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Abstract

R-spondins (RSPOs) are influential signaling molecules that promote the Wnt/B-catenin pathway and self-renewal
of stem cells. Currently, RSPOs are emerging as clinically relevant oncogenes, being linked to cancer development in
multiple organs. Although this has instigated the rapid development and testing of therapeutic antibodies targeting
RSPOs, functional evidence that RSPO causally drives cancer has focused primarily on the intestinal tract. Here, we
assess the oncogenic capacity of RSPO in breast cancer in a direct fashion by generating and characterizing a novel
mouse model with conditional Rspo3 expression in the mammary gland. We also address the prevalence of RSPO gene
alterations in breast cancer patients. We found that a quarter of breast cancer patients harbor RSPO2/RSPO3 copy
number amplifications, which are associated with lack of steroid hormone receptor expression and reduced patient
survival. Foremost, we demonstrate the causal oncogenic capacity of RSPO3 in the breast, as conditional Rspo3
overexpression consistently drives the development of mammary adenocarcinomas in our novel Rspo3 breast cancer
model. RSPO3-driven mammary tumors typically show poor differentiation, areas of epithelial-to-mesenchymal
transition, and metastatic potential. Given the reported interplay in the Wnt/B-catenin pathway, we comparatively
analyzed RSPO3-driven mouse mammary tumors versus classical WNT1-driven analogues. This revealed that
RSPO3-driven tumors are distinct, as the poorly differentiated tumor morphology and metastatic potential were
observed in RSPO3-driven tumorigenesis exclusively, further substantiated by differentiating gene expression pro-
files. Co-expression of Rspo3 and Wnt1 transduced mammary tumors with a mixed phenotype harboring morpholog-
ical features characteristic of both transgenes. In summary, we report that a quarter of breast cancer patients harbor
RSP0O2/RSPO3 copy number gains, and these patients have a worse prognosis, whilst providing in vivo evidence that
RSPO3 drives poorly differentiated invasive breast cancer in mice. Herewith, we establish RSPO3 as a driver of breast
cancer with clinical relevance, proposing RSPO3 as a novel candidate target for therapy in breast cancer.
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Introduction

R-spondin proteins (RSPO1-4) are secreted ligands that
have emerged as multipotent signaling molecules.
Among their activities, potentiation of the Wnt/p-catenin
pathway in cooperation with Wnt ligands has been
established best. As RSPO ligands act through the
LGR4, LGRS, and LGR6 transmembrane receptors typ-
ically expressed on stem and progenitor cells, they play
an influential role by potentiating Wnt/p-catenin signal-
ing and proliferation in various stem cell compartments

[1,2]. Despite the fact that RSPOs cooperate with Wnt
ligands to drive canonical Wnt/pB-catenin signaling,
RSPO and Wnt ligands also exert distinct, non-
interchangeable roles in the intestinal stem cell niche
[3]. Here, RSPOs actively fuel self-renewal and expan-
sion of stem cells, dictating the size of the stem cell pool,
in contrast to Wnt ligands that are unable to induce stem
cell self-renewal [3]. In line with the instrumental role of
RSPOs in stem cell regulation, aberrant RSPO activation
has been increasingly implicated in carcinogenesis over
the last decade [4]. The oncogenic role of RSPO has

© 2022 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd on behalf of The Pathological Society of Great Britain and Ireland.
This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any

medium, provided the original work is properly cited.


https://orcid.org/0000-0002-3156-3725
mailto:e.r.m.bakker-8@umcutrecht.nl
mailto:j.hilkens@nki.nl
http://wileyonlinelibrary.com
http://creativecommons.org/licenses/by/4.0/

290

been especially recognized for the intestinal tract, as
mouse studies have provided functional evidence that
aberrant Rspo expression causally drives intestinal
tumorigenesis, associated with aberrant expansion of
the proliferative stem cell compartment [5,6]. Moreover,
a gain in RSPO2 or RSPO3 levels is evident in a subpop-
ulation of colorectal cancer patients, caused either by
stromal overexpression or by specific gene fusions,
among which EIF3E-RSPO2 and PTPRK-RSPO3
occur mutually exclusively with classical APC and
CTNNBI driver mutations [7-13]. These findings put
forward RSPO2 and RSPO3 as novel, clinically relevant
cancer drivers in the intestinal tract, which has accord-
ingly been recognized by a clinical trial targeting RSPO3
in colorectal cancer [14].

