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In animal embryos, morphogen gradients determine tissue patterning and morphogenesis. Shyer
et al. provide evidence that, during vertebrate gut formation, tissue folding generates graded activ-
ity of signals required for subsequent steps of gut growth and differentiation, thereby revealing an
intriguing link between tissue morphogenesis and morphogen gradient formation.
The graded distribution of morphogens

plays a fundamental role in many devel-

opmental and disease-related processes.

Such morphogen gradients control cell

differentiation in a concentration-depen-

dent manner and thus provide positional

information about the distance from

the morphogen source (Wolpert, 1969;

Figure 1A). In the neural tube, for example,

the graded distribution of the signaling

molecule Sonic hedgehog (Shh) triggers

the specification of different neuronal

subtypes along the dorsal-ventral axis

(Dessaud et al., 2007). The molecular

and cellular mechanisms leading to the

formation of morphogen gradients have

been analyzed in detail, and several

models have emerged explaining gradient

formation on the basis of signal produc-

tion, spreading, and degradation (Kicheva

et al., 2012). However, gradient formation

has nearly exclusively been analyzed in

effectively planar two-dimensional cell

layers, where the signals spread within

the plane of the tissue. Interestingly,

recent work suggests that signaling within

the zebrafish lateral line primordium can

be spatially constrained by the formation

of microluminal structures (Durdu et al.,

2014), pointing at the importance of

incorporating three-dimensional tissue

morphogenesis in generating graded sig-

naling activities. In this issue ofCell, Shyer

et al. (2015) present evidence that three-

dimensional rearrangements of tissues

can generate gradients of signaling mole-

cules in the surrounding tissues. These

results provide important insight into the

coupling of tissue morphogenesis and

gradient formation with consequences

for cell fate specification and tissue

patterning.

The lumen of the gut in chick undergoes

a series of morphogenetic processes
transforming the initially smooth lumen

lining into a surface densely decorated

with individual villi, required for effective

absorption of nutrients within the gut

(Coulombre and Coulombre, 1958). This

transformation is thought to be triggered

by growth of the lumen surface coupled

to compressive forces from surrounding

tissues restricting the expansion of the

proliferating tissue and thus causing the

lumen surface to buckle. The transforma-

tion of buckles into villi critically depends

not only on general growth under spatial

confinement but also on a drop in pro-

liferation at the tip of the folds and redistri-

bution of stem cells to the base of the

forming villi. The study by Shyer et al.

(2015) addresses themechanism underly-

ing this redistribution of stem cells, which

are initially uniformly distributed in the

early gut.

Confirming previous work (Karlsson

et al., 2000), the authors show that, in

the distal mesenchyme of the nascent villi,

a ‘‘villus cluster’’ forms. The cells of this

cluster express several signaling factors

inhibiting stem cell specification and pro-

liferation in the overlying distal epithelium

of the forming villi. This raises the question

as to the molecular and cellular mecha-

nisms by which the villus cluster is formed

at the villi tip. The Shh signaling pathway

has previously been implicated in the

formation of the villus cluster. Thus, the

authors hypothesized that local Shh

signaling at the villi tip might induce the

villus cluster. However, as the authors

had previously shown that shh mRNA is

uniformly distributed throughout the gut

endoderm, other mechanisms than re-

stricting shh expression to tip cells of the

forming villi had to be tested.

In a set of elegant experiments, inspired

by predictions from theoretical modeling,
Cell
the authors show that the formation of

villi would generate local maxima of Shh

signaling activity at the villi tips respon-

sible for the induction of the villus cluster

below. To this end, the authors assumed

that Shh is secreted equally by all endo-

dermal cells, diffuses within the under-

lying mesenchyme, and is degraded.

Crucially, the morphological changes of

the forming villus are captured by chang-

ing boundary conditions, which lead to a

steady-state concentration profile with

maximum concentration at the tip of the

villus; this maximum concentration in-

creases as the villus grows more acute

(Figure 1B). If the induction of the villus

cluster requires high Shh concentrations,

this scenario would explain its localization

to the tip. To test this scenario directly, the

authors undertook explant experiments in

which they either prevent buckling by flip-

ping the epithelium inside out or induce

premature folding by placing slabs of em-

bryonic gut on fine grids forcing the sur-

face to bend. These experiments clearly

show that preventing gut buckling abol-

ishes the localized induction of villus clus-

ters, whereas forcing premature buckling

induces premature villus clusters. The

key role of Shh in this process was further

supported by experiments showing that

Shh protein displays a graded distribution

with maxima at the villi tips and that

modulating Shh signaling activity affects

villus cluster formation. Collectively, these

data provide strong support for an in-

structive function of surface buckling in

establishing local maxima of Shh sig-

naling activity responsible for villus cluster

formation.

Several questions arise from this work.

Foremost, we still know very little about

how the Shh gradient forms: is Shh pro-

duction/secretion homogenous? Does
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Figure 1. Forming a Morphogen Gradient by Tissue Folding
(A) Schematic of morphogen gradient model: morphogens are secreted by source cells and form a graded concentration profile in the target tissue, where cells
express different target genes (X, Y, and Z) and ultimately adopt different cell fates dependent on the morphogen concentration.
(B) Tissue folding leads to villi formation in the gut. Shh molecules are shown in blue. As the villi grow more acute, the maximal Shh concentration at the tip
increases; the Shh concentration ultimately exceeds a high threshold (dotted lines) abovewhich the formation of the villus cluster in the underlyingmesenchyme is
induced.
Shh simply diffuse in the extracellular

space? How does it get degraded?

Although the model predicts the genera-

tion of local maxima of Shh signaling ac-

tivity upon gut folding, there are several

signaling-related processes beyond the

geometrical change of the tissue that

might be affected by the folding process

itself. For instance, signal secretion from

the gut epithelium to the villus cluster

might be modified by changes in the

apical-to-basal proportion of gut epithelial

cells due to cell shape changes during the

buckling process. Moreover, Shh signal

propagation and degradation within the

villus cluster mesenchyme might be

modulated by cellular rearrangements

within the cluster as a result of cluster

shape changes during villi formation.

Finally, reciprocal BMP signaling activity

induced within the villus cluster by Shh

signaling from the gut epithelium and

required for restricting the proliferative

activity within the forming villi might itself

be altered by cluster shape changes dur-

ing the folding process. Experimentally
432 Cell 161, April 23, 2015 ª2015 Elsevier In
determining potential changes in such

processes during villi formation and incor-

porating them as parameters into a theo-

retical model of villi formation as a func-

tion of Shh and BMP signaling will likely

generate intriguing predictions about the

behavior of this system, which, in turn,

can be tested experimentally.

