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KEYWORDS Abstract R-spondins are secretory proteins localized in the endoplasmic reticulum and Golgi
CRC; bodies and are processed through the secretory pathway. Among the R-spondin family, RSPO2
Gene fusion; has emanated as a novel regulator of Wnt signaling, which has now been acknowledged in
R-Spondins; numerous in vitro and in vivo studies. Cancer is an abnormal growth of cells that proliferates
RSPO2; and spreads uncontrollably due to the accumulation of genetic and epigenetic factors that
Therapeutics; constitutively activate Wnt signaling in various types of cancer. Colorectal cancer (CRC) begins
Wnt signaling when cells in the colon and rectum follow an indefinite pattern of division due to aberrant Wnt

activation as one of the key hallmarks. Decades-long progress in research on R-spondins has
demonstrated their oncogenic function in distinct cancer types, particularly CRC. As a critical
regulator of the Wnt pathway, it modulates several phenotypes of cells, such as cell prolifer-
ation, invasion, migration, and cancer stem cell properties. Recently, RSPO mutations, gene
rearrangements, fusions, copy number alterations, and altered gene expression have also been
identified in a variety of cancers, including CRC. In this review, we addressed the recent up-
dates regarding the recurrently altered R-spondins with special emphasis on the RSPO2 gene
and its involvement in potentiating Wnt signaling in CRC. In addition to the compelling physi-
ological and biological roles in cellular fate and regulation, we propose that RSPO2 would be
valuable as a potential biomarker for prognostic, diagnostic, and therapeutic use in CRC.
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Introduction

Cancer is generally a heterogenous disease that causes
abnormal and uncontrollable cell growth that can invade
and spread to other body organs or parts. In 2020,
approximately 9,958,133 deaths were attributed to cancer,
making it the second most prominent cause of fatalities
worldwide. According to WHO reports, the most prevalent
cancers in men are lung, colorectal, prostate, liver, and
stomach cancers, while, in women, the most common
cancers are breast, colorectal, cervix, thyroid, and lung
cancers. Cancer mainly develops when normal cells trans-
form into tumor cells via a multi-step process, typically
starting with a precancerous lesion and ultimately leading
to a malignant tumor. Identifying and understanding such
changes in the cancer genome have become crucial for
developing targeted therapeutic approaches.’

Colorectal cancer (CRC) is a heterogeneous and acute
health problem worldwide. There were 1,931,590 (10%)
new cases in 2020,” making it the third-leading cancer and
the second-leading cause of cancer death in the Western
world.? In India, CRC ranks third in men, while it is the fifth
most diagnosed cancer in females.? Several risk factors
have been associated with CRC progression, which can be
broadly categorized into genetic, epigenetic, lifestyle-
related, and environmental factors. Prior research has un-
covered some active signal transduction pathways, such as
Wnt/B-catenin, receptor tyrosine kinase (RTK), and trans-
forming growth factor-p (TGF-B) in CRC progression.” In
addition, alterations such as mutations, chromosomal
structural variants, microsatellite instability, gene fusions,
altered gene expression, and epigenetic inactivation in
cancer hallmark genes have been implicated in CRC
development.® In the case of CRC, earlier studies have
identified alterations in genes such as KRAS, NRAS, c-Myc,
APC, TP53, CTNNB1, PIK3CA, and mismatch repair (MMR)
genes with significant frequency in the number of CRC
cases.®’ In recent years, researchers have also identified
several new genes that serve as a potential therapeutic
target (e.g., LGR4-6, RNF43, ZNRF3, RSPO2, ANO5, SLITRK1,
NRXN1, and ANK2) and are linked to the CRC develop-
ment.®° Three prominent molecular pathways commonly
implicated in CRC are the chromosomal instability pathway
(CIN), the microsatellite instability pathway (MSI), and the
CpG island methylator phenotype pathway (CIMP). In the
case of the CIN pathway, chromosomal instability mainly
occurs due to abnormal segregation of chromosomes along
with aneuploidy, telomere dysfunction, and irregularity in
the DNA damage repair system, which affects genes like
APC, KRAS, PI3K, and TP53.° CIMP pathway involves
hypermethylation of CpG islands in promoter regions
resulting in transcriptional silencing of regulatory genes
such as APC, MLH1, MCC, and many others, leading to their
function inactivation.'" MSI pathway primarily involves ab-
erration of DNA mismatch repair system (MMR) either due to
hypermethylation in promoter CpG region of MLH1 gene or
inactivation of other MMR genes. Irregularity in the MMR
system results in the aggregation of unstable micro-
satellites, thereby progressing CRC development.'?

Molecular mechanisms of most genes have been identi-
fied; however, it largely remains obscure for a few

candidate genes. Moreover, early-stage diagnosis, absence
of specific reliable biomarkers, improved survival rate, and
better clinical management of CRC still are major chal-
lenges that have not improved as desired. It is, therefore,
imperative to gain a better understanding of the mecha-
nism that promotes CRC development to find new strategies
and therapeutic targets to combat it. This review highlights
the following points: (i) Description of R-spondins (RSPOs)
with emphasis on the RSPO2 gene; (ii) Effect of aberrant
RSPO2 expression in different cancer types; (iii) A signifi-
cant role of the RSPO2 gene in the regulation and poten-
tiation of the Wnt signaling; (iv) Mechanism of RSPO2
mediated signaling pathways; (v) Establishing a promising
role of RSPO2 fusion genes in the initiation and progression
of CRC as well as various other cancers; (vi) Application of
RSPO2 as a potential biomarker in CRC and the develop-
ment of a progressive approach to use RSPO2 fusions as a
novel therapeutic target.

Historical background, structural form, and
general functions of R-spondins

The RSPO family comprises four proteins, i.e., R-spondin 1-
4, which are important secreted regulators of the Wnt/j-
catenin and Wnt/PCP signaling pathway and govern various
functions and are involved in vital cellular processes such as
stem cell renewal, morphogenesis and, tumorigenesis. The
first member of the RSPO family was characterized as
hRSPO3, formerly known as human protein with thrombo-
spondin type | repeat (hPWTSR) from a study of the cDNA
library of the human fetal brain in 2002. Later, other RSPO
genes were subsequently identified in other species.’> '
RSPO3 (ENSG00000146374) has three transcript variants
regulating various biological processes.”'® Subsequently,
RSPO1 was identified in 2006 when a homozygous mutation
in RSPO1 was shown to be involved in sex reversal and
hermaphroditism. RSPO1 (ENSG00000169218) possesses 4
transcript variants and has been demonstrated to exhibit a
pivotal role in skin differentiation, mammary gland devel-
opment, ovarian and reproductive system development in
addition to skin malignancy (squamous cell carcinoma),'’
via the Wnt signaling pathway by acting as a ligand for re-
ceptor LGR4/5/6."®"° The genetic defect of anonychia has
led to the discovery of RSPO4 (ENSG00000101282),%%%"
which has two transcript variants and was shown to be
implicated in stabilizing protein present in the Wnt
signaling pathway. Further, the study suggests that its
expression was associated with advanced stages of nail
development in mammals.?>%* RSPO2 (ENSG00000147655),
which is considered a key member of the RSPO family
(formerly known as roof plate-specific spondin-2), is a
secreted protein that regulates ligand-dependent B-catenin
signaling. RSPO2 (alternative names: CRISTIN2, TETAMS2,
and HRspo2) is located at g23.1, and consists of 5 coding
exons.?* However, Nam et al in 2006 identified 6 exons and
9 transcript variants, five of which are RSPO2 protein-cod-
ing transcripts.?’ All four R-spondin proteins tend to
interact with both receptors i.e. LGR4/5/6 and RNF43/
ZNRF3 which results in cells becoming sensitized to the
canonical Wnt/p-catenin signaling pathway.'“?® However,
there have been concerns as to whether all four R-spondins
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equally bind to RNF43/ZNRF3 receptor and exhibit Wnt
stimulating activities or not. This question was solved in an
experiment that found that RSPO2 and RSPO3 are more
potent compared to RSPO1 and RSPO4 and have a greater
affinity to interact with RNF43/ZNRF3.%7-28

