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Abstract
Nuclear receptors are the regulatory molecules that mediate cellular signals as they interact with specific DNA sequences. 
NR5A2 is a member of NR5A subfamily having four members (Nr5a1–Nr5a4). NR5A2 shows involvement in diverse 
biological processes like reverse cholesterol transport, embryonic stem cell pluripotency, steroidogenesis, development 
and differentiation of embryo, and adult homeostasis. NR5A2 haploinsufficiency has been seen associated with chronic 
pancreatitis, pancreatic and gastrointestinal cancer. There is a close relationship between the progression of pancreatic can-
cer from chronic pancreatitis, NR5A2 serving a common link. NR5A2 activity is regulated by intracellular phospholipids, 
transcriptional coregulators and post-translational modifications. The specific ligand of NR5A2 is unknown hence called an 
orphan receptor, but specific phospholipids such as dilauroyl phosphatidylcholine and diundecanoyl phosphatidylcholine 
act as a ligand and they are established drug targets in various diseases. This review will focus on the NR5A2 structure, 
regulation of its activity, and role in biological processes and diseases. In future, need more emphasis on discovering small 
molecule agonists and antagonist, which act as a drug target for therapeutic applications.
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Abbreviations
NR	� Nuclear receptors
HREs	� Hormone response elements
MR	� Mineralocorticoid receptors
ER	� Estrogen receptors
PR	� Progesterone receptors
AR	� Androgen receptors
GR	� Glucocorticoid receptors
PXR	� Pregame X receptor
SXR	� Steroid xenobiotic receptor
CAR​	� Constitutive androstane receptor
LXRs	� Liver X receptors
NR5A2	� Nuclear receptor subfamily 5 group A member 
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PPARγ	� Peroxisome proliferator-activated receptor 
gamma

FXR	� Farnesol X receptor
DLPC	� Dilauroyl phosphatidylcholine
DBD	� DNA binding domain
AF-1	� Activation function-1
LBD	� Ligand binding domain
AF-2	� Activation function-2
SF-1	� Steroidogenic factor 1
LRH-1	� Liver receptor homolog
DUPC	� Diundecanoyl phosphatidylcholine
SRC	� Steroid receptor coactivator
SHP	� Small heterodimer partner
Oct4	� Octamer-binding transcription factor 4
PGC-1α	� PPARγ co-activator 1α
MBF-1	� Multiprotein bridging factor
CREB	� CAMP response element-binding protein
C/EBPδ	� CCAAT/enhancer-binding protein δ
CBP	� Co-activators CREB binding protein
CYP7A1	� Cholesterol 7α-hydroxylase
Cyp 19	� Aromatase
DAX-1	� Dosage-sensitive sex reversal, adrenal hypo-

plasia critical region, on chromosome X, gene 
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PROX1	� Prospero-related homeobox 1
NCOR1	� Nuclear receptor corepressor-1
SMRT	� Silencing mediator for retinol and thyroid 

receptor
CYP8B1	� 12α-Hydroxylase
HDAC3	� Histone deacetylase 3 complex
GPS2	� G protein pathway suppressor 2
PMA	� Phorbol 12-myristate 13-acetate
PKA	� Protein kinase A
SIRT1	� SHP-sirtuin 1
PML	� Promyelocytic leukemia protein
T1DM	� Type 1 diabetes mellitus
AFP	� α1-Fetoprotein
HNF	� Hepatocyte nuclear factor
Sox2	� SRY-Box transcription factor 2
ERRβ	� Estrogen related receptor, beta
iPS	� Induced pluripotent stem cells
LH	� Luteinizing hormone
FSH	� Follicular stimulating hormone
StAR	� Steroidogenic acute regulatory protein
HSD3B2	� 3β-Hydroxy steroid dehydrogenase type II
CYP 17	� Cytochrome P450 17 α-hydroxylase
ChREBP	� Carbohydrate response element binding 

protein
ChoREs	� Carbohydrate response elements
GCK	� Glucokinase
RCT​	� Reverse cholesterol transport
HDLs	� High density lipoproteins
CETP	� Cholesterol-ester-transfer protein
SR-B1	� Scavenger receptor class B type I
BSEP	� Bile salt export pump
ASBT	� Apical sodium dependent bile acid transporter
Ost α/β	� Organic solute transporter alpha–beta
MRP-3	� Multidrug resistance protein-3
ER	� Endoplasmic reticulum
IL-1RA	� Interleukin-1 receptor antagonist
UPR	� Unfolded protein response
PlK-3	� Polio-like kinase 3
CYPIIA1	� Steroidogenic cholesterol side chain cleavage 

enzyme P450Scc
CYPIIB1	� 11β-Hydroxylase
NF-KB	� Nuclear factor kappa-light chain-enhancer of 

activated B cells
AP1	� Activator protein-1
CP	� Chronic pancreatitis
PTF-1	� Pancreas transcription factor
GWAS	� Genome wide association studies
PDX-1	� Pancreatic and duodenal homeobox 1
SNPs	� Single nucleotide polymorphisms
PDAC	� Pancreatic ductal adenocarcinoma
PanIN	� Pancreatic intraepithelial neoplasia

Introduction

NR are regulatory molecules which function as transcrip-
tion factors in a ligand-dependent way. Most of the NRs 
have a ligand-dependent activity, but some of NR fam-
ily member does not have ligand, so they show constitu-
tive activity [1, 2]. NRs interact directly with specific and 
short DNA sequences called hormone response elements 
(HREs) to modulate cellular signals to nucleus thereby act-
ing as a central point of interaction between gene regula-
tion and endogenous and environmental stimuli [2, 3]. The 
superfamily of nuclear receptor in humans has 48 members 
which are further divided into 7 subfamilies “NR0–NR6” 
[1, 4]. Transcription factors of NR superfamily perform 
an important role in cell death, embryonic development, 
differentiation, and metabolism [3].

Based on function, NRs can be divided into 3 different 
classes:

(a)	 Endocrine receptors triggered by ligands which have 
high-affinity steroid NRs. The example includes min-
eralocorticoid (MR), estrogen (ER), progesterone (PR), 
androgen (AR) and glucocorticoid (GR) receptors;

(b)	 Ligands for adopted orphan NRs example includes 
receptors for bile acids [Farnesol X receptor (FXR)], 
fatty acids [Peroxisome proliferator-activated receptor 
gamma (PPARs)], xenobiotics [pregame X receptor/
steroid xenobiotic receptor (PXR/SXR) and constitu-
tive androstane receptor (CAR);

(c)	 Orphan NRs which controls transcription independent 
of ligands example includes Nuclear Receptor Subfam-
ily 5 group A member 2 (NR5A2) [5, 6].

NRs control the gene expression involved mainly in 
homeostasis, embryonic development, and reproduction, 
like the involvement of NR5A2 in preliminary biologi-
cal processes governing early development and stem cell 
pluripotency. Other receptors like PPARγ controls glu-
cose and energy metabolism homeostasis; PPARα, β/δ, 
and γ are involved in lipoprotein, triglyceride, and fatty 
acid metabolism; LXRs, FXR, and NR5A2 are involved 
in bile acid metabolism; PXR/SXR plays a crucial role 
in defence against xeno- and endobiotics. The activity 
of maximum NRs is controlled by various lipid-soluble 
molecules, which include nutrients, steroid hormones, 
endo/xenobiotics, and metabolites. Ligand binding to the 
nuclear receptor causes conformational change which 
causes detachment and recruitment of co-repressors and 
co-activators leading to downstream target gene repression 
and activation respectively [7, 8].