Another issue, related to the points dis-

cussed above, is the precise spatiotem-

poral relationship between Shh and BMP

signaling activity and tissue morphogen-

esis. As observed for other feedback

mechanisms (Brandman and Meyer,

2008), the time delays between Shh/

BMP signaling and the different morpho-

genetic processes leading to villi forma-

tion (tissue folding and cell proliferation)

will be critical for the outcome of the pro-

cess. It will be interesting to determine

how quickly cells within the mesenchyme

upon reception of Shh signals from the villi

tip can upregulate BMP expression and

how quickly BMP receiving cells within

the gut epithelium can switch off the pro-

liferative activity. Again, experimentally
c.
addressing such delays and incorporating

them as parameters in theoretical model

will likely produce informative predictions

about the process itself.
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SUMMARY

We address the mechanism by which adult intestinal
stem cells (ISCs) become localized to the base of
each villus during embryonic development. We find
that, early in gut development, proliferating progeni-
tors expressing ISC markers are evenly distributed
throughout the epithelium, in both the chick and
mouse. However, as the villi form, the putative stem
cells become restricted to the base of the villi. This
shift in the localization is driven by mechanically
influenced reciprocal signaling between the epithe-
lium and underlying mesenchyme. Buckling forces
physically distort the shape of themorphogenic field,
causing local maxima of epithelial signals, in partic-
ular Shh, at the tip of each villus. This induces a
suite of high-threshold response genes in the under-
lying mesenchyme to form a signaling center called
the ‘‘villus cluster.’’ Villus cluster signals, notably
Bmp4, feed back on the overlying epithelium to ulti-
mately restrict the stem cells to the base of each
villus.

INTRODUCTION

Although studies of stem cells have revealed a great deal about

maintenance and propagation, the origin of most adult stem cell

populations remains an open question. Intestinal stem cells

(ISCs) have been particularly well studied. A number of important

factors have been described as being produced in the ISC

niche to maintain their multipotency and proliferative potential,

including canonicalWnt signaling (Spence et al., 2011). The iden-

tification of genetic ISC markers in the adult intestine, such as

Lgr5, has made it possible to identify the location of these cells.

In the adult Lgr5-positive ISCs reside in the intestinal crypt, found

below the base of each (Barker et al., 2007). The earliest known

expression of Lgr5 is just after birth inmouse (Kim et al., 2012). At
this time, Lgr5 is expressed at the base of each villus, where the

crypt will soon form. However, the expression patterns of this

and other adult stem cell markers in amniotic embryos have

not been systematically studied, and indeed, whether or not

Lgr5-positive cells are even present prior to birth has remained

uncertain.

It is clear, however, that morphological villi arise before birth

(or hatching in birds). Perhaps surprisingly, although stem cell

proliferation and differentiation are critical for homeostatic

maintenance of the villi, the initial formation of the villi does

not appear to be a stem-cell-dependent phenomenon, at least

in the chick. Morphogenesis of the lumen of the chick gut

occurs in a stepwise progression wherein the initially smooth

lining of the primitive gut tube is first transformed by compres-

sive forces into a series of longitudinal parallel ridges. These

are then deformed into a series of regular zigzag ridges.

Finally, the zigzags segment to give rise to individual villi (Cou-

lombre and Coulombre, 1958; Shyer et al., 2013) (Figure S1A).

A similar process occurs in the formation of human villi (Hilton,

1902; Lacroix et al., 1984). The formation of the ridges is driven

by the differentiation of the first circumferential smooth muscle

layer of the intestine. This forms a barrier restricting further

expansion as the inner submucosal and endodermal layers

continue to proliferate, resulting in their buckling. Similarly,

the zigzags form due to compressive forces generated

by further submucosal and endodermal growth when the sec-

ond longitudinal smooth muscle layer differentiates, creating

orthogonal barriers to expansion in both the longitudinal and

radial directions. Finally, the arms of the zigzags each give

rise to individual villi as the third, innermost layer of longitudinal

smooth muscle differentiates in the context of a decrease in

proliferation along the top of the zigzags (Shyer et al., 2013).

This previous study thus addressed the mechanism by which

villi first form in the developing chick gut. However, this work

begs the question of why proliferation suddenly drops at the

tips of the folds at the zigzag stage and also leaves unan-

swered the critical question of how stem cells are localized

to the base of the villi as they form. These issues are the focus

of this current study.
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Figure 1. Intestinal Stem Cell Markers Are Expressed Uniformly in

the Early Mammalian Embryo and Are Refined during Development

(A) Lgr5-EGFP-positive cells in heterozygous mouse intestines from E12.5

to E15.5. High-magnification views (below) show progressive restriction of

expression from the villus tip. Sections from a littermate control lacking the

knock-in allele (right column) show no GFP expression.

(B) CD44 immunohistochemistry in mouse intestines from E12.5 to E15.5.

High-magnification views (below) show similar progressive restriction of

expression from the villus tip.

(C) Sections of the intestine from two different P0 mice that resulted from

crossing the Lgr5 knock-in allele containing an inducible Cre with a Rosa26-

TdTomato floxed reporter after tamoxifen induction at E13.5. GFP represents

Lgr5 expression at P0, and tdTomato indicates the location of cells and their

descendants that expressed Lgr5 during induction at E13.5. Scale bars,

50 mm.
RESULTS

Intestinal StemCell Markers Are Expressed Uniformly in
the Early Mammalian Gut and Are Refined during Villus
Formation
Although the definitive ISCs of the postnatal intestine are derived

from the endoderm of the primitive gut tube and the early gut

epithelium has been hypothesized to be a uniform stem-cell-

like pool (Crosnier et al., 2006), it has remained unclear whether

ISCmarkers are expressed at these early stages. To test this, we

took advantage of a murine GFP knock-in allele of the best-stud-
570 Cell 161, 569–580, April 23, 2015 ª2015 Elsevier Inc.
ied ISCmarker, Lgr5 (EGFP-IRES-creERT2) (Barker et al., 2007).

Strikingly, Lgr5-expressing cells are found throughout the

epithelium in the embryonic day 12.5 (E12.5) small intestine,

just prior to villus formation (Figure 1A). Over the following days

of development, Lgr5 expression is lost in the forming villus

tip and is progressively restricted to the space between villi as

they form (Figure 1A). A second ISC marker, CD44 (Itzkovitz

et al., 2012), follows a similar progression albeit with slightly

delayed kinetics (Figure 1B).

In the adult intestine, canonical Wnt signaling is essential for

maintaining ISCs. In previous studies, markers for active Wnt

signaling, such as Sox9, have been reported to be initially ex-

pressed uniformly throughout the embryonic gut but are then

restricted to the intervillous space as villi form (Blache et al.,

2004; Formeister et al., 2009; Furuyama et al., 2011). Moreover,

previous reports have shown that epithelial proliferation follows

the same progressive restriction from the tip of forming villi

(Crosnier et al., 2006).

Thesedata suggest that the ISCs localizedat thebaseof the villi

at birth are remnants of a broader precursor stem cell population

found throughout theearly gut endoderm. Todirectly testwhether

this is the case, we made use of the inducible Cre present in the

Lgr5 knock-in allele and crossed it into the background of a

Rosa26-tdTomato floxed reporter that is irreversibly activated in

the presence of Cre recombinase, marking the cells in which

Cre is expressed and also their descendants. We labeled cells

by inducing Cre activity at E13.5, a stage when the entire epithe-

lium isproliferativeandexpressesLgr5.We thensectionedgutsof

postnatal animals, a timewhenstemcells are localized to thebase

of the villi and to the inter-villus regions, and examined them for

tdTomato expression.Weobserved staining at the base of the villi

that colocalized with Lgr5 expression and, in many cases, also

saw staining along the sides of the villi (Figure 1C) even though,

at this stage, the epithelial cells of the villi do not actively express

Lgr5. As the epithelial cells of the villi at this stage are known to be

derived from the stem cells at their base, these data indicate that

the embryonically labeled Lgr5-positive cells are indeed the pro-

genitors of the post-natal intestinal stem cells.

