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ARTICLE INFO ABSTRACT

Keywords: We recently identified R-spondin-3 (RSPO3) as a novel driver of breast cancer associating with reduced patient
R-Spondin-3 survival, expanding its clinical value as potential therapeutic target that had been recognized mostly for colo-
Breast cancer rectal cancer so far. (Pre)clinical studies exploring RSPO3 targeting in colorectal cancer approach this indirectly
f;s:sf;:jnon with Wnat inhibitors, or directly with anti-RSPO3 antibodies. Here, we address the clinical relevance of RSPO3 in

breast cancer and provide insight in the oncogenic activities of RSPO3. Utilizing the RSPO3 breast cancer mouse
model, we show that RSPO3 drives the aberrant expansion of luminal progenitor cells expressing cancer stem cell
marker CD61, inducing proliferative, poorly differentiated and invasive tumors. Complementary studies with
tumor organoids and human breast cancer cell lines demonstrate that RSPO3 consistently promotes the prolif-
eration and invasion of breast cancer cells. Importantly, RSPO3 exerts these oncogenic effects independently of
Wnt signaling, rejecting the therapeutic value of Wnt inhibitors in RSPO3-driven breast cancer. Instead, direct
RSPO3 targeting effectively inhibited RSPO3-driven growth of breast cancer cells. Conclusively, our data indicate
that RSPO3 exerts unfavorable oncogenic effects in breast cancer, enhancing proliferation and malignancy in a

Wnt signaling

Wnt-independent fashion, proposing RSPO3 itself as a valuable therapeutic target in breast cancer.

1. Introduction

The expression of the estrogen receptor (ER), progesterone receptor
(PR) and human epidermal growth factor receptor 2 (HER2) are
instrumental in breast cancer diagnosis and treatment, determining
tumor subtype and intervention strategy respectively. Targeted thera-
pies for breast cancer patients are largely directed against these re-
ceptors, of which the efficacy is challenged by tumor heterogeneity and
therapy resistance. Moreover, triple negative breast cancers (TNBC) that
lack expression of these three receptors are not susceptible for targeted
treatments and hold relatively poor prognosis. To improve options for
intervention strategies, it is crucial to obtain better insight into the
molecular mechanisms that underlie breast cancer and to identify novel
therapeutic targets.

In this perspective, R-spondin (RSPO) proteins, primarily known as
agonists of the canonical Wnt/p-catenin pathway and regulators of stem

cell niches, have emerged as clinically relevant oncogenes with apparent
potential as therapeutic target [1]. Initially identified and recognized in
the intestinal tract, pioneering (pre)clinical studies have mainly
addressed the potential utility of targeting RSPO signaling in colorectal
cancer [1-7]. These studies showed that both the direct targeting of
RSPO ligands with monoclonal antibodies and the indirect targeting of
Wnt signaling with porcupine inhibitors successfully reduced tumor
growth and induced tumor differentiation in PDX models of colorectal
cancer with a gain in RSPO [8-13]. Accordingly, in the mouse intestine,
RSPO overexpression fueled tumor development, being accompanied by
increased Wnt/p-catenin signaling and expansion of the proliferative
stem cell compartment [14,15].

Interestingly, deregulation of RSPOs has also been linked to breast
cancer, whereby overexpression of RSPO2, RSPO3 and RSPO4 have
particularly been reported in patients with TNBC [9,16,17]. In agree-
ment with these findings, we recently reported copy number
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amplifications of RSPO2 and RSPO3 in respectively 23% and 2% of
breast cancer patients, which associated with lack of ER/PR expression,
high tumor grade and reduced patient survival [18]. This association
with receptor negative tumor status importantly indicates the potential
clinical benefit that may be provided by RSPO as an alternative target in
breast cancer. Additionally, we have recently reported that RSPO3 acts
as a causal driver of breast cancer, as conditional overexpression of
Rspo3 in mouse mammary glands caused the consistent formation of
poorly differentiated mammary tumors with metastatic potential [18].
We found that RSPO3-driven mammary tumors hold extensive differ-
ences in morphology and gene expression profiles compared to classical
WNT1-driven mammary tumors, presenting as more malignant entities
with relatively low Wnt activity [18]. In current study, we provide more
insight in the activities through which RSPO3 drives breast cancer and
the potential approach to target these activities, complementary using
human breast cancer cell lines, an orthotopic transplantation model for
human breast cancer, the RSPO3 breast cancer mouse model and tumor
organoids models. We show that RSPO3 fuels increased proliferation
and invasion of breast cancer cells, independent of Wnt signaling. Our
data indicate that in breast cancer, RSPO3 functions as a Wnt indepen-
dent and multi-faceted oncogene, presenting itself as a promising ther-
apeutic target, whereas indirect targeting through Wnt inhibiton lacks
therapeutic value in this setting.

