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Abstract

Colorectal cancer is the third most common malignant tumor worldwide, ranking second in cancer-
related deaths, with poor prognosis for advanced-stage patients. Farnesoid X receptor is a kind of
nuclear receptor for bile acids, recent studies suggest that the farnesoid X receptor can regulate the
proliferation, differentiation, invasion, and metastasis of colorectal cancer cells, thereby inhibiting the
occurrence and development of colorectal cancer. The main mechanisms of action include 1) cell cycle
blockade, 2) regulation of apoptosis and autophagy, 3) influence on energy metabolism, and 4) shaping
the intestinal microenvironment. These mechanisms involve multiple signaling pathways such as Wnt/f-
catenin, EGFR/ERK, JAK2/STAT3, etc. The anticancer effects of the farnesoid X receptor indicate its
potential as a therapeutic target of colorectal cancer. Its agonists not only independently exert anti-
tumor effects but also synergistically enhance the efficacy of chemotherapy and immunotherapy, offering
the possibility of improving the survival and prognosis of colorectal cancer:

Introduction

Colorectal cancer (CRC) ranks as the third
most prevalent malignant neoplasm globally
and the second most common cause of cancer-
related death, constituting approximately 10%
of the overall cancer incidence and 9.4% of
the overall cancer caused deaths. Over the past
years, the prevalence of CRC has been steadily
rising and increasingly affecting individuals at
younger ages. Consequently, the identification
of novel diagnostic and therapeutic targets
assumes paramount importance in enhancing
the prognosis and extending the survival of
CRC patients [1].

The farnesoid X receptor (FXR) is a nuclear
receptor that binds to endogenous ligands,
specifically bile acids [2]. FXR is expressed
in various tissues, including the heart, kidney,
and breast, with the liver and ileum exhibiting
the highest levels of expression [3-5]. As a
nuclear receptor for bile acids, FXR governs
the circulation and metabolism of bile acids
through multiple pathways. Furthermore,
recent research has revealed that FXR plays
a crucial role in CRC. This article aims to
critically examine the advancements made in
the research of FXR in CRC and investigate its
significant potential in the realms of diagnosis

The Physiological Functions of FXR
FXR, classified as a subclass of bile acid

nuclear receptors, can be effectively stimulated
by bile acids, subsequently governing various

facets of bile acid metabolism, encompassing
synthesis, transportation, and reuptake.

Firstly, The negative regulation of bile acid
synthesis is mediated by FXR, which plays a
crucial role in the classical pathway involving
multiple enzymes, including CYP7AIL,
CYP8B1, and CYP27A1. FXR exerts its
inhibitory effect by inducing the expression
of small heterodimer partner (SHP), which
effectively suppresses the activity of the
enzymes essential for bile acid synthesis [6-8].

Secondly, FXR plays a crucial role in
facilitating the transport of bile acids. Prior
to transport, non-conjugated bile acids must
undergo conversion into conjugated bile acids
through the actions of bile acid-CoA synthetase
(BACS) and bile acid-CoA: amino acid
N-acetyltransferase (BAT) [9]. Both BACS
and BAT contain functional FXR binding sites
(IR-1 sequence), and the activation of FXR can
stimulate their expression, thereby promoting
the production of conjugated bile acids for
subsequent transport [10]. Furthermore, FXR
can also enhance the expression of transport-
related genes, such as bile salt export pump
(BSEP) and multidrug resistance 3(MDR3),
through similar mechanisms, thereby further
facilitating the transport of bile acids [11,12].

Finally, The FXR regulates the reabsorption
of bile acids, assisting in the modulation of
the enterohepatic circulation of bile acids.
After exerting their physiological effects, the
majority of bile acids are actively reabsorbed
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through the apical sodium-dependent bile acid transporter
(ASBT) located on the apical membrane of the enterocyte [10].
Upon entry into the cytoplasm, bile acids bind to the ileal bile
acid-binding protein (IBABP) and shuttle from the apical to the
basolateral side [13], where they are secreted into the portal
vein by the heterodimeric organic solute transporter proteins
(OSTa and OSTP) for uptake by hepatocytes, a process known
as enterohepatic circulation [14]. The negative regulation of
ASBT by FXR occurs via the SHP-dependent pathway, while
the induction of ileal bile acid-binding protein, and organic
solute transporter expression is facilitated by specific sequences
in their promoters, thereby regulating bile acid reabsorption
[15-17].

FXR Suppresses CRC

FXR not only possesses the capability to regulate bile acid
metabolism under physiological circumstances, but it also
assumes a significant role in the context of colorectal cancer.
Specifically, FXR exhibits the ability to impede the proliferation
and migration of colorectal cancer cells, influence the tumor
microenvironment, and hinder the initiation and advancement
of colorectal cancer through various mechanisms.