As RSPOs have been implicated in many cancer
types, the potential clinical utility extends beyond the
intestinal tract, therefore urging further investigation.
Among these other types is breast cancer, which repre-
sents a different cancer type in which the steroid hor-
mone receptors ER and PR play a crucial role in
stratifying therapeutic treatment options, reflecting the
instrumental role of hormonal regulation in the mam-
mary epithelium. Hence, in the normal mammary gland,
upstream steroid hormone signals are instructive in
regulating mammary stem cell dynamics, and Wnt/p-
catenin signaling also plays an important stem cell regu-
latory role [4,15-17]. Importantly, mouse studies have
indicated that the dictating role of upstream steroid
hormone signals is executed through a collaborative
Rspol-Wnt4 signaling axis that potentiates Wnt/f-
catenin signaling and stimulates self-renewal of mam-
mary stem cells in the normal mammary gland [18,19].
Whnt/B-catenin signaling also contributes to mouse
mammary cancer, initially found through the identifica-
tion of Wntl as a mammary oncogene [20]. Transgenic
mouse studies have shown that hyperactivation of the
Whnt/f-catenin pathway, e.g. in MMTV-Wnt/ and
MMTV-ANS9-B-catenin mice, causes the development
of mammary tumors [21,22]. In breast cancer patients,
especially of triple-negative subtype, overactivation of
the Wnt/B-catenin pathway has been frequently reported;
however, the underlying mechanisms responsible
remain obscure as APC and CTNNBI mutations are
rarely found [4,23-25]. Wnt pathway activation may
be rather achieved by alterations in alternative pathway
members, as reported for Wnt antagonists [26-29].
Alterations in RSPOs might present another explanation.
Overexpression of RSPO2, RSPO3, and RSPO4 has
been reported in breast cancer patients, in particular in
triple-negative tumors, where enhanced RSPO2 expres-
sion was associated with reduced metastasis-free sur-
vival [30,31]. RSPO fusions were not detected in
446 breast tumors screened by Coussy et al [30].
However, the triple-negative breast cancer cell line
BT549 harbors the EIF3E-RSPO2 gene fusion. From
earlier MMTYV insertional mutagenesis screens in mice,
Rspol, Rspo2, and Rspo3 had already been proposed
as potential mammary oncogenes [32-35]. Despite these
data suggesting a pro-tumorigenic role for RSPOs in
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breast cancer, functional in vivo evidence for their causal
oncogenic capacity has remained limited. In this regard,
we exploited a validated transgenic Rspo3 mouse model
to investigate RSPO3 as a paradigm. We demonstrate
that a gain in RSPO3 causes the development of poorly
differentiated invasive mammary tumors in mice,
providing functional evidence for the causal oncogenic
capacity of RSPO3 in driving breast cancer. We
also show that mammary tumors driven by RSPO3
are morphologically and molecularly distinct from
WNT1-driven tumors, with higher metastatic potential.
These findings suggest that RSPO3 potentially repre-
sents a novel candidate therapy target for breast cancer
patients with a gain in RSPO3.

Materials and methods

In silico copy number analysis

Copy number analysis was performed using the
METABRIC breast cancer patient dataset and the
cBioPortal for Cancer Genomics (http://cbioportal.org).

Mouse strains and tumor study

We generated the Rspo3™ mouse model on a 129/0la
background previously [official 129P2-Gt(Rosa)
26S0rMOCAGRPOINK/ A (MGI:5697338, abbreviated
to Rspo3™)], of which a detailed description is provided
in ref 5. In the Rspo3™ mouse line, the Rspo3 coding
sequence is present in the antisense orientation between
two sets of non-homologous Lox sites in a head-to-head
orientation (Figure 2A and supplementary material,
Figure S1A). In the current study, Rspo3™ mice
(129/0la) were crossbred with MMTV-Cre;MMTV-
Whntl mice [22,36] (FVB), generating required cohorts
on an F1 hybrid background (maintaining all alleles het-
erozygous). The cohorts comprised single transgenic
Rspo3™ control females (no transgenic expression),
double transgenic MMTV-Cre;Rspo3™ (transgenic
Rspo3 expression) and MMTV-Wntl;Rspo3™ (trans-
genic Wntl expression) females, and triple transgenic
MMTV-Cre;Rspo3™;MMTV-Wntl females (trans-
genic Rspo3/Wntl co-expression). Mice of all genotypes
were forced bred and monitored for tumor development
up to a maximum age of 600 days. All animal experi-
ments were performed according to Dutch legislation
and with approval of the Animals Ethics Committee
(DEC08.061).

Histology and immunohistochemistry

Tissues were fixed in formalin or EAF (ethanol, acetic
acid, and formalin mixture) and paraffin-embedded,
followed by hematoxylin and eosin (H&E) staining
according to routine protocols. For the postmortem anal-
ysis of lung metastases, paraffin-embedded lungs were
sectioned and H&E-stained at five different levels
throughout the lungs. Immunohistochemistry was
performed using rabbit anti-cytokeratin-5 (1:500, PRB-
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160P; Covance, Princeton, NJ, USA), rat anti- anti-ERa (1:1000, sc-542; Santa Cruz Biotechnology,
cytokeratin-8 [1:1500, Troma-I; Developmental Studies Dallas, TX, USA), and rabbit anti-PR (1:300, RM-
Hybridoma Bank (DSHB), Iowa City, IA, USA], rabbit 9102; Thermo Fisher Scientific, Waltham, MA, USA).
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Figure 1. RSPO2 and RSPO3 copy number amplification in breast cancer patients. Copy number amplification of RSPO2 and RSPO3 is asso-
ciated with (A) reduced overall survival (log-rank test), (B) histological tumor grade, and lack of (C) ER and (D) PR expression.
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RNA isolation, cDNA synthesis, and expression
analysis of whole tissue

For RT-PCR analysis, RNA was isolated from mam-
mary tissues using a TissueLyser LT (Qiagen, Hilden,
Germany) and an RNeasy Plus Mini Kit (Qiagen), and
cDNA was generated using the Maxima First Strand
cDNA Synthesis Kit (Thermo Fisher Scientific).
RT-PCR was performed with MyTaq Red DNA
Polymerase (GC biotech, Waddinxveen, The Netherlands)
using the following primer sequences: Sense Rspo3 F 5/
TGGGCAACGTGCTGGTTATT 3’, Sense Rspo3 R 5
CCTATCTGCTTCATGCCAATCC 3°, Acth F 5
TGAGACCTTCAACACCCCAG 3, Acthb R %
GAGCCAGAGCAGTAATCTCC 3’. RNA sequencing
of mouse mammary tumor tissues was performed using
Ilumina HiSeq2000 platforms (Illumina, San Diego,
CA, USA) as previously described [5]. Limma’s Voom
was used for normalization and normalized expression
values were statistically analyzed using the Benjamini—
Hochberg method in R [5]. Gene ontology analysis
was performed using Qiagen Ingenuity Pathway
Analysis.

