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Abstract

RSPO3, as a member of the R-spondin gene family, is a secreted
molecule that enhances one of the fundamental biological pathways, the
canonical Wnt signaling pathway. Once secreted from endothelial cells
or macrophages, it typically binds to specific receptors from the LGR
family. Additionally, LGR-independent activation of the Wnt cascade,
driven by RSPOs, has also been described, mediated by heparan sulfate
proteoglycans (HSPGs). LGR4 (GPR48) belongs to the G-protein-
coupled receptor superfamily, subfamily B. It is widely recognized as
an RSPO3-binding receptor and, thereafter, a Wnt signaling potentiator.
Expression patterns of both RSPO3 and LGR4 have been found across
various tissues. RSPO3 regulates stem cell maintenance in the intestine, in
addition to its function in liver endothelial cells in terms of liver zonation
or osteoblast differentiation. LGR4 has shown expression in hypothalamic
neurons, regulating reproductive hormone secretion and control of food
intake. Various studies reported the contribution of both RSPO3 and
LGR4 to inflammatory cascades. Specifically, the RSPO3-LGR4 ligand-
receptor interaction was shown to activate the NLRP3 inflammasome
and P-catenin-NF-kB signaling cascade. Endothelial-derived RSPO3
exerts regenerative potential via the RSPO3-LGR4-ILK-AKT pathway,
as presented in vitro model of inflammatory vascular injury. As a reaction
to H.pylori infection, NF-kB was produced in response to RSPO3-LGR4
interaction. In order to get better insight into the signaling cascade
between RSPO3 as a ligand and LGR4 as a receptor, in the context of
inflammation, in silico analysis was performed. Gene input list included
core Wnt pathway proteins, their downstream molecules, and various
inflammatory mediators and cytokines related to RSPO3 and LGR4, as Affiliation:
described in the literature. Network analysis included protein-protein, 'Department of Translational Research, Western
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homology have been identified in four members of the
R-spondin family (RSPO1-RSPO4). R-spondin3 (RSPO3)
was identified in 2002 as the first member of the R-spondin
gene family [2]. It was initially referred to as PWTSR,
recognized for encoding a novel human protein containing
a thrombospondin type 1 repeat (TSR) domain [2]. Four
domains have been identified in R-spondins: cysteine-rich
furin-like (FU1, FU2) domains, a putative signal peptide
domain, a thrombospondin (TSP) type I repeat domain, and
a basic amino acid-rich (BR) domain [3]. The FU1, FU2, and
TSP/BR domains of RSPO proteins facilitate their interaction
with several key molecules, including the E3 ubiquitin ligases
ZNRF3 and RNF43, the leucine-rich repeat-containing G
protein-coupled receptors (LGR4 to LGR6), and heparan
sulfate proteoglycans (HSPGs) [4]. Activation of canonical
Wnt signaling, one of the crucial pathways for cell growth
and tissue development, has been shown to be enhanced by
the FU domain. It has been shown that R-spondins mediate
Wnt-signaling via Leucine-rich repeat G-protein-coupled
receptors (LGR receptors). Herein, it is worth mentioning that
Wnt potentiation by R-spondins is possible without LGRs, in
the presence of and mediated by HSPGs [5]. Taking all the
above-mentioned into account, R-spondins play a pivotal role
as important regulators of tissue homeostasis [6].

From a physiological perspective, RSPO3 is involved in
regulating the cardiovascular system, liver and gut function,
as well as skeletal muscles and bone homeostasis [7-10].
In fact, it is the key regulator of cardiac development and
vascular stability [11]. Furthermore, R-spondin3 effects in
the heart are mainly mediated through Lgr4 receptor [12].
Additionally, recent research in mice suggests that secretory
protein RSPO3 activates the Wnt signaling pathway, thereby
contributing to the restoration of stem cell function and
the regeneration of colon epithelial tissue [13]. Selective
expression of RSPO3 was found in the endothelial cells of
the liver’s central vein, playing a crucial role in preserving
the metabolic zonation of the liver [14]. Recent mechanistic
studies suggest that RSPO3 positively influences osteoblast
proliferation and differentiation, promoting these processes
more effectively [15,16]. Furthermore, studies in mouse
models have confirmed that excessive RSPO3 activity can
directly promote tumor formation in the intestinal epithelium,
suggesting its oncogenic potential [17].

Leucine-rich repeat (LRR)-containing G-protein-coupled
receptor 4 (LGR4) or G-protein- coupled receptor 48 (GPR4S)
belongs to the GPCR superfamily, subfamily B [18]. In
addition to LGR4, there are two other members of GPCR
subfamily B: LGR5 and LGR6. All three members share
significant sequence homology: 46% between LGR4 and
LGRS5 and 44% between LGR4 and LGR6 [19]. The common
expression of LGR4 has been found in various human tissues,
including the ovary, kidney, heart, gastroesophagus, and

pancreas [20]. LGR4 is well known as an intestinal crypt stem
cell marker. In addition to high LGR4 expression in Paneth
cells, it has been shown that Paneth cells differentiation
depends on sufficient LGR4 expression [21,22].