Although the villi in mouse appear to be established through

similar compressive forces as in the chick (Shyer et al., 2013),

they arisemuchmore quickly andwithout the clear stepwise pro-

gression seen in the chick (Figure S1B). To investigate when in

this process the stem cells are localized, we therefore switched

systems to the chick.

Stem Cells Are Restricted Late in Chick Endodermal
Morphogenesis as Zigzags Become Compact and Begin
to Morph into Pre-villus Bulges
As Lgr5 expression is difficult to detect in the developing chick

midgut, we utilized single-molecule fluorescent in situ hybridiza-

tion (FISH) to locate Lgr5-expressing cells across chick intestinal

development. Lgr5 is expressed uniformly throughout the early

embryonic intestinal epithelium and continues as such through

the early stages of epithelial morphogenesis into ridges and

zigzags (Figures 2A and S2A). However, by E15, as the zigzags

attain their maximal compaction just before they begin to morph

into the bulges that will give rise to villi, Lgr5 expression is dimin-

ished in the tip of the epithelial fold. By hatching, expression is



Figure 2. Restriction of Progenitor Identity Is Observed during the

Slower Progression of Villus Formation in Chick

(A) Quantification of single LGR5 mRNA molecules per unit length across the

base, middle, and tip of epithelial folds over time (quantifications were done on

at least three gut samples for each stage). Data are represented as mean ± 1

SD. See also Figure S2.

(B) Immunofluorescence for Sox9 in the chick intestine across development

from E13 when expression is uniform in the epithelium through E15 when Sox9

is restricted from the tips of the folds and at hatch when Sox9 is expressed

predominantly in the intervillous space. Scale bars, 50 mm.
predominantly limited to the intervillous space (Figures 2A and

S2A). Similarly, Sox9 is expressed uniformly in the early chick in-

testinal epithelium and is lost at the tips of the folds by E15 (Fig-

ure 2B). Thus, the localization of both putative stem cells and of

the Wnt signaling that supports them becomes restricted just

before the pre-villus bulges start to emerge. We have previously

noted that this transition from zigzags to bulges also correlates

with and, indeed, depends upon a progressive restriction of

proliferation from the tips of the folded luminal surface E15

(Shyer et al., 2013).

A Signaling Center Correlating with the Timing and
Localization of Stem Cells in the Forming Gut
Apotential clue for how epithelial proliferation and stem cell iden-

titymight be regulated comes from themouse,where lack of pro-

liferation at the villus tip has previously been correlated with the

presence of a signaling center in the distal mesenchyme of the

nascent villi, called the ‘‘villus cluster’’ (Karlsson et al., 2000),

which expresses PDGFRa, Gli1, Ptc1, Bmp2, and Bmp4 (Karls-

son et al., 2000;Walton et al., 2012). In the chick, we find that

the same suite of genes is expressed at a high level in the equiv-

alent location at the tip of the highly folded epithelium at E15,

although the same genes are expressed at a lower level at earlier

time points in a narrow band directly under the entire epithelium

(Figure 3A). The time when the villus cluster genes are upregu-

lated is the same stage as when the overlying distal epithelium

loses stem cell marker expression and as when proliferation de-

creases in the distal domain of the epithelium (Shyer et al., 2013).
The chick villus cluster includes cluster-specific expression of

Foxf1, a transcription factor implicated in villi formation (Ormes-

tad et al., 2006) but not previously observed in the cluster, as

well as PDGFRa, Ptc1, and Bmp4 (Figure 3A). We also examined

phospho-SMAD staining, as a reporter of Bmp activity, during

chick gut morphogenesis. Phospho-SMAD reactivity is identified

with a timing that correlates with the onset of high-level Bmp

expression in the villus cluster and negatively correlates with

the localization of Lgr5 expression (Figure 3B).

It has recently been shown that, in mouse, the villus cluster

expression of Bmp4 and the general Shh target Ptc1 are down-

stream of hedgehog signaling (Walton et al., 2012; Ormestad

et al., 2006). Moreover, it has long been known that, at earlier

stages in chick gut formation, Sonic hedgehog (Shh) is respon-

sible for inducing expression of Bmp4 in the underlying mesen-

chynme (Roberts et al., 1995). Accordingly, we find that, in the

chick, villus cluster-specific expression of Ptc1and BMP4, as

well as Foxf1, is lost upon inhibition of Hedgehog signaling by cy-

clopamine and expanded in response to additional Shh protein

(Figure 4A). As expected, the decrease or increase of Bmp4

expression, in response to cyclopamine or Shh, respectively, is

reflected by a concomitant respective loss of or broadening of

phospho-SMAD reactivity (Figure 4B).

A Feedback Loop from the Villus Cluster to the
Epithelium Localizes Stem Cells to the Base of the
Forming Villi
To test whether signals from the villus cluster, in fact, direct the

fate of cells in the neighboring epithelium, we excised a small

segment of intestine fromanE14chickembryo,whenprogenitors

are uniformly distributed and before the villus cluster has formed,

and manipulated cluster signals in vitro during 36 hr of culture.

Control cultures display strong Edu labeling, which is indicative

of proliferation exclusively at the base of the fold, just like their

E15.5 in vivo counterparts (Figure 4C). However, culturing in the

presence of the hedgehog inhibitor cyclopamine or the Bmp

inhibitor Noggin results in expansion of proliferation throughout

the endoderm, including the villus tips (Figure 4C). Conversely,

in explants cultured in the presence Shh or Bmp4, proliferation

is absent not just from the tips of the villi, but from the entire endo-

dermal layer. As shown above, Shh activity is responsible for

inducing Bmp4 expression in the underlying mesenchyme. To

confirm this epistatic relationship in this context, we simulta-

neously treated cultures with both Shh and Noggin. Application

of both Shh and Noggin to gut segments in culture mimics the

effects of Noggin alone, maintaining proliferation throughout the

endoderm (Figure 4C). Thus, as expected, endodermally derived

Shh activity is upstream of mesenchymal Bmp4 expression, and

Bmp4 activity represses endodermal proliferation.

Wnt signaling is an important niche signal for maintaining ISCs

in the mature intestine. Moreover, mouse mutants with loss of

villus cluster signals show an expansion ofWnt expression (Mad-

ison et al., 2005; Ormestad et al., 2006), suggesting that the

presence of Bmp signaling at the tips of the villi may lead to

the observed loss of ISCs in the overlying epithelium by reducing

Wnt activity. Blocking Shh or BMP signaling resulted in uniform

staining of the Wnt target Sox9 throughout the gut epithelium,

whereas control gut tissue only showed Sox9 expression in the
Cell 161, 569–580, April 23, 2015 ª2015 Elsevier Inc. 571



Figure 3. As the Proto-villi Form from E13 to

E15, the Villus Cluster Signaling Center

Forms in the Mesenchyme at the Distal Tip

(A) Luminal views of the zigzag topography from

E13 to E15, and expression of cluster genes goes

from uniform under thewide folds of the epithelium

at E13 (left) to predominantly localized to the

mesenchyme under the forming villi at E15 (right).