Results

RSPO2 and RSPO3 copy number amplifications are
associated with poor breast cancer prognosis

We analyzed all four RSPO genes for the occurrence of
copy number alterations in the METABRIC breast
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Figure 2. Conditional Rspo3 mouse model of breast cancer. (A) Schematic representation of the Rspo3

EJ ter Steege et al

cancer dataset. Among the RSPO members, copy num-
ber amplifications of the RSPO2 gene occurred most fre-
quently, being present in 23% (503/2,173) of breast
cancer patients. In addition, 1% harbored copy number
amplifications of RSPOI (26/2,173), 2% of RSPO3
(47/2,173), and 2% of RSPO4 (48/2,173). Importantly,
breast cancer patients harboring RSPO2 or RSPO3 copy
number amplification showed a significantly reduced
overall survival (Figure 1A). In line with these results,
the presence of RSPO2 and RSPO3 copy number ampli-
fications was associated with higher histological tumor
grade (Figure 1B) and lack of expression of the steroid
hormone receptors ER (Figure 1C) and PR
(Figure 1D). Taken together, these data indicate that
over a quarter of breast cancer patients harbor RSPO?2
or RSPO3 amplification, leading to a reduced clinical
outcome.

Conditional Rspo3 expression drives mammary
tumorigenesis

As patient data suggested a pro-tumorigenic role for
RSPO2 and RSPO3 in breast cancer, we aimed to deter-
mine the oncogenic potential of RSPO in breast cancer.
For this purpose, we used the conditional Rspo3™ mouse
model that we generated and validated previously [5]. In
this transgenic mouse model, the Rspo3 coding sequence
is placed in the inverse orientation between two sets of
Lox sites, preventing transgene expression in this antisense
configuration (Figure 2A and supplementary material,
Figure S1A). By providing directed Cre recombinase

C RSPO3 mammary tumor

inv

mouse model in which the Rspo3 trans-

gene is present in the antisense orientation between two pairs of Lox sites. Crossbreeding with MMTV-Cre allows Cre-mediated inversion of the
Rspo3 transgene into the sense orientation in the mammary gland. Adapted from ref 5 with permission of BMJ Publishing Group Ltd. (B) Survival
curves of double transgenic MMTV-Cre;Rspo3™ mice (n = 43) versus single transgenic Rspo3™ control mice (n = 42) (log-rank test). (C) Scan of
total and (D) microscopic pictures (4x and 20x objective) of H&E-stained mammary tumors of MMTV-Cre;Rspo3"™ female mice.

© 2022 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

J Pathol 2022; 258: 289-299
www.thejournalofpathology.com


http://www.pathsoc.org
http://www.thejournalofpathology.com

RSPO3 is an oncogenic driver of breast cancer

Keratin-8

Keratin-5

Keratin-8

293

o 307
]

7]

S o
17

% 20

S

> o
c

3

©

< 107 o
o

o

IS o
=3

P o

Figure 3. RSPO3-driven mammary tumors are less differentiated and more metastatic than WNT1-driven tumors. Immunohistochemical
staining for K8 and K5 in mammary tumors developing in (A) MMTV-Cre;Rspo3"™ female mice and (B) MMTV-Wnt1;Rspo3"™ female mice.

Left panels: 4x objective; right panels: 20x objective. (C) Number of lung metastases observed per mouse in MMTV-Cre;Rspo3

nv

(n = 21) or MMTV-Wnt1 (n = 10) cohorts. (D) Representative example of H&E-stained lung metastasis in an MMTV-Cre;Rspo3"™ mouse

(20x objective).

activity, the Rspo3 transgene is inverted into the sense ori-
entation, leading to overexpression. To investigate the
consequences of Rspo3 overexpression in the mammary
gland, this Rspo3"™ mouse model was combined with
MMTV-Cre mice [36], providing abundant Cre expres-
sion throughout the mammary epithelium. Efficient condi-
tional expression of transgenic Rspo3 was confirmed in
mammary gland tissues of double transgenic MMTV-

© 2022 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
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Cre;Rspo3™ mice, whereas single transgenic Rspo3™
control mice did not express the Rspo3 transgene (supple-
mentary material, Figure S1B), demonstrating its correct
regulation.

