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SUMMARY 
 

Bile acids are synthesized in the liver and secreted into the small intestine to aid in lipid 

digestion and absorption. Approximately 95% of bile acids are reabsorbed in the terminal ileum 

and recycled back to the liver by enterohepatic circulation. The remaining 5% enter the colon 

and may be reabsorbed or excreted. Bile acid malabsorption, such as seen in irritable bowel 

syndrome, greatly increases colonic bile acid concentrations leading to excess fluid secretion 

and diarrhea. Of the approximately 90 million irritable bowel syndrome patients worldwide, 

annually over 10 million suffer from bile acid-associated diarrhea.  Despite the prevalence of bile 

acid-associated diarrhea, the molecular mechanisms underlying bile acid action have yet to be 

fully elucidated. Previous work in our laboratory established that the primary, 7α-dihydroxy bile 

acid, chenodeoxycholic acid (CDCA), activates Cl- secretion via the cystic fibrosis 

transmembrane conductance regulator (CFTR) in human colonic cells, and was partially 

dependent on protein kinase A (PKA) activation (Ao, Sarathy, Domingue, Alrefai, and Rao, 

AJP:305:C447-C456, 2013). Based on this, we hypothesized that CDCA utilizes a membrane 

receptor-mediated activation of multiple intracellular signaling cascades to stimulate CFTR-

dependent Cl- secretion. We tested our hypothesis in the human colonic T84 cell line, HEK-293 

cells and in mouse intestinal organoids. Cl- transport was measured by changes in short-circuit 

current (Isc), iodide efflux assay, and by organoid swelling. We find that in T84 cells, CDCA does 

not act through any of the well-established bile acid receptors:  the nuclear farnesoid X receptor, 

or the G-protein coupled receptors, transmembrane G-protein coupled receptor 5 or the 

muscarinic receptor. However, CDCA transactivates the epidermal growth factor receptor 

(EGFR), increasing its phosphorylation. Intracellularly, CDCA action involves intricate crosstalk 

between cAMP, Ca2+, and EGFR signaling cascades to activate CFTR. CDCA activates cAMP 

signaling, leading to activation of PKA and the exchange protein directly activated by cAMP 

(EPAC). While PKA phosphorylates CFTR, CDCA also activates Rap2 via EPAC, which may be 

leading to the changes in intracellular Ca2+ that we observe. Furthermore, cAMP signaling 
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mediates CDCA-induced EGFR activation. In an attempt to better understand the molecular 

mechanisms involved in CDCA’s regulation of CFTR, we developed a stable CFTR-expressing 

HEK-293 cell line. While CFTR is functional and regulated in its canonical manner by cAMP and 

PKA, CDCA stimulates Cl- transport independently of CFTR in HEK-293 cells, suggesting a cell 

type specific activation of Cl- transport by CDCA. Although cell lines are useful to study 

regulation of Cl- secretion, they may not represent the in vivo situation. Therefore, we examined 

CDCA responsiveness in intestinal organoids derived from intestinal crypt stem cells. 

Preliminary findings reveal that CDCA increases fluid transport, measured by organoid swelling, 

especially in colon-derived organoids and is partially dependent on EPAC activation, paralleling 

our findings in T84 cells. The data presented here reveal the complex network of signaling 

cascades initiated by bile acids, underlying the secretory processes that contribute to bile acid-

associated diarrhea, and lay the foundation for identification of new therapeutic targets to 

alleviate diarrheal symptoms. 
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Under normal physiological conditions, bile acids are essential for the emulsification and 

absorption of lipids. The primary bile acids are synthesized from cholesterol in the liver and 

secreted into the small intestine. Because bile acids are the primary exit pathway for cholesterol 

metabolism, it is critical that the bile acid pool be tightly regulated. This regulation of the pool is 

maintained by synthesis of new bile acids by the liver, efficient reabsorption of bile acids in the 

terminal small intestine to recycle back to the liver, and the excretion of remaining luminal bile 

acids into the feces. Some intestinal disorders that affect bile acid metabolism, such as irritable 

bowel syndrome and inflammatory bowel diseases, result in bile acid malabsorption.   

The consequence of bile acid malabsorption is an increase in the colonic luminal 

concentration of bile acids. The colon normally functions to absorb the majority of fluid that was 

not absorbed in the small intestine, and to decrease the fluid content of the feces. This function 

is achieved by a tightly regulated balance of the secretory and absorptive processes of the 

colonic epithelium. When there is an influx of pathological concentrations of bile acids into the 

colon, the bile acids impact normal colonic functioning by decreasing absorption and increasing 

secretion of fluid, resulting in secretory diarrhea. It has been well established in a variety of 

species that bile acids increase colonic fluid secretion by activating Cl- channels on the apical 

membrane of colonic epithelial cells. While our laboratory previously published that this occurs 

via Ca2+ and protein kinase C (PKC)-δ signaling in the rabbit (118, 250), we have also found 

species differences in signaling. In contrast to the rabbit, bile acids, specifically 

chenodeoxycholic acid (CDCA), stimulate the apical Cl- channel, the cystic fibrosis 

transmembrane conductance regulator (CFTR), partially via a protein kinase A (PKA)-

dependent mechanism in the human colonic epithelial cell line, T84 (15). The partial 

involvement of PKA suggested the potential contribution of other, as yet unresolved, signaling 

cascades in the action of CDCA on Cl- secretion. Thus, the purpose of this study was to further 

investigate the molecular mechanisms underlying CDCA activation of Cl- secretion, to contribute 

to our knowledge of bile acid physiology and our understanding of bile acid-induced diarrhea.  
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To establish the foundation on which this investigation was based, the remaining sections of 

the introduction provide background on the following:  bile acid physiology, including their role 

as signaling molecules; a description of the colonic epithelial cell architecture and secretory 

function; cellular signaling pathways that are known to be involved in Cl- secretion and in bile 

acid action; and the impact of bile acids on intestinal pathophysiology. Furthermore, we 

establish the use of T84 cells, human embryonic kidney-293 cells, and mouse-derived intestinal 

organoids as models to study bile acid action on ion transport. 

A. Bile Acid Physiology 

1. Synthesis  

Bile acids are the end products of cholesterol metabolism in the liver. The synthesis of the two 

primary bile acids, cholic acid (CA) and CDCA, is the result of several enzymatic modifications 

of the sterol nucleus of cholesterol. Classically, degradation of cholesterol into the primary bile 

acids begins with cholesterol 7α-hydroxylase (CYP7A1), the rate-limiting step of bile acid 

synthesis in hepatocytes. CA is trihydroxylated, with hydroxyl groups at positions 3α, 7α, and 

12α, whereas CDCA is dihydroxylated, with hydroxyl groups at positions 3α and 7α (Figure 1). 

In the mouse, CDCA is modified by 6α/β-hydroxylase epimerase into the trihydroxylated 

muricholic acid (3α, 6α/β, 7α/β). Within hepatocytes, bile acids are conjugated with taurine or 

glycine by bile acid coenzyme A synthase and the bile acid amino acid N-acyl transferase, to 

render them more water-soluble. The predominant species, accounting for 95% of the bile acid 

pool in the human liver and biliary secretions, are the taurine and glycine conjugates of CDCA, 

CA, and deoxycholic acid (DCA). The other 5% is made up of sulfated or glucuronidated bile 

acids including sulfolithocholylglycine and sulfolithocholyl taurine, which are largely excreted 

from the body (106). In the intestinal lumen, bacterial bile salt hydrolase removes the taurine or 

glycine (Figure 2). Further modification by bacterial 7α-dehydroxylase converts the primary bile 
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acids into the secondary bile acids. CA is converted to DCA, with hydroxyl groups remaining at 

the 3α and 12α positions. CDCA is converted to lithocholic acid (LCA), which is 

monohydroxylated at position 3α. It is noteworthy that deconjugation must precede 

dehydroxylation as the 7α-dehydroxylases cannot act on conjugated bile acids.  In addition to 

dehydroxylation of CDCA, bacterial epimerization of CDCA results in production of 

ursodeoxycholic acid (UDCA; 3α and 7β), which was originally discovered in bear bile (Figure 

1) (52, 65, 161). These intestinal bacterial modifications are reflected in the bile acid 

composition of human plasma. As determined by ultra-performance liquid chromatography, 

mass spectrometry, and multiple reaction monitoring, the bile acid composition of human 

plasma is 52% unconjugated bile acids, 42% glycine-conjugated, and 6% taurine-conjugated 

bile acids. The dominant bile acid species in human serum are DCA (19%), CA (16%), CDCA 

(15%), and of the conjugated species, glycine conjugated-CDCA make up 24%, with the 

remaining species a mix of glycine and taurine conjugated forms (≤ 5% each) (94). Ahlberg et 

al. reported that the portal venous content was 6.14 ± 1.20µM CA, 8.4 ± 1.84µM CDCA, and 

6.18 ± 2.27µM DCA (2).  

2. Lipid Digestion and Enterohepatic Circulation 

Post-synthesis, bile acids are moved in and out of cells via a variety of transporters (6). 

They are transported from the hepatocyte into the bile duct via the bile salt export pump (Figure 

3). The bile acids combine with water, bilirubin, and cholesterol to form bile that is stored and 

concentrated in the gallbladder. Upon digestion of a meal, the gastrointestinal hormone 

cholecystokinin stimulates gallbladder contraction and release of bile into the small intestine. 

Here, bile acids assist in the emulsification of lipids and the absorption of fat-soluble vitamins. 

Because bile acids are amphipathic in nature, they form micelles around lipid droplets and allow 

pancreatic lipase to breakdown triglycerides to be absorbed by small intestinal enterocytes (24). 
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Figure 1: Structures of the major bile acids. Bile acids are derived from cholesterol by a series 
of enzymatic reactions, including 7α-hydroxylase and 12α-hydroxylase, in the liver into the 
primary bile acids cholic acid (hydroxyl positions: 3α, 7α, and 12α) and chenodeoxycholic acid 
(hydroxyl positions: 3α and 7α). Intestinal bacteria modify the primary bile acids into the 
secondary bile acids deoxycholic acid, lithocholic acid, and ursodeoxycholic acid. Bile acids can 
also be conjugated to glycine or taurine as depicted in the representation (right hand box) of 
glycine conjugated chenodeoxycholic acid and taurine conjugated cholic acid. 
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In order to form micelles, bile acids must reach their critical micellar concentration. In 

water, CDCA has a critical micellar concentration of 9mM and CA 13mM. These critical micellar 

concentrations are reduced if the bile acids are conjugated or if they are in a 0.15M Na+ solution 

(181). Any unconjugated bile acids traveling down the length of the small intestine enter 

enterocytes by passive diffusion, but the majority (95%) of conjugated bile acids are actively 

transported in the distal ileum by the apical sodium-dependent bile acid transporter (ASBT). 

From there, they are exported into the portal circulation by the organic solute transporters α/β 

(Figure 3). Once they reach the liver, they are absorbed by hepatocytes through the Na+-

taurocholic acid cotransporting polypeptide or the organic anion transporting polypeptides 

(Figure 3). The bile acids are then re-conjugated or re-epimerized to be used again (2-6 

times/day), thus establishing enteroheptatic recirculation of bile acids (Figure 2) and 

maintenance of the bile acid pool, which is ~2-3g in adult humans (106). Of note, 

rehydroxylation of the C-7 position does not occur in humans, so new CDCA and CA must be 

synthesized; ~0.3g/day (106, 235). Although some passive absorption occurs in the colon, the 

remaining 5% is excreted in the feces (65, 161). 
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Figure 2: Enterohepatic circulation of bile acids. Primary bile acids in the small intestine 
facilitate lipid digestion and absorption. Modifications by bacteria result in the formation of 
secondary bile acids in the intestinal lumen. The majority of bile acids are absorbed in the distal 
ileum. Conjugated bile acids are transported by ASBT on the ileal enterocytes and 
unconjugated bile acids enter enterohepatic circulation via passive diffusion across the epithelial 
layer. When the bile acids return to the liver, they are reconjugated and re-epimerized to be 
used for the next round of digestion. Any remaining bile acids in the colon may be passively 
absorbed, or excreted in the feces. 
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3. Bile Acids and the Gut Microbiota 

 Gut microbiota play a critical role in bile acid biology, being long recognized both for bile 

acid deconjugation and formation of secondary bile acids. The gut microbiota increase 

significantly in the first year of life. Prior to the maturation of the gut microbiome, the bile acid 

pool mainly consists of primary bile acids. As the microbiota colonize the intestinal lumen there 

is an increase in the amount of secondary bile acids in the bile acid pool (106). Recent insights 

into the influence of the gut microbiota on normal and pathological physiology are proving the 

importance of the interactions between bacteria and host. It is estimated that 1014 

microorganisms live along the length of the human gastrointestinal tract, with 500-1000 different 

species of bacteria, although the microbiota are largely concentrated in the colon (~1012 

bacteria/g wet fecal weight).  In addition to bacteria, the microbiota community is composed of 

Archaea, bacteriophages, viruses, and eukaryotic microorganisms, which function as their own 

organ-like system (87, 211). Bacterial modifications, specifically 7α/β hydroxylation, of primary 

bile acids are necessary for the production of secondary bile acids (205). In fact, Sayin et al. 

(213) showed that mice lacking gut microbiota have no secondary bile acids and have an 

increased bile acid pool. The increase in the bile acid pool is due to the lack of bacterial 

degradation of ß muricholic acid, which is the predominant bile acid in mice. ß muricholic acid 

negatively regulates the bile acid specific nuclear receptor, the farnesoid X receptor (FXR), and 

under normal conditions FXR regulates the synthesis of new bile acids. Thus, inhibition of FXR 

by ß muricholic acid increases bile acid synthesis. Prior to the conversion to secondary bile 

acids, the intestinal microbiota first modify bile acids by deconjugating the glycine and taurine 

side chains with the enzyme bile salt hydrolase. Joyce et al. (116) colonized germ free mice, 

which normally don’t produce secondary bile acids, with a strain of E. coli that express bile salt 

hydrolase 1. These mice then had a reduced bile acid pool and had increased amounts of free 

CA and muricholic acid. Although a variety of microbial species have this hydrolase1 activity, 
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only a small set of Clostridium species have the enzymes that can dehydroxylate the primary 

bile acids (260, 261). However, bile acids that are sulfated by sulfotransferase in distal ileal 

epithelial cells are resistant to bacterial modifications, allowing for their excretion from the body 

(62, 82). Despite taurine and glycine, released by deconjugation of bile acids, serving as 

metabolic substrates for the bacteria, bile acids can also be detrimental to bacteria in a number 

of ways. Bile acids can act as antimicrobial agents by inhibiting bacterial growth (136, 150), by 

causing damage to the bacterial cell membrane, and by disrupting normal bacterial functions 

(63, 168, 238). Interestingly, CDCA can act in an antimicrobial manner by inhibiting tauro-CA-

induced spore germination of Clostridium difficile, a species well known to cause diarrhea (231). 

 

 

 

 

 

 

 

 

 

 

 



10	  
	  

 
 

 

Figure 3: Bile acid transporters and negative feedback. Conjugated bile acids (BA) in the 
terminal ileum are absorbed by the apical Na+-dependent bile acid transporter (ASBT). They are 
transported intracellularly by the ileal bile acid binding protein (IBABP). Bile acids are effluxed 
from the enterocyte by the basolateral transporters, the organic solute transporter proteins α 
and β (OSTα/β). Bile acids can also activate the nuclear receptor, the farnesoid X receptor 
(FXR), in the enterocytes to produce fibroblast growth factor 15/19 (FGF15/19). Bile acids and 
FGF15/19 travel through portal circulation back to the hepatocytes. The Na+-dependent 
taurocholic cotransporting polypeptide (NTCP) and the organic anion transporting polypeptide 
(OATP), located on the basolateral membrane, transport bile acids into hepatocytes. Bile acids 
leave the hepatocytes into the sinusoidal space by multidrug resistance-associated protein 
(MRP), MRP3, or into the canaliculus via the bile salt export protein (BSEP) and MRP2. 
FGF15/19 binds to its receptor, FGF4, and leads to down regulation of bile acid synthesis. Bile 
acid binding to FXR in hepatocytes also decreases bile acid synthesis. 
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4. Role of Bile Acids as Signaling Molecules 

Aside from their role in lipid digestion and their interactions with the microbiota, there has 

been accumulating evidence for bile acids to be considered as signaling molecules. The 

majority of this evidence lies in the discovery of bile acid-activated receptors, specifically the. 

The lipophilic nature of bile acids allows for passive diffusion across the plasma membrane to 

activate nuclear receptors. Additionally, bile acids can bind and activate plasma membrane 

bound receptors. Activation of these bile acid specific (e.g. FXR or the transmembrane G-

protein coupled receptor 5, TGR5) and non-specific receptors [e.g. vitamin D receptor (VDR), 

muscarinic 3 receptor (M3R)] exert genomic and non-genomic effects as described below.  

i. Activation of Nuclear Receptors 

Signaling by bile acid-activated nuclear receptors regulates bile acid synthesis, 

metabolism and toxicity, and promotes detoxification of bile acids and removal of bile acids from 

the body. The discovery of FXR (encoded by the NR1H4 gene) as a nuclear receptor specific 

for bile acids in 1999 provided the first evidence for the “hormone-like” signaling properties of 

bile acids. FXR is a prototypical nuclear receptor with a DNA-binding domain, a ligand-

independent activation domain, and a ligand-binding domain with a ligand-dependent activation 

domain. The human NR1H4 gene is composed of 10 introns and 11 exons and the gene is 

widely conserved across species. There are four known isoforms of FXR, α1-4, which exhibit 

tissue and species specificity. For example, in the human, α1 and α2 are largely expressed in 

the liver, α1-4 are found in the small intestine, and α3 and α4 dominate in the kidney and colon. 

FXR has the highest affinity for CDCA (EC50≈ 10µM) with decreased affinity for DCA, and even 

less for LCA and CA (155, 188). Three FXR-/- mouse models have been studied and were 

derived as follows: 1. Deletion of a DNA fragment that encodes the ligand-binding domain and 

the 3’ untranslated region; 2. Deletion of a portion of exon 2, which encodes the DNA-binding 

domain; and 3. Deletion of exon 9 containing part of the ligand-binding domain. Depending on 
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the knockout model used, FXR -/- mice exhibit a variety of phenotypes that underscore the 

pleiotropic roles of FXR. They may display alterations in bile acid transport, in the bile acid pool, 

in cholesterol and triglycerides concentrations in the liver, and in glucose metabolism, to name a 

few. The system-wide effects of FXR deletion establish the role that FXR plays in maintenance 

of metabolism, and manipulation of FXR signaling can prove beneficial for those suffering from 

metabolic disorders (87, 161).   

Within hepatocytes, bile acids bind to FXR in the cytosol, leading to its translocation 

to the nucleus. Once in the nucleus, FXR heterodimerizes with the retinoid X receptor, binds to 

DNA, and regulates expression of specific genes.  The most commonly studied gene regulated 

by FXR is CYP7A1, which encodes the rate-limiting enzyme in bile acid synthesis, and is the 

target for negative feedback action of bile acids. Thus, when the bile acid pool is large, 

activation of FXR leads to the expression of the small heterodimer partner (SHP) (161). SHP 

then binds to and inhibits liver receptor homolog-1 and liver x receptor to down regulate 

CYP7A1, resulting in a decrease in CYP7A1-dependent bile acid synthesis (Figure 3) (87, 161). 

In intestinal epithelial cells, FXR activation leads to upregulation of fibroblast growth factor 15/19 

(FGF; 15 in the mouse, and 19 in human and other species). FGF15/19 then travels through the 

portal circulation back to the hepatocytes where it binds to FGF receptor 4 (Figure 3), leading to 

further induction of SHP via extracellular signal-regulated kinase 1/2 (ERK 1/2). Interestingly, 

SHP inhibits ASBT in enterocytes, thus reducing uptake of bile acids into portal circulation, and 

SHP also inhibits uptake of bile acids into hepatocytes via Na+-taurocholic acid cotransporting 

polypeptide transport (87, 161). 

Although FXR is the bile acid specific nuclear receptor, bile acids can directly 

activate the VDR and the pregnane X receptor (PXR), and indirectly activate the constitutive 

androstane receptor (CAR), to further assist in regulation of bile acid metabolism. The common 

goal of bile acid-activated nuclear receptors is to modulate the activity of critical enzymes in 
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hydroxylation, conjugation, and transport of bile acids, with a goal to minimize the potential toxic 

effects of bile acids. VDR and PXR are potently activated by LCA (EC50=100nM), with DCA and 

CA showing decreased potencies (52, 87, 144). VDR mainly acts as a bile acid sensor in the 

intestine. Both PXR and CAR, which mainly regulate detoxification and excretion of foreign 

substances such as drugs, are primarily activated in hepatocytes. Activation of any of these 

non-specific bile acid nuclear receptors leads to a decrease in CYP7A1. Interestingly, the CAR 

binds to the same sequences of DNA as PXR, and therefore regulates the same genes. 

Activation of PXR in hepatocytes reduces CYP7A1 transcription via an inhibition of complex 

formation between hepatocyte nuclear factor 4α and peroxisome proliferator-activated receptor 

gamma coactivator 1α, which are required for CYP7A1 transcription. The decrease in 

transcription of CYP7A1 was absent in PXR knockout mice (27, 143, 234). Even though its 

expression in hepatocytes is low as compared to its expression in the intestine, VDR has been 

shown to also reduce CYP7A1 gene activation, possibly by competing with proliferator-activated 

receptor gamma coactivator 1α complexing with hepatocyte nuclear factor 4α. In the intestine, 

activation of these nuclear receptors upregulates FGF15/19 to feed back to the liver to further 

reduce CYP7A1.Interestingly, in a similar manner to FGF15/19 regulation of CYP7A1, a cell 

surface bound VDR leads to ERK 1/2 signaling and repression of CYP7A1. Transcription of 

cytochrome P450 3A, needed for hydroxylation of bile acids, and bile salt sulfotransferase is 

increased by these nuclear receptors in the liver. Additionally, PXR increases multidrug 

resistance-associated protein (MRP) 2, which excretes bile acids from hepatocytes across the 

canalicular membrane, while VDR promotes removal of bile acids via MRP3 expression at the 

hepatocyte sinusoidal membrane. In the intestine, VDR increases expression of ASBT to 

facilitate reabsorption of bile acids and transport back to the liver (144). Overall, signaling by bile 

acid-activated nuclear receptors cooperate to regulate bile acid metabolism and toxicity, to 

promote detoxification and removal of bile acids from the body.  
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ii. Activation of Membrane Receptors 

Many physiological effects of bile acids occur irrespective of gene transcription 

initiated by the nuclear receptors. These effects range from induction of cell proliferation (203), 

regulation of hormone release (5, 120, 134, 244), smooth muscle contraction (137), to 

modulation of ion transport (72, 118, 124, 250). The majority of these effects can be attributed to 

membrane bound receptors such as the TGR5, muscarinic receptors, as well as the 

sphingosine 1 phosphate receptor 2 (S1PR2), and recently α5β1-integrin (65, 87). 

 Maruyama et al. (160) and Kawamata et al. (121) first identified TGR5 by screening 

for orphan G protein-coupled receptor (GPCRs) that could bind bile acids using the GenBank 

database. This receptor is encoded by one exon of 993 base pairs, leading to the translation of 

330 amino acids that make up the canonical seven membrane spanning domains of GPCRs. 

The human form has the largest sequence homology to rabbit (90%), followed by bovine (86%), 

mouse (83%), and rat (82%). Receptor mRNA is ubiquitously expressed across tissues 

including the brain, spleen, kidney, liver, heart, and intestine, with high expression in leukocytes 

and macrophages (121). Northern blot analysis showed expression of TGR5 along the entire 

length of the human digestive tract, with the exception of the esophagus and rectum (160). 

Further probing of common intestinal cell lines revealed expression of TGR5 in NCI-H716, STC-

1, and GLUTag enteroendocrine cells, but not in HT-29 and Caco-2 epithelial cells (160). Both 

groups cloned the TGR5 cDNA into expression vectors and transfected cells to examine 3’,5’-

cyclic adenosine monophosphate (cAMP) production. Of the >1,000 compounds screened for 

receptor activation, tauro-LCA, LCA, DCA, and CDCA were able to increase cAMP at low 

concentrations (2-25µM) and in a rapid manner (<20 mins). From this data the rank order of 

potency for TGR5 activation was determined to be tauro-LCA =LCA> DCA> CDCA> CA (EC50 

in µM: 0.33, 0.53, 1.01, 4.43, and 7.72 respectively) (121, 160). In addition to cAMP activation, 
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Kawamata et al. showed that TGR5 transiently expressed in CHO cells is internalized upon 

activation and leads to an increase in ERK 1/2 phosphorylation (121). 

  The initial investigation into a bile acid-specific membrane receptor was an attempt 

to better explain the rapid, and therefore presumably non-genomic effects of bile acids, such as 

their modulation of ion transport reported in the rabbit colon (60, 191, 250) or their effects on 

macrophage activity (40, 101). Kawamata et al. were the first to establish that activation of 

TGR5 by tauro-LCA reduces LPS-induced cytokine production in rabbit alveolar macrophages, 

as well as in TGR5 over-expressing THP-1 monocytic cells (121). THP-1 cells, which have 

naturally low levels of TGR5 expression, did not show an inhibition of cytokine production by 

tauro-LCA (121). This anti-inflammatory effect was further supported by Wang et al., who 

showed that activation of TGR5 reduces phosphorylation of the inhibitor (IκBα) of the nuclear 

factor of kappa light polypeptide gene enhancer in B-cells (NF-κB) by increasing IκBα interaction 

with β-arrestin 2 (254). This stabilizes the NF-κB- IκBα complex and prevents translocation of 

NF-κB to the nucleus where it activates inflammatory target genes (254). Similar findings were 

reported in a model of atherosclerosis, where TGR5 action reduced macrophage-dependent 

inflammation and lipid loading, which may contribute to the role TGR5 plays in the metabolic 

syndrome (190).  

In addition to its role in modulation of macrophage function, activation of TGR5 

impacts muscle contraction, release of hormones related to metabolic disorders, and ion 

transport. In the gall bladder, Lavoie et al. showed that bile acids cause membrane 

hyperpolarization in a PKA-dependent activation of K+ channels, resulting in smooth muscle 

relaxation (137). Furthermore, bile acids decreased smooth muscle contraction, and promoted 

gall bladder filling (145).  Similarly, in gastric smooth muscle cells, activation of TGR5 by 

oleanolic acid activates PKA and the exchange protein directly activated by cAMP (EPAC), to 

increase myosin light chain phosphatase activity, leading to smooth muscle relaxation. This 
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effect is absent in TGR5-/- mice (199). Some of the most significant discoveries involving TGR5 

have been elucidating its role in metabolism. In 2005, Katsuma et al. (120) first showed that 

LCA and DCA stimulate secretion of glucagon like peptide-1 from the mouse enteroendocrine 

cell line STC-1, but not from cells transfected with TGR5 shRNA. TGR5’s role in glucose 

homeostasis was further supported by Thomas et al. in showing that TGR5 activation by its 

specific agonist, INT-777, in obese mice improves hepatic and pancreatic function and glucose 

tolerance by increasing glucagon like peptide-1 release (244). Interestingly, mice fed a high fat 

diet supplemented with CA showed increased energy expenditure in brown adipose tissue via a 

TGR5-cAMP-dependent activation of the type 2 iodothyronine deiodinase, which activates 

thyroid hormone (257). Hence, these actions of TGR5 can improve metabolic disorders such as 

diabetes and obesity. Furthermore, TGR5 also regulates ion transport in epithelial tissues. In 

human gall bladder epithelium, TGR5 activation of cAMP production is coupled to Cl- secretion 

via CFTR (126). This increase in fluid secretion from the gall bladder epithelium is thought to aid 

in the prevention of gall stone formation. In rat colonocytes, activation of TGR5 by INT-777 

regulated basal ion transport activity and inhibited cholinergic-stimulated secretory responses 

(256). Overall, activation of TGR5 stimulates cAMP production and regulates a variety of 

physiological functions, providing further evidence for the pleiotropic effects of bile acids. 

Bile acids can also exert their effects through non-bile acid-specific membrane-

bound receptors. These include the MRs, S1PR2, and α5β1-integrin. Studies elucidating bile 

acid interaction with muscarinic receptors have largely been conducted by J.P. Raufman and 

colleagues. This group first identified that tauro-LCA partially activated acetylcholine receptors 

on guinea pig gastric chief cells (204). It was later identified that tauro-LCA preferentially binds 

to M3Rs, whereas sulfated LCA prefers the M1R. The rank order of potency for M3R is tauro-

LCA> -DCA> -CA (202).  Further investigation by this group found that in the human colon 

cancer cell line H508, taurine- and glycine-conjugated LCA and DCA activate M3Rs to stimulate 
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proliferation via transactivation of the epidermal growth factor (EGF) receptor (EGFR). Thus, 

M3R binding to bile acids results in the activation of matrix metalloproteinase (MMP) 7 and 

cleavage of heparin binding- EGF-like growth factor (HB-EGF), to release the mature form of 

HB-EGF. This soluble HB-EGF is then free to bind to EGFR (50) and activates ERK 1/2 (49). 

Activation of muscarinic receptors is not limited to the M3R and M1R isoforms as tauro-CA 

induces arrhythmia in rat neonatal cardiomyocytes in an M2R-dependent manner (221).  

New insights into bile acid physiology has led to the identification of S1PR2 and 

α5β1-integrin as bile acid activated membrane receptors. S1PR2, another GPCR, when 

activated specifically by conjugated bile acids leads to downstream signaling via ERK1/2 and 

protein kinase B (AKT) in rodent hepatocytes (236). Furthermore, conjugated bile acids can 

regulate lipid metabolism via S1PR2 modulation of hepatic gene expression (176). Similar to the 

findings that bile acids can promote colon carcinoma by inducing cell proliferation (49), Liu et al. 

suggested a role for conjugated bile acids in promoting cholangiocarcinomas in an S1PR2-

dependent manner (148). Finally, the most recent receptor associated with bile acids is α5β1-

integrin. Integrins are heterodimeric transmembrane spanning proteins that serve as bridges for 

cell-cell and cell-matrix interactions. The α5β1-integrin is the primary receptor for the 

extracellular matrix glycoprotein, fibronectin. UDCA has long been used as a choleretic agent 

but the mechanisms remained unresolved. Gohlke et al. determined that within rat hepaotcytes, 

tauro-UDCA binds directly to α5β1-integrin, causes a conformational change that activates the 

β1 subunit, which then signals downstream through ERK 1/2 (98). This leads to increases in 

expression of MRP2 and bile salt export pump at the canalicular membrane, and promotion of 

choleresis. 

iii.  Direct Membrane Perturbations  

Although bile acids are capable of binding directly to plasma membrane bound 

receptors, it is important to remember that they are amphipathic derivatives of cholesterol. The 
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more hydrophobic the bile acid molecule, the more capable it is of incorporating into the plasma 

membrane and affecting intracellular signaling.  While there is no evidence for direct interaction 

of bile acids with EGFR, it is common for EGFR to be transactivated via other receptors. 

Interestingly, there is some evidence for ligand-independent activation of EGFR. In rat 

hepatocytes DCA induces EGFR phosphorylation and downstream signaling via mitogen 

activated protein kinases (MAPKs), however this induction is not blocked by neutralizing 

antibodies to EGFR ligands (196). In fact, a thorough investigation of the effects of DCA on 

membrane dynamics suggests that hydrophobic bile acids, DCA and possibly CDCA, cause 

plasma membrane cholesterol aggregation via membrane perturbations, resulting in receptor 

activation. In this regard, membrane perturbation by DCA may be causing EGFR to 

autophosphorylate and activate downstream signaling pathways (114). 

In summary, it is evident that bile acids mediate their physiological effects through a 

variety of ways. They negatively regulate their own metabolism through nuclear receptor 

modulation of gene expression. By activation of GPCRs, bile acids can elicit more rapid effects 

such as smooth muscle relaxation, hormone release, and inhibition of proinflammatory cytokine 

release from macrophages. Their role in the intestinal epithelium is of significance because of 

the potential harmful effects of excess bile acids on barrier function, and even more so on the 

dysregulation of absorptive and secretory processes in the colonic epithelium that promote 

diarrhea.  

 

B. Mammalian Colon 

The effects of bile acids on ion transport in the mammalian colon were originally reported in 

the 1970s by Binder and Rawlins, who investigated the effect of glycine and taurine-conjugated 

CDCA on rat colon and found that there was an increase in secretion and a decrease in 
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absorption (32). Additionally, Conley et al. demonstrated that DCA activates basolateral 

adenylyl cyclase to increase net secretion in the rabbit colon (60). Further studies in the rabbit 

colon established that tauro-CDCA increases Cl- secretion and decreases Na+ absorption (90) 

and that tauro-DCA increases Cl- secretion in a Ca2+- and PKC-dependent manner (118, 250). 

Moreover, it was demonstrated that the adult human colon absorbs a significant amount of 

dihydroxy bile acids by passive diffusion (165). Studies in T84 cells by Dharmsathaphorn et al. 

showed that tauro-DCA increases Cl- secretion in a Ca2+-dependent manner (72). More recent 

studies have determined that TGR5 activation in enteric neurons and enteroendocrine cells 

promotes normal defecation in mice (5). Thus, it is critical to understand the context in which 

bile acids act in the colon. With this in mind, the following sections describe the colonic 

architecture, discuss the cellular mechanisms involved in electrolyte and fluid transport, and 

expand on known bile acid activated pathways that were briefly discussed in previous sections. 

1. Structure 

As reviewed in Rao et al. (201), the gastrointestinal tract is a long tube running from the 

mouth to the anus that serves as a conduit for exchange to occur between the external world 

and the internal environment of the body. The large intestine (the colon) is comprised of the 

cecum, ascending colon, transverse colon, descending colon, rectum, and the anus. Like other 

regions of the gastrointestinal tract, the colon has several structural layers beginning with (from 

the lumen outward) the epithelial layer, lamina propria, and the muscularis mucosa that form the 

mucosal layer, followed by the submucosal layer, submucosal nerve plexus, muscularis externa 

comprised of the circular muscle, myenteric nerve plexus and longitudinal muscles and finally 

the serosa. Specific to the colon are the tenia coli, which are extra strips of longitudinal muscle, 

and haustra, which are small pouches formed when the regions of the circular muscle are 

contracted. Of structural importance is that, unlike the crypt-villus structures of the small 

intestine, the colonic mucosa exhibits crypts and a flat surface topography. The epithelial layer 
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lining the luminal surface is composed of a variety of cell types including the colonocytes, 

enterochromaffin cells, goblet cells, and stem cells (201). Paneth cells, an intestinal epithelial 

cell type involved in the production of antimicrobial peptides, are chiefly expressed in the small 

intestine.  In healthy individuals Paneth cells can be found in the cecum and proximal colon, but 

not in the distal colon, however under inflammatory conditions, such as inflammatory bowel 

disease, Paneth cell expression along the colon increases (227). Additionally, as described 

earlier, a major component of the colonic environment is the presence of the microbiota (~1014 

microorganisms), which are crucial to colonic function (87).  All the cell types are derived from 

intestinal stem cells located towards the base of the crypts. As the cells divide and move up the 

crypt-surface axis, the cells differentiate and express different proteins that are essential to their 

specific function (201). The Lgr5 gene was identified as the intestinal crypt cell marker, and 

encodes a GPCR that binds to the Wnt signaling agonist R-spondin (19). Wnt signaling 

maintains the proliferative and crypt-like nature of the epithelial cells and decreases with 

differentiation (59). In 2009, Sato et al. took advantage of Lgr5 identification and revolutionized 

the field of gastrointestinal physiology by developing the intestinal organoid methodology (210).  

