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Abstract

Cancer is one of the lethal diseases that arise due to the molecular alterations in the cell. One of those alterations
associated with cancer corresponds to differential expression of Farnesoid X receptor (FXR), a nuclear receptor
regulating bile, cholesterol homeostasis, lipid, and glucose metabolism. FXR is known to regulate several diseases,
including cancer and cardiovascular diseases, the two highly reported causes of mortality globally. Recent studies
have shown the association of FXR overexpression with cancer development and progression in different types of
cancers of breast, lung, pancreas, and oesophagus. It has also been associated with tissue-specific and cell-specific
roles in various cancers. It has been shown to modulate several cell-signalling pathways such as EGFR/ERK, NF-kB,
p38/MAPK, PI3K/AKT, Wnt/B-catenin, and JAK/STAT along with their targets such as caspases, MMPs, cyclins; tumour
suppressor proteins like p53, C/EBP, and p-Rb; various cytokines; EMT markers; and many more. Therefore, FXR has
high potential as novel biomarkers for the diagnosis, prognosis, and therapy of cancer. Thus, the present review
focuses on the diverse role of FXR in different cancers and its agonists and antagonists.
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Introduction

Cancer has become one of the major universal chal-
lenges due to its rising burden and mortality [1-14].
According to the report of GLOBOCAN 2018, an es-
timate of 18.1 million new cases and 9.6 million
deaths occurred annually due to this disease world-
wide [15, 16]. Therefore, developing novel targets and
drugs has become imperative for the better manage-
ment of this disease. Modification of various genes
and proteins enables normal cells to attain oncogenic
behaviours and modulate molecular pathways that
lead to cancer development and progression [17-19].
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Thus, the increase in alterations leads to changed be-
haviour of the normal cell systems that otherwise
might perform anti-proliferative or tumour suppres-
sive behaviour [20]. Nuclear receptors, a class of pro-
teins found within the cell, are associated with
multiple pathways and form an important target for
treating several diseases, including cancer [21]. Farne-
soid X receptor (FXR) protein, also known as bile
acid receptor (BAR), is one such nuclear receptor
linked with various cancers. For instance, in breast,
lung, oesophagal, and pancreatic cancers, overexpres-
sion of FXR is linked with increased proliferation of
cancer cells [22]. Again, the activation of FXR was
also reported to increase epithelial-mesenchymal tran-
sition (EMT) in hepatocellular carcinoma (HCC)
through the modulation of EMT markers [23]. As per
the cBioPortal database, different mutations in FXR
have been reported for various cancers. The muta-
tions mostly include missense, followed by nonsense,
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frameshift deletion/insertion, and splice-site muta-
tions. In this portal, a total of 10,953 patients and 10,
967 samples were analyzed, and results showed 172
somatic mutations with a frequency of 1.3% [www.
cbioportal.org].

The FXR protein was first cloned and named as farne-
soid X receptor in the year 1995, sharing the sub-class
with the metabolic receptors of vitamin D, androstane,
pregnane X, and liver X (a and f) [21, 24]. It was
formerly named due to its plausible interaction with
farnesol [24—27]. Subsequent studies reported bile acids
like chenodeoxycholic acid (CDCA) as its primary ago-
nists [25, 27-33]. The normal function of FXR is mostly
regulated through its binding to retinoid X receptor
(RXR) either in the form of monomer or heterodimer
[21]. The RXR binding-regulated function represents its
most common form and an example of simple transacti-
vation [34]. The composite transactivation process
describes the modulation of FXR by the receptor-like
liver receptor homolog-1(LRH-1) and induction of syn-
ergistic behaviour by increasing the activity of FXR. An-
other form of transactivation is the monomeric
transactivation, where FXR binds and activates the UDP
glucuronosyltransferase 2 family, polypeptide B4
(UGT2B4), in the form of monomer in an RXR-
independent manner [34]. Furthermore, FXR regulates
the function of glucose transporter type 4 (GLUT4) pro-
tein without interfering with the insulin-induced GLUT4
process [35].

FXR is usually expressed in the liver, intestine, kidney,
and adrenal glands, where mainly the intestinal and
hepatic FXR signalling maintains the inhibited regulation
of bile conversion from cholesterol by regulating its
rate-limiting enzyme cholesterol 7-alpha-hydroxylase
(CYP7A1) [28, 36]. Further, the low expression of FXR
was also reported in adipose, breast, and heart tissues
[37]. Besides, FXR is involved in the regulation of lipid
metabolism by targeting the phospholipid transfer pro-
tein (PLTP) and apolipoproteins apoA-I, apoC-II, and
apoC-III as evidenced in an in vivo study with a mouse
model [38]. The activated FXR also suppressed sterol
regulatory element-binding protein 1C (SREBP-1C)-in-
duced lipogenesis [39]. The activation of FXR induces
the expression of a small heterodimer partner (SHP) that
leads to inhibition of liver X receptor (LXR) and other
factors that cause SREBP-1C expression [40]. In addition
to its normal function, the high expression of FXR
was found to positively regulate the cancer cell prolifera-
tion and tumour growth, which might involve the activa-
tion of several oncogenes like cyclin D1 in non-small
cell lung cancer (NSCLC) [41]. In contrast, FXR also acts
as a tumour suppressor in intestinal tumours, and its
low expression led to increased tumour growth [42]. It
suggests the dual role of FXR as a proto-oncogene or
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tumour suppressor gene depending upon its tissue func-
tion [41]. FXR protein is also involved in regulating vari-
ous molecules such as tumour necrosis factor-a (TNF-
a), p21, B-cell CLL/lymphoma 2 (Bcl-2), nuclear factor
kappa-B (NF-kB), and other pro-inflammatory cytokines
[43]. Thus, the targeted modulation of FXR represents a
molecular basis and an alternative strategy in the pre-
vention and treatment of cancer.

Structure of FXR
The structure of FXR consists of different parts such as
the AB domain consisting of activating function (AF)-1
site in the N-terminal region, C-domain that contains a
DNA-binding site, D-domain consisting of a hinge re-
gion, as well as the ligand-binding E-domain that has an
AF-2 activation site in the C-terminal region (Fig. 1).
EXR is usually present in the form of FXRa and FXRp in
mammals [21, 44]. The activation of the helix 12 or AF2
domain plays a significant role in activating and regulat-
ing the function of FXR [45]. FXR was first cloned in a
rat model and was homologous to the RXR-interacting
protein 14 (RIP14) [46]. The two forms of FXR, termed
RIP14-1 and RIP14-2, were isolated from murine.
These two forms vary from each other in their amino
terminus as an additional four amino acids are present
at the hinge region of RIP14-2 that consists of an extra
12 bp near the DNA binding domain [47]. Further, the
FXR in the rat does not contain the extra 12bp in the
hinge region compared to murine RIP14—1. This sug-
gests the importance of amino-terminus or hinge regions
representing different isoforms of FXR with different
binding and functions [47]. The FXRa gene consists of
11 exons located in the chromosome 12q23.1 in humans
[46]. Further, in humans and other rodent species, FXRa
is exhibited from a single gene locus that has a different
promoter and RNA splicing sites that give rise to its four
isoforms, i.e., FXRal, FXRa2, FXRa3, and FXRa4 [48].
In the case of FXRp, it is regarded as a pseudogene in
humans and primates, while it is functionally expressed
in animals like dogs, rabbits, and rodents. The FXRp is
known to be sensitive to lanosterol, a precursor of ste-
rols, although its exact biological role is unknown [49].
In the absence of a ligand, the inactive FXR is bound
to the FXR responsive elements (FXREs) of the target
genes in the form of a heterodimer along with RXR and
other co-repressor proteins [37]. When the bile acids
bind to the ligand-binding region of the FXR, it activates
FXR and its target gene SHP (NROB2) that can form di-
mers with liver receptor homolog 1(LRH1) and
oxysterol-responsive liver X receptor o (LXRa) [49]. The
binding of bile acids to FXR results in a conformational
change that causes the release of transcriptional repres-
sor proteins such as nuclear receptor co-repressor 1
(NCoR) as well as recruitment of co-activator-associated
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Fig. 1 Structure of Farnesoid X receptor (FXR). FXR consists of N-terminal region, hinge region and C-terminal region. The C-terminal region
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arginine methyltransferase 1 (CARM1) and basal tran-
scription to the responsive element and activate the
transactivation process [37, 50].

Functions of FXR

Several functions of FXR have been reported in highlight-
ing its role in bile acid metabolism and transport, lipid
metabolism, glucose metabolism, hepatoprotection, xeno-
biotic detoxification, and anti-bacterial activity [48, 51].
The conversion of cholesterol to bile acids is essential in
maintaining bile acid metabolism and eliminating choles-
terol from the body [52]. The rate-limiting enzyme
CYP7A1 plays a vital role in the classical pathway of bile
acid synthesis by initiating 7a-hydroxylation of cholesterol
in the liver [53]. CYP7AL1 is induced by the transcription
factors LRH1 and LXRa [49]. However, the LXRa re-
sponse element is not conserved in the human CYP7A1
[54]. The bile acids interact with the binding domain of
FXR that subsequently activates its target genes, such as
SHP, which inhibit CYP7A1l expression by binding to
LRHI1 and LXRa [49, 55]. FXR also regulates bile acids
through the FXR- fibroblast growth factor (FGF)15/19
pathway, where an activated FXR binds to the second in-
tron of the FGF15 [27]. This binding results in the secre-
tion of FGF15, which then bind to fibroblast growth factor
receptor (FGFR)4 on the cell surface of hepatocytes that
lead to the activation of c-Jun N-terminal kinases (JNK)
pathway and inhibition of CYP7A1 and cytochrome P450,
family 8, subfamily B, polypeptide 1 (CYP8B1) [49].
FGF15 also initiates the storage of bile in the gall bladder.
Further, FGF19, the ortholog of FGF15, also possesses the
conserved binding site for FXR in the human, mouse, and
zebrafish, where its activation by FXR represses the syn-
thesis of bile acids [27].

FXR is also involved in regulating lipid metabolism
[56]. A recent study suggests the role of FXR in decreas-
ing lipid levels by reducing the synthesis of fatty acids
and triglycerides via SHP-mediated activation of FXR.
EXR also inhibits LXR and its target SREBP-1C associ-
ated with the metabolism and regulation of lipids [57].
The activation of FXR also leads to the reduction in de
novo lipid synthesis [58]. Further, FXR also exerts a piv-
otal role in glucose metabolism in type II diabetes pa-
tients [59]. This was confirmed from an in vivo study
where an FXR deficient mouse developed glucose in-
tolerance and increased insulin resistance, resulting in
elevated hepatic triglycerides, cholesterol, and lipid accu-
mulations [60]. Further, the low expression of FXR leads
to an altered insulin signalling in the liver, muscles, and
adipose tissues due to the increased expression of free
fatty acids (FFA) [61]. This limits the suppression of glu-
coneogenesis and its related genes, increasing the glu-
cose levels, and decreasing its uptake in the muscle
tissues that lead to modified glucose metabolism.
Altogether, these findings suggest the association be-
tween fatty liver disease and insulin resistance in diabetic
conditions [38].

Besides, FXR is also involved in the suppression of in-
flammation by inhibiting the inflammatory factors such
as interleukins, NF-kB, TNF-a, and intercellular adhe-
sion molecule (ICAM)-1 in the liver [62, 63]. The acti-
vated FXR also initiates anti-inflammatory proteins such
as kininogen, leading to suppression of inflammatory
disorders like systemic lupus erythematosus and inflam-
matory bowel disease (IBD) [58, 64]. NF-kB plays a sig-
nificant role in modulating the genes involved in
inflammation [65, 66]. The sumoylation of FXR was re-
ported to protect liver inflammation by suppressing the
inflammatory gene products regulated by NF-kB [58].
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FXR was also reported to exhibit anti-fibrotic activity
in various disease models. The FXR-deficient mice
showed an increase in inflammation and fibrosis in the
liver [67]. However, the activation of FXR by obeticholic
acid (OCA) suppressed inflammation and fibrosis in pri-
mary biliary cholangitis (PBC) patients [68]. Further,
OCA was reported to improve bleomycin-induced lung
fibrosis in a rat model [69]. The FXR agonist, OCA, was
reported to inhibit inflammation and fibrosis in cirrhotic
models by decreasing the fibrosis-inducing cells i.e., hep-
atic stellate cells [70]. Similarly, the treatment of OCA in
the monocrotaline (MCT)-induced lung hypertension
model improved the lung function and reduced the
thickening of the vascular wall, and help in balancing
the relaxation and contraction of the lungs [71]. Further,
the activation of FXR alleviates renal fibrosis by sup-
pressing the expression of Smad3 and fibronectin [72].
An FXR deficient mouse was also reported to show re-
duced atherosclerotic injury via reduced levels of LDL
cholesterol [73]. Besides, FXR plays a crucial role in
tumorigenesis as activated FXR was associated with the
development of a premalignant state in oesophagus,
known as Barett’s oesophagus, by inducing inflammation
[74]. In contrast, its decreased or null expression is asso-
ciated with increased tumor incidence in colon and liver
cancers [75, 76]. The activated FXR inhibited cell prolif-
eration and induced cell cycle arrest in colon cancer by
targeting the miR-135A1/Cyclin G2 axis [77]. FXR also
plays an important role in ameliorating gallstone disease
[78]. Studies showed that FXR deficient mice fed with a
lithogenic diet are more prone to gallstones and the
treatment with FXR agonist, GW4064 attenuates the
condition by inducing bile salt export pump (BSEP),
multidrug resistance gene (MDR)-2 and by transporting
liver bile acids to bile [61].

Post-transcriptional modifications (PTM) of FXR
PTMs of a protein plays an essential role in controlling its
function and signalling [79, 80]. The PTMs of protein
such as ubiquitination and phosphorylation regulate the
stability, conformational change, and localization of a pro-
tein [81]. As FXR is involved in the export of bile salt, the
activation of the transport pump requires the histone
methylation of FXR by the histone H3-lysine-4 methyl-
transferase mixed-lineage leukaemia 3 (MLL3) and his-
tone H4 arginine 3 (H4R3) arginine methyltransferase-1.
Another modification of FXR consists of methylation at
lysine 26 residues by the enzyme histone-lysine N-
methyltransferase (HMT) containing conserved SET do-
main protein 7/9 (SET7/9) that increases the binding effi-
ciency of FXR and RXR complex to FXRE and induce the
expression of its target genes [82].

Studies suggest that various metabolites and cofactors,
such as nicotinamide adenine dinucleotide (NAD) and
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acetyl coenzyme A (A-CoA), control the acetylation
process of the FXR [83]. Further, the acetylase activity of
p300 regulates FXR through acetylation of the target
genes and their receptors, which could be further aug-
mented by FXR agonists. However, the inhibition of this
activity results in decreased action of FXR and its part-
ner i.e., SHP protein [84]. Again, the acetylation of FXR
at lysine 157 and 217 residues enhanced its stability and
inhibits the binding efficiency of FXR to RXR, which
lead to decreased activity of FXR. This suggests the
dual-role of the p300 acetyltransferase [83]. The sirtuin
1 (SIRT1) deacetylase also regulates the acetylation of
FXR as the decreased expression of endogenous liver
SIRT1, a positive LXR regulator, increases the acetyl-
ation of FXR [85]. On the contrary, activation of SIRT1
by natural compounds like resveratrol decreased the
acetylation process of FXR [86]. This suggests that p300
and SIRT1 are two conversely regulated enzymes, and
the abrogation of this balanced system might associate
with metabolic diseases [83, 85, 86].

Phosphorylation also plays an important role that in-
volves the introduction of phosphate groups to the amino
acids such as serine, threonine, and tyrosine residues
where kinases are known to participate in the process
[87]. Studies have reported the ability of protein kinase C
(PKC) to phosphorylate FXR at the sites of serine 135 and
154 of its DNA-binding region [88]. PKC, in the presence
of agonists or antagonists, induce the interaction of FXR
to peroxisome proliferator-activated receptor gamma co-
activator 1-alpha (PGC-1a) and increase the activation of
FXR [89]. The FXR activated by GW4064 increases its
phosphorylation at serine 154 sites in the nucleus in the
presence of vaccinia-related kinase 1 (VRKI1), possibly
through the recruitment of kinase to FXR that regulate its
direct phosphorylation [90]. Also, the familial intrahepatic
cholestasis 1 (FIC1), which has a vital role in transporting
bile acid, increases the phosphorylated activation of FXR
[91]. The PKC zeta mediated phosphorylation of FXR at
threonine 442 sites in FXR mutants using antagonists or
siRNAs confirms the critical step for FIC1 activity and in-
creases FXR activity as well as its accumulation in the nu-
cleus [89]. The inhibition of PKC zeta decreased FIC1
mediated-phosphorylation and nuclear translocation of FXR
that might result in liver diseases [92]. Further, adenosine
monophosphate-activated protein kinase (AMPK) is re-
ported to phosphorylate FXR at serine 250 residue [93].
Therefore, it is observed that the activation of AMPK causes
hindrance in the selective binding of FXR to co-activators
and thereby inhibits the transcriptional activity of FXR as
well as its target genes [94]. This resulted in less removal of
bile acids that led to an increased liver injury in a cholestasis
mouse model [83, 93].

Moreover, ubiquitination and sumoylation play a cru-
cial role in the PTMs of protein [95-97]. Ubiquitination
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is initiated by the addition of ubiquitin molecules that
cause the degradation of proteins [98]. Sumoylation oc-
curs through the covalent and reversible binding of a
small family of proteins, small ubiquitin-like modifiers
(SUMO) to the lysine residues of the targets that regu-
late cell processes like DNA repair and apoptosis [96].
Sumoylation can also cause the modification of various
cell processes like transcription, protein localization, and
mitochondrial activity [99]. The proteasome inhibitor,
MG132 induces ubiquitination of FXR in HepG2 cells
[89]. Further, the sumoylation of FXR by SUMO?2 also
increases ubiquitination of FXR dose-dependently. The
process of ubiquitination can be inhibited by suppressing
the SUMO or by using an FXR agonist [100]. Another
study suggests the covalent interaction of SUMOI1 to
lysine 122 and 275 in the AF-1 and ligand-binding
domains of FXR that resulted in decreased transcrip-
tional activity of FXR [101]. Further, the overexpression
of SUMO1 minimizes the binding or recruitment of
FXR and FXR/RXR to the BSEP and SHP promoters,
resulting in decreased activation of BSEP and SHP.
However, the abolishment of FXR-sumoylation or
knock-down of SUMO1 via siRNA reverses the process.
The alteration of this process is associated with liver
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diseases like cholestasis [99]. The sumoylation of FXR at
lysine 325 was also reported through a non-classical
pathway regulated by casein kinase 2 (CK2) [100].
Additionally, O-GIcNAc  transferase caused O-
GlcNAcylation of FXR at serine 62 within the AF-1
domain of FXR, leading to high stability and activity of
FXR in response to the glucose levels [102].

Role of FXR in various types of cancers

In addition to its specific role and function in metabol-
ism and diseases, FXR also plays a vital role in cancer.
The expression level of FXR varies in different cancers
(Fig. 2), and the presence of its agonists/antagonists
complement the diversified outcome of FXR in these
cancers (Fig. 3). The role of FXR in various types of
cancers in the presence of agonists/antagonists is sum-
marized in Table 1. The multiple studies involving the
mechanistic role of FXR in different cancers are
discussed below.

