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Correct notochord and neural tube (NT) formation is crucial to the development of the central nervous system
and midline structures. Integrated biochemical and biophysical signaling controls embryonic growth and pat-
terning; however, the underlying mechanisms remain poorly understood. Here, we took the opportunities of
marked morphological changes during notochord and NT formation and identified both necessary and suffi-
cient roles of Yap, a key mechanosensor and mechanotransducer, in biochemical signaling activation during
formation of notochord and floor plate, the ventral signaling centers that pattern the dorsal-ventral axis of
NT and the surrounding tissues. We showed that Yap activation by a gradient of mechanical stress and tissue
stiffness in the notochord and ventral NT induces FoxA2 and Shh expression. Hedgehog signaling activation
rescued NT patterning defects caused by Yap deficiency, but not notochord formation. Therefore, mechano-
transduction via Yap activation acts in feedforward mechanisms to induce FoxA2 expression for notochord for-
mation and activate Shh expression for floor plate induction by synergistically interacting with FoxA2.

INTRODUCTION

Formation of notochord—a central player in early vertebrate devel-
opment—and morphogenesis of vertebrate neural tube (NT)—the
embryonic precursor of the central nervous system (CNS)—have
been studied since the early days of embryology. Notochord pat-
terns NT and the surrounding tissues, including somites, by secret-
ing Sonic Hedgehog (Shh) and gives rise to the nucleus pulposus, a
critical component in the spine (I). NT defects (NTDs) are one of
the most common birth defects in humans (2, 3). Both genetic and
environmental factors have been associated with NTDs (4), reflect-
ing the interactive complexity of multiple contributing processes to
NT morphogenesis. Despite the interventions to reduce NTDs by
folic acid supplementation before and during gestation, a significant
fraction of NTDs remains unpreventable and/or difficult to treat (5—
7), which demands better understanding of cellular and molecular
mechanisms governing NT development.

Complex networks of biochemical signaling have been found to
direct notochord and NT development of higher vertebrate
embryos. However, much less is known about the mechanisms un-
derlying biophysical regulation of development. Embryonic cells
constantly receive biophysical stimuli such as stress, strain, and
fluid flow, which are generated by gravity, cell movement, and
cell-cell or cell-extracellular matrix interactions, during which
myriad forces are at play to regulate morphogenesis, representing
the most underexplored frontier of developmental biology. Mecha-
notransduction, the conversion of mechanical forces into biological
signals, is a fundamental regulatory scheme for revealing environ-
mental features to almost all cells during embryonic development
and sensory perception (8—10). However, the precise instructive
role of mechanotransduction in cell fate determination and
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patterning has remained long neglected, in part because of the dif-
ficulties in translating the physical cues in molecular terms. Noto-
chord formation involves extensive morphogenesis, such as
convergent extension and apical constriction (11). The folding-
based primary neurulation is intimately associated with notochord
formation. Together, they provide systems to explore how physical
forces are integrated with biochemical signaling pathways to regu-
late complex embryonic development. Primary neurulation is a
complex process subjected to intrinsic and extrinsic forces, mechan-
ical constraints from neighboring tissues, and the environment.
Cellular processes, such as apical constriction and cell intercalation,
are responsible for shaping the NT (12, 13). At the molecular level,
Yes-associated protein 1 (Yap) and its paralog, transcriptional coac-
tivator with PDZ-binding motif (Taz), are found to mediate a broad
range of mechanical cues and translate them into cell-specific tran-
scriptional programs (14, 15). Yap and Taz are coactivators that
mediate the transcriptional regulation of Hippo signaling, an evo-
lutionarily conserved serine/threonine kinase cascade that critically
controls cell proliferation and survival (16, 17). Before our work,
Yap is thought to be gatekeepers of progenitor cell proliferation in
several contexts during embryonic development (18-20). While Taz
is not required for embryonic development (21), Yap™'~ mouse
embryos die very early [around embryonic day 8.5 (E8.5)] with se-
verely retarded growth and disorganized embryonic tissues (22),
precluding a clear mechanistic dissection of its precise roles in
development.

Here, we found that dorsoventral (DV) patterning of the NT and
surrounding tissues requires Yap activation, which reads a DV gra-
dient of mechanical forces and promotes the expression of the ven-
tralizing factor Shh in the ventral organizing centers: the notochord
and floor plate (FP) of the NT (23-25). It is known that the tran-
scription factor Forkhead box protein A2 (FoxA2) is expressed spe-
cifically in the notochord and FP, where it activates Shh expression
(26-30). In the FP, FoxA?2 is also activated by Shh signaling in FP
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(31, 32), forming a positive feedback loop with Shh. We show here
that Yap is both necessary and sufficient to control DV patterning
by activating FoxA2 expression in the notochord and synergistically
interacting with FoxA2 to activate Shh expression in the FP. We
therefore have identified a previously unknown instructive role of
cell mechanics in setting up the ventral organizing centers by selec-
tively activating Yap in the notochord and FP.

RESULTS

The developing NT exhibits a gradient of tissue stiffness
along the DV axis

Stress fiber [large bundle of actin filament (F-actin)] formation par-
ticipates in surface stiffness sensing when cells adhered to a compli-
ant surface (33-35). Our first attempt to determine the mechanical
environment of the developing NT was to perform phalloidin stain-
ing to determine intracellular F-actin, which has been shown as
both a tension sensor and force-generating mechanotransducer.
We found that in the developing midline at E8.5 and E9.5, which
are before and after NT closure, respectively, there was a ventral
to dorsal gradient of F-actin abundance (Fig. 1, A to F). In the no-
tochord, ventral NT, and FP, F-actin was most abundant. This is
consistent with the observation that apical constriction in the
midline of the neural plate drives NT formation (36) and the hy-
pothesis that during notochord morphogenesis, apical constriction
plays a role in its emergence from the mesoendodermal epitheli-
um (11).

The DV gradient of F-actin distribution and its enrichment in
the ventral midline cells (FP and notochord) led us to determine
whether there is an associated gradient of tissue rigidity or stiffness.
We therefore directly measured the rigidity of the developing NT by
atomic force microscopy (AFM). We observed a DV gradient of
tissue stiffness of the NT and notochord before (Fig. 1, G to L)
and after (Fig. 1, M to R) NT closure at E8.5 and E9.5, respectively.
Again, the highest rigidity was found in the notochord, ventral NT,
and FP, where we found the strongest phalloidin staining. We also
found that, at E8.5, there was a gradient of phospho-myosin light
chain, which has been reported to contribute to stress fiber assembly
and mechanics (37), with a stronger signal in the notochord and
ventral NT (fig. S1). These results indicate that there is a DV gradi-
ent of tissue rigidity in the early developing NT, suggesting that the
ventral NT cells may experience higher tension. Ventral tissues, in-
cluding the notochord, exhibited stronger rigidity.

