Doctoral Thesis

Study on the gut coiling morphogenesis in Xenopus larvae

M7 7 0 Y AT T VERGE D% & DIEERR O

Kanagawa University,

Graduate School of Science, Field of Biological Science, Doctoral Program
Ryuji Toyoizumi Laboratory
Student ID Number: 201870181
Kaoru Akinaga

MR RER BRI P ER YR AEE LRI
BR OER WEE
eSS 1 201870181
ok HE



2. Introduction ¢+ ¢ = ¢ e e e e e e e
3. Material and Method = = ¢ - - ° -
4. Results © = =  © o o o o o o o o
5 Discussion ¢ ¢ * * * c v c e = o =
6. Acknowledgments * ¢ = = = 0 0 o ¢
7 Reference  + * ¢ ¢ ¢+ s e s s e
8. Figure Legends and Table Captions

9. Figures and Tables = = = = = = = - °



Study on the gut coiling morphogenesis in Xenopus larvae
LT 7 ) Y A A T ANERGE D% & OB RO
SURBE AT E ok & (201870181)

HHEBY OB 1. LRI %8 5 HLE LR G & BB LU IREhES) 2 5 B X 5 ik
EEET S, REBRCBOWTBEOME LEXZ OEBEEILRT 2RIk, BERHBRLO22D
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ZERE I K S N NGRIEESDETH | & OFERTE D & ICRBRIFEZ1T o7,

TR RR actin (SM-actin) D434 & Bl % RIFHUL 32 72812, whole-mount DY X H T 4%
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Ji M) ICER T 5 HEWT T A BB R A % 3T IR E L. R CTHE O o 7 RET A 5 E R
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BEFAEBZROERZITVL, CHICHII L, ZRICELDL, BRYICVDW 3RO ERICX Y, B
E DFRETE R~ D E DT 21T o 72, #REH b BHFRBFICH T TO Y A F = AVRIZIEE Z =21
Il L C B ABRAETET 2 EERBEBERENEMA 05, COREZELL T, UTD 320D
& — v CUIT L 7= 2R AR E L. BB % Ml L 72, ASEER 2 UINT L 220 Oz R L 7218
T, 98.5% DR TIHEILIEH IC st46 DEE T TE W, BHERE & b ITLED BRI 25 X 5 IChiE b
YT L 728 C % 21.1%I13&H £ CIEE IS Wz, JEI & B G 29Il L 72 cld,. —E o fEE ik
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Y AAINED O EE B L, COIMREREZAVWCEEOSMHET CHEL &, £ ORER, SMEE
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##| CK-666, myosin light chain kinase [HE#A] ML-9, calmodulin 7 v % =X + W-7 @ 3 ¥#l|% %
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Ageix. (1) invivo TD SM-actin ¥V V(L myosin % FIR T 2 BEFEHONHFOEHE, (2) A
LR TOBE OHER R O, (3) HEAKS 2 HAEbE BEIMERD nvitro 5E%...D 3
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hi-—HOERER» L. BEFEZIRD VIS ER DY A T AB5E Tid actomyosin DA TEH
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In vertebrates, gut coiling proceeds left-right asymmetrically during expansion of the gastrointestinal tract
with highly organized muscular structures facilitating peristalsis. In this report, we explored the
mechanisms of larval gut coiling morphogenesis relevant to its nascent smooth muscle cells using highly
transparent Xenopus early larvae. First, to visualize the dynamics of intestinal smooth muscle cells, whole-
mount specimens were immunostained with anti-smooth muscle-specific actin (SM-actin) antibody. We
found that the nascent gut of Xenopus early larvae gradually expands the SM-actin-positive region in a
stage-dependent manner. Transverse orientation of smooth muscle cells was first established, and next,
the cellular longitudinal orientation along the gut axis was followed to make a meshwork of the contractile
cells. Finally, anisotropic torsion by the smooth muscle cells was generated in the center of gut coiling,
suggesting that twisting force might be involved in the late phase of coiling morphogenesis of the gut.
Administration of S-(-)-Blebbistatin to attenuate the actomyosin contraction in vivo resulted in
cancellation of coiling of the gut. Development of decapitation embryos, trunk ‘torso’ explants, and gut-

only explants revealed that initial coiling of the gut proceeds without interactions with the other parts of
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the body including the central nervous system. We newly developed an in vitro model to assess the gut
coiling morphogenesis, indicating that coiling pattern of the nascent Xenopus gut is partially gut-
autonomous. Using this gut explant culture technique, inhibition of actomyosin contraction was
performed by administrating either actin polymerization inhibitor, myosin light chain kinase inhibitor, or
calmodulin antagonist. All of these reagents decreased the extent of gut coiling morphogenesis in vitro.
Taken together, these results suggest that the contraction force generated by actomyosin-rich intestinal
smooth muscle cells during larval stages is essential for the normal coiling morphogenesis of this muscular

tubular organ.
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1. Abstract

In vertebrates, gut coiling proceeds left-right asymmetrically during expansion of the gastrointestinal
tract with highly organized muscular structures facilitating peristalsis. In this report, we explored the
mechanisms of larval gut coiling morphogenesis relevant to its nascent smooth muscle cells using
highly transparent Xenopus early larvae. First, to visualize the dynamics of intestinal smooth muscle
cells, whole-mount specimens were immunostained with anti-smooth muscle-specific actin (SM-
actin) antibody. We found that the nascent gut of Xenopus early larvae gradually expands the SM-
actin-positive region in a stage-dependent manner. Transverse orientation of smooth muscle cells was
first established, and next, the cellular longitudinal orientation along the gut axis was followed to
make a meshwork of the contractile cells. Finally, anisotropic torsion by the smooth muscle cells was
generated in the center of gut coiling, suggesting that twisting force might be involved in the late
phase of coiling morphogenesis of the gut. Administration of S-(-)-Blebbistatin to attenuate the
actomyosin contraction in vivo resulted in cancellation of coiling of the gut. Development of
decapitation embryos, trunk ‘torso’ explants, and gut-only explants revealed that initial coiling of the
gut proceeds without interactions with the other parts of the body including the central nervous system.
We newly developed an in vitro model to assess the gut coiling morphogenesis, indicating that coiling
pattern of the nascent Xenopus gut is partially gut-autonomous. Using this gut explant culture
technique, inhibition of actomyosin contraction was performed by administrating either actin
polymerization inhibitor, myosin light chain kinase inhibitor, or calmodulin antagonist. All of these
reagents decreased the extent of gut coiling morphogenesis in vitro. Taken together, these results
suggest that the contraction force generated by actomyosin-rich intestinal smooth muscle cells during

larval stages is essential for the normal coiling morphogenesis of this muscular tubular organ.

2. Introduction

In this thesis, I explored the causative factors that regulate and guide the coiling morphogenesis of
the nascent gut. In vertebrates, to expand the area of the gastrointestinal tract supporting the digestion
of food and the absorption of nutrients, gut coiling morphogenesis occurs in a species-specific and
developmental stage-dependent manner (Hamburger and Hamilton, 1951; Nieuwkoop and Faber
1967). Via orchestrated coiling morphogenesis, elongation of the muscular gut tube is systematically
compacted in the abdominal cavity, and animals regulate the length of the gut tube according to
feeding habits (Dasgupta, 2004; Koundal et al., 2012).

The morphogenesis of vertebrate digestive systems might be controlled by the developmental
schedule of smooth muscle differentiation. In vertebrates, the long intestine is packaged by gut coiling
in an anticlockwise manner when viewed from the ventral side (Nieuwkoop and Faber 1967).
Intestinal primordium forms a tube that loops and then coils. Intestinal peristaltic movement requires
fine control of smooth muscle precursor migration, proliferation, and differentiation. The intestinal
epithelium, derived from endoderm, forms a tubular structure, and mesenchymal cells originating
from the splanchnic mesoderm layer of the lateral plate mesoderm (LPM) migrate toward the
epithelial tube and surround it. During this event in zebrafish, mutual pushing by the LPMs and the
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resultant crawling movement of the frontal edge of the LPM determine the orientation of intestinal
looping (Horne-Badovinac et al., 2003). Laminin, one of the major components constituting
extracellular matrix, is a key factor for this crawling movement (Hochgreb-Higele et al., 2013). In
chick and mouse embryos, intestinal looping is controlled by the mesentery; the looping direction of
the intestine is decided by differential growth and size between left and right mesodermal epithelia
of the dorsal mesentery, and left-specific pitx2 expression is a key regulator of this mechanism (Davis
et al., 2008). BMP signaling controls this event by influencing pitx2 expression level at the dorsal
mesentery, at least in chick embryos (Nerurkar et al., 2017). Cytoskeletal components such as myosin
also contribute to establish intestinal left-right asymmetry via ciliary flow in vertebrate embryos
(Hozumi et al., 2006; Tingler et al., 2018).

