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ABSTRACT

Hippo signaling, an evolutionarily conserved kinase cascade involved
in organ size control, plays key roles in various tissue developmental
processes, but its role in craniofacial development remains poorly
understood. Using the transgenic Wnt1-Cre2 driver, we inactivated
the Hippo signaling components Lats1 and Lats2 in the cranial
neuroepithelium of mouse embryos and found that the double
conditional knockout (DCKO) of Lats1/2 resulted in neural tube and
craniofacial defects. Lats7/2 DCKO mutant embryos had
microcephaly with delayed and defective neural tube closure.
Furthermore, neuroepithelial cell shape and architecture were
disrupted within the cranial neural tube in Lats1/2 DCKO mutants.
RNA sequencing of embryonic neural tubes revealed increased
TGFB signaling in Lats1/2 DCKO mutants. Moreover, markers of
epithelial-to-mesenchymal transition (EMT) were upregulated in the
cranial neural tube. Inactivation of Hippo signaling downstream
effectors, Yap and Taz, suppressed neuroepithelial defects, aberrant
EMT and TGFB upregulation in Lats7/2 DCKO embryos, indicating
that LATS1/2 function via YAP and TAZ. Our findings reveal important
roles for Hippo signaling in modulating TGFB signaling during neural
crest EMT.

KEY WORDS: Lats1, Lats2, Hippo signaling, Cranial neural tube,
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INTRODUCTION

Tissues of the craniofacial complex are derived primarily from the
neural crest (NC), which is a transient, migratory, multipotent cell
population originating in the embryonic dorsal neural tube (NT)
(Santagati and Rijli, 2003). NC cells arise at the border between the
dorsal NT and the non-neural ectoderm. While in the NT,
premigratory NC cells have characteristics of epithelial cells. NC
cells lose apicobasal polarity, undergo epithelial-to-mesenchymal
transition (EMT), and delaminate from the neuroepithelium to
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migrate towards specific regions in the embryo and subsequently
differentiate (Bronner and Simodes-Costa, 2016; Gandhi and
Bronner, 2021; Theveneau and Mayor, 2012).

Developmental defects in NT and NC formation result in human
congenital anomalies collectively known as NT defects (NTDs)
and neurocristopathies, respectively. NTDs are among the most
common birth defects of the central nervous system worldwide, with a
prevalence that varies according to ethnic and racial background,
geographic location and surveillance program accessibility
(Blencowe et al., 2018; Wallingford et al., 2013; Williams et al.,
2016; Zaganjor et al., 2016). Although surgery can be used to correct
structural defects in some cases, numerous secondary conditions are
associated with NTDs, such as neurological impairment, movement
problems or paralysis, and sensorial problems (Adzick et al., 2011;
Botto et al., 1999; Greene and Copp, 2014; Wallingford et al., 2013).
These complications add significant disease burden (Grosse et al.,
2016; Rofail et al., 2013; Yi et al., 2011). Better understanding of the
cellular and molecular mechanisms required for proper NT closure are
essential for developing methods for predicting and preventing NTDs.

Hippo signaling, an evolutionarily conserved organ size control
pathway, has been implicated in the development of multiple tissues
(Misra and Irvine, 2018; Wang et al., 2018). In mammals, the core
Hippo signaling pathway consists of a kinase cascade in which
MST1/2 (STK4/3) kinases phosphorylate and activate LATS1/2. In
turn, LATS1/2 phosphorylate the transcriptional effectors YAP
(YAP1) and TAZ (WWTRI1), promoting their cytoplasmic
retention. In the absence of activated Hippo pathway kinases,
YAP/TAZ remain unphosphorylated and translocate to the nucleus
to activate transcription. Furthermore, YAP/TAZ mediate cellular
responses to mechanical cues, such as changes in tissue stiffness and
architecture (Chakraborty et al., 2017; Du et al., 2021; Dupont et al.,
2011; Meng et al., 2018). Previous studies have confirmed a role for
YAP/TAZ in NC migration and lineage diversification (Hindley
et al.,, 2016; Kumar et al., 2019; Wang et al., 2016). Here, we
elucidate the role of the Hippo core kinases LATS1 and LATS2
(LATS1/2) during early craniofacial development and neurulation.
Using a Wntl-Cre2 driver, we show that Lats1/2 deficiency results
in neuroepithelial disorganization and uncover important roles of
LATS1/2 in TGFB-induced EMT on the dorsal cranial NT.

RESULTS

Lats1/2 double mutant embryos exhibit craniofacial defects
Hippo kinases LATS1/2 are necessary for murine development;
their disruption results in perinatal and embryonic lethality
(McPherson et al., 2004; St John et al., 1999). Nevertheless, the
role of these kinases has not been explored in tissues involved in
craniofacial development. Lats! and Lats2 are found in tissues of
ectodermal and mesodermal origin in the developing head
(McPherson et al., 2004; Yu et al., 2017). At embryonic day
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(E)10.5, we observed both Lats and Lats2 transcripts in the cranial
neuroepithelium indicated by RNAscope, with Lats] more enriched
than Lats2 (Fig. S1A). Moreover, we analyzed previous
transcriptomic data from mouse NTs at E8.5, E9.5 and E10.5, and
found that Latsl/Lats? expression remains relatively constant
during neurulation (Fig. SI1B). Consistently, the expression of
Lats1 in the NT was relatively higher than that of Lats2.

We inactivated the Hippo pathway components Latsl/2 in the
NC and neuroepithelium using a transgenic Wntl-Cre2 driver
(Dinsmore et al., 2022; Lewis et al., 2013). We collected embryos at
different time points and examined morphologic phenotypes.
Among the different mutant genotypes, Wntl-Cre2, Latsl™*,
Lats2¥'» double conditional knockout (DCKO) mutant embryos

were embryonic lethal after E10.5 (Table S2). No Lats1/2 DCKOs
were found alive by stage E11.0, but genotyping of dead or resorbed
embryos could be performed. Latsl/2 compound mutants (Wntl-
Cre2, Lats1™", Lats2¥ and Wntl-Cre2, Lats1™, Lats2™") and
heterozygous embryos (Wntl-Cre2, Lats1™", Lats2™*) had no
obvious morphologic defects compared with WntI-Cre2-negative
littermate controls. Lats1 or Lats2 haploinsufficiency was sufficient
to circumvent embryonic lethality caused by deletion of both Lats !
and Lats2, indicating redundant roles in the NC.

Lats1/2 DCKOs had distinctive craniofacial and NT phenotypes
compared with littermate controls (Fig. 1A). In mouse embryonic
development, closure of the cranial NT is completed by E9.0 (16-20
somites) before counteracting forces can interfere with neural fold

DCKO

A Control

Fig. 1. Lats1/2 double conditional knockout (DCKO)

E9.5

E10.5

Control

DCKO

mutant embryos have craniofacial phenotypes with
severe NTDs. (A) Bright-field images of E9.5 and
E10.5 embryos. Compared with controls (a-d,i-I),
DCKO embryos have smaller heads and parts of the
forebrain, midbrain and hindbrain missing (e-h,m-p).
DCKO embryos have open cranial neural tubes (NTs)
(f,h,n,p, outlined). Boxed areas are shown at higher
magpnification (right). Scale bars: 500 ym. (B) 3D
reconstruction of microcomputed tomographic (uCT)
imaging of E10.5 embryos. Compared with control
embryos (a-c), DCKO embryos have smaller heads
and abnormal NTs (e-g,i-k, outlined; arrows indicate
open NT). Coronal uCT slices (higher magnification on
right) illustrate the NT ventricular space in control
embryos (asterisk, d), which is absent in the DCKO
embryos (h,l). CNT, closed neural tube; fb, forebrain;
hb, hindbrain; mb, midbrain; ONT, open neural tube.
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fusion (Yamaguchi and Miura, 2013). All control embryos had a
fully closed NT at both E9.5 and E10.5, whereas all Lats1/2 DCKOs
had an open NT at E9.5 and about half had an open NT at E10.5
(Fig. 1A, Table S3). Closer examination by 3D reconstruction of
microcomputed tomographic (uCT) imaging of E10.5 embryos
showed abnormal NT closure in the absence of Lats1/2 (Fig. 1B).
Compared with control embryos (Fig. 1Bd), Latsi/2 DCKO
embryos lacked ventricular space within the NT (Fig. 1Bh,]).
Parts of the midbrain, hindbrain and forebrain regions were missing
in all Lats1/2 DCKOs compared with controls (Fig. 1A,B). These
findings suggest that Lats! and Lats2 are required for proper NT
fusion during cranial development.