2. Materials and methods
2.1. Transgenic and orthotopic transplantation mouse studies

Rspo3™ mice (more detailed description of the Rspo3™ mouse
model provided in Ref. [14]) were crossed with MMTV-Cre mice [19],
generating double transgenic MMTV-Cre;Rspo3™ mice. The
MMTV-Wnt1 mouse model was kept in parallel [20]. Transgenic alleles
were maintained heterozygous.

For the orthotopic transplantation study, B6;129Rag2™!"
warrorg™RskY ;pwlHsd immunodeficient mice (Envigo) were injected
with 1x10% MCF7 pInducer hRSPO3 Flag/HA cells in the fourth mam-
mary fat pad on the right side of each mouse. 24 h prior to fat pad
transplantation, mice switched to p-estradiol containing water (4 pg/ml,
Sigma). When tumors reached a volume of 50 mrn3, mice were ran-
domized over two groups, either or not receiving doxycyline food (200
mg/kg, ssniff). Tumor volumes were monitored weekly and mice were
sacrificed when tumors reached a volume of 1000 mm®. All animal ex-
periments were performed following Dutch legislation and with
approval of the Animals Ethics Committee.

2.2. Immunohistochemistry

Isolated tissues were fixed in 4% formaldehyde for 24h and paraffin
embedded. Hematoxylin eosin (HE) staining and immunohistochemistry
(IHC) was performed according to routine protocols. For mouse tissues,
the following antibodies were used: Ki67 (Abcam), p63 (D-9, Santa
Cruz), Sox9 (Millipore), p-catenin (E247; Abcam), Cleaved Caspase3
(Asp175; Cell Signaling). IHC on transplanted human materials was
performed on the Roche Ventana™ using K14 (SP53, Roche), K8 (B22.1,
Roche), Ki67 (30-9, Roche), ERa (SP1, Roche) antibodies. Percentages of
lung metastases were quantified by measuring the total surface area of
all metastatic lesions and the total surface area of the lungs per mouse
per section using Slide Score (Slide Score B.V.).

2.3. Flow cytometry

Isolated mouse tissues were kept in Hanks Balanced Salt solution
(HBSS, Lonza) and minced using a Tissue Chopper (Mcllwain). Tissue
pieces were transferred to a digestion mix containing 3 mg/ml Colla-
genase type 3 (Worthington), 0.35 mg/ml Hyaluronidase (Sigma) and
0.1 mg/ml DNAse I (Stem cell technologies) in DMEM/F12 (Gibco) and
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left shaking at 37 °C for 1h. After digestion, red blood cells were
removed using Red Blood Cell Lysis Buffer (BioVision). Cells were then
incubated for 20" at 37 °C in a solution of 1x Trypsin (Sigma) with 0.1
mg/ml DNAse . Trypsin was inactivated by incubating the cells for 5’ at
37 °C in a solution of DMEM/F12, 10% FCS (Bodinco) and 0.1 mg/ml
DNAse 1. Single cells were then collected in HBSS using a 70 pm cell
strainer (Falcon) and 500.000 cells were stained per condition. Cells
were incubated with the primary antibodies for 30" and with the sec-
ondary antibody streptavidin for 20’ on ice in the dark. Antibodies used:
CD49f-PerCP-Cy5.5 (GoH3, BioLegend), EpCAM (CD326)-BV510 (G8.8,
BioLegend), CD61-PE-CY7 (2C9.G2 (HMp3-1), BioLegend), TER-119-
Biotin (TER-119, eBioscience), CD31 (PECAM-1)-Biotin (390, eBio-
science), CD45-Biotin (30-F11, eBioscience) and Streptavidin-BV605
(BioLegend).