(B) PhophoSMAD staining demonstrates high

BMP activity in the villus cluster and the adjacent

epithelium. Close-up views (below) of a single fold

at E15 highlight epithelial staining (arrowhead),

which is less intense than staining in the mesen-

chymal cluster. Scale bars, 50 mm.
lower half of the villi (Figure 4D). Conversely, in explants cultured

in the presence of Shh or Bmp4, Sox9 is absent in the endo-

dermal layer (Figure 4D).

To directly verify that this signaling cascade regulates ISC

restriction, we assessed the expression of the ISC marker Lgr5

in the presence of repressed Shh activity. As anticipated, when

cyclopamine is added, abolishing villus cluster gene expression,

the resulting intestine segments maintain expression of Lgr5

throughout the folded epithelium, whereas expression is lost at

the tip in control segments (Figures 4E and S2B).

Together, these results support a model in which Shh activity

in the gut endoderm induces villus cluster gene expression in the

subadjacent mesenchyme at the tips of the villi. This signal cen-

ter then produces Bmp4, which reciprocally feeds back on the

endoderm to block Wnt activity and hence repress ISC identity

and cell proliferation at the distal end of the growing villi.

Physical Changes in the Morphology of the Lining of the
Gut Create Local Maxima of Signaling Activity to Induce
the Villus Cluster
There is, however, an obvious problem with this model: we have

shown that Shh is expressed uniformly throughout the gut endo-
572 Cell 161, 569–580, April 23, 2015 ª2015 Elsevier Inc.
derm at the stages of development under

consideration (Figures 3B and 4A), yet the

putatively Shh-dependent villus cluster

genes are only induced at the distal tips

of the villi. A plausible model explaining

this localized, elevated response to Shh

takes note of the fact that a uniformly

secreted protein will be at a higher con-

centration in locations where the target

tissue is surrounded by morphogen-pro-

ducing tissue (e.g., at the curved tip of

the highly folded epithelium) than where

it is only adjacent to the source of the

morphogen on one side (e.g., at the

base of the folds). This is supported by

computational modeling, which shows

that a highly folded epithelium, or finger-

like pocket, indeed results in both an in-

crease in a morphogen concentration

gradient and a greater depth of high-level

signaling below the endoderm, relative to
a similarly scaled, wider fold (Figure S3 and Extended Experi-

mental Procedures). The slow, stepwise nature of villi formation

in chick allows for a detailed investigation of this hypothesis for

how the villus cluster arises. During the stages in which the

lumen takes on an increasingly compact zigzag topography

(E13, E14, and E15) we find that the cross-sectional shape of

these structures changes in concert (low peak, narrow peak,

and rounded tip, respectively) (Figures 5A and 5B). This would

be predicted to lead to increasingly concentrated gradients

of endodermally derived signaling at the tip (schematized in

Figure 5B).

To directly test this idea, we examined the distribution of Shh

with an antibody directed against this protein. Anti-Shh staining

intensity was plotted along a line from the tip of the folded epithe-

lium and orthogonal to it (Figure 5D). Prior to E15, anti-Shh reac-

tivity is identified in the epithelium and themesenchyme just sub-

jacent to the endoderm. However, at the transition from zigzags

to bulges, the mesenchyme in the distal domain of the folded tis-

sue showed significantly elevated Shh protein accumulation. In

addition, the shape of the gradient tapers off much more slowly

within the highly folded epithelium of the E15 gut than within the

broader fold seen at E13. This is consistent with expectations,



Figure 4. ISC Localization Is Regulated by

BMP Signaling from the Underlying Mesen-

chymal Villus Cluster Signaling Center

(A) In situ hybridizations of E14 chick intestines

cultured for 36 hr without (control) or with cy-

clopamine or recombinant Shh ligand.

(B) PhosphoSMAD staining of cultured samples

demonstrates the impact of compounds and

recombinant proteins on BMP activity.

(C) Edu labeling of E14 chick intestines cultured

for 36 hr with the listed compounds and recom-

binant proteins. Below: quantification of percent

Edu-positive cells across the sub-regions of

epithelial folds, and at least three folds on each of

three samples were counted.

(D) Sox9 staining of cultured samples demon-

strates the effect of compounds and recombinant

proteins on Wnt activity.

(E) Quantification of single-molecule FISH for

LGR5 performed on sections from at least 3 E14

chick intestines cultured for 36 hr without (control)

or with cyclopamine. See also Figure S2. Data are

represented as mean ± 1 SD. Scale bars, 50 mm.
since—in addition to Shh protein diffusing from the tip—the

mesenchyme within the narrowly folded E15 epithelium is

exposed to Shh secreted from the epithelium lateral to it, aug-

menting the gradient. At both stages, the highest level of Shh

staining is observed within the epithelium itself, which is to be

expected as the antibody will detect both extracellular and intra-

cellular protein in the tissue producing the Shh. Importantly,

however, the level of Shh produced by the epithelium, averaged

for the nine sections assayed at each time point, is equivalent at

E13 and E15. To further verify that the architecture of the tissue

affects Shh protein accumulation, we compared the concentra-

tion of Shh protein 5 microns below the tip of the epithelial fold at

E15 versus the concentration present at the same distance

below the base of the fold. As expected, the intensity of staining

is much higher within the fold, providing a mechanism explaining

localized high-level Shh signaling at the epithelial tips.
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If the mesenchyme responds to Shh

by activating villus cluster genes at a

high threshold concentration, this would

explain the observed localization of

high-level villus cluster gene expression.

Indeed, examination of the expression

pattern of villus cluster markers such as

PDGFa and Bmp4 gives results consis-

tent with this model (Figure 5C). Consis-

tent with epithelial morphogenesis acting

upstream of increased Shh signaling and

hence villus cluster gene activity, and not

vice versa, after treating with cyclop-

amine to block hedgehog signaling, we

observed no alteration in the global struc-

ture of the epithelium or in individual

epithelial or mesenchymal cell shape, us-

ingmembrane-bound b-catenin to outline

cell contours (Figure S4).
To test whether the bending of the epithelium into more tightly

curved domains, with consequent high levels of localized

signaling, is indeed responsible for the upregulation of villus clus-

ter genes in the tips of these structures, we undertook a simple

experimental manipulation designed to ‘‘open’’ the normally

tightly folded epithelium. Ringlets of embryonic intestine were

excised at E14 and placed into culture in vitro. The folds in the

epithelium arise due to constraint on the proliferating inner layers

by subadjacent differentiated smooth muscle (Shyer et al.,

2013). To alter this physical constraint, half of the rings were

turned inside out, putting the endoderm and mesenchyme

outside of the rings of smooth muscle, allowing the epithelium

more length to take on a less folded form (Figure 6A). Following

36 hr of culture, the inside-out ringlets indeed had a broader con-

tour than their right-side-out counterparts. After culture, the ring-

lets were sectioned and processed for in situ hybridization with
80, April 23, 2015 ª2015 Elsevier Inc. 573



Figure 5. Non-uniform Mesenchymal Sig-

nals Are Downstream of Uniform Epithelial

Signal

(A) Luminal views of the chick intestine from E13 to

E15, as progenitor identity is lost from the tips of

the folds (also shown in Figure 3A). Dotted lines

represent the plane of section for transverse views

in (B)–(D).

