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Ricard Farre,9 Simo Schwartz, Jr.,10,11 Sven C.D. van Ijzendoorn,12 Kazuto Kobayashi,13
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SUMMARY

Rho GTPases are molecular switches regulating multiple cellular processes. To investigate the role of
RhoA in normal intestinal physiology, we used a conditional mouse model overexpressing a dominant
negative RhoA mutant (RhoAT19N) in the intestinal epithelium. Although RhoA inhibition did not cause
an overt phenotype, increased levels of nuclear b-catenin were observed in the small intestinal epithelium
of RhoAT19N mice, and the overexpression of multiple Wnt target genes revealed a chronic activation of
Wnt signaling. ElevatedWnt signaling in RhoAT19N mice and intestinal organoids did not affect the prolif-
eration of intestinal epithelial cells but significantly interfered with their differentiation. Importantly,
17-month-old RhoAT19N mice showed a significant increase in the number of spontaneous intestinal tu-
mors. Altogether, our results indicate that RhoA regulates the differentiation of intestinal epithelial cells
and inhibits tumor initiation, likely through the control of Wnt signaling, a key regulator of proliferation
and differentiation in the intestine.

INTRODUCTION

The epithelium lining the lumen of the intestine plays a key role in the digestion and absorption of nutrients and maintains a barrier against

potentially harmful substances and pathogens. This simple columnar epithelium is a rapidly proliferating system that undergoes constant

renewal.1,2 All the cells in the intestinal epithelium are derived from slowly proliferating stem cells located at or near the bottom of test

tube-shaped invaginations of the epithelial layer known as crypts of Lieberkühn.1,2 These stem cells divide asymmetrically and give rise to

transit-amplifying cells that undergo several rounds of replication before differentiating into one of the four main functional cell types in

the intestinal epithelium, namely, absorptive, goblet, enteroendocrine, and Paneth cells.3–6 With the exception of Paneth cells that reside

in the bottom of the small intestinal crypts, differentiated epithelial cells move toward the tip of the small intestinal villi or the flat colonic

mucosa where they undergo apoptosis and are eventually shed into the intestinal lumen.1

Wnt signaling is amaster regulatorof proliferationanddifferentiationof intestinal epithelial cells.7,8 Constitutive activationof this pathway is

a hallmark of colorectal cancer.9–11 Soluble Wnt ligands are secreted by stromal and Paneth cells creating a gradient of Wnt signaling
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Figure 1. Generation and validation of a mouse model conditionally expressing dominant negative RhoAT19N

(A) Lox-STOP-Lox RhoAT19Nmicewere crossedwith animals carrying Cre recombinase under the control of the intestine-specific promoter of Villin 1 (Villin-Cre). In

the double-transgenic mice (Vil-Cre+;RhoAT19N), Cre-loxP recombination deletes the chloramphenicol acetyltransferase (CAT) cassette in the epithelial cells of

the intestine, and RhoAT19N is then expressed.

(B) mRNA expression of RhoA was assessed by qPCR in the intestine of control mice (Vil-Cre�;RhoAT19N) and animals with intestinal expression of RhoAT19N

(Vil-Cre+;RhoAT19N).

(C and D) Relative levels of active (GTP-bound) RhoA were determined in the intestinal epithelium of control (Vil-Cre�;RhoAT19N) and RhoAT19N

(Vil-Cre+;RhoAT19N) mice using a rhotekin pull-down assay. A representative experiment is shown in (C), and relative levels of GTP-bound active RhoA are

quantified in (D). N = number of animals per group. The mean G SEM is shown. Student’s t test *p < 0.05; **p < 0.01.
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decreasingup the crypt-villus axis.7,8 In the absenceof solubleWnt ligands, cytoplasmicb-catenin forms a complexwith the scaffoldingprotein

Axin, the adenomatous polyposis coli (APC) protein, the E3-ubiquitin ligase b-TrCP, and the kinases glycogen synthase kinase 3b (GSK-3b) and

casein kinase 1 (CK1), which can phosphorylate b-catenin and target it for proteasomal degradation.12,13 The binding of Wnt ligands to the

Frizzled transmembrane receptors and LRP5/6 co-receptors leads to the inhibition of the b-catenin destruction complex and the accumulation

of cytoplasmic b-catenin that then translocates to the nucleus, binds to transcription factors of the T-cell factor/lymphoid enhancer factor (TCF/

LEF) family, and activates the transcription ofmultiple target genes that regulate proliferation and differentiation of intestinal epithelial cells.14

Severalmembers of the Rho family of small GTPases have been shown to be important tomaintain the normal function and homeostasis of

the intestinal epithelium. Rho proteins act as molecular switches that cycle between a guanosine triphosphate (GTP)-bound active form and a

guanosine diphosphate (GDP)-bound inactive form.15,16 The transition between these two conformational states is regulated through two

distinct mechanisms, namely, activation by GTP loading, catalyzed by guanine nucleotide exchange factors (GEFs), and inactivation by

GTP hydrolysis, enhanced by GTPase activating proteins (GAPs). In addition, guanosine nucleotide dissociation inhibitors (GDI) sequester

Rho GTPases in the cytosol and maintain them in an inactive state. Rho GTPases are the largest family of GTPases comprising more than

22 members.17 The role in intestinal physiology of two prototypical members of this family, Rac1 and Cdc42, has been characterized using

mousemodels with targeted inactivation of these proteins. Rac1 is required for expansion of the LGR5 intestinal stem cells, progenitor hyper-

proliferation, and cell transformation.18–20 On the other hand, Cdc42 regulates proliferation, polarity, migration, and differentiation of murine

small intestinal epithelial cells.21 More recently, the short-term effects of the complete ablation of RhoA in the murine intestinal epithelium

have been characterized, and a concomitant Wnt signaling downregulation and reduced differentiation and proliferation of intestinal epithe-

lial cells have been reported.22

Activation of RhoA signaling has been shown to significantly contribute to the oncogenic process in different types of tumors.23,24 How-

ever, we have previously shown that RhoA has tumor suppressor activity in colorectal cancer.25,26 Consistently, the loss of this GTPase signif-

icantly contributes to tumor progression and metastasis through the activation of canonical Wnt signaling, and reduced RhoA expression is

associated with poor prognosis of colorectal cancer patients.25,26 Moreover, we have reported a complex pattern of inactivation of RhoA in

colorectal tumors through genetic losses of chromosome 3p21 affecting the RHOA locus, transcriptional regulation through the transforming

growth factor b (TGF-b) and Wnt signaling pathways, and post-transcriptional regulation through miR-200a/b/429.27
2 iScience 27, 109400, April 19, 2024
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Figure 2. Gross phenotype of mice expressing RhoAT19N

(A) Weight of control (Vil-Cre;RhoAT19N) and RhoAT19N (Vil-Cre+;RhoAT19N) mice at 60 days of age.