Concomitant up-regulation of Yap protein levels and

activity with Shh expression in the notochord and FP

On the basis of our understanding of the mechanical forces involved
in proper morphogenesis and the circumstances for Yap activation,
we next asked whether our observed DV gradient of tissue rigidity
was correlated with Yap activation. Connective tissue growth factor
(Ctgf ) is a transcription target of Yap, and the Ctgf~-GFP mice have
been developed to detect Yap activities (38). We found that Ctgf-
green fluorescent protein (GFP) was expressed in the developing
embryos (Fig. 2A). In the cross section of the embryonic trunk,
Ctgf-GFP was detected in the notochord and ventral NT at E8.5
(Fig. 2B). At E9.5 and E10.5, high GFP levels were also detected
in the notochord and FP, as well as the roof plate of the newly
closed NT (Fig. 2B). Fluorescent immunohistochemistry (IHC)
with anti-Yap and anti-Shh antibodies revealed that higher Yap
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protein levels were nicely colocalized with Ctgf-GFP and Shh ex-
pression (Fig. 2B). These results indicate that Yap is specifically ac-
tivated in the notochord, the ventral NT, and later in the FP, where
mechanical tension is higher (Fig. 1) and Shh is expressed.

To further test whether Yap activation requires stress fiber for-
mation, we performed an embryonic explant culture (Fig. 3). The
embryonic trunk explants were isolated from E8.5 embryos. The
NT (with the somites removed) was cultured in collagen-alginate
gel with different stiffness (Fig. 3, A to C) (39). A stiffer matrix re-
sulted in more robust stress fiber formation (Fig. 3A) with stronger
Yap activation and Shh expression (Fig. 3, B and C). We then treated
the E9.5 whole trunk explants (between the forelimb and hind limb
regions, with intact NT and somites) with a Rho kinase (Rock) in-
hibitor Y27632 or cytochalasin D (Cyt D) to suppress stress fiber
formation by inhibiting actin polymerization. Both Y27632 and
Cyt D greatly reduced F-actin formation (Fig. 3D), as well as Yap
activation, Shh expression, and Shh signaling activities as assayed
by expression levels of Hh signaling target genes Patchedl
(Ptch1), GLI family zinc finger 1 (Glil), and Hedgehog interacting
protein 1 (Hhip1) (Fig. 3, E and F) (40-42). Furthermore, we treated
the E9.5 whole trunk explants with the Yap/Tead inhibitor vertepor-
fin (VP) (43) and found that such treatment abolished both Shh ex-
pression and Yap activation (Fig. 3, G and H). These results
indicated that tissue stiffness and stress fiber formation led to Yap
activation and Shh expression. They bring up an interesting possi-
bility that mechanical forces generated during NT closure and
maintenance of closed NT may regulate Shh expression through
Yap activation.

Yap is required for Shh and FoxA2 expression in regulating
NT DV patterning

Shh, the ventralizing signal, is first expressed in the notochord at
E7.5 and is induced in the FP by its expression in the notochord
at E8.5 (23-25, 44). As Yap was found to colocalize with Shh in
the notochord and FP (Fig. 2B), we hypothesized that Yap may
play a critical role activating Shh expression. To test this hypothesis,
we used the ShhCre (45, 46) to remove Yap and/or Taz in the noto-
chord and FP (Fig. 4). We rationalized that if Shh expression re-
quires Yap and/or Taz, then genomic deletion of Yap/Taz will
lead to progressive loss of Shh expression as the deletion is irrevers-
ible even after Shh-Cre is inactivated. We found that the
Yap"';ShhCre (Yap CKO) and the Yap";Taz/;ShhCre (DKO)
embryos were lethal at perinatal stages because of severe develop-
ment defects of the lung, which is known to require Yap/Taz and
Shh activities (47, 48), as well as the skeleton such as the rib cages
(Fig. 4, C and D). We therefore examined the E18.5 embryos
(Fig. 4A). The Yap CKO embryos were smaller with shortened an-
terior-posterior (A-P) body axis, tail, and limbs. The phenotypes
were more severe in the DKO embryos. The Taz";ShhCre (Taz
CKO) embryos were morphologically normal (Fig. 4A). The DKO
embryos also showed a severe hemorrhage in the posterior limb
(Fig. 4A), which is formed by Shh-expressing cells (45). We per-
formed skeletal preparations and found that the DKO embryos
almost completely copied the trunk phenotypes of the Shh™'~
embryos: lack of spinal column and most of the ribs (Fig. 4, B to
E) (31). These phenotypes were also found in the Yap CKO
embryos, although slightly less severe (Fig. 4, B to E). The Yap
CKO and DKO embryos did not show cyclopia or a reduction in
digit number, although posterior digit growth and ossification

20f 17



SCIENCE ADVANCES | RESEARCH ARTICLE

A B 2.5D (03
E8.5
200
[Te) o 150
m g 100
S
50
o
0.0 0.5 1.0
Normalized distance
D E 2.5D
E9.5
200
FP .
ol NC i
(=] &
11} &
FP
— N c —_— 0.0 0.5 1.0
Normalized distance
G H [ J K L Eos
Area 1 Area 2 Area 3 Area 4 20,000 )
E8- 5 AFM results 10! AFM results * AFM results 10t AFM results 10* Kokokok
15,000 ne S
1 - Fokokok
©
% £ 10,000
w
4Q 5000
0 -

X coordinates X coordinates X coordinates X coordinates

Area 1 Area 2 Area 3 Area 4
AFM results o AFM results -Gm‘ AFM results 1ot AFM results %10
1 1 1 1
2 5 2 5 2 5 2
g " . g° i 3°
4 T4 T4 T4
& S £ £
o5 3 B5 3 85 3 B85
5 5 5 5
86 A 36 | 86 86
4° >, >, > 2 > 7
8 1 8 L 8 1 8
9 9 9 9
12 3 4 56 7 8 9 12 3 45 6 7 8 9 12 3 4 5 6 7 8 9 12 3 4 56 7 8 9
X coordinates X coordinates X coordinates X coordinates

Fig. 1. Ventral-dorsal stiffness gradient in the developing neural tube (NT). (A, B, D, and E) Representative images of three analyzed embryos of the same stage are
shown. Phalloidin staining of filamentous actin (F-actin) in E8.5 (A and B) and E9.5 (D and E) neural plate. Scale bars, 20 um. (B and E) 2.5D reconstruction of laser scanning
image stacks of phalloidin staining. (C and F) Quantification of the phalloidin immunofluorescence intensity as the mean gray value in the NT of a representative embryo.
The x axis represents distance, normalized to a scale of 0 to 1, from the dorsal domain (0) to the ventral domain (1.0). (G and M) Schematic of the experimental setup of
E8.5 (G) and E9.5 (M). The atomic force microscopy (AFM) cantilever with a tip probe was navigated over neural plate using optical microscopy. The neural plate was shown
in orange and the notochord in blue. Areas 1 to 3 in the NT and area 4 in the notochord were measured by AFM. For each area, 9 X 9 points were measured in a 14-um by
14-um (G) or 20-um by 20-um (M) region. Analyses were performed in three independent embryos of the same embryonic stage, and similar heatmap patterns were
obtained. (H to K and N to Q) Young's modulus E was calculated by fitting the force-indentation curves using a standard Hertz model, as means to measure surface
stiffness. For each area in (G) and (M), the representative distribution of E within the area was shown in a heatmap using a customized MATLAB script. The average E values
of the three analyzed embryos were plotted in (L) and (R). NC, notochord; VNT, ventral NT; FP, floor plate; DAPI, 4',6-diamidino-2-phenylindole. *P < 0.05, ***P < 0.001, and
***4p < 0.0001; one-way analysis of variance (ANOVA) followed by Tukey's multiple comparisons tests.

