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The Shroom family of proteins is currently comprised of four members, Shroom1,

2, 3 and 4. Since Shroom3 was shown to be a critical protein for neural tube closure, the

other these proteins are also expected to play an important role for proper development.

However, their functions during development were not clear. To address this, my study

started with Shroom3 function in the neural plate. Shroom3 had been previously known

to induce apical constriction by controlling actin filaments in neuroepithelial cells. My

studies show that Shroom3 induces apico-basal cell heightening by controlling parallel

microtubule assembly. Shroom3 is able to change the distribution of  γ-tubulin,

suggesting that Shroom3 controls apical constriction and apico-basal cell elongation via

both actin filaments and microtubules. The ability to control γ-tubulin distribution is

possessed not only by Shroom3, but also by all other Shroom proteins, although they can

not induce apical constriction. In addition, they are expressed in tissues which contain

apico-basally elongated cells. Data from functional assays with Shroom2 show that it

induces cell elongation and is required for proper cell shape in deep layer neuroepithelial
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cells in Xenopus. These data suggest that Shroom family proteins control cell architecture

during morphogenetic development. I have discovered another role for Shroom2. By

comparative analysis with Xenopus and Physalaemus, which have different pigment

patterns in eggs, I show that a high level of maternal Shroom2 mRNA is important for

pigment polarity in Xenopus. Furthermore, Shroom2 controls the distribution of spectrin

which plays a role in pigment granule movement.  Thus, Shroom2 is suggested to be a

key molecule to control the pigment polarity in amphibian eggs.  Together all these data

suggest that Shroom family proteins play a role in cell morphogenesis and polarization

via controlling the cytoskeleton during Xenopus development.
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CHAPTER I

INTRODUCTION – SHROOM FAMILY PROTEINS

I. 1. SHROOM FAMILY

Until now, four proteins have been identified as Shroom family proteins,

Shroom1, 2, 3 and 4 (Hagens et al., 2006b; Hildebrand and Soriano, 1999; Schiaffino et

al., 1995; Staub et al., 1992). Among them, the first protein which was called Shroom is

Shroom3.  Shroom3, an actin binding protein, was first identified as a critical molecule

for proper development nearly a decade ago (Hildebrand and Soriano, 1999). Shroom3

mutation in mice caused severe neural tube closure defects, resulting in a phenotype

resembling the shape of a mushroom, hence the gene was originally called Shroom and

was later renamed as Shroom3 (Hagens et al., 2006a; Hildebrand and Soriano, 1999).

Protein sequence analysis reveals that Shroom3 shares two highly conserved domains

with two other proteins, previously known as apical protein Xenopus (APX) (Staub et al.,

1992) and apical protein Xenopus-Like (APXL) (Schiaffino et al., 1995). These domains

have been termed ASDs (Apx/Shroom domains). The centrally located domain is ASD1

and the C-terminal domain is ASD2 (Hildebrand and Soriano, 1999). Recently, all related

proteins which have an ASD domain have been grouped into one single family and

renamed as the Shroom family proteins (Hagens et al., 2006a). There are four proteins in

the Shroom family: APX, APXL, Shroom and Kiaa1202. APX is now renamed as

Shroom1, APXL is Shroom2, Shroom is Shroom3 and Kiaa1202 is Shroom4 (Hagens et
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al., 2006a). These proteins will be referred from this point on by their Shroom family

names.

I. 2. SHROOM3 AND NEURULATION

I. 2. 1. Neurulation and neural tube defects (NTDs)

Neurulation is a process for the formation of the neural tube, which gives rise to

the central nervous system, the brain and the spinal cord. It also accomplishes the

creation of the neural crest, which is derived from the neuroectoderm. Then it migrates to

specific places to generate various differentiated cell types (Hall, 2008).