The cells lining the length of the colonic lumen are columnar epithelial cells, with the 

exception of the rectum, which is lined with a squamous epithelium. The hallmark of an 

epithelial cell is its polarity, which is essential for vectorial transport to occur. Polarity of 

epithelial cells is determined by the distribution of specific proteins and lipids to distinctive 

regions of the plasma membrane, supported by subcellular scaffolding matrices and defined by 

the localization of tight junction complexes that connect adjacent cells. Tight junctions form a 

partition between the apical membrane (mucosal surface) and the basolateral membrane 

(serosal surface) of intestinal epithelial cells. This gating mechanism prevents lateral diffusion of 

transmembrane spanning proteins and of lipids, and helps establish the asymmetry between the 

apical and basolateral membranes. Vectorial transport is achieved either transcellularly or 



21	  
	  

 
 

paracellularly, where the tight junctions help determine the specificity (size and charge) of 

molecules that pass between cells (Figure 4) (201). 

In terms of asymmetry, the apical membrane of intestinal epithelial cells is composed of 

~37% glycosphingolipids, 32% phospholipids, 31% cholesterol, with very little 

phosphatidylcholine. In contrast, the basolateral membrane composition is more similar to non-

polarized cells, with the dominant lipid being phosphatidylcholine (~30%), a much smaller 

contribution by glycosphingolipids (~10%), and the remaining being comprised of phospholipids 

and cholesterol (~60%) (228). With regard to membrane specific transporter expression, there is 

variation in the surface-crypt axis as well as along the cephalocaudal axis.  However, in all 

colonic epithelial cells, the Na+/K+-ATPase is expressed on the basolateral membrane. This 

essential transporter utilizes ATP as an energy source to transport 2K+ into the cell with 

simultaneous transport of 3Na+ out of the cell against their concentration gradients. A vast array 

of secondary active symporters and antiporters, and other transporters, utilize the driving force 

provided by the Na+/K+-ATPase to transport ions and small molecules across both membranes. 

While the apical membrane of all colonocytes express alkaline phosphatase, the distribution of 

specific transporters varies. For example, CFTR is predominantly expressed on the apical 

membrane of colonic crypt epithelia where it contributes to Cl- and HCO3
- secretion, whereas 

the epithelial Na+ channel is expressed on the apical membrane of colonic surface cells (201).  

Tight junctions are important components of the intestinal epithelial barrier, which 

functions to prevent the translocation of an array of pathogens and xenobiotics into the blood. 

Protein-protein interactions between epithelial cells regulate passive paracellular transport. The 

proteins that form tight junctions include the claudins, junctional adhesion molecules, occludins, 

and the zonula occludens. There are 24 isoforms in the claudin family, which are 

transmembrane spanning proteins that interact with other claudins on adjacent cells to form 

pores. Of the different proteins comprising tight junctions, the claudins largely regulate the 
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charge and size selectivity of molecules that can pass paracellularly. The cytoplasmic tail of 

claudins can interact with regulatory proteins, such as the zonula occludens (1-3), via PDZ 

(PSD95, DlgA, ZO-1) binding domains. Zonula occludens were the first proteins of the tight 

junctions to be discovered, and are intracellular peripheral proteins that connect the tight 

junctions complex to the underlying actin cytoskeleton. The architecture of the cell depends on 

the influence of the cytoskeleton and scaffolding proteins on the intercellular connections (201). 

It is well established that contraction of the actin cytoskeleton by myosin, due to an increase in 

the phosphorylation of myosin light chain by myosin light chain kinase, modifies junctional 

permeability (157). The regulation of tight junctional proteins determines the permeability 

(leakiness) of the intestinal barrier, measured as transepithelial electrical resistance (TER; 

Ω·cm2), with low TER correlating with high permeability and high TER with low permeability. The 

colon mainly functions to absorb fluid and is considered moderately tight (TER ~50-60 Ω·cm2). 

Dysregulation of barrier function and disruption of tight junctions is a common characteristic of 

many intestinal disorders (201). 

2. Function 

Content of the colonic lumen include undigested macromolecules, fluid and electrolytes 

not absorbed by the small intestine, as well as vitamin K and short chain fatty acids. The colon 

primarily functions to reabsorb the majority of the fluid and to store any undigested and 

unabsorbed waste until excretion. Goblet cells located throughout the surface-crypt axis have 

high expression of mucin proteins, specifically mucin 2, and secrete mucus to help protect the 

epithelial lining of the colon. The mucus serves as a lubricant for the luminal contents and is 

another barrier preventing noxious stimuli, such as pathogenic bacteria, from reaching the 

epithelium and translocating into the blood stream (201). Although the number of Paneth cells in 

the colon is low compared to the small intestine, these cells contain secretory granules that 

release antimicrobial proteins. These microbe-killing proteins include defensins, lysozyme, and 
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phospholipase A2 (26). It makes sense that as Paneth cell expression decreases down the 

length of the colon, the microbial content increases. The colonic epithelium also has 

enterochromaffin cells, which are endocrine and neurocrine in nature. For example, they 

synthesize and release the neurotransmitter serotonin which influences the functions of the 

surrounding cells leading to contraction of the smooth muscle layer, and regulation of ion 

secretory processes (201). Surface colonocytes express transporters such as the epithelial Na+ 

channel, Na+/H+ exchangers (NHE), and the Cl-/HCO3
- exchanger down regulated in adenoma 

to promote fluid absorption. From the surface to the crypt, the expression of pro-absorptive 

transporters decrease, and there is a contrasting increase in pro-secretory transporters. For 

example, CFTR is a major contributor to Cl- secretion and is highly expressed in the crypts 

compared surface colonocytes. For the purpose of this thesis, we focus on the function of 

secretory colonic cells. 

 

C. Bile Acids and the Regulation of Epithelial Ion Transport  

1. Establishment of the Driving Force for Cl- Secretion 

The electrolyte composition and amount of fluid in the intestinal lumen is determined by 

the balance of absorptive and secretory processes. Fluxes of electrolytes and nutrients across 

the epithelium are dependent on the establishment of electrochemical gradients. The primary 

contributor to movement of ions and fluid in or out of the lumen is the Na+/K+-ATPase located on 

the basolateral membrane (Figure 4). The activity of the Na+/K+-ATPase is coupled to the 

recycling of K+ via K+ channels, which is a secondary active transport process that allows export 

of K+ down its electrochemical gradient. Finally, the Na+-K+-2Cl- cotransporter 1, also located on 

the basolateral membrane, utilizes the Na+ gradient generated by the Na+/K+-ATPase to bring 

Cl- into the cell. Thus, with the activity of these three transporters, Cl- accumulates in the cell 
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above its electrochemical equilibrium, and establishes the driving force needed for Cl- to be 

extruded via apical Cl- channels (Figure 4). Activation or interruption of the activity of any of 

these transporters will respectively stimulate or prevent Cl- secretion (20, 201). Cl- secretion is 

necessary for proper hydration of the intestinal lumen, to facilitate the movement of luminal 

contents down the intestine. As Cl- is secreted into the lumen it creates an electrical gradient for 

Na+ to follow, which creates a transepithelial osmotic pressure gradient that pulls water into the 

lumen.  

2. Cl- Channels  

 There are currently 3 types of Cl- channels known to be expressed in secretory epithelial 

cells. The first is ClC-2, a member of the ClC family which has 9 isoforms. ClC-2 is an inwardly 

rectifying Cl- channel that has been shown to play a role in modulating intracellular Cl-, in 

maintenance of intracellular pH, as well as in regulation of cell volume. Studies in the Caco-2 

and T84 intestinal cell lines have shown that ClC-2 can be located on the apical and lateral 

membranes, whereas it is located basolaterally in the mouse colon (201). The evidence for it 

contributing to Cl- secretion across the apical membrane of epithelial cells is controversial. 

Patch clamp studies in Caco-2 cells showed that decreasing ClC-2 expression by antisense 

methodology resulted in a decrease in hyperpolarization and hypotonic-activated Cl- currents 

(170). In the pig ileum ClC-2 was found responsible for the prostaglandin-induced Cl- secretion 

that contributes to barrier function recovery after ischemia injury (169). Because of such studies 

showing that ClC-2 can play a role in Cl- secretion, it was hypothesized that it could be 

therapeutically targeted as an alternative exit pathway in cases of cystic fibrosis (CF) where 

CFTR is dysfunctional. Interestingly, in CFTR-/- mice, ClC-2 cannot recover the CF phenotype 

seen in the intestine (276). The constipation alleviating agent lubiprostone had been reported as 

an activator of ClC-2 (64), however the physiological relevance of this is debatable. Thus, our 

laboratory demonstrated that lubiprostone increased Cl- secretion in T84 cells in a cAMP-
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dependent manner and the increase in secretion was inhibited by the CFTRinh172 but not by 

the ClC-2 inhibitor CdCl2 (16). Additionally, lubiprostone increased CFTR membrane expression 

(16). Furthermore, in CF mice, as well as CF patients, lubiprostone was unable to increase Cl- 

secretion, suggesting that ClC-2 is not a major contributor to Cl- secretion in the intestine (28).   

 A second type of Cl- channel is the Ca2+-activated Cl- channel (CaCC). In contrast to the 

ClCs, CaCCs are outwardly rectifying, and as their name states, are regulated by changes in 

Ca2+.  The transmembrane member 16 (TMEM16; anoctamins) gene family was first discovered 

in 2004 and follow up studies by three different groups (43, 217, 268) found that of the 10 

members of this family, TMEM16A and TMEM16B (aka ANO1 and ANO2) are indeed CaCCs. 

These CaCCs have eight predicted transmembrane spanning domains, and TMEM16A traffics 

to the plasma membrane as a homodimer, and possibly forms oligomers with its own isoform or 

others (79, 83, 224). Interestingly, TMEM16A can be activated by Ca2+ and voltage changes, 

despite it lacking typical binding sites for Ca2+, or transmembrane helices with charged amino 

acids to sense voltage (266). TMEM16A is expressed in a variety of tissues including the 

mammary gland, airway epithelium, and the intestine (43, 268). Several studies using T84 cells 

have shown that TMEM16A exhibits Ca2+-dependent Cl- transport (174, 179, 237). In 

TMEM16A-/- mice, Ca2+-stimulated Cl- secretion is absent or decreased across several epithelia 

including the trachea, colon, and hepatocytes (185). Interestingly, rotavirus-induced diarrhea, 

which has been associated with CaCC (172), has now been linked to TMEM16A (186).  

 TMEM16A was thought to be a potential therapeutic target for those who suffer from CF, 

however its expression in human airways is very low compared to its expression in pig and 

mouse airways (218). Defects in CFTR results in meconium ileus and/or obstruction of the 

intestine in CF patients and has been long associated with secretory diarrheas. CFTR is the 

primary mechanism for Cl- secretion across the apical membrane of secretory epithelia and in 

the intestine, its expression increases down the villus/surface àcrypt axis, where crypts are the 
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major sites of secretion. CFTR is an ATP-binding cassette protein, in that it utilizes ATP 

hydrolysis for full channel activity. The gene encoding CFTR is 24 exons in length, leading to 

the transcription of the protein containing 12 (in 2 clusters of six each) transmembrane spanning 

domains, 2 nucleotide binding domains (sites of ATP hydrolysis), and a regulatory domain with 

multiple consensus sequences for kinase specific phosphorylation. Topologically the protein has 

two halves, separated by the regulatory domain; each half has one transmembrane cluster and 

a nucleotide binding domain.  Mutations in the gene result in CF. The twelve transmembrane 

domains make up the channel pore with an anion selectivity of Br->Cl->I->F- and an ability to 

also transport HCO3
- and ATP. The majority of the kinase consensus sights are for PKA and 

CFTR activation is dependent on cAMP production. PKA phosphorylation of the regulatory 

domain causes a conformational change in the nucleotide binding domain 1 and ATP 

hydrolysis, further phosphorylation of the regulatory domain changes the conformation of the 

second nucleotide binding domain and hydrolysis of ATP at this site, resulting in full opening of 

the channel. Additionally, the probability of channel opening can be regulated through its 

association with other proteins via protein-protein interactions in the N-terminus or via PDZ 

interactions in the C-terminus, or through increasing its expression at the plasma membrane 

(142, 180, 201, 206). For example, CFTR colocalizes with the MRP4, which regulates the 

spatiotemporal coupling of CFTR with cAMP (141). Other than CF, CFTR plays a role in various 

pathological conditions such as cholera and pertussis. Both cholera and pertussis toxins 

highjack the cAMP signaling pathway that is required for CFTR activation. In the case of cholera 

toxin, it causes an over activation of adenylyl cyclase by causing Gαs to lose its catalytic 

guanosine triphosphate (GTP)-ase activity so that it remains in its active confirmation to 

stimulate adenylyl cyclase. In contrast, pertussis toxin inhibits Gαi, so that it remains inactive 

and cannot inhibit cAMP production by adenylyl cyclase (201). With regard to bile acid signaling, 

taurine conjugated CA is absorbed by ASBT in the terminal ileum and activates CFTR-
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dependent Cl- secretion. This activation of CFTR was irrespective of canonical cAMP-PKA and 

cyclic guanosine monophosphate (cGMP) protein kinase signaling pathways (29).    

 

 

 

 

 

Figure 4: Epithelial Cl- secretion. For Cl- secretion to occur in colonocytes, Cl- must accumulate 
within the cell above its electrochemical equilibrium. The combined efforts of basolaterally 
expressed K+ channels, the Na+/K+-ATPase, and the Na+-K+-2Cl- cotransporter bring Cl- into the 
cell. Exit occurs across the apical membrane. CFTR is the primary Cl- channel expressed on the 
apical membrane, and most Cl- exits via this channel. The function of Ca2+-activated Cl- 
channels (CaCCs) and ClC-2 in contributing to Cl- secretion in the intestine is still being 
elucidated. Cl- secretion creates an electrical gradient for Na+ to follow paracellularly.  This sets 
up an osmotic pressure gradient and water movement follows. Activation of the various 
transporters underlying Cl- secretion are regulated by intracellular mediators including cAMP, 
cyclic guanosine monophosphate (cGMP), Ca2+, and protein kinases. 



28	  
	  

 
 

3. Intracellular Signaling Pathways: 

Underlying the activation of Cl- channels, as well as the transporters that establish the 

driving force for Cl- secretion, are a variety of intracellular second messenger signaling 

cascades, including cAMP, Ca2+, store-operated cAMP signaling, and EGFR-associated 

kinases.  

i. Intracellular Signaling Pathways: cAMP 

The first step in the cAMP pathway is activation of Gαs (stimulatory G protein α). Gαs 

is coupled to a GPCR, and upon ligand binding to the receptor, a conformational change occurs, 

and guanosine diphosphate (GDP) bound to Gαs is exchanged for GTP, rendering Gαs active. 

Gαs can now activate adenylyl cyclase, which catalyzes the formation of cAMP from ATP (201). 

There are ten isoforms of adenylyl cyclase, the first nine being plasma membrane bound, with 

adenylyl cyclase 10 identified as the soluble/cytoplasmic isoform (207). Fractionation of 

epithelial cells via discontinuous sucrose gradient resulted in a co-purification of adenylyl 

cyclase with the Na+/K+-ATPase, implying basolateral localization of adenylyl cyclase (175). 

Adenylyl cyclase and regulatory Gα proteins have been found to colocalize in caveloin rich 

regions of the plasma membrane. Localization to caveolin rich regions is not essential for 

adenylyl cyclase function, since cells lacking caveolin still exhibit cAMP signaling (61, 103, 109). 

Levels of cAMP are also regulated by the activity of cyclic nucleotide phosphodiesterases that 

degrade cAMP into AMP, also by binding of Gαi (inhibitory G protein α) to adenylyl cyclase (4, 

208), or by efflux of cAMP out of the cell by MRP4 (141).     

Once cAMP is produced it can bind to its effector proteins, including PKA and EPAC. 

PKA is activated when four molecules of cAMP bind to sites in the two regulatory subunits (two 

molecules cAMP per regulatory unit). This results in a conformational change and release of the 

two catalytic subunits which can phosphorylate target proteins at serine and threonine residues 
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(4, 208). For example, CFTR’s regulatory domain has at least 10 serine residues that can be 

phosphorylated by PKA (93). Additionally, PKA can translocate into the nucleus where it can 

phosphorylate and activate the cAMP response element-binding protein, which in turn will bind 

to cAMP response elements in the DNA and activate transcription of cAMP regulated genes. 

Unlike PKA which regulates its substrates by phosphorylation, EPAC acts as a guanine 

nucleotide exchange factor. When EPAC binds to cAMP, there is a conformational change to 

reveal EPAC’s active site, allowing it to facilitate the exchange of GDP for GTP to activate the 

Rap GTPases (214). Interestingly, EPAC has been shown to be a point of crosstalk between 

cAMP and Ca2+ signaling in a variety of systems (119, 215).  

The cAMP pathway has been shown to regulate the action of ion transporters, 

including many that contribute to the driving force of Cl- secretion. Activity of the Na+-K+-2Cl- 

cotransporter and K+ channels on the basolateral membrane increase with rising concentrations 

of cAMP (201). Some colonic epithelial cells also possess apical K+ conductances, and cAMP is 

known to stimulate these channels (222). In the human bile duct epithelium, bile acids activate 

TGR5 to increase cAMP and stimulate CFTR-dependent Cl- secretion (126). Furthermore, we 

established that CDCA is dependent on cAMP-PKA signaling to phosphorylate and activate 

CFTR in T84 cells (15). Aside from its effects on transporters that promote electrolyte secretion, 

cAMP also negatively regulates apical Na+ absorption via a CFTR-related mechanism. This 

phenomenon was evidenced by a rise in cAMP inhibiting Na+ absorption in wild-type mice 

jejunum, but not in CFTR-/- mice (58).  

ii. Intracellular Signaling Pathways: Ca2+  

Ca2+ is one of the most tightly regulated second messengers; it is not synthesized or 

degraded by the cell, but sequestered in different compartments to control its action. Rises in 

free cytosolic Ca2+ ([Ca2+]i) modulate a variety of cellular functions including enzymatic activity, 

cytoskeletal rearrangements, and ion transport.  Cytosolic Ca2+ increases due to influx via Ca2+ 
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channels on the plasma membrane, or due to a signal transduction pathway activated by 

molecules that bind to Gαq- coupled GPCRs. Gαq activates phospholipase C (PLC), which 

hydrolyzes phosphatidyl inositol bisphosphate into diacyl glycerol and inositol triphosphate (IP3). 

Diacyl glycerol is needed for activation of PKC, which phosphorylates downstream substrates 

on serine and threonine residues, similar to PKA. For [Ca2+]i to increase, IP3 must bind to its 

receptor (IP3Rs) on the endoplasmic reticulum, allowing for free movement of Ca2+ into the 

cytosol (201).  When Ca2+ levels in the store drop, an endoplasmic reticulum Ca2+ sensor 

translocates and activates Ca2+ channels on the plasma membrane. Activation of these 

channels is dependent on store depletion and results in Ca2+ entry to replenish the empty 

stores. This influx of Ca2+ from the extracellular fluid is termed store-operated Ca2+ entry 

(SOCE) (107).   

Ca2+ elicits its effects either by direct binding to target proteins, or through the Ca2+ 

binding protein calmodulin, which serves as a signal transducer to proteins that can’t bind Ca2+ 

directly. The calmodulin protein consists of two globular regions separated by a flexible linker 

region. Each globular domain has two Ca2+ binding motifs to hold a total of four Ca2+ ions. 

Binding of Ca2+ causes an “opening” of calmodulin, exposing hydrophobic residues that can 

interact with target proteins. One such protein is the Ca2+-calmodulin specific serine/threonine 

protein kinase, Ca2+-calmodulin kinase. This tetradecameric (14 subunits) serine/threonine 

kinase increases in activity as more subunits bind to Ca2+-calmodulin complexes, resulting in 

autophosphorylation and prolonged activation (54). Interestingly, Ca2+-calmodulin activity has 

been controversially associated with regulation of Cl- transport via TMEM16A (245, 273, 274).  

It is well documented that DCA and its taurine conjugate utilize the Ca2+ signaling 

pathway to activate Cl- secretion. Studies in T84 cells by Dharmsathaphorn et al. showed that 

tauro-DCA increase cytosolic Ca2+ from extracellular sources to increase electrolyte transport 

(72). Devor et al. then established the involvement of IP3 in activation of K+ and Cl- 
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conductances (70). Studies in the rabbit colon showed both age and segment specificity of 

tauro-DCA action. While tauro-DCA utilized IP3, Ca2+ (250), and PKC-δ (118) in stimulation of 

Cl- secretion in the adult distal colon, it had no effect in the weanling and newborn colon. 

Interestingly, tauro-DCA had no effect on the proximal colon, but neurotensin stimulated Cl- 

transport in a PLC-dependent manner and involved Src tyrosine kinases. Neither tauro-DCA nor 

neurotensin altered Cl- secretion in weanling and newborn distal colon (192). In contrast, the 

cAMP activator prostaglandin E2, was able to increase Cl- transport in the distal colon of all 

ages, suggesting that Ca2+-induced, but not cAMP-induced, Cl- transport is developmentally 

regulated (250).  It remains to be investigated if Ca2+ is required only for DCA-induced signaling, 

or if it is utilized by CDCA to increase Cl- secretion either in the rabbit or human colon. To 

further increase the complexity of bile acid handling in the young vs. adult rabbit intestine, our 

laboratory found that the weanling colon is similar to the adult ileum with regard to expression of 

ASBT, lipid binding protein, and FXR. Additionally, it was found that, in contrast to the adult 

colon, which secretes fluid in response to bile acids, the weanling colon absorbs bile acids 

(259). Although the pro-secretory actions are thought to be exclusively initiated by the 7α-

dihydroxy bile acids DCA and CDCA, a study of Cl- secretion in mouse cholangiocytes found 

that the 7β dihydroxy bile acid, UDCA, not commonly considered pro-secretory, stimulated Cl- 

and fluid secretion indirectly via ATP release, which then increases [Ca2+]i (86). This ATP-Ca2+-

dependent Cl-  secretion was in contrast to another study that showed utilization of the cAMP 

pathway for bile acid-induced secretion in cholangiocytes (126).  

iii. Intracellular Signaling Pathways: Store-Operated cAMP Signaling 

Typically, when Ca2+ levels in the endoplasmic reticulum drop, there is activation of 

store-operated Ca2+ channels, and Ca2+ enters the cytosol to replenish the empty stores (SOCE, 

see above). A.M.Hofer and colleagues demonstrated a novel signaling pathway that occurs 

when the Ca2+ stores are depleted. In the absence of extracellular Ca2+ to replenish the stores, 
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there is recruitment of adenylyl cyclase and increased cAMP production (138). This new store-

operated activation of cAMP was coined as store-operated cAMP signaling (SOcAMPS).  

Further investigation from this laboratory using the colonic cell line NCM460 established that 

adenylyl cyclase 3 accounts for cAMP production in SOcAMPS, but Ca2+ entry via the Ca2+ 

channel Orai1 inhibits this pathway. Thus, SOcAMPS only occurs when the Ca2+ store remains 

depleted and does not involve Ca2+ activated adenylyl cyclases, but requires translocation of the 

endoplasmic reticulum Ca2+ sensor and indirect activation of adenylyl cyclase 3 (154). 

Furthermore, in human colonic T84 cells they validated that SOcAMPS can be activated by the 

muscarinic agonist carbachol, which is known to increase Ca2+, and addition of carbachol lead 

to an increase in PKA activation. The increase in SOcAMPS by carbachol lead to activation of 

Cl- secretion via CFTR. They concluded that part of the Ca2+-dependent Cl- secretion in the 

colon can be attributed to SOcAMPS (182).  

iv. Intracellular Signaling Pathways: EGFR and Associated Kinases 

EGFR has been implicated in the functions of a variety of cell types and cell signaling 

pathways. EGFR is a tyrosine kinase receptor that can be activated in several ways, including 

binding of its ligands as well as via plasma membrane perturbations. Some of its ligands include 

EGF, transforming growth factor (TGF) α, and HB-EGF. Upon activation, the receptor dimerizes, 

and transphosphorylation occurs between the monomers. Phosphorylation of the C-terminal 

domain allows for docking of proteins with phosphotyrosine binding domains and initiation of 

signal transduction pathways. These pathways include the MAPKs ERK1/2 and p38, Src kinase, 

and phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)-AKT signaling to mediate 

downstream effects of EGFR (104, 130).  

It is not surprising that EGFR, with its ubiquitous expression, has been implicated in 

both Cl- secretion and bile acid signaling in a variety of cell types. Our laboratory demonstrated 

that in the rabbit, stimulation of colonic epithelial cells with EGF elicits a Cl- secretory response 
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(44). In addition to direct binding of EGFR ligands, EGFR can be transactivated by GPCRs. 

Bertelsen et al. delineated that vasoactive intestinal peptide (VIP), a potent activator of cAMP-

dependent Cl- secretion via CFTR, stimulates EGFR in a PKA-dependent manner (25). 

Downstream of EGFR, PI3K activity contributed to the VIP-induced secretory response. 

Whether EGFR acts in a pro-secretory or anti-secretory manner seems to depend on the 

agonist. In contrast to cAMP-dependent Cl- secretion, studies examining Ca2+-dependent Cl- 

secretion showed that EGFR was acting to inhibit Cl- transport (247). Additional studies from the 

same laboratory implicated several of EGFR’s effector proteins including PI3K (248), MAPKs 

(125), PKCε (55), and p38 (123) in mediating the inhibitory effect on Ca2+-dependent Cl- 

secretion. Interestingly, in contrast to the inhibitory role of EGFR on ion transport in T84 cells, 

studies in mouse models of colitis demonstrated that EGFR activation could restore ion 

transport responses. Consistent with their laboratory’s findings in T84 cells, EGF pretreatment 

inhibited carbachol and forskolin responses in normal mouse distal colon; however, the 

pretreatment potentiated the forskolin and carbachol responses in the dextran sulfate sodium 

and multidrug resistance protein 1a knockout models of colitis (162). 

Among its pleiotropic effects, EGFR has been implicated in bile acid action. Tauro-

DCA stimulates transactivation of EGFR via MRs (49, 50) in regulation of colon cancer cell 

proliferation. Depending on the cell type, bile acids can transactivate EGFR by cleavage of a 

variety of EGFR ligands. For example, activation of EGFR by bile acids in cholangiocytes is 

dependent on binding of TGFα (262). Although the EGFR ligand was undefined, low doses of 

DCA, at short time points (<30 minutes), lead to increases in EGFR, ERK 1/2, and p38 

phosphorylation (122). Interestingly, the unconjugated and more hydrophobic form of this bile 

acid, DCA, is able to activate EGFR via a MR- and EGFR ligand-independent mechanism; 

these results imply that bile acids are either binding directly to EGFR (an unsubstantiated 

possibility), or perturbing the membrane to activate EGFR and its downstream signaling 
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cascades (114, 196). While the majority of studies linking bile acids and EGFR have been 

performed with DCA, it remains to be investigated whether these pathways also apply to CDCA 

action. 

v. CDCA Action in T84 Cells 

In our previously published investigation on the action of CDCA in T84 cells, we 

found that CDCA acts in a rapid manner to increase Cl- transport as measured by iodide efflux 

as well as short circuit current. CDCA was more effective when added basolaterally. 

Interestingly, pretreatment of T84 cells with a cytokine cocktail potentiated the effect of apical 

addition of CDCA on Cl- transport. Additionally, we found that CDCA directly increased 

activation of apical Cl- currents, but not basolateral K+ currents. CDCA action in intact 

monolayers was sensitive to bumetanide (Na+-K+-2Cl- inhibitor), BaCl2 (K+ channel inhibitor), 

CFTRinh172, MDL12330A (adenylyl cyclase inhibitor) and H89 (PKA inhibitor). Furthermore, we 

found that CDCA increased phosphorylation of CFTR. These findings suggested that CDCA 

required action of the basolateral transporters, as well as the cAMP pathway and PKA 

phosphorylation of CFTR to stimulated Cl- secretion. The side-dependent action of CDCA, as 

well as the lack of complete inhibition by H89, implied the involvement of a membrane receptor 

and the possibility of other signaling kinases (15). 

 

D. Bile Acids and Pathophysiology 

Considering their central role in lipid absorption and as signaling molecules, perturbations in 

bile acid biology have been linked to a variety of disease states.  Provided here are two brief 

examples, cancer and the metabolic syndrome, followed by a more detailed section on bile acid 

associated diarrheas, a topic most relevant to this dissertation.    
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1. Bile Acids and Colorectal Cancer 

 Bile acids have been shown to increase proliferation associated with gastrointestinal 

cancers.  Thus, chronic exposure to high concentrations of bile acids is an increased risk factor 

underlying cancers of the gastrointestinal tract. Interestingly, bile acid malabsorption in patients 

with inflammatory bowel disease with colitis predisposes them to developing colon cancer later 

in life. High fat diets, typical of Western culture, also increases the chance of developing 

colorectal cancer, as there is an increased need for bile acid synthesis to counteract the 

excessive amount of fat in the diet. Bile acids, specifically the secondary bile acids DCA and 

LCA, can exert a number of pro-cancerous effects including increasing reactive oxygen species, 

disruption of mitochondrial function, induction of DNA damage, as well as reducing apoptotic 

capabilities and increasing cell proliferation (3). In fact, DCA levels were found to be higher in 

the serum of patients with colorectal cancer (22, 23). As mentioned above in the section on 

membrane receptors (A.4.ii.) Raufman and colleagues have shown that an M3R à HB-EGF à 

EGFR cascade underlies bile acid stimulation of cell proliferation leading to colonic tumor 

development (49, 50, 203). In contrast to these deleterious effects, activation of bile acid 

specific nuclear receptors, including FXR and VDR, protect against bile acid carcinogenic 

effects. Although activation of FXR promotes apoptosis, which is beneficial in preventing cancer 

cell proliferation, DCA and LCA are not potent activators of FXR. Thus, a specific FXR agonist 

could be used to counter DCA and LCA’s cancer promoting effects (156). Interestingly, vitamin 

D is protective against cancer and its deficiency contributes to colon cancer risk. LCA is a potent 

activator of VDR, and binding of LCA to VDR leads to its detoxification (3). It is possible that 

targeting the bile acid-activated nuclear receptors could have beneficial effects for colon cancer 

patients.  
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2. Bile Acids and the Metabolic Syndrome 

 There is increasing evidence that bile acids may play a beneficial role in aspects of the 

metabolic syndrome. Both TGR5 and FXR contribute to the effects of bile acids on metabolism. 

Activation of TGR5 leads to secretion of glucagon like peptide-1 from intestinal L cells and leads 

to an increase in insulin release (42, 51, 120) and also contributes to increased pancreatic and 

liver function. Furthermore, this improved the glucose tolerance in obese mice (51, 244). 

Additionally, activation of TGR5 in brown adipose tissue stimulated the conversion of thyroid 

hormone T4 to T3 and thereby increase energy metabolism. However, there is little brown 

adipose tissue in adult humans, so this may be a species-specific effect of bile acids (51, 257). 

Interestingly, FGF15, a FXR effector, causes a switch from white adipose tissue to brown 

adipose tissue in diet-induced obese mice, suggesting that FG15 and TGR5 could be working 

together to increase metabolism (42). FXR also regulates energy substrate use and storage in 

hepatocytes. Activation of FXR inhibits glycolysis and lipogenesis and promotes weight loss 

after bariatric surgery in mice (133). In contrast, in diabetic mice, FXR inhibited 

gluconeogenesis, but increased glycolysis and glycogenesis. This effect on metabolic pathways 

provided evidence for a role of FXR in increasing glucose tolerance and insulin sensitivity (51, 

57, 152, 277). Targeting FXR and TGR5 could be beneficial in the treatment of metabolic 

disorders. 

3. Bile Acid Malabsorption and Bile Acid-Associated Diarrhea 

 Physiologically the colon functions to absorb the fluid and electrolytes in the lumen (4.5-

5 liters of fluid per day) and to concentrate the feces. Circumstances that disturb the absorptive 

and secretory processes of the colonic epithelium may result in diarrhea. In addition, disruption 

of the epithelial barrier, dysbiosis of the gut microbiota, and alterations in transport functions 

may contribute to the etiology of diarrhea (85, 251). It is well established that bile acids can 

influence all of these factors and the bile acid pool must be tightly regulated as changes in bile 
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acid homeostasis can result in diarrhea. While physiological concentrations of bile acids can be 

anti-secretory (122), high pathophysiological concentrations of bile acids (>3mM in the human) 

result in excessive colonic fluid secretion and bile acid-associated diarrhea (75). 

The etiology of bile acid diarrhea is multifactorial and may be due to dysregulation of bile 

acid recycling or of bile acid synthesis. Traditionally, a majority, if not all, of bile acid diarrhea 

was presumed to be a consequence of bile acid malabsorption.  However, there is recent 

evidence that a subset of chronic bile acid-diarrhea patients have normal ileal bile acid 

absorption, and therefore recycling. However, they have low serum FGF19 levels suggesting 

that the consequent lack of inhibition of bile acid synthesis leads to excess bile acid production 

leading to the disease etiology (251). Clinically bile acid malabsorption is classified as follows: 

Type 1: Disruption of ileal functioning (e.g. ileal disease or ileal resection); Type 2: Primary 

idiopathic bile acid malabsorption; and Type 3: Malabsorption due to celiac disease, peptic ulcer 

surgery, cholecystectomy, chronic pancreatitis, or diabetes (251). In Type I, ileal resection 

(>100cm) due to damage can cause the bile acid pool to shrink dramatically and bile acid 

synthesis to increase (85). In Type 2, pathological conditions leading to disruption of the 

absorptive processes of the ileum, primarily mediated by ASBT, also result in bile acid 

malabsorption and increased concentration of luminal bile acids (38, 105). Although strictly not a 

“malabsorption” Type 2 has also been used to describe the diarrhea associated with excessive 

bile acid production due to dysregulation of FGF19 signaling. Type 3 is considered an indirect 

consequence of other gastrointestinal diseases.   