FXR in breast cancer

Breast cancer represents the most frequent cancer in
women with high mortality [9, 16, 162—-164]. Numerous
studies have suggested the role of FXR in several stages
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Bile Acids (CDCA,
OCA, BSDC)
Walnut oil extract
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Fig. 3 Role of agonists and antagonists in different cancers. The FXR is downregulated as compared to basal level in colon, liver, prostate, bone
and biliary tract cancers and the treatment with FXR agonists increase the expression of FXR that leads to inhibition in proliferation, migration,
and invasion of cancer cells, and induction of apoptosis. While in other cancers with overexpressed FXR such as breast, gastric, Leydig cell, lung,
oesophagal, pancreatic, renal and thyroid cancers, the treatment with agonists increases FXR that results in high proliferation, migration, and
invasion, and suppression of apoptosis of cancer cells. Conversely, the treatment with FXR antagonists in FXR-downregulated cancers, it further
decreases the expression of FXR that results in induction of proliferation, migration, and invasion, and inhibition of apoptosis. While in FXR-
overexpressed cancers, the treatment with antagonists inhibits FXR and decreases the proliferation, migration, and invasion, and
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of breast cancer and patient’s survival. The activated
level of FXR was associated with more prolonged sur-
vival of the patients [105]. Further, FXR was highly
expressed and retained in the cytoplasm in most breast
carcinoma cases which could be correlated to a minor
invasive tumour. It was also associated with longer over-
all disease-free survival in invasive breast carcinoma
patients [165]. However, the expression of FXR in Estro-
gen receptor-positive (ER") carcinoma might be associ-
ated with a poor prognosis [111]. The FXR was
positively expressed in ER* MCF-7 cells compared to
ER™ MDA-MB-231 cells [110]. The expression of FXR
also correlates with other proteins such as Ki-67, cyclin
D1, and p27 in postmenopausal women, as well as other
breast cancer biomarkers such as progesterone receptor
(PR), GATA Binding Protein 3 (GATA-3), a coactivator
of ER, amplified in breast cancer-1(AIB-1), cytokeratin
(CK)-8/18 and mucin 1 (MUC1) [110]. The proliferation
of ER" cells was enhanced by the activation of FXR with
CDCA treatment, where the inhibition of FXR by siRNA
and estrogen inhibitors could reverse the effect [110].
The increased FXR-ER dimer formation induced by
CDCA results in the enhanced ability of breast cancer
cells to induce metastasis to the bone tissues by increas-
ing the expression of runt-related transcription factor 2
(RUNX2) that allows breast cancer cells to mimic the

expression pattern and micro-environment of the bone
tissues [104]. Similarly, another bile acid i.e., bile acid
salt sodium deoxycholate (BSDC) promotes the migra-
tion of MDA-MB-231 cells to the bone tissues by acti-
vated nuclear accumulation of FXR, urokinase-type
plasminogen activator (uPA), and F-actin [113]. Then
the treatment of MDA-MB-231 cells with guggulsterone
inhibited migration and induced apoptosis. However, the
combination of BSDC and guggulsterone treatment
showed a decrease in apoptosis [113].

Contrastingly, studies have also reported the tumour
suppressive role of FXR in breast cancer. For example,
the activation of FXR by GW4064 inhibits leptin and its
target genes induced by cancer-associated fibroblasts
(CAFs) while increasing the expression of suppressor of
the cytokine signalling 3 (SOCS3) that lead to inhibition
of cell growth and invasion [106]. The treatment of
GW4064 also reduced tumour growth in mice xenograft
models injected with MCF-7 cells alone or co-injected
with CAFs [106]. The FXR activated by GW4064 inhib-
ited the migration of breast tumour CAFs by decreasing
integrin-linked kinase (ILK), Ras homolog family mem-
ber A (RhoA)-C, cell division control protein 42 homo-
log (Cdc42), Ras-related C3 botulinum toxin substrate 1
(Rac1)-3, myosin light chain (MLC) and phosphorylated
Akt proteins, where the blocking of FXR by
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Cancer In vitro/ Cell Lines/Models Agonists/ Effect/Result Reference
type In vivo Antagonists
Bone Invitro  MG-63 GW4064 (Ac) LCCNGT, |Bcl-2, |cell proliferation, 1miR-23b-3p, fcaspase-3, 1Bax, [103]
cancer 1G1 cell cycle arrest, Tapoptosis
SiFXR (In) lcleaved miR-23b-3p, TCCNG1 [103]
Breast Invitro  MDA-MB-231 CDCA (Ac) TRUNX2, T1OPN, 10C, 1BSP [104]
AN invio MDA-MB-231 z- IRUNX2, JOPN, JOC, |BSP [104]
guggulsterone
(In)
LCA (In)
In vitro  MCF-7 CDCA (Ac) TRUNX2, 1OPN, 10C, 1BSP [104]
Invitro  MCF-7 Z-guggulsterone  |[RUNX2, |OPN, |OC, |BSP [104]
(In), LCA (In)
In vitro  breast CAFs cells GW4064 (Ac) 1 Cell migration, [ILK,|RhoA-C, |Cdc42, |Rac1-3, |p- Akt, |p- MLC [105]
In vitro  MCF-7, T47D GW4064 (Ac) 1 Cell colony [105]
Invitro  MCF-7, T47D Guggulsterone  1Cell migration [105]
(In)
Invitro  MCF-7, SKBR3, GW4064 (Ac) LObR mRNA, |cyclin D1, |survivin, 1SOCS3 [106]
MDA-MB-231
Invivo  MCF-7/CAF xenografts ~ GW4064 (Ac) L Tumor growth, [Ki67, | Ob, |cyclin D1, |survivin, 1 SOCS3, [106]
Invitro  MCF-7, MDA-MB-231 CDCA (Ac), 1Cyt-c, Tapoptosis [107]
GW4064 (Ac)
Invitro  FXR-DN MCF-7, MDA- CDCA (Ac), 1Apoptosis [107]
MB-231 GW4064 (Ac)
Invitro  MCF-7 Walnut oil | Cell proliferation [108]
extract (Ac)
In vitro  MCF-7 TR1 CDCA (Ac) IHER-2, INF-kB, |cell proliferation [109]
In vitro  SKBR-3 CDCA (Ac) IHER-2, |cell colony growth, |ancorage-dependent cell growth [109]
Invitro  MCF-7 CDCA (Ac) LER, 1PR [110]
Invitro  MCF-7 Farnesol (Ac) 1PR, tcell proliferation i
Invitro  MCF-7, MDA-MB-468 GW4064 (Ac) 1Cell death, tapoptosis, 1SHP, 1IBABP, tMRP2, |aromatase, | GADD [112]
453, |MDR3, |[MRP1, |SLC7A5
Invitro  MDA-MB-231 Z-guggulsterone  TApoptosis, |cell migration [113]
(In)
Invitro  MDA-MB-231 Z-guggulsterone | Apoptosis [113]
(In)
+BSDC (Ac)
In vitro  MDA-MB-231 BSDC (Ac) TuPA, TuPAR [113]
BTC In vitro  GBC-SD, RBE GW4064 (Ac), | Cell viability, |Bcl-xL, | p-STAT3,tapoptosis,1SHP [114]
CDCA (Ac)?®
Invivo  GBC-SD cells transplant ~ GW4064 (Ac) | Tumor growth, |Bcl-xL, | p-STAT3, 1SHP [114]
In vitro  HCCC-9180, GBC-SD, miR-421 (In) LFXR, |BSEP, 1cell proliferation [115]
SSP25, RBE cells
In vitro  anti-miR-421-induced Farnesol (Ac) TFXR, 1G0/G1 cell cycle arrest [115]
BTC cells
In vitro  iCCA primary cells OCA (Ac) 1 Cell proliferation, |colony and spheroid formation, |cell migration,  [116]
1Bcl-xL, Tapoptosis,t SHP
In vitro  iCCA primary cells CDCA (Ac) 1 Cell proliferation [116]
Invivo  iCCA xenograft OCA (Ac) | Tumor growth, Tnecrosis, |PCNA+ cells [116]
Invitro  EGI1, TFK1 OCA (Ac) | Cell proliferation, tapoptosis,|Ki67, |PCNA, |cyclin D1, |cyclin D3 [117]
Invivo  CD1 nude mice OCA (Ac) L Tumor growth, [Ki67,] PCNA [117]
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Table 1 Mechanistic role of FXR in various cancers in the presence of its agonists/antagonists (Continued)
Cancer In vitro/ Cell Lines/Models Agonists/ Effect/Result Reference
type In vivo Antagonists
In vitro  QBC 939 GW4064 (A), 1 Cell proliferation [118]
GS (In)
In vivo  nude mice xenograft GW4064 (Ac) | Tumor growth [118]
Invitro  HUCCT OCA (Ac) LIL-6, | cell proliferation, | migration, |invasion, |EMT, |E-cadherin, [119]
1Z0-1, | B-catenin, TN-cadherin, tsnail, tvimentin
In vitro  CCLP1, RBE FXR shRNA (In) ~ 1IL-6, Tcell proliferation, Tmigration, tinvasion, tE-cadherin, $Z0-1, [119]
1B-catenin, |N-cadherin, |snail, |vimentin
Invivo  OD-SCID mice OCA (Ac) LIL-6, [tumor growth, |lung metastasis [119]
Colon In vitro  HT-29, Caco-2, HCT-116  siFXR (In) tWnt/B-catenin, 13-catenin/TCF4 [120]
cancer Invitto  HT-29, Caco-2, HCT-116  GW4064 (A) | Cell proliferation [120]
Invivo  C57BL/6 mice - LFXR, t3-catenin [120]
Invitro  HT-29 pCDNA3.ThFXR  |MMP-7, |cell proliferation [121]
(A0)
Invitro  HT-29 CDCA, GW4064 | MMP-7 [121]
(AS)
Invitro  HT-29 Guggulsterone  tMMP-7 [121]
(In)
Invitro  MC38 6E-CDCA (Ac) 1 Cell invasion [121]
Invivo  FXR knockout mice - 1 MMP-7 [121]
(B6.129X1 (FVB)-Nr1h4™
1Goz
/J)
Invitro  SW620, HCT116 GW4064 (Ac) ImiR-135A1, 1CCNG2,1cell death [77]
Invitro  SW620, HCT116 FXR siRNA (In) TmiR-135A1, |CCNG2 [771
Invitro  HCT-116 APC knockdown 1 c-Myc, | FXR expression [122]
Invivo  APC™™* mice APC silencing | FXR, | SHP, |IBABP,1COX2 [122]
Invitro  HCT116 CDCA (Ac) TmiR-22, 1FGF19, | CCNA2 [123]
DCA (Ac) TmiR-22
In vitro  H508, SNU-C4 GW4064 (Ac) | Cell proliferation, |p-EGFR, |p-Src(Tyr416), | p-ERK1/2 [124]
Invitro  HT-29 Guggulsterone  1Cell proliferation, 1p-EGFR, 1p-Src(Tyr416), 1p-ERK1/2 [124]
(In)
Invitro  SNU-C4 FXR siRNA TP-EGFR, tp-Src(Tyr416), tp-ERK1/2, 1cell proliferation [124]
Invitro  HT-29 pcDNA3.ThFXR | Cell proliferation, | p-EGFR [124]
1p-Src(Tyrd16), | p-ERK1/2
Invivo  HT-29 xenograft - 1 Tumor growth [124]
Invitro  Human intestinal - LFXR, ttumor growth [125]
mucosa section
Invivo  FXR" Apc™™* C57BL/6 - Survival, 1Size and no. of tumors [126]
mice
In vitro  Caco-2, HT-29, SW620, OCA, TIBABP mRNA [127]
SW480 GW4064(Ac)
In vitro  HCT116, SW480, DLD1 GW4064 1DR5 [76]
Invitro  BGC-823 GW4064 (Ac) TCDCA induced CDX2 [128]
Guggulsterone  |CDCA induced CDX2
(In)
Invivo  FXR KO mice - 1Cell proliferation, $IL-6, fcyclin-D1, Tadenoma [129]
Esophageal Invitro  SKGT-4 FXR shRNA (In) | Cell growth, |proliferation [130]
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Table 1 Mechanistic role of FXR in various cancers in the presence of its agonists/antagonists (Continued)
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Cancer In vitro/ Cell Lines/Models Agonists/ Effect/Result Reference
type In vivo Antagonists
Cancer TE-3, TE-12, SKGT-4, Guggulsterone  |cell viability, |RAR-B2-led COX-2, |MMP-9, tapoptosis,
SKGT-5 (In) tCaspase-3, -8, -9
Invivo  SKGT-4 cells xenograft FXR shRNA (In), | Tumor size and weight [130]
Guggulsterone
(In)
Invitro  TE7 DCA(AQ) TIBABP, 1SHP, tMIP3q, 1IL-8, tdisease progression, |apoptosis [74]
i
Gastric Invitro  AGS CDCA(AQ) 1K13, Jinflammation-mediated apoptosis [131]
Cancer 1 vivo  FXRKO mice - 1K13 [131]
Invivo  FXR-KO C57BL/6 mice - | Apoptosis, |cell damage [131]
LCT Invitro  R2C GW4064(Ac) 1p53, 1p21/Cip1, $FXR/NF-kB binding [132]
Invivo  R2C nude mice GW4064(Ac) 1p53, 1p21/Cip1, tapoptosis, [tumor growth [132]
xenograft
Liver Invivo  C57BL/6 mice GW4064 (Ac) 1Gank, 1p53, 1C/EBPaq, THNF4a, |liver cancer development, [133]
Cancer Invitro  HepG2 OCA (Ac) 1Gank, |cell proliferation, [133]
Invitro  SK-Hep-1 GW4064 (Ac) 1G0/G1 phase arrest, |mTOR/S6K, |cell proliferation [134]
Invitro  Huh-7 FXR siRNA (In) 1GO/G1 phase arrest, tmTOR/S6K, |cell proliferation [134]
Invitro  HepG2, Huh7 GW4064 (Ac) | Cell proliferation, 1G1 phase arrest, 1p21, |p-STAT3, 150CS3 [135]
Invivo  HepG2 xenograft GW4064 (Ac) L Tumor growth, 1SOCS3, 1p21, |p-STAT3 [135]
Invivo  Cr:NU-Foxn1 nu mice PX20606 (Ac) L Tumor growth, | metastasis in lymph nodes [136]
In vitro  SK-Hep-1 PX20350 (Ac) | Cell proliferation [136]
PX20606 (Ac) TNDRG2
Invitro  HepG2, Huh-7 OCA (Ac) 1 Cell proliferation, tcell cycle arrest, |invasion, |migration, |p- [137]
STAT3, [JAK-2, |IL-1B, IL-1PB, fcaspase-3, 1SHP, 1SOCS3
In vitro  SNU-449 OCA (Ac) 1 Cell proliferation [137]
Invitro  HepG2, Huh-7, SNU-449  Guggulsterone  1Cell proliferation [137]
(In)
Invivo  FXR/SHP KO Mice - 1Gank, |C/EBPa [138]
Invitro  Hepa 1-6 CDCA, GW4064 | Gank, 1C/EBPB, THDACI [138]
(AQ)
Invivo  C57BL/6J mice ob 1Cdc25b, teyclin D1, tFoxM1 [139]
—/—Fxr—/— tliver carcinogenesis
In vitro  Human FXR + RXR Protection against cisplatin toxicity, TMOC-1b (ABCB4), TMOC-4 [140]
hepatoma Alexander (in presence of  (TCEA2),
cells, GW4064) TMOC-5b (CCL14, CCL15 and K13)
SK-Hep-1, HepG2
In vitro  Huh7 CDCA (Ac) TtmiR-22, 1SHP, |CCNA2 [123]
DCA, LCA, CA tmiR-22
(AC)
Invitro  MIHA cells (with HBx- Guggulsterone | Hepatospheres, |cell migration [141]
A14 and HBx-A35) (In)
Invitro  Huh-7, Hep 3B GW4064, OCA TActin polymerization, TN-cadherin, 1SNAIT,7NROB2, TEMT [23]
(AC)
In vitro  Huh-7, Hep 3B CDCA (Ac) TActin polymerization,TN-cadherin, 1NROB2, 1EMT [23]
In vitro  Huh-7, Hep 3B TGF-B tActin polymerization, 1N-cadherin, TEMT, | NROB2 [23]
Invitro  Huh-7, Hep 3B Guggulsterone | Actin polymerization, |N-cadherin, |{NROB2, |EMT [23]
(In)
In vitro  HepG2, Huh-7 LV-FXR-GFP (Ac)  |Cell proliferation, $SHP [142]
Invivo  HepG2 xenograft - 1 Tumor growth, 1SHP [142]
In vitro  Hep3B, Huh7,HepG2, GW4064 (Ac) tmiR-122, |IGF-1R, {cyclin G1 [143]
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Table 1 Mechanistic role of FXR in various cancers in the presence of its agonists/antagonists (Continued)

Cancer In vitro/ Cell Lines/Models Agonists/ Effect/Result Reference
type In vivo Antagonists
PLC, SMMC-7721
Invitro  Hep3B, Huh-7,HepG2, FXR siRNA (In) ImiR-122, |IGF-1R, |cyclin G1 [143]
PLC, SMMC-7721
Invivo  HCC xenografts GW4064 (Ac) LTumor growth, [IGF-1R, |cyclin G1, tmiR-122, [143]
Invivo  C57BL/6J (FXR - Liver malignancy, tapoptosis, fcyclin D1, 1p-STAT3, 1p-JAK-2, 1IL-6  [144]
—/—/SHPTQ)
Invivo  C57BL/6J Fxr—/— INT-767 (Ac) 1Cell necrosis [145]
FVBN/Abcb4—/— Tumor growth, |Cyp7al, |F4/80, |IL-1B, |IL-6, | TNF-q, |cyclinD1,
IPCNA, [a-Sma, |Col1al, thepatoprotection, tFGF15, 1SHP
Invivo  FXR—/— mice - tLiver injury, 1TNFa, 1IL-6,71L-13, 1Col6a3, tCol14al, tMMP-9, 1TIMP-  [146]
2, 1Col6a2, 1Col5a2, 1Col3al, tMMP-2, tMMP-3, 1TGFB1, $Sma-a
In vitro  WT-HSC GW4064 (Ac) LPAI-1, |Col-al [146]
FXR—/— HSC GW4064 (Ac) No change in PAI-1, Col-al
Invivo  FXR-KO mice - 1 Hepatic tumors, tWnt/[3-catenin,1Ser9-phosphorylated, (inactive), [147]
GSK-3B, ftcyclin D1, 1Dvl, tWnt4, | Ser45-Thr41-phosphorylated, (in-
active) B-catenin, | E-cadherin
In vitro  human HCC tissues - LFXR, |SHP, | BSEP [147]
In vitro  FXR KO- Huh-7 SiRNA (In) 1B-catenin, tcyclin-D1, tc-Myc, [148]
In vitro  Huh-7 cells GW4064(Ac) 1 B-Catenin/TCF4 complex, [148]
Invitro  HepG2 GWA4064(Ac) 1p-JNK1/2, [ROS, 1SOD3 [51]
Invivo  FXR—/—C57BL/6-mouse 1p65, | p- ERK, 1p-JNK1/2 [51]
Invivo  Mice PX20606(Ac) THRG [149]
Invitro  Huh-7 & HepG2 - |BSEP [150]
In vitro  HCC tissues - IBSEP, 1TNF-q, IL-6 [150]
In vitro  HepG2 siRNA (In) Tp16/INK4a, |HNF-4q, |cell proliferation [151]
Invitro  HepG2 GW4064 (Ac) | p16/INK4a, THNF-4a [151]
Invivo  IFNy-FXR KO mice - tLiver fibrogenesis, ftoxic bile accumulation [152]
xenograft
Invitro  HepG2 CDCA (Ac) LIL-6, 1SOCS3, linflammation [62]
Invivo  LPS-treated C57BL/6 CDCA (Ac) LIL-6, 1TNF-q, 15OCS3, |inflammation [62]
mice
Invivo  FXR null C57NL/6 N - LSHP, 1CYP7A1, [153]
mice
Lung Invitro  H1975, H1299 Guggulsterone | Cell proliferation, 1G0/G1 phase arrest, |cyclin D1, [CDK2, |CDK4, [154]
Cancer (In) |CDKe, |p-Rb
In vitro  H1975, H1299 FXR siRNA (In) | Cell proliferation, 1G0/G1 arrest, | cyclin D1, |p-Rb [154]
In vitro  HCC4006 Guggulsterone | Cell proliferation [154]
(In)
Invivo  H1975 xenograft FXR or NC- | Tumor growth [154]
ShRNA (In)
Pancreatic  In vitro  MIA-PaCa2, PANC-1 FXR siRNA (In) |Cell proliferation, | migration, | VEGF, | NF-kB DNA-binding [155]
Cancer Invitro  MIA-PaCa2, PANC-1 Guggulsterone | Cell proliferation, | migration,|invasion [155]
(In)
In vitro  Patient tissues - TFXR, 15p1 [156]
Invitro  BxPC3, PANC-1 GW4064 (Ac) tCell migration, finvasion [156]
Invitro  CD18/HPAF CDCA(AC), TMUC4, tc-Jun, Tp-Src [157]
DCA(AC)
In vitro  patient tissues - TFXR, LHRG, poor prognosis [158]
Prostate In vitro  LNCaP CDCA(AQ), TPTEN, |p-Akt, |cell proliferation [159]
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Table 1 Mechanistic role of FXR in various cancers in the presence of its agonists/antagonists (Continued)

Cancer In vitro/ Cell Lines/Models Agonists/ Effect/Result Reference
type In vivo Antagonists
cancer GW4064(Ac)
In vitro  LNCaP CDCA (Ac), LUGT2B15, |UGT2B17, |glucuronidation of androgens [160]
GW4064(Ac)
ADT (Ac)
Renal Invitro  ACHN cells - 1p53, |p21/Cip1, |miR-21 [161]
Cancer

Ac- activates FXR

In- inhibits FXR

1 designates increase/activation

| designates decrease/downregulation
#Combination with cisplatin

guggulsterone resulted in decreased effect of GW4064
[105]. Also, the treatment of MCF-7, MDA-MB-231,
and MDA-MB-468 cells with FXR agonists, CDCA, and
GW4064 induce apoptosis [107, 112]. Further, the treat-
ment with GW4064 in breast cancer cells increase apop-
tosis through nuclear condensation and stimulation of
FXR target genes such as SHP, multi-drug resistance-
associated protein (MRP)-2 and ileal bile acid-binding
protein (IBABP) while repressing MDR3, MRP1, solute
carrier family 7 member 5 (SLC7A5), aromatase
(CYP19), and growth arrest and DNA damage-inducible
(GADD) proteins [112]. Besides, the FXR activated by
CDCA and GW4064 decreased the proliferation of
tamoxifen-resistant MCF-7TR1 cells where CDCA
inhibited human epidermal growth factor receptor 2
(HER2) by preventing the transcriptional binding of NF-
kB to HER2 promoter [109]. Moreover, the combined
treatment of CDCA and tamoxifen produced a similar
effect by inhibiting the EGFR-induced phosphorylation
of HER2 and activation of mitogen-activated protein
kinase (MAPK) [109]. Furthermore, the walnut oil ex-
tracts and its components activated FXR and its asso-
ciated targets that lead to decreased cell proliferation
in MCF-7 cells [108].

