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Abstract

Background/Aim: R-spondins control WNT signaling and RSPO1 and LGRS, two of its
receptors, are uniquely expressed at high levels in high-grade serous ovarian cancer (HGSOC).
The aim of this study was to assess the interrelations between the expression of the RSPOs and
LGRs in HGSOC and in the ovarian surface (OSE) and fallopian tube surface epithelium (FTSE)
from which HGSOC arises.

Materials and Methods: Analysis of TCGA (HGSOC), CCLE (ovary), and other publicly
accessed RNA-Seq data using UC San Diego Computational Cancer Analysis Library (CCAL)
to perform differential expression analysis, association studies, and gene set inspection using the
single-sample GSEA method. Additionally, we employed multiple publicly available databases
including StringDB, Human Protein Atlas, and cBioPortal to aid the investigation.

Results: Among normal tissues, expression of RSPO1, LGRS and LGR6 was highest in the
fallopian tube. The relative levels of expression of the RSPOs and LGRs in the OSE and FTSE
matched those in HGSOC. RSPO1 and LGR6 were highly co-expressed in all three tissues. Gene
set enrichment analysis (GSEA) showed that expression of RSPO1 was strongly linked to the
enrichment of three separate WNT-driven GO pathways. Analysis of genes that impacted overall
survival identified two other immediately adjacent genes that control WNT signaling, KREMEN1
and ZNRF3whose expression and copy number were coordinately linked.

Conclusion: RSPO1 and LGR6 are coordinately expressed in HGSOC and the two normal
tissues from which this tumor arises, and their expression is linked to WNT signaling pathways
known the control cell fate and proliferation.
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WNT signaling regulates stem cell function, the fate of the daughter cells as they form
tissues, their transformation to the malignant state and the growth and metastasis of the
resulting tumors. Execution of these myriad functions requires an extraordinary level of
regulatory precision. Tight control of activity in the WNT pathway is mediated primarily
by ligands that operate over short physical distances to activate receptor systems in stem
cells and their progeny. The interaction of the 19 WNT ligands with the 10 members of the
family of frizzled (FZD) receptors provides one level of control, and the interaction of the 4
members of the R-spondin family (RSPO1-4) with 3 members of the LGR receptor family
(LGR4-6) and 2 ubiquitin ligase co-receptors (RNF43 and ZNRF3) provides another. The
interaction of WNT ligands with the FZD receptors is hypothesized to mediate sustained
tonic levels of activity, whereas the interaction of the 4 members of the R-spondin family
of ligands serves to amplify and modulate the FZD signal over a wider dynamic range (1).
These control systems converge to modulate the transcriptional activity of p-catenin that
drives the expression of multiple genes involved in stem cell function, proliferation and
differentiation.

There is now strong evidence that high-grade serous ovarian cancer (HGSOC) arises

from both the distal fallopian tube surface epithelium (FTSE) and the ovarian surface
epithelium (OSE) as the result of genomic events that activate signal transduction systems
and metabolic pathways that sustain the transformed state (2, 3). The WNT/B-catenin
pathway is one of the signal transduction systems that is commonly activated in HGSOC,
and the increase in its activity has been linked to the proliferation, migration, metastasis
and prognosis of these tumors (4-10). As such, this pathway is of substantial interest in the
search for new therapeutic options. Activating mutations in f-catenin itself, or mutations that
disable the degradative complex that limits the levels of B-catenin, result in increased signal
output, but these mutations are rare in HGSOC. There is currently very little information

on how activity of the WNT/B-catenin pathway is up-regulated in HGSOC. The ability of
the R-spondins to markedly increase WNT signaling in many cell types, and their important
role in stem cell biology, suggests a role for them as drivers of enhanced WNT signaling in
HGSOC.