FXR Affects the Proliferation, Differentiation, Invasion
and Metastasis of Colorectal Cancer Cells

Lgr5+ intestinal stem cells (ISCs) play a pivotal role in the
formation of intestinal tumors. FXR has been demonstrated
to function as a regulator of ISCs proliferation, which play a
pivotal role in the formation of intestinal tumors. The absence
of FXR fosters ISC proliferation, heightens DNA damage and
genetic instability, and propels malignant transformation. While
the activation of FXR has been shown to have the potential to
restrict abnormal proliferation of intestinal stem cells ISCs,
mitigate the transformation of adenoma to adenocarcinoma
mediated by Lgr5+ cells [18]. Furthermore, FXR has been
found to exert inhibitory effects on tumor cell proliferation
while promoting differentiation. In murine models of adenomas
and adenocarcinomas, the activation of FXR led to diminished
proliferation, enhanced nuclear morphology, and augmented
quantities of differentiated cells, including goblet cells [18,19].

FXR can inhibit the tumor progression through the modulation
of tumor invasiveness and migration. The research by Sun et al.
suggests that colorectal cancer cells with FXR knockout exhibit
a greater number of invasive and migratory cells compared to
the FXR-expressing group. Additionally, there is an increased
wound healing rate, indicating enhanced invasive capabilities.
In addition, the verification of FXR's impact on CRC metastasis
in vivo was done by establishing a model of colon cancer lung
metastasis through tail vein injection. The findings indicated
that the FXR knockout group had a higher number of tumor
nodules in lung metastasis compared to the control group [20].
Therefore, FXR has the ability to hinder the invasion and
metastasis of colon cancer cells in both in vivo and in vitro
settings, which is mainly accomplished by suppressing the
epithelial-mesenchymal transition (EMT). EMT plays a crucial
role in the progression and metastasis of tumors by enhancing the
invasion and migration potential of cells. The downregulation
of FXR leads to an upregulation of EMT markers such as
Vimentin, Snail, Slug, Fibronectin, and MMP-9. Conversely,
the activation of FXR can yield opposite results [20,21].
Additionally, FXR can inhibit the matrix metalloproteinase-7
(MMP-7) transcription by binding to the response elements in it
promoter, and inhibit the invasion of CRC [22].
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Mechanisms of FXR Inhibition in CRC
FXR Affects Cell Cycle

The regulation of the cell cycle by FXR is considered one
of the mechanisms through which it inhibits proliferation. FXR
has the ability to impede the transition of cells from the GO/G1
phase to the S phase, Consequently, there is an escalation in the
percentage of cells residing in the GO/G1 phase, accompanied
by a decrease in the proportion of cells in the S phase, and the
expression levels of crucial proteins involved in the cell cycle,
namely cyclin D1 and c-Myc exhibit a decline, and these
alterations ultimately lead to the suppression of tumor growth
[20,21,23]. Recent studies have indicated that FXR can suppress
miR-135A1, leading to an increase in cyclin G2 (CCNG2)
expression, thereby impeding the cell cycle and restraining
tumor proliferation via the FXR/miR-135A1/CCNG2 axis
[24,25]. Similarly, Wan also proposed an anti-proliferation
mechanism mediated by the FXR/miR-22/CCNA2 axis. Cyclin
A2 (CCNA2), a cell cycle protein, in colorectal cancer has
gradually gained recognition as a novel oncogene that governs
apoptosis and growth. The inhibitory effect of MiR-22 on tumor
growth through its targeting of CCNA2 has been demonstrated
[26]. This investigation has revealed that FXR has the ability to
directly interact with the IR 1 motif located upstream of miR-22,
thereby regulating its expression and facilitating the inhibition
of CCNA2 expression by miR-22, ultimately leading to an anti-
proliferative effect [27].

FXR Regulate apoptosis and autophagy

FXR modulates extrinsic cell apoptosis to reduce cell
proliferation, thereby inhibiting tumor growth. The regulation
of apoptosis in colorectal cancer (CRC) cells by FXR is
mediated through the BAX/caspase-3 pathway. Activation of
FXR expression in CRC cell lines increases the mRNA levels of
pro-apoptotic genes (FAS, BAKI, P21, KLF4, FADD, CASP9,
and P27) and decreases the levels of the anti-apoptotic gene
BCL2 [28,29]. Moreover, experiments conducted by Naito et al.
further substantiate that FXR-mediated regulation of apoptosis
in colorectal cancer cells is mediated through death receptor 5
(DRS5)-mediated extrinsic apoptosis. Treatment of CRC cell lines
with the FXR agonist GW4064 leads to a significant increase
in DRS protein expression along with enhanced expression of
apoptosis-related molecules such as caspase-8, caspase-3, and
PARP in the extrinsic death signaling pathway. However, the
intrinsic death signaling pathway remains unaffected.

Furthermore, FXR can induce apoptosis by reducing
autophagic activity. For some colorectal cancer cells that rely
on autophagic activity for cell survival, FXR inhibition of
autophagic activity demonstrates an anti-tumor effect [30,31].

