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SUMMARY

During development, intestinal epithelia undergo
dramatic morphogenesis mediated by mesenchymal
signaling to form villi, which are required for efficient
nutrient absorption and host defense. Although both
smooth-muscle-induced physical forces and mesen-
chymal cell clustering beneath emerging villi are impli-
cated in epithelial folding, the underlying cellular
mechanisms are unclear. Hedgehog (Hh) signaling
can mediate both processes. We therefore analyzed
its direct targetome and revealed GLI2 transcriptional
activation of atypical cadherin and planar cell polarity
(PCP) genes. By examining Fat4 and Dchs1 knockout
mice, we demonstrate their critical roles in villus
formation. Analyses of PCP-mutant mice and genetic
interaction studies show that theFat4-Dchs1 axis acts
in parallel to the core-Vangl2 PCP axis to control
mesenchymal cell clustering. Moreover, live light-
sheet fluorescence microscopy and cultured
PDGFRa+ cells reveal a requirement for PCP in their
oriented cell migration guided by WNT5A. Therefore,
mesenchymal PCP induced by Hh signaling drives
cell clustering and subsequent epithelial remodeling.

INTRODUCTION

The intestine is a remarkable organ, comprising millions of finger-

like projections termed villi. These structures are critical for maxi-

mizing nutrient absorption and serve as a protective barrier to

harmful pathogens. Compromised villi have been associated

with serious diseases including malabsorption, short bowel syn-

drome, and intestinal failure (Walton et al., 2016a). These condi-
Develo
tions are treated with intravenous nutritional supplements or, in

severe cases, intestinal transplants. A better understanding of

the mechanisms underlying villus morphogenesis would provide

possible treatment options aimed instead at villus regeneration.

During mid-embryogenesis, the primitive gut tube consists of

a layer of pseudostratified epithelium with an underlying mesen-

chymal compartment. The cross-talk of these apposed tissues is

crucial for proper gastrointestinal development (Le Guen et al.,

2015). In a dramatic transformation known as villification, the

smooth pseudostratified epithelium is extensively remodeled,

resulting in protrusions of prospective villi lined by a columnar

epithelium. Two distinct models have been proposed to explain

this complex morphogenesis. The first model, supported by

chick explant studies, demonstrated that physical forces gener-

ated by smooth muscle are essential and even sufficient to

trigger epithelial folding; mouse intestinal explants treated with

muscle inhibitors also failed to undergo vilification (Shyer et al.,

2013). The second model, supported by mouse genetic studies,

involves highly regulated patterning events (Karlsson et al., 2000;

Walton et al., 2012, 2016b). Not only does the epithelium

experience reorganization, the underlying stroma undergoes

substantial cell rearrangements in the form of organized cell

clustering. Notably, these stromal cells begin to cluster in

response to epithelial signals, correlated with the onset of

villification, and appear patterned at the base of each emerging

villus (Walton et al., 2016a). In this model, key developmental

signaling pathways such as Bone Morphogenetic Protein

(BMP), Platelet-derived growth factor (Pdgf), and Hedgehog

(Hh) precisely pattern the mesenchymal clusters, forming a

classic self-organizing Turing field (Karlsson et al., 2000; Walton

et al., 2012, 2016b). Indeed, alterations in these pathways led to

clustering defects and subsequent failure of villus formation

(Karlsson et al., 2000; Walton et al., 2012, 2016b), but how these

villus clusters are formed remains unclear.

Hh signaling is critical for both smooth muscle differentiation

and mesenchymal cell clustering during gut development (Huang
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et al., 2013; Mao et al., 2010; Ramalho-Santos et al., 2000;Walton

et al., 2012). To stimulate the latter effect, Hh signalingwould likely

activate and/or coordinate with cell polarity and adhesion

pathways. During development, a pair of very large cell adhesion

molecules, Fat and Dachsous, mediate diverse morphogenetic

processes through the regulation of planar cell polarity (PCP)

and Hippo signaling (Blair and McNeill, 2018). For example,

Dchs1 and Fat4 orchestrate kidney tubule formation and skeletal

morphogenesis (Mao et al., 2011, 2016; Saburi et al., 2008) but

their roles in intestinal villification are unexplored.

Owing to the instability of Hh downstream Glioma-associated

oncogene (GLI) transcription factors, which are tightly controlled

by negative regulators, Suppressor of fused (SUFU) and

Speckle-type POZ protein (SPOP) (Briscoe and Therond, 2013;

Wang et al., 2010), uncovering Hh downstream mechanisms

has proven extremely difficult. To overcome this limitation, we

conditionally deleted these Hh negative regulators and mapped

GLI2 genomic binding regions, having successfully defined a Hh

direct targetome in the intestinal mesenchyme (Coquenlorge

et al., 2019). To define the cellular and transcriptional mecha-

nisms of villification, we first analyzed our gut mesenchymal Hh

targetome. Surprisingly, we identified Fat4, Dchs1, and other

PCP genes as direct GLI2 targets. By analyzing mouse mutants

for Fat4, Dchs1, and core PCP genes such as Vangl2 andWnt5a

and performing complementary live-imaging and cell culture

studies, we demonstrate that the Fat4-Dchs1 signaling axis

acts in parallel to the Vangl2-core PCP axis to induce PCP, which

is essential for mesenchymal clustering behavior and villification.

RESULTS

PCP Pathway Genes Are Direct Targets of Hh
Transcriptional Activator GLI2
Hh signaling is required for mesenchymal cell clustering, which

allows epithelial remodeling during villus emergence, but it is un-

clear how the signal promotes organized stromal cell movement

for clustering behavior. To address this question, we performed

RNA sequencing (RNA-seq) of Bapx1Cre/+;Sufufl/fl;Spopfl/fl

embryonic intestinal mesenchyme, where conditional deletion

of Hh negative regulators Sufu and Spop in the gut stroma stabi-

lizes GLI2-mediated gene activation (Wang et al., 2010) (Fig-

ure S1). Gene Ontology analysis of the significantly upregulated

genes revealed an enrichment of ‘‘planar polarity’’-related terms

(Figure 1A; Table S1). Moreover, these terms appeared in a large

cluster of neighboring terms, arranged based on similarity of bio-

logical function (Supek et al., 2011). Unsupervised hierarchical

clustering of PCP genes identified many components enriched

upon Hh activation (Figure 1B). These included genes such as

Vangl1, Vangl2, and Wnt5a, from the core PCP pathway, as

well as Dchs1 and Fat4, from the atypical cadherin PCP

pathway, which were validated by qPCR analysis (Figures 1B

and 1C). To determine whether these genes are direct transcrip-

tional targets of GLI2, we performed chromatin immunoprecipi-

tation sequencing (ChIP-seq) (Coquenlorge et al., 2019) and

demonstrated that GLI2 binds promoter and enhancer elements

of a number of these genes (Figure 1D). Furthermore, these GLI2

binding sites were validated in an in vitro luciferase reporter

assay, in which GLI2 binding regions of Fat4, Vangl1, and Vangl2

were cloned upstream of the luciferase gene and co-transfected
648 Developmental Cell 52, 647–658, March 9, 2020
with Gli2 expression vectors into C3H10T1/2 cells (a mouse

embryo fibroblast cell line). Reporter activity was indeed upregu-

lated upon GLI2 expression compared to controls, demon-

strating functional GLI2 responsivity (Figure 1E). Together, these

results demonstrate the GLI2-mediated direct transcriptional

activation of PCP genes in response to Hh signaling in the

developing intestinal mesenchyme.

Fat4-Dchs1 Signaling Axis Is Required for Proper
Villification and Mesenchymal Clustering
Fat4 is involved in various types of mammalian morphogenesis

(Cappello et al., 2013; Mao et al., 2011, 2016; Ragni et al., 2017;

Saburi et al., 2008) but its role in villification is currently unknown.