2.4. Generation of mouse tumor organoids

Isolated mammary tumors were collected in Advanced DMEM/F12
(Gibco) supplemented with 10 mM HEPES (Thermo Fischer), 1% Pen-
Strep (Lonza) and 1% Ultra-Glutamine (Gibco) (AdDF+++). Tumors
were minced into small pieces with a scalpel for approximately 50 times.
Tumor pieces were placed in a Liberase digestion mix (0.1 mg/ml,
Sigma) and left shaking at 37 °C for 1-1,5 h. Cells were spun down,
washed with AdDF+++ and treated with 0.1 mg/ml DNAse I (Stem cell
technologies) for 5' at RT. Following, differential centrifuging was per-
formed to select for epithelial tumor components. Finally, the epithelial
organoids were placed in a 50 pl Basement Membrane Extract (BME,
R&D Systems) hanging drop and left to polymerize for 45” at 37 °C
before medium was added, being AdDF+-++ supplemented with, 1x B27
(Thermo scientific), 1.25 mM N-Acetyl-1-cysteine (Sigma), 42.5 ng/ml
FGF2 (Thermo Fischer) and 50 pg/ml Primocin (Invivogen).

2.5. Immunofluorescence

Cells and organoids grown in BME hanging drops were fixed with 4%
PFA (Electron microscopy sciences) + 0.25% Glutaraldehyde (Sigma) to
prevent degradation of the BME followed by treatment with 0.1%
NaBH4 to quench residual aldehyde groups after fixation. Organoids
placed in a collagen-1 matrix were fixed with 4% PFA only. Samples
were blocked in 0.3% Triton X-100 (Sigma) 5% normal goat serum
(NGS, Sigma) in PBS (Sigma) for 1h at RT while rocking, followed by
incubation with primary antibodies diluted in 0.3% Triton X-100, 1%
BSA (Roche) in PBS for 24h at RT while rocking. Cells were washed 4
times 15’ with PBS and incubated with secondary antibodies overnight
at RT while rocking. Primary antibodies used: K14 (Poly19053, Bio-
Legend), K8 (TROMA-I, Developmental Studies), GFP (D5.1, Cell
Signaling), BrdU-Alexa Fluor® 647 (3D4, BD Biosciences). Secondary
antibodies used: Anti-rat-Alexa-488 (Invitrogen), Anti-rabbit-Alexa-647
(Invitrogen). Immunofluorescence images were made using a Zeiss
LSM880 microscope.

2.6. CellTiter-Glo assay

50,000 organoid-derived tumor cells were plated in a 50 pL. BME
hanging drop. Organoids were treated with DMSO control or 200 nM
C59 (Cellagen Technology). At day 5, cell viability was measured using
the CellTiter-Glo 3D cell viability assay (Promega) following manufac-
turers’  protocol. Luminescence was measured using a
spectrophotometer.

2.7. Invasion assay

RSPO3- and WNT1- driven tumor organoids were grown for 5 or 7
days in a BME hanging drop whilst treated with or without C59 (200 nM,
Cellagen Technology). Next, cultures were incubated with 6 mg/ml
Dispase (Gibco) for 20" at 37 °C and reseeded in a Collagen-I matrix as



E.J. ter Steege et al.

previously described [21]. After 24h, collagen gels were fixed for 10’
with 4% PFA. Images were made using an EVOS M500 microscope using
phase contrast.

2.8. Quantitative real-time PCR

RNA was extracted from organoids using Trizol (Life Technologies)
and cDNA was synthesized using a transcription kit (BioRad iScript
cDNA Synthesis Kit) according to the manufacturers’ instructions. gPCR
was performed using Fast Start Universal SYBR Green (Roche) on a
BioRad CFX96 Real-Time system. The following primers were used:
Axin-2 F- 5 GCTCCAGAAGATCACAAAG 3, Axin-2 R-5 CTTCAG-
CATCCTCCTGTAT 3/, Rspo3 F- 5 AGATAGGAGTGTGTCTCTCTTCG 3,
Rspo3 R- 5 AGTATGATTGTTGGCTTCTAA CC 3’. Actb F- 5' AGACCTC-
TATGCCAACACAG 3, Actb R- 5 CACAGAGTACTTGCGCTCAG 3’

2.9. Cell lines and medium

Cell lines were obtained from ATCC. MCF10A cells were grown in
DMEM/F12 (Gibco) supplemented with 5% Horse serum (Fischer Sci-
entific), 1% Pen/Strep, 20 ng/ml EGF (Peprotech), 100 ng/ml Cholera
Toxin (Sigma), 10 pg/ml insulin (Sigma) and 0.5 mg/ml Hydrocortisone
(Sigma). MCF7 and T47D cells were cultured in DMEM/F12 supple-
mented with 12% FCS, 1% Pen-Strep and 1% Ultra-glutamine.