Members of RSPOs share 40%—60% structural homology
between domain organizations, and each member consists
of five exons in mammals, including humans and
mice.">2%3% Structurally, it consists of an N-terminal signal
sequence, two adjacent furin-type cysteine-like domains
(FU-CR1 and FU-CR2), conserved thrombospondin type 1
repeat (TSR-1), and followed by a variable C-terminal
domain consisting of a positively charged basic amino acid
(BR).?*31733 Figure 1 illustrates the schematic representa-
tion of four R-spondin protein domains and their respective
functions and interacting receptors. The four RSPO mem-
bers with domains (FU-CR1 and FU-CR2) and TSR-1 share
significant sequence similarities in mammals, suggesting
that both domains serve almost similar functions. The two
FU-CR1 and FU-CR2 domains of RSPOs lie close to the N-
terminus (90—134 aa in RSPO2) and are solely responsible
for Wnt signaling activation. Its deletion leads to the
inactivation of downstream Wnt signaling.>%>** Wnt
amplifying activity of R-spondin can be better understood
through interactions between R-spondin-specific domains
and various membrane receptors such as LGR4-6, LRP5/6,
ZNRF3/RNF43, Frizzled, and heparan sulfate proteoglycans
(HSPGs).?> Some pioneering work was carried out earlier,
revealing ZNRF3/RNF43 directly interacts with R-spondin
proteins via two conserved amino acids, arginine and
glutamine present within the FU-CR1 domain.>* The FU-CR2
domain of R-spondin adjacent to FU-CR1 contains two
highly conserved phenylalanine that supports direct binding
with the high-affinity receptors LGR4-6.2°% Interestingly,
the mutation caused in FU-CR1 (R66A or Q71A) was shown
to interrupt the interaction between RSPO1 and ZNRF3/
RNF43, while a mutation affecting FU-CR2 (F106A or F110A)
disrupted the contact between RSPO1 and LGR4, suggesting
that RSPO binding to both receptors has emerged as a

B-catenin stabilization

|

critical regulatory mechanism in activation of Wnt
signaling. These experiments have illustrated two things: (i)
R-spondin binds to two distinct receptors through different
furin-like domains, and (ii) both domains work indepen-
dently without affecting the interaction with other RSPO
receptors.>*° Moreover, overwhelming evidence also sug-
gests that the substitution of tyrosine and arginine for
cysteine residues at 78 and 113 positions within the FU-CR
domain could abruptly disrupt the transport of RSPO2 as a
secreted protein on the cell surface and extracellular ma-
trix, suggesting that the FU-CR domain is also responsible
for the proper secretion of RSP02.*'

In an experiment, it was shown that the TSR-1 and BR
domains of RSPO2 and RSPO3 consist of 61aa (144—204),
which supports the interaction with the cell surface hep-
aran sulfate proteoglycans (HSPGs), such as syndecan 4/
glypican 3, which alternatively activates the LGR4-6 inde-
pendent Wnt signaling via associating with ZNRF3/
RNF43.%2** To our knowledge, there are no investigations
on the involvement of HSPGs in the potentiation of ca-
nonical Wnt signaling. Earlier reports reveal that the TSR-1
domain also assists in RSPO2 binding to BMPR1A and serves
as a BMP receptor antagonist.** In a recent report, an in-
hibitor peptide (RW dendrimer) against the TSR-1 domain
has been used for therapeutic purposes in AML. Further-
more, it was demonstrated that RW dendrimer reduces
RSPO2-mediated BMP signaling in human THP-1 AML cells,
induces differentiation, and consequently reduces cell
growth independent of Wnt signaling.*’

Mature human RSPO2 has three described isoforms
resulting from alternative splicing and four computationally
mapped isoforms and four variants that have not yet been
well reported in the pieces of literature and are repre-
sented in Table 1. Isoforms two and three contain alternate
sequences, which are subsections of natural isoforms.
Functionally, Kazanskaya and co-workers have done sub-
stantial work and showed that injecting Wnt or B-catenin
into the Xenopus embryo induces the expression of RSPO2/
3. Moreover, decreased activity of Wnt was observed in the
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Figure 1

A visual representation of the structural domain organization corresponding to RSPO2. Other RSPO families RSPO1,

RSPO3, and RSPO4 consisting of 263, 273, and 234 amino acids respectively share similar gene architecture with RSPO2 (not

mapped).
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Table 1  Summary of alternatively spliced isoforms, computationally derived isoforms, and natural variants of human RSPO2.
Alternatively spliced
isoform name & tissue Size (amino UniProt ID Position Comments Reference
expressed acid)
Isoform 1 243 Q6UXX9-1 - 20
Brain
Isoform 2 176 Q6UXX9-2 1—67 VSP_018321 Missing in isoform 2 3
Lung and testis
Isoform 3 179 QBUXX9-3 32-95 VSP_018322 ASYVS NRCAR — G !
Lung and testis & 143 VSP_018323 missing in isoform 3
Computationally
derived isoforms
E5RH25_HUMAN 121 E5RH25 - 22
E5RGU9_HUMAN 76 E5RGU9 - >
AOA590UJ52_HUMAN 38 AOA590UJ52 — 22
RSPO2_HUMAN 243 Q6UXX9 - 22,53
Variants
Natural variant 1 VAR_081036 Change in sequence R — o8
VAR_081036 C in HHRRD results in
decreased ability to
amplify WNT3A signaling.
Natural variant 174 VAR_081037 70—243 Amino acid sequences 70 o8
VAR_081037 —243 are missing in
TETAMS2 and are
characterized by
complete loss of
amplification of WNT3A
signaling.
Natural variant 107 VAR_081038 137—243 The following amino >
VAR_081038 acids are missing in
TETAMS2, resulting in
these variants
Natural variant 1 VAR_026247 Variations in sequences 202
VAR_026247 are observed at 186 aa L

- P

aa: amino acid; HHRRD: humerofemoral hypoplasia with radiotibial ray deficiency; TETAMS2: tetraamelia syndrome 2.

RSPO2 knockdown cell line, indicating that RSPO2 respon-
ded to the Wnt/B-catenin in a positive feedback
manner.">*®*” Further, recombinant hRSPO2 remarkably
induces the proliferation of epithelial cells in mouse in-
testines by activating the Wnt/B-catenin signaling
cascade.””*® The R-spondins share some unique and
conserved domain structures; these domains support the
binding of the RSPO protein with different interactive re-
ceptors, thereby elucidating some critical biological func-
tions as given in Table 2.

Functional roles of RSPO2 in morphogenesis
and early developmental processes

RSPO2 is a key regulator of the Wnt signaling pathway and
plays a pivotal role in various development processes and
morphogenesis. In a study, researchers have established
the role of RSPO2 in regulating the expression of genes like
Msx1 and Msx2 in mandibular branchial ARCH1 (BA1) and
thereby affecting the craniofacial development process and
morphogenesis.®® It was also reported that RSPO2 plays a

pivotal role in myogenesis, as any mutation in RSPO2 genes
gradually decreased myf5 expression in the limbs. ¢’

Evidence from previous research suggests that up-regu-
lated RSPO2 plays a crucial role in osteoblast differentia-
tion by activating the B-catenin protein. In addition, in
vitro and in vivo experiments in mice confirmed that RSPO2
can also act as an important modulator for osteoblasto-
genesis and bone mineralization.®>*> The molecular ge-
netics approach revealed that defects in the RSPO2 gene
(homozygous truncating mutation) lead to congenital ab-
normalities, e.g., tetraamelia syndrome 2 (TETAMS2) — an
autosomal recessive disorder characterized by the absence
of limbs and rudimentary appendages along with other
deformities and humerofemoral hypoplasia with radio tibial
ray deficiency (HHRRD) exhibiting severe limb malforma-
tion.>* Additionally, human RSPO2 was shown to be linked
with Dupuytren’s disease which was confirmed by a
genome-wide association study.®

Despite the wealth of literature mentioned above, we
attempted to investigate more information based on
curated databases, experimental evidence, text mining,
co-localization, and gene neighbourhood, in which some of



792

A. Srivastava et al.

Table 2 R-spondins and their important interactive receptors.

