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Abstract

Besides its essential role in controlling bile acid and lipid metabolism, the farnesoid X receptor (FXR) protects against
intestinal tumorigenesis by promoting apoptosis and inhibiting cell proliferation. However, the mechanisms underlying
these anti-proliferative actions of FXR remain to be elucidated. In the present study, we examined the effects of FXR
activation (FXR overexpression and treatment with an FXR agonist GW4064) and inactivation (treatment with FXR siRNA and
an FXR antagonist guggulsterone) on colon cancer cell proliferation in vitro using human colon cancer cell lines (H508, SNU-
C4 and HT-29) and in vivo using xenografts in nude mice. Blocking FXR activity with guggulsterone stimulated time- and
dose-dependent EGFR (Tyr845) phosphorylation and ERK activation. In contrast, FXR overexpression and activation with
GW4064 attenuated cell proliferation by down-regulating EGFR (Tyr845) phosphorylation and ERK activation. Treatment
with guggulsterone and GW4064 also caused dose-dependent changes in Src (Tyr416) phosphorylation. In stably-
transfected human colon cancer cells, overexpression of FXR reduced EGFR, ERK, Src phosphorylation and cell proliferation,
and in nude mice attenuated the growth of human colon cancer xenografts (64% reduction in tumor volume; 47%
reduction in tumor weight; both P,0.01). Moreover, guggulsterone-induced EGFR and ERK phosphorylation and cell
proliferation were abolished by inhibiting activation of Src, EGFR and MEK. Collectively these data support the novel
conclusion that in human colon cancer cells Src-mediated cross-talk between FXR and EGFR modulates ERK
phosphorylation, thereby regulating intestinal cell proliferation and tumorigenesis.
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Introduction

The farnesoid X receptor (FXR, NR1H4), a member of the

nuclear receptor superfamily of ligand-activated transcription

factors, is highly expressed in the liver and gastrointestinal tract

[1,2,3]. To regulate expression of genes involved in bile acid

synthesis, cholesterol and triglyceride metabolism, FXR binds to

DNA as a monomer or a heterodimer with a common partner of

nuclear receptors, retinoid X receptor (RXR). FXR agonists

include bile acids [e.g. chenodeoxycholic acid (CDCA)] [4] and

a synthetic compound GW4064 [5]; FXR antagonists include

plant-derived guggulsterone [6] and synthetic AGN34 [7].

In addition to its essential role in regulating lipid metabolism,

emerging evidence supports an important role for FXR in

intestinal carcinogenesis. Decreased FXR mRNA expression is

reported in human colon polyps and even more pronounced in

colon adenocarcinomas [8,9]. Modica et al. showed that by

regulating Wnt signaling and apoptosis FXR suppressed intestinal

tumorigenesis in both the ApcMin+/2 and chronic colitis mouse

models of intestinal neoplasia [10]. Maran et al. showed that

FXR-deficient mice had increased intestinal epithelial cell pro-

liferation and tumor development [11]. Smith et al. also demon-

strated that the bile salt sodium taurocholate inhibited mouse

intestinal adenoma formation through activation of FXR in

ApcMin+/2 mice by up-regulating the small heterodimer partner

(Shp) and down-regulating cyclin D1 [12]. These data suggest not

only that FXR activation enhances apoptosis but also that FXR

activation inhibits cell proliferation. However, the molecular

mechanisms underlying anti-proliferative actions of FXR remains

to be delineated.

Previously, we identified cross-talk between the M3 subtype

muscarinic receptor (M3R), a G protein-coupled receptor

(GPCR), and EGFR, a receptor tyrosine kinase [13]. We showed

that M3R cross-talk with EGFR was mediated by activation of

matrix metalloproteinase 7 and release of an EGFR ligand,

heparin binding EGF-like growth factor [14]. As a consequence of

this interaction, muscarinic agonists stimulate colon cancer cell

proliferation [15,16]. Recently, Giordano et al. showed that FXR

inhibited proliferation of MCF-7 breast cancer cell growth by

down-regulating expression of HER2, a member of the EGFR

family [17]. These results suggested to us that cross-talk between

FXR and EGFR might be present in human intestinal epithelial

cells. Thus, the objectives of our work were to seek evidence for

FXR cross-talk with EGFR and elucidate the ramifications of this

interaction. In particular, we asked whether, in human colon

epithelial cells, activation and inactivation of FXR results in anti-
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and pro-proliferative effects, respectively and, what are the

molecular mechanisms underlying these actions?