(B and C) Fecal weight (B) and percentage of water content (C) in 17-month-old control and RhoAT19N mice.

(D and E) Transcellular (D) and paracellular (E) epithelial transport and integrity was assessed in RhoAT19N and control mice by feedingmice with D-xylose or FITC-

dextran, respectively, and determining their presence in plasma 1 or 3 h later, respectively. Background detection levels in control animals that received no

D-xylose or FITC-dextran (vehicle) are shown for comparison.

(F) Transepithelial electrical resistance (TEER) of the small and large intestinal mucosa was assessed with the Ussing chamber technique in RhoAT19N and control

mice.

(G) Epithelial permeability of FITC-dextran was assessed ex vivo in the small and large intestinal mucosa of RhoAT19N and control mice. N= number of animals per

group. The mean G SEM is shown. n/s, not significant (Student’s t test p > 0.05).
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In this study, we investigated the effects of reduced RhoA signaling in the physiology of the small intestinal epithelium. We generated a

mouse model with targeted overexpression of a dominant negative form of RhoA (RhoAT19N) in the intestinal epithelium and found that,

although mice with RhoA inhibition have no overt defects, their intestinal epithelial cells have shorter microvilli and other differentiation de-

fects. Importantly, we observed elevated Wnt signaling in the normal small intestinal epithelium and higher incidence of intestinal tumors in

mice expressing the dominant negative RhoAT19N compared to control animals, indicating that reduced RhoA levels can contribute to intes-

tinal tumor initiation.
iScience 27, 109400, April 19, 2024 3
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Figure 3. Effects of RhoA inhibition on proliferation of intestinal epithelial cells

(A–D) Two- and 17-month-old mice were intraperitoneally (i.p.) injected with 100 mg/kg 5-Bromo-20-deoxyuridine (BrdU) 2 h before being euthanized. The

number of cells in the S-phase of the cycle during this time was assessed by anti-BrdU immunohistochemistry (A and B; Scale bar: 50 mm). The average

number of proliferative cells in the small intestinal epithelium of RhoAT19N (Vil-Cre+;RhoAT19N) and control (Vil-Cre�;RhoAT19N) mice at the age of 2 months

(C) and 17 months (D) is shown. At least 20 crypts from at least 7 animals per group were scored.

(D and E) The number of proliferating cells in small intestinal organoids derived from RhoAT19N and control mice was assessed by flow cytometry after EdU

(5-ethynyl-20-deoxyuridine) staining. Representative results are shown in (D) and the quantification of three independent experiments is shown in (E).

N = number of animals per group. The mean G SEM is shown.
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RESULTS

Generation of a mouse model with targeted inhibition of RhoA in the intestinal epithelium

To investigate the role of RhoA in the physiology of the murine intestinal epithelium, we generated a mouse model with a Lox-STOP-Lox

cassette upstream of a dominant negative mutant form of this GTPase, RhoAT19N 25,28, that can be expressed upon Cre-Lox recombination.

Mice with Cre-dependent expression of RhoAT19N were crossed with animals expressing Cre recombinase under the control of the intestine-

specific Villin 1 promoter (Vil-Cre+; Figure 1A).28,29 Cre expression in the small intestinal epithelium of the double-transgenic mice

(Vil-Cre+;RhoAT19N) results in the overexpression of the dominant negative RhoAT19N mutant compared to control animals (Vil-Cre�;R-
hoAT19N; Figure 1B) and a >2-fold reduction in the levels of GTP-bound active RhoA (Figures 1C and 1D).

RhoA inhibition in the intestinal epithelium does not cause an overt phenotype

Mice with (Vil-Cre+;RhoAT19N; n = 52) and without (Vil-Cre�;RhoAT19N; n = 48) intestinal expression of dominant negative RhoAT19Nwere born

at the expected Mendelian ratios (Fisher’s exact test p = 0.89), and there was no difference in their weight at the age of 60 days (Figure 2A).

Moreover, no differences were observed in the weight or water content of the feces of micewith RhoA signaling downregulation compared to

control mice (Figures 2B and 2C).

Next, to investigate possible changes after RhoA inhibition in transcellular passive transport and paracellular epithelial permeability,

control and RhoAT19N mice were orally administered D-xylose and fluorescein isothiocyanate (FITC)-dextran and their plasma concentra-

tions were assessed after 1 or 3 h, respectively.30,31 No differences were observed in the plasma levels of D-xylose or FITC-dextran in mice

with forced expression of dominant negative RhoAT19N compared to control animals (Figures 2D and 2E). Transepithelial electrical resis-

tance (TEER) is commonly used to assess the epithelial barrier function (overall permeability to ions) of the intestinal epithelium.32 TEER

was measured ex vivo using freshly dissected mucosal samples from the small and large intestine, and no differences were found in

RhoAT19N mice compared to control animals (Figure 2F). In addition, using FITC-dextran, no differences were observed in the paracellular

permeability of the small and large intestine of RhoAT19N mice compared to control animals ex vivo (Figure 2G). Collectively, these results

indicate that RhoA inhibition in the murine intestine does not cause an overt phenotype and that the normal function of the intestine is

maintained.
4 iScience 27, 109400, April 19, 2024
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Figure 4. Mitotic spindle orientation in small intestinal epithelial cells

(A–C) The orientation of the mitotic spindle of epithelial cells from the small intestine of control (Vil-Cre�;RhoAT19N; A) and RhoAT19N (Vil-Cre+;RhoAT19N; B) mice

was determined in hematoxylin and eosin-stained sections by measuring the angle (alpha) formed by the mitotic cell in metaphase or anaphase (dotted red line),

and the epithelial surface (solid red line; C). Scale bar: 10 mm.

