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Gill et al. mechanistically link HOXD13
expression to morphogenesis of the
chick hindgut epithelium. HOXD13
activity within smooth muscle induces
INHBA expression, which causes
adjacent mesenchymal cells to remodel
extracellular matrix (ECM) in response to
TGF-B upregulation, thus promoting the
biomechanical parameters that define the
hindgut morphological trajectory.
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SUMMARY

Hox transcription factors play crucial roles in organizing developmental patterning across metazoa, but how
these factors trigger regional morphogenesis has largely remained a mystery. In the developing gut, Hox
genes help demarcate identities of intestinal subregions early in embryogenesis, which ultimately leads to
their specialization in both form and function. Although the midgut forms villi, the hindgut develops sulci
that resolve into heterogeneous outgrowths. Combining mechanical measurements of the embryonic chick
intestine and mathematical modeling, we demonstrate that the posterior Hox gene HOXD13 regulates bio-
physical phenomena that shape the hindgut lumen. We further show that HOXD13 acts through the trans-
forming growth factor B (TGF-B) pathway to thicken, stiffen, and promote isotropic growth of the subepithelial
mesenchyme—together, these features lead to hindgut-specific surface buckling. TGF-, in turn, promotes
collagen deposition to affect mesenchymal geometry and growth. We thus identify a cascade of events

downstream of positional identity that direct posterior intestinal morphogenesis.

INTRODUCTION

Hox genes were first identified in Drosophila, where they were
shown to form a combinatorial code that specifies the identity
and morphogenesis of the arthropod segments.”? With the dis-
covery of the conserved homeobox domain®“ and highly related
genes in vertebrates,*® it was soon after proposed that an over-
lapping pattern of Hox gene activity may serve as a code for es-
tablishing differential vertebral morphologies’: a model that has
since been shown to be essentially correct.® Indeed, we now
know that Hox genes play crucial roles in the differential ante-
rior-posterior patterning of a variety of vertebrate embryonic tis-
sues, including the developing gastrointestinal (Gl) tract. It is
striking, however, that more than 30 years later, the downstream
interplay of genetic, cellular, and mechanical processes that Hox
genes act through to direct regional differences in morphology
remains a black box. In fact, though studies in Drosophila have
uncovered Hox-regulated cellular and mechanical phenomena
that drive organogenesis, such mechanistic knowledge is virtu-
ally nonexistent for vertebrate organ systems.®'°

Regionalized Hox gene expression in the Gl tract—which
forms as a uniform tube and differentiates into morphologically

distinct organ structures required for digestion—is a broadly
conserved feature across taxa.'' In vertebrates, Hox paralog
groups 9-13 are expressed in a nested set of overlapping do-
mains with distinct regional boundaries demarcating domains
of the hindgut and midgut."?"'* Hoxd13 loss of function destroys
the muscular apparatus of the anal sphincter in the mouse, and
suppression of HOXA13 in the chick causes hindgut and cloacal
atresia.’®~'® Most striking, however, is the finding that HOXD13
overexpression in the chick midgut is sufficient to replace the
epithelial lining with one resembling that of the hindgut and
produce the acid mucin-secreting cells typical of the large intes-
tine.'® HOXD13 is, thus, critically involved in multiple aspects of
hindgut development—but how it affects tissue properties to in-
fluence morphogenesis has, once again, remained a black box.

The mechanisms underlying differences in morphogenesis of
the distinct functional domains of the gut have remained unre-
solved, though progress has been made in understanding the
morphogenesis of midgut epithelium. In mice, humans, and
chickens, the lumen of the mature midgut-derived small intestine
contains long finger-like epithelial projections called villi, while
the lining of the hindgut-derived large intestine forms superficial
epithelial folds that have been referred to as “villus-like
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structures,” “colonic villi,” or “epithelial cuffs.”?°>* The villi of
the chick small intestine form through a stepwise process in
which the gut endoderm and subjacent mesenchyme first fold
into longitudinal ridges, followed by zigzags and, finally, ordered
arrays of villi that emerge via localized proliferation.?® The major-
ity of this process is orchestrated by the sequential differentia-
tion of distinct smooth muscle layers, the first oriented circumfer-
entially and the latter two oriented longitudinally. These act to
restrict the expansion of the growing epithelium and mesen-
chyme, creating the compressive stresses that lead to their
buckling.

This model raises a conundrum, however, as the same three
smooth muscle layers arise in the same sequence in the hindgut,
yet it achieves a very different epithelial morphology.?® One
possible answer would lie in different mechanical properties
and differential growth-induced strains in the two developing
gut segments, as these parameters determine the way a tissue
deforms when constrained. This begs the question of how the
properties of the developing midgut and hindgut differ physi-
cally, whether such differences can explain differential epithelial
morphogenesis, and, if so, how the hindgut achieves unique
physical properties in the first place. Here, we identify how me-
chanical and growth parameters in the embryonic chick midgut
and hindgut give rise to their unique morphologies. We further
uncover that these regional tissue mechanics are specified by
upstream HOXD13 expression, which patterns the tissue
through transforming growth factor p (TGF-B) signaling.

RESULTS

Distinct stepwise morphogenesis of the epithelia in the
midgut and hindgut

In the midgut, the smooth endodermal lining at embryonic day (E)
8 transforms into a series of ridges at E12, zigzags at E14, and
protovilli—bulges that prefigure final villi locations—by E18°°
(Figures 1A and 1B). By contrast, the first observable deforma-
tion of the luminal surface of the hindgut occurs at E12 when it
forms a superficial wrinkling pattern that becomes extensively
branched by E14 and evolves into cuffs by E16 (Figure 1A). While
long, thin villi display crystalline regularity in their shapes and
arrangement,”’ cuffs are shorter, wider, heterogeneous in size,
and appear spatially disordered (Figures 1A and 1E).

Simultaneously, in the E14 hindgut lumen, a secondary buck-
ling pattern that includes both the inner epithelial endoderm
(hereafter simply referred to as “endoderm”) and the subepithe-
lial layer of mesenchyme (hereafter, “mesenchyme”) appears>®
(Figure 1D). This is also the time when the inner longitudinal layer
of smooth muscle differentiates (Figures 1B and 1D), which
forms in a pattern of periodic deformations distanced from the
subjacent circumferential layer—a configuration maintained as
the lumen surface develops cuffs (Figure 1E). By comparison,
there is no such second-order folding in the midgut, and the inner
longitudinal layer of smooth muscle forms a flat band beneath
the epithelial folds.

The fact that muscles are thicker in the hindgut and that each
differentiates 1-2 days earlier should only make them more
effective in driving the morphological transformations observed
in the midgut (Figures 1B and 1D). We therefore hypothesized
that geometric and mechanical properties of the inner layers
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themselves differ between the midgut and hindgut, thus
affecting how they deform in response to physical constraints
from muscle.

The developing hindgut and midgut have distinct
physical properties

The reticulated grooves that first appear on the luminal surface of
the hindgut resemble sulci, which are unique, nonlinear surface
instabilities that have recently been studied in the context of
the brain, though they appear widely in nature.”®*° Extensive
theoretical analyses would suggest that sulci in the gut may
emerge when the endoderm-mesenchyme composite is com-
pressed equibiaxially (through transversely isotropic expansion),
where the modulus ratio of the two layers is low (i.e., they are
equally stiff, or the endoderm is softer).®'° To test this possibil-
ity, we measured physical parameters predicted to collectively
determine how the midgut and hindgut lumen surfaces will
deform: differential growth, geometric features, and stiffnesses
of inner endoderm and mesenchyme layers.

We first measured strain in these layers resulting from differ-
ential growth in each axis relative to muscle (Figures 2A and
S1A) (STAR Methods). As expected, the midgut initially develops
strain only circumferentially (negative values in Figure 2B, left),
reflecting the circumferential compression that forces formation
of longitudinal ridges. Subsequently, between E12 and E14,
longitudinal compression appears, concomitant with differentia-
tion of the outer longitudinal layer of smooth muscle and forma-
tion of zigzags (Figure 2B, right), while at this stage the rate of
circumferential strain acquisition does not increase (i.e., the
slope remains the same). Therefore, within each growth
period (E8-E12, E12-E14, E14-E18), midgut growth is aniso-
tropic, as previously reported.”>*® Consistent with the theoret-
ical analyses of sulci formation, the hindgut instead gradually
develops compression on both axes nearly simultaneously, re-
sulting in equibiaxial growth during most of lumen morphogen-
esis (Figure 2B).

Along with stiffness (modulus) ratio, the ratio of endoderm to
mesenchyme thickness influences the distribution of stress
within the endoderm-mesenchyme composite as it grows and
is constrained by muscle. For example, a very thin and relatively
stiff endoderm layer will buckle differently from a thick and soft
layer even if growing at the same rate, with identical constraints.
Tissue thickness measurements (Figures 2A and S1A) revealed
that both the endoderm and mesenchyme layers are ultimately
thicker in the hindgut than in the midgut (Figures S1B and
S1C). Notably, during the appearance of sulci from E12 to E14,
the hindgut thickness ratio drops significantly as the mesen-
chyme drastically thickens, which does not occur in the midgut
(Figure 2C).

Given that E12-E14 is the key time frame when the midgut and
hindgut develop distinct biaxial morphologies (dark gray in Fig-
ure 2B), we next measured Young's moduli of the endoderm
and mesenchyme layers at E14 (Figure S1A) (STAR Methods).
We first observed that the endoderm is softer in the hindgut at
E14 (Figure S1B), while mesenchyme modulus is higher in the
hindgut during the time frame when sulci develop (Figure S1C).
Thus, at the critical time when the midgut forms zigzags, but the
hindgut forms sulci, the modulus ratio between the endoderm
and mesenchyme is high in the midgut and low in the hindgut
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Figure 1. The chick hindgut adopts distinct lumen wrinkling patterns from the midgut, which are recapitulated with HOXD13 misexpression
(A) Lumen surface imaging method and images of the midgut, hindgut, and RCAS-HOXD13 midgut (“Midgut + HOXD13”) at the indicated time points. Scale

bars, 100 um.

