
UC San Diego
UC San Diego Previously Published Works

Title
FXR Regulates Intestinal Cancer Stem Cell Proliferation

Permalink
https://escholarship.org/uc/item/2mx1679n

Journal
Cell, 176(5)

ISSN
0092-8674

Authors
Fu, Ting
Coulter, Sally
Yoshihara, Eiji
et al.

Publication Date
2019-02-01

DOI
10.1016/j.cell.2019.01.036
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/2mx1679n
https://escholarship.org/uc/item/2mx1679n#author
https://escholarship.org
http://www.cdlib.org/


FXR regulates intestinal cancer stem cell proliferation

Ting Fu1, Sally Coulter2, Eiji Yoshihara1, Tae Gyu Oh1, Sungsoon Fang1, Fritz Cayabyab1, 
Qiyun Zhu3, Tong Zhang4, Mathias Leblanc1, Sihao Liu1, Mingxiao He1, Wanda 
Waizenegger1, Emanuel Gasser1, Bernd Schnabl5, Annette R Atkins1, Ruth T Yu1, Rob 
Knight3,6, Christopher Liddle2, Michael Downes1,†, Ronald M Evans1,7,†

1Gene Expression Laboratory, Salk Institute for Biological Studies, La Jolla, CA, 92037

2Storr Liver Centre, Westmead Institute for Medical Research and Sydney Medical School, 
University of Sydney, Westmead, New South Wales, 2145, Australia

3Department of Medicine, University of California San Diego, La Jolla, CA, 92037

4Waitt Biophotonics Core, Salk Institute for Biological Studies, La Jolla, CA, 92037

5Department of Pediatrics, University of California San Diego, La Jolla, CA, 92037

6Department of Computer Science and Engineering, University of California San Diego, La Jolla, 
CA 92037

7Howard Hughes Medical Institute, The Salk Institute for Biological Studies, La Jolla, CA 92037

SUMMARY

Increased levels of intestinal bile acids (BAs) are a risk factor for colorectal cancer (CRC). Here 

we show that the convergence of dietary factors (high-fat diet) and dysregulated WNT signaling 

(APC mutation) alters BA profiles to drive malignant transformations in Lgr5-expressing (Lgr5+) 

cancer stem cells and promote an adenoma-to-adenocarcinoma progression. Mechanistically, we 

show that BAs that antagonize intestinal Farnesoid X receptor (FXR) function, including tauro-β-

muricholic acid (T-βMCA) and deoxycholic acid (DCA), induce proliferation and DNA damage in 

Lgr5+ cells. Conversely, selective activation of intestinal FXR can restrict abnormal Lgr5+ cell 
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growth and curtail CRC progression. This unexpected role for FXR in coordinating intestinal self-

renewal with BA levels implicates FXR as a potential therapeutic target for CRC.

Graphical Abstract

INTRODUCTION

Risk factors for colorectal cancer (CRC) include high fat diets, sedentary lifestyles, obesity, 

diabetes, and elevated serum levels of toxic bile acids (BAs) (de Aguiar Vallim et al., 2013; 

Degirolamo et al., 2011; Downes and Liddle, 2008; Font-Burgada et al., 2016; Kuipers et al., 

2015; Thomas et al., 2008). While the majority of CRC cases are sporadic, ~85% of patients 

have mutations in the adenomatous polyposis coli (APC) gene, a crucial negative regulator 

of Wnt signaling (Fodde et al., 2001; Powell et al., 1992; Rajagopalan et al., 2003). The 

subsequent accumulation of mutations, including those activating the oncogene Kras and 

inactivating tumor suppressors including Smad4 and p53, drive a progression from adenoma 

to adenocarcinoma and ultimately, metastatic adenocarcinoma (Rajagopalan et al., 2003)

(Dow et al., 2015; Drost et al., 2015; Kuipers et al., 2015; Ongen et al., 2014). Notably, 

restoring APC function can reestablish intestinal homeostasis in vivo, even in the presence 

of Kras and p53 mutations, confirming the critical regulatory role for APC (Dow et al., 

2015).

Lgr5+ intestinal stem cells (ISCs) are both the cell-of-origin for early neoplastic lesions 

caused by loss of the APC gene and necessary for metastasis (Barker et al., 2009). Located 

at the base of the crypt, precisely regulated cycles of renewal and differentiation of Lgr5+ 

ISCs maintain the intestinal structure (Barker et al., 2009; Sato et al., 2009). This “bottom-

top” cell hierarchy positively correlates with a Wnt signaling gradient, and inversely 

correlates with BA exposure. However, it remains unclear how erosion of the crypt/villi 

architecture and the subsequent increase in exposure of Lgr5+ ISCs to BAs contribute to the 

initiation and progression of CRC (de Aguiar Vallim et al., 2013; Degirolamo et al., 2011; 

Thomas et al., 2008).
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Dietary fatty acids have been implicated in enhancing the self-renewal capacity of ISCs and 

progenitor cells, as well as the tumor-initiating potential of cancer stem cells (CSCs) (Beyaz 

et al., 2016). However, high fat diets (HFDs) lead to commensurate increases in BAs, which 

are potent inducers of CRC malignancy (Degirolamo et al., 2011; Downes and Liddle, 

2008). In the context of CRC, the secondary bile acids deoxycholic acid (DCA) and 

lithocholic acid (LCA) are of particular interest, as their hydrophobic nature promotes 

intestinal permeability and genotoxic effects (Bayerdorffer et al., 1995; Imray et al., 1992; 

Mahmoud et al., 1999).

The farnesoid X receptor (FXR) serves as a primary sensor of nutritional cues, translating 

stimuli into transcriptional programs (Degirolamo et al., 2011; Downes and Liddle, 2008; 

Forman et al., 1995; Makishima et al., 1999; Parks et al., 1999). In particular, FXR is the 

master regulator of BA homeostasis, governing synthesis, efflux, influx, and detoxification 

throughout the gut-liver axis (Thomas et al., 2008). Strong evidence suggests a role for FXR 

in intestinal tumorigenesis, with expression levels inversely correlating with CRC 

progression and malignancy (Anakk et al., 2011; De Gottardi et al., 2004; Degirolamo et al., 

2011; Fu et al., 2016b; Maran et al., 2009; Modica et al., 2008; Selmin et al., 2016). 

Consistent with this, loss of FXR promotes the development of intestinal tumors in the 

APCmin/+ mouse model of CRC (Maran et al., 2009). While links between BAs, FXR, and 

CRC have been suggested, the underlying mechanisms remain unclear. Here, we establish 

that FXR controls Lgr5+ intestinal stem cell proliferation. In CRC, we show that dietary and 

genetic risk factors converge to drive FXR-dependent Lgr5+ CSC proliferation and disease 

progression. Conversely, activation of FXR in the intestine reduces disease severity to 

markedly increase survival.

RESULTS

HFD drives CRC progression in APCmin/+ mice

APCmin/+ mice develop multiple intestinal neoplasia predominantly within the ileum, 

however these lesions seldom progress past the adenoma stage (Powell et al., 1992). To 

understand the contributing effects of diet on tumor progression, we maintained wild type 

(WT) and APCmin/+ mice on a normal diet (ND) or HFD for 16 weeks. BAs measured down 

the digestive track of WT mice revealed HFD-induced increases in both the intestinal lumen 

and the adjacent tissues (Figure S1A). Marked increases in fecal BA, triglyceride (TG), and 

free fatty acid (FFA) levels were also evident in the intestine and the colon, though the 

absorption efficiency (TGs and BAs lost via the feces) was not significantly compromised 

(Figure S1B). In addition, intestinal morphological changes were observed in mice fed a 

HFD, including reduced villi length and deeper crypt invaginations (Figure 1A and S1C), 

along with a ~2.5 fold increase in intestinal permeability (Figure 1B). In APCmin/+ mice on 

ND, distorted epithelial growth (adenoma) attributed to dysregulated Wnt signaling was 

accompanied by compromised gut integrity (~7-fold increase in intestinal permeability 

compared to WT mice) (Figure 1B, 1C, and S1D). In addition, increased serum TGs and 

FFAs were suggestive of metabolic dysregulation (Figure S1E). Challenging APCmin/+ mice 

with a HFD led to epithelial hyper-proliferation, hyperplastic crypts, crypt-like invaginations 

in the villi throughout the ileum and colon, a ~14-fold increase in intestinal permeability 
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compared to WT mice, and further increases in serum TGs and FFAs (Figure 1B, 1C and 

S1E). In addition, increased serum levels of the CRC malignancy biomarker 

carcinoembryonic antigen (CEA) and the cancer antigen 19–9 (CA-19) support the notion 

that HFD promotes an adenoma-to-adenocarcinoma progression in APCmin/+ mice (Figure 

1D and 1E).

