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Gut rotation requires a second wave of Pitx2 expression tuned by the latent TGFp mechanosensor.

The second Pitx2 wave represses BMP4 on the left, but BMP4 persists on the right side to
drive tissue expansion, initiating gut rotation. Tilting forces from expansion (accelerator) deform
the ECM-resident Ltbp1, liberating TGFP from the latent complex to initiate its downstream
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signaling. TGFB-dependent Pitx2 expression then causes polarized condensation and increased
tissue stiffness (brake), a mechanical feedback loop with the right side.

Research Article Summary

INTRODUCTION: Nearly all vertebrate animals appear symmetrical on the outside, but internal
organs such as the heart, liver, and stomach are carefully arranged in a left-right asymmetric
pattern. This packs the organs into the limited space of the body while preserving their function.
An important model to study left-right organ asymmetry is the process of gut rotation, during
which the intestine achieves its familiar twisted form. Gut rotation is predictable in healthy
embryos: always counter-clockwise and timed perfectly. Gut rotation hinges on the neighboring
dorsal mesentery (DM), a mesodermal tissue bridge anchoring the gut tube through which
intestinal blood and lymphatic vessels traverse. The left and right sides of the DM are physically
continuous but exhibit discrete and asymmetric tissue changes, causing the mesentery to deform
and tilt the attached gut tube leftward. This leftward tilt provides a critical bias to initiate
asymmetric gut rotation that is conserved throughout evolution. Gut rotation is orchestrated by the
transcription factor Pitx2, which is expressed on the left side of embryos. Pitx2-driven asymmetry
is also evolutionarily conserved, and altered Pitx2 activity disrupts the growth of lateralized
organs.

RATIONALE: In early embryos, Pitx2expression is induced during gastrulation by the highly
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conserved morphogen Nodal, a member of the transforming growth factor-p (TGFp) super-family.

This asymmetric Nodal expression is transient and stops before asymmetric organ morphogenesis.
However, Pitx2 expression is present on the left side in most asymmetric organs, including

the DM, where it orchestrates gut rotation. This has left unresolved the question of how Pitx2
directs organ development when Nodal is gone. We reasoned that Pix2expression during gut
rotation must be locally regulated by undescribed mechanisms that are required to correctly shape
asymmetric organs.

RESULTS: We found that deletion of Nodal from the mouse lateral plate mesoderm, a precursor
of the DM, preserved normal gut laterality and Pitx2 expression, supporting the presence

of additional mechanisms regulating Pitx2. Indeed, Pitx2expression in the left DM was not
continuous and required a second wave of induction during gut rotation. This second wave

of Pitx2expression was tuned by a local positive feedback loop through the latent TGFp
mechanosensor, a new player here that links Pitx2expression to the mechanical forces driving
rotation. TGFB-Pitx2 activity repressed bone morphogenetic protein 4 (Bmp4) expression in the
left mesentery, marking the first molecular asymmetry of gut rotation. BMP4 signaling persisted
to drive the right-side program, which acted through the extracellular matrix (ECM) component
hyaluronan to expand and deform the right side of the mesentery, initiating gut rotation. Tilting
forces from this right-sided expansion were then sensed and mechanically transduced into
TGFB-dependent Pitx2 expression changes in the neighboring left DM, resulting in polarized
mesenchymal condensation and increased tissue stiffness. These findings can be explained by an
accelerator on the right (BMP4) and a brake on the left (TGF-Pitx2), which cooperate through
mechanical feedback to tune the conserved counterclockwise gut rotation. Thus, vertebrate gut
rotation combines biochemical and biomechanical inputs to break gut symmetry and direct the
evolutionarily conserved intestinal rotation.
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CONCLUSION: We uncovered a mechanosensitive TGFp feedback loop driving the Pitx2-
governed left-sided transcriptional program that reproducibly rotates the vertebrate intestine.
These findings address a long-standing question of how asymmetric organs interpret the
embryonic body plan to execute local programs of laterality. Uncovering the basic mechanisms
for how organs form could aid efforts to diagnose and prevent birth defects, including intestinal
malrotation and volvulus, which may cause large stretches of intestinal tissue to die, a surgical
emergency in neonates. Though focused on the intestine, our studies are relevant to other
asymmetric organs where laterality errors also cause lethal birth defects in human babies.

Summary

The vertebrate intestine forms by asymmetric gut rotation and elongation, and errors cause

lethal obstructions in human infants. Rotation begins with tissue deformation of the dorsal
mesentery, which is dependent on left-sided expression of the Paired-like transcription factor
Pitx2. The conserved morphogen Nodal induces asymmetric Pitx2to govern embryonic laterality,
but organ-level regulation of Pitx2 during gut asymmetry remains unknown. We found Noda/to be
dispensable for Pitx2expression during mesentery deformation. Intestinal rotation instead required
a mechanosensitive latent transforming growth factor—p (TGFp), tuning a second wave of Pitx2
that induced reciprocal tissue stiffness in the left mesentery as mechanical feedback with the right
side. This signaling regulator, an accelerator (right) and brake (left), combines biochemical and
biomechanical inputs to break gut morphological symmetry and direct intestinal rotation.