FXR Influences Energy Metabolism

FXR suppresses the proliferation and invasion of colorectal
cancer cells by influencing energy metabolism. The Warburg
effect is a characteristic of tumor energy metabolism, indicating
that even in the presence of sufficient oxygen, tumor cells
tend to favor aerobic glycolysis over aerobic respiration. This
metabolic preference not only provides the required energy for
tumor cells but also disrupts immune cell function and promotes
tumor proliferation and invasion through the accumulation of
metabolic byproducts [32]. FXR silencing promotes aerobic
glycolysis in colorectal cancer cells, thus participating in
the regulation of colon cancer cell growth and proliferation,
primarily mediated by enhanced binding of the transcription
factor CCAAT/enhancer-binding protein beta (CEBPB).
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Studies confirm a significant increase in CEBPB expression
in colorectal cancer, where CEBPB, by binding to the FXR
promoter, downregulates FXR expression, leading to tumor
invasion and progression [33].

Furthermore, abnormal oxidative phosphorylationisassociated
with tumor proliferation, invasion, and drug resistance [34,35].
Dehydrogenase/reductase member 9 (DHRS9), a target gene of
FXR, directly binds to FXR and upregulates its own expression.
This interaction inhibits the oxidative phosphorylation of tumor
cells, thus regulating the malignant progression of colorectal
cancer [36].

FXR Modulates the Intestinal Microenvironment

Colorectal cancer resides within a complex intestinal
microenvironment, and its malignant behavior is closely
associated with the surrounding microenvironment. Studies
have revealed that the intestinal microbiota, metabolic products,
inflammatory cells, immune cells, and immune-inflammatory
factors in the intestinal microenvironment are interconnected
through FXR. Together, they collectively regulate the
occurrence, development, invasion, and metastasis of colorectal
cancer.

FXR regulates bile acid metabolism. As an important
metabolite of intestinal microenvironment, bile acid not only
plays a role in the digestion and absorption of fat, but also has
tumor-promoting activity, it can promote CRC by inducing cell
proliferation, DNA oxidative damage, and causing inflammation
[37,38]. FXR can maintain bile acid homeostasis and inhibit the
tumorigenic activity of bile acids. It includes three aspects. First,
FXR negatively regulates bile acid synthesis, directly reducing
the level of intestinal bile acids. Second, FXR downregulates
the intestinal influx transporter ASBT, induces the expression
of binding protein IBABP and efflux transporters OSTo/B,
and reduces the toxic effect of bile acids on intestinal cells.
In contrast, FXR deficiency leads to disruptions in bile acid
metabolism, resulting in more exposure of intestinal cells to bile
acids, thereby promoting CRC formation [39]. And last, FXR can
positively regulate the secretion of secretory immunoglobulin A
(SIgA) by acting on bile acids. SIgA is an important factor in the
intestinal mucosal barrier, which can limit pathogen invasion
and maintain intestinal microenvironment [40,41].

FXR inhibits intestinal inflammation. The inflammatory
environment of the intestine is closely associated with the
formation of CRC, and FXR canimprove intestinal inflammation,
and inhibit the formation and development of CRC. As
mentioned earlier, since bile acids are important substances that
lead to intestinal inflammation, and FXR can regulates various
aspects of bile acid synthesis, transport, and metabolism, so FXR
indirectly inhibit inflammation by regulating bile acid levels
and metabolism [42]. Furthermore, FXR can inhibit intestinal
inflammation through non-bile acid-dependent pathways.
According to the research, activation of FXR in the intestine
reduces the production of pro-inflammatory cytokines such as
interleukin IL-1f, IL-2, IL-6, tumor necrosis factor-alpha, and
interferon-gamma, thereby reducing local inflammation [43].
FXR plays a protective role in inflammation-related colorectal
cancer, and selective activation of intestinal FXR can improve
intestinal inflammation, reduce tumor numbers, and exert anti-
inflammatory and anti-proliferative effects [22,43](22,43).
Mechanistic studies suggest that this effect may be mediated
by the nuclear transcription factor kappa B (NF-kB), as FXR
downregulates the expression of inflammatory factors by
inhibiting the activity of NF-Kb [44,45].
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FXR affects gut microbiota. Gut microbiota as an important
component of the intestinal tumor microenvironment, plays an
importantrole in the development of tumors, and FXR is essential
for maintaining intestinal flora homeostasis. Particularly,
Enterotoxigenic Bacteroides fragilis (ETBF) has been shown
to have a highly carcinogenic effect [46].FXR downregulation
promotes the colonization of ETBF and the formation of
CAC. The mechanism of action mainly involves two aspects.
On the one hand, FXR downregulation can lead to bile acid
disorder, and ETBF has high bile acid tolerance, therefore, the
high bile acid environment formed by FXR downregulation is
beneficial for the survival of ETBF. On the other hand, secretory
immunoglobulin A (SIgA) plays an auxiliary role in bile acid-
mediated ETBF accumulation,the decrease of FXR leads to
the increase of SIgA and promote the colonization of ETBF.
FXR can also affect in the number and composition of the gut
microbiota.The expression of FXR in CRC mice decreased
significantly, which led to the decrease of a-diversity of fecal
flora, the increase of the number of Bacteroides and Proteus,
and the decrease of the number of thick-walled bacteria and
verrucous microbacteria. Among them, the decrease of the
Firmicutes/Bacteroidetes (F/B) ratio may be related to colitis
in the development of CRC. In addition, FXR is also closely
related to the imbalance of metabolites in intestinal flora, the
FXR downregulation group also showed a decrease in butyrate,
which may be related to the potential presence of intestinal
tumors [40].