(B) Timeline of lumen morphogenesis for each condition. Color gradient shapes indicate timescales of transitions (steep, abrupt; shallow, prolonged).

(C) Power spectral densities for images within the gray filled box in (A). Dashed lines, characteristic wavelength values on the longitudinal axis ().

(D and E) Gut transverse sections at E14 (D) and E18 (E). SMA, alpha smooth muscle actin; b.m. and line, basement membrane; lu., lumen; circ., circumferential
muscle layer; i.l. and arrowhead, inner longitudinal muscle layer; asterisk, secondary large-scale fold. Scale bars, 50 pm.
(F and G) (F) Branched folds per 500 um? (n = 4 images, 2 embryos/condition) and (G) fold aspect ratios at E18 only (n = 9 folds, 1 embryo/condition).
(F) and (G) One-way ANOVA, Tukey’s MCT. Error bars, SEM. **p < 0.01; ***p < 0.0001.

See also Figure S3.
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Figure 2. Hindgut mechanical properties diverge from those of the midgut and are promoted by HOXD13 activity

(A) Measurement of tissue thicknesses, h, and strains, ¢.

(B) Differential growth on each axis with relevant time frames in gray. Dark gray, biaxial buckling transition (n = 3 gut segments, 2 embryos/condition, for each
time point).

(C and D) (C) Thickness ratios (n = 2-3 sections, 2 embryos/condition) and (D) Young’s modulus values (each stage: n = 4-6 gut segments, 4 embryos/condition;
see Figure S1). E10 data from Gill et al.?® are reprinted for comparison to the E12 RCAS-HOXD13 midgut.

(E) Numerical simulation results at successive stages of lumen morphogenesis (Figure 1B; Table S1).

(F) Power spectra corresponding to gray filled boxes in (E).

(G) Three-dimensional parameter space for lumen morphogenesis empirically determined from 27 numerical simulations. Lines, experimental trajectories; boxes,
simulation results (STAR Methods). (B) and (C) Two-way ANOVA, Tukey’s MCT. Dotted brackets, comparisons between conditions; solid brackets, comparisons
between stages. ***p < 0.001. (D) E14: one-way ANOVA, Tukey’s MCT. **p < 0.01; ***p < 0.001. (D) Hindgut: unpaired, two-tailed t test. Error bars, propagated
SEM (STAR Methods). **p < 0.01.

See also Figure S1 and Table S1.

(Figure 2D). We also noted that the modulus ratio in the hindgut
increases over time from E8 onward (Figures 2D and S1D).

Taken together, the elastic, geometric, and growth properties
of the hindgut are both distinct from those of the midgut and
qualitatively consistent with theoretical work on the emergence
of creased sulci patterns.
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A mathematical model incorporating measured physical
parameters recapitulates midgut and hindgut
morphogenesis

Despite similarities between our observations and theoretical
expectations, determining whether measured values explain
different lumen patterns required turning to computational
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modeling. We therefore constructed a mathematical model
based on a widely used differential growth framework,?>*":°
but now combined with experimentally measured physical pa-
rameters over time (STAR Methods).

The deformation gradient that defines shape change in mor-
phoelasticity theory is decomposed into spatiotemporal growth
and elastic tensors, where the growth tensor was fitted to differen-
tial growth behaviors of the midgut and hindgut. We assigned
stepwise anisotropic growth to the midgut and transversely
isotropic growth, or equibiaxial growth along the circumferential
and axial directions, to the hindgut (Table S1). Combined with
measured thickness and modulus ratios at each stage of lumen
wrinkling, our model predicted the distinct morphological trajec-
tories of the midgut and hindgut. As expected, stepwise aniso-
tropic growth in the context of a relatively high modulus ratio
and moderately decreasing thickness ratio yields ridges followed
by zigzags (Figure 2E). By contrast, a low modulus ratio with simul-
taneously increasing longitudinal and circumferential growth re-
sults in sulci at both high and low thickness ratios (Figures 2E
and 2G). Further exploration of the parameter space defined by
these three characteristics (Figure 2G) revealed that, indeed, sulci
appearance is driven by transversely isotropic growth.

Most striking from our simulations, however, was the observa-
tion that in the high modulus ratio and low thickness ratio regime,
the surface pattern becomes limited to spatially segmented out-
growths resembling cuffs instead of labyrinthine sulci (Figure 2G).
Given the trend of increasing modulus ratio and drastically
decreasing thickness ratio in the hindgut, its endogenous
morphological trajectory ultimately lands in this predicted “cuff-
like” state (Figures 2C-2E, 2G, and S1D). Thus, unlike in the
midgut, where the final stages of villus outgrowth cannot be ex-
plained by a continuum-level mechanical model of lumen wrin-
kling,?® our model captures all major steps of hindgut morphogen-
esis from bulk biophysical parameters alone and further indicates
that these properties are sufficient to drive lumen morphogenesis.

HOXD 13 misexpression in the midgut transforms
luminal folding to a hindgut-like pattern

With a biomechanical understanding of chick intestinal lumen
wrinkling in hand, we next turned our focus to the genetic regu-
lation of these patterns. Prior to and at the time of hindgut
morphogenesis, HOXD13 is expressed throughout the devel-
oping hindgut mesoderm and endoderm (Figures S2A and
S2B). Previous work showed that when misexpressed in the
developing midgut, HOXD13 transforms the luminal folding
pattern into a phenocopy of the wild-type hindgut.'® To assess
this phenotype in more detail, a replication competent retroviral
vector transducing HOXD13 (RCAS-HOXD13) was electropo-
rated into the midgut lateral plate mesoderm®” (STAR Methods).
At early stages of gut morphogenesis, the infected midguts look
indistinguishable from controls (Figure 1A). However, when the
hindgut forms sulci and the midgut adopts a zigzag configuration
at E14, the HOXD13-expressing midgut (Figure S2C) displays an
intermediate phenotype between the two (Figures 1A and S3A).
By day 16, the HOXD13-expressing midgut ridges have trans-
formed to a sulci pattern like that of the day 14 hindgut, albeit
with a 2-day delay (Figures 1A and 1B), and by day 18, the
HOXD13-expressing midguts have formed short and wide cuffs
like those of the day 16 or 18 hindgut (Figures 1A, 1E, and 1G).

¢ CellP’ress

Moreover, the E18 HOXD13-expressing midguts display the
secondary buckling characteristic of the hindgut at this stage,
wherein the inner longitudinal layer of smooth muscle shifts
away from the circumferential muscle boundary (Figure S3D)
and forms periodic folds along with the adjacent mesenchyme,
as in the hindgut (Figure 1E). Finally, in the HOXD13-expressing
midgut, the inner longitudinal layer has already formed at
E14, recapitulating earlier muscle differentiation of the hindgut
(Figures 1B and 1D).

To quantitatively determine if HOXD13 activity is sufficient to
posteriorize midgut folding and smooth muscle differentiation,
we applied methods of assessing properties of wrinkling pat-
terns in the midgut, hindgut, and HOXD13-expressing midgut
(STAR Methods), comparing the E16 RCAS-HOXD13 midgut
(sulci) to E14 midgut (zigzags) and hindgut (sulci) and the E18
RCAS-HOXD13 midgut (cuffs) to the E16 midgut (late zigzags)
and hindgut (cuffs) (Figures 1A and 1B). First, while zigzag folds
in the E14 midgut are essentially unbranched, we observe signif-
icant branching in both the E14 hindgut and E16 HOXD13-ex-
pressing midgut (Figure 1F). Furthermore, both hindgut cuffs
and HOXD13-expressing midgut cuffs show relatively higher
spatial disorder in the surface arrangements of outgrowths (Fig-
ure S3C) and lower aspect ratios than villi (Figure 1G). Finally,
while Fast Fourier Transform (FFT) and autocorrelation plots
reflect the periodic patterns present in midgut patterns across
time points, the hindgut has a diffuse spectral density profile at
all stages, and autocorrelation amplitudes present only mild ev-
idence of longitudinal periodic wrinkling (Figures 1C and S3B).
The E16 and E18 HOXD13-expressing midguts, strikingly,
display 2D power spectra and autocorrelation profiles like
those of the hindgut 2 days earlier in each case (Figures 1C
and S3B). Thus, ectopic expression of HOXD13 drives the
midgut toward a hindgut-like morphology—namely, branched
wrinkling, spatially disordered and squatter final outgrowths,
and diminished pattern periodicity.

HOXD13 modulates mechanical properties of the
developing gut tube
To test whether HOXD13 alters lumen morphogenesis by modu-
lating the physical parameters that distinguish the midgut from
the hindgut, we again measured differential growth, stiffness,
and geometric features of inner endoderm and mesenchyme
layers, but now in HOXD13-expressing midguts. Consistent
with it initially forming midgut-like ridges, circumferential differ-
ential growth of the HOXD13-expressing midgut is indistinguish-
able from that of the wild-type midgut until E12 (Figure 2B, left).
However, the dramatic increase in longitudinal compression that
normally forces buckling into zigzags between E12 and E14 in
the midgut is dampened with HOXD13 misexpression, making
differential growth less anisotropic during this period (Figure 2B,
right). Subsequent midgut + HOXD13 differential growth trajec-
tories are closer to or overlap with those of the hindgut, suggest-
ing, once again, that the biaxial buckling transition is the key time
point when the wild-type and transformed midgut patterns
diverge and that this deviation in the HOXD13-expressing
midgut pattern evolution is marked by loss of anisotropic growth.
Like the hindgut, the HOXD13-expressing midgut mesen-
chyme becomes notably thicker as the lumen develops sulci
and cuffs, which lowers the thickness ratio relative to the
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wild-type midgut (Figures 2C and S1C). Higher mesenchyme
modulus also leads to a lower endoderm-to-mesenchyme
modulus ratio compared with the wild-type midgut—in fact,
the ratio at E14 is nearly identical to the hindgut modulus ratio
just a few days prior at E10%° (Figures 2D and S1C). Therefore,
we conclude that both thickening and stiffening of the mesen-
chyme, without changes to endoderm properties, are sufficient
to imbue the RCAS-HOXD13 midgut with hindgut-like physical
and geometric characteristics.