were reduced (Fig. 4F). Shortening of the A-P body axis and the tail ~ development of midline structures, although loss of Taz further en-
in the Yap CKO and DKO embryos were obvious starting from hanced the defects caused by Yap loss. Hh and Hippo signaling
E11.5, while the Taz CKO embryos appeared to be similar to the exhibit both overlapping and distinct functions in embryonic
wild-type controls (Fig. 5A). Therefore, while Hippo signaling  development.

acts in other parts of the developing NT, in the Shh-expressing To test whether the midline phenotypes in the Yap CKO and
cells (49, 50), we found that Yap, but not Taz, is required for ~Yap/Taz DKO embryos were caused by disruption in Shh
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Fig. 2. Yes-associated protein 1 (Yap) activation colocalized with Sonic Hedgehog (Shh) expression in the notochord and developing neural tube (NT). Images
are representative of at least three embryos. (A) Whole-mount images of connective tissue growth factor-green fluorescent protein (Ctgf-GFP) embryos harvested at E8.5,
E9.5, and E10.5. Ctgf-GFP™ cells were found in the NT, heart, brain, and limb buds. Scale bars, 500 um. (B) Representative images of the cryosections double immunofluor-
escence-stained against GFP, Yap, and Shh. The trunks of E8.5, E9.5, and E10.5 embryos right posterior to the forelimb bud were cross-sectioned. Scale bars, 50 um. Right:
Confocal images of Yap with 4',6-diamidino-2-phenylindole (DAPI); white arrows indicate Yap nuclear colocalization. Scale bar, 20 pm.

expression, we cross-sectioned the trunk at the forelimb bud level
(somite #5 to #11) from E9.5 and E10.5 embryos, followed by im-
munofluorescent IHC (Fig. 5, B and C). TdTomato (tdTom) expres-
sion from the Rosa26 locus (51) was included in the breeding to
trace the Shh-expressing and Cre-active cells. We found that Shh
and the number of Shh-tdTom" cells were greatly reduced in the
notochord and FP in both the Yap CKO and DKO embryos, with
more reduction observed in the DKO embryo at E9.5 (Fig. 5B). By
E10.5, Shh and Shh-tdTom" cells were not detectable in the Yap
CKO and DKO embryos, while only slight reduction was found in
the Taz CKO embryos (Fig. 5, C and D). These results indicate that
Yap loss led to reduction of Shh expression at E9.5 first, followed by
disappearance of Shh-expressing cells at E10.5. We should mention
here that the ShhCre is a "knock-in" allele (45) and 50% of Shh ex-
pression was lost in the ShhCre mice. Therefore, the Yap CKO, Taz
CKO, and DKO embryos were in a sensitized background of
reduced Shh, which may have contributed to the strong Yap CKO
and DKO phenotypes. We then determined Hh signaling activity in
the E10.5 embryonic trunk by examining the expression of Hh sig-
naling target genes Ptchl, Glil, and Hhipl using quantitative real-
time polymerase chain reaction (QRT-PCR) analysis, and found that
Hh signaling was greatly reduced by Yap loss. Loss of Taz alone
slightly reduced Hh signaling (Fig. 5E). Hematoxylin and eosin
staining of the trunk sections indicated that, at E10.5, the NT was
smaller along the DV axis in the Yap CKO embryo and smallest in
the DKO embryo (fig. S2). In addition, the notochord was missing
in both the Yap CKO embryo and DKO embryos (fig. S2). These
results show that Yap, but not Taz alone, is required for the main-
tenance of Shh expression, as well as notochord and FP.

To test whether mild limb defects were due to late Yap removal
using the ShhCre, we used the Prrx1Cre (52), which is expressed in
the forelimb bud before Shh expression, to remove Yap and/or Taz
(fig. S3A). In the Prrx1Cre-driven Yap CKO and Yap/Taz DKO
embryos, severe hemorrhaging was observed in the midbrain at
E10.5. By E12.5, the DKO embryos were dead, and the PrrxICre
Yap CKO was unhealthy (fig. S3A). However, Shh expression, as
assayed by whole-mount in situ hybridization, was only partially
reduced in the DKO, while no significant reduction was observed
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in the Yap or Taz CKO (fig. S3B). These results suggest that the phe-
notypic variance in different tissues is likely due to the tissue-spe-
cific requirement for Yap in Shh expression. Different enhancers
have been found to drive tissue-specific Shh expression (28, 30).
We therefore focused our analyses on the development of midline
structures in the trunk where the phenotypes were most severe.

Hedgehog signaling activation rescued the NT phenotypes
of the ShhCre;Yap™';Taz"”" embryos

Our finding that Yap was required for expression of Shh, a
key ventralizing signal in development, led us to hypothesize
that Hh signaling mediates critical aspects of the Yap activities in
NT DV patterning. We therefore tested whether Hh signaling
activation can rescue the phenotypes of Yap CKO and DKO. As
Ptchl inhibits Hh signaling (53), Ptch1™~ mice show elevated
Hh signaling. We generated the Yap”/;Ptch1™~;ShhCre and the
Yap"';Taz";Ptch1*/~;ShhCre mouse embryos (Fig. 6, A and B).
While the Ptch1™~ embryo was grossly normal as shown previously
(Fig. 6A), the trunk phenotypes in the Yap CKO and DKO embryos
were largely rescued by Ptchl = (Fig. 6, A and B). The tail in the
Yap"/;Ptch1*/~;8hhCre embryos was much longer than that in the
Yap CKO embryo, although still shorter compared to that in the
Ptch1™~ control (Fig. 6A). Skeletal preparation showed that
increase of Hh signaling by removing one Ptchl copy restored
formation and numbers of the rib and spinal column (Fig. 6B).
However, the axial skeleton, particularly the vertebral body and
the intervertebral discs (IVD), was still abnormal (Fig. 6B),
suggesting that part of the Yap functions in development may be
independent of Hh signaling.