In the present work, I first observed the orchestrated dynamics of nascent gut smooth muscle cells
during the coiling morphogenesis, using early stage larvae of the African clawed frog (Xenopus
laevis), an amphibian organism widely employed as a vertebrate model. X. /aevis larvae have a
translucent epidermis, particularly in the melanophore-free ventral thoracic and abdominal regions,
which makes it easy to non-invasively observe organ morphogenesis of the visceral organs. I
speculate that prior to the actual contraction of gut smooth muscle cells, cellular coordination of
myoblasts mediated by mutual adhesion, orientation, and elongation toward a certain direction is
needed to generate the directional contraction force of the nascent gut tube during the appropriate
developmental stage. Thus, using Xenopus early larvae, I examined stage-depended distribution and
its transition of intestinal smooth muscle cells by immunohistochemistry using antibodies for smooth
muscle specific SM-actin and phosphorylated myosin. In results, I first obtained the results of highly
orchestrated collaborative migration and orientation of nascent smooth muscle cells and its meshwork
formation.

I next explore the mechanisms of gut coiling by developing unique gut explant culture techniques
to know the molecular cue that guide the gut coiling morphogenesis. I predict that the mechanical
force resulting from the contraction and related activities of gut smooth muscle cells is likely involved
in gut coiling morphogenesis. The actomyosin system is directly responsible for muscular contraction.
Gut smooth muscle cells also possess smooth muscle-specific actin and, even though not yet fully
identified, some myosin isoforms (Georgijevic et al., 2007, Barillot et al., 2008). I employed an
explant culture approach in combination with the administration of the reagents to investigate the
effects of experimental treatments during pivotal early larval stages of gut coiling organogenesis. Few
studies on actin-myosin interactions have been conducted from the viewpoint of the organogenesis
of differentiating muscular structures (Marston and Goldstein, 2006). However, embryos are known
to undergo tissue contraction and muscular morphogenesis involving immature and continuously
differentiating myoblasts (Ma and Adelstein, 2012). Thus, embryonic organogenesis based on actual
contraction of contractile immature smooth muscle cells is fascinating, so understanding this process
has been pursued for a long time.

In this thesis, I examined whether the intestinal tube loops and then coils via mechanical contractile

force generated by actin-myosin interactions. To inhibit myosin ATPase activity for contraction, I
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used Blebbistatin, a well-characterized inhibitor of non-muscle myosin II ATPase (Kovécs et al.,
2004; Kampourakis et al., 2018). Blebbistatin inhibits the release of inorganic phosphate, which
impedes myosin II function (Kovacs et al., 2004). Myosin II is known to be expressed in the Xenopus
intestine (Session et al., 2016). In the present study, after administering this reagent during the
developmental stage immediately preceding the onset of coiling morphogenesis in the gut, its effects
on morphogenesis of the gut were observed in combination with immunohistochemistry using
antibodies recognizing the smooth muscle-specific muscle marker SM-actin. The results showed that
attenuation and/or retardation of coiling morphogenesis of the larval intestine, leading to cancellation
of left-right asymmetry without coiling, was induced following administration of Blebbistatin.
Finally, explant culture of amputated trunk explants (containing gut domains) and isolated gut
rudiments was performed, and the results revealed that the explant culture technique could identify
tissues essential for minimal coiling morphogenesis. Additionally, CM-666, Blebbistain, ML-9, and
W-7, four reagents that block actomyosin contraction, were applied to the explants, and changes in
the manner of coiling morphogenesis were assessed (Tanaka and Hidaka 1980, Itoh and Hidaka 1984,
Asano 1990, Wang et al., 2007, Nolen et al., 2009, Varnai et al., 2009, Park et al., 2010, Hetrik et al.,
2013, Ilatovskaya et al., 2013).
Based on the presented results, I discuss the possible roles of smooth muscle cells and its contractile

activities in coiling morphogenesis of the Xenopus larval gut.



3. Materials and Methods

Experimental animals and preparation of embryos

Throughout all experiments, late stage embryos or early larvae of Xenopus laevis (family Pipidae,
order Anura) were employed. A couple of adult frogs were injected with gonadotropin (females 500
units, males 300 units), and fertilized eggs were obtained by natural spawning. After exfoliating and
removing the jelly coat by thioglycolic acid immersion (pH 8.6), early embryos were incubated in
10% Steinberg solution (artificial fresh water for frog embryos) at 16-24°C until the appropriate
developmental stage was reached. Determination of the developmental stage was performed in
accordance with the normal stage table by Nieuwkoop and Faber (1967).

Immunohistochemistry of wholemount specimen and intestine samples

Using immunohistochemistry, the localization and distribution of actomyosin were examined.
Primary antibodies were used as follows: anti-alpha-Smooth Muscle actin (SM-actin) mouse
monoclonal antibody (Sigma-Aldrich Co., St. Louis, Missouri, USA) for smooth muscle actin; anti-
phospho-Myosin Light Chain 2 (Ser19) rabbit polyclonal antibody (Cell signaling Technology, USA)
for phosphorylated myosin light chain; 12/101 mouse monoclonal antibody known to recognize
skeletal muscle (provided by the Developmental Studies Hybridoma Bank [DSHB]). As a secondary
antibody, Alexa Fluor 488-conjugated AffiniPure Fab Fragment goat anti-Mouse IgG H+L (Thermo
Fisher Scientific Co., Waltham, Massachusetts, USA) and Goat anti-Rabbit IgG (H+L) Secondary
Antibody, DyLight 594 (Thermo Fisher Scientific Co., Waltham, Massachusetts, USA), were used.
For control experiments, specimens without treating with first antibodies targeting anti-SM-actin or
anti-phosphorylated myosin were prepared for observations.

Stage 38-46 larvae were fixed with 4% paraformaldehyde / phosphate-buffered saline (PBS(-),
pH 7.2-7.4, without Mg?* and Ca** ions) for 1.5-2 h, and then dipped in 100% methanol and stirred
for 5 min twice. Fixed samples were stirred for 5 min in a series of diluted methanol solutions (75%,
50%, and 25% methanol) in PBS(-) containing 0.1% (v/v) Tween-20 detergent (PBST). Samples
were immersed in PBST by stirring for 5 min twice, and then immersed in 400 pl of 3% Blocking
reagent in PBST for 1 h at room temperature. The solution was exchanged with 150 ul of primary
antibody solution prepared with 3% Blocking reagent in PBST, and samples were incubated at 4°C
overnight or for 2 days. Samples were washed five times with PBST for 20 min, and then immersed
in 400 pl of 3% Blocking reagent in PBST for 1 h at room temperature. The solution was then
exchanged with 150 pl of secondary antibody solution prepared with Blocking reagent in PBST, and
samples were incubated overnight at 4°C. Finally, samples were washed five times with PBST for 20
min at room temperature, and then washed five times with PBS for 5 min.

Counterstaining of parts of the specimens was performed using CellMask® (Thermo Fisher
Scientific Co.) to visualize the plasma membrane. CellMask was diluted with PBS(-) at a
concentration of 5 pg/ml and, after removing the abdominal body wall muscle with forceps,
specimens immunostained with SM-actin antibody were immersed in CellMask diluent for 15 min

with stirring at 60 rpm. After washing twice for 5 min with stirring at 60 rpm, samples were observed
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using an SZX16 fluorescence stereoscopic microscope (Olympus Co.), an IX-73 fluorescence-
inverted microscope (Olympus Co.), or an LSM700 confocal laser-scanning microscope (Carl Zeiss
AG, Oberkochen, Deutschland).

Administration of Blebbistatin to whole-mount specimens

Treatment of the wholemount specimens with (+)-Blebbistatin [1,2,3,3a-tetrahydro-3a-hydroxy-6-
methyl-1-phenyl-4H-pyrrolo[2,3-b]quinolin-4-one); molecular formula CisHieN20O2; molecular
weight 292.3] was performed. Blebbistatin is a potent non-muscle myosin I ATPase inhibitor (Nie et
al., 2015). Stage 38-39 late-tailbud embryos were immersed in 0.05 pM or 0.1 uM (+)-Blebbistatin /
0.1% dimethylsulfoxide (DMSO) / 10% Steinberg solution in an organ culture dish, and dishes were
gently stirred at 60 rpm in a shaker under humid conditions at 24°C. As control experiments, siblings
were immersed in 0.1% DMSO / 10% Steinberg solution without reagent under the same conditions.
After 6 h, both experimental and control siblings were washed with 10% Steinberg solution, incubated
with the same 10% Steinberg solution in wells of 24-well multi-well plates at a density of one embryo
per well, and cultured to reach the appropriate stage. When control siblings reached larval stage 46,
both experimental and control groups were observed using an SZX16 fluorescence stereoscopic
microscope (Olympus Co., Shinjuku-ku, Tokyo, Japan), and the shapes of intestinal samples were

photographed and scored. Movies of several larvae were recorded.