LGR4 also regulates the development of the eye and
reproductive system as a response to its interaction with
RSPOs and subsequent activation of Wnt signaling [23].
Herein, it is worth mentioning that LGR4 is known as Wnt
signaling facilitator, since it enhances Wnt signaling cascade
by interacting with specific ligands (R-spondins). This type
of interaction between R-spondins and LGRs' extracellular
domain was described for the first time in 2011, reporting
LGR4 and LGRS as receptor molecules [24,25]. In the context
of canonical Wnt signaling, LGR4 has been identified as a
key contributor to skeletal system development, regulating
osteogenesis during both the embryonic and postnatal period
[26]. Another study showed the role of LGR4 in puberty
regulation by controlling the function of hypothalamic
gonadotropin-releasing hormone (GnRH) neurons, essential
for the regulation of pituitary-derived reproductive hormones
[27]. Some other functions of the hypothalamus have also
been shown to be regulated by LGR4, as well [28]. Namely,
RSPO3 expression has been identified in the hypothalamic
neurons that control food intake [29]. Therefore, it has been
reported that intracerebroventricular application of RSPO3
leads to inhibition of food intake, as a result of binding to
LGR4 [25]. Furthermore, LGR4 overexpression has been
associated with poor patient outcomes in breast and ovarian
cancers [30,31].

Despite the various above-mentioned biological
functions that RSPO3 and LGR4 contribute to, their role
in inflammation and oncogenesis has been reported across
various tissues (stomach, intestine, lungs, heart, blood
vessels). It is of great importance, if we consider the fact that
inflammation is a hallmark of some chronic diseases such as
cancer, cardiovascular diseases, diabetes, gastrointestinal,
respiratory or neurological disorders [32,34]. Modulation of
RSPO3 and LGR4 expression in inflammatory conditions
might be beneficial for the control of disease progression.
General reaction to pro-inflammatory stimuli includes
cellular cytokine receptors activation (IL1, toll like receptors-
TLR, IL6) leading to further stimulation of kinases [35,36].
Nevertheless, cellular mechanisms of RSPO3 and LGR4
signaling in response to inflammation are yet to be elucidated.

Considering the diverse roles of RSPO3 and LGR4 in
embryonic tissue development and stem cell regulation
under physiological conditions, this article aims to explore
the RSPO3-LGR4 interaction in both physiological and
pathological contexts, particularly inflammation. Despite all
the above-mentioned, the molecular interactions of RSPO3—
LGR4 signaling in the context of inflammation remain
incompletely understood. Therefore, we performed network
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analysis to identify potential mediators (transcription factors,
miRNAs) involved in the regulation of this signaling axis in
more detail.

R-SPONDIN 3 Signaling and Regulation

The upstream regulators of RSPO3 vary by tissue and
biological context (tissue development, inflammation,
cancer). RSPO3 is regulated transcriptionally and post-
transcriptionally, mechanically, and epigenetically by a range
of signaling pathways. Some key upstream and downstream
regulators of RSPO3 identified in different biological systems
are mentioned in the following text.

Upstream regulation of RSPO3 expression

In the context of cardiac tissue development, transcription
factor Nkx2-5 (NK2 Homeobox 5) has been shown to modulate
Wht signaling by regulating RSPO3 expression [11]. Nkx2-5
is a cardiac-specific transcription factor identified as essential
for the specification and proliferation of cardiac cells [37].
By upregulating RSPO3, it participates in ongoing cardiac
growth during tissue development. Transcriptional activation
of RSPO3 by FOXCI1 (Forkhead box protein C1) and FOXC2
(Forkhead box protein C2) has been shown in lymphatic
endothelial cells located in pericryptal lymphatic vessels,
regulating lymphangiogenesis [38]. Recently, RSPO3 has
been reported as a contraction-inducible factor acting as a
paracrine myokine supporting myogenesis, as shown in an
in vitro exercise model [9]. According to this study, RSPO3
was upregulated in response to muscle contractile activity.
Inflammation contributes to RSPO3 expression as well, since
RSPO3 was found to be upregulated following Helicobacter
Pylori infection, promoting gastric stem cells proliferation and
hyperplasia [39]. Furthermore, genetic alterations, such as the
PTPRK-RSPO3 gene fusion, can result in elevated RSPO3
expression, contributing to colorectal tumorigenesis [40].
Epigenetic modifications also regulate RSPO3 oncogenic
expression. In fact, targeted promoter DNA demethylation
leading to RSPO3 upregulation has been shown to suppress
cholangiocarcinoma progression [41]. Endocrine control
of RSPO3 expression has been described as well. Namely,
treatment with estradiol (E2) in an experimental model of
ovariectomized mice showed increased bone expression of
RSPO3 [42].