Evolutionarily conserved left-right (LR) asymmetries of vertebrate internal organs require a
coordinated set of sharply defined gene expression events that drive changes in extracellular
matrix (ECM) biomechanics and cell behavior. For example, the vertebrate embryonic
midgut, which gives rise to most of the large and small intestine (Fig. 1A), undergoes a
stereotypical counterclockwise rotation that is necessary for subsequent gut looping (1, 2).
Failure to initiate midgut rotation leads to midgut volvulus, a catastrophic blockage of the
gut tube and mesenteric blood vessels (3, 4). In birds and mice, the direction of midgut
rotation is driven by asymmetric cellular behaviors within the dorsal mesentery (DM), the
adjacent connective organ that suspends the gut tube from the dorsal body wall (Fig. 1B,
colored regions), and through which intestinal blood and lymphatic vessels traverse (1, 2, 5).

The DM forms during embryogenesis by apposition and fusion of the left and right flat
sheets of splanchnic mesoderm (derived from lateral plate mesoderm). This starts on day

3 in the chicken, which corresponds to Hamburger-Hamilton stage 17 (HH17) (6), or on
embryonic day 9.5 (E9.5) in mice (1). Initially, the mesenchyme of the left and right
splanchnic mesoderm appears homogeneous (1), but with DM formation, it develops distinct
LR asymmetry where the left side condenses and the right side expands (Fig.1B, bottom
panel) (1, 7, 8).The resulting deformation of the DM tilts the attached gut tube leftward,
providing a critical bias for the initiation of counterclockwise gut rotation (Fig. 1B, HH21)
1,5).

Gut rotation is directed by the transcription factor Pitx2 (1, 9-11), which is responsible

for the transfer of LR patterning information from early gastrulation to downstream organ
morphogenesis (1, 5, 8, 11). Pitx2is expressed on the left side of the DM (Fig. 1C),

where it activates pathways that regulate actin cytoskeleton organization, cell adhesion, and
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ECM compaction to induce polarized condensation of the left DM (5, 8), suggesting key
roles in DM morphogenesis. However, cell mechanistic studies downstream of Pitx2have
been hampered because loss of Pitx2 on the left causes a double right-side identity (double-
right isomerism), which causes a cell fate change preventing analysis of Pitx2-directed
morphogenesis (10).

In early embryos, Pitx2expression is induced in the left lateral plate mesoderm by the
highly conserved morphogen Nodal, a member of the transforming growth factor—p (TGFp)
super-family (10, 12). This asymmetric NModal expression is transient and stops before
asymmetric organ morphogenesis (13, 14). However, Pitx2 expression is present on the left
side in all derivatives of the lateral plate, including the DM (Fig. 1C), and long after Noada/
expression has ceased, leaving unresolved the question of how Pitx2 regulates asymmetric
organogenesis when Nodal is gone.

We found that Pitx2expression in the left DM required a second signaling regulator,

a mechanosensitive latent transforming growth factor g (TGFp), to drive gut rotation.

This second wave of Pitx2 expression repressed the initially bilateral bone morphogenetic
protein 4 (Bmp4) expression, marking the first molecular asymmetry in the DM. Persistent
BMP4 signaling within the right DM promoted mesenchymal expansion on the right. This
expansion was sensed and mechanically transduced into TGFp-dependent Pitx2 expression
changes in the left DM, resulting in polarized mesenchymal condensation and increased
tissue stiffness. We further showed that the BMP antagonist Noggin simultaneously inhibits
right-derived BMP4 and left-derived TGF-Pitx2 activity to spatiotemporally restrict tissue
deformation of the DM. This finding allowed us to uncouple the mechanosensitive role of
TGFB-Pitx2 in asymmetric gut morphogenesis from Pitx2-driven laterality, a phenotype that
is masked by the double right-side identity in Pitx2-null mice.

We propose that TGFB-dependent control of Pitx2 dosage on the left provides
transcriptionally patterned resistance to expansion from the right. These findings can be
explained by an accelerator on the right (BMP4) and a brake on the left (TGFB-Pitx2),
which cooperate through mechanical feedback to drive the conserved counterclockwise gut
rotation.

Repression of symmetrical Bmp4 by Pitx2 initiates DM asymmetry

Gut rotation is first initiated by an expansion of the ECM in the right DM (Fig. 1B,

bottom panel, teal) (7). This expansion and subsequent gut tilting depends on matrices of
hyaluronan (HA) modified by the enzyme 75g6 (tumor necrosis factor-alpha—stimulated
gene 6) (7), but the upstream transcriptional control of this process is unknown. Our prior
transcriptomics studies performed in the chicken DM at the time of tilting (HH21) (8)
revealed enrichment of Bmp4 on the right side of the chicken DM. This raised the possibility
that 7sg6 expression and the resulting ECM expansion may be regulated by BMPs, members
of the TGFp superfamily. RNA in situ hybridization in the chicken revealed that Bmp4
expression is initially bilateral in the DM but decreases on the left as tilting begins (Fig.