Serial R-spondin Receptor Function Reference

number

1 RSPO LGR4/5/6 Potentiates Wnt signaling pathway 8

2 RSPO LRP5/6 LRP5/6 phosphorylation and activation lead to the EEPEE
stabilization of B-catenin

3 RSPO Frizzled Activates canonical and non-canonical Wnt signaling »
through phosphorylation of the disheveled gene

4 RSPO2/3 ZNFR3/RNF43 Auto-ubiquitination and membrane clearance of ZNRF3/ »
RNF43 and Wnt signaling pathway potentiation

5 RSPO2/3 Syndecan 4 Induces non-canonical Wnt/PCP signaling </

6 RSPO Glypicans RSPO-enhanced Wnt signaling. 57,58

7 RSPO 1 Kremen Disrupts DKK1/Kremen-mediated internalization and 2

enhances Wnt signaling

the putative interactors of RSPO2 have been proposed.
Many of the roles of RSPO2 in mouse tissues are conserved
in humans. Loss of RSPO2 function in mice and humans in-
duces defects in limb outgrowth attributable to a loss of
signaling from the limb apical ectodermal ridge,*%>*> %%
RSPO2 loss in the lung induces aplasia in both species due to
the inability to maintain lung epithelial pro-
genitors.3®254%7 |n the ovary, RSPO2 is expressed in
developing oocytes.®®’° RSPO2 heterozygous mice exhibit
polycystic ovaries®® and age-dependent sterility.**® In
humans, polycystic ovaries have been associated with mu-
tations in the transcription factor NOBOX recently shown to
regulate RSPO2 gene expression.”®’" Gene targeting
approach and genetic studies revealed that rspo2 was also
implicated in negative regulation of the odontogenesis,®’
osteoblast differentiation,®””* keratinocyte proliferation,”>
trachea cartilage morphogenesis,®®” and cochlear devel-
opment.*® These results suggest the idea that there is a lot
of functional conservation of RSPO2 between the two
species.

Driving potential of RSPO2 in tumorigenesis of
various other cancers

Most cancers experience deregulation in the Wnt/B-catenin
signaling, in which R-spondins are one of the significant
oncogenic drivers in tumor development. Interestingly, the
extensive literature survey shows that any deviation from
the normal molecular activities of Wnt signaling could in-
crease the risk of tumor formation and metastasis.”* Devi-
ation from the normal function of RSPO2 due to gene
rearrangements, fusions, amplification, and hypo-
methylation can lead to overexpression of RSPO2, conse-
quently leading to an up-regulation of the Wnt response.®
Therefore, to probe the activity of RSPO2, a number of
investigators have explored the impact of RSPO2 on the
pathophysiology of different types of cancers which are
being discussed as follows.

Breast cancer

Coussy and co-workers 2017 have elucidated the expression
of RSPO2 in breast cancer (BC) patients as well as in cell

lines using real-time PCR (qRT-PCR). They also investigated
the involvement of RSPO2 in regulating Wnt signaling and
cell proliferation activity using standard techniques. It was
also found that a fusion transcript with RSPO2 was over-
expressed in patients, particularly in metastatic BC, triple-
negative BC, and cell lines such as HBCc-15, MDA-MB-468,
MDA-MB-231, and HEK-293. Overexpression of RSPO2 was
also associated with poor survival rates in BC patients.
Furthermore, extensive mechanism-based studies confirm
its potential role in activating the Wnt/B-catenin signaling
pathway.” Conboy and colleagues reported that RSPO2 and
RSPO3 act as oncogenes in a subset of colon and breast
cancer. In silico analysis in a subset of 1048 breast tumor
samples and 111 controls extracted from the TCGA dataset
predicted a deficient RSPO2 mRNA expression in most of the
control as well as tumor tissues. Further, it has also been
concluded that the knockdown of RSPO2 results in
decreased Wnt signaling and proliferation of the human
breast cancer cell BT-549.7¢

Liver cancer

A good overview of earlier work in this area was provided by
Yin et al in 2017, in which a high level of RSPO2 was
observed in the liver cancer cell lines Huh7, HepG2, and
Hep3B when compared to normal cell line QSG7701. RSPO2
gene overexpression in QGY7703 cells showed increased
proliferation and migration. Although this gain in function
was well versed with RSPO2, VEGF, c-Myc, CTNNB1, and
STAT3 expression, which indicated activation of Wnt
signaling.”” Up-regulation of RSPO2 in liver cancer cell lines
was contrary to what was observed in colon and breast
cancer cell lines.”>”® Conceptually similar work has been
carried out by Conboy et al in 2019, highlighting in the
literature that hepatomegaly and liver cancer were pro-
gressively induced by the overexpression of RSPO2 and loss
of the TP53 protein through activation of the Wnt signaling
pathway. Additionally, it has been concluded that onco-
genic activation of RSPO2 leads to the initiation and pro-
gression of hepatocellular carcinoma through the Hippo/
Yap mediated pathway, suggesting that RSPO2 may be the
new and potential target in liver cancer therapy.’® There
are a number of research studies that have focussed
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extensively on considering the Hippo/Yap pathway involved
in liver regeneration and hepatocyte differentiation.”” In
the case of liver cancer, RSPO2-mediated deregulation of
Hippo/Yap signaling leads to proliferation and inhibition of
apoptosis, resulting in tumor progression. The correlation
of elevated RSPO2 expression with Wnt and Hippo/Yap
signaling in numerous other aggressive tumors was investi-
gated and documented. Experimental evidence indicates
that RSPO2 is regulated by the overactivation of micro-
RNA493 (miR-493) leading to an inhibition of cell prolifer-
ation, migration, invasion, and motility in HCC cell lines,
while reversal of this restores the tumorigenic activity in
miR-493 treated HCC cell lines, suggesting that RSPO2 is
involved in hepatocellular carcinoma progression and can
be used as a potential target in the treatment of HCC.%°
However, conflicting results have been reported in the
literature regarding the oncogenic action of RSPO2 in HCC.
The study by Zheng et al in 2020 addressed the previous
reports and demonstrated that RSPO2 expression is down-
regulated in HCC specimens. In addition, they also establish
that knockdown of the RSPO2 genes induces tumorigenic
properties, while the overexpression of RSPO2 has been
correlated with reduced proliferation and invasion in HCC
cell lines by modulating the MAPK signaling pathway.®"

Gastric cancer

Similar to the pathogenesis of HCC, a close relationship
between up-regulated RSPO2 in gastric cancer (GC) has
been demonstrated, representing that higher RSPO2 levels
increase cell proliferation, migration, and transition from
epithelial to mesenchymal in GC specimens and cancer cell
lines (AGS and BGC-823).%2

Pancreatic cancer

Nowadays, a property, such as cancer stemness, has been
prominently exploited to understand how it involves tumor
seeding by escaping the natural defense system and ther-
apeutic regimens. Researchers have explored the cancer
stemness property and shown its impact on the develop-
ment and progression of pancreatic ductal adenocarcinoma
driven by the high Wnt activity. In this regard, higher
expression of RSPO2 in a subpopulation of pancreatic can-
cer cells tends to induce high Wnt activity, which is likely
associated with drug resistance, metastasis, and poor sur-
vival rates, suggesting cancer stemness has a tumor-pro-
moting property that could be therapeutically targeted by
disrupting its stemness inducing factors and pathways.*

Lung cancer

The exact function of RSPOs has not been well defined in
lung carcinoma, which accounts for one of the top cancers
worldwide. Although, an integrated bioinformatics
approach suggested that patients with lung cancer had
lower levels of RSPO1, RSPO2, and RSPO3 than normal. In
addition, the Kaplan—Meier graph for overall survival
analysis indicated that up-regulated RSPO1, RSPO2, and
RSPO3 prolonged the survival rate of patients with lung

cancer.®* The expression level of RSPO2 at transcript and
protein levels was also measured in lung adenocarcinomas
cell lines such as A549, NCI-H1792, and NCI-H226, suggest-
ing its expression was down-regulated in lung adenocarci-
noma and repressed the tumor-promoting activity.*

Screening and further characterization have shown that
increased or decreased expression level of RSPO2 has been
associated with the development and progression of other
types of cancer such as tongue squamous cell carcinoma,®
pituitary adenoma,®” ovary cancer,®® and nasopharyngeal
carcinoma® following the different involved molecular
mechanisms and pathways.