(D) The percentage of mitotic cells with angles in the indicated intervals is shown for control and RhoAT19N mice. At least 140 mitosis were scored in at least 8

animals per group. Fisher’s exact test of alpha >30� in control vs. RhoAT19N (5% and 25.2%, respectively), ***p = 1.5 3 10�6.
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RhoA and proliferation of intestinal epithelial cells

Intestinal epithelial cells show the fastest rate of proliferation in the adultmouse, and, with the exception of the long-lived Paneth cells and the

stem cells, the complete intestinal epithelium is replaced every 4–5 days.1,33 To investigate the possible effects of reduced RhoA signaling on

the proliferation of intestinal epithelial cells, BrdU (5-Bromo-20-deoxyuridine) was administered to 2- or 17-month-old mice 2 h before being

euthanized. Immunohistochemical detection of BrdU incorporated into the DNA during S-phase of the cell cycle in this 2-h window revealed

no changes in the number of proliferating cells in the crypts of mice with expression of the dominant negative RhoAT19N, compared to control

mice (Figures 3A–3C). Next, intestinal organoids derived from RhoAT19N and control animals (n = 3) were cultured ex vivo on a three-dimen-

sional Matrigel matrix. To further investigate the possible effects of RhoA downregulation on the proliferation of intestinal epithelial cells, the

thymidine analogue EdU (5-ethynyl-20-deoxyuridine) was added to the growth medium allowing DNA incorporation for 1 h before harvesting

the organoids. In good agreement with the in vivo findings, fluorescence-activated cell sorting analysis revealed no differences in the number

of cells in S-phase in intestinal organoids from RhoAT19N and control mice (Figures 3D and 3E). Collectively, these results indicate that down-

regulation of RhoA signaling does not affect the proliferation of intestinal epithelial cells.

The orientation of cell division is critical for the maintenance of epithelial tissue architecture. In polarized epithelial monolayers, cells nor-

mally divide by planar divisions with orientation of themitotic spindle parallel to the epithelial sheet, and the two daughter cells remain within

the same monolayer. RhoA plays a key role in cell division by regulating cytoskeletal reorganization during mitosis, centrosome duplication,

and the assembly of the cortical actomyosin network in both the mitotic contractile ring and the cytokinetic furrow.34–36 Changes in the orien-

tation of themitotic spindle can lead to asymmetric cell division and thus regulate the positioning, fate, and differentiation of epithelial cells.37

Changes in RhoA signaling can cause mitotic spindle defects leading to aberrant apico-basal divisions and cell detachment from epithelial

sheets.38–41 Therefore, we next investigated whether downregulation of RhoA signaling in RhoAT19N mice affected the orientation of the

mitotic spindle of intestinal epithelial cells. Overexpression of RhoAT19N resulted in significant changes in the mitotic spindle orientation.

A >5-fold increase was observed in RhoAT19N mice compared to control mice in the proportion of dividing cells with a mitotic spindle that

deviated more than 30� from the plane of the surface epithelium (Fisher’s exact test p = 1.5 3 10�6; Figure 4). These findings suggest that

downregulation of RhoA signaling in RhoAT19Nmice could affect the number of intestinal stem cells as well as the differentiation, maturation,

and/or fate of intestinal epithelial cells.

Effects of RhoA inhibition on the stem cell niche

Intestinal stem cells located in the base of the crypts are self-renewingmultipotent cells that give rise to all the different cell types found in the

mature intestinal epithelium. To investigate possible changes in the number of stem cells in the small intestinal crypts resulting from reduced

RhoA signaling, we used immunohistochemical staining of the stem cell marker Olfactomedin 4 (Olfm4).42 No differences in the number of

Olfm4-positive stem cells were found between mice expressing dominant negative RhoAT19N and control animals (Figures 5A and 5B), indi-

cating that reduced RhoA signaling does not have a major impact on the number of intestinal stem cells.

Effects of RhoA inhibition on cell lineage fate

Because other members of the Rho GTPase family have been shown to regulate cell fate and intestinal barrier function in mouse models,18,21

we next used alkaline phosphatase (AP), Alcian blue, Grimelius’ silver staining, and anti-lysozyme immunostaining to identify the fourmain cell

lineages in the small intestinal epithelium, namely, absorptive, goblet, enteroendocrine, or Paneth cells, respectively. No differences were

observed in mice with and without expression of RhoAT19N in the localization or the proportion of these different cell types (Figures 5C

and S1). Moreover, no differences were observed in the subcellular localization of the apical proteins Ezrin and phospho-ERM and the baso-

lateral proteins Crumbs, E-cadherin, and the transferrin receptor (Figure S2).
iScience 27, 109400, April 19, 2024 5
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Figure 5. Effects of RhoA inhibition on the histology of intestinal epithelium and barrier function

(A and B) The number of Olfm4+ stem cells was determined by immunohistochemistry. Representative results are shown in (A). Scale bars: 50 mm (left) and 5 mm

(right). The number of Olfm4+ cells located at the base of the crypt (cell positions 0–4) in RhoAT19N (Vil-Cre+;RhoAT19N) and control (Vil-Cre�;RhoAT19N) mice was

quantified in (B).

(C) The total number of cells (hematoxylin staining) as well as goblet (1% Alcian blue staining), enteroendocrine (Grimelius staining), and Paneth (anti-lysozyme

immunostaining) cells were quantified in the villus and crypt compartments of the small intestine of RhoAT19N and control mice. N = number of animals per group.

The mean G SEM is shown. n/s: not significant (Student’s t test p > 0.05).
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RhoA inhibition causes loss of differentiation and disruption of the brush border

To investigate the role of RhoA in the differentiation of intestinal epithelial cells, we analyzed the levels of activity of three brush border hy-

drolases that are well-established differentiation markers, namely, dipeptidylpeptidase IV (DPPIV), AP, and sucrose isomaltase (SI). A signif-

icant reduction in the activity of DPPIV and AP, but not SI, was observed in the intestinal epithelium of RhoAT19N mice compared to control

animals (Figures 6A–6C). We next investigated the role of RhoA on the ultrastructure of the brush border of the intestinal epithelial cells using

transmission electronmicroscopy. The epithelium of RhoAT19Nmice showedwidespreadmicrovillus atrophy and reducedmicrovillus packing

compared to control mice, with areas with few/absent microvilli (Figures 6D–6G).