Downstream regulation of RSPO3 expression

Downstream regulation of RSPO3 expression primarily
involves activation of Wnt/B-catenin signaling. In addition to
this pivotal role, RSPO3 regulates other pathways depending
on the tissue-specific functions.

As previously mentioned, Wnt/B-catenin pathway is
essential for tissue development and regeneration. Since
the beginning of Wnt signaling research in 1982, when the
first member of the Wnt family was identified, research in

this field has significantly risen [43]. Therefore, it has been
already reported that Wnt/B-catenin pathway participates
in different pathophysiological mechanisms, including
both non-cancer (atherosclerosis, bone pathology, wound
healing, hair loss, neurodegeneration) and cancer diseases
(colorectal, hepatocellular and breast cancer) [44-48]. Wnt
signaling pathway typically includes canonical (B-catenin
dependent) and non-canonical (B-catenin independent) signal
transduction [49].

The canonical pathway is activated by specific Wnt
ligands, including Wnt2, Wnt3, Wnt3a, and Wnt8a. Initially,
Wnt binds to two types of membrane receptors called
Frizzled (Fzd) receptor and LDL-receptor-related proteins
5 and 6 (LRP5 and LRP6) [50]. Subsequently, Wnt-Fzd-
LRP5/6 complex-mediated recruitment of scaffolding
protein Dishevelled (DVL) and Axin will lead to inhibition
of B-catenin phosphorylation and its stabilization [51]. The
hallmark of the canonical Wnt pathway is translocation
of B-catenin from the cytoplasm to the nucleus, where it
enables T-cell factor/lymphoid enhancer factor (TCF/LEF)
transcription factors, leading to specific target gene expression
[52]. Counterpart, in the absence of Wnt, B-catenin undergoes
sequential phosphorylation, marking it for recognition by the
SCFB-TRCP ubiquitin ligase complex, which facilitates its
ubiquitination and subsequent degradation by the proteasome
[53,54]. Phosphorylation of B-catenin takes place within
a multiprotein destruction complex composed of key
components such as Axin, GSK3p (Glycogen synthase
kinase-3 beta), the tumor suppressor APC (adenomatous
polyposis coli), and CKI (casein kinase I), which is
recruited to the complex by Diversin. Axin and APC serve
as scaffolding proteins that bring B-catenin into proximity
with GSK3p, facilitating its phosphorylation. Additionally,
GSK3p can phosphorylate Axin and APC themselves. This
phosphorylation process ensures that cytoplasmic B-catenin
levels remain low, thereby preventing its translocation
to the nucleus and subsequent interaction with TCF/LEF
transcription factors. In the absence of Wnt signaling, TCF/
LEF proteins in the nucleus are bound by a family of co-
repressors known as Groucho (Grg) proteins, which maintain
repression of Wnt target gene transcription [55,56]. The
Wnt/B-catenin-independent signaling was shown to mediate
the effects of RSPO3 on the proliferation of limbal epithelial
stem cells (LESCs) [57]. Furthermore, RSPO3 was shown to
be an antagonist to bone morphogenetic protein receptor 1A
(BMPRI1A) in an early embryonic development model [58].

Herein, it is worth mentioning that the non-canonical Wnt
pathway typically includes two signaling cascades: Wnt/
Ca?" pathway and the PCP (Planar Cell Polarity) pathway [59].
Elevated intracellular concentration of Ca®* following Wnt/
Ca?" activation, leads to calcineurin activation. Calcineurin,
as a phosphatase, dephosphorylates the transcription factor
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nuclear factor of activated T cells (NFAT) [60]. In this
context, it has been shown that RSPO3 controls vascular
stability through Non-canonical WNT/Ca?"/NFAT signaling
pathway in endothelial cells [61].

RSPO-LGR signaling and downstream pathways
regulation

It is of great importance to emphasize interaction between
R-spondins and LGRs, as the RSPO-LGR axis represents a
key ligand-receptor system involved in the regulation of the
Wnt signaling pathway.

RSPO3 acts as a potent enhancer of Wnt/B-catenin
signaling by binding to LGR4, LGRS, or LGR6 receptors.
Meaning, it does not activate the Wnt signaling cascade
directly. The interaction of RSPO3 with LGR receptors
leads to the inhibition of the E3 ubiquitin ligases zinc and
ring finger 3 (ZNRF3) and ring finger 43 (RNF43), which
normally promote the degradation of Frizzled and LRP5/6
receptors, ultimately resulting in the stabilization of these
receptors. When stable, they can further increase cellular
sensitivity to Wnt ligands, leading to activation of the cascade
and cellular accumulation of B-catenin [62-64] (Figure 1).