FXR in oesophagal cancer

Oesophagal cancer (EC) is represented as one of the
deadly and sixth-most frequent malignancies globally
[12, 166]. It is defined as the malignancy of the
oesophagus categorized into squamous cell carcinoma
(SCC) and adenocarcinoma [167]. The former type rep-
resents the malignancy derived from the stratified epi-
thelial lining of the oesophagus while later represents
the columnar glandular cells that replace the squamous
epithelial cells [167]. The bile acids act as an essential
factor for the progression of Barrett’s oesophagus (BE)
to oesophagal adenocarcinoma (EAC) [168]. The level of
EXR is highly expressed in esophagitis, BE, and EAC
compared to normal cells, where its expression was
higher in BE-cells than EAC cells [120]. The treatment

of BE-cells with guggulsterone increased apoptosis by in-
creasing the expression of caspase 3 [169]. The levels of
bile acids induce the expression of FXR and miR- 221
and - 222, which decrease the level of p27Kipl and
caused proteasomal degradation of Caudal-related
homologue 2 (CDX-2). The inhibition of miR- 221 and
- 222 could increase p27Kipl and CDX2 in EAC cells
and decrease tumour growth in vivo [168]. Additional
studies also suggest that the overexpression of FXR in
EAC tissues contribute to advanced cancer pathological
features such as higher tumour grade, increased tumour
size, and nodal metastasis. Therefore, the knockdown of
EXR by shRNA diminished the cell viability and tumour
growth in vitro and in vivo respectively [130]. Similarly,
blocking of FXR by guggulsterone also inhibited EC cells
through the induction of caspase-mediated apoptosis
and inhibition of COX-2 and matrix metalloproteinase-9
(MMP-9) [130].

FXR in gastric cancer

Gastric cancer represents one of the fatal malignancies
in the world with poor prognosis [170, 171]. The expres-
sion of CDX2 and FXR was high and positively
expressed in gastric metaplasia compared to gastritis
[128]. The gastric metaplasia cells treated with CDCA
induce the direct interaction of FXR to SHP, which in-
creased the expression of CDX2 that acts as a tumour
suppressor protein. While the elevated CDX2 level could
be blocked by inhibiting FXR or knockdown of either
FXR or SHP proteins [128]. The excessive levels of bile
acids often cause inflammation that could lead to
gastro-oesophageal cancer and FXR is known to exhibit
gastroprotective effects by regulating gastric damage
[131]. Thus, the introduction of the FXR gene to the
FXR-deficient ACS cells induced protection against
TNF-a-induced cell damage and exerts anti-apoptotic
effect through its interaction with keratin 13 (K13)
[131]. Further, the defensive behaviour of FXR against
inflammation was also confirmed in K13-expressed
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C57BL/6 mouse model which in the absence of FXR
develops gastric ulcers [131].

FXR in lung cancer

Lung cancer is known to be the most common and
lethal cancer globally. It represents two broad categories,
i.e, small cell lung carcinoma (SCLC) and non-SCLC
(NSCLC) [172, 173]. Studies had also reported the role
of FXR in lung cancer; for instance, FXR is highly
expressed in NSCLC cells where the knockdown of FXR
inhibits cell proliferation in vitro and reduced tumour
growth in vivo. The inhibition of FXR via siRNA and
guggulsterone induces GO/G1 cell arrest by suppressing
cyclin D1 and its associated proteins pRB and other cell
cycle regulators viz. cyclin-dependent kinase (CDK)-2,
CDK4 and CDK6 [154]. In a cohort study with NSCLC
patient samples, the inverse relation of FXR to PD-L1
was observed and the subtype FXRME"PD-L1'Y was
associated with poor survival outcome [22]. FXR also
cause immunosuppression by decreasing the prolifera-
tion and function of CD8" T-cells in FXR™€"PD-L1'"
NSCLC cell line. In vivo studies in the Lewis lung
carcinoma model also showed that FXR decreased infil-
trating immune cells in EXRME"PD-L1'°" subtype [22].

FXR in pancreatic cancer

Pancreatic cancer is also one of the most lethal malig-
nancies in the world with poor prognosis and is primar-
ily classified into pancreatic endocrine tumour and
adenocarcinoma [174—179]. The FXR is highly expressed
in pancreatic cancer tissues that result in poor survival
and poor prognosis in pancreatic patients [156]. The
increased expression of FXR was also related to nodal
metastasis [155, 180]. Besides, FXR was related to high
specificity protein (Sp)-1 expression that increases prolif-
eration and migration of pancreatic cancer cells [156].
The activation of downstream targets of FXR such as
p38-MAPK and PI3K/AKT pathways lead to the acti-
vation of phosphorylated Sp-1 and its target proteins
which increased cancer progression [156]. The FXR
activated by bile acids also increased tumour progres-
sion by activating focal adhesion kinase (FAK)/c-Jun,
Src, and mucin 4 (MUC4) [157]. The increased FXR
expression is also inversely related to histidine-rich
glycoprotein (HRG) protein that can be correlated to
different stages of carcinogenesis such as nodal me-
tastasis, invasion, large tumour size and is associated
with poor survival and poor prognosis in patients
[158]. However, one of the studies reported that the
increased level of FXR and its binding partner RXR
(a, B, and y) are associated with low stage tumour
and better survival in patients [181]. Besides, the
downregulation of FXR by siRNA or its inhibition by
its natural antagonist, guggulsterone, resulted in the
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suppression of NF-kB activity and its regulated target
vascular endothelial growth factor (VEGF), which lead
to decreased cell proliferation, invasion and migration
of pancreatic cancer cells. However, the presence of
an FXR agonist, GW4064, can reverse the process
and increase the activity of FXR that increases the
progression of pancreatic cancer [155].

FXR in renal cancer
Renal cancer is more frequent in men than women,
representing a high risk in individuals between the ages
of 60 and 70 [182]. It comprises various subtypes of ma-
lignancy consisting of different modifications of genes
and molecules [182]. Renal cell carcinoma (RCC) repre-
sents the major types of renal cancer [183]. Overexpres-
sion of FXR was reported in RCC cells, and the high
cytoplasmic expression of FXR was shown to be more
common in women correlated with high histological
grades [184]. The activated expression of FXR increased
the proliferation of ACHN cells via suppression of p21/
Cipl and p53 in miR21 dependent behavior while the
knockdown of FXR could inhibit the proliferation of
renal cancer cells [185]. Further, FXR and LXR are
known to regulate the Oct3/4 gene. The FXR activated
by GW4064 downregulates the expression of Oct3/4
gene in normal HK-2 cells, but this effect was not ob-
served in ACHN cells. This could be due to the shifting
function of FXR from cell differentiation in normal cells
to increasing cell proliferation in renal cancer cells [161].
As the expression of FXR varies in different cancers,
contrasting to the aforementioned studies, in some can-
cers, low expression of FXR helps in the development
and progression [186]. Therefore, the next part of the re-
view discusses the role of downregulation of FXR in dif-
ferent cancers and its effect on various processes of
cancer:

FXR in biliary tract cancer (BTC)

BTC represents one of the rare but lethal type of cancer
consisting of two major cancers, i.e., gall bladder car-
cinoma (GBC) and cholangiocarcinoma (CCA), reveal-
ing different histological and clinical features [187].
The CCA is further divided into two types based on its
region such as intrahepatic (iCC) and extrahepatic
(eCC) [188]. The normal expression of FXR in bile tract
tissue is low, which get further diminished in cancer
condition [115]. FXR has an inverse relation to miR-
421 that act as an oncogenic factor for BTC. The high
expression of miR-421 result in increased cancer hall-
marks such as proliferation, clonogenicity, and migra-
tion in BTC, however, the inhibition of miR-421 could
reverse the condition and induce GO/G1 cell arrest
[115]. The loss of FXR in iCC cells and tissue samples
was also associated with an advanced tumour stage and
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poor prognosis [119]. The excess levels of bile acids de-
creased the level and chemoprotective activity of FXR
in the bile duct by inducing high inflammation and
interleukin (IL)-6 levels that enhanced the cell prolifer-
ation [189]. Another study reported that free bile acids
such as cholic acid (CA), deoxycholic acid (DCA), and
CDCA increased the expression of FXR which is re-
versed in the presence of bile acids-glycine conjugates
such as GCA, GDCA and GCDCA. The effect of the
free bile acid, CDCA in the presence of FXR agonist
GW4064 resulted in decreased cell proliferation and
tumour growth in vitro and in vivo, respectively.
GW4064 also inhibited the tumour growth induced by
GDCA in a CCA mouse model [118]. Further, a study
reported that the activation of FXR by GW4064 and
CDCA resulted in apoptosis by sensitizing the cancer
cells to cisplatin by inhibiting phosphorylated signal
transducer and activator of transcription 3 (pSTAT3)
and B-cell lymphoma-extra large (Bcl-xL) expressions
through FXR-induced SHP cascades [114]. The co-
treatment of the FXR agonists with cisplatin also sup-
pressed tumour growth in vivo through SHP-mediated
inhibition of pSTAT3 ([114]. Additionally, OCA in-
creased the expression of FXR in mucinous and mixed-
type iCCA cells [116]. The treatment of iCCA cells with
either OCA or CDCA inhibited the cell proliferation
where the OCA treatment also initiate apoptosis and
prevent migration of iCCA cells. The effect of OCA in
iCCA cells was enhanced in combination with gemcita-
bine or cisplatin which was also observed to reduce
tumour growth in vivo [116]. Further, the reduced ex-
pression of FXR promotes invasion of CCA cells where
the treatment with OCA decreased the expression of
Ki67, PCNA, cyclin D1, and D3, and mitochondrial en-
ergy metabolism that results in obstruction of cell pro-
liferation and migration and induction of apoptosis in
CCA cells. It also reduced tumour growth in a mouse
model [117]. Besides, the GBC patients showed low ex-
pression of FXR and inversely high expression of mye-
loid cell leukaemia sequence 1 (Mcl-1) that were
associated with higher tumour progression and poor
survival of the patients [190]. Contrastingly, another
study reported the positive expression of FXR in GBC
patients, where the inhibition of FXR could inhibit the
glycine conjugated chenodeoxycholic acid (GCDCA)-
induced EMT and metastasis of GBC cells [191].

FXR in bone cancer

Bone cancer, responsible for less than 1% of total cancer
cases, can be divided into different categories, such as
osteosarcoma, Ewing’s sarcoma, and chondrosarcoma
[192-196]. However, it represents a significant cause of
mortality in the world [196]. In a recent study, the low
expression of FXR was reported in osteosarcoma cells
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[103]. However, activation of FXR by GW4064 was
reported to increase miR-23b-3p, which lead to the
suppression of cyclin G1 and cell proliferation and the
inhibition of miR-23b-3p reverses this effect in MG-63
bone cancer cells. Therefore, the treatment with
GW4064 increase miR-23b-3p and induce G1 phase cell
cycle arrest by modulating the expressions of Bcl-2, Bax,
and Caspase-3 that result in cell apoptosis [103]..

FXR in colon cancer

Colon cancer is the third most prevalent cancers in the
world with a reported incidence of 1.8 million cases
[163, 197-202]. The mortality of 862,000 cases due to
this cancer was reported by the World Health
Organization (WHO) in 2018 [202]. The first report of
the involvement of FXR in colon carcinogenesis revealed
that the expression of FXR mRNA was decreased in
colon adenomas and carcinomas [127]. Further, the ex-
pression of FXR increases with the extent of differenti-
ation in Caco2 and HT29 colon cancer cells [127].
Another study revealed that the loss of FXR increased
the progression of tumour in mice model via Wnt sig-
nalling by increasing neutrophils, macrophages and
TNEF-a which lead to increased cell proliferation and de-
creased apoptosis. However, the activation of FXR re-
verse the process by inducing apoptosis [126]. The low
or diminished expression of FXR was also detected in
HCT-116 and SW480 cells and ulcerative colitis pa-
tients (with severe inflammation) [203]. Another study
in colitis-induced colon cancer mouse model revealed
that FXR and FGF15 and its target FGFR4 were down-
regulated due to less accumulation of bile acids and de-
creased bile acid transporters in the ileum which lead to
the suppression of FXR signaling [204]. Further, the
knockdown of FXR increased the migration of colon
cancer cells by inducing the expression of EMT markers
such as vimentin, snail, slug, fibronectin, and MMP-9
while suppressing E-cadherin and zonula occludens-1
(ZO-1) [205]. Furthermore, the FXR deficiency in a
mouse model was correlated with an increase in inflam-
mation and cancer cell proliferation by increasing the
expressions of cyclin D1, [B-catenin, c-Myc, and IL-6
[129]. Furthermore, FXR inhibits Wnt/B-catenin path-
way by interacting with B-catenin that leads to obstruc-
tion of the [-catenin/transcription factor 4 (TCF4)
complex [120, 205]. Moreover, the activation of FXR by
GW4064 or its overexpression inhibits cell proliferation
via suppression of Src (Tyr416)-mediated p-EGFR
(Tyr845) and its target p- ERK1/2 which leads to an in-
crease in apoptosis in vitro as well as decreased tumour
growth in vivo. However, treatment with guggulsterone
reversed the effect and increased cell proliferation [124].
The activated FXR also induce death receptor (DR)5 and
the combined effect of TNF-related apoptosis-inducing
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ligand (TRAIL) and GW4064 result in a synergistic in-
hibition on colon cancer cell proliferation [76]. Further,
the overexpression of FXR inhibits MMP-7-induced cell
proliferation and invasion [121].

Besides, a study by Martinez-Becerra P et al. suggested
that although the overexpression of FXR activated che-
moresistance, it was not required for FXR to be upregu-
lated in colorectal cancer to acquire MDR phenotype.
Therefore, the treatment of colon cancer cells with gug-
gulsterone did not alter the MDR genes but increase
other FXR targets such as organic solute transporter
(OST)-P and organic anion transporting polypeptide 1B3
(OATP1B3) [206]. The miR-192 was reported to de-
crease FXR and its target molecules, OST-B and
OATP1B3 in Huh-7 and Caco-2 cells [207]. Further-
more, cisplatin was reported to induce both FXR-
dependent and -independent chemoresistance through
the expression of BCRP and MRP2 [208]. Besides, the si-
lenced APC causes the methylation of FXR in C57BL/6]
mice that lead to decreased expression of SHP and
IBABP and also increase inflammation and tumour
growth by inducing cyclooxygenase-2 (COX-2) and c-
Myc [122].

Contrastingly, studies have also reported the absence
of FXR expression in undifferentiated SW480 carcinoma
cells and SW620 metastatic-derived cells [127]. Another
study reported that in colon carcinoma, the expression
of FXR was associated with the low stage tumor and
better survival outcome compared to FXR-negative
carcinomas [125].

FXR in liver cancer

Liver cancer, ranks the fifth-most common cancer in the
world, is associated with poor prognosis and high mor-
tality [209, 210]. One of the most widespread liver can-
cers is hepatocellular carcinoma (HCC) which arises as a
result of chronic liver diseases caused by viruses, use of
alcohol, or due to fatty liver disease [211]. Several studies
have evaluated the association of FXR in liver cancer.
One of the studies reported the downregulated expres-
sion of FXR in HCC due to cytokines-induced inflam-
mation or inhibition of activated hepatic nuclear factor
la (HNFla) [212]. A similar study confirmed the de-
creased expression of FXR in human HCC tissues and
reduced expression of SHP and BSEP. Moreover, the ac-
tivation of Wnt/fB-catenin signalling was reported to in-
crease the development of HCC in the FXR knockout
mouse model [147]. Besides, the FXR deficient mouse
with elevated liver injury and tumour progression,
showed an increase in fibrosis promoting proteins such
as collagen, TNF-q, IL-1f, IL-6, MMPs-(2, — 3 & -9), tis-
sue inhibitor of metalloproteinases 2 (TIMP-2), trans-
forming growth factor (TGF)-p1 and a-smooth muscle
actin (Sma-a) [146]. Another study on FXR knockout
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mouse showed a decreased level of SHP and increased
levels of CYP7A1, IL-1B, and P-catenin along with its
target protein c-Myc [153]. The FXR knockout mice
with deleted interferon-gamma (IFNy) develop hepato-
carcinogenesis by increasing the expression of STAT3
and JNK/c-Jun, but restoration of IFNy via treatment
can reverse this condition by activating p53 and inhibit-
ing STAT3 [152]. Besides, the loss of FXR in obese dia-
betic mice develops liver cancer through increased cell
division cycle 25B (Cdc25b), Cyclin D1, and forkhead
box protein M1 (FoxM1) [139]. However, the overex-
pression of FXR inhibited cell proliferation and induced
GO/G1 phase arrest by suppressing the mammalian tar-
get of rapamycin (mTOR)/S6 kinase (S6K) pathway. The
overexpression of FXR also decreased tumour growth in
the mice models [134].

The activated FXR was reported to block the f-
Catenin/TCF4 complex and cyclin D1 expression [148].
Moreover, the FXR activated by GW4064 suppressed
the expression of fibrosis-related markers like plasmino-
gen activator inhibitor-1 (PAI-1) and Col-al in wild type
(WT) HCC cells [146]. The activation of FXR also re-
duced LPS-induced liver inflammation via the upregula-
tion of SOCS3 [62]. Further, the activation of FXR by
GW4064 leads to the deactivation of oncogene gankyrin
(Gank) and induction of tumour suppressor proteins
such as p53, CCAAT/enhancer binding protein (C/
EBP)«, and hepatocyte nuclear factor 4o (HNF4«), pre-
venting the development of tumour in a mouse model
[133]. Similarly, inhibition of Gank as well as induction
of C/EBPP, HDACI proteins and other tumour suppres-
sor proteins, through activation of FXR by CDCA and
GW4064, inhibited liver carcinogenesis, while, FXR
knockout mouse developed tumour with elevated Gank
and decreased C/EBPP levels [138]. GW4064 also in-
duced G1 cell cycle arrest by inducing p21 and suppres-
sor of cytokine signalling 3 (SOCS3) and reducing
phosphorylated STAT3, leading to reduced tumor
growth [135]. Further, the activation of FXR by OCA in
liver cancer also inhibits cell proliferation in vitro in
HepG2 cells [133]. In another study, OCA inhibited cell
proliferation, invasion, and migration and induced cell
cycle arrest and apoptosis of liver cancer cells by in-
creasing caspase 3 and inhibiting STAT3. It also led to
increased SOCS3 and decreased janus kinase-2 (JAK-2),
IL-1B, and IL-6 levels [137]. However, the treatment of
guggulsterone inhibited the outcome induced by OCA
in liver cancer cells [137]. Additionally, the activation of
EXR by PX20350 and PX20606 resulted in direct regula-
tion of n-Myc downstream-regulated gene 2 (NDRG2)
through its repeat sequence 1 (IR1) binding element that
caused inhibition in the proliferation and migration of
SK-Hep-1 and SK-GI-18 cells. Further, PX20350 also re-
duced tumour growth and nodal metastasis in a mouse



Girisa et al. Molecular Biomedicine (2021) 2:21

model [136]. The long term administration of PX20606
resulted in high expression of HRG in mouse plasma.
This was also confirmed in healthy human subjects in a
phase I clinical study of 7 days with oral administration
of PX20606. This suggested that HRG acts as a target
for FXR and could be used to detect FXR activation
[149]. Similar activation of FXR by CDCA induces the
expression of tumor suppressive miR-22 and decreases
the level of cyclin A2 that leads to increased GO/G1 cell
arrest in Huh7 cells. However, the FXR knockout mice
showed a reverse effect by increasing cyclin A2 expres-
sion [123]. Furthermore, the upregulation of tumour
suppressor miR-122 by activated FXR suppressed the
insulin-like growth factor-1 receptor (IGF-1R) and cyclin
G1 resulting in decreased cell proliferation in cancer
cells and tumour growth in a mouse model [143]. The
effect of miR-122 activation could be reversed by knock-
ing down FXR through siRNA [143]. The deficiency of
FXR increases cyclin D1, p-STAT3, p-JAK-2 , IL- 16,
IL-6 and bile acids in FXR-knockout mice. However, the
FXR-knockout mice with overexpressed SHP leads to re-
duced liver tumours [144].