1D). We reasoned that this pattern might be governed by Pitx2, because loss of left-sided
Bmp4 expression coincided in space and time with the onset of Pitx2expression in the
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left DM (Fig. 1C). This was confirmed by right-sided electroporation (fig. S1B) of Pitx2
before chicken DM formation, which resulted in a reduction of both Bmp4 expression

(Fig. 2A) and HA accumulation on the right (Fig. 2, B and C). This double-left isomerism
caused a loss of gut tilting (Fig. 2G, net-zero tilting angle from the midline measured at
HH21). Co-electroporating Pitx2and Bmp4 on the right rescued the right-sided program, as
determined by restored HA accumulation (Fig. 2, B and C) and normal gut tilting (Fig. 2G).
Thus, Pitx2 contributes to Bmp4 transcriptional suppression.

To more clearly define the role of right-sided BMP signaling, we electroporated the BMP
antagonist Moggin (15-17) into the right DM. This resulted in a loss of HA accumulation
(Fig. 2, C and D), Tsg6expression (Fig. 2D), and gut tilting (Fig. 2G). Because Noggin

is a broad antagonist of several members of the TGFp superfamily (15, 18), we also
electroporated a dominant-negative BMP receptor 1 (BmpR1-DN, truncated kinase domain)
(17) into the right DM. This produced a similar loss of HA (Fig. 2, C and D), 7sg6 (Fig.
2D), and gut tilting (Fig. 2G). Perturbation of BMP signaling did not produce ectopic Pitx2
expression in the right DM (Fig. 2E), indicating that BMP signaling independently drives the
right-sided ECM expansion and not does repress the left-lateralizing Pitx2 program.

To assess the role of Bmp4in the mouse embryonic midgut, Bmp4 was conditionally deleted
(fig. S2, A and B) using an inducible Hoxb6 driver that is specifically active in the posterior
lateral plate mesoderm (19). This produced a loss of HA accumulation (fig. S2C) and led

to gut rotation defects evident at E12.75 (fig. S2D) without ectopic Pitx2 expression on

the right (Fig. 2H). Thus, BMP signaling independently induces 75g6 expression and ECM
expansion of the right DM.

In mice lacking Pitx2 (Pitx2'9/d), the left DM mesenchyme becomes expanded like the
right side and gut tilting is arrested (1). To test whether Pitx2 expression in the left DM is
necessary to repress drivers of right-side identity, we examined Bmp4 expression and HA
accumulation in Pitx2'9/"d embryos at E10.5 (Fig. 21). Both HA and Bmp4 were present
bilaterally (a double-right isomerism), indicating that Pitx2expression on the left represses
gene expression and cell behavior normally associated with the right side of the DM.

This contrasts with the loss of Bmp4 on the right, which does not lead to bilateral Pitx2
expression (Fig. 2H). In summary, Pitx2is both necessary and sufficient to inhibit BMP
signaling in the DM and to specify the left-side identity of the DM.

Noggin restricts asymmetric tissue deformation to the DM

The mesenchymal cells within the DM and those within the gut tube arise from adjacent
precursor populations in the left and right splanchnic mesoderm (17, 20) (Fig. 3A). LR
asymmetric cell behaviors that specifically deform the DM are limited only to the DM cells
and never extend ventrally into the gut tube (Fig. 3A). For example, Smadé, a canonical
regulatory feedback gene downstream of Bmp4 expression (21), was found strictly within
the right DM and only at the onset of tilting, but never in the gut tube despite the persistence
of bilateral Bmp4 mRNA expression in the gut (fig. SIA). We reasoned that BMP signaling
must be actively repressed at the protein level in the gut tube. Consistent with this

idea, we initially found Noggin expression throughout the early left and right splanchnic
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mesoderm (fig. S3A; HH15), but at the onset of DM formation, Noggin expression became
progressively restricted to the cells of the gut tube in both chicken and mouse embryos

(fig. S3, A and B). Furthermore, right-sided electroporation of constitutively active BmpR1
(Q233D, BmpR1-CA) (22) into the gut splanchnic mesoderm bypassed Noggin activity and
induced DM-like accumulation of HA in the gut tube (fig. S4). These data suggest that gut

tube-derived Noggin limits BMP signaling—driven ECM expansion to the right DM.

