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Abstract

Obesity and a western diet have been linked to high levels of bile acids and the development of 

colon cancer. Specifically, increased levels of the bile acid deoxycholic acid (DCA), an established 

tumor promoter, has been shown to correlate with increased development of colorectal adenomas 

and progression to carcinoma. Herein we investigate the mechanism by which DCA leads to 

EGFR-MAPK activation, a candidate mechanism by which DCA may promote colorectal 

tumorigenesis. DCA treated colon cancer cells exhibited strong and prolonged activation of 

ERK1/2 when compared to EGF treatment alone. We also showed that DCA treatment prevents 

EGFR degradation as opposed to the canonical EGFR recycling observed with EGF treatment. 

Moreover, the combination of DCA and EGF treatment displayed synergistic activity, suggesting 

DCA activates MAPK signaling in a non-canonical manner. Further evaluation showed that DCA 

treatment increased intracellular calcium levels and CAMKII phosphorylation, and that blocking 

calcium with BAPTA-AM abrogated MAPK activation induced by DCA, but not by EGF. Finally 

we showed that DCA-induced CAMKII leads to MAPK activation through the recruitment of c-

Src. Taken together, we demonstrated that DCA regulates MAPK activation through calcium 

signaling, an alternative mechanism not previously recognized in human colon cancer cells. 

Importantly, this mechanism allows for EGFR to escape degradation and thus achieve a 

constitutively active state, which may explain its tumor promoting effects.
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1. Introduction

Obesity and a western diet lead to increased levels of bile acids [1]. High levels of bile acids 

in the gut have long been linked to the development of many gastroenterological conditions, 

namely adenocarcinoma of the colon and rectum [2]. Consistent with this, patients 

diagnosed with colorectal polyps have been shown to also have elevated fecal bile acid 

concentrations [3]. Specifically, high levels of the secondary bile acid deoxycholic acid 

(DCA) in fecal matter and patient’s serum correlates with increased adenomatous polyp 

recurrence and the development of higher grade, and more aggressive disease [4]. Animal 

studies have confirmed that DCA acts as a tumor promoter, leading to increased tumor 

development in rodents that have been initiated with the chemical carcinogen, azoxymethane 

[5–7]. It is unclear how DCA achieves this, but recent studies point to DCA’s role in 

activating specific cell signaling pathways as a possible explanation. In vitro, DCA is able to 

stimulate the proliferation of human colonic biopsies as well as induce the activation of 

mitogenic signaling, which could lead to hyperplasia [8, 9]. Studies have begun to elucidate 

signaling pathways regulated by bile acids, however, the mechanism of these activities are 

not well understood.

The main physiological role of bile acids is to facilitate the absorption of dietary lipids and 

lipid soluble vitamins[10]. However, as mentioned above, recently it has become clear that 

bile acids can also act as versatile signaling molecules and even regulate gene expression. 

Bile acids were initially shown to control the expression of the rate limiting enzyme in the 

bile acid synthetic pathway, cholesterol 7 alpha-hydroxylase, through a bile acid response 

element that requires protein kinase C activity [11, 12]. Subsequently, several laboratories 

showed that bile acids could stimulate many molecules including nuclear receptors, G 

protein coupled receptors and mitogenic signaling pathways [13]. Further analysis 

demonstrated that bile acids, DCA in particular, could stimulate MAP kinase signaling 

through activation of the epidermal growth factor receptor (EGFR) in rat hepatocytes [14]. 

Consistent with this, our lab has demonstrated that the tumor promoting bile acid DCA 

induces phosphorylation of EGFR in HCT116 colorectal adenocarcinoma cells, resulting in 

the downstream activation of RAS, RAF, and ERK1/2 [15]; suggesting that DCA could be a 

key regulator the EGFR-MAPK pathway in colon cancer cells. It is well known that over-

activation of EGFR-MAPK signaling in colon cancer cells leads to uncontrolled 

proliferation and cell survival. Hence, these observations suggested that understanding the 

mechanism by which DCA regulates this pathway may help elucidate its function as a tumor 

promoter.