Besides, the FXR agonist INT-767 reduces tumour
growth and increases hepatoprotection in a mouse
model by reducing the expressions of F4/80, IL-1f, IL-6,
TNEF-a, cyclin D1, proliferating cell nuclear antigen
(PCNA), a-smooth muscle actin (a-Sma), CYP7A1l and
collagen, and upregulation of FGF15 and SHP [145].
Furthermore, the overexpression of FXR by lentiviral
transfection increases SHP, which causes a decrease in
cell proliferation. It was further confirmed with inhibited
tumour growth in a nude mouse model [142].

Many studies have reported the selective activation of
EXR by the bile acids such as CDCA and other related
bile acids [30, 213]. However, the abnormal levels of bile
acids are also reported to induce inflammation and liver
carcinogenesis. The bile acids normally help in the ab-
sorption of cholesterol and lipids [214-217]. The bile
acid act as a signalling molecule in the pathways that re-
quire the activation of the nuclear receptors including
FXR [218]. As bile acids act as surfactants, they can
cause damage to hepatocytes, which makes it necessary
for its tight regulation of bile acids by various molecules
such as FXR [75]. Studies have reported that the mam-
malian Hippo pathway helps in resizing liver and intes-
tinal regeneration, and its target Yes-associated protein
(YAP) is required to be regulated to maintain normal
cell proliferation [219]. A study reported by Anakk et al.
demonstrated that the excessive level of bile acids in the
FXR knockout mice model induced spontaneous liver
carcinogenesis and activation of YAP as compared to
wild type mice [75]. Further, the FXR knockout mice fed
with cholic acid increased the level of bile acids that initi-
ate the development of N-nitrosodiethylamine—induced
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liver tumour [220]. The inflammatory genes and cell
cycle proteins were also upregulated in the FXR knock-
out aged-mice, however, this effect was not observed in
wild type mice [220]. Another study suggested that FXR
deficiency initiates liver cancer in mice; however, excess
bile acids are essential for the progression of tumor via
initiating cyclin D1 and suppressing cell cycle inhibitors
[221]. Thus, the bile acids beyond their normal level act
as a potential tumour promoter in liver cancer and this
effect is more in FXR deficient cells or tissues.

However, the increased level of FXR and its target
genes involved in different mechanisms of chemoresis-
tance (MOC) such as MOC-1b (ABCB4), MOC-4
(TCEA2) and MOC-5b (C-C motif chemokine ligand
(CCL)14, CCL15 and K13), were reported to protect the
hepatocytes from certain genotoxic drugs. The MOC-1b
is involved in increased export of drug/toxin, MOC-4
enhance the DNA repair and MOC-5b includes the pro-
survival balance [140]. Besides, different outcomes asso-
ciated with FXR were also reported. One of the studies
reported that the decreased level of FXR target, BSEP, in
HCC tissues and Huh7 and HepG2 cells was related to
modified expression of FXR isomers, FXR-al, and FXR-
a2 [150]. The HCC tissues were associated with in-
creased FXR-al/FXR-a2, TNF-a, and IL-6 levels [150].
The activation of FXR target, SHP (NROB2) by FXR ago-
nists was also detected in liver cancer cells [23]. Further,
knockdown of FXR in HepG2, Huh-7, and HLE cells re-
sulted in an elevated level of p16/INK4a and inhibited
the cell proliferation induced by FXR [151]. The CDCA,
GW4064, OCA induces the assembly of actin in Huh-7
and Hep3B cell lines, which further promote TGF-p-
induced EMT by increasing N-cadherin and phosphory-
lated FAK activation. However, the treatment with gug-
gulsterone inhibited the TGF-B-induced EMT in Huh-7
and Hep3B cells [23]. A study has also reported that C-
terminal-truncated hepatitis B virus X (HBx-AC) could
induce cancer stemness and initiate cancer relapse
through FXR activation in HCC. However, the treatment
of MIHA cells containing HBx-AC protein with guggul-
sterone inhibited cell migration and hepatospheres for-
mation in liver cells [141]. Therefore, further studies
could be performed to decipher the exact role of FXR in
liver cancer.

FXR in Prostate Cancer (PCa)

PCa is one of the most widespread malignancy in men
worldwide [222-225]. The primary PCa is usually
treated with conventional treatment methods such as
surgery and radiotherapy [226, 227]. However, the
advanced form of this cancer do not respond to the
treatment modalities and associated with poor prognosis
[226]. Studies have reported the low expression of FXR
in PCa tissues [159]. The glucuronidation of androgen
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acts as a major process of inactivation of androgen in
prostate cancer [228]. In addition, the inactive androgen
was reported to be a potential inducer of FXR while the
active form of androgen induces cell proliferation [229].
Various androgens such as dihydrotestosterone (DHT)
and androsterone are converted to inactive glucoronides
by the enzymes UDP-glucuronosyltransferase (UGT)
2B15 and UGT2B17 [229]. Thus, the activation of FXR
by CDCA and GW4064 reduced UGT2B15 and
UGT2B17 and also decreased the androgen glucuronida-
tion [160]. However, in another study, the activation or
overexpression of FXR by CDCA and GW4064 leads to
inhibition of cell proliferation by increasing phosphatase
and tensin homolog (PTEN), while the blocking of FXR
by siRNA reversed the effect of the agonists [159]. The
LNCaP PCa cells exhibited an increased accumulation of
androgen-dependent lipids, which were reduced by the
treatment with CDCA. This led to inhibition of SREBP1
and its targets such as fatty acid synthase (FASN),
acetyl-CoA Carboxylase (ACC), and ATP Citrate Lyase
(ACLY), suggesting the regulation of lipid metabolism
by FXR in PCa which decreased cell proliferation in
LNCaP cells [230].

FXR in other cancers
In addition to the role of FXR in the aforementioned
cancers, shreds of evidence also proved its role in other
cancers viz. such as Leydig cell tumours (LCTs) and thy-
roid cancer [22, 231, 232]. One of the studies suggested
that the presence of the expression of FXR was more in
R2C LCTs cells as compared to normal testicular cells
[231]. However, the FXR activated by GW4064 and
CDCA in R2C cells binds to steroidogenic factor 1 (SF-
1) response site in the promoter region of aromatase
and inhibits its activity thereby blocking estrogen signal-
ling and reducing tumour cell growth [231]. Besides, the
activation of FXR by GW4064 caused an inhibition of
cell proliferation and induction of apoptosis in R2C cells
by initiating poly (ADP-ribose) polymerase (PARP)
cleavage and DNA fragmentation through elevated p53
and p21(WAF1/Cipl) and binding of FXR/NF-«B within
the promoter region of p53 [132]. Similarly, the treat-
ment of GW4064 in an LCT mouse model reduced
tumour growth [132]. Besides, a high level of FXR ex-
pression was also observed in thyroid neoplasia and the
expression was more common in papillary thyroid car-
cinomas, which is associated with higher lymph node
metastasis and invasion, and high recurrence rate [232].
Thus, these studies suggest the diverse expression of
FXR in different cancers and care should be taken while
targeting FXR.

EXR is differentially expressed in different cancers and
accordingly it modulates the development of these
cancers. Therefore, the agonists and antagonists of FXR
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have differential roles in various cancers. Hence, the
next part of the review discusses the important agonists
and antagonists of FXR.

Agonists of FXR

The bile acids act as an agonist for FXR to perform its vari-
ous functions [233]. The bile acid increases the progression
of premalignant state to carcinoma in EC [168]. The bile
acid CDCA, could induce the activation of FXR and cause
the proliferation, migration, and metastasis of breast cancer
cells [104, 110]. Besides, BSDC, which is another bile acid,
induced the activation of FXR that results in increased mi-
gration of the MDA-MB-231 cells [113]. The treatment of
GW4064, another agonist of FXR increases cell prolifera-
tion, invasion and migration by activating NF-kB and VEGF
in pancreatic cancer cells [155]. Additionally, CDCA,
GW4064, and OCA promote the migration of HCC cells
by inducing N-cadherin [23].

Interestingly, some of the studies also reported the an-
ticancer activities of FXR agonists. For instance, CDCA
was reported to inhibit cell proliferation in tamoxifen-
resistant breast cancer cells by suppressing the expres-
sion of HER2 [109]. The treatment of an agonist, OCA,
was also reported to inhibit proliferation and migration
and induce apoptosis in CCA cells where this outcome
was more prominent with its combination with gemcita-
bine or cisplatin [116]. Another agonist, GW4064, was
also reported to inhibit cell proliferation in various can-
cers such as liver cancer, LCTs, and colon cancer [76,
132, 135]. Further, GW4064 induces apoptosis in breast
cancer cells by regulating the activation of FXR and by
modulating the FXR-associated targets such as SHP,
MRP-2, IBABP, MDR proteins, solute carriers,
aromatase, and GADD [112]. Further, the agonists of
FXR, i.e., PX20350 and PX20606, inhibited the prolifera-
tion and migration of SK-Hep-1 and SK-GI-18 liver
cancer cells [136].

Antagonists of FXR

One of the main antagonist of FXR, ie., guggulsterone, in-
duced apoptosis in EC cells by increasing the expression of
caspases [130]. The treatment of breast cancer cells with
guggulsterone inhibited migration and induced apoptosis by
inhibiting FXR, uPA, and F-actin [113]. Guggulsterone was
also reported to inhibit EMT markers, VEGF, and NF-«B in
HCC and pancreatic cancer [23, 155]. Moreover, the inhib-
ition of FXR by siRNA inhibited cancer cell proliferation in
ER-positive breast cancer and NSCLC cells [110, 154]. Fur-
ther, miR-192 inhibited the activity of FXR and its targets
OST-p and OATP1B3 in colon cancer [207]. Contrastingly,
the treatment of colon cancer cells with guggulsterone inhib-
ited FXR and induced proliferation [124]. Thus, the
antagonists perform their activities depending on the
expression of FXR in different cancers.
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Conclusion and future perspectives

Cancer is one of the leading causes of mortality associated
with multiple modifications in different molecules and cell
signalling pathways that perform a diverse range of
normal function and metabolism [234-237]. FXR is a nu-
clear receptor that is usually involved in regulating the
levels of bile salts, cholesterol, lipids and glucose metabol-
ism. The imbalances in these functions result in the devel-
opment of several diseases. For instance, FXR is also
involved in regulating cancer by modulating a range of
molecules associated with the cancer signalling pathways.
Studies had suggested the tissue-specific and cancer-
specific function of FXR. These studies also indicated that
the elevated level of FXR was associated positively with a
high rate of tumour progression in breast, lung, and pan-
creatic cancers [154, 165, 180]. While in other cancers
such as CCA and liver cancer, the low expression of FXR
increased the cancer progression and were also associated
with poor prognosis [115, 212]. Besides, the expression of
FXR varies in different types of cells of the same cancer.
For example, FXR is highly expressed in ER-positive
MCE-7 cells compared to ER-negative MDAMB-231 cells
[110]. The expression of FXR also varies between differen-
tiated and undifferentiated colon cancer cells [127]. Due
to the differential expression, the agonists and antagonists
of FXR perform their activities differently. Further, FXR is
involved in regulating a wide range of molecules such as
tumour suppressor proteins p53, p-Rb, and C/EBPp; cell
cycle regulators such as cyclins, CDKs and CDK inhibi-
tors; cytokines such as IL-(1f and 6), TNF-a and tran-
scription factors such as NF-«kB and STATS3; proteins
involved in differentiation, RUNX2 and Oct3/4; EMT and
angiogenic markers, and chemoresistance proteins. FXR
also modulates several signalling pathways such as EGFR/
ERK, NF-kB, TGF-B, p38/MAPK, PI3K/AKT, and Jak/
STAT that lead to the regulation of various cancers. Thus,
considering the diverse expression and role of FXR, it
could be regarded as a potential target in the treatment of
different cancers. Further, as various cancers have differ-
ential expression, i.e., overexpression and low expression
of FXR, it should be targeted carefully and more studies
should be performed to understand the long-term effects
of agonists and antagonists. As FXR is differentially
expressed in various cancers, the therapies should be de-
sign in such a way that the drug reaches only to the par-
ticular organ or tissues. Besides, the role of FXR in
chemosensitization and radiosensitization should be stud-
ied in-depth, which would help us target this protein for
the better management of this disease.

Abbreviations

ACR: Acyclic retinoid; ADT: Androsterone; AOM: Azoxymethane; BA: Bile acids;
Bcl-xL: B-cell lymphoma-extra large; BSDC: Bile acid salt sodium
deoxycholate; BSEP: Bile salt export pump; BSP: Bone sialoprotein; BTC: Biliary
tract cancer; CAC: Colitis-associated cancer; CAF: Cancer-associated fibroblast;

Page 17 of 23

CCA: Cholangiocarcinoma; Cdc42: Cell division control protein 42 homolog;
CDCA: Chenodeoxycholate; Cdk4: Cyclin-dependent kinase4; C/EBPa: CCAAT-
enhancer-binding protein alpha; CCNGT1: Cyclin G1; c-Myc: Cellular
myelocytomatosis; CPT-I: Carnitine palmitoyltransferase I; CYP7A1: Cholesterol
7a-hydroxylase; Cyt-c: Cytochrome ¢; DCA: Deoxycholic acid; DR5: Death
receptor 5; EAC: Esophageal adenocarcinoma; EMT: Epithelial mesenchymal
transition; ER: Estrogen receptor; ERK: Extracellular signal-regulated kinase;
FXR: Farnesoid X receptor; FXR-DN: Dominant negative FXR protein;

GADD: Growth arrest and DNA damage-inducible protein; Gank: Gankyrin;
HC: Hepatocarcinogenesis; HCC: Hepatocellular carcinoma; HDCAT: Histone
deacetylase 1; HER: Human epidermal growth factor receptor; HNF-

4a: Hepatocyte nuclear factor 4 alpha; hPPARa: Human peroxisome
proliferator-activated receptor a; HRG: Histidine-rich glycoprotein; IBABP: lleal
bile acid-binding protein; iCC: Intrahepatic cholangiocarcinoma;

IL: Interleukin; ILK: Integrin-linked kinase; JAK: Janus Kinase; JNK: c-Jun N-
terminal kinase; KO: Knockout; LCA: Lithocholic acid; LCT: Leydig cell tumors;
MCF-7 TR1: Tamoxifen-resistant breast cancer cells; MDR: Multidrug resistance
protein; MIP3a: Macrophage inflammatory protein 3a; MLC: Myosin light
chain; MRP2: Multidrug resistance-associated protein 2; mTOR: Mammalian
target of rapamycin; MUC4: Mucin 4; NF-kB: Nuclear factor-kappa B;

OC: Osteocalcin; OCA: Obeticholic acid; OPN: Osteopontin; PAI-

1: Plasminogen activator inhibitor-1; PCNA: Proliferating cell nuclear antigen;
PR: Progesterone receptor; PMA: Phorbol-12-myristate-13-acetate;

PO: Peppermint oil; PTEN: Phosphatase and tensin homolog; RhoA-C: Rho
and actin cytoskeleton; ROS: Reactive oxygen species; RXR: Retinoid X
receptor; RUNX2: Runt-related transcription factor; S6K: S6 kinase; SCFA: Short
chain fatty acids; SHP: Small heterodimer partner; SLC7AS: Solute carrier
family 7 member 5; SOCS3: Suppressor of cytokine signaling 3;

SOD3: Superoxide dismutase 3; Sp1: Specificity protein; STAT3: Signal
transducer and activator of transcription 3; TCA: Taurocholate; UGT: UDP-
glucuronosyltransferase; uPA: Urokinase-type plasminogen activator;

UPAR: urokinase-type plasminogen activator receptor

Code availability
Not Applicable.

Authors’ contributions

ABK contributed to the study design, conceptualisation, supervision and
review editing. SG performed bibliographic search and contributed to
original manuscript and artwork. SH, DP, VR contributed to table preparation.
UD contributed to review editing. The author(s) read and approved the final
manuscript.

Funding

This project was supported by DAICENTER grant awarded to Dr. Ajaikumar B.
Kunnumakkara, by the Department of Biotechnology (DBT), Government of
India.

Availability of data and materials
Not Applicable.

Declarations

Ethics approval and consent to participate
Not Applicable.

Consent for publication
Not Applicable.

Competing interests

Corresponding author Ajaikumar B. Kunnumakkara is a member of the
Editorial Board for Molecular Biomedicine, Ajaikumar B. Kunnumakkara was
not involved in the journal's review of, or decisions related to, this
manuscript.

Received: 18 November 2020 Accepted: 17 March 2021
Published online: 10 July 2021

References
1. Anand P, Kunnumakkara AB, Sundaram C, Harikumar KB, Tharakan ST, Lai
OS, et al. Cancer is a preventable disease that requires major lifestyle



Girisa et al. Molecular Biomedicine

20.

21.

22.

(2021) 2:21

changes. Pharm Res. 2008,25(9):2097-116. https://doi.org/10.1007/511095-
008-9661-9.

Padmavathi G, Rathnakaram SR, Monisha J, Bordoloi D, Roy NK,
Kunnumakkara AB. Potential of butein, a tetrahydroxychalcone to obliterate
cancer. Phytomedicine. 2015;22(13):1163-71. https://doi.org/10.1016/j.
phymed.2015.08.015.

Bordoloi D, Roy NK, Monisha J, Padmavathi G, Kunnumakkara AB. Multi-
targeted agents in cancer cell chemosensitization: what we learnt from
curcumin thus far. Recent Pat Anticancer Drug Discov. 2016;11(1):67-97.
https://doi.org/10.2174/1574892810666151020101706.

Monisha J, Padmavathi G, Roy NK, Deka A, Bordoloi D, Anip A, et al. NF-kB
blockers gifted by mother nature: prospectives in cancer cell
chemosensitization. Curr Pharm Des. 2016;22(27):4173-200. https://doi.org/1
0.2174/1381612822666160609110231.

Roy NK, Deka A, Bordoloi D, Mishra S, Kumar AP, Sethi G, et al. The potential
role of boswellic acids in cancer prevention and treatment. Cancer Lett.
2016;377(1):74-86. https://doi.org/10.1016/j.canlet.2016.04.017.
Kunnumakkara AB, Banik K, Bordoloi D, Harsha C, Sailo BL, Padmavathi G,
et al. Googling the guggul (Commiphora and Boswellia) for prevention of
chronic diseases. Front Pharmacol. 2018;,9:686. https.//doi.org/10.3389/fpha
1.2018.00686.

Monisha J, Jaiswal A, Banik K, Choudhary H, Singh AK, Bordoloi D, et al.
Cancer cell chemoresistance: a prime obstacle in cancer therapy. Cancer cell
Chemoresistance and Chemosensitization. Singapore: World Scientific; 2018.
p. 15-49,

Sailo BL, Banik K, Padmavathi G, Javadi M, Bordoloi D, Kunnumakkara AB.
Tocotrienols: the promising analogues of vitamin E for cancer therapeutics.
Pharmacol Res. 2018;130:259-72. https://doi.org/10.1016/j.phrs.2018.02.017.
Banik K, Harsha C, Bordoloi D, Lalduhsaki Sailo B, Sethi G, Leong HC, et al.
Therapeutic potential of gambogic acid, a caged xanthone, to target cancer.
Cancer Lett. 2018/416:75-86. https://doi.org/10.1016/j.canlet.2017.12.014.

Roy NK, Parama D, Banik K, Bordoloi D, Devi AK, Thakur KK, et al. An update
on pharmacological potential of boswellic acids against chronic diseases. Int
J Mol Sci. 2019;20(17):4101. https://doi.org/10.3390/ijms20174101.

Singh YP, Girisa S, Banik K, Ghosh S, Swathi P, Deka M, et al. Potential
application of zerumbone in the prevention and therapy of chronic human
diseases. J Funct Foods. 2019;53:248-58. https.//doi.org/10.1016/ff.2018.12.020.
Khatoon E, Banik K, Harsha C, Sailo BL, Thakur KK, Khwairakpam AD, et al.
Phytochemicals in cancer cell chemosensitization: current knowledge and
future perspectives. Semin Cancer Biol. 2020,51044-579X(20):30150-4.
https://doi.org/10.1016/j.semcancer.2020.06.014.