In addition, it has been shown that RSPO3 regulates
canonical Wnt signaling in bones by two distinct pathways,
including LGR/RNF43/ZNRF3 and LGR/extracellular
signal-regulated kinase 1 (Erk) axes. According to this study,
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RSPO3 stimulation of the LGR/RNF43/ZNRF3 cascade leads
to B-catenin stabilization and activation of Wnt signaling. On
the other hand, it was proposed that stabilization of B-catenin
was prevented mediated by RSPO3/LGR/Erk axis through
impaired Erk signaling, suggesting a role of RSPO3/Erk/Wnt
pathway in regulation of bone homeostasis [10]. Another
in vitro study on human adipose stem cells suggests that
activation of Erk signaling upon RSPO3 silencing is mediated
by LGR4 via the Erk/fibroblast growth factor (FGF) axis [65].

The intracellular scaffold protein 1Q motif-containing
GTPase-activating protein 1 (IQGAPI) is identified as a
scaffolding protein, meaning it mediates interactions between
molecules and signaling pathways, linking them together,
and therefore regulates various cellular processes like cell
adhesion, migration, actin cytoskeleton organization, or cell
cycling [66]. IQGAP! has been found to mediate RSPO-
LGR4 interaction with the Wnt pathway, as well. Namely,
upon RSPO stimulation, LGR4 interacts with IQGAPI
leading to IQGAPI1-DVL association. Therefore, the RSPO-
LGR4-IQGAP1 axis was shown to enhance both B-catenin-
dependent (phosphorylation of LRP5/6 via MEK1/2 (MAP/
ERK kinasel/2) and B-catenin-independent pathways (actin
filament regulation) [67]. RSPO3-LGR4 interaction has
been found to exert neuroprotective effects, as shown in
the ischemia-reperfusion in vitro model. According to this
study, Erk was reported as the downstream effector kinase
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Figure 1: RSPO3 binds to LGR4 and potentiates Wnt/B-catenin signaling through Frizzled receptors. RSPO3-LGR4 binding promotes ZNRF3/
RNF43 autoubiquitination and membrane clearance. Once the ligases are removed from the membrane, more Wnt ligands become available
to Frizzled receptors, which enhance the signaling pathway of B-catenin production. LRP5/6 (low-density lipoprotein receptor-related protein
5/6); GSK3p (Glycogen synthase kinase-3 beta); APC (adenomatous polyposis coli); CKI (casein kinase I); TCF/LEF (T-cell factor/lymphoid
enhancer factor); ZNRF3 (zinc and ring finger 3); RNF43 (ring finger 43).
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in the LGR4-G protein subunit alpha i1/3 (Gail/3)-GRB2-
associated binding protein 1 (Gabl)-Erk (LGR4-Gail/3-
Gabl1-Erk) axis, activated by RSPO3 [68].

Downstream LGR4

Expression

Regulation of

It has been demonstrated that LGR4 regulates cellular
processes beyond the Wnt signaling pathway, as well. In the
context of bone formation, LGR4 regulates osteoblast function
through a cascade of cyclic adenosine monophosphate
(cAMP)-protein kinase A (PKA)-cAMP response element-
binding protein (CREB), subsequently leading to control
of Activating Transcription Factor 4 (Atf4) and its target
proteins (collagen) and genes that controls formation of non-
collagenous proteins of the bone matrix such as osteocalcin
(OCN) and bone sialoprotein (BSP) [26]. Osteoclastogenesis
is inhibited by the binding of Ligand of receptor-activator
of NFkB (RANKL) to LGR4. RANKL is one of the few
ligands found to bind to LGR4, likewise RSPOs, Norrin, or
Nidogen-2 (Zhang, 2023). After binding to LGR4, RANKL
stabilizes Glycogen Synthase Kinase 3 Beta (GSK3p),
leading to its activation, and subsequently phosphorylation of
Nuclear Factor of Activated T-Cells (NFATC), which, once
phosphorylated, does not enter the nucleus, thus inhibiting
osteoclastogenesis [29].

RSPO3 and LGR4 Signaling
Inflammation

related to

Although existing literature supports the involvement
of RSPO3 and LGR4 in inflammation across various
tissues, the precise underlying mechanisms remain to be
fully elucidated. There is a growing body of evidence
indicating the role of RSPO3 in inflammatory processes,
which exhibits both proinflammatory and anti-inflammatory
actions [70,71], Similarly, LGR4 signaling was shown to
regulate inflammation positively and negatively (72, 73).
We are particularly interested in reviewing literature from
various experimental models that explore the RSPO3-LGR4
interaction in the context of inflammation (Table 1).