(B) Schematic of diffusion of signal from an

epithelium of the particular shape at each

stage; darker color represents more signal.

Note the increasing signal overlap in the underly-

ing mesenchyme as the fold narrows. See also

Figure S3.

(C) In situ hybridization for Bmp4 (above) PDGFRa

(below) expression from E13 to E15 matches the

predicted pattern in (B) (also shown in Figure 3A).

(D) Distribution of Shh protein in folded tips of the

chick intestine at E13 and E15 (left). Antibody

staining intensity across the 100 mm region boxed

on the left was quantified using the Plot Profile

function in Fiji (right). Brightness values were

normalized to background levels for each image.

A comparison of Shh staining intensity in E13

(graphed in blue) versus E15 (graphed in red)

shows increased Shh staining in the E15 mesen-

chyme (dotted line denotes epithelial-mesen-

chymal border). The staining intensities across the

E13 and E15 epithelia are not significantly different

(p < 0.08). Three different z slices from each of

three samples were averaged for each stage.

Below, the staining intensity found in a 5 mm by

5 mm region that is 5 mm from the E15 tip epithe-

lium (pink) is significantly brighter than in the

same-sized region 5 mm from the E15 base

epithelium (yellow) (p < 0.001). Measurements

from two different z slices from each of three

samples were averaged for each E15 region. Data

are represented as mean ± 1 SD. Scale bars,

25 mm.
various villus cluster probes (Ptc1, Bmp4, PDGFRa, and Foxf1).

Each of these was strongly expressed at the fold tips of the

control ringlets, but all were expressed uniformly at a lower level

under the epithelium in the inside-out ringlets (Figure 6B). More-

over, phospho-SMAD staining, indicative of Bmp upregulation in

villus clusters, is also greatly diminished in the inside-out ringlets

relative to control cultures (Figure 6B). These results suggest that

the villus cluster forms in the mesenchyme at the tip of the fold

because those cells are almost completely encapsulated by

Shh-expressing epithelium, allowing high threshold responses

to be activated.

Preventing villus cluster formation by flipping the intestines

inside out results in an absence of the localized Bmp signal

that we demonstrated is responsible for restricting ISC localiza-

tion within the gut epithelium. Thus, the inside-out ringlets of guts

would be expected to maintain stem cell properties and prolifer-

ation throughout their epithelium. Indeed, such manipulations
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lead to maintenance of uniform prolifera-

tion throughout the epithelium, whereas

proliferation is lost in the epithelium sur-
rounding the cluster that forms in control rings (Figure 6B). Simi-

larly, uniform expression of the Wnt target Sox9 and the ISC

marker Lgr5 is maintained in the inside-out guts lacking villus

cluster gene expression, whereas it is restricted from the folded

tips in controls (Figures 6B and S2C).

As a second way of preventing late stages of epithelial

morphogenesis, we took advantage of a drug, FK506, that has

been shown to block smooth muscle differentiation (Fukuda

et al., 1998). As we previously showed (Shyer et al., 2013), differ-

entiation of smooth muscle layers is necessary for generation of

the compressive forces that buckle the endoderm into ridges,

zigzags, and then villi. We cultured guts in vitro from ridge stage

to late zigzag stage, with or without the presence of FK506.

Consistent with the results described above, without longitudinal

muscle differentiation, and hence without progressing beyond

parallel ridges, the entire endoderm remains proliferative, and

villus cluster genes are never upregulated. As in vivo, control



cultures display restricted distal proliferation and activation of

villus cluster gene expression (Figure S5).

These results indicate that the three-dimensional folding of the

epithelium is necessary to locally increase Shh signaling (as seen

in Ptc1 expression) and induce the villus cluster genes. To see if it

is also sufficient, we sought to create villus-like structures at a

stage when the epithelium is normally not as tightly folded. Slabs

of embryonic gut were excised at E10, when the gut is folded into

several wide ridges, and placed into culture in vitro. Half of the

slabs were placed under a fine grid, causing the luminal surface

to fold, with continued growth, into many small villus-like bumps,

long before endogenous villus formation takes place (Figure 6C).

Slabs were cultured for 36 hr and then processed for in situ

hybridization with various villus cluster probes (Ptc1, Bmp4,

Foxf1, and PDGFa). After 36 hr in culture, there is no change in

expression of Shh itself, which continues to be expressed

uniformly in the epithelium under these conditions (Figure 6D).

However, while villus cluster gene expression in control

segments is nearly uniform at a low level under the epithelium,

samples grown under the grid display elevated expression in

the mesenchyme under areas of highest epithelial curvature.

PhosphoSMAD staining is observed in the same locations re-

flecting the change in BMP pathway activity (Figure 6D). There-

fore, simply morphing the tissue into the necessary shape can

induce villus cluster-like local maxima of Shh responsive genes.

Further, whereas proliferation and Sox9 expression are uniform

in the control epithelium, in the samples cultured under the

grid, proliferation and Sox9 expression are lost from the tips of

the folds, surrounding the areas wheremesenchymal expression

of cluster genes is highest (Figure 6D).

Taken together, these results demonstrate that the villus clus-

ter genes are induced at local maxima of Shh activity, resulting

from the additive effect of signaling that is compounded through

the folding of the overlying epithelium.

Villus Formation in the Mouse
To examine the universality of the mechanism we have

described, we returned to the developing mouse gut. As previ-

ously described (Sbarbati, 1982; Walton et al., 2012; Shyer

et al., 2013), the villi of the embryonic mouse gut form directly

within the lumen without going through intermediate ridge and

zigzag stages of epithelial folding. A critical question, in terms

of themodel we derived from the chick, is whether the epithelium

buckles prior to expression of the villus cluster genes in mouse.

To address this, we serially sectioned E14.5 mouse guts and

carefully examined each section. This is the stage when villi first

arise in the mousemidgut, forming in a rostral to caudal progres-

sion. Thus, at this stage, the caudal-most region of the small in-

testine exhibits no epithelial projections (Figure 7A). Consistent

with our previous studies showing that smooth muscle differen-

tiation is required for villus formation (Shyer et al., 2013), we also

see no evidence of the longitudinal smooth muscle in this

domain, using smooth muscle actin (SMA) as a marker (Fig-

ure 7A). More rostrally, we see the first buckling of the endoderm

into small ‘‘alcoves,’’ concomitant with the first appearance of

the longitudinal smooth muscle staining (Figure 7B). However,

careful examination of serial sections fails to detect any sign of

expression of upregulation of the villus cluster gene PDGFRa
at this rostrocaudal level (Figure 7B). It is only when one moves

still further rostrally that one sees deeper alcoves displaying

strong PDGFRa expression at their tips (Figure 7C). Thus, epithe-

lial morphogenesis precedes villus cluster gene activation.