Lats1/2 are required for neuroepithelial cell attachment
LATS kinase activity was reduced in the neuroepithelium and
NC-derived cells of E10.5 Lats1/2 DCKO mutants, indicated by
decreased phosphorylated (p)YAP in the NT and pharyngeal arches
relative to control embryos (Fig. 2A). pYAP remained unaltered in
non-NC-derived tissues. The R26™""¢ (mTmG) reporter, which
expresses eGFP upon Cre activation, was included to track
recombination in the neuroepithelium (Muzumdar et al., 2007).
At E10.5, we detected recombination in the dorsal NT- and NC-
derived cells in Lats1/2 double heterozygous (DHET) and Latsi/2
DCKO embryos (Fig. 2B). Interestingly, GFP™ neuroepithelial cells
in the Lats1/2 DCKOs no longer had an elongated morphology
across the apicobasal axis. Wheat germ agglutinin (WGA) staining
of the cellular plasma membrane revealed neuroepithelial cells in
Lats1/2 DCKO NTs without the tight pseudostratified architecture
seen in the controls (Fig. 2B, Fig. S2A). Furthermore, the
ventricular space in the Latsl/2 DCKO NT was occupied by
neuroepithelium-derived GFP" cells not attached to the basement
membrane (Fig. S2A).

Histological analysis further revealed that, compared with
controls, Lats1/2 DCKOs had infiltrating neuroepithelium-derived
cells within the NT ventricle and an interrupted non-neural
ectoderm layer at E10.5 (Fig. 2C). Ventricular cellular infiltration
could also be detected at E9.5, before Lats1/2 DCKO cranial neural
fold convergence (Fig. S2B). Additionally, Lats1/2 DCKO NTs had
anarrower pseudostratified neuroepithelium and thicker dorsal folds
(Fig. 2D), suggesting dorsal NC expansion and migration into the
ventricle. Interestingly, trunk and caudal NT closures were not
affected in the Lats1/2 DCKOs, suggesting a specific role for
Lats1/2 during cranial neurulation (Fig. S2B,C). To assess changes
in neuroepithelial proliferation, we performed immunofluorescence
for the proliferation marker phospho-histone H3 (pHH3). Although
no significant difference was observed in the number of
proliferating cells at E9.5, the organization of pHH3" mitotic cells
appeared slightly disrupted in the NTs of Lats /2 DCKOs compared
with controls (Fig. S2D,E). Proliferative cells were also detected in
the ventricle-infiltrating, neuroepithelium-derived cell population of
Lats1/2 DCKO NTs (Fig. S2D, red arrowheads).

Polarized neuroepithelial cells have a pseudostratified
configuration with nuclei distributed along the apicobasal axis
and undergo interkinetic nuclear migration (INM) (Norden,
2017). INM is a common feature of developing neuroepithelia,
characterized by nuclear migration along the apicobasal axis of the
tissue in phase with the cell cycle (Cearns et al., 2016; Kosodo et al.,
2011; Norden et al., 2009; Sauer, 1935). In INM, mitosis occurs
exclusively on the apical edge of the NT. In control embryos, mitotic
cells in the NT are found apically, surrounding the ventricle
(Fig. S2D, see also Fig. 6C). However, at E10.5, mitotic cells in
Lats1/2-deficient NTs were found scattered along the apicobasal

axis of the neuroepithelium (see Fig. 6C). Cell polarity is essential
for nuclear position and movement within the apicobasal axis of the
NT (Baye and Link, 2007; Chenn et al., 1998; Imai et al., 2006;
Spear and Erickson, 2012). In recent reports, Latsl/2 have been
associated with apicobasal polarity during epithelial branching in
the developing lung (Nantie et al., 2018), pancreas (Braitsch et al.,
2019) and kidney (Reginensi et al., 2016). To evaluate apicobasal
attachment, we analyzed the localization of polarized proteins in
the NT. At E9.5 and E10.5, beta-catenin and N-cadherin, both
part of the adherens junction complex found on the apical side of
the neuroepithelium (Herrera et al., 2014; Miyamoto et al., 2015),
were expressed with an apical bias in control NTs (Fig. 2E-G,
Fig. S2F). At E9.5, beta-catenin and N-cadherin expression was also
detected along the apical edge of the Latsl/2 DCKO NT and in
ventricular infiltrating cells (Fig. S2F). By E10.5, beta-catenin
and N-cadherin expression lost their apical bias in neuroepithelia
and were not detected in the neuroepithelial-derived cell population
inside the Lats1/2 DCKO NT (Fig. 2E-G). Interestingly, N-cadherin
downregulation has been associated with retinal and NT neuronal
progenitor detachment from the apical region of the
neuroepithelium (Das and Storey, 2014; Rousso et al., 2012;
Wong et al., 2012). Moreover, neuroepithelia in the dorsal region
of the Latsi/2 DCKO NT ectopically expressed beta-catenin
and N-cadherin, suggesting abnormal attachment in that region
(Fig. 2E,G, white asterisks). Instead, the basement membrane
marker laminin was detected in the basal edge of the NT in both
controls and Lats1/2 DCKOs (Fig. 2H). These observations suggest
that Lats1 and Lats2 are required for proper neuroepithelia behavior,
organization and apical attachment.

Transcriptional profiling suggests increased TGFB1-
dependent signaling in the neural tube of Lats1/2 DCKO
mutants

Based on the observed phenotypes, we hypothesized that the
loss of Latsl/2 in neuroepithelial cells was disrupting normal
morphogenetic pathways of NT formation. To identify the
molecular mechanisms underlying the Latsl/2 DCKO mutant
phenotype, we performed transcriptional profiling of E10.5
microdissected cranial NTs from Latsl/2 DCKO and control
embryos (Fig. S3A). Quantification and recombination efficiency
of Latsl and Lats? floxed alleles in microdissected NT tissue
confirmed that the expression of Lats1/2 was significantly reduced
in the neuroepithelium of Lats1/2 DCKO compared with controls
(Fig. S3B,C). We identified 2134 differentially expressed genes
(DEGs) [false discovery rate (FDR)<0.01; |log, fold change
(log,FC)|>1], with 1265 upregulated and 869 downregulated
genes, in Latsl/2 DCKOs compared with controls (Fig. 3A,
Fig. S3D,E). Some variability was detected between DCKO
samples, possibly due to variation in phenotype severity and low
sample number (Fig. S3E). Among the DEGs, we identified 75
genes regulated by either YAP or TAZ (Fig. 3A). The significant
enrichment of YAP/TAZ targets among the upregulated genes
suggested YAP/TAZ hyperactivation in the neuroepithelium.

To investigate the pathways associated with the 2134 DEGs, we
utilized Ingenuity Pathway Analysis (IPA; Kramer et al., 2014). We
subset the top 500 most significant disease and biofunction terms
(by P-value) to only those associated with ‘molecular and cellular
functions’ (Fig. 3B). Among the top parent terms, we found
‘cellular assembly and organization® (P-value range: 4.00x107%° to
6.79x107'%; Fig. 3C) and ‘cellular movement’ (P-value range:
2.69x1077° to 8.34x107'%; Fig. 3D). In the absence of Latsl/2,
these processes were predicted to be strongly activated in the NT.
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Fig. 2. Lats1/2 deficiency disrupts neuroepithelial cell behavior and polarization. (A) Phosphorylated YAP (pYAP) is not detected by immunostaining in
the neuroepithelium or neural crest (NC) of E10.5 DCKOs (red arrowheads), but is detected in non-neuroepithelium-derived tissues (white arrowheads).

