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Abstract 1 

Background & Aims: Mutations in genes in the Wnt and beta catenin signaling pathway 2 

contribute to development of colorectal carcinomas. R-spondin (RSPO) proteins are secreted 3 

proteins that increase Wnt signaling in intestinal stem cells. Alterations in RSPO genes were 4 

identified in human colorectal tumors. We studied the effects of expressing RSPO1 in ApcMin/+ 5 

mice. 6 

 7 

Methods: ApcMin/+ mice were given intraperitoneal injection of adeno-associated viral vector 8 

encoding an RSPO1–Fc fusion protein or a control vector. Intestinal crypts were isolated from 9 

ApcMin/+ mice and cultured as organoids, which were incubated with or without RSPO1–Fc and 10 

an inhibitor of transforming growth factor beta receptor (TGFBR).  Livers were collected from 11 

mice and analyzed by immunoblots and immunohistochemistry. Organoids and adenomas were 12 

analyzed by quantitative reverse-transcription PCR and single-cell 3′RNA sequencing.  13 

 14 

Results: Although the RSPO1–Fc vector increased proliferation of intestinal epithelial cells, 15 

ApcMin/+ mice injected with the vector encoding RSPO1–Fc developed fewer and smaller 16 

intestinal tumors and had significantly longer survival times than mice injected with the control 17 

vector. also developed fewer and smaller intestinal tumors and had significantly longer survival 18 

times. Adenomas of ApcMin/+ mice injected with the RSPO1–Fc vector had a rapid increase in 19 

expression of genes regulated by the Wnt pathway and apoptosis, followed by reduced expression 20 

of mRNAs and proteins regulated by the Wnt pathway, reduced cell proliferation, and less crypt 21 

branching than adenomas of mice given the control vector. Addition of RSPO1 to organoids 22 
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derived from ApcMin/+ adenomas decreased frequency of formed organoids and expression of 23 

genes regulated by Wnt, but increased phosphorylation of SMAD2 and transcription of genes 24 

regulated by SMAD. Addition of the TGFBR inhibitor to organoids incubated with RSPO1–Fc 25 

restored organoid formation and expression of genes regulated by Wnt. 26 

Conclusions: Expression of RSPO1 in ApcMin/+ mice increases apoptosis and reduces proliferation 27 

and Wnt signaling in adenoma cells, resulting in development of fewer and smaller intestinal 28 

tumors and longer survival times of mice. Addition of RSPO1 to organoids derived from adenomas 29 

inhibits their growth and promotes proliferation of intestinal stem cells that retain the APC protein; 30 

these effects are reversed by TGFB inhibitors. Strategies to increase expression of RSPO1 might 31 

be developed for treatment of intestinal adenomas. 32 

Keywords: CRC, familial adenomatous polyposis, PROX1, LGR5, KRAS  33 
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Colorectal cancer (CRC) is one of the leading causes of cancer-related morbidity and mortality in 34 

the Western world. Despite recent advances in the treatment of CRC, one-third of patients succumb 35 

to metastatic CRC.1 The majority of CRC cases are caused by aberrant activation of the Wnt/beta-36 

catenin signaling pathway, commonly due to loss-of-function mutations of the adenomatous 37 

polyposis coli (APC) tumor suppressor gene. Hereditary forms of APC mutations in humans lead 38 

to familial adenomatous polyposis (FAP), which is a dominantly inherited autosomal disorder, 39 

causing multiple polyps in the colon and small intestine and an extremely high risk of CRC 40 

development.2 After their diagnosis, FAP patients are commonly treated with total colectomy plus 41 

ileorectal anastomosis or proctocolectomy with ileal pouch–anal anastomosis3, leading to 42 

decreased quality of life. Inactivation of APC inhibits the proteasomal degradation of beta-catenin, 43 

leading to accumulation of beta-catenin and its translocation into the nucleus, where it binds to T 44 

cell factor (TCF)/lymphoid enhancer-binding factor (LEF) transcription factors and activates target 45 

genes that stimulate cell-cycle progression and tumorigenesis.4 During intestinal tumorigenesis, 46 

the beta-catenin/TCF/LEF complex activates transcription of the prospero homeobox 1 (PROX1) 47 

gene, which drives dysplasia and an invasive phenotype.5 Furthermore, PROX1 promotes 48 

proliferation and tumor-initiating properties of cells expressing the intestinal stem cell marker 49 

leucine-rich repeat-containing G-protein coupled receptor 5 (LGR5).6  50 

Together with its homologs LGR4 and LGR6, LGR5 functions as a receptor for ligands of the R-51 

spondin (RSPO) family ligands that function as essential Wnt signal enhancers in multiple adult 52 

stem cell compartments, including the intestine.7-12 However, the role of RSPO/LGR5 signaling in 53 

intestinal tumorigenesis is controversial. Some studies suggest that RSPO/LGR5 suppresses 54 

intestinal tumorigenesis13,14, whereas others have reported that LGR5 promotes tumor 55 
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progression15-17. Interestingly, recurrent and mutually exclusive RSPO2 or RSPO3 gene fusions 56 

without concomitant APC or CTNNB1 mutations occur in ~10% of colon tumors.18 Given the 57 

function of RSPO ligands in amplifying Wnt signaling in normal tissues, the RSPO fusion proteins 58 

are assumed to drive Wnt signaling and tumorigenesis in a Wnt-dependent manner.18,19 However, 59 

frequent occurrence of RSPO2 promoter hypermethylation that reduces RSPO2 expression in 60 

human CRC suggested that RSPO2 functions as a tumor suppressor in CRCs driven by APC or 61 

CTNNB1 mutations.13 62 

Loss-of-function mutations of the transforming growth factor betaSMAD (TGFBSMAD) 63 

signaling pathway accumulate during the malignant conversion step in CRC, indicating that the 64 