FXR modulates the intestinal immune microenvironment.
The immunotherapeutic challenges faced by colorectal cancer
have drawn significant attention, and its immune resistance
is closely linked to the immune microenvironment. Research
indicates that FXR has the capability to reshape the immune
microenvironment. Firstly, FXR can influence the recruitment of
immune cells. In inflammatory bowel disease, FXR reduces the
recruitment of immune cells such as macrophages, T cells, and
B cells, maintaining the homeostasis of the intestinal immune
microenvironment. Secondly, FXR can affect the status of
immune cells. FXR promotes the polarization of macrophages
towards the M2 phenotype, and it reduces the differentiation of
monocytes into dendritic cells, thereby inhibiting inflammatory
responses [47]. Lastly, FXR also influences immune regulatory
molecules. As mentioned earlier, FXR leads to a reduction in
dendritic cells and macrophages, inhibiting the production of
immune-inflammatory factors such as TNF-o and interferon-
gamma [37,48]. Additionally, FXR promotes the expression of
Programmed Death-Ligand 1 (PD-L1), and activating FXR can
enhance the efficacy of CRC anti-PD-L1 immunotherapy [49].

FXR Inhibits Proliferation and Invasion-Related Signaling
Pathways

FXR inhibits the proliferation and invasion processes in
colorectal cancer through involvement in signaling pathways
such as Wnt/B-catenin, EGFR/ERK, JAK2/STATS3.

The Wnt/B-catenin signaling pathway has a close association
with tumor proliferation and progression. In colorectal
cancer cells, frequent mutations in the tumor suppressor gene
adenomatous polyposis coli (APC) lead to the accumulation
of the B-catenin complex. The complex, when bound to T-cell
factor/lymphoid enhancer-binding factor (TCF/LEF), forms
the B-catenin/TCF4 complex, activating the Wnt pathway and
participating in tumor proliferation and invasion[50]. In this
process, FXR can interact with B-catenin to inhibit the activation
of the Wnt pathway (Figure). FXR can reduce the activity level
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Figure. FXR Inhibition of Wat/B-catenin Signaling Pathway Medi-
ates Proliferation and Migration of CRC Cells. A. Under physiologi-
cal conditions, the tumor suppressor gene APC participates in the
degradation of the f-catenin complex, reducing the formation of the
B-catenin/TC4 complex. Simultaneously, FXR can decrease the activ-
ity level of the B -catenin/TCF4 complex, collectively inhibiting the
Wnt/B -catenin signaling pathway. B In CRC, mutations in the tumor
suppressor gene APC lead to the accumulation of -catenin, APC
mutations also inhibit the expression of FXR thereby reducing FXR's
negative regulation of the § -catenin/TCF4 complex. Consequently,
the Wnt pathway is activated, contributing to the proliferation and
invasion of tumors.APC, Adenomatous polyposis coli; FXR, Faresoid
X receptor, TCFLEF, T-cell facto/lymphoid enhancerbinding factor)

of the B-catenin/TCF4 complex, and significantly inhibiting
tumor cell proliferation in a dose- and time-dependent manner.
Additionally, FXR negatively regulates the Wnt signaling
pathway to inhibit epithelial-mesenchymal transition (EMT),
thereby reducing CRC invasion and metastasis. However, the
loss of APC induces CpG methylation in the FXR promoter,
suppressing FXR expression and counteracting its anti-tumor
effects [20,51,52].

The EGFR/ERK pathway is one of the crucial mechanisms
underlying the proliferation and metastasis of colorectal cancer.
FXR, by modulating the EGFR/ERK pathway, inhibits tumor
formation. Activation of FXR in colorectal cancer cells induces
the phosphorylation of Src protein kinase, downregulating
the levels of epidermal growth factor receptor (EGFR) and
downstream kinase ERK 1/2, thereby suppressing tumor
proliferation. Conversely, antagonists of FXR yield opposite
results [53]. Additionally, in human colon cancer cells, MMP-7
participates in the transactivation of EGFR. FXR, acting as a
transcriptional inhibitor of MMP-7, may also be involved in the
regulation of the EGFR/ERK pathway, exerting an anti-tumor
effect [22].

The JAK/STAT pathway is also implicated in the occurrence
and progression of CRC and is negatively regulated by the
suppressor of cytokine signaling 3 (SOCS3)[54]. FXR can
upregulate the protein and mRNA expression levels of SOCS3
by binding to the IR-9 sequence in the SOCS3 promoter, thereby
inhibiting the JAK2/STAT3 pathway [21].