We then asked whether stronger pharmacological activation of
Hh signaling could better rescue the phenotypes of the Yap CKO
and DKO embryos. It is known that SAG, a small molecule
agonist of Hh signaling, directly binds to the SHH signaling trans-
ducer Smoothened (Smo) to activate it (54, 55). SAG is able to cross
the placenta, gut, and blood-brain barrier (55). We injected SAG
intraperitoneally into pregnant mice (20 mg/kg) and found that
up-regulating the compromised Shh signaling in the Yap CKO
and DKO mutant embryos by SAG treatment rescued the axial
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Fig. 3. Alteration of matrix stiffness changes Yes-associated protein 1 (Yap) and Sonic Hedgehog (Shh) expression in the neural tube (NT) explant culture. (A to
C) E8.5 neural plate explant embedded in soft and stiff collagen-alginate gel and cultured for 2 days. Representative images of immunofluorescent phalloidin staining (A)
and double immunofluorescence staining against Yap and Shh (B). Scale bars, 50 um. (C) Gene expression analyses by quantitative real-time polymerase chain reaction
(gRT-PCR) of Hh signaling target genes Ptch1, Gli1, and Hip and Yap target genes Ctgf and Cyr61 (means + SD; n = 3 biological replicates). (D to F) E9.5 NT explant cultured
in the F12 media for 2 days, with either vehicle or 5 uM Cyt D or 15 pM Y27632. Representative images of immunofluorescent Phalloidin staining (D) and double im-
munofluorescence staining against Yap and Shh (E). Scale bars, 50 um. (F) Gene expression analyses by qRT-PCR of NT samples cultured in vehicle or 5 uM Cyt D or 15 uM
Y27632 (means + SD; n = 3 biological replicates). (G and H) E9.5 NT explant cultured in the F12 media for 24 hours, with either vehicle or 500 nM VP. Representative images
of double immunofluorescence staining against green fluorescent protein (GFP)/Yap and GFP/Shh (G). Scale bars, 50 um. (H) Gene expression analyses by qRT-PCR of NT
samples cultured in vehicle or 500 nM VP (means + SD; n = 3 biological replicates); CT, Control; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001; one-way ANOVA
followed by Tukey's multiple comparisons tests.
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Fig. 4. Loss of Yes-associated protein 1 (Yap)or Yap/transcriptional coactivator with PDZ-binding motif (Taz)in the Sonic Hedgehog (Shh)-expressing cells
results in midline structure defects similar to those in the Shh™~ mutant embryos. (A) Whole-mount images of mouse embryos of indicated genotypes at
E18.5. Scale bars, 0.5 cm. (B) Images of whole-mount Alizarin Red— and Alcian Blue—stained E18.5 embryos. (C and D) Images of Alizarin Red— and Alcian Blue—
stained rib cages (ventral view and dorsal view) from embryos of the indicated genotypes at E18.5. Scale bars, T mm. (E) Quantification of rib number in embryos
with the indicated genotypes. n = 3 in each genotype group. (F) Images of Alizarin Red— and Alcian Blue—-stained forelimbs (FL) and hind limbs (HL) of the indicated
genotypes at E18.5.
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real-time polymerase chain reaction (qRT-PCR) analyses of gene expression in E10.5 NT (means + SD; n = 3 biological replicates). *P < 0.05, **P < 0.01, and ***P < 0.001;

one-way ANOVA followed by Tukey’s multiple comparisons tests.

skeleton and rib formation, although the tail was still thin and short
(fig. S4, A and B). The IVD and vertebral bodies were abnormal,
further indicating that Shh signaling activation in the absence of
Yap activity may not be sufficient to promote normal IVD and ver-
tebral body development.

As part of the IVD is derived from notochord and signals from
notochord regulate vertebral body development, we examined no-
tochord development and NT patterning by fluorescent IHC. At
E10.5, notochord was marked by brachyury (T) IHC (56), and
Shh-tdTom expression was found in both notochord and FP.
Both notochord and FP were missing in the Yap CKO and DKO
mutant embryos. SAG treatment largely restored Shh-tdTom"
cells in the FP, but not the notochord, as SAG treatment did not
restore notochord formation (Fig. 6C). SAG treatment of the
wild-type control embryos did not change T and Shh-tdTom
tissue distribution (Fig. 6C). These results indicate that Yap is

Cheng et al., Sci. Adv. 9, eadf6927 (2023) 14 June 2023

differentially required for notochord and FP development. Abnor-
mal IVD in the mutant embryos rescued by Ptchl1™~ or SAG treat-
ment was due to failure to rescue the notochord formation, during
which Yap is required independently of Shh expression and
signaling.

Yap controls NT DV patterning via promoting Shh
expression

As Shh signaling controls DV patterning of the developing NT, we
next examined the expression of ventral NT markers by fluorescent
IHC. It is known that Hh signaling regulates FoxA2 expression in
the FP, NK2 Homeobox 2 (Nkx2.2), and NK6 Homeobox 1
(Nkx6.1) expression in the ventral NT (57, 58). In the developing
NT of E10.5 mouse embryos, we found loss of FoxA2 expression
and markedly reduced Nkx2.2 and Nkx6.1 expression domains in
the Yap CKO (Fig. 7A and fig. S5A). In the DKO embryo, neither
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Fig. 6. Sonic Hedgehog (Shh) signaling activation rescued the neural tube (NT), but not notochord phenotypes, caused by loss of Yes-associated protein 1
(Yap)or Yap/ transcriptional coactivator with PDZ-binding motif (Taz). (A) Representative whole-mount images of mouse embryos at E18.5. Scale bar, 1 cm. (B)
Representative Alizarin Red and Alcian Blue staining of the indicated E18.5 whole embryos, the spine, and the rib cages (ventral view and dorsal view). Scale bars, 1
mm. NA, neural arch; VB, vertebral body. (C) Representative immunofluorescent images of TdTomato (tdTom) and brachyury (T) at E10.5 in trunk cross sections of indi-
cated genotypes with or without small molecule agonist (SAG) treatment. Scale bar, 100 um. (Mean + SD; n = 3 biological replicates.)

FoxA2 nor Nkx2.2 was detected (Fig. 7A). However, in the midbrain
sections of DKO embryos at E10.5, mild reduction—not absence of
Shh, FoxA2, and NKx2.2—was found (fig. S3C), consistent with
lack of obvious brain phenotypes in the DKO mutant. As Shh
also induces motoneurons, we found that expression of ISL LIM
Homeobox 1 (Isletl), a motoneuron marker (23, 25, 59), was also
missing in DKO and greatly reduced in Yap CKO embryos (Fig. 7B).
Consistently, the expression domains of dorsal NT markers Pax3
and Pax7 (31) were both expanded ventrally in the Yap CKO and
DKO embryos (Fig. 7C and fig. S5B). Furthermore, expression of
Paired box 3 (Pax3) and Pax7 in dermomyotome, the dorsal
somite compartment, was found to be shifted ventrally in the Yap
CKO and DKO embryos (Fig. 7B, arrows). These results show that
removing Yap using Shh-Cre resulted in ventralized NT and somite
due to loss of notochord and FP. Therefore, the Yap CKO and Yap/
Taz DKO embryos phenocopied the Shh™'~ mutant embryos in the
trunk (3I). SAG treatment rescued the expression patterns of
ventral NT markers (FoxA2, Nkx2.2, and Nkx6.1) and dorsal
markers (Pax3 and Pax7) in Yap CKO and DKO embryos (Fig. 7,
D to G). Therefore, Yap is required for NT DV patterning by con-
trolling Shh expression in the FP.