These descriptive data are at least consistent with the activation

of villus cluster gene expression in the mouse being a conse-

quence of higher level Shh signaling in pockets of buckled

epithelium.

To directly test whether changing the architecture of the

epithelium would affect villus cluster gene expression in the

mouse, we returned to the experiment, creating premature

pseudo-villi in the mouse gut by forcing growth through a fine

grid at E13.5, prior to epithelial buckling. As in the chick,

following 24 hr of incubation, the luminal surface folded into

many small villus-like bumps extending through the holes in

the grid. Whereas control guts did not show any signs of villus

cluster gene expression following culture, samples grown under

the grid showed strong upregulation of PGFRa at the tip of each

pseudo-villus (Figure 7D).

As described above, both proliferation and the stem cell

marker Lgr5 are restricted from the tips of the forming mouse villi

once villus cluster gene expression is activated. To see whether,

as in chick, this is due to high-level Shh signaling, we cultured

developing mouse guts in vitro and blocked the Shh pathway

with cyclopamine. Cyclopamine treatment was sufficient to

expand both proliferation and expression of stem cell markers,

CD44, Sox9, and Lgr5, in the tips of the forming villi in the treated

guts, whereas control guts cultured in the absence of cyclop-

amine appeared similar to their in vivo counterparts (Figure 7E).

These data support the hypothesis that, as in chick, it is

mechanical deformation of the gut epithelium that leads to high

concentrations of Shh, hence induction of villus cluster genes

in the mesenchyme and consequent restriction of stem cells in

the underlying endoderm.

DISCUSSION

Our study has elucidated a series of steps integrating physical

morphogenesis of the gut epitheliumwith restriction of stem cells

to the base of the forming villi. Shh expressed by the endoderm is

concentrated toward the tips of the buckling epithelial layer

because of the repositioning of the source of the signal to sur-

round the distal mesenchyme. This results in the induction of a

signaling center, the villus cluster, as a high-threshold response.

Bmp activity, emanating from the villus cluster, acts to oppose

Wnt signaling and thereby leads to the sequestering of Wnt-sup-

ported proliferative ISCs to the base of the villi.

Localization of ISCs in Mice
Intriguingly, although the intestinal lining of both birds and euthe-

rian mammals is characterized by the presence of long finger-

like villi, this morphology appears to have evolved convergently,

as the gut morphology of lower animals, including fish (Walker

et al., 2004), amphibians (McAvoy and Dixon, 1978), reptiles

(Ferri et al., 1976; Kotzé and Soley, 1995), and evenmonotremes

(Krause, 1975), include various forms of ridges and folds to in-

crease the surface area of the lining of the gut, but not individual

villi. The tight packing and long projections of individual villi that
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Figure 6. Epithelial Shape Directs Cluster Formation

(A) Experimental schematic: a ring of E14 intestine (left) is cultured for 36 hr either as a control segment or after first being flipped inside out (right).

(B) After 36 hr in culture, the cluster signal arises in the control rings (top), similar to what would be found in an E15 intestine. The rings that were flipped inside

out before culture have an epithelial shape similar to E13 intestine and, concomitantly, an in situ pattern and phosphoSMAD staining that matches expression at

E13. Proliferation (quantified as in Figure 4), Sox9 expression, and Lgr5 expression are all lost from the tips of folds that form in the control rings. See also

Figure S2.

(C) Experimental schematic: a slab of E10 intestine (left) is cultured for 36 hr either as a control segment (where wide ridges will be maintained) or under a fine grid

that induces many small villi-like bumps (right).

(legend continued on next page)
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represent an optimized solution for increasing surface area

(hence allowing maximal absorption of nutrients) may have

been selected for independently in the twomost highlymetabolic

lineages, mammals and birds. The stepwise progression of

mucosal folds from ridges to zigzags to villi has been well

described in the chick (Coulombre and Coulombre, 1958). A

similar series of transitions, involving segmentation of pre-villus

ridges to form villi, has been described for several mammals,

including cattle (Winkler and Wille, 1998) and humans (Hil-

ton,1902; Lacroix et al., 1984). In striking contrast, the villi of

the murine intestine form directly from the floor of a smooth

epithelium (Sbarbati, 1982). The process of villus formation in

the mouse does, nonetheless, share at least some mechanistic

aspects with the chick and other guts where villi form via seg-

mentation. In both chick and mouse embryonic gut, villus forma-

tion is prevented by blocking differentiation of the smooth

muscle (which, at least in chick, acts as a barrier to expansion

of the epithelium, thereby causing mucosal buckling). Moreover,

modeling of the physical properties of the embryonic mouse in-

testine indicates that compressive mechanical forces induced

by constrained growth are sufficient to explain the emergence

of villi in mice as in chick (Shyer et al., 2013).

Consistent with this, we found that, concomitant with smooth

muscle differentiation, the mouse epithelium buckles into small

alcoves that could, in principle, lead to local elevated concentra-

tions of Shh protein prior to the onset of villus cluster gene

expression. As in the chick, stem cell markers and Wnt-respon-

sive genes are expressed uniformly throughout the gut epithe-

lium prior to this point and are downregulated at the tips of the

forming villi as the villus cluster genes are expressed. Also, as

in the chick, blocking the Shh pathway, and thus downstream

BMP signaling, is sufficient to expand proliferation and the

expression of Lgr5, suggesting that the presence of Shh

signaling normally acts to restrict them from the villus tips.

Finally, creating villus-like structures prematurely results in the

upregulation of a marker of the villus cluster through geometric

constraint. Although the central features involved in gut stem

cell localization during villus formation, thus, appear to be the

same in mice and chicks, there is some evidence that there

may be differences as well. For example, formation of the villus

cluster in the mouse appears to involve cell aggregation (Walton

et al., 2012), aswell as induction of gene expression, a feature we

have not observed in the chick. Further work will be required to

gain a fuller picture of how villus formation and stem cell location

are achieved in mice and to integrate other findings with the

results described here.

Bmp Antagonism of Wnt Activity in Restricting
Proliferation and Stem Cell Activity
Our data show that the net result of the Shh-Bmp signaling

cascade is a restriction of proliferation, as well as a decrease

in expression of Wnt-dependent stem cell markers at the tips
(D) After 36 hr in culture, the cluster gene expression and phosphoSMAD staining

grown under the grid form villi-like bumps and display non-uniform expression

curvature. Proliferation and Sox9 expression are uniform in the control epithelium

are lost from the tips of folds that form particularly in areas where the curvatu

represented as mean ± 1 SD. Scale bars, 50 mm.
of the developing epithelial folds. We did not, in the context

of this study, explore how this is achieved. However, a similar

Bmp antagonism of Wnt activity has previously been described

in the context of the adult intestinal stem cell niche. As we

observed embryonically, Bmp ligands are also strongly pro-

duced by the inter-villus mesenchyme near the tips of the adult

villi with a decreasing gradient toward the crypts (He et al.,

2004; Hardwick et al., 2004; Haramis et al., 2004; Batts et al.,

2006). Moreover, this Bmp activity in the adult villus acts to sup-

press Wnt signaling to control the balance of stem cell renewal

and differentiation (He et al., 2004). In this context, the Bmp

and Wnt pathways are integrated intracellularly at the level of a

PTEN/Akt-dependent mechanism (Tian et al., 2005). It seems

likely that this same or a similar mechanism is employed down-

stream of Bmp activity at the earlier stage investigated here.