TGFB pathway has a tumor suppressor function in human CRC.20-23 In mouse models, 65 

TGFB exerts its tumor-suppressive functions by inhibiting the transition of premalignant cells to a 66 

more malignant phenotype and by limiting the dedifferentiation of cancer cells20; loss of TGFB 67 

signaling activity induces formation of more aggressive tumors in Apc;Kras mutant mice.24 68 

Mutations inactivate the TGFB signaling pathway in 30–40 % of colon cancers, and reduced TGFB 69 

pathway activity is associated with metastatic properties of the intestinal tumors.25 TGFB ligands 70 

bind to type II TGFB receptors (TGFBR2), leading to their heterodimerization with the type I 71 

receptor (TGFBR1), which phosphorylates the SMAD2/3 transcription factors.20 These form a 72 

complex with SMAD4, translocate into the nucleus and activate TGFB target gene expression.20 A 73 

recent study showed that the binding of exogenous RSPO1 to LGR5 could directly activate TGFB 74 

signaling cooperatively with TGFBR2 in cultured CRC cells, enhancing TGFB-mediated growth 75 

inhibition and apoptosis.14 However, the effects of TGFB have been reported to turn from tumor 76 
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suppressive to pro-metastatic as cancers advance, and high stromal TGFB activity has been shown 77 

to promote metastasis.20  78 

We sought to compare the roles of exogenous Wnt signals and tumor cell-autonomous beta-catenin 79 

activation as drivers of PROX1 expression during intestinal cancer progression. To elucidate the 80 

function of RSPO1 in PROX1 regulation and in intestinal tumorigenesis, we utilized adeno-81 

associated virus vectors (AAV) to induce systemic expression of RSPO1 in Apc-deficient ApcMin/+ 82 

mice at a stage when these mice harbored aberrant crypt foci or adenomas in their intestine. 83 

Surprisingly, we found that in contrast to augmenting Wnt function in the normal intestine, RSPO1 84 

induced tumor cell apoptosis and decreased Wnt/beta-catenin signaling and proliferation of Apc 85 

mutant adenoma cells via a TGFB pathway-mediated mechanism, leading to regression of the 86 

majority of the tumors.  87 

Materials and methods 88 

In vivo experiments  89 

The National Animal Experiment Board at the Provincial State Office of Southern Finland 90 

approved all animal experiments (ESAVI/6306/04.10.07/2016). Mice were housed in individually 91 

ventilated cages with enrichment materials, following the guidelines and recommendations of the 92 

Federation of European Laboratory Animal Science Association. The in vivo experiments were 93 

performed with Apc+/+ and ApcMin/+ mice in the C57BL/6 background (Jackson Laboratories). 94 

For Prox1 lineage tracing, ApcMin/+; Rosa26LSL-TdTomato mice (Jackson Laboratories) were crossed 95 

with Prox1-CreERT2 mice.26 To activate Prox1 lineage tracing, a single 2 mg dose of tamoxifen 96 
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(T5648, Sigma) dissolved in 100 L of corn oil (8001-30-7, Sigma) was administered by oral 97 

gavage.  98 

To label proliferating cells, mice were given a single intraperitoneal (i.p.) injection of 1 g of EdU 99 

diluted in 100 L of 0.9% saline 4 hours before euthanasia.   100 

For survival analysis of the mice, they were closely monitored and weighed every 3 days during 101 

the experiment. Euthanasia was performed upon >15% loss of body weight or detection of melena.  102 

All in vivo experiments were repeated at least three times, and 10-12 mice were used for each 103 

experiment, with approximately equal numbers of male and female mice of the same age in each 104 

experimental group.  105 

Additional materials and methods are described in the Supplemental Material. 106 

Results  107 

Systemic expression of RSPO1–Fc suppresses Wnt/beta-catenin signaling and proliferation 108 

of adenoma cells in Apc mutant mice. Intraperitoneal administration of RSPO1 is known to 109 

potentiate Wnt/beta-catenin signaling in LGR5-expressing intestinal stem cells.8 To determine 110 

whether PROX1 expression in the intestinal epithelium or adenomas is regulated by exogenous 111 

stimulation of the Wnt signaling pathway, we constructed an AAV vector encoding a dimeric 112 

human RSPO1–Fc fusion protein (AAV-RSPO1–Fc) (Supplementary Figure 1A). Fc–region was 113 

included in the protein in order to enhance its solubility and to enable detection of expressed protein 114 

in mouse serum samples. To test the vector in vivo, we injected 1012 AAV particles encoding 115 
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RSPO1–Fc or empty vector (Ctrl), intraperitoneally into wild-type (WT) mice. Expression of the 116 

RSPO1–Fc protein was confirmed in the liver by immunostaining for human Fc (Supplementary 117 

Figure 1B), and in mouse serum samples by Western blot analysis at the indicated time points 118 

(Supplementary Figure 1C). As expected, we detected an increase in small intestinal crypt depth 119 

and villus length already after 2 days of RSPO1–Fc expression and up to 10 weeks thereafter 120 

(Supplementary Figure 1D-E), whereas the AAV-Ctrl did not produce an effect. Given that the 121 

AAV9 vector transduces hepatocytes with high efficiency, we confirmed the expression of the 122 

transgene and its biological activity by staining liver sections for human Fc and glutamine 123 

synthetase, a marker of metabolic zonation induced by Wnt signaling activity27, respectively 124 

(Supplementary Figure 1F). 125 

To study the effect of RSPO1 in intestinal adenomas, we injected RSPO1–Fc or Ctrl AAV into 17-126 

week-old ApcMin/+ mice, followed by euthanasia and analysis of the intestines 4 days thereafter 127 

(Supplementary Figure 2A).  We observed an increase in the diameter of the macroscopic 128 

adenomas but no significant difference in their numbers in RSPO1–Fc injected mice 129 