Previous studies are limited and have shown conflicting results when examining the 

mechanism by which DCA leads to activation of EGFR-MAPK signaling. Some groups 

have shown that the process is ligand independent, while others have ascertained that DCA 

can only activate EGFR when natural ligand, such as EGF is present [16, 17]. Moreover, 
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some studies suggest that DCA-induced membrane perturbations may also be involved in the 

activation of EGFR-MAPK [18–21]. However, the fact that EGFR activation can occur 

directly or indirectly through a number of converging signaling pathways has led to 

considerable difficulty in elucidating this mechanism. In this study we were able to show 

that DCA leads to ligand independent activation of EGFR and subsequent MAPK signaling 

through a non-traditional mechanism not previously described in colon cancer cells. 

Furthermore, we present data which shows that this mechanism of activation allows for 

EGFR to escape degradation, suggesting that increased levels of DCA in the colon may be 

one mechanism leading to the over-activation of EGFR observed in colon cancers.

2. Materials and methods

2.1 Cell lines and tissue culture

HT-29 human colorectal Adenocarcinoma cells were obtained as a cryopreserved vial from 

Dr. Donato Romagnolo (University of Arizona, Department of Nutritional Sciences) at 

passage two after ATCC purchase. The cells are maintained in DMEM with 10% fetal bovin 

serum (VWR Seradigm Life Sciences, Radnor, PA) and Penicillin-Streptomycin (Corning 

Inc., Corning, NY ), and incubated at 37°C with 5% CO2. Serum free media was made up of 

DMEM and Penicillin-Streptomycin.

2.2 Cell treatments and lysate preparation

HT-29 cells were plated in 6 well dishes at a density of 1.0×106 cells/well and cultured in 

10% complete media for 24 hours to allow for adherence. After 24 hours, the complete 

media was replaced with serum-free media for 18 hours prior to any treatment. Cells were 

then treated with human recombinant EGF (Corning Inc.), DCA (Sigma-Aldrich, St. Louis, 

MO), or ionomycin (Sigma-Aldrich). In some studies pretreatment of HT-29 cells with 

inhibitors including PD153035 1μM (Santa Cruz Biotechnology, Dallas, Texas), BAPTA-

AM (Santa Cruz Biotechnology), SKI (Santa Cruz Biotechnology) or Kn-93 (Cayman 

Chemical, Ann Arbor, MI) preceded treatments. Treated cells were washed with PBS, 

scraped and lysed with RIPA buffer containing HALT protease and phosphatase inhibitor 

cocktail (ThermoFisher Scientific, Waltham, MA) at various time points. Lysates were 

sonicated and spun down, removing contaminating DNA and cell debris. Protein was 

harvested from the supernatant and quantified using a BCA protein assay kit (ThermoFisher 

Scientific).

2.3 Antibodies and western blot

Western blot analysis was performed using 10–20μg of protein. Samples were boiled for 5 

minutes with 1x Laemmli sample buffer (Bio-Rad, Hercules, CA) containing 2-

Mecaptoethanol (Sigma-Aldrich). Once cooled, samples were loaded with into 10% SDS-

PAGE Tris-Glycine gels (Life Technologies, Carlsbad, CA). The gels were run at 125 volts 

for 1 hour and 45 minutes at room temperature using the Novex Mini cell system (Life 

Technologies). The gels were then transferred onto a PVDF membrane (Millipore Billerica, 

Ma) also using the Novex Mini cell system, at 25 volts for 1 hour 30 minutes. The 

membranes were blocked using 5% blotting grade blocker (Bio-Rad) for 30 minutes at room 

temperature then incubated in primary antibodies overnight at 4°C. All primary antibodies 
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were used at a 1:800 dilution in 5% BSA (Sigma-Aldrich) in TBS-T with 0.1% Sodium 

Azide (Sigma-Aldrich). Primary antibodies that were used in this study include: p-ERK1/2 

(Cell Signaling Technologies, Danvers, Ma), total ERK1/2 (Cell Signaling Technologies), p-

EGFR Tyr1068 (Cell Signaling Technologies), total EGFR (Cell Signaling Technologies), p-

EGFR Tyr845 (Cell Signaling Technologies), p-CAMKII (Santa Cruz Biotechnologies), β-

actin (Sigma-Aldrich) and p-c-Src (Cell Signaling Technologies). Once blotted with primary 

antibody, the membranes were washed three times for 5 minutes per wash with TBS-T, and 

incubated with the appropriate anti-Rabbit or anti-Mouse HRP conjugated secondary 

antibodies (Jackson Immunoresearch, West Grove, PA) at a dilution of 1:10,000–1:15,000. 