There are 4 R-spondins in mammals, and they are of particular interest in part because

of their ability to regulate stem cell function in many types of epithelia and cancer (11).
After intracellular processing and secretion from the cell, they contain 2 furin-like domains
at the N-terminal end and a thrombospondin-like domain followed by a basic domain at

the C-terminal end. They bind with varying affinities to the LGR4, LGR5 and LGR6
transmembrane receptors, and one consequence of this binding is reduction in the activity of
two ubiquitin ligases, RNF43 and ZNRF3, that are positioned adjacent to the LGRs in the
plasma membrane (12). In the absence of RSPO binding to the LGRs, RNF43 and ZNRF3
continuously degrade the receptors of the FZD family. By reducing the ability of RNF43
and ZNRF3 to degrade these receptors, the density of FZD on the cell surface increases
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along with the magnitude of the signal they generate when bound to an appropriate WNT
ligand. However, recent studies indicate that RSPOs can activate downstream GTPases and
augment signaling even in the absence of LGR4-6 suggesting the involvement of other types
of receptors as well (13, 14).

The RSPOs are of particular interest because there is now a large body of evidence from
lineage tracing studies in mice that two of their receptors, LGR5 and LGR6, are markers
of stem cells in the gut, skin and other epithelia (11, 15). Much less is known about stem
cells in the OSE or FTSE, but lineage tracing in mice suggests that LGR5 marks a stem
cell population in the ovary, and LGR6-expressing cells are found in organoids grown from
human fallopian tube epithelium (2, 3, 16). Using data from The Cancer Genome Atlas
(TCGA) we previously observed that HGSOC expresses unusually high levels of LGR5
and LGR6 mRNA. HGSOC also has the highest median expression of RSPOI mRNA but
an unusually low level of RSPO2 mRNA (17). We herein report additional analyses of the
expression of RSPOI-4and LGR4-6in the FTSE and HGSOC that provide evidence for the
RSPO1/LGR® axis as a driver of increased WNT signaling in HGSOC.

Materials and Methods

Multidimensional cancer datasets.

The cBioPortal for Cancer Genomics (http://cbioportal.org) and The Human Protein

Atlas dataset (www.proteinatlas.org) were used to explore, visualize, and analyze
multidimensional cancer genomics data. These are open-access resources currently
providing data from more than 5,000 tumor samples from 20 cancer studies (18-20).

We also used datasets from The Cancer Genome Atlas (TCGA, https://www.cancer.gov/
tcga) (21) and Gynecologic Tissue and Fluid Repository (22). The pre-processed dataset
containing RNA-seq data of normal FTSE and OSE samples was directly downloaded from
a Github repository (https://lawrenson-lab.github.io/OvarianRNASeq/index.html).

Network associations.

Network associations between proteins were explored using STRING v11.0 (https://
string-db.org) (23). The “Kaplan-Meier Plotter” (http://kmplot.com/analysis/index.php?
p=service&cancer=ovar) was used to analyze the overall survival which was based on a
total of 374 cases of ovarian cancer for which RNA-seg-based gene expression and clinical
data is available (24).

Gene expression analysis and GSEA.

Enrichment scores for the corresponding samples were calculated using Single-sample Gene
Set Enrichment Analysis (sSGSEA) projection (25). Briefly, gene expression values were
rank-normalized from their absolute expression, followed by calculation of an enrichment
score of individual samples by evaluating the differences in the empirical cumulative
distribution functions of the genes in the gene set relative to the remaining genes. A positive
enrichment score denotes significant overlap of the gene set with groups of genes at the top
of the ranked list, while a negative enrichment score denotes a significant overlap of the
signature gene set with groups of genes at the bottom of the ranked list. These resulting
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sSGSEA scores for individual samples were used for interpreting gene expression profiles
using gene sets from the Molecular Signatures Database (MSigDB, www.msigdb.org) (26,
27). In addition to the MSigDB gene sets, the YAP gene set used was derived from

a previous study (20). To quantify the degree of association, an information-theoretic
measure of information coefficient (IC) was calculated and an empirical permutation test
for statistical significance calculations carried out against the expression of specific mMRNAs
(e.9. RSPO1, LGR6and KREMENL.

RSPO and LGR expression in normal ovary and fallopian tube.