Cheng et al., Sci. Adv. 9, eadf6927 (2023) 14 June 2023

Yap activation is sufficient to promote Shh and FoxA2
expression in the developing NT
We then asked whether Yap activation in the developing NT is suf-
ficient to promote Shh expression. The TetO-Yap* mice that allow
Cre- and doxycycline (Dox)—inducible expression of an activated
Yap (Yap*) (38) were used to activate Yap in the Shh-expressing
cells using the ShhCre (Fig. 8). Pregnant female mice were fed
with Dox water at E8.5. We found that Yap* expression did not
grossly change the morphology of the embryos and axial skeleton,
except that the tail was kinked (Fig. 8, A and B). Molecular analysis
showed that Shh expression domain expanded (Fig. 8C). Enhanced
Shh expression and Hh signaling activities were determined by
qRT-PCR analyses of Shh and Hh signaling target gene expression
(Fig. 8, D and E). Correlated with this, the NT was taller along the
DV axis (fig. S6A), and the expression domains of FP and ventral
NT markers (FoxA2, Nkx2.2, and Nkx6.1) (Fig. 8F and fig. S6B) ex-
panded at the expense of dorsal markers Pax3 and Pax7 (Fig. 8G and
tig. S6C).

We then asked whether Yap activation outside of the endoge-
nous Shh expression domain is sufficient to induce ectopic Shh ex-
pression in the developing NT. We crossed the TetO-Yap* mice with
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Fig. 7. Yes-associated protein 1 (Yap) is required for dorsoventral (DV) patterning of the mouse neural tube (NT) by regulating Sonic Hedgehog (Shh) signaling.
(A) Representative immunofluorescent images of FoxA2, Nkx6.1, and Nkx2.2 at E10.5 in NT of indicated genotypes. Scale bar, 100 um. (B and C) Representative immu-
nofluorescent images of motoneuron marker Islet1 (G) and Pax7 and Pax3 (H) at E10.5 in NT of indicated genotypes. Scale bars, 100 um. (D) Representative immunofluor-
escent images of FoxA2, Nkx6.1, and Nkx2.2 at E10.5 in NT of indicated genotypes. Scale bar, 100 um. (E) Quantitation of dorsal boundary of Nkx6.1, Nkx2.2, and FoxA2
gene expression as a percentage of total NT length. (F) Representative immunofluorescent images of Pax3 and Pax7 at E10.5 in NT of indicated genotypes. Scale bar, 100
um. (G) Quantitation of ventral boundary of Pax3 and Pax7 gene expression as a percentage of total NT length (means + SD; n = 3 biological replicates). ***P < 0.001 and
*#*¥P < 0.0001; one-way ANOVA followed by Tukey's multiple comparisons tests.
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Confocal images show Yap with Shh; white arrows indicate Yap and Shh colocalization. Scale bars, 20 um; Gof, Gain of function; (Mean * SD; n = 3 biological replicates.)
***p < 0.001 and ****P < 0.0001; one-way ANOVA followed by Tukey's multiple comparisons tests.
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the Sox2CreER mice (60) and induced Yap activation by tamoxifen
(TM) injection and Dox water feeding at E7.5 (fig. S6E). We found
that early Yap activation led to ectopic Shh expression in the NT
outside of the endogenous Shh domain in both the trunk and the
forebrain (Fig. 8, H and I). In addition, consistent with ectopic Shh
expression induced by Yap activation in the NT, ectopic expression
of FoxA2, Nkx2.2, and Nkx6.1 as well as the motoneuron maker
Isletl were found (Fig. 8H). These results demonstrate that Yap ac-
tivation is sufficient to induce Shh expression in the NT. As Shh
promotes cell proliferation and survival apart from patterning the
DV axis of the NT, we examined cell proliferation and death in
the developing NT at E10.5 (fig. S7). We found that, in the NT
from Yap CKO and DKO embryos, cell proliferation, indicated by
IHC of Ki67 or phospho-histone H3, was reduced throughout the
NT (fig. S7, A to C), while cell death was increased compared to the
wild-type controls. Conversely, in the mouse embryos with Yap ac-
tivation (fig. S7, F to H), cell proliferation was increased throughout
the NT and cell death was reduced.

Yap promotes Shh expression via a feedforward mechanism
by inducing FoxA2 expression

FoxA2 has previously been shown to control notochord and FP de-
velopment (61, 62). In previous efforts to identify the transcription
regulation of Shh expression in development, consensus binding
sites for FoxA2 class transcriptional regulators were identified in
some Shh enhancers (28). FoxA2 expression in NT is sufficient
for promoting Shh expression (29, 30, 63). FoxA2 expression is
also activated by Shh signaling in the FP (29, 58). As Yap is both
necessary and sufficient for Shh expression in the NT (Figs. 5 and
8), we next asked whether Yap activates Shh expression by interact-
ing with FoxA2 and therefore potentiating FoxA2 activity in the FP.
We analyzed the Tead binding site (TBS), which mediate Yap/Taz
transcription activities, in the previously identified Shh FP enhancer
(SFPE) (Fig. 9A) (28). SFPE2 mediates FoxA2-dependent Shh reg-
ulation (28), and we identified a TBS close to and overlapping with
the FoxA family DNA binding site in the core enhancer element
HR-c of SFPE2 (Fig. 9A) (30), suggesting that FoxA2 and Yap/
Tead may co-regulate Shh expression. To test this hypothesis, we
performed luciferase assays of HR-c to determine transcriptional
interaction of Yap and FoxA2 (Fig. 9, B and C). We found that,
while activated Yap (YapSSA) (17) or FoxA2 promoted HR-c lucif-
erase activities, coexpression of both Yap*>* and FoxA2 markedly
increased HR-c luciferase activities, suggesting that the interaction
is synergistic (Fig. 9B). Furthermore, we tested whether such an in-
teraction depends on TBS by mutating it (Fig. 9C). Yap®** could not
initiate activities of luciferase driven by TBS mutant HR-c, but
FoxA2 still can. In addition, Yap®** could not further up-regulate
FoxA2-mediated TBS mutant HR-c luciferase activity (Fig. 9C).
These results suggest that Yap and FoxA2 interact synergistically
to promote Shh expression in the FP via SFPE2. FoxA2 itself is a
critical target gene of Teadl and Tead2 during mesoderm develop-
ment including notochord formation (64). Our data that Yap was
required for FoxA2 expression and notochord formation further in-
dicate that Yap activity in these processes is likely mediated by
Teadl and Tead2 via Teads binding elements (TBEs), and FoxA2
expression, in turn, activates Shh expression (Fig. 9D). We therefore
propose a model that Yap activated by mechanical stimuli is re-
quired for notochord formation and FP induction, likely via two
feedforward routes. Yap promotes FoxA2 expression in the
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notochord and Shh expression in the FP. In the FP, our data
suggest that Yap binds to the TBE of SFPE2 to synergize with
FoxA2, which is activated by Shh produced from the notochord
or later from FP itself via activated Gli transcription factors
(Gli®), for induction of Shh expression (Fig. 9D).