To verify that the physical parameters altered by HOXD13 mis-
expression can explain the hindgut-like phenotype we observed,
we examined the pattern trajectory predicted by our computa-
tional model. We first observed that a transition to isotropic
growth with a low modulus ratio, analogous to the transitional
E14 morphology in Figure S3A, generated an ordered periodic
pattern of sulci instead of zigzags from subtle initial ridges
(Figures 2E-2G). Subsequent models generated sulci like those
of hindgut simulations, with diffuse and circular power spectra
(Figures 2E and 2F). As in the hindgut, the HOXD13-expressing
modulus ratio trends upward afterward, which, in conjunction
with a lower thickness ratio at E18, leads to segmentation of sulci
into cuffs (Figures 2D, 2G, and S1D).

We conclude, therefore, that the breakdown of epithelial
ridges into sulci by HOXD13 is largely achieved through thick-
ening and stiffening of the developing gut mesenchyme—
rendering lower modulus and thickness ratios between the
endoderm and mesenchyme—and a shift to isotropic growth;
cuffs then resolve through a subsequent increase in modulus ra-
tio and decrease in thickness ratio (Figure 2G). However, though
this finding advanced our understanding of the role of HOXD13 in
the hindgut, the mechanism by which this Hox transcription fac-
tor alters tissue material and geometric properties remained
unclear.

TGF-p signaling is upregulated in hindgut and HOXD13-
expressing midgut subepithelial mesenchymal cells

To investigate pathways potentially regulated by HOXD13 to
establish gut morphology, we performed bulk-RNA sequencing
(RNA-seq) to identify genes commonly differentially expressed
in the mesodermal layers of sulci/cuff-forming lumens of both
the developing hindgut and HOXD13-expressing midgut at E12
and E14 (STAR Methods).

Filtering for genes differentially expressed in both the hindgut
and HOXD13-expressing midgut relative to the wild type at both
time points yielded a list of 62 genes (Figure S4A), of which 25%
(16/62) were found to be involved at various levels in the TGF-
superfamily®*~*? (Figures 3A-3C, S4B, and S4C). Focusing on
three of the most relevant and significantly upregulated genes,
INHBA, THBS2, and CFC1, we performed hybridization chain re-
action fluorescence in situ hybridization (HCR-FISH) and found
that all three genes show increased expression in the mesen-
chyme and/or muscle (Figures 3D, 3E, and S4D). Accordingly,
at both E12 and E14, we observed higher proportions of
pSMAD2-positive nuclei (a readout of TGF-B pathway activa-
tion®®*"+%%) in mesenchymal cells of the hindgut and HOXD13-
expressing midgut (Figures 3F and 3G). The staining patterns
in these conditions revealed that TGF-f activity also decreases
to a lesser extent from the inner edge of the circumferential mus-
cle layer to the basement membrane (Figure S4E). Together,
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these results suggest that HOXD13 expression in the gut is suf-
ficient to instigate TGF-B pathway activation in the subepithelial
mesenchyme, where hindgut and HOXD13-expressing midgut
physical properties differ from the wild-type midgut.

HOXD13 expression in smooth muscle cells leads to
tissue-autonomous upregulation of INHBA

To delineate the location within the gut mesoderm where HOXD13
promotes TGF-B pathway activation and to determine whether it
does so cell autonomously, we next performed single-cell RNA-
seq (scRNA-seq) of the hindgut at E15, when it is mechanically,
morphologically, and transcriptionally distinct from the midgut.
Three smooth muscle clusters showed the highest expression of
HOXD13 inthe mesoderm (Figure 4A): circumferential and longitu-
dinal layers that express markers of mature, contractile smooth
muscle (“circ./long.”), a transcriptionally distinct population of
cells on the inner, “superficial” (“sup.”) edge of the circumferential
layer,”® and a cycling subset (“G2/M”) that we excluded from
further analysis (Figure 4B). These results are consistent with the
sites of HOXD13 endogenous expression in the hindgut (Fig-
ure S2B), making the smooth muscle a reasonable candidate for
the site of TGF-B gene regulation.

Widespread and sustained RCAS-HOXD13 overexpression in
the midgut led to drastic changes to the organization and devel-
opment of tissues, obscuring the direct consequences of
HOXD13 transcriptional activity in mesodermal cells. To discern
how HOXD13 independently changes the transcriptional profiles
of smooth muscle cells that are otherwise similar to correspond-
ing control cells, we ectopically expressed it over a shorter time
frame and in a sparse, inducible manner (Figure S5A) (STAR
Methods). We then asked which genes are commonly differen-
tially expressed in HOXD13+ midgut and hindgut cells relative
to midgut control cells of the same type.

Pseudobulk RNA-seq comparing smooth muscle cells between
conditions revealed that in circumferential/longitudinal smooth
muscle, the Activin A ligand subunit INHBA (which was also a
top hit in our bulk analysis) is highly differentially expressed in
hindgut HOXD13-expressing cells compared with midgut control
cells (Figures 4C and 4D). INHBA also had the lowest p value and
highest log fold change in midgut circ./long. smooth muscle cells
with ectopic HOXD13 expression vs. midgut empty vector control
cells (Figures 4C, 4D, and S5B). Importantly, analysis of ACTG2
expression showed that midgut HOXD13+ cells retain expression
of the appropriate cluster markers and thus did not change their
cell type identities (Figure 4E). Other sites of HOXD13 endogenous
and ectopic expression did not show the same degree of concor-
dance between midgut vs. HOX+ hindgut and midgut vs. HOX+
midgut differentially expressed genes (Figures S5C-S5E). These
results suggest that HOXD13 expression in hindgut smooth mus-
cle induces expression of INHBA (which is also recapitulated in
the RCAS-HOXD13 midgut: Figure 3E, arrowheads). Extracellular
Activin A assembled from INHBA subunits then presumably sig-
nals in a paracrine manner to the adjacent mesenchyme to stim-
ulate the TGF-$ pathway.

Modulating TGF-p pathway levels toggles lumen
patterns between midgut and hindgut morphologies

Our data strongly support a role for HOXD13 in stimulating
spatially patterned mesenchymal TGF-B pathway activity via
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Figure 3. TGF-B signaling is upregulated in the hindgut and RCAS-HOXD13 subepithelial mesenchyme

(A and B) Differentially expressed genes (“DEGs”) between hindgut and midgut mesodermal layers at (A) E12 and (B) E14. Dot shapes/colors indicate successive
subsets of DEGs (STAR Methods).

(C) Heatmap of final subset of TGF-B pathway genes corresponding to pink diamonds in (A) and (B), with orange and blue bars indicating in which stages genes
were differentially expressed.

(D) Normalized counts for three TGF-B genes of interest (n = 4 and 3 embryos/condition at E12 and E14, respectively; DESeq2 Wald test with Benjamini-Hochberg
[BH] p adjustment). **p < 0.01; ****p < 0.00001; ns, not significant.

(E) HCR-FISH at E14. Area between white lines, subepithelial mesenchyme; arrowheads, smooth muscle cells; b.m., basement membrane; circ., circumferential
muscle layer; scale bars, 50 um.

(F and G) (F) pPSMAD2 immunostains, scale bars, 20 pm, and (G) proportion of pPSMAD2-positive cells in the subepithelial mesenchyme (n = 3—-4 sections, 2
embryos/time point). One-way ANOVA, Tukey’s MCT. Error bars, SEM. *p < 0.05; **p < 0.01; ***p < 0.001.

See also Figure S4.
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Figure 4. HOXD13 expression in smooth muscle leads to tissue-autonomous upregulation of INHBA
(A) HOXD13 expression at E15 (n = 9,022 cells, 2 embryos, 19 clusters). Pink outline, clusters where HOXD13 is differentially expressed. ICC, interstitial cells of

Cajal. Wilcoxon rank-sum test with Bonferroni p adjustment, p adj < 0.00001.

(B) Re-clustered smooth muscle cell populations from (A) (n = 1,093 cells) and expression of HOXD13 alongside the top 3 markers per cluster.

(C) Differential gene expression analysis (quasi-likelihood ratio test [LRT], Gamma-Poisson fit, BH p adjustment) for circ./long. cells of the control midgut (n = 83
cells) and hindgut (n = 142 cells). Heatmap containing transgenic (mNeonGreen+) midgut control cells (n = 83, 2 embryos) and transgenic midgut HOXD13+ cells
(n =159, 2 embryos) from their respective circ./long. smooth muscle clusters. Genes and log fold change (LFC) values come from pseudobulk differential gene

expression analysis in Figure S5B.

(D) Expression levels of the top 5 shared DEGs in circ./long. muscle cells for each condition. Gray boxes, genes also discovered via bulk-RNA sequencing

(Figure 3C).

(E) Smooth muscle subclusters and feature plots for the midgut control (n = 919 cells, 2 embryos) and midgut + HOXD13 (n = 1,188 cells, 3 embryos).

See also Figure S5.

regulation of ligand expression in the adjacent smooth muscle.
We therefore next modulated TGF- signaling in ex vivo culture
to ask if this pathway is relevant to specifying lumen morphology.
When cultured in the presence of recombinant mouse TGF-31 or
recombinant Activin A, the midgut developed a labyrinthine sur-
face folding pattern more like the sulci and cuffs of the hindgut
than ridges or zigzags of the midgut (Figures 5A and S6H), which
we verified quantitatively (Figures 5C, 5E, S6A, and S6B).

To then determine whether TGF- signaling is necessary in the
hindgut to promote sulci and cuff morphogenesis, we cultured
hindgut explants with SB431542, a TGF-f receptor inhibitor.
Remarkably, sharp and smooth ridges with circumferential peri-
odicity—a morphology never seen in the hindgut development
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trajectory—formed instead of branched sulci, consistent with a
role for TGF-B in lumen shaping (Figures 5B, 5C, 5E, S6A, and
S6B). SB431542 treatment also produced sharp ridges instead
of sulci in the RCAS-HOXD13 midgut (Figure S6K). TGF-B
signaling downstream of HOXD13 thus appears to guide the
morphological trajectory of the large intestine toward sulci
and cuffs.