By the end of gastrulation, a process to form the three embryonic germ layers of

endoderm, ectoderm and mesoderm, the dorsal ectoderm begins to develop into neural

cells by multiple signals secreted from the notochord. At the beginning of neurulation,

the neuroepithelium thickens apicobasally and a neural plate forms. During mid-

neurulation, neural folds appear and move toward the midline. In this process, some

neuroepithelial cells undergo apical wedging, resulting in the formation of a median

hinge point (MHP), overlaying the notochord and paired dorsalateral hingepoints

(DLHPs) in the neural folds (Smith and Schoenwolf, 1997). Finally, neural folds are

fused dorsally at the midline and the neural tube is separated from the overlying

epidermis (Wallingford and Harland, 2002)(Fig. I-1). This process is called the neural

tube closure and failures of neural tube closure are called neural tube closure defects

(NTDs) (Copp, 1994; Wallingford, 2005).

NTDs are one of the most common human birth defects, occurring in

approximately one in 500 live births in the United States. It results in severe syndromes

such as exencephaly, acrania, craniofacial clefting and spina bifida (Copp, 1994; Copp
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Figure I-1 The process of neural tube closure in Xenopus

                   (Wallingford and Harland, 2002)
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and Bernfield, 1994; Wallingford, 2005). It has been shown that up to 50-70 % of NTDs

can be prevented by the supplementation of folic acid, a type of vitamin B (Copp, 1998;

Fleming and Copp, 1998; Shaw et al., 1995; Wald, 1991). However, it is not clear how

folic acid contributes to reduce NTDs and 30% of NTDs still remain.

Although neurulation is a critical part of development, and thus many studies

have been done to understand its mechanism, it is still unclear how this process is

regulated at the molecular level.

I. 2. 2. Cell behaviors during neurulation

During neurulation, neuroepithelial cells undergo cell shape changes to form the

neural plate and neural tube. First, neural plate cells elongate, becoming columnar, to

form the open neural plate.  Then the surface region of the plate is constricted and the

neural plate is rolled up to form the neural tube (Burnside, 1973).

About 30 years ago, numerous bundles of microtubules were observed in neural

plate cells through electron microscopy studies. These microtubules were aligned parallel

to the apical-basal axis of neuroepithelial cells (Burnside, 1973). Furthermore, neurula

exposed to drugs such as colchicine or nocodazole, which blocks polymerization or

stabilization of microtubules, failed to undergo proper neural tube closure (Brun and

Garson, 1983). These observations suggest that microtubules contribute to the apicobasal

heightening of neuro-epithelial cells and are critical for neural tube closure. However, it

remains unclear what molecules regulate microtubule elongation in the neural plate.

Another cell shape change during neurulation is apical constriction. This process,

converting columnar cells into wedge-shaped cells, is widely observed in several

morphogenetic events, including gastrulation, neurulation and epithelial-mesenchymal

transition (EMT) (Lee and Goldstein, 2003; Nagele and Lee, 1987; Shook and Keller,
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2003). Apical constriction is driven by a contractile actin and myosin meshwork, which is

localized apically (Brun and Garson, 1983; Dawes-Hoang et al., 2005; Hildebrand, 2005)

Despite many studies, it is unknown which molecule or signal controls this process.

In addition, it has been shown that the nucleus is located basally in apically

constricted cells (Brun and Garson, 1983; Messier and Seguin, 1978), and thus it is

thought that apical constriction of cells accompanies another cell behavior, the basally-

directed migration of the nucleus (Brun and Garson, 1983; Smith and Schoenwolf, 1987).

Finally, it was shown that in neuroepithelial cells, the plasma membrane polarity was

downregulated and the apical-basal polarity was different from that of common epithelial

cells (Aaku-Saraste et al., 1997). Therefore, though it is thought that many molecules

regulate neurulation and their activities or localizations undergo dynamic changes, the

molecular mechanisms regulating these cell behaviors remain unknown.