Examination of RNA-seq data from the Human Protein Atlas dataset
(www.proteinatlas.org), which includes 37 normal tissues, suggests that the expression of
RSPO1 is usually high in the fallopian tube relative to the ovary and other normal tissues
(Figure 1). The expression of the other 3 RSPOs is not distinctively higher in these tissues.
Interestingly, the expression of 2 of the best understood RSPO1 receptors (LGR5 and LGR6)
is also high in the tube relative to other normal tissues (Figure 1). Although limited by

the fact that the RNA-seq was performed using mMRNA extracted from whole organs rather
than just the epithelial components, this observation led to investigation of the differential
expression of the RSPOsand LGRsin HGSOC.

Analysis of RNA-seq data generated from just the OSE and FTSE cells from the ovary

and fallopian tube confirmed differential expression of RSPOs and LGRs. We examined

the data from 114 samples of selectively harvested OSE cells and 74 samples of normal
FTSE collected as part of the Gynecologic Tissue and Fluid Repository (22). Among the
OSE and FTSE samples, 43 and 50, respectively, contained data on the LGRsand RSPOs,
respectively. This analysis revealed distinct differences in the expression of the 5P0s and
LGRs in these epithelia. As shown in Figure 2, in both the OSE and FTSE, RSPOZ2 stands
out as being expressed at a significantly lower level than the other 3 RSP0Os. Among the
LGRs, LGR4is expressed at high levels in both tissues, but the OSE and FTSE diverge in
the expression of LGR5and LGR6 both of which are expressed at substantially higher levels
in the FTSE than in the OSE. When comparing each of these genes in the FTSE versus OSE
it is remarkable that, with the exception of RSP0O4, expression is higher in the FTSE than in
the OSE.

RSPO and LGR expression in HGSOC.

Examination of all of the HGSOC cases in the TCGA database with available RNA-seq data
disclosed that the median mRNA level for R5P01 is among the highest, and that of RSPO2
among the lowest, of all other tumor types in the TCGA database (Figure 3). The median
levels of expression of RSPO3and RSPO4 did not stand out as being unique in HGSOC. As
is the case in normal FTSE, the median level of expression of LGR5in HGSOC is among
the highest observed across all tumor types in TCGA (Figure 4). Also mimicking the FTSE
and OSE, expression of LGR5'is higher than LGR6. In contrast to what was observed in
FTSE, LGR4 expression in HGSOC was not distinctly elevated relative to other tumor types.
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An analysis of the frequency of amplification, mutation, fusion and deep deletion of the 4
RSPOs in the TCGA data showed that the frequency of amplification is higher in HGSOC
than in any other tumor type for RSPO1, RSPOZ, and RSPO4 (ranging from 4-16%), but
not for RSPO3 (1%). The frequency of point mutations and deep deletions is low for all

4 RSPOs in HGSOC (3% for RSPO1 and RSPOZ, and 0% for RSPO3and RSPO4). It is
also low in almost all other types of tumors. Interestingly, the level of expression of RSPO1
and RSPOZat the RNA level does not correlate with the degree of gene amplification. No
significant difference in the frequency of gene amplification of L GR4-6was observed in
HGSOC compared to other cancers.

We also assessed the impact of these molecular alterations on survival and found no
linkage between the expression of RSPO1 or RSPO3and the overall survival of patients
with HGSOC. However, patients with alterations of RSPO2and/or RSPO4, including
amplification, mutation, fusion, and deep deletion, had modest but significant prolongation
of overall survival. Median survival in cases with RSPOZ alteration was 25.9 months
compared to 44.5 months in cases without alteration (0=0.0008). Median survival was
22.8 months in cases with RSPO4 alteration vs. 44.8 months in cases without alteration
(0=0.045). When alterations in either RSPO2 or RSPO4 were considered, median survival
was 25.9 months compared with 44.9 months in cases without either alteration (p<0.001).
However, the number of cases with RSPO alterations in this analysis was small, warranting
further analysis using a larger number of cases. The number of cases with either
amplification, mutation, fusion, or deep deletion was too small to permit a robust analysis.

Co-expression analysis of RSPOL1.