The displacement of Noggin expression away from the forming DM was also commensurate
with the onset of Pitx2 expression on the left, suggesting a previously undescribed,
antagonistic relationship between Nogginand Pitx2 (fig. S3A). Indeed, electroporation of
Noggin in the left DM caused a loss of Pitx2expression (Fig. 4, A and B). Moreover, mouse
embryos lacking NMoggin displayed an abnormally extended domain of Pitx2 expression

into the gut tube (fig. S3C), premature gut tilting at E9.5 (fig. S3D), and aberrant gut
rotation patterns at E12.75 (fig. S3, E and F). These results indicate that gut tube—derived
Noggin limits LR gene expression and cell behavior to the DM, shedding light on the local
mechanisms that pattern molecular and morphological boundaries between the DM and the
adjoining gut tube that allow timely asymmetric deformation.

Gut rotation requires a second wave of Pitx2 expression independent of

mesodermal Nodal

We examined Pitx2 expression during the pre- and early DM formation periods (Fig. 3A).
Early Pitx2 expression was detected in the left splanchnic mesoderm at E8.0 (mouse) (23)
and HH12 (chicken) (10, 23, 24) (Fig. 3, B and D), but was unexpectedly absent in this
region shortly afterward (E9.0 mouse, Fig. 3C; HH15 chicken, Fig. 3, B and D, and fig.
S3A). Pitx2 expression was detected again as the DM began to form, both in the mouse
(E9.5, Fig. 3C) and chicken (HH17, Fig. 3D and fig. S3A).

We next analyzed conditional NModa/ mouse mutants generated with a Hoxb1-Cre driver,
which ablates all Modaltranscription and subsequent Pitx2 expression in the lateral plate
mesoderm (25), causing heart and lung laterality defects (26). Neither gut tilting (Fig. 3E;

n = 12/14) nor Pitx2 expression in the DM (Fig. 3E; n= 6/7) was affected by the deletion

of mesodermal Nodal. Thus, whereas Nodal drives the first wave of asymmetric Pitx2to
govern embryonic laterality, subsequent organ-level regulation of Pitx2expression (second
wave) during the establishment of gut-specific asymmetry may be regulated by an additional
pathway.

Latent TGFp directs gut-specific asymmetry through Pitx2 expression

We first tested whether the second wave of Pitx2expression is BMP dependent (27—

29), which would be consistent with the loss of Pitx2expression observed upon Noggin
electroporation on the left (Fig. 4, A and B). However, electroporating BmpR1-DN on the
left did not alter Pitx2expression or HA accumulation (Fig. 4, A and B), nor did it affect gut
tilting (Fig. 4C), indicative of a BMP-independent mechanism to modulate Pitx2expression
during gut rotation.
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Noggin can antagonize several non-BMP TGFp ligands (15, 18), and our DM
transcriptomics data revealed that the latent TGFp binding protein 1 (LtHp1), a major
regulator of TGFP pathway activation (30, 31), is expressed strictly within the left chicken
and mouse DM, akin to the spatiotemporal kinetics of Pitx2expression (Fig. 4D). Similarly,
TGFp-induced ( 7TGFB-i), an effector downstream of TGFp signaling (32), was also
asymmetrically expressed in the left chicken DM (fig. S5A). Thus, TGFp activation may
regulate gut-specific Pitx2 expression and be a target for Noggin inhibition. To test this, we
electroporated a kinase-defective dominant-negative TGFBRII (TGFBRII-DN) (33) on the
left side. This reduced Pitx2expression in the DM (Fig. 4,A and B). Pitx2 expression was
similarly decreased when a dominant-negative Ltbp1 (Ltbp1-DN) was electroporated into
the left DM to block TGFp activation (34) (Fig. 4, A and B). By contrast, electroporation
of constitutively active TGFBRI (7GFB RI-CA) (35) into the left gut splanchnic mesoderm
expanded Pitx2 expression along the gut tube primordium (Fig. 4E; HH18) and prematurely
induced it at HH15 (Fig. 4F), bypassing the local presence of Noggin (fig. S4A). We also
inserted resin beads into the left coelomic cavity (fig. S1C) (7, 11) that were coated with

a TGFp receptor type 1 (TGFB RI) inhibitor (SB431542) (36) or a more specific TGFp RI
and RII dual inhibitor (LY2109761) (37). In both cases, Pitx2 expression was significantly
reduced in response to TGFp inhibition (Fig. 5, A and B). Finally, explants isolated from
mouse intestine and cultured with LY2109761 had reduced Pitx2 expression and perturbed
gut rotation (fig. S5B).