2.10. Cloning and generation of stable cell lines

A pcDNA3.1 hRSPO3 Flag/HA vector (kind gift from the Clevers lab,
Hubrecht institute, Utrecht, the Netherlands) was used as template to
generate a hRSPO3 Flag/HA PCR product flanked by BAMHI and ECORI
restriction sites. The resulting hRSPO3 Flag/HA PCR product was cloned
into pEntry vector using GATEWAY cloning (Thermo Fisher Scientific).
Subsequently, a LR reaction was performed, transferring the hRSPO3
Flag/HA sequence into the pInducer20 vector [22], generating pInducer
hRSPO3 Flag/HA (pInd-hRSPO3). Wnt signaling reporter constructs
used: 7TGP (7x Tcf-eGFP-Puro resistance cassette, #24305, Addgene)
and 7TFP (7x Tcf-luciferase-Puro resistance cassette, #24308, Addg-
ene). Stable cell lines were generated by lentiviral transduction followed
by selection with appropriate antibiotic selection markers.

2.11. Immunoblotting

Cells were lysed in sample buffer, separated by SDS-PAGE and
blotted. The following antibodies were used for immunoblotting: Flag
(M2, Sigma) and GAPDH (Millipore). Detection was performed using
IRDy680 goat anti-mouse antibody (Li-Cor) and the Amersham Typhoon
Biomolecular Imager.

2.12. Growth and proliferation assays

MCF7 pInd-hRSPO3, T47D pInd-hRSPO3 and MCF10A pInd-hRSPO3
cells were treated with or without 1 mg/ml doxycyline 24h prior to the
start of the experiment. 5,000 cells were plated in each 50 pl BME
hanging drop. After BME polymerization, culture medium without or
with doxycycline (1 mg/ml), Rosmantuzumab/OMP-131R10 (100 pg/
ml, Proteogenix) or C59 (200 nM, Cellagen Technology) was added to
the wells and medium was refreshed every other day. After 8 (MCF10A)
and 10 (MCF7 and T47D) days, pictures were made of the 3D structures
with an EVOS M500 microscope using phase contrast and cell surface
area was measured using OrganoSeg [23].

For the BrdU incorporation assay, 10 pM BrdU (BD Biosciences) was
added to the medium at day 5 (MCF10A) or day 8 (MCF7 and T47D).
After 4h of incubation, cells were fixed 10" with 4% PFA containing
0.25% glutaraldehyde. Fixed cells were treated with 2 M HCI for 90’ at
RT followed by a 10’ 0.1% NaBHy4 incubation step. Cells were then
processed for immunofluorescence. The percentage of BrdU * cells was
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quantified using FLJI, counting the number of BrdU™" and total number of
nuclei (using DAPI) per 3D structure.

2.13. Luciferase assay

50,000 cells (MCF7 pInd-hRSPO3;TFP &T47D pInd-hRSPO3;TFP) or
20.000 cells (MCF10A pInd-hRSPO3;TFP) cells were plated per well in a
24-well plate. After 24h the culture medium was replaced by experi-
mental medium containing either 1 mg/ml doxycycline (Sigma), 25%
Wnt3a conditioned medium or a combination. 48h after stimulation
luciferase activity was measured using the luciferase assay system
(Promega) following manufacturers’ protocol. A Berthold technologies
Centro XS [3] LB 960 bioluminescencemeter was used for readout.

2.14. Statistics

Statistics were performed using two-sided Student’s t-test in
Graphpad Prism. Error bars indicate standard deviation (SD). Non-
significant is indicated as ns, significance as *p < 0.05, **p < 0.01,
**%p < 0.001 and ****p < 0.0001.

3. Results

3.1. RSPO3 fuels aberrant expansion of luminal progenitor cells during
mammary tumorigenesis

To investigate the activities of RSPO3 in breast cancer, we used the
conditional Rspo3™ breast cancer mouse model that we recently pub-
lished [14,18]. We previously characterized RSPO3-driven mammary
tumors as poorly differentiated, and weak Keratin-5 (K5) and Keratin-8
(K8) staining patterns suggested that the solid tumor masses might
largely consist of poorly differentiated luminal cells [18]. Staining for
the luminal progenitor marker Sox9 demonstrated that the majority of
the RSPO3-driven tumors is indeed Sox9-positive (Fig. 1A) [24], while
basal cell marker p63 presented only in a minor subset of cells
(Fig. S1A), together indicating the predominance of the luminal cell
compartment in RSPO3 driven mammary carcinomas. Proliferation
marker Ki67 revealed overt proliferative activity, especially in cells
located along the edges of solid tumor masses (Fig. 1B). In contrast,
apoptotic cells were rare, as indicated by low cleaved caspase-3
expression (Fig. S1B). p-catenin was expressed moderately in the
RSPO3-driven tumors, being restricted to the cell membranes (Fig. 1C).