Treatment with optical isomers of Blebbistatin

Blebbistatin occurs in two optical isomers: R-(+)-Blebbistatin (inactive form) and S-(—)-Blebbistatin
(active form) (Kovécs et al., 2004). Stage 38-39 late-tailbud embryos were immersed in 0.05 pM or
0.1 pM R-(+)-Blebbistatin / 0.1% DMSO / 10% Steinberg solution as described above, or 0.05 uM
or 0.1 uM S-(-)-Blebbistatin was administered. In part of the experiments, Stage 43-44 early larvae
during the coiling process also immersed in 0.1 pM S-(—)-Blebbistatin solution for 6 hr. Sibling

embryos were used as controls as described above.

Behavioral observation
For embryos subjected to (+)-Blebbistatin treatment, at 6 h after beginning the treatment, mechanical
stimulation was performed by touching embryos with a hair-loop instrument. During this process, the

behavior of embryos was recorded in movies.

Amputation and culture of partial embryos and explants

Xenopus tailbud embryos at stage 32-33 were anesthetized with 0.1% phenoxyethanol, and the head
region of each embryo was amputated with microscissors by holding the embryo with forceps. The
amputated embryos were cultured to stage 46 in 10% Steinberg’s solution containing penicillin-
streptomycin at 16°C. When untreated control siblings reached stage 46, gut coiling was scored for
both experimental and control groups. Three patterns of amputation were performed: (i) removal of
the frontal head region, leaving both the heart and tail intact; (ii) removal of both the head region and
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the heart, leaving the tail intact; and (iii) removal of the head region, the heart, and the tail (Fig. 6A).

Isolation of immature gut tissue before coiling and explant culture to estimate the extent of coiling
Gut primordium tissue before substantial looping was isolated from stage 41 early Xenopus larvae
using forceps and microscissors. The isolated gut explants were cultured at 24°C in 70% diluted CO»-
independent medium® (Thermo Fisher Scientific Co.) containing penicillin-streptomycin (Fig. 7A).
In case of (+)-Blebbistain treatment to the gut explants in vitro, the CO,-independent medium was
not used because (+)-Blebbistatin seemingly react with the CO»-independent medium and resultant
precipitation was significant. Thus, alternatively, HBSS with 10mM HEPES without Phenol Red
(STEMCELL Technologies, Canada) was used as the medium only for the (+)-Blebbistatin treatment.
After 1 day of culture, the morphology of gut explants was classified into three patterns: looping
(successful looping), U-shaped, and no looping (straight).

In the next step, each of the three reagents that can decrease the force of actomyosin contraction
was administered separately during culture. As a control experiment, gut explants from sibling
embryos were cultured in the same medium containing 0.1% DMSO. Details of the three reagents
used were as follows:

(1) CK-666 (2-fluoro-N-[2-(2-methyl-1H-indol-3-yl)ethyl|benzamide), an inhibitor of F-actin
formation (an actin polymerization inhibitor that disrupts the formation of the Arp2/3 molecular
complex); molecular formula CisH;7FN20, MW = 296.34 (Nolen et al., 2009, Hetrik et al., 2013,
Ilatovskaya et al., 2013).

(2) ML-9 (1-(5-chloronaphthalenesulfonyl)homopiperazine hydrochloride), an inhibitor of myosin
light chain kinase (MLCK); molecular formula CisHi7CIN20,S.HCl, MW = 361.29 (Wang et al.,
2007, Varnai et al., 2009, Park et al., 2010).

(3) W-7 (N-(6-aminohexyl)-5-chloro-1-naphthalenesulfonamide hydrochloride), an inhibitor of
calmodulin, a cytoplasmic Ca?*-binding protein that inhibits the action of MLCK; molecular formula
C16H21CIN20,S'HCl, MW = 377.33 (Tanaka and Hidaka 1980, Itoh and Hidaka 1984, Asano 1990).
(4) Y-27632 ((R)~(+)-trans-N-(4-Pyridyl)-4-(1-aminoethyl)-cyclohexanecarboxamide hydrochloride),
an inhibitor of ROCK (Rho-associated protein kinase); molecular formula Ci4H2:N302HCI,
MW=320.3 (Narumiya et al., 2000)

Titration for optimal concentration of the reagents

Based on the manufacturer's information and survival ratio, titration of the reagents used here was
performed. Titer of (+)-Blebbistatin was examined in the range of 0.5-10 uM (0.5, 1, 5, 10 uM), and
0.5 or 1.0 pM was found to be optimal. CK-666, ML-9, Y-27632, and W-7 was examined in the range
of 5-50 uM (5, 25, 50 uM), 5-75 uM (5, 10, 25, 50, 75 pM), 10-50 pM (10, 50 uM), and 10-100
uM (10, 50, 100 pM), respectively, and I choose the concentration of 50 pM (CK-666), 50 uM (ML-
9), 50 uM (Y-27632) and 10 pM (W-7) to administer the reagents, respectively.

Statistical test



Statistical analysis of the extent of coiling morphogenesis in the experimental groups compared with
the sibling explant control groups was performed using the 2X2 contingency table test (successful

looping vs. U-shaped and/or abrogation of looping) at the 1% significance level.



4. Results
Stage-dependent expansion of the SM-actin-expressing domain and coordinate organization of
smooth muscle cells during gut coiling morphogenesis
We examined stage-dependent expression of SM-actin during coiling morphogenesis of the gut by
immunohistochemistry using anti-SM-actin monoclonal antibody, which recognizes SM-actin.
Immunostaining revealed gradual, stage-dependent changes in the regionality of the SM-actin-
positive area (Fig. 1). At stage 42, most of the anterior gut tissue adjacent to the ventral pancreas
expressed SM-actin, while the posterior gut did not yield a signal (Fig. 1A-A’). At stage 43, a strong
SM-actin-positive domain was observed in the narrow duodenum region of the gut in all samples (Fig.
1B-B’). At stage 44, the SM-actin-positive area was expanded relative to that at stage 43, and the
adjacent looping region also expressed SM-actin (Fig. 1C-C’). At stage 45, SM-actin was not fully
expressed along the entire gut; rather, large parts of the gut expressed SM-actin (Fig. ID-D’). At stage
46, SM-actin was expressed in the entire gut, which exhibited anticlockwise coiling (Fig. 1E-E’).

Stage-dependent organization of SM-actin-positive cells elucidated by CLSM

Next, confocal laser-scanning microscopy (CLSM) was performed to generate 3-dimensional
stacking images of the SM-actin-positive cells. To visualize the fine localization of SM-actin
following stage-dependent expansion of the expression area, we observed whole-mount samples of
stage 4146 larvae by CLSM after immunostaining using anti-SM-actin antibody. In stage 41-42
early larvae, signals were weak and SM-actin-positive cells had not yet been organized (Fig. 2A-B).
In stage 43 larvae, transverse orientation of the smooth muscle cells was first aligned along the region
of the duodenum adjacent to the ventral pancreas (Fig. 2C, K). Patchy distribution of SM-actin was
observed at the posterior-ventral stout region of the gut (Fig. 2D). However, the longitudinal cell
orientation along the gut had not yet been organized. In stage 44 larvae, both transverse smooth
muscle cells and longitudinal ones were observed in the duodenum and in the coiling center of the
ventral left gut (Fig. 2E-F, K). These results indicate that that the organization of SM-actin-positive
cells was first significant in the transverse direction perpendicular to the longitudinal axis of the gut,
and longitudinal cells crossing over the transverse cells were subsequently observed in the expression
domain (Fig. 2C-F, K). In other words, orientations of SM-actin-positive cells were coordinately
formed first in the transverse direction of the intestinal axis and then in the longitudinal direction.

In addition, the CLSM results showed that anisotropic twisting of the cellular meshwork by SM-
actin-positive cells was only observed in the core center during coiling morphogenesis in stage 45—
46 samples (for stage 45 larvae, n = 6/10; for stage 46 larvae, n = 5/5; Fig. 2G-K). In other parts of
the coiling gut, longitudinal cells along the length of the gut and transverse ones formed an orthogonal
meshwork on the surface of the gut by stage 46. The results of immunostaining of SM-actin suggest
that stage-dependent changes in SM-actin distribution and anisotropic twisting of cellular meshwork

at the coiling center are essential for normal coiling morphogenesis.