Herein, we report the novel observations that in human colon

cancer cells Src kinase mediates cross-talk between FXR and

EGFR, thereby controlling cell proliferation. We show that

inhibiting FXR activity with guggulsterone stimulates cell pro-

liferation by activating EGFR and its downstream target ERK,

whereas stimulating FXR activity with GW4064 inhibits EGFR

and ERK phosphorylation and reduces cell proliferation. Notably,

using a xenograft model we show that FXR overexpression in

human colon cancer cells inhibits tumor growth by attenuating cell

proliferation.

Materials and Methods

Ethics Statement
These studies were approved by the Office of Animal Welfare

Assurance at the University of Maryland School of Medicine and

the Research and Development Committee at the VA Maryland

Health Care System (IACUC # 0708012).

Materials
Guggulsterone (Z form), GW4064, PP2, PP3, Src inhibitor-1,

PD168393, AG1478, PD98059, LY294002 were purchased from

Calbiochem. CellTiter 96H AQueous One Solution Cell Pro-

liferation Assay (MTS) kit was from Promega; RPMI 1640,

DMEM and McCoy’s 5A growth media were from Mediatech.

Animals
Nude mice (NU/J, stock # 002019) were purchased from the

Jackson Laboratory. For all experiments, six-week-old male mice

were used. Mice were housed under identical conditions in

a pathogen-free room, had free access to commercial rodent chow

and water, and were allowed to acclimatize in the vivarium for 2

weeks prior to treatments. Mice were weighed weekly.

Cell Culture
H508 and SNU-C4 human colon cancer cells (ATCC) were

grown in RPMI 1640 growth media supplemented with 10% fetal

bovine serum. HT-29 human colon cancer cells (ATCC) are

maintained in our laboratory in McCoy’s 5A growth media.

Adherent cells were passaged weekly at sub-confluence after

trypsinization. Cultures were maintained in incubators at 37uC in

an atmosphere of 5% CO2 and 95% air.

Cell Proliferation Assay
Cells were seeded in 96-well plates at about 10% confluence and

allowed to attach for 24 h. After 18 h serum starvation, 200 mL
fresh serum-free growth media containing test agents was added.

When chemical inhibitors and antibodies were used, they were

added 30 min and 2 h, respectively, before test agents. Cells were

incubated for two days for HT29 and SNU-C4 cells or five days

for H508 cells at 37uC in an atmosphere of 5% CO2 and 95% air

without further additions of test agents, and cell proliferation was

determined by adding 20 mL CellTiter 96H AQueous One

Figure 1. Actions of FXR ligands on proliferation of human colon cancer cells. Dose-response for FXR antagonist guggulsterone-induced
proliferation of H508 cells (A), SNU-C4 cells (B) and HT-29 cells (C). Dose-response for FXR agonist GW4064-induced inhibition of proliferation of H508
cells (D), SNU-C4 cells (E) and HT-29 Cells (F). Cells were incubated for 2–5 days at 37uC with FXR ligands at the indicated concentrations. Cell
proliferation was measured as described in Materials and Methods. Values represent mean 6 SE from at least 3 separate experiments; *p,0.05 vs.
control (Student’s t-test).
doi:10.1371/journal.pone.0048461.g001
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solution (Promega) to each well. After 1- to 2-h incubation at

37uC, absorbance was measured at 490 nm using a 96-well

microtiter plate reader (SpectraMax384).

Plasmids and Subcloning
Plasmid pCMX-hFXR that contains full-length human FXR

and pCMX were generous gifts from Dr. David Mangelsdorf,

University of Texas Southwestern Medical Center [18]. Full

length hFXR was cut from pCMX-hFXR at Asp718 and BamHI

sites and sub-cloned into the pcDNA3.1(+) vector. The resulting

plasmid pcDNA3.1hFXR was sequenced in its entirety.

Stable Transfection
To generate stably-transfected cells, we first determined the kill-

curves for H508, SNU-C4 and HT29 cells with various

concentrations of G418. Only HT29 cells produced G418-

resistant cells (at 1 mg/mL G418) that overexpressed hFXR,

which was determined by immunoblotting with anti-FXR

antibody. Vector-transfected and hFXR-transfected cell lines that

were derived from multiple G418-resistant clones were used for

subsequent in vivo studies.