Following another wash cycle, chemiluminescence was detected using SuperSignal West 

Pico chemiluminescent substrate (ThermoFisher Scientific).

2.4 Densitometry

Densitometry was calculated using Image J software and Densitometry 1 Channel plugin. 

All values shown are the protein of interest divided by the respective β-actin loading control 

value. Values were normalized by setting the no treatment (NT) value to 1. If the measured 

values were 0 then no data (ND) was inserted.

2.5 Viability assay

HT-29 cells were plated in 6 well dishes as described above in cell treatments and lysate 

preparation section. Following treatments, cells were harvested by adding 1ml 0.5% trypsin-

EDTA for 5 minutes at 37°C. Trypsin-EDTA was neutralized with 1ml complete media, and 

cells were pelleted by centrifugation. Cells were then resuspended in 25μl of complete 

media, followed by treatment with 10 μl of dye mixture (100μg/ml each Acridine Orange 

and Ethidium Bromide). 10 μl of cells were placed onto a glass slide and covered with a 

22mm coverslip. Cells were visualized using a Nikon Eclipse E800 epifluorescent 

microscope. A minimum of 500 cells were counted per treatment group. All experiments 

were conducted in triplicate.

2.6 Calcium assay

HT-29 cells were plated in a 96-well clear bottom black plate (Greiner Bio-one, 

Kremsmünster, Austria), at a density of 40,000 cells/well in complete media and incubated 

for 24 hrs. The media was removed and cells were incubated with 100μl of 1x dye loading 

solution from the Fluo-4 NW Calcium assay kit (Life Technologies). The dye solution was 

then removed and replaced with 100μl of DCA or ionomycin. Plates were read immediately 

on SpectraMax M2 kinetic plate reader (Molecular Devices, Sunnyvale, California), using 

SoftMax Pro v6.3 software analysis.

3. Results

3.1 DCA activates EGFR-MAPK signaling in a ligand-independent manner and enhances 
EGF-induced signaling

Previous studies have documented that DCA treatment leads to an increase in EGFR-MAPK 

signaling in colon cancer cells [15, 22–25]. However, it is unclear whether the natural ligand 

(EGF) is required. There is literature to support both ligand dependent [17] and independent 
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activation [16] of this pathway which was conducted in cholangiocyte cells and hepatocytes 

respectively. However studies in colon cancer cells has been inconclusive, either due to lack 

of mechanistic evaluation or failure to perform these studies in the absence of serum 

containing medium [15, 23–25]. Understanding the precise mechanism in colon cancer will 

allow for a better understanding of the tumor biology when bile acid concentrations are 

elevated in the colon. To resolve this we treated HT-29 cells with DCA alone or in 

combination with EGF under serum starved conditions in order to eliminate the effect of 

EGF and other growth factors present in serum. Immunoblotting showed that DCA treatment 

alone was sufficient to cause activation of ERK1/2, although the level of activation was less 

than that observed with EGF treatment (Figure 1A). Interestingly, co-treating with DCA and 

EGF resulted in a more pronounced phosphorylation of ERK1/2 that persisted for several 

hours (Figure 1B), suggesting that DCA may act through a mechanism distinct from, but 

complementary to MAPK activation induced by EGF.