Diagnosis of bile acid malabsorption is often overlooked but can be determined by fecal 

bile acid content, the 75Se-homo-taurocholic acid test, measurements of bile acid metabolites in 

the plasma, or by circulating FGF19 levels (41). The efficacy of the 75Se-homo-taurocholic acid 

test is very high (sensitivity: >80%; specificity: >70%) but it is not approved by the Food and 

Drug Administration in the United States. Most clinical practitioners use therapy-resistant watery 
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diarrhea as an indication of bile acid malabsorption instead of performing a diagnostic test, 

allowing for many patients with bile acid malabsorption to go undiagnosed (251). Those that are 

diagnosed with mild bile acid malabsorption and bile acid-associated diarrhea can be treated 

with the bile acid sequestrant cholestyramine (85). 

Several mechanisms may contribute to the pro-diarrheal environment in patients with 

bile acid malabsorption. Two major mechanisms by which bile acids act are by regulating the 

ion transport proteins in the membrane, resulting in a net stimulation of secretion via CFTR (5, 

15, 72, 124, 166) and an inhibition of absorption via Na/H and Cl/HCO3 exchangers (31). When 

the majority of bile acids are lost in the stool, de novo synthesis cannot compensate for the loss 

to the bile acid pool. Therefore, lipid digestion and absorption is impaired resulting in increased 

fat in the colonic lumen which leads to steatorrhea.  Increased fatty acids in the colon are 

themselves potent secretagogues (37). Increased inflammation of the intestine, such as that 

seen in patients with inflammatory bowel disease (IBD), can compromise the epithelial barrier. 

The epithelial barrier may be further perturbed by bile acids increasing tight junction 

permeability (84, 198). Bile acids also contribute to diarrhea by increasing colonic motility; 

allowing less time for electrolyte absorption, resulting in more fluid in the colonic lumen and 

subsequent diarrhea (5). 

 Excess luminal bile acids contributes to the pathogenesis of several intestinal disorders 

that have diarrheal symptoms such as idiopathic diarrhea, IBD, necrotizing enterocolitis (NEC), 

and irritable bowel syndrome (IBS). At least 50% of patients with functional diarrhea, have bile 

acid malabsorption that contributes to their symptoms. IBD is a chronic inflammatory condition 

of the intestine, whose symptoms include dysfunction of ion transport, disruption of the barrier, 

and dysmotility. The causes of IBD are multifactorial, and clinically identified as two major types: 

1. Crohn’s disease which can affect various regions of the intestine; and 2. Ulcerative colitis 

which is chronic inflammation localized to the colon. Bile acid malabsorption is often seen in 



39	  
	  

 
 

people that suffer from Crohn’s disease localized to the ileum, since ASBT-dependent recycling 

is disrupted. Therefore it is not surprising that 85% of Crohn’s patients suffer from diarrheal 

symptoms (251). IBD patients show a potent dysregulation of NaCl absorption (194), processes 

which are also negatively regulated by bile acids (187). 

A second pathological condition associated with bile acid malabsorption and bile acid-

associated diarrhea is NEC. As its name suggests, NEC is the necrosis of inflamed bowel, 

found primarily in preterm infants. The severity of NEC can be influenced by a variety of factors 

including the susceptibility of the host, inflammatory responses, ischemia, the development of 

the intestinal microflora, as well as enteral feedings. The necrosis is often localized to the ileum 

and proximal colon, resulting in disruption of transport processes in these regions (153). Using 

the neonatal rat model of NEC, it was found that total bile acid levels in the ileum were 

increased and were positively correlated to the severity of NEC. This was alleviated by 

cholestyramine treatment. It is well documented that ASBT expression is tightly regulated during 

development, with expression being low in the neonate and weanling ileum and achieving adult 

levels in post-weaning animals (226, 259). Interestingly, ASBT expression is low in non-NEC 

rats, but induction of NEC causes an increase in ileal ASBT expression, potentially as a 

compensatory mechanism to the high luminal bile acid content. This suggests that uptake of bile 

acids could be potentiating enterocyte injury under the inflammatory conditions of NEC. Thus it 

seems that the inflamed environment of NEC neonates can result in bile acid mishandling, 

which results in further damage to the epithelium and potentially diarrhea (102).  

About 30% of IBS patients suffer from diarrhea and account for 30 million people 

worldwide (75, 258).  Of these IBS diarrheal cases, 30% (≈10 million people) are due to bile 

acid malabsorption. Although most of these patients respond to treatments with bile acid 

sequestrants, such as cholestyramine or colesevelam, their malabsorption did not seem to be 

due to malfunctioning of ileal transport of bile acids. This phenomenon suggested that there 
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must be dysregulation in another part of bile acid metabolism, perhaps synthesis.  Attention 

focused on the discovery that FGF15/19, (15 in mouse and 19 in human), produced by 

enterocytes, recycles to the liver where it binds to FGF receptor 4, and its binding partner 

βklotho, to negatively regulate bile acid synthesis (110). Interestingly, patients with primary bile 

acid diarrhea, had FGF19 levels about 50% compared to healthy volunteers (253) and a subset 

of diarrhea-predominant IBS patients carried single nucleotide polymorphisms in FGF receptor 4 

and βklotho genes  (75).  

In summary, bile acid malabsorption and the accompanying diarrhea are rather 

prevalent in segments of the current population suffering from gastrointestinal disorders. 

However, the underlying signaling mechanisms remain to be defined. 

 

E. Models for Ion Transport 

Despite the abundance of knowledge on bile acid signaling in metabolism, colon cancer, 

and diarrhea, there remains more to be investigated. In the context of bile acid malabsorption 

and the resulting diarrhea, the underlying mechanisms are poorly understood. Elucidating these 

mechanisms in models of ion transport will prove beneficial in the understanding of bile acid 

action in intestinal disorders like IBS and IBD. 

1. Human Colonic T84 Cells 

A number of reductionist human cell line models have been used to study solute 

transport function in intestinal epithelial cells. Three in particular, derived from human colon 

carcinoma cells, have been used extensively to study ion transport as they form confluent 

monolayers exhibiting transepithelial resistance similar to that observed in native tissues. Caco-

2 cells have been used to study absorptive properties more representative of small intestinal 

villar and colonic surface cells, whereas, HT-29 and T84 cells have been used to study 
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secretory functions more representative of crypt cells (10, 15, 141). Human colonic T84 cells are 

derived from a lung metastasis of a colon carcinoma that was injected into BALB/c nude mice 

before propagation in tissue culture (74). T84 cells grow slowly, often taking 2.5 to 3 days to 

double in numbers. T84 cells exhibit typical epithelial polarity when grown on rat-tail collagen-

coated filters and tight junctions are fully formed after ~18 hours. In contrast, T84 cells grown on 

flat dishes have less distinct polarity, lack uniformity of tight junctions, and have less distinct 

apical and basolateral membranes (73).  

Culturing the T84 cell line on semi-permeable filters allows for the elucidation of 

sidedness of action in altering transport mechanisms and measurement of vectorial transport. 

Vectorial transport can be measured in an Ussing chamber, which is an apparatus, in which an 

epithelial monolayer can be clamped between two chambers containing a physiological buffer. 

T84 cells grown on semi-permeable Transwell filters can be mounted between these two 

chambers and vectorial transport of ions can be measured as a current (see Methods). 

Transwell filters are microporous membranes that permit polarized cells to differentiate into a 

columnar epithelial cell layer and exhibit vectorial transport with directional movement across 

their basolateral and apical surfaces. Cells grown on Transwells better represents the activity of 

these cells in vivo as compared to their behavior when grown on flat surfaces. The benefit of 

utilizing the T84 cell line is that it has been established that transepithelial current measured in 

Ussing chambers is due to the activation of Cl- channels on the apical membrane (74). 

Dharmsathaphorn et al. have described the presence and activity of the hallmark transporters 

that contribute to Cl- secretion. Namely, the basolateral Na+-K+-2Cl- cotransporter, Na+/K+-

ATPase, cAMP- and Ca2+-dependent K+ channels (45), and apical Cl- channels (Figure 4) (73). 

T84 cells respond to a variety of physiological secretory stimuli such as VIP, prostaglandin 1, 

carbachol, and A23187, as well as the inhibitors somatostatin and verapamil (74). Similar to 

previous findings in the rabbit colon (60), it was found that tauro-DCA increased net Cl- 
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secretion from the basolateral side of T84 cells at a lower concentration than what was required 

to elicit a secretory response when applied to the apical side. Tauro-DCA did not increase cyclic 

nucleotides but did increase intracellular Ca2+. It was proposed that in conditions where the 

luminal concentration of bile acids exceed 1mM, there is an increase in tight junction 

permeability and bile acids reach the basolateral membrane to initiate signaling cascades (72). 

Our lab has utilized this cell line and published that T84 cells can reach a TER of ≥950 Ω.cm2 in 

contrast to the TER of the small intestinal like cell line, Caco-2 (~300-500 Ω.cm2) (15, 239). The 

ability to achieve high TER indicates a well-differentiated monolayer and allows for the easy 

measurement of transepithelial electrical parameters. Although three Cl- channels, ClC-2 (18), 

TMEM16A (174) and CFTR (15), are present in T84 cells, the predominant apical membrane 

channel responsible for secretion is CFTR. Despite T84 cells being extremely useful for 

measurements of ion transport, their slow growth and disruption of polarity and function after 

being subjected to routine genetic manipulations, including stable transfection, calls for the use 

of other models. 

2. Human Embryonic Kidney (HEK-293) Cells 

 In a seminal paper, Graham et al. demonstrated the versatility of the Human Embryonic 

Kidney 293 (HEK-293) cell line as a model for genetic manipulations. HEK-293 cells were 

established by transfecting human embryonic kidney cells either as primary, or secondary 

cultures in early passages with sheared adenovirus (type 5) DNA in the presence of calcium 

phosphate (100). Because of their susceptibility to genetic manipulations we utilized the HEK-

293 cells as a reductionist model to study bile acid signaling. This cell line has become the 

preferred tool of mammalian cell and molecular physiologists as they are of human origin and 

express foreign proteins readily. Amongst their advantages are the ease with which they can be 

cultured, transfected, and molecularly manipulated to study cloned protein function and 

associated signal transduction pathways. The use of HEK-293 cells has ranged from being a 
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mammalian cell factory for protein over-expression to being used as a tool to study structure-

function correlations of a given protein. Li et al. used HEK-293 cells to over-express MRP4 to 

study spatiotemporal coupling of MRP4, PDZK1 scaffolding protein, and CFTR (141). HEK-293 

cells stably transfected with ASBT have been used to study the roles of lipid rafts and protein 

trafficking in ASBT regulation (11-13). In a recent study, Jensen et al. used HEK-293 cells stably 

transfected with the bile acid receptor, TGR5, and transiently transfected with protease receptor 

2 or β-arrestins 1 and 2 to study TGR5 function and trafficking (115). It is important to note that 

the endogenously expressed HEK-293 cell proteins may contribute to function as well as 

trafficking of the over-expressed protein of interest. Therefore, there is a need to examine the 

function of transfected proteins against the backdrop of endogenous proteins. Given the 

limitations of the T84 epithelial cell line we chose to study the regulation of Cl- secretion in HEK-

293 cells and in HEK-293 cells transfected with an EGFP-CFTR construct (described in 

Methods).   

3. Intestinal Organoid Cultures 

The culturing of primary intestinal cells has been a difficult technique to perfect due to 

the short life span of mature intestinal epithelial cells, potential contamination with the gut 

microflora, and the variety of cell types that are expressed in the epithelium (73). With the 

discovery of LGR5 as a marker of intestinal stem cells, and the subsequent definition of 

conditions for growth and differentiation, the gastrointestinal physiology field entered a new era 

of investigation into the native intestinal epithelium (19). Consequently, two types of “mini guts” 

in culture have been developed:  those derived from intestinal pluripotent stem cells and those 

derived from the stem cells present in the mature intestinal crypts. The “mini guts” derived from 

induced pluripotent stem cells display an enclosed lumen surrounded by both epithelial and 

mesenchymal layers and are sometimes referred to as “organoids”, while the “mini guts” derived 

from small intestinal or colonic crypts are sometimes referred to as enteroids or colonoids, 
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respectively. The enteroids and colonids similarly form an enclosed lumen and are lined with a 

monolayer of epithelial cells, lacking a mesenchymal layer. The epithelial-only organoids also 

require culturing in a 3D matrigel suspension, with media containing specific growth factors 

including R-spondin, Wnt3a, and Noggin for their development. The nomenclature of these ex 

vivo preparations is under debate, as the original studies from the H. Clevers laboratory (210) 

used “organoids” to refer to the cultures of the epithelial-only mini guts while others refer to them 

as enteroids or colonoids. For the purpose of this study, we refer to crypt-derived cultures as 

organoids in Chapter VI. Upon isolation and culturing of intestinal crypts, the crypts close to 

form simple spherical structures. As cells begin to proliferate and differentiate the spheres form 

bud-like structures and resemble the crypt and surface/villi of the native intestine. Similar to cell 

lines, organoids can be passaged, and continuously cultured over many passages (59). 

Although most studies derive their organoids from isolated tissue, Sato et al. demonstrated that 

isolation of single LGR5+ stem cells can give rise to full organoid structures (210). Addition of 

the aforementioned Wnt signaling agonists helps maintain the proliferative phenotype 

(“stemness”) that is typical of the stem cells. Removal of Wnt agonists results in differentiation 

and the cells lose their proliferative capacity (210).  

Development of this self-renewing primary culture system has become the hallmark 

technique for new approaches to advancing personalized medicine and looking at microbe and 

host interactions in an ex vivo culture system. Using crypt-derived mouse intestinal organoids, 

Zhang et al. were able to assess the bacterial invasiveness and dysregulation of the epithelium 

after Salmonella infection (278). Microinjection of Clostridium difficile into the organoids derived 

from human induced pluripotent stem cells, resulted in bacterial colonization and disruption of 

barrier function (139). Because the organoids possess all the intestinal epithelial cell types, it is 

possible to observe the effect of bacteria on specific cell types. Additionally, in organoids 
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derived from human small intestinal biopsies, Saxena et al. were able to study the susceptibility 

of specific patients to rotavirus infection (212).  

Since the majority of epithelial cells along the intestine function to transport electrolytes it 

was important to know that these transport processes could be recapitulated in the organoid 

cultures. Using organoids derived from normal and cystic fibrosis human and mouse tissue, 

Dekkers et al. developed the forskolin-induced swelling assay to monitor activation of CFTR 

(67). In this assay, addition of CFTR agonists, such as forskolin, induce swelling of the 

organoids, indicative of Cl- secretion into the lumen. This assay was used to test the 

responsiveness of cystic fibrosis patients to novel CFTR potentiators and correctors, verifying 

the utility of the organoid system in developing personalized therapies. In addition to organoid 

swelling to study Cl- transport, NHE and pH regulation can be measured (89, 252). Continued 

used of these methodologies will emphasize the regulation of ion transporters in normal and 

pathological conditions in the gastrointestinal tract.  

 

F. Hypothesis, Objective, and Specific Aims 

Bile acids, specifically the 7α-dihydroxy CDCA and DCA, act on colonic epithelia in a rapid, 

side-dependent manner to activate CFTR and stimulate Cl- secretion, suggesting the 

involvement of a plasma membrane receptor-signaling cascade. While bile acid-activated 

receptors in intestinal secretory epithelia have been related to a variety of cellular responses, 

their link to Cl- secretion has yet to be identified. Thus, I hypothesized that the primary, 

dihydroxy bile acid, CDCA, stimulates Cl- secretion in the colonic epithelium via a 

receptor-mediated activation of CFTR using multiple intracellular signaling pathways. 

The objective of this study is to determine the regulatory cascades by which CDCA induces 
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colonic Cl- secretion using the human colon carcinoma cell line T84, HEK-293 cells, and 

intestinal organoid cultures. To accomplish this, I identified three specific aims:  

• Aim 1. Determine the initial step by which CDCA acts to modulate Cl- secretion in a cell 

model of the human colonic epithelium (Chapter III);  

• Aim 2. Elucidate the second messenger signaling cascades by which CDCA induces Cl- 

transport in cultured cell lines (Chapters IV and V); and  

• Aim 3. Delineate CDCA activation of CFTR ex vivo using native intestinal epithelial cultures 

(Chapter VI).  

The overall goal of this research plan is to contribute significantly to our understanding of the 

molecular basis of bile acid-stimulated Cl- secretion. This study will enhance our knowledge of 

bile acid-associated diarrhea in poorly understood intestinal disorders like irritable bowel 

syndrome. 
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Chapter II: Materials and Methods



48	  
	  

	  
	  

A. Materials 

Tissue culture media included: Dulbecco’s Modified Eagle Medium, Minimum Essential 

Media, Ham’s F12 nutrient mixture, bovine calf serum, fetal bovine serum, and G418, 

purchased from Invitrogen (Carlsbad, CA). For HEK-293 transfection experiments, DH5alpha 

competent E. coli was obtained from Invitrogen (Carlsbad, CA), X-tremeGENE 9 DNA 

Transfection Reagent and Lipofectamine 2000 were from Roche (San Francisco, CA). Opti-

MEM media for EGFR transfections was purchased from Thermo Fisher Scientific (Asheville, 

NC). EGFR specific siRNA (HsEGFR 11) and negative control siRNA were synthesized by and 

purchased from Qiagen (Valencia, CA). Rat- tail collagen, bovine serum albumin, and Poly-L 

lysine were obtained from Sigma-Aldrich Corp (St. Louis, MO).  Secretagogues and inhibitors 

used were of analytical grade and included: chenodeoxycholic acid, forskolin, carbachol, 

lithocholic acid, ciprofloxacin, GW4064, H89, CFTRinh172, nocodazole, MK571, AG1478, ESI-

09, nystatin, U73122, PD98059, LY294002, wortmannin, T16Ainh-AO1, protease inhibitor 

cocktail P8340, and phosphatase inhibitor cocktails 2 and 3 purchased from Sigma-Aldrich 

Corp. (St. Louis, MO). BAPTA-AM and Fura2-AM were purchased from Molecular Probes of 

Thermo Fisher Scientific Inc. (Hanover Park, IL). H1152 was purchased from Enzo Life 

Sciences (Farmingdale, NY). GGTI298 was purchased from Tocris Bioscience (Pittsburgh, PA). 

The protein kinase C inhibitors rottlerin and chelerythrine were obtained from Millipore 

Calbiochem (Danvers, MA). The IP3 receptor inhibitor 2-APB was bought from Santa Cruz 

Biotech. Inc. (Santa Cruz, CA). SB203580, the p38 inhibitor, was purchased from Cell Signaling 

(Boston, MA). Unless otherwise specified, all other reagents were of analytical grade, and were 

purchased from either Sigma-Aldrich Corp. or Fisher Scientific (Hanover Park, IL). Unless 

otherwise specified, all non-water soluble reagents were dissolved in DMSO and DMSO was 

used as a control. 
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HitHunter cAMP HS+ Assay and the IP3 Assay were purchased from DiscoveRx (Fremont 

CA). Human phosphokinase array kit was purchased from R&D systems (Minneapolis, MN).  

Rap Activation Assays were purchased from Cell Biolabs, Inc (San Diego, CA). Tissue culture 

plates, flasks, and transwells were purchased from Corning Inc, Life Sciences (Lowell, MA). 

Antibodies used: Phospho-specific and non-phospho specific antibodies to EGFR (Y1068), 

ERK1/2 (T202/Y204), and p38 (T180/Y182) were purchased from Cell Signaling (Boston, MA). 

Monoclonal mouse-anti-human CFTR COOH-terminus was purchased from R&D Systems 

(Minnneapolis, MN). Polyclonal goat-anti-EGFP and rabbit-anti-TGR5 were from Abcam 

(Cambridge, MA). Monoclonal mouse-anti-α-tubulin was purchased from Sigma-Aldrich Corp. 

(St. Louis, MO). Polyclonal goat-anti-MRP4 and mouse monoclonal GAPDH were purchased 

from Novus Biologicals (Littleton, CO). Horseradish peroxidase (HRP) conjugated secondary 

antibodies used were goat-anti-rabbit, goat-anti-mouse, and bovine anti-goat purchased from 

Santa Cruz Biotechnology (Santa Cruz, CA).  For immunofluorescence imaging, SlowFade Gold 

performance DAPI was purchased from Invitrogen (Carlsbad, CA). Wheat Germ Agglutinin, 

Alexa Fluor 594 conjugate, NucBlue Live Ready Probes Reagent were from Life Technologies 

(Grand Island, NY).  

 

B. Tissue culture  

Human colon carcinoma T84 cells were acquired from the American Type Culture Collection 

(ATCC) (Manassas, VA, USA). T84 cells were cultured in media containing equivalent amounts 

of Dulbecco’s Modified Eagle Medium and F-12, supplemented with 6% bovine calf serum, 

ampicillin (8µg/mL), penicillin (100 iU/mL) and streptomycin (100ug/mL). These cells are 

considered female as determined by amplification of the amelogenin gene (177). Cells from 

passages 39-50 were used for experimentation. For Ussing chamber studies, T84 cells were 
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seeded at a density of ~250,000 cells per Transwell insert (6.5-mm, 0.4 um pore size, 24-well 

plate) coated with rat-tail collagen. For immunoblot studies, cells were grown on 6-well plates or 

6-well Transwells (24.5mm, 0.4µm pore size) at a density of 1.5x106 cells per insert. T84 cells 

were serum starved overnight prior to immunoblot or Ussing chamber studies.   

HEK-293 cells were kindly given to us by Dr. W.A. Alrefai (Jesse Brown VAMC and UIC 

Department of Medicine) and were grown in Minimum Essential Media supplemented with 10% 

FBS, 1% penicillin/streptomycin (100 iU/ml; 100 µg/ml). Cultures of transfected HEK-293 cells 

were stabilized in the presence of G418 (see below). All cell cultures were incubated in a 

humidified atmosphere of 5% CO2 at 37ºC. 

 

C. Transfection 

1. CFTR Expression 

 A human CFTR/pEGFP (enhanced green fluorescent protein)-C1 plasmid consisting of 

wild-type human CFTR cDNA subcloned into the multiple cloning site of the pEGFP-C1 vector 

(Clonetech, Mountain View, CA), resulted in EGFP plus a 2 amino acid linker fused to the N-

terminus of human CFTR. This construct was originally generated in the laboratory of Dr. Kevin 

Foskett (University of Pennsylvania) and provided to Dr. Deborah J. Nelson (University of 

Chicago, our collaborator). The construct was sequenced and verified prior to transfection.  The 

construct was amplified by transforming DH5alpha competent E. coli. For transfection studies, 

HEK-293 cells were seeded into 6-well plates in the presence of the human CFTR vector using 

X-tremeGENE 9 DNA Transfection Reagent. A total of 1µg DNA/well and 3µl of X-tremeGENE 9 

reagent/well were used for each transfection in antibiotic free media. After 48 hours, cells were 

incubated with medium containing 0.8 mg/ml G418. Resistant clones of cells were trypsinized, 
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pooled, and maintained in medium containing the same concentration of G418 and designated 

as HEK-CFTR cells (77).  

2. EGFR siRNA 

T84 cells were plated in 6-well plates until they reached ~50% confluency. They were 

then transiently transfected with 100pmol of scrambled siRNA or EGFR siRNA diluted in Opti-

MEM medium and then combined in a 1:1 ratio with Opti-MEM diluted Lipofectamine 2000 

transfection reagent. The mixture was allowed to incubate for at least 5 minutes before adding 

the siRNA-lipid complex to the cells. The scrambled siRNA, used as a nontargeting control, and 

EGFR siRNA were predesigned (Qiagen). After 24 hours, Opti-MEM media containing the 

transfection reagent was removed and replaced with regular Dulbecco’s Modified Eagle Medium 

/F-12 as described above. After a further 48 hours (72 hours after transfection) cells were 

harvested for RNA, protein, or used to measure CDCA-stimulated Cl- transport by iodide efflux 

(described below). Ussing chambers (described below) are typically used to measure 

transepithelial Cl- secretion in T84 cells, and require confluent and resistive monolayers.  This 

set up cannot be used with transfected cells because efficient transfection of siRNA requires 

subconfluent (≈50% confluence) monolayers. The siRNA is most effective at 72 hours post 

transfection, (~7 days after plating), a time when the monolayers do not meet the minimal TER 

(≥1000 Ω·cm2) needed for studies in Ussing chambers.  Thus we used the previously 

established method of iodide efflux (15, 77) which does not require resistive monolayers. After 

iodide efflux, cells were harvested for protein and expression of EGFR was assessed by 

immunoblotting using an EGFR specific antibody. 
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D.  RNA isolation and Reverse Transcriptase Polymerase Chain Reaction (RT-PCR) 

RT-PCR was performed as previously described (15). Cells were grown to confluence and 

then harvested in TRIzol reagent (1mL) and incubated for 5 minutes; incubations were at room 

temperature and centrifugations at 4°C unless otherwise specified. Chloroform (200uL) of was 

added to each sample and shaken for 15 seconds then incubated for 3 minutes. Samples were 

then centrifuged at 12,000 x g for 15 minutes. After centrifugation, the colorless liquid phase 

was removed and saved for RNA isolation. Samples were then incubated with isopropanol 

(500µL) for 10 minutes and centrifuged for 10 minutes at 12,000 x g. The supernatant was 

removed and the RNA pellet was washed with 1mL of 75% ethanol by vortexing and 

centrifuging for 5 minutes at 7,500 x g. The air-dried RNA pellet was resuspended in RNA-

storage solution and stored at -80°C. RNA was treated with DNase prior to synthesis of cDNA. 

RNA concentrations and purity were measured by Nano-drop UV-Vis Spectrophotometer 

(Thermo Fisher Scientific; Asheville, NC) at 260nm. RNA (1µg) was used for cDNA synthesis by 

superscript II reverse transcriptase. Table I shows primer pairs used for PCR (36 cycles). 
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E. Protein Isolation, SDS-PAGE, and Immunoblotting 

Cells were grown to confluence and washed with ice cold phosphate buffered saline (PBS) 

before being lysed in a buffer containing in mM: 25 Tris-HCl (pH 7.4), 1 EDTA, 2 MgCl2, 5 ß-

mercaptoethanol, 1 DTT, and 10µl protease inhibitor cocktail/mL lysis buffer. For protein 

isolated to assess phosphorylation state of kinases, phosphatase inhibitor cocktails 2 and 3 

(Sigma) were also added to the lysis buffer. The lysates were sonicated on ice (30 seconds; 

Branson Sonifier Cell Disruptor Model 350) and centrifuged at 2,000 x g for 10 minutes (4°C).  

The pellet, containing nuclei and unlysed cells was discarded and the supernatant (total cell 

lysate) was saved. When needed, the cell lysates were further fractionated into membrane and 

cytosolic fractions, 30 minutes at 10,000 x g (4°C). The pelleted membrane fraction was 

resuspended in lysis buffer. Protein concentrations were measured using the Bio-Rad Protein 

Assay protocol. Cell fractions (30-50µg of protein) were separated by SDS-PAGE (7.5% or 4-

15%) electrophoresis and the membranes subjected to Western blotting as described previously 

(9, 15). Blots were blocked with 5% milk or 3% bovine serum albumin for 1 hour at room 

temperature and incubated with primary antibodies (in 1% milk/bovine serum albumin, overnight 

(4°C). After washing with Tris-buffered saline (pH 7.4) containing 0.1% Tween 20, blots were 

exposed to HRP-conjugated secondary antibodies (1:10,000 dilution; 1 hour, room temperature) 

and visualized with Pierce SuperSignal West Pico or Femto Chemiluminescent Substrate kit 

(Thermo Scientific, Rockford, IL). When needed, mainly for blots where phosphorylation of 

proteins were screened first, membranes were stripped in a buffer containing 100 mM ß-

mercaptoethanol, 2% SDS, 62.5 mM Tris·HCl (pH 6.7) for 30 minutes, 55°C, and reprobed with 

different primary antibodies (not phospho-specific) as described above. The secondary antibody 

exposure and visualization of the reaction product were as described above. Immunoblot bands 

were quantified by ImageJ software after scanning densitometry. The concentrations of primary 

antibodies used are listed in the figure legends or within the text.  
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F. Human Phosphokinase Array 

A human phosphokinase array was performed according to the manufacturer’s instructions. 

When T84 cells reached ~90% confluence in 100mm dishes, serum starved overnight, and 

were treated with either 500µM CDCA or 0.01% DMSO (as control) for 5 minutes to induce 

kinase phosphorylation. Cells were then washed with cold PBS and lysed with the lysis buffer 

provided. Cell lysates were centrifuged (14,000 x g, 5 minutes, 4°C) and the resulting 

supernatant was collected. Equal amounts of the supernatant were incubated overnight with the 

phosphokinase array membranes. The membranes have “capture” antibodies that bind to their 

respective proteins in the cell lysate. Similar to standard immunoblotting protocol (see above), 

membranes were washed and then exposed to a cocktail of detection antibodies. Signals were 

captured using streptavidin-HRP and chemiluminescent reagents provided by the manufacturer.  

The pixel density of each “spot” was determined using ImageJ, and duplicate spot signals were 

averaged. ß catenin was used to normalize the kinase signals as its phosphorylation state 

remained unchanged. Normalized signals were compared between the DMSO and CDCA 

treated samples. If there were was any indication that a kinase was involved in CDCA action, 

then further assessment was performed using specific primary antibodies as mentioned above.  

 

G. Preparation of Detergent-Soluble and Insoluble Tubulin  

Detergent-soluble and -insoluble tubulin was prepared according to Yu et al. (272). To 

establish a protocol for destabilizing microtubules in HEK-CFTR cells, the distribution of 

detergent-soluble (monomeric) and detergent-insoluble (microtubule) α-tubulin was examined 

under four conditions of nocodazole exposure. HEK-CFTR cells were grown in 10cm dishes and 

exposed to one of the following treatment regimens: I. 4ºC, 30 minutes to destabilize 

microtubules followed by incubation with nocodazole on ice 30 minutes and then at room 
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temperature, 1 hour; II. Nocodazole on ice for 30 minutes followed by incubation at room 

temperature, 1 hour; III. 4ºC for 30 minutes followed by incubation with nocodazole at room 

temperature, 1 hour; IV. Incubation with nocodazole at room temperature, 1 hour. After these 

regimens, the cells were rinsed with PBS and once with extraction buffer (in mM: 100 PIPES pH 

6.75, 1 MgSO4, 2 EGTA, 0.1 EDTA, and 2000 glycerol). Cells were subsequently extracted 

twice for 8 minutes each with 750µl extraction buffer containing 0.1% Triton X-100 and protease 

inhibitors and the fractions collected to yield the detergent-soluble fraction. The detergent 

insoluble fraction remaining on the plate was treated with lysis buffer (in mM; 25 Na2HPO4, pH 

7.2, 400 NaCl, and 0.5% SDS), sonicated and centrifuged for 10 minutes (2,000 x g), and the 

DNA-containing pellet was discarded. Equal amounts of detergent-soluble and insoluble 

proteins from each treatment group were subjected to SDS-PAGE and immunoblotting as 

described above using α-tubulin antibody (1:2,500 dilution).  

 

H. Cell Surface Biotinylation   

Cell surface biotinylation was performed as described by Gill et al. (97). Briefly, confluent 

HEK-CFTR cells were equilibrated in serum free media and treated with 10µM forskolin or 

DMSO (0.1%) for 1-10 minutes at room temperature. Cells were placed on ice, washed with a 

modified PBS (PBS+ 0.1mM CaCl2 and 1mM MgCl2). and exposed to biotin (1.5mg/ml) in borate 

buffer (in mM: 10 boric acid pH 9.0, 154 NaCl, 7.2 KCl, and 1.8 CaCl2,) for 1 hour, 4°C, in the 

dark. The cells were treated with quenching buffer (modified PBS +100mM glycine, 20 minutes, 

4ºC) to bind any excess biotin, washed in modified PBS and collected by centrifugation at 

13,000 x g (10 minutes, 4ºC). The cells were lysed in RIPA buffer (in mM: 150 NaCl, 50 Tris-HCl 

pH 7.6, 5 EDTA, 1% Triton X-100, 0.1% SDS, protease inhibitor cocktail), sonicated (2 x 30 

seconds) and centrifuged at 13,000 x g (4ºC, 10 minutes) to yield the total cell lysate. Protein 

concentrations were determined by Bio Rad Protein Assay. One mg of protein from each 
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treatment group was added to Neutravidin beads (Thermo Scientific) that were pre-equilibrated 

with RIPA buffer. Samples were incubated overnight (4ºC) in an Eppendorf rotoshaker.  The 

beads were collected by centrifugation at 13,000 x g (4ºC, 10 minutes) and the supernatant 

containing the non-biotinylated fraction was saved.  The beads were washed with RIPA buffer 

(5,000 x g, 5 minutes, 4ºC x3) and resuspended in 2X loading dye (Biorad). Non-biotinylated 

fractions were diluted in 2X loading dye. Nonbiotinylated, and biotinylated fractions were heated 

(60ºC, 15 minutes) and resolved by SDS-PAGE, and immunoblotting as described above. The 

blots were probed with CFTR-COOH antibody (1:1,000) to assess CFTR expression. To check 

for non-biotinylated protein contamination of the biotinylated fraction, blots were stripped and 

reprobed with GAPDH antibody (1:2,000). 

 

I. Live Cell Imaging and Vesicle Trafficking 

HEK-CFTR cells were seeded on 2-cm2 glass bottom dishes (MatTek Corporation, MA, 

USA) for 3 to 4 days for ~90% confluence. The cells were washed with PBS, and incubated with 

1ml of phenol free Dulbecco’s Modified Eagle Medium containing 5µg Wheat Germ Agglutinin 

(WGA), Alexa Fluor 594 conjugate (Life Technologies, Grand Island, NY) for 10 minutes at 37ºC 

in a tissue culture incubator. The cells were then washed five times with 1ml of phenol-free 

Dulbecco’s Modified Eagle Medium. One ml of phenol-free Dulbecco’s Modified Eagle Medium 

containing 2 drops of NucBlue Live Ready Probes Reagent (Life Technologies, Grand Island, 

NY) was then added to the dish. Next, the dish was mounted on a Zeiss LSM 710 confocal 

microscope (META) (Zeiss, Oberkochen, Germany) equipped with a PeCon temperature 

controller (PeCon GmbH, Erbach, Germany) to keep the temperature at 37ºC. After a 2-minute 

incubation with NucBlue, 3 images were taken as baseline using diode UV laser, Exλ 405nm, 

Emλ 420-480nm; Argon laser, Exλ 488nm, Emλ 500-550nm and DPSS 561 laser, Exλ 561nm, 

Emλ 600-650nm. Then DMSO or forskolin were added to the cells, and images were captured 
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as time series using ZEISS microscope software Zen. A 63x/1.46 oil objective was used with a 

final magnification of 126X. For CFTR vesicle tracking, z-stack images were also acquired in 

addition to time series to generate 4D images. The vesicles were detected using the “spot 

detection” function of Imaris (Bitplane AG, Switzerland) and were tracked over time. To optimize 

sample size, vesicles ≥ 0.71µm in diameter were tracked. Based on the relative size of the cells, 

vesicular tracking was done over a length of 1 to 15µm. Vesicle speeds and other parameters 

were exported into Excel. 