DISCUSSION
Here, we provide evidence that growth and patterning in embryonic
development can be regulated by mechanical stimuli generated
during morphogenesis. We show that the forming notochord and
NT exhibit a stiffness gradient along the DV axis, which likely
results in localized activation of Yap transcription factor, a mediator
of mechanotransduction, in the ventral midline signaling centers:
notochord and FP (Fig. 9D). We further show that Yap is required
to induce FoxA2 expression and, thus, Shh expression in the noto-
chord. In the FP, Yap is both necessary and sufficient to promote
Shh expression in the NT by interacting with FoxA2 (Fig. 9D).
While Hh signaling mediates Yap activities in NT patterning, Yap
is required for notochord formation independently of Hh signaling.
Extensive progress has been made in deciphering the pathway
downstream of Shh, but little is known about the mechanisms in-
volved in activating Shh gene expression in discrete regions. The es-
tablishment of regional identity along the two major axes (A-P and
DV) of the vertebrate nervous system and the trunk involves the co-
ordinated expression of signaling molecules localized in time and
space to discrete organizing centers (65, 66). Two of such embryon-
ic territories, the axial mesoderm (prechordal plate and notochord)
underlying the neural plate and the ventral midline of the spinal
cord (FP), have been defined as organizing centers based on their
ability to regulate growth and patterning of the CNS and the sur-
rounding tissues such as the somite (65, 67, 68). The critical role
of Shh in the signaling centers has been revealed by extensive
studies of mouse and human genetics. In humans, SHH dosage is
critical for proper development, and loss of a single copy can result
in the human condition holoprosencephaly (69, 70). Furthermore,
inappropriate activation of Shh expression (67, 71, 72) or Hh signal-
ing (73-75) has been implicated in overproliferation phenotypes in
diseases such as the Gorlin syndrome, basal cell carcinoma, and me-
dulloblastoma. Therefore, Shh expression and Hh signaling require
tight control in both development and homeostasis. This study's
demonstration of the critical role of Yap-mediated biophysical
pathway in inducing and maintaining Shh expression in the
ventral organizing centers identifies mechanotransduction as a crit-
ical upstream trigger of a cascade of integrated biophysical and bio-
chemical signaling events in embryonic growth and patterning
(Fig. 9D). The chordate notochord runs along almost the entire ros-
trocaudal body axis of amphioxus but terminates anteriorly in the
region of the hindbrain of tunicates and vertebrates. As notochord is
evolved to support the movement of animals with increased body
sizes, by modification of a ventromedian muscle followed by the as-
sembly of an axial complex supporting swimming in vertebrate an-
cestors, notochord formation 1is intrinsically subject to
mechanoregulation. Integration of mechanotransduction in verte-
brate notochord with the production of Shh that can form a signal-
ing gradient to induce differentiation in the overlying CNS and the
surrounding muscle and bony tissues allows the establishment of
complex body plans of vertebrate animals.
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Fig. 9. Sonic Hedgehog (Shh)expression is promoted by synergistic interaction between Yes-associated protein 1 (Yap)/transcriptional coactivator with PDZ-
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shown in orange. (B and C) Luciferase activity assay in 293T cells. The luciferase reporters under HR-c enhancer control were transfected together with the PCMV-
Flag-FoxA2 plasmid (FoxA2), the PCMV-Flag-YAP*** plasmid (YAP**#), or both. *P < 0.05, ***P < 0.001, and ****P < 0.0001; ns, no significant difference; one-way
ANOVA followed by Tukey's multiple comparisons tests. (D) Proposed model for the differential activity of Yap in regulating FoxA2 expression in the notochord and
Shh expression in the floor plate (FP). Yap is activated by stress fibers (F-actin) generated during notochord and neural tube (NT) morphogenesis. In the notochord,
Yap binds to Tead1/2 on the notochord enhancer (NE) to promote FoxA2 expression, which in turn activates Shh expression. In the FP, Yap binds to Tead factors and
synergistically interacts with FoxA2 to induce Shh expression via the SFPE2 enhancer. Shh from the notochord and later FP signal through activating Gli transcription
factors (Gli*) to activate FoxA2 expression in the FP, forming a feedback loop with Shh that mediates the feedforward activities of Yap.

The Yap CKO and Yap/Taz DKO mutant embryos exhibited in-
teresting variation of phenotypic severity along the A-P axis. The
lack of obvious morphological defects in the head is likely due to
differential regulation of Shh expression along the A-P axis. At
more rostral levels, Shh expression is likely also dependent on addi-
tional factors, as our results showed that Shh expression persisted
after removal of Yap/Taz, albeit at weakened levels. However, acti-
vated Yap was sufficient to promote Shh expression in the embry-
onic brain, indicating Yap still plays critical roles in the rostral CNS
development. In vivo reporter assays have led to the identification of
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several enhancers in the Shh gene that can direct reporter gene ex-
pression to discrete regions along the A-P axis of the ventral CNS in
transgenic mice (28). In these findings, Shh expression is partially
regulated by Yap/Tead in forebrain development through the Shh
brain enhancer 1 (SBE1), and multiple factors are involved in reg-
ulating Shh expression via SBE (28, 76). Furthermore, because the
SFPE2 enhancer activity is dependent on the adjacent SBE1 activity
(28), multiple TBSs on SBE1 and SFPE2 may have a synergistic
effect on promoting Shh expression in the FP. Last, as transcription
mediators of mechanotransduction, the contribution of Yap/Taz in
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regulating Shh expression may depend on the context of mechano-
transduction. In the early limb bud, Shh expression was less depen-
dent on Yap/Taz, possibly due to less morphogenetic changes in the
limb bud compared to the notochord and the folding NT. In the
adult mice, however, we found that in the subcutaneous mesenchy-
mal progenitor cells, Yap is again both necessary and sufficient for
the induction of ectopic Shh expression (77), suggesting that Shh
induction in the adult mesenchymal cells might be more sensitive
to Yap regulation.

It has been shown that removal of Shh from the notochord, not
the FP, resulted in the loss of IVD and vertebral structures (78).
Therefore, the most critical requirement of Yap for Shh expression
appears to occur in the notochord, not the FP. Genetic or pharma-
cological activation of Hh signaling in the Yap/Taz DKO mutant
embryos was sufficient to restore Shh expression in the NT, but
not in the notochord, and notochord formation was not rescued.
This is consistent with independent regulation of FoxA2 expression
in notochord and FP by the notochord enhancer (NE) and FP en-
hancer (FPE), respectively (79). While TBEs were found in the NE
(80), they were not found in the FPE, which instead contains mul-
tiple Gli binding sites (79), and Hh signaling is required for minimal
FPE activity (58). Previous studies showed that Teadl and Tead2 are
redundant regulators promoting FoxA2 expression in the noto-
chord, and Yap can activate NE of FoxA2 in vitro (64, 80). Here,
we demonstrate that while Yap is strictly required to activate
FoxA2 and Shh expression in the notochord, they are not required
for Shh and FoxA2 expression in the FP when Hh signaling is acti-
vated. These findings indicate that strong Gli activation by Hh sig-
naling can surpass the requirement of Yap for Shh expression in the
FP, possibly due to strongly up-regulated FoxA2 expression via FPE.
Therefore, we think that in the notochord, the key target of Yap is
FoxA2,but in FP, the key target of Yap is Shh (Fig. 9D). Consistently,
no TBS has been found in the FoxA2 FPE.