(B) Immunostaining of membrane-bound GFP. A mTmG reporter was crossed into the genetic model to track recombination. Polarized and pseudostratified
neuroepithelium were found in control and Lats7/2 double heterozygous (DHET) NTs (yellow asterisks). GFP* neuroepithelial cells lose attachment in the
DCKO NT (white asterisks, arrows). Wheat germ agglutinin (WGA) visualizes the cell membrane. (C) H&E staining of coronal sections at E10.5.
Neuroepithelium extends from the basal edge to the apical edge (controls). The apical surface of the DCKO NT was interrupted, with infiltrating cells detected
inside the ventricle (white arrow). Polarized neuroepithelium was found in control and DCKO NTs (black asterisks), but unpolarized cells were detected in the
apical edge of the latter (black arrows). Loss of organization was observed in the dorsal folds of DCKO NTs (white asterisk). (D) The neuroepithelium width
was measured from basal to apical edge at E10.5 (control, n=8; DCKO, n=11). Data compared using a two-tailed unpaired t-test, ****P<0.0001.

(E) Immunostaining of beta-catenin (Beta-cat) at E10.5. The apical bias is lost in DCKO NTs (white arrows), with ectopic expression in the dorsal folds (white
asterisk) but not the infiltrating cells (yellow asterisk). (F) Top: Beta-cat staining intensity across the apicobasal axis was recorded and normalized by NT
width. Bottom: Average intensity line profiles binned into 100 intervals (see Materials and Methods) from control and DCKO NTs (control NTs, n=3; DCKO
NTs, n=3). Data compared using a two-tailed unpaired t-test; black outlines indicate significance (bins 95-99: 95, P<0.05; 96, P<0.05; 97, P<0.05; 98,
P<0.01; 99, P<0.05). a.u., arbitrary units. (G) Immunostaining of N-cadherin (N-cad). Apical bias was changed in DCKO NTs (white arrows), and ectopically
expressed in the dorsal folds (white asterisk) but not in the infiltrating cells (yellow asterisk). (H) Immunostaining of the basement membrane marker laminin
(basal edge marked by white arrows). Boxed areas are shown at higher magnification (right). Scale bars: 100 um. NT, neural tube; PA, pharyngeal arches
(NC-derived). Outline delineates the neuroepithelium. Yellow lines indicate apical edge; blue lines indicate basal edge.
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For example, ‘cell movement’ had an activation Z-score of 6.03
(P=2.69x10"79) and ‘organization of cytoskeleton’ had an
activation Z-score of 4.72 (P=4.00x107%%). These findings are
consistent with known Hippo signaling functions in the NC
(Hindley et al., 2016; Wang et al., 2016) and other contexts (Ma
et al., 2017; Sun and Irvine, 2016).

To further uncover molecular mechanisms underlying the
Lats1/2 DCKO mutant phenotype, we used IPA to examine the
predicted upstream regulators of the Lats1/2 DCKO DEGs. Using
the more significant upstream regulators with clear directional
outputs (P<1x107'9; J|activation Z-score[>5), we clustered
predicted upstream regulators on the basis of their downstream
targets. In particular, we focused on a cluster of TGFB signaling
regulators. TGFB1 was the most significant regulator
(P=1.21x10733; 364 target molecules in dataset) with the most
polarized activity (activation Z-score=9.61), predicting a
strong activation of TGFBI1-dependent signaling. Consistent
with this, Tgfbl was significantly upregulated (log,fc=1.49;
FDR=1.25x10"%) in Lats1/2 DCKO NTs. Furthermore, when we

examined the intersection of targets of TGFB, TGFBI1 and the
inhibitors of TGFB signaling SB203580 and PD98059, we
identified the consistent activation of targets associated with
cell migration and cytoskeletal regulation (Fig. 3E), such as
Snail (log,fc=1.34; FDR=2.45x10"%), Cdhl (log,fc=3.65;
FDR=2.24x10"'°) and Tagln (log,fc=4.37; FDR=6.00x10723).
Together, our data suggest that, in the absence of Lats! and Lats2
from the neuroepithelium, TGFB signaling and genes associated
with cell migration are increased, consistent with reported roles of
TGFB in NC development (Xu et al., 2018).

Lats1/2 deficiency promotes aberrant EMT

As indicated by our RNA-sequencing (RNA-seq) data and DEG
analysis, genes involved in cell migration and movement were
highly upregulated in the Latsl/2 DCKO NT compared with
controls (Fig. 3D,E). After the premigratory NC population
undergoes EMT, NC cells start delaminating and migrating upon
EMT gene activation (Soldatov et al., 2019). We hypothesized that
Lats1/2 deletion in the dorsal NT, which contains NC progenitors,
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may promote EMT in the NT. Hippo/YAP/TAZ signaling
has been implicated in EMT regulation in other developmental
contexts (Bhattacharya et al., 2020; Diepenbruck et al., 2014; Lei
etal., 2008; Ling et al., 2017; Wang et al., 2016; Xiao et al., 2018).
Moreover, EMT requires the loss of apicobasal polarity for
epithelial cells to acquire mesenchymal characteristics (Jung et al.,
2019). Furthermore, the loss of cellular attachments in the
neuroepithelium could promote NC progenitors in the NT to
transition into nonpolarized mesenchymal-like cells.

During development, EMT can be triggered by several
transcription factors, including SNAIL, SNAI2, TWISTI, ZEBI1
and ZEB2 (Gonzalez and Medici, 2014). Twistl (log,fc=1.72;
FDR=3.55x107%), Snai2 (log,fc=2.33; FDR=3.66x10~°) and Snail
(log>fc=1.34; FDR=2.45x10"%) transcripts were significantly
upregulated in Latsl/2 DCKO NTs compared with controls
(Fig. 4A). To study the role of Lats1/2 in NC EMT, we used the
09-1 cell line, which is a stable, multipotent, mesenchymal cranial
NC cell line derived from Wntl-Cre2; R26R-GFP-expressing cells
of E8.5 mouse embryos (Ishii et al.,, 2012). We used siRNA-
mediated knockdown (KD) to reduce the expression of Lats! and
Lats2 in O9-1 cells and then evaluated the expression of Snai2.
Snai2 encodes a transcription factor with fundamental roles in EMT
(Zhou et al., 2019) and is a known YAP target (Heallen et al., 2011;
Noce et al., 2019). We found that Snai2 was upregulated in O9-1
cells treated with Lats1/2 siRNA (siL12) compared with control-
treated O9-1 cells (siNC), suggesting increased EMT in the absence
of Lats1/2 (Fig. 4B, Fig. S4C).

To further investigate EMT progression in the NT, we performed
fluorescence in situ hybridization (FISH) using RNAscope for
Snai2. Snai2 transcript levels were significantly increased in the NT
of Lats1/2 DCKO embryos compared with control embryos, at both
E9.5 and E10.5 (Fig. 4C,D, Fig. S4A). Notably, Snai2 was highly
expressed in migrating NC cells between the non-neural ectoderm

B

and NT in control embryos (Fig. 4C, top row, arrow). Snai2 was also
detected in migrating cells near the dorsal neural folds in Lats1/2
DCKO embryos (Fig. 4C, bottom row, arrow). Taken together, these
results reveal a novel role for LatsI/2 in the progression of EMT in
the cranial NT.