 

J. Intracellular Ca2+ ([Ca2+]i) Measurements 

T84, HEK, or HEK-CFTR cells (~one million cells) were seeded on 2-cm2 glass bottom 

dishes (MatTek Corporation, MA, USA) for 3 to 4 days to achieve ~90% confluence. Dishes for 

HEK and HEK-CFTR cells were coated with Poly-L-lysine. The cells were loaded with 5µM 

Fura2-AM (Molecular Probes) in serum-free Dulbecco’s Modified Eagle Medium /F-12 (+0.02% 

F-127) for T84 cells, and in serum-free MEM for HEK/CFTR cells, for 1 hour in a tissue culture 

incubator at 37ºC. To remove any extracellular or membrane bound Fura2-AM, cells were 

washed 3 times with Krebs–Ringer-Hepes buffer (in mM: 120 NaCl, 5.4 KCl, 0.8 MgCl2, 1 CaCl2, 

11.1 glucose and 20 Hepes pH 7.4). For Ca2+ free buffer, Ca2+ was chelated with 2mM EGTA. 

After the final wash, the dishes were filled with fresh Krebs-Ringer-Hepes buffer and allowed to 

equilibrate at room temperature for 15 minutes for any remaining Fura2-AM cleavage. Dishes 

were next mounted on a dual channel temperature controlled (Warner Instruments, Hamden, 

CT) platform of a fluorescence microscope (Olympus IX51, Olympus America, Center Valley, 

PA). Ca2+ agonists (e.g. CDCA) made in Krebs-Ringer-Hepes buffer were delivered to the cells 

by a perfusion and vacuum system (Warner Instruments). Ca2+ signals were captured using a 

Q-8 spectrofluorometer system (Photon Technology International, Edison, NJ), and the 

fluorescence ratios (Exλ: 340/380 nm; Emλ: 505 nm) were converted to nM concentrations 
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based on a standard curve using a calcium calibration buffer kit (Molecular Probes, Waltham, 

MA) (44, 250). If signaling inhibitors were required, the cells were pretreated with the inhibitor 

during the final 30 minutes of Fura2-AM loading and were present during the room temperature 

incubation in Krebs-Ringer-Hepes buffer. Agonists were then perfused in Krebs-Ringer-Hepes 

buffer containing the inhibitor. 

 

K. Intracellular cAMP ([cAMP]i) Measurements 

HEK-CFTR cells were seeded in 96-well plates at a density of 35,000 cells per well, 

overnight prior to initiation of the assay. PBS with or without forskolin (10µM), LCA (50µM), 

MK571 (20µM), batimastat (20µM), DMSO (control), or a combination of the treatments was 

added to the cells and incubated at 37ºC. [cAMP]i was measured using a HitHunter cAMP HS+ 

Assay as instructed by the manufacturer (DiscoveRx). This assay uses enzyme fragment 

complementation technology with two fragments of E. coli β-galactosidase. The amount of 

luminescent signal produced is directly proportional to the amount of cAMP from the cell lysates. 

Briefly, cAMP HS+-antibody and lysis buffer were added to the standards and cells for an 

incubation of 1 hour at room temperature. The enzyme donor reagent was then added to the 

wells and incubated for 1 hour at room temperature. Finally, the enzyme acceptor and substrate 

mix were added to the wells and incubated at room temperature overnight in the dark. The 

luminescence was read on the second day using a luminescent microplate reader. The cAMP 

concentrations were determined from the standard curve.  

 

L. IP3 Measurements 

 Generation of IP3 was measured using the HitHunter IP3Assay from DiscoveRx. As per the 

manufacturer’s instructions, T84 cells were grown in a T25 flask (Corning) until confluency. 
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Cells were then trypsinized and counted. Cells were brought to a final concentration of 2x106 

cells/mL in PBS (without CaCl2 or MgCl2) and were aliquoted into microcentrifuge tubes for 

agonist treatment. Perchloric acid was added to stop the reaction. Cells were then distributed 

into a 96-well plate, which also included wells with IP3 assay standards. IP3 tracer and binding 

protein were added sequentially with a 5 minute incubation for each. The solutions were mixed 

using a microplate shaker at 650 RPM. The fluorescence polarization signal was read using the 

Tecan Infinite 200 Pro multimode reader (Tecan US Inc., Morrisville, NC) with the following 

settings:  excitation filter fluorescein at 485nm, emission filter fluorescein at 530nm, and the 

dichroic fluorescein at 505nm. A standard curve was plotted using a 4 parameter best-fit 

analysis. With the DiscoveRx fluorescence polarization technology, IP3 generated by the cells 

competes with the IP3 tracer for the IP3 binding protein. In principle, in the absence of additional 

IP3, the tracer tumbles more slowly and results in a higher polarized signal. As IP3 in the sample 

increases, the unbound IP3 tracer will increase, making it tumble faster and thereby lower the 

polarized signal. Thus the polarization signal is inversely proportional to the IP3 produced by the 

cells.  

 

M. Ussing Chambers 

Electrophysiological measurements were performed as previously described (15). T84 cells 

were seeded at a density of ~250,000 cells per Transwell insert (6.5-mm, 0.4 um pore size, 24-

well plate) coated with rat tail collagen. TER was measured after at least 2 weeks of seeding 

using an EVOM2 voltohmmeter and a STX2 chopstick electrode (World Precision Instruments, 

Inc. Sarasota, FL). When cells reached sufficient confluency to establish a TER of at least 1000 

Ω·cm2 (approximately 14-28 days) they were serum starved overnight prior to experimentation. 

Transwell inserts were then mounted in Ussing chambers (area: 0.33 cm2; Physiologic 

Instruments, Inc., San Diego, CA) and bathed in 5mL (per reservoir) oxygenated buffer (95% 
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O2, 5% CO2). The transport buffer consisted of (in mM):  NaCl 115.4; KCl 5.4; CaCl2 1.2; MgCl2 

1.2; NaHCO3 21.0; NaH2PO4 0.6; Na2HPO4 2.4; pH 7.4, and D-glucose 10, at 37 ºC.  Transmural 

short-circuit current (Isc; µA/cm2) and TER were measured over the course of the experiment.  

For inhibitor studies, monolayers were pretreated for 30 minutes with bilateral addition of the 

inhibitor(s) unless otherwise stated. DMSO was used as a vehicle control for the inhibitors. 

Following equilibration with signaling inhibitors, CDCA (500µM) was added to the basolateral 

reservoir, and subsequently forskolin (10µM) and carbachol (100µM) were added to ensure cell 

viability. Figure 5 demonstrates the typical Isc protocol for control treated wells.  

For measurements of apical Cl- currents in the ESI-09 studies, a Cl- gradient was 

established by mounting monolayers in the regular transport buffer (containing 115.4mM NaCl), 

and a basolateral buffer where the NaCl was replaced with equimolar sodium gluconate. To 

account for potential Ca2+ chelation by gluconate, the concentration of CaCl2 was increased to 

2mM in the basolateral buffer. The monolayers were then permeabilized by adding 200µg/ml 

nystatin to the basolateral surface (15). Once monolayers were equilibrated, they were treated 

with 0.1% DMSO as control or 10µM ESI-09 and stimulated with CDCA and forskolin. 

CFTRinh172 (10µM) was added at the end to assess contribution of CFTR. 
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Figure 5: Typical Ussing chamber protocol. Confluent T84 monolayers are mounted in Ussing 
chambers and stimulated with basolateral addition of 500µM CDCA after the baseline current 
stabilizes.  Forskolin (FSK; 10µM) and carbachol (CCH; 100µM) are used as positive controls 
for cAMP- and Ca2+-induced Cl- transport, and to demonstrate monolayer viability. Unless 
otherwise specified, when signaling inhibitor(s) are being used, the inhibitor(s) are added 
bilaterally at least 30 minutes before addition of CDCA. 
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N. Iodide Efflux 

Iodide efflux studies were performed as previously described by us (9, 15, 34) and are 

based on the method of Venglarik et al. (249) with modifications described by Chappe et al. 

(47). For T84 cells transfected with EGFR siRNA, iodide effluxes were used in place of Isc 

measurements because efficient resistance could not be reached due to siRNA transfection. At 

72 hours post transfection, media was removed and then cells were incubated with iodide 

containing buffer (in mM: 136 NaI, 3 KNO3, 2 Ca(NO3)2, 11 glucose and 20 HEPES, pH 7.4) for 

1 hour at room temperature in the dark. After iodide loading, the iodide containing buffer was 

aspirated and wells were washed with iodide-free buffer three times (same as iodide-containing 

buffer but NaNO3 replaced NaI; iodide efflux buffer). Cells were then exposed to iodide efflux 

buffer (1mL) containing DMSO, CDCA (500µM), or forskolin (10µM) after baseline efflux 

measurements. Efflux buffer was collected and saved at 2 minute intervals and replaced with 

fresh efflux buffer. Each sample saved contained the iodide released during the 2-minute 

period. At the end of the experiment the wells were washed with PBS and cells were harvested 

for protein. An iodide-sensitive electrode (Orion 96-53, Fisher Scientific) and a pH/mV meter 

were used to measure the amount of iodide in the buffer that was collected  

In a similar manner, HEK-CFTR and HEK-293 cells were grown in 6-well plates coated with 

Poly-L-lysine. One million cells were seeded per well, and grown for 3 to 5 days for the cells to 

reach 90% confluence, at which time they were incubated with iodide loading buffer. Signaling 

inhibitors were added during the last 30 minutes of iodide loading and the inhibitors were 

present in the efflux buffer during the remainder of the experiment. After washing out any 

excess iodide, individual wells were exposed to DMSO, LCA (5-500µM), forskolin (2-50µM), or 

CDCA (100-500µM) ± inhibitors: CFTRinh172 (10-20µM), H89 (30µM), MK571 (20µM), BAPTA-

AM (20µM), nocodazole (33µM), or AO1 (20µM).  
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Iodide concentration was calculated based on a standard curve as previously described (34) 

and depicted either as the mean rate of iodide efflux at each 2-minute interval or as fold change 

in mean cumulative iodide efflux ± SEM relative to value at starting point.  

 

O. Rap Activation Assay 

To assess CDCA activation of the small GTPase Rap2, Rap activation assays were 

performed on T84 cells grown on 10cm dishes to 80-90% confluence according to the 

manufacturer’s instructions (Cell Biolabs, Inc.). Cells were serum starved overnight before 

stimulation with 500µM CDCA (0-20 minutes) and then washed with PBS. Plates were then 

incubated on ice with 1X lysis buffer provided by the manufacturer. Samples were transferred to 

microcentrifuge tube and centrifuged at 14,000 x g for 10 minutes at 4°C. Biorad Protein Assay 

was performed to calculate protein concentration in the supernatant fraction. An aliquot of 

protein from the total lysate (5mg) was then incubated with agarose beads conjugated to Ral 

guanine nucleotide dissociation stimulator for 1 hour at 4°C. The dissociation stimulator has a 

binding domain specific to GTP-bound Rap. Remaining lysate were prepared in the same 

manner as protein samples described above and used for input loading controls. After 

incubation, the beads were pelleted by centrifugation for 30 seconds at 14,000 x g at 4°C and 

supernatant was removed. Beads bound to activated Rap were then washed with 1X lysis buffer 

(3x) for 30s at 14,000 x g. After the final wash all excess lysis buffer was removed and beads 

were resuspended in 2X loading dye and boiled for 5 minutes. Samples were then loaded for 

SDS-polyacrylamide gel electrophoresis and immunoblotting for Rap2 (1:500 antibody dilution in 

1% milk) as described above.  

To test efficacy of the assay, a non-stimulated plate was harvested for protein in the same 

manner described above and protein concentration determined. Two aliquots (1.5mg each) 
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were incubated with 0.5M EDTA (20µL) and either 10µL of 10mM GTPγS (+ control) or 100mM 

GDP (- control) for 30 minutes at 30°C. Loading was stopped by addition of 65µL of MgCl2. 

Lysates were then incubated with the agarose beads as described for the stimulated samples 

and immunoblotted for Rap2. 

 

P. Intestinal Organoids 

1. Generation and Maintenance 

Protocols for the generation and maintenance of organoids were established by our 

colleagues Drs. Hugo de Jonge and Marcel Bijvelds at Erasmus University, Rotterdam, 

Netherlands and are described in this section. Selected regions of mouse intestine (i.e. jejunum, 

ileum, and proximal colon) were harvested and kept in cold PBS on ice. Intestinal sections were 

cut open length wise and washed in PBS. For small intestinal tissue only, a cover slip was used 

to scrape off the villi; this was not necessary for colonic tissue. Surgical scissors were used to 

remove any remaining adipose tissue on all intestinal sections. Sections were then cut into 

small pieces using a scalpel and placed in fresh ice cold PBS (~30mL) in a 50mL conical tube. 

For further cleaning, a 10mL tip dipped in fetal calf serum was used to triturate the tissue, and 

after tissue sedimentation the PBS was discarded and further washed with fresh PBS (~5x). 

After the final wash, fresh cold PBS was supplemented with EDTA (2.5mM) and added to the 

tissue. The intestinal sections were then incubated on a rotating shaker (300 RPM) at 4°C for 30 

minutes for small intestinal sections, and 1 hour for large intestinal sections. After EDTA 

incubation, the isolation procedure was continued under sterile conditions in a tissue culture 

hood. PBS+EDTA was removed and fresh cold PBS was added and the suspension was 

triturated (~20x) using a 10mL pipet tip (coated in serum). The cloudy supernatant was 

discarded and fresh PBS was added to further break up crypts by pipetting. The clean PBS 
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fraction was then passed through a 70µm filter into a clean 50mL conical tube until at least 

50mL of PBS had been filtered. The filtrate was then split into two 50mL conical tubes and 

supplemented with 10% fetal calf serum. Samples were then centrifuged at 1200 RPM, 5 

minutes, at 4°C. Supernatant was discarded and crypts were resuspended in Advanced 

Dulbecco’s Modified Eagle Medium/F-12 media and transferred to a 15mL conical tube. Crypts 

were quantified to determine the yield and centrifuged at 600 RPM for 5 minutes at 4°C. Media 

was decanted and crypts were resuspended in thawed Matrigel (50µL/ well) and seeded ~100-

500 crypts/ well in 24-well plates. Matrigel was allowed to stiffen at room temperature for 3-5 

minutes before inversion of the plate and incubation at 37°C (~30 minutes) for full maturation of 

Matrigel, before addition of growth medium (Figure 6). Growth medium as described by 

Dekkers et al. contained: Dulbecco’s Modified Eagle Medium/F-12 supplemented with penicillin 

and streptomycin, 10mM HEPES, 1X Glutamax (100X stock), 1X N2 (100X stock), 1X B27 (50X 

stock) (Invitrogen), 1µM N-acetylcysteine (Sigma), 16.3nM EGF, 50% Wnt3a-conditioned 

medium, 10% noggin-conditioned medium, 20% R-spondin1-conditioned medium, 10µM 

nicotinamide (Sigma), 500nM A83-01 (Tocris), and 10µM SB202190 (Sigma) (67). Wnt3a, 

noggin, and R-spondin1 conditioned media were harvested from individual cell lines that 

secreted the respective growth factor (e.g. stably transfected HEK-293 cell line expressing R-

spondin1). The organoid medium was refreshed every 2–3 days, and organoids were passaged 

every 7–10 days. Briefly, media was aspirated and Matrigel/organoid suspensions were broken 

up by adding cold medium. Organoids were then transferred to a 15mL conical containing 2-

3mL of cold medium and centrifuged for 5 minutes at 600 RPM, 4°C. The supernatant was then 

removed, organoids were resuspended in Matrigel and transferred to a warmed 24-well plate to 

incubate at room temperature. The plate was then incubated at 37°C until the Matrigel stiffened 

at which point growth medium was added. Organoids were cultured for at least 3 passages 

before use in swelling assays by confocal live-cell imaging. 
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In contrast to the small intestinal organoids, isolation of colonic crypts requires more 

rigorous EDTA exposure (≥ 1 hour v. 30 minutes for small intestine), as well as increased 

supplementation with Wnt3A since the colonic epithelium does not produce sufficient amounts 

of Wnt3A to support the proliferative nature of the stem cells. Small intestinal derived organoids 

do produce sufficient amounts of Wnt3A to sustain their proliferative capacity, however we 

supplemented their growth as well in order to maintain the crypt-like character. For small 

intestinal organoids, withdrawal of Wnt3A results in organoid differentiation from crypt-like to 

villus-like characteristics (89).  

2. Swelling Assay 

Organoid swelling assays were performed as described by Dekkers et al. (67). Mouse 

organoids from at least passage 3 were cultured for 7 days. On the 7th day, organoids were 

passaged and seeded in a flat-bottom 96-well culture plate in 5µl droplet of Matrigel and 100µl 

of culture medium. One day after plating, organoids were incubated for 1 hour with 100µl 

standard culture medium containing 10µM calcein green-AM (Invitrogen). After calcein green 

loading, organoids were mounted for confocal live-cell microscopy (Leica SP5 604, 10x 

objective). Organoids were stimulated with ethanol (vehicle control), CDCA (500µM), or forskolin 

(10µM). Organoid diameter or surface area was quantified by ImageJ, and data is displayed as 

increases relative to t=0.  For quantification of surface area, the surface area threshold was set 

at 3000µm2, which excluded organoids that were considered too small and unviable.  

 

P. Statistics 

Data from at least three individual experiments were analyzed and presented as means ± SEM. 

Statistical significance was determined using paired Student’s t-test or 1-way ANOVA. Values of 

p<0.05 were considered statistically significant and are denoted with an * or # where indicated. 
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Figure 6: Depiction of crypt isolation to organoid maturation. The in vivo cartoon is 
representative of colonic crypts, but in general the intestinal crypts contain intestinal stem cells, 
which give rise to all the different epithelial cell types. Crypts can be isolated from intestinal 
tissues and cultured into organoids (ex vivo) in a 3D matrigel suspension with a specific 
combination of stem cell niche growth factors as described in the text. The bottom right image is 
a snapshot of individual mouse colonic organoids in matrigel suspension under a light 
microscope. 
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Chapter III. Results: Bile Acid Activation of Cl- Transport in T84 Cells 

 

 

 

 

 

 

 

Parts of the work in this chapter were published as: 

Ao M, Sarathy J, Domingue J, Alrefai WA, and Rao MC. (2013). Chenodeoxycholic acid 

stimulates Cl- secretion via cAMP signaling and increases cystic fibrosis transmembrane 

conductance regulator phosphorylation in T84 cells. Am J Physiol Cell Physiol. 305:C447–C456.
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A. Rationale and Aim 

High concentrations (0.5-1mM) of dihydroxy bile acids act on colonic epithelial cells in a 

rapid manner to activate CFTR, and the dose-dependency and sidedness of action suggest a 

receptor-mediated pathway (15, 118, 124, 250). While the presence and function of bile acid-

activated receptors in intestinal epithelia has been reported, the bile acid receptor involved in 

the Cl- secretory response remains to be identified (56, 256). In addition, the structural 

specificity of the bile acids that stimulate the Cl- secretory cascade need to be further defined. 

Thus, the focus of this chapter was to determine the initial step by which CDCA acts to 

modulate Cl- secretion in a cell model of the human colonic epithelium (Aim 1). Based on the 

sidedness and rapidity of CDCA action, it was hypothesized that a receptor was mediating 

CDCA’s activation of CFTR. 

 

B. Bile Acid Specificity and Sidedness of Action 

The majority of studies have investigated the action of DCA and its taurine conjugates in the 

colon (49, 50, 118, 124, 202, 250) and we wanted to confirm the reported bile acid specific 

secretory action in human colonic T84 cells. We stimulated T84 cells with bilateral addition of 

CA, DCA, CDCA, and LCA (500µM) and measured changes in Isc (µA/cm2), indicative of Cl- 

secretion in these cells. In agreement with previous studies, only the 7α-dihydroxy bile acids, 

DCA and CDCA, caused an increase in Isc, with CDCA having the strongest effect (Figure 7). 

One advantage of measuring Isc in Ussing chambers is the ability to assess sidedness of action 

of various regulators. Therefore, we assessed the effect of apical or basolateral addition of 

CDCA, DCA, their taurine conjugates, as well as CA and LCA on Isc. Consistent with previous 

studies (70, 72, 124, 166), both of the dihydroxy bile acids, and their taurine conjugates, had a 

stronger effect on Cl- secretion when administered to the basolateral surface (Table II). 
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Differences between basolateral (Table II) and bilateral bile acids (Figure 7) are reflective of 

variability in T84 responses, done at different times, but underscores the efficacy of DCA and 

CDCA as the pro-secretory bile acids, with CDCA being the most potent secretagogue in these 

cells. Although the average increase in Isc was highest with tauro-CDCA, it was not statistically 

significantly different from that seen with CDCA. Additionally, tauro-CDCA is rapidly 

deconjugated by colonic bacteria, suggesting that in the normal colon, unconjugated CDCA may 

be the predominant species acting on the colonic epithelium. Therefore, the studies in this and 

the following chapters elucidate the signaling mechanisms activated by basolateral addition of 

500µM CDCA. 
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Figure 7. Specificity of bile acids on Cl- secretion. 500µM of the bile acids, cholic acid (CA), 
deoxycholic acid (DCA), chenodeoxycholic acid (CDCA), and lithocholic acid (LCA), were added 
bilaterally to confluent T84 monolayers and changes in short circuit current (Isc, µA/cm²) were 
measured. Bar graphs display the average ΔIsc ± SEM, n=3 for all bile acids. 
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C. Bile Acid Specific Receptor Expression and Activation  

1. FXR and TGR5 Expression 

CDCA’s rapid and side-dependent effect on Cl- secretion (< 5 minutes; Figure 5) 

suggested the involvement of a receptor-mediated pathway. Two receptors have been 

described as being specific to bile acids, the GPCR, TGR5, as well as the nuclear receptor 

FXR. We first wanted to determine their expression in T84 cells.  As shown in Figure 8 [adapted 

from (15)], T84 cells expressed mRNA transcript for both FXR and TGR5. Two different primer 

sets were used to assess TGR5 expression. Since the mature protein is only encoded by a 

single exon, exon 2, one primer set included a portion of the intron upstream of exon 2 (TGR5-

IE) while the second primer set was designed only for exon 2 (TGR5-E2). A band appearing in 

the cDNA samples using primer TGR5-IE would indicate DNA contamination. The 

representative image shows no DNA contamination in our cDNA samples. Additionally, 

expression of FXR or TGR5 was not affected by culturing on flat bottom dishes compared to 

collagen-coated Transwells. We also found that TGR5 protein was predominantly expressed in 

the membrane fraction of total cell lysates of T84 cells (Figure 8; (15)). We used rat distal colon, 

liver, and spleen as positive controls due to TGR5’s reported expression in these tissues (121, 

160, 256).  
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Figure 8: Bile acid receptor expression [adapted from (15)].  
A. Representative RT-PCR of the bile acid specific receptors FXR (left) and TGR5 (right). FXR 
mRNA was estimated to be 591bp. Two different primer sets were used for TGR5; TGR5-IE 
spans a portion of the intron between exons 1 and 2, proving no DNA contamination in the 
cDNA. TGR5-E2 primers span only exon 2, which is the coding region for the protein. DNA and 
cDNA were harvested from T84 cells grown on cell culture dishes (T84) or from T84 cells grown 
on Transwells (TW); n≥3. 
 B. Representative (n=3) western blot of TGR5 in T84 cell membrane fraction, total lysate, and 
cytosolic fraction. Rat distal colon, liver, and spleen were used as positive controls. TGR5 
protein is estimated to be 37kDa.  
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2. Bile Acid Receptor Agonists and Isc 

Transcript and protein expression however do not always correlate with function of a 

protein. The role of these receptors in bile acid action have been previously investigated using 

specific agonists of the receptors (56, 173), implying that if either receptor is involved in a pro-

secretory response, then their respective agonists should increase Cl- secretion comparable to 

CDCA. However, addition of the TGR5 agonist ciprofloxacin (20µM) or the FXR agonist 

GW4064 (5µM) had little to no effect on Isc (Figure 9).  Lack of an effect with ciprofloxacin was 

not surprising, since another potent activator of TGR5, LCA, also does not alter Isc (Table II).  

Interestingly, LCA actually inhibits cAMP-dependent Cl- secretion, which suggests, either that 

LCA is not using TGR5 for its anti-secretory actions, or that in these cells LCA –TGR5 binding 

does not activate the canonical cAMP pathway, or that the TGR5 expressed in these cells is not 

functional (14). These results suggest that neither the membrane receptor TGR5, nor the 

nuclear receptor FXR are involved in CDCA-induced Cl- secretion.  
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Figure 9: Effect of bile acid receptor agonists on Isc. Agonists to the bile acid specific receptors 
were added to T84 monolayers and Isc (µA/cm2) was measured. Ciprofloxacin (20µM; n=7) was 
used as a TGR5 agonist and GW4064 (5µM; n=3) was used as an agonist of FXR. These were 
compared to the effects of 500µM CDCA (n=4). Bar graphs represent the average changes in Isc 
responses ± SEM.  
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D. Role of Putative Bile Acid Receptors in CDCA Action 

It is well known that bile acids can also act via other receptors such as S1PR2 (236), α5β1-

integrin (98), M3R (49, 50), and via transactivation of EGFR. Signaling via S1PR2 and α5β1-

integrin have been implicated in hepatocytes, whereas activation of M3R and EGFR have been 

implicated in colonic epithelial cells lines (203).  

1. Effect of Inhibition of Muscarinic Receptors by Atropine 

Investigation by Raufman et al. showed that DCA can bind to and activate M3R and 

induce transactivation of EGFR, leading to cell proliferation in H508 colonic cells (49, 50). They 

suggested activation of M3R could occur by other bile acids as well. In contrast to these earlier 

studies, CDCA-induced Isc, in T84 cells was not affected by atropine, an inhibitor of M3Rs 

[Figure 10A; adapted from (15)].  This does not mean that CDCA does not activate M3R, but 

that the M3R cascade is not involved in the pro-secretory effect of CDCA. 

2. Effect of Inhibition of EGFR by AG1478 

Transactivation of EGFR is a mechanism employed by a number of GPCR activators to 

influence cell function, including VIP and carbachol in stimulation of Cl- secretion in T84 cells 

(20, 25, 247). Although we ruled out involvement of the GPCRs TGR5 and M3R, we know that 

CDCA acts in a cAMP-PKA-dependent manner, implying involvement of a potentially unknown 

GPCR in CDCA action. Therefore, we determined if transactivation of EGFR could be mediating 

CDCA’s activation of CFTR. T84 cells were pretreated with the EGFR inhibitor AG1478 (1µM) 

for 30 minutes then stimulated with CDCA. AG1478 is a tyrphostin that blocks activation of 

EGFR by inhibiting its kinase activity. Interestingly, AG1478 pretreatment resulted in a 

significant 58% inhibition of CDCA’s increase in Isc (Figure 10B).  
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Figure 10: Effect of putative bile acid receptor antagonists on CDCA-induced Isc.  
A. T84 monolayers were pretreated for 30 minutes with bilateral addition of 0.1% DMSO or the 
muscarinic receptor antagonist atropine (10µM) before stimulation with basolateral addition of 
500µM CDCA of carbachol (CCH; 100µM). * denotes significance, p<0.05, n=6. Bar graphs 
represent the average changes in Isc responses ± SEM.  
B. In a similar manner, T84 monolayers were treated with the EGFR antagonist AG1478 (1µM). 
Left panel: Representative tracing of Isc (µA/cm2) in T84 cells pretreated with 0.1% DMSO 
(control; black line) or AG1478 (purple line) and then stimulated with CDCA. Right panel: 
Quantification of the effect of AG1478; * denotes significance, p=0.0005, n=8. Bar graphs 
represent the changes in Isc responses mean ± SEM.  
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E. CDCA Activation of EGFR 

1. CDCA and EGFR Phosphorylation  

EGFR is a receptor tyrosine kinase and is activated by autophosphorylation upon 

receptor dimerization. To assess if CDCA alters EGFR phosphorylation, T84 monolayers were 

stimulated with CDCA and immunoblotted for phosphorylated and total EGFR protein. The 

antibody used is specific to tyrosine 1068. Figure 11A shows that CDCA increased EGFR 

phosphorylation in a time dependent manner. Tyrphostin AG1478 inhibits EGFR by blocking its 

autophosphorylation activity to prevent downstream signaling. To assess if AG1478 would block 

CDCA-induced EGFR phosphorylation, similar to AG1478’s inhibition of CDCA-induced Isc, cells 

were pretreated with AG1478 before stimulation with CDCA, or carbachol, and immunoblotted 

for phosphorylated EGFR. Both CDCA and carbachol, used as a positive control, increased 

EGFR phosphorylation, and pretreatment with AG1478 reduced phosphorylation (Figure 11B).   
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Figure 11. Effect of CDCA on EGFR phosphorylation.  
A. T84 cells were grown to confluence and treated with 500µM CDCA for 0-10 minutes or EGF 
(16.3nM, 5 minutes) as a positive control. Protein was harvested and immunoblotted for 
phospho- and total EGFR protein (175 kDa); representative of n=4. The phosphor-EGFR 
(pEGFR) to total EGFR ratios normalized to t=0 are displayed below the representative blot for 
CDCA at 2-10 minutes. 
B. EGFR phosphorylation by CDCA in the presence of AG1478. Cells were pretreated with 
AG1478 and then stimulated with CDCA or carbachol (CCH; 100µM) as a positive control. 
Vehicle is the effect of AG1478 alone without stimulation; representative of n=3. The 
pEGFR:total EGFR ratios normalized to vehicle are displayed below the representative blot. 
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2. Effect of EGFR Knockdown on CDCA-Induced Cl- Transport 

To validate the role that EGFR plays in CDCA action, we used siRNA methodology to 

knockdown EGFR expression. As shown in Figure 12A, EGFR siRNA, but not scrambled 

siRNA, decreased EGFR protein expression by 67% over 72 hours. Efficient transfection of 

siRNA requires sub-confluent monolayers transfected for ≈ 72 hours for the siRNA to have its 

optimal effect. Thus, the iodide efflux assay was used to study transport in siRNA treated cells, 

as this procedure does not require high resistance monolayers. We have previously published 

the efficacy of the iodide efflux assay, as another method to study CDCA-induced Cl- transport 

in T84 cells (15). We measured CDCA-stimulated iodide efflux in cells treated for 72 hours with 

EGFR siRNA or scrambled siRNA.  As shown in Figure 12B, CDCA causes an increase in 

iodide efflux in cells transfected with scrambled siRNA. However, in cells transfected with EFGR 

specific siRNA, the CDCA response is decreased, confirming EGFR’s role in CDCA-induced Cl- 

transport.  
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Figure 12: Effect of EGFR siRNA on EGFR expression and CDCA-induced Cl- transport.  
A. T84 cells were transfected with EGFR specific siRNA or scrambled (SCR) siRNA as a 
negative control for 72 hours and immunoblotted for EGFR protein (representative blot). The 
ratios of EGFR:GAPDH expression as determined by densitometry are provided below (n=7 for 
SCRsiRNA and n=6 for EGFRsiRNA). 
B. Cl- transport was measured by the iodide efflux assay. Transfected cells were loaded with 
iodide then placed in an iodide free buffer and stimulated with CDCA or 0.1% DMSO as a 
control. Tracing is the average cumulative iodide efflux (fold increase over t=0 minutes) from 
SCR (solid lines) or EGFR (dotted lines) siRNA transfected cells stimulated with CDCA (blue 
lines) or DMSO (black and gray lines); n=5. *: p<0.05 to DMSO control; #: p<0.05 to treatment+ 
EGFR siRNA. 
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3. Involvement of Matrix Metalloproteinases 

Transactivation of EGFR can occur by activation of MMPs and cleavage of EGFR 

ligands such as EGF, transforming growth factor α, and HB-EGF from their tethered pro-

peptides. To assess if this mechanism is being activated by CDCA, we pretreated T84 cells with 

the general MMP inhibitor batimastat (20µM). Typically, the CDCA response is prolonged and 

can last > 30 minutes, often exhibiting a peak and a plateau phase. Interestingly, CDCA-

stimulated Isc in the presence of batimastat resulted in a transient CDCA response, in contrast to 

the sustained response in the untreated monolayers (Figure 13). Batimastat reduced the 

response (by 66%) to near baseline levels within 15 minutes. This suggests that MMPs are 

involved in the sustained phase of the CDCA response. Interestingly, a similar response occurs 

with pretreatment with the PKA inhibitor H89, suggesting that the sustained phase is dependent 

on cAMP-PKA signaling, as well as MMP activation (15). To investigate whether batimastat was 

affecting cAMP production, T84 cells treated with batimastat and [cAMP]i was measured. Since 

CDCA’s effect on cAMP is compartmentalized and difficult to capture (15), the effect of 

batimastat on forskolin-stimulated cAMP production was assessed instead. Batimastat did not 

significantly affect forskolin-stimulated cAMP production (cAMP, nmoles/well: 10µM forskolin: 

170± 68; 20µM batimastat: 26±5; batimastat+ forskolin: 122±7; n≥3). These results implied that 

MMPs are not required for cAMP production. Furthermore, the laboratory had previously shown 

that EGF increased Cl- transport in the rabbit colon (44), and thereby could potentially be a 

mechanism to mediate CDCA’s transactivation of EGFR. However, bilateral addition of EGF 

(16.3nM) neither increased Isc (-0.08 ± 0.08, n=4), nor did it significantly alter CDCA’s response 

(CDCA: 19.3 ± 1.7, EGF+CDCA 15.7 ± 1.2; p=0.13, n=4). 
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Figure 13. Effect of MMP inhibition on the CDCA response. Representative tracing of CDCA-
induced Isc ± the MMP inhibitor batimastat (20µM). The bar graph represents the average 
changes in the peak and plateau phases of CDCA-induced Isc (± batimastat) ± SEM. * denotes 
p<0.05; n=3. 