Gain of function of BMP4 on the left masks morphogenetic phenotypes of

Pitx2 loss

Genetic loss of all Pitx2expression in mice results in a DM with a double right-side
isomerism and loss of gut tilting because BMP4 inhibition is lost on the left (Fig. 4G, panels
1 to 4). Similarly, electroporating 7GFB RII-DN or Ltbp1-DN caused a nearly complete loss
of Pitx2expression (Fig. 4, A and B), resulting in bilateral activation of BMP4-mediated
HA accumulation (Fig. 4A) and loss of gut tilting (Fig. 4C), identical to Pitx2-null mice.
However, inhibiting Pitx2 expression by electroporating Noggin in chicken embryos does
not result in a double-right DM because Noggin also inhibits BMP4 and HA accumulation
(no double-right isomerism; Fig. 4A). In such Noggin-expressing Pitx2-lacking embryos,
the left-sided rotation (tilting angle) was increased (“over-tilting”; Fig. 4, A, C, and G,
panels 1, 4, and 5). Similarly, perturbing TGFp activation with drugs that reduced Pitx2
expression caused the same over-tilting (Figs. 5, A to C, and 4G, panel 6). Thus, the
over-tilting phenotype appears to result from an absence or reduction of Pjtx2 expression on
the left, but can be revealed only when there is no accompanying double-right conversion.
We conclude that Pitx2 has two distinct roles in gut asymmetry: (i) it specifies the left side
by suppressing Bmp4 expression and (ii) it directs morphogenesis of gut tilting downstream
of TGFp activation (Fig. 4G).

The contractile status of the DM is mechanically sensed by TGFp-Pitx2

TGFp becomes active when liberated from the latent complex that is covalently linked
to ECM-resident Ltbp1 (30, 38, 39). Several mechanisms induce conformational changes
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of the latent complex, including the contractile force of cells (38—-41) and mechanical

tissue stretch in vitro and in vivo (42-45), leading to the release of TGF@ from the ECM
(46). To test whether Pitx2expression in the DM responds to mechanical stress through
mechanosensitive TGFp release, we subjected slices of the DM and gut tissue to physical
stretches of up to 20% (fig. S6A) (47). Stretching these slices resulted in increased (free)
TGFp (pan-TGFp) protein (fig. S6B). This was accompanied by increased Pitx2 expression
on the left side of the DM that was proportional to the stretch applied (fig. S6C).

To test Pitx2 mechanosensitivity in vivo, we targeted the left coelomic cavity with resin
beads soaked in blebbistatin, an inhibitor of nonmuscle myosin Il ATPase (48). This
decreased Pitx2expression in the left DM by >50% (Fig. 5, A and B) and increased the
tilting angle (Fig. 5, A and C), a phenotype similar to that obtained after pharmacologic
TGFp inhibition (Fig. 5, A to C). By contrast, beads soaked with calyculin A, which
activates myosin Il and increases contractile force (49), increased Pitx2 expression and
decreased gut tilting (Fig. 5, A to C). A combination of blebbistatin and calyculin A
restored both Pitx2 expression and gut tilting (Fig. 5, A to C). We also electroporated a
photoactivatable myosin light chain kinase (MLCK) inhibitor (PA-MKI), a more specific
inhibitor of myosin 11 (50), allowing precise temporal disruption of contractility in the left
DM after the establishment of molecular LR asymmetry. This decreased Pitx2 expression
(Fig. 5, D and E) and increased the tilting angle (Fig. 5, D and F). Co-electroporating
PA-MKI and TGFB RI-CA rescued Pitx2expression and partially restored gut tilting (Fig. 5,
D to F). Thus, direct modulation of contractility in the DM is sufficient to alter Pitx2 mRNA
expression through latent release of TGFp. Quantitative analyses of the above perturbations
confirmed the mechano-sensitivity of Pitx2abundance and the inverse relationship between
Pitx2 expression levels and the degree of gut tilting (Fig. 5G).

Pitx2 induces polarized condensation on the left by mechanical feedback
with the right

A second wave of Pitx2 expression is observed at the onset of DM formation, but this
expression is further increased commensurate with expansion on the right, which might
reflect mechanical feedback (Fig.1C). Moreover, Pitx2 drives polarized condensation on the
left shortly after expansion on the right (7). Thus, we tested whether forces deriving initially
from the right-side expansion might drive mechanical TGF ligand release and Pitx2 dosage
on the left, tightly regulating and polarizing mesenchymal condensation in response to
expansion. This model would explain how Pitx2 reduction on the left would impair the
(active) responses to expansion on the right, causing deregulated (passive) over-tilting.

To test this model in vivo, we inhibited expansion and gut tilting by electroporating chicken
embryos with hyaluronidase 2 (Hyal2) to degrade extracellular HA (7). To allow precise
temporal manipulation of expansion after the establishment of molecular LR asymmetry, we
used the tetracycline (Tet)-on inducible chicken expression construct TRE-EGFP for these
experiments (51). Loss of expansion on the right decreased Pitx2 expression on the left