Lats1/2 regulates TGFB-directed EMT

The results of transcriptional profiling predicted a significant
upregulation in TGFB signaling in Latsi/2 DCKO cranial NTs
(Fig. 3E). In addition, the TGFB ligand Tgfb! was upregulated in
Lats1/2 DCKO NTs. Accordingly, we found that Tfgh! transcripts
were also elevated in the NT of E9.5 Lats1/2 DCKOs (Fig. S4A).
Both at E9.5 and E10.5, Lats1/2 DCKO NTs also showed increased
Tgfb1 expression in basally migrating cells ventral to the neural fold
area (Fig. SA, Fig. S4A). Furthermore, we detected an increase in
nuclear pPSMAD3, a TGFB effector, in Latsl/2 DCKO compared
with control NTs and in Latsi/2-deficient O9-1 NC cells, further
supporting that TGFB signaling is upregulated in the absence of
LATS1/2 regulation (Fig. 5B, Fig. S4B).

TGFB signaling induces EMT by activating the transcription of
key EMT transcription factors (Moustakas and Heldin, 2016;
Xu et al., 2009). To determine whether Lats1/2 deficiency results
in increased TGFB-dependent EMT, we inhibited TGFB signaling
using the small-molecule inhibitor SB-431542 (SB), which
efficiently inhibits TGFB type I receptor (TGFBR1) and the
downstream phosphorylation of SMAD2 and SMAD3 with no
effects on BMP signaling (Inman et al., 2002; Vogt et al., 2011). SB
treatment prevented the increased expression of pSMAD3 in
Lats1/2 KD 09-1 cells (Fig. S4B). TGFB inhibition by SB also
prevented Snai2 upregulation in Latsl/2 KD O9-1 cells without
altering Lats] and Lats?2 transcript levels, revealing a role for TGFB
signaling in EMT activation in the absence of Lats! and Lats2
(Fig. S4C).

Fig. 4. LATS1/2 regulate EMT in the neural tube.

(A) Comparison of canonical epithelial-to-mesenchymal transition
(EMT) transcription factors between E10.5 Lats1/2 DCKO and
control NTs. Circle size represents FDR, color represents

fold change, and black dots indicate significance (FDR<0.01;
|logoFC|>1). (B) Relative expression of Lats1, Lats2 and Snai2
transcripts in control (siNC) and Lats1/2 knockdown (KD) (siL12)
09-1 cells. Data are from three independent experiments with two
replicates each and compared using a two-tailed unpaired t-test,
**P<0.01, ****P<0.0001. (C) RNAscope for Snai2 at E10.5 (red).
Snai2 is detected in migrating cells between the NT and
non-neural ectoderm of control NTs (top row, arrow). Snai2
transcripts are also highly expressed in the dorsal folds and
neuroepithelium of DCKO NTs (bottom row, arrow). Higher
magnification of boxed areas on right. Outline delineates the
neuroepithelium. Yellow line indicates apical edge; blue lines
indicate the basal edge. Scale bars: 100 um. (D) Quantification of
Snai2 transcript puncti per cell in NTs (control, n=5; DCKO, n=5).
Data compared with a two-tailed unpaired t-test, “*P<0.05. All error
bars represent s.e.m.
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Fig. 5. LATS1/2 regulates TGFB-directed EMT in the neural tube. (A) Tgfb1 transcripts were detected in migrating cells along the basal edge of the DCKO
NT (arrowheads) by RNAscope at E10.5. Boxed areas shown at higher magnification (right). (B) Nuclear phosphorylated SMAD3 (pSMAD3) was highly
expressed in DCKO neural folds compared with control neuroepithelium (arrowheads) by immunostaining at E10.5. Boxed areas shown at a higher
magnification (right and bottom). Cytoplasmic signal is background. Outline delineates neuroepithelium. Nuclei are outlined in magnified panels. Yellow lines
indicate apical edge; blue lines indicate basal edge. Nuclei stained with DAPI (blue). Scale bars: 100 um. (C) TGFB inhibitor SB431542 (SB) injections were
administered intraperitoneally daily for 3 days before embryo dissection at E10.5. (D) Bright-field images of treated embryos. TGFB inhibition did not alter or
rescue the craniofacial region of control or DCKO embryos. Scale bars: 500 pm. (E) Top: Quantification of NT closure phenotype after TGFB inhibition.
Bottom: Dorsal view of SB-treated E10.5 DCKO embryos with an open neural tube (ONT; 1) and closed neural tube (CNT; 6). (F) Relative Snai2 transcript
levels in control and DCKO microdissected NT tissue in the absence or presence of SB (n=4-7 NTs). Data compared using one-way ANOVA followed by
Tukey’s multiple comparisons test, *P<0.05, **P<0.01. NT, neural tube; ns, not significant. All error bars represent s.e.m.

To determine the role of TGFB activation in Lats1/2 DCKO NTs,
pregnant mice were injected intraperitoneally with 10 mg/kg of SB
daily for 3 days before embryo collection (Fig. 5C). SB treatment did
not disturb Lats! and Lats2 transcript levels in the NT of SB-treated
embryos (Fig. S4D). Inhibiting TGFB signaling with SB did not alter
the gross morphology of Latsi/2 DCKO embryos (Fig. 5D and
Fig. 1A), with the exception that most of these embryos had closed
NTs at E10.5 in contrast to nontreated Lats!//2 DCKO embryos
(Fig. 5E). Nevertheless, SB inhibition of TGFBRI1 decreased Snai2
transcript levels in the NT of Latsi/2 DCKO embryos (Fig. 5F).
Together, our data indicate that Lats1/2 regulate TGFB-directed EMT
in the dorsal region of the cranial NT.

YaplITaz deficiency rescues the neuroepithelial cell
infiltration phenotype in the neural tube of Lats1/2 DCKO
mutants

RNA-seq results showed that YAP/TAZ targets were significantly
enriched among the genes upregulated in Latsl/2 DCKO NTs

compared with control NTs (Fig. 3A). Based on this observation, we
hypothesized that Latsi/2 deficiency would result in increased
YAP/TAZ transcriptional activity. To test this, we generated Lats/2
DCKO embryos with Yap/Taz heterozygosity (haplo embryos). At
E10.5, Yap/Taz haploinsufficiency decreased neuroepithelial cell
infiltration into the Lats1/2-deficient NT ventricle but did not rescue
the craniofacial phenotype completely (Fig. 6A,B). Interestingly,
the NT of haplo embryos was closed and the non-neural ectoderm
layer fused (Fig. 6B). Moreover, mitotic cells in haplo embryos
contoured the edge between the NT and the infiltrating cells
(Fig. 6C), revealing some suppression of the neuroepithelial cell
polarization defect in Lats1/2 DCKOs. Yap/Taz haploinsufficiency
did not alter neuroepithelial cell proliferation (Fig. 6D).

We next generated conditional quadruple mutants deficient in
Latsl, Lats2, Yap and Taz (4CKO). The deletion of both Yap and
Taz in addition to Latsl/2 in the embryonic NT resulted in
craniofacial phenotypes that were different from those seen in the
Lats1/2 DCKOs at E10.5, including enlarged and hemorrhaging
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forebrain and branchial arches, as well as closed but folded and
misshapen NTs (Fig. 7A, Table S4). All Lats1/2 DCKOs had NT,
forebrain and pharyngeal arch defects. Remarkably, WntI-Cre2,
Lats1"/2, Lats2", Yap""*, Taz"'* mutant embryos (3CKO-Y) with
Yap haploinsufficiency had a closed NT without any obvious
craniofacial phenotypes compared with control embryos (Fig. 7A,
Table S4). Only one 3CKO-Y embryo was found among several
litters collected, although this was not significantly different
from expected Mendelian ratios. Instead, Wntl-Cre2, LatslI™,
Lats2™2, Yap™®, Taz"" mutant embryos (3CKO-T) with Taz
haploinsufficiency also showed a closed NT comparable to that of
controls, but abnormalities were seen in the forebrain and mandible
(Fig. 7A, Table S4). Embryonic deletion of Yap in the NC has been
associated with disrupted craniofacial structures, including enlarged
branchial blood vessels, hemorrhage in the forebrain and mandible,
and NT abnormalities in mice (Wang et al., 2016).