To further specify the cellular composition of RSPO3-driven breast
carcinomas, we performed extensive flow cytometric analyses of RSPO3-
driven tumors, neighboring mammary glands (MG) with RSPO3 over-
expression and control mammary glands from mice lacking RSPO3
overexpression. Segregating CD49f"EpCAM!Y basal cells from
CD49f°“EpCAMM luminal cells, we observed an increase in the relative
proportion of luminal cells in the mammary glands of MMTV-Cre;Rspo3
mice compared to control glands (Fig. 1D and E). Moreover, RSPO3-
driven mammary tumors displayed an even greater expansion of the
luminal cell population, displaying an approximate 4-fold increased
luminal-to-basal ratio (Fig. 1D and E). Following this confirmation of
luminal expansion, we analyzed CD61, a marker for luminal progenitor
cells that has been reported as cancer stem cell marker [24-28].
Segregating the luminal population into CD61~ mature and CD61°
progenitor luminal cells, we observed that in the non-neoplastic mam-
mary gland, RSPO3 overexpression induced a significant increase in
CD61" luminal progenitor cells (Ctrl MG: 0.6%, RSPO3 MG: 12.3%)
which was further increased in RSPO3-driven mammary tumors (52.9%)
(Fig. 1F and G). These data demonstrate that RSPO3-driven breast tu-
mors are highly enriched in CD61" luminal progenitor cells, a feature
that is unique to RSPO3 driven tumors, as this was not observed in
WNT1-driven mammary tumors (Figs. S1C-D) [29]. Together, these
data show that during mammary tumor development, RSPO3 drives the
aberrant expansion of luminal progenitor cells marked by cancer stem
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Fig. 1. RSPO3-driven mammary tumors are enriched in luminal progenitor cells

Immunohistochemical stainings for (A) Sox9, (B) Ki67 (20x objective) and (C) p-catenin (40x objective) on mammary tumors of MMTV-Cre;R.spoSirlv mice. (D-G) Flow
cytometric analyses of mammary glands (MG) of single transgenic control (Ctrl) mice and mammary glands and tumors of MMTV-Cre;Rspo3inv (RSPO3) mice. (D)
FACS plots of mammary epithelial cells segregating luminal and basal populations and (E) average luminal to basal ratios. (F) FACS plots of the luminal cell
population further specifying luminal progenitor cells based upon CD61 expression and (G) percentages of CD617 cells.

cell marker CD61, distinctively from WNT1. generated mammary tumor organoids from MMTV-Cre;Rspo3 and
comparatively from MMTV-Wnt1 mice (Fig. 2A). Increased Rspo3 mRNA
levels validated Rspo3 overexpression in the RSPO3 tumor-derived
organoids (Fig. S2A). Characterization of the RSPO3 tumor organoids
with immunofluorescence revealed unevenly distributed expression of
luminal marker K8 and basal marker K14 throughout the organoid

3.2. RSPO3-tumor organoids grow independently of the Wnt signaling
pathway

To functionally investigate RSPO3 driven tumorigenesis in vitro, we
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A Fig. 2. RSPO3 tumor organoids are disorganized and
RSPO3 WNT1 grow independently of Wnt signaling (A) Represen-
tative brightfield images of RSPO3- and WNT1-driven
mammary tumor organoids. Scale bars: 10 pm (B)
Immunofluorescent staining of K8 and K14 on RSPO3
and WNT1- driven tumor organoids. Scale bars: 10
pm. (C) Brightfield images of RSPO3- and WNT1-
driven tumor organoids treated with C59 for 5 days.
Scale bars: 100 pm. (D) Normalized luminescence
values of RSPO3- and WNT1- driven tumor organoids
treated with C59.
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structures, as well as hybrid cells expressing both keratins (Fig. 2B upper
panel). This disorganized phenotype was unique to RSPO3 tumor
organoids, as WNT1 tumor organoids displayed a distinct polarized
keratin expression pattern indicating an outer layer of basal cells and an
inner layer of luminal cells (Fig. 2B lower panel).

To investigate whether the growth of RSPO3-driven tumor organoids
depends on Wnt pathway activity, we treated RSPO3- and WNT1 tumor
organoids with porcupine inhibitor (PORCNi) C59 to inhibit both ca-
nonical and non-canonical Wnt signals. Interestingly, C59 had no effect
on the growth of RSPO3 tumor organoids, indicating that RSPO3 driven
mammary tumor cells proliferate independent of Wnt signals (Fig. 2C
and D). Expectedly, the growth of WNT1 tumor organoids was drasti-
cally inhibited by C59 (Fig. 2C and D). Together these data demonstrate
that RSPO3 mammary tumor-derived organoids recapitulate the disor-
ganized in vivo tumor phenotype and grow independent of the Wnt
signaling route.