To further investigate the role of RhoA on differentiation, intestinal organoids from RhoAT19N and control animals were used. Organoids

cultured on a three-dimensional Matrigel matrix differentiate over time and form budding crypt-like structures protruding away from a central

cyst.43,44 In good agreement with the in vivo findings, ex vivo intestinal organoids from RhoAT19N mice showed a significant delay in their dif-

ferentiation compared to organoids from control mice (Figures 6H–6J). Collectively, these results indicate that RhoA inhibition interferes with

the differentiation of intestinal epithelial cells.
RhoA inhibition in the intestinal epithelium activates canonical Wnt signaling

Canonical Wnt/b-catenin signaling is a key regulator of proliferation and differentiation in both normal intestinal epithelial cells and intestinal

tumors,7 and we have reported that the loss of RhoA leads to the accumulation of nuclear b-catenin and enhanced Wnt signaling in colon

cancer cells.25,27 Consistently, immunohistochemical staining revealed increased nuclear b-catenin levels in the small intestinal crypts of

RhoAT19Nmice compared to control animals (Figures 7A and 7B). We therefore investigated whether RhoA regulates canonicalWnt signaling

also in normal intestinal cells by assessing possible changes in the expression of a panel of known transcriptional TCF4/b-catenin target

genes. A significant increase in the expression of the direct TCF4/b-catenin target genes c-Myc, Cd44, Jun, and EphB2 was observed in

the intestinal epithelium of RhoAT19N mice compared to control animals (Figure 7C). As a comparison, we assessed the expression of these

TCF4/b-catenin target genes in intestinal tumors fromApcMinmice45 and found that, as expected, Apcmutations result in a more robust Wnt

activation than RhoA signaling downregulation (Figure 7C). Moreover, these findings were further confirmed using intestinal organoids

derived from the normal intestine of either RhoAT19N or control mice and intestinal tumors from ApcMin mice (Figure 7D). Collectively, these

results indicate that downregulation of RhoA signaling leads to increased nuclear b-catenin and causes chronic Wnt activation in intestinal

epithelial cells, although the magnitude is lower than the enhanced Wnt signaling observed in fully blown intestinal adenomas carrying

Apc mutations.
6 iScience 27, 109400, April 19, 2024
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Figure 6. Effects of RhoA inhibition on enterocyte differentiation and brush border formation

(A–C) The activity of the brush border enzymes dipeptidylpeptidase IV (A), alkaline phosphatase (B), and sucrose isomaltase (C) was determined in the normal

intestine of 13-week-old RhoAT19N (Vil-Cre+;RhoAT19N) and control (Vil-Cre�;RhoAT19N).

(D and E) Representative transmission electron microscopy pictures of the brush border of epithelial absorptive cells from the small intestine of 13-week-old

control mice (D) and RhoAT19N animals (E). Scale bar: 1 mm.

(F and G) show the average density and length of the microvilli of RhoAT19N and control mice.

(H and I) Representative photos of duodenal organoids derived from control (H) or RhoAT19N (I) mice. Arrowheads indicate budding crypt-like structures in

differentiated organoids. Scale bar: 50 mm.

(J) Percentage of differentiated organoids (i.e., showing budding crypt-like structures) derived from RhoAT19N and control mice at the indicated times after

seeding in 3D Matrigel cultures. N = number of animals per group. The mean G SEM is shown. Student’s t test *p < 0.05; **p < 0.01.
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RhoA regulates the differentiation of intestinal epithelial cells through Wnt signaling

Canonical Wnt/b-catenin signaling is known to be a master regulator of differentiation of intestinal epithelial cells.7,8 To investigate whether

the effects of RhoA on the differentiation of intestinal epithelial cells were due to the observed changes inWnt signaling in RhoAT19Nmice, we

used theWnt inhibitor IWR-1-endo46 to block the enhancement ofWnt signaling resulting from RhoA downregulation in intestinal organoids.

Dose titration of IWR-1-endo determined that a concentration of 200 nM prevented the increasedWnt signaling observed in organoids from

RhoAT19Nmice compared to control animals (Figures 8A and S3), and this treatment completely restored the capacity of intestinal organoids

to differentiate in these culture conditions (Figures 8B and 8C). These results demonstrate that the reduced differentiation of intestinal epithe-

lial cells resulting from RhoA inhibition is fully dependent on Wnt/b-catenin signaling.
iScience 27, 109400, April 19, 2024 7
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Figure 7. Effects of RhoA downregulation on Wnt signaling

(A and B) b-catenin levels were assessed by immunohistochemistry in the small intestinal epithelium of RhoAT19N and control mice (A), and the intensity of all

positive nuclei in crypts cells was quantified (B). Arrowheads indicate representative positive cells for nuclear b-catenin staining. Scale bar: 10 mm.

N = number of animals per group.

(C and D) The expression of the Wnt target genes Cd44, Jun, c-Myc, and EphB2 was assessed by qPCR in the intestinal epithelium (duodenum) of 13-week-old

RhoAT19N (Vil-Cre+;RhoAT19N) and control (Vil-Cre�;RhoAT19N) mice (C), and small intestinal organoids derived from these animals (D). The effects of Apc

inactivation on Wnt signaling target genes in intestinal tumors of ApcMin mice (C) and organoids derived from these tumors (D) are shown for comparison.