TGF-B activation is necessary and sufficient to promote
hindgut mechanical properties and equibiaxial
differential growth

To ask whether TGF-p regulates the same tissue properties as
HOXD13 to influence lumen shaping, we again measured



Please cite this article in press as: Gill et al.,
Developmental Cell (2024), https://doi.org/10.1016/j.devcel.2024.07.012

Hox gene activity directs physical forces to differentially shape chick small and large intestinal epithelia,

Developmental Cell

Lumen surface (DAPI)

>
o0}

Mid+DMSO

Mid+rmTGFB1 Hind+DMSO

E12+72hr

o
c
N
~
+
!
—
L

2D power spectrum

Frequency, k, (1/um) o)
0

-0.03

-0.03 0 0.03-0.03 0 0.03 -0.03 0

Frequency, k, (1/um)

0.03-0.03

F Simulated endoderm basal surface

Mid+DMSO Mid+rmTGFB1 Hind+DMSO

G 2D power spectrum
ch
>

o

C

G o
=}

o

@

0
T

Frequency,

Hind+SB431542

Hind+SB431542

¢? CellPress

D Mid  Hind Mid  Hind Mid  Hind
= 0.30 —  ,E50 -5 &
o_ P40t = &£
347020 S 30 g
&'y ® g
£4 0.10 820 2
g 310 g
[0) o] Q
0.00 = 0-5 o |'E 5
O, R O\ NPT N
o\*“ % S N o %
3 E
= ‘“515 * 0 Mid+DMSO
Efos S = Mid+rmTGFB1
E 0.6 210 #1 Hind+DMSO
Niloa k] = Hind+
E 0.2 ) Hind+SB431542
sho 85
o [$}
O =
©
& 0
H 2 == Mid+DMSO
Displacement  w Mid+rmTGFp1
h./h g 7 == Hind+DMSO
e
2 / == Hind+SB431542
0.40
21
] 0.40
0.35
; 0.35
0.30 -
025 - 0-30
020 0.25
S 0.2
0.15 0-20
2 Dt
7 ‘ 0.15
&/ 14 g
7 . -
i o
21 @‘

Figure 5. Ex vivo perturbations of TGF-$ signaling capture midgut and hindgut folding patterns and mechanical properties

(A and B) Lumen surfaces of midgut (A) and hindgut (B) TGF-B perturbations. Scale bars, 100 um.

(C) Power spectra labeled with characteristic wavelengths on the circumferential axis (6).

(D) Growth anisotropy (n = 7-9 gut segments, 4 embryos/condition; see Figure S6G and STAR Methods), modulus ratios (n = 5-8 gut samples, 4 embryos/
condition; see Figure S6E), and thickness ratios (n = 4 sections, 2 embryos/ condition) for explant conditions.

(E) Branched folds per 500 um? (n = 4 images, 2-3 embryos/condition).

(F and G) (F) Numerical simulation results for different explant conditions (Table S1) and (G) associated power spectra.
(H) 3D parameter space from Figure 2G with mapped explant trajectories. Initial states correspond to E12 simulations of midgut and hindgut wrinkling. (D) and (E)
Unpaired, two-tailed t test. Error bars, SEM. *p < 0.05; **p < 0.01; ***p < 0.0001; ns, not significant.

See also Figure S6 and Table S1.

geometry, stiffness, and differential growth of endoderm and
mesenchyme layers. Though properties of the endoderm layer
were unaffected (Figures S6C and S6E), both modulus and
thickness of the midgut mesenchyme increased with TGF-p acti-
vation (Figures S6D and S6F). The resulting lower endoderm-to-
mesenchyme modulus and thickness ratios mimic the mechan-
ical properties of the hindgut (Figure 5D).

Suppression of TGF-B signaling also increased the modulus
ratio of the hindgut by reducing the mesenchyme modulus but

did not alter its thickness ratio (Figures 5D, S6D, and S6F).
Therefore, while TGF-B signaling promotes thickening and stiff-
ening of the midgut mesenchyme toward a hindgut-like state, it
is not needed to thicken the hindgut mesenchyme. Instead, sup-
pression of the pathway mimics the midgut by dramatically
lowering the mesenchyme modulus (Figure SEF).

To evaluate differential growth, we calculated strains at the
end of each culture experiment and compared with initial strains
at E12 to measure relative growth on each axis (Figure S6G)
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(STAR Methods). We expected that if growth properties are
switched between compartments with pathway perturbations,
the change in strain will be roughly equal on both axes (isotropic)
for the midgut with exogenous TGF-B1 and more pronounced on
one axis than the other for the hindgut with TGF-8 suppression
(anisotropic). Indeed, the TGF-B1-treated midgut experienced
relatively similar changes in compression longitudinally and cir-
cumferentially (Figure S6G). When endogenous TGF-f was sup-
pressed in the hindgut by SB431542 treatment, however, only
circumferential compressive strains increased. Thus, in line
with genetic perturbations, growth was closer to anisotropic in
the cases resulting in ridge/zigzag morphologies and closer to
isotropic when sulci formed (Figure 5D). TGF- signaling there-
fore disrupted the anisotropic growth profile characteristic of
the midgut, similar to the effects of HOXD13 misexpression.

Simulated explant morphologies fall along endogenous
trajectories in a 3D parameter space

We next asked whether observed differences in mechanical
properties in our explant cultures are sufficient to explain their
lumen morphologies. We therefore mapped positions of explant
morphological trajectories with and without TGF- perturbations
to our 3D parameter space defined in Figure 2G using measured
parameters. Trajectories for midgut and hindgut conditions
diverge between isotropic and anisotropic planes (Figure 5H),
and simulations corresponding to measured explant properties
qualitatively and quantitatively match lumen morphologies
observed experimentally (compare Figures 5A-5C to 5F and
5G). Our model results therefore indicate that we can, in fact,
attribute lumen morphology changes upon TGF-B perturbation
to changes in physical and geometric parameters.

Taken together, our data suggest that HOXD13 controls
mesenchymal thickness, modulus, and growth orientation
(and, hence, gut lumen morphology) through transcriptional
changes to genes in the TGF-B pathway. That leaves unex-
plained, however, how TGF-B signaling alters the physical prop-
erties of the gut tissues to achieve this effect.

TGF-p signaling alters mesenchymal geometry and
drives lumen morphogenesis through modulation of
the ECM
Prominent among the genes differentially expressed in the
mesenchyme of both the hindgut and HOXD13-expressing
midgut at E14 were COL1A1 and COL1A2, encoding the pro-
alphal and alpha2 chains of collagen 1 (COL1) (Figures 3B and
3C). A change in the extracellular matrix (ECM) would be ex-
pected to affect the geometric and material properties of tissues,
and TGF-B signaling is known to regulate COL1 production in
other settings.** We therefore analyzed radial COL1 distributions
in immunostained midgut, hindgut, and RCAS-HOXD13 midgut
sections and found that while it is limited to a domain immedi-
ately adjacent to circumferential muscle in the midgut (roughly
co-localizing with smooth muscle, pSMAD2, and TGF-$ gene
expression), COL1 extends to the basement membrane in the
hindgut and HOXD13-expressing midgut, consistent with a
possible role in altering properties of the subepithelial mesen-
chyme, as in other tissues*® (Figure 6A).

To test whether TGF- regulates collagen distribution in the
developing gut, we first tried culturing the hindgut in the pres-
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ence of Col003, an Hsp47 inhibitor that prevents secretion of
collagen.*® However, this condition had no effect on lumen
morphology or collagen distribution, likely due to pre-existing
collagen that is unaffected by halted secretion (Figures S61 and
S6J). Therefore, we instead cultured the midgut with both TGF-
B1 and the collagen secretion inhibitor. While TGF-8 is sufficient
to change the midgut luminal morphology to resemble that of the
hindgut, the TGF-B + Col003 lumen pattern instead resembled
that of the vehicle-treated control midgut (Figures 6C, 6D, S6A,
and S6B). TGF- is thus unable to promote hindgut morphology
when collagen deposition is blocked. Accordingly, as with
HOXD13 misexpression in the midgut, TGF-f treated midguts
display COL1 extending to the basement membrane, but this
localization is lost when collagen secretion is inhibited with
Col003 (Figure 6B).

To then determine which of the physical properties of the
developing hindgut regulated by TGF- signaling (downstream
of HOXD13 activity) are dependent on collagen, we examined
the material, geometric, and growth properties of the midgut
treated with both TGF-B and Col003. Blocking collagen secre-
tion did not affect the increase in mesenchyme modulus seen
in the TGF-pB treated midguts (Figures 6E and S6F), potentially
consistent with the fact that crosslinking of collagen into fibril
networks, not deposition alone, is critical to confer tissue stiff-
ness.”” However, TGF-p-induced mesenchyme thickening
(which decreased thickness ratio) was rescued, and growth
anisotropy was restored (Figures 6F, S6D, and S6G). This result
suggests that deposition of new collagen protein contributes to
mesenchyme geometry and that these geometric changes are
required for TGF-f signaling to successfully transform the
midgut lumen to a hindgut-like morphology.

Finally, we asked which mesenchymal cells are responsible for
hindgut-specific ECM remodeling. TGF-p signaling induces dif-
ferentiation of myofibroblasts, or contractile cells that heavily de-
posit fibrous matrix proteins and take on qualities of both fibro-
blasts and muscle cells*®*°; therefore, one possibility is that
the distribution or abundance of myofibroblast or myofibro-
blast-like mesenchymal subtypes is distinct in the hindgut
compared with the midgut. Indeed, scRNA-seq revealed a
mesenchymal subpopulation in the hindgut that bridges mesen-
chyme and muscle cell types and is absent from midgut datasets
(Figures S5C, S5D, and S7A). Markers of this cluster include es-
tablished intestinal fibroblast markers like GREM1, BMPER, and
RSPO3, with a subset of cells highly expressing myofibroblast
genes like TAGLN and MYL9 (Figures S7B and S7F). Cells in
this cluster also express TGF-B pathway-related ECM factors
and ligands (Figure S7F).