(Fig. 6, A and B). Conversely, we exaggerated ECM expansion by electroporating 75g6 with
HA synthase 2 (Has2) into the right DM (7) (Fig. 6, A and E). Ectopic 7596 plus Has2
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increased expansion on the right and significantly increased condensation of the neighboring
left DM (Fig. 6E). Increased expansion also increased accumulation of free TGFp protein
(Fig. 6D) and Pitx2expression (Fig. 6 A and B). Thus, we propose an “accelerator-brake”
model in which right-sided ECM expansion acts as an accelerator of gut rotation, whereas
TGFp- pitx2-directed mesenchymal condensation on the left acts as a brake to inhibit
rotation. Consistent with this model, direct overexpression of 7TGFBRI-CA, Pitx2, or the
constitutively active form of the Pitx2 effector Daam2 (Daam2-CA) (8) on the left resulted
in reduced gut tilting (Fig. 4C). Moreover, over-tilting caused by Noggin-induced loss

of Pitx2expression (absence of brake) was associated with a loss of mesenchymal cell
polarity within the left DM, as measured by the orientation of the Golgi apparatus (8)
relative to the nucleus (fig. S7A). Disorganized condensation in the absence of polarity

also resulted in the clumping of actin fibers (fig. S7B) in crowded areas, which was never
observed during the wild-type Pitx2-driven condensation program (fig. S7B) (8) or during
the mechanically exacerbated wild-type Pitx2 program induced by the right-sided 75g6
plus Has2 co-electroporation (fig. S7B). We interpret this to mean that mesenchymal cell
crowding in the absence of Pitx2is a deregulated consequence of right-sided expansion
(passive left-side compaction) as opposed to Pitx2-patterned (active) polarized condensation
in response to expansion.

Pitx2 patterns DM stiffness on the left to resist right-side generated forces

Tissue deformation reflects a balance of forces and stiffness (52). We hypothesized that
polarized condensation stiffens the left side, which resists right side—generated forces. To
test whether gut tilting results from a combination of unequal forces and stiffness across
the LR axis of the DM, we performed direct measurements of DM tissue stiffness during
gut tilting using a microindentation system (Chiaro nanoindenter) (Fig. 6F). These studies
revealed that the condensed left side of the wild-type DM was significantly stiffer than
the hydrated nature of the HA matrix on the right side, whereas the gut tube had uniform
intermediate stiffness (Fig. 6F and fig. S8). Ectopic expression of Pitx2on the right side
stiffened the ECM, approximating the stiffness of the left side of the wild-type DM (Fig.
6F). Moreover, Noggin-induced loss of Pitx2expression on the left caused a loss in tissue
stiffness of that side, resulting in tissue stiffness approximating that of the right side (Fig.
6F). Thus, Pitx2is necessary and sufficient to regulate DM stiffness during gut tilting.

After exaggerating expansion on the right (with 7596 plus Has2), the soft hydrated HA-
rich ECM became even softer and the left side became stiffer (Fig. 6F), reflecting the
consequential increase in TGFp (Fig. 6D) and APitx2 expression on the left (Fig. 6, A and
B). These changes did not significantly alter the overall gut tilting (Fig. 6C), reinforcing

the importance of the mechanical feedback loop in balancing gut tilting. Our results show
that the left-sided latent TGFp complex responds to mechanical stress from the expanding
right side and amplifies Pitx2 expression, which in turn stiffens the left side through
polarized condensation of the mesenchyme, tuning a second wave of Pitx2 expression. Thus,
our accelerator-brake model incorporates both biochemical and biomechanical inputs to
cooperatively drive and steer the crucial counterclockwise rotation of the embryonic midgut
(Fig. 6G).
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As an additional test of our model, we predicted that we could reverse the conserved gut
tilting by misexpression of the wild-type Pitx2on the right and TGFBRII-DN on the left
to inhibit Pjitx2expression. Indeed, gain of function of Pitx2on the right and loss of the
left-sided TGFp signaling reversed gut tilting (fig. S9).

Discussion

Pitx2functions in both establishing LR asymmetry and translating this laterality to
morphogenesis of the internal organs. However, it remains unresolved how Pitx2
expression modifies cell behavior and how this is regulated within local, organ-specific
microenvironments. In the DM, these events are characterized by an expansion of the right-
side mesenchyme, which is driven by BMP-induced accumulation of HA; this expansion is
accompanied by mesenchymal compaction on the left side. These asymmetries produce the
characteristic counterclockwise gut rotation found in most vertebrates.

Pitx2 expression during broad specification of axial chirality and the later execution of
asymmetric tissue changes appear to be controlled by different regulatory pathways (Fig. 7,
A and B). In the lateral plate mesoderm, Nodalinduces the first wave of Pitx2expression
on the left to govern embryonic laterality (Fig. 7A). In the DM, a second wave of

Pitx2 expression is controlled by the mechanosensitive TGF latency complex on the left
(Fig. 7B). Deletion of NModal from the lateral plate mesoderm preserved wild-type Pitx2
expression (7= 6/7) and gut laterality (7= 12/14). Thus, whereas early Nodal expression

at the node, the mouse signaling center where symmetry is first broken, is essential to
specifying the embryonic LR body plan (12, 53, 54), further changes in local intestinal
asymmetry can be uncoupled from Nodal transcription in the lateral plate mesoderm. The
incomplete penetrance of correct gut rotation (two of 14 embryos rotated to the right with
right-sided Pitx2) suggests that Modal/ may be important to ensure the robust alignment of
organ-level laterality with the LR body axis. Neither electroporation of AModal/nor TGFBRI-
CA in the right splanchnic mesoderm was sufficient to induce bilateral Pitx2expression

in the DM (fig. S10), reinforcing that local amplification of gut-specific Pitx2 expression
requires prior laterality information established during early embryogenesis. Thus, our study
supports a two-step model of asymmetric organogenesis (55), and our findings support

the presence of additional mechanisms through which laterality information is delivered to
individual organ primordia.