(Supplementary Figure 2B-D). Strikingly, however, in the immunofluorescence analysis, the 130 

relative PROX1 and nuclear beta-catenin-positive (beta-catenin+) adenoma areas appeared to be 131 

decreased in the tumors (Supplementary Figure 2E, H), suggesting that RSPO1–Fc suppresses 132 

Wnt signaling. Furthermore, we detected a remarkable reduction in the expression of mRNA of 133 

Notum, a gene regulated by Wnt, in the adenomas from AAV-RSPO1–Fc injected mice 134 

(Supplementary Figure 2F). Interestingly, RSPO1–Fc decreased the number of proliferating 135 

adenoma cells (Supplementary Figure 2G, I), indicating that RSPO1–Fc suppresses the growth 136 

of beta-catenin+ adenoma cells. 137 
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To confirm that Wnt signaling activity was indeed reduced within the adenomas of mice given 138 

AAV-RSPO1–Fc, we dissociated the tumors into single cells and subjected them to single-cell 139 

RNA sequencing (scRNAseq). The subspace among the cells was aligned, followed by nonlinear 140 

dimensionality reduction using uniform manifold approximation and projection (UMAP). By using 141 

the hierarchical clustering of the scRNAseq data in UMAP, we identified 11 epithelial cell clusters 142 

(Figure 1A, B). The results indicated that genes regulated by Wnt/beta-catenin pathway were 143 

downregulated by the RSPO1–Fc expression, as indicated by the decreased number of cells in the 144 

Wnt-high cell clusters expressing Prox1, Nkd1, Notum, Lef1, Lgr5, and Tcf4 (Figure 1B, 145 

Supplementary figure 2J). The downregulation of Wnt pathway activity was also consistent with 146 

KEGG pathway enrichment analysis of the data (Supplementary Figure 2K).  147 

Prolonged systemic expression of RSPO1–Fc reduces tumor number and dysplasia. To better 148 

assess the impact of systemic RSPO1 expression on the growth of of the adenomas, we next 149 

injected 12-week-old ApcMin/+ mice with a single dose of AAV-RSPO1–Fc or AAV-Ctrl and 150 

quantified tumor diameter and frequency at 1, 4, and 6 weeks thereafter (Figure 1C). Consistent 151 

with our previous findings, we found that the diameters of the macroscopic small intestinal tumors 152 

were increased during the first week of systemic RSPO1–Fc expression, whereas the total tumor 153 

burden was not affected (Figure 1D). Strikingly, however, considerably fewer tumors were found 154 

after 4 and 6 weeks in the RSPO1–Fc injected mice compared with the Ctrl group, and the intestinal 155 

tumor burden was decreased in the 4- and 6-week groups (Figure 1D). These results indicated that 156 

after the first week of RSPO1–Fc expression, the tumors underwent significant regression in the 157 

ApcMin/+ mice. 158 
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Next, we analyzed the effect of systemic RSPO1–Fc expression on Wnt signaling activity in the 159 

intestinal tumors. Based on immunofluorescence, the areas positive for nuclear beta-catenin in the 160 

RSPO1–Fc expressing mice were located further from the crypts, towards the lumen, when 161 

compared to the Ctrl mice (Figure 1E). Moreover, the PROX1 and nuclear beta-catenin+ adenoma 162 

areas were much smaller in intestines of AAV-RSPO1–Fc expressing mice than the AAV-Ctrl 163 

mice, and only a few such areas remained 4 and 6 weeks after AAV-RSPO1–Fc injection; yet, the 164 

relative PROX1+ area within the remaining adenomas remained similar as in the Ctrl group 165 

(Figure 1E, F). A remarkable decrease in epithelial cell proliferation in the nuclear beta-catenin+ 166 

adenoma areas was observed by EdU labeling 1, 4, and 6 weeks after RSPO1–Fc injection (Figure 167 

1E, G), whereas the proliferation rate of the nuclear beta-catenin-negative normal intestinal 168 

epithelial cells was increased (Figure 1E, H). These results also indicated that the initial increase 169 

in diameter of the macroscopic adenomas was due to the increased proliferation of the adjacent 170 

normal epithelium.  171 

To assess whether the RSPO1–Fc expression affects the histological properties of the tumors, 172 

epithelial dysplasia was evaluated by a gastrointestinal pathologist in blind-coded hematoxylin & 173 

eosin stained tumor sections (Figure 2A). All specimens in the Ctrl group were diagnosed as broad-174 

based tubular adenomas with mild dysplasia. Their crypts were often branched, and they contained 175 

reduced interglandular stroma. Cell nuclei were elongated, relatively well polarized, 176 

hyperchromatic, and had inconspicuous nucleoli. One week after AAV injection, the tumors in the 177 

RSPO1–Fc expressing mice presented less dysplasia and crypt branching than the Ctrl tumors. 178 

After 4 and 6 weeks of RSPO1–Fc expression, all specimens were diagnosed as hyperplastic polyps 179 

that contained elongated and straight glandular structures. Their ovoid nuclei abutted the epithelial 180 
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basement membrane, lacked atypia and showed only mild serration. Thus, systemic expression of 181 

RSPO1–Fc gradually decreased dysplasia in adenomas of the ApcMin/+ mice.  182 

To exclude the possible involvement of the Fc region in the effects of the AAV-RSPO1–Fc vector, 183 

we next used an AAV vector to express a monomeric RSPO1–FLAG protein (Supplementary 184 