Ahmed SA, Parama D, Daimari E, Girisa S, Banik K, Harsha C, et al.
Rationalizing the therapeutic potential of apigenin against cancer. Life Sci.
2020;267:118814. https://doi.org/10.1016/j.1fs.2020.118814.

Daimary UD, Parama D, Rana V, Banik K, Kumar A, Harsha C, et al. Emerging
roles of cardamonin, a multitargeted nutraceutical in the prevention and
treatment of chronic diseases. Curr Res Pharmacol Drug Discov:100008.
https://doi.org/10.1016/j.crphar.2020.100008.

Ferlay J, Colombet M, Soerjomataram |, Mathers C, Parkin DM, Pifieros M,

et al. Estimating the global cancer incidence and mortality in 2018:
GLOBOCAN sources and methods. Int J Cancer. 2019;144(8):1941-53.
https://doi.org/10.1002/ijc.31937.

Henamayee S, Banik K, Sailo BL, Shabnam B, Harsha C, Srilakshmi S, et al.
Therapeutic emergence of rhein as a potential anticancer drug: a review of
its molecular targets and anticancer properties. Molecules. 2020,25(10):2278.
https://doi.org/10.3390/molecules25102278.

Hassanpour SH, Dehghani M. Review of cancer from perspective of molecular.
J Cancer Res Pract. 2017;4(4):127-9. https//doi.org/10.1016/}jcrpr.2017.07.001.
Kunnumakkara AB, Bordoloi D, Sailo BL, Roy NK, Thakur KK, Banik K; et al.
Cancer drug development: the missing links. Exp Biol Med (Maywood).
2019,244(8):663-89. https.//doi.org/10.1177/1535370219839163.
Khwairakpam AD, Banik K, Girisa S, Shabnam B, Shakibaei M, Fan L, et al. The
vital role of ATP citrate lyase in chronic diseases. J Mol Med (Berl). 2020;
98(1):71-95. https://doi.org/10.1007/500109-019-01863-0.

Roy NK, Bordoloi D, Monisha J, Anip A, Padmavathi G, Kunnumakkara AB.
Cancer- an overview and molecular alterations in cancer. In: Fusion genes
and Cancer; 2017. p. 1-15.

Wang YD, Chen WD, Moore DD, Huang W. FXR: a metabolic regulator and cell
protector. Cell Res. 2008;18(11):1087-95. https://doi.org/10.1038/cr.2008.289.
You W, Li L, Sun D, Liu X, Xia Z, Xue S, et al. Farnesoid X receptor constructs
an immunosuppressive microenvironment and sensitizes FXRM9"PD-L1'0%

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Page 18 of 23

NSCLC to anti-PD-1 immunotherapy. Cancer Immunol Res. 2019;7(6):990-1000.
https//doi.org/10.1158/2326-6066.CIR-17-0672.

Kainuma M, Takada I, Makishima M, Sano K. Farnesoid X receptor activation
enhances transforming growth factor B-induced epithelial-mesenchymal
transition in hepatocellular carcinoma cells. Int J Mol Sci. 2018;19(7):1898.
https://doi.org/10.3390/ijms19071898.

Forman BM, Goode E, Chen J, Oro AE, Bradley DJ, Perlmann T, et al.
Identification of a nuclear receptor that is activated by farnesol metabolites.
Cell. 1995;81(5):687-93. https.//doi.org/10.1016/0092-8674(95)90530-8.
Howard WR, Pospisil JA, Njolito E, Noonan DJ. Catabolites of cholesterol
synthesis pathways and forskolin as activators of the farnesoid X-activated
nuclear receptor. Toxicol Appl Pharmacol. 2000;163(2):195-202. https://doi.
0rg/10.1006/taap.1999.8869.

Joo JH, Jetten AM. Molecular mechanisms involved in farnesol-induced
apoptosis. Cancer Lett. 2010;287(2):123-35. https;//doi.org/10.1016/j.canlet.2
009.05.015.

Kliewer SA, Mangelsdorf DJ. Bile acids as hormones: the FXR-FGF15/19
pathway. Dig Dis. 2015;33(3):327-31. https://doi.org/10.1159/000371670.
Makishima M, Okamoto AY, Repa JJ, Tu H, Learned RM, Luk A, et al.
Identification of a nuclear receptor for bile acids. Science. 1999;284(5418):
1362-5. https//doi.org/10.1126/science.284.5418.1362.

Parks DJ, Blanchard SG, Bledsoe RK, Chandra G, Consler TG, Kliewer SA, et al.
Bile acids: natural ligands for an orphan nuclear receptor. Science. 1999;
284(5418):1365-8. https://doi.org/10.1126/science.284.5418.1365.

Wang H, Chen J, Hollister K, Sowers LC, Forman BM. Endogenous bile acids
are ligands for the nuclear receptor FXR/BAR. Mol Cell. 1999;3(5):543-53.
https://doi.org/10.1016/51097-2765(00)80348-2.

Tu H, Okamoto AY, Shan B. FXR, a bile acid receptor and biological sensor.
Trends Cardiovasc Med. 2000;10(1):30-5. https://doi.org/10.1016/51050-173
8(00)00043-8.

Lefebvre P, Cariou B, Lien F, Kuipers F, Staels B. Role of bile acids and bile
acid receptors in metabolic regulation. Physiol Rev. 2009,89(1):147-91.
https://doi.org/10.1152/physrev.00010.2008.

Wang C, Zhu C, Shao L, Ye J, Shen Y, Ren Y. Role of bile acids in dysbiosis
and treatment of nonalcoholic fatty liver disease. Mediat Inflamm. 2019;
7659509. https.//doi.org/10.1155/2019/7659509.

Hollman DA, Milona A, van Erpecum KJ, van Mil SW. Anti-inflammatory and
metabolic actions of FXR: insights into molecular mechanisms. Biochim Biophys
Acta. 2012;1821(11):1443-52. https//doi.org/10.1016/j.bbalip.2012.07.004.

Shen H, Zhang Y, Ding H, Wang X, Chen L, Jiang H, et al. Farnesoid X
receptor induces GLUT4 expression through FXR response element in the
GLUT4 promoter. Cell Physiol Biochem. 2008,22(1-4):1-14. https://doi.org/1
0.1159/000149779.

Sun R, Yang N, Kong B, Cao B, Feng D, Yu X, et al. Orally administered
berberine modulates hepatic lipid metabolism by altering microbial bile
acid metabolism and the intestinal fxr signaling pathway. Mol Pharmacol.
2017,91(2):110-22. https.//doi.org/10.1124/mol.116.106617.

Gadaleta RM, Cariello M, Sabba C, Moschetta A. Tissue-specific actions of
FXR in metabolism and cancer. Biochim Biophys Acta. 2015;1851(1):30-9.
https://doi.org/10.1016/).bbalip.2014.08.005.

Ma K, Saha PK, Chan L, Moore DD. Farnesoid X receptor is essential for
normal glucose homeostasis. J Clin Invest. 2006;116(4):1102-9. https;//doi.
org/10.1172/3C125604.

Cipriani S, Mencarelli A, Palladino G, Fiorucci S. FXR activation reverses
insulin resistance and lipid abnormalities and protects against liver steatosis
in Zucker (fa/fa) obese rats. J Lipid Res. 2010;51(4):771-84. https;//doi.org/1
0.1194/jIrM001602.

Watanabe M, Houten SM, Wang L, Moschetta A, Mangelsdorf DJ, Heyman
RA, et al. Bile acids lower triglyceride levels via a pathway involving FXR,
SHP, and SREBP-1c. J Clin Invest. 2004;113(10):1408-18. https://doi.org/10.11
72/JC121025.

Han CY. Update on FXR biology: promising therapeutic target? Int J Mol Sci.
2018;19(7):2069. https://doi.org/10.3390/ijms19072069.

Xie G, Raufman J-P. The farnesoid X receptor and colon cancer. J Cancer
Metastasis Treat. 2016;2:24-8. https.//doi.org/10.4103/2394-4722.164288.
Wang YD, Chen WD, Wang M, Yu D, Forman BM, Huang W. Farnesoid X
receptor antagonizes nuclear factor kappaB in hepatic inflammatory response.
Hepatology. 200848(5):1632-43. https//doi.org/10.1002/hep.22519.

Fiorucci S, Rizzo G, Donini A, Distrutti E, Santucci L. Targeting farnesoid X
receptor for liver and metabolic disorders. Trends Mol Med. 2007;13(7):298—
309. https://doi.org/10.1016/jmolmed.2007.06.001.


https://doi.org/10.1007/s11095-008-9661-9
https://doi.org/10.1007/s11095-008-9661-9
https://doi.org/10.1016/j.phymed.2015.08.015
https://doi.org/10.1016/j.phymed.2015.08.015
https://doi.org/10.2174/1574892810666151020101706
https://doi.org/10.2174/1381612822666160609110231
https://doi.org/10.2174/1381612822666160609110231
https://doi.org/10.1016/j.canlet.2016.04.017
https://doi.org/10.3389/fphar.2018.00686
https://doi.org/10.3389/fphar.2018.00686
https://doi.org/10.1016/j.phrs.2018.02.017
https://doi.org/10.1016/j.canlet.2017.12.014
https://doi.org/10.3390/ijms20174101
https://doi.org/10.1016/j.jff.2018.12.020
https://doi.org/10.1016/j.semcancer.2020.06.014
https://doi.org/10.1016/j.lfs.2020.118814
https://doi.org/10.1016/j.crphar.2020.100008
https://doi.org/10.1002/ijc.31937
https://doi.org/10.3390/molecules25102278
https://doi.org/10.1016/j.jcrpr.2017.07.001
https://doi.org/10.1177/1535370219839163
https://doi.org/10.1007/s00109-019-01863-0
https://doi.org/10.1038/cr.2008.289
https://doi.org/10.1158/2326-6066.CIR-17-0672
https://doi.org/10.3390/ijms19071898
https://doi.org/10.1016/0092-8674(95)90530-8
https://doi.org/10.1006/taap.1999.8869
https://doi.org/10.1006/taap.1999.8869
https://doi.org/10.1016/j.canlet.2009.05.015
https://doi.org/10.1016/j.canlet.2009.05.015
https://doi.org/10.1159/000371670
https://doi.org/10.1126/science.284.5418.1362
https://doi.org/10.1126/science.284.5418.1365
https://doi.org/10.1016/s1097-2765(00)80348-2
https://doi.org/10.1016/s1050-1738(00)00043-8
https://doi.org/10.1016/s1050-1738(00)00043-8
https://doi.org/10.1152/physrev.00010.2008
https://doi.org/10.1155/2019/7659509
https://doi.org/10.1016/j.bbalip.2012.07.004
https://doi.org/10.1159/000149779
https://doi.org/10.1159/000149779
https://doi.org/10.1124/mol.116.106617
https://doi.org/10.1016/j.bbalip.2014.08.005
https://doi.org/10.1172/JCI25604
https://doi.org/10.1172/JCI25604
https://doi.org/10.1194/jlr.M001602
https://doi.org/10.1194/jlr.M001602
https://doi.org/10.1172/JCI21025
https://doi.org/10.1172/JCI21025
https://doi.org/10.3390/ijms19072069
https://doi.org/10.4103/2394-4722.164288
https://doi.org/10.1002/hep.22519
https://doi.org/10.1016/j.molmed.2007.06.001

Girisa et al. Molecular Biomedicine

45.

46.

47.

48.

49.

50.

51,

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

(2021) 2:21

Downes M, Verdecia MA, Roecker AJ, Hughes R, Hogenesch JB, Kast-
Woelbern HR, et al. A chemical, genetic, and structural analysis of the
nuclear bile acid receptor FXR. Mol Cell. 2003;11(4):1079-92. https.//doi.
0rg/10.1016/51097-2765(03)00104-7.

Huber RM, Murphy K, Miao B, Link JR, Cunningham MR, Rupar MJ, et al.
Generation of multiple farnesoid-X-receptor isoforms through the use of
alternative promoters. Gene. 2002,290(1-2):35-43. https://doi.org/10.1016/
50378-1119(02)00557-7.

Zhang Y, Kast-Woelbern HR, Edwards PA. Natural structural variants of the
nuclear receptor farnesoid X receptor affect transcriptional activation. J Biol
Chem. 2003;278(1):104-10. https://doi.org/10.1074/jbc.M209505200.
Teodoro JS, Rolo AP, Palmeira CM. Hepatic FXR: key regulator of whole-
body energy metabolism. Trends Endocrinol Metab. 2011;22(11):458-66.
https://doi.org/10.1016/j.tem.2011.07.002.

Lee FY, Lee H, Hubbert ML, Edwards PA, Zhang Y. FXR, a multipurpose
nuclear receptor. Trends Biochem Sci. 2006;31(10):572-80. https://doi.org/1
0.1016/j.tibs.2006.08.002.

Bijsmans [T, Guercini C, Ramos Pittol JM, Omta W, Milona A, Lelieveld D,

et al. The glucocorticoid mometasone furoate is a novel FXR ligand that
decreases inflammatory but not metabolic gene expression. Sci Rep. 2015
Sep 15;5:14086. https;//doi.org/10.1038/srep14086.

Wang YD, Chen WD, Li C, Guo C, Li Y, Qi H, et al. Farnesoid X receptor
antagonizes JNK signaling pathway in liver carcinogenesis by activating
SOD3. Mol Endocrinol. 2015;29(2):322-31. https://doi.org/10.1210/me.2
014-1225.

Vlahcevic ZR, Heuman DM, Hylemon PB. Regulation of bile acid synthesis.
Hepatology. 1991;13(3):590-600. https://doi.org/10.1002/hep.1840130331.
Norlin M, Wikvall K. Enzymes in the conversion of cholesterol into bile
acids. Curr Mol Med. 2007;7(2):199-218. https://doi.org/10.2174/1566524
07780059168.

Goodwin B, Watson MA, Kim H, Miao J, Kemper JK, Kliewer SA. Differential
regulation of rat and human CYP7A1 by the nuclear oxysterol receptor liver
X receptor-alpha. Mol Endocrinol. 2003;17(3):386-94. https.//doi.org/10.1210/
me.2002-0246.

Goodwin B, Jones SA, Price RR, Watson MA, McKee DD, Moore LB, et al. A
regulatory cascade of the nuclear receptors FXR, SHP-1, and LRH-1 represses
bile acid biosynthesis. Mol Cell. 2000;6(3):517-26. https://doi.org/10.1016/s1
097-2765(00)00051-4.

Jiang T, Wang XX, Scherzer P, Wilson P, Tallman J, Takahashi H, et al.
Farnesoid X receptor modulates renal lipid metabolism, fibrosis, and
diabetic nephropathy. Diabetes. 2007;56(10):2485-93. https.//doi.org/10.233
7/db06-1642.

Yang ZX, Shen W, Sun H. Effects of nuclear receptor FXR on the regulation
of liver lipid metabolism in patients with non-alcoholic fatty liver disease.
Hepatol Int. 2010;4(4):741-8. https://doi.org/10.1007/512072-010-9202-6.
Zhu' Y, Liu H, Zhang M, Guo GL. Fatty liver diseases, bile acids, and FXR. Acta
Pharm Sin B. 2016;6(5):409-12. https.//doi.org/10.1016/j.apsb.2016.07.008.
Claudel T, Staels B, Kuipers F. The Farnesoid X receptor: a molecular link
between bile acid and lipid and glucose metabolism. Arterioscler Thromb
Vasc Biol. 2005;25(10):2020-30. https://doi.org/10.1161/01.ATV.0000178994.21
828.a7.

Calkin AC, Tontonoz P. Transcriptional integration of metabolism by the
nuclear sterol-activated receptors LXR and FXR. Nat Rev Mol Cell Biol. 2012;
13(4):213-24. https//doi.org/10.1038/nrm3312.

Zhang Y, Edwards PA. FXR signaling in metabolic disease. FEBS Lett. 2008;
582(1):10-8. https://doi.org/10.1016/j febslet.2007.11.015.

Xu Z, Huang G, Gong W, Zhou P, Zhao Y, Zhang Y, et al. FXR ligands
protect against hepatocellular inflammation via SOCS3 induction. Cell
Signal. 2012;24(8):1658-64. https://doi.org/10.1016/j.cellsig.2012.04.015.
Stofan M, Guo GL. Bile acids and FXR: novel targets for liver diseases. Front
Med (Lausanne). 2020;7:544. https://doi.org/10.3389/fmed.2020.00544.
Gadaleta RM, van Erpecum KJ, Oldenburg B, Willemsen EC, Renooij W,
Murzilli S, et al. Farnesoid X receptor activation inhibits inflammation and
preserves the intestinal barrier in inflammatory bowel disease. Gut. 2011;
60(4):463-72. https://doi.org/10.1136/gut.2010.212159.

Kunnumakkara AB, Nair AS, Ahn KS, Pandey MK, Yi Z, Liu M, et al. Gossypin,
a pentahydroxy glucosyl flavone, inhibits the transforming growth factor
beta-activated kinase-1-mediated NF-kappaB activation pathway, leading to
potentiation of apoptosis, suppression of invasion, and abrogation of
osteoclastogenesis. Blood. 2007;109(12):5112-21. https://doi.org/10.1182/
blood-2007-01-067256.

67.

68.

69.

70.

71

72.

73.

74.

75.

77.

78.

80.

81.

82.

83.

84.

85.

Page 19 of 23

Buhrmann C, Popper B, Kunnumakkara AB, Aggarwal BB, Shakibaei M.
Evidence that Calebin a, a component of Curcuma Longa suppresses NF-kB
mediated proliferation, invasion and metastasis of human colorectal cancer
induced by TNF- (Lymphotoxin). Nutrients. 2019;11(12):2904. https.//doi.
0rg/10.3390/nu11122904.

Ferrell JM, Pathak P, Boehme S, Gilliland T, Chiang JY. Deficiency of both farnesoid x
receptor and takeda g protein—coupled receptor 5 exacerbated liver fibrosis in mice.
Hepatology. 2019;70(3):955-70. https//doiorg/10.1002/hep.30513.

Jung H, Chen J, Hu X, Sun H, Wu SY, Chiang CM, et al. BRD4 inhibition and
FXR activation, individually beneficial in cholestasis, are antagonistic in
combination. JCI Insight. 2020:e141640. https;//doi.org/10.1172/jci.
insight.141640.

Comeglio P, Filippi S, Sarchielli E, Morelli A, Cellai |, Corcetto F, et al. Anti-
fibrotic effects of chronic treatment with the selective FXR agonist
obeticholic acid in the bleomycin-induced rat model of pulmonary fibrosis.
J Steroid Biochem Mol Biol. 2017;168:26-37. https://doi.org/10.1016/j.
jsbmb.2017.01.010.

Verbeke L, Mannaerts |, Schierwagen R, Govaere O, Klein S, Vander Elst |,

et al. FXR agonist obeticholic acid reduces hepatic inflammation and
fibrosis in a rat model of toxic cirrhosis. Sci Rep. 2016;6(1):1-2. https://doi.
0rg/10.1038/srep33453.

Comeglio P, Filippi S, Sarchielli E, Morelli A, Cellai |, Corno C, et al.
Therapeutic effects of the selective farnesoid X receptor agonist obeticholic acid
in a monocrotaline-induced pulmonary hypertension rat model. J Endocrinol
Investig. 2019/42(8):951-65. https.//doi.org/10.1007/540618-019-1009-2.

Zhao K, He J, Zhang Y, Xu Z, Xiong H, Gong R, et al. Activation of FXR
protects against renal fibrosis via suppressing Smad3 expression. Sci Rep.
2016,6:37234. https.//doi.org/10.1038/srep37234.

Zhang Y, Wang X, Vales C, Lee FY, Lee H, Lusis AJ, et al. FXR deficiency
causes reduced atherosclerosis in Ldlr—/— mice. Arterioscler Thromb
Vasc Biol. 2006;26(10):2316-21. https://doi.org/10.1161/01.ATV.000023
5697.35431.05.

Capello A, Moons LM, Van de Winkel A, Siersema PD, van Dekken H, Kuipers
EJ, et al. Bile acid-stimulated expression of the farnesoid X receptor
enhances the immune response in Barrett esophagus. Am J Gastroenterol.
2008;103(6):1510-6. https;//doi.org/10.1111/j.1572-0241.2008.01908 x.

Anakk S, Bhosale M, Schmidt VA, Johnson RL, Finegold MJ, Moore DD. Bile
acids activate YAP to promote liver carcinogenesis. Cell Rep. 2013;5(4):1060-
9. https://doi.org/10.1016/j.celrep.2013.10.030.

Hotta M, Sakatani T, Ishino K, Wada R, Kudo M, Yokoyama Y, 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):824-31. https//doi.
0rg/10.1016/j.bbrc.2019.09.033.