DCA has both mitogenic and apoptotic effects on colorectal cells. In fact, these biological 

features lend to the molecules tumor promoting abilities. Simultaneous stimulation of 

apoptosis as well as cell growth allows for DCA to exert a selective pressure on colonic 

epithelium [16, 25]. Consequently, cells that are sensitive to DCA’s apoptotic effects die off 

and can be replaced with cells that have developed resistance to this pressure while at the 

same time receiving mitogenic stimulation [26]. In order to insure that the cells we are 

studying are still viable at the concentration and time of DCA treatment used in figure 1A 

and 1B, we performed an acridine orange and propidium iodine viability assay, on samples 

prepared under the same conditions. These results are presented in figure 1C, showing that 

the cells are clearly viable. HT-29 cells are more resistant to the effects of DCA-induced 

apoptosis than other human colorectal adenocarcinoma cells, such as HCT116. Furthermore, 

they can withstand the requirement for serum starvation, mandated when studying a 

mitogenic signaling pathway, such as EGFR. These results show that the conditions used in 

this manuscript for DCA treatment are optimal for studying the effects of DCA on mitogenic 

signaling in colorectal cancer.

3.2 DCA activation of ERK1/2 requires EGFR but does not result in tyrosine 1068 
phosphorylation of the receptor

The epidermal growth factor receptor is directly upstream of the MAP kinase signaling 

cascade. Binding with the EGF ligand leads to dimerization and autophosphorylation at 

tyrosine 1068 (Tyr1068), resulting in activation of MAPK signaling [27]. Given that DCA 

treatment induces downstream MAPK activation with increased phosphorylation of ERK1/2, 

we sought to determine whether DCA’s effects are occurring upstream of the MAPK 

signaling cascade at the EGFR. Current studies of bile acid signaling in human colorectal 

adenoma cells have been insufficient in their examination of mechanisms leading to DCA-

induced MAPK activation [22]. In particular, the role of EGFR in this process has been 

inadequately investigated. To examine this directly, HT-29 cells were serum starved and 

exposed to DCA. The phosphorylation status of EGFR was evaluated at the traditional site 

Tyr1068 as well as downstream at ERK1/2 phosphorylation. Because previous studies in 

hepatocytes have shown that ligand-independent activation of EGFR can occur rapidly in 

response to DCA [16], we examined phosphorylation at early time points of 5, 10, and 15 
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minutes post DCA treatment. Figure 2A shows that DCA alone could induce ERK1/2 

phosphorylation as early as 10 minutes after treatment, however, EGFR did not become 

phosphorylated at Try1068 as was observed with EGF treatment. This observation could be 

interpreted in two ways: 1) EGFR is not involved in DCA-induced ERK1/2 activation or 2) 

DCA results in activation of EGFR in the absence of inducing phosphorylated Try1068.

To test these possibilities we pretreated HT-29 cells with PD153035, a selective ATP 

competitive inhibitor of EGFR activation, before exposing to EGF or DCA. Pretreating with 

the EGFR inhibitor led to a complete blockade of DCA-induced ERK1/2 phosphorylation 

(Figure 2B), indicating that EGFR is required for downstream activation of ERK1/2 by 

DCA. In conclusion, DCA-mediated activation of MAPK signaling requires EGFR. 

However, DCA does not result in phosphorylation of EGFR on Tyr1068. These data support 

the notion that DCA results in MAPK activation through an alternative mechanism.

Interestingly, when examining total protein levels of EGFR and ERK1/2 in figure 2A we 

observed that EGF, but not DCA treatment, leads to degradation of these proteins. This is 

import because it demonstrates that DCA can lead to activation of MAPK signaling in a 

manner which is not regulated by traditional negative regulator processes present with ligand 

dependent activation. This further exemplifies the differences between DCA’s activation 

mechanism and EGF, and suggests that constitutive activation of this pathway may be one 

manner by which DCA exerts its tumor promoting effects. We therefore further investigated 

how DCA is capable of leading to unregulated activation of the EGFR-MAPK pathway.

3.3 DCA induces calcium from extracellular stores

The data above indicated that DCA leads to the activation of EGFR-MAPK signaling, but 

that the mechanism of EGFR activation by DCA is very different from that observed with 

EGF treatment. Most notably, EGFR is not phosphorylated at Tyr1068. The EGFR-MAPK 

pathway interacts with a number of other signaling cascades. Non-canonical activation of 

this pathway may be achieved by DCA through any number of direct or indirect interactions. 

One option is the regulation of EGFR through the induction of second messengers. It has 

been shown that DCA induces calcium in colorectal cancer cells and that the ability of DCA 

to induce cellular apoptosis is directly mediated through the effects of calcium [28, 29]. 