Figure 3A). We injected the vector into 15-week-old ApcMin/+ mice, which were analyzed 1 and 4 185 

weeks thereafter. As with the dimeric RSPO1–Fc protein, the monomeric RSPO1–FLAG protein 186 

also decreased the nuclear beta-catenin+ adenoma area and increased proliferation of nuclear beta-187 

catenin-negative cells (Supplementary Figure 3C and data not shown). Similar results were 188 

obtained with the vector encoding mouse RSPO1–Fc (Supplementary Figure 3A and data not 189 

shown). However, the effects of RSPO1–FLAG on tumor number and burden did not reach 190 

statistical significance (Supplementary Figure 3B), suggesting that the dimeric form was more 191 

effective in reducing adenoma growth.  192 

Lineage tracing reveals that RSPO1 provides a competitive growth advantage to the normal 193 

epithelium. To establish whether the outgrowth of normal epithelium displaces the adenoma cells, 194 

we used 16-week old ApcMin/+ mice harboring Rosa26LSL−tdTomato; Prox1-CreERT2 cell lineage tracer 195 

alleles (Figure 2B). We gave the mice tamoxifen by oral gavage, followed by AAV-RSPO1–Fc or 196 

AAV-Ctrl 2 days later, and analyzed the mice 7 days thereafter. We found less tdTomato 197 

expressing cells in the intestinal epithelium of the RSPO1–Fc-expressing mice than in the Ctrl mice 198 

(Figure 2C). The tdTomato+ adenoma areas in mice injected with AAV-RSPO1–Fc were 199 

translocated to more luminal parts of the villi than in Ctrl mice, with an intervening layer of 200 

proliferating normal epithelial cells (Figure 2C). To confirm the Apc status of the remaining 201 

nuclear beta-catenin negative cells, we stained the sections with an antibody against the APC C-202 
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terminus, which, together with the all the Axin and beta-catenin binding regions of APC, deleted 203 

by the ApcMin/+ mutation. As expected, the antibody stained only the apical borders of the polarized 204 

epithelial cells28 negative for nuclear beta-catenin but did not stain the beta-catenin-positive 205 

adenoma areas (Supplementary Figure 4A, B). In contrast, staining with an antibody against the 206 

N-terminal region of APC showed that the truncated mutant APCMin protein was expressed also in 207 

the adenomas (Supplementary Figure 4A, C). These results indicated that although small APC 208 

deficient tumor cell areas were still found after in vivo RSPO1 exposure, the systemic expression 209 

of RSPO1–Fc suppresses their growth, as shown by the EdU staining, and also the growth of the 210 

clonal progeny of PROX1 positive (Wnt high) adenoma cells. The simultaneously increased 211 

RSPO1 stimulated growth of the adjacent Apc wild-type epithelium then gradually displaces the 212 

remaining adenoma cells, pushing them towards the lumen. 213 

Long-term systemic expression of AAV-RSPO1–Fc suppresses intestinal tumorigenesis and 214 

improves survival of the ApcMin/+ mice. To assess the significance of the effect of long-term 215 

RSPO1–Fc expression on the ApcMin/+ mice, we next injected AAV-RSPO1–Fc into 8-week-old 216 

mice, which had developed few or no macroscopic tumors at this timepoint (Figure 3A). Upon 217 

analysis 10 weeks after RSPO1–Fc injection, the number of tumors in the RSPO1–Fc expressing 218 

mice was reduced when compared to the Ctrl mice, and the remaining tumor cells were negative 219 

for nuclear beta-catenin and PROX1 (Figure 3B-E). 220 

In order to further evaluate if AAV-RSPO1–Fc suppresses the formation of mouse intestinal 221 

tumors, we used the tamoxifen-inducible Apcfl/fl; Villin-CreERT mouse model, in which rapid 222 

tumorigenesis occurs because of complete loss of both Apc alleles in all villin-positive intestinal 223 

epithelial cells. The mice were injected with RSPO1–Fc and Ctrl vectors, followed by tamoxifen 3 224 
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days later to initiate intestinal tumorigenesis (Supplementary Figure 5A). When analyzed 5 days 225 

after the tamoxifen injection, the intestinal epithelial cells in the RSPO1–Fc expressing mice 226 

showed less PROX1 expression, fewer proliferating (EdU+) cells and more normal tissue 227 

architecture than the Ctrl mice (Supplementary Figure 5B), indicating downregulation of Wnt-228 

signaling activity. 229 

To determine whether RSPO1–Fc has an effect on the survival of the ApcMin/+ mice, we repeated 230 

the experiment in three cohorts of 8-week-old ApcMin/+ mice and closely monitored their well-being 231 

until they fulfilled humane criteria for euthanasia.  RSPO1–Fc expression improved the survival of 232 

the ApcMin/+ mice by approximately 10 weeks (SD) (Figure 3F). Furthermore, mice that received 233 

RSPO1–Fc had fewer tumors in the small intestine and had a lower overall tumor burden than the 234 

Ctrl mice (Figure 3G, H). However, although the RSPO1–Fc mice survived longer than the 235 

ApcMin/+ mice, they eventually fulfilled the termination criteria due to weight loss or rectal bleeding 236 

caused by colonic tumors that were not affected by the RSPO1–Fc expression (Supplementary 237 

Figure 6A, B).  238 

RSPO1–Fc suppresses Wnt signaling and activates the TGFB /SMAD pathway in adenoma 239 

cells. To explore the mechanism of how RSPO1–Fc suppresses Wnt signaling in the intestinal 240 

adenoma cells, we investigated the effect of RSPO1–Fc on organoids derived from ApcMin/+ mice. 241 

A recent study suggested that exogenous RSPO1 binding to LGR5 can directly activate TGFB 242 

signaling cooperatively with the TGFBR2 to inhibit cell growth and to induce apoptosis in at least 243 

some cultured CRC cell lines.14 We thus sought to investigate whether decreased growth of the 244 

adenoma cells is due to the activation of the TGFBSMAD signaling pathway. Organoid cultures 245 
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obtained from ApcMin/+ intestinal adenomas were cultured in the presence of RSPO1–Fc with or 246 

without the TGFB receptor kinase inhibitor SB-431542 (TGFBRi), and analyzed on days 1, 3, and 247 