Regulatory effect of RSPO on Wnt signaling

It is a well-known fact that Wnt signaling plays an integral
role in normal biological processes during embryonic
development and tissue homeostasis; moreover, this
pathway also regulates cell survival, migration, polarity,
differentiation, and proliferation. Various Wnt (Wnt1/3/
5a/5b/6/10, etc.) ligands bind to transmembrane protein
frizzled (fzd1/2/4/5/6, etc.) and activate two types of
important pathways, canonical (B-catenin dependent) and
non-canonical (B-catenin independent). The canonical
Wnt/B-catenin signaling pathway is mainly involved in
regulating various cellular processes like differentiation,
proliferation, and morphogenesis which play a vital role in
cell progression and functioning. Further, several epige-
netic alterations and genetic mutations in canonical path-
ways contribute directly to carcinogenesis.”®

Several lines of studies confirmed that R-spondins play a
stimulating role in the canonical Wnt/B-catenin-signaling,
as they exhibit direct interactions with engagement re-
ceptor LGR 4/5/6 and simultaneously bind to the extra-
cellular domain of ZNRF3/RNF43.?” Formation of ZNRF3/
RNF43, RSPO and LGR 4/5/6 complex results in auto-ubig-
uitination and degradation of efficacy receptor ZNRF3/
RNF43 through a negative feedback loop®>°" which leads to
an enhanced Wnt signaling through the accumulation of
Frizzled receptors on the cell surface and thereby resulting
in increased B-catenin accumulation.®>’#°% Conversely,
regulation of Frizzled turnover can also be explained by a
molecular mechanism by which ZNRF3 and RNF43 interact
with Dishevelled (DVL) and significantly reduces cell sur-
face expression of Frizzled receptors and LRPs, as well as
promote ubiquitination and degradation in the absence of
R-spondin.®>** In the case of cancer initiation and pro-
gression, cells require sustained Wnt signaling, which is
only possible when the mutation occurs in ZNRF3/RNF43 or
RSPO2/3  overexpression/translocation occurs.  This
signaling process is graphically depicted in Figure 2.

The crystal structure and mutation analysis predicted a
clear observation regarding interactions between R-spondin
and its complex, which helps understand the molecular
insights into Wnt/B-catenin pathway regulation. Further-
more, the crystal structure of the complex is essential to
correlate with their binding affinities for Wnt regulatory
elements, which has been discussed extensively by many
authors.?®*¢* However, it was also noted that R-Spondins
are not directly involved in inducing the activity of the Wnt
pathway, but they tend to up-regulate activity by
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Figure 2 This diagram represents a regular Wnt pathway occurring in normal cells. Activation of Wnt signaling is initiated by the
binding of Wnt ligand to the Frizzled-LRP5/6 co-receptor complex, resulting in phosphorylation of Dishevelled (DVL) and LRP5/6,
which in turn causes inhibition of GSK3f and further inactivation of the destruction complex AXIN, GSK3B, APC, and CK1.
Collectively, Wnt ligand stimulation relocalizes the destruction complex to the plasma membrane where their inhibition remains
controversial. Inactivating the destruction complex leads to the cytoplasmic stabilization of B-catenin, and thus, stabilized B-
catenin moves to the nucleus and replaces the repressive transcription complex with the active transcription factors like TCF and
CBP to induce the expression of Wnt-responsive target genes. However, Wnt signaling is regulated in a negative feedback manner
through RSPO signaling. Expression of the ZNRF3/RNF43 degrades Frizzled receptors assisted by DVL protein through ubiquitination.
As a part of feedback regulation, the antagonistic effect of ZNRF3/RNF43 on Wnt signaling is counteracted by binding of RSPO
ligand to LGR4/5-ZNRF3/RNF43 to form multiple ligand-receptor complexes, inducing degradation and ubiquitination of ZNRF3/
RNF43, which inhibits the degradation of Frizzled and achieves a high level of B-catenin. Hence, the level of B-catenin is regulated

B- catenin [

with the help of this cyclic loop.

enhancing the concentration of Frizzled/LRP receptors
present at the plasma membrane. In a different observation
by Park and co-workers, a significant negative association
was observed between RSPO2 and LGRs in potentiating Wnt
receptors without affecting the ZNRF3 activity.”? Further
research suggested that instead of interacting with its
obligate receptors (LGRs), RSPOs (RSPO2 and RSPO3) follow
an alternate mechanism of action in activating the canon-
ical Wnt/B-catenin signaling pathway. However, still, the
mechanism is obscure about how RSPO2 and RSPO3 poten-
tiate the Wnt signaling in LGR4-6 lacking cells. Probably,
this may be explained by two possible mechanisms: (i) they
work by engaging the heparan sulfate proteoglycans
(HSPGs) as alternate co-receptors for RSPOs; (ii) RSPOs
follow a distinct mechanism that differs in its use of either
HSPGs or LGRs for Wnt potentiation.® %

Indeed, the strength of Wnt signaling is controlled by
various mechanisms directing the proper signaling module
in different pathophysiological conditions. Despite the

growing biological importance of R-spondin-induced ca-
nonical Wnt/B-catenin signaling, its significance in poten-
tiating Wnt/PCP pathway should not be disregarded as well.
It is worth mentioning that, in the non-canonical Wnt/PCP
signaling, Wnt utilizes different coreceptors ROR1/2, RYK,
or PTK7 depending on the cellular system to stimulate
signal transduction mechanism that is independent of B-
catenin and plays a vital role in regulating development
processes, enhancing tissue movement and facilitating
cancer cells motility during metastasis (Fig. 3).%

At this point, it is of interest to notice that R-spondin
proteins also activate the Wnt/PCP signaling through two
well-recognized proteins, Frizzled (FZD1/2/4/5) and
Dishevelled (DVL) that share a critical role in both the
pathways.”® Interestingly, DVL, associated with FZD and
ZNRF3/RNF43, serves as an adaptor protein and knockout of
DVL markedly reduces the ubiquitination and degradation
of FZD receptors, indicating that DVL negatively regulates
Whnt signaling.”*°” Since the discovery of the RSPO/ZNRF3/
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Wnt/PCP signaling. The Wnt ligand binds to Frizzled and ROR2 receptor complex which activates its downstream

effector DVL and RAC1, resulting in the phosphorylation of JNK. Simultaneously, the activated DVL also initiates the de-inhibition of
DAAM1 cytoplasmic protein which stimulates RHO thereby promoting the induction of ROCK. Phosphorylated JNK contributes to
microtubule stability and along with ROCK activates the c-JUN and ATF2 genes, resulting in the transcription of Wnt-targeted
genes. ATF2, activating transcription factor 2; DAAM1, Disheveled associated activator of morphogenesis 1; DVL, Dishevelled; FZD,
Frizzled; JNK, c-Jun N-terminal kinase; RAC1, Rac family small GTPase 1; Rho, Rhodopsin; ROCK, Rho-associated coiled-coil
containing protein kinase; ROR2, receptor tyrosine kinase-like orphan receptor 2.

RNF43 module and FZD turnover has emerged as an essen-
tial regulatory mechanism of Wnt/B-catenin signaling, but
the critical role of ZNRF3/RNF43 is not clearly understood
in Wnt/PCP signaling. It is clear from previous research
undertaken that the function of ZNRF3/RNF43 is necessary
to activate Wnt/PCP signaling which was further confirmed
in genetic studies of zebrafish embryos. The in vitro study
identified that knockout and overexpression of ZNRF3
deregulate the Wnt/PCP signaling.>®> Another challenging
aspect of Wnt/PCP activation was mediated through RSPO3
and syndecan 4 in the Xenopus embryo. The RSPO3 pro-
motes the Wnt/PCP signaling cascade by interacting with
syndecan 4 dependent endocytosis of Wnt5a-FZD7 complex
and transduces via downstream target protein DVL and JNK
which are required for gastrulation and head cartilage
morphogenesis.*>°%°° Collectively, mounting literature
suggests that activation of both the pathways Wnt/B-cat-
enin and Wnt/PCP are significantly mediated by RSPO/
ZNRF3/RNF43 and HSPGs. Notably, aberrant/constitutive
activation of Wnt/PCP signaling is also implicated in various
cancers, primarily acting as initiating event in the devel-
opment and progression of CRC, although not explained in
this review.'" %2 |n the last few years, substantial ad-
vancements have been made in identifying RSPO members,

particularly RSPO2, as a new biomarker and potential
therapeutic target for cancers including CRC.% 193105