Qiao P, Li S, Zhang H, Yao L, Wang F. Farnesoid X receptor inhibits proliferation
of human colorectal cancer cells via the miR-135A1/CCNG2 signaling pathway.
Oncol Rep. 2018,40(4):2067-78. https.//doi.org/10.3892/0r.2018.6636.

Juran BD, Lazaridis KN. Is the FXR the fix for cholesterol gallstone disease?
Hepatology. 2005;42(1):218-21. https.//doi.org/10.1002/hep.20776.

Farley AR, Link AJ. Identification and quantification of protein
posttranslational modifications. Methods Enzymol. 2009;463:725-63. https://
doi.org/10.1016/50076-6879(09)63040-8.

Zhang C, Liu Y. Retrieving quantitative information of histone ptms by mass
spectrometry. Methods Enzymol. 2017,586:165-91. https://doi.org/10.1016/
bs.mie.2016.10.017.

Hashiguchi A, Komatsu S. Posttranslational modifications and plant-
environment interaction. Methods Enzymol. 2017,586:97-113. https.//doi.
0rg/10.1016/bs.mie.2016.09.030.

Romagnolo DF, Zempleni J, Selmin Ol. Nuclear receptors and epigenetic
regulation: opportunities for nutritional targeting and disease prevention.
Adv Nutr. 2014;5(4):373-85. https://doi.org/10.3945/an.114.005868.

Becares N, Gage MC, Pineda-Torra I. Posttranslational modifications of lipid-
activated nuclear receptors: focus on metabolism. Endocrinology. 2017;
158(2):213-25. https.//doi.org/10.1210/en.2016-1577.

Fang S, Tsang S, Jones R, Ponugoti B, Yoon H, Wu SY, et al. The p300
acetylase is critical for ligand-activated farnesoid X receptor (FXR) induction
of SHP. J Biol Chem. 2008;283(50):35086-95. https://doi.org/10.1074/jbc.
M803531200.

Li X, Zhang S, Blander G, Tse JG, Krieger M, Guarente L. SIRT1 deacetylates
and positively regulates the nuclear receptor LXR. Mol Cell. 2007;28(1):91-
106. https://doi.org/10.1016/j.molcel 2007.07.032.


https://doi.org/10.1016/s1097-2765(03)00104-7
https://doi.org/10.1016/s1097-2765(03)00104-7
https://doi.org/10.1016/s0378-1119(02)00557-7
https://doi.org/10.1016/s0378-1119(02)00557-7
https://doi.org/10.1074/jbc.M209505200
https://doi.org/10.1016/j.tem.2011.07.002
https://doi.org/10.1016/j.tibs.2006.08.002
https://doi.org/10.1016/j.tibs.2006.08.002
https://doi.org/10.1038/srep14086
https://doi.org/10.1210/me.2014-1225
https://doi.org/10.1210/me.2014-1225
https://doi.org/10.1002/hep.1840130331
https://doi.org/10.2174/156652407780059168
https://doi.org/10.2174/156652407780059168
https://doi.org/10.1210/me.2002-0246
https://doi.org/10.1210/me.2002-0246
https://doi.org/10.1016/s1097-2765(00)00051-4
https://doi.org/10.1016/s1097-2765(00)00051-4
https://doi.org/10.2337/db06-1642
https://doi.org/10.2337/db06-1642
https://doi.org/10.1007/s12072-010-9202-6
https://doi.org/10.1016/j.apsb.2016.07.008
https://doi.org/10.1161/01.ATV.0000178994.21828.a7
https://doi.org/10.1161/01.ATV.0000178994.21828.a7
https://doi.org/10.1038/nrm3312
https://doi.org/10.1016/j.febslet.2007.11.015
https://doi.org/10.1016/j.cellsig.2012.04.015
https://doi.org/10.3389/fmed.2020.00544
https://doi.org/10.1136/gut.2010.212159
https://doi.org/10.1182/blood-2007-01-067256
https://doi.org/10.1182/blood-2007-01-067256
https://doi.org/10.3390/nu11122904
https://doi.org/10.3390/nu11122904
https://doi.org/10.1002/hep.30513
https://doi.org/10.1172/jci.insight.141640
https://doi.org/10.1172/jci.insight.141640
https://doi.org/10.1016/j.jsbmb.2017.01.010
https://doi.org/10.1016/j.jsbmb.2017.01.010
https://doi.org/10.1038/srep33453
https://doi.org/10.1038/srep33453
https://doi.org/10.1007/s40618-019-1009-2
https://doi.org/10.1038/srep37234
https://doi.org/10.1161/01.ATV.0000235697.35431.05
https://doi.org/10.1161/01.ATV.0000235697.35431.05
https://doi.org/10.1111/j.1572-0241.2008.01908.x
https://doi.org/10.1016/j.celrep.2013.10.030
https://doi.org/10.1016/j.bbrc.2019.09.033
https://doi.org/10.1016/j.bbrc.2019.09.033
https://doi.org/10.3892/or.2018.6636
https://doi.org/10.1002/hep.20776
https://doi.org/10.1016/S0076-6879(09)63040-8
https://doi.org/10.1016/S0076-6879(09)63040-8
https://doi.org/10.1016/bs.mie.2016.10.017
https://doi.org/10.1016/bs.mie.2016.10.017
https://doi.org/10.1016/bs.mie.2016.09.030
https://doi.org/10.1016/bs.mie.2016.09.030
https://doi.org/10.3945/an.114.005868
https://doi.org/10.1210/en.2016-1577
https://doi.org/10.1074/jbc.M803531200
https://doi.org/10.1074/jbc.M803531200
https://doi.org/10.1016/j.molcel.2007.07.032

Girisa et al. Molecular Biomedicine

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

(2021) 2:21

Kemper JK, Xiao Z, Ponugoti B, Miao J, Fang S, Kanamaluru D, et al. FXR
acetylation is normally dynamically regulated by p300 and SIRT1 but
constitutively elevated in metabolic disease states. Cell Metab. 2009;10(5):
392-404. https://doi.org/10.1016/j.cmet.2009.09.009.

Manning G, Whyte DB, Martinez R, Hunter T, Sudarsanam S. The protein
kinase complement of the human genome. Science. 2002;298(5600):1912—
34. https://doi.org/10.1126/science.1075762.

Gineste R, Sirvent A, Paumelle R, Helleboid S, Aquilina A, Darteil R, et al.
Phosphorylation of farnesoid X receptor by protein kinase C promotes its
transcriptional activity. Mol Endocrinol. 2008;22(11):2433-47. https://doi.
0rg/10.1210/me.2008-0092.

Kemper JK. Regulation of FXR transcriptional activity in health and disease:
emerging roles of FXR cofactors and post-translational modifications.
Biochim Biophys Acta. 2011;1812(8):842-50. https://doi.org/10.1016/j.bba
dis.2010.11.011.

Hashiguchi T, Arakawa S, Takahashi S, Gonzalez FJ, Sueyoshi T, Negishi M.
Phosphorylation of farnesoid X receptor at serine 154 links ligand activation
with degradation. Mol Endocrinol. 2016;30(10):1070-80. https://doi.org/1
0.1210/me.2016-1105.

Bull LN, van Eijk MJ, Pawlikowska L, DeYoung JA, Juijn JA, Liao M, et al. A gene
encoding a P-type ATPase mutated in two forms of hereditary cholestasis. Nat
Genet. 1998;18(3):219-24. https.//doi.org/10.1038/ng0398-219.

Frankenberg T, Miloh T, Chen FY, Ananthanarayanan M, Sun AQ,
Balasubramaniyan N, et al. The membrane protein ATPase class | type 88
member 1 signals through protein kinase C zeta to activate the farnesoid X
receptor. Hepatology. 2008;48(6):1896-905. https.//doi.org/10.1002/
hep.22431.

Lien F, Berthier A, Bouchaert E, Gheeraert C, Alexandre J, Porez G, et al.
Metformin interferes with bile acid homeostasis through AMPK-FXR
crosstalk. J Clin Invest. 2014;124(3):1037-51. https://doi.org/10.1172/JCI68815.
Yang J, Sun L, Wang L, Hassan HM, Wang X, Hylemon PB, et al. Activation of
Sirt1/FXR signaling pathway attenuates triptolide-induced hepatotoxicity in
rats. Front Pharmacol. 2017,8:260. https://doi.org/10.3389/fphar.2017.00260.
Suresh B, Lee J, Kim KS, Ramakrishna S. The importance of ubiquitination
and deubiquitination in cellular reprogramming. Stem Cells Int. 2016,2016:
6705927. https://doi.org/10.1155/2016/6705927.

Gao Y, Zhao Y, Yuan A, Xu L, Huang X, Su Y, et al. Effects of farnesoid-X-
receptor SUMOylation mutation on myocardial ischemia/reperfusion injury in mice.
Exp Cell Res. 2018371(2):301-10. https//doiorg/10.1016/jyexcr201807.004.

Sailo BL, Banik K, Girisa S, Bordoloi D, Fan L, Halim CE, et al. FBXW?7 in
cancer: what has been unraveled thus far? Cancers (Basel). 2019;11(2):246.
https://doi.org/10.3390/cancers11020246.

Mansour MA. Ubiquitination: friend and foe in cancer. Int J Biochem Cell
Biol. 2018;101:80-93. https://doi.org/10.1016/j.biocel.2018.06.001.
Balasubramaniyan N, Luo Y, Sun AQ, Suchy FJ. SUMOylation of the farnesoid
X receptor (FXR) regulates the expression of FXR target genes. J Biol Chem.
2013,;288(19):13850-62. https://doi.org/10.1074/jbc.M112.443937.

Bilodeau S, Caron V, Gagnon J, Kuftedjian A, Tremblay A. A CK2-RNF4
interplay coordinates non-canonical SUMOylation and degradation of
nuclear receptor FXR. J Mol Cell Biol. 2017;9(3):195-208. https.//doi.org/10.1
093/jmcb/mjx009.

Talamillo A, Ajuria L, Grillo M, Barroso-Gomila O, Mayor U, Barrio R.
SUMOylation in the control of cholesterol homeostasis. Open Biol. 2020;
10(5):200054. https://doi.org/10.1098/rs0b.200054.

Benhamed F, Filhoulaud G, Caron S, Lefebvre P, Staels B, Postic C. O-
GlcNAcylation links ChREBP and FXR to glucose-sensing. Front Endocrinol
(Lausanne). 2015;5:230. https://doi.org/10.3389/fendo.2014.00230.

Wu B, Xing C, Tao J. Upregulation of microRNA-23b-3p induced by
farnesoid X receptor regulates the proliferation and apoptosis of
osteosarcoma cells. J Orthop Surg Res. 2019;14(1):398. https://doi.org/10.11
86/513018-019-1404-6.

Absil L, Journé F, Larsimont D, Body JJ, Tafforeau L, Nonclercq D. Farnesoid
X receptor as marker of osteotropism of breast cancers through its role in
the osteomimetism of tumor cells. BMC Cancer. 2020;20(1):640. https://doi.
0rg/10.1186/512885-020-07106-7.

Barone |, Vircillo V, Giordano C, Gelsomino L, Gy¢rffy B, Tarallo R, et al.
Activation of farnesoid X receptor impairs the tumor-promoting function of
breast cancer-associated fibroblasts. Cancer Lett. 2018;437:89-99. https://doi.
0rg/10.1016/j.canlet.2018.08.026.

. Giordano C, Barone |, Vircillo V, Panza S, Malivindi R, Gelsomino L, et al.

Activated FXR inhibits leptin signaling and counteracts tumor-promoting

107.

109.

110.

111

113.

114.

116.

124.

Page 20 of 23

activities of cancer-associated fibroblasts in breast malignancy. Sci Rep.
2016;6:21782. https://doi.org/10.1038/srep21782.

Alasmael N, Mohan R, Meira LB, Swales KE, Plant NJ. Activation of the
farnesoid X-receptor in breast cancer cell lines results in cytotoxicity but not
increased migration potential. Cancer Lett. 2016;370(2):250-9. https.//doi.
0rg/10.1016/j.canlet.2015.10.031.

. Vanden Heuvel JP, Belda BJ, Hannon DB, Kris-Etherton PM, Grieger JA,

Zhang J, et al. Mechanistic examination of walnuts in prevention of breast
cancer. Nutr Cancer. 2012;64(7):1078-86. https://doi.org/10.1080/01635581.2
012.717679.

Giordano C, Catalano S, Panza S, Vizza D, Barone |, Bonofiglio D, et al.
Farnesoid X receptor inhibits tamoxifen-resistant MCF-7 breast cancer cell
growth through downregulation of HER2 expression. Oncogene. 2011;
30(39):4129-40. https://doi.org/10.1038/0nc.2011.124.

Journe F, Durbecq V, Chaboteaux C, Rouas G, Laurent G, Nonclercq D, et al.
Association between farnesoid X receptor expression and cell proliferation
in estrogen receptor-positive luminal-like breast cancer from
postmenopausal patients. Breast Cancer Res Treat. 2009;115(3):523-35.
https://doi.org/10.1007/510549-008-0094-2.

Journe F, Laurent G, Chaboteaux C, Nonclercg D, Durbecq V, Larsimont D,
et al. Farnesol, a mevalonate pathway intermediate, stimulates MCF-7 breast
cancer cell growth through farnesoid-X-receptor-mediated estrogen
receptor activation. Breast Cancer Res Treat. 2008;107(1):49-61. https://doi.
0rg/10.1007/510549-007-9535-6.

. 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):10120-6.
https://doi.org/10.1158/0008-5472.CAN-06-2399.

Silva J, Dasgupta S, Wang G, Krishnamurthy K, Ritter E, Bieberich E. Lipids
isolated from bone induce the migration of human breast cancer cells. J
Lipid Res. 2006;47(4):724-33. https://doi.org/10.1194/jIrM500473-JLR200.
Wang W, Zhan M, Li Q, Chen W, Chu H, Huang Q, et al. FXR agonists
enhance the sensitivity of biliary tract cancer cells to cisplatin via SHP
dependent inhibition of Bcl-xL expression. Oncotarget. 2016;7(23):34617-29.
https://doi.org/10.18632/oncotarget.8964.

. Zhong XY, Yu JH, Zhang WG, Wang ZD, Dong Q, Tai S, et al. MicroRNA-421

functions as an oncogenic miRNA in biliary tract cancer through down-
regulating farnesoid X receptor expression. Gene. 2012;493(1):44-51. https.//
doi.org/10.1016/j.gene.2011.11.028.

Di Matteo S, Nevi L, Costantini D, Overi D, Carpino G, Safarikia S, et al. The
FXR agonist obeticholic acid inhibits the cancerogenic potential of human
cholangiocarcinoma. PLoS One. 2019;14(1):0210077. https://doi.org/10.13
71/journal.pone.0210077.

. Erice O, Labiano |, Arbelaiz A, Santos-Laso A, Munoz-Garrido P, Jimenez-

Aglero R, et al. Differential effects of FXR or TGRS activation in
cholangiocarcinoma progression. Biochim Biophys Acta Mol basis Dis. 2018;
1864(4 Pt B):1335-44. https://doi.org/10.1016/j.bbadis.2017.08.016.

. Dai J, Wang H, Shi Y, Dong Y, Zhang Y, Wang J. Impact of bile acids on the

growth of human cholangiocarcinoma via FXR. J Hematol Oncol. 2011;4:41.
https://doi.org/10.1186/1756-8722-4-41.

. Lv B, Ma L, Tang W, Huang P, Yang B, Wang L, et al. FXR acts as a

metastasis suppressor in intrahepatic cholangiocarcinoma by inhibiting il-6-
induced epithelial-mesenchymal transition. Cell Physiol Biochem. 2018:48(1):
158-72. https://doi.org/10.1159/000491715.

. Mao J, Chen X, Wang C, Li W, Li J. Effects and mechanism of the bile

(farnesoid X) receptor on the Wnt/B-catenin signaling pathway in colon
cancer. Oncol Lett. 2020;20(1):337-45. https://doi.org/10.3892/01.2020.11545.

. Peng Z, Chen J, Drachenberg CB, Raufman JP, Xie G. 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):8529-42. https;//doi.org/10.1074/jbc.RA118.004361.

. Selmin Ol, Fang C, Lyon AM, Doetschman TC, Thompson PA, Martinez JD,

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):236-42. https://
doi.org/10.3945/jn.115.216580.

. Yang F, Hu Y, Liu HX, Wan YJ. MiR-22-silenced cyclin a expression in colon

and liver cancer cells is regulated by bile acid receptor. J Biol Chem. 2015;
290(10):6507-15. https://doi.org/10.1074/jbc.M114.620369.

Peng Z, Raufman JP, Xie G. Src-mediated cross-talk between farnesoid X
and epidermal growth factor receptors inhibits human intestinal cell


https://doi.org/10.1016/j.cmet.2009.09.009
https://doi.org/10.1126/science.1075762
https://doi.org/10.1210/me.2008-0092
https://doi.org/10.1210/me.2008-0092
https://doi.org/10.1016/j.bbadis.2010.11.011
https://doi.org/10.1016/j.bbadis.2010.11.011
https://doi.org/10.1210/me.2016-1105
https://doi.org/10.1210/me.2016-1105
https://doi.org/10.1038/ng0398-219
https://doi.org/10.1002/hep.22431
https://doi.org/10.1002/hep.22431
https://doi.org/10.1172/JCI68815
https://doi.org/10.3389/fphar.2017.00260
https://doi.org/10.1155/2016/6705927
https://doi.org/10.1016/j.yexcr.2018.07.004
https://doi.org/10.3390/cancers11020246
https://doi.org/10.1016/j.biocel.2018.06.001
https://doi.org/10.1074/jbc.M112.443937
https://doi.org/10.1093/jmcb/mjx009
https://doi.org/10.1093/jmcb/mjx009
https://doi.org/10.1098/rsob.200054
https://doi.org/10.3389/fendo.2014.00230
https://doi.org/10.1186/s13018-019-1404-6
https://doi.org/10.1186/s13018-019-1404-6
https://doi.org/10.1186/s12885-020-07106-7
https://doi.org/10.1186/s12885-020-07106-7
https://doi.org/10.1016/j.canlet.2018.08.026
https://doi.org/10.1016/j.canlet.2018.08.026
https://doi.org/10.1038/srep21782
https://doi.org/10.1016/j.canlet.2015.10.031
https://doi.org/10.1016/j.canlet.2015.10.031
https://doi.org/10.1080/01635581.2012.717679
https://doi.org/10.1080/01635581.2012.717679
https://doi.org/10.1038/onc.2011.124
https://doi.org/10.1007/s10549-008-0094-2
https://doi.org/10.1007/s10549-007-9535-6
https://doi.org/10.1007/s10549-007-9535-6
https://doi.org/10.1158/0008-5472.CAN-06-2399
https://doi.org/10.1194/jlr.M500473-JLR200
https://doi.org/10.18632/oncotarget.8964
https://doi.org/10.1016/j.gene.2011.11.028
https://doi.org/10.1016/j.gene.2011.11.028
https://doi.org/10.1371/journal.pone.0210077
https://doi.org/10.1371/journal.pone.0210077
https://doi.org/10.1016/j.bbadis.2017.08.016
https://doi.org/10.1186/1756-8722-4-41
https://doi.org/10.1159/000491715
https://doi.org/10.3892/ol.2020.11545
https://doi.org/10.1074/jbc.RA118.004361
https://doi.org/10.3945/jn.115.216580
https://doi.org/10.3945/jn.115.216580
https://doi.org/10.1074/jbc.M114.620369

Girisa et al. Molecular Biomedicine

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

137.

138.

139.

140.

141.

142.

143.

(2021) 2:21

proliferation and tumorigenesis. PLoS One. 2012;7(10):e48461. https://doi.
0rg/10.1371/journal pone.0048461.

Lax S, Schauer G, Prein K, Kapitan M, Silbert D, Berghold A, 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):2232-9. https://doi.org/10.1002/ijc.26293.

Modica S, Murzilli S, Salvatore L, Schmidt DR, Moschetta A. Nuclear bile acid
receptor FXR protects against intestinal tumorigenesis. Cancer Res. 2008;
68(23):9589-94. https://doi.org/10.1158/0008-5472.CAN-08-1791.

De Gottardi A, Touri F, Maurer CA, Perez A, Maurhofer O, Ventre G, et al. The
bile acid nuclear receptor FXR and the bile acid-binding protein IBABP are
differently expressed in colon cancer. Dig Dis Sci. 2004;49(6):982-9. https.//
doi.org/10.1023/b:ddas.0000034558.78747.98.

Zhou H,Ni Z Li T, Su L, Zhang L, Liu N, et al. Activation of FXR promotes intestinal
metaplasia of gastric cells via SHP-dependent upregulation of the expression of
CDX2. Oncol Lett. 2018,15(5):7617-24. https//doiorg/103892/01.20188342.