3.3. RSPO3 potentiates proliferation of human breast cancer cells
independently of Wnt signaling

To extrapolate above findings to human cells, we generated model
systems of human breast and breast cancer, in which RSPO3 (tagged by
Flag-HA) expression can be induced by doxycycline (Fig. 3A). We used
the non-malignant breast epithelial cell line MCF10A, and the luminal
breast cancer cell lines MCF7 and T47D, in which correct regulation of
inducible RSPO3 overexpression upon doxycycline was confirmed by
Western blot (Fig. 3B). Upon culturing these cell lines in 3D BME
matrices, we consistently found that in all three models, RSPO3 over-
expression induced a significant increase in growth (Fig. 3C and D). To
synchronously visualize canonical Wnt pathway activation, we used a
reporter construct containing 7 TCF sites with GFP [30]. In all three
models we noticed that despite the growth stimulatory phenotype
caused by RSPO3, RSPO3 expression did not induce TCF reporter
expression by itself, but only when combined with Wnt3a ligand
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Fig. 3. RSPO3 drives proliferation of human breast
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stimulation (Fig S3 A-C). These findings show that RSPO3 promotes the
growth of non-malignant breast and breast cancer cell lines independent
of canonical Wnt signaling. An alternative Wnt/f-catenin reporter with
luciferase as readout confirmed these results (Fig S3 D-F) [30].

To affirm the growth regulatory effect of RSPO3 to proliferation,
BrdU incorporation was subsequently assessed. In accordance with the
above results, all three cell lines show an increase in the percentage of
BrdU™ cells upon RSPO3 overexpression, demonstrating that RSPO3
promotes proliferation of human breast (cancer) cells (Fig. 3E and F).
Moreover, C59-mediated inhibition of Wnt signaling did not affect the
proliferation stimulatory effect of RSPO3 in all three cell lines (Fig. 3E
and F), confirming that RSPO3 drives growth and proliferation of human
breast cancer cells in a Wnt-independent fashion.

To test whether direct targeting of RSPO3 is a more effective strategy
to inhibit growth, we executed the 3D growth experiment in the pres-
ence of the therapeutic anti-RSPO3 antibody Rosmantuzumab (OMP-

MCF7

T47D

131R10) that was previously tested in a clinical trial with colorectal
cancer patients [31]. Importantly, treatment with Rosmantuzumab
successfully inhibited the growth stimulatory effect of RSPO3 in both
MCF10A and MCF?7 cell lines (Fig. 3G), exemplifying the specificity of
the obtained results.

3.4. RSPO3-tumor organoids are highly invasive, independently of Wnt
signaling

As previously reported, RSPO3 overexpression induces mammary
carcinomas that typically harbor EMT features and metastasize to the
lungs [18]. To investigate the invasive potential in vitro, organoids
derived from RSPO3-driven mammary tumors were placed in a
Collagen-I dense matrix. RSPO3 tumor organoids were highly invasive,
rapidly forming protrusions within 24 h (Fig. 4A). In contrast, WNT1
tumor organoids failed to invade in a collagen matrix, even after 5 days,
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further confirming that the invasive phenotype is a feature specific for
RSPO3 driven mammary tumors. Invasive RSPO3 tumor organoids
retained a disorganized K8 and K14 expression pattern, with the
invading strands of RSPO3 tumor organoids containing a mixture of
K8", K14" and double positive cells (Fig. 4B). WNT1 tumor organoids
maintained segregation of an outer layer of basal K14 cells and an inner
layer of K8" luminal cells as in regular matrix (Fig. 4B).

To assess whether RSPO3-driven invasion depends on Wnt signaling,
we performed the Collagen-I invasion assays in the presence of C59.
Although C59 treatment effectively inhibited the Wnt pathway
(Fig. S2B), the invading capability of RSPO3-driven tumor organoids
was unaffected by C59 (Fig. 4C and D). This indicates that in addition to
growth, RSPO3 also drives invasion independently of the Wnt signaling
route.

3.5. RSPO3 enhances distant metastasis of human breast cancer cells in
vivo

To investigate the effects of RSPO3 on human breast cancer cells in a
preclinical in vivo model, we orthotopically injected MCF7 cells with the
inducible RSPO3 overexpression construct in the mammary fat pads of
mice. When xenografts reached a volume of 50 mm®, mice were ran-
domized into two groups receiving either normal or doxycycline food to
induce RSPO3 overexpression. Tumor growth was followed over time
until a volume of 1000 mm® was reached (Fig. 5A).