Mean expression GSEM in the normal epithelium of three animals or three experiments with intestinal organoids is shown. Student’s t test *p < 0.05;

**p < 0.01; ***p < 0.001.
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Reduced RhoA signaling results in increased intestinal tumorigenesis

Wehave previously shown that RhoA inactivation using the T19N dominant negativemutant of RhoA significantly accelerates the progression

of intestinal tumors initiated genetically (ApcMin mice) or pharmacologically (azoxymethane; AOM).25 However, the role of RhoA in the initi-

ation of intestinal tumorigenesis has not been directly studied. Here, we first investigated the effects of intestinal RhoA inhibition in RhoAT19N

mice on their lifespan and found no significant differences when compared to Vil-Cre�;RhoAT19N control mice (Figure 9A). Next, to directly

investigate the role of RhoA in tumor initiation, 17-month-old control and RhoAT19Nmice were euthanized and the number of macroscopically

visible tumors scored. Six of the nine (66.7%) mice expressing RhoAT19N had tumors in their small intestine, compared to two out of ten (20%)

control mice (Figure 9B; Fisher’s exact test, p = 0.03). Moreover, although the average size of their intestinal tumors was not significantly

different (Figure 9C), inhibition of RhoA significantly increased themultiplicity of lesions in tumor-bearing RhoAT19Nmice compared to control

animals (Figure 9B). Hematoxylin and eosin staining of sections of formalin-fixed, paraffin-embedded intestinal samples confirmed the pres-

ence of intestinal tumors (Figures 9D and 9E). Collectively, these results indicate that the inhibition of RhoA in the normal murine intestine is

sufficient to initiate the tumorigenic process.
DISCUSSION

GTPases of the Rho family are key regulators of multiple cellular processes such as motility, adhesion, differentiation, polarization, and pro-

liferation.15,23,47,48 Our understanding of the role of these GTPases in the normal and pathological function of the intestinal epithelium largely

relies on the use of cell culture systems, most often using colon cancer cell lines, like CACO2, T84, or HT29.15 The capacity to edit the mouse

genome allows now investigation of the role of GTPases in intestinal homeostasis and maintenance of barrier function in vivo. Targeted inac-

tivation of the related Cdc42 GTPase in the murine intestine has been reported to result in a significant reduction of their body weight and
8 iScience 27, 109400, April 19, 2024
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Figure 8. Effects of the inhibition of RhoAT19N-dependent Wnt activation

(A) Relative levels of expression of the Wnt target genes Cd44, Jun, c-Myc, and EphB2 after treatment with the Wnt inhibitor IWR-1-endo (200 nM) in small

intestinal organoids derived from RhoAT19N (Vil-Cre+;RhoAT19N) and control (Vil-Cre�;RhoAT19N) mice.

(B and C) Effects of IWR-1-mediated Wnt inhibition on the differentiation of organoids derived from the small intestine of RhoAT19N and control mice.

Representative photos of duodenal organoids derived from RhoAT19N in the presence or absence of IWR-1 treatment (B). Arrowheads indicate budding

crypt-like structures in differentiated organoids. Scale bar: 50 mm. The mean percentage of differentiated organoids from RhoAT19N and control mice is

shown in panel (C). The mean G SEM in three independent experiments each of them carried out in triplicate is shown. Student’s t test *p < 0.05; ***p < 0.001.

ll
OPEN ACCESS

iScience
Article
shorter lifespan associated with defects in the regulation of proliferation and differentiation of the intestinal epithelium.21 Moreover, inacti-

vation of Rac1 in the murine intestine was found to cause intestinal barrier breakdown.18

To investigate the role of RhoA in intestinal physiology, here we used a mouse model that allows Cre-dependent overexpression of the

thoroughly characterized T19N dominant negative mutant form of RhoA.28,49–51 The resulting >2-fold reduction in the levels of GTP-bound

active RhoA did not cause any changes in animal weight, fecal water content, the histology of the small intestine, intestinal barrier function, or

animal survival, indicating that intestinal function is not significantly altered. Although RhoAT19N overexpression has the potential to interfere

with signaling pathways regulated by other GTPases that share commonGEFs with RhoA, there is a large body of literature using this tool and

the effects observed with RhoAT19N are remarkably specific.52,53 For example, RhoAT19N or short hairpin RNA (shRNA)-mediated RHOA

signaling downregulation have been shown to cause the same phenotype in human embryonic stem cells, which is different from the pheno-

type observed with RHOB or RHOC dominant negative proteins.54 Moreover, we have reported that RhoAT19N overexpression precisely phe-

nocopies the effects of RhoA knockdown by RNA interference in colon cancer cells.25

As observed before in colon cancer cells,25 reduced Rho signaling leads to elevated nuclear levels of the transcriptional activator b-catenin

in mouse epithelial cells residing at the bottom of intestinal crypts. Consistently, we found that RhoA inactivation in intestinal epithelial cells

resulted in a significant elevation of the expression of multiple b-catenin/TCF4 target genes in the normal intestinal mucosa and intestinal

organoids. CanonicalWnt/b-catenin signaling is a key regulator of proliferation anddifferentiation of normal intestinal epithelial cells. Indeed,

aberrant activation of Wnt signaling, mostly through mutations in APC or other members of the b-catenin destruction complex, constitutes

the initiating event of the vast majority of colorectal tumors.9–11 Mouse models of targeted inactivation of Apc in normal intestinal epithelial

cells demonstrate a robust activation of Wnt signaling that leads to a concomitant increase in proliferation and inhibition of differentia-

tion.55,56 Consistently, we have shown that RhoA downregulation in human colon cancer cells results in a significant elevation ofWnt signaling

that leads to increased proliferation and reduced differentiation of intestinal tumor cells.25

Here, we found that elevated Wnt/b-catenin signaling in the normal intestinal mucosa of RhoAT19N mice was associated with reduced dif-

ferentiation of the intestinal epithelium, as revealed by reduced number/length of apical microvilli, lower levels of activity of some enterocytic

markers, and inhibition of the formation of crypt-like branching structures in intestinal organoid cultures. Importantly, we show that the

reduced differentiation observed in intestinal organoid cultures is strictly dependent on the elevated Wnt signaling resulting from reduced

RhoA signaling, as indicated byWnt inhibition with the IWR-1 inhibitor in the organoids derived from RhoAT19Nmice. These results are consis-

tent with earlier findings showing that RhoA is important for the differentiation of intestinal tumor cells upon vitamin D treatment, LKB1 in-

duction, or spontaneous differentiation of confluent cultures.25,57 However, although intestinal RhoA inactivation resulted in increased rates of

tumor initiation, no proliferative changes were observed in the normal intestinal epithelium. Interestingly, the enhanced Wnt signaling

observed in normal epithelial cells after RhoA inhibition is significantly lower than the Wnt activation found in intestinal tumors due to Apc

mutations. This suggests that higher levels of Wnt signaling are required for the mitogenic effects of Wnt than for the inhibition of differen-

tiation of intestinal epithelial cells. Strikingly, however, Lui et al. have recently shown that complete inactivation of RhoA in the murine intes-

tinal epithelium results in reducedWnt signaling and inhibition of proliferation, and causes a severe disruption of the crypt-villus architecture

within the first 5 days after RhoA ablation.22 However, although most of these intestine-specific RhoA knockout mice survived and recovered

from the effects of acute RhoA ablation, the long-term effects of complete RhoA inactivation on Wnt signaling and the histology of the in-

testine were not investigated in the surviving RhoA knockout mice.22
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Figure 9. Effects of RhoA inhibition on intestinal tumorigenesis

(A) Kaplan-Meier curves showing the survival of RhoAT19N (Vil-Cre+;RhoAT19N) and control (Vil-Cre�;RhoAT19N) mice (Log -rank test p = 0.22).