The above data led us to consider that distortion of villus structure might increase the 

exposure of crypts to BAs and increase the progression from adenoma to adenocarcinoma in 

APCmin/+ mice. In support of this notion, marked increases were seen in total serum BAs in 

APCmin/+ mice on ND and HFD (~4-fold and ~10-fold, respectively) that included 

disproportionate increases in the levels of primary BAs (Figure 1F–1J, S1F, S1G and Table 

S1). Of particular interest, the levels of tauro-βMCA (T-βMCA) increased over 60-fold in 

APCmin/+ mice with HFD feeding (Figure 1K and 1L).

T-βMCA drives CRC progression in APCmin/+ mice

To explore the link between BA changes and carcinogenesis, BA levels were monitored in 

APCmin/+ mice during the progression from intestinal inflammation (6–7 weeks), to initial 

tumor development (8 weeks), and maximum tumor load (12–14 weeks) (Figure S2A–

Figure S2D). Total bile acid levels, as well as levels of T-βMCA and DCA, tracked with 

tumor load, suggestive of a causal link (Figure 2A, 2B, S2C and S2D).

T-βMCA has previously been shown to inhibit the expression of FXR target genes (Sayin et 

al., 2013). Consistent with this, T-βMCA inhibited FXR reporter activity in the CRC cell 

line HT29 (EC50 ~10μM), compared to the synthetic FXR agonist GW4064 (Figure 2C and 

S2E). However, this inhibitory effect could be attenuated by the natural bile acid agonist 

chenodeoxycholic acid (CDCA) (Figure 2D and S2F). Given this ability to inhibit FXR 

signaling, we asked whether T-βMCA could promote tumor growth and proliferation. 

Indeed, a marked increase in proliferation was observed in the ileum of APCmin/+ mice after 

a single treatment with T-βMCA (400 mg/kg p.o. 12 hours prior to 50 mg/kg EdU injection, 

Figure 2E).

To determine whether T-βMCA alone is sufficient to recapitulate the adenocarcinoma-

inducing effects of HFD in vivo, 10 week old APCmin/+ mice were administered T-βMCA 

via oral gavage (400 mg/kg twice a week for 6 weeks that increased serum T-βMCA levels 

to those seen in HFD-fed APCmin/+ mice, Figure S2G). Compared to vehicle, administration 

of T-βMCA markedly decreased intestinal integrity and accelerated tumor growth in the 

intestine and colon of APCmin/+ mice (Figure 2F and S2H). Histological analyses revealed 

invaginated (hyperplastic) crypts and shortened, branched villi with crypt-like pockets in the 

tumors, similar to the pathology observed in HFD-fed APCmin/+ mice. These pathological 

changes were accompanied with higher intestinal permeability and increased CA-19 and 

CEA levels (Figure 2G, 2H and S2I). T-βMCA treatment also significantly increased levels 

of serum cytokines, including IFN-γ, IL-6, and IL-17 (Figure S2J) (Devkota et al., 2012; 

Wang et al., 2014). Consistent with its antagonistic activity, T-βMCA treatment 

downregulated the expression of FXR target genes (Shp, Ibabp), as well as the expression of 

FXR itself, in colonic tumors (Figure 2I). Conversely, the expression of intestinal cancer and 

normal stem cell genes including Ascl2, Myc, Lgr5, Olfm4 and Tnfrsf19 were upregulated 
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in APCmin/+ mice treated with T-βMCA (Figure 2I). These findings imply that T-βMCA can 

effectively recapitulate the ability of HFD to promote CRC progression.

In order to confirm T-βMCA as a driver of cancer cell and cancer stem cell proliferation, we 

measured the effect of T-βMCA on their growth and proliferation. In CRC cell lines 

(HCT116 and HT29) and intestinal organoids derived from APCmin/+ mice, T-βMCA dose-

dependently stimulated cell proliferation in an FXR-dependent manner (as measured by EdU 

incorporation, Figure S3A, S3B and S3C). To determine whether T-βMCA promoted 

proliferation in CSCs, we generated an intestinal stem cell-specific, inducible APC knockout 

mouse by crossing Lgr5-EGFP-IRES-CreERT2 and APCflox mice (Lgr5-GFP, APCflox 

mice). Intestinal organoids derived from tamoxifen-treated Lgr5-GFP, APCflox mice were 

exposed to increasing doses of T-βMCA, and proliferation of stem cells determined by 

measuring the percentage of cells expressing high levels of GFP (GFP+). Notably, T-βMCA 

treatment increased the percentage of GFP+ cells, suggesting that T-βMCA is able to drive 

CSC proliferation (Figure S3D). Supporting this notion, gene expression analysis of GFP+ 

cells following T-βMCA treatment revealed increased expression of intestinal stem cell 

markers (Figure S3E) (Sato et al., 2009; Schuijers et al., 2015; van der Flier et al., 2009b).

FXR regulates Lgr5+ cancer stem cell expansion

The observed inhibition of FXR signaling by T-βMCA led us to hypothesize that FXR 

activation may block CSC growth. While generally thought to be expressed only in the villi, 

our data and recently published single cell studies show FXR expression in Lgr5+ cells 

(Figure S4A and data not shown) (Haber et al., 2017). To explore this possibility, we utilized 

the intestinally-biased FXR agonist, FexD (Figure S4B). As a deuterated analog of 

Fexaramine, FexD retains the gut-restricted activity profile of Fexaramine while displaying 

improved in vivo efficacy (data not shown) (Downes et al., 2003; Fang et al., 2015).

In intestinal organoids generated from APCmin/+ mice on ND (an adenoma model of CRC), 

increased budding and branching was seen with T-βMCA treatment (Figure 3A and 3B), 

consistent with the induction of multiple genes associated with intestinal stem cell 

proliferation and the suppression of p53 pathway genes (Figure 3C and Table S2). FexD 

largely abrogated T-βMCA-induced organoid growth (reduced budding and branching) and 

blocked its effects on FXR target genes and intestinal stem cell marker gene expression in 

these organoids (Figure 3A and 3D). Similar suppressive effects of FexD on T-βMCA-

induced cell growth were observed in three human colon cancer cell lines (data not shown). 

To confirm that FexD and T-βMCA act by FXR engagement in Lgr5+ cells, we treated 

organoids derived from Lgr5-GFP, APCflox mice and subsequently sorted for Lgr5+ cells 

based on GFP fluorescence (Barker et al., 2009; Sato et al., 2009). T-βMCA dose-

dependently increased Lgr5+ cell numbers and marker gene expression, whereas the addition 

of FexD counteracted these effects (Figure S4D and S4E) (Barker et al., 2009). Furthermore, 

the effects of both T-βMCA and FexD were largely abolished in organoids derived from 

APCmin/+ mice in which FXR had been conditionally deleted in ISCs (tamoxifen-treated 

APCmin/+/Lgr5-GFP/FXRflox mice; Figure S4F–S4H) and FXR whole-body knockout mice 

(data not shown), establishing their FXR dependency. Collectively, these data demonstrate 
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that T-βMCA-mediated inhibition of FXR in intestinal stem cells drives organoid self-

renewal; an effect that can be countered by treatment with the agonist FexD.