Maran RR, Thomas A, Roth M, Sheng Z, Esterly N, Pinson D, et al. Farnesoid
X receptor deficiency in mice leads to increased intestinal epithelial cell
proliferation and tumor development. J Pharmacol Exp Ther. 2009;328(2):
469-77. https//doi.org/10.1124/jpet.108.145409.

Guan B, Li H, Yang Z, Hoque A, Xu X. Inhibition of farnesoid X receptor
controls esophageal cancer cell growth in vitro and in nude mouse
xenografts. Cancer. 2013;119(7):1321-9. https://doi.org/10.1002/cncr.27910.
Lian F, Xing X, Yuan G, Schafer C, Rauser S, Walch A, et al. Farnesoid X
receptor protects human and murine gastric epithelial cells against
inflammation-induced damage. Biochem J. 2011;438(2):315-23. https.//doi.
0rg/10.1042/BJ20102096.

Catalano S, Panza S, Malivindi R, Giordano C, Barone |, Bossi G, et al.
Inhibition of Leydig tumor growth by farnesoid X receptor activation: the
in vitro and in vivo basis for a novel therapeutic strategy. Int J Cancer. 2013;
132(10):2237-47. https://doi.org/10.1002/ijc.27915.

Valanejad L, Lewis K, Wright M, Jiang Y, D'Souza A, Karns R, et al. FXR-
gankyrin axis is involved in development of pediatric liver cancer.
Carcinogenesis. 2017,38(7):738-47. https://doi.org/10.1093/carcin/bgx050.
Huang X, Zeng Y, Wang X, Ma X, Li Q, Li N, et al. FXR blocks the growth of
liver cancer cells through inhibiting mTOR-s6K pathway. Biochem Biophys
Res Commun. 2016;474(2):351-6. https://doi.org/10.1016/j.bbrc.2016.04.106.
Guo F, Xu Z, Zhang Y, Jiang P, Huang G, Chen S, et al. FXR induces SOCS3
and suppresses hepatocellular carcinoma. Oncotarget. 2015,6(33):34606-16.
https://doi.org/10.18632/oncotarget.5314.

. Deuschle U, Schuler J, Schulz A, Schliter T, Kinzel O, Abel U, et al. FXR

controls the tumor suppressor NDRG2 and FXR agonists reduce liver tumor
growth and metastasis in an orthotopic mouse xenograft model. PLoS One.
2012;7(10):243044. https.//doi.org/10.1371/journal.pone.0043044.

Attia YM, Tawfig RA, Ali AA, Elmazar MM. The FXR agonist, obeticholic acid,
suppresses HCC proliferation & metastasis: role of IL-6/STAT3 signalling
pathway. Sci Rep. 2017;7(1):12502. https//doi.org/10.1038/541598-017-12629-4.
Jiang Y, lakova P, Jin J, Sullivan E, Sharin V, Hong IH, et al. Farnesoid X
receptor inhibits gankyrin in mouse livers and prevents development of liver
cancer. Hepatology. 2013;57(3):1098-106. https.//doi.org/10.1002/hep.26146.
Zhang Y, Ge X, Heemstra LA, Chen WD, Xu J, Smith JL, et al. Loss of FXR
protects against diet-induced obesity and accelerates liver carcinogenesis in
Ob/Ob mice. Mol Endocrinol. 2012;26(2):272-80. https.//doi.org/10.1210/
me.2011-1157.

Vaquero J, Briz O, Herraez E, Muntané J, Marin JJ. Activation of the nuclear
receptor FXR enhances hepatocyte chemoprotection and liver tumor
chemoresistance against genotoxic compounds. Biochim Biophys Acta.
2013;1833(10):2212-9. https.//doi.org/10.1016/j.bbamcr.2013.05.006.

Ng KY, Chai S, Tong M, Guan XY, Lin CH, Ching YP, et al. C-terminal
truncated hepatitis B virus X protein promotes hepatocellular
carcinogenesis through induction of cancer and stem cell-like properties.
Oncotarget. 2016;7(17):24005-17. https://doi.org/10.18632/oncotarget.8209.
SuH, Ma C LiuJ, Li N, Gao M, Huang A, et al. Downregulation of nuclear
receptor FXR is associated with multiple malignant clinicopathological
characteristics in human hepatocellular carcinoma. Am J Physiol Gastrointest
Liver Physiol. 2012;303(11):G1245-53. https.//doi.org/10.1152/ajpgi.00439.2011.
He J, Zhao K, Zheng L, Xu Z, Gong W, Chen S, et al. Upregulation of
microRNA-122 by farnesoid X receptor suppresses the growth of
hepatocellular carcinoma cells. Mol Cancer. 2015;14:163. https://doi.org/1
0.1186/512943-015-0427-9.

148.

149.

150.

152.

153.

155.

156.

157.

159.

160.

Page 21 of 23

. Li G, Kong B, Zhu Y, Zhan L, Williams JA, Tawfik O, et al. Small heterodimer

partner overexpression partially protects against liver tumor development in
farnesoid X receptor knockout mice. Toxicol Appl Pharmacol. 2013;272(2):
299-305. https://doi.org/10.1016/j.taap.2013.06.016.

. Cariello M, Peres C, Zerlotin R, Porru E, Sabba C, Roda A, et al. Long-term

administration of nuclear bile acid receptor FXR agonist prevents
spontaneous hepatocarcinogenesis in Abcb4 ™~ mice. Sci Rep. 2017;7(1):
11203. https;//doi.org/10.1038/541598-017-11549-7.

. Liu N, Meng Z, Lou G, Zhou W, Wang X, Zhang Y, et al.

Hepatocarcinogenesis in FXR—/— mice mimics human HCC progression that
operates through HNF1a regulation of FXR expression. Mol Endocrinol.
2012,26(5):775-85. https://doi.org/10.1210/me.2011-1383.

. Wolfe A, Thomas A, Edwards G, Jaseja R, Guo GL, Apte U. Increased

activation of the Wnt/B-catenin pathway in spontaneous hepatocellular
carcinoma observed in farnesoid X receptor knockout mice. J Pharmacol
Exp Ther. 2011;338(1):12-21. https://doi.org/10.1124/jpet.111.179390.

Liu X, Zhang X, Ji L, Gu J, Zhou M, Chen S. Farnesoid X receptor associates
with 3-catenin and inhibits its activity in hepatocellular carcinoma.
Oncotarget. 2015;6(6):4226-38. https://doi.org/10.18632/oncotarget.2899.
Deuschle U, Birkel M, Hambruch E, Hornberger M, Kinzel O, Perovi¢-Ottstadt
S, et al. The nuclear bile acid receptor FXR controls the liver-derived tumor
suppressor histidine-rich glycoprotein. Int J Cancer. 2015;136(11):2693-704.
https://doi.org/10.1002/ijc.29312.

Chen Y, Song X, Valanejad L, Vasilenko A, More V, Qiu X, et al. Bile salt
export pump is dysregulated with altered farnesoid X receptor isoform
expression in patients with hepatocellular carcinoma. Hepatology. 2013;
57(4):1530-41. https://doi.org/10.1002/hep.26187.

. Fujino T, Takeuchi A, Maruko-Ohtake A, Ohtake Y, Satoh J, Kobayashi T, et al.

Critical role of farnesoid X receptor for hepatocellular carcinoma cell
proliferation. J Biochem. 2012;152(6):577-86. https.//doi.org/10.1093/jb/mvs101.
Meng Z, Wang X, Gan Y, Zhang Y, Zhou H, Ness CV, et al. Deletion of IFNy
enhances hepatocarcinogenesis in FXR knockout mice. J Hepatol. 2012;
57(5):1004-12. https://doi.org/10.1016/jjhep.2012.06.016.

Kim |, Morimura K, Shah Y, Yang Q, Ward JM, Gonzalez FJ. Spontaneous
hepatocarcinogenesis in farnesoid X receptor-null mice. Carcinogenesis.
2007;28(5):940-6. https://doi.org/10.1093/carcin/bgl249.

. You W, Chen B, Liu X, Xue S, Qin H, Jiang H. Farnesoid X receptor, a novel

proto-oncogene in non-small cell lung cancer, promotes tumor growth via
directly transactivating CCND1. Sci Rep. 2017;7(1):591. https://doi.org/10.103
8/541598-017-00698-4.

Lee JY, Lee KT, Lee JK, Lee KH, Jang KT, Heo JS, et al. Farnesoid X receptor,
overexpressed in pancreatic cancer with lymph node metastasis promotes
cell migration and invasion. Br J Cancer. 2011;104(6):1027-37. https://doi.
0rg/10.1038/bjc.2011.37.

Hu H, Wu LL, Han T, Zhuo M, Lei W, Cui JJ, et al. Correlated high expression
of FXR and Sp1 in cancer cells confers a poor prognosis for pancreatic
cancer: a study based on TCGA and tissue microarray. Oncotarget. 2017;
8(20):33265-75. https://doi.org/10.18632/oncotarget.16633.

Joshi' S, Cruz E, Rachagani S, Guha S, Brand RE, Ponnusamy MP, et al. Bile
acids-mediated overexpression of MUC4 via FAK-dependent c-Jun
activation in pancreatic cancer. Mol Oncol. 2016;10(7):1063-77. https://doi.
0rg/10.1016/j.molonc.2016.04.007.

. Chen XL, Xie KX, Yang ZL, Yuan LW. Expression of FXR and HRG and their

clinicopathological significance in benign and malignant pancreatic lesions.
Int J Clin Exp Pathol. 2019;12(6):2111-20.

Liu J, Tong SJ, Wang X, Qu LX. Farnesoid X receptor inhibits LNcaP cell
proliferation via the upregulation of PTEN. Exp Ther Med. 2014;8(4):1209-12.
https://doi.org/10.3892/etm.2014.1894.

Kaeding J, Bouchaert E, Bélanger J, Caron P, Chouinard S, Verreault M, et al.
Activators of the farnesoid X receptor negatively regulate androgen
glucuronidation in human prostate cancer LNCAP cells. Biochem J. 2008;
410(2):245-53. https;//doi.org/10.1042/BJ20071136.

. Fujino T, Sugizaki K, Kato R, Beppu M, Murakami S, Lee H, et al. Farnesoid X

receptor and liver X receptors regulate Oct3/4 expression by multiple feedback
regulating system in normal renal-derived cells and renal adenocarcinoma
cells. J Toxicol Sci. 2020;45(1):25-35. https;//doi.org/102131/jts45.25.

. Thakur KK, Bordoloi D, Kunnumakkara AB. Alarming burden of triple-

negative breast cancer in India. Clin Breast Cancer. 2018;18(3):¢393-9.
https://doi.org/10.1016/j.clbc.2017.07.013.

. Ranaware AM, Banik K, Deshpande V, Padmavathi G, Roy NK, Sethi G, et al.

Magnolol: a neolignan from the Magnolia family for the prevention and


https://doi.org/10.1371/journal.pone.0048461
https://doi.org/10.1371/journal.pone.0048461
https://doi.org/10.1002/ijc.26293
https://doi.org/10.1158/0008-5472.CAN-08-1791
https://doi.org/10.1023/b:ddas.0000034558.78747.98
https://doi.org/10.1023/b:ddas.0000034558.78747.98
https://doi.org/10.3892/ol.2018.8342
https://doi.org/10.1124/jpet.108.145409
https://doi.org/10.1002/cncr.27910
https://doi.org/10.1042/BJ20102096
https://doi.org/10.1042/BJ20102096
https://doi.org/10.1002/ijc.27915
https://doi.org/10.1093/carcin/bgx050
https://doi.org/10.1016/j.bbrc.2016.04.106
https://doi.org/10.18632/oncotarget.5314
https://doi.org/10.1371/journal.pone.0043044
https://doi.org/10.1038/s41598-017-12629-4
https://doi.org/10.1002/hep.26146
https://doi.org/10.1210/me.2011-1157
https://doi.org/10.1210/me.2011-1157
https://doi.org/10.1016/j.bbamcr.2013.05.006
https://doi.org/10.18632/oncotarget.8209
https://doi.org/10.1152/ajpgi.00439.2011
https://doi.org/10.1186/s12943-015-0427-9
https://doi.org/10.1186/s12943-015-0427-9
https://doi.org/10.1016/j.taap.2013.06.016
https://doi.org/10.1038/s41598-017-11549-7
https://doi.org/10.1210/me.2011-1383
https://doi.org/10.1124/jpet.111.179390
https://doi.org/10.18632/oncotarget.2899
https://doi.org/10.1002/ijc.29312
https://doi.org/10.1002/hep.26187
https://doi.org/10.1093/jb/mvs101
https://doi.org/10.1016/j.jhep.2012.06.016
https://doi.org/10.1093/carcin/bgl249
https://doi.org/10.1038/s41598-017-00698-4
https://doi.org/10.1038/s41598-017-00698-4
https://doi.org/10.1038/bjc.2011.37
https://doi.org/10.1038/bjc.2011.37
https://doi.org/10.18632/oncotarget.16633
https://doi.org/10.1016/j.molonc.2016.04.007
https://doi.org/10.1016/j.molonc.2016.04.007
https://doi.org/10.3892/etm.2014.1894
https://doi.org/10.1042/BJ20071136
https://doi.org/10.2131/jts.45.25
https://doi.org/10.1016/j.clbc.2017.07.013

Girisa et al. Molecular Biomedicine

164.

165.

166.

167.

170.

171.

172.

173.

176.

178.

179.

180.

(2021) 2:21

treatment of cancer. Int J Mol Sci. 2018;19(8):2362. https.//doi.org/10.3390/
ijms19082362.

Thorat MA, Balasubramanian R. Breast cancer prevention in high-risk
women. Best Pract Res Clin Obstet Gynaecol. 2020;65:18-31. https://doi.
0rg/10.1016/j.bpobgyn.2019.11.006.

Giaginis C, Karandrea D, Alexandrou P, Giannopoulou |, Tsourouflis G,
Troungos C, et al. High farnesoid X receptor (FXR) expression is a strong
and independent prognosticator in invasive breast carcinoma. Neoplasma.
2017,64(4):633-9. https://doi.org/10.4149/neo_2017_420.

Bordoloi D, Banik K, Khwairakpam AD, Sharma A, Monisha J, Sailo BL, et al.
Different approaches to overcome chemoresistance in esophageal cancer.
Cancer Cell Chemoresist Chemosensitization. 2018,241.

Zhang Y. Epidemiology of esophageal cancer. World J Gastroenterol. 2013;
19(34):5598-606. https://doi.org/10.3748/wjg.v19.i34.5598.

. Matsuzaki J, Suzuki H, Tsugawa H, Watanabe M, Hossain S, Arai E, et al. Bile

acids increase levels of microRNAs 221 and 222, leading to degradation of
CDX2 during esophageal carcinogenesis. Gastroenterology. 2013;145(6):
1300-11. https://doi.org/10.1053/j.gastro.2013.08.008.

. De Gottardi A, Dumonceau JM, Bruttin F, Vonlaufen A, Morard |, Spahr L,

et al. Expression of the bile acid receptor FXR in Barrett's esophagus and
enhancement of apoptosis by guggulsterone in vitro. Mol Cancer. 2006;5:48.
https://doi.org/10.1186/1476-4598-5-48.

Carino A, Graziosi L, D'Amore C, Cipriani S, Marchiano S, Marino E, et al. The
bile acid receptor GPBART (TGR5) is expressed in human gastric cancers and
promotes epithelial-mesenchymal transition in gastric cancer cell lines.
Oncotarget. 2016;7(38):61021-35. https//doi.org/10.18632/oncotarget.10477.
Choudhary H, Bordoloi D, Prakash J, Manteghi N, Padmavathi G, Monisha J,
et al. Different chemosensitization approaches in gastric cancer. Cancer Cell
Chemoresist Chemosensit. 2018:267-319.

Bordoloi D, Banik K, Padmavathi G, Vikkurthi R, Harsha C, Roy NK, et al. TIPE2
induced the proliferation, survival, and migration of lung cancer cells
through modulation of Akt/mTOR/NF-kB signaling cascade. Biomolecules.
2019,9(12):836. https://doi.org/10.3390/biom9120836.

Bordoloi D, Banik K, Vikkurthi R, Thakur KK, Padmavathi G, Sailo BL, et al.
Inflection of Akt/mTOR/STAT-3 cascade in TNF-a induced protein 8
mediated human lung carcinogenesis. Life Sci. 2020,262:118475. https://doi.
0rg/10.1016/j.1fs.2020.118475.

. Harikumar KB, Kunnumakkara AB, Sethi G, Diagaradjane P, Anand P, Pandey

MK, et al. Resveratrol, a multitargeted agent, can enhance antitumor activity of
gemcitabine in vitro and in orthotopic mouse model of human pancreatic
cancer. Int J Cancer. 2010;127(2):257-68. https://doi.org/10.1002/ijc.25041.

. Kunnumakkara AB, Sung B, Ravindran J, Diagaradjane P, Deorukhkar A, Dey

S, et al. Zyflamend suppresses growth and sensitizes human pancreatic
tumors to gemcitabine in an orthotopic mouse model through modulation
of multiple targets. Int J Cancer. 2012;131(3):E292-303. https://doi.org/10.1
002/ijc.26442.

Dhillon N, Aggarwal BB, Newman RA, Wolff RA, Kunnumakkara AB,
Abbruzzese JL, et al. Phase Il trial of curcumin in patients with advanced
pancreatic cancer. Clin Cancer Res. 2008;14(14):4491-9. https.//doi.org/10.11
58/1078-0432.CCR-08-0024.

. llic M, llic I. Epidemiology of pancreatic cancer. World J Gastroenterol. 2016;

22(44).9694-705. https://doi.org/10.3748/wjg.v22.144.9694.

Kunnumakkara AB, Guha S, Krishnan S, Diagaradjane P, Gelovani J, Aggarwal
BB. Curcumin potentiates antitumor activity of gemcitabine in an orthotopic
model of pancreatic cancer through suppression of proliferation, angiogenesis,
and inhibition of nuclear factor-kappaB-regulated gene products. Cancer Res.
2007;67(8):3853-61. https://doi.org/10.1158/0008-5472.CAN-06-4257.
Kunnumakkara AB, Sung B, Ravindran J, Diagaradjane P, Deorukhkar A, Dey
S, et al. {gamma}-tocotrienol inhibits pancreatic tumors and sensitizes them
to gemcitabine treatment by modulating the inflammatory
microenvironment, Cancer Res. 2010;70(21):8695-705. https://doi.org/10.11
58/0008-5472.CAN-10-2318.

Yang S, Lee KT, Lee JY, Lee JK, Lee KH, Rhee JC. Inhibition of SCAMP1
suppresses cell migration and invasion in human pancreatic and gallbladder
cancer cells. Tumour Biol. 2013;34(5):2731-9. https://doi.org/10.1007/513277-
013-0825-9.

. Giaginis C, Koutsounas |, Alexandrou P, Zizi-Serbetzoglou A, Patsouris E,

Kouraklis G, et al. Elevated farnesoid X receptor (FXR) and retinoid X
receptors (RXRs) expression is associated with less tumor aggressiveness
and favourable prognosis in patients with pancreatic adenocarcinoma.
Neoplasma. 2015;62(2):332-41. https://doi.org/10.4149/nec_2015_040.

182.

183.

184.

185.

187.

194.

195.

196.

198.

199.

200.

201.

202.

Page 22 of 23

Capitanio U, Montorsi F. Renal cancer. Lancet. 2016;387(10021):894-906.
https://doi.org/10.1016/50140-6736(15)00046-X.

Girisa S, Shabnam B, Monisha J, Fan L, Halim CE, Arfuso F, et al. Potential of
zerumbone as an anti-cancer agent. Molecules. 2019,24(4):734. https://doi.
0rg/10.3390/molecules24040734.

Theocharis S, Masaoutis C, Giaginis C, Liapis G, Mitropoulos D,
Constantinides C, et al. Clinical significance of farnesoid X receptor
expression in renal cell carcinoma. In: Virchows Archiv, vol. 473. New York:
SPRINGER; 2018. p. 5187.

Fujino T, Sakamaki R, Ito H, Furusato Y, Sakamoto N, Oshima T, et al.
Farnesoid X receptor regulates the growth of renal adenocarcinoma cells
without affecting that of a normal renal cell-derived cell line. J Toxicol Sci.
2017;42(3):259-65. https//doi.org/10.2131/jts.42.259.

. Bailey AM, Zhan L, Maru D, Shureiqi |, Pickering CR, Kiriakova G, et al. FXR

silencing in human colon cancer by DNA methylation and KRAS signaling.
Am J Physiol Gastrointest Liver Physiol. 2014;306(1):G48-58. https://doi.org/1
0.1152/ajpgi.00234.2013.