 

 

 

 

F. Membrane Perturbations 

Since bile acids are cholesterol derivatives, they can incorporate into or pass through the 

plasma membrane, altering membrane dynamics and potentially activating membrane-bound 

proteins. Qiao et al. (196) showed that in primary hepatocytes, the dihydroxy bile acid, DCA, is 

capable of activating EGFR in a ligand-independent manner, causing a subsequent activation of 

MAPKs, resulting in apoptosis. The activation of EGFR was not blocked by neutralizing 

antibodies to EGFR ligands, suggesting that DCA’s interaction with the plasma membrane was 

sufficient to activate EGFR (196). Additionally, Jean-Louis et al. (114) showed that DCA caused 
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an increase in cholesterol in the membrane and resulted in EGFR activation in colonic HCT116 

cells. It was suggested that hydrophobic bile acids, such as DCA and CDCA, cause alterations 

in the membrane fluidity and can affect protein dynamics. Methyl-ß-cyclodextrin, a cholesterol 

sequestrant, has often been used to show involvement of lipid rafts in signaling cascades as 

they are largely composed of cholesterol. Jean-Louis et al. observed an inhibition of DCA’s 

action on apoptosis in the presence of methyl-ß-cyclodextrin. However, when methyl-ß-

cyclodextrin was washed out of their preparations there was less of an inhibition of DCA action, 

suggesting that methyl-ß-cyclodextrin was acting as a DCA and cholesterol sequestrant (114). 

Similarly, we observed that treatment of T84 cells with methyl-ß-cyclodextrin reduced the CDCA 

response, but rapidly washing the monolayers to remove methyl-ß-cyclodextrin restored 

CDCA’s secretory response (Ao et al. unpublished observations). This does not rule out the 

possibility of CDCA acting as a membrane perturbant, but suggests the need to explore other 

mechanisms for studying CDCA action and membrane dynamics. 

 

G. Discussion 

With the discovery of the bile acid specific receptors, FXR and TGR5, the majority of bile 

acid action has been attributed to activation of their related signaling cascades. FXR activation 

largely regulates bile acid synthesis in order to maintain the bile acid pool (52, 161). Previous 

studies have shown that activation of FXR by GW4064 for 24 hours lead to an inhibition of DCA, 

forskolin and carbachol responses. In that study FXR activation caused a reduction in CFTR 

expression, as well as an inhibition of Na+/K+-ATPase activity, without changing Na+/K+-ATPase 

expression (173). Interestingly, CDCA is the most potent natural agonist of FXR and results in 

Figure 9 showed that acute activation of FXR with GW4064 had no effect on Cl- secretion. We 

also found that prolonged treatment with GW4064 (24 hours) did not alter forkolin-induced Isc 

responses  or basal Isc (14). This suggested that the immediate effect of CDCA on CFTR-
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mediated Isc does not involve FXR activation. Examining CDCA’s effect in T84 cells transfected 

with FXR siRNA will help definitively determine the role, if any, of FXR in CDCA action both in 

the short term and long term.   

CDCA acts in a rapid, sustained, and side-dependent manner to increase Isc in T84 cells, 

suggesting involvement of a membrane bound receptor, rather than a nuclear receptor, in the 

CDCA-initiated signal transduction pathway necessary for Cl- transport. TGR5, identified as the 

bile acid specific GPCR, is considered a major mediator between bile acids, metabolism, and 

insulin signaling (78, 146), however its role in Cl- secretion varies with the cell type. The report 

that activation of TGR5 in cholangiocytes resulted in stimulation of CFTR, which was not 

present in TGR5 knockout mice (126), led us to hypothesize that it was mediating CDCA’s 

activation of CFTR in T84 cells. However, we did not find an increase in Isc in response to TGR5 

agonists (Figure 9 and (14)) comparable to CDCA. Our data suggests that TGR5 is not involved 

in CDCA’s pro-secretory effect. Interestingly, in a study done by Ward et al., activation of TGR5, 

by INT-777 (a synthetic TGR5 agonist) or LCA (a potent natural TGR5 agonist), reduced the 

basal current and inhibited Ca2+-dependent Cl- secretion in rat distal colon (256). This further 

supports the idea that while TGR5 may regulate Cl- transport in other epithelial preparations, its 

activation does not stimulate Cl- secretion in T84 cells.     

Several studies have shown that bile acids can activate other membrane bound and nuclear 

receptors, with broad specificities. For example, tauro-DCA activates M3Rs , to transactivate 

EGFR via MMP-7 and induce colonic epithelial cell proliferation (49, 50). Other studies have 

shown that bile acids can activate EGFR in cholangiocytes via cleavage of TGFα by MMPs 

(262). Additionally, Sommerfeld et al. (230) showed that bile acids activate EGFR in a Yes 

kinase-dependent manner in rat hepatic stellate cells. Results in Figure 10A showed that 

muscarinic receptors are not involved in CDCA action, however, CDCA signaling increases 

EGFR phosphorylation and requires its activation (Figure 10B, 11-12). Furthermore, inhibition 
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of MMPs (Figure 13) suggest that cleavage of an EGFR ligand may be required for CDCA-

stimulated Cl- transport, but the nature of the ligand is unknown. Alternatively, MMPs can also 

lead to cleavage of integrins (132), such that MMPs could mediate activation of α5β1-integrin, 

but this receptor has only been shown to be activated by tauro-UDCA (98). Although our 

laboratory had demonstrated that EGF alone stimulates Cl- secretion in the rabbit colon (44), 

EGF did not alter Isc or the CDCA response in T84 cells.  This suggests that either CDCA acts 

via another member of the EGFR ligand family, or that CDCA activates EGFR in a ligand-

independent manner. 

Although the results from the methyl-ß-cyclodextrin experiments are preliminary, 

undoubtedly hydrophobic bile acids are capable of altering membrane dynamics. LCA, the 

secondary bile acid formed from CDCA, has been shown to induce cholesterol accumulation in 

the canalicular membrane of hepatocytes (270, 271). DCA was shown to work in a similar 

manner and also altered caveolin-1 distribution in lipid raft domains (114). Interestingly, a recent 

report by Abu-Arish et al. showed that CFTR’s localization in cholesterol enriched lipid rafts 

affects CFTR’s stability and activity at the plasma membrane (1). When CFTR is localized to 

regions with low cholesterol, its turnover at the plasma membrane is faster, whereas in higher 

cholesterol containing regions (lipid rafts), CFTR was more stabilized in the membrane. It begs 

the question that changes in aggregation of cholesterol, or cholesterol “like” molecules (bile 

acids) in the plasma membrane could affect CFTR activity. Since CDCA is of similar 

hydrophobicity to DCA, albeit less so than LCA, it may be incorporating into the plasma 

membrane and enhance lipid raft-like structures that stabilize CFTR and sustain its activation. 

However, due to the sidedness of CDCA’s action, being more potent at the basolateral 

membrane, and with CFTR located at the apical membrane, it seems more likely that CDCA 

could be acting through an unidentified, basolaterally localized, membrane-bound receptor 

(Figure 14). The two other potential receptors that could be mediating CDCA action are S1PR2 
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and α5β1-integrin. However their involvement in the CDCA action in T84 cells is unlikely, since 

S1PR2 is not expressed in the colon, and even so is only activated by conjugated bile acids and 

α5β1-integrin is only activated by UDCA (98).  

To summarize (Figure 14), CDCA acted in a rapid manner, from the basolateral side, to 

increase activation of CFTR in T84 cells. CDCA action was independent of muscarinic receptors 

and likely does not involve the bile acid specific receptors TGR5 and FXR. To fully rule out their 

involvement in CDCA’s pro-secretory response, future studies must investigate CDCA action in 

TGR5 and FXR knockdown cells. Furthermore, CDCA caused transactivation of EGFR, which 

may be mediated by MMPs, but does not require activation of EGFR by EGF. Studies using 

blocking antibodies to other EGFR ligands could identify the factor released by CDCA-induced 

activation of MMPs. 
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Figure 14: Receptor involvement in CDCA action. CDCA primarily acts from the basolateral 
membrane to increase CFTR-dependent Cl- secretion. CDCA does not require activation of the 
GPCRs, TGR5 and muscarinic receptors (MR), or activation of the nuclear receptor FXR. 
However, CDCA action requires MMPs, which mediate transactivation of EGFR that leads to Cl- 
secretion. This pathway may be initiated by an unidentified bile acid receptor (BA-R) or by 
membrane perturbations and activation of EGFR.
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Chapter IV.  Results: CDCA Activation of 2nd Messenger Signaling Pathways 

 

 

 

 

 

Figure 23A was published in: 

Ao M, Sarathy J, Domingue J, Alrefai WA, and Rao MC. (2013). Chenodeoxycholic acid 

stimulates Cl- secretion via cAMP signaling and increases cystic fibrosis transmembrane 

conductance regulator phosphorylation in T84 cells. Am J Physiol Cell Physiol. 305:C447–C456.
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A. Rationale and Aim 

Several 2nd messenger systems, including cAMP, PLC, IP3, and Ca2+ have been implicated 

in the pro-secretory effects of dihydroxy bile acids in epithelial tissues across various 

mammalian species (95, 118, 124, 165, 250). The findings presented in Chapter III, regarding 

the involvement of EGFR, as well as our published study establishing the role for PKA in CDCA 

action (15), suggested that there could be a complex network of signaling cascades contributing 

to CDCA’s activation of Cl- secretion in T84 cells. We have published that CDCA initiates a 

signaling cascade involving activation of adenylyl cyclase, PKA, a requirement of intact 

microtubules, and phosphorylation of CFTR to stimulate Cl- secretion in T84 cells (15). 

Interestingly, inhibition of PKA did not entirely block the CDCA response, suggesting the 

involvement of other signaling cascades in CDCA’s effect on Cl- secretion. The studies 

implicating EGFR in the previous chapter suggest participation of its downstream effectors in 

CDCA action. In addition, other studies, including those from our laboratory in the rabbit colon 

(250), suggest Ca2+ may be a candidate mediator for CDCA action. Thus, the focus of this 

chapter was to elucidate PKA-independent signaling cascades that contribute to CDCA’s 

activation of Cl- secretion via CFTR, and are potentially involved with crosstalk of EGFR 

signaling (Aim 2). 

 

B. The Role of Ca2+ in CDCA Action 

Several studies, including our own in the rabbit (118, 250), and others in T84 cells (70, 72) 

demonstrated that tauro-DCA stimulates Ca2+-dependent colonic Cl- transport. In the adult rabbit 

colon, we demonstrated that tauro-DCA stimulates Cl- transport in an IP3-Ca2+-PKCδ- 

dependent manner (118, 250). Based on these data, we examined if PLC- Ca2+ cascade is 

required for CDCA action. We began by measuring changes in [Ca2+]i induced by CDCA using 
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Fura2-AM. We found that addition of CDCA (navy blue bar) and ionomycin (positive control; 

blue bar) caused an increase in [Ca2+]i  compared to basal values (black bar); determined as 

340/380 ratio and calculated as nM values (Figure 15A). This increase in [Ca2+]i is partially 

dependent on extracellular Ca2+, as its removal from the perfusion buffer (0mM [Ca2+]o by EGTA 

chelation) significantly decreased the CDCA-induced change in [Ca2+]i (light gray bar, Figure 

15B). Additionally, chelation of free [Ca2+]i by BAPTA-AM (20µM) reduced the CDCA-induced 

change in [Ca2+]i (dark gray bar Figure 15B). Furthermore, pretreatment of T84 monolayers with 

BAPTA-AM significantly attenuated CDCA-induced Isc responses (Figure 15C). These results 

suggest that rises in [Ca2+]i  are necessary for CDCA’s stimulation of Cl- secretion. 
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Figure 15: The role of Ca2+ in CDCA action.  
A. Summary of the change in [Ca2+]i in response to CDCA (500µM) and ionomycin (3µM); n=7, 
*=p<0.05 compared to basal values. 
B. CDCA’s effect on [Ca2+]i in the presence of 1mM extracellular Ca2+ ([Ca2+]o), 0mM [Ca2+]o, 
and 1mM [Ca2+]o + 30-minute pretreatment with the intracellular Ca2+ chelator BAPTA-AM 
(20µM). For all conditions n≥5 and * = p< 0.05 compared to CDCA in the presence of 1mM 
[Ca2+]o. # denotes p<0.05 compared to CDCA with 1mM [Ca2+]o, $ denotes p=0.009 between 
CDCA in 0mM [Ca2+]o versus 1mM [Ca2+]o + BAPTA-AM. 
C. The effect of 30-minute bilateral pretreatment of BAPTA-AM on CDCA-induced changes in 
Isc; n=4, * denotes p=0.002 compared to CDCA alone.  
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C. PLC Activation in CDCA Action 

Within the cell, Ca2+ is sequestered in intracellular stores to regulate its effect on signaling 

cascades. Activation of PLC isoforms can be initiated by several different signals including 

GPCRs, tyrosine kinases, Ca2+, and phospholipids (117). PLC converts phosphatidyl inositol 

bisphosphate to IP3 and diacyl glycerol. IP3 can bind to receptors on the endoplasmic reticulum 

and cause release of Ca2+ into the cytosol, while diacyl glycerol leads to activation of PKC. 

Based on these data, we examined whether PLC activity is required for the CDCA response. 

We pretreated T84 monolayers with the PLC inhibitor U73122, which blocks enzymatic activity 

of all PLC isoforms, and assessed the CDCA response. Inhibition of PLC by U73122 (10µM) 

attenuated CDCA-induced Isc (Figure 16A). Not surprisingly, the carbachol response was 

inhibited as expected since carbachol is known to activate Gαq and PLC. 

1. The Role of IP3 in CDCA Action 

To confirm the role of PLC, we measured production of IP3 and found that CDCA 

significantly increased IP3 compared to vehicle control at 10 minutes (Figure 16B). This effect 

on IP3 production was transient with an increase at 5 minutes (p=0.07), and a maximal increase 

at 10 minutes (p=0.002), and the response coming back to baseline by 20 minutes. Once IP3 is 

produced, binding to its receptor releases Ca2+ into the cytosol. To assess whether this Ca2+ 

release is necessary for CDCA action, we inhibited the IP3R with 2-APB (50µM) and found that 

the CDCA response was significantly attenuated, implying a role for IP3R activation (Figure 

16C). This data along with the increases in [Ca2+]i, and inhibition of the CDCA response with 

BAPTA-AM, confirms that Ca2+ signaling is essential for CDCA-stimulated Cl- secretion in T84 

cells. 
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Figure 16: The role of PLC in CDCA action.  
A. Representative tracing of Isc when monolayers were pretreated bilaterally with the PLC 
inhibitor U73122 (10µM) for 30 minutes and then stimulated with basolateral addition of 500µM 
CDCA. In the same set of experiments, carbachol (CCH; 100µM) was added as a positive 
control for the inhibitor. The bar graphs represent the quantification of the secretagogue alone 
or + U73122; n=5, * denotes p=0.0001 compared to the secretagogue alone.  
B. Measurement of IP3 production after cells were stimulated with CDCA for 0.5, 5, 10, and 20 
minutes; n≥3; p=0.07 at 5 minutes and p=0.001 at 10 minutes, different from control.  
C. CDCA-induced change in Isc ± bilateral pretreatment (30 minutes) of 50µM 2-APB (IP3R 
inhibitor); n=3, * denotes p=0.002, different from CDCA alone.  
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2. The Role of PKC in CDCA Action 

In the adult rabbit colon, we demonstrated that tauro-DCA stimulated Cl- transport was 

dependent on PKCδ (118). To determine if PKC was also involved in the CDCA response, T84 

cells were treated with rottlerin, known to be a fairly specific inhibitor of PKCδ. While it inhibited 

tauro-DCA action in the rabbit colon (118), rottlerin (10µM) had no effect on the CDCA-induced 

current in T84 cells (n=4; p=0.99; Figure 17A). There are three subfamilies of PKC, classical (α, 

βI, βII, and γ), novel (δ, ε, η, and θ), and the atypical (Μζ and ι/λ) isoforms. Due to the variety of 

isoforms we next tested a general PKC inhibitor, chelerythrine. Pretreatment with chelerythrine 

at varying concentrations (2-10µM) did not significantly affect the CDCA response (Figure 17B). 

The apparent decrease in the forskolin response in the presence of chelerythrine, seen in the 

tracing (Figure 17B), is not significant (p>0.05, n>4).  These findings imply that CDCA acts via 

an IP3-Ca2+-dependent manner, but independently of PKC activation, to stimulate Cl- secretion 

in T84 cells. 
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Figure 17: Effect of PKC inhibition on CDCA-induced Isc.  
A. T84 monolayers were pretreated for 30 minutes with the PKC- δ specific inhibitor, rottlerin 
(10µM), and then stimulated with 500µM CDCA; n≥4; p=0.99.  
B. Representative tracing and quantification of Isc with and without pretreatment with the general 
PKC inhibitor, chelerythrine (2-10µM). Cells were stimulated with sequential addition of 500µM 
CDCA, 10µM forskolin (FSK), and 100µM carbachol (CCH); n≥3 for all groups, p>0.05. 
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D. Role of EGFR-Related Kinases in CDCA Action 

Results in Chapter III suggested a role for EGFR in CDCA action. EGFR signals via a 

multitude of pathways including Src kinase, the MAPKs ERK1/2 and p38, as well as PI3K and 

AKT (183). Thus, we wanted to elucidate the role of these effectors downstream of EGFR in the 

CDCA-stimulated secretory response. 

1. Human Phosphokinase Array 

To get a broad overview of the activation of several kinases simultaneously, a human 

phosphokinase array was performed. The array consists of capture antibodies to specific 

phosphorylation sites of 43 different kinases spotted onto nitrocellulose membranes; some 

antibodies were specific to kinase isoforms as well as different sites on one kinase, e.g. AKT. 

The membranes were incubated with cell lysates followed by incubation with a cocktail of 

biotinylated detection antibodies. Streptavidivn-HRP and chemiluminescent reagents are used 

to visualize the phosphorylated signals. The array included Src kinase, ERK 1/2, p38 kinase, 

and two specific phosphorylation sites (serine 473 and threonine 308) of AKT. β-catenin was 

used to normalize the signals as its phosphorylation remained unchanged between DMSO 

(control) and CDCA treatments. As shown in Figure 18, CDCA (500µM, 5 minutes) elicited a 

strong increase in EGFR and p38 phosphorylation, and a small increase in ERK 1/2 

phosphorylation, but did not alter those of Src or AKT. The phosphokinase array validated the 

results on EGFR shown in Figure 11. To explore the array results further, we assessed the 

effects of specific kinase inhibitors on CDCA-induced Cl- current in Ussing chambers and 

performed immunoblot studies using phospho-specific and total kinase-specific antibodies. 
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Figure 18: Kinase phosphorylation by CDCA. T84 cells were stimulated with 0.1% DMSO 
(control) or 500µM CDCA for 5 minutes and then harvested for protein lysates. Phosphorylation 
states of 43 kinases were compared in control (top image) and 500µM CDCA (5 min; bottom 
image) treated cell lysates. Boxes outline the phosphorylation signals of p38 (A-3,4), EGFR (B-
3,4), ERK 1/2 (A-5,6), β-catenin (C-9,10), Src (D-1,2), AKT S473 (B-9,10), and AKT T308 (B-
11,12). Results are quantified in the bar graph and phosphor density signals have been 
normalized to β-catenin. 
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2. Src Kinase and CDCA Activation of Isc 

Src kinase can act upstream and downstream of EGFR (33, 113, 131, 265). The 

phosphokinase array suggests that CDCA does not act via Src. However, we had shown that in 

the rabbit proximal colon both EGF- and neurotensin-induced Cl- transport was inhibited by the 

Src inhibitor PP2 (192).  To determine if Src had a role in CDCA action, T84 monolayers were 

pretreated with PP2 (10µM) and then stimulated with CDCA. In agreement with the array 

results, inhibition of Src did not affect CDCA’s increase on Isc, thus ruling out its involvement in 

CDCA action (Figure 19).  

 

 

 

 

Figure 19: Effect of Src inhibition on CDCA-induced Isc.  
A. Representative tracing of T84 monolayers pretreated bilaterally with the Src inhibitor PP2 
(10µM) 30 minutes before stimulation with basolateral addition of CDCA (500µM).  
B. Quantification of CDCA-induced Isc ± PP2; n=3; p=0.46. 
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3. p38 and ERK 1/2 Kinases in CDCA Signaling 

The phosphokinase array implied that p38 and ERK 1/2 MAPK cascades may be 

involved.  In MAPK signaling, the proximal steps to ERK and p38 activation are the MAPK 

kinases, MKK and MEK, which phosphorylate p38 and ERK 1/2, respectively. As predicted by 

the array, CDCA caused a robust, time-dependent increase in p38 phosphorylation (Figure 

20A; p38/total p38 normalized to t=0: 2 minutes: 9.3±5.8; 5 minutes: 10.3±6; 10 minutes: 

8.2±1.9; EGF 3.3±1.9).  Surprisingly, the p38 inhibitor, SB203580, had no effect on CDCA 

stimulation of Isc (Figure 20B).   

The CDCA increase in ERK 1/2 phosphorylation indicated by the phosphokinase array 

was confirmed in a time course using ERK-specific phospho and total antibodies. CDCA caused 

a transient increase in ERK 1/2 activation (Figure 21A). Both the CDCA-stimulated and 

epidermal growth factor-stimulated (positive control) phosphorylation of ERK 1/2 was inhibited 

by the MEK inhibitor PD98059 (Figure 21B), confirming activity of the inhibitor. This drastic 

effect of inhibition by PD98059 on ERK 1/2 phosphorylation is similar to our studies with LCA 

(14). Most striking was the fact that despite the efficacy of the MEK inhibitor on CDCA-induced 

ERK 1/2 phosphorylation, there was no effect of PD98059 on CDCA-stimulated Cl- transport 

(Figure 21C). Studies by others (81, 225, 255) suggest that the actions of ERK 1/2 and p38 

overlap, such that if one is rendered inactive, the other enzyme may compensate for its activity.  

To investigate if there is such an interaction on Isc, T84 cells were pretreated with inhibitors of 

both pathways simultaneously. However, the combination also had no effect on CDCA action 

(Figure 21D). So although CDCA activated these kinases, they are not necessary for CDCA’s 

action on Cl- secretion.  
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Figure 20: The role of p38 in CDCA action.  
A. T84 cells were treated with 500µM CDCA (0-10 minutes) or EGF (16.3nM; positive control), 
then immunoblotted for phosphorylated (p-p38) and total p38 protein (43 kDa); Upper panel: 
Representative blot; Lower Panel: Densitometry of p-p38/total p38 (n=4); *p<0.05 compared to 
t=0. 
B. Quantification of the changes in Isc measured in monolayers pretreated bilaterally with 0.1% 
DMSO (control) or 10µM SB203580 (p38 inhibitor) for 30 minutes and then stimulated with 
CDCA; n=7, p=0.26. 
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Figure 21: The role of ERK 1/2 signaling in CDCA action.  
A. Representative blot of phospho (p)- and total ERK 1/2 protein (42 kDa) expression after 
treatment with 500µM CDCA (0-10 minutes) or 16.3nM epidermal growth factor (EGF; 5 
minutes) as a positive control.  Quantification of pERK/total ERK is provided below (n=3).  
B. Representative blot of phospho and total ERK 1/2 protein expression after pretreatment with 
the MEK inhibitor PD98059 (20µM) for 30 minutes, then stimulated with EGF or CDCA for 5 
minutes.  
C. Change in Isc by CDCA with or without 30 minute pretreatment of PD98059 (n=3, p>0.05).  
D. Change in Isc by CDCA with or without 30 minute pretreatment of a combination of SB203580 
(SB; 10µM) and PD98059 (PD; 20µM) (n=5, p>0.05). 
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4. PI3K and CDCA Action 

Since Src, ERK 1/2, and p38 kinases did not appear to be involved in CDCA-induced Cl- 

secretion, the involvement of PI3K, another downstream effector of EGFR activation, was 

investigated. Using wortmannin and LY294002 as PI3K inhibitors, Bertelsen et al. had 

demonstrated that cAMP agonists (VIP and Bt2cAMP) stimulated PI3K via transactivation of 

EGFR in T84 cells, and from this also implied involvement of AKT (25). To see if CDCA may be 

acting in a similar manner to these agonists, T84 cells were pretreated first with wortmannin 

(25). Interestingly, we found that pretreatment with 500nM wortmannin significantly attenuated 

the CDCA response by 55% (Figure 22A). The literature suggests that this dose is over the 

specificity to PI3K (76, 80), with wortmannin having an IC50 of 200-500nM for inhibition of 

forskolin-induced Cl- secretion, a 100-fold higher than the IC50 of PI3K (2-4nM) demonstrated 

both in cell free lysates and in intact cell assays. These studies also reported that 100nM 

wortmannin, although higher than the IC50, was able to specifically target PI3K and reverse 

EGF’s inhibition of thapsigargin-stimulated Isc. However, pretreatment with this dose (100nM) 

did not have a significant inhibition of the CDCA response (500µM CDCA: 7.9± 1.2; +100nM 

wortmannin: 6.5±1.1; n=6; p=0.4). Additionally, treatment with LY294002 (20-100µM) had no 

effect on the CDCA response (Figure 22B). Furthermore, inhibition of AKT, the downstream 

effector of PI3K, with MK2206 (1µM) had no effect on the CDCA response (Figure 22C). This 

was not surprising, as AKT phosphorylation was not increased by CDCA in the phosphokinase 

array (Figure 18). These data suggest that PI3K-AKT signaling is not involved in CDCA’s 

activation of CFTR and that wortmannin could be having an effect on some other kinase or 

protein involved in CDCA action.  
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Figure 22: Effect of inhibition of PI3K and AKT on CDCA action.  
A. Representative tracing and quantification (inset) of changes in Isc when T84 monolayers were 
pretreated with wortmannin (500nM) or DMSO (0.1%) as control. The monolayers were then 
stimulated with basolateral addition of 500µM CDCA. Forskolin (FSK; 10µM) and carbachol 
(CCH; 100µM) were added sequentially to assess tissue viability; n=8; * denotes p=0.009 
compared to CDCA alone.  
B. Quantification of CDCA-induced changes in Isc (µA/cm2 ± SEM) when T84 monolayers were 
pretreated with the PI3K inhibitor LY294002 (20-100µM) for 30 minutes; DMSO was used as 
vehicle control; n=10 for 20µM; n=4 for 50µM; n=6 for 100µM.  
C. Representative tracing and quantification (inset) of changes in Isc (µA/cm2 ± SEM) when T84 
monolayers were pretreated with the AKT inhibitor MK2206 (1µM) for 30 minutes; DMSO was 
used as vehicle control. The monolayers were then stimulated with basolateral addition of 
CDCA. FSK and CCH were added sequentially to assess tissue viability; n=4, p=0.58.  
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E. The Role of cAMP Signaling in CDCA Action 

We had previously shown that inhibition of PKA by H89 significantly attenuated CDCA 

action (15). However, this attenuation was not complete (Figure 23) [adapted from (15)]. As 

shown in this tracing, often the response to CDCA can be divided into an initial “peak” phase 

and a prolonged plateau phase. Inhibition of PKA with H89 had its strongest effect on the 

plateau phase of the CDCA response (Figure 23B), and when calculated as area under the 

curve (AUC) for the entire response, H89 inhibits the CDCA response by 69% (%AUC: CDCA: 

100; +30µM H89: 38.3 ± 8.8; n≥8, p<0.0001) suggesting involvement of another signaling 

cascade. As there was sufficient evidence for the involvement of Ca2+ in CDCA action, 

identifying a point of crosstalk between these second messengers was the next step. 

 

 

 
 
 

 
Figure 23. Effect of inhibition of PKA on Isc.  
A. Representative tracing [adapted from (15)] of T84 monolayers pretreated with the PKA 
inhibitor H89 (30µM) followed by addition of 500µM CDCA. Monolayers were then washed and 
stimulated with forskolin (FSK; 10µM) and carbachol (CCH; 100µM).  
B. Quantification of the peak and plateau Isc responses to CDCA ± H89 pretreatment; n=5 for 
control monolayers and n=3 for H89 treated; * denotes p<0.05 compared to CDCA alone for 
plateau. 

* 
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The crosstalk between cAMP and Ca2+ has been studied in a variety of cell types, including 

T84 cells. Cartwright et al. showed that cAMP and Ca2+ agonists act on different basolateral K+ 

channels to increase the driving force for Cl- transport, but only the cAMP signaling cascade 

activated robust apical Cl- currents (45). Interestingly, when the Ca2+ and cAMP agonists were 

administered simultaneously, they had a synergistic effect on Cl- secretion. Recently, EPAC has 

been described as a point of crosstalk between the cAMP and Ca2+ pathways. EPAC, a guanine 

nucleotide exchange factor, activates the small G-proteins, Rap 1 and 2, leading to downstream 

signaling cascades that modulate ion transport (108, 222).  To investigate the potential role of 

EPAC in mediating the crosstalk between cAMP and Ca2+ in CDCA signaling, we inhibited 

EPAC with ESI-09 (10µM). ESI-09 significantly attenuated CDCA-stimulated Isc (p=0.0004; 

Figure 24A and C). Interestingly, ESI-09 significantly increased the basal Isc (ΔµA/cm2 ±SEM: 

control: 2.2±0.8; ESI-09: 6.6±0.4; n=6, p=0.0005). Similar to the findings of Hoque et al. (108), 

ESI-09 also inhibited the forskolin response, but had no effect on the carbachol response 

(Figure 24B and D). 

 



107	  
	  

	  
	  

 

Figure 24: Effect of EPAC inhibition on the CDCA Response.  
A. Representative tracing of Isc ± bilateral pretreatment (30 minutes) with the EPAC inhibitor 
ESI-09 (10µM, gray line) in T84 monolayers grown to confluence and stimulated with 
basolateral addition of 500µM CDCA and 10µM forskolin (FSK).  
B. Representative tracings of carbachol (CCH, 100µM)-induced ΔIsc ± ESI-09 pretreatment from 
the same experiment as A. Because the CCH response is very high, the tracings have been 
split from A and have been adjusted to begin at 0µA/cm2.  
C. Quantification of Isc response to CDCA and FSK ± ESI-09; n=6, * denotes p≤0.001 for 
inhibitor treatment compared to CDCA or FSK alone.  
D. CCH-induced ΔIsc ± ESI-09; n=6, p>0.05.  
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To assess the ionic basis of EPAC involvement, ESI-09’s effects on CDCA action on apical 

membrane Cl- currents was examined. First, a Cl- gradient was established by mounting 

monolayers in an apical buffer containing 115.4mM NaCl and an isotonic basolateral buffer with 

the NaCl replaced by equimolar sodium gluconate as described in methods. Monolayers were 

then basolaterally permabilized with nystatin (200µg/mL) and treated with ESI-09 (gray line) or 

DMSO (black line, Figure 25A). Our recording electrode is in the basolateral medium with the 

reference electrode in the apical medium, and so changes in Cl- entry across the apical 

membrane are recorded as a negative current.  However, for ease of reading the Isc tracings are 

inverted as shown in Figure 25. We have previously established that the apical Cl- current 

activated by CDCA is largely due to CFTR activation, by demonstrating that CFTRinh172 

attenuates the current (15). Figure 25A (black line) shows a representative tracing where 

basolateral permeabilization caused a slow and steady increase in the current due to the Cl- 

gradient and addition of CDCA caused a robust increase in Isc. Addition of forskolin further 

increased the current in a transient manner, and the current was inhibited by CFTRinh172. 

Figure 25A (gray line) demonstrated that the CDCA response was also significantly attenuated 

by ESI-09 (p<0.0001; Figure 25C). These data, taken with the results in intact monolayers, 

established EPAC’s role in CDCA’s activation of Cl- transport via CFTR. Additionally, the 

representative tracing (Figure 25B) shows that inhibition of EPAC by ESI-09 stimulated a 

transient Cl- current, consistent with the ESI-09-stimulated increase in basal Isc stated above. 

This ESI-09-stimulated current was also inhibited by CFTRinh172 (p=0.02; Figure 25B and C). 

The current remaining after addition of CFTRinh172 to monolayers treated with ESI-09 alone, or 

after addition of ESI-09 to CDCA treated monolayers were not significantly different from 

addition of vehicle (0.1% DMSO; Figure 25C).  
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Figure 25: EPAC involvement in apical Cl- currents.  
A. Apical Cl- currents were established as described in Methods. This is a representative tracing 
of Isc in basolateral permeabilized monolayers treated with bilateral addition of 0.1% DMSO 
(black line) or 10µM ESI-09 (gray line) and stimulated with 500µM CDCA, followed by forskolin 
(FSK; 10µM), and inhibition of the current by CFTRinh172 (10µM). The recordings depicted a 
negative current, and tracings have been inverted for ease of viewing. 
B. Tracings of permeabilized monolayers treated with ESI-09. The black dotted line shows the 
addition of CFTRinh172 to ESI-09 treated monolayers. The gray line shows the ESI-09 
response alone and is the same tracing used in A.  
C. Quantification of the changes in apical Cl- Isc (µA/cm2) in response to vehicle (white bar), ESI-
09 (light gray bar), ESI-09 +CFTRinh172 (striped bar), CDCA (black bar), and CDCA+ESI-09 
(dark gray bar); n≥3 for all conditions, * denotes p<0.05 compared to vehicle, # denotes p<0.05 
compared to ESI-09+CFTRinh172, and $ denotes p<0.05 compared to CDCA+ESI-09.  
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Since individual inhibition of PKA and EPAC pathways did not completely block the CDCA 

response, the effect of inhibiting these pathways simultaneously was studied. Pretreatment of 

T84 monolayers with H89 (30µM) and ESI-09 (10µM) for 30 minutes lead to an almost complete 

inhibition of the CDCA response (Figure 26A). Additionally, in a preliminary study, both 

inhibitors individually reduced the CDCA-induced increase in EGFR phosphorylation (Figure 

26B). This implies that CDCA requires cAMP signaling, not only via PKA, but also via EPAC, in 

order to fully stimulate Cl- secretion. This data could also suggest a contribution of cAMP-gated 

ion channels; however, roles for such channels have only been described for Na+ and Ca2+ 

influx in rat colon (197), and their role in Cl- secretion has not been defined. Additionally, the 

reduced phosphorylation of EGFR suggests cAMP signaling is mediating CDCA-induced EGFR 

transactivation. 
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Figure 26: The effect of inhibition of PKA and EPAC on CDCA action.  
A. Percent of the CDCA (500µM) Isc response ± 30 minute pretreatment with the PKA inhibitor 
H89 (30µM), the EPAC inhibitor ESI-09 (10µM), or both; n≥3.  
B. Effect of EPAC and PKA on CDCA-Induced EGFR activation. Phosphorylation of EGFR was 
determined after pretreatment (30 minutes) with H89 or ESI-09 (EPAC inhibitor) and stimulation 
by 500µM CDCA, n=2. 
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1. Rap1 Signaling in CDCA-Stimulation of Isc 

Sheikh et al. established that EPAC can lead to an activation of Rap1 and a subsequent 

activation of rho-associated protein kinase (ROCK). This Rap1-ROCK cascade was shown to 

modulate K+ transport, which is essential to maintain the driving force for Cl- secretion (222). 