Ligands have been discovered for about half of the 
superfamily members and these ligands are established 
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drug targets in many maladies like cancer, inflammation, 
and metabolic disorders. This creates interest in the rec-
ognition of orphan nuclear receptor ligands because of 
their ability to be used as potential drug targets to treat 
human disease. Classical medicinal chemistry strategy 
can be exerted to NR5A2 as dilauroyl phosphatidylcholine 
(DLPC) is shown to regulate its activity in vivo and it has 
a therapeutic application for type 2 diabetes. This finding 
from Moore lab indicates the importance of investigating 
the establishment of synthetic ligands targeting NR5A2 as 
this can lead to the discovery of other methods for meta-
bolic diseases treatment [9].

As NR5A2 performs diverse functions, its involvement 
in various diseases is obvious. This review will focus on the 
NR5A2 structure, regulation of its activity, and role in bio-
logical processes and diseases. NR5A2 expression might be 
useful for the treatment of these disease but this might affect 
other functions of NR5A2. Regulation of NR5A2 can be 
explored further to exploit this nuclear receptor for therapeu-
tic uses and various small molecule agonists and antagonist 
have been discovered which might be of therapeutic value.

Structure of NR5A2 and its family

All NRs shares a general conserved modular structure 
(Fig. 1) that includes DNA binding domain (DBD) or C 
region which consists of two zinc fingers and is highly con-
served; A/B domain is amino-terminal to the DBD and is 
immensely variable among members of NR5A2 superfam-
ily as it has activation function-1 (AF-1) which is ligand-
independent; DBD carboxy-terminal known as E region 
or ligand-binding domain (LBD) and it also possesses 
conserved activation function-2 (AF-2) ligand-dependent 
motif playing an important role in co-activation interactions. 
Hinge domain, known as D region connects C region/DBD 
with region E/LBD [1, 4].

NR5A subfamily members like steroidogenic factor 1 
(SF-1) and NR5A2 show a disparity in binding with DNA 
as compared to other NRs as they bind to DNA as monomers 
with high affinity. A 30 amino acid stretch called Ftz-F1 box 
is available at the COOH terminal of DBD of NR5A2 which 
specifically targets 5’extension (YCA) of consensus binding 

site of Ftz-F1. YCA AGG YCR (Y-pyrimidine and R-purine) 
is a consensus binding site of the Ftz-F1 box [4, 10, 11].

NR5A2, a member of the NR5A subgroup have four 
members (NR5A1–NR5A4) [10]. It is positioned on the 
chromosome 1q32.11 with 8 exons spanning more than 
150 kb [4]. It encodes Liver receptor homolog-1 (LRH-1) 
protein [12]. NR5A subfamily along with NR5A2 interacts 
with identical DNA consensus sequences, and their LBD 
can bind to phospholipids [10]. These receptors are in the 
category of orphan receptors, but bacterial phospholipids 
are known to be present in both SF-1 and NR5A2 binding 
pockets. It is unknown that whether these phospholipids are 
capable of modulating the activity of receptor or they are 
present only as structural or fortuitous ligands [1].

In humans, alternative splicing leads to at least three iso-
forms of NR5A2. The largest isoform LRH-1v1 is the most 
abundant isoform, LRH-1 of NR5A2 are identical having 
similar DNA-binding and transactivation capacities except 
a deletion on A/B region which corresponds to exon 2 in 
NR5A2. hLRH-1v2 is the smallest isoform which has further 
deletion in D and E regions because of alternative splicing 
in exon 5, causing its failure to activate transcription [4].

NR5A2 distribution in tissues

NR5A2 gene encodes transcription factor NR5A2 or LRH-1 
which plays a significant role in multiple physiological 
processes like normal physiology, homeostasis, embryonic 
development, lipid metabolism, anti-inflammatory activi-
ties, cancer development, regulation of steroidogenesis 
and progesterone synthesis [12, 13]. In adults, NR5A2 is 
distributed in endodermal tissues like intestine, liver, and 
pancreas, which classifies it as an enterohepatic NR. NR5A2 
also shows its expression in pre-adipocyte, ovary, and at 
lower levels in the placenta. Its expression is species-specific 
in adrenal gland and testis [4].

Activation of NR5A2

NR5A2 structure helps to understand its constitutive activ-
ity. NR5A subfamily members are considered as receptors 
with constitutive activity suggesting that in the absence of 

Fig. 1   Structure of NR5A2 encoded by NR5A2 gene
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hormone binding, NR5A2 is transcriptionally active [7, 14]. 
The amino-terminal region of LBD consists of H1, H2, and 
H3, which are conserved and ligand-dependent [4, 10].

The 3-D structure of LBD of mouse NR5A2 (mNR5A2) 
consists of 12 α-helical conserved regions (H1-H12) folded 
into a triple-layer, helical antiparallel sandwich between H5 
and H6 through a conserved β-turn constitute the LBD of 
most NRs. Different NRs have different size of ligand bind-
ing pocket of LBD. There is a limited sequence similarity of 
NR5A subgroup with other NRs subfamilies as N-terminal 
region of LBD and H1, H2 and, H3 of NR5A subgroup is 
conserved. The active site of NR is determined by H12, 
which consists of AF-2, which is stabilized by H2 [4]. AF-2 
region folding permits active confirmation of LBD in the 
absence of ligand [3].

Unlike of mNR5A2, human NR5A2 (hNR5A2) binds to 
phospholipid ligands effectively because of marked struc-
tural features at the gateway of the ligand-binding pocket 
[15]. Thr439, Glu400 and Phe443 residues of H6–H7 in 
mNR5A2 reduce binding of phospholipid with mNR5A2 
but in hNR5A2, homologous residues Ala, Gly and Leu 
assist binding of ligand on hNR5A2. Binding of ligand was 
ancestral in NR5A2 family but it diminished in mNR5A2 
because of replacement of specific amino acids [16]. Hydro-
phobic ligand-binding pocket is present in both mNR5A2 
and hNR5A2, which acclimatize C16:0, C18:0 acyl chains 
but an efficient lipid mimic of high affinity that can be held 
in this cavity is still evasive [15].

NR5A2 activity is modulated by diundecanoyl phosphati-
dylcholine (DUPC) and DLPC, which are direct ligands of 
the receptor. Their binding to NR5A2 and role in the recruit-
ment of important co-activators like Steroid receptor coac-
tivator-3 (SRC-3) is confirmed by mammalian two-hybrid 
assays [1]. Activation of NR5A2 might be independent of 
ligands even after possessing hydrophobic ligand-binding 
pocket as there is no effect on NR5A2 activity due to shape 
and size disruption of the cavity by bulky side chains. This 

fact indicates that ligands for NR5A2 are inessential for 
basal activity but this does not deny the existence of NR5A2 
ligands [17].

Nuclear receptors undergo a conformational change in 
ligand binding pocket upon binding of a ligand which results 
in stabilization of AF-2 surface of the co-activator binding 
interface of receptors resulting in the formation of charge 
clamp to aid in recruitment and binding of co-activators. But 
in contrast, the NR5A2 crystal structure demonstrates the 
role of the 4th sandwich layer created by helix 2 (H2) in the 
co-activator stabilizing interacting region of the LBD. When 
the ligand is not available, H2 is near H12 to constitutively 
stabilize AF-2 which aids in co-activator binding [10].