Benavides M, Anton A, Gallego J, Gdmez MA, Jimenez-Gordo A, La Casta A,
et al. Biliary tract cancers: SEOM clinical guidelines. Clin Transl Oncol. 2015;
17(12):982-7. https://doi.org/10.1007/512094-015-1436-2.

. Khan SA, Toledano MB, Taylor-Robinson SD. Epidemiology, risk factors, and

pathogenesis of cholangiocarcinoma. HPB (Oxford). 2008;10(2):77-82.
https://doi.org/10.1080/13651820801992641.

. Lozano E, Sanchez-Vicente L, Monte MJ, Herraez E, Briz O, Banales JM, et al.

Cocarcinogenic effects of intrahepatic bile acid accumulation in
cholangiocarcinoma development. Mol Cancer Res. 2014;12(1):91-100.
https://doi.org/10.1158/1541-7786.MCR-13-0503.

. Wang W, Yin X, Li G, Yi J, Wang J. Expressions of farnesoid X receptor and

myeloid cell leukemia sequence 1 protein are associated with poor prognosis in
patients with gallbladder cancer. Chin Med J. 2014;127(14):2637-42.

. Wang H, Zhan M, Liu Q, Wang J. Glycochenodeoxycholate promotes the

metastasis of gallbladder cancer cells by inducing epithelial to mesenchymal
transition via activation of SOCS3/JAK2/STAT3 signaling pathway. J Cell Physiol.
2020;235(2):1615-23. https//doi.org/10.1002/jcp.29080.

. Dorfman HD, Czerniak B. Bone cancers. Cancer. 1995;75(1 Suppl):203-10.

https://doi.org/10.1002/1097-0142(19950101)75:1+<203::aid-cncr28207513
08>3.0.co;2-V.

. Dai X, Ma W, He X, Jha RK. Review of therapeutic strategies for

osteosarcoma, chondrosarcoma, and Ewing's sarcoma. Med Sci Monit. 2011;
17(8)RA177-90. https://doi.org/10.12659/msm.881893.

Evola FR, Costarella L, Pavone V, Caff G, Cannavo L, Sessa A, et al. Biomarkers
of osteosarcoma, chondrosarcoma, and Ewing sarcoma. Front Pharmacol.
2017;:8150. https://doi.org/10.3389/fphar.2017.00150.

Padmavathi G, Bordoloi D, Banik K, Javadi M, Singh AK, Kunnumakkara AB.
Mechanism of chemoresistance in bone cancer and different
chemosensitization approaches. Cancer cell chemoresistance and
chemosensitization. Singapore: World Scientific; 2018. p. 81-106.

Ferguson JL, Turner SP. Bone cancer: diagnosis and treatment principles.
Am Fam Physician. 2018;98(4):205-13.

. Kunnumakkara AB, Bordoloi D, Padmavathi G, Monisha J, Roy NK, Prasad S,

et al. Curcumin, the golden nutraceutical: multitargeting for multiple chronic
diseases. Br J Pharmacol. 2017;174(11):1325-48. https//doi.org/10.1111/bph.13621.
Buhrmann C, Yazdi M, Popper B, Kunnumakkara AB, Aggarwal BB, Shakibaei
M. Induction of the epithelial-to-mesenchymal transition of human
colorectal cancer by human TNF-@ (lymphotoxin) and its reversal by
resveratrol. Nutrients. 2019;11(3):704. https://doi.org/10.3390/nu11030704.
Banik K, Ranaware AM, Harsha C, Nitesh T, Girisa S, Deshpande V, et al.
Piceatannol: a natural stilbene for the prevention and treatment of
cancer. Pharmacol Res. 2020;153:104635. https://doi.org/10.1016/j.phrs.2
020.104635.

Buhrmann C, Kunnumakkara AB, Popper B, Majeed M, Aggarwal BB,
Shakibaei M. Calebin a potentiates the effect of 5-FU and TNF-
(Lymphotoxin a) against human colorectal cancer cells: potential role of NF-
KB. Int J Mol Sci. 2020;21(7):2393. https.//doi.org/10.3390/ijms21072393.
Buhrmann C, Shayan P, Banik K, Kunnumakkara AB, Kubatka P, Koklesova L,
et al. Targeting NF-kB signaling by Calebin a, a compound of turmeric, in
multicellular tumor microenvironment: potential role of apoptosis induction
in crc cells. Biomedicines. 2020;8(8):236. https://doi.org/10.3390/
biomedicines8080236.

Ahmed M. Colon Cancer: A clinician's perspective in 2019. Gastroenterology
Res. 2020;13(1):1-10. doi:https.//doi.org/10.14740/gr1239.


https://doi.org/10.3390/ijms19082362
https://doi.org/10.3390/ijms19082362
https://doi.org/10.1016/j.bpobgyn.2019.11.006
https://doi.org/10.1016/j.bpobgyn.2019.11.006
https://doi.org/10.4149/neo_2017_420
https://doi.org/10.3748/wjg.v19.i34.5598
https://doi.org/10.1053/j.gastro.2013.08.008
https://doi.org/10.1186/1476-4598-5-48
https://doi.org/10.18632/oncotarget.10477
https://doi.org/10.3390/biom9120836
https://doi.org/10.1016/j.lfs.2020.118475
https://doi.org/10.1016/j.lfs.2020.118475
https://doi.org/10.1002/ijc.25041
https://doi.org/10.1002/ijc.26442
https://doi.org/10.1002/ijc.26442
https://doi.org/10.1158/1078-0432.CCR-08-0024
https://doi.org/10.1158/1078-0432.CCR-08-0024
https://doi.org/10.3748/wjg.v22.i44.9694
https://doi.org/10.1158/0008-5472.CAN-06-4257
https://doi.org/10.1158/0008-5472.CAN-10-2318
https://doi.org/10.1158/0008-5472.CAN-10-2318
https://doi.org/10.1007/s13277-013-0825-9
https://doi.org/10.1007/s13277-013-0825-9
https://doi.org/10.4149/neo_2015_040
https://doi.org/10.1016/S0140-6736(15)00046-X
https://doi.org/10.3390/molecules24040734
https://doi.org/10.3390/molecules24040734
https://doi.org/10.2131/jts.42.259
https://doi.org/10.1152/ajpgi.00234.2013
https://doi.org/10.1152/ajpgi.00234.2013
https://doi.org/10.1007/s12094-015-1436-2
https://doi.org/10.1080/13651820801992641
https://doi.org/10.1158/1541-7786.MCR-13-0503
https://doi.org/10.1002/jcp.29080
https://doi.org/10.1002/1097-0142(19950101)75:1+<203::aid-cncr2820751308>3.0.co;2-v
https://doi.org/10.1002/1097-0142(19950101)75:1+<203::aid-cncr2820751308>3.0.co;2-v
https://doi.org/10.12659/msm.881893
https://doi.org/10.3389/fphar.2017.00150
https://doi.org/10.1111/bph.13621
https://doi.org/10.3390/nu11030704
https://doi.org/10.1016/j.phrs.2020.104635
https://doi.org/10.1016/j.phrs.2020.104635
https://doi.org/10.3390/ijms21072393
https://doi.org/10.3390/biomedicines8080236
https://doi.org/10.3390/biomedicines8080236
https://doi.org/10.14740/gr1239

Girisa et al. Molecular Biomedicine

203.

204.

205.

206.

207.

208.

209.

21

212,

213.

214.

215.

216.

21

218.

219.

220.

N
N

~

(2021) 2:21

Torres J, Bao X, luga AC, Chen A, Harpaz N, Ullman T, et al. Farnesoid X
receptor expression is decreased in colonic mucosa of patients with primary
sclerosing cholangitis and colitis-associated neoplasia. Inflamm Bowel Dis.
2013;19(2):275-82. https://doi.org/10.1097/MIB.0b013e318286ff2e.

Cao L, Che Y, Meng T, Deng S, Zhang J, Zhao M, et al. Repression of
intestinal transporters and FXR-FGF15 signaling explains bile acids
dysregulation in experimental colitis-associated colon cancer. Oncotarget.
2017,8(38):63665-79. https://doi.org/10.18632/oncotarget.18885.

Yu J, i S, Guo J, Xu Z, Zheng J, Sun X. Farnesoid X receptor antagonizes
Wnt/B-catenin signaling in colorectal tumorigenesis. Cell Death Dis. 2020;
11(8):640. https://doi.org/10.1038/541419-020-02819-w.

Martinez-Becerra P, Monte |, Romero MR, Serrano MA, Vaquero J, Macias RI,
et al. Up-regulation of FXR isoforms is not required for stimulation of the
expression of genes involved in the lack of response of colon cancer to
chemotherapy. Pharmacol Res. 2012;66(5):419-27. https://doi.org/10.1016/j.
phrs.2012.07.005.

Krattinger R, Bostrém A, Schiéth HB, Thasler WE, Mwinyi J, Kullak-Ublick GA.
microRNA-192 suppresses the expression of the farnesoid X receptor. Am J
Physiol Gastrointest Liver Physiol. 2016;310(11):G1044-51. https://doi.org/1
0.1152/ajpgi.00297.2015.

Herraez E, Gonzalez-Sanchez E, Vaquero J, Romero MR, Serrano MA, Marin
JJ, et al. Cisplatin-induced chemoresistance in colon cancer cells involves
FXR-dependent and FXR-independent up-regulation of ABC proteins. Mol
Pharm. 2012;9(9):2565-76. https://doi.org/10.1021/mp300178a.

Anwanwan D, Singh SK, Singh S, Saikam V, Singh R. Challenges in liver
cancer and possible treatment approaches. Biochim Biophys Acta Rev
Cancer. 1873;2020(1):188314. https://doi.org/10.1016/jbbcan.2019.188314.

. Khwairakpam AD, Bordoloi D, Thakur KK, Monisha J, Arfuso F, Sethi G, et al.

Possible use of Punica granatum (pomegranate) in cancer therapy.
Pharmacol Res. 2018;133:53-64. https://doi.org/10.1016/j.phrs.2018.04.021.

. Losic B, Craig AJ, Villacorta-Martin C, Martins-Filho SN, Akers N, Chen X, et al.

Intratumoral heterogeneity and clonal evolution in liver cancer. Nat
Commun. 2020;11(1):291. https;//doi.org/10.1038/541467-019-14050-z.
Huang XF, Zhao WY, Huang WD. FXR and liver carcinogenesis. Acta
Pharmacol Sin. 2015;36(1):37-43. https://doi.org/10.1038/aps.2014.117.
Grober J, Zaghini |, Fujii H, Jones SA, Kliewer SA, Willson TM, 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):29749-54. https://doi.
0rg/10.1074/jbc.274.42.29749.

Wang X, Fu X, Van Ness C, Meng Z, Ma X, Huang W. Bile acid receptors and
liver cancer. Curr Pathobiol Rep. 2013;1(1):29-35. https://doi.org/10.1007/s4
0139-012-0003-6.

Di Ciaula A, Wang DQ, Molina-Molina E, Baccetto RL, Calamita G, Palmieri
VO, et al. Bile acids and cancer: direct and environmental-dependent effects.
Ann Hepatol. 2017;16:587-105. https://doi.org/10.5604/01.3001.0010.5501.

Jia B, Jeon CO. Promotion and induction of liver cancer by gut microbiome-
mediated modulation of bile acids. PLoS Pathog. 2019;15(9):21007954.
https://doi.org/10.1371/journal.ppat.1007954.

Patton ME, Kelekar S, Taylor LJ, Thakare R, Lee S, Alnouti Y, et al. Circulating
bile acid levels direct sex-differences in liver cancer development, bioRxiv.
2020. https://doi.org/10.1101/2020.06.25.172635.

Baptissart M, Vega A, Magdasy S, Caira F, Baron S, Lobaccaro JM, et al. Bile
acids: from digestion to cancers. Biochimie. 2013;95(3):504-17. https.//doi.
0org/10.1016/j.biochi.2012.06.022.

Cai J, Zhang N, Zheng Y, De Wilde RF, Maitra A, Pan D. The hippo signaling
pathway restricts the oncogenic potential of an intestinal regeneration
program. Genes Dev. 2010;24(21):2383-8. https://doi.org/10.1101/gad.1
978810.

Yang F, Huang X, Yi T, Yen Y, Moore DD, Huang W. Spontaneous
development of liver tumors in the absence of the bile acid receptor
farnesoid X receptor. Cancer Res. 2007,67(3):863—7. https.//doi.org/10.1158/
0008-5472.CAN-06-1078.

. Kong B, Zhu Y, Li G, Williams JA, Buckley K, Tawfik O, et al. Mice with

hepatocyte-specific FXR deficiency are resistant to spontaneous but
susceptible to cholic acid-induced hepatocarcinogenesis. Am J Physiol
Gastrointest Liver Physiol. 2016;310(5):G295-302. https://doi.org/10.1152/a
pgi00134.2015.

222.

223.

224.

225.

226.

227.

228.

229.

230.

23

232.

233.

234

235.

236.

237.

Page 23 of 23

Parama D, Boruah M, Yachna K, Rana V, Banik K, Harsha C, et al. Diosgenin, a
steroidal saponin, and its analogs: effective therapies against different chronic
diseases. Life Sci. 2020,260:118182. https//doi.org/10.1016/jfs.2020.118182.
Heymach JV, Shackleford TJ, Tran HT, Yoo SY, Do KA, Wergin M, et al. Effect
of low-fat diets on plasma levels of NF-kB-regulated inflammatory cytokines
and angiogenic factors in men with prostate cancer. Cancer Prev Res (Phila).
2011;4(10):1590-8. https://doi.org/10.1158/1940-6207.CAPR-10-0136.

Wang J, Ni J, Beretov J, Thompson J, Graham P, Li Y. Exosomal microRNAs
as liquid biopsy biomarkers in prostate cancer. Crit Rev Oncol Hematol.
2020;145:102860. https://doi.org/10.1016/j.critrevonc.2019.102860.

Xu R, Hu J. The role of JNK in prostate cancer progression and therapeutic
strategies. Biomed Pharmacother. 2020;121:109679. https://doi.org/10.1016/].
biopha.2019.109679.

Muralimanoharan SB, Kunnumakkara AB, Shylesh B, Kulkarni KH, Haiyan X,
Ming H, et al. Butanol fraction containing berberine or related compound
from nexrutine inhibits NFkappaB signaling and induces apoptosis in
prostate cancer cells. Prostate. 2009,69(5):494-504. https://doi.org/10.1002/
pros.20899.

Sikka S, Chen L, Sethi G, Kumar AP. Targeting PPARy signaling cascade for
the prevention and treatment of prostate cancer. PPAR Res. 2012;2012:
968040. https://doi.org/10.1155/2012/968040.

Grosse L, Paquet S, Caron P, Fazli L, Rennie PS, Bélanger A, et al. Androgen
glucuronidation: an unexpected target for androgen deprivation therapy,
with prognosis and diagnostic implications. Cancer Res. 2013;73(23):6963—
71. https://doi.org/10.1158/0008-5472.CAN-13-1462.

Cariello M, Ducheix S, Magdasy S, Baron S, Moschetta A, Lobaccaro JA. LXRs,
SHP, and FXR in prostate cancer: enemies or ménage a quatre with AR?
Nucl Recept Signal. 2018;15:1550762918801070. https://doi.org/10.1177/1
550762918801070.

Liu N, Zhao J, Wang J, Teng H, Fu Y, Yuan H. Farnesoid X receptor ligand
CDCA suppresses human prostate cancer cells growth by inhibiting lipid
metabolism via targeting sterol response element binding protein 1. Am J
Transl Res. 2016;8(11):5118-24.

. Catalano S, Malivindi R, Giordano C, Gu G, Panza S, Bonofiglio D, et al.

Farnesoid X receptor, through the binding with steroidogenic factor 1-
responsive element, inhibits aromatase expression in tumor Leydig cells. J
Biol Chem. 2010;285(8):5581-93. https://doi.org/10.1074/jbc.M109.052670.
Giaginis C, Tsoukalas N, Alexandrou P, Tsourouflis G, Dana E, Delladetsima |,
et al. Clinical significance of farnesoid X receptor expression in thyroid
neoplasia. Future Oncol. 2017;13(20):1785-92. https.//doi.org/10.2217/fon-2
017-0090.

Chiang JYL, Ferrell JM. Bile acid biology, pathophysiology, and therapeutics.
Clin Liver Dis (Hoboken). 2020;15(3):91-4. https://doi.org/10.1002/cld.861.
Shabnam B, Padmavathi G, Banik K, Girisa S, Monisha J, Sethi G, et al. Sorcin
a potential molecular target for cancer therapy. Transl Oncol. 2018;11(6):
1379-89. https://doi.org/10.1016/j.tranon.2018.08.015.

Padmavathi G, Bordoloi D, Banik K, Kunnumakkara AB. Cancer biomarkers:
important tools for cancer diagnosis and prognosis. In: Next generation
point-of-care biomedical sensors Technologies for Cancer Diagnosis.
Singapore: Springer; 2017. p. 1-29.

Banik K, Ranaware AM, Deshpande V, Nalawade SP, Padmavathi G, Bordoloi
D, et al. Honokiol for cancer therapeutics: a traditional medicine that can
modulate multiple oncogenic targets. Pharmacol Res. 2019;144:192-209.
https://doi.org/10.1016/j.phrs.2019.04.004.

Girisa S, Parama D, Harsha C, Banik K, Kunnumakkara AB. Potential of
guggulsterone, a farnesoid X receptor antagonist, in the prevention and
treatment of cancer. Explor Target Antitumor Ther. 2020;1:313-42. https//
doi.org/10.37349/etat.2020.00019.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1097/MIB.0b013e318286ff2e
https://doi.org/10.18632/oncotarget.18885
https://doi.org/10.1038/s41419-020-02819-w
https://doi.org/10.1016/j.phrs.2012.07.005
https://doi.org/10.1016/j.phrs.2012.07.005
https://doi.org/10.1152/ajpgi.00297.2015
https://doi.org/10.1152/ajpgi.00297.2015
https://doi.org/10.1021/mp300178a
https://doi.org/10.1016/j.bbcan.2019.188314
https://doi.org/10.1016/j.phrs.2018.04.021
https://doi.org/10.1038/s41467-019-14050-z
https://doi.org/10.1038/aps.2014.117
https://doi.org/10.1074/jbc.274.42.29749
https://doi.org/10.1074/jbc.274.42.29749
https://doi.org/10.1007/s40139-012-0003-6
https://doi.org/10.1007/s40139-012-0003-6
https://doi.org/10.5604/01.3001.0010.5501
https://doi.org/10.1371/journal.ppat.1007954
https://doi.org/10.1101/2020.06.25.172635
https://doi.org/10.1016/j.biochi.2012.06.022
https://doi.org/10.1016/j.biochi.2012.06.022
https://doi.org/10.1101/gad.1978810
https://doi.org/10.1101/gad.1978810
https://doi.org/10.1158/0008-5472.CAN-06-1078
https://doi.org/10.1158/0008-5472.CAN-06-1078
https://doi.org/10.1152/ajpgi.00134.2015
https://doi.org/10.1152/ajpgi.00134.2015
https://doi.org/10.1016/j.lfs.2020.118182
https://doi.org/10.1158/1940-6207.CAPR-10-0136
https://doi.org/10.1016/j.critrevonc.2019.102860
https://doi.org/10.1016/j.biopha.2019.109679
https://doi.org/10.1016/j.biopha.2019.109679
https://doi.org/10.1002/pros.20899
https://doi.org/10.1002/pros.20899
https://doi.org/10.1155/2012/968040
https://doi.org/10.1158/0008-5472.CAN-13-1462
https://doi.org/10.1177/1550762918801070
https://doi.org/10.1177/1550762918801070
https://doi.org/10.1074/jbc.M109.052670
https://doi.org/10.2217/fon-2017-0090
https://doi.org/10.2217/fon-2017-0090
https://doi.org/10.1002/cld.861
https://doi.org/10.1016/j.tranon.2018.08.015
https://doi.org/10.1016/j.phrs.2019.04.004
https://doi.org/10.37349/etat.2020.00019
https://doi.org/10.37349/etat.2020.00019

	Abstract
	Introduction
	Structure of FXR
	Functions of FXR
	Post-transcriptional modifications (PTM) of FXR
	Role of FXR in various types of cancers
	FXR in breast cancer
	FXR in oesophagal cancer
	FXR in gastric cancer
	FXR in lung cancer
	FXR in pancreatic cancer
	FXR in renal cancer
	FXR in biliary tract cancer (BTC)
	FXR in bone cancer
	FXR in colon cancer
	FXR in liver cancer
	FXR in Prostate Cancer (PCa)
	FXR in other cancers

	Agonists of FXR
	Antagonists of FXR
	Conclusion and future perspectives
	Abbreviations
	Code availability
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