Histological evaluation indicated that the cranial NT of 3CKO-T
embryos was comparable to that of control embryos; however, in the
3CKO-Y NT, we still detected the apical edge disruption and cell
infiltration phenotypes observed in the NT of Latsi/2 DCKO
embryos (Fig. 7B). Although the 4CKO embryos showed NTDs, the
cell infiltration phenotype was not present (Fig. 7B). Importantly,
the NTs of 3CKO-T and 3CKO-Y embryos were closed, and both
the neuroepithelium and the non-neural ectoderm were fused
correspondingly (Fig. 7B). Neuroepithelial cells retained their

Fig. 6. Yap/Taz haploinsufficiency reduces cell infiltration and
partially recovers neuroepithelial cell architecture in Lats7/2-
deficient neural tubes. (A) Bright-field images of Lats7/2 DCKO embryos
with Yap/Taz heterozygosity (haplo embryos), which are phenotypically
like Lats1/2 DCKO embryos. Scale bars: 500 ym. (B) H&E staining of
coronal sections at E10.5. Neuroepithelial cell organization is partially
recovered in haplo NTs, while cell infiltration into the ventricle is still
detected (black asterisk). Boxed areas are shown at higher magnification
(right). (C) Immunostaining of proliferation marker pHH3 show mitotic
cells on the apical edge of the polarized neuroepithelium for control and
haplo NTs (dotted line), in contrast to DCKO with mitotic cells along the
apicobasal axis. Nuclei stained with DAPI (blue). Scale bars: 100 um.
Outline delineates neuroepithelium, with yellow lines indicating apical
edge and blue lines indicating basal edge. (D) Quantification of pHH3*
cells in the NT (control, n=6; DCKO, n=7; haplo, n=4). Data compared
using one-way ANOVA followed by Tukey’s multiple comparisons test.
NT, neural tube; ns, not significant. All error bars represent s.e.m.

pseudostratified structure, and mitotic cells were found on the apical
edge of 4CKO, 3CKO-T and 3CKO-Y embryos (Fig. S5A). Yap/Taz
modulation, particularly Yap deletion/7az haploinsufficiency in
3CKO-T embryos, rescued the neuroepithelial phenotypes in
response to Lats1/2 deficiency. Therefore, the regulation of YAP/
TAZ by LATSI and LATS2 is required for neuroepithelial cell
integrity and architecture.

YAP activation stimulates TGFB signaling-induced EMT in
the dorsal neural tube
To further determine the role of Hippo signaling in EMT
progression, we compared transcript levels of Snai2 in the NT of
3CKO-T Yap/Taz rescue embryos with those of control and Lats1/2
DCKO embryos. Like control embryos, 3CKO-T rescue embryos
expressed Snai2 transcripts in the neuroepithelium and in migrating
NC cells between the NT and the non-neural ectoderm (Fig. 8A).
Snai? transcript levels were decreased in 3CKO-T rescue embryos
compared with Lats1/2 DCKO embryos (Fig. 8A,B). Thus, these
findings suggest that Hippo signaling blocks neuroepithelial cell
migration into the ventricular space of the NT and aberrant EMT.
Previously, crosstalk between YAP/TAZ and the TGFB/
SMAD2/3 pathway was reported, whereby YAP/TAZ promote the
nuclear localization of regulatory SMADs (Alarcén et al., 2009;
Narimatsu et al., 2015; Pefani et al., 2016; Varelas et al., 2008,
2010). Yap/Taz modulations in 3CKO-T rescue embryos not only
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A Fig. 7. Hippo signaling maintains neuroepithelial cell
behavior in the dorsal neural tube. (A) Bright-field
images of E10.5 rescue embryos. 3CKO-T and 3CKO-Y
embryos showed comparable midbrain morphology to that
of control (arrows). 3CKO-T and 4CKO embryos had
forebrain and pharyngeal arch defects (asterisks). Scale
bars: 500 um. (B) H&E staining of coronal sections.
Neuroepithelium integrity is recovered in 3CKO NTs. Some
apical extrusion into the ventricle is detected in 3CKO-Y
NTs (arrows), like the infiltration sites in DCKO NTs. Boxed
areas are shown at a higher magnification (right). Scale
bars: 100 pm. Yellow lines indicate apical edge; blue lines
indicate basal edge.
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decreased Snai2 expression in the NT but also reduced 7gfb! ligand  Lats1/2 DCKO embryos were not detected when Yap was deleted in
expression in the neuroepithelium to that seen in the control 3CKO-T rescue embryos (Fig. 8C). Therefore, the regulation of
(Fig. 8C). Furthermore, the Tgfbl* migrating cells detected in  YAP by LATS1/2 is required to prevent the upregulation of TGFB
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Fig. 8. Hippo signaling controls YAP-directed activation of EMT. (A) Snai2 transcripts were detected in E10.5 neuroepithelial and migrating cells between
the NT and non-neural ectoderm of control and 3CKO-T NTs (arrowheads) by RNAscope. (B) Quantification of Snai2 puncti per cell in the NT (control, n=5;
DCKO, n=5; 3CKO-T, n=5). Data compared using one-way ANOVA followed by Tukey’s multiple comparisons test, *P<0.05. NT, neural tube; ns, not
significant. Error bars represent s.e.m. (C) At E10.5, Tgfb1 transcripts were increased in neuroepithelial and basally migrating cells of DCKO NTs
(arrowheads) but not in those of control and 3CKO-T rescue NTs by RNAscope. Nuclei stained with DAPI (blue). Cell membranes stained with WGA (white).
Boxed areas are shown at a higher magnification (right). Scale bars: 100 pm. Outline delineates neuroepithelium, with yellow lines indicating apical edge and
blue lines indicating basal edge.
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Fig. 9. LATS1 and LATS2 phosphorylate downstream effectors YAP/
TAZ to regulate TGFB-induced EMT. (A) LATS1/2 are necessary to restrict
YAP/TAZ activity in the cranial neuroepithelium. When not phosphorylated,
YAP/TAZ translocate into the nucleus and interact with other co-activators,
and possibly receptor-regulated SMADs (rSMADs), to activate the
transcription of Snai2, among other targets. P, phosphorylation. (B) Lats1/2
deficiency triggered TGFB signaling and EMT in the cranial NT. YAP
hyperactivation and TGFB upregulation promoted EMT in the
neuroepithelium, which led to loss of polarity and neuroepithelial cell
delamination and migration. NCC, neural crest cell.

signaling and dysregulated TGFB-induced EMT in the NT and NC
(Fig. 9). Our data suggest that crosstalk between the downstream
Hippo signaling effectors YAP/TAZ and the TGFB signaling
pathway promote EMT in the dorsal NT that is in part regulated by
upstream Hippo signaling kinases.

DISCUSSION

Hippo signaling is essential for craniofacial development
Deletion of both Latsl and Lats?2 in the neuroepithelium
caused craniofacial and NT abnormalities with embryonic
lethality; however, one copy of Lats] or Lats2 circumvented both
phenotypes. Thus, Lats! and Lats2 likely have redundant roles
during early embryonic development in the dorsal anterior NT,
consistent with other developmental contexts (Lorthongpanich
et al., 2013; Reginensi et al., 2016).

An interplay of signals from surrounding tissues, including the
non-neural ectoderm and mesoderm, promote neural induction
of the neural plate and, consequently, NC development within the
dorsal folds of the closing NT (Golding et al., 2000; Grenier et al.,
2009; Trainor and Krumlauf, 2000). We found that most Lats1/2
DCKOs lacked non-neural ectoderm fusion due to the NTDs.
Because the non-neural ectoderm does not fuse in Lats1/2 DCKOs,
the absence of'its juxtaposing configuration to the NT can also affect
NC behavior (Dickinson et al., 1995; Moury and Jacobson, 1990;
Selleck and Bronner-Fraser, 1995).