Regulation of NR5A2 activity

NR5A2 activity is constitutive, and its activation causes a 
conformational change which leads to co-repressors disso-
ciation and incorporation of co-activators [18]. NR5A2 acts 
as a regulator of various pathways of metabolism, steroido-
genesis, cancer, and pluripotency regulation. NR5A2 activ-
ity regulation might be helpful in the treatment of various 
diseases like gastrointestinal tract and pancreatic cancer [3]. 
NR5A2 functions are regulated (Fig. 2a) through:

(1)	 Intracellular phospholipids
(2)	 Transcriptional co-regulation: co-repressors and co-

activators of NR5A2
(3)	 Post-translational modifications
(4)	 Synthetic ligands [3, 18]

Phospholipids as NR5A2 ligands

Various phospholipid derivatives like phosphatidylglycerol, 
phosphatidylcholine, phosphatidylethanolamine, as well as 
second messengers like phosphatidylinositol (PI: P1(3,5)P2 

Fig. 2   a Regulatory mechanism of NR5A2. b Synthetic ligands of NR5A2
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and PI(3,4,5)P3) bind with NR5A2 ligand-binding pocket 
thereby indicating that phospholipid acts as endogenous 
ligands [7, 19]. Binding of specific phospholipids with 
NR5A2 is reduced by F343W, F416W mutations in LBD 
of NR5A2, which hampers co-activator recruitment and 
reduces the NR5A2 transcriptional potential [19]. RJW100 
and DLPC bind to hNR5A2 but, neither of them fully fills 
the pocket nor mimics signalling phosphatidylinositol head 
groups which are exposed and assist in the stabilization of 
solvent-exposed residues present at the entrance of pocket 
[15]. DLPC and DUPC are two phospholipids identified as 
NR5A2 direct ligands, modulating the activity of receptor 
as DLPC and DUPC activate promoters specific for NR5A2. 
The examples include small heterodimer partner (SHP) and 
Octamer-binding transcription factor 4 (Oct4), and these 
phospholipids are specific for NR5A subfamily [1]. DLPC 
induce NR5A2 activity as shown during treatment of hepato-
cytes and also induce expression of those genes which are 
required for bile acid synthesis.

Though NR5A2 can be active without ligand binding, its 
transcriptional activity is further enhanced via binding of 
specific phospholipid [19].

NR5A2 regulators

Regulators of NR5A2 are co-activators of NR5A2 and co-
repressors of NR5A2 (Table 1).

NR5A2 co‑activators

NR5A2 has an entire functional AF-2 domain which con-
tains hexameric LIIEML motif, essential for stabilization 
of the binding of co-activator. NR5A2 with truncated AF-2 
is the dominant-negative protein [4]. NR5A2 is in an active 
conformation permanently, and as a monomer binds to DNA. 

NR5A2 shows binding with transcriptional complexes and 
other orphan NRs, leading to an increase in transcription of 
target genes [3]. Binding of hepatic FXR with NR5A2 leads 
to stimulation of SHP, pyruvate carboxylase and retinol 
dehydrogenase 9 and phospholipid ethanolamine M-methyl 
transfer [3, 18]. Other co-activators which enhances NR5A2 
activity are SRC, PPARγ co-activator 1α (PGC-1α), 
β-catenin and Multiprotein bridging factor (MBF-1) [19].

SRCs  SRC p160 family has three similar members, SRC-1, 
SRC-2, SRC-3 and they bind to LBD of NR5A2 and hence 
increases NR5A2 transcriptional activity [19]. The SRC 
homologs have LXYLL motif in their receptor interaction 
region and sequences of short peptide obtained from them 
binds to NR5A2 via LBD [3]. NR5A2 and cAMP response 
element-binding protein (CREB) interaction is increased 
by CCAAT/enhancer-binding protein δ (C/EBPδ), co-acti-
vators CREB binding protein (CBP) and SRC-3 [19]. In 
human adipose stromal cells, SRC-1 and SRC-3 increase 
NR5A2 dependent aromatase promoter transcription. AF-2 
is required for interaction with transcriptional intermediary 
factor 2 and SRC-1 [18]. Overexpression of SRC-1 escalates 
hLRH-1 mediated activation of cholesterol 7α-hydroxylase 
(Cyp7A1) promoter leading to an elevation in the transcrip-
tion of Cyp7A1 in Huh 7 cells [20].

PGC‑1α  PGC-1α binds to AF-2 region of NR5A2 and 
induces Cyp7A1 and aromatase (Cyp9A1) expression in the 
liver and breast respectively [21, 22]. PGC-1α also activates 
NR5A2 in the ovary, enabling granulosa cells differentiation 
into progesterone generating luteal cells. DAX-1 (dosage-
sensitive sex reversal, adrenal hypoplasia critical region, on 
chromosome X, gene 1) in granulosa cells blocks NR5A2 
activity indicating the fact that DAX-1 has a high binding 
affinity than PGC-1α [23].

Table 1   Regulators of NR5A2

Co-activators of NR5A2 Activity of co-activators References

1. SRC a. Escalates hLRH-1 mediated activation of Cyp7A1 promoter in Huh 7 cells [20]
2. PGC-1α a. Induces Cyp7A1 and Cyp9A1 expression in liver and breast respectively

b. Activates NR5A2 in ovary leading to differentiation of granulosa cells into luteal cells
[21–23]

3. β-catenin a. Acts synergistically with NR5A2 in intestinal crypt cells and promotes proliferation [24]

Co-repressors of NR5A2 Activity of co-repressors References

1. SHP a. Blocks interaction of PGC-1α and NR5A2 in hepatocytes and breast adipose stromal cells
b. Represses activity of Cyp7A1 and Cyp8B1
c. Represses induction of carboxyl ester lipase promoter via NR5A2

[7, 21, 27, 29]

2. DAX-1 a. Blocks PGC-1α and NR5A2 interaction [23]
3. Prox 1 a. Suppresses Cyp7A1 transcription [32]
4. NCoR1 and NCoR2 a. Represses acute phase response proteins via interaction of SUMOylated NR5A2 with NCoR1/

HDAC3 complex
[19]
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β‑catenin  The synergy between β-catenin and NR5A2 in 
intestinal crypt cells induces cell cycle genes expression and 
promoting proliferation. β-catenin enhances the transcrip-
tional effect of cyclin E1 expression directed by NR5A2. 
Contrary to this, NR5A2 acts as β-catenin co-activator in 
cyclin D transcription regulation through binding of arma-
dillo repeat of β-catenin to NR5A2 LBD [24, 25].

MBF‑1  In a dose-dependent manner, MBF-1 stimulates 
NR5A2 activity through interaction with TATA-binding 
proteins either separately, or via transcription factor IID 
complex recruitment as LXXLL motif is absent [3, 18].

Co‑repressors of NR5A2

Binding of Co-repressors to LBD of NR5A2 directly through 
canonical LXXLL motifs inhibits the NR5A2 transcriptional 
activity [26]. Various co-repressors in different organs are 
SHP, DAX-1, Prospero-related homeobox 1 (Prox1), nuclear 
receptor corepressor-1 (NCoR1), silencing mediator for reti-
nol and thyroid receptor (SMRT or NCoR2) [18, 19].