Antibodies and Immunoblotting
Goat polyclonal and mouse monoclonal anti-FXR antibodies

were purchased from Santa Cruz Biotechnology and Sigma-

Aldrich, respectively. Rabbit polyclonal anti-Src, rabbit polyclonal

anti-phospho-Src (Tyr416), rabbit monoclonal anti-EGFR and

rabbit polyclonal anti-phospho-EGFR (Tyr845), rabbit polyclonal

anti-ERK1/2 (p44/42) and mouse monoclonal anti-phospho-

ERK1/2 were from Cell Signaling Technology, Inc. Neutralizing

anti-EGFR antibody (LA1) was from Millipore. Immunoblotting

was performed as described previously [13]. For chemical

inhibitors (CH223191, PP2, PP3, Src inhibitor-1, AG1478,

PD168393, PD98059, U0126, LY294002 and wortmannin) that

Figure 2. FXR antagonist guggulsterone stimulates phosphorylation of EGFR (Tyr845) and Src (Tyr 416). A. Dose-response for
guggulsterone-induced EGFR (Tyr845) phosphorylation in H508 cells. B. Time-course for guggulsterone-induced EGFR (Tyr845) phosphorylation in
H508 cells. C. Dose-response for guggulsterone-induced EGFR (Tyr845) phosphorylation in SNU-C4 cells. D. Dose-response for guggulsterone-induced
EGFR (Tyr845) phosphorylation in HT-29 cells. Dose-response for guggulsterone-induced Src (Tyr 416) phosphorylation in H508 cells (E), SNU-C4 cells
(F) and HT-29 cells (G). For time-course experiments, cells were treated with guggulsterone (20 mM) for the indicated time at 37uC. For dose-response
experiments, cells were treated with the indicated concentrations of guggulsterone for 20 min at 37uC. Phosphorylation of EGFR (Tyr845) and Src (Tyr
416) was determined by immunoblotting with anti-phospho-EGFR (Tyr845) and anti-phospho-Src (Tyr 416) antibody, respectively. Immunoblotting
for total EGFR or Src was used as a loading control. Numbers between immunoblots represent densitometry. Experimental/control (exp/cont) ratios
were calculated after normalizing each test band to the respective EGFR or Src band. Immunoblots are representative of at least 3 separate
experiments.
doi:10.1371/journal.pone.0048461.g002
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are soluble only in DMSO, all samples and controls contained the

same concentrations of DMSO (0.1% or lower). Densitometry of

immunoblots was performed using Adobe Photoshop and

normalized to controls.

Generation of Xenografts
To generate xenografts, 1 million human HT29 colon cancer

cells stably transfected with either vector or vector containing the

full-length hFXR were injected subcutaneously into the flanks of

nude mice in 100 mL RPMI media. A total of six tumors were

generated in each group. Tumor size was measured weekly with

calipers, and tumor volumes calculated using the formula: tumor

volume = 1/2(length 6width2). At the end of the study, tumors

were excised and weighed.

FXR Small Interfering RNA Transfection
SNU-C4 cells were seeded in 6- and 96-well plates at

approximately 10% confluence and incubated at 37uC for 24 h.

Four pooled small interfering RNA (siRNA) duplex oligos

targeting human FXR (200 nM; siGENOME SMARTpool;

Dharmacon) and control siRNA (200 nM; siGENOME Non-

Targeting siRNA Pool#1; Dharmacon) were transfected into

H508 cells with DharmaFECT4 transfection agent according to

the manufacturer’s instructions. Two days following transfection,

cells in the 96-well plates were incubated for an additional five

days in serum-free RPMI medium containing TCDD or various

agents at 37uC in a CO2 incubator; cells in the 6-well plates were

harvested for immunoblotting to determine the degree of FXR

protein knockdown.

Immunohistochemistry
Paraffin-embedded sections were stained with mouse mono-

clonal anti-Ki67 antibody (Bethyl Laboratories) or rabbit anti-

cleaved caspase-3 antibody (Cell Signaling Technology) accord-

ing to manufacturer’s instructions. Quantification of Ki67

staining was performed using Image-Pro Plus software (Media

Cybernetics).

Statistical Analysis
All data are expressed as mean 6 SE of at least three

independent experiments. Statistical calculations were performed

using Student’s un-paired t-test (SigmaPlot, Systat Software,

Inc., San Jose, CA). P,0.05 was considered significant.