The regulation of YAP/TAZ by LATS1/2 is required for
craniofacial development. Expressed specifically in craniofacial
tissues, the transcription factor FOXOG6 activates Latsl/Lats2
expression, increasing YAP/TAZ phosphorylation and Hippo
signaling activation to restrict proliferation and control growth and
morphogenesis of the face postnatally (Sun et al., 2018). Although
Hippo signaling is widely associated with proliferation control, we
found that modulation of the Hippo kinases LATS1/2 in the NC did
not alter neuroepithelial proliferation. Likewise, genetic deletion of
Hippo effectors Yap/Taz in the NC does not affect proliferation or
neuroepithelial integrity in the NT despite playing a role in cranial
NC development and differentiation (Hindley et al., 2016;
Manderfield et al., 2014; Wang et al., 2016). Conditional deletion
of Yap/Taz in the cranial NC results in enlarged branchial arch blood

vessels, vascular hemorrhaging and craniofacial defects due to
impaired smooth muscle differentiation (Manderfield et al., 2015;
Wang et al., 2016).

Intriguingly, Latsi/2 deficiency in NC cells resulted in only
cranial NT phenotypes, with no obvious phenotypes in the posterior
NT. NC cells contribute to multiple cell types and tissues throughout
the whole embryo (Gandhi and Bronner, 2021). Cranial NC cells
make major contributions to the skeletal, connective and neurogenic
tissues of the craniofacial complex, while other NC cells give rise to
neurons and glia of the peripheral nervous system, connective tissue
of cardiac structures, secretory cells of the endocrine system and
pigment cells of the skin (Bhatt et al., 2013; Gandhi and Bronner,
2021; George et al., 2020; Martik and Bronner, 2017; Vega-Lopez
etal., 2017). Furthermore, only the cranial NC population generates
ectomesenchymal derivatives (Bhatt et al., 2013; Lee et al., 2013;
Soldatov et al., 2019; Zalc et al., 2021).

Recently, decreased LATS1/2 protein levels were reported in
neural progenitor cells from anencephalic human fetuses with a
deleterious recessive mutation in NUAK2 (Bonnard et al., 2020).
NUAK? alterations disrupt the apical actomyosin network in NT-
like structures due to insufficient Hippo—Y AP signaling, preventing
neural plate folding and fusion (Bonnard et al., 2020). As the neural
plate folds, the neural plate border specifier genes activate the
expression of NC-specifier genes such as Foxd3, Sox9/10, Myc, 1d2,
Snail/2 and Etsl (Martik and Bronner, 2021; Simdes-Costa and
Bronner, 2015; Simdes-Costa et al., 2014). Importantly, the NC
gene regulatory network differs between axial levels; e.g. the
transcription factor Ets/, which regulates Sox/0 and Foxd3, is
uniquely expressed in the cranial, but not trunk, NC (Barembaum
and Bronner, 2013; Rothstein et al., 2018; Théveneau et al., 2007).
We found that Ets/ was significantly upregulated in the NT of
Lats1/2 DCKO embryos (log,fc=1.44; FDR=1.17x107%),
supporting our hypothesis that cranial NC expansion occurs in the
absence of LATS1/2 regulation.

Hippo kinases LATS1/2 likely have essential and specific roles
in cranial NT closure due to their unique ectomesenchymal
potential, suggesting that Hippo signaling may be involved in the
gene regulatory network of cranial NC cells. Furthermore, tissue
mechanical forces are required for craniofacial morphogenesis, and
the Hippo pathway has been reported to play crucial roles in
mediating mechanical signals (Du et al., 2021; Dupont et al., 2011;
Schroeder and Halder, 2012; Wang and Martin, 2017; Wu and
Guan, 2021). Therefore, Hippo signaling regulation at the dorsal
cranial NT appears to be required for NT closure, NC expansion,
and NC migration and diversification.

Lats1/2 are required for neuroepithelial cell apicobasal
attachment and TGFB-induced EMT regulation
LATS kinases have been associated with maintenance of epithelial
cell integrity. In Caenorhabditis elegans, the Lats homolog wts-1 was
found in the subapical region in the intestine, where it maintains
apical and junctional protein localization through YAP regulation
(Kang et al., 2009; Lee et al., 2019). Moreover, genetic ablation of
Lats1/2 in the developing lung and pancreas of mice results in altered
epithelial branching due to apicobasal polarity defects, aberrant EMT
initiation and increased cell differentiation through YAP/TAZ
(Braitsch et al., 2019; Nantie et al., 2018). Collectively, our data
indicate an evolutionarily conserved function of LATS kinases in the
regulation of apicobasal protein localization in NT development.
Neuroepithelial cells in the dorsal NT include NC cells that
delaminate and undergo EMT before migrating across the embryo.
Our RNA-seq data from Latsl/2 DCKO NTs suggested that, in
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addition to increased TGFB signaling, changes occurred in cellular
movement, morphology and organization (Fig. 3). The loss of
neuroepithelial integrity and the upregulation of EMT transcription
factors in the Latsl/2 DCKO NT indicated that aberrant EMT
initiation and dysregulated NC cell movement occurred in the
absence of LATS1/2 regulation. Loss of polarity and EMT are
required for NC delamination during development; however, the
dysregulation of these processes has been associated with migratory
and invasive characteristics in cancer (Bucay et al., 2017; David
et al., 2016; Jung et al., 2019; Thiery et al., 2009). Moreover, the
TGFB-induced overexpression of the EMT transcription factor
Snai2 has been associated with tumorigenesis and cancer
progression (Bucay et al., 2017; Li et al., 2014; Slabakova et al.,
2011; Zhou et al., 2019). We found that Snai2 levels were
upregulated in neuroepithelial tissue and infiltrating cells of Lats1/2
DCKO NTs compared with controls. The inhibition of TGFB
signaling partially suppressed the NT closure defect seen in Lats1/2
DCKO embryos in addition to preventing increased Snai2
transcription, providing functional evidence that LATS1/2
regulation prevents dysregulated TGFB signaling in cranial neural
folds.

LATS1/2 control neural crest EMT through YAP/TAZ

YAP/TAZ transcriptional targets were upregulated in the absence of
Lats1/2 (Fig. 3A). Combining Yap and/or Taz deficiency into
Lats1/2 DCKOs rescued the embryonic neuroepithelial phenotypes.
Lats deficiency is associated with loss of polarity and branching
morphogenesis disruption, and YAP/TAZ activity plays a central
role in these phenotypes (Braitsch et al., 2019; Nantie et al., 2018;
Reginensi et al., 2016). The suppression of neuroepithelial and
NTDs in Lats1/2 DCKOs by reducing YAP/TAZ dosage supports
the notion that a Hippo signaling-dependent mechanism is required
for NC induction and delamination.

Recent studies have confirmed that Hippo signaling is essential for
NC development (Bhattacharya et al., 2020; Hindley et al., 2016;
Kumar et al., 2019; Wang et al., 2016). Yap/Taz deficiency in the NC
leads to early lethality of mutant embryos with severe craniofacial
phenotypes, including an abnormal NT, disrupted facial mesenchyme
and vascular defects (Manderfield et al., 2014; Wang, 2020; Wang
et al., 2016). In Yap/Taz rescue embryos, additional craniofacial
phenotypes are associated with Yap deficiency. Interestingly, all
mutant embryos from the genetic rescue experiments lacking both
alleles of Yap, regardless of Latsl, Lats2 or Taz allele number or
combination, exhibited enlarged and/or hemorrhaging forebrain
and/or branchial arches (Table S4). However, in 3CKO-T rescue
embryos, Yap deletion and 7az haploinsufficiency reverted the
neuroepithelial phenotypes caused by the loss of Lats1/2. Instead,
Yap haploinsufficiency and Taz deletion in 3CKO-Y rescue embryos
partially rescued the neuroepithelial phenotypes caused by the loss of
Lats1/2. Although YAP and TAZ have redundant roles during
development, the variation in rescue phenotypes after Yap/Taz
modulation can be attributed to the functional differences between
Yap and Taz and differences in their expression at distinct times
throughout development.