SHP  SHP has an overlapping expression with NR5A2 [18]. 
SHP is devoid of typical DBD and binds to NR5A2 on 
the C-terminal AF-2 domain. This interaction of NR5A2 
and SHP occurs through NR5A2 residues Arg 361 and 
Glu334 that forms a charge clamp [3, 19]. Binding of SHP 
to the CoR domain of NR5A2 competes out co-activators 
[27]. SHP expression is induced by NR5A2, resulting in 
a decrease of NR5A2 expression in a negative feedback 
loop [28, 29]. SHP follows direct and indirect methods to 
represses NR5A2 activity. SHP competes with co-activa-
tors and inhibits NR5A2 indirectly. SHP directly binds to 
NR5A2 leads to repression of NR5A2 transcriptional activ-
ity [27]. Interaction of PGC-1α and NR5A2 is blocked by 
SHP in hepatocytes and breast adipose stromal cells, lead-
ing to repression of NR5A2 activity [21]. Carboxyl ester 
lipase promoter activity induction mediated by NR5A2 is 
repressed by SHP [7]. As bile acids levels increase in the 
liver, transcription of SHP is initiated due to activation of 
FXR. Increase in SHP stops NR5A2 transcriptional activity 
and leads to the decreased activity of NR5A2 target genes 
like Cyp7A1 and 12α-hydroxylase (Cyp8B1) [27, 29].

DAX‑1  DAX-1 shows its expression in embryonic stem 
cells, ovary and testis. Mouse DAX-1 with NR5A2 LBD 
crystallization shows that its N-terminus LXXLL related 
motifs of DAX-1 interacts with NR5A2 [3, 19]. As indi-
cated by amino acid substitution, NR5A2 favourably com-
mune with L(1 +)XXLL-related motif-containing Ser, Tyr, 
Ser and Thr at positions -2, + 2, + 2 and + 6 respectively 
[30]. For DAX-1 mediated repression, L-terminus end is 
required and DAX-1 binds as a dimer with AF-2 domain 

in a claw-like fashion with NR5A2 that extends into the 
ligand-binding pocket. DAX-1 does not repress the NR5A2 
activity in embryonic stem cells of mouse, conversely, Oct4 
gene transcription is activated by DAX-1. This activation 
via DAX-1 occurs because of steroid receptor RNA acti-
vator interaction with DAX-1[3]. This fact points out the 
probability of co-regulator, allowing tissue-specific NR5A2 
function. DAX-1 can block the co-regulator PGC-1 α and 
NR5A2 interaction [23].

Prox1  In human cell lines and Drosophila, Prox1 shows its 
expression in the liver, heart, and hippocampus but binds to 
distinct NR5A2 regions. Interaction of Prox1 occurs with 
both LBD and DBD of NR5A2 in discrete cell lines or 
may require entire LBD in Drosophila, but Prox1 represses 
analogous metabolic pathways in two organisms [19]. In the 
liver, both NR5A2 and Prox1 show expression and control 
development of hepatic stem/progenitor cell [31]. Direct 
interaction of Prox1 and NR5A2 occurs in a dose-dependent 
manner which suppresses CYP7A1 transcription mediated 
by hLRH-1 and hence regulates bile acid synthesis in the 
liver [32]. Prox1 affects hepatic cholesterol regulators via 
transcription as Prox1 shows high expression in the liver, 
and not in the intestine [33].

NCoR1 and  NCoR2  Transcriptional co-repressor complex 
of NCoR1/histone deacetylase 3 complex (HDAC3) inter-
acts with SUMOylated NR5A2 via association with G 
protein pathway suppressor 2 (GPS2), and hence repres-
sion of acute-phase response proteins occurs [19]. SMRT 
or NCoR2 also represses NR5A2 transcriptional activity 
through an indirect mechanism. There is a functional cor-
relation between SMRT and NR5A2 but these two do not 
interact directly, but uncharacterized coregulators might 
bridge the repression function of SMRT and NR5A2 [20].

Post‑translational regulation of NR5A2

Various post-translational modifications include SUMOyla-
tion, phosphorylation, ubiquitination, and acetylation regu-
lates NR5A2 [19]. The hinge region of NR5A2 consists of 
serine residue (S238 and S243) which are phosphorylated 
either by mitogen-activated protein kinase ERK1/2 or by 
phorbol 12-myristate 13-acetate (PMA), and hence leading 
to an increase in the activity of NR5A2 [3, 19]. Phospho-
rylation of human NR5A2 at Ser-469 by protein kinase A 
(PKA) initiates steroidogenesis dependent on NR5A2 in 
breast cell lines and decreases glucocorticoid production 
dependent on NR5A2 in an intestinal cell line. This differ-
ent effect of PKA on different cell lines indicates that PKA 
affects the activity of NR5A2 [34]. Acetylated NR5A2 in 
basal state binds to SHP-sirtuin 1 transrepressive (SIRT1) 
complex [35]. The activity of NR5A2 is modulated through 
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small ubiquitin-related modifier (SUMO) conjugation 
machinery as NR5A2 act as a direct substrate. E-3 SUMO-
ligases target NR5A2 for SUMOylation at distinct and con-
served lysine residues at the hinge domain and decrease 
its transcriptional activity. NR5A2 SUMOylation leads to 
translocation of the transcription factor to promyelocytic 
leukemia protein (PML) containing nuclear bodies from the 
chromatin and its actively transcribed target genes. Rever-
sion of SUMOlyation leads to release of NR5A2 from PML 
nuclear bodies causing induction of target gene expression 
[36]. SUMOylated NR5A2 leads to stabilization of co-
repressors of NR5A2 such as NCoR1/HDAC3 complex 
and Prox1, which decreases the target gene expression [19].

Synthetic ligands

The existence of conserved large hydrophobic pocket 
within LBD of NR5A2 indicates the chances of binding 
of synthetic ligands which can modulate the activity of 
NR5A2 for therapeutic aspects. Both synthetic agonists 
and antagonists are developed (Fig.  2b). GSK8470 is 
another small molecule agonist developed synthetically. 
The herbicide atrazine is also known to activate NR5A2. 
24-exo (RJW100) is constantly active agonist of NR5A2 
target gene expression in various cell lines. Another 
synthetic molecule is RJW101 which is selective for 
NR5A2, but its activity is moderate [37]. In HepG2 cells 
and human hepatocytes, the foremost discovered small-
molecule agonist of NR5A2 is hydrophobic substituted 
cis-bicy-clo [3.3.0]-oct-2-enes which increase the NR5A2 
target SHP gene expression [18]. BL001 is a small agonist 
of NR5A2 which hampers the development of hyperglyce-
mia and immune-dependent pancreas inflammation in type 
1 diabetes mellitus (T1DM) in murine models. BL001 also 
hold back apoptosis of β cell in islets of type 2 diabetes 
patients and elevates insulin secretion and β cell mass [38]. 
NR5A2 inverse agonists, ML179 and ML180 discovered 
by Busby et al. shows an inhibitory effect on breast cancer. 
Cpd3 and Cpd3d2 are two synthetic compounds which 
inhibit the transcriptional activity of NR5A2 and reduce 
the expression of NR5A2 target gene like SHP, Cyclin E1 
and inhibits human cancer cell lines proliferation [17, 39].

Role of NR5A2 in normal homeostasis

Expression of NR5A2 is high in the intestine, reproduc-
tive tissues, exocrine pancreas, liver as well as in pre-
adipocytes [40]. In the early embryonic development 
stage, NR5A2 shows its involvement in the differentia-
tion of liver, intestine, and pancreas, whereas, in adults, it 

regulates steroidogenesis and homeostasis of cholesterol/
bile acid [18]. Some of the essential functions of NR5A2 
in normal homeostasis are explained in further subhead-
ings of this review (Fig. 3a).

