by blocking JNK activity in the differentiated luminal epithelium. DSS is 

also widely used as a chemical reagent to induce disruption of the epithelial barrier and 

colonic inflammation that mimics the clinical and histological features of lBO and colon 

cancer181
• Based upon the protective effect of Vardenafil on apoptosis, it is reasonable 

to determine whether Vardenafil protects the colon epithelium in a widely used DSS

induced colitis model. CO-l mice were pretreated with vehicle (control) or Vardenafil 

two days before DSS. Then they all had drinking water with 5% DSS for 6 days followed 

by normal drinking water for another 4 days for recovery. Body weight, grades of 

bleeding and diarrhea are recored daily and pooled together as disease activity index 

(OAt). Mice treated with Vardenafil had significantly less disease symptoms compare to 

control group (Fig. 27A). After 5 days of DSS treatment, dramatic epithelial damage was 

found in the colon mucosa of control group whereas mice treated with Vardenafil had 

relatively intact epithelium barrier (Fig. 27B). In addition, numbers of AB&PAS staining 

goblet cells were significantly higher (50%, P<O.OS) in the upper region of colon mucosa 

in mice treated with vardenafil (Fig. 27C, D). To rule out the possibility of Vardenafil 

protecting against DSS-induced colitis through other pathways than PKG2 activation, 

PKG2 WT and KO mice were subjected to DSS treatment (Fig. 27E). Mice were all treated 

with DSS for 5 days, when DAI and epithelial barrier damage were significantly different 
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between control and Vardenafil treated mice in similar experiments showed above. 

While Vardenafil treated mice had lower DAI than control group in WT mice, there was 

no difference found in PKG2 KO mice regardless of Vardenafil treatment. 
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Figure 27. Vardenafil Treatment Suppresses DSS-Induced Colit is in Mice. (A) Body 

weight, diarrhea and bleeding were recorded daily and are shown together as disease 

activity index (DAI). (B) Some mice were sacrificed at Day 5 for pathological analysis. 

Descending colons were harvested and stained for H&E and (C) goblet cells (AB&PAS), 

scale bars represent 100 and 10 )Jm respectively. (D) Quantification for matured goblet 

cells in the upper region of the crypt. (E) In similar 055-colitis studies, limited number of 

WT and KO mice (n=2) were used and DAI was captured on day 5 of 055 treatment. Error 

bars indicate 50, N>3, *P<0.05, two-tail t-test. 



CHAPTER IV: DISCUSSION 

I. Role of PKG2 in Homeostasis of the Colon Mucosa 

There is a significant body of evidence indicating that uroguanylin/guanylin signaling 

through GC-C regulates intestinal homeostasis but the downstream components remain 

poorly defined. Characterizations of GC-C and guanylin knockout mice have clearly 

demonstrated the importance of the cGMP signaling axis in suppressing proliferation in 

the intestinal epithelium76
• 

77
• 
155

•
162

• As PKG2 is a well-established downstream effector 

of the intestinal secretory functions of cGMP in the intestine, the present study has 

examined the role of PKG2 in homeostasis of the colon mucosa. 

The colons of Prkg2"1· animals exhibited an exaggerated proliferative compartment and 

a larger crypt size relative to Prkg2•!• siblings, but there was no evidence of dysplasia or 

hyperplasia outside of the crypts. This effect was observed in both ileum and distal 

colon but was most pronounced in the proximal colon. In addition to the increased 

proliferation, the Prkg2_,_ animals showed significantly higher numbers of apoptotic cells 

and reduced numbers of secretory goblet and enteroendocrine cells. The colonic 

93 



94 

phenotype of the Prkg2·/- mice is remarkably similar to the GC-C knockout animals77 and 

strongly indicates that PKG2 mediates the homeostatic effects of GC-C/cGMP in the 

colon. Consistent with the importance of PKG2 downstream of cGMP, both guanylin155 

and GC-C77 knockout animals also showed less pronounced homeostatic effects in the 

distal colon. Some controversy exists concerning GC-C-dependent homeostasis in the 

small intestine because GC-C knockout mice have less paneth cells in the small intestine 

whereas PKG2 deficient mice do noe' 173
. The reduced effect of PKG2 deficiency in the 

distal colon reflects the expression pattern of PKG2, which decreases along a 

rostrocaudal axis and is expressed at very low level in the distal colon8
• However, the 

number of goblet cells was increased the most in distal colon when PKG2 was activated 

by vardenafil. One explanation is that because of the relatively large number of goblet 

cells in the distal colon, the subtle change caused by PKG2 deficiency was not detected 

by comparing WT and PKG2 KO animals. The reduced effect of PKG2-deficiency in the 

ileum as observed here is not explained in terms of GC-C/PKG2 expression, which 

suggests that homeostatic signaling components downstream of PKG2 may be different 

in the small intestine. It was reported recently that overlapping expression of CDXl and 