RSPO2: induce stemness for colorectal cancer
stem cells

Cancer stem cells (CSCs) are pluripotent subpopulations of
tumor origin that can renew themselves and can initiate
tumorigenesis. It is noteworthy that at the time of tumor
formation the origins of CSCs come either from the differ-
entiated cells or from adult tissue stem cells. The evidence
to date suggests that several regulatory molecules and
signaling pathways such as cytokines, miRNAs, Hedgehog,
Notch, and Wnt/B-catenin could control the properties of
CSCs. Several subsequent studies stated that the small in-
testine and colon,'® stomach,'”” and hair follicle'® have
Wnt-dependent resident stem cells. Work in this arena is
fairly advanced, and the signatures of colon cancer stem
cells (CCSCs) have been identified, which are the major
molecular drivers for colon cancer. Self-renewal and long-
term maintenance of CCSCs required stem cell markers like
LGR5 that have been shown to display validated markers of
stem cell niche and have the propensity to behave like stem
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cells of the colon and intestinal crypts.'®®'%° The expres-
sion of LGR5 has been extensively investigated to find its
importance for the proliferation of CCSCs under the influ-
ence of RSP02.%° Furthermore, cancer stemness has been
thoroughly reviewed in the differentiation and progression
of CRC. The complex of RSPO2—ZNRF3—RNF43 regulates
intestinal stem cell activity, most likely through the
involvement of the Wnt/B-catenin pathway, which enables
the proper differentiation and development of different
organs. %119 However, the loss of control over the normal
function of this complex is critical for the self-renewal
activity of stem cells and organ development and often
leads to uncontrolled activation of the Wnt pathway,
resulting in the progression of CRC."""~""3

Concerning this specific concept, Zhang et al in 2016
demonstrated that a high level of RSPO2 mediates the
enrichment of the LGR5-positive cells and markedly in-
creases their expression, which was assessed in the HCT116
human colon cancer cell line. Unsurprisingly, there was a
considerably reduced expression of LGR5 post siRNA
silencing of RSPO2. Literature and results show that inva-
sion and migration are crucial to CCSCs. One of the key
findings of this study was that RSPO2 was proposed to be a
potent growth factor for CCSCs and it was implicated in
increased invasiveness and migration of HCT116 colon
cancer cells via the epithelial to mesenchymal transition
(EMT) pathway.'™ Similar work was also carried out by
Klauzinska and co-workers in which it was demonstrated
that RSPO2 adversely affects the proliferation and inva-
siveness of mammary epithelial cells."* In addition to the
LGR5, ASCL2, LRIG1, NANOG, OCT4, ALDH1, and TERT are
also crucial stem cell marker genes that require signals in
the form of RSPO3 to respond to high levels of Wnt signaling
for the stem cell activity."'® This was consistent with the
fact that RSPO expression maintains the intestinal stem cell
crypts, and particularly RSPO1'%° and RSPO2""%""® promote
the proliferation and migration of LGR5-positive intestinal
stem cells, suggesting that RSPO1 and RSPO2 have strong
mitogenic activity on LGR5-positive cells. It is also
demonstrated that intestinal crypts bearing proliferation
and migration of LGR5-positive cells due to gene fusion
events of EMC2 and RSPO2, which play a critical role in
tumor development.''® However, this is a matter of ongoing
discussion. Future improvements are expected to result in
an improved understanding of RSPOs, particularly RSPO2 in
CSCs and cellular reprogramming. We suggest that more
studies should be concerned with understanding the regu-
lation of CSCs in tumorigenicity and bringing the CSCs to the
clinical platform which would help identify the best
possible therapeutic options for targeting CSCs in the clin-
ical setting.

Fusion products promote aberrant RSPO2
expression

Gene fusions are a strong source of driver mutations in
different human malignancies, often due to chromosomal
rearrangements (duplication, translocation, inversion, and
deletion) that result in fusion between genes. In some
cases, gene fusions serve as the genetic events that provide
insight into the disease development and prognosis.

Approximately fifty thousand cases are reported due to
chromosomal aberrations, particularly translocations,
which are often strongly associated with distinct tumor
entities."” Gene fusions are a potent oncogenic factor
clinically relevant in many types of malignancies, exerting
their oncogenic action either through overexpression of a
gene or the creation of a hybrid of two genes.''® Impor-
tantly, gene fusions are identified as actionable targets in
multiple tumor types and are ideally suited for diagnostic
purposes. There has been extensive interest in this matter
recently, and more groups are working to explore the
spectrum of gene fusion products in distinct types of cancer
including CRC. However, the biological impact of genomic
aberration in solid tumors is not frequently observed and
accounts for less than 1%,""” whereas an increasing number
of morbidities is associated with hematological malignancy
and childhood sarcomas in which fusions are being recog-
nized as an important diagnostic biomarker and promising
determinants of cancer.

Accumulating evidence suggests that genomic rear-
rangement plays an essential role in the pathogenesis of
cancer. In the case of CRC, extensive literature and
experimental findings indicate that RSPO2 gene fusion leads
to an increase in the expression of genes and possibly
modulates the Wnt signaling to promote cell proliferation,
differentiation, and survival. Notably, it is reported that
the entire RSPO-fusion product in CRCs is independent of
the APC mutations, suggesting RSPO alone can potentiate
the signaling to induce tumorigenesis."'® A well-recognized
fusion between EIF3E—RSPO2 has been reported in CRC and
NSCLC (information regarding NSCLC is given near the end
of this section), except for the exon number. The pio-
neering work by Seshagiri and co-workers stated that
recurrent fusion products of RSPO2 (EIF3E—RSP0O2) and
other members of R-spondin are the most preferred Wnt
regulators and are considered to be potent genetic drivers
of CRC."?° A detailed study showed that recurrent fusion
between exon 1 of EIF3E and exon 2 of RSPO2, exon 1 of
EIF3E, and exon 3 of RSPO2, were highly recognized in
tumor samples. In the case of the RSPO2 fusion, they sug-
gested that EIF3E (e1) and RSPO2 (e2) were expected to
produce a functional RSPO2 product, while the fusion
transcript of EIF3E (e1) and RSPO2 (e3) fusion transcript are
not expected to have functional RSPO2 protein, which was
further confirmed by sequencing. Their findings also indi-
cated that RSPO fusions were mutually exclusive with APC
mutations, as RSPO fusion-positive tumors showed up-
regulation of target genes of the Wnt pathway, similar to
tumors that carry APC mutations. These results pave the
way for new likely therapeutic strategies to use R-spondin
fusions as striking targets for antibody-based therapy in
CRC patients, and for the use of RSPO2 fusions to target
various downstream components of the Wnt signaling
pathway.'?° To review the demographic occurrence of RSPO
fusion, Shinmura et al 2014 conducted a comparative study
on CRC and NSCLC patients in the Japanese population.
Using gRT-PCR and sequencing techniques, they examined
RSPO fusions in various primary CRCs, while in the case of
primary lung carcinomas the expression of RSPO fusions was
not detected. Moreover, this study also suggests that RSPO
mRNA expression is down-regulated in most CRCs but up-
regulated in CRCs containing the RSPO fusion transcripts.
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However, in the evaluation of 75 CRC samples, only 3
showed an RSPO fusion, with EIF3E—RSPO2 found in 2 CRC
samples, while only 1 sample expressed the other RSPO
fusion transcript. In addition, a novel fusion was detected
in their study, suggesting a fusion of RSPO2 through a 351 bp
insertion unrelated to EIF3E or RSPO2. Additionally, with
the help of immunohistochemical (IHC) and mutational
analysis, it was suggested that the RSPO fusion had a CDX2
cell lineage expressed in CRC and was positive for mismatch
repair protein (MMR) expression, which had the wild-type
APC allele. They concluded that the RSPO fusion occurred
recurrently in a patient with CRC in the Japanese popula-
tion and was caused by activation of the Wnt signaling
pathway. '’