To determine whether Fat4 is required for intestinal morphogen-

esis, we examined Fat4 knockout (KO) intestines at embryonic

day (E) 15.5, the stage at which villi begin to emerge. Notably,

these Fat4 KO intestines exhibited a striking morphological

phenotype: scanning electron microscopy identified regions of

the proximal intestine with distinct structural abnormalities and

improperly patterned villi (Figure 2A). Histology revealed extensive

fused villus regions (Figure 2B). To determine the status ofmesen-

chymal clustering, we performed immunofluorescence staining

for PDGFRa, a marker for mesenchymal clusters (Karlsson

et al., 2000), and found a failure of stromal clustering beneath

the fused villi, as shown by the disorganized and diffuse distribu-

tion of PDGFRa+ cells (Figure 2C). Since previous reports have

suggested that the muscle layer is critical for villification (Shyer

et al., 2013), we also analyzed the formation of both circular and

longitudinal muscle in our mutants and found no significant differ-

ence in their distribution and thickness (Figures S2A and S2B). To

assess other mesenchymal cell types, we also quantified the per-

centage ofaSMA+cells in the laminapropria and observedno sig-

nificant differences in Fat4 KOs compared to controls (Figures

S2C and S2D), suggesting that the fusion phenotype is specific

to the distribution of PDGFRa+ cells in the mesenchyme. Further-

more, intestines deleted for Dchs1, another atypical cadherin

known to interact with Fat4 as a ligand to regulate signaling (Blair

and McNeill, 2018; Mao et al., 2011), also exhibited extensive vil-

lus fusion and disrupted mesenchymal clustering (Fig-

ure 2D).Therefore, the entireDchs1-Fat4 signaling axis is required

for villification and mesenchymal cluster formation.

Fat4 Acts Autonomously in the Villus Core for
Mesenchymal Clustering and Villification
To understand the mechanisms by which Fat4mediates villifica-

tion, we delineated Fat4 expression patterns during intestinal vil-

lus emergence. Our qPCR analysis revealed an enrichment of

some PCP genes, Fat4, Dchs1, and Wnt5a, in the mesenchyme

(Figure 2E). Single-molecule fluorescent in situ hybridization

(smFISH) revealed high Fat4 mRNA levels in the mesenchymal

villus core, which houses the clustering cells (Figures 2F and

S3A). These cells were previously shown to be Ptch1+ and Hh

responsive, further supporting Fat4 as a Hh target gene (Walton

et al., 2012). SmFISH confirmed that the expression of both Fat4

and Dchs1 was largely confined to the mesenchyme, whereas

Vangl1 and Vangl2were expressed in both epithelial andmesen-

chymal compartments (Figures 2F, 2G, and S3A). Moreover,

VANGL2 immunofluorescence staining showed that a subset

of PDGFRa+ cells are positive for VANGL2 (Figure S3B). To
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Figure 1. PCP Genes Are Direct Targets of the Hh Signaling Pathway in the Intestine during Villification

(A) Reduce and Visualize Gene Ontology (REVIGO) analysis scatterplot to visualize the top 300 upregulated Gene Ontology (GO) biological processes from RNA-

seq of isolated mesenchymal cells from E17.5 Bapx1Cre/+;Sufufl/fl;Spopfl/fl embryos (Hh gain of function, see Figure S1) compared to controls. Each sphere

represents a GO term and is plotted based on the similarity of biological function. Sphere size represents the proportion of genes that encompass the GO term.

Red box indicates the ‘‘regulation and establishment of planar polarity’’ term. See Table S1 for all listed GO terms.

(B) Unsupervised hierarchical clustering of PCP genes from RNA-seq analysis of mesenchymal cells from E17.5 Bapx1Cre/+;Sufufl/fl;Spopfl/fl embryos (Hh gain of

function) compared to controls. Arrows indicate examples from the core PCP pathway (Vangl2, Vangl1, andWnt5a) and atypical cadherin-PCP pathway (Fat4 and

Dchs1) genes.

(C) Quantitative PCR of E15.5 Bapx1Cre/+;Sufufl/fl;Spopfl/fl mutants (Hh gain of function) for validation of upregulated PCP gene expression compared to controls

(reported as ± SEM, **p < 0.005, ***p < 0.0005, n = 4).

(D) Visualization of GLI2 and H3K27Ac binding signals at Fat4, Vangl2, and Vangl1 loci identified by ChIP-seq analysis of E17.5 Bapx1Cre/+;Sufufl/fl;Spopfl/fl

(Hh gain of function) mutants. Arrows denote the peaks that were chosen to test functional GLI2 responsivity and are labeled as ‘‘Pk1’’ and ‘‘Pk2.’’

(E) Validation of GLI2 binding peaks for Fat4, Vangl1, and Vangl2 regions measured as relative bioluminescence through firefly luciferase reporter activation in

response to GLI2 overexpression and control Renilla luciferase activation (reported as mean ± SEM; *p < 0.05; n.s., not significant; n = 3).
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Figure 2. Fat4-Dchs1 Signaling Axis in the Mesenchyme Is Required for Villification and Stromal Clustering
(A) Scanning electronmicroscopy (SEM) images of control villi and Fat4 KO villi of the proximal intestine at E15.5. White box indicates the magnified region shown

in the adjacent image. White arrows indicate areas of villus fusion. Scale bars, 100 mm.

(B) Representative H&E images of E15.5 control and Fat4 KO intestines with area of villus fusion (outlined by the black box in Fat4 KO image). Regions within the

black box are magnified in the adjacent panel. Scale bars, 100 mm.

(C) Representative images of immunofluorescence-stained E15.5 control and Fat4 KO intestines with PDGFRa to visualize mesenchymal clustering cells.

Regionswithin thewhite box aremagnified in the adjacent image. PDGFRa+ cells in the controls formed large clusters beneath each emerging villus (arrow). In the

mutants, PDGFRa+ cells failed to cluster (arrowhead) at the site of fusion. Scale bars, 100 mm.

(D) Representative histological analysis of E15.5 control and Dchs1 KO intestines. H&E images show villus fusions in Dchs1 KO. Immunofluorescence staining

with PDGFRa shows disrupted clustering at the fusion site in the Dchs1 KO. Scale bars, 100 mm.

(E) Quantitative PCR analysis of PCP genes in wild-type E15.5 intestinal epithelium and mesenchyme. The expression of Fat4, Dchs1, Vangl2, and Wnt5a

is significantly enriched in the mesenchyme. Epithelial controls, Cdx2 and Shh, andmesenchymal control, Ptch1, are enriched accordingly (reported asmean ±

SEM; *p < 0.05, **p < 0.005; n = 4).

(F) Representative images of smFISH for Fat4 and Dchs1 gene expression patterns. Fat4 transcript in E15.5 control intestines show expression restricted to the

villus core, magnified in the adjacent panel. Scale bar, 100 mm.Dchs1 expression is confined to themesenchyme. See Figure S3A for controls. White dotted lines

distinguish epithelium (above) from the mesenchyme (below). Scale bars, 50 mm.

(G) Representative images of smFISH for Vangl1 and Vangl2 coupled with immunofluorescence staining of mesenchymal marker aSMA in E15.5 control

intestines. Vangl1/2 transcript are present in the epithelium and mesenchyme. See Figure S3A for controls. Regions within the white box are magnified in the

adjacent panel. White dotted lines distinguish epithelium (Epi) from mesenchyme (Mes). Scale bars, 10 mm.

(H) Representative H&E analysis and immunofluorescence staining of E15.5 control and Bapx1Cre/+;Fat4fl/� mutants. H&E images show villus fusion phenotype,

and PDGFRa staining shows failed clustering at the site of fusion in the mutants. Scale bars, 100 mm.

(legend continued on next page)
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determine a tissue-specific role for Fat4, we deleted it in the in-

testinal mesenchyme using a Bapx1Cre/+ allele that specifically

targets this tissue (Verzi et al., 2009). Fat4was effectively deleted

in the mesenchyme of Bapx1Cre/+;Fat4fl/� mice and showed

similar villus fusions and disruptedmesenchymal clustering (Fig-

ures 2H and S3C). We found a significant decrease in the

numbers of normal villi and PDGFRa+ clusters per 100 mm as

well as a significant increase in the width of fused villi relative

to normal villi (Figures 2I–2K), demonstrating that Fat4 acts in

mesenchymal cells to mediate clustering behavior and subse-

quent villus formation. To test if defects in proliferation impair

mesenchymal clustering, we performed immunofluorescence

staining for Proliferating Cell Nuclear Antigen (PCNA) but found

no significant differences in the proportion of PCNA+ cells in

the mesenchyme of the fusions compared to controls (Figures

S3D and S3E). These results indicate that disrupted clustering

and villus fusions are not due to proliferation defects.