To assess the oncogenic capacity of RSPO3 in the
mammary gland, we generated a cohort of MMTV-
Cre;Rspo3™ double transgenic females (n = 43) and a
corresponding control cohort of single transgenic
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Rspo3™ females (n=42). MMTV-Cre;Rspo3™
female mice developed mammary tumors consistently,
providing in vivo evidence for the causal oncogenic
capacity of RSPO3 in the mammary gland. Accordingly,
the tumor-free survival of MMTV-Cre;Rspo3™" females
was reduced to a median of 343 days, compared
with 600 days in the control cohort that lacked
transgenic expression (Figure 2B). The mammary
tumors that developed in MMTV-Cre;Rspo3"™ mice
(i.e. RSPO3-driven tumors) macroscopically appeared
as solid, compact structures, confirmed microscopically
by H&E staining (Figure 2C,D). RSPO3-driven
mammary tumors typically presented as adenocarci-
nomas with mixed solid acinar and ductal arrangements,
focal regions of squamous metaplasia, and areas
with epithelial-to-mesenchymal transition (EMT)
(Figure 2D).

RSPO3-driven murine breast tumors are poorly
differentiated and invasive

To further reveal the features of RSPO3-driven mam-
mary tumors, we performed immunohistochemical ana-
lyses. First, RSPO3-driven mammary tumors were
largely negative for the steroid hormone receptors ERa
and PR (supplementary material, Figure S2). We next
analyzed expression of cytokeratin-8§ (K8) and
cytokeratin-5 (K$5), indicating the luminal and basal
compartments, respectively. In RSPO3-driven mam-
mary tumors, K8 expression was observed throughout
solid epithelial tumor structures but in a weak and patchy
staining pattern (Figure 3A, upper panel). Also, individ-
ual K8-positive spindle-shaped cells were observed in
EMT regions. K5 expression was found most abun-
dantly in EMT areas and to a lesser extent in solid tumor
structures (Figure 3A, lower panel). Thus, the solid epi-
thelial tumor structures harbored weak K8 expression,
whereas EMT regions showed K5 expression predomi-
nantly. Although RSPO3-driven mammary tumors con-
tain both basal and luminal keratins, the relatively weak
and disorganized expression patterns indicated poor
differentiation.

To put this poorly differentiated RSPO3 tumor pheno-
type into further perspective, we comparatively analyzed
WNT1-driven mammary tumors that developed in the
co-bred MMTV-Whntl;Rspo3™ cohort (only Wntl trans-
gene expression, given the lack of Cre). WNT1-driven
mouse mammary tumors showed consistent and strong
staining for both K8 and K5 in a bi-layered fashion,
clearly segregating luminal and basal cell layers and

295

indicating a distinctive degree of differentiation
(Figure 3B). This further emphasized the relatively poor
differentiation of mammary tumors driven by RSPO3,
together with the typical presence of EMT areas
suggesting increased dissemination potential. Therefore,
we examined the lungs of mice bearing WNTI- or
RSPO3-driven mammary tumors to determine distant
metastasis potential. In line with histological features,
lung metastases were found in 6 of 21 (29%) mice bear-
ing RSPO3-driven mammary tumors, mostly presenting
in multitude, with up to 25 metastatic lesions per mouse
(Figure 3C,D). In contrast, no lung metastases were
found in mice with WNT1-driven mammary tumors
(Figure 3C). These findings demonstrate that
RSPO3-driven mammary tumors are poorly differenti-
ated and metastatic.

RSPO3-driven mammary tumors are molecularly
distinct from WNT1-driven tumors

The phenotypic difference between WNTI1- and
RSPO3-driven tumors might seem striking, since Wntl
is a classical canonical Wnt ligand driving
Whnt/B-catenin signaling and R-spondins (RSPOs) are
well known to potentiate this same Wnt/p-catenin route.
To look into this further, we assessed the gene expres-
sion profiles of RSPO3- versus WNT1-driven mouse
mammary tumors by RNA sequencing analysis of the
respective mammary tumor tissues. Principal component
analysis indicated separate clustering of RSPO3- and
WNT1-driven tumors, in line with their distinctive mor-
phology (Figure 4A). Gene expression analysis revealed
that 881 genes were differentially expressed, of which
683 genes showed relative upregulation in WNTI
tumors, compared with 198 genes being enhanced in
RSPO3-driven tumors (Figure 4B, filtered p < 0.05 and
log fold-change > 1.5). Among these and in line with
the above findings, the steroid hormone receptors Pgr
and Esrl were reduced in RSPO3 mammary tumors
compared with WNT1 tumors (supplementary material,
Figure S3A). With regard to activation of the canonical
Wnt pathway, we observed that RSPO3-driven breast
tumors expressed the Wnt/B-catenin target genes Axin2,
Wifl, Znrf3, and Ctmnb] itself, however at significantly
lower levels than their WNTI1-driven counterparts
(Figure 4C). As RSPOs need Wnt ligands to potentiate
the Wnt/p-catenin pathway, we inventoried Wnt ligand
expression in the tumors and noticed the presence of a
variety of Wnt ligands in both WNTI1- and
RSPO3-driven tumors (Figure 4D). Compared with