Shh expression in FP is regulated by FoxA2-dependent and
FoxA2-independent mechanism through SFPE2 and SFPE], re-
spectively (28). The lack of TBSs in SFPE1, which does not drive
Shh expression in the notochord (28), suggests that Yap regulates
Shh expression in the FP through SFPE2 and depends on FoxA2.
While Shh and FoxA2 can form a positive feedback loop in the
FP, our results show that such feedback loop also requires Yap. In
this regard, Yap uses a feedforward mechanism to activate robust
Shh and FoxA2 expression in the FP (Fig. 9D). Although Tead
sites were not found in SFPEL, loss of Shh expression in the FP in
the absence of Yap suggests that Yap may interact with SFPE1 via
Tead-independent mechanism(s). While Yap plays an essential role
to induce Shh expression, possibly by reading the mechanical infor-
mation in the notochord and NT, we should point out that Yap also
plays general roles of promoting cell proliferation and survival in
early embryos, as revealed by the phenotypes of the Yap™~
mutants. Even with the conditional Yap deletion using the
ShhCre, Yap, and Shh shows overlapping (FP) and distinct roles
(notochord).

Conditional removal of Yap/Taz using ShhCre allowed clear
demonstration of their previously unknown roles in notochord
and FP formation by directly regulating FoxA2 and Shh expression,
respectively. Note that Yap is specifically activated in the notochord
and FP. It is likely that comparing to maintain normal cell prolifer-
ation or survival in the entire embryos including the NT, higher Yap
activities are required to drive FoxA2 or Shh expression in the
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notochord or FP, respectively. Yap protein does not showa DV gra-
dient similar to stress fiber distribution; rather, it is steeply up-reg-
ulated in the FP and notochord cells. It is possible that Yap up-
regulation requires tissue stiffness above a certain threshold. In ad-
dition, the level of Yap in the ventral FP could also result from pos-
itive Yap-Shh feedback as we have recently identified in heterotopic
ossification (77), which will sharpen the activation domain of both
Yap/Taz and Shh expression. Note that Yap regulation of Shh ex-
pression is likely a generalizable mechanism that operates in distinct
embryonic and adult tissues. We also found up-regulation of Yap
and Ctgf in the dorsal NT (Fig. 2B), where Yap localization and
function in the neural crest territory, a dorsal tissue at the time or
NT closure, has been nicely reported (49). However, we did not
observe increased tissue stiffness in the dorsal NT. While this
could be a timing issue, we speculate that dorsal up-regulation of
Yap may not be a result of increased tissue stiffness, rather it is di-
rectly controlled by the upstream Hippo kinase Mst1/2 and/or their
targets, large tumor suppressor kinase 1/2 (Lats1/2) (49). NTDs are
one of the most common birth defects in humans (2, 3, 81). Despite
limited interventions of surgery corrections and folic acid supple-
mentation during pregnancy, a significant fraction of NTDs remain
unpreventable and/or difficult to treat (6). Our studies here suggest
that Yap/Taz could be relevant targets to enhance weakened SHH
signaling in N'TDs.

MATERIALS AND METHODS

Study design

All mice were randomly grouped into mutant or treatment and
control groups, and all measurements were performed in a
blinded manner with respect to genotypes and treatment. Cohort
sizes for in vivo experiments testing interventions were determined
on the basis of an average variability of about 25% observed in pre-
vious animal cohorts or experimental groups, as well as a hypothe-
sized change of one-half- or twofold due to the intervention. With
these assumptions, sample sizes for sample group or cohorts of 4
would be 95% powered to detect this difference with an a of 0.05,
while sample sizes with sample group or cohorts of 3 would be 90%
powered to detect these differences with an a of 0.05. Thus, for each
of the AFM and immunostaining studies, experimental arms were
designed with an # of 3 or 4 in critical experiments and a minimum
n of 3 in replication studies. Because the genetic or pharmacological
intervention in the experiments did not cause detectible general
health or survival issue, we included all animals without exclusion.
For histologic data, a minimum of 20 cryosections from each animal
subject were stained, and at least 4 to 6 stained sections were pho-
tographed and scored in a blinded fashion by two independent ob-
servers. Histologic measurements and qRT-PCR-based gene
expression analyses were presented as the mean and SD of all
animals in each group and reported without exclusion.

Mice

All animal experiments were carried out according to protocols ap-
proved by the Institutional Animal Care and Use Committee at
Harvard Medical School. Mouse lines are described in published lit-
eratures and purchased from the Jackson Laboratory: ShhGFP-Cre
(Jackson Laboratory stock no. 005622), Prrx1Cre (Jackson Labora-
tory stock no. 005584), Sox2CreER (Jackson Laboratory stock no.
017593), tdTMT"®*(Rosa26-TdTomato; Jackson Laboratory stock
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no. 007909), Tazﬂf/Yap’/f (Jackson Laboratory stock no. 030532),
conditional ~ Yap® or  Yap®  (Rosa26'xstoploxrtTAlY
Colla1™etoYapSI27A%y (38) Ptch1*# (53), and Ctgf-GFP (38).
Timed mating of heterozygous intercrosses was performed to
generate embryos of the indicated embryonic stage. The day in
which a vaginal plug was confirmed was designated as EO0.5.
Mutant and transgenic embryos were processed in parallel with
littermate controls. For the ShhCre;Yap™ embryos, Dox was admin-
istered to pregnant female mice at 0.2 mg/ml in drinking water
starting at E8.5. For Sox2CreER;Yap embryos, Dox (same as
above) and TM were administered at E7.5 (via intraperitoneal injec-
tion of the pregnant females (75 mg/kg of body weight).

Immunofluorescence, confocal imaging, and analysis
Embryos were dissected in cold phosphate-buffered saline (PBS)
and fixed in 4% paraformaldehyde for 2 hours. Then embryos
were dehydrated through a gradient consisting of 10, 20, and 30%
sucrose at 4°C and processed for cryostat sections. Cryosections
were washed in PBS containing 0.1% Tween 20 (PBST) at room
temperature, blocked in 10% donkey serum, and incubated with
primary antibody at 4°C overnight. The sections were washed
once in PBST and twice in PBS and then incubated with secondary
antibodies at room temperature for 2 hours, followed by PBST
washes. Stained sections were mounted in fluorescence mounting
medium with 4',6-diamidino-2-phenylindole (DAPI) (Millipore
Sigma, D9542). All the antibodies are listed in table S1. The phalloi-
din staining of cryosections was performed by preincubating in PBS
with 1% bovine serum albumin for 30 min, followed by incubating
in 1:40 diluted (in PBS) phalloidin methanolic stock solution for 30
min at room temperature. The sections were washed in PBS before
being mounted with DAPI. The images were captured using a
ZEISS LSM 700 laser microscope. 2.5D view was performed by
ZEN software and analyzed and quantified using Image] as de-
scribed (82). Briefly, an area from the dorsal to the ventral of the
NT was marked using Image], which is a vector line segment cov-
ering the NT/neural plate and the notochord. The x axis represents
distance, normalized to a scale of 0 to 1, from the dorsal domain (0)
to the ventral domain (1.0).The y axis is the mean gray value that
represents phalloidin immunofluorescence intensity.