We observed that Noggin is produced by splanchnic mesoderm surrounding the gut tube,
and progressive distancing of the Noggin* gut tube primordium from the Noggin~ cells of
the DM may affect the timely activation of DM-specific LR programs (Fig. 7, A and B).
Indeed, Noggin not only antagonizes BMP4 signaling within the right DM but also inhibits
TGFB-Pitx2 activity on the left. This revealed a separate role for Pitx2in governing the
mechanical properties of the DM, in which the forces generated by an adjoining tissue (right
DM) are converted into a transcriptional response (Pitx2 expression) through mechanical
activation of the latent TGFp complex (Fig. 7C), a phenomenon previously observed in
cancer and fibrosis (46). Our data reveal that material properties across the LR axis of the
DM, including tissue stiffness, determine the extent of deformation during gut rotation, a
process patterned by Pitx2and executed by TGFp and BMP4.
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Ltbp1, the major regulator of latent TGFp activation, is transcribed asymmetrically on the
left side commensurate with Pitx2 expression, which presumably enhances TGFp release
and activation on the left (Fig. 7, B and C). The LTBP family of proteins are expressed

in restricted tissue types to provide specificity to TGF ligands that have widespread
expression (46). This diversity is further expanded by the variety of stresses that can

cause TGFp release, including mechanical forces, pH, reactive oxygen species, and matrix
metalloproteinases (46). Our findings in the DM reveal that mechanical forces propagate
TGFp-Pitx2signaling in the mechanically condensed left DM, but other stimuli may also
participate. TGFP and BMP signaling also function in LR asymmetric gut bending in sea
urchin embryos, suggesting an evolutionarily ancient mechanism for gut-specific asymmetry
(56).
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Fig. 1. BMP4 becomesrestricted to theright at the onset of Pitx2 expression on the left.
(A) Midgut rotation transforms the gut tube into looped intestine. (B) Tissue changes across

the LR DM initiate gut tube (GT) rotation. (C and D) RNA in situ hybridization (ISH) for
Bmp4 and Pitx2 during DM formation and GT rotation. Scale bars, 50 pm.
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Fig. 2. BMP4 drives morphological DM asymmetry through the Tsg6/HA pathway.
Right-sided Pitx2electroporation in the chicken DM inhibits Bmp4 expression [(A), ISH],

HA accumulation [(B) in red, and quantified in (C)], and gut tilting [quantified in (G)],
whereas right-sided Pitx2 with Bmp4 co-electroporation restored the right-sided program
(HH21). Effect of right-sided Noggin or BmpR1-DN electroporation (HH21) on HA [(D) in
red, and quantified in (C)] and 7596 [RNAScope, (D) in white and quantified in (F)] and
Pitx2 [RNAScope, (E) in green]. Data were analyzed with one-way ANOVA and multiple
comparisons with Tukey’s correction for HA (C) and 7596 (F) (presented as mean *
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SEM), and Watson’s test for tilting angles (G) (presented as circular mean) upon specified
electroporations marked by GFP. (H and 1) Mouse Pitx2c [(H), ISH] was not affected upon
Bmp4 deletion, whereas Pitx2loss (1) caused a “double-right” phenotype, including ectopic
HA and Bmp4 (RNAScope). MFI, mean fluorescence intensity. All scale bars, 50 um.
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A Formation of the dorsal mesentery and gut tube from the splanchnic mesoderm precursor cells
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Fig. 3. Gut rotation requires a second wave of Pitx2 independently of mesoder mal Nodal.
(A) DM forms by fusion of the left and right splanchnic mesoderm; fusion of the somatic

mesoderm forms the body wall. Subsequent LR tissue changes are specific to the DM and
never extend ventrally into the GT. NT, neural tube; NC, notochord, C, coelom. (B) Pitx2
(ISH) is expressed in the splanchnic mesoderm at HH12 but is absent at HH15 before
DM formation. (C) In mice, Pitx2cis lost by E9.0 but reemerges with DM formation

at E9.5. (D) Two waves of Pitx2expression quantified by integrated density normalized
to somatic mesoderm, using one-way ANOVA followed by multiple comparisons with
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Tukey’s correction (presented as mean + SEM). (E) Mouse gut tilting and PjtxZc expression
(compared by unpaired #test, presented as mean £ SEM) are not perturbed by conditional
Nodal deletion (E10.5). Scale bars, 50 um.
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Fig. 4. Latent TGFP directs gut-specific asymmetry through Pitx2 expression.