Figure 4. Gene expression analysis of RSPO3-driven (n = 8) versus WNT1-driven (n = 7) mouse mammary tumors. (A) Principal component
analysis indicating separate clustering of RSPO3 (R3) tumors from WNT1 (W1) tumors. (B) Heat map illustrating normalized expression
values of differentially expressed genes per sample (filtered p < 0.05 and log, fold-change > 1.5). (C) Normalized expression counts of
Wnt/B-catenin pathway genes in RSPO3-driven (grey boxes) versus WNT1-driven (white boxes) mammary tumors. Box plots show minimal,
median, and maximal expression values and Benjamini-Hochberg adjusted Pvalues. *p < 0.05, *p < 0.01, **p < 0.001. (D) Heat map of nor-
malized expression values of Wnt ligands. (E-G) Gene ontology analysis showing the most significantly enhanced molecular and cellular
functions (E), associated upregulated genes and log,, fold-change values (F), and the top three upregulated pathways in RSPO3-driven mam-

mary tumors (G).
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RSPO3-driven tumors, WNT1-driven tumors showed
higher expression of Wntl itself, but also of Wnt6 and
Wnt5b. Wnt ligands that were expressed in both tumor
cohorts included Wnt5a, Wnt5b, and Wnt7b foremost, in
accordance with the reported expression of these ligands
in mammary epithelium [18]. Moreover, Wn#4 was also
expressed, which is a crucial cooperator of RSPO1 in
Wnt/B-catenin activation and stem cell expansion in the
mouse mammary gland [18,19]. This indicates that in
RSPO3-driven tumors, endogenous Wnt ligands are avail-
able for possible cooperation with RSPO3. Broad expres-
sion of Wnt and RSPO receptors was also confirmed
(supplementary material, Figure S3B,C).

To obtain a comprehensive insight into the molecular
routes that are differentially activated in RSPO3-driven
compared with WNTI1-driven mammary tumors, we
performed gene ontology analysis. In RSPO3-driven
tumors, the most significantly enriched molecular and cel-
lular functions were related to cellular signaling, growth,
development, movement, and morphology (Figure 4E).
The genes that underlie the high ranking of these functions
were Mmpla, Pax6, Gjbl, Gata6, and Ret, and signaling
molecules Egf, Hbegf, 1123a, and Tgfa (Figure 4F). The sig-
naling pathways most upregulated in RSPO3-driven
tumors were cAMP-mediated signaling, hepatic fibrosis/
stellate cell activation, and eNOS signaling, involving the

EJ ter Steege et al

upregulation of relatively small sets of genes (Figure 4G).
In WNT1-driven tumors, the molecular and cellular func-
tions that were most significantly upregulated were related
to cellular morphology, assembly, signaling, death, and
survival (supplementary material, Figure S4A), whereas
the top pathways activated in WNT1 tumors were axonal
guidance signaling, regulation of the epithelial-
mesenchymal transition in development, and human
embryonic stem cell pluripotency (supplementary material,
Figure S4B). Altogether, in line with the different tumor
morphologies of RSPO3- and WNT1-driven mammary
tumors, gene expression analysis revealed that their molec-
ular profiles are also distinct.

RSPO3 and WNT1 co-expression drives mixed-
phenotype mammary tumors

To investigate possible synergism between RSPO3 and
WNTT1 in the context of mammary tumorigenesis, we
generated a cohort of compound MMTV-Cre;Rspo3™,
MMTV-Wntl female mice that expressed both trans-
genic Rspo3 and Wntl in their mammary glands
(n = 31). Compared with Rspo3"™;MMTV-Wntl mice
that overexpress the Wnt! transgene only (n = 49), there
was no significant difference in tumor-free survival
(p =0.06), despite a slight trend towards reduced
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Figure 5. Combined transgenic Rspo3 and Wnt1 expression in the mammary gland. (A) Tumor-free survival curves of mice with expression of
the WntT transgene exclusively (MMTV-Wnt1;Rspo3'™, n = 49) versus both Wnt1and Rspo3 transgenes (MMTV-Cre;Rspo3"™ ;MMTV-Wnt1,
n = 31) (log-rank test). (B) Representative RSPO3/WNT1 mammary tumor subjected to H&E, keratin-8, and keratin-5 staining (10x objective).
(C) Number of lung metastases observed per MMTV-Cre;Rspo3"™;MMTV-Wnt1 mouse (n = 9).
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survival (Figure 5A). Histological analysis revealed
that mammary tumors developing in mice with
RSPO3/WNT1 co-expression showed a mixed
phenotype, typically exhibiting characteristics of both
RSPO3- and WNTI-driven tumors (Figure 5B).
Grossly, the RSPO3/WNT1 mammary tumors showed
a combination of compact solid areas as well as more
dilated cystic areas typically seen in RSPO3- or
WNTI1-driven = mammary  tumors, respectively
(Figure 5B, left panel). In these RSPO3/WNT1
co-expressing tumors, both keratin-8 and keratin-5 were
expressed broadly; however, the staining pattern was less
organized compared with the bi-layered staining pattern
in WNTl-driven tumors, indicating reduced epithelial
organization and differentiation (Figures 5B and 3C). Thus,
RSPO3 co-expression with WNT1 affects tumor morphol-
ogy, and accordingly, distant lung metastases were found
in three of nine RSPO3/WNT1 mice (Figure 5C). Since
no lung metastases were observed in mice with WNT1
overexpression only (Figure 3D), these findings indicate
that RSPO3 contributes to WNT1-driven tumorigenesis
by promoting malignant progression.