Induction of RSPO3 expression did not significantly affect the

# of invading strands/ organoid
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Fig. 4. RSPO3 drives invasion independently of Wnt
signaling (A) Representative brightfield images of
RSPO3- and WNT-1 driven tumor organoids grown in
a collagen matrix for 24h. (B) Immunofluorescent
staining for K8 and K14 on RSPO3- and WNT1- driven
tumor organoids grown in a collagen matrix. Images
are maximum intensity projections. (C) Brightfield
images and (D) quantifications of the number of
invading strands/organoid of RSPO3 driven tumor
organoids in collagen upon C59 treatment. The
number of invading strands were quantified 24h after
collagen embedding in the presence of C59. Scale
bars, 10 pm.
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volume of primary mammary tumors (Fig. S4A). This is in contrast to our
in vitro findings, which consistently indicated that RSPO3 enhances
proliferation and growth of breast cancer cells. Most likely, this
discrepancy resulted from the use of p-estradiol in the in vivo setting,
commonly used to sustain tumor growth. p-estradiol also promotes
tumor cell growth, masking the growth-stimulatory effect of RSPO3, as
mimicked in vitro (Fig. S4B). Histological analysis of primary tumors
developing in control and RSPO3 overexpression mice revealed high
levels of K8, ER and Ki67 but no expression of K14, and no differences in
expression levels of either staining between groups (Fig. S4C).
Interestingly, histological analysis of the lungs revealed enhanced
distant metastasis in mice with RSPO3 overexpressing breast cancer
cells, reaching an average of 7.8% of the lung area being covered by
metastatic lesions, compared to 2.6% without RSPO3 overexpression
(Fig. 5B and C). Corresponding to the primary tumors, metastatic lesions
showed high levels of K8, ER and Ki67, no K14 and no differences in
staining pattern between groups (Fig. S4D). These data demonstrate that
RSPO3 overexpression is sufficient to enhance the metastatic potential
of human breast cancer cells in vivo and suggest that RSPO3 targeting
may be beneficial for intervention with RSPO3 driven breast cancer.

4. Discussion

Recently, we developed a mouse model for RSPO3-driven breast
cancer, established RSPO3 as an oncogenic driver of breast cancer and
demonstrated the consistent formation of poorly differentiated
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Fig. 5. RSPO3 enhances metastasis of human breast cancer cells in vivo (A) Schematic overview of the experimental set-up with control or RSPO3 overexpressing
breast cancer cells (B) H&E stained sections of lungs with metastatic lesions. (C) Quantifications of the percentages of lung area being covered by metastatic lesions.
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mammary tumors with high invading potential upon overexpression of
Rspo3 in the mouse mammary glands [18]. In human breast cancer,
RSPO overexpression is particularly found in TNBC patients and
accordingly we reported the presence of copy number alterations of
RSPO2 and RSPO3 in respectively 23% and 2% of breast cancer patients
that associated with ER and PR negative receptor status and high his-
tological tumor grade [9,16-18]. Exploring the potential utility of
RSPO3 as an alternative therapeutic target, we aimed to get more insight
in the oncogenic activities through which RSPO3 contributes to breast
cancer. Previously, we found that RSPO3-driven mammary tumors were
poorly differentiated but had limited information on the cellular
built-up [18]. Now, we show that RSPO3-driven mammary tumors are
highly enriched in luminal progenitor cells marked by CD61. CD61 has
been reported to mark luminal progenitor cells with highly enriched
tumorigenic potential, as such being proposed as cancer stem cells [28].
Our data show that RSPO3 drives the aberrant expansion of luminal
progenitor cells, potentially cancer stem cells. This stem/progenitor cell
expanding activity exerted by RSPO3 in mammary tumorigenesis ap-
pears to align with the findings in the intestine, where RSPO3-driven
cancer is associated with expansion of crypt stem- and progenitor cells
[8,14,15]. This oncogenic activity appears as a deregulated extrapola-
tion of RSPOs normal function in stem cell regulation [32,33]. Despite
the seemingly comparable stem cell expanding activity of RSPO3 in the
intestine and mammary gland, these organs differ greatly in their stem
cell hierarchy, dynamics and regulation, with the mammary epithelium
being instructed majorly by steroid hormones. In the mouse mammary
gland, steroid hormones induce expression of RSPO1 in luminal pro-
genitor cells, that in turn promotes mammary stem cell self-renewal in
conjunction with WNT4 [32,34]. That implies that RSPO1 acts

downstream of steroid hormone signals and as such might stimulate
stem cell expansion independent of these upstream hormone signals in
case of RSPO upregulation. In alignment, RSPO3 overexpression thus
induced ER and PR negative mammary tumors highly enriched in
CD61" luminal progenitor cells, or cancer stem cells.