I. 2. 3. Shroom3 is required for neurulation

As mentioned above, Shroom3 has been shown to be necessary for neural tube

closure which is the first process in the formation of the central nerve system in mice. In

1999, Hildebrand and Soriano had identified Shroom3 as a critical factor for neural tube

closure using gene trap analysis in mice. In a Shroom3 mutant, the neural folds of the

mutant never meet at the dorsal midline and the mutant embryo looks like a mushroom

(Hildebrand and Soriano, 1999). The mouse has two different splicing forms of Shroom3,

the long form or Shrm3L and the short form or Shrm3S. Shrm3L is composed of 1986

amino acids and has the PDZ domain in the N-terminus, the ASD1 domain in the middle

and the ASD2 domain in the C-terminus. Shrm3S lacks the N-terminal 177 amino acids

of ShrmL. In mice, Shroom3 is detected in the neural tube, otic vesicle, gut, somite and

heart (Hildebrand and Soriano, 1999).
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In Xenopus as well as in mice, Shroom3 has been shown to be required for proper

neural tube closure (Haigo et al., 2003). Knock-down of Shroom3 blocks the formation of

the dorsalateral hinge points (DLHPs), and this leads to the failure of neural tube closure

in Xenopus. Similar to mice, Shroom3 is also expressed in the neural plate during

Xenopus neurulation.

I. 2. 4. Shroom3 controls apical constriction

How does Shroom3 contribute to neural tube closure? The most reasonable

suggestion is that Shroom3 controls both actin and myosin II to induce apical

constriction, a critical cell behavior for neurulation (Haigo et al., 2003; Hildebrand, 2005;

Hildebrand and Soriano, 1999). Several research data support this idea.

First, Shroom3 is able to bind to actin filaments, a key molecule in driving apical

constriction. By domain analysis, amino acids 754-953 are found to be neceddary for

actin binding in mice (Hildebrand and Soriano, 1999). In addition, it has been suggested

that Shroom3 controls the subcellular localization of actin. Shroom is co-localized with

actin filaments in the apical junctional complex of neuroepithelial cells in mice

(Hildebrand, 2005). Furthermore, ectopic Shroom3 controls the distribution of myosin II,

suggesting that Shroom3 governs myosin II as well as actin for proper neural tube closure

(Hildebrand, 2005). Functional analyses also support this idea. Ectopic expression of

Shroom3 in Madin-Darby canine kidney (MDCK) cells induces severe constriction in the

apical surface, while the basal surface is not changed. This apical constriction induced by

Shroom3 does not affect apico-basal polarity (Hildebrand, 2005). This same phenomenon

occurs in Xenopus tissue. Ectopic expression of Shroom3 in Xenopus naïve epithelial

cells induces apical constriction. In addition, Shroom3 recruits actin filaments apically in

these naïve epithelial cells, resulting in the accumulation of actin on the surface.
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Repression of Shroom3 by morpholino (MO), an antisense oligo-nucleotide, or dominant

negative inhibits the formation of hinge-points in the neural plate which require apical

constriction (Haigo et al., 2003).

Recently, it has been shown that Shroom3 directly binds to Rho kinases

(ROCKs), ROCK I and ROCK II, via the ASD2 domain (Nishimura and Takeichi, 2008).

ROCKs phosporylate myosin regulatory light chain (MLC) to activate myosin II (Amano

et al., 1996). Since ROCKs are necessary for neural tube closure (Wei et al., 2001), it had

been suggested that ROCKs contribute to apical constriction via activation of a

contractile actin and myosin meshwork. Together with the Shroom3-ROCKs data,

Shroom3 has been suggested to be a regulator of the ROCKs-myosin II-actin pathway.

However, although Shroom3 is regarded as a scaffold protein, its molecular

function remains unknown.

I. 3. SHROOM2 AND PIGMENTATION

I. 3. 1. Shroom2 and cytoskeleton

Shroom2 was first reported as a human homologue of APX, but has now been

characterized as a distinct protein (Hagens et al., 2006a; Schiaffino et al., 1995). In

human, this gene is detected strongly in the retina and melanoma and it is also detected in

the brain, placenta, lung, kidney and pancreas (Schiaffino et al., 1995). Like Shroom3,

human and mouse Shroom2 contains the PDZ domain in the N-terminus, ASD1 in the

middle and ASD2 in the C-terminus (Fairbank et al., 2006).