Discussion

RSPOs have gained attention as clinically relevant onco-
genes, a novel character of RSPOs that has been
established especially in the intestinal tract [4]. Consid-
ering RSPOs in breast cancer, data indicative of a pro-
tumorigenic role have been reported, though these data
remained rather associative and indirect. Among these,
Rspo2 and Rspo3 have been proposed as potential mam-
mary oncogenes, given their frequent activation in
MMTYV insertional mutagenesis screens in mice
[32-35]. In breast cancer patients, RSPO2, RSPO3, and
RSPO4 overexpression has been reported, which is asso-
ciated with hormone receptor-negative tumor status and
for RSPO?2 also with reduced patient survival [30,31].
Adding to this, we found that a quarter of breast cancer
patients harbor RSPO2 or RSPO3 copy number amplifi-
cation, which is associated with high tumor grade, ER
and PR negative status, and reduced survival, indicating
the clinical relevance of RSPO. We also provide direct
in vivo evidence that Rspo3 acts as an oncogenic driver
in the mammary gland, as Rspo3 overexpression consis-
tently caused the development of mammary tumors in
mice. The RSPO3-driven mammary tumors typically
appear as poorly differentiated adenocarcinomas with
metastatic potential. These findings establish the onco-
genic role of RSPO overactivation in the mammary
gland, thus extending the clinical relevance of RSPOs
among cancer types.

In colon cancer, RSPO2 and RSPO3 gene fusions
have been proposed to potentiate Wnt/p-catenin signal-
ing, providing a mutational alternative for classical
APC and CTNNBI mutations [7]. In our previous study,
we showed that Rspo3 overexpression causes tumori-
genesis in the mouse intestine, accompanied by a modest
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increase in Wnt signaling [5]. Wnt pathway activation
has been implicated in tumorigenesis in the breast too,
although the underlying mutational causes remain
incompletely understood [4,23]. Conditional Whtl
overexpression in the mouse mammary gland is well
known to induce mammary tumorigenesis [22]. Since
RSPOs are most often envisioned as agonists of the
canonical Wnt pathway, we studied our RSPO3 breast
cancer mouse model in parallel to the WNT1-driven
counterpart. Strikingly, we found that RSPO3-driven
mammary tumors appeared as completely different enti-
ties from those driven by WNT1. Whereas WNT1 was
able to drive tumorigenesis faster, RSPO3 tumors were
more malignant, showing poor differentiation, areas of
EMT, and distant metastases. These morphological dif-
ferences were further substantiated upon RNA sequenc-
ing analysis, which revealed that RSPO3- and
WNT1-driven mammary tumors have distinctive molec-
ular profiles. Generally, many more upregulated genes
were observed in WNTI1-driven tumors (683) than in
RSPO3-driven tumors (198). Although Wnt/B-catenin
target genes were expressed in RSPO3-driven tumors,
levels were lower than those in WNT1-driven tumors.
Because RSPOs need Wnt ligands to potentiate Wnt/f-
catenin signaling, we examined the presence of endoge-
nous Wnt ligands. We confirmed the expression of
several Wnt ligands, including Wnt4, implying that
Whnt ligands were available for possible synergy with
RSPO3. Despite this, the relatively low expression of
Whnt/p-catenin target genes in RSPO3-driven mammary
tumors suggests that tumorigenesis driven by RSPO3
might be less reliant on Wnt/p-catenin pathway activa-
tion. Instead, or in parallel, RSPO3 might rely on alter-
native molecular routes and, supportively, 198 genes
were upregulated in RSPO3-driven mammary tumors.
At the cellular level, we previously noticed that in the
intestine, RSPO3-driven tumorigenesis was accompa-
nied by a striking expansion of stem cell and niche com-
partments [5]. Additional studies likewise reported that
in the intestine, RSPO3 activation is accompanied by
tumorigenic growth and a proliferative stem cell pheno-
type [6,37]. This is in accordance with the reported abil-
ity of RSPOs to fuel self-renewal and expansion of stem
cells in the intestine [3]. Thus, considering a possible
mechanism through which RSPOs contribute to tumori-
genesis, most current knowledge is obtained from stud-
ies in the intestine and point towards RSPO-mediated
deregulation of the proliferative stem cell compartment.
Although the mammary gland differs greatly from the
intestine, RSPO is also known to play an essential role
in stem cell regulation in this tissue [18,19]. In the nor-
mal mouse mammary gland, RSPO1 has emerged as a
key regulator of stem cells, acting with Wnt4 to regulate
the expansion of mammary progenitor cells [18,19].
Comparable to the intestine, RSPO3 overexpression
might fuel tumorigenic growth through abnormal expan-
sion of mammary progenitor cells. More research is
required to further delineate the molecular and cellular
activities through which RSPO3 fuels mammary
tumorigenesis.
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With this study, we provide in vivo evidence for the
causal oncogenic capacity of RSPO3 in the breast,
extending its clinical relevance beyond the intestine.
RSPO3-driven mouse mammary tumors are distinct
from WNT1-driven counterparts and uniquely present
with poor differentiation, malignant transformation,
and metastatic potential. Moreover, we found that a
quarter of breast cancer patients harbor RSPO2/RSPO3
copy number amplification, which is associated with
worse prognosis and lack of steroid hormone receptor
expression, restricting therapeutic options. Targeting
RSPO might create a novel window of opportunity for
alternative therapeutic intervention in steroid hormone
receptor-negative breast cancer patients and thereby pro-
vide significant clinical benefit. As therapeutic anti-
RSPO antibodies already exist and anti-RSPO3 has been
demonstrated to be well tolerated in a clinical trial for
colon cancer, realistic and relatively fast opportunities
lie ahead to explore RSPO targeting in breast cancer
patients.