Given the prominent expression of RSP0 in HGSOC, a search was carried out to identify
genes whose mRNA levels correlated with that of RSPOZ using the TCGA database. Among
19,007 genes included in the co-expression analysis, AGAP11, LGR6, AXINZ, and VWCE
exhibited the highest correlations (Figure 5). There were no significant correlations between
the expression of RSPO1 and LGR4 or LGR5. While LGR6 and AXIN2 have established
roles in the regulation of WNT signaling, AGAP11 and VWCE currently have no known
connection to this pathway. However, when AGAP11 was used as the query gene in the
co-expression analysis, RSPO1 was found to be the most highly correlated gene suggesting
an unknown connection. Also, it is worth noting that mRNA expression of VIWCE was very
high, and AX/N2was moderately high, in both the normal ovarian tissue and fallopian tube;
no data on the expression of AGAP11 were available in the GTFR database. The significant
associations between RSPO1 and LGR6 and AX/INZ, and the putative role for AXIN2
vis-a-vis WNT signaling, suggests that RSPO1 participates in driving WNT signaling in
HGSOC.

We also analyzed the co-expression of RSPOI, LGR6and AX/N2in OSE and FTSE.

Table I lists the Spearman correlation coefficients for the association of RSPOI with LGR6
and AX/NZin the OSE and FTSE; the coefficient for the co-expression of these genes in
HGSOC is included for comparison. Figure 6 presents these associations as heat maps. With
the exception of the RSPOI-L GR6 association in FTSE, the magnitude of the correlation
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coefficients in the OSE and FTSE is similar to or greater in the HGSOC consistent with the
OSE and FTSE being tissues of origin of HGSOC.

Association between RSPO1 and LGR6 expression and GO pathways in HGSOC.

To assess the associations of RSPOI and L GR6 at the pathway level, single-sample GSEA
(ssGSEA) was used to assess connections of RSPO1 and LGR6in HGSOC using gene sets
from the Molecular Signatures Database (MSigDB, see Methods). As shown in Figure 7,
expression of RSPOI and LGR6 is significantly associated with the enrichment scores of the
same 3 separate WNT-related gene sets. Each of these 3 pathways involves components of
the canonical WNT signaling pathway (B-catenin, ER and YAP). This further highlights the
close association of RSPO1 with LGR6.

Impact of WNT pathway gene expression on survival in patients with HGSOC.

While the expression of RSPO1, LGR5and LGR6in HGSOC is associated with WNT
pathway signaling, a key question is whether this association influences the clinical
behavior of HGSOC. Starting with the list of genes in the WNT STRING cluster
(https://string-db.org/) we used the “Kaplan-Meier Plotter” tool (http://kmplot.com/analysis/
index.php?p=service&cancer=ovar) to identify those whose expression had the largest
effect on progression-free (PFS) and overall survival (OS). This analysis was based

on a total of 374 cases of ovarian cancer for which RNA-seg-based gene expression

and clinical data was available (28). At the mRNA level none of the RSPOs or

L GRsindividually had a significant effect on survival. The WNT pathway gene whose
expression was most closely associated with a change in PFS and OS was KREMENJ.
Although the product of this gene is reported to be an inhibitor of WNT/B-catenin
signaling (29, 30), patients with KREMENI expression above the median displayed

worse survival; median OS was 40 months for patients with higher expression and 57
months for lower expression (p<0.001) (Figure 8A). ssGSEA identified expression of
KREMENI to be positively rather than negatively associated to the expression of genes

in 2 WNT-related GO pathways. Two gene sets in MSigDB, representing the activation

of the Wnt/p-catenin pathway (HALLMARK_WNT_BETA_CATENIN_SIGNALING and
ST_WNT_BETA_CATENIN_PATHWAY), scored first and 21th respectively out of 6,695
pathways (Figure 8B).