Macrophage modulation

As previously mentioned, the LGR4-Gail/3-Gabl-Erk
cascade was shown to be activated by RSPO3 [68]. One of
the signaling molecules in this pathway, Gail/3, was shown
to participate in inflammation in a few aspects. Namely, it
was shown that Gail/3 regulates macrophage polarization,
which was associated with increased NF-kB production [74].
Furthermore, Gail/3 mediates LPS-induced TLR4 activation,
as well as TLR4 endocytosis in macrophages, at the endosome
level. Therefore, the LPS-induced cascade was proposed
to be mediated by Gail/3-Gabl interaction [74]. Based on
these considerations, the question arises is this inflammatory
pathway, speaking in favor of M1 type macrophages (Gail/3-

Gabl), at least in part mediated by RSPO3 and LGR4, since
it has been shown that Gail/3 was found in their (RSPO3-
LGR4) downstream cascade. LGR4 is already known as a
regulator of macrophage-related immunological processes. In
the experimental model of myocardial infarction, it has been
shown that LGR4 potentiates inflammatory modulation of
infarct macrophages through AP (activator protein)-1-CREB
pathway activation [73]. Targeting LGR4 macrophages might
be suitable for early therapeutic interventions to attenuate
myocardial injury and enhance wound healing following
acute myocardial infarction.

Respiratory system - lungs

An in vitro study on non-small cell lung cancer
(NSCLC) cells demonstrated that RSPO3 overexpression
enhances radiosensitivity by inducing pyroptosis. This
form of programmed cell death was mediated through
activation of the NLRP3 inflammasome and the B-catenin/
NF-«kB signaling cascade [75]. Once activated, NLRP3
inflammasome stimulates secretion of IL-18 and IL-18 [76].
RSPO3-driven anti-inflammatory action was shown in the
lungs, as well. Namely, RSPO3 was found to be secreted from
the lung endothelial cells in response to the inflammatory
injury and thereafter activates the Wnt-f-catenin pathway
in interstitial macrophages. Once this cascade is activated, it
further stimulates the production of a-ketoglutarate, which
serves as a cofactor for ten-eleven translocation 2 (TET2),
leading to DNA hydroxymethylation [70]. Based on these
findings, the authors proposed metabolic-epigenetic events
as the mechanism of RSPO3 anti-inflammatory actions.
Furthermore, it has been shown that RSPO3 secreted from the
lung endothelial cells exerts regenerative potential mediated
by its binding to LGR4 receptor, leading to subsequent
activation of fB-catenin and integrin-linked kinase (ILK)/
serine/threonine protein kinase Akt (AKT) downstream
cascade [71].

Gastrointestinal system- stomach and large intestine

Contributing further to the oncogenic potential of the
RSPO3, it was suggested that RSPO3-LGR4 interaction
mediates events upon Helicobacter pylori (H. pylori) infection,
which is known to be a major risk factor for the development of
gastric cancer [77,78]. Moreover, it was reported that RSPO3
increases LGR5/AXIN2* gastric stem cells proliferation and
expansion, suggesting that this action is mediated by LGR4
[79]. Furthermore, stromal RSPO3 overexpression has been
shown in H. pylori infection, leading to the proliferation of
AXIN2* stem cells [79]. Another experimental study in mice
showed enhanced oxyntic glandular proliferation following
H. pylori infection, as part of long-term regeneration induced
by RSPO3. Premalignant metaplastic changes followed this
glandular proliferation, which was a response to chronic
H. Pylori infection. According to this study, RSPO3
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drives adaptive responses to chronic infection in the form
of glandular hyperplasia through the RSPO3-YAP (yes-
associated protein) cascade. Transcriptome data from this
research protocol suggest that mTOR signaling and 1L-33
contribute to the YAP response to chronic H. Pylori infection
[80]. In line with these results, another study in mice reported
YAP as a mediator of epithelial regenerative capacity after
DSS-induced colitis [81]. Furthermore, gastric stem cells’
proliferation in response to H. Pylori infection was driven by
LGR4-NF-kB interaction activated by RSPO3. In addition,
results from this study showed that LGR4 regulates the LGRS
expression pattern, and that both receptors are needed for
H. pylori-related inflammation and glandular proliferation
induced by RSPO3, indicating LGRS itself is not sufficient for
these processes [82]. Apart from its LGR4-mediated effects,
RSPO3 has been shown to activate LGRS" gastric stem
cells to undergo proliferation and secretion of intelectin-1,
providing evidence of its antimicrobial action [83]. Despite
new insights into the RSPO3-LGR4 interaction related to H.
pylori infection, more studies are needed to further investigate
their interplay in more detail.

RSPO3 showed beneficial effects on necrotizing
enterocolitis (NEC) mediated by the downstream regulation
of adenosine 5°-monophosphate-activated protein kinase o
(AMPKa). This study also revealed that amniotic fluid stem
cells (AFSCs) exert protective effects on NEC progression
through activation of the RSPO3/AMPKa signaling axis,
indicating AFSCs application for NEC therapy in the clinical
setting [84].