CDX2 transcription factors in the proximal colon underlies differences in the regulation 

of epithelial homeostasis relative to the ileum and distal colon 182
• While not directly 

tested here, it is possible that the regulation of the differentiation-promoting COX genes 

could be a central function of PKG2 in the colon and could be an important area of 
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future investigation. The striking reduction in goblet and enteroendocrine cells in the 

Prkg2·l· colons without obvious changes in absorptive colonocytes suggests an 

important role for PKG2 in regulating secretory lineage specification or in the terminal 

differentiation of these cells. The signaling pathways that are involved in secretory 

lineage determination (such as Match-1, Notch131
, and Sox9 125

'
138

) therefore become 

potential targets of PKG2. The ability of PKG2 to regulate Sox9 was examined 

subsequently because it has been reported to be regulated by PKG262
• 

67
• Reduced 

numbers of goblet cells has also been reported in GC-C knockout mice but that study did 

not observe significant changes in enteroendocrine cells 77
• This discrepancy could 

ref lect differences in specific region of the colon examined, but is more likely due to the 

fact that PKG2 is positioned further downstream in the cGMP signaling pathway than 

GC-C. Therefore, regulation of PKG2 will likely to have more potent and specific effects 

on homeostasis in the colon mucosa than that of GC-C. 

To further test the homeostatic regulation of PKG2 in the colon mucosa under 

physiological conditions, PKG2 need to be activated in the colon epithelial cells. 

Administration of Vardenafil significantly increased cGMP levels and activated PKG in 

the colon mucosa. The suppression of proliferation and induction of differentiation in 

the colon epithelium of wild type mice treated with Vardenafil clearly demonstrates the 

importance of cGMP signaling in colon homeostasis. In addition, these observations 

agree with predictions arising from studies of GC-C and PKG2 knockout animals77
• 

155
•
173

• 
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Because the Vardenafil was delivered systemically it is possible that the effect on colon 

homeostasis did not involve signaling in epithelial cells directly. However, this is unlikely 

because Vardenafil did not significantly affect colon homeostasis in Prkg2·!· mice, which 

demonstrates the critical role for epithelial PKG2 in this process. 

The eDNA array data has also supported the hypothesis that PKG2 promotes 

differentiation and inhibit proliferation. Many of the differentiation associated genes 

were downregulated whereas proliferation associated genes were up-regulated in PKG2 

KO animal. Moreover, DUSPlO was identified as one candidate gene that is involved in 

signal transduction by regulating JNK activity in the colon mucosa. To examine the role 

of JNK in colon mucosa and test the idea of PKG2 regulating colon mucosa homeostasis 

through blocking JNK activity, PKG2-deficient mice were treated with the JNK inhibitor 

SP600125. The potent JNK inhibitor ostensibly reversed the growth, death and 

differentiation defects in the colon epithelium. These results strongly suggest that the 

elevated JNK activity is a central driver of the phenotype resulting from PKG2-deficiency, 

and that inhibition of JNK by the PKG2-induced DUSPlO-expression is likely to mediate 

these homeostatic effects of Vardenafil treatment. In subsequent in vitro studies, the 

role of DUSP10-JNK signaling in mediating PKG2 induced differentiation has been 

further examined in colon cancer cells. 
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11. Mechanisms of PKG2 Regulating Colon Homeostasis 

A. Proliferation 

Efforts to understand GC-C/cGMP signaling in the colon epithelium have mostly focused 

on the use of colon cancer cell lines as experimental models. As predicted by the 

knockout animals, GC-C agonists inhibit proliferation without causing apoptosis in GC-C 

expressing colon cancer cells 82
. Initial insight into the cytostatic mechanism highlighted 

the regulation of intracellular calcium levels by GC-C signaling 69
• 

156
• 

160 but more 

recently the inhibition of ERK and AKT has also been implicated 52
•

174
• The significance of 

these signaling pathways in vivo and the involvement of PKG in the cytostatic effects of 

GC-C in colon cancer cells remain important questions to be explored. Efforts to 

understand PKG signaling in colon cancer cells was largely focused on the type 1 isoform. 