The unexpected observation that increased expression of a putative inhibitor of WNT
pathway activation was associated with worse prognosis prompted an analysis of genes
co-expressed with KREMENI in the HGSOC cases in TCGA. This analysis disclosed

a highly positive association with another WNT signaling inhibitor, the ubiquitin ligase
ZNRF3(Spearman 0.5, p=5.5 x 10713, r2 0.28). In the absence of an RSPO, the product

of this gene down-regulates WNT signaling by continuously targeting frizzled receptors for
proteasomal degradation, an effect that is inhibited by RSPO binding. Interestingly, ZNRF3
lies immediately upstream of KREMENI at 22q12.1 suggesting that the positive correlation
between the expression of these 2 genes may be the result of co-amplification or co-deletion.
To test this hypothesis, the association between copy number of these genes was analyzed
(Figure 8C). The copy number variation of KREMENI and ZNRF3at 22912.1 is highly
correlated. When KREMENI was amplified or deleted, ZNRF3, was also amplified or
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deleted. The same was true for the other genes in this locus including EMID1 (22g12.2) and
TTC28(22q12.1). Thus, the correlation between the expression of KREMENI and ZNRF3
seems likely to be caused by concurrent changes in gene copy number.

Discussion

The analyses reported here were prompted by the observation that RKSPO1 expression in
HGSOC is the second highest among all tumor types, that RSPOZ2 expression is uniquely
low, and that the RSPOL1 receptors LGR5and L GR6 are highly expressed in this malignancy
suggesting an important role of WNT signaling as a driver of ovarian cancer. Further
analysis disclosed that this pattern of expression is also found in the FTSE and, to a lesser
extent, in the OSE, the two epithelia from which HGSOC arises, and that co-expression
patterns of RSPOZ1 and LGR6 are similar in these tissues. A comparison of normal tissues in
the Human Protein Atlas database disclosed that the fallopian tube expresses RSPOI, LGR5
and LGR6 at higher levels that almost all other tissues. Analysis of RNA-seq data from a
large number of non-malignant OSE and FTSE samples confirmed high expression of these
3 genes, and a markedly lower expression of RSPOZ, similar to the situation in HGSOC.
With the exception of RSPO4, both the RSPOsand L GRs are expressed at lower levels in
the OSE than in the FTSE.

Evidence that the high levels of RSPO1 and LGR6 translates into active WNT signaling

is provided by the observation that their expression is correlated with that of AX/NZ, a
gene central to the canonical WNT pathway. GSEA analysis disclosed a strong relationship
between expression of either RSPO1 or LGR6 and the same 3 WNT-associated pathways
(B-catenin, ER and YAP). These results are consistent with a prior study that compared
RSPOI mRNA levels in 6 ovarian cancer cell lines relative to immortalized normal human
ovarian cells that disclosed 4.5 to 6-fold higher mRNA levels in the malignant cells (4).
Strong expression of RSPO1 was detected in 6 human ovarian cancer cell lines by western
blot analysis, and all 15 patients whose HGSOC were examined for RSPO1 expression

by immunohistochemistry were reported to have strong staining whereas only weak or
undetectable staining was found in normal ovaries (4). Thus, within the RSPO family,
RSPO1 stands out as a strong but not exclusive candidate driver of WNT signaling in
HGSOC. Studies in transgenic mice have clearly established that the increased expression
of RSPO2or RSPO3that occurs as a result of translocation (EIF3E-RSPO2 and PTPRK-
RSPO3) can drive transformation (2). However, such translocations are not found in
HGSOC, and whether the increased expression of RSPO1 observed in HGSOC is a cause
or consequence of the genomic changes that result in transformation of the OSE or FTSE is
unknown.

WNT signaling is required for the growth of organoids derived from both human and mouse
OSE and FTSE. Proliferation of cells in these organoids requires RSPO1 (16); whether other
RSPOs can substitute for RSPO1 has not been thoroughly tested. However, a recent study of
organoids grown from mouse OSE and FTSE disclosed significant differences in the extent
to which organoids are dependent on the ligands that support WNT signaling. Organoids
grown from OSE have a greater requirement for WNT3A and exhibit differences in marker
expression and susceptibility to transformation by known ovarian cancer oncogenes (3).
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Normal FTSE organoids express LGR6 but not LGR5; LGR5 expression was found to

be absent in both the FTSE and organoids and organoids derived from this epithelium
(16). Lineage tracing experiments in mice have recently provided strong evidence that
LGR6 marks stem cells in the FTSE whereas L GR5 marks stem cells in the OSE (2). The
discrepancy between the results of RNA-seg-based analysis of the OSE and FTSE which
find high levels of both LGR5and LGR6 in both the OSE and FTSE likely reflect the
cell-type resolution obtainable with organoids.