Stage-dependent and sequential organization of the orthogonal lattice-like structure composed by the
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phosphorylated myosin-positive cells.

To know the distribution of phosphorylated myosin in the nascent gut during the coiling
morphogenesis, immunostaining with anti-phosphorylated myosin antibody coupled with fluorescent
stereomicroscopy or CSLM observations was performed. Phosphorylated myosin light chain was
uniformly distributed in low power magnification, which is in contrast with SM-actin distributions.
Using CSLM, detailed observations of stage 41-46 early larvae were performed. During stage 41—
42, no alignment of filamentous structure was recognized. In stage 43 larvae, transverse organization
of filamentous positive cells was first recognized in the duodenum domain, which is coincidental with
the organization of SM-actin-positive smooth muscle cells (Fig. 3A—C). After that, in stage 44 larvae,
lattice-like structure of orthogonal meshwork of the filamentous cells was recognized in the frontal
regions of the gut (duodenum and neighboring coiling region; Fig. 3D-F). In stage 45 larvae, torsion
of such lattice-like structure was first observed in the central region of the coiling gut along the
longitudinal axis. In stage 46 larvae, such torsion was fully established and significant in the center
of the coiling gut (Fig. 3G-I). Taken together, we can say that sequential organization of the
filamentous, phosphorylated myosin-positive cells undergoes in the similar manner of that of SM-
actin, which implies that gut smooth muscle cells migrate, orient and contract to squeeze the nascent
stout gut to coil by their anisotropic contractile force and thus are packaged in the limited abdominal

space.

Administration of Blebbistatin to the wholemount specimen prevents gut coiling

Late stage embryos were immersed in artificial fresh water (10% Steinberg’s solution) containing (+)-
Blebbistatin, a well-characterized inhibitor of non-muscle myosin II ATPase. After Blebbistatin
treatment, the early larval gut displayed attenuated/retarded gut coiling (n = 45/45 for 0.05 pM, n =
51/51 for 0.1 uM; Fig. 4B°, C°). In particular, a substantial proportion of treated larvae displayed
abrogated left-right asymmetric looping; there was a clear nullification of the left-right asymmetry of
this normally asymmetric organ (n = 18/45 for 0.05 uM, n = 22/51 for 0.1 uM; Fig. 4C’, Table 1).
Retardation and/or hypoplasia of heart development was frequently observed after the treatment. Part
of the stage 43-44 larvae during the coiling process were immersed in 0.1 pM S-(-)-Blebbistatin
solution for 6 hr (Fig. 4D-D’). Control siblings underwent normal coiling and reached to stage 46 in
one day, whereas treated larvae promptly arrested the coiling and keep the same extent of coiling at
the onset of immersion stage for 1 day or more (n=23/23; Fig. 4D’). In several cases of the treated
larvae, drift of the spiral plane was also observed (n=8/23). Sudden death of the treated larvae was
frequently observed within a couple of days.

To examine the effects of (+)-Blebbistatin on the swimming behavior of early larvae, treated larvae
were stimulated with a hair-loop instrument immediately after the treatment. In experimental larvae,
all individuals ceased to respond to the touch stimulus (n = 4/4 for 0.05 uM, n = 4/4 for 0.1 pM),
whereas untreated sibling larvae rapidly escaped from the touch stimulus. Based on these
observations, we concluded that (+)-Blebbistatin did indeed inhibit the function of Xenopus myosin
1I.



Immersion experiments described above were performed mainly using (+)-Blebbistatin, a racemate
composed of both R-(+)-Blebbistatin and S-(—)-Blebbistatin. To determine which isomer induces gut
coiling disorder, we administered each component of the racemate to late stage embryos, and only S-
(—)-Blebbistatin was found to induce gut looping disorder (n = 19/19 for 0.05 pM, n = 29/29 for 0.1
uM; Fig. 5C). By contrast, R-(+)-Blebbistatin had no effect on gut coiling morphogenesis when
administered at the same concentrations (Fig. 5B). These results clearly demonstrate that only S-(-)-
Blebbistatin, considered an active form of Blebbistatin, inhibits Xenopus myosin II function.

Next, using SM-actin antibody, which recognizes intestinal smooth muscle cells, we investigated
the extent of differentiation of smooth muscles in the coiling gut after (+)-Blebbistatin treatment. The
results showed that Blebbistatin frequently disordered the normal orientation of SM-actin-positive
cells on the gut surface (n = 10/12 after 0.05 pM treatment, n = 11/12 after 0.1 uM treatment; Fig.
6A”). For comparison, we also performed immunostaining using 12/101 antibody, which recognizes
skeletal muscle. Normal pattern of myotomes in the trunk and tail regions were not affected by
Blebbistatin treatment (Fig. 6B-B’). In conclusion, immunostaining of SM-actin filaments following
Blebbistatin treatment indicated that proper organization of the intestinal smooth muscles is likely

needed for normal coiling morphogenesis.

Decapitated larvae can undergo initial coiling morphogenesis

The Ihara group reported incredible wound healing activity of Xenopus tailbud embryos; even after
being cut into two pieces in the mid-trunk region, both the anterior and posterior partial hemi-embryos
can survive for several days due to rapid wound healing activity in the amputated area (Yoshii et al.,
2005a, b). Inspired by this work, we predicted that the high wound healing activity of Xenopus
embryos may allow the identification of minimal tissues required for gut coiling morphogenesis. Thus,
we first cut off the head region to examine whether the resulting partial embryos can exercise normal
coiling morphogenesis. After three series of amputation experiments (Fig. 7A), we concluded that the
frontal head region is not essential for gut coiling morphogenesis. In addition, if the heart was intact
in the partially decapitated embryos, blood circulation may have promoted gut coiling morphogenesis
(Fig. 7C-D, Table 3). Normal coiling was observed in 69 out of 70 decapitated larvae with an intact
heart (Fig. 7C), while only 15 out of 71 decapitated larvae without a heart underwent normal coiling
morphogenesis (Fig. 7D). Only 4 out of 35 ‘torso’ explants without both head and tail regions
underwent coiling morphogenesis (Fig. 7E). However, coiling of the gut was sometimes observed
even in torso explants, suggesting that commitment for the initial phase of gut coiling is involved in

the nascent gut and occurs during the tailbud stage.

Recapitulating coiling morphogenesis of isolated larval gut explants in vitro

To examine the possibility of gut coiling morphogenesis in vitro without complicated interactions
with other tissues, we developed a simplified culture method for yolky Xenopus early gut tissue (Fig.
8). The gut of stage 41 early larvae is rather straight and not yet coiled, and the gut surface was
delaminated from the ventral abdominal muscular layer to demarcate the abdominal cavity. Using
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forceps and microscopic scissors, the straight gut was excised at both anterior and posterior ends, and
isolated from other parts of the body (Fig. 8A). The isolated gut was cultured for 1 day in 70% diluted
CO»-independent medium. Most of the resulting explants exhibited significant looping (n = 44/48,;
Fig. 8B-D). This result suggests that by stage 41, gut tissue possessed an intrinsic ability for coiling
morphogenesis. In other words, our culture method revealed that the gut can coil to some extent

without the aid of the surrounding tissues.

Administration of reagents disrupting actomyosin contraction prevents coiling morphogenesis in the
early gut

Using our gut culture system for assessing coiling morphogenesis, we separately administered each
of the three reagents that nullify actomyosin contraction of smooth muscle cells (Figs. 9-11). First,
we examined the effect of CK-666, an inhibitor of the Arp2/3 complex, which is known to be essential
for filamentous actin network formation (Nolen et al., 2009, Hetrik et al., 2013, Ilatovskaya et al.,
2013; Fig. 9).

Following administration of CK-666, the ratio of explants displaying looping decreased compared
with normal sibling explants not treated with the reagents (Fig. 9G). In explants from normal siblings
treated with 0.1% DMSO, 52 out of 71 explants underwent looping, whereas in explants cultured in
medium containing 50 pM CK-666, only 29 out of 72 explants showed looping (p <0.01, statistically
significant at 1% significance level). Using immunohistochemistry with anti-SM-actin antibody, we
confirmed that CK-666 inhibits actin polymerization on the surface of explants (Fig. 9E-F).