The expression of PKGl is reduced in colon tumors relative to matched normal tissue 

and is barely detectable in colon cancer cell lines 85
• Ectopic re-expression of PKGl in 

colon cancer cells blocks xenograft growth 85
•
101

, presumably by inhibiting P-catenin/TCF 

104 and hypoxia signaling 102
. PKG2 expression is not reduced in colon tumors but was 

not detected in any of the colon cancer cell lines examined in the present study. Ectopic 

expression of PKG2 inhibited the growth of both HT29 and LS174T cells without 

affecting cell death. This is reminiscent of the effects of GC-C activation in colon cancer 

cells 69
• 
82 and strengthens the idea that PKG2 mediates anti-proliferation signaling 

downstream of GC-C in the colonic crypts. Previous reports have shown that JNK 
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enhances proliferation in the lower proliferating compartment of the colon crypt 

through interactions with the J3-catenin/TCF pathwal48
•
183

• While it is possible that JNK 

inhibition by PKG2/DUSP10 could have directly affected proliferation, this remains 

unclear in mouse studies because PKG2 is predominantly expressed in the upper 

differentiated luminal epithelium9
• It is possible that the suppression of proliferation is 

indirectly due to PKG2-mediated inhibition of spontaneous apoptosis. Under 

physiological conditions, the balance between apoptosis on the top of colon mucosa 

and proliferation in the lower crypts are well maintained. A network of signaling 

pathways mediate the communication between upper and lower regions of the crypts 

but very few factors have been identified. Tissue damage and cell death induce growth 

factors (including GLP-2 and TGF-f3) secretion on the top of the mucosa and trigger 

proliferation down in the crypt to compensate the loss of epithelial cells 13
2-1

34
•
135

•
136

• 

B. Apoptosis 

PKG2 effects on apoptosis were only studied in mouse colons since the cell death was 

not affected by PKG2 in colon cancer cells. This is not unexpected because cancer cells 

have mutations in apoptotic pathways (such as APC and p53184
• 

185
). In colon epithelium, 

the increased number of apoptotic cells observed in PKG2 KO mice173 and decreased 

number of apoptotic cells found in Vardenafil treated animals were both localized to the 

luminal surface. This supports the idea that PKG2 expression is restricted in the upper 

compartment of the crypt and JNK is activated in the luminal epithelium in association 
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with barrier damage and apoptosis. PKG2 therefore possibly blocks apoptosis and 

maintains barrier integrity in colon epithelium by inhibiting JNK. This idea agrees with 

previous reports showing that cGMP protects the epithelial barrier against radiation

induced damage117
, and that reduced cGMP levels in GC-C deficient mice result in a 

dysfunctional intestinal barrier158
• While this model of PKG2 signaling explains the 

effects of Vardenafil on apoptosis in the mouse colon, no significant increase in numbers 

of phospho-JNK staining cells was detected in the colon mucosa of PKG2 deficient mice 

(data not shown). A likely explanation is that JNK activity is tightly linked to apoptosis in 

the luminal epithelium such that the phospho-JNK-staining cells are rapidly shed into 

the luminal space. This idea agrees with the relatively low number of apoptotic cells 

observed in untreated mice. More conclusive evidence for the ability of 

Vardenafii/PKG2 to inhibit phospho-JNK in vivo came from experiments using oral DSS, 

which is widely known to induce massive epithelial apoptosis in the distal colon. Results 

showed that DSS caused massive JNK activation specifically in the luminal epithelium in 

association with equally profound apoptosis. The near complete blockade of both JNK-P 

activation and apoptosis by Vardenafil treatment in wild type but not PKG2-deficient 

animals strongly supports that idea that cGMP/PKG2 signaling inhibits colonocyte 

apoptosis by suppressing JNK. 
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C. Differentiation 