Hippo and TGFB pathways crosstalk to regulate EMT in the
dorsal neural tube

The TGFB superfamily is essential for NT patterning and NC
proliferation and differentiation during development (Chesnutt
et al., 2004; Iwata et al., 2010; Tang et al., 2010; Wurdak et al.,
2005). Activation of TGFB signaling results in phosphorylation of
SMAD2/3 in the TGFB pathway, promoting their nuclear

accumulation and transcriptional activity. Although nuclear
PSMAD2/3 activity is enhanced by the nuclear translocation
of YAP/TAZ, the regulation of YAP/TAZ by Hippo signaling
prevents the nuclear accumulation and activation of SMADs (Nishio
et al., 2016; Varelas et al., 2008). Moreover, Hippo signaling
prevents YAP/TAZ transcriptional activity and restricts TGFB
activation in response to cell density and changes in polarity
(Narimatsu et al., 2015; Varelas et al., 2010). The NT is composed
of pseudostratified neuroepithelial cells packed at high cell density.
We showed that Hippo signaling inhibition in the NT resulted in
abnormal neuroepithelial cell apicobasal attachment, EMT and
cellular infiltration into the neural ventricle due to YAP/TAZ
hyperactivation. Interestingly, cranial NC cells lost apicobasal
polarity and underwent EMT, decreasing collective cell density. Our
results suggest an expansion of the NC population that initiates
EMT and infiltrates the NT ventricle.

In the absence of Hippo signaling regulation in the NT, TGFB
signaling was increased, which was reverted by YAP deficiency.
Others have suggested that a positive regulation exists between
the TGFB/SMAD pathway and YAP/TAZ activation. In a
lung cancer cell line, TGFB stimulates the degradation of the
Hippo-signaling scaffold RASSF1A, allowing YAP to interact with
SMAD2. RASSF1A regulates the TGFB-induced YAP/SMAD2
interaction and promotes SMAD2 cytoplasmic retention limiting
transcriptional activity (Pefani et al., 2016). In the mouse liver,
TGFB ligand production is increased by YAP/TAZ nuclear
translocation, activation and interaction with SMAD2/3, whereas
YAP is activated through TGFB signaling (Nishio et al., 2016).
Moreover, genetic and chemical modulation of TGFB decreased
YAP transcriptional activity. YAP also triggers early endothelial-to-
mesenchymal transition (EndMT), an endothelial-specific form of
EMT, in lung-derived endothelium (Savorani et al., 2021).
Although YAP/TAZ stimulate SMAD activity to regulate TGFB-
induced cellular responses during development and cancer biology,
TGFB signaling can also positively regulate YAP/TAZ.

In conclusion, we have elucidated the role of the Hippo signaling
kinases LATS1 and LATS?2 in the neuroepithelial cell population in
the dorsal cranial NT. LATS1/2 maintain neuroepithelial cell
architecture in the NT by regulating YAP/TAZ activity (Fig. 9).
YAP/TAZ hyperactivity promotes EMT through interaction with
TGFB signaling components. Therefore, Hippo signaling is
required to control NC delamination and movement in the NT.

MATERIALS AND METHODS
Mice
All animal experiments performed in this study were approved by the Baylor
College of Medicine Institutional Review Board. The Wntl-Cre2, Lats1''F,
Lats2"F, Yap®'F, Taz"'F and mTmG mouse lines and alleles used in this study
have been previously described (Heallen et al., 2011; Lewis et al., 2013;
Muzumdar et al., 2007; Xin et al., 2011). These mouse lines are maintained
by the research laboratory in the Transgenic Mouse Facility at Baylor
College of Medicine. Tail genomic DNA was used for genotyping by PCR.
Wntl-Cre2, Lats1¥"*, Lats2¥"* males were crossed with Lats1"/F, Lats2"/¥
females to generate neuroepithelium-specific conditional Lats1/2 mutants.
The Wntl-Cre2 transgene has been reported to be active in the male
germline, and therefore, the male mouse passes on recombined (A) alleles
irrespective of Wntl-Cre2 inheritance (Dinsmore et al., 2022). Females were
checked for plugs in the morning. Noon on the day a plug was discovered
was considered as E0.5. Embryos were collected at different time points in
phosphate-buffered saline (PBS), and yolk sacs were used for genotyping.
Embryos were somite matched when possible. For genetic rescue
experiments, Wntl-Cre2, Lats1™*, Lats2®* or Wntl-Cre2, LatsI®",
Lats2™*, Yap™, Taz"* males were crossed with LatsI™F, Lats2"F,
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Yap®'F, Taz"' females to generate neural crest-specific Lats1/2 mutants with
varying alleles of Yap and 7az. Rescue embryos were collected at E10.5 in
PBS, and yolk sacs were used for genotyping. The mouse genotype
nomenclature used is described in Table S1.

Tissue processing and histology

All embryos were collected at the chosen time points in PBS and fixed in
10% formalin or 4% paraformaldehyde (PFA). Fixed embryos were
dehydrated through a series of ethanol washes, followed by xylene clearing
and paraffin embedding. The embryos were embedded carefully to maintain
the same orientation and were sectioned at 5-7 pm. Sections were carefully
chosen to represent matching regions between control and mutant embryos.
For Hematoxylin and Eosin (H&E) staining, sections were rehydrated,
stained with Mayer’s Hematoxylin and Alcoholic Eosin Y, dehydrated in
ethanol, cleared in xylene and mounted.

Tissue immunofluorescence and FISH

Immunofluorescence and FISH were performed on formalin-fixed and
paraffin-embedded sections. For immunofluorescence, sections were
rehydrated and processed for antigen retrieval. Antigens were retrieved by
boiling the sections in Antigen Unmasking Solution (Vector Labs, H-3300).
Tissues were permeabilized by incubating sections in 0.5% Triton X-100 for
15 min and blocked in 10% donkey serum for 1 h. Primary antibodies against
phospho-YAP (Cell Signaling Technology, 4911; 1:100), beta-catenin (Cell
Signaling Technology, 8480; 1:200), pHH3 (Cell Signaling Technology,
9701; 1:100), GFP (Abcam, ab6673; 1:200), N-cadherin (GeneTex,
GTX127345; 1:200), laminin (Novus, NB300-14; 1:200) and pSMAD3
(Novus, NBP1-77836SS; 1:200) were used at the dilutions recommended by
the manufacturer and were visualized with Alexa fluorochrome-conjugated
secondary antibodies. pPSMAD3 staining was amplified using tyramide signal
amplification (TSA). Nuclei were stained with 4,6-diamidino-2-phenylindole
(DAPI). For FISH, RNAscope was performed according to the
manufacturer’s instructions with the RNAscope 2.5 HD Assay-RED
protocol (ACD) using Probe-Mm-Snai2 (ACD, 451191) and Probe-Mm-
Tgfbl (ACD, 407751). Nuclei counterstaining was performed using DAPI for
10 min at room temperature. WGA conjugates were added and incubated with
DAPI to outline neuroepithelial cells. Images were taken using a Zeiss LSM
780 confocal microscope.

Image analysis and quantification
The fluorescence intensity of beta-catenin in the neural tube was measured on
original CZI files using the line intensity processing tool in the Zen Black
microscopy software (Carl Zeiss, Germany). For each section, multiple lines
were manually drawn from the basal membrane to the apical edge of the
neural tube across the apicobasal axis. Beta-catenin staining intensity across
each line was recorded. Owing to the difference in neural tube width between
samples, line profiles were normalized to a range of 0.0 to 1.0 from basal to
apical boundaries, respectively (Fig. 2F, top). The normalized distance was
binned into 100 intervals (intervals of 0.01), and the fluorescence intensities
within each interval were averaged. The final basal to apical intensity line
profile (Fig. 2F, bottom) represents the average of all intensity profiles
measured from control and DCKO embryos. The P-value for the difference in
intensity was calculated for each bin along the 100 intervals of the line profile.
Neural tube width and immunofluorescence for pHH3, pSMAD3 and
Snai2 were quantified manually using ImageJ software (National Institutes of
Health, Bethesda, MD, USA). Neural tube width was measured on WGA-
stained sections, from the basal membrane to the apical edge. For pHH3
immunofluorescence quantification, pHH3 percentages were calculated as the
number of positive-staining nuclei over the total number of nuclei in the neural
tube. For Snai2 RNAscope quantification, individual dots were counted and
divided by the total number of cells to obtain the average number of puncti per
neuroepithelial cell in the neural tube. All analyses included data from at least
three embryos of each genotype unless mentioned otherwise.