However, the effects of calcium-related signaling on other cellular processes in colon cancer 

cells, namely EGFR-MAPK activation, have not been examined Previous research in 

vascular smooth muscle cells has demonstrated that the second messenger, calcium, is able 

to induce EGFR-MAPK activation in a non-traditional fashion [30–32]. Therefore we 

postulated that DCA-induced calcium may be playing a role in the non-canonical activation 

of EGFR-MAPK pathway. First we examined the ability of DCA to induce calcium in our 

system. Not surprisingly we demonstrated that DCA caused increased levels of calcium. 

Specifically, measurements of calcium levels in the cells showed that DCA induced a rapid 

and sustained change in calcium levels in a dose dependent manner (Figure 3A), which 

could be blocked using the cell permeable calcium chelator BAPTA-AM (Figure 3B). To 

determine the source of DCA-induced calcium we examined the ability of DCA to induce 

calcium fluctuations in the absence of calcium containing buffer. Figure 3C shows that when 

calcium is absent DCA is unable to induce a rise in calcium levels in HT-29 cells. These data 
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demonstrate that DCA is utilizing extracellular stores to modify calcium levels in HT-29 

cells. Similar data is observed with ionomycin treatment, suggesting that DCA, like 

ionomycin, has the ability to mobilize calcium across biological membranes (Figure 3C).

We predicted that DCA-induced calcium was responsible for the induction of EGFR-MAPK 

activation, so we hypothesized that ionomycin, an ionophore which raises the intracellular 

levels of calcium, would also be capable of inducing MAPK activation. We therefore treated 

cells with ionomycin and investigated both ERK1/2 phosphorylation as well as 

phosphorylation of EGFR at Tyr1068. As expected we saw that ionomycin could indeed lead 

to phosphorylation of ERK1/2 and that this, similar to DCA treatment, occurred in the 

absence of EGFR phosphorylation at Tyr1068 (Figure 4A). These data suggested that 

calcium itself could lead to non-canonical activation of EGFR-MAPK signaling, and 

therefore may be a key player in understanding DCA’s ability to regulate this pathway. In 

order to directly evaluate this we tested whether blocking calcium fluctuations by using 

BAPTA-AM could abrogate the activation of ERK1/2 induced by DCA and ionomycin. We 

found that pretreatment with BAPTA-AM, which blocked the increase in calcium (Figure 

3B), also suppressed ERK1/2 phosphorylation induced by DCA and ionomycin (Figure 4B). 

Moreover, BAPTA-AM did not suppress EGF-induced ERK1/2 activation (Figure 4C). 

These data confirm that calcium plays a role in the non-canonical activation of mitogenic 

signaling induced by DCA and supports the hypothesis that a change in the level of calcium 

in HT-29 cells is necessary for the induction of EGFR-MAPK activation.

3.4 DCA induces activation of downstream signaling targets

Calcium signaling has been extensively studied and it has been shown that calcium 

fluctuations can lead to the activation of a molecule known as calmodulin. Calmodulin is a 

calcium binding protein that propagates calcium signaling by binding calcium ions and 

facilitating the interactions between calcium and other target proteins [33]. Calmodulin 

activation can be detected simply by looking at phosphorylation of one of its target proteins 

Calmodulin-related kinase II (CAMKII), which is directly phosphorylated in response to 

calmodulin activation. Furthermore, data gathered in vascular endothelial cells has shown 

that calcium-regulated EGFR-MAPK activation is mediated through CAMKII, followed by 

the recruitment of the oncoprotein c-Src. We therefore examined the effects of DCA and 

ionomycin on CAMKII phosphorylation. Figure 5A shows that DCA does indeed lead to 

phosphorylation of the molecule CAMKII, further demonstrating that the bile acid DCA can 

increase intracellular calcium levels that activate calcium-related signaling. To test if 

CAMKII participates in DCA-induced MAPK activation we treated HT-29 cells with the 

CAMKII inhibitor Kn-93 or the control compound Kn-92. Neither ionomycin nor DCA-

induced ERK1/2 phosphorylation was affected by the control compound, but Kn-93 was 

able to suppress DCA-induced ERK1/2 phosphorylation completely (Figure 5B) 

demonstrating the necessity of CAMKII for DCA’s regulation of MAPK signaling.