Organoids derived from APCmin/+ mice maintained on a HFD (an adenocarcinoma model of 

CRC) display increased growth rates compared to those derived from ND-fed mice, 

consistent with HFD promoting Lgr5+ stem cell proliferation (Beyaz et al., 2016) (Figure 3E 

and S4I). To establish the utility of FXR as a therapeutic target in CRC, we evaluated the 

ability of structurally diverse FXR agonists to inhibit this more aggressive adenocarcinoma 

organoid model. Notably, the FXR agonists FexD, GW4064 and OCA (De Magalhaes Filho 

et al., 2016) each inhibited organoid growth, as did the chemotherapeutic drug 5-fluorouracil 

(5FU) (Figure 3E and 3F). Mechanistically, we found that the expression levels of intestinal 

stem cell genes including Lgr5 and Olfm4 were downregulated 50–90% upon agonist 

treatment (Figure 3G) (Sato et al., 2009; van der Flier et al., 2009a) whereas FXR target 

genes were prominently induced (Figure S4J). Interestingly, while FexD and OCA 

treatments both robustly suppressed stem cell gene expression, only FexD reduced the 

expression of the Wnt-dependent cancer stem cell gene Ascl2 (Figure 3G) (Schuijers et al., 

2015; van der Flier et al., 2009b). Furthermore, FexD and OCA treatments differentially 

regulated the induced intestinal stem cell genes (FexD suppressed ~120 of 150 genes, Figure 

3H, 3I and Table S2), consistent with their action as selective FXR modulators (Schuijers et 

al., 2015). Moreover, treatment with FexD and OCA countered the observed suppression of 

many genes, most notably those involved in the p53 pathway, providing possible 

mechanistic insight into how FXR activation opposes colon cancer progression (Figure 3H–

3J, S4K) (Dalerba et al., 2011; Drost et al., 2015; Fodde et al., 2001; Ongen et al., 2014; 

Rajagopalan et al., 2003).

Serum levels of DCA were also increased by HFD in APCmin/+ mice (Figure 1H, S1F and 

S1G). Given that DCA has been implicated in CRC growth and progression (Mahmoud et 

al., 1999; Pai et al., 2004), we explored its effects in intestinal organoids generated from 

APCmin/+ mice on ND. DCA induced intestinal CSC proliferation with similar efficacy as 

seen with T-βMCA (Figure S5A and S5B). The transcriptional consequences of DCA 

treatment overlapped those seen with T-βMCA, with intestinal and cancer stem cell 

signature genes being induced in a dose-dependent fashion (Figure S5C and S5D). Co-

treatment of these organoids with FexD or OCA effectively blocked DCA-driven 

proliferation and largely inhibited the increases in intestinal and stem cell marker gene 

expression while robustly inducing FXR target genes (Figure S5B, S5D, and S5E). 

Collectively, these findings support a model in which increased levels of antagonistic BAs 

disrupt FXR signaling in Lgr5+ intestinal stem cells resulting in CSC proliferation and an 

adenoma-to-adenocarcinoma progression. Importantly these effects can be largely 

suppressed by the FXR agonists, FexD and OCA (De Magalhaes Filho et al., 2016).

FXR guards stem cell proliferation and chromosome stability

Increased rates of growth and new organoid formation were seen when FXR was selectively 

deleted in ISCs (organoids generated from tamoxifen-treated APCmin/+/Lgr5-GFP/FXRflox 

mice), implicating FXR as a regulator of ISC proliferation (Figure 4A and 4B). To explore 

this notion, we compared the transcriptomes of ISCs from WT/Lgr5-GFP, WT/Lgr5-
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GFP/FXRflox, APCmin/+/Lgr5-GFP, and APCmin/+/Lgr5-GFP/FXRflox mice. ISCs (GFP+ 

high cells) were isolated from tamoxifen-treated mice (1 week after tamoxifen treatment), 

and the genome-wide transcriptional changes determined on sorted cells pooled from 6 

mice. Consistent with FXR limiting stem cell proliferation, increased expression of 

proliferation marker genes was seen in both WT and APCmin/+ mice when FXR was deleted 

(Figure 4C and Table S3).

To mechanistically link increased levels of antagonistic BAs with disease progression, we 

initially explored the effects of T-βMCA and DCA on WNT signaling (Fodde et al., 2001). 

Notably, T-βMCA and DCA dose-dependently increased WNT signaling in HT29 and 

HCT116 cells, suggesting that the increased stem cell proliferation seen in organoid models 

was due to compounding effects of FXR antagonism and APC mutations on the WNT 

signaling pathway (Figure S5F and S5G). In contrast, the FXR agonists FexD and OCA 

inhibited basal WNT signaling (Figure 4D, S5F and S5G).

Building upon the 2-step hypothesis for colon cancer evolution, we next asked whether BA 

exposure induces the genetic instability required for malignant transformation (Fodde et al., 

2001; Ongen et al., 2014; Rajagopalan et al., 2003). Indeed, treating APCmin/+ organoids 

with T-βMCA and DCA led to progressive increases in the levels of phosphorylated histone 

H2AX (p-H2AX), a marker of DNA double-strand breaks (Figure 4E and S5H) (Imray et al., 

1992; Mahmoud et al., 1999). Concomitant increases in the levels of the DNA repair marker 

PARP (poly ADP-ribose polymerase) further support the finding that these BAs induce DNA 

damage (Figure S5I). In contrast, no increase in PARP was seen after OCA or FexD 

treatment, suggesting that the DNA damaging effects may be restricted to FXR antagonists 

(Figure S5I). Furthermore, prolonged exposure to DCA (APCmin/+ organoids cultured with 

DCA and passaged for over 10 generations) led to widespread chromosomal aberrations 

(Figure 4F and 4G).

Taken together, the above findings suggest that HFD-induced increases in BAs, specifically 

the FXR antagonists T-βMCA and DCA, provide the growth advantage (dysregulated WNT 

signaling) as well as induce the genetic instability necessary for malignant transformation of 

CRC (Fodde et al., 2001; Rajagopalan et al., 2003). Indeed, aberrant elevation of BAs on a 

background of chromosomal instability (induced by APC loss-of-function mutations) may 

be the critical step toward malignant transformation of adenomas.

Intestinally-restricted FXR agonist slows tumor progression

Based on the pro-tumorigenic effects of the FXR antagonists T-βMCA and DCA in 

APCmin/+ mice, we explored the potential for FXR activation to impede tumor progression 

(Modica et al., 2008). To this end, we treated APCmin/+ mice maintained on ND or HFD 

(models of adenoma and adenocarcinoma, respectively) with the FXR agonist FexD. In the 

adenoma model, mice were treated with vehicle or FexD (50 mg/kg daily oral gavage) 

beginning at the time of tumor initiation (8 weeks of age) for 8 or 12 weeks (Figure 5A). For 

HFD-fed APCmin/+ mice, treatment was started earlier (at 6 weeks) due to the more rapid 

disease progression in this adenocarcinoma model (Figure 5B). Activation of ileal FXR 

target genes by FexD was confirmed in all treatment groups (WT and APCmin/+ mice on ND 

and HFD, Figure 5C and 5D). FexD treatment reduced fecal bleeding and tumor-induced 
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weight loss in both the adenoma (Figure 5E and 5G) and adenocarcinoma (Figure 5F and 

5H) models. Histological analyses showed reduced proliferation, improved nuclei 

morphology, as well as an increase in the number of differentiated cell types such as goblet 

cells in the intestines of FexD-treated mice (Figure 5I, 5J, S6A and S6B). Importantly, the 

average number of tumors was reduced by ~40% and ~25% in the FexD treated adenoma 

and adenocarcinoma models, respectively (Figure 5K, 5L, S6C–6F). In addition, FexD 

treatment improved the intestinal barrier function in both models as seen by the ~3 fold 

decrease in intestinal permeability (Figure 5M and 5N, S6G and S6H). Furthermore, FexD 

treatment reduced systemic inflammation, as seen by marked reductions in spleen weight 

and serum cytokine levels, most notably IL6, IL17a, and IL10 (Figure 5O–5R, S6I–S6N). 

Taken together, these findings demonstrate that selective activation of intestinal FXR retards 

the progression of adenomas and adenocarcinomas.