(B) Total number of macroscopically visible tumors in the small intestine of 17-month-old RhoAT19N and control mice. N = number of animals per group.

(C) Average size of tumors in the small intestine of RhoAT19N and control mice. N = number of tumors included in the analysis.

(D) Micrograph showing the normal small intestinal mucosa (N) and a representative intestinal tumor (T) in a RhoAT19N mouse.

(E) The indicated region is shown at higher magnification. Scale bar: 100 mm. The mean G SEM is shown. Student’s t test **p < 0.01.
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Importantly, although several genes have been shown to accelerate the oncogenic process after genetic- or carcinogen-initiated tumor-

igenesis, few genes have been reported to be able to initiate the tumorigenic process after their inactivation in the murine intestinal epithe-

lium.Mutations in the tumor suppressor geneApc have long been known to efficiently initiate the tumorigenic process in both the human and

murine intestine.45,58,59 Inactivation of other genes such as Cdx2,60 Msh2,61 or Msh662 has been shown to lead to tumor formation in the

gastrointestinal tract of mice. We report here that RhoA inhibition in the intestinal epithelium is sufficient to cause a significant increase in

the incidence of intestinal tumors, demonstrating the importance of RhoA signaling as a suppressor of tumor initiation and progression in

this organ.25,26

The undifferentiated state of cancer cells is widely believed to be the result of the abnormal continuous division of these cells, and it is

currently not well understood to what extent the loss of differentiation can prime epithelial cells for malignant transformation. Studies in

Drosophila have demonstrated that inactivation of genes involved in epithelial cell polarity is an important step during early tumorigen-

esis.63–66 Moreover, both RhoA38,67 and heterozygous Apc mutations68–70 have been reported to regulate planar spindle orientation during

the asymmetric division characteristic of stem cells, which might contribute to intestinal tumor initiation without increasing proliferation,

although the contribution of canonical Wnt signaling to these effects remains to be elucidated.

In summary, we report here that inhibition of RhoA signaling in themurine intestine leads to nuclear b-catenin accumulation, increasedWnt

signaling, loss of differentiation, and increased number of intestinal tumors. These results indicate that RhoA is important for maintaining the

normal physiology of the intestinal epithelium and reveal a new tumor suppressor function for RhoA in the gastrointestinal tract.
Limitations of the study

While our study sheds light on the crucial role of RhoA in the regulation of intestinal cell differentiation and tumor initiation through Wnt

signaling, certain limitations should be acknowledged. The investigation relies on a mouse model with conditional overexpression of a domi-

nant negative RhoAmutant, which may not fully recapitulate the complexities of human intestinal physiology. In addition, the study primarily

explores the Wnt pathway, and a broader exploration of additional factors and pathways controlling intestinal homeostasis could provide a

more comprehensive understanding of the intricate regulatory mechanisms involved.
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High Capacity cDNA Reverse Transcription Kit Applied Biosystems Cat#4368814

SYBR Select Master Mix Applied Biosystems Cat#4472919

TaqMan Universal Master Mix II Applied Biosystems Cat#4440047

RhoA Pull-Down Activation Assay Biochem Kit Cytoskeleton Cat#BK036
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Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact Diego Arango

(darango@irblleida.cat).
Materials availability

Mouse tissue samples and organoids generated in this study are available from the lead contact upon request, under a Materials Transfer

Agreement.
Data and code availability

� Data reported in this paper will be shared by the lead contact upon request.
� This paper does not report original code.

� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mouse strains and maintenance

All animal experiments were carried out under protocols approved by Vall d’HebronUniversity Hospital Research Institute Animal Experimen-

tation Ethics Committee. C57BL/6JJcl-CAT-RhoA-DN/4–18 mice carrying the cytomegalovirus promoter fused to a CAT gene cassette

flanked by loxP sites and the dominant negative T19N mutant of RhoA were obtained from the RIKEN BioResource Research Center

(Starin RBRC01295; hereafter called RhoAT19Nmice).28 TheC57BL/6J.SJL-Tg(Vil1-cre)997Gum/Jmice hemizygous for the Villin-Cre transgene

expressing Cre recombinase under the control of the Villin 1 promoter (hereafter called Vil-Cre+ mice) were obtained from the Jackson Lab-

oratory (Strain #:004586).29 Hemizygous RhoAT19Nmice were crossedwith hemizygous Vil-Cre+mice, resulting in intestine-specific expression

of RhoAT19N in Vil-Cre+;RhoAT19N mice. Vil-Cre–;RhoAT19N mice were used as control in all the experiments. Mouse genotyping was per-

formed with DNA prepared from the mouse ear. Specific PCR primers for RhoAT19N and Vil-Cre were used (Table S1). All experiments

included animals from both sexes.
Isolation of mouse intestinal crypts and growth of intestinal organoids

Intestinal crypts were isolated and organoids cultured using IntestiCult Organoid growth medium (STEMCELL Technologies, 06005)

following the supplier’s instructions. Briefly, 20 cm of the proximal small intestine were dissected, opened longitudinally, cut into 2 mm seg-

ments and washed extensively with cold PBS. The intestinal crypts were isolated using 25 mL of Gentle Cell Dissociation Reagent (STEMCELL

Technologies, 100–0485) and filtered three times with 100 mm filters. The quality and quantity of the crypt isolation were assessed under the

microscope, and 1,500 crypts were resuspended in 300 mL of InstestiCult Organoid growth Medium-Matrigel Basement Membrane Matrix

LDEV-free (Corning) solution (1:1). Crypt suspension was plated into low adherence 24-well plates in a drop-wise manner (50 mL/well). The
iScience 27, 109400, April 19, 2024 15
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resulting dome was maintained in InstestiCult Organoid Medium. The medium was replaced 3 times per week and the organoids were

routinely passaged every 7–10 days.