As mentioned above, one of the downstream targets of CAMKII is c-Src, a non-receptor 

bound tyrosine kinase protein. This oncoprotein has been linked to the progression and 

development of colon, breast and prostate cancer. In colon cancer c-Src levels are found to 

be increased 5–8 fold in polyps and increased expression correlates with advanced stage and 
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malignant cancer potential. Most importantly, c-Src activation by CAMKII has been linked 

to transactivation of EGFR, and subsequent MAPK signaling in vascular smooth muscle 

cells [30–32]. In this situation c-Src leads to EGFR activation through the phosphorylation 

of unspecified tyrosine residues [30]. Bile acids have also been shown to induce c-Src 

activation, through unknown mechanisms, in hepatocytes [34], human cholangiocarcinoma 

cells [35], and colorectal cells [36, 37]. c-Src has been suggested as one potential 

mechanism of DCA-induced EGFR-MAPK activation in hepatocytes and gastrointestinal 

cancers although no data testing this hypothesis directly has been conducted in colorectal 

cells [35, 38]. Based on the current information we directly evaluated the role of c-Src in 

DCA-induced EGFR-MAPK activation using the c-Src specific inhibitor (Src kinase 

inhibitor 1) SKI. SKI is a potent competitive inhibitor of c-Src, competing at both the ATP 

binding site and the peptide binding site of the kinase. Figure 5C demonstrates that when 

cells are treated with SKI, DCA-induced phosphorylation of ERK1/2 is lost. These data 

show that c-Src plays a key role in the ability of DCA to induce EGFR- MAPK activation. 

Previous research demonstrated that unspecified phosphorylation of EGFR by calcium-

induced c-Src mediated EGFR-MAPK activity. It is now known that c-Src is capable of 

phosphorylating EGFR on four major tyrosine residues: 845, 891, 920, and 1101 [32]. Of 

these, phosphorylation site tyrosine 845 (Tyr845), and to a lesser extent 1101, have been 

demonstrated to be important in MAPK activation, while 891 and 920 are associated with 

PI3K activation [32, 39]. We therefore predicted that DCA treatment would lead to 

phosphorylation of the c-Src-specific phosphorylation site Tyr845 on EGFR, if c-Src was in 

fact binding to and causing phosphorylation of the receptor. Figure 5D clearly demonstrates 

that DCA induces phosphorylation of Tyr845, but not Tyr1068 which further supports the 

notion that c-Src is a mediator of DCA-induced EGFR modification. .

Taken together our data shows that the bile acid DCA is capable of inducing ligand 

independent activation of EGFR and subsequent MAPK signaling through a novel 

mechanism in colon cells that is dependent on calcium, CAMKII, and c-Src. Moreover, we 

have elucidated a novel non-canonical activation pathway of EGFR-MAPK signaling 

regulated by calcium fluctuations, which has previously not been described in colorectal 

adenocarcinoma cells.

4. Discussion

In these studies we have demonstrated that treatment of human colon cancer cells with 

250μM DCA, similar to levels induced by a western diet, results in the calcium dependent 

activation of p-CAMKII, c-Src and phosphorylation of EGFR at the c-Src dependent 

phosphorylation site Tyr845. This activation mediated the downstream activity of MAPK 

and subsequent ERK1/2 activation. Furthermore, we showed that EGF and DCA together 

lead to a strong and prolonged MAPK activation compared to either treatment alone, 

demonstrating that both the traditional and non-canonical signaling can occur 

simultaneously. These data elucidate the previously unidentified mechanism by which DCA 

leads to activation of the pro-tumorigenic EGFR-MAPK pathway in colon cancer, and 

clearly demonstrates DCA’s diversity as an activator of this pathway.
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The levels of fecal bile acids in healthy individuals range from 50–150μM [40, 41] with 

increased levels of DCA observed in patients diagnosed with colorectal cancers or adenomas 

[42]. Moreover, individuals who consume a high fat diet can often present with levels of 