LGR4 is well known for its important role in maintaining
intestinal stem cells' function in both physiological and
pathological conditions. For example, it has been found that
LGR4 exerts protective effects from DSS-induced colitis in
the mouse experimental model. This study reported improved
experimental colitis in LGR4 mutant mice through inhibition
of glycogen synthase kinase 3 beta (GSK-3p), indicating an
important role of LGR4 in inflammatory bowel disease (IBD)
recovery [72]. In the context of intestinal inflammation, it is
worth mentioning that during the active phase of inflammation,
interferon-gamma (INF-y) is secreted and further, through
phosphoinositide  3- kinase (PI3K)/AKT signaling,
activates P-catenin, promoting epithelial proliferation [85].
Additionally, it was reported that PI3K-AKT signaling, in
addition to Wnt pathway, promotes B-catenin production
during intestinal inflammation, promoting progenitor cell
activation and progression from chronic colitis to colitis-
associated cancer [86]. Findings from this study suggest PI3K,
AKT, and B-catenin as biomarkers of dysplasia onset in the
colon epithelium. Having in mind PI3K and AKT activation
in intestinal inflammation, the question arises whether this
cascade is activated in inflammatory conditions, at least in
part by RSPO3-LGR4 interaction.

Vascular system- endothelial cells

Endothelial cell dysfunction in chronic inflammatory
processes is one of the pathoanatomic substrates for increased
vascular permeability. One in vitro study on human primary
vascular endothelial cells showed that RSPO3, in synergy
with pro-inflammatory mediator IL-1, disrupts the endothelial
barrier integrity [87]. Whether RSPO3 cooperates with IL-1
in contributing to endothelial dysfunction under chronic
inflammatory conditions remains elusive. Arterial occlusion
was performed in mice to develop an ischemic brain model
in a study conducted by Shimamura et al. [88]. Results of this
study showed RSPO3 and LGR4 expressions in microglia,
neural cells, and endothelial cells. Furthermore, the RSPO3-
LGR4 interaction has been found to decrease TLR4, TLR3,
and TLR9-induced inflammatory response by reducing
the expression of related cytokines [88]. Considering the
results of these experiments, enhancing the RSPO3-LGR4
signaling might find clinical application in the treatment of
ischemic stroke. Namely, by modulating the production of
inflammatory cytokines via the RSPO3-LGR4 signaling
axis, protective effects on neuronal cells might be anticipated.

Network Analysis of RSPO3-LGR4 Signaling
related to Inflammation

According to all the above-mentioned, it can be said that
RSPO3-LGR4 interactions related to inflammatory processes
are at certain points identified but not completely clarified.
In order to get better insight into RSPO3-LGR4 interactions
regarding this matter, we performed network analysis using
Network analyst (www.networkanalyst.ca). To analyse
interactions of RSPO3 and LGR4 with other proteins, we used
a tool called Protein-protein interactions (PPI). A gene input
list was created based on a literature review of molecules
identified to participate in RSPO3 and LGR4 signaling as
upstream or downstream regulators, inflammatory mediators,
or linking molecules. Gene input list included core Wnt
pathway proteins (RSPO3, LGR4, ZNRF3, RNF43, WNT2,
WNT3A, FZD, LRP5, LRP6); coresponding downstream
molecules (CTNNBI1 (B-catenin), AXIN2, MAPK, ERK,
GABJ1); interconecting molecule (IQGAP1); inflammatory
mediators related to RSPO3 and LGR4 signalization (NF-
kB, IL-1pB, IL1, NLRP3, TLR4, CREB, IL33, PI3K) as well
as downstream cytokines (Caspase-1, IL18, TNF-a, IL2,
IL6, IL8). Since LGR4 modulates macrophage function
in inflammation, macrophage markers were also included
in the gene input list (CD68, CD80, CD86, CDI163,
Arginase-1). What first came to our knowledge from the
network analysis using IMEx interactome is that there were
no direct interactions between RSPO3 and LGR4 (Figure 2).
Furthermore, the RSPO3 gene wasn’t present in this setting.
LGR4 showed direct interactions with UBC and ZNRF3.
In addition, UBC showed a high level of interaction with
other molecules, related to the inflammatory cascade, such
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Table 1: Tissue and Cell-based overview of RSPO3 and LGR4 signaling in inflammation.