Next, ML-9, an inhibitor of MLCK, was administered to isolated gut explants before coiling (Fig.
10). MLCK is known to positively regulate actomyosin contraction via the phosphorylation of myosin
light chain to enhance the ATPase activity of myosin (Wang et al., 2007, Varnai et al., 2009, Park et
al., 2010). Looping of the early gut was significantly prevented by this reagent (Fig. 10E). In explants
from normal siblings treated with 0.1% DMSO, 41 out of 52 underwent looping, whereas in explants
cultured in medium containing 50 pM ML-9, only 11 out of 49 showed looping (p <0.01).

Finally, W-7, an antagonist of calmodulin function, was administered to the gut explants before
looping (Fig. 11). Calmodulin is known to bind cytoplasmic free Ca®" ions to activate MLCK and
thereby facilitate actomyosin contraction in smooth muscle cells (Tanaka and Hidaka 1980, Itoh and
Hidaka 1984, Asano 1990). In medium containing 10 pM W-7, only 25 out of 64 gut explants
underwent looping after 1 day of culture, whereas in control sibling explants treated with 0.1% DMSO,
46 out of 58 explants showed looping (p <0.01) (Fig. 11E).

Administration of Blebbistatin to the nascent gut explant significantly inhibited the coiling
morphogenesis in vitro.

Immersion of the early larvae in the artificial fresh water containing 0.1 pM (£)-Blebbistatin
decreased the extent of gut coiling morphogenesis (Fig. 4). However, it is important to answer the
criticism that indirect secondary effect targeting the tissues other than the nascent gut perturbed the

normal coiling morphogenesis of the gut. Thus, to examine the specific effects of Blebbistatin
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treatment only to the nascent gut just before coiling, I performed in vitro culture of the gut explant
under the inhibition of actomyosin contraction by the administration of the Blebbistatin. In control
sibling explants without Blebbistatin, 78% of the samples underwent normal coiling morphogenesis
(n=56/72; Fig. 12A). In contrast, gut explants under the inhibition of actomyosin contraction by
Blebbistatin, failure of the gut coiling was observed in a dose-dependent manner. By 0.01 uM
Blebbistatin treatment, 69% of the specimen caused U-shape or no looping (n=49/71; Fig. 12B). More
importantly, 0.05-0.1 uM Blebbistatin treatment strongly abrogated the coiling, and almost all of the
specimen caused U-shape or no looping (n=135/144, Fig. 12C-D; p <0.01).

Next, I tried to inhibit Rho kinase activity in the gut explants in vifro using the Rho kinase inhibitor

Y-27632. Rho kinase activity is known to facilitate filamentous F-actin within the motile cells
(Kosako et al., 2000, Wei and Adelstein 2002), and from my above mentioned results, I have had an
idea that fine and sequential organization of the gut smooth muscle cells might be under the control
of the Rho kinase activity.
Thus I performed the administration of Y-27632 to the gut explants in vifro. As a result, Y-27632
completely arrested the gut coiling morphogenesis, and all the explants showed no looping and
remained straight shape without the curvature (n= 57/57: p < 0.01: Fig.13 C). Here I examined the
state of SM-actin in the culture specimen after the administration of Y-27632, by the immunostaining
using anti-SM-actin antibody. I found that Y-27632 caused the severe loss of SM-actin organization
(n=13/21: Fig.13 B’). Combination of Y-27632 administration and succeeding immunostaining to
visualize SM-actin filaments suggests that Rho-kinase activity in essential for the initial gut coiling
in Xenopus early larvae.

Based on a series of gut explant culture and administration of the reagents targeting actomyosin
and related molecules, I propose that spatiotemporally controlled appropriate contraction of
actomyosin within the gut smooth muscle cells is indispensable for the orchestrated gut coiling

morphogenesis.

Administration of Wnt signaling inhibitor to the nascent gut explant gut in vitro.

Early studies reported that components of the Wnt signaling pathway are expressed in the digestive
tract during the organogenic stage in Xenopus (Damianitsch et al., 2009). Here, I hypothesized that
Wht signaling might be involved in the gut coiling morphogenesis in Xenopus early larvae, thus I
examined the effects of Wnt inhibitor on gut explants in vifro. Wnt-C59, which is known to inhibit
secretion of Wnt ligands by inhibiting the PORCN (Porcupine) activity and arresting palmitoylation
of Wnt ligands. By administrating Wnt-C59, all of the three intracellular Wnt signaling cascades are
nullified because of the absence of Wnt ligands. In results, administrating 10 pM Wnt-C59 caused
significant loss of the looping (Fig. 14B-D, G). 47% of the explants showed U-shaped (n=28/60),
and 10% of the explants showed no looping (n=6/60) in the experimental group, whereas most of the
control siblings (82%, n=49/60) showed gut coiling after the culture (Fig. 14A, G). The difference of
the extent of the looping between the two groups is statistically significant at the 1% significance
level (p < 0.01). Immunostaining for the isolated gut specimen after the overnight culture with Wnt-
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C59 treatment revealed that Wnt-C59 abrogated the formation of SM-actin filaments (n=9/12; Fig.
14F), whereas in control sibling explants, SM-actin filaments formed normally after the 1 day culture
(n=8/12; Fig. 14E). These results suggest that Wnt signaling is needed for the SM-actin filament
formation in the gut explants, and thus essential for the larval gut coiling morphogenesis.

As mentioned above, Wnt signaling cascade have three intracellular signaling pathways
downstream of the trans-membrane receptors. Cardionogen-1 reportedly inhibited the action of
Whnt3a and reduced the beta-catenin-dependent transcriptional activities (Ni et al., 2011). I immersed
the wholemount late tailbud stage embryos with Cardionogen-1 for 2 days. In consequence, 66% of
the individuals showed attenuated gut coiling (n=95/143). It is notable that among the 44 specimens,
the larvae after the treatment showed left-right symmetric gut morphology with slight meander only
in the dorso-ventral directions (Fig. 15B, D). Immunostaining of the wholemount specimens after the
Cardionogen-1 treatment and those of the control siblings revealed that administration of
Cardionogen-1 disturbed the meshwork of SM-actin-positive gut smooth muscle cells and its
anisotropic twisting was completely lost in the coiling center, which was not observed in control

specimens (Fig. 15A"-B").
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5. Discussion

In this report, I showed spatiotemporally regulated expression of the smooth muscle-specific actin
and sequential orientation behavior of gut smooth muscle cells. Then I employed a pharmacological
and explant culture approach to inhibit intestinal myosin II function, and the effects of these reagents
on morphogenesis of the gut in vivo and in vitro were investigated. Myosin isoforms comprise a vast
superfamily (Sebé-Pedros et al., 2014), vertebrate Xenopus laevis has at least two non-muscle myosin
genes (myh9 (myosin IIA), myhl0; Kelley et al., 1995; Buisson et al., 2014; Pfister et al., 2016).
Myosin IIA is reportedly expressed in Xenopus intestine (Session et al., 2016). Based on the obtained
results presented in Figs. 2 and 3, I suggested that contraction of actomyosin is essential for gut coiling
morphogenesis. Gut tubes form with left-right asymmetry under the control of the nodal => pitx2
left-right asymmetric genetic cascade (Shinohara and Hamada, 2017; Hamada and Tam, 2020). This
left-handed cascade works during the late neurula to mid-tailbud stage (Jones et al., 1995; Sampath
etal., 1997; Ryan et al., 1998; Schweickert et al., 2000; Essner et al., 2000; Essner et al., 2002; Essner
et al., 2005; Toyoizumi et al., 2005; Schweickert et al., 2007). However, relationships between piftx2-
dependent establishment of left-right orientation and actual asymmetric morphogenesis of the gut are
not fully understood (Noél et al., 2013). The results of my thesis shed light on the role of actomyosin

in determining the morphology of the gut in the abdominal cavity.

Implication of the spatiotemporally regulated SM-actin expression and the gut smooth muscle cells'
orientation and a series of pharmacological treatments

For normal gut coiling morphogenesis, establishment of regional identities along with both antero-
posterior and left-right axes might be needed for region-dependent differentiation of digestive organs
(Chalmer and Slack 1998, Matsushita et al., 2002). Expression of Hox genes is essential for antero-
posterior regional identity and gut maturation, and Hox expression starts at stage 41 (Lombardo and
Slack, 2001). This previous work revealed that #ox a9 and hox al3 are expressed in the presumptive
region of the large intestine. Stage 41 is when the initial gut looping begins as a S-shaped curvature
of the yolk-rich gut. The current line of thinking is that the initial S-shape formation does not affect
the differential expression of Hox genes, but subsequent gut coiling morphogenesis may be related to
Hox expression (Coutelis et al., 2013). As larval development progresses, the ventral pancreas rotates
along the gut tube to meet the dorsal pancreas, and both dorsal and ventral pancreatic rudiments fuse
to make one pancreas (Suda et al., 1981; Tadokoro et al., 1997). During this process, SM-actin starts
to be expressed at stage 41, and smooth muscle cells gradually differentiate to cover the entire surface
of the gut tube (Saint-Jeannet et al., 1992).