NR5A2 in early development

During the early development, NR5A2 shows remarkably 
high expression in pluripotent stem cells of the mouse 
[41]. Expression of NR5A2 changes from early phases 
of embryo development to later. In embryonic stem cells, 
all cells of morula stage [E2.5], trophectoderm, and blas-
tocyst stage [E3.5] show high NR5A2 expression which 
becomes restricted to visceral endoderm at egg cylinder 
[E5.5] stage and at this stage ectodermal cells do not show 
NR5A2 expression. The expression of NR5A2 is still present 
in primitive mesoderm and endoderm during gastrulation 
[E.6–E7.5]. NR5A2 abundance occurs in endoderm origi-
nated tissues like liver, pancreas, intestine, testis, bone, and 
various regions of the brain during mid-gestation [E8–E15] 
[7]. At embryo day 6.5–7.5, NR5A2 deficient mice showed 
lethality with features of visceral endoderm dysfunction [3]. 
NR5A2 expression is persistent in foregut endoderm during 
morphogenesis of the pancreas and liver. During foregut dif-
ferentiation, progressive NR5A2 expression takes place in 
the intestine, liver, and both exocrine and endocrine pancreas 
[4]. NR5A2 manifests its adult expression profile later dur-
ing development at E17.5 which is distinguished by constant 
expression in liver, exocrine pancreas and stomach epithe-
lium [42].

NR5A2 controls the expression of embryonic proteins 
which are necessary for liver development. Marker of liver 
differentiation and visceral endoderm is α1-fetoprotein 
(AFP), and its early expression is under the regulation of 
NR5A2. AFP expression is all over during fetal liver growth 
followed by extinction in the perinatal period [7]. Effective 
NR5A2 binding elements have been found in various genes 
of hepatocyte nuclear factor (HNF) such as HNF- 1α, HNF- 
3β, and HNF- 4α gene which encodes proteins necessary for 
early hepatic differentiation. NR5A2 is seen to bind with the 
promoter of these genes, directing transcription of hepatic 
nuclear factors [4, 7]. NR5A2 promoter has conserved 
GATA elements. In endodermal derivatives differentiation, 
GATA factors propose the tight alliance between GATA and 
NR5A2 signaling [4].

NR5A2 and stem cell pluripotency

Oct4 is an essential factor to maintain embryonic stem cell 
pluripotency [43]. Oct4 expression occurs in pre-gastrula-
tion embryo, oocytes, and primordial germ cells. Lethality 
of an embryo at the blastocyst stage to extreme dysrhythmic 
differentiation process in vitro has been reported due to Oct4 
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deficiency. Oct4 expression is induced at various stages of 
development by binding of many NRs to the Oct4 promoter. 
In the epiblast stage, NR5A2 seems to be pivotal for expres-
sion of Oct4 as loss of Oct4 expression has been observed in 
absence of NR5A2 [29].

Besides Oct4, NR5A2 together with SRY-Box Tran-
scription Factor 2 (Sox2) and estrogen related-receptor beta 
(ERRβ) is a demanding component of transcription factors 
regulatory network which maintains stem cell pluripotency 
[3, 7]. NR5A2 is crucial in Oct4 regulation and maintenance 
of pluripotency as to induce pluripotent stem cells (iPS) 
reprogramming in mouse embryonic fibroblasts, Oct4 can 

be exchanged by NR5A2 [44]. Not only Oct4 but Nanog 
is also influenced by NR5A2 during embryonic stem cell 
pluripotency [43]. Induction of Nanog and Oct4 during early 
embryonic development mediated by NR5A2 is activated 
via the Wnt signaling pathway. In early embryonic stages, 
β-catenin binding turn on embryonic specific NR5A2 pro-
moter and deficiency of β-catenin cause embryonic lethality 
[3, 7].

In embryonic stem cells, DAX-1 is in abundance, which 
acts as NR5A2 transcriptional partner to activate Oct4. 
NR5A2 and Nanog control DAX-1 expression [45]. Repro-
gramming capacity of NR5A2 is not affected by point 

Fig. 3   a Role of NR5A2 in normal homeostasis. b Genes affected by NR5A2 and its metabolic effect
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mutation within LBD of NR5A2, indicating binding of phos-
pholipid is not necessary for this function [3].

NR5A2 and cell proliferation in the gut

The self-renewal capacity of epithelium is derived by pluri-
potent stem cells of the proliferative crypt compartment 
along with their uncommitted progenitors. Total epithelium 
renewal takes place every 4–5 days [46]. Progenitor cells 
come from dividing cells and differentiation of progenitor 
cells into specialized intestinal cell types like enterocytes; 
enteroendocrine cells are regulated by cell fate transcrip-
tion factors expression like Notch/RBP-J/Hes, Gfi1, Math1, 
Mtgr1 and Hlf4 [47]. Intestinal epithelial layer integrity is 
regulated by NR5A2 as it speeds up damaged epithelium 
recovery by increasing stem and progenitor cell prolifera-
tion in intestinal crypts [48]. NR5A2 promotes the prolifera-
tion of cells by raising cell cycle cyclin mediated transition 
from G1 to S as shown by NR5A2 expression by retroviral 
transduction [7]. Accelerated cell cycle progression occurs 
via DNA dependent and independent transcriptional events 
as both are involved in the induction of the G1 cyclins. 
Hence, cell cycle progression is promoted by NR5A2 by 
two different and complementary mechanisms [41]. The first 
mechanism works in DNA binding independent manner in 
which transcription of c-Myc and cyclin D1 is induced by 
β-catenin/Tcf and co-activator of β-catenin is NR5A2. The 
second mechanism entails direct binding of NR5A2 to con-
served response element of NR5A2 on cyclin E1 promoter, 
activated by β-catenin [7, 41]. NR5A2 doesn’t have solely 
role in cell cycle regulation but it is also a co-activator as it 
interacts with β-catenin as simple DNA-binding transcrip-
tion factor [7]

Inhibition of NR5A2 activity by cell-cycle inhibitors in 
epithelial cells of intestine indicates a connecting link of 
NR5A2 transcriptional activity and cell-cycle progression 
[48]. The primary signaling pathway stimulating prolif-
eration and coordinating epithelial cells proliferation and 
differentiation transition along the crypt/villus axis is the 
canonical Wnt pathway. In this pathway, Wnt target gene 
expression is mainly initiated by the β-catenin/Tcf transcrip-
tional complex [7].

NR5A2 in female reproduction

NR5A2 is one of the important regulators of ovary devel-
opment and function [5]. NR5A2 expression is high in the 
ovary but confined to follicular granulosa cells and corpus 
luteum [3, 4]. No NR5A2 expression is seen in theca cells 
[3]. NR5A2 also plays a major function in the development 
of ovary, as specific ovarian patterns of its expression have 
been detected. Ovarian cholesterol intake for steroidogen-
esis can be controlled by NR5A2 [5]. During the estrous 

cycle, expression of NR5A2 in the ovary is regulated by 
oestradiol and luteinizing hormone (LH) during ovula-
tion, follicular growth by follicular stimulating hormone 
(FSH), luteinization and maturation of corpus luteum by 
LH and prolactin [26]. Progesterone production is regulated 
mainly over estrogen production by NR5A2 [49]. In luteal 
cells and granulosa, folliculogenesis, and ovulation is regu-
lated by NR5A2 gene expression [26]. NR5A2 target genes 
within ovary are Cyp 19, steroidogenic acute regulatory 
protein (StAR), 3β-hydroxy steroid dehydrogenase type II 
(HSD3B2), cytochrome P450 17 α-hydroxylase (CYP17) 
and inhibin- α [5, 26]. Transcription of these ovarian target 
genes in cultured cells is activated by NR5A2 binding to its 
response element in the promoter of these genes, indicat-
ing a key role of NR5A2 in affecting female fertility [26]. 
Anovulation is exhibited by granulosa cell-specific NR5A2 
null mice because of cumulus expansion, luteinization and 
follicular rupture failure [50].