Mechanically Based Induction of Gene Expression
The physical reshaping of morphogenic gradients represents an

intriguing paradigm in the integration of mechanics and develop-

mental signaling. Of course, in addition to this mechanism,

many instances have been described wherein forces impact

gene expression through mechanosensory signal transduction.

In a formal sense, it is certainly possible that mechanosensory

signaling also contributes to the activation of target gene expres-

sion during gut epithelial morphogenesis. However, we empha-

size that ectopic action of Shh is sufficient to induce villus cluster

gene expression and to restrict the location of stem cells and

proliferation, while blocking Shh activity is sufficient to result in

a loss of villus cluster gene expression and expansion of prolifer-

ation and stem cell localization. Moreover, addition of cyclop-

amine has no effect on the contour of the epithelium or the shape

of individual epithelial cells (Figure S4). As the epithelium is bent

equivalently under conditions with or without cyclopamine,

the cells should be seeing equivalent strains and stresses, and

hence similar mechanosensory signaling. Yet the cultures with

cyclopamine lose villus cluster gene expression, whereas control

cultures do not, clearly indicating that there is at least a major

part of the process that is independent of mechanosensory

transduction.

Initiation of Discrete Signaling Centers
Mesenchymal-epithelial crosstalk is an established principle

in developmental biology—for example, the positive feedback

loop between the mesenchymal zone of polarizing activity

(ZPA) and epithelial apical epidermal ridge (AER) in limb develop-

ment (Laufer et al., 1994; Niswander et al., 1994) or the reciprocal

epithelial-mesenchymal signaling in tooth germ formation (The-

sleff, 2003). A number of mechanisms have been described for

establishing the localized signaling centers necessary for such

interactions. These include reliance on upstream positional infor-

mation, such as the posterior pre-pattern of Hox gene expres-

sion necessary to establish the mesenchymal ZPA signaling
in control segments is nearly uniform under the epithelium. However, samples

of cluster genes and BMP activity with highest expression in areas of highest

, but in the samples cultured under the grid, proliferation and Sox9 expression

re is highest and where clusters of mesenchymal expression arise. Data are
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Figure 7. Epithelial-Mesenchymal Signaling in a Deforming Field

Drives Localization of Intestinal Stem Cells in Mouse

(A) The caudal-most region of the small intestine exhibits no epithelial pro-

jections and no evidence of the outer, longitudinal smooth muscle in this

domain, using SMA as a marker.

(B) More rostrally, the first buckling of the endoderm is observed concurrent

with the first appearance of the longitudinal smooth muscle staining; however,

no cluster expression of PDGFa at this rostrocaudal level is seen, demon-

strating that epithelial morphogenesis precedes villus cluster gene activation.

(C) Even more rostrally, where additional longitudinal smooth muscle differ-

entiation has occurred, deeper alcoves display strong villus cluster gene

expression at their tips. Close-up views of the developing outer, longitudinal

smooth muscle layer (arrowheads) are shown below.

(D) Villus-like structures were generated through constraint with a mesh grid,

resulting in the upregulation of the villus cluster marker PDGFRa when

compared to control cultures grown without the grid.

(E) Application of cyclopamine to E14.5 mouse guts grown in culture for 30 hr

results in maintenance of progenitor identity at the tips of forming villi. Prolif-

eration (Edu), Wnt responsiveness (Sox9), and stem cell markers (CD44 and
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center in the limb (Charité et al., 1994; Knezevic et al., 1997), and

lateral inhibition such as that seen in setting up the spacing of the

enamel knot signal centers in tooth bud development (Salazar-

Ciudad, 2012). However, the work here highlights a different

mechanism involving the use of a uniformly produced signal,

concentrated not by diffusion or feedback loops but by physical

deformation of the morphogenic field. Employing the shape

changes of the developing tissue to dictate where signals arise

artfully links the process of building a structure with the proper

placement of its molecularly defined cell types. In the case of

the intestine, this mechanism assures that specialized cells,

like ISCs, end up in the right location at the base of each villi

as these structures take shape. Recently, it has been shown

that tissue architecture can similarly concentrate signaling in

the context of the developing zebrafish lateral line (Durdu et al.,

2014), although, in this instance, the mechanisms that create

the luminal pockets where morphogens can accumulate remain

unclear and may not be related to upstream physical forces.

Together, these studies suggest that local trapping of a broadly

secreted signal may be amechanism that is widely employed in a

variety of embryological contexts.

Finally, this study elucidates the embryonic origin of the

localized adult intestinal stem cells. Because the origins of

most adult stem cell populations are still unknown, our findings

compel investigation into potential embryonic origins for other

adult stem cells.

EXPERIMENTAL PROCEDURES

Embryos and Dissections

Fertile chicken eggs (White Leghorn eggs) were obtained from commercial

sources. Eggs were incubated at 37.5�C. Timed pregnant CD1 mice were

obtained from Charles River.

Immunohistochemistry and Edu Staining

Small intestines were collected from embryos at desired stages and fixed in

4% paraformaldehyde in PBS and embedded in OCT, allowing for 14 mm

transverse sections of the gut tube. CD44 immunohistochemistry was per-

formed with rat anti-CD44 (v6) (1:100 Biosciences) and detected using the

Anti-Rat HRP-DAB Cell & Tissue Staining Kit (R&D Systems). The following an-

tibodies were used for immunofluorescence staining at the listed concentra-

tions: Sox9 (1:100, R&D Systems), b-catenin (1:100, Sigma), PDGFa (1:100

in chick, 1:300 in mouse, Santa Cruz), FITC-conjugated smooth muscle actin

(1:100, Abcam), phospho-SMAD 1/5 (1:300, Cell Signaling), and Shh (5E1,

1:20). Sections were incubatedwith primary antibody overnight at 4�Cdegrees

and then incubated with Alexa secondary antibodies used at 1:300 for 2 hr at

room temperature. DAPI (molecular probes) was used as a nuclear counter

stain. 100 mM Edu (Invitrogen) was added to guts in culture, and samples

were harvested after 4 hr of Edu incubation. Edu was detected in sectioned

tissue using the Click-iT Edu system (Invitrogen).

In Situ Hybridization and Single-Molecule FISH

Tissue samples for section in situ hybridization were fixed overnight in 4%

PFA. After fixation, the tissue was rinsed in PBS and incubated in 30% sucrose

overnight at 4�C before being embedded in OCT. 14-mm-thick cryosections

were collected for DIG-labeled RNA in situ and 10-mm-thick sections were

collected for single-molecule FISH. DIG-labeled in situ were performed as

described previously (Brent et al., 2003). Single-molecule FISH experiments
LGR5) are all found along the folded epithelium (arrowhead) when cluster

signals are blocked. Control segments show proper restriction to the base of

folds. Scale bars, 50 mm.



were performed according to Raj et al. (2008) and Itzkovitz and van Oudenaar-

den (2011).