Tissuel/cell type Regulatory pathway Key features/effects Study type Reference
Macrophages AP1-CREB activation LGR4 potentiates llnflammatory Expenme.ntall modgl of 73]
modulation myocardial infarction
Activation of NLRP3 and . . In vitro model of lung cancer
B-catenin-NF-kB RSPO3-mediated pyroptosis cells [75]
Lunds Activation of the Wnt-B-catenin Anti-inflammatory action of In vitro model on the lung [70]
g pathway endothelial-derived RSPO3 interstitial macrophages
RSPO3-LGRA-ILK-AKT Regenerative potentlal of endothelial- | In vitro model of !nflammatory [71]
derived RSPO3 vascular injury
RSPO3-YAP cascade . .
s ) . Response to chronic H. pylori . L
activation; mTOR signaling and infection in the form of alandular Experimental study in mice; [80]
IL-33 contribute to the YAP . ¢ Transcriptome data
hyperplasia
response
RSPO3-LGR4-NF-kB Response tq H. pylori |nf’ect|o‘n in the Conditional knockout mice 82]
form of gastric stem cells’ proliferation model
Stomach/Intestine RSPO3/AMPKa RSPO3 l_)e_neﬁmal effec_t§ on In vitro cell model induced by [84]
necrotizing enterocolitis LPS
Inhibition of glycogen synthase LGR4 beneficial effects on Mouse experimental model of [72]
kinase 3 beta (GSK-3pB) inflammatory bowel disease (IBD) DSS-induced colitis
Promoting progenitor cell activation Mouse experimental model of
PI3K-AKT and progression from chronic colitis P o [86]
o . colitis
to colitis-associated cancer
RSPO3 in synergy with pro- Disruption of the endothelial barrier | In vitro study on human primary [87]
. inflammatory mediator IL-1 integrity vascular endothelial cells
Endothelial cells D fTLR4 TLR3. and TLR9
RSPO3-LGR4 ecrease o ' - an " | Ischemic brain model in mice [88]
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Figure 2: IMEx interactome network analysis for the-RSPO3-
LGR4 protein-protein interactions (PPI). Rose circles (input
proteins), green circles (output proteins).

as CD86, IL18, CASP1, TLR4, and ARGI, suggesting its
role in the inflammation and making it a candidate for further
transcription factor (TF)-gene interaction analysis.

Transcription Factors in the Regulation of
RSPO3 and LGR4 Interactions

Network analysis using the Gene-Regulatory Networks

induced inflammatory response

(GRN) tool revealed interactions between genes included
in RSPO3-LGR4 pathways in the context of inflammation
and output TF, using the JASPAR database (Figure 3). Gene
input list included the same genes as used for PP, in addition
to UBC (RSPO3, LGR4, ZNRF3, RNF43, WNT2, WNT3A,
FZD, LRP5, LRP6, CTNNBI (B-catenin), AXIN2, MAPK,
ERK, GABI, IQGAPI1, NF-kB, IL-1pB, IL1, NLRP3, TLR4,
CREB, IL33, PI3K, Caspase-1, IL18, TNF-a, IL2, IL6, ILS,
CD68, CD80, CD86, CD163, Arginase-1, UBC).

Predictions presented by TF-gene regulatory network
indicate that RSPO3 regulation includes the following TF:
E2F1, PAX2, HOXAS, RELA, and HINFP by regulating the
following gene expression: GAB1, LRP6, CD86, WNT2,
CD80, and CD86 with a betweenness of 46.1; 1.15; 23.85;
2.39 and 100.99, respectively. Distant from RSPO3 node,
LGR4 interaction was presented in the network. Furthermore,
LGR4 was found to communicate to CD68, WNT3A, CD86,
AXIN2 and GABI, regulated by the following TF: CREBI,
TFAP2A, IRF2 and SRF with a betweenness values of 37.39;
61.84; 9.61 and 87.06. The highest betweenness value of
487.42 was shown for FOXC1, indicating its strong influence
in the regulatory network. FOXC1 was predicted to interact
with RSPO3 via CD80 and WNT2, transcriptionally regulated
by STAT! (betweenness 12.96) and PAX2 (betweenness
1.15). FOXCI1 interaction with LGR4 was predicted as well,
through the cascade of genes (LRP5, AXIN2, IQGAPI,
WNT3A) regulated by TF as follows: USF2, KLF5, ARID3A,
TFAP2A.
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Figure 3: Transcription factor-gene interactions based on RSOP3-
LGR4 signaling in inflammation using the JASPAR database. Purple
circles (input genes); green squares (output transcription factors).

In addition, RSPO3-LGR4 interaction was predicted to
be mediated by the following genes in the network: ZNRF3,
AXIN2, IQGAP1, WNT3A, and regulated by TF such as
E2F1, MAX, USF1, KLF5, ARID3A, and TFAP2A, with
the betweenness as follows: 46.11; 3.42; 3.42; 3.91; 2.67 and
61.84, respectively. The highest betweenness in this cascade
belongs to TFAP2A, which was further predicted to directly
interact with inflammatory mediators such as Caspase 1
and IL33. RSPO3 and LGR4 were predicted to interact in a
cascade made of additional genes like CD80, TLR4, CASP1,
and CD68, regulated by HINFP, NRC31, PRDM1, HNF4A,
and CREBI, respectively.