HCT
E10.5 embryos were collected in PBS and fixed in 4% PFA overnight at
4°C. The next day, samples were washed with PBS and immersed in 0.1 N

iodine solution overnight at room temperature. Embryos were mounted
in 1% agarose in microtubes and scanned on a Bruker SKYSCAN 1272
scanner. Images were acquired at 3 pm/pixel at 70 kV and 142 pA with a
0.5-mm aluminum filter. Tomography projection images were
reconstructed using SkyScan NRecon (Bruker, Belgium) and visualized
with CTVox (Bruker, Belgium) and Imaris (Bitplane, Switzerland)
software.

Real-time quantitative PCR (qPCR)

Total RNA was isolated from the microdissected cranial neural tubes of
E10.5 embryos using an RNeasy Plus Micro Kit (Qiagen) and processed for
cDNA synthesis using Super Script II Reverse Transcriptase (Invitrogen).
All real-time thermal cycling was performed with a StepOne Real-time PCR
System (Thermo Fisher Scientific). SYBR Green JumpStart Taq ReadyMix
(Sigma-Aldrich) was used for real-time thermal cycling. Relative gene
expression, calculated with the Livak—Schmittgen method (2744¢7), was
normalized to that of housekeeping genes Hprt or Gapdh. Graphs represent
the average fold change relative to control samples, and error bars are shown,
indicating s.e.m.

Transcriptional profiling and analysis
Bulk RNA was isolated from E10.5 microdissected cranial neural tubes (two
DCKO and two controls) using an RNeasy Plus Micro Kit in accordance
with the manufacturer’s instructions (Qiagen). Paired-end, polyA-enriched
RNA libraries were generated with a Kapa stranded RNA-seq kit (KR0960),
according to the manufacturer’s instructions, and were pooled in equimolar
amounts. Sequencing was performed using Illumina NextSeq500 for 75 bp
reads. Libraries were sequenced to a depth of 38 to 47 million paired reads.
Transcripts were aligned to the mouse genome (GRCm38/mmlo0,
retrieved from the UCSC genome browser, genome.ucsc.edu, 23 May
2012) using TopHat2 v2.1.1 (Kim et al., 2013; Trapnell et al., 2009). Low-
quality reads were filtered with bamtools using the following settings:
-isMapped true -isDuplicate false -mapQuality “>10" (Barnett et al., 2011).
Reads were mapped and counted after alignment using StringTie v1.3.3
(Pertea et al., 2015, 2016). Differential expression testing was performed
using edgeR v3.18.1 (McCarthy et al., 2012; Robinson and Smyth, 2007,
2008; Robinson et al., 2010; Zhou et al., 2014) and limma v3.30.13 (Ritchie
etal., 2015) packages in R v3.4.0. Genes with low expression were removed
within each condition using median log,-transformed counts per gene per
million mapped reads of 1 and a union generated from each condition.
Differential expression analysis was performed using a general linear model
framework in edgeR. Downstream analysis was performed using IPA
(Qiagen; content build 16 June 2019; Krdmer et al., 2014). Data were visualized
using the gplots v3.0.1.1 (https:/github.com/talgalili/gplots), RColorBrewer
v1.1-2 (https:/CRAN.R-project.org/package=RColorBrewer), ggplot2 v3.1.0
(Wickham, 2016), scales v1.0.0 (https:/CRAN.R-project.org/package=scales)
and stringr v1.4.0 (https:/CRAN.R-project.org/package=stringr) packages
in R. The data were deposited in Gene Expression Omnibus (GEO) with the
accession number GSE182721.

09-1 cell culture

For in vitro experiments, the cranial neural crest cell line O9-1 was used
(Ishii et al., 2012; Nguyen et al., 2018). Cells were obtained from Sigma-
Aldrich (SCC049), and the laboratory stock was examined for mycoplasma
contamination on arrival and prior to experimentation. 09-1 cells were
maintained undifferentiated in basal medium containing Dulbecco’s
modified Eagle medium supplemented with 15% fetal bovine serum,
0.1 mM MEM nonessential amino acids, | mM sodium pyruvate, 55 uM
B-mercaptoethanol, 100 units/ml  penicillin/streptomycin, 2 mM
L-glutamine, 25 ng/ml basic fibroblast growth factor (R&D Systems,
233-FB) and 1000 U leukemia inhibitory factor (Millipore, ESG1106). For
the siRNA KD experiments in O9-1 cells, siRNA SMARTpools targeting
Lats] and Lats2 were purchased from Dharmacon, and the transfections
were performed according to a typical RNAIMAX transfection procedure
(Thermo Fisher Scientific). RNA was extracted 48 h after transfection to
determine Snai2 transcript levels. For immunofluorescence, 09-1 cells were
fixed in 10% formalin for 10 min, permeabilized in 0.5% Triton X-100 for

12

DEVELOPMENT


https://journals.biologists.com/dev/article-lookup/DOI/10.1242/dev.200860
genome.ucsc.edu
https://github.com/talgalili/gplots
https://CRAN.R-project.org/package=RColorBrewer
https://CRAN.R-project.org/package=RColorBrewer
https://CRAN.R-project.org/package=scales
https://CRAN.R-project.org/package=scales
https://CRAN.R-project.org/package=stringr
https://CRAN.R-project.org/package=stringr
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE182721

RESEARCH ARTICLE

Development (2022) 149, dev200860. doi:10.1242/dev.200860

15 min and blocked in 10% donkey serum for 1 h. A primary antibody for
pSMAD?3 (Santa Cruz Biotechnology, sc-517575) was used at the dilution
recommended by the manufacturer and was visualized with Alexa
fluorochrome-conjugated secondary antibodies. Nuclei were stained with
DAPI. Experiments with O9-1 cells were performed in duplicate, and all
experiments were repeated at least three times.

TGFB inhibition

To inhibit TGFB signaling both in vivo and in vitro, we used the small-
molecule inhibitor SB-431542 (Tocris, 1614). Stock solutions of
SB-431542 were prepared in dimethyl sulfoxide (DMSO) according to
the manufacturer’s recommendations. For in vivo experiments, SB-431542
(10 mg/kg in 5% DMSO) was administered intraperitoneally daily to
pregnant mice at E7.5, E8.5 and E9.5, and embryos were collected at E10.5.
Embryos were imaged and processed, or neural tubes were microdissected
for RNA extraction and analyzed with qPCR. For in vitro experiments, O9-1
cells were treated with SB-431542 (10 uM) at the time of siRNA KD. After
48 h, untreated and treated cells were analyzed with immunofluorescence
and qPCR to determine the effect of TGFB inhibition.

Statistical analyses

Statistical analyses were performed using GraphPad Prism version 9.0.0 for
macOS (GraphPad Software, San Diego CA, USA). A chi-squared test was
used for analyzing collected embryos numbers. A two-sample Z-test was
used to determine the significance of the proportion of embryos with open
neural tubes between control and Lats1/2 DCKO embryos and between SB
treated and nontreated Lats1/2 DCKO embryos. Two-tailed unpaired ¢-test
and one-way ANOVA were used to determine significance for subsequent
experiments. P-values <0.05 were considered significant. The results are
expressed as the mean+ts.e.m. The number of samples and the statistical tests
used are described in the figure legends.
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