Concurrently, we used Light-seq spatial RNA-seq”® (STAR
Methods) to identify genes that are commonly differentially ex-
pressed in the hindgut and RCAS-HOXD 13 subepithelial mesen-
chyme alone, where we observed specialized mechanical prop-
erties and a higher proportion of pSMAD2+ cells in the hindgut
(Figures S7C-S7E). The top hits from this analysis include myo-
fibroblast and ECM-related factors that are established down-
stream targets of TGF-B pathway activation,®’ > and that
show high expression in the GREM 1+ BMPER+ hindgut subpop-
ulation (Figure S7F). These data suggest a model where
increased activation of TGF- signaling leads to a higher propor-
tion of fibroblasts and myofibroblast-associated cells that
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Figure 6. TGF-B-induced extracellular matrix remodeling affects lumen morphology
(A and B) Collagen 1 (COL1) immunostains and corresponding radial intensity profiles for (A) midgut, hindgut, and RCAS-HOXD13 midgut samples and (B) midgut
explant experiments with Col003 treatment (n = 3 sections, 1-2 embryos/condition). b.m., basement membrane; circ., circumferential muscle boundary. Scale

bars, 20 um; shaded area, SD.

(C) Lumen surfaces and power spectra with characteristic wavelengths on the circumferential axis (6). Scale bars, 100 um.
(D-F) (D) Branched folds per 500 um? (n = 4 images, 2-3 embryos/condition), (E) modulus ratios (n = 6-8 gut segments, 2-4 embryos; see Figures S6E and S6F),
and (F) thickness ratios (n = 4 sections, 2 embryos/condition), and growth anisotropy (n = 6-10 gut segments, 4 embryos/condition; see Figure S6G).

(D)-(F) One-way ANOVA, Tukey’s MCT. *p < 0.05; ***p < 0.001; ***p < 0.0001.

See also Figure S6.

deposit ECM within the hindgut mesenchyme, thereby affecting
mechanical properties and, ultimately, lumen morphology.

DISCUSSION

A model for the specialization of intestinal luminal
morphology integrating genetic and mechanical
influences downstream of Hox activity

Both molecular patterning and physical forces cooperate to
shape organs, but the phenomena that translate gene expres-

sion into forces (and vice versa) have, until recently, remained
amystery.”5? In few cases is this more salient than the question
of how Hox genes specify appropriate regional forms in the
developing embryo.

Prior to our study, genetic evidence had made it clear that Hox
and ParaHox gene activity determine regional differences in the
developing gut tube and that Hoxd13, in particular, plays a key
role in specifying hindgut morphology.'®'® However, how this
critical Hox code affected downstream gene expression and
cell behavior to alter gut morphogenesis remained unclear. The
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Figure 7. A genetic and mechanical model
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Cuffs that the endoderm buckles simulta-

neously on both axes to form sulci
because it is subject to constraint from
the stiffer and thicker mesenchyme layer,
preempting the constraint from highly ori-
ented muscle”® (Figure 7B). Furthermore,
as evidenced by the hindgut treated with
SB431542 and the midgut treated with
TGF-B and Col003, neither thickening
nor stiffening alone is sufficient to over-
come muscle constraint on endoderm
growth to confer sulci and cuffs.

X stiffening / Stiffening X Stiffening
X Thickening X Thickening +/ Thickening

| | |
(VY

YV (AAA

Anisotropic
growth

Anisotropic
growth

Anisotropic
growth

/ Stiffening
+/ Thickening

I Functional implications of
differential morphogenesis in the
small and large intestines
‘ Although descriptions of the colonic
epithelium have largely focused on its
lack of villi and Paneth cells (with an in-
crease in goblet cells), the appearance
of superficial, branched, and striated
folds like those we have described here

Isotropic
growth

Midgut + rmTGFB1
+ Col003

Hindgut

Midgut
+ SB431542

data presented here allows us to propose a model that bridges
Hox patterning to the physical forces that govern morphogenesis
(Figure 7A).

Mechanical perturbations lend insight into how the
endoderm negotiates muscular vs. mesenchymal
constraint

Our findings provide insight into why the hindgut lumen fails to
undergo stepwise buckling despite stepwise muscle differentia-
tion. In the wild-type midgut, the endoderm undergoes aniso-
tropic growth due to constraint imposed by smooth muscle
layers—from a mechanical standpoint, the mesenchyme is sim-
ply a thin and soft intermediary (Figure 7B). However, stiffening
and thickening of the mesenchyme increases its bending stiff-
ness and resistance to deformation, thus decreasing the role of
muscle in dictating endoderm buckling. We therefore propose
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Midgut + HOXD13
Midgut + rmTGFB1

is a common feature across birds and
mammals, including humans.®®¢" Since
high epithelial curvature concentrates
mesenchymal morphogen signals in the
chick to pattern the chick crypt-villus
axis,® the mechanical context that generates sulci and main-
tains a flat hindgut epithelial-mesenchymal interface precludes
the morphogen distributions that define villi and differentiated
cells found in the small intestine. Along with the previous finding
that HOXD13 misexpression induces differentiation of cell types
found in the hindgut,'® our results suggest that the topographical
consequence of regional mechanics may contribute to functional
differences between intestinal compartments.

Hindgut

An instructive role of HOXD13 in hindgut morphogenesis

Formative work on Hox patterning in the mouse intestine pin-
pointed Hoxd13 mutant phenotypes to the terminal anorectal
region.'®"” However, expression of HFGa13 (a dominant nega-
tive form of HOXA13) in the chick hindgut endoderm affects
development of the entire hindgut caudal to the ceca.'® Given
that HOXA13 and HOXD13 mutants generally show similar



Please cite this article in press as: Gill et al., Hox gene activity directs physical forces to differentially shape chick small and large intestinal epithelia,
Developmental Cell (2024), https://doi.org/10.1016/j.devcel.2024.07.012

Developmental Cell

phenotypes, especially for overexpression in the chick, it ap-
pears that Hox group 13 gene expression in the hindgut affects
both the formation of the caudal gut more broadly and later
morphogenesis of the luminal lining. Other Hox and ParaHox
genes have also been implicated in hindgut development, such
as Cdx2 and Hoxd12."®5%%7 Whether the mechanisms down-
stream of these genes regulate physical properties to promote
posterior identity is not known and could be a subject of
future study.

TGF- regulation of ECM during gut development
Besides its essential function in regulating the gut immune sys-
tem, TGF-B has primarily been implicated in intestinal fibrosis,
which is marked by excessive tissue thickening and stiffening
via changes to cell and ECM properties.’*®® TGF-p signaling up-
regulation in fibrotic conditions leads to differentiation or transdif-
ferentiation of mesenchymal cell types into myofibroblasts.**°

As in the case of fibrosis, we find that TGF- signaling modu-
lates tissue thickening and stiffening during normal gut develop-
ment by regulating ECM remodeling. We report the presence of a
mesenchymal subpopulation in the hindgut that highly ex-
presses the same markers as cells that affect ECM organization
in the colon (trophocytes),®"° cells involved in intestinal supra-
molecular ECM fiber organization (S3 fibroblasts),*®"""* as well
as myofibroblastic cancer-associated fibroblasts.”*"* Addition-
ally, during mouse development, TGF-B-mediated differentiation
of myofibroblasts shortens the developing mouse midgut, sug-
gesting that proper regulation of this pathway is indeed needed
for regional gut shaping.”®

Limitations of the study

Both this study and our prior study of midgut lumen morphogen-
esis relied on in silico models; together, they lend insight into the
relative importance of local (cell-scale) and global (tissue- and
organ-scale) morphogenetic phenomena in intestinal develop-
ment and evolution.”>*® However, we have thus far treated gut
tissues as elastic solids without considering additional material
properties of deforming layers that may also be relevant, such
as fluid properties, which have been shown to be involved in in-
testinal lumen morphogenesis®® and would influence how the
lumen deforms on long vs. short timescales. Future studies
could parse contributions of different material properties with
the aid of physical models to precisely control biophysical pa-
rameters. Additionally, local heterogeneity in stiffness, growth,
and thickness, which we did not consider here, may also help
explain regional differences in lumen morphology.
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Bulk RNA-seq data This paper GEO: GSE236181

scRNA-seq data This paper GEO: GSE258895

Light seq data This paper GEO: GSE260533

Experimental models: Organisms/strains

Specific Pathogen-Free Chicken (SPF) Eggs AVS Bio N/A

Oligonucleotides

Barcode sequence 1 - Cy5 IDT GGAGTTGGAGTGAGTGGATGAGTGA

labeled barcode strand. TGDDDDDDD DDDDDTATGGATGAGT
TATATAACTCA[cnvK]TCGT GTAAAT[Cy5-3]

RT.5N.3G IDT TTTACACGATTGAGTTATNNNNNGGG

GATC.20T IDT GAGAATGTGAGTGAAGATGTATGGTG
ATTTTTTTTT TTTTTTTTTTT

GATE IDT GGAGTTGGAGTGAGTGGATGAGTGATG

GATC IDT GAGAATGTGAGTGAAGATGTATGGTGA

P5.GATE IDT CGCCGGAGTTGGAGTGAGTGGATGAGTGATG

GATE*.P5* IDT CATCACTCATCCACTCACTCCAACTCCGGCG

Recombinant DNA

Chick HOXD13 CDS (codon-optimized) IDT N/A

pPIDNB Chu et al.?° Addgene Plasmid #169901

pPBI[Exp]-Puro-CAG>hyPBase
pPIDNB-HOXD13
RCAS-HOXD13
RCAS-mGFP

Chick INHBA probe set
Chick CFC1 probe set
Chick THBS2 probe set
Chick HOXD13 probe set
Chick FBLNT1 probe set
Chick VCAN probe set
Chick TAGLN probe set

Vector Builder
This paper
Roberts et al.’®
Kan et al.””