Fat4 Signaling Mediates PCP and Acts in Parallel to the
Core-PCP Axis to Induce Mesenchymal Clustering and
Subsequent Epithelial Remodeling
Since Fat4 signaling has been shown to regulate PCP and/or Hip-

po signaling (Blair and McNeill, 2018; Cappello et al., 2013; Ragni

et al., 2017; Saburi et al., 2008), we sought to identify which of

these downstream pathways mediates mesenchymal clustering.

To determine whether villus fusion results from disruption of

PCP, we analyzed mouse mutants defective in this pathway.

Wnt5a is a known PCP ligand and mutants exhibit severe gut

shortening (Cervantes et al., 2009) but its role in villification is un-

clear. Histologic analysis ofWnt5a KOmice revealed severe villus

fusions in restricted areas, similar to the Fat4 KO phenotype (Fig-

ure 3A). Looptail (Vangl2Lp/Lp) (Montcouquiol et al., 2003) mutants

also exhibited villus fusions in some areas (Figure 3A), revealing a

requirement for the core PCP pathway in complete and proper vil-

lification. To examine the status of Hippo signaling in Fat4 KO

mice, we quantified the amounts of Yes-associated Protein

(YAP) and phosphorylated YAP by western blot (Figures 3B, 3C,

and S4). We also performed smFISH to quantify transcript abun-

dance of the YAP target gene, Ctgf (Zhao et al., 2008) (Figures

3D and 3E). There were no significant differences in the relative

levels of phosphorylated YAP nor were differences observed in

Ctgf transcript levels between Fat4 mutants and controls, indi-

cating that Hippo signaling is intact in the absence of intestinal

Fat4. Thus, villus fusion in Fat4 KO mice likely reflects the loss

of PCP rather than altered Hippo signaling.

To decipher the relationship between core-PCP and Fat4-PCP

axes, we sought to determine whether these pathways act in

parallel to maintain PCP or in a hierarchical manner. Indeed,

when one copy of Vangl2wasmutated in a Fat4KO background,

the villus fusion defects were dramatically exacerbated, demon-

strating their genetic interactions (Figures 3F and 3G). These re-

sults are also consistent with the report that the core-PCP and
(I) Quantification of the number of normal villi per 100 mm in control and Fat4-Dchs

n = 3).

(J) Quantification of the number of PDGFRa+ clusters per 100 mm in control and

**p < 0.005, ***p < 0.0005; n = 3).

(K) Quantified widths of villus fusions relative to the widths of normal villi in prox

**p < 0.005; n = 3). Representative normal villi and fused villi are outlined in dotte
Fat4-PCP axes act in parallel to maintain PCP during kidney

morphogenesis (Saburi et al., 2008).

Having demonstrated the necessity of PCP in villification, we

asked how defects in stromal clustering influence epithelial

remodeling. Intestinal epithelial cells between mesenchymal clus-

ters experience a circumferential force that causes mitotic round-

ing and eventual folding of the apical membrane into character-

istic invaginations (T-folds) that demarcate villus boundaries

(Freddo et al., 2016). Based on the villus fusion defects that follow

when PCP is disrupted, we hypothesized that properly oriented

mesenchymal clustering is required for epithelial remodeling into

T-folds, thereby establishing villus boundaries. To examine this

process, we performed immunostaining to visualize the protein

EZRIN as a marker for the apical membrane, and found signifi-

cantly fewer epithelial T-folds in Fat4 KO mutants compared to

littermate controls (Figures 4A–4C). Thus, villus demarcation re-

quires properly oriented mesenchymal clustering, highlighting

the role of stromal PCP in epithelial tissue remodeling.

Stromal PCP Regulates Organized Cell Clustering
Behavior during Villification
Given the requirement of stromal PCP for clustering and subse-

quent epithelial remodeling for villification, we further investi-

gated how PCP mediates this type of stromal cell behavior. To

address this question, we used PdgfraH2B-eGFP mice, in which

PDGFRa+ clustering mesenchymal cells express a nuclear

GFP reporter (Hamilton et al., 2003) and performed live imaging

with light-sheet fluorescence microscopy to visualize clustering

cell behavior ex vivo (Figure 5A). Through live cell tracking and

analysis of GFP+ cell displacement over time, we observed orga-

nized migration of control PDGFRa+ cells along the proximal-

distal (P-D) axis, culminating in oriented clusters (Figures 5B–

5D; Video S1). In Fat4 mutants, by contrast, PDGFRa+ cell

migration was disorganized, lacking specific orientation (Figures

5B–5D; Video S2). Moreover, we could readily capture clustering

behavior over 3 h of imaging time in the controls, while cluster

formation was significantly impaired in Fat4 mutants (Figures

5B and 5C). We also visualized dysregulated stromal cell

behavior in vivo by staining F-actin networks. In the villus core

of control intestines, stromal cells were oriented toward the

dorsal-ventral (D-V) axis, while they were oriented along the

P-D axis near the muscle layer (Figure 5E). However, cell orien-

tation in Fat4mutants was disorganized, showing no axis prefer-

ence at the core (Figure 5E). Together, these findings reveal Fat4

as a critical regulator of cell migration and orientation.

PDGFRa+ Cells Respond to WNT5A as a
Chemoattractant and Can Self-Organize to Form
Clusters
The process of organized cell migration involves many spatially

regulated events, the first of which is sensing a gradient (Iglesias

and Devreotes, 2008). WNT5A, a PCP ligand, establishes PCP
1mutant proximal intestines (reported as mean ± SEM; *p < 0.05, **p < 0.005;

Fat4-Dchs1 mutant proximal intestines (reported as mean ± SEM; *p < 0.05,

imal intestines of Fat4-Dchs1 mutants (reported as mean ± SEM; *p < 0.05,

d lines in all H&E and immunostained images.
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Figure 3. Core PCP Pathway Is Required for Villification and Acts in Parallel to the Fat4-Dchs1 Axis

(A) Representative H&E analysis of control, Wnt5a KO, and Vangl2Lp/Lp mutant intestines at E15.5. Fused villus areas are denoted by the arrows.

(B) Representative western blot of YAP (top panel) and phospho-YAP (P-YAP) (lower panel) with loading control GAPDH of control and Fat4 KO E15.5 intestinal

protein lysates. See Figure S4 for full blot.

(C) Quantification of GAPDH normalized signal intensities of P-YAP and YAPwestern blots from Figure 3B. P-YAP and YAP levels in control and Fat4 KOmutants

show no significant differences (reported as mean ± SEM; n.s., not significant; n = 3).

(D) Representative images of smFISH for the YAP target gene Ctgf in controls and Fat4 KOs. See Figure S3A for controls. White dotted lines outline the villi in

control and villus fusion in mutant images.

(E) Quantification of Ctgf transcripts per DAPI+ cell from smFISH analysis shows no significant difference between controls and Fat4 KOs (reported as mean ±

SEM; n.s., not significant; n = 3).

(F) Representative histological analysis of control, Fat4 KO, and Fat4 KO;Vangl2Lp/+mutants. H&E images show amore severe villus fusion in Fat4 KO;Vangl2Lp/+

mutants compared to Fat4 KO. Regions within the black box are magnified in the panel below. Immunofluorescence staining with PDGFRa shows disrupted

mesenchymal clustering in the large fusion area of Fat4 KO;Vangl2Lp/+ mutants. Fat4 KO images are of a different biological replicate than shown in Figures 2B

and 2C.