There are not many studies done with Shroom2. Until now, only myosin VIIa (a

unconventional myosin), Zona Occludens-1 (ZO-1, a junctional protein) and actin were

known binding partners of Shroom2 (Dietz et al., 2006; Etournay et al., 2007). Shroom2
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proteins are detected at the tight junction in the olfactory epithelium, gastric glands,

intestine and retina (Dietz et al., 2006). For this reason, it has been suggested that

Shroom2 and ZO-1 are components of a tight-junction-associated scaffolding complex.

However, it is not clear what the functional interaction is between Shroom2, myosin VII,

and ZO-1. Another research group found that Shroom2 localizes to the tight junction or

the apical junctional complex (AJC) in neuroepithelial cells of mice like Shroom3 (Dietz

et al., 2006). Although Shroom2 is also able to interact with actin filaments (Dietz et al.,

2006), ectopic Shroom2 expression in Xenopus naïve epithelial cells does not induce

apical constriction and apical actin accumulation, while ectopic Shroom3 does (Fairbank

et al., 2006). Thus, it is unclear how Shroom2 controls cell architecture via the

cytoskeleton including actin filaments.

I. 3. 2. Shroom2 and RPE

The retinal pigment epithelium (RPE) is the pigmented monolayer of cells,

forming the outer blood-retinal barrier. It has multiple critical functions including

absorption of light and protection against photo-oxidation (Back et al., 1965). In the RPE,

melanosomes - specialized, membrane-bound organelles that are derived from the

lysosome - are accumulated in the cytoplasm. The melanosome is transported by a

tripartite complex, composed of Rab27a, Myrip (also called Synaptotagmin-like protein

lacing C2 domains, Slac2-c) and Myosin VIIa (El-Amraoui et al., 2002; Fukuda and

Kuroda, 2002; Liu et al., 1998a). Myosin VIIa is an actin based motor known to transport

melanosomes in the RPE (Gibbs et al., 2004; Lopes et al., 2007). Rab27a is a GTPase and

attaches to the melanosome membrane (Fukuda, 2005). Myrip is a linker between Rab27a

and myosin VIIa (El-Amraoui et al., 2002; Fukuda and Kuroda, 2002). Mutants lacking
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any of these three proteins fail to transport melanosomes to their proper location (Futter

et al., 2004; Gibbs et al., 2004; Liu et al., 1998a; Lopes et al., 2007).

Recently, Shroom2 also has been reported to be involved in melanosome

biogenesis and localization in the RPE of Xenopus (Fairbank et al., 2006). Shroom2

expression is restricted to the RPE and the lack of Shroom2 in the eye causes defects in

its pigmentation. Furthermore, repression of Shroom2 in the RPE disrupts biogenesis and

localization of melanosomes. Ectopic overexpression of Shroom2 in Xenopus naïve

epithelial cells induces pigmentation on the apical surface of cells. This pigmentation is

blocked by dominant negative proteins of Rab27a, suggesting that Shroom2 functionally

interacts with Rab27a to control pigmentation (Fairbank et al., 2006). Shortly after this

report, it was also shown that Shroom2 binds to Myosin VIIa (Etournay et al., 2007).

This suggests that Shroom2 may cooperate with a Rab27-Myrip-Myosin VIIa complex to

control melanosome transport.

I. 4. OTHER SHROOM PROTEINS

I. 4. 1. Shroom1

Shroom1 was initially identified as a protein participating in amiloride-sensitive

sodium channel activity in the apical surface of Xenopus epithelial cells (Staub et al.,

1992). Shroom1 encodes 1420 amino acids, including an ASD1 and an ASD2 domain.

Shroom1 mRNA is detected in Xenopus kidneys, proximal intestines and oocytes. Since

Shroom1 is restricted to the apical membrane in A6 cells, it was originally called APX

(Apical protein Xenopus) and then renamed Shroom1 (Hagens et al., 2006a; Staub et al.,

1992). Its homologues were later found in human and mouse, indicating that Shroom1 is

not restricted in Xenopus. Additionally, in Xenopus renal epithelial cells, Shroom1 also
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has been shown to be associated with epithelial sodium channel (EnaC) and α-spectrin, a

cytoskeletal molecule known to shape the plasma membranes of cells (Zuckerman et al.,

1999). Like Shroom2 and 3, Shroom1 is able to bind actin filaments. Recently, it has

been shown that the cytoplasmic domain of melanoma cell adhesion molecule (MCAM)

physically interacts with Shroom1 in humans. It is thought that Shroom1 may link some

proteins such as MCAM to actin filaments (Dye et al., 2009). However, the function of

Shroom1 is still unclear and more studies are needed.