Activation of intestinal FXR improves BA homeostasis

To elucidate the mechanisms underlying the beneficial effects of intestinal FXR activation 

on disease progression, we determined the drug-induced changes in serum BAs. As 

expected, FexD robustly reduced total BA levels, most notably a ~10 fold reduction 

observed in HFD-fed APCmin/+ mice (Figure 6A–6D, Table S1). Importantly, the high levels 

of the FXR antagonists T-βMCA, DCA, and βMCA were markedly reduced with FexD 

treatment (Figure 6E–6F, Table S1). Principal coordinates analysis (PCoA) of BA 

compositions identified T-βMCA levels as a key distinguishing factor for FexD treatment, 

and T-βMCA as a primary factor contributing to tumor progression in APCmin/+ mice 

(Figure 6G). Together, these findings support the notion that T-βMCA is a major driver in 

the development of colon cancer, in part through its ability to dysregulate FXR signaling in 

intestinal stem cells.

FexD improves CRC survival

To mechanistically dissect the in vivo effects of FexD treatment, we determined the genome-

wide expression changes induced in APCmin/+ mice on ND. As seen in the organoid studies, 

FexD treatment comprehensively reduced the expression of intestinal stem cell genes and 

increased the expression of genes in the p53 pathway (Figure 7A, 7B, S7A, and Table S3) 

(Dalerba et al., 2011; Drost et al., 2015; Fodde et al., 2001; Ongen et al., 2014; Rajagopalan 

et al., 2003). In addition, histological scoring revealed reduced tumor grades in the colon in 

the adenocarcinoma model (APCmin/+ mice on HFD), suggesting FexD delayed tumor 

progression in the treated mice (Figure 7C and Table S4). Consistent with these changes, 

survival studies revealed profound improvements upon FexD treatment. The median survival 

time was increased by 10 weeks in APCmin/+ mice on ND (23 to 33.5 weeks with 50 

mg/kg/day FexD starting from 8 weeks of age, Figure 7D), while in the more aggressive 

adenocarcinoma model (APCmin/+ on HFD), FexD-treated mice survived an additional 6 

weeks (18.5 to 24.5 weeks, Figure 7E).

To explore the potential relevance of these findings to human disease, we generated FexD 

expression signatures (30 most upregulated and 30 most downregulated genes) to interrogate 

a GEO database of 797 CRC patients. Parsing patients based on FexD expression signatures 

derived from APCmin/+ mice or organoids revealed pronounced survival advantages (Figure 
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7F, S7B, and Table S3). Furthermore, this survival advantage was evident in the subsets of 

Stage 3 and Stage 4 patients, as well as in patients in the TGCA database (data not shown). 

Moreover, expression of FXR has strong inverse correlation with that of LGR5 and ASCL2 

in human CRC patients (Figure S7C and Table S3), consistent with a conserved role for 

FXR in the regulation of Lgr5+ cell proliferation. Supporting these correlations, FXR 

antagonistic BAs (T-βMCA and DCA) and FXR agonist drugs (FexD), increased and 

decreased the expression of intestinal and cancer stem cell marker genes in organoids 

generated from the polyps collected from human CRC patients (Figure 7G).

DISCUSSION

The 2-step model of CRC proposes that loss of tumor suppressor function provides a 

survival advantage and facilitates clonal expansion. Here we identify FXR as a critical 

regulator of intestinal stem cell proliferation. While not considered a tumor suppressor, we 

show that disruption of FXR activity in intestinal stem cells is integral to disease progression 

(Figure 7H).

We show here that FXR is a point of convergence of heredity (H) and environmental (E) risk 

factors for CRC (re the Tomasetti and Vogelstein model). Our studies demonstrate that the 

APC mutation and high-fat diet independently and cooperatively increase the BA pool that 

results in the repression of FXR signaling in intestinal stem cells. Mechanistically, we 

identify T-βMCA and DCA, natural FXR antagonists upregulated in APCmin/+ mice, as 

potent drivers of CSC proliferation and capable of inducing DNA damage.

The high rate of intestinal stem cell divisions and the associated increased risk for DNA 

replication (R) errors has been implicated in the incidence of CRC (Tomasetti et al., 2017; 

Tomasetti and Vogelstein, 2015). Indeed, replacement of the intestinal epithelium requires 

the continuous renewal and differentiation of stem cells, a process regulated by the WNT 

signaling gradient and dependent upon the crypt-villus structure. Erosion of this structure 

not only disrupts the WNT gradient, but increases the exposure of crypt-resident Lgr5+ cells 

to diet-induced cues including fatty acids and BAs, thereby increasing the possibility for 

malignant transformation. These findings support the importance of FXR in maintaining the 

crypt-villus structure, gut homeostasis and crypt integrity, as well as demonstrate how 

disabled FXR signaling contributes to the “bottom-up” model for CRC progression (Figure 

7H and S7D).

Early screening combined with advances in surgical and adjuvant therapies have improved 

survival rates for CRC, but additional pharmacologic interventions are needed (Kuipers et 

al., 2015). Our findings identify FXR in the cancer stem cells as a potential therapeutic 

target for treating or preventing CRC. Indeed, we show that FexD, a gut-biased FXR agonist, 

delayed tumor progression and profoundly increased survival in APCmin/+ mouse models of 

adenoma and adenocarcinoma. Histological examination revealed that FexD impedes tumor 

progression at multiple stages: hyperplasia, micro-adenoma, adenoma and adenocarcinoma 

(Figure 7C), emphasizing the critical role of FXR in regulating CSCs. FXR actions in 

additional intestinal cell types such as endocrine cells, and its interaction with other 

signaling pathways may additionally contribute to its propitious role in maintaining crypt-
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villus homeostasis (Gregorieff et al., 2015; Rodriguez-Colman et al., 2017; Sato et al., 

2011). Thus, the re-establishment of FXR signaling not only restricts aberrant Lgr5+ stem 

cell proliferation but also promotes gut health including restoring the intestinal barrier (De 

Gottardi et al., 2004; Modica et al., 2008) and BA homeostasis (Fu et al., 2016a; Parseus et 

al., 2017) (Figure 7D). Beyond its well-established role in regulating cytotoxicity of 

hydrophobic BAs, our study highlights the role of FXR in restricting the tumorigenesis of 

Lgr5+ cells, which mediate the key adenoma-to-adenocarcinoma transformation. As one 

FXR agonist (OCA) has recently been approved and others are advancing in clinical trials 

for liver disease, a rapid translation of these findings into CRC patients is foreseeable.

STAR★METHODS

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal Models—WT C57BL/6J (Cat # 000664), APCmin/+ (Cat # 002020), Lgr5-EGFP-

IRES-creERT2 (Cat # 008875) and APCflox mice (Cat # 009045) were purchased from 

Jackson Laboratory. FXRflox mice were kindly provided by Dr. Pierre Chambon (University 

of Strasbourg, France) and maintained in the Evan’s laboratory. All animal experiments 

were performed in the specific pathogen-free facilities at the Salk Institute following the 

Institutional Animal Care and Use Committee’s guidelines.

Cell Lines—The human intestinal cancer cell lines HCT116, Caco2, HT29 and HEK293 

were acquired from ATCC and cultured according to supplier’s instructions.

METHOD DETAILS

Animal Studies—WT and APCmin/+ mice were maintained on normal chow diet (ND) or 

placed on a high-fat diet (HFD, Harlan Teklad, 60% of calories from fat) from 4 weeks of 

age. For early intervention experiments, Fexaramine D (FexD, 50mg/kg in corn oil) or 

vehicle was orally gavaged daily from 8 weeks of age for APCmin/+ mice on ND, or from 6 

weeks for APCmin/+ mice on HFD. For tumor facilitation experiment, T-βMCA (400mg/kg 

in corn oil, Steraloids Inc, Cat # C1899–000) was orally gavaged twice a week for 6 weeks 

(Sayin et al., 2013). Cre induction in Lgr5+-EGFP-IRES-creERT2, APCflox and FXRflox 

mice was performed by daily gavage of tamoxifen (10mg/kg) for five consecutive days 

(Barker et al., 2009).