A search for genes co-expressed with RSPOZ1 in HGSOC identified LGR6and AXINZ, both
of which are central to WNT signaling. Consistent with the concept that HGSOC relies on
signaling pathways dominant in the normal tissue from which it arose, similar co-expression
associations were found in the OSE and weakly in the FTSE. GSEA analysis indicated that
RSPOIand LGR6 are each strongly linked to the same 3 WNT related gene sets which
provides evidence of the functionality of the products of these 2 genes in this disease. One of
these, the YAP pathway, may be linked to one of the other genes found by the co-expression
analysis, AGAP11, a protein-coding gene predicted to have GTPase activity. This finding

is of interest for 2 reasons. First, Carmon et a/. reported that, in colon cancer cells, LGR5
interacts with the GTPase-activating protein IQGAPL, an effector of Racl/CDC42 GTPases,
to up-regulate actin cytoskeleton dynamics and cell-cell adhesion (31). This establishes a
link between RSPO1, LGR5 and GTPase activation in a network that may also involve
regulation of the expression of GTPases such as AGAP11. Second, the potential GTPase of
activity of AGAP11 provides a possible connection to WNT signaling. Small GTPases act
as master organizers of the actin cytoskeleton through activation of YAP/TAZ via switching
of their DNA-binding transcription factors (32). YAP/TAZ activation inhibits canonical
WNT/B-catenin signaling by up-regulating WNT pathway inhibitors DKK1, BMP4, and
IGFBP4 (33). The positive co-expression of RSPO1 and AGAP11 suggests that AGAP11
may serve to dampen RSPO1-driven WNT pathway activity. The co-expression analysis
disclosed that expression of VWCE was also closely linked to the expression of RSPO1

in HGSOC. Under its alias name of URG11 this gene has been reported to drive WNT
signaling and promote tumorigenesis in hepatocytes and the gastric epithelium (34, 35).

We hypothesize that AGAP11 and VCME may both participate in the up-regulation of
RSPO1-LGR6-mediated WNT signaling in ovarian cancer.

DDKZ1 inhibits WNT signaling by interfering with the interaction of WNT ligands to bind

to frizzled receptors and the co-receptor LRP. KREMENI encodes a high-affinity receptor
that binds and disables this function of DDK1 thus augmenting WNT signaling. KREMEN1
likely affects WNT signaling by other means as well as, e.g. in the absence of DKK1, it
potentiates WNT/B-catenin signaling by maintaining LRP5 or LRP6 at the cell membrane
(29, 30). The finding that high expression of KREMEN1 is associated with worse OS

is consistent the concept that up-regulation WNT signaling supports malignant behavior.
However, DDK1 appears to function as a tumor suppressor or promoter in different cellular
contexts, and whether and how its interaction with the KREMENZ1 protein affects survival in
HGSOC through modulation of WNT signaling remains to be further explored.

The fact that the KREMENI and ZNRF3 genes are adjacent to each other in the genome,
and that changes in their copy numbers are very highly concordant in individual tumors,
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likely explains their high level of co-expression in HGSOC. How increased levels of ZNRF3
protein might affect the level of WNT signaling in a tumor is not clear since its activity also
depends on availability of an RSPO ligand. It is intriguing that a recent study, the GWAS
study identified the locus of RSPO1 at 1p34.3 as a susceptibility locus (36), and even more
intriguing that a more recent paper also identified the location of KREMEN1/ZNRF3 as
22¢12.1 as a susceptibility locus (37).