Interestingly, inhibition of Rap1 by GGTI298 (GGTI; 10µM) had no effect on the CDCA response 

(Figure 27A; n=4, p=0.78). Consistent with lack of effect with the Rap1 inhibitor, inhibition of 

ROCK did not affect CDCA-stimulated Cl- secretion (Figure 27B; n=8, p=0.19). This was 

consistent with our earlier findings that CDCA increased Cl- currents but not K+ currents (15), 

and thus ruled out involvement of Rap1 and ROCK in CDCA action. 
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Figure 27: Rap1 signaling in CDCA action.  
A. T84 monolayers were grown to confluence and then pretreated bilaterally for 30 minutes with 
Rap1 inhibitor, GGTI298 (GGTI; 10µM) before stimulation with basolateral addition of 500µM 
CDCA. Bar garph represents the ΔIsc responses to CDCA ± GGTI (n=4).  
B. Monolayers were pretreated bilaterally for 30 minutes with the ROCK inhibitor, H1152 (20µM) 
and ΔIsc responses to CDCA ± H1152 were measured (n=8). 
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2. Rap2 Signaling in CDCA Action 

EPAC can also activate Rap2. EPAC activates the Raps by exchanging GDP for GTP, 

rendering the GTP-ases in their active confirmation. Hoque et al. showed that activation of 

EPAC by its specific activator, 8-pCPT-2’-O-Me-cAMP, increased GTP-bound Rap2, lead to an 

increase in Ca2+, and the secretory response was sensitive to the PLC inhibitor U73122 (108). 

These results suggested that activation of EPAC-Rap2 contributes to a cAMP-Ca2+-dependent 

stimulation of Cl- secretion. Since we know that CDCA action is dependent on cAMP, EPAC, 

Ca2+, and is sensitive to U73122, we wanted to elucidate the involvement of Rap2. Unlike for 

Rap1, there are no commercially available inhibitors for Rap2, so the best way to assess its 

contribution is to perform activated Rap pull down assays. In this assay, T84 cells were 

stimulated with CDCA, and then total lysates were exposed to agarose beads conjugated to a 

Ral guanine nucleotide dissociation stimulator, which has a binding domain specific to activated, 

GTP-bound, Rap. Beads were used to pull down activated Rap, and then immunoblotted for 

Rap2. First, to confirm efficacy of the assay, a non-treated total cell lysate was split and loaded 

with GTP or GDP as positive and negative controls respectively, and then subjected to the pull 

down assay as described above (Figure 28A, right panel). Next in lysates from treated cells, 

CDCA caused a time-dependent increase in Rap 2 activation (Figure 28A, left panel), 

suggesting Rap2 involvement in CDCA action. Because activation of Rap2 leads to Ca2+ 

mobilization, we next determined if pretreatment with ESI-09 would affect CDCA-induced 

changes in [Ca2+]i. In control cells, CDCA caused an increase of 22.4±3.2nM from basal [Ca2+]i 

levels. This was significantly reduced by ~50% in the presence of ESI-09 (Figure 28B). These 

data suggest that EPAC, most likely via the activation of Rap2, is involved in CDCA action on 

[Ca2+]i and Cl- secretion. 
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Figure 28: Rap 2 Activation in CDCA action.  
A. Left panel: Representative western blot of Rap2 (24kDa) after T84 cells were stimulated with 
500µM CDCA (0-20 minutes); n=3. Protein was harvested and incubated with RalGDS-RBD 
agarose beads that pull down GTP-bound Rap which were then immunoblotted for Rap2; Right 
panel: Unstimulated cell lysates were incubated with either 0.1mM GTP (positive control) or 
1mM GDP (negative control) and subjected to pull down assays and immunoblotting.  
B. Quantification of CDCA-induced Δ[Ca2+]i ± pretreatment (30 minutes) with 10µM ESI-09; n=4, 
* denotes p=0.02. 
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F. Discussion 

Several studies established a role for Ca2+ in tauro-DCA regulated epithelial Cl- transport 

and cell signaling. From these investigations it is known that tauro-DCA increases [Ca2+]i (71, 

72), and activates K+ and Cl- conductances via an IP3-dependent release of Ca2+ in T84 cells 

(70). Studies in rabbit colon established that tauro-DCA’s effect on Cl- secretion is segment-

specific (192), age dependent (191), mediated by [Ca2+]i and IP3 production (250), and requires 

PKCδ activation (118). It has become evident that there is structural specificity to the signaling 

initiated by the dihydroxy bile acids. The rise in [Ca2+]i by tauro-DCA was not dependent on 

extracellular Ca2+ in both T84 cells and rabbit colon (70, 250); yet CDCA’s action is dependent 

on [Ca2+]o (Figure 15B). Additionally, chelation of Ca2+ by BAPTA-AM significantly decreased 

both the CDCA-induced increase in [Ca2+]i and CDCA-induced Cl- secretion (Figure 15). CDCA 

is dependent on PLC activation and IP3 production (Figure 16) similar to the findings of others 

in T84 cells (70) and rabbit (250). However, in contrast to tauro-DCA action in the adult rabbit 

colon (118), CDCA action is not dependent on PKC (Figure 17). These results suggest that 

CDCA is causing a rise in [Ca2+]i by releasing it from  intracellular stores; the latter may then be 

replenished by SOCE via plasma membrane Ca2+ channels. Potential candidates for SOCE 

elicited by CDCA include the pore forming SOCE subunits Orais, and the transient receptor 

potential (TRP) proteins, which form cation channels in the membrane (229).  

In addition to their effects on Ca2+ signaling, bile acids are known to activate a variety of 

kinases downstream of EGFR activation (115, 122, 198, 262). In T84 cells, Keating et al. 

reported that low doses of DCA (50µM) attenuated forskolin- and carbachol-stimulated Isc and 

increased EGFR, ERK 1/2, and p38 phosphorylation. However, only inhibition of EGFR by 

AG1478 attenuated DCA’s anti-secretory effect (122). Similarly, high doses of CDCA increased 

the phosphorylation of these proteins over 10 minutes of stimulation (Figures 11, 20, and 21), 

and only inhibition of EGFR, and not ERK 1/2 and p38, resulted in decrease of the CDCA 
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response. The main difference between the Keating et al. study and the data presented here is 

that their studies investigated the effect of long-term exposure to DCA (24 hours) on Isc and their 

phosphorylation studies investigated within 30 minutes of DCA treatment, while this study 

elucidated the short-term/immediate effects of CDCA. Nevertheless, both studies demonstrate 

that the effects of the dihydroxy bile acids on ERK 1/2 and p38 kinases are unrelated to Cl- 

secretion.  

Interestingly, our results (Figures 10-11, 21-22, and 26) share many but not all features of 

the cascade reported by Bertelsen et al. in studying VIP action in T84 cells (25). VIP stimulated 

EGFR phosphorylation in a PKA-dependent manner, and VIP-stimulated Isc was inhibited by 

AG1478 (25). While VIP increased ERK 1/2 phosphorylation, inhibition of ERK 1/2 had no effect 

on VIP-stimulated Isc (25), paralleling our findings in Figure 21. In contrast to the present 

results, Bertelsen et al. found VIP to activate PI3K, and VIP’s action on Isc was sensitive to both 

LY294002 and wortmannin (25). While CDCA action was sensitive to 500nM wortmannin 

(Figure 22), it was not inhibited by a lower dose (100nM, data in text) previously shown to 

inhibit PI3K action (76). This varied sensitivity to different doses of wortmannin suggests an 

inhibition of other signaling proteins that may be required for CDCA-induced Cl- secretion. 

Dickson et al.  (76) revealed that 500nM wortmannin (30 minutes) inhibited forskolin-induced Isc 

in intact T84 cells, but did not inhibit forskolin activation of apical Cl- currents in permeabilized 

monolayers. In a follow up study, Ecay et al. established that 500nM wortmannin inhibited 

Na+/K+-ATPase activity in intact monolayers, in an ERK 1/2 and p38-independent manner (80). 

However, use of a non-specific MAPK inhibitor mimicked the wortmannin inhibition of the 

forskolin response (80). Thus it is conceivable that another kinase, other than ERK 1/2 p38, and 

PI3K, may be inhibited by high doses of wortmannin, and contributes to cAMP-dependent 

regulation of Na+/K+-ATPase, an essential component of the Cl- secretory mechanism. 

Wortmannin has also been shown to be a potent inhibitor of myosin light chain kinase (39, 178, 
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242).  Whether one or more kinases are involved in the wortmannin effect, remains to be 

elucidated.   

Clearly CDCA’s effect on transepithelial Isc in T84 cells requires contribution of several 

signaling pathways, leading us to investigate points of crosstalk. As cAMP (15) and Ca2+ 

(Figure 15) are the major contributors to CDCA action, the primary candidate bridging these two 

second messenger cascades was EPAC. Previous studies in T84 cells established the role of 

EPAC in forskolin-induced Cl- transport by showing that knockdown of EPAC reduced the 

forskolin response, with the remaining response sensitive to the PKA inhibitor H89 (108). We 

have already shown that CDCA can be inhibited by H89 (15) (Figure 23), but here we show for 

the first time that CDCA-induced Isc is dependent on EPAC as well (Figures 24-25). Inhibition of 

EPAC not only significantly attenuated the CDCA response in intact monolayers, it also inhibited 

the CDCA-induced apical Cl- current, which we had previously attributed to CFTR (15). This 

implied that ESI-09 is regulating CDCA activation of CFTR. We also found that inhibition of 

EPAC unveils a transient activation of an apical Cl- current (Figure 25) and this is significantly 

inhibited by CFTRinh172 (Figure 25C). It remains to be investigated if the apical current not 

sensitive to CFTRinh172 (Figure 25C, white bar and striped bar), is another Cl- channel, such 

as the CaCC, TMEM16A. This current gradually increases with time either with or without the 

addition of inhibitor (compare grey and black lines in tracing at 12 min and 54 min, Figure 25A) 

and is probably a consequence of the nystatin permeabilization and electrically isolating the 

apical membrane. Nevertheless, we have significant evidence supporting the novel involvement 

of EPAC in CDCA action in T84 cells. 

EPAC was also implicated in regulating the maintenance of the driving force for Cl- secretion 

via K+ channel activation (222). Activation of EPAC by its specific agonist 8-pCPT-2’-O-Me-

cAMP increased surface expression and activation of the KCNN4 K+ channel in a Rap1-ROCK-

dependent manner (222). To address if a similar mechanism was being initiated by CDCA via 
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EPAC, we inhibited Rap1 and ROCK and measured the resultant CDCA response. Their 

inhibition in T84 monolayers had no effect on the CDCA response (Figure 27). This was not 

surprising since we have previously shown that CDCA does not activate K+ conductances (15). 

Furthermore, EPAC, via Rap2 activation of PLCε, activates Ca2+ signaling (215). Despite the 

lack of inhibitors to study Rap2, our data suggests that CDCA may be activating Ca2+ signaling 

in a Rap2-dependent manner. Figures 15 and 16 establish CDCA’s dependence on Ca2+ 

signaling, and Figure 28A indicated that CDCA increases Rap2 activity. Furthermore, CDCA’s 

increase in [Ca2+]i was sensitive to inhibition of EPAC by ESI-09 (Figure 28B). Approximately 

10nM of [Ca2+]i was insensitive to EPAC inhibition, suggesting involvement of an EPAC-

independent activation of Ca2+ mobilization or that this concentration of ESI-09 is insufficient to 

block the response. It is also possible that the remaining response is due to EGFR activation of 

PLCγ (158, 164) or is due to activation of PLCβ by a Gαq-coupled mechanism.  

Thus far, the involvement of PKC, the MAPKs (ERK 1/2 and p38), Src, PI3K and AKT have 

been ruled out, but the contributions of PKA, [Ca2+]i and EPAC in CDCA-induced Cl- secretion 

has been implicated. The downstream effector of EGFR remains to be identified. However, 

preliminary data on the effect of cAMP signaling inhibitors on EGFR phosphorylation (Figure 

26) suggests that cAMP signaling is mediating CDCA’s transactivation of EGFR. Based on the 

findings in this chapter as shown in Figure 29, it can be summarized that CDCA increases 

cAMP, leading to activation of PKA and EPAC. PKA phosphorylates CFTR (15), while EPAC 

activates Rap2 to induce Ca2+ to further contribute to full activation of CFTR. Furthermore, 

cAMP signaling likely regulates EGFR activation, which further contributes to Ca2+ signaling via 

PLC.  
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Figure 29: Summary of intracellular signaling initiated by CDCA. Based on the signaling 
described in this chapter, CDCA activates cAMP signaling leading to simultaneous activation of 
PKA and EPAC. PKA and EPAC modulate activation of EGFR, which may contribute to Ca2+ 
signaling. EPAC activation leads to Rap2 signaling and stimulation of Ca2+ release that 
contributes to CFTR-dependent Cl- secretion. Solid lines pertain to the evidence provided in the 
chapter and dotted lines are suggested pathways. Pathways that have been ruled out, such as 
Src and the MAPKs, are not shown.   
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Chapter V.  Results: Characterization of Cl- Transport in HEK-293 Cells 

 

 

 

 

Parts of the work in this chapter were published as: 

Domingue JC, Ao M, Sarathy J, George A, Alrefai WA, Nelson DJ, and Rao MC. HEK-293 cells 

expressing the cystic fibrosis transmembrane conductance regulator (CFTR): a model for 

studying regulation of Cl- transport. Physiological reports 2: 2014. 

Ao M, Domingue JC, Khan N, Javed F, Osmani K, Sarathy J, and Rao MC. Lithocholic acid 

attenuates cAMP-dependent Cl- secretion in human colonic epithelial T84 cells. American 

journal of physiology Cell physiology 310: C1010-1023, 2016.
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A. Rationale and Aim 

As T84 cells do not lend themselves readily to genetic manipulation, we wanted to utilize a 

cell model that lends itself more readily to genetic alterations. HEK-293 cells are often 

considered a simple cell type and are typically utilized as a cell factory to express foreign DNA, 

leading to translation of specific proteins that can later be isolated, purified, and functionally 

characterized. Based on the usefulness of the HEK-293 cells, the focus of this chapter was to 

determine whether HEK-293 cells would be a useful model to study the molecular basis of 

CDCA regulation of Cl- transport as a supplementary component to Aim 2 to further assess 

CDCA’s regulation of Cl- transport. We have documented the expression of Cl- channels in 

these cells, investigated the regulation of stably transfected CFTR, and elucidated bile acid 

regulation of Cl- transport; we compared the findings in HEK-293 cells to those in T84 cells, 

including the secretagogue action of CDCA (15) and the inhibition of cAMP-induced Cl- 

transport by LCA (14). 

 

B. Expression of Cl- Channels in HEK-293 Cells  

To establish the use of HEK-293 cells as a model for Cl- transport we first determined if the 

native cells express CFTR. As shown in Figure 30, HEK-293 cells neither express CFTR mRNA 

transcript (Figure 30A) nor CFTR protein (Figure 30B). We also examined if HEK-293 cells 

possess other Cl- channels and probed for ClC-2 and TMEM16A transcripts, using T84 cells as 

a positive control. HEK-CFTR cells (Figure 30A) express both ClC-2 and TMEM16A mRNA. 

Although HEK-293 cells were not shown, they also possessed ClC-2 and TMEM16A mRNA 

since they are the parent cells from which the HEK-CFTR cells were derived.  
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C. Establishment and Characterization of the HEK-CFTR Cell Line  

To further examine the regulation of CFTR function by bile acids, HEK-293 cells were stably 

transfected with human CFTR using a pEGFP-C1 vector (kindly provided by Dr. D.J. Nelson, 

The University of Chicago). Transfection resulted in robust expression of CFTR as 

demonstrated by mRNA transcript expression (Figure 30A), protein expression (Figure 30B), 

and epifluorescence microscopy (Figure 30C). Furthermore, the fluorescence and immunoblot 

data suggest that CFTR is expressed in membrane fractions of the CFTR transfected cells 

(Figure 30B and C). The EGFP-CFTR protein was also detectable with EGFP antibody 

(1:2,000). These cells will be referred to as HEK-CFTR cells.  
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Figure 30: Cl- channel expression in HEK-293 and HEK-CFTR cells [adapted from (77)].  
A. Detection of mRNA for transcripts of Cl- channels CFTR, ClC-2 and TMEM16A by RT-PCR in 
HEK-CFTR cells. T84 colonic epithelial cells were used as a positive control. The anticipated 
size of the mRNA transcripts are as follows in base pairs: CFTR: 558; ClC-2: 557; and 
TMEM16A: 505.  
B. Detection of CFTR protein in HEK-293 and HEK-CFTR cells by Western blotting (WB). Top 
panel: CFTR in HEK-293 and HEK-CFTR membrane and cytosolic fractions (Ab: monoclonal 
mouse-anti-CFTR-COOH, 1:1,000 dilution, estimated size of CFTR is 165 kDa); Bottom panel: 
Cos7, Cos7 EGFP, and Cos7 Actin-EGFP used as controls for HEK-293 and HEK-CFTR cells; 
EGFP band is expressed in cell lines transfected with EGFP vectors (Ab: polyclonal goat-anti-
EGFP, 1:2,000 dilution; estimated size of EGFP 27kDa). 
C. Representative epifluorescence image of CFTR-EGFR in HEK-CFTR cells stained with DAPI 
for nuclear visualization.  Images in each figure are representative of n ≥ 3 experiments. 
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1. Forskolin Dose Response in HEK-CFTR Cells 

Since HEK-CFTR cells are not polarized, the iodide efflux assay, a method originally 

described by Venglarik et al. (249), was used to determine if transfected CFTR was functional. 

This method was utilized in the siRNA transfected cells in Chapter III. Briefly, cells are loaded 

with iodide, then extracellular iodide is removed, and the rate of iodide efflux ± putative 

activators or inhibitors of Cl- channels is determined. CFTR is activated primarily by cAMP, and 

10µM forskolin has been shown to increase cAMP and to cause maximal Cl- secretion in T84 

cells (15).  To establish the optimal dose for forskolin action in HEK-293 cells, the effects of 2-

50µM forskolin on iodide efflux were examined in HEK-CFTR cells. As shown in Figure 31, 

forskolin caused a dose-dependent increase in iodide efflux as compared to DMSO as control 

(n=4) in HEK-CFTR cells, with an estimated EC50 of 3.5µM. Although 50µM forskolin resulted in 

the largest increase in iodide efflux, the rates were not statistically different from the effect of 

10µM at the final time point. To avoid the non-specific effects of high concentrations of forskolin 

(279), in the remaining experiments 10µM forskolin was used to assess CFTR function.  
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Figure 31: Forskolin-induced iodide efflux in HEK-CFTR cells [adapted from (77)]. Cells are 
loaded with iodide and then placed in an iodide free buffer before stimulation with a Cl- channel 
activator. Dose-dependent effect of forskolin (FSK; 2-50µM) on fold increase of iodide efflux; 
n≥3 for all responses; * denotes significant difference (p<0.05) compared to DMSO at the same 
time point. At 10µM the effect, was significantly different (p<0.05) from 2µM at 2 and 4 minutes, 
while at 50µM, the effect was significantly different from 2µM from 2 minutes onward. 
Additionally, 10µM was significantly different from 50µM between 2 and 8 minutes, but not at the 
10 and 12 minute time points. 
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2. Forskolin Response in HEK-293 v. HEK-CFTR Cells 

To determine if the effects of forskolin reflected CFTR function, we compared its effects 

on iodide efflux in HEK-CFTR and non-transfected HEK-293 cells. As shown in Figure 32A, 

10µM forskolin had no effect on the cumulative iodide efflux on HEK-293 cells over 12 minutes, 

as compared to DMSO, and in contrast to its action in HEK-CFTR cells. The rates of iodide 

efflux vary over the 12 minutes and as shown in Figure 32B, forskolin caused a sharp increase 

in iodide efflux beginning at 2 minutes and peaking at 4 minutes. These results demonstrate that 

the transfected CFTR is functional as measured by iodide efflux responses to forskolin, and that 

forskolin does not alter iodide efflux in non-transfected HEK-293 cells.  Equally important these 

results suggest that although HEK-293 cells possess ClC-2 and TMEM16A transcript, forskolin-

stimulated efflux occurs through CFTR, when present.   

3. Effect of CFTRinh172 on Forskolin-Induced Iodide Efflux 

To further confirm that the iodide efflux stimulated by forskolin is CFTR-dependent, HEK-

CFTR cells were pretreated with CFTRinh172 (20µM) for 30 minutes during iodide loading. 

CFTRinh172 was also present in the iodide efflux buffer during the experiment. In HEK-CFTR 

cells, forskolin significantly increased rates of iodide efflux compared to DMSO even in the 

presence of CFTRinh172, albeit to a lower extent (Figure 33A). CFTRinh172 inhibited the 

increase in the rate of forskolin-stimulated efflux at 2 and 4 minutes by 47% and 42% 

respectively (Figure 33A). Furthermore, CFTRinh172 attenuated the cumulative iodide efflux 

(Figure 33B) at all time points from 4 minutes on. However, forskolin, in the presence of 

CFTRinh172, was still able to significantly increase the cumulative iodide efflux response 

compared to DMSO at 8-12 minutes. CFTRinh172 had no effect on the iodide efflux in DMSO 

treated cells.  Not surprisingly, there was also no difference in iodide efflux in HEK-293 cells ± 

forskolin ± CFTRinh172 (p>0.05, n=3).   
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Figure 32: Effect of forskolin on iodide efflux in HEK-CFTR and HEK-293 cells [adapted from 
(77)].  
A. Effect of forskolin (FSK; 10µM) on iodide efflux in HEK-293 and HEK-CFTR cells. Iodide 
efflux was measured at 2-minute intervals for 12 minutes and cumulative iodide efflux 
represented as fold increase over basal flux at time = 0 minutes.  
B. Rate of iodide efflux (nmol/min) after addition of forskolin in HEK-293 and HEK-CFTR cells; 
n≥3; * denotes p<0.05 compared to DMSO of the same cell type, i.e. forskolin vs. DMSO in 
HEK-CFTR cells. 
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4. Forskolin-Induced cAMP Signaling in HEK-CFTR Cells 

To confirm that forskolin, a known activator of adenylyl cyclase, increases cAMP, HEK-

CFTR cells were pretreated with forskolin for 5 minutes and intracellular cAMP was measured 

as described in Methods (Chapter II). Forskolin caused a robust increase in cAMP in HEK-

CFTR cells (Figure 33C). To determine if PKA is involved in forskolin action, HEK-CFTR cells 

were pretreated with the PKA inhibitor H89 (30µM) for 30 minutes during iodide loading and 

continuously thereafter throughout the experiment, and then stimulated with DMSO as a 

negative control, or with forskolin. Interestingly, while DMSO alone did not lead to an increase in 

iodide efflux (Figure 33D), treatment with H89 and stimulation with DMSO was significantly 

increased from DMSO alone. This phenomenon may be due to the fact that the DMSO 

responses in these experiments were much lower than those in other experiments; i.e. the 

DMSO responses in Figure 33A are higher than those in Figure 33D, thus if the H89 response 

was compared to those values, they may not have been significantly different. More importantly, 

pretreatment with significantly inhibited the forskolin-stimulated efflux at 2 and 4 minutes by 43% 

and 33% respectively (Figure 33D).   
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Figure 33. The role of CFTR and cAMP signaling in forskolin-induced iodide efflux [adapted 
from (77)].  
A and B. Effect of CFTRinh172 (20µM) on iodide efflux in HEK-CFTR cells stimulated with 
forskolin (FSK; 10µM); HEK-CFTR cells were pretreated with DMSO (0.1%) or CFTRinh172 for 
30 minutes during iodide loading. Effect of CFTRinh172 on rate of iodide efflux is shown in A, 
and on fold increase of the mean cumulative iodide efflux over 12 minutes is shown in B.  
C. HEK-CFTR cells grown in 96 well-plates were incubated with 0.1% DMSO or 10 µM forskolin 
for 5 minutes for [cAMP]i, measurements. Cyclic AMP was measured using DiscoveRx enzyme 
fragment complementation technology (see Methods) and is depicted as nM/well.  
D. Effect of PKA inhibitor, H89 (30µM), on the rate of iodide efflux in HEK-CFTR cells stimulated 
with forskolin; HEK-CFTR cells were pretreated with DMSO or H89 for 30 minutes during iodide 
loading. Data represented are mean values ± SEM relative to value at starting point of n ≥ 3 
experiments.  
* denotes p < 0.05 versus DMSO control; # denotes p < 0.05 versus treatment+ inhibitor.  
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5. The Role of MRP4 in HEK-CFTR Cells  

MRPs, members of the ATP-binding cassette transporter family, are involved in active 

transport of substrates out of cells. Specifically, MRP4, has been shown to act as a cAMP 

transporter and cause cAMP to efflux out of HT29 and T84 cells (141, 267). Furthermore, Li et 

al. (141) demonstrated that MRP4 forms a macromolecular complex with CFTR via the 

scaffolding protein PDZK1 allowing for local compartmentalized regulation. We screened for 

MRP expression in HEK-293 cells and found that they express the mRNA transcripts for MRP2 

and MRP4, but not for MRP3; they also express MRP4 protein (Figure 34A).  To determine if 

MRPs play a role in forskolin’s activation of CFTR, we examined the effects of the MRP inhibitor 

MK571 (20µM) on forskolin-induced iodide efflux. HEK-CFTR cells were pretreated with MK571 

for 30 minutes during iodide loading and the inhibitor was present in the efflux buffer during the 

experiment. While MK571 did not alter iodide efflux in DMSO-treated cells, it increased the rate 

of iodide efflux by forskolin at 2 minutes when compared to forskolin alone (Figure 34B). 

However, the effects of MK571 on total cell cAMP are unclear; initial experiments gave 

equivocal results. These results suggest that MRP4 is accentuating the forskolin’s effects. 

Whether it did this by serving as a cAMP transporter into a specific microdomain remains to be 

determined.   
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Figure 34: MRP expression and function in HEK-CFTR cells [adapted from (77)].  
A. Upper Panel:  Detection of mRNA for multidrug resistance associated proteins (MRPs) 
transcripts (MRP 2-4) by Reverse Transcriptase Polymerase Chain Reaction; transcript size for 
MRPs (in bp): MRP2: 397; MRP3: 340; MRP4: 363. Lower Panel:  MRP4 protein in membrane, 
cytosolic and total lysate fractions of HEK-CFTR cells, determined by SDS-polyacrylamide gel 
electrophoresis, and western blotting (Ab: polyclonal goat-anti-MRP4; 1:750 dilution; estimated 
size: 170kDa). T84 cells were used as a positive control. Blots are representative of n ≥ 3.   
B. Effect of MRP inhibitor, MK571, on the rate of iodide efflux in DMSO- or forskolin- (FSK; 
10µM) stimulated HEK-CFTR cells. Cells were pretreated with the MK571 (20µM) for 30 
minutes during iodide loading, followed by stimulation with forskolin. The data represent the 
mean values of iodide efflux ± SEM relative to value at starting point.  n ≥ 3; * denotes p < 0.05 
versus DMSO as a negative control; # denotes p < 0.05 versus treatment + inhibitor. 
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6. Effect of Ca2+ Chelation on the Forskolin Response in HEK-CFTR Cells 

In a variety of cell types, some, but not all studies, show that forskolin may also signal 

via intracellular [Ca2+]i (108, 167). To test this possibility, HEK-CFTR cells were pretreated with 

the intracellular [Ca2+]i chelator BAPTA-AM (20µM) and then stimulated with forskolin. In 

contrast to H89, BAPTA-AM had no effect on forskolin-stimulated ion transport (Figure 35).  

Furthermore, forskolin did not alter [Ca2+]i in these cells (Figure 43). These results suggest that 

the action of forskolin on iodide efflux was dependent on PKA but not on changes in [Ca2+]i. 

 

 

 

 

Figure 35: Effect of BAPTA-AM on forskolin-induced iodide efflux [adapted from (77)]. HEK-
CFTR cells were pretreated with the Ca2+ chelator BAPTA-AM (20µM) and then stimulated with 
10µM forskolin (FSK). The data represents the fold increase in cumulative iodide efflux from 
basal efflux ± SEM relative to value at starting point; n ≥ 3. * denotes p < 0.05 versus DMSO as 
a negative control. 
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7. Effect of Forskolin on CFTR Surface Expression 

In addition to activation of transporters present in the apical membrane, stimulation of 

ion transport processes, in some cell types, involves recruitment of intracellular vesicles carrying 

the transporter to the plasma membrane, as has been shown for CFTR (92, 151, 243, 246). 

These processes may or may not be dependent on microtubule polymerization.  Two 

approaches were used to assess vesicular transport, surface biotinylation and live cell imaging, 

to determine if forskolin causes an increase in surface expression of CFTR. First, HEK-CFTR 

cells were treated with DMSO or forskolin for 1, 4, or 10 minutes and then biotinylated to 

capture the CFTR expressed at the plasma membrane. CFTR-COOH antibody was used to 

screen for the proteins in the biotinylated and non-biotinylated fractions. As shown in Figure 

36A, forskolin did not cause an increase in cell surface biotinylation of CFTR at any time point, 

although there was a slight decrease in surface expression (10 minutes).  No GAPDH was 

detected in the biotinylated fractions, confirming the efficacy of the separation. The biotinylation 

results suggest that in HEK-CFTR cells, stimulation of Cl- transport did not involve an 

appreciable increase in CFTR recruitment to the plasma membrane, but was due to activation of 

CFTR already present in the membrane. 

To further confirm that forskolin was not affecting CFTR dynamics, live cell imaging was 

used to detect the time dependent effects of forskolin on EGFP-CFTR distribution.  Cells were 

counter stained with WGA (red) for plasma membrane and DAPI (blue) for nuclei, and images 

were captured by confocal microscopy at 25 second intervals over 10 minutes.  As shown in 

Figure 36B, the majority of EGFP-CFTR was localized in intracellular vesicles with some 

expression on the plasma membrane. It is important to note that the images are cross sections 

of membrane, not at the membrane surface, hence CFTR at the membrane will overlap with the 

red WGA staining and show as yellow fluorescence (white arrows). We next quantified the 

speed of vesicular movement at different time points (5s, 3, 6, and 9 minutes).  In cells treated 
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with forskolin the vesicular movement was significantly faster at 3 (DMSO: 0.008±0.0002µm/s; 

forskolin: 0.016±0.003µm/s) and 6 minutes (DMSO: 0.006± 0.0002µm/s; forskolin: 

0.014±0.001µm/s), and seemed to come to a halt by 9 minutes (DMSO: 0.005±0.0003µm/s; 

forskolin: 0.000µm/s). Over the time course, vesicular movement in the DMSO treated cells 

steadily decreased. No increases were detected in EGFP-CFTR in the plasma membrane as a 

consequence of forskolin’s effects on vesicular movement.  

8. Effect of Nocodazole in HEK-CFTR cells 

i. Effect of Nocodazole on Tubulin 

Previous studies examining the activation of CFTR have shown an involvement of 

microtubules, and that this may be tissue-specific (246) and we recently reported that the 

microtubule destabilizer nocodazole, disrupts microtubules and inhibits CFTR mediated ion 

transport in T84 cells (15). Thus, we explored the role of microtubules in forskolin-induced 

iodide efflux in HEK-CFTR cells. To achieve and maintain microtubule disruption, T84 cells 

need to be pre-incubated at 4ºC prior to exposure to 33µM nocodazole while on ice based on 

the protocol defined by Tousson et al. (246) and modified by us (15).  However, this pre-

treatment in conjunction with the loading conditions of the iodide efflux (protocol I below), were 

too harsh for HEK-CFTR cells as they sloughed off during the efflux measurements. Therefore, 

to establish a protocol for destabilizing microtubules in HEK-CFTR cells the distribution of 

detergent-soluble (monomeric) and detergent-insoluble (microtubule) α-tubulin was examined 

by immunoblot under four conditions as described in methods: (I) 4ºC, 30’ to destabilize 

microtubules followed by incubation with nocodazole on ice 30 minutes and then at room 

temperature, 1 hour; (II) Nocodazole on ice for 30 minutes followed by incubation at room 

temperature, 1 hour; (III) 4ºC for 30 minutes followed by incubation with nocodazole at room 

temperature, 1 hour; (IV) Incubation with nocodazole at room temperature for 1 hour. In all  
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Figure 36: Effect of forskolin on the surface expression of CFTR [adapted from (77)].  
A. Quantitation and representative blot of cell surface biotinylation of CFTR in HEK-CFTR cells 
that were treated with forskolin (FSK; 10µM) for 1, 4, and 10 minutes. GAPDH was used as a 
control to determine if there was any contamination of biotinylated protein in the nonbiotinylated 
fractions (Ab: monoclonal mouse-anti-CFTR-COOH and anti-GAPDH; 1:1000 and 1:2000 
dilution, respectively; estimated sizes: for CFTR: 165 kDa and GAPDH: 36 kDa).  
B. Effect of forskolin on CFTR location in live HEK-CFTR cells grown in 35-mm glass-bottom 
dishes and stained as described in Methods. Images were captured before and after the 
treatment of forskolin as time series. Snapshots at 0, 1, 4, and 10 min are shown. Green: CFTR; 
red: WGA; and blue: Dapi. White arrows: colocalization of CFTR and WGA; green arrows: 
CFTR vesicles. n ≥ 3 for all experiments. 
 

 

 

 



137 
 

	  
	  

conditions, control cells were exposed to DMSO instead of nocodazole. As shown in Figure 

37A, in all conditions, treatment with nocodazole resulted in no detectable tubulin in the 

detergent-soluble fraction. These results established that in HEK-CFTR cells, nocodazole 

treatment does destabilize microtubules into tubulin monomers, and that protocol IV is sufficient 

for microtubule disruption (bottom panel in Figure 37A).  Figure 37B shows a representative 

quantification of the proportion of soluble tubulin compared to total tubulin (insoluble + soluble).  