Figure 3. Guggulsterone stimulates phosphorylation of ERK1/2. Dose-response and time-course for guggulsterone-induced
phosphorylation of ERK1/2 in H508 (A), SNU-C4 (B) and HT-29 cells (C). For dose-response experiments, cells were treated with the
indicated concentrations of guggulsterone for 5 min at 37uC. For time-course experiments, cells were treated with guggulsterone (20 mM) for the
indicated times at 37uC. Phosphorylation of ERK1/2 was determined by immunoblotting with anti-phospho-ERK1/2 antibody. Immunoblotting for
ERK2 was used as a loading control. Numbers between immunoblots represent densitometry. Experimental/control (exp/cont) ratios were calculated
after normalizing each test band to the respective control band. Immunoblots are representative of at least 3 separate experiments.
doi:10.1371/journal.pone.0048461.g003
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Results

FXR Regulates Proliferation of Human Colon Cancer Cells
To determine whether FXR plays a role in controlling

proliferation of human colon cancer cells, we examined the

actions of increasing concentrations of a selective FXR antagonist,

guggulsterone (Z form), and agonist, GW4064, on proliferation of

three commonly-used human cancer cell lines, H508, SNU-C4

and HT-29. For this work, we used GW4064 to activate FXR

because chenodeoxycolic acid (CDCA), a natural and specific

FXR agonist [4], can also bind and activate muscarinic receptors

that are over-expressed in most human colon cancer cell lines

{[19,20]; data not shown}. As shown in Fig. 1A–C, in all three cell

lines, treatment with guggulsterone resulted in dose-dependent

increases in cell proliferation. In contrast, as shown in Fig. 1D–F,

treatment with GW4064 resulted in dose-dependent attenuation of

cell proliferation.

Guggulsterone Stimulates EGFR Phosphorylation
In many human cancers, EGFR plays a central role in

promoting cell proliferation [21]. To determine whether guggul-

sterone-induced cell proliferation was mediated by activation of

EGFR, we examined the actions of guggulsterone on EGFR

(Tyr845) phosphorylation, which is primarily mediated by Src

kinase [22,23]. As shown in Fig. 2, A and B, in H508 cells

guggulsterone induced robust, time- and dose-dependent phos-

phorylation of EGFR (Tyr845). Using a maximal dose of 20 mM,

guggulsterone-induced EGFR (Tyr845) phosphorylation peaked at

10 to 20 min in all three cell lines (data for SNU-C4 and HT-29

cells not shown).

Guggulsterone Induces Src (Tyr416) Phosphorylation
EGFR (Tyr845) phosphorylation is mediated primarily by Src

kinase. Phosphorylation of Src (Tyr416) up-regulates enzyme

activity. As shown in Fig. 2E–2G, treatment with guggulsterone

stimulated dose-dependent Src (Tyr416) phosphorylation with

similar stoichiometry to that observed for EGFR (Tyr845)

phosphorylation. Gugglesterone-induced Src (Tyr416) phosphor-

ylation peaked within 20 min in all three colon cancer cell lines

(not shown).

Guggulsterone Induces ERK1/2 Phosphorylation
To determine whether guggulsterone-induced EGFR phos-

phorylation activates downstream targets of EGFR we examined

the actions of guggulsterone on ERK1/2 phosphorylation. As

shown in Fig. 3, in all three cell lines guggulsterone induced dose-

dependent ERK1/2 phosphorylation with a maximal concentra-

tion of 20 mM. Guggulsterone (20 mM)-induced phosphorylation

of ERK1/2 peaked within 5 min (Fig. 3).

Effects of FXR Knockdown with FXR siRNA
To confirm our finding that the FXR antagonist guggulsterone

induced phosphorylation of EGFR (Tyr845) and ERK1/2 we

examined the effects of FXR knockdown using siRNA in SNU-C4

cells. As shown in Fig. 4A, transfection with FXR siRNA reduced

Figure 4. Effects of FXR knockdown on phosphorylation of EGFR, ERK1/2, Src and cell proliferation. A. Immunoblots showing FXR
protein levels in untreated, control siRNA-transfected and FXR-siRNA-transfected SNU-C4 cells. SNU-C4 cells in 6-well plates were transfected with
either FXR siRNA or control siRNA as described in Materials and Methods. After 48 h, FXR protein levels were determined by immunoblotting.
Immunoblotting for b-actin was used as a loading control. Phosphorylation of EGFR (Tyr845), ERK1/2, Src (Tyr416), as shown in panels B, C and D,
respectively, was determined by immunoblotting with corresponding antibodies. Immunoblotting for total EGFR, ERK2 or Src was used as a loading
control. Numbers between immunoblots represent densitometry. Experimental/control (exp/cont) ratios were calculated after normalizing each test
band to the respective control band. E. Untreated, control siRNA-transfected and FXR-siRNA-transfected SNU-C4 cells were incubated for an
additional 2 days at 37uC. Cell proliferation was measured as described in Materials and Methods. Values represent mean 6 SE from at least 3
separate experiments; *p,0.05 vs. control (Student’s t-test).
doi:10.1371/journal.pone.0048461.g004
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FXR protein levels by more than 80%. As shown in Fig. 4B–D,