DCA ranging from 200–300μM in their fecal water [43–46]. Levels within this range are 

associated with an increased risk of colorectal adenoma development and colorectal cancer 

[2–4]. Colon cancer cells treated with DCA at levels found within this range are sufficient to 

induce strong activation of EGFR-MAPK signaling, [15, 24, 25, 47]. Individuals on a 

vegetarian diet have lower levels of DCA in their fecal water and are also at a lower risk for 

developing colon cancer [48]. Consistent with this, DCA at less than 100μM does not induce 

apoptosis [49] or activation of mitogenic signaling [24]. Hence, the levels of bile acids used 

in our studies, which show stimulation of mitogenic signaling, are associated with increased 

tumorigenesis and may promote tumor development in humans.

We also determined during our characterization of DCA mediated signaling that its 

activation of EGFR did not trigger degradation of the receptor as is observed when EGFR is 

activated by EGF. All of our studies were performed in serum-free conditions which allowed 

us to tease out what effects were due solely to DCA treatment as opposed to the 

contamination of other growth factors. We are the first to clearly show that DCA can activate 

EGFR-MAPK in a ligand independent manner as well as synergize with the natural ligand 

EGFR. These data clearly address the ambiguity in the field and show that DCA can 

modulate ERK1/2 activity in both ligand dependent and ligand independent manner. Our 

demonstration that DCA can stimulate activity of EGFR that is not accompanied by 

degradation supports the notion that DCA can promote hyper-stimulation of EGFR-mediated 

signaling and that this may be important for this bile acid’s tumor promoting properties. 

Finally, because we have determined that DCA may be activating cellular signaling through 

calcium mobilization it is plausible that calcium inhibitors may help ameliorate DCA’s 

tumor promoting effects in patients with increased DCA levels. Figure 6 summarizes our 

model of DCA-induced MAPK activation mediated through calcium. Under these 

circumstances we have demonstrated that calcium fluctuations lead to the activation of 

calcium-related signaling molecule CAMKII and subsequent c-Src activation, resulting in 

alternative activation of EGFR at Tyr845. This signaling cascaded results in activation of 

MAPK signaling. These findings suggest one possible explanation for the clinically 

observed link between high levels of DCA and increased adenoma development and imply 

that targeted therapies against molecules within the non-canonical activation pathway of 

EGFR regulation may reduce the risk of colon cancer in patients with increased levels of 

DCA. Moreover, therapies which solely target the ligand binding domain of EGFR, such as 

Cetuximab, used to treat stage IV colorectal cancer, would not be sufficient if this alternative 

pathway is intact. Our research demonstrated that calcium has the previously unappreciated 

function of regulating EGFR activity in colon cancer. These unexpected results warrant 

further evaluation of the alternative activation pathway of EGFR in cancer patients, 

particularly because it seems to bypass traditional negative regulatory processes.
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Highlights

• Non-canonical activation of EGFR-MAPK signaling by deoxycholic acid is 

elucidated.

• The mechanism is dependent on calcium influx.

• Activation of EGFR in this manner allows for it to escape degradation.
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Fig. 1. DCA induced activation of EGFR-MAPK signaling
HT-29 cells were grown to 80% confluence and then serum starved for 18 hours prior to 

treatments. (A) Cell cultures were either not treated (NT) or treated with 100 ng/ml EGF or 

with 250 μM DCA alone for the times indicated. (B) HT-29 cells were either not treated 

(NT) or treated with 100 ng/ml EGF only or in combination with 250 μM DCA for the times 

indicated. Lysates were prepared from the treated cells and phosphorylated ERK1/2 was 

detected by immunoblotting of the SDS-PAGE fractionated proteins. β-actin was used as the 

loading control. Densitometry values were calculated as described in methods. The results 

for a typical experiment are shown. (C) Acridine Orange and Ethidium Bromide assay was 

performed to detect levels of apoptosis in HT-29 cells treated with 250 μM DCA or DCA 

plus 100 ng/ml EGF at times indicated (min.).
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Fig. 2. DCA activation of ERK1/2 requires EGFR but does not result in phosphorylation of the 
receptor at Tyr1068
(A) HT-29 cells were grown as described in Figure 1 and either not treated (NT) or treated 

with 100ng/ml EGF or 250μM DCA for the times indicated. Extracts were prepared and 

probed for the presence of phosphorylated EGFR at Tyr1068, total EGFR, phosphorylated 