Acknowledgements

We thank the NKI Animal Facility, Animal Pathology
Department (E Riem, L de Vrije, and J van der Meer),
and the Genomics Core Facility (I de Rink) for their ser-
vice and technical assistance. This work was financially
supported by the Netherlands Organization for Scientific
Research (NWO/ZonMW VENI 016.186.138) and the
Dutch Cancer Society (KWF Young Investigator Grant
10957).

Author contributions statement

ERMB and JH conceived, designed, and supervised the
project. MB, NCT, CMEA, ERMB and JH carried out
mouse studies. J-YS, EJtS, ERMB, JH and PWBD were
responsible for histology. PWBD interpreted results and
provided input. ERMB, EJtS and JH analyzed gene
expression. EJtS and ERMB carried out the in silico
analysis. ERMB and EJtS wrote the manuscript.

Data availability statement

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

References

1. deLau W, Barker N, Low TY, er al. Lgr5 homologues associate with Wnt
receptors and mediate R-spondin signalling. Nature 2011; 476: 293-297.

2. de Lau WB, Snel B, Clevers HC. The R-spondin protein family.
Genome Biol 2012; 13: 242.

3. Yan KS, Janda CY, Chang J, et al. Non-equivalence of Wnt and
R-spondin ligands during LgrS" intestinal stem-cell self-renewal.
Nature 2017; 545: 238-242.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

© 2022 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd

on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

EJ ter Steege et al

. Ter Steege EJ, Bakker ERM. The role of R-spondin proteins in cancer

biology. Oncogene 2021; 40: 6469-6478.

. Hilkens J, Timmer NC, Boer M, et al. RSPO3 expands intestinal stem

cell and niche compartments and drives tumorigenesis. Gut 2017; 66:
1095-1105.

. Han T, Schatoff EM, Murphy C, et al. R-spondin chromosome

rearrangements drive Wnt-dependent tumour initiation and mainte-
nance in the intestine. Nat Commun 2017; 8: 15945.

. Seshagiri S, Stawiski EW, Durinck S, et al. Recurrent R-spondin

fusions in colon cancer. Nature 2012; 488: 660—-664.

. Shinmura K, Kahyo T, Kato H, et al. RSPO fusion transcripts in colorec-

tal cancer in Japanese population. Mol Biol Rep 2014; 41: 5375-5384.

. Kleeman SO, Koelzer VH, Jones HJ, et al. Exploiting differential Wnt

target gene expression to generate a molecular biomarker for colorec-
tal cancer stratification. Gur 2020; 69: 1092—-1103.

Hashimoto T, Ogawa R, Yoshida H, et al. EIF3E-RSPO2 and
PIEZO1-RSPO?2 fusions in colorectal traditional serrated adenoma.
Histopathology 2019; 75: 266-273.

Mizuguchi Y, Sakamoto T, Hashimoto T, ef al. Identification of a novel
PRRI5L-RSPO?2 fusion transcript in a sigmoid colon cancer derived from
superficially serrated adenoma. Virchows Arch 2019; 475: 659-663.
Sekine S, Ogawa R, Hashimoto T, et al. Comprehensive characteriza-
tion of RSPO fusions in colorectal traditional serrated adenomas.
Histopathology 2017; 71: 601-609.

Sekine S, Yamashita S, Tanabe T, et al. Frequent PTPRK-RSPO3
fusions and RNF43 mutations in colorectal traditional serrated ade-
noma. J Pathol 2016; 239: 133—-138.

A Phase la/b Dose Escalation Study of the Safety, Pharmacokinetics,
and Pharmacodynamics of OMP-131R10. Available from: https://
clinicaltrials.gov/ct2/show/NCT02482441. Accessed September 5, 2022
Alexander CM. Wnt signaling and mammary stem cells. Vitam Horm
2021; 116: 21-50.

van Amerongen R, Bowman AN, Nusse R. Developmental stage and
time dictate the fate of Wnt/B-catenin-responsive stem cells in the
mammary gland. Cell Stem Cell 2012; 11: 387-400.

Zeng YA, Nusse R. Wnt proteins are self-renewal factors for mam-
mary stem cells and promote their long-term expansion in culture.
Cell Stem Cell 2010; 6: 568-577.

Cai C, Yu QC, Jiang W, et al. R-spondin1 is a novel hormone mediator
for mammary stem cell self-renewal. Genes Dev 2014; 28: 2205-2218.
Joshi PA, Waterhouse PD, Kannan N, et al. RANK signaling amplifies
WNT-responsive mammary progenitors through R-SPONDINI. Stem
Cell Reports 2015; 5: 31-44.

Nusse R, Varmus HE. Many tumors induced by the mouse mammary
tumor virus contain a provirus integrated in the same region of the
host genome. Cell 1982; 31: 99-109.

Imbert A, Eelkema R, Jordan S, et al. AN89f-catenin induces preco-
cious development, differentiation, and neoplasia in mammary gland.
J Cell Biol 2001; 153: 555-568.

Tsukamoto AS, Grosschedl R, Guzman RC, et al. Expression of the
int-1 gene in transgenic mice is associated with mammary gland
hyperplasia and adenocarcinomas in male and female mice. Cell
1988; 55: 619-625.