6 (Figure 4A). The addition of RSPO1–Fc to the cultures decreased the frequency of organoids in 248 

comparison with control cultures when analyzed at 3 days, but this phenotype was rescued by the 249 

TGFBRi (Figure 4B, C). The remaining organoids continued to proliferate as indicated by the EdU 250 

staining, suggesting that they are resistant to inhibition by the TGFB pathway (Figure 4D). Similar 251 

results were obtained by analysis of 4-OH-TAM induced organoids from Apcfl/fl; Lgr5-eGFP-IRES-252 

CreERT mice (Supplementary Figure 7). RSPO1–Fc led to the suppression of mRNAs of Prox1 253 

and Notum, genes regulated by Wnt pathway (Figure 4E). Surprisingly, however, Lgr5 and Myc 254 

mRNAs were upregulated in the organoids that remained after 6 days of addition of RSPO1–Fc as 255 

analyzed by qPCR (Figure 4E). This is most likely due to residual epithelial cells that lack the Apc 256 

mutation that remained in the cultures, although we cannot exclude the possibility that the elevated 257 

LGR5 expression level provides a survival advantage for cultured Apc mutant cells, as LGR5 258 

expression has been reported to correlate with metastatic properties and poor prognosis in CRC.16 259 

Immunostaining of the ApcMin/+ organoids 3 days after RSPO1–Fc addition confirmed the 260 

decreased expression of PROX1, which was rescued in the presence of TGFBRi (Figure 4D).  261 

These data suggest that RSPO1-mediated suppression of the Wnt pathway is mediated by activation 262 

of the TGFB/SMAD pathway.  263 

To confirm the involvement of the TGFB/SMAD pathway, we performed Western blotting analysis 264 

of the organoids cultured with RSPO1–Fc. We observed that RSPO1–Fc stimulated the 265 

phosphorylation of SMAD2 (Figure 4F), indicating activation of the TGFB/SMAD pathway. 266 

Furthermore, scRNAseq of the ApcMin/+ organoids cultured with RSPO1–Fc for 24h showed 267 



 16 

increased expression of several genes regulated by TGFBSMAD pathway, such as Cdkn2b, Hes1, 268 

Tgfbr2, Smad4, Gadd45a, Tgfbr1, Ep300, and Furin (Figure 4G), suggesting that 269 

TGFBSMAD pathway activation is enhanced soon after the addition of RSPO1–Fc. These results 270 

indicated that RSPO1–Fc suppresses the growth of Apc mutant organoids by suppressing the Wnt 271 

pathway and activating the TGFBSMAD pathway, which leads to cell death. 272 

To verify the activation of TGFB signaling in the adenomas in vivo, we stained the tumors from 273 

mice after 4 days of AAV-RSPO1–Fc expression for the TGFB target pSMAD3 and the 274 

downstream cell cycle kinase inhibitor p21 (Figure 5A-C). Increased phosphorylation of SMAD3 275 

and increased expression of p21 were detected in the tumors from RSPO1–Fc expressing mice 276 

(Figure 5B, C). Moreover, we observed increased expression of genes regulated by TGFB/SMAD, 277 

such as Tgfbr2, Smad4, Cdkn1b, Myc, Bach1, and Ep300, in the scRNAseq analysis of the tumors 278 

from mice 4 days after AAV-RSPO1–Fc injection (Figure 5D). KEGG pathway enrichment 279 

analysis of these tumors indicated upregulation of the SMAD2/3 nuclear pathway after 4 days of 280 

RSPO1–Fc expression (Figure 5E), confirming that the growth-suppressive effect of systemic 281 

RSPO1–Fc expression is associated with an enhancement of the TGFB/SMAD signaling in vivo.  282 

RSPO1–Fc induces an early wave of apoptosis in ApcMin/+ adenomas. Given that the effect of 283 

systemic RSPO1–Fc expression on intestinal tumors was already obvious 4 days after gene 284 

delivery, we tested whether RSPO1–Fc induces apoptosis specifically in beta-catenin+ adenoma 285 

cells. We injected 17-week-old ApcMin/+ mice with AAV-RSPO1–Fc or AAV-Ctrl and analyzed 286 

them 1, 2, 3, and 4 days thereafter (Figure 6A). AAV-RSPO1 caused a significant increase in 287 

apoptosis in the beta-catenin positive adenoma areas already after 1 day of RSPO1–Fc expression 288 
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(Figure 6B, C). The apoptosis rate was decreased on day 2 and even further on day 3, yet remaining 289 

higher than in the AAV-Ctrl tumors (Figure 6B, C). Furthermore, in scRNAseq analysis, the 290 

expression levels of apoptosis-related genes, such as Trp53, Cdkn1c, Bcl2l11, Bax, and Pycard, 291 

were enriched in AAV-RSPO1–Fc vs. AAV-Ctrl injected tumors on day 4 after the RSPO1–Fc 292 

injection (Figure 6D). KEGG pathway enrichment analysis indicated that several apoptosis-related 293 

pathways (apoptosis pathway, apoptotic execution phase pathway, and p53 activity regulation 294 

pathway), were upregulated in tumors from AAV-RSPO1–Fc expressing mice (Figure 5E). 295 

Moreover, concomitant administration of the TGFBRi in combination with AAV-RSPO1–Fc, 296 

restored the apoptosis rate back to the level observed in adenomas from AAV-Ctrl injected mice 297 

(Figure 6B, C). Interestingly, the scRNA analysis indicated that the expression of several genes 298 

regulated by Wnt also increased simultaneously with the increase in apoptosis 1 day after the AAV-299 

RSPO1–Fc injection, but the Wnt signaling activity subsequently began to decrease already on day 300 