Isolation and Generation of Mouse Intestinal Organoid—Intestines were washed in 

ice-cold PBS (Mg2+/Ca2+) (Corning, cat # 21–031-CM), containing 2% BSA (Gemini Bio-

products, cat #900–208) and 2% antibiotic-antimycotic (Gibco, cat #15240–062). Crypts and 

villi were exposed by dicing the intestines into small pieces (1–2 cm long), followed by 

extensive washes to remove contaminants (Sato and Clevers, 2013). Then, GCDR (Gentle 

Cell Dissociation Reagent, Stem cell technologies, cat #7174) was used according to the 

manufacturer’s instructions. Briefly, intestinal pieces were incubated on a gently rotating 

platform for 15 minutes. Subsequently, GCDR was removed and intestinal pieces were 

washed 3 times with PBS wash buffer with vigorous pipetting. The first and second fractions 

that usually contain loose pieces of mesenchyme and villi were not used. Fractions three and 

four containing the intestinal crypts were collected and pooled. Isolated crypts were filtered 
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through a 70μm nylon cell strainer (Falcon, cat #352350). Crypts were counted, then 

embedded in Matrigel (Corning, growth factor reduced, cat #354230), and cultured in 

Intesticult organoid growth medium (Stem cell technologies, cat #6005). For mouse colon 

organoids, additional Wnt3a (300ng/μl, R&D, cat #5036-WN-010) was added. Intestinal 

organoids used in this study were generated from APCmin/+ mice, Lgr5-GFP mice, Lgr5-

GFP/APCflox mice, Lgr5-GFP/FXRflox mice, FXRKO mice.

Generation of Human Intestinal Organoid—Crypts were isolated from same-day 

Colonoscopy sample from patients with intestinal polyps. Human organoids generated from 

patient intestinal polyps were propagated and cultured similar as mouse intestinal organoids.

Fecal occult blood test (FOBT) and Histology examination—Fecal occult blood 

test was used to check for hidden blood in the feces (Beckman Coulter, Cat# 60151A). Swiss 

rolled sections of mouse intestine subjected to Hematoxylin and Eosin (H&E) staining were 

used for tumor stage examination (Pacific pathology, UCSD histology center). Two serial 

sections of each small intestine and colon were assessed histologically by a trained 

pathologist for intestinal tumors using the Pathology of mouse models of intestinal cancer: 

consensus report and recommendation (Boivin et al., 2003; Washington et al., 2013). 

Lesions of hyperplasia (Beyaz et al.), gastrointestinal intraepithelial neoplasia (or 

microadenoma, MC), low and high-grade adenomas (AD) and adenoadenocarcinoma (AC) 

were graded and counted on each section. Images were taken by Olympus Virtual Slide 

Microscope VS120.

Metabolite Measurement—Secondary metabolites such as Bile Acids, Triglyceride (TG) 

and Free Fatty Acids (FFAs) were measured in mouse serum and fecal samples by Total bile 

acid assay kit (Diazyme laboratories, cat #DZ042A-K), Triglyceride kit (Thermo scientific, 

cat #TR 22421/2780-250) and Free fatty acid kit (Bioassay systems, cat #50-489-265) 

according to manufacturer’s instructions. Serum samples were diluted 1:5 with blank buffer, 

and calculations performed using standard controls included in the kit. For fecal samples, 

total bile acids and total fat were extracted from 500mg feces. TGs and FFAs were 

separately measured from total fat extracts.

Serum BA composition analysis—Authentic bile acid standards were purchased from 

Sigma, except glycolithocholic acid (GLCA), deoxycholic acid (DCA), HDCA, γ-MCA, β-

MCA, α-MCA ω-MCA and tauro-β-muricholic acid (T-βMCA) which were purchased from 

Steraloids (Newport, RI), taurocholic acid (TCA) from Calbiochem (San Diego, CA), and 

the deuterated bile acid standards cholic-2,2,4,4-d4 acid, chenodeoxycholic-2,2,4,4-d4 acid, 

and lithocholic-2,2,4,4-d4 acid from C/D/N Isotopes (Quebec, Canada). Mouse serum (20μl) 

was protein precipitated with 80μl of ice cold acetonitrile containing 3.28ng of deuterated 

cholic acid (2, 2, 4, 4-d4 cholic acid) as an internal standard, vortexed 1 min and centrifuged 

at 10,000 rpm for 10 min at 4°C. Supern atants were evaporated under vacuum at room 

temperature and reconstituted in assay mobile phase and transferred to a 96-well plate for 

analysis. A Nextera UPLC (SHIMADZU, Kyoto, Japan) system used in combination with a 

Q-TRAP 5500 Mass Spectrometer (AB SCIEX, Toronto, Canada) with Analyst Software 

1.6.2 (Kakiyama et al., 2014). Chromatographic separations were performed with an 
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ACQUITY (WATERS, Milford, MA) UPLC BEH C18 column (1.7microns, 2.1×100mm). 

The temperatures of the column and auto sampler were 65 degrees and 12 degrees, 

respectively. Sample injection was 1μL. The mobile phase consisted of 10% Acetonitrile and 

10% Methanol in water containing 0.1% Formic Acid (Mobile Phase A) and 10% Methanol 

in Acetonitrile 0.1% Formic Acid (Mobile Phase B) delivered as a gradient: 0–5-min Mobile 

Phase B held at 22%; 5–12-min Mobile Phase B increased linearly to 60%, 12–15min 

Mobile Phase B increased linearly to 80% and 15–19min Mobile Phase B constant at 80% at 

a flow rate of 0.5ml/min. The mass spectrometer was operated in negative electro-spray 

mode working in the multiple reaction mode (MRM). Operating parameters were Curtain 

gas 30 psi; Ion spray voltage 4500 V; Temperature 550C; Ion Source Gas 1 60 psi; Ion 

Source Gas2 65 psi. Transition MRMs, de-clustering potential, entrance potentials and 

collision cell exit potentials were optimized using the Analyst software. Dwell times were 25 

msec.

Cytokine and cancer tumor marker measurement—Serum levels of mouse 

cytokines were analyzed by the Luminex Bio-Plex system. The mouse cytokine 23-multiplex 

assay was carried out according to the manufacturer’s instructions (Bio-Rad, cat 

#M60009RDPD). Specific cytokines such as IL-17, IL-6 and TNFα were measured with 

corresponding cytokine Elisa Kits (Life Technologies, cat # KMC3021, cat #KMC0061, cat 

#KMC3011). Tumor markers, Carcinoembryonic Antigen (CEA) (Lifespan Biosciences Inc, 

cat #LS-F5042) and Cancer Antigen 19–9 (CA 19–9) (Lifespan Biosciences Inc, cat #LS-

F24309) were used to distinguish between benign and malignant tumors.

Cell viability assay and Cell Luciferase assay—FexD, OCA (Obeticholic acid), 

CDCA (Chenodeoxycholic acid) and GW4064 were dissolved in DMSO (FexD, in house 

production; OCA, GW4064, Selleck Chemical LLC). CellTiter-Glo Luminescent Cell 

Viability Assay Kit (Promega, cat #G7572) was used to assay cell viability after drug 

treatment. For luciferase assay, FXRE-Luc plasmids (FXR responsive element) were 

transfected into each cell line, then different drugs were added, and luciferase activities were 

measured by Dual-Luciferase reporter kit (Promega cat #PRE1910). Wnt signaling reporter 

assay by Cignal TCF/LEF Reporter (luc) Kit (Qiagen, CCS-018L) was used.

Viability Assays and RNA isolation of Mouse Organoids—Mouse organoids 

generated from mouse intestine and colon were treated with drugs either on day 2 or day 3 

after plating to capture the early growth phase. Images of organoid morphology changes 

after drug treatment were taken with Olympus IX51 microscope. CellTiter-Glo Luminescent 

3D Cell Viability Assay Kit (Promega, cat #G9683) was used to check the cell viability after 

24 hrs of drug treatment. For RNA extraction, organoids were treated with drugs for 24–72 

hrs, then directly lysed using TRIzol reagent (Ambion, cat #15596026), followed by a brief 

sonication (PowerLyzertm 24 MO Bio Laboratories Inc). RNeasy Mini Kit (Qiagen, cat 

#74106) was used for RNA extraction. Human organoids generated from patient intestinal 

polyps were propagated, and treated for 7 days with indicated drugs prior to RNA extraction.