Additional support for the hypothesis that RSPO1 and LGR6 are an important divers

of WNT signaling in HGSOC comes from /in vitro studies of the effect of RSPO1

on normal immortalized human ovarian cells and HGSOC cell lines (4). Addition of
recombinant RSPO1 to the medium increased the proliferation and migration of SV-40
Large-T immortalized non-malignant ovarian cells and over-expression increased p-catenin
activity and target gene expression levels. Knockdown of RSPO1 expression with sSiRNA

in malignant cells reduced proliferation and migration, reduced p-catenin activity and target
gene expression and induced apoptosis. Immunohistochemical analysis of 294 cases of
ovarian cancer disclosed high expression of IGR6 in 52% and linked its expression to
reduced progression-free and overall survival (10). These data provide evidence the RSPO1/
LGR6 axis is functional in quasi-normal ovarian cells, long-established HGSOC cell lines,
and clinical samples of HGSOC. However, /n vivo evidence that modulating RSPO1 or LGR
levels in tumor cells influences growth is not yet available. While RSPO1 and L GR6 stand
out as highly expressed at the mRNA level in HGSOC, many of these tumors express the
other RSPOs and LGRs at lower levels as well and the level or direction of WNT signaling
may well be determined by all of these. As of now there is limited direct /n vivo evidence
indicating that modulation of RSPOL1 protein levels or functional activity can alter WNT
signaling or accelerate or impair the growth of this type of tumor.

The major strength of this paper is that it integrates data from many sources, and the
databases with which analyses were performed include large numbers of samples that were
extensively curated. This permitted us to detect patters of expression, co-expression and
linkage to signaling pathways with very high statistical power. The insights reported here
now serve to guide efforts to confirm these associations at the experimental level. The fact
that this analysis is based on mMRNA rather than protein expression is a limitation because of
the high variance that exists in the relation between the mMRNA and protein level for different
genes. It is also a limitation of any study of this type that the databases on which we have
relied are heterogenous with respect to patient origin, how mRNA levels were measured, and
curation processes.
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Figure 1.
Relative expression of RSPO1, LGR5, LGR6 and VWCE mRNA in normal human tissues.

Analysis based on RNA-seq data from the Human Protein Atlas Project.
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Figure 2.
Relative mRNA expression of RSPO1-4 and LGR4-6 in normal OSE and FTSE. Expression

in OSE and FTSE determined from RNA-seq data from Lawrenson et al. (22). Box plots
indicate median and upper and lower quartiles.
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Figure 4.

Distribution of mRNA levels of LGR5 (upper panel) and LGR6 (lower panel) in HGSOC.
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Figure5.

Heatmap showing correlation between the mRNA levels of RSPO1, LGR6, AGAP11,
AXIN2, and VWCE in patients with HGSOC. Data are from all 585 cases with RNA-seq
data in the TCGA Pan-Caner Atlas study database (21).
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Heatmap showing co-expression in the mRNA levels of RSPO1, LGR6, and AXIN2 in OSE,
FTSE, and HGSOC. The Gynecologic Tissue and Fluid Repository (22) dataset was used for
analysis of co-expression in OSE and FTSE.
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Figure7.
Single-sample GSEA analysis heatmap showing the association between the expression
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Figure8.
A, Association of the expression of KREMENL in patients with HGSOC with overall

survival. B, Association of expression of KREMEN1 with WNT signaling pathways in
300 cases of HGSOC (GSEA/MSigDB). C, Linkage between copy number for genes
KREMEN1, EMID1, ZNRF3 and TTC28. Data is from the TCGA Pan-Caner Atlas study
database (21).
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Correlations of the mRNA profiles of RSPO1 vs. LGR6 and AXINZ2 in OSE, FTSE and HGSOC.

Table 1.

Spearman correlation coefficient and associated p-value

OSE* FTSE* HGSOC**
Genes (n=43) p-value (n =50) p-value (n=299) p-value
RSPOI-LGR6 0.54 0.0053 0.44 0.0026 0.54 5.0x 1076
RSPOI-AXIN2 0.80 5.0x 1076 0.51 29x%107* 0.43 4.4 %107
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