The Application and Prospects of FXR in the
Diagnosis and Treatment of CRC

FXR plays an anticancer role by regulating the proliferation,
differentiation, invasion, and metastasis of colorectal cancer.
Clinical studies have indicated a negative correlation between
FXR expression levels and CRC size, TNM staging, grading,
proliferation levels, as well as local recurrence and metastasis
[20,55]. Analysis of CRC data from TCGA database also
supports a correlation between relatively high FXR expression
and longer overall survival.

However, unfortunately, the expression of FXR in colorectal
cancer tissues is generally downregulated due to the combined
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effects of genetic mutations and epigenetic mechanisms [56-
60]. Given the pivotal role of FXR in inhibiting CRC, activating
FXR to improve the survival and prognosis of CRC is expected
to become a novel treatment strategy.

Common FXR agonists such as acetyl cholic acid,
chenodeoxycholic acid, and GW4064 have entered clinical
trial phases [61]. Activating FXR promotes the circulation and
metabolism of bile acids, reduces the toxic effects of bile acids
on intestinal cells, facilitates intestinal mucosal repair, and
inhibits inflammation and tumor cell proliferation and invasion
through multiple pathways, thereby suppressing the occurrence
and development of CRC [49].

In addition to its inherent anticancer effects, FXR agonists
can synergize with other anti-tumor therapies. Combination
chemotherapy based on oxaliplatin is a crucial approach for
treating CRC, but long-term use can lead to drug resistance
and side effects, impacting treatment efficacy. The FXR
agonist GW4064 enhances the chemosensitivity of CRC to
oxaliplatin by inducing cell apoptosis, thus complementing the
therapeutic effects of oxaliplatin [62]. Furthermore, there is a
synergistic effect between FXR agonists and immunotherapy,
which is particularly important for colorectal cancer with
immune resistance. While the development of immunotherapy
has benefited many cancer patients, a significant portion of
colorectal cancer patients remains insensitive to immunotherapy,
highlighting the pressing need to enhance immunotherapy
responsiveness [63]. Immune checkpoint inhibitors targeting
PD-L1 are crucial for immunotherapy, and recent studies
indicate that combined treatment with GW4064 and anti-PD-L1
achieves superior anti-tumor effects. On one hand, GW4064,
as an FXR agonist, can upregulate the expression of PD-L1 in
CRC cells by activating the MAPK pathway. On the other hand,
FXR can reshape the immune microenvironment, potentially
reversing the immune-insensitive state of CRC by influencing
immune cell infiltration, status, and the production of immune-
inflammatory factors [49].

In summary, FXR as a therapeutic target for CRC shows
promising prospects. However, since FXR is expressed in organs
other than the intestine and plays different physiological roles,
non-selective activation is likely to lead to systemic side effects,
such as diarrhea, itching, and elevated transaminases. Therefore,
the development of highly selective FXR agonists is a crucial
research direction for CRC treatment. Some intestine-specific
FXR agonists, such as obeticholic acid, TC-100, and cilofexor,
have been shown to play a role in CRC treatment by modulating
bile acid profiles and the intestinal microenvironment [64].
However, previous studies were mainly conducted in animal
models, and given the apparent species-specificity of bile acid
composition, further research is needed to ensure the safety and
efficacy of FXR agonists.

Conclusion

The incidence and mortality rates of colorectal cancer rank
among the highest worldwide. Late-stage CRC lacks effective
treatment options, leading to poor prognosis with a median
overall survival of approximately 30 months, posing a significant
threat to human health [65]. The search for new treatment
strategies is imminent, and the pronounced anti-tumor effects
of FXR underscore its potential as a therapeutic target for CRC,
suggesting its potential as a therapeutic target for CRC. The
inhibitory effects of FXR on CRC are multifaceted, involving
multiple signaling pathways. FXR not only influences the cell
cycle, autophagy, apoptosis, and energy metabolism of colorectal
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cancer cells but also participates in shaping the intestinal
microenvironment. The complex intestinal microenvironment
is a crucial characteristic distinguishing CRC from other
tumors. Factors such as gut microbiota, metabolic products,
inflammatory conditions, and immune microenvironment are
closely associated with CRC proliferation, invasion, and drug
resistance, and are interconnected through FXR. Activating
FXR not only promotes its anti-tumor effects but also facilitates
the reshaping of the intestinal microenvironment, improving
immune tolerance. Currently, FXR agonists have shown
promising progress in experimental CRC therapy, but further
research is needed to establish their role as therapeutic agents
for CRC.

Conflicts of interest

The authors have no relevant financial or non-fnancial
interests to disclose.

Funding

This research was supported by the National Natural Science
Foundation of China (81372931, 82003238).

References

1.  XiY, XuP. Global colorectal cancer burden in 2020 and projections
to 2040. Transl Oncol. 2021; 14(10):101174.

2. Lee FY, Lee H, Hubbert ML, Edwards PA, Zhang YQ.
FXR, a multipurpose nuclear receptor. Trends Biochem Sci.
2006;31(10):572-580.

