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The nuclear receptor Liver Receptor Homolog-1 (LRH-1) is widely involved in the complex and balanced biology of

the intestine, thus guaranteeing the several functions played by this organ.
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| 1. Introduction

Liver Receptor Homolog 1 (LRH-1) is a nuclear receptor that belongs to NR5A or Ftz-F1 subfamily. Nuclear
receptors are transcriptional factors involved in different physiological and pathological processes. They are
structurally characterized by a variable N-terminal region, a conserved central DNA-binding domain (DBD), a
variable hinge region, a conserved ligand-binding domain (LBD), and a variable C-terminal region. Thanks to these
functional domains, nuclear receptors bind to specific region of the DNA and retain an extraordinary capability to be
activated by a series of specific regulatory ligands, which finally promote the selective transcription of functional

target genes [,

Essentially expressed in endodermic tissues including intestine, liver, exocrine pancreas, and ovary, LRH-1 is
involved in a series of physiological processes ranging from development to metabolism and steroidogenesis 23],
Differently from the most of nuclear receptors, which bind DNA as homodimers or heterodimers, LRH-1 can
perform its transcriptional function binding to DNA as monomer through its unique and conserved Fitz-F1 DNA-
binding domain &, Since its discovery in 1993 ], several studies were conducted to elucidate LRH-1 structure and
functions. Originally identified as an orphan nuclear receptor due to the unknown nature of its ligands, a few years
ago, the crystal structure analysis revealed that phospholipids, including phosphatidyl inositol, can interact with
LRH-1, functioning as its endogenous ligands [BIIEl |ndeed, mutations to the LRH-1 ligand-binding pocket alter its
phospholipid binding capacity, thus reducing its in vivo activity 2. Besides endogenous ligands, LRH-1 can also be
activated by several exogenous compounds. Lee et al. identified both dietary dilauroyl phosphatidylcholine (DLPC)
and diundecanoyl phosphatidylcholine (DUPC) as powerful activators of LRH-1 in in vitro and in vivo models. By
acting as regulator of lipid and glucose homeostasis, DLPC treatment decreases the amount of glucose, improves
insulin sensitivity, and regulates triglycerides levels in two mouse model of insulin resistance 9. Recently, Whitby
et al. have developed a promising class of agonist of LRH-1 showing excellent regulation of target genes, which
includes a bicyclic hexahydropentalene core scaffold, named “RJW100” 1112 |n these years, thanks to the

cutting-edge crystal structure studies, remarkable progresses have been made not only in the identification of
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specific exogenous agonists of LRH-1 but also in the comprehension of the exact interaction that takes place in the
lipophilic ligand binding pocket, locking agonists in an aligned consistent orientation and potentiating their effects.
In this regard, using differential scanning fluorimetry and cellular luciferase reporter assay, Mays et al. proposed a
modification to the LRH-1 agonist scaffold RJIW100, which significantly improves the binding mode, thus identifying
the first low nanomolar LRH-1 agonist called 6N and providing an astonishing model of structure-guided medicinal

chemistry approach 13!,

LRH-1 plays a pivotal role in different biological processes, from proliferative, metabolic, and immunoregulatory
activities to the early stage of development and cell commitment during differentiation 141, As suggested from its
name, the role of LRH-1 has been mainly elucidated in the liver, where it acts as the promoter-specific activator of
cholesterol 7 alpha-hydroxylase (Cyp7al), the first and rate-limiting enzyme of bile acid biosynthesis and
cholesterol homeostasis L2IEIA7II8] Recently, close attention has been paid to the controversial role played by
LRH-1 in intestinal homeostasis, regarding intestine cell proliferation and renewal as well as its involvement in

intestinal inflammatory pathways.

| 2. LRH-1 in Stemness: A Boost for Cell Proliferation

LRH-1 performs a vital role in early development and differentiation, as clearly proved by embryonic lethality of
LRH-1 null mice 1229 However, the LRH-1 activity is not only limited to the primordial phases of life. LRH-1
expression is preserved throughout the entire lifecycle and modulated during the various stages of development
especially in tissue characterized by a high proliferative rate, such as those of the enterohepatic axis. Since the
epiblast stage of embryonic growth, LRH-1 is essential to maintain Oct4 gene expression, the master regulator of
pluripotency during the early stage of embryonic development, thus assuring the pluripotency of inner cell mass
and embryonic stem cells (21122123 |nterestingly, LRH-1 can replace Oct4 in the derivation of induced pluripotent
stem cells (iPSC) from murine somatic cells 24, underlying the pivotal role of LRH-1 in the control of development
processes and cellular proliferation. In the primordial phase of organogenesis, LRH-1 is detectable in the yolk sac
endoderm, branchial arch, and neural crest. Later, LRH-1 expression is preserved in the liver, in the pancreas, and

in the intestinal crypts of Lieberkiihn 23], contributing to define the enterohepatic phenotype.