In addition to the progenitor expanding effect exerted by RSPO3, our
in vitro studies with tumor organoids and human breast cancer cell lines
demonstrate that RSPO3 consistently promotes the proliferation, inva-
sion and metastasis of breast cancer cells. With the identification of these
oncogenic effects, we show that RSPO3 is involved in breast cancer
development and progression, importantly adding up to previous re-
ports that presented Rspo3 as a tumor initiator in the mammary gland
and to the clinical relevance as a potential therapeutic target [18,
35-38]. As such, during continuation of our research we focused at the
effects of RSPO3 on proliferation, invasion and metastasis, thus at tumor
development and progression phases rather than initiation.

We investigated the role of Wnt signaling in RSPO3-driven breast
cancer. Hence, potentiation of the Wnt/p-catenin pathway is the best
known signaling activity of RSPOs, and in the intestine, this seems to
occur during RSPO-driven tumorigenesis and can be successfully tar-
geted using porcupine inhibitors [11-15]. However, in line with their
different stem cell hierarchies, cancer developing in the intestine and
breast represent very different diseases. Where colorectal cancer clas-
sically holds high levels of Wnt/p-catenin activation through APC or
CTNNBI mutations, breast cancer is associated with a relatively lower
degree of Wnt/p-catenin activation and underlying mutations are not
often found [39-43]. Moreover, we previously reported lower expres-
sion of Wnt target genes in RSPO3-driven tumors compared to
WNT1-driven tumors, indicating that RSPO3-driven tumors may be less



E.J. ter Steege et al.

dependent on Wnt signaling activity [18]. Also, the morphology, inva-
sive potential and gene expression profiles of RSPO3-driven mammary
tumors differed greatly from that of WNT1 counterparts [18]. In this
study, we demonstrate several effects exerted by RSPO3 during breast
tumorigenesis and show that all of these were independent of Wnt
signaling. No nuclear p-catenin translocation was observed in the
RSPO3-driven mouse mammary tumors. With mouse organoid models,
we showed that the growth of RSPO3 mammary tumor organoids is
unaffected by treatment with PORCNi C59. Also, WNT1 derived orga-
noids are non-invasive, whereas RSPO3 mammary tumor organoids
were demonstrated to have high invasive capacity, which again could
not be inhibited with C59. Then, with a novel panel of human breast
cancer cell lines with inducible RSPO3 expression we showed that
RSPO3 promotes growth and proliferation consistently in vitro. Utilizing
reporters for canonical Wnt signaling, we showed that the growth
stimulatory effect induced by RSPO3 did not coincide with reporter
activity. Also, C59 was not able to inhibit the RSPO3-induced growth
stimulatory effects. Together, these data consistently demonstrate that
RSPO3 promotes proliferation and invasion of breast cancer cells in a
Wnt-independent fashion. This further indicates that RSPO3 driven
mammary tumorigenesis is not reliant on Wnt signaling, excluding both
canonical and non-canonical as PORCNi C59 acts through inhibiting the
functionality of all WNT ligands. This implies that in breast cancer with
a gain in RSPO, indirect targeting with porcupine inhibitors will most
likely be ineffective, in contrast to earlier findings in the intestine
[11-13]. Instead, our data indicated that direct targeting of RSPO3 using
the humanized monoclonal RSPO3 antibody Rosmantuzumab was
effective in inhibiting the growth stimulatory effect of RSPO3 both in
MCF10A and MCF?7 cell lines, providing rationale to further investigate
the potential of RSPO3 targeting in breast cancer.

In conclusion, we demonstrate that RSPO3 promotes growth and
metastasis of breast cancer cells. As these unfavorable tumorigenic ac-
tivities are exerted by RSPO3 in a Wnt independent manner, breast
cancer patients with a gain in RSPO will not benefit from indirect tar-
geting with Wnt inhibitors, but importantly, will expectedly benefit
from treatment directly targeting RSPO3. This study provides solid
rationale for (pre)clinical follow-up investigation to further assess the
utility of RSPO3 as a therapeutic target in breast cancer.
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