Organ Culture

Chick intestines were dissected from the embryos of the desired stage in cold

PBS, connective tissue was removed, and segments of intestines were placed

on transwells (Costar 3428) or floating above an agar base in DMEM media

supplemented with 1% pen/strep and 10% chick embryonic extract. Chick in-

testines were cultured for 36 hr (or as indicated in the figure legends) at 37�C
with 5% CO2. Inside-out intestines were obtained by gently coaxing a ring of

intestine to invert with forceps. To generate guts with artificial villi, segments

of intestine were harvested from E10 embryos, when several ridges are pre-

sent. These segments were sliced open to create a slab of intestine that was

placed lumen side up on a transwell. A small piece of fine mesh was placed

gently on top of the slab to induce villi-shaped bumps in culture. Mouse

intestines were dissected from embryos and cultured in DMEMmedia supple-

mented with 1% pen/strep and 20% FBS in a BTC Engineering rotating

incubator with 95% O2. Recombinant ligands: Shh (4 mg/ml; R&D Systems)

and BMP (1 mg/ml R and D Systems), and Inhibitors: cyclopamine (10 mM

EMDBiosystems) andNoggin (1 mg/ml R andDSystems) FK506 (10 mMSigma)

were added at the beginning of culture.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Extended Experimental Procedures and

five figures and can be found with this article online at http://dx.doi.org/10.

1016/j.cell.2015.03.041.
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Supplemental Information

EXTENDED EXPERIMENTAL PROCEDURES

To test whether the physiological diffusion properties ofmorphogen and the changes of endodermal shape during villus development

can account for reasonable differences of morphogen concentration in the underlying mesoderm, the numerical solution of steady-

state concentration of morphogen were derived by computational simulation on a set of 3-dimensional meshes representing the

various stages of villus formation. To preserve simplicity, the most basic form of diffusion-reaction equation was used, incorporating

diffusion and first-order kinetics of degradation (Figure S3E) (Lander et al., 2002). The diffusion coefficient parameter D was taken

directly from Sonig Hedgehog signaling literature (1.0x10�7 cm2/s = 1.0x101mm2/s). The degradation coefficient k is a result of A

range of degradation coefficient parameters over three orders of magnitude (k = 2.0x10�2�2.0x10�), covering a broad physiological

range based on the parameter ranges reported in simulating the signaling dynamics in the developing neural tube (Saha and Schaffer,

2006). All parameters in this range showed increase of morphogen concentration by increase of curvature. A representative simula-

tion result and result with k = 0.2/s is shown in Figure S3.

To describe the geometry of the curvature, the aspect ratio (height/width of cross-section) of late ridge stage (E13), initial zigzag

stage (E14) was measured based on the acquired images (Shyer et al., 2013), and the curvature was established by generating an

ellipsoid cylinder or torus. The hypothetical ridge (Figure S4C) has the same height and major width (typically oriented normal to the

longitudinal direction) as the zigzag shape (Figure 4D). The spatial dimension of diffusion coefficient and shape were simulated with

mm as the unit. The surface represents the endodermal-mesenchymal boundary (the endodermal volume is treated as a sheet).

For the boundary conditions, the rate of secretion of Shh in the endoderm was assumed to be constant and the bottom of the

mesenchymal compartment was set as a sink (concentration = 0), and the other boundaries were set as having no flux. Because

the objective of the simulation is to simulate and visualize the relativemagnitude and depth of steady-statemorphogen concentration

below the endodermal curvature compared to the flat shape, the rate of secretion (flux) was set dimensionless ( = 1 unit).

The 3-D shape and corresponding meshes were generated by CUBIT 13.0 (Blacker et al., 1994) and were coded for solving the

diffusion-reaction equation by the open source finite element method library deal.II (http://dealii.org) (Bangerth et al., 2007). All shape

and parameters result in quick convergence into steady-state concentration. The results were visualized using Paraview (Squillacote,

2007).
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Figure S1. The Progression of Patterns on the Luminal Surface of the Developing Intestine during Villi Formation in Both Chick and Mouse

Relies on the Differentiation of Smooth Muscle, Related to Figures 1 and 2

The parallel green lines represent oriented smooth muscle layers differentiating coincident with each pattern.

(A) In chick, the initial smooth lining of the gut tube is transformed in response to physical forces from a circumferentially oriented smoothmuscle layer into a series

of longitudinal parallel ridges. These are then deformed into a series of regular zigzag ridges as a result of compression from a longitudinally oriented smooth

muscle layer. Finally, the differentiation of a 3rd, muscle layer causes zigzags to segment into individual villi.

(B) Mouse villi appear to be established through similar physical forces derived from the smooth muscle layers. However, note the rapid, direct villi formation in

mouse as compared to the stepwise progression in chick which occurs over several days.
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Figure S2. Expression of ISCMarker Lgf5 Is Downstream of the Villus Cluster, which Forms as aConsequence of Epithelial Shape, Related to

Figures 2, 4, and 6

(A) Single-molecule FISH for Lgr5 expression sections of chick intestine from the earliest formation of the gut tube (E6) when Lgr5 expression is uniform to hatch

when Lgr5 is expressed predominantly in the intervillous space, quantified in Figure 2.

(B) LGR5 single molecule FISH of E14 chick intestines cultured for 36 hr without (control) or with cyclopamine, quantified in Figure 4.

(C) Single molecule FISH for Lgr5 expression sections of chick intestine cultured as control samples or after being flipped inside out, quantified in Figure 6.
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Figure S3. Increase in Curvature Leads to Increased Steady-State Morphogen Concentration in the Underlying Mesoderm, Related to

Figure 5

(A and D) The chick gut endodermal surface transitions from (A) flat to (D) zigzag shape.

(C) is a hypothetical ridge with the same aspect ratio as in early zigzag state to discern the contribution of circumferential compression and longitudinal

compression.

(A0–C0 0 ) Simulated steady-state morphogen concentration in (A0) a flat surface shape without curvature (B0, C0) longitudinal ridge representing different

(circumferential plane) aspect ratio at E13 and E14 respectively.

(D0) and (D0 0) shows the simulated steady-state morphogen concentration for zigzag shape.

(E) Basic diffusion-reaction partial differential equation in 1-D (upper) and 3-D (bottom) form. Color scale same for (A0-D0 0), and are in arbitrary units. See details in

Extended Experimental Procedures.
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Figure S4. Altering Cluster Signals in Culture Does Not Impact Cell Shape, Related to Figure 4
36 hr in culture with cyclopamine to block hedgehog signaling or Noggin to block BMP signaling does not lead to observable alterations in the global structure of

the epithelium or in individual epithelial or mesenchymal cell shape, using membrane-bound b-catenin to outline cell contours.
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Figure S5. Preventing Late Stages of Epithelial Morphogenesis by Blocking Muscle Formation Preserves Uniform Epithelial Progenitor

Identity, Related to Figure 6

Samples were cultured from ridge stage to late zigzag stage, with or without the presence of FK506, a compounds previously shown to prevent smooth muscle

differentiation. Control cultures display activation of villus cluster gene expression (arrowhead) and therefore restricted distal proliferation (arrow). Without

longitudinal muscle differentiation (asterisk), and hence without progressing beyond parallel ridges, the entire endoderm remains proliferative and villus cluster

genes are never upregulated.
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