Glucose homeostasis by NR5A2

Extra- and intra-hepatic factors cooperate glycemic con-
trol. Expression of genes which are sensitive to glucose is 
directed by carbohydrate response element-binding protein 
(ChREBP) transcription factor which recognize gene pro-
moter rich in conserved carbohydrate response elements 
(ChoREs) [51].

NR5A2 knockout mice under postprandial conditions 
show decreased glycogen synthase fluxes and glucokinase 
(GCK) because of decreased GCK expression as it is the 
NR5A2 target gene. This reduction in GCK expression 
causes low availability of glucose-6-phosphate which are 
the substrate for glycolysis, glycogen synthesis pathway and, 
de novo lipogenesis and also controls nuclear translocation 
and ChREBP activity [52]. As NR5A2 is an influential 
upstream regulator of the axis of GCK-ChREBP, NR5A2 
activity might give an insight for the treatment of disease 
distinguished by irregular hepatic glucose sensing [51].

Systematic glucose homeostasis is also affected by 
glucose sensing in the liver which depends on NR5A2. 
Increased insulin secretion from the pancreas causes eleva-
tion in insulin levels and increase in the disposal of glucose 
because of compromised GCK mediated glucose consump-
tion in liver-specific NR5A2 knockout mice [51]. Obese and 
diabetic mice having hepatic NR5A2 wild type on treatment 
with DLPC suggested an increase in insulin sensitivity, 
decrease in hepatic triglyceride levels, decrease in non-ester-
ified fatty acids and less pale and fatty liver as compared to 
NR5A2 knockout mice treated with DLPC [1, 19].
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Role of NR5A2 in cholesterol homeostasis

Cholesterol plays a key role in various cellular functions like 
biogenesis of membrane and steroid hormones biosynthe-
sis. Elevation in cholesterol levels leads to multiple diseases 
such as, gallstones formation, cholestasis, and atherosclero-
sis. Regulatory circuit to control intracellular and circulat-
ing cholesterol levels includes reverse cholesterol transport 
(RCT), synthesis of bile acid and enterohepatic bile acid 
circulation, all of which are regulated by NR5A2 at some 
levels [4].

NR5A2 and RCT​

RCT is a multistep process involving the transport of accu-
mulated cholesterol from non-hepatic peripheral tissues 
mainly in the form of high-density lipoproteins (HDLs) to 
liver for excretion [4, 19]. Various RCT genes like Scarb1, 
Abcg5 and Abcg8 are transrepressed due to interaction of 
NR5A2 and PROX1, promoted by NR5A2 SUMOylation 
[33].

Cholesterol-ester-transfer protein (CETP) is one of the 
target genes of NR5A2, mainly distributed in small intestine 
and liver [4, 10]. CETP catalyzes the transfer of cholesteryl 
esters from HDL to lipoproteins rich in triglyceride followed 
by subsequent clearance of cholesterol by the liver, indi-
rectly promoting RCT. Oxysterol activated NRs- LXRα and 
LXRβ mediate an increase in CETP expression as a result of 
high cholesterol levels. NR5A2 strengthens this effect [53]. 
Various pharmaceutical companies have targeted CETP for 
hypercholesterolemia treatment [10].

NR5A2 regulates transcription of Apolipoprotein A1, 
molecule act as an acceptor for phospholipid and cholesterol 
from peripheral tissues leading to the formation of pre-HDL 
particles. On maturation of pre-HDL particles, scavenger 
receptor class B type I (SR-B1) transfers them to hepatocytes 
[10]. NR5A2 binding to the NR5A2 response element of 
the SR-B1 promoter induces SR-B1 expression. Haploin-
sufficiency of NR5A2 in mice leads to a decrease in SR-B1 
expression, indicating its regulatory role in vivo [54].

NR5A2 in the homeostasis of bile acid

The prime way for cholesterol disposal from the body is the 
bile acid synthesis pathway as about 50% secretion of choles-
terol is done by conversion to primary bile acids (cholic acid 
and chenodeoxycholic acid). Bile acid pool is maintained 
by either elimination through faeces or intestinal reabsorp-
tion followed by a return to the liver through enterohepatic 
circulation [4]. In bile acid biosynthesis, the rate-limiting 
enzymes are CYP7A1 and CYP8B1, essential for hydro-
philic cholic acid production. CYP7A1 is transcriptionally 

activated by NR5A2 [10]. NR5A2 heterozygous mice have 
been reported with elevation in CYP7A1 and CYP8B1 
mRNA levels, indicating the dominant effect of NR5A2 on 
transcription of these genes [3]. In liver-specific NR5A2 
knockout mice, alteration in bile acid composition due to 
decreased expression of CYP8B1 [55, 56].

Reabsorption of nearly 95% bile acids occurred in intes-
tine and came back to the liver via the portal vein and this 
enterohepatic circulation has a dependence on various 
intestinal transporters which are regulated by NRs includ-
ing NR5A2 [4]. Positive regulation of transcription of bile 
salt export pump (BSEP) and apical sodium-dependent bile 
acid transporter (ASBT) is mediated by NR5A2. NR5A2 
also regulates basolateral bile acid export pumps like organic 
solute transporter alpha–beta (Ost α/β) and Multidrug resist-
ance protein-3 (MRP-3). The expression of the hepatobiliary 
transport system is dramatically affected due to the loss of 
NR5A2 [40].

NR5A2 in acute phase response and endoplasmic 
reticulum (ER) stress resolution

Different inflammatory pathways have been linked with 
NRs and NR5A2. There are two aspects of inflammation 
response i.e. hepatic acute phase response and extra-adre-
nal glucocorticoid production in the gut, associated with 
NR5A2 [7]. The hepatic acute phase response is activated 
by cytokines secreted by immune cells into the bloodstream 
over inflammatory stimuli because of infection, injury, or 
chronic metabolic stress [19]. Group of proteins called 
acute-phase response proteins are secreted by hepatocytes 
[7]. Genes of acute phase response are transrepressed 
through SUMOylated NR5A2 binding to HDAC3 complex 
and NCOR1, mediated by GPS2. Thus, hepatic SUMOylated 
NR5A2 causes different co-repressor recruitment [19]. 
Expression of pro-inflammatory genes like haptoglobin, 
serum amyloid A and C reactive protein is reduced due to 
ectopic NR5A2 expression. NR5A2 also induces interleu-
kin-1 receptor antagonist (IL-1RA) expression, which is a 
potent anti-inflammatory marker [10].