(G) Quantification of fused villus width relative to normal villus width in proximal intestines indicates a significantly larger villus fusion width in Fat4 KO;Vangl2Lp/+

than Fat4 KO alone (represented as mean ± SEM; *p < 0.05, **p < 0.005; n = 3). Villus width values from control and Fat4 KOwere taken from Figure 2K and used

in this figure to compare to the Fat4KO;Vangl2Lp/+ dataset. Dotted lines outline normal and fused villi in controls andmutants, respectively. All scale bars, 100 mm.
gradients along the P-D axis of the developing limb buds (Gao

et al., 2011) and can act as a chemoattractant for mouse palate

mesenchymal cells (Witze et al., 2008). Since PDGFRa+ cells

exhibit directional cell migration, we asked whether WNT5A

could serve as a chemoattractant during mesenchymal clus-

tering. SmFISH of Wnt5a transcript in wild-type intestines re-

vealed high levels at the villus core, consistent with graded

expression ascending toward stromal clustering cells (Figure 6A).

This graded Wnt5a expression along the villus is maintained
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throughout late development (Gregorieff et al., 2005). To deter-

mine whether PDGFRa+ cells can migrate in response to exog-

enousWNT5A, we isolated GFP+ cells fromPdgfraH2B-eGFPmice

through fluorescence-activated cell sorting and subjected them

to in vitro transwell migration assays with a WNT5A chemo-

gradient (Figures 6B–6D, S5A, and S5B). PDGFRa GFP+ cells

from control mice significantly migrated toward the WNT5A

source, indicating a chemoattractant response (Figures 6C

and 6D). However, Fat4 KO PDGFRa+ cells showed no
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Figure 4. Fat4-PCP in the Stroma Demar-

cates Villus Boundaries for Epithelial

Remodeling

(A) Representative images of immunofluores-

cence-stained control and Fat4 KO intestines

before (E13.5), during (E14.5), and after (E15.5) the

onset of villification with apical membrane marker,

EZRIN, and stromal cluster marker, PDGFRa. T-

folds appeared at E14.5 (denoted with asterisks).

At E15.5, the villus fusion was seen in the Fat4KOs

with a lack of villus boundary visualized by EZRIN.

(B) Quantification of T-folding at E14.5 shows

significantly fewer number of T-folds in Fat4 KOs

than controls (reported as mean ± SEM, **p <

0.005, n = 5).

(C) Model of villus fusion phenotype due to a lack

of villus boundaries. Green line represents the

apical membrane. In controls, mesenchymal

clustering initiates epithelial T-folding (asterisks),

resulting in villus emergence. In the Fat4 KO,

mesenchymal clustering and T-folding fail to

occur, leading to the lack of villus boundaries with

villus fusion. Scale bars, 100 mm.
difference in migration despite the addition of WNT5A (Figures

6C and 6D). These findings reveal WNT5A as a critical chemoat-

tractant for PDGFRa+ stromal cell migration during villification,

upstream of Fat4.

Since PDGFRa+ mesenchymal cells express a high level of

Wnt5a, we hypothesized that these cells exhibit a unique clus-

tering behavior even in the absence of chemoattractant signals.

We modeled cluster formation in vitro by employing three-

dimensional (3D) culture systems. Indeed, 5 days after plating

PDGFRa GFP+ cells in Matrigel supplemented with culture me-

dia, the cells self-organized to form 3D spheroids, resembling

in vivomesenchymal clusters (Figure 6E). Notably, this clustering

ability was significantly impaired in PDGFRa+ cells isolated from

Fat4 KO mice, which formed fewer and smaller spheroids,

revealing a critical role for Fat4-PCP in self-organization (Figures

6E and 6F). To determine if self-organization is unique to

PDGFRa+ mesenchymal cells, we cultured PDGFRa GFP–

EPCAM– cells and found that this population could not form

spheroids (Figures 6G and S5C). Therefore, self-organization

for cluster formation represents a unique and intrinsic property

of PDGFRa+ mesenchymal cells. To check whether spheroid

formation reflected cell migration rather than proliferation, we

immunostained the structures for the proliferation marker

PCNA. As the spheroids were negative for PCNA, they were

most likely formed because of cell migration rather than prolifer-

ation (Figures 6H, S6A, and S6B). To investigate further a func-

tional link between Hh signaling and its downstream PCP
Developm
pathway, we treated PDGFRaGFP+ cells

from control E15.5 embryos with cyclop-

amine, a Hh antagonist, and performed a

transwell migration assay as a proxy for

PCP function. Cyclopamine-treated cells

migrated significantly less than vehicle-

treated cells in the presence of WNT5A

chemoattractant, demonstrating func-

tional evidence for Hh regulation of
PCP-mediated migration (Figure S6C). We next asked whether

overexpression of PCP can restore these cell migration defects.

Indeed, FAT4 and DCHS1-transfected PDGFRa+ cells confers a

significant rescue to cell migration ability compared to empty

vector controls in the presence of cyclopamine (Figures 6I, 6J,

and S6D). Taken together, these results demonstrate that PCP

regulates the organized stromal cell clustering behavior required

for villification in response to Hh signaling activation.

DISCUSSION

Key developmental pathways are known to play critical roles

during morphogenesis, but how these patterning signals coordi-

nate with cellular movements to achieve specificmorphogenesis

remains poorly understood. Our study reveals Hh-activated

mesenchymal PCP as a key regulator required for oriented cell

movements in intestinal villification. Gut mesenchymal Hh

signaling is known to be necessary for stromal maintenance

and muscle differentiation (Huang et al., 2013; Mao et al.,

2010; Ramalho-Santos et al., 2000), and we now show that it

also directly regulates mesenchymal cell clustering by activating

cell adhesion and PCP genes. These findings provide new

mechanistic insight into villus formation.

Drosophila studies originally described PCP as the orienta-

tion of cells perpendicular to the apical-basal axis of an epithe-

lial sheet, as PCP seemed to be restricted to either flat epithelia

such as the wing and eye (Yang and Mlodzik, 2015) or motile
ental Cell 52, 647–658, March 9, 2020 653
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Figure 5. Fat4-PCP Directs Stromal Migration and Cell Orientation for Clustering Behavior during Villification

(A) Schematic representation of live-imaging setup. PdgfraH2B:eGFP/+ control and Fat4 KO intestines were dissected at E13.5, cultured ex vivo for 24 h, and then

suspended in an agarose gel inside a glass capillary tube for light-sheet imaging in an incubation chamber.

(B) Representative images of live-imaging movies (Videos S1 and S2) of PdgfraH2B:eGFP/+ intestines versus PdgfraH2B:eGFP/+;Fat4 KOmutants. Each cell is labeled

with a number and positions were tracked over 3 h (shown adjacent to image). In control intestines, the formation of GFP+mesenchymal clusters were observed.

In Fat4 KO intestines, GFP+ cells failed to form clusters in some regions. The dotted lines outline the protruding mesenchyme as clustering occurs, in the apical

direction.

(C) Quantification of% cluster height change over time. Fat4 KOmutants exhibited significantly decreased cluster height change compared to controls (reported

as mean ± SEM, **p < 0.005, n = 3). (D) Visualization and quantification of PDGFRaGFP+ cell movement (position change over time) from live images (Videos S1

and S2). Left panel shows GFP+ cell movement over time, where each arrow represents a cell (the tail represents the start position (0 h), while the arrowhead

represents the end position (3 h)). The right panel shows cell tracking data as directional displacements presented as a rose plot. In control intestines, GFP+ cell

movement occurred predominantly along the P-D axis. In Fat4 KO intestines, GFP+ cell movement was disorganized, lacking a specific direction (n = 3).