In the present study, differentiation of smooth muscle cells was examined by whole-mount
immunostaining of SM-actin and phosphorylated myosin, and I succeeded in revealing a continuous
change in the SM-actin and myosin expression patterns. At first, an SM-actin-positive region arose
from the specific site = duodenum, anterior to the ventral pancreas, and this positive region
subsequently expands to the entire surface of the gut in a highly reproducible manner, implying
genetic control of the distribution of SM-actin (Figs. 1 and 2). I hypothesize that overall control of

14



hox expression results in an antero-posterior gradient of SM-actin, and this is finely-tuned by the
mechanical contraction force generated within the gut tube. I suggest that the characteristic expression
pattern of SM-actin presented in this work could generate a gradient of the smooth muscle orientation
behavior, based on the coincidental timing of these two events (Fig. 2), and guide coiling
morphogenesis of the gut tube. In future studies, I will attempt to inhibit actomyosin contraction
precisely and locally via the light-induced release of caged-ATP (Weinreich et al., 1999).

Early investigators reported a wide range of expression patterns for SM-actin in various tissues,
and aortic smooth muscle cells and visceral muscles were found to be SM-actin-positive (Saint-
Jeannet et al., 1992; Barillot et al., 2008; Shi et al., 2010). However, because previous reports were
based on observations of tissue section specimens, the graded expansion of the ‘expression wave’ of
SM-actin presented in the present work was not reported. In my whole-mount pharmacological
experiments, Blebbistatin caused impaired alignment of smooth muscle cells and simultaneously
obstructed coiling morphogenesis of the gut (Fig. 4C’, D’, Fig. 6A”). This suggests that expansion of
the SM-actin-positive area, coupled with its ubiquitous distribution by the time that coiling
morphogenesis is completed, might be essential for the normal coiling pattern. In zebrafish,
continuous mechanical tension caused by intestinal smooth muscle contraction was revealed to be the
essential factor maintaining the integrity of the intestinal tissue, and disturbance of mechanical
tension induced the invasion of epithelial cells through the basal part of the basement membrane
(Seiler et al., 2012). I therefore predict that impaired distribution of SM-actin may interfere with the
intrinsic tensile stress normally present in the intestinal epithelium, suggesting that Blebbistatin
severely diminished the integrity of the epithelium. Womble et al. (2016) proposed that rearrangement
of epithelial cells is pivotal for gut looping (Reed et al., 2009). Application of novel tissue clarification
technology such as CLARITY might help to illuminate the contribution of the rearrangement of
epithelial cells in the Xenopus nascent gut (Chung et al., 2013).

On the anisotropic torsion of the stage 45-46 gut smooth muscle meshwork

My CLSM observations revealed that in stage 4546 larvae (1 week after fertilization), torsion of
the gut smooth muscle meshwork occurs in the center of the intestinal coiling region. Considering the
contractile nature of the smooth muscle cells, this finding strongly suggests that anisotropic tensile
stress is generated in this central region during coiling morphogenesis of the gut. The myosin family
consists of numerous members, among which Myosin I interact with actin to generate tensile stress
in the plasma membrane to cause tubular coiling morphogenesis in Drosophila (Mclntosh and Ostap,
2016). In Drosophila embryos, myosin I is expressed strongly in the digestive organs (Morgan et al.,
1995). Matsuno and colleagues identified the souther mutant displaying left-right reversal of the
hindgut in Drosophila, and the causative gene was found to be Myo31DF, encoding myosin I (Hozumi
et al., 2006). Furthermore, the direction of twisting of the hindgut is determined by the myosin I-
induced chiral morphology of hindgut epithelial cells. Thus, at least in Drosophila, genetically-
controlled anisotropic deformation of the gut epithelium is crucial for left-right asymmetric twisting
of the hindgut (Hatori et al., 2014).
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In vertebrate Xenopus embryos, genes encoding myosin family members are expressed in various
tissues including somites, brain, eyes, branchial arches, pronephros, heart and gut (Bhatia-Dey et al.,
1998; Muller et al., 2003; Latinkié et al., 2004; Reed et al., 2009; England and Loughna, 2013). After
morpholino-based knockdown of myosin I, the incidence of left-right reversal of the heart and visceral
organs is increased (McDowell et al., 2016). The consistency between Drosophila and Xenopus
embryos implies that some evolutionarily conserved myosin I-related mechanism might control left-
right asymmetric coiling morphogenesis in both protostomes and deuterostomes. However, roles of
myosin II in embryonic/larval organogenesis have not yet fully analyzed in Xenopus, possibly
because of the multiple expression pattern from very early embryonic stages make it difficult to
interpret the results of knock-down/knock-out experiments, or else such loss-of-function experiments
have a risk to induce severe phenotype leading to embryonic lethality. In such a situation,
experimental strategy using pharmacological reagents might be effective to decode the role of myosin
II in later stage organogenesis.

Because clear torsion of SM-actin-positive smooth muscle cells was observed in stage 46 early
larvae, some tensile stress within the gut tissue might drive coiling morphogenesis of it. Like the
spiral shells of snails, coiling morphogenesis of the anuran gut results in a defined spiral loop. The
smooth muscle meshwork forms precise longitudinal and transverse filaments along the gut outside
the central area (Fig. 2). Thus, I propose that appropriate contractile twisting force at precise timing
of differentiating gut smooth muscle cells might participate in coiling morphogenesis in addition to
the effects by epithelial cell rearrangements (Muller et al., 2003, Reed et al., 2009). Voluntary and
subsequent peristaltic contraction of gut muscular cells may act as coordinators to orchestrate the
spiral coiling pattern. In summary, I propose that appropriate contraction of developing gut smooth
muscle cells is needed to generate the normal coiling pattern during Xenopus gut coiling

morphogenesis.

Decapitation at the tail bud stage does not affect the gut coiling pattern

To examine the possibility that the central nervous system controls the gut coiling morphogenesis
pattern, I performed a series of amputation experiments. The results showed that when the heart was
preserved in the decapitated embryo, the normal gut coiling pattern was retained in larvae up to stage
46 (Fig. 7C, Table 3). Amputation of both the head and heart decreased the probability of successful
coiling, suggesting that blood circulation is helpful in further promoting the coiling process (Fig. 7C-
D). Additionally, short explants resulting from amputation of both head and tail regions could curve
to some extent, and in most successful larvae, the stage 44 initial gut coiling pattern was recapitulated
in these torso explants (Fig. 7E). Therefore, even though fine-tuning of the coiling pattern may be a
prerequisite for correct looping and coiling, the Xenopus larval gut can undergo initial left-right
asymmetric coiling without the aid of other parts of the body, including the central nervous system.

Development of isolated gut explants indicates tissue-autonomous coiling morphogenesis of the gut

Using my newly developed technique, Xenopus larval isolated gut samples could recapitulate
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coiling morphogenesis in vitro (Fig. 8). Thus, I concluded that information for coiling is encoded in
the gut tissue until stage 41 of dissection and isolation. Gut coiling is, therefore, a gut-autonomous
phenomenon thereafter. Treatment with either CK-666 (actin polymerization inhibitor), ML-9
(MLCK inhibitor), or W-7 (calmodulin antagonist) decreased the extent of looping, suggesting that
actomyosin contraction is essential for coiling morphogenesis (Figs. 9, 10, and 11). However, I could
not recapitulate late stage gut coiling that normally occurs during stages 44-46 using my culture
conditions, suggesting that mechanisms for gut coiling during the later stages are somewhat different
from those operating during the initial looping at stage 41-43. I could not induce longitudinal filament
formation in my explants. After 1 day of culture, gut explants formed SM-actin filaments only in the
transverse direction in vitro (Fig. 8E), while in earlier stage 43 larvae, whole-mount specimens
exhibited filament formation only in the transverse direction (Figs. 2C, K and 3 A—C). This similarity
suggests that gut coiling during stages 44-46 requires longitudinal SM-actin filament formation
coupled with transverse filaments (Fig. 2E-K).

Heart tube explant experiments on zebrafish embryos revealed that looping of the heart requires
actomyosin contraction, and the directionality of the looping is guided by left-handed nodal
expression (Noél et al., 2013). Although early studies are confined only to teleosts (zebrafish), the
results suggest that lefi-handed nodal expression has some genetic linkage with actomyosin
contraction. Herein, pharmacological treatment of amphibian Xenopus larvae often caused abrogation
of gut left-right asymmetry, which is generally interpreted as a loss of left-right asymmetric
information. Thus, I propose that in vertebrates, at the end of the left-right asymmetric genetic cascade
downstream of the left-handed pitx2, actomyosin might act as an effector in determining gut
morphology (Ryan et al., 1998; Schweickert et al., 2000; Essner et al., 2000; Horne-Badovinac et al.,
2003; Hochgreb-Héagele et al., 2013).