Molecular Instruments
Molecular Instruments
Molecular Instruments
Molecular Instruments
Molecular Instruments
Molecular Instruments

Molecular Instruments

Cat#: VB900097-3203ztc
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

Software and algorithms

ImagedJ

GraphPad Prism 9
MATLAB R2023b
ABAQUS/Standard 6.14
R4.2.0

STAR

Salmon

DESeq2

Seurat 4.3.0

Cellranger (7.1.0)

Demultiplex
glmGamPoi

NIH

GraphPad
Mathworks
Dassault Systemes
R Core Team
Dobin et al.'®

Patro et al.®®

Love et al.®®
Butler et al.”%; Stuart et al.”®

10x Genomics

McGinnis et al.”
Ahlmann-Eltze and Huber®®
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Lightseq Kishi et al.*® https://github.com/Harvard-MolSys-Lab/
Light-Seqg-Nature-Methods-2022

Code for image analysis, mechanical This paper Zenodo: https://github.com/hasreetkgill/Hoxd13-

measurements, and sequencing analysis manuscript

Code for numerical simulations This paper Zenodo: https://doi.org/10.5281/zenodo.12687202;
https://github.com/YinSifan0204/GutMorphology_
3DSimulations

Code for radial pattern quantification Huycke et al.®” https://github.com/dsprinzak/huycke-et-al-Cell-2019

Code for spatial order analysis Choi et al.’" https://github.com/hasreetkgill/opsinanalysis

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Clifford J.
Tabin (tabin@genetics.med.harvard.edu).

Materials availability
Plasmids generated in this study will be provided by the lead contact upon request.

Data and code availability
e Bulk, single cell, and light-seq RNA-sequencing data have been deposited at GEO and are publicly available. Accession
numbers are listed in the key resources table. Microscopy data reported in this paper will be shared by the lead contact, Clifford
J. Tabin (tabin@genetics.med.harvard.edu), upon request.
e All original codes have been deposited at Zenodo and are publicly available. The DOIs and associated Github links are listed in
the key resources table.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All animal studies were performed in compliance with NIH guidelines and standard operating protocols approved by the Institutional
Animal Care and Use Committee at Harvard Medical School.

Chickens

Fertilized Specific Pathogen Free (SPF) White Leghorn Chicken eggs (AVS Bio) were incubated in a 38°C humidified chamber. Em-
bryonic stages are indicated in figures and figure legends, and were determined using the Hamburger and Hamilton staging series.”®
Sex was only noted using NGS data and considered during single cell RNA-sequencing analysis, but was otherwise not accounted
for due to the technical difficulty of determining sex from chicken embryos.

METHOD DETAILS

Plasmids

The full-length chick HOXD13 CDS sequence (NCBI gene ID: 396415) was codon optimized and ordered as a gBlock Gene Fragment
(IDT) with 5’ and 3’ sequences complementary to the destination vector for isothermal assembly. It was then cloned into the pPIDNB
backbone vector (Addgene plasmid #169901; a gift from Richard Schneider) digested with Aflll and Pstlll to create pPIDNB-HOXD13.
RCAS-HOXD13"® and RCAS-mGFP’’ were obtained from lab stocks. hyPBase was ordered from VectorBuilder (pPB[Exp]-Puro-CA-
G>hyPBase, ID: VB900097-3203ztc).

Chick intestinal electroporation

Expression constructs were electroporated into the midgut splanchnic lateral plate at HH17, as described in detail previously.37
Because RCAS viral particles do not cross the basement membrane, this method ensured tissue-specific misexpression in the meso-
derm (Figure S2C).%”"%7° RCAS constructs were electroporated at a concentration of 2.5ug/uL, where hindgut and midgut controls
were electroporated with RCAS-mGFP or obtained from stage-matched non-electroporated embryos. Successful viral spread was
confirmed using whole-mount AMV-3C2 (1:100, DSHB) immunostaining. pPIDNB/pPIDNB-HOXD13 were co-electroporated with
hyPBase at concentrations of 3pug/uL and 1ug/uL, respectively.®®
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Sparse, inducible HOXD13 expression

pPIDNB-HOXD13 undergoes transposon-mediated integration into the genomes of electroporated cells, which then constitutively
express mNeonGreen under a PGK promoter.?® Upon doxycycline exposure, expression of both mScarlet and HOXD13 is induced
from a bidirectional TRE element (Figure S6A).

To induce expression of mScarlet and HOXD13 from pPIDNB-HOXD13, 750uL of a 3.3ug/ul solution of doxycycline hyclate (Milli-
pore Sigma; 1mg/mL stock in water) in HBSS was filter sterilized and gently pipetted on top of electroporated/windowed E8 em-
bryos.?® Windows were then re-sealed, and embryos were incubated for another 7 days. The same procedure was performed for
pPIDNB-electroporated controls to induce mScarlet expression alone.

Lumen surface imaging

Surface relief structures of intestinal segments were imaged by first dissecting and longitudinally slicing gut tubes in 1X PBS. Opened
guts were then pinned flat (without stretching) to 3% agarose using 0.002-inch or 0.004-inch diameter tungsten rods, and submerged
in 4% PFA for fixation at 4°C overnight, or at room temperature for 1-2 hours. Fixed guts were stained with DAPI in 1X PBS overnight
at 4°C and imaged on a Zeiss LSM 710 point-scanning inverted confocal microscope. Maximum projections of, depending on stage
and region, approximately 20-60um Z stacks at 2-5um step size were generated using Imaged. Transverse section images were
taken using a Nikon Ti2 inverted W1 Yokogawa Spinning disk microscope (50um pinhole disk). 10um Z stacks at 0.5-1um step
size were also analyzed as maximum projections.

Surface wrinkling quantification

Pattern analysis of lumen surface images was performed using a combination of custom and adapted pipelines in MATLAB. For Fast
Fourier Transforms (FFTs), we first applied a series of pre-processing operations to DAPI channel maximum projections using
MATLAB. These generally involved a Gaussian filter followed by adaptive thresholding before binarization of the image. Power
spectra in the frequency domain were obtained from the log of the absolute value of the 2D FFT (fft2 function) performed on binary
images. Spatial domain images that displayed periodic patterns showed distinct peaks in their corresponding power spectral density
profiles, while non-periodic patterns had diffuse power spectra. Cases with notable peaks within figures are marked with the char-
acteristic wavelength values on the relevant axis or axes.

To count branched folds, 180x180um? sample areas were randomly selected and cropped from a whole-lumen image (hindgut and
explants), or a 2-3 mm gut segment lumen (midgut). Images were binarized and skeletonized, and branch points were scored manu-
ally using the point selection tool in Imaged.

Autocorrelation profiles were obtained by first cropping raw midgut images in x and y to isolate a representative segment of the
periodic pattern. The dimensions of this segment varied between stages but not between conditions (midgut, hindgut, RCAS-
HOXD13 midgut). Autocorrelation was calculated using the MATLAB autocorr function applied to a vector containing the 1D signal
intensity pattern of the cropped image.®' The presence of a sinusoidal wave in the resulting plot indicates periodicity as a correlation
between DAPI intensity at a given point in the source image, going from left to right, with intensities at prior points. Non-periodic pat-
terns result in low-amplitude or flat curves. For each sinusoidal pattern, amplitude was measured as the average amplitude of the first
2 waves of the autocorrelation plot.

For spatial disorder, we used Delaunay triangulation and Voronoi cell analysis, where center points of primordial villi and cuffs were
manually extracted in MATLAB, and the delaunay and voronoi functions were used to generate tessellations. Variances were calcu-
lated from distributions of triangle edge lengths and Voronoi cell areas. Higher variances of Delaunay triangle edge length and Voronoi
cell area distributions correspond to higher spatial disorder.

Fold aspect ratio quantification

Geometric properties of mucosal folds at E14 and E18 were measured manually, from transverse section images in the DAPI channel.
Aspect ratios were measured from randomly sampled mucosal folds taken from transverse sections. The bottom of a fold was
defined as the average radial position of the valleys on either side of a protrusion, and the top of a fold was the radial position located
closest to the lumen center; width was measured orthogonally across the fold at the radial position halfway between these points.

Section immunostaining and quantification

Tissues fixed overnight in 4% paraformaldehyde in 1X PBS (PFA) were washed, dehydrated in 30% sucrose in 1X PBS and
embedded in OCT blocks. Using a cryostat, guts were sectioned onto Superfrost slides as 16um thick slices and allowed to dry
completely. Tissues were permeabilized with PBSTT (1X PBS + 0.1% Tween-20 + 0.05% Triton-X100) prior to application of primary
antibodies at 4°C overnight. The following primary antibodies were used: ®SMA-FITC (1:1000, Sigma), «SMA-A594 (1:1000, Abcam),
calponin 1 (1:100, Cell Signaling), phospho-SMAD2 (1:300, Cell Signaling), and collagen | (1:300, Abcam). All secondary antibodies
were added 1:300 in PBSTT at room temperature for 2 hours. Secondary antibodies conjugated to fluorescent dyes were chosen with
regard to primary antibody species (1:300, Jackson Immuno, 1:300). For phospho-SMAD?2 stains, antigen retrieval was performed by
boiling slides for 5min in pH 6.0 citrate buffer using a veggie steamer prior to antibody application. TSA signal amplification was then
performed according to kit recommendations (Perkin Elmer) following a biotinylated anti-rabbit secondary incubation (1:300,
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Jackson Immuno) and a streptavidin-HRP incubation (1:300, Jackson Immuno). Proportion of pPSMAD2+ nuclei were counted in Im-
agedJ from a single z-slice by first segmenting the subepithelial mesenchyme (area between white lines in Figure 3F), followed by
manual counting in the DAPI and pSMAD2 channels.