In addition to the anti-proliferative effects of ectopic PKG2 in colon cancer cells, 

increased expression of the intestinal differentiation markers Muc2 and CDX2 were 

observed. In previous studies, PKG2 has been reported to promote the differentiation of 

glioma cells 67 and chondrocytes 61
•

62
. Both systems have underscored inhibition of Sox9 

repressor activity as a possible mechanism. The role of Sox9 in the gastrointestinal tract 

is complex, as it is required for paneth cell differentiation138
, but it is also a 

transcriptional repressor that blocks maturation of secretory lineage cells in the 

intestinal mucosa and in colon cancer lines 125
• 

186
' 
187

. In agreement with previous 

findrngs125
, overexpression of Sox9 was able to reduce basal levels of Muc2 transcription 

in both HT29 and LS174T. However, PKG2 was only able to repress Sox9 mRNA and 

protein levels in LS174T cells but not in HT29. The mechanism by which PKG2 can reduce 

Sox9 levels rn LS174T cells but increase Sox9 in HT29 cells is not presently known, but 

rndicates a previously unappreciated complexity in its regulation . It is possible that PKG2 

promotes secretory cells maturation by blocking Sox9 expression in LS174T cells, but not 

in the less committed HT29 cells. The increased Sox9 staining in the colon mucosa of 

Prkg2 1 supports the significance of this pathway in vivo, but since Sox9 is a Wnt target 

gene, it 1s possible that the increased staining was associated with increased numbers of 

proliferating cells observed in these animals. Resolution of this issue is technically 

challenging as Sox91evels normally decrease as cells migrate toward the surface in 

association with reduced 13-catenin(TCF activity. 
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eDNA array comparing PKG2 WT and KO mice has identified DUSP10 as a candidate gene 

for mediating PKG2 regulating colon homeostasis. It was shown here that PKG2 

activation increased DUSP10 expression and reduced phospho-JNK levels in the colon 

epithelium of mice. JNK inhibitors have reversed the colon deficiency in PKG2 KO 

animals, but did not definitively prove the specific involvement of DUSP10 in promoting 

differentiation in the mouse colon. DUSP10 expression was clearly shown to be essential 

for the cGMP/PKG2-dependent activation of the goblet cell marker MUC2 in LS174T 

cells. In either system, it remains to be determined whether this effect of PKG2 is due to 

the promotion of differentiation or due to specific activation of Muc2 expression. 

Indeed, it has been reported that JNK can inhibit Muc2 expression via a repressive site in 

the promoter149
•
150

• It is therefore plausible that the increased staining of MUC2-

positive cells in the luminal epithelium after Vardenafil treatment could be due to 

increased mucus production within existing goblet cells instead of an effect on 

differentiation. However, Vardenafil was also shown to increase CgA-positive 

enteroendocrine cells in the colon epithelium, which argues in favor of cGMP/PKG2 

promoting differentiation of secretory lineage cells. For further confirmation, additional 

differentiation markers for goblet cells and enteroendocrine cells (such as KLF4, trefoil 

factors for goblet cells, serotonin, GLP-1 for enteroendocrine cells) could be used to 

detect the effects of PKG2 on cell differentiation. Moreover, the effect of PKG2 on other 

pathways that either promote (Math-1) or inhibit (Notch, Hes-1) 131 secretory cell 

differentiation should also been examined in the future. 
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Ill. Translational Application 

Taken together, the present work has identified a novel function for cGMP signaling in 

the colon epithelium and has determined part of the signaling mechanism. It was shown 

that PKG2 regulates homeostasis in the colon mucosa by promoting secretory lineage 

cell differentiation and suppressing apoptosis in colonocytes. The inhibition of 

proliferation in the lower region of the colon crypt is hypothesized to be indirect, and is 

likely to result from regulation of apoptosis in the luminal epithelium (Fig. 28). The 

signaling mechanism involves suppression of JNK signaling by a PKG2-mediated increase 

in DUSPlO expression in the upper compartment of the colon crypt. 

A growing body of studies in GC-C receptor and its agonists has showed that cGMP 

signaling could be barrier-protective158
•
159

. According to the model suggested, PKG2 

exhibits functions in maintaining colon epithelial barrier and activating PKG2 with PDE-5 

inhibitor Vardenafil has great potential in augmenting the barrier integrity. A novel 

translational aspect of this project is the barrier protection effect as the PDE-5 inhibitor 