METHOD DETAILS

Histology and immunohistochemistry and immunofluorescence

The intestine of 60- and 520-day-old mice was dissected and fixed in 4% formalin. The number and size of macroscopically visible tumors

was scored under a dissecting microscope (OLYMPUS SZH stereo-zoom microscope, magnification 37.5) before paraffin inclusion. For

assessment of cell proliferation in tissues, animals were i.p. injected with 100 mg/kg BrdU 2 h before being euthanized, and the number

of cells in S-phase was determined by anti-BrdU immunochemical staining (undiluted) following heat induced epitope retrieval (HIER) with

10 mM citrate buffer pH 6.0. For immunohistochemical detection of Olfm4 (1:1000 dilution) and b-catenin (1:500 dilution) HIER was also

conducted with citrate buffer, while for lysozyme immunostaining (undiluted) HIER was carried out with 1 mM EDTA at 100�C in for

10 min. All immunohistochemical determinations were conducted with NovoLink polymer detection system. For immunofluorescence an-

tigen retrieval with 10 mM citrate buffer pH 6.0 and the following antibodies were used: E-cadherin (1:100 dilution), ezrin (1:100 dilution),

transferrin receptor (1:100 dilution), phospho-ERM T567 (1:100 dilution) and Crb3 (1:100 dilution). Primary antibodies were diluted in block-

ing solution containing 0.05% Tween 20. Samples were incubated with primary antibodies at 37�C for 2 hours followed by 1 hour incuba-

tion with Alexa-Fluor-488-conjugated or Alexa-Fluor-543-conjugated secondary antibodies. Nuclei were counterstained with DAPI and

slides mounted with Dako Fluorescent Mounting Medium. Fluorescence microscopy pictures were acquired with a TCS SP8 confocal mi-

croscope (Leica DMI 6000).

Histochemical staining

For alkaline phosphatase activity detection, slides were incubated with staining solution for 1 h at 37�C. Then, counterstained with hematox-

ylin and washed with distilled water before mounting. Staining solution contains 0.4 mg/mL 5-Bromo-4-chloro-3-indolyl phosphate p-tolui-

dine, 0.5 mg/mL p-Nitro-Blue tetrazolium chloride, 100 mM MgCl2, 2 mM Levamisole hydrochloride, 5 mM Sodium azide and 0.15 mM

1-methoxy-5-methylphenazinium methyl sulphate in 100 mM Tris pH 9.5. Enteroendocrine cells were stained using Grimelius silver staining.

Briefly, sections were deparaffinized, rehydrated, post-fixed with Bouin’s solution for 1 h at 37�C, rinsed once in 70% Ethanol, rinsed twice in

distilled water, and immersed in silver solution (0.5% silver nitrate in 0.1 M acetate buffer pH 5.8) for 3–4 h at 60�C. Then, sections were

immersed in Bodian solution (5% anhydrous sodium sulfate and 1% hydroquinone in water) for 5min at 60�C, fixed in 2% sodium thiosulphate,

washed in PBS, dehydrated and mounted. Goblet cell staining was performed with 1% Alcian blue in 3% acetic acid for 30 min and counter-

stained with hematoxylin.

Signal quantification in immunohistochemistry and histochemical stainings

Number of positive cells in the intestinal epitheliumofmicewas determined by direct count onmicroscopy images acquiredwith anAmScope

T490B 40X-2000X instrument coupled to a 10MP Digital Camera. For the immunohistochemical analysis of nuclear b-catenin expression, im-

ages were obtained with PANNORAMIC 250 Flash III DX digital slide scanner (3D HISTEC), and the intensity nuclear b-catenin staining

(3,30-Diaminobenzidine -DAB) was scored using QuPath software. The staining intensity of all nuclear b-catenin-positive cells of at least 10

intestinal crypts per animal was quantified blinded from sample identity.

Fecal collection from mouse and determination of water content

520-day-old mice were kept individually into empty clean cages for 2 h and fecal pellets collected and weighed. Feces were then dried over-

night at 37�C in a dry oven and weighed again to calculate the fecal water content.

Mitotic spindle orientation

The orientation of the mitotic spindle in epithelial cells from the small intestine was determined in hematoxylin and eosin stained sections of

Vil-Cre+;RhoAT19N (n = 10 animals; 139 mitosis) and control Vil-Cre–;RhoAT19Nmice (n = 8 animals; 155 mitosis) by measuring the angle (alpha)

formed by the mitotic spindle during metaphase/anaphase and the epithelial surface using ImageJ software (see Figure 4).

Enzymatic activity assays

Total proteinwas extractedwithmannitol buffer (50mMD-mannitol, 2mMTris and 0.1%Triton X-100). For alkaline phosphatase activity, 50 mg

of total protein in 50 mL of mannitol buffer weremixed with 200 mL of p-Nitrophenyl Phosphate Liquid Substrate System, incubated at 37�C for

15 min and the absorbance measured at 405 nm. For the sucrose isomaltase activity assay, 25 mg of total protein in 12.5 mL of mannitol buffer

were incubated with 12.5 mL of substrate buffer (0.056Mmaltose inmannitol buffer, pH 6.0) at 37�C for 60 min. The reactions were stopped by

heating at 100�C for 2 min and the precipitates formed were resuspended in 250 mL of TGO buffer (5 mg horseradish peroxidase, 4 mg

glucose oxidase, 10 mg o-dianisidine and 0.2% Triton X-100 in a final volume of 100 mL of Tris 0.5 M, pH 7.0) and the absorbance measured

at 450 nm. For the dipeptidylpeptidase IV activity assay, 50 mg of total protein in 90 mL of mannitol buffer were added to 10 mL of 1.4Mglycine-

NaOH pH 8.7 and incubated in the presence of 100 mL of substrate buffer (1.5 mM glycyl-L-proline-p-nitroanilide) at 37�C for 30 min. The

reactions were stopped with 800 mL of 32% trichloroacetic acid and the samples were centrifuged at 1,700 rpm for 10 min. Then, 50 mL of
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supernatants were added to 50 mL of ice-cold 0.2% sodium nitrite and incubated at 4�C for 10 min. Next, 50 mL of 0.5% ammonium sulfamate

were added and, after 2 min of incubation, 100 mL of 0.05% n-(1-naphthyl)-ethanediamine were added and incubated at 37�C for 30 min in the

dark. The absorbance was measured at 548 nm.