Later, a functional study was conducted in animal
models (in mice) to observe the biological consequences of
RSPO2 fusion. CRISPR/Cas9 genome editing tool was used
for RSPO2 gene rearrangement in the mouse intestine,
which was demonstrated by endogenous expression of
fusion transcript EIF3E—RSPO2. It provided direct evidence
of hyperplasia and tumor progression in the intestine.'??
Work in this arena was heavily influenced by Hashimoto et
al who found in 2019 that the RSPO2 fusion is linked with
the traditional serrated adenoma (TSA), a condition char-
acterized by the premalignant potential that gives rise to
CRC. Their study agrees well with the existing studies on
EIF3E—RSPO2, which was detected in three out of six le-
sions with RSPO2 overexpression in patients with TSA. In
addition, qRT-PCR identified a novel PIEZO1—RSPO2 fusion
in one TSA patient. One of the most significant findings of
this study concerns all four spectra of the RSPO2 fusion in
TSA, which also harbor KRAS mutation.'?>* However, their
earlier outcome for RSPO2 characterization detected only
one new fusion, i.e., NRIP1—RSPO2 in which 129 TSAs were
involved.'?* Nanostring assay of RSPO2 fusion transcript and
expression level from 207 patient-derived xenografts (PDX)
of colon, pancreatic, lungs, and liver cancer-derived sam-
ples were tested and found mixed expression level of
RSPO2. The nanostring assay identified a highly elevated
oncogenic EMC2—RSPO2 fusion gene with exon1 of EMC2
and exon2 of RSPO2, which was responsible for tumor
growth and metastasis. In addition, other fusion events are
also identified in colon tumor samples that contained a
copy high fusion gene, of which the PVT1 gene exon1—R-
SPO2 gene exon2 produced a functional full-length protein
with increased RSPO2 expression, while the fusion event
between PVT1 exon1—RSPO2 exon3 due to the premature
translation termination of RSPO2 exon3 results in a non-
functional protein.''® Recent theoretical work by Conboy
and colleagues supported the above finding and reported
that in a minor CRC cohort, 2 of 434 RSPO2 mRNA level was
four-fold higher compared to normal samples. After careful
consideration, it was deduced that an exon imbalance leads
to the predicted high level of RSPO2 mRNA in the samples,
which was required for the overexpressed fusion transcript
of FLJ31306—RSPO2 and CASC19—RSPO2. Much of the
earlier work centers on studying the determination of
higher RSPO2 expression due to gene rearrangement, copy
number variations, and epigenetic changes. However, in a
major cohort of 434 CRCs and 41 normal samples, RNA-seq.
data show that 422/434 (97.2%) CRCs were free of gene
rearrangement and had a four-fold decrease in RSPO2

expression.’® Contrary, the initial work published by re-
searchers reported that the small population of CRC pa-
tients express low levels of RSPO2 mRNA that could be due
to promoter hypermethylation.'® 22" A summary of the
detailed analysis of the fusion transcript in CRC in addition
to the other cancer is given in Table 3. Thus, the outcome
of various experiments leads to the conclusion that most
CRC patients with RSPO2 fusions had elevated expression
compared to normal, indicating RSPO2 behaves like an
oncogene and is an alternative Wnt modulator. Prospective
studies are needed to explore altered RSPO2 fusion as a
predictive biomarker in pre-clinical and clinical models and
can be an ideal druggable target against CRC. Significantly,
it has been proposed that Wnt pathway inhibitors are an
ideal choice to provide an effective treatment for RSPO2-
dependent CRC.”®

Similarly, there were several other cancers where
genomic rearrangements were identified as consequences
of the origin of cancer. Karkera et al worked on identifying
fusion transcripts in lung cancer patients in their study.
They evaluated 324 samples from non-small cell lung can-
cer patients, including 197 squamous and 127 adenocarci-
noma subtypes. Using the TagMan ¢gRT-PCR-based
approach, they identified three fusion transcripts including
EIF3E (e1)—RSPO2 (e1), PTPRK (e1)—RSPO3 (e2), and PTPRK
(€7)—RSPO3 (e2) which were exclusively present in squa-
mous subtype of NSCLC. EIF3E(e1)—RSPO2(e1) was identi-
fied in 1% of the NSCLC samples and resulted in the
production of the functional RSPO2 protein, while an in-
frame fusion of PTPRK(e1)—RSPO3(e2) was observed in 2%
of the samples which led to the replacement of the RSPO3
secretion signal sequence with that of PTPRK, while the
entire coding sequence of RSPO3 was retained. Their find-
ings helped in establishing the role of RSPO fusions in down-
regulating the Wnt/B-catenin signaling in lung cancer pa-
tients and the development of its therapeutic potential in
NSCLC."*? Furthermore, various other fusion products like
ETVG—RUNX1, BCR—ABL1 in acute lymphocytic leuke-
mia,'?>"%®  FGFR3—TACC3 in bladder cancer,'?’>'?8
TMPRSS2—ERG, TMPRSS2—ETV1, TMPRSS2—ETV4 in prostate
cancer,'?*"3% and ETV6—NTRK3 in secretory breast carci-
noma'3" have also been successfully acknowledged.

RSPO2: therapeutic potential and clinical
translation

Therapeutic approach targeting Wnt signaling in
colorectal cancer

Aberrant changes or mutations in Wnt pathway-related
genes may result in the accumulation of B-catenin which
may lead to tumorigenesis.”** Hence, a therapeutic
approach directly targeting Wnt-dependent signaling com-
ponents or RSPO2-induced signaling may be a feasible op-
tion for CRC treatment, as shown in Figure 4.

The only prominent and restorative treatment for CRC is
surgery, but for cases where the disease has reached an
advanced stage, a combination of various therapies like
chemotherapy, biotherapy, and radiotherapy can be used
as an effective treatment approach. An amalgamation of
chemotherapy such as FOLFIRI, XELOX/CAPOX, FOLFOX,
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Table 3  Fusion transcripts and their biological alterations of different types of cancers.
Serial  Cancer Source Fusion genes Biological alterations Chromosomal Reference
number location
1 Gastric Cancer Patient-derived  EMC2(e1) Fusion at 450 bp in 8q23.1; 8q23.1  '"°
xenograft samples —RSPO2(e2) RSPO2-e2)
HNF4G(e1) Fusion at 447 bp in 8q21.13; 8q23.1 ''°
—RSPO2(e2) HNF4G and 490 bp in
RSP0O2)
Colorectal cancer PVT1(e1) Fusion occurs between  8q24.21; 8q23.1 ''®
—RSPO2(e2) PVT1(e1) at 202 bp and
RSPO2 (e2) at 490 bp
resulting functional
protein
PVT1(e1) Fusion occurs at 753 bp  8q24.21; 8q23.1 ''°
—RSPO2(e3) between both the gene,
producing non-functional
protein due to
premature termination
2 Lung Cancer Human tissue EIF3E(e1) Deletion 8q23.1; 8q23.1 %2
—RSPO2(e1)
3 Liver Cancer Human tissue RSPO2(e1) 46.4 kb microdeletion on — (EE]
—rearranged HCA  chromosome 8q23.1
4 Colorectal Cancer  Human tissue EIF3E(e1) Deletion (at 158 kb) 8q23.1; 8q23.1  '%°
—RSPO2(e2)
EIF3E(e1) Deletion (at 113 kb) 8q23.1; 8qg23.1
—RSPO2(e3)
5 Colorectal Cancer  Human tissue EIF3E(e1) 351-bp insertion 8q23.1; 8q23.1  '*!
—RSPO2(e1)
6 Colorectal Cancer  Patient-derived  PVT1(e1) Fusion at 202 bp in PVT1 8q24.21; 8q23.1 ''®
xenograft mice —RSPO2(e2) and 490 bp in RSPO2
PVT1(e1) Fusion at 202 bp in PVT1 8q24.21; 8q23.1
—RSPO2(e3) and 753 bp in RSPO2
7 Colorectal cancer  Human tissue CASC19—RSPO2 Loss of border element  8q24.21; 8q23.1 7°
CCCTC-binding factor
FLJ31306—RSPO2  Loss of border element  14q23.1; 8923.1
CCCTC-binding factor
8 Traditional serrated Human tissue NRIP1(e2/3) Fusion result lack of 21q21.1; 8q23.1 '*
adenoma —RSPO2(e2) NRIP1 coding region with
no loss of RSPO2 region
9 Traditional serrated Human tissue EIF3E—RSPO2 Recurrent genetic 8q23.1; 8q23.1 %
adenoma alterations
PIEZO1(e1) Recurrent genetic 16q24.3; 8q23.1
—RSPO2(e2) alterations
PIEZO1(e1) Fusion generates in- 16q24.3; 8q923.1
—RSPO2(e3) frame chimeric protein