FXR knockdown increased EGFR (Tyr845), ERK1/2 and Src

(Tyr416) phosphorylation. Moreover, as shown in Fig. 4E, FXR

knockdown increased cell proliferation. These findings provided

confirmatory evidence that the actions of gugglsterone were

a consequence of inhibited FXR activity.

Actions of Chemical Inhibitors on Guggulsterone-
induced ERK1/2 Phosphorylation
To further delineate the mechanisms underlying guggulsterone-

induced ERK1/2 phosphorylation we examined the actions of

inhibitors of EGFR, MEK (the kinase immediately upstream of

ERK) and Src kinase. As shown in Fig. 5A and 5B, guggulsterone-

induced ERK1/2 phosphorylation was abolished by EGFR

inhibitors AG1478 and PD168393, by MEK inhibitor PD98059

and by Src inhibitors PP2 and Src inhibitor-1 (Fig. 5C, 5D and

Fig. S1), but not by PP3, an inert PP2 analogue (Fig. S1). In

contrast, a PI3 kinase inhibitor LY294002 did not inhibit

guggulsterone-induced ERK1/2 activation (Fig. 5C and 5D).

These results provided evidence that guggulsterone induced

ERK1/2 phosphorylation through Src-mediated activation of

EGFR.

Guggulsterone-induced Cell Proliferation is Mediated by
EGFR and Post-EGFR Signaling
To determine whether EGFR and post-EGFR signaling played

a key role in mediating guggulsterone-induced cell proliferation,

we examined the actions of inhibitors of Src, EGFR and a post-

EGFR signaling kinase MEK. As shown in Fig. 5E and 5F, in both

H508 and SNU-C4 cells, guggulsterone-induced cell proliferation

was nearly abolished by Src inhibitor PP2, EGFR inhibitors

PD168393 and AG1478, and MEK inhibitor PD98059. In

contrast, the PI3 kinase inhibitor LY294002 had no effect. These

results provide evidence that in human colon cancer cells

guggulsterone stimulates cell proliferation through Src-mediated

activation of EGFR and ERK1/2. However, PI3 kinase does not

Figure 5. Guggulsterone-induced ERK1/2 phosphorylation and cell proliferation are mediated by Src, EGFR and post-EGFR
signaling. H508 cells (A and C) or SNU-C4 cells (B and D) were treated with 20 mM guggulsterone for 20 min at 37uC with or without pre-incubation
with EGFR inhibitor AG1478 (AG) and PD168393 (PD16), MEK inhibitor PD98059 (PD98), Src kinase inhibitor PP2 and PI3 kinase inhibitor LY294002
(LY29). ERK1/2 phosphorylation was determined by immunoblotting with anti-phospho-ERK1/2 antibody. Immunoblotting for total ERK2 was used as
a loading control. Immunoblots are representative of at least 3 separate experiments. H508 cells (E) or SNU-C4 cells (F) were incubated for 5 days at
37uC with guggulsterone (10 mM) in the presence or absence of Src inhibitor PP2, EGFR inhibitors PD16 and AG, MEK inhibitor PD98 and PI3 kinase
inhibitor LY29. Cell proliferation was measured as described in Materials and Methods. Values are means 6 SE from at least 3 separate experiments
*p,0.05 vs. guggulsterone alone (Student’s t-test).
doi:10.1371/journal.pone.0048461.g005
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play a role in either gugglsterone-induced signaling or cell

proliferation.

GW4064 Inhibits Phosphorylation of EGFR, ERK1/2 and
Src Kinase
Because inhibition of FXR activity by treatment with guggul-

sterone or siRNA stimulated cell proliferation that was mediated

by Src-dependent cross-talk with EGFR (Figs. 1, 2, 3, 4, 5, Fig.