ERK1/2, total ERK1/2, or β-actin protein using immunoblotting. (B) HT-29 cells were either 

not treated (NT), treated with 100 ng/ml EGF for 15 minutes, or with 250 μM DCA for 60 

minutes. Parallel cultures were pretreated with 1μM PD153035 for two hours prior to being 

exposed to either EGF or DCA. Protein extracts were fractionated by SDS-PAGE and 

probed either for phosphorylated EGFR, phosphorylated ERK1/2, or β-actin. These 

experiments were done three times. The results for a typical experiment are shown.
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Fig. 3. DCA induces Ca2+ influx
(A) HT-29 cells were grown in 96 well plates, serum starved as described in Figure 1, and 

then treated with DCA at the concentrations indicated. Thirty reads per well were taken 

every 10 seconds for 20 minutes. (B) HT-29 cells were preincubated with 20μM BAPTA-

AM for 30 minutes prior to treating with DCA. Sixteen readings per well were taken every 5 

seconds for 5 minutes total. C) Calcium assay was performed as previously described 

(methods), Calcium-free conditions were created by utilizing calcium-free assay buffer in 

place of traditional assay buffer. Treatment with DCA or ionomycin at the concentrations 

indicated, were carried out in calcium free conditions (CA-free) where indicated or 

conventional calcium-containing assay buffer (CA+). Kinetic reads were taken every 10 sec 

for 20 min. Data points show the average of two wells and all points are normalized to the 

lowest read per plate. HT-29 cells incubated with DCA and ionomysin at the concentrations 
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indicated were used for comparison. These experiments were performed nine times. The 

results from a typical experiments are depicted.

Centuori et al. Page 17

Biochim Biophys Acta. Author manuscript; available in PMC 2017 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. Ionomycin or DCA-induced ERK1/2 phosphorylation can be blocked by BAPTA-AM
HT-29 cells were grown and serum starved as described in Figure 1. (A) The cells were then 

treated with 1 μM ionomycin for the times indicated. (B) HT-29 cells were either pretreated 

with 20μM BAPTA-AM for 30 minutes or left untreated and then incubated with increasing 

doses of DCA for 60 minutes, ionomycin for 5 minutes or (C) 100ng/ml EGF for 15 

minutes. Results for a typical immunoblot experiment are shown.
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Fig. 5. DCA stimulates ERK1/2 phosphorylation through c-Src
(A) HT-29 cells were either left untreated or treated with 1 μM ionomycin or 250 μM DCA 

for the times indicated. For all experiments protein extracts were prepared from the treated 

cells and probed by immunoblotting for phosphorylated ERK1/2, phosphorylated EGFR, or 

phosphorylated CAMKII. (B) Serum starved HT-29 cells were treated with 25μM of either 

Kn-29 (control compound) or Kn-93 (CAMKII inhibitor) for 60 minutes. Treatment with 

ionomycin (1μM) for 5 minutes or DCA (250μM) for 60 minutes followed. Cell lysates were 

harvested and levels of p-ERK1/2 were evaluated by western blotting. (C) HT-29 cells were 

either left untreated (−) or pre-incubated with increasing concentrations of Src Kinase 

Inhibitor (SKI), followed by no treatment (NT) or 250 μM DCA treatment for 60 minutes. 

(D) HT-29 cells, grown and prepared as before, were treated with EGF (100ng/ml) or DCA 

(250 μM) at the times indicated. Extracts prepared from the cells were then probed for 

phosphorylated EGFR (Tyr1068 or Tyr845), or phosphorylated ERK1/2 using the 

Centuori et al. Page 19

Biochim Biophys Acta. Author manuscript; available in PMC 2017 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



appropriate antibodies. β-actin was used as a loading control for all experiments A–D. 

Examples of typical results are shown.
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Fig. 6. 
Non-canonical signaling activation of EGFR-MAPK
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