Geyer FC, Lacroix-Triki M, Savage K, et al. f-Catenin pathway acti-
vation in breast cancer is associated with triple-negative phenotype
but not with CTNNBI mutation. Mod Pathol 2011; 24: 209-231.
Incassati A, Chandramouli A, Eelkema R, et al. Key signaling nodes
in mammary gland development and cancer: -catenin. Breast Cancer
Res 2010; 12: 213.

Lin SY, Xia W, Wang JC, et al. Beta-catenin, a novel prognostic
marker for breast cancer: its roles in cyclin D1 expression and cancer
progression. Proc Natl Acad Sci U S A 2000; 97: 4262-4266.

Ai L, Tao Q, Zhong S, et al. Inactivation of Wnt inhibitory factor-1
(WIF1) expression by epigenetic silencing is a common event in
breast cancer. Carcinogenesis 2006; 27: 1341-1348.

J Pathol 2022; 258: 289-299
www.thejournalofpathology.com


https://clinicaltrials.gov/ct2/show/NCT02482441
https://clinicaltrials.gov/ct2/show/NCT02482441
http://www.pathsoc.org
http://www.thejournalofpathology.com

RSPO3 is an oncogenic driver of breast cancer

217.

28.

29.

30.

31.

32.

Suzuki H, Toyota M, Carraway H, et al. Frequent epigenetic inactivation of
Wnt antagonist genes in breast cancer. Br J Cancer 2008; 98: 1147-1156.
Veeck J, Geisler C, Noetzel E, et al. Epigenetic inactivation of the
secreted frizzled-related protein-5 (SFRP5) gene in human breast can-
cer is associated with unfavorable prognosis. Carcinogenesis 2008;
29: 991-998.

Veeck J, Wild PJ, Fuchs T, et al. Prognostic relevance of Wnt-
inhibitory factor-1 (WIFI) and Dickkopf-3 (DKK3) promoter methyl-
ation in human breast cancer. BMC Cancer 2009; 9: 217.

Coussy F, Lallemand F, Vacher S, et al. Clinical value of R-spondins
in triple-negative and metaplastic breast cancers. Br J Cancer 2017;
116: 1595-1603.

Tocci JM, Felcher CM, Garcia Sold ME, et al. R-spondin3 is associ-
ated with basal-progenitor behavior in normal and tumor mammary
cells. Cancer Res 2018; 78: 4497-4511.

Callahan R, Mudunur U, Bargo S, et al. Genes affected by mouse
mammary tumor virus (MMTYV) proviral insertions in mouse

33.

34.

35.

36.

37.

299

mammary tumors are deregulated or mutated in primary human mam-
mary tumors. Oncotarget 2012; 3: 1320-1334.

Gattelli A, Zimberlin MN, Meiss RP, et al. Selection of early-
occurring mutations dictates hormone-independent progression
in mouse mammary tumor lines. J Virol 2006; 80: 11409-11415.
Klijn C, Koudijs MJ, Kool J, et al. Analysis of tumor heterogeneity
and cancer gene networks using deep sequencing of MMTV-induced
mouse mammary tumors. PLoS One 2013; 8: ¢62113.

Theodorou V, Kimm MA, Boer M, et al. MMTYV insertional mutagen-
esis identifies genes, gene families and pathways involved in mam-
mary cancer. Nat Genet 2007; 39: 759-769.

Wagner KU, McAllister K, Ward T, er al. Spatial and temporal
expression of the Cre gene under the control of the MMTV-LTR in
different lines of transgenic mice. Transgenic Res 2001; 10: 545-553.
Storm EE, Durinck S, de Sousa e Melo F, et al. Targeting PTPRK—
RSPO3 colon tumours promotes differentiation and loss of stem-cell
function. Nature 2016; 529: 97-100.

SUPPLEMENTARY MATERIAL ONLINE

Figure S1. Regulation of Rspo3 transgene expression in the Rspo3™ mouse model

Figure S2. Steroid hormone receptor staining in an RSPO3-driven mouse mammary tumor
Figure S3. RNA expression analysis of receptors for steroid hormones, Wnt, and RSPO in RSPO3- and WNT1-driven mammary tumors

Figure S4. Gene ontology analysis showing the most significantly enhanced molecular and cellular functions and the top three upregulated pathways in
WNT1-driven mammary tumors

© 2022 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

J Pathol 2022; 258: 289-299
www.thejournalofpathology.com


http://www.pathsoc.org
http://www.thejournalofpathology.com

	R-spondin-3 is an oncogenic driver of poorly differentiated invasive breast cancer
	Introduction
	Materials and methods
	In silico copy number analysis
	Mouse strains and tumor study
	Histology and immunohistochemistry
	RNA isolation, cDNA synthesis, and expression analysis of whole tissue

	Results
	RSPO2 and RSPO3 copy number amplifications are associated with poor breast cancer prognosis
	Conditional Rspo3 expression drives mammary tumorigenesis
	RSPO3-driven murine breast tumors are poorly differentiated and invasive
	RSPO3-driven mammary tumors are molecularly distinct from WNT1-driven tumors
	RSPO3 and WNT1 co-expression drives mixed-phenotype mammary tumors

	Discussion
	Acknowledgements
	Author contributions statement
	Data availability statement

	References