S1), we hypothesized that FXR activation would down-regulate

Src, EGFR and ERK1/2 phosphorylation (activity). To test this

hypothesis we examined the actions of the FXR agonist GW4064

on phosphorylation of EGFR (Tyr845), ERK1/2 and Src (Tyr

416). Phosphorylation of Src (Tyr416) up-regulates enzyme

activity. As shown in Fig. 6, in SNU-C4 cells treatment with

GW4064 resulted in time- and dose-dependent reduced phos-

phorylation of EGFR (Tyr845; Fig. 6A), ERK1/2 (Fig. 6B) and

Src (Tyr416; Fig. 6C). These effects were observed within 5 min

with as little as 100 nM GW4064 (Fig. 6). These data provide

evidence that FXR activation inhibits phosphorylation of EGFR

(Tyr845), ERK1/2 and Src (Tyr416), thereby resulting in

decreased cell proliferation (Fig. 1D–1F).

Overexpressing FXR Reduces Cell Proliferation in vitro
To determine whether FXR activation inhibits cell proliferation

in vitro, we examined the effect of FXR overexpression in colon

cancer cells. After constructing the plasmid pcDNA3.1hFXR that

contained full-length human FXR cDNA (Materials and Methods)

we attempted to generate stably-transfected H508 and SNU-C4

cell lines overexpressing FXR in cells but were unsuccessful (data

not shown). We speculated that inhibition of proliferation resulting

from overexpression of FXR in these cell lines conferred a growth

disadvantage for transfected cells. Nonetheless, using HT-29 cells

we successfully generated several cell clones overexpressing FXR.

As shown in Fig. 7A, one stably-transfected HT-29 cell line

overexpressed hFXR by approximately 6.6-fold compared to cells

transfected with vector alone. In this cell line FXR overexpression

Figure 6. FXR agonist GW4064 inhibits phosphorylation of EGFR (Tyr845), ERK1/2 and Src (Tyr 416) in SNU-C4 cells. A. Time-course
and dose-response for GW4064-induced inhibition of EGFR (Tyr845) phosphorylation. B. Time-course and dose-response for GW4064-induced
inhibition of ERK1/2 phosphorylation. C. Time-course and dose-response for GW4064-induced inhibition of Src (Tyr 416) phosphorylation.
Phosphorylation of EGFR (Tyr845), ERK1/2 and Src (Tyr 416) was determined by immunoblotting with anti-phospho-EGFR (Tyr845), anti-phospho-
ERK1/2 and anti-phospho-Src (Tyr 416) antibody, respectively. For time-course experiments, SNU-C4 cells were treated with 1 mM GW4064 for the
indicated times at 37uC. For dose-response experiments, cells were treated with the indicated concentrations of GW4064 for 20 min at 37uC.
Immunoblotting for total EGFR, ERK2 or Src was used as a loading control. Immunoblots are representative of at least 3 separate experiments.
Numbers between immunoblots represent densitometry. Experimental/control ratios were calculated after normalizing each test band to the
respective EGFR, ERK2 or Src band.
doi:10.1371/journal.pone.0048461.g006
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resulted in reduced phosphorylation of EGFR [(Tyr845); Fig. 7B],

ERK1/2 (Fig. 7C) and Src [(Tyr416); Fig. 7D], as well as reduced

cell proliferation (Fig. 7E).

Overexpressing FXR Attenuates Tumor Growth in Nude
Mice
To investigate the effects of FXR overexpression on in vivo cell

proliferation we used a mouse xenograft model. Stably-transfected

HT-29 cells were used to generate tumor xenografts in nude mice

(Materials and Methods). Compared to tumors generated from

cells stably transfected with vector alone overexpression of FXR

robustly attenuated tumor volumes by 64% (Fig. 8A) and tumor

weights by 47% (Fig. 8C). As shown in Fig. 8D and E, Ki67

immunohistochemistry showed that cellular proliferation was

reduced 45% in cells overexpressing FXR. In addition, as shown

in supplemental Fig. 2, consistent with other reports [10,11], FXR

overexpression resulted in increased colon cancer cell apoptosis.

The percentage of apoptotic cells in both vector-derived and

hFXR-derived xenografts was less than 1% of total cell number

(data not shown). Hence, we conclude that changes in apoptosis

contribute little to the larger differences observed in tumor volume

and weight in xenografts derived from these cells. Collectively,

these results provide evidence that FXR activation decreases cell

proliferation thereby resulting in attenuated growth of human

colon tumors in vivo.