(E) Representative immunofluorescence-stained control and Fat4 KO intestines at E15.5 to visualize F-actin by phalloidin. Using DAPI (nuclear) and F-actin

(membrane) staining, stromal cell orientations beneath emerging villus in controls and Fat4 KOs were drawn (right panel). Arrows denote the orientation of cells

(along the longest axis of the cell). Control stromal cells at the villus core were oriented toward the D-V axis, whereas closer to themuscle layer, they were oriented

along the P-D axis. Fat4 KO stromal cells lacked organized orientation at the villus core (n = 3). Scale bars, 50 mm.
epithelial border cells for collective migration during develop-

ment (Bastock and Strutt, 2007). However, vertebrate studies

indicate that stromal PCP also plays a critical role in proper or-

ganization of physically complex tissues such as the limb bud

(Gao et al., 2011). Our results reveal the significance of Hh-

mediated mesenchymal PCP in mammalian intestinal

morphogenesis.
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Villus fusion is not commonly observed in animal studies. At

E15.5, fusions in most of the PCP mutants we studied (Fat4,

Dchs1, Vangl2, andWnt5a) were largely confined to the proximal

duodenum, with the exception of Fat4�/�;Vangl2Lp/+ mutants,

where the fusion spanned much of the duodenum. The latter

mutant reveals partial redundancy of Fat4 and Vangl2 signaling

axes but regionally restricted villus fusion implies that
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Figure 6. PDGFRa+ Clustering Cells Respond to WNT5A as a Chemoattractant and Require Fat4-PCP for Self-Organization

(A) SmFISH forWnt5a transcript in wild-type intestines at E15.5 showed graded expression in the lamina propria, highest at the villus core (n = 3). White dotted line

indicates the epithelial-mesenchymal border. Scale bar is 25 mm.

(B) Sorting scheme fromPdgfraH2B:eGFP/+ (control) andPdgfraH2B:eGFP/+;Fat4KO intestines at E15.5 for live (Sytox Blue�) GFP+ populations. Refer to Figures S5A

and S5B for full sorting scheme.

(C) Transwell migration assays for PDGFRaGFP+ cell migration guided byWNT5A. Control GFP+ cells migrated in response toWNT5A compared to BSA vehicle

treatment. Fat4 KO GFP+ cells failed to migrate in response to WNT5A. Scale bars, 50 mm.

(D) Quantification of cell migration in response to WNT5A relative to BSA vehicle treatment from (C). Controls showed a significant increase in migration upon

WNT5A addition. Fat4 KO cells displayed no significant difference in migration with WNT5A (reported as mean ± SEM; *p < 0.05; n.s., not significant; n = 3).

(E) Representative images of spheroid formation at day 5 of GFP+ cells isolated fromPdgfraH2B:eGFP/+ controls andPdgfraH2B:eGFP/+;Fat4KOmutants plated in 3D

culture conditions. Insets are of higher magnification to visualize the size differences of a single spheroid. Scale bars, 120 and 60 mm (inset).

(F) Quantification of spheroid formation shows a significant decrease in the number (left plot) and size (center and right plot) of spheroids derived from Fat4 KO

cells compared to controls (reported as mean ± SEM; **p < 0.005, *p < 0.05; n = 6–7).

(G) PDGFRa GFP–EPCAM– stromal cells from PdgfraH2B:eGFP/+ controls failed to self-organize into spheroids in vitro (n = 3). Refer to Figure S5C for full sorting

scheme. Scale bars, 120 mm.

(H) Representative images of immunofluorescence-stained control and Fat KO spheroids with PCNA at day 5 show a lack of proliferative cells. See Figure S6A for

time course PCNA stain. Scale bars, 60 mm.

(legend continued on next page)
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mechanisms beyond PCP also contribute to mesenchymal clus-

tering. Future examination of other cell polarity genes and path-

ways will inform our understanding on this point.

Two different models exist to explain villus morphogenesis.

One model suggests that a physical constriction from differenti-

ating smooth muscle in the mesenchyme applies sufficient force

for the overlying epithelium to buckle and form outward villus

projections (Shyer et al., 2013). The second model proposes

that tightly controlled cell-cell signaling between the epithelium

and its underlying mesenchyme induces mesenchymal clus-

tering, patterned in a Turing-like manner and subsequently lead-

ing to epithelial remodeling (Walton et al., 2012, 2016b). Our work

demonstrates that Hh- and GLI2-mediated activation of atypical

cadherin and PCP genes is critical for mousemesenchymal clus-

tering and villification. Atypical cadherin and PCP mutant mice

showed no obvious defects inmuscle differentiation, further sup-

porting a central role for mesenchymal clustering in villification.

Of note, distinct morphogenetic events underlie avian and

mammalian villus formation: chick epithelia undergo progressive

folding to form ridges followed by zigzag bending, which leads

subsequently to villus formation, and this process indeed coin-

cides with muscle differentiation (Shyer et al., 2013). In contrast,

mammalian villification involves the direct emergence of villus-

like dome structures from the flat epithelium, without ridge and

zigzag formation. These studies thus highlight likely divergent

evolutionary mechanisms. It will be instructive to investigate hu-

man villus formation to confirm this proposed role of mesen-

chymal clustering in mammals.

Although mouse tissues are less amenable to live microscopy

than other model organisms, we utilized live light-sheet micro-

scopy to image the embryonic mouse intestine ex vivo for

extended periods of time (over 3 h) with appropriate depth and

minimal photo-toxicity. We thus captured mesenchymal clus-

tering behavior and revealed altered cell movement in Fat4 mu-

tants. This approach could be extended to study human villifica-

tion. Of note, patients with celiac disease commonly suffer from

malnutrition due to villus atrophy, as apoptosis of enterocytes re-

sults in a flattened epithelium with markedly reduced surface

area (Corazza et al., 1997). A better understanding of mesen-

chymal PCP mechanisms in human villification could form a ba-

sis for new therapies that promote villus regeneration.
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Rabbit anti-GLI2 Cheung et al., 2009

Mouse anti-H3K27Ac Millipore Cat# 05-1334; RRID: AB_1977244

Rabbit anti-PDGFRalpha C-20S Santa Cruz Biotechnology Cat# sc-338; RRID: AB_631064

Rabbit anti-YAP (D8H1X) XP Cell Signaling Technology Cat# 14074; RRID: AB_2650491

Rabbit anti-Phospho-YAP (Ser127) Cell Signaling Technology Cat# 4911; RRID: AB_2218913

Rabbit anti-GAPDH [EPR16891] Abcam Cat# ab181602; RRID: AB_2630358

Mouse anti-EZRIN Sigma-Aldrich Cat# E8897; RRID: AB_476955

Mouse anti-PCNA Santa Cruz Technology Cat# sc-56; RRID: AB_628110

Mouse anti-alpha smooth muscle Actin Abcam Cat# ab7817; RRID: AB_262054

Rabbit anti-alpha smooth muscle Actin Abcam Cat# ab124964; RRID: AB_11129103

Rabbit anti-SM22 Abcam Cat# ab14106; RRID: AB_443021

Rabbit anti-H3K27me3 Millipore Cat# 07-449; RRID: AB_310624

EpCAM antibody (G8.8) (Allophycocyanin) Abcam Cat# ab95641; RRID: AB_10677416

Rabbit anti-VANGL2 Gift from Dr. Philippe Gros

(Leung et al., 2016)

N/A

Goat anti-Mouse IgG Secondary

(Alexa Fluor 568)

Thermo Fisher Scientific Cat# A-11031; RRID: AB_144696
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Thermo Fisher Scientific Cat# A-11029; RRID: AB_2534088

Goat anti-Rabbit IgG Secondary
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Thermo Fisher Scientific Cat# A-11034; RRID: AB_2576217

Goat anti-Rabbit IgG Secondary

(Alexa Fluor 568)

Thermo Fisher Scientific Cat# A-11036; RRID: AB_10563566

Goat anti-Rabbit IgG Secondary (HRP) Thermo Fisher Scientific Cat# 31460; RRID: AB_228341