CASC19: cancer susceptibility 19; e: Exon; bp: base pair; EMC2: ER membrane protein complex subunit 2; EIF3E: eukaryotic translation
initiation factor 3 subunit E; HNF4G: hepatocyte nuclear factor 4 gamma; kb: kilobase; PIEZO1: piezo type mechanosensitive ion channel
component 1; PTPRK: protein tyrosine phosphatase receptor type K; PVT1: Pvt1 oncogene.

and FOLFOXIRI with various therapeutic antibodies like
cetuximab or bevacizumab has been shown to increase the
survival rate in CRC patients. In addition, therapeutic ap-
proaches for CRC patients involving the Wnt/B-catenin
signaling pathway mainly include natural product-based
compounds, small molecules, and drugs.'®

Natural product-based compounds that may inhibit Wnt
signaling mainly include vitamin D, 125(0H)2D3, curcumin,
genistein, and resveratrol. Vitamin D, 125(0OH)2D3 results in
the binding of B-catenin with vitamin D receptor; this

binding leads to up-regulation of E-cadherin expression,
which causes a decrease in B-catenin activity.’*® Small
molecule inhibitors like ETC-159, a PORCN-targeted Wnt
antagonist, inhibit PORCN activity, thereby blocking Wnt/ -
catenin signaling.”*” Another popular PORCN inhibitor is
LGK974 which deregulates the secretion of Wnt3A and in-
hibits the growth of tumor samples.®® 38 Therapeutic reg-
imens using anti-LRP6 antibodies have been found to play a
major role in regulating the Wnt signaling pathway and are
proposed to have a therapeutic effect on several



RSPO2: An important Wnt signaling enabler

799

Palmitoleic acid

I'— Genistein

pe—
& A‘lll
o

- catenin
o B- catenin VITAMIN-D. P——
catenin . ? N
- it | RERNFG |
NSAID, ASPIRIN
‘ 1CG-001
CAARALAAD 1)

Transcriptional activation of
Wat regulated genes

PFK115-584, CURCUMIN,CGPP049090 PKF222-815

~

CETCE )

Pyl

Figure 4 Illustration of the Wnt/B-catenin and RSPO
signaling with therapeutic intervention which comprises
various inhibitors acting on different components in the case of
colorectal cancer.

cancers.”*” In addition to the above-discussed inhibitors
various other groups of inhibitory compounds targeting the
Whnt signaling pathway have been briefly discussed in Table
4,

Targeting RSPO2 fusion products: an alternative
approach to maximize the therapeutic effects

Fusion products are widely used as prognostic and diag-
nostic markers for assessing various cancers and are also
involved in monitoring responses to various other molecular
therapies. With the discovery of rare fusion gene products
in cancer patients, it becomes easier to develop a person-
alized form of medicine in which treatments are adapted to
the molecular characteristics of each patient. For such
molecular therapies, fusion gene products are an ideal
target as they are highly specific to cancerous cells.”* A
comparative analysis of other cancers along with CRC
highlights the therapeutic effect of each drug or therapy on
different cancer types. While describing the role of the
RSPO2 fusion gene in liver cancer, ' it was highlighted that
RSPO2 fusion-positive hepatocellular adenoma displayed
activation of WNT signaling due to increased levels of
RSPO2 protein, nuclear accumulation of B-catenin, and
transcriptional activation of pB-catenin target genes.
Further, it was postulated that the appropriate reason for
B-catenin signaling activation in hepatocellular adenoma
could be due to recurrent RSPO2 gene rearrangement and
this rearrangement may lead to oncogenic activation of the

Whnt signaling in HCA cases. They proposed that a prominent
Wnt secretory inhibitor like a porcupine inhibitor could be
used as a potent therapeutic strategy for targeting RSPO
fusion transcripts in liver cancers and their cumulative
diagnostic analysis might help in screening hepatocellular
carcinoma patients who may get an advantage from the
clinical approach. Notably, one such PORCN inhibitor is
CGX1321 which acts remarkably against the Wnt
pathway.''® Authors in their study identified EMC2
exon1—RSP0O2 exon 2 gene fusions in GAO007 gastric cancer
sample, HNF4G exon3—RSPO2 exon2 fusion in GA3055
gastric cancer sample, and PVT1 exon1—RSPO2 exon2
fusion and PVT1 exon1—RSPO2 exon3 fusion in CR3056 CRC
sample. They also examined the gene function of the
RSPO2—EMC2 fusion gene and confirmed its role in tumor
progression, oncogenesis, and metastasis, along with sug-
gesting that excessive RSPO2 promotes LGR5™ cell prolif-
eration and migration. On administering a daily dose of
CGX1321 to the PDX tumor-bearing mice, they established
that mice models obtained from GAO007, CR3056, and
GA3055 tumors showed a response towards the inhibitor
treatment, while gastric cancer sample GA108 did not show
the expected result. Hence, their results suggest that the
administration of CGX1321 inhibitors can effectively target
tumors exhibiting RSPO2 fusions in gastric cancer and CRC
patients. Inhibitors that directly deregulate the functioning
of Wnt signaling are often recommended for treating
various types of cancer. A well-known Wnt/B-catenin
pathway inhibitor WNT974 has been found to deregulate
Wnt signaling in ovarian cancer patients as it causes a
decrease in phosphorylation of LRP6 and AXIN2 expression.
RSPO2 fusions were not quite evident in the case of ovarian
cancer; hence no proper correlation between WNT974 and
RSPO2 fusion inhibition was established."*

It has been observed that RSPO2 and fusion transcripts of
RSPO2 are found in most CRC cases, up-regulating the Wnt
pathway’s activity.’® Several studies have identified various
fusion-based therapeutic approaches targeting CRC cases.
In a study, the role of inhibitor LGK974 was successfully
established in treating RSPO-fusion cancers by recreating
chromosomal rearrangement in mice with the help of a
genome-editing tool CRISPR/Cas9. EIF3E—RSPO2 fusion
transcript (formed due to an intra-chromosomal deletion
between intron 1 of EIF3E and intron 1 of RSPO2). They
engineered RSPO fusions comprising RSPO2 in vivo in mouse
intestines and observed that these fusions initiated tumor
progression. On subjecting this endogenous RSPO2 rear-
rangement (R26-rtTA/EIF3E-RSP02) with LGK974, a signifi-
cant reduction in intestinal lesions was observed and it did
not alter the normal morphology and functioning of normal
intestinal cells. Thus, their results suggest that RSPO
fusion, especially EIF3E—RSPO2 derived tumors are sus-
ceptible to LGK974 and PORCN inhibitors may serve as a
potent anti-tumor drug for treating the RSPO fusion-based
subset of CRCs.'?? Growth in various human tumor types
can be easily inhibited by blocking Wnt signaling with the
help of a specific antibody. The mAb-based drugs and por-
cupine PORCN inhibitors have proved to be quite effective
in regulating the Wnt signaling pathway. Various human-
based monoclonal antibody drugs such as humanized
monoclonal antibody (mAb) drugs, such as anti-FZD1/2/5/
7/8 mAb (vantictumab/OMP-18R5), anti-FZD5 mAb (IgG-
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Table 4 The inhibitors targeting the Wnt pathway and their targeting components in colorectal cancer.
Serial Category Drug Molecular target Drug development stage  Reference
number
1 Natural compound  Vitamin D, 125(0H)2d3 B-catenin Clinical e
Curcumin Tcf/B-catenin Phase | =g
Genistein GSK38 Phase | “
2 Existing drug Aspirin B-catenin Phase Il 142
NSAID B-catenin Clinical 143
Salinomycin LRP5/6 Pre-clinical 144
3 Antibody OMP18R5 Frizzled Discovery 145
OMP5428 Frizzled Discovery >
OMP131R10 RSPO-fusion Phase 1/11 16
OMP131R10 Intracellular regulatory  Clinical 146
component
Anti-LRP6 Wnt Discovery 147
4 Small molecules ETC-159 Porcupine Discovery 57
LGK974 Porcupine Phase | 2
RSPO-fusion Clinical 122
PKF115-584 Tcf/B-catenin Discovery 148
CPG049090 Tcf/B-catenin Discovery s
PKF222-815 Tcf/B-catenin Discovery 148
ICG-001 CBP/B-catenin Discovery 149
CGX1321 Porcupine Discovery il
RSPO-fusion Discovery 116
Foxy-5 Frizzled Phase Il e
JW55 TNKS1/2 Pre-clinical 1
IWR-1 TNKS1/2 Pre-clinical 132
2,4-Diamino-quinazolines  B-catenin/Tcf-4 Pre-clinical (kS

GSK3p: glycogen synthase kinase 3 beta; NSAID: nonsteroidal anti-inflammatory drugs; Tcf: transcription factor 7-like 2; TNKS1/2:

tankyrase 1/2.