Proliferation Assays of Mouse Organoids—Click-iT EdU-A647 flow cytometry kit 

(Life technologies, cat #C10424) and click-iT EdU-A647 imaging kit were used for cell 
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proliferation assays in both organoids and cell lines, counterstained with Hoechst. EdU was 

incubated for 1hr with organoids and cell lines before harvesting. For flow cytometry 

analysis, crypts were mechanically separated from the connective tissue by rigorous 

pipetting after incubation with GCDR (Stem cell technologies, cat #7174) for 15 mins. To 

obtain intestinal stem cells (ISCs) for sorting, pieces of intestinal sheets were incubated for 

30 mins on a rocking platform. The cells were filtered through a 70-μm cell strainer (Falcon, 

cat #352350), then briefly dissociated with TrypLE Express enzyme (Gibco, cat #12604–

013) into single cells. Sorting was done on a BD FACS cell sorter at the Salk and UCSD 

stem cell core. Specifically for Lgr5-GFP related mice, only GFP+ high cells were collected. 

The cells were collected in TRIzol reagent (Ambion, cat #15596026). Arcturus PicoPure 

RNA isolation kit (Applied Biosystems, cat #12204–01) was used for RNA extraction. 

Individual cells sorted from drug-treated organoids were isolated in a similar way with 

shorter incubation.

In vivo EdU assay—WT and APCmin/+ mice were gavaged with corn oil (vehicle control) 

with and without 400mg/kg of T-βMCA. 12 hrs later, 50 mg/kg EdU was injected 

intraperitoneally into the mice, according to Baseclick EdU in vivo kit’s instructions. Small 

intestine and colon tissues were harvested at 4 hrs and 12 hrs. The slides were stained with 

EdU-Alexa 488, with DAPI-blue as a counter stain. Images were taken by Zeiss LSM 880 

Rear Port Laser Scanning Confocal.

Gene Expression Analysis—Total RNA isolated from mouse intestine was perfused 

with RNAlater for 24h at 4 degree and then tissues were homogenized in TRIzol reagent 

(Ambion, cat #15596026) with beads using PowerLyzertm 24 (Mo Bio Laboratories Inc), 

then extracted by using RNeasy mini kit (Qiagen, cat #74106) as per the manufacturer’s 

instructions. Total RNA isolated from mouse liver and intestinal segments was directly 

homogenized in TRIzol. cDNA was synthesized from 1 μg of DNase-treated total RNA 

using Bio-Rad iScript Reverse Transcription supermix (#1708841) and mRNA levels were 

quantified by quantitative PCR with Advanced Universal SyBr Green Supermix (Bio-Rad, 

cat #725271). All samples were run in technical triplicates and relative mRNA levels were 

calculated by using the standard curve methodology and normalized to 36B4. All primers 

are lists in Supplementary Table 5.

RNA-seq and Analysis—RNA quality was confirmed using the Agilent 2100 

Bioanalyzer and RNA-seq libraries were prepared from three biological replicates for each 

experimental condition and sequenced on an Illumina HiSeq 2500, 4000, or NextSeq500 

using barcoded multiplexing and a 100-bp read length. Image analysis and base calling were 

done with Illumina CASAVA-1.8.2. The quality of the reads was assessed with fastqc. Reads 

were mapped against the reference genome and transcript annotation (GRCm38.p6) using 

STAR (Dobin et al., 2013). RSEM (Li and Dewey, 2011) was utilized to quantify gene 

expression from BAM files. Differentially expressed genes (n = 3) were determined using 

rsem-generate-data-matrix and rsem-run-ebseq commands (Leng et al., 2013). For Figure 

3C, genes were filtered with minimum 10 reads and fold changes were calculated from 

treatments (n=2). Top 30 up-regulated genes from the LGR5-ASCL2 signature were shown 

and top 30 down-regulated genes from the TP53 signature were shown in the heatmap. For 
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Figure 3H, 3I, 7A, S4K, S7A, row z-scores (n=3) were calculated from the matrix of 

normalized expression using R. For Figure 4C, GPF-positive cells pooled from 6 mice for 

each condition were sorted and RNA-seq was performed. For GSEA, normalized expression 

of gene matrix from RSEM results was used with previously reported gene signatures 

(Schuijers et al., 2015). GSEA was performed with the default setting (Subramanian et al., 

2005). To generate heatmaps, z-scores were calculated from the matrix of normalized 

expression in each row using R.

Western blot analysis—Intestinal organoids were pooled from 3 wells (from 24-well 

plate), washed to remove matrigel and homogenized in Pierce RIPA Lysis and Extraction 

Buffer (ThermoFisher, cat # 89900), with freshly added Halt Protease Inhibitor Cocktail 

(100X) (ThermoFisher cat #78430). Crude lysates were centrifuged at 14,000g for 15 min 

and protein concentrations determined using Bio-Rad protein assay reagent. Samples were 

diluted in SDS sample buffer. Protein concentrations were measured by BCA (bicinchoninic 

acid assay) method. Bound proteins were resolved by SDS-PAGE and transferred to 

nitrocellulose membranes (Bio-Rad cat #170–4159). Individual proteins were detected with 

specific antibodies and visualized on film using horseradish peroxidase–conjugated 

secondary antibodies (Bio-Rad) and Western Lightning enhanced chemiluminescence 

(PerkinElmer Life Sciences). Antibodies to Phospho-Histone H2AX (Ser139) or γH2AX 

(20E3) Rabbit mAb (cat #9718), H2AX (cat #2595), were purchased from Cell Signaling 

and used at dilutions recommended by the manufacturer.

DNA Damage ELISA kits—APCmin organoids were treated with 10μM of adverse BAs 

(T-βMCA and DCA) and FXR agonist drugs (FexD and OCA) with incubation times of 5, 

10, 15 and 30 mins to 1, 2, 4 up to 6 hour. DMSO was used as a negative control, and 5FU 

(Fluorouracil) as a positive control. Proteins were extracted from whole organoids with lysis 

buffer as described for western blots and measured with BCA assay. Extracted protein then 

used for PARP1 (poly ADP-ribose polymerase 1) ELISA Kit (LSBio, LS-F12266).

Chromosomal Damage Assay—Organoids generated from both WT and APCmin/+ 

mice were cultured and passaged in vehicle (DMSO) or 10 μM DCA for up to 10 

generations. Prior to harvest, organoids were incubated in KaryoMAX™ Colcemid Solution 

(10μg/mL, Gibco) for 12–16 hrs, then single cells were resuspended in 0.075M KCl for 20 

mins and fixed in Carnoy’s solution. Cells were spread on slides and nuclei stained by DAPI 

prior to imaging using a Zeiss LSM 880 Rear Port Laser Scanning Confocal and Airyscan 

FAST Microscope.

PCoA Analysis—Statistical analyses of the metabolite profiles were performed using the 

QIIME package version 1.9.1. Specifically, a Bray-Curtis distance matrix was constructed 

based on the concentrations of the 23 metabolites in the 85 samples. Principal coordinates 

analysis (PCoA) was performed on the distance matrix to assess the clustering pattern of 

per-sample metabolite profiles. The result was visualized in Emperor (Caporaso et al., 

2010). Permutational multivariate ANOVA was performed with 10,000 permutations using 

the adonis function of vegan 2.4–3, to test the significance of grouping APCmin/+ mice 
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samples based on either cohort (8 wks vs.12 wks) or drug (Veh vs. FexD). Mean distances 

between samples from different groups were also calculated.