Discussion

Colorectal cancer (CRC) is the second leading cause of cancer

death in the United States. Currently, there is no cure for patients

with advanced disease. As in many other cancers, EGFR plays

a prominent role in promoting growth of CRC [24,25]; biological

therapies targeting EGFR are FDA-approved for treatment of

EGFR-positive advanced CRC [26,27]. However, cancer cells

have developed mechanisms to activate EGFR indirectly through

cross-talk with other signaling pathways, which, in turn, may limit

the benefits of currently-approved EGFR-targeted biological

therapies [28,29,30]. For example, in mouse models of CRC

and several human colon cancer cell lines including H508 and

SNU-C4 cells used in this study, we showed that cholinergic

muscarinic receptors cross-talk with EGFR to stimulate cell

proliferation, tumor growth and invasion [13,16,31,32,33,34].

Findings described in the present study reveal a novel mech-

anism whereby FXR regulates cell proliferation through EGFR

signaling in colon cancer cells. The FXR antagonist guggulsterone

robustly stimulated proliferation of three colon epithelial cell lines

(Fig. 1), guggulsterone induced time- and dose-dependent

increases in EGFR (Tyr845), Src (Tyr416) and ERK1/2

phosphorylation (Figs. 2 and 3) whereas an FXR agonist

GW4064 caused time- and dose-dependent decreases in Src

(Tyr416), EGFR (Tyr845) and ERK1/2 phosphorylation (Fig. 6).

Guggulsterone-induced phosphorylation of EGFR, ERK1/2 and

Figure 7. FXR overexpression inhibits phosphorylation of EGFR, ERK and Src, and attenuates cell proliferation. A. Immunoblots
showing FXR protein levels in HT-29 cells stably-transfected with empty vector alone or vector containing human FXR (hFXR). Phosphorylation of
EGFR (Tyr845), ERK1/2, Src (Tyr416) as shown in panels B, C and D, respectively, was determined by immunoblotting with corresponding antibodies.
Immunoblotting for b-actin, total EGFR, ERK2 or Src was used as a loading control. Numbers between immunoblots represent densitometry.
Experimental/control (exp/cont) ratios were calculated after normalizing each test band to the respective control band. E. HT-29 cells stably-
transfected with empty vector alone or hFXR were incubated for 2 days at 37uC. Cell proliferation was measured as described in Materials and
Methods. Values represent mean 6 SE from at least 3 separate experiments; *p,0.05 vs. control (Student’s t-test).
doi:10.1371/journal.pone.0048461.g007
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increased cell proliferation were either abolished or strongly

attenuated by inhibitors of Src, EGFR and MEK (Fig. 5). The

actions of guggulsterone was further validated by transfecting cells

with siRNA for FXR, which resulted in increased phosphorylation

of EGFR (Tyr845), ERK1/2, Src (Tyr416) and cell proliferation

(Fig. 4). In addition, overexpressing FXR in HT-29 cells reduced

phosphorylation of EGFR (Tyr845), ERK1/2, Src (Tyr416), and

attenuated cell proliferation in vitro (Fig. 7) and both cell pro-

liferation and growth of human xenografts in nude mice (Fig. 8). It

should be noted that in the absence of treatment with an FXR

agonist, the actions of guggulsterone on Src, EGFR and ERK

phosphorylation are most likely a consequence of inhibited

constitutive FXR activity. Also, although guggulsterone is com-

monly used experimentally as a selective FXR antagonist, we

cannot exclude the possibility that guggulsterone induces phos-

phorylation of EGFR, Src and ERK by action on a yet unknown

protein receptor. Thus, it was important for us to provide

confirmatory evidence using an FXR agonist (GW4064), FXR

knockdown using specific siRNA and stable FXR overexpression

in multiple human cancer cell lines. The resulting observations

strongly support our conclusion that in both in vitro and in vivo

human colon epithelial cell models, FXR regulates cell pro-

liferation via Src-mediated cross-talk with EGFR.

As shown in Fig. 8F, based on the present findings we propose

a model delineating key steps from FXR-ligand interaction to

changes in human colon cancer cell proliferation. FXR activation

results in inactivation of Src and EGFR, thereby inhibiting post-

EGFR ERK1/2 signaling and attenuating cell proliferation and

tumor growth (Fig. 8F, left panel). In contrast, blocking FXR

activation increases Src (Tyr416) phosphorylation, which in turn

activates EGFR and post-receptor ERK1/2 signaling, thereby

resulting in increased cell proliferation and tumor growth (Fig. 8F,

right panel).