3. Forman BM, Goode E, Chen J, et al. Identification of a
nuclear receptor that is activated by farnesol metabolites. Cell.
1995;81(5):687-693.

4. Zhang YQ, Kast-Woelbern HR, Edwards PA. Natural structural
variants of the nuclear receptor farnesoid X receptor affect
transcriptional activation. J Biol Chem. 2003;278(1):104-110.

5. Swales KE, Korbonits M, Carpenter R, Walsh DT, Warner TD,
Bishop-Bailey D. The farnesoid X receptor is expressed in breast
cancer and regulates apoptosis and aromatase expression. Cancer
Res. 2006;66(20):10120-10126.

6. Anakk S, Watanabe M, Ochsner SA, McKenna NJ, Finegold MJ,
Moore DD. Combined deletion of Fxr and Shp in mice induces
Cypl7al and results in juvenile onset cholestasis. J Clin Invest.
2011;121(1):86-95.

7. YangY, Zhang M, Eggertsen G, Chiang JYL. On the mechanism
of bile acid inhibition of rat sterol 12a-hydroxylase gene
(CYP8BI1) transcription: roles of a-fetoprotein transcription
factor and hepatocyte nuclear factor 4a. BBA-MOL Cell Biol L.
2002;1583(1):63-73.

8. Chen W, Chiang JY. Regulation of human sterol 27-hydroxylase
gene (CYP27A1) by bile acids and hepatocyte nuclear factor
4alpha (HNF4alpha). Gene. 2003;313:71-82.

9. Chiang JY. Bile acids: regulation of synthesis. J Lipid Res.
2009;50(10):1955-1966.

10. Pircher PC, Kitto JL, Petrowski ML, et al. Farnesoid X receptor
regulates bile acid-amino acid conjugation. J Biol Chem.
2003;278(30):27703-27711.

11. Ananthanarayanan M, Balasubramanian N, Makishima M,
Mangelsdorf DJ, Suchy FJ. Human bile salt export pump promoter
is transactivated by the farnesoid X receptor/bile acid receptor. J
Biol Chem. 2001;276(31):28857-28865.

12. Huang L, Zhao A, Lew JL, et al. Farnesoid X receptor activates
transcription of the phospholipid pump MDR3. J Biol Chem.
2003;278(51):51085-51090.

Mol Sci. 2024; Vol 1 Issue 1

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Gong YZ, Everett ET, Schwartz DA, Norris JS, Wilson FA.
Molecular cloning, tissue distribution, and expression of a 14-kDa
bile acid-binding protein from rat ileal cytosol. Proc Natl Acad Sci
USA. 1994;91(11):4741-4745.

de Aguiar Vallim TQ, Tarling EJ, Edwards PA. Pleiotropic roles of
bile acids in metabolism. Cell Metab. 2013;17(5):657-669.
Neimark E, Chen F, Li XP, Shneider BL. Bile acid-induced
negative feedback regulation of the human ileal bile acid
transporter. Hepatology. 2004;40(1):149-156.

Grober J, Zaghini I, Fujii H, et al. Identification of a bile acid-
responsive element in the human ileal bile acid-binding protein
gene. Involvement of the farnesoid X receptor/9-cis-retinoic acid
receptor heterodimer. J Biol Chem. 1999;274(42):29749-29754.
Lee H, Zhang YQ, Lee FY, Nelson SF, Gonzalez FJ, Edwards PA.
FXR regulates organic solute transporters alpha and beta in the
adrenal gland, kidney, and intestine. J Lipid Res. 2006;47(1):201-
214.

Fu T, Coulter S, Yoshihara E, et al. FXR Regulates Intestinal
Cancer Stem Cell Proliferation. Cell. 2019;176(5):1098-1112.
Cariello M, Zerlotin R, Pasculli E, et al. Intestinal FXR Activation
via Transgenic Chimera or Chemical Agonism Prevents Colitis-
Associated and Genetically-Induced Colon Cancer. Cancers
(Basel). 2022;14(13):10.3390.

Yu JH, Li S, Guo J, Xu ZS, Zheng JB, Sun XJ. Farnesoid X
receptor antagonizes Wnt/beta-catenin signaling in colorectal
tumorigenesis. Cell Death Dis. 2020;11(8):640.

Li S, Xu ZS, Guo J, Zheng JB, Sun XJ, Yu JH. Farnesoid X
receptor activation induces antitumour activity in colorectal
cancer by suppressing JAK2/STAT3 signalling via transactivation
of SOCS3 gene. J Cell Mol Med. 2020;24(24):14549-14560.
PengZS, ChenJY, Drachenberg CB, Raufman JP, Xie GF. Farnesoid
X receptor represses matrix metalloproteinase 7 expression,
revealing this regulatory axis as a promising therapeutic target in
colon cancer. J Biol Chem. 2019;294(21):8529-8542.