I. 4. 2. Shroom4

Shroom4 is the most poorly studied protein among Shroom family proteins. It has

been reported as a protein associated with human X-linked mental retardation (Hagens et

al., 2006b). Unlike the other three Shroom proteins which have both ASD1 and ASD2

domains, Shroom4 lacks an ASD1 domain. During mouse development, Shroom4 is

expressed in the vascular endothelium, neural tube and kidney. Similar to other Shroom

proteins, Shroom4 also binds to actin filament (Yoder and Hildebrand, 2007). However,

the function of Shroom4 is still unknown.

I. 5. DOMAIN STUDIES OF SHROOM PROTEINS

I. 5. 1. PDZ domain

This domain is found in the N-terminus of Shroom2, 3 and 4 in human and

mouse. Mouse Shroom3 long form (Shrm3L) and Shroom2 are 45% identical in the first

268 amino acids of the N-terminus. This region contains a PDZ domain that is 64%

identical.  The term ‘PDZ’ originates from the combination of the first letters of post

synaptic density protein (PSD95), Drosophila disc large tumor suppressor (DlgA) and
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zonula occludens-1 protein (ZO-1), in which the conserved elements were first

recognized. The PDZ domains have been known to mediate protein-protein interaction

(Jemth and Gianni, 2007; Ranganathan and Ross, 1997). However, the function of this

domain in Shroom proteins and what protein interacts with them via this domain are

completely unknown. In addition, this domain is absent in mouse Shroom3S and Xenopus

Shroom2 as well as all Shroom1s (Hildebrand and Soriano, 1999; Lee et al., 2007; Staub

et al., 1992).  Thus, this domain does not seem to be essential for the general function of

Shroom proteins.

I. 5. 2. APX/Shroom domain 1 (ASD1)

The ASD1 domain, composed of approximately 180 amino acids is located in the

middle of the Shroom protein sequence (Hildebrand and Soriano, 1999). It is found in all

Shroom proteins except Shroom4 (Hagens et al., 2006b). The ASD1 domain of Shroom3

is 35% identical to that of Shroom1, and is 52% identical to that of Shroom2. Mouse

Shroom3 has been shown to bind actin filaments via this domain (Hildebrand and

Soriano, 1999). Fragments from this domain of Shroom2 or 3 have been used as

dominant-negatives, since this rescues the phenotype induced by Shroom2 or 3 in

Xenopus naïve epithelial cells including the apical accumulation of pigment and actin and

apical constriction (Haigo et al., 2003). However, how the molecular mechanism is still

unclear.

I. 5. 3. APX/Shroom domain 2 (ASD2)

The ASD2 domain is localized in the C-terminus of all Shroom proteins and is

highly conserved among them. The ASD2 domain of Shroom3 is 45% identical to that of
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Shroom1 and 60% identical to that of Shroom2. However, there is no homology with the

ASD1 domain (Hildebrand and Soriano, 1999). This domain of Shroom3 by itself does

not induce any phenotype, but targeting this to the apical membrane causes apical

constriction of epithelial cells, suggesting that this is the active domain for Shroom3

(Haigo et al., 2003; Hildebrand, 2005). A chimeric Shroom3 in which ASD2 is

substituted with the same domain from other Shroom proteins is still able to induce apical

constriction, although these other proteins do not normally cause this process (Dietz et

al., 2006). This suggests that Shroom family proteins may share a certain common

activity with the ASD2 domain. In addition, ROCK has been shown to bind to this

domain of Shroom3 (Nishimura and Takeichi, 2008), and thus it is possible that all

Shroom family proteins may be controlled by Rho signaling. Interestingly, this domain

possesses the leucine zipper motif (Dietz et al., 2006). The Shroom protein sequence in

this motif is highly conserved. When Shroom1 was first identified in Xenopus, it had

been mentioned as a putative membrane-spanning domain (Staub et al., 1992). Possibly,

this motif might be needed to form a dimer or oligomer. However, no data has been

reported about the function of this motif. (Fig. I-2)   
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Figure I-2 The leucine zipper motif in Shroom family proteins of mouse, human and
Xenopus.