2 after the AAV-RSPO1–Fc injection (Supplementary Figure 8). These findings suggest that the 301 

combination of rapidly increased Wnt signaling and TGFB/SMAD pathway activation leads to 302 

apoptosis and eventual loss of ApcMin/+ adenomas.  303 

Oncogenic mutant Kras protects tumor cells from the growth-suppressing effect of systemic 304 

RSPO1–Fc expression. We previously showed that oncogenic mutant Kras protects Apc-mutant 305 

organoids from TGFB–induced apoptosis.23 In a majority of advanced CRCs, many of the TGFB 306 

signals that promote tumor progression are mediated via stromal cells.20 Thus, additional genetic 307 

insults that are acquired during tumor progression, such as KRAS-activating and TGFB pathway-308 

inactivating mutations, may protect CRC cells from the tumor-suppressive effects of RSPO1. In 309 

order to examine whether RSPO1-mediated tumor suppression could be abrogated by an oncogenic 310 
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Kras mutation in the adenoma cells, we next injected Apcfl/fl; Villin-CreERT (VApc) and Apcfl/fl; 311 

KrasG12D/+; Villin-CreERT (VApcK) mice with either RSPO1–Fc or Ctrl AAVs, induced Cre 312 

activation with tamoxifen by oral gavage during the 2 subsequent days and analyzed the mice 4 313 

days later (Supplementary Figure 9A). Consistent with our previous findings, we also found 314 

increased staining for phosphor-SMAD3 and p21 in the intestines from VApc mice, but not from 315 

VApcK mice injected with AAV- RSPO1–Fc (Supplementary Figure 9B, C). Thus, KRAS 316 

abolishes the adenoma-suppressing effect of RSPO1. 317 

Discussion 318 

Our results indicate that systemic delivery of soluble RSPO1 protein extends the survival of 319 

ApcMin/+ mice. The combination of increased growth of the normal intestinal epithelium and 320 

inhibition of the adenomatous growth resulted in decreased number and luminal displacement of 321 

the adenomas, eventually leading to the regression of most of the tumors and substantial 322 

improvement in the survival of the ApcMin/+ mice.  The tumor-suppressive effect of RSPO1 was 323 

also reproduced in intestinal organoid cultures from Apc mutant mice, and the phenotype was 324 

rescued in vivo and ex vivo by inhibition of the TGFB/SMAD pathway. 325 

In the ApcMin/+ mouse model, the mice develop multiple intestinal adenomas and a smaller number 326 

of colonic tumors, whereas in humans, most of the intestinal tumors develop in the colon and 327 

rectum, with only a small proportion in the small intestine.29 In our experiments, some of the AAV-328 

RSPO1–Fc injected mice met the termination criteria prematurely because of colonic tumors that 329 

did not respond to RSPO1–Fc expression. The cellular mechanisms that are responsible for such 330 
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difference in the RSPO1 response between small intestinal and colonic tumors remain to be 331 

investigated.  332 

We found that RSPO1–Fc leads to enhanced TGFB/SMAD pathway-mediated growth suppression 333 

specifically in the adenomas, but not in the adjacent WT intestinal epithelium. This is consistent 334 

with our previous work showing that the Apc mutation increases intestinal epithelial cell sensitivity 335 

to the proapoptotic effects of TGFB/SMAD signaling.23 Our previous studies showed that TGFB-336 

induced apoptosis in Apc mutant organoids, including the LGR5+ adenoma stem cells, was 337 

mediated by upregulation of the BH3-only proapoptotic protein Bcl-2-like protein 11 (BIM).23 In 338 

the  present study, we found rapid upregulation of several genes regulated by Wnt after RSPO1–339 

Fc expression. According to the “just-right Wnt” hypothesis30, this by itself may make the adenoma 340 

cells more susceptible to apoptosis. However, after a few days, apoptosis and the expression of 341 

several genes regulated by Wnt and cell proliferation in the adenomas was decreased, explaining 342 

the further suppression of tumor growth.  343 

AAV-RSPO1–Fc injection increased expression of Tgfbr2 and Smad4, phosphorylation of SMAD2 344 

and SMAD3, and their downstream targets, BIM and the cell-cycle inhibitor p21 in the adenomas. 345 

Furthermore, our experiments with the TGFB pathway inhibitor indicated that the TGFB pathway 346 

contributed to induction of apoptosis specifically in the beta-catenin positive adenoma cells. This 347 

is consistent with the previously described mechanism in which RSPO1 receptor LGR5 abnormally 348 

activates TGFBR2 in CRC cells and leads to TGFB/SMAD-mediated growth inhibition and 349 

apoptosis.14 The differential sensitivity to TGFB gives the healthy intestinal epithelial cells a 350 

growth advantage over the adenoma cells, eventually leading to the extrusion of the adenomatous 351 

tissue. The RSPO1-TGFB mechanism also explains why the deletion of the RSPO1 target LGR5 352 
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in a human CRC cell line increased liver and lung metastasis of tumor fragments transplanted into 353 

the caecal subserosa in mice.14 When considering these results, it should also be noted that the 354 

effect of the TGFB/SMAD pathway turns from tumor suppressive to pro-metastatic in more 355 

progressed tumors via activation of stromal paracrine signals.20 356 

In the normal intestine, RSPOs act as agonists of the Wnt signaling pathway, stimulating crypt cell 357 

proliferation by stabilizing beta-catenin.8-12 RSPOs have been reported to augment Wnt signaling 358 

activity by binding to LGR4, LGR5, and LGR6, and promoting their interaction with 359 

transmembrane E3 ligases RING finger protein 43/zinc and RING finger 3 (RNF43/ZNRF3), 360 

which are encoded by genes regulated by Wnt, forming a negative Wnt feedback loop.31 361 