Transmission electron microscopy

Jejunum samples were collected from 90-day-old Vil-Cre+;RhoAT19N (n = 3) and control Vil-Cre–;RhoAT19N mice (n = 3). Samples were

fixed with 2.5% glutaraldehyde and 2% paraformaldehyde and processed following standard procedures. Ultra-thin sections were

mounted on copper grids, contrasted with uranyle acetate/lead citrate double-staining, and observed in a Jeol JEM-1400 (Jeol LTD) trans-

mission electron microscope equipped with a Gatan Ultrascan ES1000 CCD camera. The brush border architecture was evaluated on at

least 12 enterocytes per mouse. Microvillus length and density (microvilli/mm) were measured using ImageJ software as was reported

previously.71

Determination of D-xylose absorption in vivo

To evaluate transcellular transport and epithelial integrity the D-xylose absorption assay was used. Briefly, Vil-Cre+;RhoAT19N (n = 4) and con-

trol Vil-Cre–;RhoAT19N mice (n = 4) were fasted for four hours and then, administered 1 mg/g of D-(+)-xylose (100 mg/mL solution) by oral

gavage. After 1 hour, peripheral blood samples were collected in BD Microtainer MAP blood collection tubes and D-(+)-xylose levels quan-

tified as previously described.30 Briefly, 2 mL of phloroglucinol reagent were added to 10 mL plasma and heated for 30 min at 65�C. Samples

were allowed to cool to room temperature and the absorbance was measured at 554 nm.

Determination of intestinal permeability ex vivo

To evaluate the paracellular permeability and the membrane integrity we used a FITC-dextran of a molecular weight of 4 kDa. Briefly, Vil-

Cre+;RhoAT19N (n = 3) and control Vil-Cre–;RhoAT19Nmice (n = 3) were fasted for four hours and then, administered 20 mL/kg of FITC-dextran

(20 mg/mL solution) by oral gavage. After 3 h, peripheral blood samples were collected in BD Microtainer MAP blood collection tubes and

FITC-dextran levels quantified in 200 mL of plasma using a fluorescent plate reader (Appliskan, Thermo Fisher Scientific) set at 485 nm exci-

tation and 535 nm emission.

Determination of intestinal permeability ex vivo

Three segments of mid-jejunum and distal colon were mounted in Ussing chambers with an aperture of 0.096 cm2. The tissue was incu-

bated in 37�C carbogenated Krebs-Ringer bicarbonate buffer and transmucosal potential difference was continuously monitored with Ag/

AgCl electrodes. Basal transepithelial electrical resistance (TEER), as a readout of the overall epithelial permeability to ions, was calculated

according to Ohm’s law from the voltage deflections induced by bipolar constant current pulses of 50mA (every 60s) with duration of

200 ms applied through platinum wires (Mussler Scientific Instruments). A correction for fluid resistance was made. The average TEER

was calculated for each animal. FITC-dextran of 4 kDa was added (1 mg/mL) to the apical compartment after an equilibration period

to assess the paracelullar permeability. Fluorescence was determined in serial samples collected from the serosal side as previously

described.72 The fluorescence values were converted to ng/ml based on a standard curve. The average cumulative passage of FITC-

dextran was calculated for each animal.

Assessment of differentiation in intestinal organoids

Organoid differentiation was assessed by determining the presence of budding crypt-like structures under an inverted phase contrast micro-

scope. When treating organoids with the Wnt inhibitor IWR-1, drug was sustained for 4 consecutive days.

EdU staining of intestinal organoids

Organoids were incubated with 20mMEdU (5-ethynyl-20-deoxyuridine) for 1 h. Cells were then disaggregated with trypsin, fixed with formalin

for 10 min, permeabilized with a solution of 0.1% Triton X-100 in PBS for 10 min, and stained with a solution containing 8mM Sulfo-Cy3-Azide,

2 mMCuSO4$5H2O and ascorbic acid in PBS. Finally, 7-AAD (7-Aminoactinomycin D) was used as counterstaining. Cells were analyzed with a

BD LSRFortessa (BD Biosciences) and FCS Express 4.0 software.

RNA isolation and RT-qPCR

Mice were euthanized and the intestines dissected out, placed on a Whatman filter paper, opened longitudinally and washed with ice-cold

PBS. To collect small intestinal epithelial cells, the mucosa was scraped with a cold glass microscope slide and the cells immediately re-

suspended in 500mL of TRI Reagent. Total RNA was extracted according to the manufacturer’s instructions. For RNA extraction of intestinal

organoids, cultures were washed with PBS 5 days after seeding and then resuspended in 250 mL of TRI Reagent. Total RNA (500 ng) was
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reverse-transcribed using the High-Capacity cDNA Reverse Transcription Kit, and relative expression levels of the following genes were

assessed by Real-Time PCR using SYBR Select Master Mix: RhoA, CAT Cassette, c-Myc, EphB2, Jun and Cd44. Eukaryotic 18S rRNA

measured with TaqMan Universal Master Mix II was used for normalization. The sequences of the oligonucleotides used are described

in Table S1.
RHOA activity assay

RhoA Pull-Down Activation Assay Biochem Kit (Cytoskeleton) based on GST-tagged Rhotekin-RBD protein was used for determining RHOA

activity, according to the manufacturer’s instructions.
Western blotting

Total cellular lysates in radioimmunoprecipitation assay (RIPA) buffer were subjected to SDS-PAGE and transferred to PVDFmembranes and

hybridized using antibodies against human RhoA (1:1,000 dilution) and Tubulin (1:2,500 dilution). Relative RhoA expression was quantified

using ImageJ software.
QUANTIFICATION AND STATISTICAL ANALYSIS

Data present meansG SEM, unless otherwise stated. Statistical significance was evaluated using Student’s t test, Fisher exact test or the Log

rank test, and p values were reported as n/s > 0.05, *p < 0.05, **p < 0.01, and ***p < 0.001.
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