All treatment protocols showed similar densitometric ratios, and the values of the 4°C+Ice+RT 

treatment protocol (top panel) are shown as an example. 

ii. Effect of Nocodazole on Forskolin-Induced Iodide Efflux 

Protocol IV was used to determine if microtubule disruption affected forskolin-

induced iodide efflux. In addition to the 1 hour pre-treatment, nocodazole was present in the 

efflux buffer during the entirety of the experiment. Figure 37C shows that nocodazole had no 

effect on iodide efflux either in the presence or absence of forskolin. Therefore, in HEK-CFTR 

cells, activation of CFTR by forskolin was independent of microtubule interaction.  
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Figure 37: Effect of nocodazole treatment on HEK-CFTR cells [adapted from (77)].  
A. HEK-CFTR cells were pretreated with nocodazole (NOC; 33µM) for 1h at room temperature 
(RT) preceded by either incubation at 4°C for 30’, or addition of NOC for 30’ on ice, or a 
combination of the two. Representative blots show the 0.1% Triton X-100 soluble and insoluble 
α-tubulin (Ab: mouse-anti-α-tubulin; 1:2,500 dilution; estimated size: 50kDa).  
B. The ratio of soluble tubulin to total tubulin (insoluble + soluble tubulin) was analyzed by 
densitometry of the DMSO and NOC signals for all four conditions.  Representative values for 
protocol ‘I” (4°C for 30’ + NOC for 30’ on ice + NOC for 1h at RT) are shown (data not shown for 
“II to IV”).  
C. Effect of NOC (1h, RT) on iodide efflux in HEK-CFTR cells. Cells were pretreated with NOC 
during iodide loading and then stimulated with forskolin (FSK; 10µM). The data represents the 
fold change of mean cumulative iodide efflux from basal efflux ± SEM relative to value at 
starting point; n ≥ 3 for A-C. DMSO (0.1%) was used as a negative control for NOC and 
forskolin. * denotes p < 0.05 v. DMSO. 
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D. Bile Acid Signaling in HEK-293 Cells 

One of the main goals in establishing the HEK-CFTR cell line was to use it as a model to 

examine the modulation of CFTR activity by secretagogues, including bile acids. To use HEK-

CFTR as a comparative model to the T84 cell line we needed to confirm that the bile acids 

initiated the same signaling pathways, such as PKA-dependent activation of CFTR by CDCA 

(15) and inhibition of cAMP-dependent pathways by LCA (14) in the HEK-CFTR cells. 

 1. Expression of TGR5 in HEK Cells 

HEK-293 cells stably transfected with TGR5 (Gαs-coupled GPCR), were reported to 

respond to tauro-LCA with an increase in cAMP (115). HEK-293 cells were first examined for 

endogenous expression of TGR5. As shown in Figure 38A both HEK-293 and HEK-CFTR cells 

express the transcript and protein for TGR5 and the protein is localized to the membrane 

fraction.  Additionally, immunofluorescence images in HEK-293 cells showed punctate 

expression of TGR5 (Figure 38B). 

2. CDCA-Induced Iodide Efflux in HEK and HEK-CFTR Cells 

i. CDCA Dose Response 

Since TGR5 has been shown to activate CFTR-dependent Cl- secretion in 

cholangiocytes (126), we assessed activation of Cl- transport by CDCA in HEK-CFTR cells. 

HEK-CFTR cells were incubated with varying concentrations of CDCA (100-500µM), and iodide 

efflux measured.  At 250µM and 500µM CDCA caused a significant increase in the cumulative 

iodide efflux compared to DMSO from 4 minutes onward (Figure 39A). The 100µM dose did 

cause an increase but this was not significant compared to DMSO at any time point (Figure 

39A). Interestingly, unlike forskolin, CDCA also caused a significant increase in iodide efflux in 

normal HEK-293 cells (Figure 39B). Additionally, CDCA required a longer stimulation of HEK-

293 cells (~20 minutes) to induce maximal iodide efflux compared to the shorter time for 
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forskolin (~12 minutes; Figure 31). For the remainder of the experiments 500µM CDCA was 

used, to mimic the dose studied in T84 cells.  

 

 

 

 

 

 

 

 

Figure 38: Expression of TGR5 in HEK-293/CFTR cells [adapted from (77)].  
A. Top Panel: Detection of mRNA transcript by RT-PCR and protein by immunoblot for TGR5 
expression in HEK-293 and HEK-CFTR cells. Human spleen (Hu.spleen) was used as a 
positive control.  
Bottom Panel:  The cytosolic, membrane and total lysate protein fractions were screened by 
SDS-PAGE and immunoblotting for the presence of TGR5 protein using a polyclonal rabbit-anti-
TGR5 antibody (1:2,500 dilution; estimated size: 37kDa). 
 B. Immunofluorescence image of TGR5 (green), actin (red), and nuclei (blue; DAPI) in HEK 
cells overlaid on the DIC image. 
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Figure 39. CDCA-induced iodide efflux in HEK-293 and HEK-CFTR cells.  
A. Dose response of CDCA in HEK-CFTR cells. Cells were stimulated with 100µM (gray dotted 
line), 250µM (gray solid line), and 500µM (black solid line) CDCA and 0.1% DMSO (black dotted 
line) as a negative control. * denotes significance between 250µM and 500µM compared to 
DMSO control. 
B. Effect of 500µM CDCA (solid lines) on iodide efflux in HEK (gray lines) and HEK-CFTR 
(black lines) cells compared to DMSO (dotted lines). The data represent the fold increase of 
mean cumulative iodide efflux from basal efflux ± SEM relative to value at starting point; n ≥ 3; * 
denotes p<0.05 compared to DMSO in the same cell type at that time point. 
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ii. Effect of Microtubule Destabilization on CDCA Action in HEK-CFTR Cells  

Since nocodazole treatment inhibited CDCA action in T84 cells, the effect of 

nocodazole on CDCA-induced Cl- transport in HEK-CFTR cells was next determined (15). 

Interestingly, destabilization of microtubules with 1 hour of nocodazole (33µM) treatment had no 

effect on the CDCA response in HEK-CFTR cells (Figure 40A). This finding, in addition to the 

lack of microtubule involvement in the forskolin response in these cells, suggests that Cl- 

transport in HEK-CFTR cells occurs independently of intact microtubules.  

iii. Effect of CFTRinh172 on CDCA Action in HEK Cells 

The findings that CDCA increased iodide efflux in non-CFTR expressing HEK-293 

cells, and that Cl- transport was independent of intact microtubules were intriguing. In contrast to 

the effect of CFTRinh172 on forskolin action in HEK-CFTR cells (Figure 33), and not 

surprisingly, pretreatment of cells with CFTRinh172 (20µM) had no effect on the CDCA 

response in either HEK-CFTR cells (Figure 40B), or in HEK-293 cells (data not shown). 

Cumulatively these studies suggest that CFTR does not play a role in CDCA-induced iodide 

efflux in HEK-293 cells and that the iodide-efflux in HEK-CFTR cells by CDCA is due to 

activation of another Cl- transporter. 
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Figure 40. Effects of nocodazole and CFTRinh172 on CDCA action in HEK-CFTR cells.  
A. Effect of nocodazole (NOC; 33µM; protocol IV) on CDCA-induced iodide efflux in HEK-CFTR 
cells. Cells were pretreated with NOC or 0.1% DMSO during iodide loading and then stimulated 
with CDCA (500µM). 
 B. Effect of CFTRinh172 on CDCA-induced iodide efflux in HEK-CFTR cells. Cells were 
pretreated for 30 minutes with 20µM CFTRinh172 (CFTRinh172) and then stimulated with 
500µM CDCA.  
The data represents the fold change of mean cumulative iodide efflux from basal efflux ± SEM 
relative to value at starting point; n ≥ 3 for all conditions. 
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iv. CDCA and Ca2+ Signaling in HEK-293 Cells 

CFTR-independent Cl- transport in HEK-293 cells by CDCA suggested that another 

second messenger signaling pathway may be involved. Thus, changes in [Ca2+]i by CDCA were 

measured in HEK-293 cells using Fura2-AM. Addition of CDCA caused a significant increase in 

[Ca2+]i compared to basal Ca2+ levels (Figure 41A).  The CDCA-stimulated increase in Ca2+ 

implied that CDCA could be activating the Ca2+-activated Cl- channel, TMEM16A. HEK-293 cells 

were pretreated with the TMEM16A inhibitor AO1 (20µM), and iodide efflux was measured. AO1 

reduced the CDCA-stimulated iodide efflux by 27%, although this was not significant (Figure 

41B). It is important to note that inhibition of TMEM16A in T84 cells had no effect on CDCA-

induced Isc. (ΔIsc, µA/cm2; CDCA: 7.9±1.4; +AO1: 10.2±2.5; n=7, p=0.44).  To determine if the 

increase in Ca2+ was necessary for CDCA-induced iodide efflux, HEK-293 cells were pretreated 

with 40µM BAPTA-AM to chelate [Ca2+]i.  However, as shown in Figure 41B, there was 

considerable variability in the response to CDCA ± BAPTA-AM making it difficult to ascertain if 

[Ca2+]i  played a role in CDCA action. Interestingly, CDCA-induced changes in [Ca2+]i were 

significantly reduced in the presence of 1mM EGTA to chelate extracellular Ca2+ (data not 

shown),  suggesting that CDCA requires extracellular Ca2+ influx to increase [Ca2+]i. 

Furthermore, pretreatment of HEK-293 cells with AG1478 did not significantly affect the CDCA 

response (maximal cumulative normalized to t=0: CDCA:3.4±0.5; +AG1478: 4.6±0.6; n=4, 

p>0.05).  In summary, while CDCA increases Ca2+, at this juncture our results are equivocal as 

to whether [Ca2+]i   or TMEM16A play a role in CDCA action in HEK-293 cells.  It is also possible 

that there may be a Cl- transporter other than TMEM16A that was involved in CDCA-induced 

iodide efflux in HEK-293 cells, and the regulation of Cl- channel activation by CDCA varies 

between T84 and HEK-293 cells. 
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Figure 41. Ca2+ in CDCA action in HEK-293 cells.  
A. Fura2-AM was used to assess CDCA-induced changes in intracellular Ca2+. Data is 
represented as [Ca2+]i before (basal) and after addition of 500µM CDCA; n=5; * denotes p<0.05.  
B. Fold increase in cumulative iodide efflux by 500µM CDCA (black line) ± the TMEM16A 
inhibitor AO1 (20µM; gray line); n=4, p>0.05.  
C. Fold increase in cumulative iodide efflux from t=0 in response to 0.1% DMSO (green dotted 
line), 40µM BAPTA-AM (purple dotted line), 500µM CDCA (blue line), and CDCA + BAPTA-AM 
(orange line); n=3.  
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3. LCA Action in HEK and HEK-CFTR Cells  

i. LCA Dose Response  

Thus far, these data suggest distinct cell type differences in responsiveness to bile 

acids between HEK-293/CFTR and T84 cells. Considering the prominent expression of TGR5 in 

HEK-293/CFTR cells, and because LCA is the most potent physiological agonist of TGR5, 

LCA’s effect on iodide efflux was assessed in these cells.  As shown in Figure 42A, increasing 

doses of LCA (5-500µM) had no effect on iodide efflux, indicating that, as in T84 cells, LCA 

does not have a pro-secretory effect in HEK-CFTR (Figure 42A) or HEK-293 cells (data not 

shown). All values were not statistically significant from DMSO as control.  

ii. Effect of LCA Pretreatment on Iodide Efflux 

We have recently published that although LCA did not elicit a secretory response, it 

did attenuate forskolin-stimulated Isc in T84 cells (Table III reported in (14)). To determine 

whether this inhibitory effect of LCA was conserved across cell types, HEK-CFTR cells were 

pretreated with LCA and examined its effect on forskolin- and CDCA-induced iodide efflux. 

Similar to its action in T84 cells (Table III reported in (14)), LCA significantly reduced both the 

forskolin (Figure 42B) and CDCA (Figure 42C) responses in HEK-CFTR cells. LCA significantly 

inhibited forskolin’s rate of iodide efflux at 2, 4, and 6 minutes (Figure 42B). and the CDCA-

induced iodide efflux at the later time points of 14-20 minutes (Figure 42C). This was similar to 

LCA action in T84 cells, wherein LCA caused the CDCA response to become transient (Area 

under curve: CDCA: 258±36 v +LCA: 104±26; n=3; p=0.03; Table III) and Figure 42C shows 

that CDCA alone is significantly higher than CDCA in the presence of LCA at the later time 

points. Collectively, these results suggest that LCA inhibits forskolin- and CDCA-activated Cl- 

transport in both HEK-293 and T84 cells. However, there may be differences in the inhibitory 

mechanisms since CDCA action in HEK cells is CFTR-independent. 
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Figure 42. LCA action in HEK-CFTR cells [adapted from (14 and 77)].  
A. Dose response of LCA (5-500µM) on the fold increase of cumulative iodide efflux; forskolin 
(FSK; 10µM) was used as positive control.  The data are represented as the fold change of 
mean cumulative iodide efflux from basal efflux ± SEM relative to value at starting point in HEK-
CFTR cells; n≥3.  
B. Effect of LCA on FSK-induced iodide efflux. Bars are the rate of iodide efflux stimulated with 
FSK ± LCA (50µM) in HEK-CFTR cells. Cells were pretreated with or without LCA for 15 
minutes during iodide loading. DMSO was used as control. Data represent the mean rate of 
efflux (nmol/min) ± SEM relative to value at starting point. n=4. * denotes p < 0.05 versus 
DMSO; # denotes p < 0.05 versus FSK+LCA.  
C. Effect of LCA on CDCA-Induced Iodide Efflux. Iodide efflux was measured in the presence of 
LCA (50µM), and then stimulated with 500µM CDCA. The data are represented as the mean 
rate of iodide efflux (nmol/min) ± SEM relative to value at starting point HEK-CFTR cells; n≥3. * 
denotes p < 0.05 versus DMSO; # denotes p < 0.05 versus CDCA +LCA.  
Table III: Effect of LCA in T84 cells on Cl- secretion by 8-Br-cAMP (100 µM), forskolin (10µM) 
and CDCA (500µM).  
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iii. LCA and 2nd Messenger Production  

The effect of LCA on cAMP production and [Ca2+]i were measured since TGR5 may 

be coupled to Gαs or Gαq. Despite the expression of TGR5, exposure to 50µM LCA for 15 

minutes did not alter intracellular cAMP concentrations but completely inhibited the forskolin-

stimulated production of cAMP (Figure 43A). As we have demonstrated in T84 cells (14), LCA 

also increased [Ca2+]i in HEK-CFTR cells, (Figure 43B). Whether this rise in Ca2+ contributes to 

its inhibitory effect in HEK-CFTR cells remains to be determined; however in T84 cells, chelation 

of Ca2+ by BAPTA-AM did not reverse LCA’s inhibitory effect (14). 

 

 

 

Figure 43: Measurements of 2nd messenger production by LCA in HEK-CFTR cells [adapted 
from (77)].  
A. HEK-CFTR cells grown in 96 well-plates were incubated with 0.1% DMSO, 50µM LCA for 15 
minutes, or 10µM forskolin for 5 minutes, or a combination of LCA pretreatment then stimulation 
with forskolin for [cAMP]i, measurements; cAMP is depicted as nM/well; n≥3. 
 B. Effect of LCA on Intracellular Ca2+. HEK-CFTR cells grown in 35-mm glass-bottom dishes 
were loaded with Fura2-AM as described in the Methods, and the effects of 10µM forskolin, 
50µM LCA and 3µM inonomycin on [Ca2+]i were assessed and displayed as Δ[Ca2+]i (nM); n=4. 
* denotes p < 0.05 versus forskolin as a negative control. 
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E. Discussion  

Epithelial Cl- transport and its regulation have been characterized in a number of reductionist 

human cell line models derived from a variety of tissues. A composite picture is emerging with 

the caveat that there is considerable tissue and cell line variation in the underlying regulatory 

cascades. The additional caveat is the complexity in translating this information from 

reductionist models into what occurs in human physiological and pathophysiological states.  

Nevertheless, the information from cell lines is invaluable and cell lines can be readily 

manipulated biochemically, genetically and pharmacologically. However, some cell lines, in 

particular those of intestinal origin, do not lend themselves readily to genetic manipulations, 

such as stable transfections, while retaining polarity and function.  Therefore, to better 

understand the molecular regulation of Cl- secretion, we explored the utility of HEK-293 cells, 

well established for their versatility as a model for molecular manipulations.  

HEK-293 cells are frequently used to study CFTR function and regulation in an over-

expression system (189).  Generally, HEK-293 cells have been used as a tool to explore 

specific steps in a series of regulatory interactions.  Thus, although Cheng et al. used HEK-293 

cells transfected with GFP-CFTR to examine CFTR interaction with CFTR associated ligand, 

the accompanying transport studies were done in CFBE14o-, a bronchial derived cell line (48).  

However, Mondini et al. used HEK-293 cells to examine the effect of a hypertension-linked 

mutation of α-adducin on CFTR surface expression and channel activity (171).  In these studies, 

HEK-293 cells stably transfected with wild type or mutant α-adducin, and transiently transfected 

with pIRES2-CFTR-EGFP, which expressed separate EGFP and CFTR proteins, were used to 

assess CFTR activity by whole cell patch experiments. Additionally, HEK-293 cells have been 

used as a system to study the physical and functional interactions between phosphodiesterase 

3A and CFTR by measuring adenosine-induced iodide efflux in cells overexpressing HA-tagged 

CFTR (189).   
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Studies in the present chapter have further validated these findings by developing a stably 

transfected HEK-(EGFP)-CFTR cell line, which allowed us to perform consistent measurements 

over time.  Data presented in Figure 32 demonstrated that the EGFP-CFTR is functional since 

HEK-CFTR but not HEK-293 cells respond to forskolin with a robust increase in iodide efflux as 

a measure of Cl- transport.  The lack of a forskolin response in HEK-293 cells was likely 

because they neither expressed CFTR transcript nor CFTR protein (Figure 30).  In HEK-CFTR 

cells the protein is associated with membrane and intravesicular compartments and can be 

readily visualized (Figure 30). These data demonstrate that the effects of forskolin on iodide 

efflux are due to its action on CFTR and not on other endogenously expressed Cl- channels. 

Minimally, HEK-293 cells possess transcripts for three other Cl- channels, ClC-2 and the Ca2+-

activated Cl- channels, TMEM16A and TMEM16B (Figure 30) (96).  There is evidence that 

these channels may be involved in Cl- secretion (64, 135), though if they were being activated 

by forskolin, then we would have observed forskolin-induced iodide efflux in both HEK-293 and 

HEK-CFTR cells. The use of the iodide efflux assay in assessing ClC-2 or TMEM16A function is 

less well documented compared to its use for assessing CFTR activation.  Iodide efflux studies 

in Caco-2 cells with transfected antisense ClC-2 showed less iodide efflux compared to control 

transfected cells, suggesting that ClC-2s partially contribute to Cl- transport in these cells (170). 

Additionally, studies examining the action of TMEM16A using iodide influx with a halide-

sensitive yellow fluorescent protein, established that TMEM16A can effectively transport iodide 

(111). Expression of TMEM16A in Axolotl oocytes showed halide permeabilities of iodide (3.8)> 

bromide (2.0) > chloride (1.0) (217).  Finally, in HEK-293 cells transfected with endothelin 

receptor subtype-A and mouse TMEM16A, the latter showed the following halide permeabilities: 

iodide (1.85)> bromide (1.74) > chloride (1.0)>fluoride (0.43) (268). Thus, TMEM16A is capable 

of transporting iodide, however treatment with AO1 did not significantly inhibit CDCA-induced 

iodide efflux (Figure 41B). 
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In HEK-CFTR cells, forskolin increased intracellular cAMP but not Ca2+ (Figure 43).  

Therefore, it was not surprising that the Ca2+ chelator BAPTA did not inhibit forskolin-stimulated 

iodide efflux (Figure 35). Interestingly, in T84 cells, the reports of forskolin increasing [Ca2+]i are 

variable, thus while we did not find forskolin to increase [Ca2+]i (14), others reporter a small, 

significant increase in [Ca2+]i (108, 167). The actions of forskolin in HEK-CFTR cells were 

inhibited by CFTRinh172 and by H89 (Figure 33).  However, neither of these compounds 

completely inhibited the actions of forskolin in HEK-CFTR cells. Variability in the efficacy of 

CFTRinh172 to block CFTR-dependent iodide efflux in different cell types has been reported 

(223). While, Mondini et al. reported that CFTRinh172 completely blocked the forskolin-induced 

whole cell current in transiently CFTR transfected HEK-293 cells (171), Stahl et al. (233) 

demonstrated that different orthologs of CFTR respond differently to CFTR inhibitors. Thus, the 

variability in the efficacy of CFTRinh172 to inhibit CFTR-dependent responses in the HEK-

CFTR cells may be due to the structure function relationship of the EGFP-CFTR protein, or due 

to differences in the source of the inhibitor, the relative insolubility of the compound in aqueous 

solution, or because in a stable over expression system this dose if insufficient to completely 

nullify the response.    

Many elegant studies have demonstrated that CFTR, via protein-protein interactions with 

scaffolding and regulatory proteins, exists in a macromolecular complex. This allows for fine-

tuning and spatiotemporal coupling of responses. One such coupling is between CFTR and 

MRP4 in HT29 colon carcinoma cells, where MRP4 functions as a cAMP transporter (141).  In 

HT-29 cells, adenosine increases cAMP and activates CFTR, and inhibiting MRP4 accentuates 

this response by preventing cAMP extrusion. Findings in Figure 34 suggest that MRP4 may be 

acting in a similar manner, though it’s inhibition only caused a moderate increase in iodide efflux 

and its effect on forskolin-stimulated cAMP production is equivocal.  It is possible that the 

discrepancy between our findings and those of Li et al. is that the cAMP assay used in these 
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studies assessed global cAMP production whereas their study measured cAMP production in 

localized regions of the cell (141). Future studies using the FRET based EPAC-cAMP sensor 

will be needed to clarify increases in cAMP in microdomains of the cell. 

Other studies demonstrate that in some, but not all cell types, activation of CFTR includes 

membrane trafficking and involves microtubules interaction and remodeling.  Thus, Loffing et al. 

showed that cAMP activation of CFTR involves increased exocytosis in intestinal but not airway 

epithelial cells (149). We demonstrated that in T84 cells, the stimulation of Cl- transport by 

CDCA is partially inhibited by disruption of microtubules (15). However, in HEK-CFTR cells, 

despite the fact that nocodazole disrupts microtubules (Figure 37A), nocodazole had no effect 

on forskolin-stimulated Cl- transport (Figure 37B).  In view of the known differences in 

microtubule dependent regulation of CFTR in intestinal versus respiratory epithelial cells, it is 

not surprising that HEK-CFTR cells behave like respiratory epithelia. However, microtubule-

independent membrane trafficking can occur.  Surprisingly, it appears that forskolin’s activation 

of Cl- transport in HEK-CFTR does not cause any measurable changes in trafficking to the 

plasma membrane (Figure 36A).  A time course of surface biotinylation could not detect a 

change in trafficking in response to forskolin.  Similarly, we were unable to detect increased 

EGFP-CFTR in the plasma membrane in response to forskolin with live cell imaging (Figure 

36B). The lack of trafficking is not due to a paucity of CFTR containing membrane vesicles, 

since EGFP-CFTR is prominently distributed in intracellular vesicles in HEK-CFTR cells. 

However, forskolin clearly increased the rate of vesicular movement in the cell. A further 

characterization of the molecular basis of this vesicular movement or its biphasic regulation by 

forskolin is warranted.  For example, it remains to be determined if the inability of this increased 

movement to result in increased plasma membrane expression is a function of HEK-293 cell 

scaffolding machinery or the EGFP-CFTR construct per se. It is conceivable that the EGFP 
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moiety at the N-terminus of CFTR, despite a 2 amino acid spacer, may hinder some aspects of 

CFTR’s interaction with other protein partners, such as syntaxin and thereby prevent trafficking.  

The initial characterization of the HEK-CFTR cells with forskolin-induced iodide efflux 

measurements established the major signaling components that contribute to CDCA-induced Cl- 

secretion in T84 cells. Therefore, we explored the use of HEK-CFTR cells to further elucidate 

bile acid regulation of CFTR activity. Similar to T84 cells (15), CDCA increased iodide efflux in 

HEK-CFTR cells (Figure 39A). Surprisingly, CDCA had the same effect on iodide efflux in the 

parent HEK-293 cells, suggesting CDCA-induced iodide efflux was independent of CFTR 

(Figure 39B). Furthermore, the CDCA response was not inhibited by CFTRinh172 (Figure 

40B). The CFTR-independent response to CDCA, as well as the lack of increase in cAMP by 

CDCA in these cells (p>0.05, n=3), suggested contribution of another intracellular messenger 

and perhaps another Cl- channel. As we established that CDCA could increase Ca2+ in T84 cells 

(Chapter IV, Figure 15), we assessed changes in [Ca2+]i by CDCA in HEK-293 cells. CDCA 

caused a robust increase in [Ca2+]i (Figure 41A) and therefore we speculated that TMEM16A 

(Figure 30A) could be mediating CDCA-induced iodide efflux. Pretreatment with the TMEM16A 

inhibitor A01 decreased the CDCA response, but this was not significant (Figure 41B). It is 

possible that TMEM16A is involved in the CDCA response, but it is not the major contributor, 

suggesting that another Cl- transporter may be involved. This hypothesis is also supported by 

the lack of significant effect of BAPTA-AM on CDCA-induced iodide efflux (Figure 41C). 

Baseline efflux values in HEK-293 cells were not as robust as those in HEK-CFTR cells, so 

future studies will elucidate CDCA action in HEK-293 cells transfected with TMEM16A to get a 

better understanding of its role in CDCA action in these cells. 

In addition to the regulation of Cl- transport by CDCA, HEK-CFTR cells were used to 

corroborate our recent findings on LCA’s inhibition of Cl- transport in T84 cells (Table III 

reported in (14)). Similar to T84 cells (Chapter III, Figure 8), HEK-CFTR cells express transcript 
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and protein of TGR5 (Figure 38). Despite TGR5 expression, LCA as a potent TGR5 agonist 

failed to increase cAMP (Figure 43A) and to stimulate iodide efflux (Figure 42A) in these cells. 

However, LCA caused a modest increase in [Ca2+]i (Figure 43B).  These findings were all 

consistent with LCA action in T84 cells (14). It is possible that in this cell line, the endogenous 

TGR5 is functionally coupled to Gαq, however this link is less well characterized than TGR5 

being linked to production of cAMP. It remains to be elucidated whether the rise in [Ca2+]i  by 

LCA contributes to its inhibitory response and studies of the effect of BAPTA-AM in LCA action 

in HEK-CFTR cells may confirm the role of [Ca2+]i. Studies performed in the human 

enteroendocrine cell line NCI-H716 showed that the synthetic TGR5 agonist INT-777 increased 

Ca2+ influx, which was reduced by TGR5 RNA interference. This study suggested that activation 

of TGR5 and production of cAMP was upstream of Ca2+ influx, as inhibition of adenylyl cyclase 

significantly reduced the calcium influx induced by INT-777 (244). The lack of an effect on cAMP 

by LCA is in contrast to the reports of Jensen et al. that HEK-293 cells stably transfected with 

TGR5 show increases in cAMP in response to LCA (115).  There are perhaps two reasons for 

this discrepancy:  first, the stably transfected cells probably have many more receptors than are 

present in the non-transfected cells; second, our confocal microscopy studies suggest that 

although present, TGR5 appears to be largely confined to intracellular vesicles (Figure 38B).  

However, while TGR5 in HEK-CFTR cells may not be “functionally-linked” to Gαs it remains to 

be determined if it still plays a role in the inhibitory effects of LCA on forskolin-stimulated iodide 

efflux in these cells. In other words, could LCA act via TGR5 to activate Gαq, increase [Ca2+]i 

and thereby completely inhibit forskolin- stimulated iodide efflux and production of cAMP? This 

inhibitory effect may not be specific to cAMP-dependent secretagogues as it is in T84 cells 

since LCA was also able to inhibit the CDCA-induced iodide efflux (Figure 42C). These findings 

suggest that LCA is negatively regulating a process that is required for forskolin and CDCA-

induced iodide efflux, and it is possible that LCA is acting as a membrane perturbant. 

Explorations of the mechanism by which LCA is acting, the cross talk between the LCA and 
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forskolin signaling cascades, and whether this involves spatio-temporal coupling and 

macromolecular complexes could be the focus of future studies.   

In summary, this chapter characterized the HEK-(EGFP)-CFTR cell line as a viable model 

for studying the regulation of forskolin-, but not CDCA-, induced Cl- transport, to mimic our 

findings in T84 cells. We are cognizant that this may not be entirely representative of a native 

epithelium. First, HEK-293 cells are not polarized. Second, there is the issue of the cellular 

origin of HEK-293 cells; some studies have revealed them to be of epithelial origin (46), and 

others debate their kidney nomenclature, or if they are more fibroblast like in nature. Through a 

serendipitous series of studies, Shaw et al have provided evidence that they were more similar 

to differentiating neurons in early stages (220). Therefore, when designing experiments using 

this cell line as a tool to study exogenous proteins, the endogenous signaling machinery and 

their possible origin should be taken into consideration.
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Chapter VI. Results: CDCA Action in Intestinal Organoids
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A. Rationale and Aim 

Thus far, the data accumulated in this thesis has been in human-derived transformed cell 

lines. Although these findings are beneficial to our knowledge of bile acid signaling, there is a 

need to corroborate these findings in more physiologically relevant models. Intestinal organoid 

methodology is becoming one of the hallmark techniques in the field of gastrointestinal 

physiology as the organoids are derived from primary mammalian tissues (e.g. human, pig, and 

murine tissues) and can be used as long-term in vitro culture systems. Thus the focus of this 

chapter is to delineate CDCA activation ex vivo using intestinal organoids (Aim 3) as a proof of 

concept to our findings in Aim 2.  

 

B. Relevance of Organoid Cultures 

Organoid cultures derived from primary tissues are able to be maintained at length (>1 year) 

in vitro, compared to previous methodologies of intestinal primary cultures where the cells are 

limited to a much shorter (a few days at the most) life span (200). The long-term culturing of 

organoids is based on the proliferative capacity of the stem cells (66, 209, 210). To maintain 

their proliferative capacity, organoids require a lamin-rich Matrigel suspension and media 

containing Wnt signaling growth factors. The organoids described in this chapter are composed 

only of epithelial cells and were derived from stem cells of adult mouse small and large 

intestine. 

The development of assays to examine CFTR function by Liu et al. (147) and Dekkers et al. 

(67) validated the use of organoids to study ion and fluid transport.  Since the organoids have 

an enclosed, epithelial-lined lumen, changes in the diameter or surface area (organoid swelling) 

of the organoids are indicative of fluid transport into the lumen. CFTR is highly expressed in the 

apical membrane of crypt cells, and since organoids are crypt-like in nature soon after 
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passaging, any changes in swelling of the organoids is representative of CFTR activation. This 

was verified in both human and mouse derived organoids where addition of forskolin only 

induced swelling in normal human and mouse organoids but not in mouse CFTR-/- or human CF 

derived organoids (67, 147). Thus, utilization of the organoid methodology and the swelling 

assay will allow elucidation of CDCA action in a more physiological model compared to the T84 

and HEK cells lines. Generation of the organoids was previously established by the laboratory 

of Dr. Hugo de Jonge at Erasmus University Medical Center, Rotterdam, Netherlands. Organoid 

maintenance and swelling assays were performed under the guidance and supervision of the 

Erasmus collaborators, as described in methods (Chapter II). 

 

C. Region Specific Organoid Swelling 

Elucidation of CDCA was first assessed in organoids derived from different regions of the 

mouse intestine. Organoids isolated from jejunum, ileum, and proximal colon were cultured for 

at least three passages before assaying, as described in the methods. One day after passaging 

and seeding in a 96-well plate, organoids were loaded with calcein green-AM. The 

acetoxymethyl ester attached to the calcein was cleaved by intracellular esterases in live cells 

and converted to a green-fluorescent calcein. Organoids were stimulated with ethanol (negative 

control), 500µM CDCA, or 10µM forskolin; swelling was imaged by confocal microscopy and 

analyzed using ImageJ. Since the apical membrane faces the organoid lumen, this preparation 

allows for addition of CDCA to the basolateral membrane, recapitulating our studies in T84 cells. 

Figure 44 displays organoid swelling as the maximal increase in organoid diameter, with each 

point representing an individual organoid. In each region CDCA and forskolin slightly increased 

swelling compared to the negative control. Swelling in jejunal organoids were not significantly 

different from each other (p>0.05). Forskolin was significantly different from ethanol in both ileal 

and proximal colonic organoids (p<0.05), but was not different from CDCA (p>0.05) by 1-way 



159 
	  

 
	  

ANOVA. Although CDCA increased swelling in ileal and proximal colonic organoids, it was 

significantly different from control only in the proximal colonic organoids (p=0.08 and 0.05, 

respectively) by unpaired t-test. 

 

 

 

 

 

 

 

 

Figure 44: Mouse intestinal region specific organoid swelling. Mouse jejunum, ileum, and 
proximal colon organoids were loaded with calcein green-AM and imaged by confocal 
microscopy at 37ºC according to Dekkers et al. (67). Organoids were imaged at t=0 and then 
treated with ethanol (ETOH), 500µM CDCA, or 10µM forskolin (FSK). Images were taken over 1 
hour. Data is represented as maximal increase in organoid diameter (organoids swelling) 
relative to diameter at t=0. Lines represent the average maximal diameter increase and 
comparisons were made by 1-way ANOVA. * denotes significance compared to ETOH. 
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D. EPAC and CDCA-Induced Organoid Swelling 
 

The effects of CDCA in colonic organoids was further studied as the colon is the 

predominant region where CDCA acts to increase electrolyte and fluid secretion leading to 

secretory diarrhea. To validate the role of EPAC in CDCA action, mouse colonic organoids were 

pretreated with ESI-09 (10µM) for 2 hours, and then stimulated with ethanol, CDCA, and 

forskolin as described above. As change in diameter is a 2 dimensional analysis and organoids 

are 3-dimensional spheroid structures, our collaborators and we pursued the notion that 

swelling is better represented as changes in surface area over time. Thus, Figure 45 displays 

the change in surface area relative to surface area at t=0. The tracings are the average swelling 

of at least 3 wells per treatment, with each well containing at least 20 viable organoids. The dark 

blue and orange lines represent increases in organoid swelling by CDCA and forskolin, 

respectively. CDCA, and forskolin, ± ESI-09 were significantly different from ethanol control and 

ESI-09 alone at all time points after t=0; ESI-09 was not different from control at any time point. 