According to the presented in silico model of RSPO3-
LGR4 inflammatory-related interactions, notable predictions
between input genes and output TF were identified and
proposed. What is still considered unknown in this context
is the nature of these interactions, in terms of upstream or
downstream regulation. In order to investigate it in more
detail, some of the in silico identified pathways should be
selected for further analysis and verification in an in vitro
model.

MicroRNAs in the Regulation of RSPO3 and
LGR4 Signaling

MicroRNAs (miRNAs) represent short, non-coding
RNAs that play an important role in gene expression at
the post-transcriptional level, after the transcription of the
gene to mRNA occurs [89]. They bind to the target mRNA,
resulting in either mRNA degradation or the prevention of
its translation to a protein [90]. A growing body of evidence
lists miRNA regulation of inflammatory cascades, indicating

their altered expression patterns mainly in immune cells [91].
Different stages of the inflammation process (initial phase,
progression, resolution) are regulated by miRNAs through
both positive and negative feedback loops [92]. In addition, it
has been reported that LGR4 signaling is partially regulated
by miRNAs.
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Figure 4: Network analysis for the microRNAs-gene interactions
using miRTarBase v9.0. Red circles (input genes), blue squares
(output microRNAs).
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Therefore, miR-193a-3p was shown to induce an
inflammatory response by targeting LGR4 and subsequent
production of IL-1B, IL-6, and TNF-o, as presented in
an experimental model of endometritis [93]. Another
experimental endometritis model also reports LGR4 as a
miRNA target. In this study, miR-34a was shown to be
upregulated by IL-1p, leading to LGR4 downregulation and
subsequent inflammation [94]. The miR-34 family also plays
a role in wound inflammation, primarily through the miR-
34-LGR4 axis. This interaction impairs the inflammatory
response of keratinocytes, ultimately resulting in delayed
wound closure and the persistence of chronic venous ulcers
[95]. Furthermore, LGR4 was shown to be the target of miR-
361-5p in a sepsis-induced cardiac impairment model [96].

To explore in more detail which miRNAs participate in the
regulation of RSPO3-LGR4 signaling related to inflammation,
we provided network analysis using the miRNA-gene
interaction database, miRTarBase v9.0 (Figure 4). Input gene
list included previously mentioned genes, which are part of
the core Wnt signaling pathway, its downstream effectors,
or inflammatory mediators. Based on the network analysis,
predicted interactions between CTNNBI and AXIN2 has
been suggested to be regulated by miRNAs-34 family (has-
mir-34a-5p; has-mir-34a-3p; has-mir-34b-5p; has-mir-34c-
3p). To communicate with CD86, CTNNB1 showed predicted
regulation by has-mir-200a-3p and has-mir-496. In the
context of LGR4 interactions, different miRNAs (has-mir-98-
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5b; has-let-7b-5p; has-mir-449-3p) were predicted to regulate
the LGR4 signaling including following genes (IL6; TLR4;
IQGAP1). Notable output from this analysis is the absence of
the RSPO3 node in the miRNAs-gene network. This finding
could be interpreted in line with the literature data, that most
of the miRNA regulations are referred to the LGR4 molecule.
These findings suggest a potential translational application
of specific microRNAs by targeting LGR4 to modulate the
RSPO3-LGR4 signaling pathway related to inflammation.
Taken all together, miRNA knockdown or other modulation
may represent a promising therapeutic strategy for the
treatment of inflammatory conditions.

Conclusion

According to the RSPO3 and LGR4 signaling pathways
reported in the literature, they participate in numerous
physiological processes of tissue development, as well as in
pathophysiological mechanisms of disease and oncogenesis
in various organs. Significant expressions of RSPO3 and
LGR4 have been observed in the gastrointestinal tract,
bones, or endothelial cells of the brain and lungs. RSPO3
and LGR4 interactions in inflammation, as documented in
various experimental models, were taken into consideration
during the planning of our in silico analysis. The network
analysis aimed to explain in more detail the mechanisms of
regulation of RSPO3-LGR4 signaling, taking into account
other constituents of the Wnt cascade as well as related
inflammatory mediators. The results of this in silico analysis
revealed some new regulatory mechanisms in terms of TF
and miRNAs in relation to RSPO3 and LGR4 cascade in
inflammation. It is of special importance to emphasize that
some of the regulatory molecules are potential targets for
therapeutic interventions in order to establish better control
over inflammatory processes. Extracellular domain of LGR4
is one of them. Nevertheless, further experimental studies
are needed to examine predicted interactions revealed in the
network analysis. For better insight, a tissue/cell-specific
approach is preferable.
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