Wt signaling pathway may be involved in controlling gut coiling morphogenesis.

I explored the mechanisms generating the highly-organized smooth muscle cellular meshwork. I
speculate that some unknown secretory factor(s) may induce formation of the meshwork. I focused
on Wnt signaling because the Wnt signaling cascade includes myosin-related players in its
downstream part. Wnt signaling comprises three intracellular signaling pathways: the canonical
pathway, the planar cell polarity (PCP) pathway, and the Ca’*-dependent pathway. In the non-
canonical Wnt pathways, Rho kinase activates the accumulation of myosin II molecules (Sokol.,
2015). In cultured mammalian kidney glomerular epithelium cells, activation of Wnt signaling
potentiates the formation of F-actin stress fibers and changes the cell morphology (Babayeba et al.,
2010). Early investigators reported that accumulation of myosin II activates the formation of stress
fibers, resulting in the deformation of epithelial cells (Lapébie et al., 2011). In the present study,
administration of Wnt C-59, a Wnt signaling pathway inhibitor, inhibits gut coiling and
polymerization of SM-actin in vitro (Fig. 14 C-D, F). This suggests that Wnt signaling is needed for
the gut coiling morphogenesis at the early larval stage. Moreover, by administration of Cardionogen-

1, a Wnt signaling canonical pathway modulator, inhibit gut coiling morphogenesis and smooth
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muscle cellular meshwork (Fig. 15 B, D, F). Accumulating evidence indicates that Wnt signaling may

be directly involved in mediating looping morphogenesis in the developing gut.

Concluding remarks: Intestinal actomyosins can reveal evolutionary aspects of the lefi-right
asymmetry of vertebrate visceral organs

In Xenopus, coiling morphogenesis of the larval gut can be nullified if the contraction force in juvenile
gut cells is inhibited. Thus, the contraction force during early larval stages is essential for normal
coiling morphogenesis. In future work, I hope to expand our knowledge concerning the role of
actomyosin in vertebrate organ morphogenesis. Metazoan animals often employ a ‘co-option’ strategy
during development (Irie and Kuratani, 2011; Hall and Gillis, 2013). In many organ systems, versatile
signaling pathways are repeatedly used for organogenesis, hence I predict that the actomyosin system
may also be co-opted in many morphogenic systems in various animals. Because the myosin family
includes many members, knowing which family members participate in visceral organ
morphogenesis in each class of vertebrates could help us to understand the evolutionary conservation
and diversification of the role of myosin in organ morphogenesis. In the future, actomyosin could
prove to be a fascinating macromolecular complex not only for cell biology, but also for evolutionary

developmental biology.
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8. Figure Legends and Table Captions

Figure 1

Normal coiling morphogenesis of the Xenopus larval gut and stage-dependent expansion of the SM-
actin-positive region.

(A and A’) The Xenopus early larval yolky gut tube begins to curve and forms a S-shape when viewed
from the ventral side at stage 42 (A), during which the most anterior gut domain expresses SM-actin
(arrowhead in A’). (B and B’) At stage 43, the SM-actin-positive domain (duodenum; arrowhead in
B’) shifts significantly toward the anterior-right portion in accordance with movement driven by gut
looping. (C and C’) At stage 44, in addition to the first expression in the narrow duodenum (arrowhead
in C’), the central turn of the coiling (arrow in C’) also expresses SM-actin. (D-D’ and E-E’) Central
expression of SM-actin, which is more intense at the turning point, is subsequently maintained during

stage 45-46. All panels are viewed from the ventral side. Scale bars = 200 pm.

Figure 2

Stage-dependent organization of SM-actin-positive cells leading to cellular meshwork formation in
the gut region of early Xenopus larvae.

Confocal laser-scanning microscopy (CLSM) was performed to observe the 3D distribution of SM-
actin, as revealed by immunohistochemistry using anti-SM-actin antibody. (A, B) In stage 4142
larvae, SM-actin-positive cells are not organized in the central gut, and the expression level is faint.
(C, D) In stage 43 larvae, transverse cellular orientation of the smooth muscle cells is first recognized
in the thin duodenum (C), while the stout posterior gut has no cellular orientation (D). (E, F) In stage
44 larvae, longitudinal cellular orientation is first observed along the gut tube in the anterior gut in
both the duodenum and the coiling center (E). In the posterior gut, only transverse cellular alignment
is formed across the gut (F), indicating that an anterior-to-posterior gradient influences the timing of
the smooth muscle organization, and transverse cellular orientation is first established before the
subsequent longitudinal cellular orientation. (G) In stage 45 larvae, local twisting of SM-actin-
positive cellular meshwork is first recognized in the central intestine. (H, I, J) Also, in the stage 46
gut, local anisotropic twisting of SM-actin meshwork occurs at the center of the intestinal coil. In
most parts of the gut tube, except for the coiling center, longitudinal and transverse cells are
orthogonal to each other. By contrast, anisotropic twisting of the cellular meshwork occurs only in
the central coiling region. Panels H and I are photographs of the same larva, while panel J is from
another larva. This local twisting is observed in both larvae (H-I and J). (K) Trace of the longitudinal
SM-actin-positive cells (green lines) and transverse cells (blue lines) in the central twisted site in J.
Line drawings of st. 43-44 larvae also depict orientations of transverse cells (green lines) and
longitudinal cells (blue lines). These photographs were taken with an inverted confocal laser-scanning
microscope, and the left-right orientations are inverted in these figures to match the left-right

orientation in Fig. 1. Scale bars = 100 pm.

Figure 3
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Stage-dependent organization of phosphorylated-myosin-positive cells resulting in cellular
meshwork formation in the gut region of early Xenopus larvae.

CLSM observation was performed to reconstruct 3D distribution of phosphorylated myosin light
chain (p-MLC), as was revealed by immunohistochemistry using anti-phospho-myosin light chain
antibody. (A, B) In stage 43 larvae, transverse p-MLC-positive cellular alignment is first evident in
the duodenum. (D, E) In stage 44 larvae, p-MLC-positive cells start to align along the longitudinal
axis of the gut tube in both the duodenum and the coiling center. (G, H) In stage 4546 larvae, p-
MLC-positive cellular meshwork is organized in the coiling center of the gut. (C, F, I) Schematic
illustrations for the patterns of p-MLC-positive cellular orientations in the gut tube (Red line) in
accordance with the progress of the developmental stage. Blue squares demarcate the scope of CLSM
observations. Scale Bars; 100 um in A, D and G; 40 pm in B, E and H.

Figure 4

Administration of (+)-Blebbistatin (a commonly used myosin II inhibitor) inhibits gut coiling
morphogenesis.

(A-A’) Immediately after (&)-Blebbistatin treatment, the outer region of treated larvae (A’) is
essentially identical to that of untreated larvae (A). (B-B’, C—C’’) After removing (+)-Blebbistatin
by washing followed by 2 days of incubation until control siblings reached stage 46, gut coiling
morphogenesis was perturbed, and in numerous cases, only the dorso-ventral meander of the gut was
observed (B’, C). In other cases, the extent of coiling was less advanced. (D-D’) Administration of
Blebbistatin from stage 43—44 during coiling morphogenesis arrested further coiling process for 1
day or more, as compared to the control siblings that underwent normal coiling process. Scale bars
are ] mm for A—A’, 0.5 mm for B-B’, and 200 pm for C-C’, D-D’.

Figure S

Clear differences between Blebbistatin optical isomers demonstrates the essential pharmacological
effect of S-(—)-Blebbistatin in Xenopus larvae.

Late stage embryos (stage 38-39) were immersed in either R-(+)-Blebbistatin or S-(—)-Blebbistatin
for 6 h at a concentration of 0.05 or 0.1 uM. (A and B) After rearing for 2 days, R-(+)-Blebbistatin-
treated stage 46 larvae are normal in terms of outer morphology and internal organs. (C) By contrast,
S-(-)-Blebbistatin-treated larvae exhibit abrogation or attenuation of gut coiling, demonstrating that,
like in mammals (Straight et al., 2003), only the S-(—)-Blebbistatin isomer is effective in Xenopus,
and only S-(—)-Blebbistatin is essential in racemic (+)-Blebbistatin (Table 2). This result suggests that
the target of (+)-Blebbistatin and S-(—)-Blebbistatin is myosin II (Straight et al., 2003; Reed et al.,
2009). Scale bars, 200 pm.