Fluorescence in situ hybridization

smFISH using HCR was performed using reagents and an adapted protocol from Molecular Instruments.®* Sections on slides were
washed with 1X PBS and permeabilized for 2 hours in 70% ethanol. After a short pre-incubation in Hybridization Buffer at 37°C,
custom probes from 1uM stocks were mixed with pre-warmed Hybridization Buffer to a final concentration of 6nM. Probe solutions
were added to slides and coverslips cut from polypropylene bags were applied before placing slides in a humidified chamber at 37°C
for 18 hours. The following probe sets were manufactured by Molecular Instruments from the associated sequence IDs: INHBA
(NM_001396543.1), CFC1 (NM_204700.3), THBS2 (NM_001397325.1), HOXD13 (NM_205434.1), FBLN1 (NM_204165.1), VCAN
(NM_204787.1), TAGLN (NM_205494.2). Excess probes were washed at 37°C using 30 minute washes in 4 graded concentrations
of probe wash buffer (Molecular Instruments)/5X SSCT (5X SSC buffer + 0.1% Tween-20), followed by 2 washes in 5X SSCT at room
temperature. H1 and H2 hairpins from 3uM stocks (Molecular Instruments) were separately heated to 95°C in a heat block and al-
lowed to reanneal at room temperature for 30 minutes in the dark. Hairpins were then mixed with amplification buffer (Molecular In-
struments) at a final concentration of 50nM and incubated in the dark for 5 minutes. The hairpin solutions were added to slides, which
were covered with polypropylene coverslips and incubated at room temperature for 20 hours. Samples were then washed with 5X
SSCT to remove excess hairpins, stained with DAPI in 1X PBS, and mounted for imaging. Radial quantification of signal intensity for
immunostains and FISH patterns was performed as described previously,” where x-positions were normalized to the total average
thickness of the mesenchyme for each condition, and y-axis normalized to maximum intensity. Large, irregular bright spots in HCR-
FISH images are auto-fluorescent enteric neural crest cells.

Mechanical measurements

Thickness ratio, differential growth and Young’s modulus measurements were collected as described in Gill et al.”® Briefly, thick-
nesses were measured from fixed 16um transverse sections stained with DAPI and smooth muscle markers (Figures 2A and
S1A). For growth and modulus measurements, tissue layers were dissected in 1X PBS at room temperature using electrolytically
sharpened rods. For differential growth, the composite of endoderm and mesenchyme was dissected from the circumferential layer
of smooth muscle. Tissues were allowed to reach their stress-free lengths for 20min before strain was determined as the percent
increase or decrease in tissue length in the relaxed configuration.?>2%-#384 |n Figures 5D and 6F, growth anisotropy was measured
as the difference between the change in longitudinal and circumferential strain magnitude (A€) over the course of the experiment.
Initial strains corresponded to E12 strains shown in Figure 2B.

For modulus testing, tissue rings were imaged while stretched at a constant velocity using a tungsten cantilever hooked through
the lumen (Figure S1A). Deformation in the tissue and deflection of the cantilever were used to measure Young’s modulus.”® For guts
older than 14 days for the midgut and hindgut, and 16 days for the HOXD13-misexpressing midgut, tissue layers were too thin to
dissect for modulus measurements. Modulus ratios were therefore inferred by fitting a curve to data from several earlier stages
(Figure S1D).

Bulk RNA sequencing

Lumen patterns become distinct across conditions from E12 to E14, so we collected tissue from the midgut, hindgut, and HOXD13-
expressing midgut at these times. Also, because HOXD13 misexpression was restricted to the mesoderm and mechanical changes
occurred mainly in the mesenchyme layer, we only harvested mesodermal RNA (Figures S1B, S1C, and S2C).

Whole guts were dissected from electroporated embryos in fresh, ice-cold 1X PBS. 4 replicates of RCAS-mGFP midguts, RCAS-
mGFP hindguts, and RCAS-HOXD13 midguts were collected for each time point. RCAS-mGFP midguts and hindguts were obtained
from the same individuals. To harvest tissue samples of roughly equivalent mass, 2-3mm hindgut segments and 3-4mm midgut seg-
ments were isolated and immediately cut open longitudinally. Samples were then placed in Eppendorf tubes containing 1mL of
2Units/pL dispase in 1X PBS and incubated on a rocker at 37°C for 10 minutes. Segments were transferred to a new dish of 1X
PBS and the inner epithelium was carefully peeled away using fine forceps. Remaining mesodermal tissue was kept on ice until
all tissues were collected. RNA was extracted using the QIAGEN RNeasy Micro Kit. All E12 samples were collected simultaneously,
and E14 samples were collected in 4 batches with 1 replicate of each condition collected per batch. RNA quality was assessed using
an Agilent 2100 Bioanalyzer. Libraries were prepared from 500ng input RNA using the lllumina TruSeq Stranded mRNA kit and pooled
separately for E12 and E14 prior to sequencing.

For sequencing, single end 75bp reads were sequenced on a NextSeq 500 flowcell at the Biopolymers Facility at Harvard Medical
School. For the RCAS-mGFP midgut, RCAS-mGFP hindgut, and RCAS-HOXD13 midgut, average reads per replicate generated by
E12 libraries were 13.3, 14.0, and 14.0 million, respectively. Average reads per replicate for E14 libraries were 14.2, 14.5, and 13.4
million, respectively. Reads were quasi-mapped to the reference chick transcriptome using Salmon,®” and the Salmon pseudocount
matrix was used for differential gene expression analysis in R using DESeq2.%° Hierarchical clustering was performed to identify
differentially expressed genes commonly shared between RCAS-mGFP midgut vs. RCAS-HOXD13 midgut and RCAS-mGFP midgut
vs. RCAS-mGFP hindgut. To identify differentially regulated pathways, we analyzed lists of commonly differentially expressed genes
between comparisons using the free online suite of gene set enrichment tools, EnrichR®”~#° (Figure S4B). After identifying TGFB as a
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pathway of interest, the KEGG 2021 and BioPlanet 2019 lists of TGFf signaling pathway genes were used to sub-classify genes as
they are represented in Figure 3.

Volcano plots and heatmaps were generated using R. In Figures 3A and 3B, of genes also up- or down-regulated in the RCAS-
HOXD13 midgut vs. control midgut (darker gray dots), a proportion were commonly differentially expressed at both points (green
triangles), and a subset of those were genes known to be involved in the TGFB pathway (pink diamonds and gene name labels).
Dashed gray lines indicate the significance cutoff at adjusted p=0.05.

Single cell RNA sequencing

Single cell suspensions were generated by first dissecting guts in ice-cold 1X PBS. Whole guts were placed in DMEM + 10% chick
embryo extract at 37°C until all samples were dissected and ready for dissociation. For pPIDNB experiment samples, dissected guts
were observed under epifluorescence to isolate regions with mScarlet+ transgenic cells. 2-3mm gut segments, 1 from each replicate,
were then incubated at 37°C in 1mL dispase for 10min as for bulk RNA sequencing sample preparation, followed by 1 PBS wash. Gut
pieces (pooled by condition) were placed in the open caps of Eppendorf tubes containing 500uL 0.25% Trypsin-EDTA (Sigma) and
mechanically disrupted using forceps. Tubes were then closed and inverted before placing samples at 37°C for 12-15min. Samples
were mechanically disrupted with P1000 and P200 pipettes every 2min during the first half of the incubation, and with a 1mL syringe/
25G needle during the second half.

When pPIDNB midgut, pPIDNB-HOXD13 midgut, and electroporated control hindgut suspensions were homogenous with no
visible tissue clumps, 400uL of ice cold DMEM + 4% FBS was added to each sample, which was then strained using a 5mL poly-
styrene round-bottom tube with a 35um nylon mesh cell strainer cap (Falcon). After one spin at 800xg for 5min at 4°C, samples
were resuspended in DMEM + 4% FBS, labeled for 5min with DAPI, and placed on ice. To enrich for mScarlet+ cells, midgut samples
were iteratively sorted 3 times for approximately 30min each using an On-chip Sort microfluidic chip sorter.”® The mScarlet+
mNeon+DAPI- population was gated to select for living cells with induced transgene expression. Trypan blue staining before and
after all samples were sorted confirmed minimal cell death due to time spent on ice. After straining again through a 70pum mesh
strainer and cell counting using a hemocytometer, sorted suspensions in 1X PBS were used for GEM generation according to the
10X Chromium Next GEM Single Cell v3.1 (Dual Index) protocol. Subsequent post GEM-RT cleanup, cDNA amplification, and 3’
gene expression library construction steps were performed in accordance with the manufacturer’s instructions. Sample indices
were chosen from the 10X Dual Index Kit TT Set A (PN-1000215).

For wild-type E14 midgut and hindgut samples, the 500uL trypsin suspension was strained without the addition of FBS. After
straining, samples were centrifuged at 800xg for 5min, followed by 2 PBS washes. Midgut and hindgut suspensions were then bar-
coded for MULTI-seq, washed twice with ice-cold PBS + 1% BSA, and pooled.®’ Cells were then strained, counted, and used in the
10X workflow for GEM generation and library preparation as described above. During the SPRI bead cleanup step following cDNA
amplification, the supernatant was preserved and used to generate MULTI-seq barcode libraries, which were also sequenced and
used together with the genotype-based demultiplexing using vireo®” to computationally infer the sample origin of midgut and hindgut
cells during data processing.®"

Paired-end (28/8/10/90 dual index) sequencing was performed on a NovaSeq 6000 flowcell at the Biopolymers Facility at Harvard
Medical School according to the recommended 10X sequencing specification. Cellranger 7.1.0 was used to generate the count ma-
trix, which by default, include all counts of intronic reads. Parsing of cellular barcodes, MULTI-seq barcodes, and genotype-based
demultiplexing using vireo were all performed on the Harvard Medical School O2 computing cluster.

After generation of Seurat objects, downstream analysis using the Seurat package was performed in R version 4.2.1.%°9" Graph-
based clustering and non-linear dimensional reduction in Seurat were performed for each dataset using the Leiden algorithm and
UMAP, with the number of dimensions used determined from each elbow plot inflection point. Integration of datasets from the
same experiment was performed using the CCA method available in the Seurat package, and pseudobulk differential gene expres-
sion used the gimGamPoi package.”® Design formulas for differential expression regressed out variation due to sex and cell cycle
phase. In cases where only a particular cell subtype comprising multiple clusters (e.g., “Mesenchyme”) is considered, cell type an-
notations were determined after dataset integration to ensure equivalent matching of cell populations between conditions, and the
original data was subsetted and re-clustered accordingly. Finally, for pPIDNB empty vector control embryos, though mScarlet+ cells
were sorted and enriched as for pPIDNB-HOXD13 embryos, mScarlet expression level was too low for pseudo-bulking as part of
differential expression analysis; therefore, mNeon+ cells were used for comparison to HOXD13+ cells instead (“Mid cells” and
“Mid control” cells in Figures 3C, S5B, and S5E), as we observed no major transcriptional differences between mScarlet+ and
mNeon+ cells in control samples.