Bioinformatic Human Survival Analysis.—In order to examine clinical relevance of 

gene signatures from organoids and mice, we conducted survival analysis with FexD-

dependent genes. FexD-dependent genes (FDR<0.05 and Fold change > 1.5) were separated 

into UP and DOWN. To access and download large datasets, we utilized SurvExpress 

(Aguirre-Gamboa et al., 2013). Using combined GEO (n=808, GSE17536, GSE17538, 

GSE29621, GSE41258, GSE14333, GSE12945, E-GEOD-31595 used, survival data was 

available for 797 samples), coefficient scores were computed and the top 30 genes (negative 

scores for UP or positive scores for DOWN) were utilized. Patients were defined as high and 

low risk groups based on risk score (prognostic index). To generate Kaplan-Meier curves, 

functions from R packages (survival and survminer) were modified and utilized. For 

correlation study, we extracted expression of NR0B2, NR1H4, LGR5, and ASCL2 from the 

combined GEO dataset above that we used for survival analysis. Expression was normalized 

using scale function of R. Non-parametric Spearman correlation scores were calculated for 

statistics.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical details of experiments are included in the Figure legends or specific Methods 

section. Band intensities were quantified with Fiji and normalized with internal control.

DATA AND SOFTWARE AVAILABILITY

The accession number for the RNA-seq data reported in this paper is NCBI SRA: 

SRP111558.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Genetic and dietary risk factors for colorectal cancer converge on the BA-

FXR axis

• FXR controls the proliferation of Lgr5+ intestinal stem cells

• FXR agonists curtail colorectal cancer progression
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Figure 1. HFD drives adenoma-adenocarcinoma progression in APCmin/+ mice
Wild-type (WT) and APCmin/+ mice were maintained on normal-chow diet (ND) or high-fat 

diet (HFD) from 4 weeks of age.

(A, C) H&E staining of colons, with inset magnification of the epithelium. Large tumors are 

demarcated by dashed lines. Scale bar 1mm.

(B) Intestinal permeability, measured by oral FITC-Dextran leakage into blood, in WT and 

APCmin/+ mice (16 week old) maintained on ND or HFD for 12 weeks.
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(D-E) Prognostic tumor marks of colon cancer, serum cancer antigen 19–9 (CA19) and 

carcinoembryonic antigen (CEA) in APCmin/+ mice.

(F) Total serum BA levels.

(G) Serum BA composition and (H) individual BAs levels in WT mice maintained on ND 

and HFD for 8 weeks.

(I) Serum BA composition and (J) individual BA levels of APCmin/+ mice maintained on 

ND and HFD for 10 weeks.

(K-L) Temporal changes in serum T-βMCA levels in WT and APCmin/+ mice on ND and 

HFD.

Data represent the mean ± SEM. *p<0.05; **p<0.01; ***p<0.005, Student’s unpaired t-test.
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Figure 2. T-βMCA promotes CRC progression
(A-B) Temporal changes in intestinal tumor burden and serum T-βMCA and DCA levels. 

(C) Luciferase activity in HT29 cells expressing a luciferase reporter gene functionally 

linked to an FXR-responsive element (FXRE-Luc) upon exposure to T-βMCA or the FXR 

agonist GW4064, and (D) T-βMCA (10μM) in combination with CDCA (10nM to 50μM).

(E) Ileal proliferation in ND-fed APCmin/+ mice 12 hours after T-βMCA (400mg/kg p.o.) or 

vehicle (corn oil) administration (EdU incorporation, green; DAPI, blue. Scale bar 50μm).
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(F) H&E staining of colons and magnifications of the epithelium of APCmin/+ mice on ND 

treated with T-βMCA (400mg/kg p.o.) or Vehicle (corn oil) twice a week from 8 weeks of 

age. Tumors are outlined. Scale bar 1mm.

(G-H) Intestinal permeability and serum CA19 levels in APCmin/+ mice treated with T-

βMCA or Vehicle.

(I) Relative expression of FXR target genes, and cancer and intestinal stem cell marker 

genes in tumors from APCmin/+ mice treated with Vehicle or T-βMCA (400 mg/kg twice a 

week for 6 weeks).

Data represent the mean ± SEM. *p<0.05; **p<0.01; ***p<0.005. Student’s unpaired t-test.
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Figure 3. FXR regulates Lgr5+ cancer stem cell expansion
(A) Brightfield images of organoids generated from APCmin/+ mice on ND, treated from 

days 3–6 with vehicle (DMSO), T-βMCA, FexD, and T-βMCA+ FexD. Scale bar 50μm.

(B) Quantification of organoid budding in (A).

(C) Heatmap of stem cell marker gene expression in DMSO vs T-βMCA-treated organoids 

from (A).

(D) Expression of intestinal stem cell (Lgr5-Ascl2) and p53 pathway marker genes in 

APCmin/+ organoids treated with T-βMCA with and without concurrent FexD treatment (* 
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statistically different from vehicle; # statistically different from equivalent T-βMCA 

treatment).

(E-G) Organoids generated from APCmin/+ mice on HFD, treated with FXR agonists (FexD, 

OCA and GW4064) or 5-Fluorouracil (5-FU) from days 2–5.

(E) Brightfield images, scale bar 100μm.

(F) Proliferation of organoids measured by EdU incorporation. (G) Stem cell marker gene 

expression after indicated treatments.

(H-I) Heatmaps of changes in (H) stem cell gene signature (Lgr5-Ascl2) and (I) P53 

pathway genes in APCmin/+ organoids after indicated treatments. Three representative 

replicates are shown.

(J) GSEA of FexD-induced changes in the stem cell signature (Lgr5-Ascl2) and P53 

pathway genes.
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Figure 4. FXR guards stem cell proliferation and chromosome stability
(A) Brightfield images of primary and secondary organoids generated from APCmin/+/Lgr5-

GFP and APCmin/+/Lgr5-GFP/FXRflox mice. Arrows indicate crypt domains. Scale bar 

20μm.

(B) Quantification of crypts and secondary organoid formation in organoids from (A).

(C) Heatmap showing relative gene expression in ISCs isolated from intestinal segments 

from APCmin/+/Lgr5-GFP, APCmin/+/Lgr5-GFP/FXRflox, WT/Lgr5-GFP, and WT/Lgr5-
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GFP/FXRflox mice (Lgr5-GFP+high cells -ISCs, were isolated were pooled from 6 mice 1 

week after tamoxifen treatment).

(D) Luciferase activity in HT29 cells expressing a WNT signaling luciferase reporter upon 

treatment with FexD and T-βMCA.

(E) Western blot of phosphorylated H2AX (pH2AX), a marker of DNA damage, in 

APCmin/+ organoids at indicated times after exposure to T-βMCA. Relative pH2AX levels 

measured by Image J are indicated.

(F) Representative images of chromosomes in organoids (from APCmin/+ mice) treated with 

DCA (10μm) or DMSO (control) for 7 passages.

(G) Quantification of chromosome numbers from passages 5 to 10 of organoids in (F).

Data represent the mean ± SEM. *, # p<0.05; **, # # p<0.01; ***, # # # p<0.005. Student’s 

unpaired t-test.
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Figure 5. Intestinally-restricted FXR agonism slows tumor progression
(A, B) Schematics of FexD treatment (50mg/kg/day p.o.) of WT and APCmin/+ mice on ND 

and HFD. Mice were fed HFD from 4 weeks.

(C, D) Relative expression of FXR target genes (Shp, Fgf15 and Ibabp) in vehicle-treated 

WT (black), FexD-treated WT (yellow), vehicle-treated APCmin/+ (red), and FexD-treated 

APCmin/+ (green) mice.

(E, F) Progressive changes in fecal bleeding scores measured by fecal occult blood test, and 

(G, H) body weights in above treatment groups.
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(I, J) Representative H&E staining of colons from 20 week old ND and 18 week old HFD 

fed mice as described above, with large tumors outlined. Enlarged images show the detailed 

structure. Scale bar 1mm.

(K, L) Average tumor burden and tumor size distribution of mice in above treatment groups.

(M, N) Intestinal permeability measured by FITC-Dextran of mice in above treatment 

groups.

(O-R) Spleen weight and serum cytokine levels in mice in above treatment groups.

Data represent the mean ± SEM. * statistically different from WT mice on ND; # statistically 

different from APCmin/+ on ND. *, # p<0.05; **, # # p<0.01; ***, # # # p<0.005. Student’s 

unpaired t-test.
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Figure 6. Activation of intestinal FXR improves BA homeostasis
WT and APCmin/+ mice on ND and HFD were treated as described in Figure 5A and B. 