Chemicals, Peptides, and Recombinant Proteins

32% Paraformaldehyde Electron Microscopy Sciences Cat# 15714

Harris’ Hematoxylin Electron Microscopy Sciences Cat # 26041-06

Alcoholic Eosin Y Electron Microscopy Sciences Cat# 26051–11

Alexa Fluor 568 Phalloidin Thermo Fisher Scientific Cat# A12380

Recombinant Human/Mouse Wnt-5a

Protein

R&D Systems Cat# 645-WN-010

Cyclopamine Toronto Research Chemicals Cat# C988400

Critical Commercial Assays

Dual Luciferase Reporter Assay System Promega Cat# E1910

Pierce BCA Protein Assay Kit Thermo Fisher Scientific Cat# 23225

SuperSignal West Femto Maximum

Sensitivity Substrate Kit

Thermo Fisher Scientific Cat# 34095

RNAscope Multiplex Fluorescent v2 Kit Advanced Cell Diagnostics Cat# 323100

Deposited Data

GEO accession for RNA-Seq Coquenlorge et al., 2019 GEO: GSE103683

GEO accession for ChIP-Seq Coquenlorge et al., 2019 GEO: GSE103690

Experimental Models: Cell Lines

C3H10T1/2 mouse embryonic

fibroblast cells

ATCC ATCC CCL-226
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental Models: Organisms/Strains

Mouse: Bapx1Cre Gift from Dr. Zimmer Nkx3-2tm1(cre)Wez

Mouse: Sufufloxed Li et al., 2012 Sufutm1Hui

Mouse: Spopfloxed WTSI KOMP Spoptm1c(KOMP)Wtsi

Mouse: Fat4-/- Saburi et al., 2008 Fat4tm1.1Hmc

Mouse: Fat4floxed Saburi et al., 2008 Fat4tm1Hmc

Mouse: Dchs1-/- Mao et al., 2011 Dchs1tm1.2Irv

Mouse: Vangl2Lp Montcouquiol et al., 2003 Vangl2LPT/LeJ

Mouse: Wnt5a-/- Cervantes et al., 2009 Wnt5atm1Amc

Mouse: PdgfraH2B-eGFP Hamilton et al., 2003 Pdgfratm11(EGFP)Sor

Oligonucleotides

RNAscope Probe- Mm-Fat4 Advanced Cell Diagnostics Cat# 447511

RNAscope Probe- Mm-Vangl1 Advanced Cell Diagnostics Cat# 467481

RNAscope Probe- Mm-Vangl2 Advanced Cell Diagnostics Cat# 316781

RNAscope Probe- Mm-Dchs1 Advanced Cell Diagnostics Cat# 447501

RNAscope Probe- Mm-Ctgf Advanced Cell Diagnostics Cat# 314541

RNAscope Probe- Mm-Wnt5a Advanced Cell Diagnostics Cat# 316791

See Table S2 for primer sequences

Recombinant DNA

Plasmid: Fat4Pk1-fragment luciferase

reporter

This paper N/A

Plasmid: Fat4Pk2-fragment luciferase

reporter

This paper N/A

Plasmid: Vangl1Pk1-fragment luciferase

reporter

This paper N/A

Plasmid: Vangl1Pk2-fragment luciferase

reporter

This paper N/A

Plasmid: Vangl2Pk1-fragment luciferase

reporter

This paper N/A

Plasmid: Vangl2Pk2-fragment luciferase

reporter

This paper N/A

Plasmid: pRL-TK control Promega Cat# E2241

Plasmid: pCMV-Gli2-FLAG Ding et al., 1999 N/A

Plasmid: pd51LucII Kamachi and Kondoh, 1993 N/A

Plasmid: pcDNA5-T/O-Ds1-mCherry Loza et al., 2017 Addgene plasmid # 112855;

RRID: Addgene_112855

Plasmid: pEv-Fat4-citrine Loza et al., 2017 Addgene plasmid # 112854;

RRID: Addgene_112854

Software and Algorithms

ImageJ NIH N/A

GraphPad Prism GraphPad N/A

Kallisto Bray et al., 2016 https://github.com/pachterlab/kallisto

DESeq2 Love et al., 2014 http://bioconductor.org/packages/

release/bioc/html/DESeq2.html

PANTHER 14.0 Mi et al., 2019

Mi et al., 2013

http://www.pantherdb.org/

REVIGO Supek et al., 2011 http://revigo.irb.hr/

Trimmomatic Bolger et al., 2014 http://www.usadellab.org/cms/?

page=trimmomatic

BWA-MEM Li and Durbin, 2009 http://bio-bwa.sourceforge.net/

Bamtools Barnett et al., 2011 https://github.com/pezmaster31/bamtools

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

MACS2 Zhang et al., 2008 https://github.com/taoliu/MACS

BEDTools Quinlan and Hall, 2010 N/A

Imaris Oxford Instruments N/A

Matlab MathWorks N/A

Drift compensation algorithm This paper https://github.com/MinZhuUOTSickKids/

Intestinal-development-cell-tracking

FlowJo v10 BD N/A
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Tae-Hee

Kim (tae-hee.kim@sickkids.ca). All unique/stable reagents generated in this study are available from the Lead Contact without

restriction.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
All animal husbandry was in accordance to the standards of the Canadian Council on Animal care, approved by institutional animal

care committees by TheCentre for Phenogenomics, Toronto. Housedmicewere subjected to 12-hour dark-light cycles, fed standard

rodent chow and had access to water at all times. Mice of either sex were used for all experiments, since to our knowledge there are

no reported sex differences for villus morphogenesis. Therefore, mice of either sex were randomly assigned to each experimental

group. Sufufloxed and Spop floxed mice have been previously described (Li et al., 2012) and accessed from the KOMP (trans-NIH

knock-out mouse project) Repository (www.komp.org) respectively. Fat4-/- (KO), Fat4floxed, Dchs1-/- (KO), Vangl2Lp, Wnt5a-/- (KO),

PdgfraH2B:eGFP/+ and Bapx1Cre/+were previously described (Cervantes et al., 2009; Hamilton et al., 2003; Mao et al., 2011; Montcou-

quiol et al., 2003; Saburi et al., 2008; Verzi et al., 2009). Bapx1Cre/+ mice were graciously gifted from Dr. Warren Zimmer’s group. For

embryonic studies, observed plug date was considered embryonic day 0.5. All Fat4-Dchs1, Pdgfra reporter and PCP mutant lines

were maintained as heterozygotes under mixed backgrounds for breeding, and subsequent homozygous embryos were generated

by crossing 2 heterozygotes. To generate Bapx1Cre/+;Fat4fl/- E15.5 embryos, Bapx1Cre/+;Fat4fl/+ mice were crossed to Fat4+/- mice.

Cell Lines
C3H10T1/2 mouse embryonic fibroblast cells (ATCC #CCL-226) were cultured in the following conditions: Dulbecco’s Modified

Eagle’s Medium (DMEM Invitrogen Cat# 11965-092) supplemented with 10% fetal bovine serum (Sigma-Aldrich Cat# F1051),

penicillin and streptomycin, grown at 37
�
C with 5% CO2. Information pertaining to the sex of this cell line is unavailable.

METHOD DETAILS

RNA-seq and ChIP-seq
Next-Generation Sequencing

Next-generation sequencing experiments were performed as 126-bp paired-end reads on the Illumina HiSeq 2500 platform at the

Centre for Applied Genomics (TCAG) – The Hospital for Sick Children Toronto.

RNA Sequencing

Bapx1Cre/+;Sufufl/fl;Spopfl/fl intestines and littermate controls at E17.5 were harvested and isolated for mesenchymal tissue by 10mM

EDTA shaking at 4
�
C (Coquenlorge et al., 2019). RNA extraction was performed using the RNeasy kit (Qiagen). Poly-A mRNA libraries

were prepared with 1–2mg RNAwith RIN>8.5 (determined on Agilent Bioanalyzer). Kallisto 0.42.2 and DESeq2 package were used to

align reads to mouse mm9 reference transcriptome, summarize gene expression levels and perform differential gene expression

analysis, respectively (Bray et al., 2016; Love et al., 2014; Soneson et al., 2015). For GO term analysis, a PANTHER 14.0 overrepre-

sentation test (Fisher’s exact) with all GO biological processes of upregulated genes fromRNA-seq (cut off: 2-fold, p<0.05) were used

(Mi et al., 2017, 2013, 2019). The top 300 upregulated GO terms from this test were inputted in the REVIGO platform to remove

redundant GO terms, and outputted as a scatterplot to visualize similarity and representation of biological functions (Supek et al.,

2011) (refer to Table S1 for list of GO terms).