We showed that FXR modulates cell proliferation through Src-

mediated changes in EGFR phosphorylation and post-EGFR

signaling, however, the mechanism underlying the interaction

Figure 8. FXR overexpression attenuates growth of HT29 human colon cancer cell xenografts. A. Reduced volume of hFXR-derived
tumors compared with vector-derived tumors. B. Representative photos of xenografts from HT-29 cells transfected with vector alone (left) or vector
containing hFXR (right). C. Reduced weight of hFXR-derived tumors compared with vector-derived tumors. D. Representative H&E- (upper panels)
and Ki67-stained (lower panels) microscopic images of xenografts. Arrows, representative Ki67-stained nuclei. E. Reduced Ki67 immunostaining in
hFXR-derived tumors compared with vector-derived tumors. Quantification of Ki-67 was performed as described in Materials and Methods. Values
represent mean 6 SD. *p,0.01 vs. vector-derived xenograft. F. Model depicting proposed mechanisms underlying FXR-mediated, Src-dependent
activation of EGFR signaling in colon epithelial cells. Binding of FXR by an agonist (left panel), e.g. GW4064, results in de-phosphorylation of Src
(Tyr416). Reduced Src activity results in attenuated EGFR (Tyr485) phosphorylation and downstream ERK1/2 signaling, thereby attenuating cell
proliferation. In contrast, binding of FXR by an antagonist (right panel), e.g. guggulsterone, increases phosphorylation of Src (Tyr416). Activated Src
phosphorylates EGFR (Tyr845) leading to activated post-EGFR signaling, including activation of ERK1/2, which promotes cell proliferation.
doi:10.1371/journal.pone.0048461.g008
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between FXR and Src remains to be determined. FXR and Src

co-immunoprecipitation experiments did not show co-existence of

these two proteins in the same protein complex (data not shown).

Hence, we speculate that FXR regulates Src activity indirectly

through other intermediaries possibly, including molecules that are

present in the cytosolic Src protein complex, e.g., cdc37 and hsp90

[35].

Because guggulsterone exhibits anti-proliferative effects on

several malignancies including melanoma, breast carcinoma,

prostate cancer and leukemias [36,37,38,39,40], it was proposed

as a potential anti-cancer therapeutic [41]. However, in the

present study, we showed that guggulsterone caused robust

proliferation of two human colon cancer cell lines through Src-

mediated activation of EGFR and post-EGFR signaling.

Contradictory observations in different tissues suggest that

guggulsterone may have pleotropic effects on cell proliferation

that are tissue-specific. These findings warrant caution when

considering guggulsterone as a therapeutic agent for cancer.

In the present study, we showed that overexpressing FXR

resulted in attenuated cell proliferation and human colon cancer

xenograft growth (Fig. 7, 8), findings consistent with the

observation that FXR deficiency in mice augmented intestinal

epithelial cell proliferation and tumor development [10,11].

Both uncontrolled cell proliferation and reduced apoptosis are

hallmarks of neoplasia. Because activation of FXR increases

apoptosis [10,42] and decreases cell proliferation, and FXR is

highly expressed in the intestines [8], targeted FXR over-

expression and/or activation may provide an effective modality

for treating CRC.

Supporting Information

Figure S1 Guggulsterone-induced ERK1/2 phosphory-
lation is mediated by Src kinase. A. H508 cells were treated

with 20 mM guggulsterone for 20 min at 37uC with or without

pre-incubation with Src inhibitor I (SRC1) or PP2 analogue PP3.

B. HT-29 cells were treated with 20 mM guggulsterone for 20 min

at 37uC with or without pre-incubation with SRC1, PP2 or PP2

analogue PP3. ERK1/2 Phosphorylation was determined by

immunoblotting with anti-phospho-ERK1/2 antibody. Immuno-

blotting for total ERK2 was used as a loading control.

Immunoblots are representative of at least 3 separate experiments.

(TIFF)

Figure S2 Effect of hFXR overexpression on apoptosis
in HT-29 xenografts. A. Representative cleaved caspase-3-

stained sections from empty vector-derived tumors or hFXR-

derived tumors. Arrows, cleaved caspase-3-stained cells. B.

Number of cleaved caspase-3-positive cells in empty vector-

derived tumors or hFXR-derived tumors per high power field

(200X); bars, SD; n= 6 tumors per group; *p,0.05 vs. vector

(Student’s t-test).

(TIFF)
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