Experimental schemes of Vehicle (black) and FexD-treated (50mg/kg/day p.o., yellow) WT 

and Vehicle (red) and FexD-treated (green) APCmin/+ mice as described in Figure 5A, C.

(A, B) Total primary and secondary serum BA levels during disease progression in mice 

described above.

(C, D) Individual serum BA levels in 16 week old ND-fed and 14 week old HFD-fed mice 

after indicated treatments.
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(E, F) Temporal changes in serum T-βMCA, DCA and βMCA levels.

(G) Principal coordinates analysis (PCoA) of the effects of genotype, diet, and FexD 

treatment on BA compositions.

Data represent the mean ± SEM. * statistically different from WT mice on ND; # statistically 

different from APCmin/+ on ND. *, # p<0.05; **, # # p<0.01; ***, # # # p<0.005. Student’s 

unpaired t-test.
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Figure 7. Intestinal FXR agonism improves CRC survival
(A) Heatmap of expression changes in stem cell signature (Lgr5-Ascl2) genes in APCmin/+ 

mice on ND. Data from 3 representative mice are shown.

(B) GSEA of FexD-affected stem cell signature (Lgr5-Ascl2) genes.

(C) Histological scores of tumors in APCmin/+ mice on HFD after FexD or vehicle 

treatment.

(D-E) Survival curves for APCmin/+ mice on ND (D, n=18) and HFD (E, n=14) with FexD 

or vehicle treatment.
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(F) Parsing of human colon cancer survival curves (797 patients in GEO database) based on 

a FexD expression signature called from data (A).

(G) Relative expression of intestinal stem cell genes in organoids generated from polyps 

collected from human colon cancer patients after treatment with FexD, OCA, T-βMCA and 

DCA for 1 week.

(H) Schematic model depicting the convergence of genetic and dietary risk factors for colon 

cancer on FXR in intestinal stem cells indicating beneficial effects of FXR agonists.

Fu et al. Page 33

Cell. Author manuscript; available in PMC 2020 February 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Fu et al. Page 34

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Histone H2A.X Antibody Cell Signaling Cat#2595 RRID:AB_10694556

Rabbit Anti-Histone H2A.X, phospho (Ser139) 
Monoclonal Antibody Cell Signaling Cat#9718 RRID:AB_2118009

Biological Samples

Human Organoids generated out of intestinal polyps from 
Human patients UCSD De-identified samples

Chemicals, Peptides, and Recombinant Proteins

OCA (Obeticholic acid) Selleck Chemical Cat#S7660

CDCA (Chenodeoxycholic acid) Cayman Chemicals Cat#10011286-5

GW4064 Selleck Chemical Cat#S782

Fexaramine D WUXI Custom order

Tauro-β-muricholic acid (T-pMCA) Steraloids Cat# C1899-000

Taurocholic acid (TCA) Calbiochem CAS145-42-6

glycolithocholic acid (GLCA) Steraloids Cat# C1437-000

deoxycholic acid (DCA) Steraloids Cat# C1070-015

Hyodeoxycholic Acid (HDCA) Steraloids Cat# C0885-000

γ-MCA Steraloids Cat# C1850-000

β-MCA Steraloids Cat#C1895-000

α-MCA Steraloids Cat#C1890-000

ω-MCA Steraloids Cat#C1888-000

Cholic-2,2,4,4-d4 acid C/D/N Isotopes D-2452

Chenodeoxycholic-2,2,4,4-d4 acid C/D/N Isotopes D-2772

Lithocholic-2,2,4,4-d4 acid C/D/N Isotopes D-3742

Wnt3a R&D Systems Cat #5036-WN-010

5-Fluorouracil (5-FU) ACROS Organics Cat #228440010

Critical Commercial Assays

Total bile acid assay kit Diazyme laboratories Cat #DZ042A-K

Fecal occult blood test Beckman Coulter Cat# 60151A

Triglyceride kit Thermo scientific Cat #TR22421/4780-250

Free fatty acid kit Bioassay systems Cat #50-489-265

Bio-Plex Pro Mouse Cytokine 23-plex Assay Bio-Rad laboratories M60009RDPD

IL-17 cytokine Elisa kit Life Technologies Cat # KMC3021

IL-6 cytokine Elisa kit Life Technologies Cat #KMC0061

TNFα cytokine Elisa kit Life Technologies Cat #KMC3011

Carcinoembryonic Antigen (CEA) Elisa kit Lifespan Biosciences Cat #LS-F5042

Cancer Antigen 19-9 (CA 19-9) Elisa kit Lifespan Biosciences Cat #LS-F24309

CellTiter-Glo Luminescent Cell Viability Assay Kit Promega Corporation Cat #G7572

CellTiter-Glo Luminescent 3D Cell Viability Assay Kit Promega Corporation Cat #G9683

Dual-Luciferase reporter kit Promega Corporation Cat #PRE1910
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REAGENT or RESOURCE SOURCE IDENTIFIER

Cignal TCF/LEF Reporter (luc) Kit QIAGEN Cat#CCS-018L

RNeasy Mini Kit QIAGEN Cat #74106

RNeasy Micro Kit QIAGEN Cat #74004

Arcturus PicoPure RNA isolation kit Applied Biosystems Cat #12204-01

Click-iT EdU-A647 flow cytometry kit Life technologies Cat #C10424

Click-iT EdU-A647 imaging kit Life technologies Cat #C10340

Baseclick EdU in vivo kit Baseclick BCK488-IV-IM-S

PARP1 (poly ADP-ribose polymerase 1) ELISA Kit Lifespan Biosciences Cat #LS-F12266

Bio-Rad iScript Reverse Transcription supermix Bio-rad Cat #1708841

Advanced Universal SyBr Green Supermix Bio-rad Cat #725271

Western Lightning enhanced chemiluminescence PerkinElmer Life Sciences Cat#34095

KaryoMAX Colcemid Solution GIBCO Cat#15210-040

Matrigel, growth factor reduced Corning Cat #354230

Gentle cell dissociation buffer Stem Cell Cat #7174

Intesticult organoid growth medium Stem Cell Cat #6005

PBS (Mg2+/Ca2+) solution Corning Cat # 21-031-CM

FBS Gemini Bio-products Cat #900-208

Antibiotic-Antimycotic solution GIBCO Cat #15240-062

Deposited Data

Raw and analyzed RNA-seq data Illumina High Seq 2500 NCBI's Sequence Read Archive 
SRP111558

Experimental Models: Cell Lines

HT29 ATCC Cat# HTB-38, RRID:CVCL_0320

CACO2 ATCC Cat# HTB-37, RRID:CVCL_0025

HCT116 ATCC Cat# CCL-247, RRID:CVCL_0291

HEK293 ATCC Cat# PTA-4488, RRID:CVCL_0045

Experimental Models: Organisms/Strains

Mouse: C57BL/6J The Jackson Laboratory Cat# JAX:000664, RRID:IMSR_JAX:
000664

Mouse: C57BL/6J-ApcMin/J The Jackson Laboratory Cat# JAX:002020, RRID:IMSR_JAX:
002020

Mouse: B6.129P2-Lgr5tm1 (cre/ERT2)Cle/J The Jackson Laboratory Cat# JAX:008875, RRID:IMSR_JAX:
008875

Mouse: C57BL/6J-Apctm1Tyj/J The Jackson Laboratory JAX:009045, RRID:IMSR_JAX:
009045

Mouse: FXRflox mice in C57BL/6J background Dr. Pierre Chambon (USIAS) NA

Oligonucleotides

Primers for RT-qPCR, see Table S5. IDT Designed using Primer 3 software

Software and Algorithms

STAR Dobin et al., 2013 https://github.com/
alexdobin/STAR N/A

RSEM Li and Dewey, 2011 N/A

rsem-generate-data-matrix and rsem-run-ebseq commands Leng et al., 2013 N/A

GSEA Subramanian et al., 2005 N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Emperor Caporaso et al., 2010 N/A

SurvExpress Aguirre-Gamboa et al., 2013 N/A

Homer http://homer.ucsd.edu/homer/ N/A

CASAVA-1.8.2 https://www.illumina.com/ Illumina

Fiji https://fiji.sc/ N/A
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