ChIP Sequencing

Whole intestines were harvested from Bapx1Cre/+;Sufufl/fl;Spopfl/fl mutants at E17.5 in duplicate (Coquenlorge et al., 2019). Samples

were prepared as described in Schmidt et al. (2009). GLI2 (Cheung et al., 2009), H3K27Ac (Millipore, 05-1334) and H3K36me3

(Abcam, ab9050) antibodies were used. The NEBNext Ultra DNA library preparation kit and NEBNext Multiplex Oligos for Illumina

(New England Biolabs) were used for library preparation. Trimmomatic 0.35 (Bolger et al., 2014) and BWA-MEM (Li and Durbin,
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2009) with default parameters were used for adaptor sequence trimming and alignment to the mouse mm9 reference genome

respectively. Bamtools (Barnett et al., 2011) was used to select uniquely mapped reads with mapping quality cut-off > 5. BEDTools

(Quinlan and Hall, 2010) and MACS2 (Zhang et al., 2008) were used to remove ENCODE-recommended blacklist regions and peak

calling respectively. Input DNA was used as control, with parameters -g mm -f BAMPE –keep-dup auto -q 0.05 for GLI2, and

additionally –broad for histone marks.

ChIP Peak Validation

GLI2 peak sequences for Fat4, Vangl2 and Vangl1 were cloned into the pd51LucII plasmid, upstream of the luciferase reporter (Ka-

machi and Kondoh, 1993). C3H10T1/2 mouse embryonic fibroblast cells (ATCC-CCL-266) were co-transfected with reporter, and

pRL-TK renilla control (Promega), with or without the Gli2 expression plasmid (Ding et al., 1999) (n=3). Transfected cells were

harvested 36 h later and measured for bioluminescence using the Dual Luciferase Reporter Assay System (Promega E1910) and

Molecular Devices Spectramax L luminometer.

Electron Microscopy, Histology and Immunostaining
Scanning Electron Microscopy

After dissection, E15.5 intestinal samples were placed in 2% glutaraldehyde in 0.1M sodium cacodylate buffer pH 7.3 for overnight

fixation at 4�C. Ethanol-dehydrated samples were critical-point dried and attached to aluminum stubs for gold-sputter coating.

Images were acquired on an FEI XL30ESEM system at the Nanoscale Biomedical Imaging Facility at the Hospital for Sick Children,

Toronto.

Histology and Immunofluorescence

After dissection, intestinal samples were fixed in 4% paraformaldehyde, dehydrated in ethanol and embedded in paraffin. Tissues

were sectioned at 5mm thickness and deparaffinized and rehydrated using standard techniques (xylene and descending ethanol gra-

dients). For H&E, tissues were stained with Harris’ Hematoxylin and alcoholic Eosin Y. For IF, sections were subjected to antigen

retrieval (99
�
C for 15 min in 10mM sodium citrate, pH 6 solution) followed by 1 h blocking (10% goat serum, 0.1% triton-X in PBS)

at room temperature. Primary antibodies were applied at 4
�
C and incubated overnight. The following antibodies were used: rabbit

anti-alpha smooth muscle actin 1:1,000 (Abcam, ab124964), mouse anti-alpha smooth muscle actin 1:500 (Abcam, ab7817), rabbit

anti-SM22 1:500 (Abcam, ab14106), rabbit anti-PDGF receptor alpha C-20 1:200 (Santa Cruz Biotechnology, sc-338), rabbit anti-

VANGL2 1:50 gifted from Dr. Philippe Gros (Leung et al., 2016), mouse anti-PCNA 1:200 (Santa Cruz Biotechnology, sc-56) and

mouse anti-EZRIN 1:1000 (Sigma-Aldrich E8897). For IF, secondary antibodies were applied for 1 h at room temperature with Alexa

Fluor 488- and 568-conjugated (1:500, Thermo Fisher) and mounted with Fluoroshield Mounting Medium with DAPI (Abcam,

ab104139). For F-actin staining, tissues were cryo-sectioned and hydrated with PBS, followed by 1 h of blocking and 1 h of staining

with Alexa Fluor 568-conjugated Phalloidin 1:1000 (Thermo Fisher A12380) at room temperature. The images were taken on Nikon

E1000 epifluorescence and Nikon A1R confocal microscopes.

Western Blot

Snap frozen E15.5 intestinal tissue (1 whole intestine per n, n=3) was lysed in ice cold RIPA buffer, supplemented with protease and

phosphatase inhibitor cocktails (Roche 4693132001 and Roche 4906845001), using a Mini-BeadBeater-16 (Biospec Products).

Homogenized tissuewas subjected to sonication using a Bioruptor (Diagenode) for 5 cycles (30 seconds on/ 30 seconds off). Lysates

were centrifuged and supernatant was kept at -80�C until the time of western blot. Protein was quantified using the Pierce BCA

Protein Assay Kit (Thermo Fisher Scientific 23225) and 11mg were boiled and loaded with laemmli buffer in each lane of a 4-15%

Tris-Glycine precast gel (Biorad 4561086). Migrated proteins were transferred to PVDF membranes, overnight at 4�C, using a wet

electroblotting system (Mini Trans-Blot Cell, Bio-Rad). Membranes were blocked with 5% bovine serum albumin (BSA) in Tris-buff-

ered saline-0.1% tween (TBST) for 1 h at room temperature, followed by overnight incubation with primary antibodies: rabbit anti-

YAP 1:1000 (Cell Signaling Technology 14074), rabbit anti-PhosphoYAP 1:1000 (Cell Signaling Technology 4911), rabbit anti-GAPDH

1:10000 (Abcam 181602) and rabbit anti-H3K27me3 1:1000 (Millipore 07-449), diluted in blocking solution. Blots were washed, then

incubated with HRP-conjugated secondary antibodies at 1:10000 (Thermo Fisher Scientific 31460) for 1 h at room temperature.

Chemiluminescence was produced using the SuperSignal West Femto Substrate kit (Thermo Fisher Scientific 34095) and imaged

using a Licor Odyssey Fc system. YAP and Phospho-YAP were quantified using ImageJ by normalizing to GAPDH levels for

each lane.

RNA Quantification and Visualization
Quantitative PCR

Whole E15.5 intestinal tissue was homogenized using a Mini-BeadBeater-16 (Biospec Products) in TRIzol reagent (Thermo Fisher

Scientific 15596026). After addition of chloroform and centrifugation, RNA was extracted from the aqueous phase, by precipitating

with isopropanol, and washing with 70% ethanol, according to manufacturer’s protocol. Pelleted RNA was solubilized in RNase free

water. All cDNA was synthesized using SuperScript III First-Strand synthesis kit (Thermo Fisher Scientific, 11752050). qPCR was

performed using the Power SYBR Green PCR Master Mix with 20ng of cDNA per reaction (10-mL reaction volume) and run on

ViiA 7 Real-Time PCR System, Applied Biosystems. Fold changes were calculated using the DDCT method. Refer to Table S2 for

all primer sequences.
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SmFISH

Paraffin embedded tissues were sectioned at 5mmand used for single-molecule fluorescence in situ hybridization (smFISH) following

the RNAscope Multiplex Fluorescence Detection Kit v2 (323110) protocol by Advanced Cell Diagnostics. Probes were also

purchased and designed by Advanced Cell Diagnostics. The following RNA probes were used: Fat4 (447511), Ctgf (314541), Vangl1

(467841), Vangl2 (316781), Dchs1 (447501) and Wnt5a (316791). Images were acquired on Nikon Epifluorescence TE-2000, Nikon

E1000, Nikon A1R confocal and Leica SP8 confocal microscopes.