Yu JH, Yang K, Zheng JB, et al. Activation of FXR and inhibition
of EZH2 synergistically inhibit colorectal cancer through
cooperatively accelerating FXR nuclear location and upregulating
CDX2 expression. Cell Death Dis. 2022;13(4):388.

Sun GG, Zhang J, Hu WN. CCNG2 expression is downregulated
in colorectal carcinoma and its clinical significance. Tumour Biol.
2014;35(4):3339-3346.

Qiao PF, Li SL, Zhang HG, Yao L, Wang FJ. Farnesoid X
receptor inhibits proliferation of human colorectal cancer cells
via the miR-135A1/CCNG2 signaling pathway. Oncol Rep.
2018;40(4):2067-2078.

GanY,LiY, Li T, Shu G, Yin G. CCNA2 acts as a novel biomarker
in regulating the growth and apoptosis of colorectal cancer. Cancer
Manag Res. 2018;10:5113-5124.

Yang F, Hu Y, Liu HX, Wan YJY. MiR-22-silenced cyclin A
expression in colon and liver cancer cells is regulated by bile acid
receptor. J Biol Chem. 2015;290(10):6507-6515.

Modica S, Murzilli S, Salvatore L, Schmidt DR, Moschetta
A. Nuclear bile acid receptor FXR protects against intestinal
tumorigenesis. Cancer Res. 2008;68(23):9589-9594.

Guo J, Zheng JB, Mu MC, et al. GW4064 enhances the
chemosensitivity of colorectal cancer to oxaliplatin by inducing
pyroptosis. Biochem Biophys Res Commun. 2021;548:60-66.
Hotta M, Sakatani T, Ishino K, et al. Farnesoid X receptor induces
cell death and sensitizes to TRAIL-induced inhibition of growth in
colorectal cancer cells through the up-regulation of death receptor
5. Biochem Biophys Res Commun. 2019;519(4):824-831.

Page 5 of 6



Lu Hongda. Molecular Sciences. 2024;1(1):002

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47,

48.

Alves S, Castro L, Fernandes MS, et al. Colorectal cancer-related
mutant KRAS alleles function as positive regulators of autophagy.
Oncotarget. 2015;6:30787—30802.

Zhong XY, He XF, Wang YX, et al. Warburg effect in colorectal
cancer: the emerging roles in tumor microenvironment and
therapeutic implications. J Hematol Oncol. 2022;15(1):160.
Wang ZR, Pang JH, Wang LY, Dong QH, Jin D. CEBPB
regulates the bile acid receptor FXR to accelerate colon cancer
progression by modulating aerobic glycolysis. J Clin Lab Anal.
2022;36(11):¢24703.

Denise C, Paoli P, Calvani M, et al. 5-Fluorouracil resistant colon
cancer cells are addicted to OXPHOS to survive and enhance
stem-like traits. Oncotarget. 2015;6(39):41706-41721.

LeBleu VS, O’Connell JT, Herrera KNG, Wikman H, Pantel K,
Haigis MC. PGC-1alpha mediates mitochondrial biogenesis and
oxidative phosphorylation in cancer cells to promote metastasis.
Nat Cell Biol. 2014;16(10):992-1003.

Zhao JL, Wang YG, Wang Y, et al. Transcription Factor FXR
Activates DHRSO to Inhibit the Cell Oxidative Phosphorylation
and Suppress Colon Cancer Progression. Anal Cell Pathol (Amst).
2022;2022:8275574.

Liu YJ, Zhang SG, Zhou WIJ, Hu D, Xu HC, Ji G. Secondary
Bile Acids and Tumorigenesis in Colorectal Cancer. Front Oncol.
2022;12:813745.

Bernstein H, Bernstein C, Payne CM, Dvorakova K, Garewal H.
Bile acids as carcinogens in human gastrointestinal cancers. Mutat
Res. 2005;589(1):47-65.

Kuipers F, Claudel T, Sturm E, Staels B. The Farnesoid X
Receptor (FXR) as Modulator of Bile Acid Metabolism. Reviews
in Endocrine & Metabolic Disorders. 2004;5:319-326.

Guo SH, Peng Y, Lou Y, et al. Downregulation of the farnesoid
X receptor promotes colorectal tumorigenesis by facilitating
enterotoxigenic Bacteroides fragilis colonization. Pharmacol Res.
2022;177:106101.

Corthesy B. Multi-faceted functions of secretory IgA at
mucosal surfaces. Front Immunol. 2013;4(185. 10.3389/
fimmu.2013.00185.

Jia W, Xie G, Jia W. Bile acid-microbiota crosstalk in
gastrointestinal inflammation and carcinogenesis. Nat Rev
Gastroenterol Hepatol. 2018; 15(2): 111-128

Stojancevic M, Stankov K, Mikov M. The impact of farnesoid
X receptor activation on intestinal permeability in inflammatory
bowel disease. Can J Gastroenterol. 2012;26(9):631-637.
GadaletaRM, ErpecuKJV, Oldenburg B, et al. Farnesoid X receptor
activation inhibits inflammation and preserves the intestinal
barrier in inflammatory bowel disease. Gut. 2011;60(4):463-472.
Gadaleta RM, Oldenburg B, Willemsen ECL, et al. Activation of
bile salt nuclear receptor FXR is repressed by pro-inflammatory
cytokines activating NF-kappaB signaling in the intestine.
Biochim Biophys Acta. 2011;1812(8):851-858.