Interestingly, ESI-09 decreased both the forskolin (yellow line) and the CDCA response (green 

line), however this decrease of the forskolin response was not statistically significant. In 

contrast, ESI-09 significantly decreased the CDCA (CDCA vs CDCS+ESI-09) response at all 

time points except at 54 minutes (p=0.07). These results indicate that EPAC partially 

contributed to the CDCA-stimulated mouse colonic organoid swelling. 
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Figure 45: Effect of ESI-09 on mouse colonic organoid swelling. Tracings represent the 
changes in surface area over time relative to t=0 in response to ethanol (control), forskolin 
(FSK; 10µM) and CDCA (500µM), and treatments +ESI-09 (10µM; 2 hour pretreatment) in 
mouse colonic organoids. Tracings are the average of at least 3 wells per treatment with at least 
20 organoids per well. ESI-09 was not different from control.  
* denotes significance (p<0.05) compared to control for CDCA, FSK, and treatments + ESI-09; 
# denotes significance compared to ESI-09 alone for CDCA and FSK;  
$ denotes CDCA’s significance compared to CDCA + ESI-09. FSK was not different from 
FSK+ESI-09 at any time point. 
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E. Discussion 

Transformed in vitro intestinal cell lines have been extremely useful models of intestinal 

transport functions for several decades. Prior to the development of intestinal organoid 

methodology, use of intestinal cell lines were limited due to their derivation from cancerous 

tissues, their possible immortalization by viral infection, and their expression of oncogenes. 

While these characteristics allowed for easy proliferation, other non-physiological phenotypic 

characteristics may have been introduced.  These conditions restricted the usefulness of cell 

lines for recapitulating the normal gastrointestinal environment. While explanted intestinal tissue 

cultures were more physiological than cell lines, they were limited by their short-term survival 

(<2 weeks) in culture (66, 200).  

Intestinal organoids have broken these limitations as long-term culture systems that can be 

derived from a variety of mammalian sources including from mouse tissue, human biopsies, and 

from pluripotent stem cells. Tissue-derived epithelial/mesenchymal organoids can be grown 

from both neonatal and adult tissue. This type of organoid was established by Ootani et al. 

using small pieces of small intestine and colon cultured in a collagen matrix and expanded in an 

air-liquid interface system to improve oxygenation in vitro (184). These cultures include the 

intestinal epithelium and the underlying myofibroblasts, and can be maintained for up to one 

year. Human embryonic stem cells, and induced pluripotent stem cells derived from human skin 

keratinocytes, can be differentiated into intestinal tissues in a step-by-step manner using 

specific growth factors that mimic embryonic development. This protocol included definitive 

endoderm formation, posterior endoderm patterning, hindgut development, and pro-intestinal 

growth factors to form intestinal organoids. This culturing method has the advantage of 

presence of supportive mesenchymal cells, but lacks neuronal and immune cells (232). This 

system is limited by its strict maintenance protocol, and that the organoid characteristics are 

more fetal-like in nature; for example, gene profiling demonstrated the similarity between these 
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cultures and organoids derived from human fetal intestine in contrast to adult intestinal-derived 

organoids (88).  Furthermore, the mesenchymal cells provide proliferative support to the 

epithelial cells but due to the restrictive geometry of the organoid structures, hinder the ability of 

the epithelium to properly differentiate and function similar to the in vivo epithelium (275).  

In contrast to the mesenchymal containing organoids, tissue-derived epithelial organoids, as 

described by Sato et al., can be generated from fetal or adult tissues and are established very 

rapidly but lack the underlying mesenchymal layer (66, 210, 275). This organoid methodology 

was used to assess CDCA’s effects on ion transport as a more physiological model compared 

to the T84 and HEK-293 cell lines. One benefit of this culture system is the access to the 

basolateral side. The organoid develops such that the apical membranes of the epithelium are 

facing inward towards the lumen, leaving the basolateral membrane accessible. Some studies 

have utilized microinjection to administer agents or bacteria into the lumen of organoids (21, 

263). Sidedness of bile acid action remains to be elucidated in the organoid cultures, but it may 

be predicted that the dihydroxy bile acids will elicit a stronger secretory response from the 

basolateral surface of the organoids compared to luminal exposure. This prediction is supported 

by our findings and others in T84 cells (Chapter III, (15, 72, 124), and studies in the rat colon 

(32).  

 These studies were preliminary but a definite proof of concept as CDCA induced organoid 

swelling comparable to the action of forskolin used as a positive control (Figure 44).  Previous 

studies using mouse ileal tissues demonstrated that bile acids could have a pro-secretory effect 

dependent on CFTR (29). This effect was also dependent on bile acid uptake via ASBT. It still 

remains to be investigated if the same mechanism is occurring in ileal organoids. Studies will 

continue to investigate the CDCA response in other intestinal segments (Figure 44), and will 

seek to compare the effects of unconjugated and conjugated dihydroxy bile acids. It will also be 

interesting to investigate whether LCA’s effect on organoid swelling mimics its anti-secretory 
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actions in T84 and HEK-CFTR cells. Furthermore, to definitively prove CDCA’s activation of 

CFTR-dependent Cl- secretion, studies must be done in CFTR-/- intestinal organoids.  

As T84 cells were used as a model to examine the regulation of colonic Cl- secretion, it was 

necessary to examine if similar regulatory mechanisms were in place in colonic organoids. The 

role of EPAC in regulating ion transport has been of interest in recent years, considering 

cAMP’s effects had largely been attributed to PKA. Studies by Hoque and colleagues (108, 222) 

demonstrated the role of EPAC in regulating Cl- and K+ conductances in T84 cells. Findings in 

the previous chapter demonstrated a role for EPAC in CDCA action, and we sought to mimic 

this novel finding in the mouse colonic organoids. Indeed, we found that EPAC inhibition 

decreased both the CDCA and forskolin responses, although only the CDCA response was 

significant, paralleling our findings in T84 cells (Figure 45). The inhibitory effect of ESI-09 was 

smaller in the colonic organoids, suggesting that the Cl- secretory responses in this model may 

be more PKA-dependent. It is also possible that the partial inhibition was due to the Matrigel 

limiting direct access of ESI-09 to the organoids. This is true for CFTRinh172, which requires ~2 

hour pretreatment for organoid swelling inhibition (67), while its effect in intestinal cell lines is 

immediate (15). Future studies will aim to elucidate the CDCA-induced signaling pathways in 

the colonic organoids and determine if they are similar or distinct from those we have described 

for T84 cells. If CDCA action in colonic organoids (in mouse and human) is dependent on 

CFTR, cAMP (PKA and EPAC), EGFR and Ca2+ then the organoid models could prove useful in 

identifying novel therapeutic target for bile acid-associated diarrheal diseases.
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Chapter VII. General Conclusions and Future Directions  
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It has been well established in a variety of species, including humans, that the 7α-dihydroxy 

bile acids stimulate Cl- secretion. However, the underlying mechanisms were not fully elucidated 

(16, 17, 72, 118, 124, 250, 259). The objective of this thesis was to further investigate the 

signaling mechanisms by which CDCA induces pro-secretory responses from the colonic 

epithelium. This body of work demonstrates that, in human colonic T84 cells, CDCA action 

involves intricate crosstalk between cAMP (PKA and EPAC), Ca2+, and EGFR signaling 

cascades to fully activate CFTR (Chapters III-IV), while CDCA acts independently of CFTR in 

HEK-293 cells to stimulate Cl- transport (Chapter V). Finally, part of the CDCA signaling 

pathway established in T84 cells was corroborated in the more physiologically relevant intestinal 

organoid model (Chapter VI). 

Aim 1 was to determine the initial step by which CDCA acts to modulate Cl- secretion in T84 

cells (Chapter III). As regulators, bile acids have been shown to activate nuclear receptors 

(FXR, PXR, VDR), GPCRs (TGR5 and M3R), as well as multiple signaling pathways in the 

gastrointestinal tract (51). Despite the expression of several of these receptors (FXR, TGR5, 

VDR, and M3R) in T84 cells, CDCA seemed to act independently of their activation. The 

muscarinic antagonist atropine eliminated the possibility of M3R’s role and the lack of 

involvement of FXR and TGR5 was implied based on the use of pharmacological agonists since 

antagonists were not available. Agonists to various receptors are known to exhibit biased ligand 

binding (264) and it is possible that the FXR and TGR5 agonists used signal in a different 

manner than CDCA. Ultimately, knockdown of specific receptors individually, or in combination, 

would allow for the validation of their contribution to the acute action of CDCA on T84 cells. 

Interestingly, TGR5 knockout mice display defunct defecation due to decreased serotonin 

release and decreased peristalsis (5) and they also exhibit decreased activation of CFTR in 

cholangiocytes (126). Since T84 cells serve as a model of secretory colonocytes, it is possible 

that TGR5 is uncoupled from activation of CFTR due to lack of proper trafficking to the 

membrane, as is suggested by the punctate expression of TGR5 in immunofluorescence 
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localization in both T84 and HEK-293 cells. Taken together, in the intact colon under normal 

physiological conditions, TGR5 activation is required for normal peristaltic contractions to move 

the luminal contents towards the rectum for defecation. However, under pathological conditions, 

when there are increased bile acids in the colonic lumen, dihydroxy bile acids are likely acting 

on secretory colonocytes to stimulate Cl- secretion, while simultaneously activating TGR5 on 

enterochromaffin cells to increase serotonin releases and peristalsis, leading to bile acid 

associated-diarrhea.  

Additionally, CDCA can exert transcriptional effects via FXR, which often requires a longer 

time frame (140) than the <30 minute window which we used in these studies. It would be 

intriguing to compare the effects of short-term exposure (<30 minutes) vs. chronic exposure 

(~24 hours) to CDCA on FXR-related genes that contribute to ion transport. Mroz et al. (173) 

showed that exposure to GW4064 (5µM) for 24 hours inhibited secretagogue-induced ion 

transport in an FXR-dependent manner. Furthermore, exposure to low doses of DCA (10-

200µM) for 24 hours, inhibited cAMP- and Ca2+-dependent Cl- secretion, which may have been 

in an FXR-dependent manner (122). It is possible that long-term exposure to high doses of 

CDCA, considered pathophysiological, may have a similar effect since FXR has a higher affinity 

for CDCA. On the other hand, low versus high doses of dihydroxy bile acids may have different 

effects and CDCA-FXR regulated genes may be different from DCA-FXR related genes. Thus, 

while low doses decrease transporters that contribute to Cl- secretion, perhaps high doses may 

increase these transporters as a protective mechanism to increase flushing of the colonic lumen 

under pathological conditions.  

While tauro-DCA transactivates EGFR via M3R in H508 colon cancer cells (49, 50), in T84 

cells CDCA action is independent of M3R, but dependent on EGFR. Inhibition of MMPs, which 

mediate cleavage of EGFR ligands such as EGF, reduced the CDCA response. If CDCA was 

acting in an EGF-dependent manner, EGF alone should have been able to increase Cl- 

secretion, however EGF did not mimic CDCA action. Several other ligands have been 
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implicated in transactivation of EGFR, such as HB-EGF or TGFα, and their involvement in Cl- 

secretion can be elucidated by using ligand specific blocking antibodies and measuring the 

response to CDCA. This can then be confirmed by screening the media and cell lysates of 

CDCA-stimulated T84 cells for the presence of the specific EGFR-ligands.   

EGFR has several phosphorylation sites including tyrosine 992, 1045, 1068, 1148, and 1173 

that lie within its autophosphorylation domain. Specific phosphorylation of these 

autophosphorylation sites serve as a docking mechanism for binding of EGFR adaptor proteins. 

These include growth factor receptor-bound protein 2, SH2 domain containing transforming 

protein, and the growth factor receptor-bound protein 2-associated binding protein. Furthermore, 

EGFR has several more phosphorylation sites within the kinase domain that regulate 

downstream signaling cascades. For example, phosphorylation of tyrosines 992, 1101, and 

1148 lead to activation of PLCγ, PI3K/AKT, and MAPKs, respectively (183). Our studies 

examined CDCA-induced phosphorylation of tyrosine 1068, a site commonly associated with 

EGFR activation. The role of the other phosphorylation sites, or of the EGFR adaptor proteins, 

have yet to be identified in CDCA signaling.  Although we ruled out involvement of MAPKs and 

PI3K/AKT activation in CDCA-induced Cl- secretion, it is conceivable that CDCA may activate 

PLCγ in an EGFR-dependent manner, and thus CDCA would increase phosphorylation of 

tyrosine 992. If so, site specific mutagenesis of tyrosine 992 would decrease CDCA-induced 

production of IP3 and [Ca2+]i. 

Aside from ligand-dependent activation of EGFR, CDCA could be activating EGFR by 

altering membrane dynamics, presumably by intercalating into the plasma membrane, as 

suggested for DCA-induced ligand-independent EGFR activation (114, 196). In these studies, 

DCA increased EGFR phosphorylation which was blocked by AG1478, similar to our findings. 

However, neutralizing antibodies to EGF and TGFα did not block DCA’s activation of EGFR 

(114). Interestingly, LCA and DCA have been shown to alter plasma membrane cholesterol, and 

alter membrane dynamics (114, 270, 271). While CFTR can be stabilized in lipid rafts and can 
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potentially be altered by hydrophobic bile acids incorporating into the membrane (1), it is 

unlikely that this is the case in the present studies. We showed that CDCA exerted its effects 

primarily from the basolateral membrane, while CFTR is localized to the apical membrane. It is 

possible to consider CDCA’s stabilization of CFTR in lipid rafts in cases of bile acid 

malabsorption in vivo, but the influence of CDCA on membrane dynamics in T84 cells has yet to 

be investigated. However, due to the sidedness of CDCA action, it is more plausible that CDCA 

is acting on basolaterally localized EGFR (162, 269), and possibly on distinct phospholipids that 

are in high concentration in the basolateral membrane; the basolateral membranes of epithelial 

cells have a much higher concentration of phosphatidylcholine (~30%) compared to the apical 

membrane (<10%) (228).  

CDCA initiated a complex signaling cascade (Chapter IV) that is likely mediated by an 

unknown, basolaterally localized, membrane bound receptor as hypothesized above. While 

S1PR2 and α5β1-integrin have been implicated in bile acid action in hepatocytes, their function 

in intestinal epithelia, including T84 cells, remain to be investigated. While the protein 

expression of the GPCR S1PR2, is highest in the duodenum, it is minimally expressed in the 

colon (53). Moreover, the cAMP-dependency of CDCA action suggests a GPCR coupled to Gαs 

rather than an integrin receptor, and there may be an orphan-GPCR that is specific to CDCA 

and mediating its effects on EGFR and Cl- secretion. To investigate expression of potential 

GPCRs in T84 cells, we could screen their expression using T84 RNA in Taqman real time-PCR 

GPCR arrays, which have primers specific to more than 50 different GPCR subfamilies. 

Alternatively, CDCA could be conjugated to beads using CarboxyLink Coupling Gel, similar to 

the production of cholesterol-conjugated beads described by Takahashi et al. (241). CDCA-

conjugated beads can then be exposed to T84 lysates to pull down any proteins that may bind 

to CDCA. Proteins in the pull down fraction can then be eluted with non-conjugated CDCA 

followed by mass spectrometry sequence analysis of CDCA-bound proteins. Receptors can 
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then be identified and specific shRNA can be used to knockdown the receptors and assess 

CDCA responses (163).  

While Chapter III delineated receptor involvement, Chapters IV and V served to elucidate 

the intracellular signaling mechanisms underlying CDCA action, proposed in Aim 2. With the 

substantial evidence for the role of Ca2+ signaling in bile acid action from our laboratory (118, 

250), and others (70-72, 191), it was no surprise that in addition to cAMP/PKA signaling, Ca2+ 

was also necessary for CDCA’s full activation of Cl- secretion. CDCA’s increase of [Ca2+]i was 

dependent on intracellular stores as well as influx from the extracellular compartment, implying 

that CDCA may activate SOCE via plasma membrane Ca2+ channels (229). Orai and TRP Ca2+ 

channels have been shown to mediate SOCE in a variety of cells types (107). While Orais have 

yet to be described in T84 cells, TRPV6, a TRP channel highly selective for Ca2+, has been 

shown to contribute to Ca2+ entry activated by 17β-estradiol in T84 cells (112). To assess 

involvement of TRPV6-dependent Ca2+ entry in CDCA action, Ussing chamber studies can be 

performed using the TRPV6 inhibitor ruthenium red. Similarly, iodide efflux studies using T84 

cells with siRNA knockdowns to Orai or TRP channels will allow for the determination of their 

contribution to CDCA-induced Cl- transport. Interestingly, studies elucidating apical versus 

basolateral-dependent activation of Cl- secretion showed that basolateral addition of carbachol 

lead to rises in [Ca2+]i and Cl- secretion, and this was blocked by removal of Ca2+ from the 

basolateral buffers. This finding suggested that Ca2+ entry in T84 cells occurs across the 

basolateral membrane and contributes to activation of apical Cl- channels (127). Comparable 

studies can be done with CDCA to determine if side-specific removal of Ca2+ affects CDCA-

induced Isc. 

Use of the pharmacological agent 2-APB (50µM) in Ussing chamber studies implied that 

IP3Rs and subsequent Ca2+ release from intracellular stores were involved in CDCA-induced Isc, 

however this inhibitor has also been shown to block SOCE. Maruyama et al. (159) first 

described 2-APB as an inhibitor of IP3Rs with an IC50 of 42µM in rat cerebellar microsomal 
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preparations. Bootman et al. described the inconsistency of 2-APB as an inhibitor of IP3Rs, with 

more consistency in inhibition of SOCE (35). To definitively prove if the inhibitor is acting on 

IP3Rs or SOCE in CDCA action in T84 cells, Fura2-AM measurements can be performed in the 

presence of 2-APB without [Ca2+]o. Since removal of [Ca2+]o  partially decreased CDCA-induced 

[Ca2+]i, we assumed the remaining Ca2+ response was due to release from intracellular stores. 

Thus, addition of 2-APB should completely block the remaining CDCA-induced Δ[Ca2+]i if it is 

indeed acting on IP3Rs. However, if there is no difference in CDCA-induced Δ[Ca2+]i, in the 

absence of [Ca2+]o  ± 2-APB, this would suggest that 2-APB is inhibiting SOCE.  

It was assumed that Ca2+ signaling occurred in a linear manner, such that CDCA increased 

IP3, which then activated IP3Rs on intracellular stores leading to release of Ca2+, depletion of the 

stores, and activation of SOCE, to increase [Ca2+]i and activate Cl- secretion. With this 

assumption, clearly an inhibition of store depletion would also inhibit SOCE. Since we assessed 

the need for [Ca2+]i  in the presence of [Ca2+]o, treatment with 2-APB could have been inhibiting 

IP3R-dependent store release or SOCE. To determine if CDCA-induced Isc is dependent on Ca2+ 

from intracellular stores, Ca2+ entry, or a combination of both, measurements of Isc can be 

performed with removal of [Ca2+]o as described by Nichols et al. (182). If extracellular Ca2+ is 

removed (to exclude SOCE contribution in CDCA-induced Isc), and addition of 2-APB further 

reduces the CDCA response (inhibition of IP3Rs), then the residual current should be solely 

PKA-dependent as all pathways contributing to cytosolic Ca2+ increase have been negated. 

Alternatively, if the CDCA response is the same in preparations without [Ca2+]o  ± 2-APB, then 

this would suggest that 2-APB is acting as a SOCE inhibitor and the residual current would be 

PKA and IP3R (release of Ca2+ from intracellular stores)-dependent. In this case buffering the 

cell with BAPTA and 2-APB, should leave a residual current that is solely PKA-dependent.   

In cases when there is no extracellular Ca2+ and the store is depleted, there can be 

activation of SOcAMPS as recently described by A.M. Hofer and colleagues in NCM460 colonic 

cells (138, 154) as well as in T84 cells (182). It is possible that CDCA could also be acting 
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through SOcAMPS, but this would suggest that there are local regions with very low [Ca2+]o, and 

when CDCA acts in these areas there is a compartmentalized increase in cAMP. However, it is 

more likely that SOCE, rather than SOcAMPS, is involved in CDCA action in T84 cells since 

CDCA’s increases in [Ca2+]i were dependent on both intracellular and extracellular Ca2+. 

Furthermore, SOcAMPS was independent of rises in [Ca2+], such that BAPTA-AM did not affect 

SOcAMPS-dependent Isc. This cannot be the case with CDCA since pretreatment with BAPTA-

AM significantly decreased CDCA-induced Isc, thus if CDCA was working in a SOcAMPS-

dependent manner, then it would be insensitive to BAPTA-AM. Additionally, if the experiments 

described above reveal a contribution of SOCE to CDCA-induced Isc, then SOcAMPS would not 

be activated.  

In addition to the involvement of Ca2+ signaling, as well as our previous findings on the 

contribution of PKA and CDCA-induced CFTR phosphorylation (15), the role of EGFR 

delineated in Chapter III implied that CDCA activated a variety of signaling cascades. 

Stimulation of T84 cells with CDCA led to an increase in the activation of several kinases that 

are associated with EGFR. Although CDCA significantly increased p38 and ERK 1/2, their 

individual inhibition, or combined inhibition had no effect on the CDCA-secretory response. 

Thus, p38 and ERK 1/2 may be involved in other physiological aspects of bile acid signaling, but 

not Cl- secretion. These MAPKs are considered survival kinases, and are typically activated 

when cells are stressed. In hepatocytes, bile acids activate both of these pathways as well as 

the FAS-receptor, such that anti- and pro-apoptotic pathways are activated simultaneously. 

Inhibition of the MAPKs potentiates bile acid-induced apoptosis (195, 196, 216). Unpublished 

results by our colleagues show that CDCA increases cytotoxicity and epithelial permeability 

(91), thus it is possible that p38 and ERK 1/2 kinases are activated because CDCA is inducing a 

stress response similar to bile acid action in hepatocytes. Furthermore, DCA and CDCA have 

been shown to increase IL-8 production in a p38-dependent manner in squamous epithelial cells 
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(219). Interestingly, our colleagues have also found that CDCA induces IL-8 release from T84 

cells (69), and it is conceivable that this may be via a p38-dependent mechanism.  

The lack of involvement of the MAPKs in CDCA-induced Cl- secretion lead us to hypothesize 

that PI3K may mediate CDCA signaling downstream of EGFR, however LY294002 had no 

effect. Interestingly 500nM wortmannin, another PI3K inhibitor, did attenuate the CDCA 

response. This implies that other target kinases for wortmannin, such as myosin light chain 

kinase, may be involved in CDCA action (39, 178, 242). To test the involvement of myosin light 

chain kinase, Isc can be measured in the presence of myosin light chain kinase inhibitors ML-7 

and ML-9. Alternatively, EGFR may be modulating activation of PLC (183), since PLC activation 

is implicated in CDCA action. As mentioned above, phosphorylation of tyrosine 992 on EGFR 

leads to activation of PLCγ. Therefore, it would be intriguing to measure the CDCA-induced IP3 

production in the presence of the EGFR inhibitor or in EGFR silenced cells. If PLC signaling is 

leading to IP3-dependent [Ca2+]i increases, then Fura2-AM measurements can be performed in 

EGFR inhibited or silenced cells.  

Our results implicated the role of EPAC-Rap2 signaling as a bridge between cAMP and Ca2+ 

in CDCA action. Additionally, CDCA may be causing a cAMP-dependent transactivation of 

EGFR. EPAC bridges cAMP and Ca2+ cascades by activation of Rap2 (108). If so, it is also 

possible that the EPAC-dependent increases in Ca2+ are mediating transactivation of EGFR. 

CDCA required MMP activation for full Isc responses, and MMP cleavage of EGFR ligands is 

dependent on Ca2+ (68, 193, 280). If such is the case in T84 cells, then CDCA-induced 

activation of EPAC would lead to increases in [Ca2+]i, activation of MMPs and ligand cleavage to 

transactivate EGFR.   

Although it is well known that Ca2+ contributes to Cl- secretion, how Ca2+ modulates CFTR 

activation is undefined. T84 cells express all 9 membrane bound adenylyl cyclases (129), thus it 

is possible that Ca2+ may be activating the Ca2+-dependent adenylyl cyclases to increase cAMP 

and activation of CFTR. In addition to Ca2+-dependent adenylyl cyclases, Billet and Hanrahan 
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proposed that CFTR could also be modulated by Ca2+-dependent activation of tyrosine kinases, 

which can inhibit phosphatases or which can phosphorylate CFTR directly (30), suggesting a 

possible role for EGFR inhibition of phosphatases or direct phosphorylation of CFTR. Moreover, 

cAMP is known to act in two ways to increase activation of CFTR: 1) PKA-dependent 

phosphorylation; and 2) increase in CFTR at the apical membrane via exocytosis (8, 99, 240, 

246). Recruitment of CFTR has yet to be related to EPAC action specifically but there is some 

evidence that cAMP-PKA are involved in CFTR regulation (36, 246), however exocytosis is 

often considered a Ca2+-dependent process. Based on the data presented here, one could 

hypothesize that in T84 cells, CDCA’s induction of Ca2+ signaling contributes to CFTR activation 

by increasing exocytosis of CFTR to the plasma membrane. Thus, while PKA phosphorylates 

CFTR, increases its open probability and contributes to membrane exocytosis, EPAC-Rap2-

Ca2+ signaling may further increase CFTR incorporation into the membrane. This could be 

determined by measuring changes in cell surface biotinylated CFTR induced by CDCA ± ESI-09 

to inhibit EPAC, as well as ± H89 to assess the involvement of PKA-dependent processes. If the 

CDCA-induced biotinylated fraction of CFTR is decreased in the presence of either ESI-09 or 

H89, it would suggest that both EPAC and PKA are involved in CFTR exocytosis.  

In an effort to better understand bile acid regulation of CFTR, we developed and 

characterized a HEK-CFTR cell line in Chapter V (77). Forskolin action in HEK-CFTR cells was 

dose-, CFTR-, and PKA- dependent. While H89 significantly reduced the forskolin response, the 

remaining response was still significantly higher than vehicle control for most time points. It is 

possible that forskolin-induced iodide efflux may also involve EPAC, such that ESI-09 may block 

the H89 insensitive iodide efflux. Similar to a partial inhibition with H89, CFTRinh172 did not 

fully block forskolin’s effect. It is unlikely that this is due to the activation of another channel, 

since forskolin was unable to increase iodide efflux in parental HEK-293 cells. It is conceivable 

that the inhibitor’s efficacy is reduced in an over-expression system as compared to one in 

which CFTR is endogenously expressed, such as T84 cells. The HEK-CFTR model may require 
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the combined addition of CFTRinh172 and another CFTR inhibitor such as GlyH-101, to fully 

attenuate the forskolin response. Based on the initial characterization with forskolin, the HEK-

CFTR cell line seemed useful to further study CDCA action. It was surprising to find that CDCA 

increased iodide efflux in both HEK-293 and HEK-CFTR cells, which suggested that CDCA was 

acting via another Cl- channel expressed in HEK-293 cells. Although CDCA caused a significant 

rise in [Ca2+]i, CDCA-induced iodide efflux was not significantly decreased by inhibition of 

TMEM16A with 20µM AO1 or by BAPTA-AM. Although these data suggest that TMEM6A may 

not be involved, it would nevertheless be intriguing to examine CDCA action in HEK-293 cells 

either over-expressing TMEM16A or in which TMEM16A has been silenced. It is also possible 

that ClC-2 may be contributing to Cl- transport in these cells. Finally it is possible that HEK-293 

cells may be more sensitive to the detergent properties of CDCA compared to T84 cells, and 

maybe membrane perturbations are sufficient to increase non-specific iodide efflux.   

Unlike CDCA’s cell type-dependent signaling, LCA’s effects in HEK-CFTR cells parallel our 

recently published findings in T84 cells (14). LCA did not stimulate iodide efflux, but it did 

significantly inhibit both the forskolin- and CDCA-induced iodide efflux in HEK-CFTR cells (77). 

These findings, taken with the findings in T84 cells (14), suggest that LCA is modulating a 

common mechanism required for Cl- transport in general. In T84 cells LCA inhibited K+ channel 

activity, which will block the driving force for Cl- secretion regardless of the identity of the Cl- 

channel. It is possible that this is also occurring in the HEK-CFTR cells. In polarized epithelial 

monolayers it is easy to determine the contribution of specific ion transporters on the apical and 

basolateral membranes. HEK-293 cells are not epithelial cells, and either indirect 

measurements of channel activity or patch clamp methodology will need to be utilized to better 

understand transport functions. For example, if forskolin is activating a K+ channel in HEK-CFTR 

cells, and this is inhibited by LCA, K+ channel activation may be measured using the FluxOR 

Potassium Ion Channel assay from Molecular Probes. In brief, K+ channels are permeable to 

thalium, such that when a K+ channel becomes activated, thalium will enter the cytosol and 
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fluorescence of FluxOR will increase. Using this assay, if LCA inhibits K+ channel activity, then 

the forskolin-induced change in fluorescence should be decreased compared to forskolin alone.  

Taken together, these findings further confirmed the differences in bile acid specificity being 

pro (CDCA)- and anti (LCA)-secretory. However, they demonstrated cell type-specificity of 

CDCA action, where CDCA activates CFTR in epithelial cells, but not in non-epithelial cells. It 

would be intriguing to elucidate CDCA action in other cell types typically used for genetic 

manipulations such as CHO and HeLa cells to see if CDCA also works in a CFTR-independent 

manner. It is also possible that the HEK-293 cells don’t express the same “receptor” as T84 

cells, such that CDCA action is not linked CFTR-dependent iodide efflux. If a CDCA receptor 

can be identified by GPCR-array screening, then HEK-293 and HEK-CFTR cells can again be 

used to assess CDCA-stimulated iodide efflux while overexpressing the GPCR.  

Findings from Chapters III and IV were partially validated using ex vivo intestinal epithelial 

organoids in Chapter VI. Organoids used in this study were of small intestinal and colonic crypt 

origin, and formed a simple spheroid structure with an enclosed lumen surrounded by an 

epithelial monolayer. This model was very useful as we were able to demonstrate that CDCA 

could induce organoid swelling, paralleling CDCA’s activation of Cl- secretion in T84 cells. 

Furthermore, we found that EPAC was involved in CDCA-induced colonic organoid swelling. 

These studies were preliminary and ongoing investigations will elucidate bile acid specificity and 

sidedness of action. Furthermore, EPAC is one aspect of the CDCA signaling cascade in T84 

cells, and it would be intriguing to measure the role of PKA and Ca2+ in the CDCA-induced 

changes in these cells. Additionally, LCA’s inhibition of organoid swelling would validate our 

results in T84 (14) and HEK-CFTR cells (77). 

As is the case of validating new models, the organoids need to be characterized, specifically 

by examining the expression of known transporters, as well as cell type-specific proteins. 

Results suggested that CDCA’s effect on organoid swelling may be specific to the region of the 

intestine, with its strongest pro-secretory effects in the colon. Our lab has previously shown both 
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region and age-specific differences in bile acid action in the rabbit intestine (118, 250, 259) and 

it would be interesting to see similar responses in intestinal organoids. Though mouse studies 

are more physiological than in vitro cell lines, recapitulating the CDCA signaling in human-

derived organoids would be ideal. Since organoids express all the cell types of the intestinal 

epithelium, their use will allow for the elucidation of bile acid action on all the cell types, rather 

than just focusing on the secretory cells modeled by the T84 cell line.  

The goal of this thesis was to elucidate potential mechanisms that contribute to bile acid-

associated diarrhea. Diarrhea is not only the consequence of excessive secretion, but is also 

the consequence of a decrease in absorptive processes. Interestingly, a recent study by Pallagi-

Kunstar et al. demonstrated that bile acids, specifically CDCA, inhibit NHEs and Cl-/HCO3
- 

exchangers in a Ca2+-dependent manner, contributing to the development of diarrhea (187). 

This finding substantiated the study by Alrefai et al. (7) where tauro-DCA and glycol-CDCA 

inhibited Cl-/OH- exchange in Caco-2 cells. Specifically, tauro-DCA action was dependent on 

Ca2+, PKCβ, and PI3K. Furthermore, unpublished studies in collaboration with our colleague Dr. 

J. Sarathy at Benedictine University (Lisle, IL), have demonstrated that apical addition of high 

concentrations of CDCA disrupt epithelial barrier integrity, redistribute tight junction proteins, 

and increase pro-inflammatory cytokine release from T84 cells (69, 91, 128). 

Taking the findings in this body of work, with the above cited studies, and with the previous 

work done on bile acid signaling, I propose that under conditions of increased colonic bile acids, 

such as that of irritable bowel syndrome or inflammatory bowel diseases, there is bile acid-

associated disruption of the epithelial barrier and increased pro-inflammatory cytokine 

production. Loosening of tight junctions (69, 91, 128) allows for bile acids to reach the 

basolateral surface where they can initiate signaling cascades to inhibit absorptive processes 

(7, 187) and activate secretory processes, manifesting in bile acid-induced diarrhea. CDCA 

specifically acts via a basolaterally localized receptor to induced cAMP-dependent activation of 

PKA and EPAC. PKA leads to an increase in phosphorylation of CFTR (15), while EPAC 



178 
	  

 
	  

activates Rap2 and PLCε-dependent production of Ca2+. This initial increase in Ca2+ can then 

activate MMPs which will lead to transactivation of EGFR (Chapter III and IV). EGFR will then 

stimulate PLCγ to further increase Ca2+ signaling (Chapter IV and VI), contributing to a robust 

increase in Cl- secretion via CFTR (Figure 46).  

All of these studies look at the action of one bile acid at a time, which is not fully 

representative of the in vivo environment, as other bile acid species will be present in the colon. 

Thus it would be intriguing to look at the regulation of the bile acid signaling pathways when 

there is more than one type of bile acid present. These studies would be performed with bile 

acid combinations that mimic their in vivo concentrations under normal and pathophysiological 

conditions. It is conceivable that the fine tuning of the pathways resulting in hyper- or hypo- 

activation of transport processes is controlled by the relative concentrations of the different bile 

acids. Currently, bile acid sequestrants are useful for people that suffer from bile acid 

malabsorption, but they are known to cause constipation, diarrhea, bloating, flatulence, and 

interference of lipid-soluble vitamin absorption. Hence, there is a need for identifying more direct 

therapies, which will not have adverse side effects, and could be based on the signaling 

mechanisms described in this work. For example, identification of a receptor related to bile acid 

activation of Cl- secretion or inhibition of absorption could be a therapeutic target for patients 

that suffer from bile acid-associated diarrheas. This investigation has provided a framework for 

bile acid signaling and will lay the foundation for future studies in understanding bile acid-

associated diarrheas.   
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Figure 46: Summary of the complex network of signaling cascade induced by CDCA. CDCA 
activates Cl- secretion in a rapid manner from the basolateral side. Activation of an unidentified 
bile acid receptor (BA-R) results in cAMP activation of PKA and EPAC. PKA phosphorylates 
CFTR (15) and EPAC activates Rap2 to lead to an increase in Ca2+ which further contributes to 
activation of CFTR. PKA and EPAC may also be transactivating EGFR (dotted line 1) which 
further modulates the signaling pathways that contribute to CDCA-induced Cl- secretion. CDCA 
may be initiating this signaling cascade through an unidentified bile acid receptor that may be 
activating PLC directly (dotted line 2), or CDCA may be acting via membrane perturbations 
(dotted line 3).
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