Interestingly, a mild reduction of Wnt ligand secretion by a porcupine inhibitor accelerated fixation 362 

of Apc-deficient cells within the crypt leading to accelerated tumorigenesis.32 In agreement with 363 

this, RSPO1 stimulated Wnt signaling in our experiments led to loss of the competitive growth 364 

advantage of Apc-/- vs. WT epithelial cells.  365 

RSPO2 and RSPO3 gene fusions found in CRCs are mutually exclusive with APC and CTNNB1 366 

mutations.18,19 As such, it has been speculated that the former activate the Wnt pathway and 367 

stimulate intestinal tumorigenesis, although it is uncertain whether RSPO rearrangements alone 368 

can induce intestinal tumorigenesis.18,19 Here we find that systemic RSPO1–Fc expression 369 

suppresses the growth of ApcMin/+ adenomas, suggesting that at least in the early phases of CRC 370 

development, RSPOs could be utilized therapeutically. Our findings are consistent with the report 371 

showing that the related RSPO2 can act as a tumor suppressor in human CRCs, where promoter 372 

hypermethylation followed by RSPO2 downregulation correlated with tumor cell differentiation, 373 

tumor size, and metastasis.13 In several CRC cell lines, RSPO2 induced an LGR5-dependent 374 
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feedback loop inhibiting Wnt signaling, thus exerting a net growth-suppressive effect on the CRC 375 

cells. However, RSPO2 has also non-redundant functions with the other RSPO members, 376 

especially during embryogenesis.33 Further studies should show if the effect of systemic RSPO2 or 377 

RSPO3 expression differs from that of RSPO1.  378 

LGR5 homologs are facultative components of the Wnt signaling pathway, mediating Wnt signal 379 

enhancement by the RSPOs, as evidenced by abrogation of RSPO1 responses following 380 

knockdown of LGR5.13,14 Both LGR4 and LGR5 are co-expressed in stem cells in the intestine, 381 

colon, stomach, and hair follicles.7,34,35 In human CRC cell lines, LGR5 expression is highly 382 

variable, whereas LGR4 is strongly expressed and LGR6 is almost undetectable.14 When LGR5 383 

expression was knocked down in two colon carcinoma cell lines, LGR4 expression was not 384 

affected, suggesting that LGR4 does not compensate for LGR5 loss.14 Hence, the effect of RSPOs 385 

on LGR4-mediated Wnt signaling in colon cancer remains to be determined.  386 

The TGFB pathway has been implicated in the control of epithelial regeneration in the intestine. A 387 

recent study discovered that expression of Wnt5a, a non-canonical Wnt ligand capable of activating 388 

other Wnt responses besides beta-catenin, is upregulated during crypt regeneration after injury. 389 

Wnt5a inhibits intestinal epithelial stem cell proliferation by activation of TGFB signaling via the 390 

Wnt5a receptor Ror2 and TGFB receptor I kinase activity.36 However, unlike RSPO1, Wnt5a does 391 

not activate TGFB signaling in colon cancer cells, and Wnt and RSPO ligands are functionally 392 

non-equivalent.14,37  393 

In conclusion, we show that RSPO1 plays a role in intestinal tumorigenesis, yet this role appears 394 

to be opposite to the one previously considered. Systemic expression of RSPO1–Fc activates a 395 
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negative feedback loop by a rapid enhancement of Wnt-signaling pathway that leads to apoptosis 396 

of the adenoma cells due to the recruitment of the TGFB/SMAD pathway via LGR5/TGFBRII 397 

heterodimer, and thereafter mainly by suppression of the growth of the remaining adenoma cells. 398 

In contrast, RSPO1–Fc increases the proliferation of the neighboring normal intestinal stem cells. 399 

This intriguing difference in sensitivity and qualitative response could provide a novel mechanism 400 

for inhibition of tumor growth or even the eradication of early-stage tumors. The remarkable 401 

increase in survival of the ApcMin/+ mice obtained by systemic expression of a growth factor is 402 

unprecedented and highly significant. For a possible translation of these results, the RSPO1 403 

delivery would need to be controlled and better targeted to the intestinal epithelium. One could also 404 

envision future use of RSPO1 together with targeted repair of APC or CTNNB1 mutations in e.g. 405 

FAP patients to secure selection of the patient’s successfully repaired intestinal epithelial cells in 406 

organoid cultures, before cell transplantation back into the intestine. Further developments along 407 

these lines might eventually benefit FAP patients, for whom the only currently available treatment 408 

is subtotal prophylactic colectomy, leading to a significantly reduced quality of life.  409 
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Figure legends 499 

Figure 1. AAV-RSPO1–Fc suppresses growth and Wnt/beta-catenin signaling activity in 500 

intestinal adenomas of ApcMin/+ 
mice. (A). Uniform manifold approximation and projection 501 

(UMAP) visualization of cluster annotation based on the expression of known cell type markers in 502 

intestinal adenomas of AAV-RSPO1–Fc or AAV-Ctrl injected ApcMin/+ mice based on scRNA-seq. 503 

Individual dots correspond to single cells. (B). UMAPs representing Wnt-high adenoma cell 504 

clusters based on scRNA-seq analysis of tumor samples from AAV-transduced ApcMin/+ 
mice. (C). 505 

Schematic of the experiment. 12-week-old ApcMin/+ 
mice were injected with AAV-RSPO1–Fc or 506 

AAV-Ctrl (1012 vp) and analyzed 1, 4, and 6 weeks thereafter. (D). Comparison of tumor number 507 

and small intestinal tumor burden in 15 mice per group. (E). Immunofluorescent staining of 508 

PROX1, beta-catenin, EdU, and Dapi in tumor sections. White dashed line indicates nuclear beta-509 

catenin+ adenoma area. (F). Quantification of PROX1+ nuclear beta-catenin+ adenoma area. (G). 510 

Quantification of EdU+ nuclear beta-catenin+ adenoma area %. (H). Quantification of EdU+ area 511 