Vardenafil was able to increase cGMP-Ievels and activate the protective PKG2-mediated 

signaling pathway in the colon epithelium. It sets the stage for clinical trials in human 

colitis protection. 
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Figure 28. The Model of PKG2 Signaling In Colon Crypt. The PKG2 signaling pathway 

regulating cell differentiation and apoptosis on the left is aligned with cartoon structure 

of a colon crypt on the right. In the upper region in differentiated cells, JNK blocks 

differentiation and promotes apoptosis of the colon epithelium. PKG2 induces DUSP10 

expression and blocks JNK activity. Apoptosis on top triggers proliferation response down 

in the crypt to compensate for loss of epithelial cells. 
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A. IBD 

JNK activation in the colon epithelium has an important role in inflammation, apoptosis 

and barrier damage in 180147
•
188

•
190

• Goblet cells produce and secrete a protective mucus 

barrier that separates the epithelial surface from luminal contents, and loss of this layer 

results in spontaneous colitis and tumorigenesis191194
• MUC2l mice also exhibit an 

exasperated inflammatory response to colonocyte toxins such as dextran sulfate sodium 

(DSS) 193
• Therefore, deficiencies in the regulation of both JNK activity and 

differentiation of goblet cells in the PKG2 KO animals would be expected to cause 

disrupted colon epithelial barrier. These animals therefore were predicted to be more 

sensitive to DSS insult but no significant difference was detected in PKG2 KO mice 

compared to wild type siblings (data not shown). This unexpected result might be 

explained by immunological adaptation from systemic deletion of PKG2. Studies 

examining cGMP/GC-C signaling in barrier protection showed that mice with systemic 

GC-C knockout were more resistant to DSS-induced colitis158
• 
195

, whereas animals with 

conditional GC-C deletion only in adulthood were more sensitive to colon epithelial 

damage caused by similar DSS treatment159
• These findings underscore a much more 

complicated involvement of cGMP signaling in inflammation, apoptosis and the enteric 

immune response in lBO. It is clear that more work is needed to better understand the 

specific signaling downstream of PKG2 in the intestinal epithelium and to separate this 

from secondary adaptive processes that are inherent to animal models. On the other 

hand, Vardenafil treatment in CD-1 wild type animals clearly showed a protective role of 

Vardenafil in DSS treated mice with significantly less disease activity index and much 
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more intact in the structure of colon mucosa compared to the control group. This has 

not definitely proved the involvement of PKG2 in barrier protection and future work will 

need to test the protection effect of vardenafil in PKG2 KO mice. 

B. Colon Cancer 

lBO related chronic inflammation in the colon and its associated continuous tissue 

destruction and promotion of carcinogenesis has linked the disease closely to colon 

cancer development181
. Moreover, studies of GC-C and its agonists have suggested 

tumor suppressive effects of cGMP signaling in the colon73
• 

76
•

174
•

196
• Findings from this 

work have highlighted PKG2 as the downstream mediator of cGMP signaling to 

homeostasis in the colon mucosa, indicating this protein as a potential tumor 

suppressor. Present study with colon cancer cells showed PKG2 was able to inhibit cell 

proliferation in multiple cell lines and induce differentiation in one of them. Both effects 

are considered to be tumor suppressive, but direct effects on tumorigenesis, tumor 

growth and metastasis in xenograft models remain to be examined. In colon cancer, the 

silenced expression of guanylin79 and overexpression of PDES80 together are expected to 

reduce cGMP levels in tumors and reduces the effects of downstream targets such as 

PKG2. Indeed, neither GC-C nor PKG2 expression are changed in tumors compared to 

adjacent normal colon tissue. Therefore, increasing intracellular cGMP levels to activate 

PKG2 in the colon mucosa is a reasonable therapeutic strategy for colon cancer 

prevention as well as treatment. Since several PDE-5 inhibitors are already used in the 
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clinic to treat erectile dysfunction, pulmonary hypertension197 and more recent for 

broader use in treating lower urinary tract symptoms176 and prostate hyperplasia
177

, the 

present results highlight additional therapeutic potential for these drugs. 

IV. Future Studies 

The present work has described a previously unknown role of PKG2 in colonic 

homeostasis, where PKG2 promotes differentiation of secretory epithelial cells and 

inhibits apoptosis. These processes contribute to the maintenance of colon epithelial 

barrier integrity. The DUSPlO/JNK pathway was found to be an important mediator of 

PKG2 effects on differentiation and apoptosis in colon epithelial cells. However the 

mechanism involved in PKG2 regulating DUSPlO expression remains unclear. Future 

work might explore the DUSPlO promoter region for a more detailed understanding of 

the components involved in the regulation of DUSPlO by PKG2. Examining the DUSPlO 

promoter region reveals a forkhead box 0 (FOXO) transcription factor binding site, 

suggesting that the gene expression might be regulated by FOXOs. This is a promising 

pathway since unpublished data indicates that PKG2 inhibits AKT activity, resulting in 

activation of FOXO transcriptional activity in colon cancer cells. 