Independent of Unfolded protein response (UPR) canoni-
cal pathways, NR5A2 enhances ER stress resolution. Induc-
tion of stress response target genes occurs via phosphoryla-
tion of activating transcription factor by Polio-like kinase 
3 (PlK-3). Defective ER stress resolution is displayed by 
liver specific LRH-1 knockout mice because of decreased 
PIK-3 expression. ER stress resolution can be rescued via 
PIK-3 ectopic restoration in liver specific LRH-1 knockout 
mice [57].
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NR5A2 and extra‑adrenal glucocorticoid production 
in gut

The adrenal gland is the main site for endogenous glucocor-
ticoid production, serving in the regulation of metabolism 
and immune system [48]. Lungs and gut are involved in the 
synthesis and paracrine secretion of glucocorticoids for local 
immune cell homeostasis regulation [7, 48]. Transcription 
factors and mediators other than those in adrenals, seem to 
regulate local steroidogenesis. Functionally, SF-1 is substi-
tuted by its close homolog NR5A2 in intestine [48]. Injec-
tion of anti-CD3 antibody, which functions as a trigger for 
T cell activation in mice epithelial cells of intestine, induced 
counter-regulatory immune response. In the basal compart-
ment of the mucosa of the intestine, this counter-regulatory 
immune response involves activation of steroidogenic cho-
lesterol side-chain cleavage enzyme P450scc (CYPIIA1) and 
11β-hydroxylase (CYPIIB1). In the intestine, this experi-
ment points out the possibility of extra-adrenal glucocor-
ticoid production as CYPIIA1 catalyzes the conversion of 
cholesterol to pregnenolone and CYPIIB1 converts deoxy-
corticosterone into corticosterone. Corticosterone interferes 
in pathways of proinflammation, initiated by nuclear factor 
kappa light chain- enhancer of activated B cells (NF-kβ) and 
Activator protein-1 (AP1) acting as inflammation inhibitor 
[58]. In the intestinal epithelium, targeted NR5A2 deletion 
and NR5A2 haploinsufficiency heavily compromise glu-
cocorticoid synthesis mediated by immune cells [48]. Cell 
cycle inhibition in crypt-like epithelial cells diminishes 
NR5A2 activity and synthesis of corticosterone, indicating 
a close association between cell cycle and glucocorticoid 
synthesis [59].

NR5A2 in disease conditions

NR5A2 in gastrointestinal tumor and inflammation

Unconventional gene regulation in gastrointestinal tumors 
occurs because of altered signaling pathways and deregu-
lated transcription factors. In 70–80% of colorectal cancer, 
Wnt/β catenin signaling pathway is mutated. Cell prolifera-
tion is controlled for intestinal cell renewal, coordinated by 
NR5A2 via pathway of Wnt/β catenin signaling. NR5A2 
is involved in the formation of an intestinal tumor by way 
of its interaction with β-catenin/Tcf signaling by initiating 
cell proliferation and self-renewal mediated by cyclin D1/
E1 specific of G1/S. In normal homeostasis, complex multi-
protein interactions consists of GSK-3β a serine/threonine 
kinase that maintains β-catenin levels by inducing deteriora-
tion of β-catenin. β-catenin destruction is prevented because 
of Wnt signaling activation leading to the association of 
β-catenin and co-activation of Tcf4 and further inducing 

genes triggering cell cycle progression [18]. NR5A2 and 
β-catenin downstream targets are regulators of cell cycle i.e. 
c-Myc, cyclin E1, and cyclin D and overexpression of these 
genes shows association with human gastrointestinal tumors 
[41]. hLRH-1 and hLRH-1v1 are isoforms of NR5A2, which 
shows co-expression and significant up-regulation on human 
gastric cancer [18]. Effect of reduced NR5A2 expression 
in intestinal tumorigenesis was examined by Auwerx et al. 
using two different mouse models of disease. The first model 
of NR5A2 haploinsufficient APCmin/− mice had NR5A2 
expression reduced and less tumor formation as compared 
to the expression of wild type NR5A2. In the second model, 
treatment of Azoxymethane, a chemical inducer of colon 
cancer in mice with one NR5A2 allele had significantly 
decreased abnormal crypt foci as compared to wild NR5A2 
expression levels [10].

NR5A2 is the master regulator of the constitutive expres-
sion of steroidogenic enzymes in most tumor samples. As 
NR5A2 regulates both the cell cycle and glucocorticoid syn-
thesis, NR5A2 might be regulated at two different levels in 
colon cancer i.e. tumor growth by regulation of proliferation 
and observe tumor development by immune cell suppres-
sion [48].

NR5A2 in chronic pancreatitis

In the pancreas, an inflammatory disorder caused pancrea-
titis and can be divided into acute and chronic pancreatitis 
(CP) [60, 61]. Inflammatory injury of the exocrine pancreas 
in pancreatitis seems to recover through the regeneration of 
acinar cells which produces digestive enzymes. Regenera-
tion of acinar cells shows the involvement of brief inflamma-
tion phase, redifferentiation, and metaplasia derived by aci-
nar cells, resident fibroblasts, and leukocytes. Any disparity 
between pro-inflammatory and pro-differentiation pathways 
leads to CP, which is identified by fibrosis and inflamma-
tion of acinar cells [62]. In CP, dysfunction of endocrine 
and exocrine gland develop irreversible structural damage 
to the structure of pancreas [61]. NR5A2 maintains normal 
homeostasis of the adult pancreas [63]. NR5A2 regulates 
pancreatic enzymes production as it is required for progeni-
tor cell differentiation into acinar cells [62, 64]. NR5A2 
directly regulates Rbpil, and it also coordinates with the pan-
creas transcription factor (PTF-1) complex in acinar genetic 
program activation. In adult mice, inactivation of NR5A2 
causes decreased secretion of enzymes and pancreatic fluid 
[65]. In pancreatitis, NR5A2 activates the regeneration of 
functional acinar cells from malignant cells after inflamma-
tion which suggests that NR5A2 plays an important role in 
pancreas protection [66].

NR5A2, along with NOTCH1 and SMO promotes 
inflammation and metaplasia resolution in the pancreas, 
and the absence of any of these factors leads to persistent 
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inflammation and drives fibrosis through leukocyte stellate 
cell interactions [62]. Adult NR5A2± mice pancreata is his-
tologically normal. But heterozygosity of NR5A2 increases 
chances of damage to the pancreas, impairs regeneration, and 
also shows cooperation with mutant KRAs in tumor progres-
sion [63]. Haploinsufficiency of NR5A2 in pancreatic acinar 
cells of mice showed an increase in the severity of pancre-
atic inflammatory response, high levels of pro-inflammatory 
cytokine mRNA levels, and activation of NF-kβ and STAT 3 
pathways [65, 67]. Caerulein treated NR5A2 knockout mice 
shows phenotype similar to CP, indicating that reduction of 
NR5A2 activity imparts the pro-inflammatory phenotype 
of the metaplastic epithelium. NF-kβ induced metaplasia 
might target NR5A2 and PTF1-L, as inhibition of NR5A2 
and PTF1-L may destabilize acinar cells [62].

The antagonist of hNR5A2, Cpd3 binds with LBD of 
NR5A2 and leaves NR5A2 transcriptionally inactive. Treat-
ing developing embryo of zebrafish after gastrulation with 
Cpd3 leads to distorted genesis of mature exocrine pancreas. 
In vivo inhibition of NR5A2 via Cpd3 leads to the conclu-
sion that it can be used in the modification of differentiation 
and specification of hepatopancreas progenitors [39].