Figure 6
Exposure to Blebbistatin perturbs the alignment of SM-actin-positive smooth muscle cells.
(A-A’) In normal untreated larvae, the orthogonal meshwork consisting of the longitudinal and
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transverse alignment of SM-actin positive cells is established by stage 46 (A). By contrast, intestines
of Blebbistatin-treated larvae have disordered meshwork (A’). Counterstaining was performed with
CellMask® to visualize the plasma membrane. (B-B’) Immunostaining using 12/101 antibody for
skeletal muscle revealed that Blebbistatin treatment did not perturb normal myotome formation in the
tail region. Panels in Fig. 6 suggest that actomyosin contraction activity during the coiling period is
needed for the normal alignment of early intestinal smooth muscle cells. Scale bars are 50 pm for A—
A’and 1 mm for B-B’.

Figure 7

Amputated partial larvae can undergo normal gut coiling, especially when the heart and blood
circulation are intact.

(A) Design of the three series of amputation experiments. (i) Decapitation of the frontal head was
performed at stage 32-33 (tailbud stage). (ii) Decapitation of the head and removal of the heart were
also performed at the same stage. (iii) Torso-like partial embryos without the head, heart, and tail
regions were prepared and reared. (B) A stage 46 normal sibling larva in a control experiment for
comparison. (C) A decapitated larva with an intact heart that underwent normal gut coiling. (D) A
decapitated larva without a heart showing incomplete coiling morphogenesis of the gut. (E)
Attenuated coiling morphogenesis of a ‘torso’ partial larva. The pattern of coiling is abnormal, but
even in ‘torso’ larvae, gut curvature was sometimes significant and partially reminiscent of the normal

coiling pattern, which inspired us to perform the gut explant culture experiments in Figs. 8—-14.

Figure 8

Isolated straight gut explants coiled autonomously after 1 day of culture.

(A) Dissection and isolation of gut tissue after removing both the thoracic and anal regions using
microscissors. The photograph in A shows the immature gut immediately after removal.

(B-D) Early larval straight gut explants were isolated and cultured in 70% diluted CO»-independent
medium. Two successful gut coiling morphogenesis cases are shown in B-C, corresponding to the

blue stripe in D showing the proportion of successful coiling cases. Scale bars = 500 pm.

Figure 9

CK-666, an inhibitor of actin filament formation, perturbs looping of isolated gut explants.

(A-D) The extent of the looping was greatly reduced following CK-666 treatment, and in many
samples the isolated gut only formed a U-shape (C), as shown in the lower orange stripe in G,
compared with control explants from siblings (A). (E-F) Immunostaining of SM-actin showing that
CK-666 inhibited the polymerization of SM-actin filaments (F). Scale bars are 500 pm for A-D, and
100 um for E-F.

Figure 10
ML-9, an inhibitor of myosin light chain kinase (MLCK), perturbs coiling morphogenesis of isolated
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gut explants.

(B-E) ML-9 greatly reduced the probability of successful looping of the isolated gut after 1 day of
culture (E). This suggests that actomyosin interaction-mediated contraction is essential for gut
looping. MLCK might be a positive regulator of actomyosin interaction in smooth muscle cells.

Control experiments were performed using siblings (A). Scale bars = 500 pm.

Figure 11
W-7, a calmodulin antagonist, prevents coiling morphogenesis in isolated gut explants.
(B-E) W-7 decreased the probability of successful looping of the isolated gut after 1 day of culture

(E). Control experiments were performed using siblings (A). Scale bars = 500 um.

Figure 12

Blebbistatin, an inhibitor of myosin ATPase, perturbs coiling morphogenesis of the isolated gut
explants in vitro.

(B-E) Blebbistatin inhibited the gut coiling morphogenesis in a concentration-dependent manner, and
so reduced the probability of successful looping after 1 day of culture (E), suggesting that actomyosin
interaction-mediated contraction is essential for the gut looping. Control explant culture was

performed using siblings (A), showing high incidence of successful looping. Scale bars = 500 pm.

Figure 13

Y-27632, an inhibitor of ROCK (Rho-associated coiled-coil-containing protein kinase, Rho kinase),
strongly arrests coiling morphogenesis of the isolated gut explants.

(A’ and C) Y-27632 completely stopped the coiling of the isolated gut after 1 day of culture (C). (B
and B’) Immunostaining of SM-actin revealed that Y-27632 inhibited the polymerization of SM-actin
filaments (B’). Control experiments were performed using siblings (A and B). Scale Bars are 500 pm
for Aand A’, 100 pm for B and B’.

Figure 14

Whnt C-59, an inhibitor of Wnt signaling pathway, prevents coiling morphogenesis in isolated gut
explants.

(B-D, G) Wnt C-59 decreased the incidence of successful looping of the isolated gut after 1 day of
culture (G). (E and F) Immunostaining of SM-actin demonstrating that Wnt C-59 inhibited the
polymerization of SM-actin filaments (F). Control experiments were performed using siblings (A and
E). Scale Bars are 500 um for A-D, 100 pm for E and F.

Figure 15

Administration of Cardionogen-1 (Wnt canonical pathway inhibitor) inhibits gut coiling
morphogenesis.

(A-D) After the cardionogen-1 treatment by 2 days of incubation until control siblings reached stage
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46, gut coiling morphogenesis was perturbed, and in numerous cases, only the dorso-ventral meander
of the gut was observed (B and D). (E and F) Immunostaining of SM-actin revealed that Cardionogen-
1 disordered the organization of smooth muscle cellular meshwork and its torsion (F). Scale Bars are
500 pm for A and B, 1 mm for C and D, 50 pm for E and F.

Table 1
Effects of (+)-Blebbistatin treatment on larval organ morphology.

After 6 h of (+)-Blebbistatin treatment at 24°C from stage 38-39 to stage 3940, coiling of the

intestinal tube is perturbed, with cancellation of left-right asymmetry in numerous cases (Fig. 4).

Table 2

Effects of each Blebbistatin optical isomer.

S-(-)-Blebbistatin has significant effects on gut coiling morphogenesis, similar to (+)-Blebbistatin,
while R-(+)-Blebbistatin has no effect (Fig. 5). Thus, S-(—)-Blebbistatin is the active isomer of (+)-

Blebbistatin in Xenopus larvae, as demonstrated previously for mammals.

Table 3

Evaluation of the extent of gut coiling after decapitation and amputation of the heart and/or tail.
After performing decapitation and amputation at stage 3233 (tailbud stage), as shown in Fig. 7A,
partial embryos were reared to become larvae, and the extent of gut looping was scored when normal

siblings reached stage 46.
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Table 1

Number of Su'rwved . Inhibition of gut Cancellation of
(survival ratio; .
samples %) looping L-R asymmetry
control 60 60 (100) 4 0
0.05 uM 60 45 (75) 27 18
0.1uM 60 51 (85) 29 22

Effects of (+)-Blebbistatin treatment on larval organ morphology
After 6 h of (+)-Blebbistatin treatment at 24°C from stage 38-39 to
stage 39-40, coiling of the intestinal tube is perturbed, with
cancellation of left-right asymmetry in many cases (Fig. 4).



Table 2

Number of Su.rwved . Inhibition of gut Canceilation
samples (survival ratio; loobin of L-R

. %) ping asymmetry
control 36 36 (100) 1 0
E 0.05 um 36 36 (100) 0 0
®  0.1uM 36 36 (100) 1 0
= 0.05 uM 36 19 (52.7) 10 9
v 0.1uM 36 29 (80.5) 21 8

Effects of each Blebbistatin optical isomer

S-(-)-Blebbistatin has significant effects on gut looping morphogenesis,
similar to (+)-Blebbistatin, while R-(+)-Blebbistatin has no effect (Fig. 5).
Thus, S-(—)-Blebbistatin is the active isomer of (+)-Blebbistatin in Xenopus
larvae, as demonstrated previously for mammals.



Table 3

control

decapitation with heart
decapitation without heart
torso-like (*)

Inhibition of gut

Number of samples Number of the survived Normal gut looping (ool Edema
72 72 72 0 0
70 70 69 1 4
71 71 15 56 71
35 35 4 31 35

*_..decapitation without heart and tail

Evaluation of the extent of gut looping after decapitation and amputation of the heart and/or tail.
After performing decapitation and amputation at stage 32-33 (tailbud stage), as shown in Fig. 7A, partial embryos
were reared to become larvae, and the extent of gut looping was scored when normal siblings reached stage 46.