(A) Pitx2and Bmp4 expression (ISH), HA (red), and gut tilting upon specified
electroporations in the chicken DM cells marked by GFP. (B and C) Pitx2 expression

(B) was compared with one-way ANOVA followed by multiple comparisons with Tukey’s
correction (presented as mean + SEM), and gut tilting (C) was compared using Watson’s test
(presented as a circular mean). (D) L#bpZ in chicken and mouse DM (ISH). (E and F) TGFB
RI-CA electroporation in chicken DM cells marked by GFP (E) drives Pitx2expression in
the gut and splanchnic mesoderm (F). (G) Pitx2 specifies the left side by suppressing Bmp4
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(1to 4); Pitx2also directs gut-tilting morphogenesis, a function of Pitx2unmasked only in
the absence of the double-right phenotype (4 to 6). Scale bars, 50 pm.
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Fig. 5. The contractile status of the DM is mechanically sensed by TGFp-Pitx2.
(A) Pitx2and Bmp4 expression (ISH) and HA (red) upon resin beads coated with specified

drugs. (B and C) Pitx2expression (B) was compared with one-way ANOVA, followed

by multiple comparisons with Tukey’s correction (presented as mean + SEM), and gut
tilting (C) was compared using Watson’s test (presented as circular mean). (D to F)

Pitx2 expression [quantified in (E)] and gut tilting [quantified in (F)] upon electroporating
photoactivatable myosin light chain kinase (MLCK) or MLCK/TGF RI-CA in chicken DM
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cells marked by GFP. (G) Negative correlation between Pitx2 expression and gut tilting,
fitting a nonlinear regression curve (A2 = 0.8699, HH20). Scale bars, 50 pm.
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Fig. 6. Pitx2 patterns DM stiffness on the left by mechanical feedback with theright.
(A) Pitx2expression (ISH) and gut tilting upon loss of expansion (Hyal2) or exaggerated

expansion (7sg6 plus Has2). (B and C) Pitx2 expression (B) was compared with one-way
ANOVA followed by multiple comparisons with Tukey’s correction (presented as mean *
SEM), and gut tilting (C) was compared using Watson’s test (presented as circular mean).
(D) Exaggerated expansion increased free TGFp on Western blot with control GAPDH
and densitometric quantification by unpaired #test (presented as mean + SEM). (E) DM
mesenchymal cell compaction measured by percentage of internuclear space (DAPI) in
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wild-type and electroporated left and right sides of the chicken DM. Statistics were analyzed
by one-way ANOVA followed by multiple comparisons with Tukey’s correction (presented
as mean = SEM). (F) Indentation measures chicken DM stiffness (HH21). Quantifications
were obtained by analyzing independent measurements (graph on the left) or by biological
replicates (right) and normalized to the average stiffness of the gut tube. Statistics for

left versus right comparison for conditions were analyzed by unpaired ftest and across
conditions by one-way ANOVA followed by multiple comparisons with Tukey’s correction
(presented as mean £ SEM). (G) Model for accelerator-brake mechanical feedback to rotate
the gut. Scale bars, 50 um.
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Second wave of Pitx2 expression has dual roles during LR asymmetric midgut rotation
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Fig. 7. Second wave of Pitx2 expression has dual roles during gut rotation.
(A) Pitx2expression is first initiated by NModal at the node (first wave, HH8) but diminishes

in the splanchnic mesoderm after HH12. Noggin in the splanchnic mesoderm ensures TGFp
and BMP signals are sequestered, preventing premature development of asymmetric LR
programs. (B) First role of Pitx2to establish DM left-side identity: As the DM forms
(HH17), the Noggin-rich gut tube primordium shifts ventrally, and the second wave of Pitx2
expression appears, enabling the initiation of DM asymmetries. Regulated downstream of
TGFB, Pitx2expression on the left represses Bmp4 to specify the DM left side. Confined to
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the right, BMP4 activity drives Tsg6/HA-mediated ECM expansion to initiate the leftward
tilt (HH18). (C) Second role of Pitx2regulating gut-tilting morphogenesis. Tilting forces
from expansion on the right (accelerator) potentiate TGFp activation on the left (>HH18).
The consequential Pitx2accumulation induced by TGFp inhibits gut tilting through
polarized mesenchymal cell condensation and tissue stiffness. Inset on the left depicts

the release of free TGFp cytokine from the latent complex. TGFp pro-peptide (orange
open circle) is bound to LTBP1 (gray). Cytoskeletal contraction forces (red, actomyosin
filaments) engage integrins (purple) to release active TGF free to bind its receptor and
activate TGFp signaling.
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