NR5A2 in pancreatic cancer

Prognosis of pancreatic cancer is worst among all the can-
cers [18]. In undifferentiated embryonic stem cells, NR5A2 
is essential for the development of the pancreas and acinar 
feature maintenance in the exocrine gland. NR5A2 induces 
carboxyl ester lipase expression in the exocrine pancreas, 
which assists in cholesteryl ester absorption and lipopro-
teins assembly by the intestine [68]. In pancreatic cancer, 
genome-wide association studies (GWAS) showed a link 
between NR5A2 gene mutations and its upstream pro-
moter region with pancreatic cancer [69]. In the pancreas, 
pancreas-specific transcription factors like Pancreatic and 
duodenal homeobox 1 (PDX-1) controls developmental 
pathways such as Wnt/β-catenin, Hedgehog signaling, and 
regulatory cascades. NR5A2 is linked to these pathways 
controlled by PDX-1 and reactivation of these pathways 
occurs in pancreatic cancer, indicating their essential role 
in pancreatic cancer development [64]. High NR5A2 levels 
are found in cancerous cells nuclei and cytoplasm. Specific 
NR5A2 reduction strongly blocks the proliferation of cancer 
cells in multiple cell lines [14]. Phenotypic characteristics 
of pancreatic cell lines like wound healing, increased cell 
migration, invasion, and sphere formation can occur due to 
NR5A2 overexpression [18]. Activation of NR5A2 might 
not be the factor for PDX-1 reappearance, always indicating 
other regulatory mechanisms like genomic alterations might 
be involved in NR5A2 upregulation in pancreatic cells [64]. 
NR5A2 gene mapped 5 single nucleotide polymorphisms 
(SNPs), and its upstream regulatory regions have been found 

associated with pancreatic cancer cells [63]. Among 5 highly 
significant SNPs (rs3790844, rs3790843, rs10919791, 
rs12029406, rs4465241) on chromosome 1q32.1 of NR5A2, 
rs3790844 reported positive association with the pancreatic 
ductal adenocarcinoma (PDAC) [69]. Many pancreatic cell 
lines show low levels of NR5A2 co-repressors, ProX and 
SHP, indicating the idea that NR5A2 transcriptional activity 
regulation changes may show association with pancreatic 
oncogenesis [64]. In some pancreatic cancer cells, consid-
erable Nanog transcripts amplification is found. Nanog is a 
target gene of NR5A2, and its reappearance might be con-
nected to dedifferentiated pancreatic cancer cell prolifera-
tion, associated with aggressive pancreatic tumors [7, 64]. 
NR5A2 involvement in pancreatic cancer stem cell mainte-
nance is a key contributor to a pancreatic cancer relapse and 
its metastasis. NR5A2 blocking specifically through siRNA 
can inhibit proliferation of pancreatic cancer cell in vitro 
because of alteration in the transcriptional targets of NR5A2 
which controls cell proliferation and differentiation [64].

In pancreatic cancer cell lines, NR5A2 overexpression 
causes an elevation in β-catenin transcriptional activation 
and downstream target genes such as c-Myc, MMP2, and 
MMP4 expression. In nude mice, NR5A2 upregulated 
cyclins D1/E1 and c-Myc genes hence promote pancre-
atic cancer cell or tumor proliferation [18]. Interestingly, 
in vitro proliferation can be inhibited through the blocking 
of NR5A2 activity in cell lines of pancreatic cancer as it 
leads to down-regulation of cyclin D1, E1 and c-Myc [39]. 
But role of NR5A2 in promoting pancreatic cancer is still 
controversial as some studies suggests that there is down-
regulation of NR5A2 in acinar cells undertaking duct-like 
dedifferentiation which is necessary for acinar PDAC ini-
tiation. NR5A2 is required for acinar cell maintenance, not 
for their development. NR5A2 deletion causes destabilized 
mature acinar cells and worsen oncogenesis development 
driven by Kras [14]. Hence, there is a bifunctional nature 
of NR5A2 in the progression of PDAC: PDAC initiation is 
assisted by impaired function of protein through affecting 
the differentiation of acinar while overexpression at later 
stages causes PDAC growth advantage [70].

Association of chronic pancreatitis 
and pancreatic cancer

Pain, pancreatic insufficiency, metabolic borne disease and, 
PDAC are the end results of the last stage of CP [71]. It 
is thought that inflammation influences carcinogenesis via 
DNA damage and intracellular signaling pathways activation 
[72]. CP increases pancreatic cancer risk via a cascade of 
inflammatory processes that are supplemented by hereditary 
and somatic mutations [73]. One of the common features 
of CP and pancreatic cancer is fibrosis in which pancreatic 
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stellate cells switch to activated state from quiescent state in 
response to injury [62]. Pancreatitis and pancreatic cancer 
are linked by pancreatic stellate cells, resident pancreatic 
fibroblasts [62, 74]. Initiation of pancreatic cancer is also 
derived by acinar-cell differentiation loss indicating a link 
between CP and pancreatic cancer risk. Similar genes like 
NR5A2, NOTCH1, and SMO which are involved in assist-
ing metaplasia and inflammation in pancreatitis, also in 
PDAC development. In humans and mice, the development 
of PDAC by CP is mediated partly by continuous inflam-
mation-driven NF-kβ activation. Acinar cell-derived PDAC 
can be limited by NOTCH1, MIST1, and NR5A2 [62]. In 
the mouse model, haploinsufficiency of NR5A2 assists with 
pancreatitis directed by oncogene KRAs, enhancing pre-neo-
plastic pancreatic intraepithelial neoplasia (PanIN) lesions 
and development towards PDAC [66]. High risk of pancre-
atic cancer in patients with CP is affected by other multiple 
variables like shared risk factors for alcohol use, diabetes 
mellitus, and cigarette smoking. The high risk of PDAC in 
CP is supposed to be affected by chronic inflammation and 
over-proliferation of pancreatic stellate cells [71].

Hereditary pancreatitis is a rare and inherited form of CP 
resembling other forms of pancreatitis phenotypically except 
is appears in early age and strong family history [73, 74]. 
Inheritance of CP is autosomal dominant with point muta-
tion on chromosome 7 [75]. Hereditary pancreatitis patients 
have a higher risk to develop pancreatic cancer, mainly due 
to extended duration of inflammation. Genetically deter-
mined idiopathic CP shows higher pancreatic cancer risk as 
compared to alcohol-related CP risk. Association of pancre-
atic cancer with hereditary pancreatitis as risk is about 70% 
time more than in the normal population. In contrast to other 
factors, less population attributable risk of pancreatic cancer 
is because of the low incidence and prevalence of CP [73].

Conclusion

Increased NR5A2 activation might be useful in promoting 
biliary cholesterol excretion and RCT for the prevention of 
atherosclerosis development or in diabetes treatment, but on 
the other side, it can induce cell proliferation by inducing 
cell-cycle regulators expression and likely promote cancer 
development. Hence, NR5A2 transcriptional programs could 
provide compelling therapeutic aspects.

NR5A2 expression is studied in various tumors like 
colon, gastric cancer, breast carcinomas, and pancreatic can-
cer. Therefore, exploring the possible influence of NR5A2 
modulators as a therapeutic target against various diseases 
should be considered. An example is the high expression 
of NR5A2 in pancreatic cancer, and when blocked, down-
stream genes like cyclin D1, E1, and c-myc are down regu-
lated, and the involvement of Kras in oncogenesis through 

destabilization of mature acinar cells by NR5A2. Other 
examples can be given for diabetes, stem cell pluripotency, 
or female reproduction, etc. (Fig. 3b).

Sensitive NR5A2 modulators can be developed through 
recent identification of phospholipid ligands and small mol-
ecule agonists. Since, NR5A2 activity is intensively affected 
by coregulators, the prospect of modulation of NR5A2: 
coregulator interactions need to be examined besides look-
ing for compounds that bind to cavity phospholipid/ligand-
binding region. Hence, NR5A2 ligand identification will not 
only discovers its verifiable biological roles and also open a 
new direction for novel treatment possibilities for a variety 
of diseases.
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