Cell Isolation and Sorting
Epithelial and Mesenchymal Cell Isolation

Wildtype E15.5 intestines were harvested and pooled (2 embryos per sample) for a total of n=4 (8 embryos) from 2 different litters. The

intestines were micro-dissected and cut open to expose epithelium in a 10mM EDTA solution. Samples were agitated for 30 min at

4
�
C to separate epithelium from mesenchyme and muscle layer. This supernatant (epithelium) and mesenchymal fractions were

washed in PBS:2%FBS, and resuspended in RNAlater solution at -20oC until the time of RNA isolation. RNA was isolated using

the RNeasy mini kit (Qiagen, 74104).

Cell Sorting

PdgfraH2B:eGFP/+ (control) and PdgfraH2B:eGFP/+;Fat4 KO E15.5 intestines were harvested in HBSS and micro-dissected in ice cold

PBS:2%FBS (pooled between 1-7 intestines per sample). Tissue was digested with TrypLE express (Thermo Fisher Scientific

12604013) diluted 2:1 in PBS at 37
�
C for 6min. Once tissue was soft, it wasmanually digested with P200 pipette at room temperature

until a single cell suspension was observed. Cells were then washed in PBS:2%FBS, resuspended in Sytox Blue (1:5000), and then

passed through a 35-mm nylon mesh before being put through either Beckman Coulter MoFlo Astrios, VBYR or Sony SH800 BRV

instruments. GFP+ populations were collected from the live cells (refer to Figures S5A and S5B for sorting scheme). To collect

EPCAM –/GFP – cells, after digestion, samples were resuspended in primary antibody EpCAM-APC (Abcam ab95641) at 1:100. Cells

were stained for 20 min on ice, washed in PBS:2%FBS, and resuspended in Sytox Blue (1:5000). GFP – /EPCAM – populations were

collected from the live cells (Figure S5C). Results were analyzed with FlowJo v10 software.

Live Imaging
Live Lightsheet Imaging

PdgfraH2B:eGFP/+ (control) and PdgfraH2B:eGFP/+;Fat4 KO E13.5 intestines were harvested in ice cold HBSS and micro-dissected in

ultrapure PBS (n=3 for control, n=4 for mutants). Intestines (gut completely intact, with stomach and colon) were placed in 6-well

transwell, supplemented with growth media (DMEM with 10% FBS and Pen/Strep) in the upper and lower chambers and incubated

at 37
�
C with 5% CO2. After 24 h in culture, each intestine was embedded in a solution of DMEM (no phenol red) containing 12.5%

FBS, 1% low melt ultrapure agarose (Invitrogen) and 2% of fluorescence bead solution (SigmaAldrich, 1:500, diameter 500nm). The

agarose solution-immersed intestine was embedded into a glass capillary tube and was submerged into an imaging chamber

containing DMEM (no phenol red) after the agarose solidified. The agarose-embedded intestine was plunged out of the capillary

tube directly into the media inside the imaging chamber. The temperature of the imaging chamber was maintained at 37
�
C with

5%CO2. Images were acquired using a 20X/1 objective with dual-side illumination for 3 h with 150-ms intervals on a Zeiss Lightsheet

Z1 microscope.

Drift-Compensated Cell Tracking

The light sheet time-lapse image was first rendered in Imaris (Bitplane). Using the fluorescent beads that were embedded in the

agarose along with the tissue sample, it was possible to subtract any drift that occurred during the imaging time frame (3 h). The

positions of cell nuclei and fluorescent beads were tracked over time using an autoregressive motion algorithm, from frames with

the same peristaltic wave phase. The tracking/positional data were then imported into R2017bMatlab (MathWorks) for drift compen-

sation and visualization (cell trajectories and net cell displacement) using a customized algorithm available at https://github.com/

MinZhuUOTSickKids/Intestinal-development-cell-tracking.

In Vitro Assays
Spheroid Formation Assay

GFP+ cells from PdgfraH2B:eGFP/+ (control) and PdgfraH2B:eGFP/+;Fat4 KO samples, and GFP – / EPCAM – cells from controls were

resuspended at a concentration of 10,000 cells/mL growth media (DMEM with 10% FBS and Pen/Strep). 96-well plates were coated

with 50mL ofMatrigel (Corning, CACB456231) per well, and left to solidify for approximately 1min. In eachwell, 5uL of cell suspension

(control or mutant) were added directly into the center of the Matrigel, and left to solidify in the incubator at 37
�
C with 5% CO2 for

30 min. Wells were topped up with 100mL of growth media above the Matrigel, kept in the incubator at 37
�
C with 5% CO2, and main-

tained bymedia changes every 2-3 days (n=3 biological samples, 7 wells for control, 6 wells for mutant). For staining, spheroids were

fixed with 4% paraformaldehyde for 10 min at room temperature, followed by blocking (10% goat serum, 0.1% triton-X in PBS) and

overnight incubation at 4
�
C with mouse anti-PCNA 1:100 (Santa Cruz Biotechnology, sc-56). Alexa Fluor 488-conjugated secondary

antibody 1:500 (Thermo Fisher) and DAPI (1:1000) were applied for 1 h at room temperature, followed by storage in 50%glycerol:PBS

solution for imaging and acquisition on Nikon Epifluorescence TE-2000microscope. Spheroids were scored based on their spherical

morphologies and were quantified at day 5 (reported as absolute number and size of spheroids per well).
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Transwell Migration Assay

Sorted GFP+ cells from PdgfraH2B:eGFP/+ (control) and PdgfraH2B:eGFP/+;Fat4 KO samples were resuspended in serum free DMEM

with 0.1% BSA and Pen/Strep at a concentration of 500 cells/mL. 24-well transwells with 8mm pore sizes were prepared by adding

either recombinant WNT5A (R&D Systems, 645-WN-010) at 0.1mg/ml, or BSA vehicle control to DMEM with 0.1% BSA to the lower

chamber of the transwell. 100mL of the cell suspension was added to the upper chamber of each transwell. Cells were incubated

at 37
�
C with 5% CO2 for 36 h. For cyclopamine treatment, sorted GFP + cells from control samples were resuspended in 5mM of

cyclopamine or vehicle control in serum free DMEM with 0.1% BSA at a concentration of 500 cells/mL. 100mL of the treated cell

suspension was added in the upper chamber, with 0.1 mg/ml of WNT5A in the lower chamber, and allowed to migrate for 36 h at

37
�
C with 5% CO2. Cells that migrated through transwell were fixed with 4% paraformaldehyde, stained with DAPI and imaged

on a Nikon E1000 microscope for quantification (n=3 biological samples, at least 2 technical replicates each).

Primary Cell Culture and Transfection

Sorted GFP+ cells from PdgfraH2B:eGFP/+ intestines were cultured in DMEM supplemented with 10%FBS, non-essential amino acids,

glutamine and pen/strep and allowed to adhere overnight. Cells were then transfected with 1mg of empty vector (CMV) or FAT4 and

DCHS1 overexpression vectors using Lipofectamine 3000. pEv-Fat4-citrine and pcDNA5-T/O-Ds1-mCherry were a gift from

David Sprinzak (Addgene plasmid # 112854 ; http://n2t.net/addgene:112854 ; RRID:Addgene_112854, Addgene plasmid #

112855 ; http://n2t.net/addgene:112855 ; RRID:Addgene_112855 respectively) (Loza et al., 2017). 24 h post-transfection, 50,000

cells were resuspended in 100uL of serum free DMEM with 0.1% BSA, doxycycline (100ng/ml) and either vehicle control

(100% ethanol) or cyclopamine (5mM) and subjected to transwell migration assay with WNT5A (n=3 biological replicates).

QUANTIFICATION AND STATISTICAL ANALYSIS

All quantifications are displayed as mean ± standard error of the mean, where the statistical parameters are reported in the STAR

Methods or corresponding figure legends. Two-tailed P-values were calculated using parametric unpaired Student’s t test.

P<0.05 was considered statistically significant.

DATA AND CODE AVAILABILITY

Accession numbers for the ChIP and RNA-seq (Coquenlorge et al., 2019) referenced in this paper:

GEO: GSE103683 (RNA-seq).GEO: GSE103690 (ChIP-seq).

The drift compensation algorithm generated during this study is available at: https://github.com/MinZhuUOTSickKids/Intestinal-

development-cell-tracking.
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