2919), anti-FZD10 antibody-drug conjugate (ADC)
(OTSA101-DTPA-90Y), anti-LGR5 ADC (mAb-mc-vc-PAB-
MMAE), and anti-RSPO3 mAb (rosmantuzumab/OMP-

131R10) have also been developed, which interacts with
Wnt signaling regulators and mainly target the interaction
of Wnt with its co-receptors.’® With the analysis of
different therapeutic approaches used in colorectal and
other cancer types, we can conclude that inhibitors tar-
geting the Wnt pathway are equally effective with cancers
containing RSPO2-fusion transcripts as they directly or
indirectly hinder its interaction with Wnt regulators. The
antibody-based approach and use of various chemically
synthesized drugs may serve great therapeutic significance
as they inhibit anti-tumor activities of cancerous cells
containing R-spondin fusions.

RSPO2: a new prognostic biomarker in
colorectal cancer

According to the NIH definition, a biological marker
(biomarker) is described as a distinctive characteristic that
is accurately measured and assessed as an indicator of
various processes like normal biological or pathogenic
processes, or it could be examined as a pharmacological
response to a particular therapeutic action.’” Tumorigen-
esis mainly depends on factors like epigenetic changes,
gene expression changes, and environmental factors.'®

Suitable therapeutic approach and prognosis may result in
certain changes in genes and protein expression levels
which may serve as a potential biomarker in the case of
cancers including CRC. With the help of a suitable
biomarker, it would become easy to develop a personalized
form of therapy for patients considered at high risk and
appropriate treatment can be provided to such patients so
that disease advancement can be controlled.”™ In most
CRC cases, chromosomal rearrangements in RSPO protein
result in the formation of fusion transcripts, leading to an
aberrant increase in Wnt signaling. Such mutations may be
a potent biomarker for selecting patients with optimum
response against Wnt inhibitors.’> In the case of lung
cancer, particularly lung adenocarcinoma, Wu and col-
leagues in 2019 suggested that high levels of RSPO might
help improve the overall survival of lung cancer patients;
hence such R-spondins might serve as a potential biomarker
and analytical factor for these patients.®* The only demerit
of their work was that the results were not validated clin-
ically in lung cancer cell lines. While establishing the role of
RSPO in CRC, Hao et al stated that R-spondin translocation
in CRC is one of the potent prognostic biomarkers for
detecting Wnt-dependent tumors. Identifying such trans-
locations helps obtain a striking target for inhibiting the
Wnt pathway using antibodies. These RSPO2/RSPO3 anti-
bodies also serve as an efficient analytical biomarker
depicting tumor progression and development.®' Ter Steege
and Bakker et al in 2021 in their study highlighted the
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biomarker potential of RSPOs and their role in predicting
therapy responsiveness.*’

Either the RSPO ligand is directly targeted to inhibit the
Wnt signaling pathway, or PORCN inhibitors (PORCNi) are
used. With the application of PORCNi, the active Wnt ligands
are not being secreted which causes impairment of RSPO
ligand to exhibit any effect on Wnt signaling.*’ Hence, the
efficiency of PORCNi can be determined by taking the genetic
alterations in RSPO as inclusion criteria in the case of CRC;
therefore, alterations in RSPOs may serve as a biomarker for
PORCNi response in these cases. Further, Chong et al 2018
examined different types of RSPO2 fusions in PDX tumor
samples and established their role in tumor development. It
was evident with the help of their result that RSPO2 fusions
perform oncogenic functions. RSPO2 fusion tumor samples
were treated with a Wnt inhibitor which resulted in the in-
hibition of the growth of such tumor patients."'® Hence, these
results suggest that RSPO2 fusion products exhibit prominent
biomarker properties which would help in patient selection in
CRC and gastric cancers that are Wnt-dependent.

Inhibiting Wnt signaling may induce severe
complications

To begin, we introduced a few concepts relevant to Wnt
signaling that regulate multiple physiological processes by
maintaining the adult stem cell niche in response to R-spon-
din. Then, we briefly discussed how Wnt signaling is aber-
rantly activated particularly in CRC under the influence of
RSPO2, attracts attention, and offers enormous promise in
cancer research with multiple druggable targets for effective
therapeutics. Knowingly, therapeutic agents/drugs targeting
the Wnt pathway are unlikely to elicit any adverse effects or
toxicity. However, certain risks or concerns remain in tar-
geting this highly dependent signaling cascade for mainte-
nance of the stem cell niche, development of an array of
organs, tissues, and intestinal homeostasis. Note that, after
injury, maintenance of the somatic stem cell niche and
regenerative processes are only possible by activating the
developmental signal transduction pathway, specifically the
Wnt pathway, and the fact that targeting the Wnt cascade
might disturb the stem cell homeostasis. Furthermore, em-
bryonic patterning during initial development is also affected
by the devastating nature of Wnt inhibitors, as evidenced by
the characterization of several genetic and congenital de-
fects.'® In particular, small molecules cause congenital de-
fects by rapidly modulating developmental pathways:
dorsomorphin affects embryogenesis, and thalidomide is
characterized by disruption of embryonic patterning and limb
reduction defects in addition to other developmental abnor-
malities that can also be predictable, which limits the use of
defined inhibitors in patients.'®" Mice treated with tankyrase
inhibitors develop toxicity and weight loss, in contrast, por-
cupine inhibitors do not cause adverse effects on the gut in
the course of cancer treatment. '%>'% Despite the mention of
such adverse effects as alopecia, fatigue, bone loss or
breakage, muscle cramps, and dysgeusia are also docu-
mented as a result of targeting the signal transduction
pathway including Wnt. Nevertheless, these unfavorable im-
pacts are generally reversible upon cessation of treatment.

Thus, these observations indicate that small molecule in-
hibitors or drugs targeting important developmental signals
utilized by normal tissues and cancer stem cells may pose
issues in normal homeostasis.

Conclusions and future perspectives

Whnt signaling plays a vital role in the proper differentiation of
various tissues and is also involved in adult homeostasis.
Moreover, it maintains the intestinal stem cell niche at the
bottom of the crypts of the adult intestine. Notably,
abnormal deviation in the Wnt/B-catenin pathway leads to
CRC by promoting cell proliferation, survival, and invasion,
activated by driver genes such as APC, CTNNB1, RNF43,
AXIN1/2, and RSPO2/3. However, little is known about CRC
and its molecular etiology, which is considered the most
complex malignancy for clinical management. Recently, a
breakthrough in targeting the upstream component of Wnt
signaling was achieved with the discovery of R-spondin2 in the
case of CRC. Thus, in this review, the crucial molecular factor
RSPO2 was thoroughly investigated, which will help to deci-
pher the RSPO2 altered expression and pathway deregulation
during the phenotypic presentation of CRC and thus offer the
possibility of secondary prevention of CRC. Altered RSPO2
expression and rearrangement can be harnessed to develop
biomarkers and targeted therapies in Wnt-dependent tumors
with much effort, there are very few FDA-approved drugs and
inhibitors that can be routinely incorporated into clinical
trials that target the Wnt pathway and its upstream compo-
nents for CRC. Despite several efforts, many challenges and
problems are still associated with developing specific and
efficient inhibitors targeting Wnt signaling in CRC.

Thus, this review leads to some valuable conclusions,
the most important of which are outlined as follows: (i) R-
spondins are secretory proteins and can function as Wnt
signaling regulators; (ii) Signal transduction through Wnt
broadly regulates cell proliferation, migration, differenti-
ation, and polarity during development and homeostasis;
(iii) Aberrant Wnt signaling and RSPO2 are implicated in
many forms of human cancer including CRC; (iv) RSPO2 and
fusion transcripts of RSPO2 tend to be ideal for molecular
therapy as they are precise to cancerous cells and have also
been explored as prognostic & diagnostic indicators in CRC;
(v) Therapeutic approaches (natural products, small mole-
cules, and drugs) directly targeting Wnt-dependent
signaling components or RSPO2 signaling offer promising
anti-cancer strategies for CRC treatment.
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