% within the nuclear beta-catenin-negative area. Scale bars: 100 m, data is presented as 512 

mean+SD, n=15+15+15, Student’s unpaired t test, *P<0.05, **P<0.01. 513 

Figure 2. RSPO1–Fc induces displacement of adenomas by wild-type intestinal epithelium. 514 

(A). Representative hematoxylin & eosin staining of adenomas from AAV-Ctrl and AAV-RSPO1- 515 

injected mice 1, 4, and 6 weeks after the AAV injection. (B). Schematic of the experiment. 16-516 

week-old ApcMin/+; Rosa26LSL−tdTomato; Prox1-CreERT2 mice received tamoxifen by oral gavage 517 

to induce tdTomato lineage tracing in PROX1+ adenoma cells. Two days thereafter, AAV-518 

RSPO1–Fc or AAV-Ctrl (1012 vp) was injected and the mice were analyzed 7 days later. (C). 519 

Immunofluorescent staining for PROX1 lineage traced cells (tdTomato), EdU, and Dapi in tumor 520 

sections. n=15 per group, Scale bars: 100 m. 521 

Figure 3. RSPO1–Fc decreases the number of intestinal adenomas and improves the survival 522 

of ApcMin/+ 
mice. (A). Schematic of the experiment. 8-week-old ApcMin/+ 

mice received one 523 

injection of the AAVs and were terminated 10 weeks thereafter. (B-D). Comparison of number of 524 

remaining tumors and small intestinal tumor burden in 15 mice per group. Black arrowheads in 3B 525 

indicate intestinal adenomas. (E). Staining for PROX1, EdU, beta-catenin, Dapi, and hematoxylin 526 

& eosin in intestinal sections. Scale bars: 100 μm. (F). Survival of the AAV injected ApcMin/+ 
mice 527 

by age. (G, H). Comparison of number of remaining tumors and small intestinal tumor burden of 528 

the ApcMin/+ mice at termination in 20 mice per group. Data is presented as mean+SD, Student’s 529 

unpaired t test, **P<0.01, ***P<0.005. 530 

Figure 4. RSPO1–Fc suppresses the canonical Wnt/beta-catenin pathway in intestinal 531 

organoids from ApcMin/+ 
mice. (A). Schematic of the experiment. Intestinal crypts from ApcMin/+ 

532 

mice were isolated and cultured in Matrigel to form organoids. RSPO1–Fc fusion protein was 533 

added with or without TGFBRi, and the organoids were analyzed 1 and 3 days thereafter. (B). 534 
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Bright field images of organoids cultured with RSPO1–Fc fusion protein ± TGFBRi for 3 days. 535 

(C). ApcMin/+ organoids were plated in equal numbers, and frequency and average diameter of the 536 

formed organoids were analyzed after 3 days of culture with RSPO1–Fc fusion protein ± TGFBRi. 537 

(D). Staining for EdU, PROX1, and Dapi in organoids 3 days after RSPO1–Fc addition. 538 

Quantification of PROX1+ area is shown in red in the images. (E). Expression of genes regulated 539 

by Wnt/beta-catenin pathway in organoids on day 3 (RT-qPCR). (F). Western blot analysis of 540 

SMAD2 phosphorylation in the intestinal organoids 1 day after RSPO1–Fc addition. (G). Violin 541 

plots representing expression of mRNA of genes regulated by TGFB/SMAD pathway (Cdkn2b, 542 

Hes1, Tgfbr2, Smad4, Gadd45a, Tgfbr1, Ep300, and Furin) based on scRNA-seq analysis of 543 

organoids cultured with RSPO1–Fc for 1 day. Scale bars: 100 μm, data is presented as mean+SD, 544 

Student’s unpaired t test, *P<0.05, **P<0.01, ***P<0.005. 545 

Figure 5. RSPO1–Fc activates the TGFB/SMAD pathway in ApcMin/+ 
mouse adenomas. (A). 546 

Schematic of the experiment. 15-week-old ApcMin/+ 
mice received one injection of RSPO1–Fc or 547 

Ctrl AAV-vector (1012 vp) and were terminated 4 days thereafter, n=15+15. (B, C). Staining for 548 

phosphorylated SMAD3 and p21 in tumor sections 4 days after injection of the AAVs. Scale bars: 549 

100 m. (D). UMAPs representing expression of mRNA of genes regulated by TGFB/SMAD 550 

pathway (Tgfbr2, Smad4, Cdkn1b, Myc, Bach1, and Ep300), based on scRNA-seq analysis of 551 

tumor samples from AAV-transduced ApcMin/+ 
mice. (E). Bar plots of P-values of the upregulated 552 

pathways based on KEGG pathway enrichment analysis in the tumor samples.  553 

Figure 6. AAV-RSPO1–Fc induces apoptosis in ApcMin/+ adenomas, but TGFBRi rescues the 554 

phenotype. (A). Schematic of the experiment. 17-week-old ApcMin/+ 
mice received one injection of 555 

RSPO1–Fc or Ctrl-AAV vector (1012 vp) and were terminated 1, 2, and 3 days thereafter. In 556 

addition, the mice received TGFBRi or vehicle on days 0, 1, and 2. (B). Staining for cleaved 557 

caspase-3 and Dapi in the tumor sections 1, 2, and 3 days after the AAV-RSPO1–Fc or AAV-Ctrl 558 

injection ± TGFBRi. Scale bar: 100 μm. (C). Quantification of cleaved caspase-3 area % in nuclear 559 

beta-catenin-positive and negative adenoma areas. (C). Violin plots representing expression of 560 

mRNA of genes involved in apoptosis (Trp53, Cdkn1c, Bcl2l11, Bax, Bad, and Pycard) based on 561 

scRNA-seq analysis of tumor samples from AAV-transduced ApcMin/+ 
mice. Data is presented as 562 

mean+SD, n=10 per group, Ordinary one-way ANOVA, multiple comparisons, *P<0.05, 563 

**P<0.01, ***P<0.005. 564 
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