Considering that homozygous LRH-1 knockout mice die before birth 22! the precise regulatory mechanism by
which LRH-1 promotes cell proliferation and expansion growth of digestive organs has always been problematic to
analyze. For this reason, Zhai et al. conducted a study on zebrafish, a useful model organism of developmental
biology, demonstrating that the inactivation of LRH-1 results in hypoplastic endoderm organs. Indeed, the liver, the
intestine, the endocrine, and the exocrine pancreas were significantly smaller in homozygous LRH-1 knockout
(LRH-17") larvae compared with control siblings. Notably, LRH-17~ fish showed that an increased number of cells
stopped in G1 phase, while only a few cells were progressing in G2 phase, thus demonstrating that LRH-1
promotes G1 to S phase transition during cell proliferation. Specifically, LRH-1 induces the transcription of cyclin
E1l (CcnEl) and acts as co-activator of WNT/B-catenin pathway, to promote the expression of cyclin D (CcnD1),
thus regulating the critical G1-S phase transition. Furthermore, different genes that activate lipid metabolism were

highly expressed in endoderm organs, suggesting that phosphatidylcholine signaling may activate LRH-1 to
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modulate the gene expression profile and the growth of digestive organs during zebrafish embryonic development
[28),

Besides embryogenesis, LRH-1 also plays a pivotal role in the perpetual renewal of the intestinal epithelium,
consistently with its expression in the intestinal crypts 24, Given the lethality of homozygous LRH-1 knockout mice
(291 Botrugno et al. conducted a study in heterozygous LRH-1 knockout mice (LRH-1*"") demonstrating that LRH-1
regulates intestinal cell renewal by controlling cell proliferation synergistically with B-catenin pathway 9. Indeed,
LRH-1 promotes cell cycle progression through two major mechanism: in a DNA binding-independent manner, by
acting as a coactivator for B-catenin/Tcf4 to promote CcnD1 and c-Myc transcription, and in a DNA binding-
dependent manner, in which LRH-1 itself directly binds the DNA and sustains CcnE1 transcription 19, This dual
transcription factor and co-activator role of LRH-1 convergently contributes to induce G1 cyclins synthesis,
strengthening the LRH-1 involvement in cell cycle progression. More evidence highlighting the key importance of
LRH-1 expression in the crypt compartment in order to maintain the homeostasis of the intestinal epithelium have
been recently provided. Knocking out LRH-1 in the mouse intestine resulted in decreased Notch signaling, which,
in turn, lowers the stem cell marker LGR5 and triggers apoptosis in the crypt [ZZ. This indicates that LRH-1 may
play a role in epithelial cell differentiation in the intestine, behind ISC maintenance (Figure 2A). However, a detailed
investigation of the exacted mechanism of action of LRH-1 in intestinal stemness is still far to be accomplished, but

it would certainly shed a light into its contribution to physiological and pathological state.
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Figure 2. The multifaceted role of the Liver Receptor Homolog-1 (LRH-1) in the intestine. LRH-1 is nuclear
receptor that can be endogenously activated by phospholipids present in the bile. (A) In physiological condition,
LRH-1 is mainly expressed in the proliferative compartment of the intestine, where it drives the expression of genes
involved in cell renewal and proliferation by regulating the WNT and NOTCH pathways, thus supporting the proper
functions of stem cells. At the same time, LRH-1 can also regulate the intestinal glucocorticoids (GC) production,
providing an overall immunoregulatory action. These two complementary functions of LRH-1 guarantee the
intestinal homeostasis and counteract the onset of the inflammatory bowel disease (IBD). (B) The activation of
LRH-1 in overt condition of colorectal cancer (CRC) may be deleterious. Indeed, the expression of the LRH-1
target genes results in hyperproliferation of cancer cells and tumor immune invasion, which collectively sustain the
CRC progression (Abbreviations: ccnEl, cyclin E1; ccnD1, cyclin D1; Cyp11A1/B1, cytochrome P450 family 11
subfamily A/B member 1).
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