Skeletal preparation

Alcian Blue staining for cartilage and Alizarin Red staining for min-
eralized tissues were performed similarly as previously described
(83). Specifically, E18.5 embryos were eviscerated, fixed in 95%
ethanol overnight at room temperature, and then transferred into
acetone overnight, followed by staining with Alizarin Red S
(Sigma-Aldrich) and Alcian Blue (Sigma-Aldrich). Samples were
cleared in 1% KOH and stored in 100% glycerol.

AFM measurements of NT stiffness

Silicon nitride cantilever with a spring constant of 0.10 N/m and 20
+ 0.5 nm of radius silicon nitride particle attached to the tip
(Asylum Research, model RC800PSA) was mounted on an
Asylum SPM-2 (Asylum Research, Oxford Instruments) AFM.
The embryos were embedded in O.C.T. immediately after dissec-
tion, and 35-pm cryosections were made and collected on Super-
frost plus slides (Thermo Fisher Scientific, no. 48311-703). After
immerged in PBS for 1 hour, samples were then mounted on the
AFM xy-motorized stage for testing. The cantilever was calibrated,
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and the spring constant was determined according to the thermal
noise method (84). Indentation measurements (triggering force: 1
nN) of the measured area were performed automatically and created
a two-dimensional “stiffness map” of the area. Depending on the
total sample size, each AFM mapping area was set at 14 pm by 14
pm (E8.5) and 20 um by 20 pum (E9.5).

Luciferase assay

Human embryonic kidney 293T cells (CRL-3216) obtained from
American Type Culture Collection were cultured in Dulbecco’s
modified Eagle's medium (DMEM) supplemented with 10% fetal
bovine serum (Sigma-Aldrich) and 1% penicillin-streptomycin
(Gibco). To generate luciferase reporter constructs, HR-c and
TBS-mutated HR-c DNAs were inserted into pGL3 (Promega). Co-
transfection of pGL3 and pRL-TK (Promega) with pCMV-YAP**
(Addgene, #27371) and/or pCMV-Foxa2 (self-made) was per-
formed using PEI (Polysciences) according to the manufacturer’s
protocol. Luciferase activity was measured in triplicate using the
Dual-Luciferase Reporter Assay System (Promega), and relative lu-
ciferase activity was calculated as the ratio of Firefly to Renilla lucif-
erase activity.

Data analysis
Tissues behave relatively elastic within the small strain ranges
induced by AFM indentation, allowing to describe tissue mechan-
ical properties, such as stiffness, as Young's elastic modulus “E" in
pascal (Pa) (85). First, force-displacement (F-z) curves were pro-
duced by translating cantilever deflection into force. E of the
probed area surface was then calculated by fitting the contact part
of the measured approach force curves to a standard Hertz model
(86) using the equation shown below

_3(1-)F

4R &

where E is the Young's modulus, v is the Poisson's ratio, F is force
applied to the indenter (1 nN), R is the radius of the tip curvature
(20 + 5 nm), and epsilon (J) is the indentation depth.

To quantify and visualize data from AFM indentation experi-
ments, raw data files generated by Asylum software were loaded
into MATLAB (MathWorks, Natick, MA) using an open-source
script (www.mathworks.com/matlabcentral/fileexchange/80212-
ardf-to-matlab). E values of each measured point were retrieved
by this script. A heatmap was then generated using a customized
MATLAB script with a convolution averaging feature.

Collagen-alginate gel formation and explant culture
Collagen-alginate gel preparation for explant culture was performed
similarly as previously described (39). Briefly, collagen type 1 (8 mg/
ml) from rat tail (Corning) and 5% alginate (Sigma-Aldrich) were
mixed at a 3:1 ratio on ice. Calcium carbonate solution (CaCOs;
Sigma-Aldrich; 20 mM) was added to get more stable alginate gela-
tion. Collagen solution was neutralized with 10x PBS (Corning) and
1 N NaOH (Sigma-Aldrich). Alginate lyase (Sigma-Aldrich, A1603)
was used to soften the collagen-alginate gel. The stiff collagen-algi-
nate gel was approximately 6.8 kPa and the soft one was 0.5 kPa.
Embryos were dissected and incubated in dispase (0.5 mg/ml;
Sigma-Aldrich, D4693) in DMEM for 5 min as previously described
(23). For E8.5 embryos, the intermediate neural plate was carefully
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dissected, and the adjacent mesoderm was excluded. The isolated
neural tissues were then embedded with collagen-alginate gel,
allowed for gel formation at 37°C for 1 hour, and then cultured in
F12 culture media supplemented with N2 (Gibco, 17502048) and
1% heat-inactivated horse serum for 2 days. For drug treatment,
E9.5 embryos were dissected and incubated in culture medium
for 2 days. The ROCK inhibitor Y27632 (added for 24 hours at 15
uM concentration) and Cyt D (added for 24 hours at 5 uM concen-
tration) were from Sigma-Aldrich.

Whole-mount in situ hybridization

Whole-mount in situ hybridization was performed using digoxyge-
nin-labeled antisense RNA according to standard protocols (87).
Shh RNA probes have been described previously (83).

Small-molecule treatment

SAG (MedChemExpress, HY-12848) was diluted in 10% dimethyl
sulfoxide and then mixed with corn oil. SAG was injected intraper-
itoneally into pregnant females (20 mg/kg) at E8.5. Equivalent
volumes of vehicle were injected to control animals.

Quantitative real-time PCR

Total RNA from embryonic NT in the truck region (between the
forelimbs and hind limbs) devoid of somite and endoderm was pre-
pared using the TRIzol reagent (Life Technologies) or RNeasy Mini
Kit (QIAGEN) according to the manufacturer’s protocols. cDNA
was synthesized from total RNA (1 to 2 pg) using SuperScript II
Reverse Transcriptase with random primers (Life Technologies).
qRT-PCR was performed using the SYBR Select Master Mix on Ste-
pOnePlus thermal cycler from Applied Biosystems. Gene expres-
sion levels were always given relative to glyceraldehyde 3-
phosphate dehydrogenase (Gapdh). The primer sequences of the
genes are given in table S2.

Statistical analysis

All data analyses in this study were carried out using GraphPad
Prism 8 (GraphPad Software). Quantifications were done from at
least three independent experimental groups. Statistical analysis
between groups was performed by two-tailed Student's f test to de-
termine significance when only two groups were compared. One-
way analysis of variance (ANOVA) with Tukey's post hoc tests
was used to compare differences between multiple groups. P
values of less than 0.05 and 0.01 were considered significant.
Error bars on all graphs are presented as the SD of the mean
unless otherwise indicated.

Supplementary Materials
This PDF file includes:

Figs. S1 to S7

Table S1 and S2

View/request a protocol for this paper from Bio-protocol.
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