The present work has also demonstrated that the PDES inhibitor Vardenafil can increase 

cGMP levels and activate PKG2 in the colon mucosa, and that this could be a potential 
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therapeutic strategy in colon disease prevention and treatment. Throughout the whole 

project Vardenafil was delivered through I.P. injection with fixed dose and time course. 

There are several FDA-approved PDES inhibitors, which are manufactured for oral 

administration, that differ in compound structures and pharmacological kinetics. 

Therefore, other PDES inhibitors such as sildenafil (Viagra, Pfizer) and tadalafil (Cialis, Eli 

Lilly) should also be tested for their ability to affect the colon mucosa before considering 

translating this therapeutic strategy to the clinic. 



CHAPTER V: SUMMARY 

The guanylin/GC-C/cGMP signaling axis controls homeostasis in the intestinal mucosa 

and has been implicated in the suppression of colon cancer but the signaling 

downstream of cGMP is poorly defined and a viable therapeutic strategies remain to be 

established. Type 2 cGMP-dependent protein kinase (PKG2) is a major cGMP effector in 

the intestinal epithelium but its role in tissue homeostasis has not been examined. The 

present study has tested whether PKG2 mediates the homeostatic effects of cGMP in 

the colon and has examined the underlying signaling. 

Histological examination of the colons of Prkg2 1 mice revealed increased proliferation 

and increased epithelial apoptosis compared to wild type siblings. In addition, the 

numbers of differentiated goblet and enteroendocrine cells were reduced in Prkg2-l

animals compared to wild type. RT-PCR confirmed that PKG2 is expressed in normal 

colon mucosa but not in established colon cancer cell lines. Ectopic expression of PKG2 

in colon cancer cells inhibited proliferation without affecting cell viability, and increased 

the differentiation markers, partially by downregulating the gene expression of Sox9. To 

better understand the signaling mechanism, micro-arrays were used to explore gene 

108 
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expression in the colon mucosa from Prkg2·/· and Prkg2•1•. This work identified dual

specificity phosphatase 10 (DUSPlO). DUSPlO dephosphorylates and thereby suppresses 

the stress activated dun N-terminal kinase (JNK), which regulates proliferation, 

apoptosis and differentiation in the colon crypt. Treatment of colon explants from wild 

type but not Prkg2·l · mice with 8-Br-cGMP increased DUSPlO expression and reduced 

phospho-JNK levels. The importance of DUSPlO/JNK regulation in the induction of 

differentiation by PKG2 was confirmed in LS-174T cells colon cancer cells using siRNA of 

DUSPlO. To test the significance of this pathway in the colon epithelium, the PDE-5 

inhibitor Vardenafil (Levitrano) was used to increase cGMP in the colon mucosa. 

Treatment of wild type mice with Vardenafil {I.P.) reduced proliferation and apoptosis in 

colonic crypts and increased mature goblet cell density but did not affect homeostasis in 

Prkg2 1 animals. Consistent with the role of DUSPlO downstream of PKG2 in the colon 

mucosa, the altered homeostasis of PrkgZ1 mice was abrogated by treatment with the 

JNK inhibitor SP600125. Furthermore, Treatment of mice with Vardenafil increased 

DUSPlO levels in the colon mucosa, and this blocked both JNK activation and epithelial 

apoptosis in response to dextran sulfate sodium (DSS). Moreover, Vardenafil treatment 

decreased susceptibility to DSS-induced colitis in mouse study. 
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In summary, the present study demonstrates a central role for PKG2 signaling in the 

regulation of colon homeostasis. A previously unknown pathway where PKG2 

suppresses JNK in the colon epithelium was identified as a downstream pathway 

important to homeostasis. Treatment of mice with the PDE-5 inhibitor Vardenafil was 

found to activate this pathway and protect the colon mucosa from epithelial damage. 

These findings demonstrate the therapeutic potential of PKG2 activation by PDES 

inhibitors as part of a novel therapeutic strategy for treating colitis and colon cancer 

prevention. 
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