Chick intestinal explant culture

2-3mm segments of E12 midguts and E13 hindguts were dissected in pre-warmed 1X DMEM containing 1% Pen/Strep and trans-
ferred to 6-well dishes with 2 segments per dish. All explants were cultured in 1X DMEM containing 1% Pen/Strep and 10% chick
embryo extract. Enough media was added to each dish such that guts were at the air-liquid interface, which ranged from 800uL to
1mL depending on the size of the tissue. Dishes were then placed on a rocker at approximately 12 rocks per minute, within a 37°C
incubator with 5% CO, and 19% O,. Media was changed every 24 hours for 72 hours of culture. Final morphologies of control midgut
and hindgut cultures were close approximations of their in ovo counterparts, with midguts forming modest zigzags from initial ridges
and hindguts forming sulci from flat surfaces (Figures 5A and 5B). The following stock solutions of pharmacological compounds were
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made, stored at -20°C, and diluted before adding to media at 0.1% to achieve final concentrations indicated in figure legends: re-
combinant mouse TGFB1 (50ug/mL in 1X PBS + 4mM HCL + 0.1% BSA, R&D Systems), Activin A (10pg/mL in 1X PBS + 4mM
HCL + 0.1% BSA, R&D Systems; final concentration 10ng/mL), SB431542 (20mM in DMSO), Col003 (50mM in DMSO). An equivalent
volume of vehicle was added to each control—for experiments employing compounds dissolved in different solvents, an equivalent
volume of each solvent was added to a single set of controls.

Light-seq spatial RNA sequencing

Light-seq was performed according to the methodology described in Kishi et al.*® Tissues were collected and fixed for 1hr at room
temperature in 4% PFA with 0.1% Tween-20, followed by 1X PBS washes, a 1hr incubation in 30% sucrose, and 1hrin 100% OCT.
2-3mm gut segments were embedded in OCT blocks and sectioned sagittally onto Superfrost slides coated with poly-D-lysine
(Sigma, 0.3mg/mL in Borate Buffer). Square plastic chambers were then superglued on top of sections for subsequent reactions.
Samples were washed with PBS followed by PBST (1X PBS + 0.1% Tween-20), before completing in situ reverse transcription of
RNA using a 12-cycle ramp program, which added 5N3G sequences onto cDNA strands for eventual crosslinking to barcodes.*”
A-tailing was performed for 45 minutes at 37°C, followed by overnight incubation in ®SMA-A594 primary antibody.

Samples were barcoded using a Mightex Polygon 400 DP DMD attached to an inverted Nikon Eclipse Ti-E. Sections were incu-
bated in 1M NaCl followed by barcoding solution (PBST containing 2mg/mL sheared salmon sperm DNA, 10% dextran sulfate,
250nM Barcode | strand, and 500mM NaCl) for 30min at room temperature. After PBS + NaCl washes, tissue regions were outlined
using the Bezier ROI tool in Nikon Elements v.4.51. DMD illumination of each ROI (1 per replicate) was performed on a single z-plane
to cross-link barcodes onto cDNAs in the tissue (Figure S7C). For the midgut, hindgut, and RCAS-HOXD13 midgut, a portion of sub-
epithelial mesenchyme was outlined, starting from the basement membrane to the center of the inner longitudinal layer of smooth
muscle (Figure S7C). Basement membrane location was determined using DAPI, and the inner longitudinal layer was identified using
aSMA-A594 staining. The total area illuminated per section varied from 20,000-80,000pm? depending on tissue identity, as the
mesenchyme layer is thicker in the hindgut and midgut + HOXD13. An Cy5-labeled barcode was used for the subepithelial mesen-
chyme, and successful barcoding was confirmed using a fluorescence widefield microscope. Following washes with PBST+60%
deionized formamide, barcoded cDNAs were displaced from samples, and cross-junction synthesis reactions were performed to
stitch barcoded cDNAs into single strands. DNA was then amplified using PCR, purified using Ampure XP beads (Beckman), and
concentrations were quantified using a Qubit assay.

Sequencing libraries were prepared using a Nextera XT Library Preparation Kit (lllumina). Tagmentation was performed using a
custom i5 primer,°® and libraries were pooled and sequenced with custom Read 1 and i5 primers. Sequencing was performed using
a NextSeq 500 machine at the Biopolymers Facility at Harvard Medical School. For analysis, barcode and UMI sequences were ex-
tracted from raw Read 1 data using the UMI-tools package, and sequences were mapped to the galgalé (GRCg6a, Ensembl) chicken
genome assembly using STAR. UMI deduplication and barcode parsing was performed in Python (3.7.5).°° Differential gene expres-
sion analysis was performed in R using DESeq2.%°

Numerical simulations
To simulate late-stage ridge, zigzag, sulci, and cuff formation, we first adapted our two-dimensional growing bilayer model of early
buckling initiation to three dimensions.?® Briefly, tissues were modeled as Neo-Hookean elastic solids, and growth was modeled as a
shift in the stress-free reference configuration prescribed along three orthogonal axes according to the residual strain
measurements.”®

To perform 3D simulations, we implemented a user-defined material (UMAT/VUMAT) subroutine in the commercial finite program
ABAQUS/Standard (version 6.14). Three biophysical parameters are defined in the initial stress-free state in ABAQUS: the thickness
ratio and modulus ratio of the endodermal and mesenchymal layers, and the radius ratio of the inner (center to apical side of the endo-
derm) and outer (center to inner boundary of the circumferential layer) radii of the endoderm-mesenchyme composite. While thickness
and modulus ratios were fitted to the data, the radius ratio was kept as 0.65 for all simulations. To simplify the process of phase diagram
construction, experimental data were binned such that simulation parameters do not perfectly match, but closely approximate, actual or
predicted values (Table S1). 27 simulations were performed in total to create the diagram in Figure 2F. In a tubular geometry, views de-
picted correspond to the basal surface of the endoderm layer for ease of visualizing the morphology. The bidirectional arrow on the
bottom right in Figures 2F and 5H indicates orientation of differential growth on a spectrum from isotropic (green) to anisotropic
(pink). Blue “sulci” and orange “cuff-like” colored morphological domains were defined empirically using isotropic growth simulations.
For cases with anisotropic growth (pink axis), “6” and “z” above the boxes represent dominant growth directions.

The stepwise anisotropic growth profile of the midgut and the transversely isotropic growth profile of hindgut were based on exper-
imental results. The following sets of growth functions were developed to be qualitatively consistent with the data and were applied to
simulation conditions as specified in Table S1.

Stepwise anisotropic

gr:1
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9o =1 - t°+2t
gy = 1+28
Stepwise anisotropic with endoderm thinning
g =1-05t

gy =1 — 212 +4t

gx = 1+4£
Transversely isotropic
gr = 1
gs = Ox = 1+t
Transversely isotropic with endoderm thinning
gr=1-0.5t
gs = Ox = 1+t
Circumferential anisotropic
gr =1
gs = 1+2t2
gx =1

In contrast to our previous computational model for the wild-type midgut,®® here we used UMAT and the implicit method to ensure
the slow formation of ridge and zigzag patterns (occurring over the course of several days in the embryo) reaches mechanical equi-
librium at every time step; for the hindgut, we used VUMAT and the explicit method to mimic the process of sulci (creasing) and cuff
formation, which occurs embryonically in the span of hours, and thus relatively quickly (Table S1). Evolution of the RCAS-HOXD13
midgut morphology was initially simulated using the implicit method to reflect its deviation from the ridge-to-zigzag to a ridge-to-sulci
transition. Simulations of later stage wrinkling, which mimics that of the hindgut, employed the explicit method for comparison to the
hindgut. The same principle was applied to the choice of implicit vs. explicit models for explant experiment simulations (Table S1).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical tests were performed using Excel and GraphPad Prism, and statistical details for each experiment reported can be found
below for Figures 1, 2, 3, 4, 5, and 6 and in the figure legends for Figures S1-S7. For mechanical measurements and lumen quan-
tifications in Figures 1, 2, 5, S1, S3, and S6, populations were assumed to be sufficiently normally distributed with similar standard
deviations, and thus ordinary one- or two-way ANOVAs and unpaired, two-tailed t-tests were performed. Multiple testing correction
was performed after ANOVA tests as part of Tukey’s pairwise comparison tests (Tukey’s MCT), and for NGS data using the Bonferroni
or the Benjamini-Hochberg (BH) method (indicated in figure legends). In all cases where asterisks indicate significance, the following
convention was used: *****, p<0.00001; ****, p<0.0001; ***, p<0.001; **, p<0.01; *, p<0.05; ns, not significant. Standard errors are re-
ported in all cases involving comparisons between means, and standard deviation is reported for normalized autocorrelation and
radial intensity profiles to illustrate spread amongst samples. Error propagation was used to determine the uncertainty of mesen-
chyme modulus, modulus ratio, and growth anisotropy values. Since composite modulus, endoderm modulus, endoderm thickness,
composite thickness, and mesenchyme thickness are all correlated variables, mesenchyme modulus error was propagated from
composite modulus error, modulus ratio error (c) was calculated as Oge = g—; (%)2+<”Eé:>2 and growth anisotropy error was

calculated as og, /g, = (UAeZ)2+(UAt'a)2'
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Results for statistical tests for each Figure are as follows: Figures 1F and 1G (One-way ANOVA, branched folds: p<0.0001, F=294;
aspect ratio: p=0.006, F=6.41), Figures 2B and 2C (Two-way ANOVA, conditions: py<0.0001, Fy=15.5; p,=0.071, F,=3.26;
Phe/hm=0.044, Fremm=4.03, and stages: py<0.0001, Fy=45.3; p,<0.0001, F,=59.1; phe/nm<0.0001, Fpemnm=52.3), Figure 2D (One-
way ANOVA at E14, p=0.0005, F=27.3), Figure 3G (One way ANOVA, E12: p=0.0002, F=66.9; E14: p=0.062, F=4.57), Figures 6D-
6F (One-way ANOVA, branched folds: p<0.0001, F=76.8; pge/em=0.02, Fee/em=8.03; Phe/nm=0.0128, Fre/nm=7.35; growth anisotropy:
p=0.102, F=2.97).
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