Boleij A, Hechenbleikner EM, Goodwin AC, et al. The Bacteroides
fragilis toxin gene is prevalent in the colon mucosa of colorectal
cancer patients. Clin Infect Dis. 2015;60(2):208-215.
Jaroonwitchawan T, Arimochi H, Sasaki Y, et al. Stimulation of
the farnesoid X receptor promotes M2 macrophage polarization.
Front Immunol. 2023;14:1065790.

Anderson KM, Gayer CP. The Pathophysiology of Farnesoid X
Receptor (FXR) in the GI Tract: Inflammation, Barrier Function

Mol Sci. 2024; Vol 1 Issue 1

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

and Innate Immunity. Cells. 2021;10(11):3206.

LuL,Jiang YX, Liu XX, etal. FXR agonist GW4064 enhances anti-
PD-L1 immunotherapy in colorectal cancer. Oncoimmunology.
2023;12(1):2217024.

Cheng XF, Xu XM, Chen D, Zhao F, Wang WL. Therapeutic
potential of targeting the Wnt/beta-catenin signaling pathway in
colorectal cancer. Biomed Pharmacother. 2019;110:473-481.
Ornella S, Fang CM, Adam L, et al. Inactivation of Adenomatous
Polyposis Coli Reduces Bile Acid/Farnesoid X Receptor
Expression through Fxr gene CpG Methylation in Mouse Colon
Tumors and Human Colon Cancer Cells. J Nutr. 2016;146(2):236-
242.

Gong PF, Zhuang QF, Wang XG, et al. Mucinous tubular and
spindle cell carcinoma of the kidney: Five case reports and review
of the literature. Oncol Lett. 2020;20(6):337.

Peng Z, Raufman JP, Xie G. Src-mediated cross-talk between
farnesoid X and epidermal growth factor receptors inhibits
human intestinal cell proliferation and tumorigenesis. PLoS One.
2012;7(10):e48461.

Trivedi S, Starz-Gaiano M. Drosophila Jak/STAT Signaling:
Regulation and Relevance in Human Cancer and Metastasis. Int J
Mol Sci. 2018;19(12):4056.

Lax S, Schauer G, Prein K, et al. Expression of the nuclear bile
acid receptor/farnesoid X receptor is reduced in human colon
carcinoma compared to nonneoplastic mucosa independent from
site and may be associated with adverse prognosis. Int J Cancer.
2012;130(10):2232-2239.

Wang ZR, Pang JH, Wang LY, Dong QH, Jin D. CEBPB
regulates the bile acid receptor FXR to accelerate colon cancer
progression by modulating aerobic glycolysis. J Clin Lab Anal.
2022;36(11):e24703.

Modica S, Cariello M, Morgano A, et al. Transcriptional
regulation of the intestinal nuclear bile acid farnesoid X receptor
(FXR) by the caudal-related homeobox 2 (CDX2). J Biol Chem.
2014;289(41):28421-28432.

Bailey AM, Zhan L, Maru D, Shureiqi I. FXR silencing in human
colon cancer by DNA methylation and KRAS signaling. Am J
Physiol Gastrointest Liver Physiol. 2014;306(1):G48-58.
Dermadi D, Valo S, Ollila S, et al. Western Diet Deregulates
Bile Acid Homeostasis, Cell Proliferation, and Tumorigenesis in
Colon. Cancer Res. 2017;77(12):3352-3363.

Bayerdorffer E, Mannes GA, Ochsenkiihn T, et al. Unconjugated
secondary bile acids in the serum of patients with colorectal
adenomas. Gut. 1995;36(2):268—273.

Jiang LY, Zhang HJ, Xiao DS, Wei HD, Chen YH. Farnesoid X
receptor (FXR): Structures and ligands. Comput Struct Biotechnol
J.2021;19:2148-2159.

Guo J, Zheng JB, Mu MC, et al. GW4064 enhances the
chemosensitivity of colorectal cancer to oxaliplatin by inducing
pyroptosis. Biochem Biophys Res Commun. 2021;548:60-66.
Franke AJ, Skelton WP, Starr JS, et al. Immunotherapy for
Colorectal Cancer: A Review of Current and Novel Therapeutic
Approaches. J Natl Cancer Inst. 2019;111(11):1131-1141.

Imray CH, Radley S, Davis A, et al. Faecal unconjugated
bile acids in patients with colorectal cancer or polyps. Gut.
1992;33(9):1239—1245.

Siegel RL, Wagle NS, Cercek A, Smith RA, Jemal A. Colorectal
cancer statistics, 2023. CA Cancer J Clin. 2023;73(3):233-254.

Page 6 of 6