Shroom family proteins have a leucine zipper motif which is highly conserved.
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CHAPTER II

SHROOM CONTROLS CELL SHAPE CHANGE

IN NEUROEPITHELIAL CELLS

II. 1. BACKGROUND

Neural tube closure is an essential event during early development in vertebrates.

This morphogenetic event involves several cell behaviors, including apicobasal cell

heightening and apical constriction (Schroeder, 1970). Although numerous molecules

have been reported to be involved with the neurulation process, the molecular and

cellular mechanisms that control this event are still unclear. In previous studies,

Shroom3, an actin-binding protein, has been shown to be necessary for neural tube

closure in mice and frogs (Haigo et al., 2003; Hildebrand and Soriano, 1999). Shroom3

can induce apical constriction and apical actin accumulation in naïve epithelial cells

(Haigo et al., 2003). Therefore it has been suggested that Shroom3 controls apical

constriction via actin filament and facilitates morphogenetic changes of the neural plate

cells during neurulation. However, I hypothesize that Shroom3 may contribute not only

to apical constriction, but also towards other cell behaviors associated with changes in

cell shape.

Here, I show that repression of Shroom3 blocks cell elongation during neurulation

by inhibiting the assembly of parallel microtubule arrays in Xenopus neuroepithelial cells.

Shroom3 controls the distribution of γ-tubulin -a microtubule nucleating molecule- in

Xenopus neural plate and in naïve epithelial cells. Strikingly, ectopic expression of
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Shroom3 in Xenopus epidermis induces cell shape changes including apical constriction

and cell elongation. Its expression induces a parallel microtubule array in the apical

region of epidermal cells. These data suggest that Shroom3 is necessary and sufficient to

induce cell heightening by controlling microtubule assembly in Xenopus.

II. 2. RESULTS

II. 2. 1. Xenopus Shroom3 functions in a manner similar to that of mouse Shroom3

In previous studies (Haigo et al., 2003; Hildebrand and Soriano, 1999), the

function of mouse Shroom3 protein has been characterized in both mice and Xenopus.

However, due to some sequence variation between Xenopus Shoom3 and mouse

Shroom3, I thought that Xenopus Shroom3 would act more specifically in Xenopus than

mouse Shroom3. This increased specificity could result in more accurate data regarding

the effects of Shroom on cell behavior in my model system of Xenopus. For this reason, I

cloned the full-length Xenopus Shroom3 and tested its activity in Xenopus blastomeres.

To obtain the full-length sequence of Xenopus Shroom, first, the partial cDNA

sequence of Shroom3 was PCRed using primers based on the genomic sequence from

available ESTs of Xenopus tropicalis and full-length Xenopus Shroom3 was obtained by

5’RACE. Finally, this full-length cDNA of Shroom3 was cloned into CS107, a standard

Xenopus vector used for transcription of capped mRNA.

The mouse has two different splicing forms of Shroom3; Shrm3L, which is

composed of 1986 amino acids and has a PDZ domain in the N-terminus, and Shrm3S,

which lacks the N-terminal 177 amino acids of Shrm3L (Hildebrand and Soriano, 1999).

However, the full Xenopus Shroom3 (Xshrm3) sequence lacks a PDZ domain, like

ShrmS (Fig. II-1A). This protein is composed of 1788 amino acids. Xshrm3 shows 36 %
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identity and 48 % similarity to mouse Shoom3S and 37% identity and 50% similarity to

human Shroom3 (Fig. II-1B).

Xshroom3 was expressed ectopically in Xenopus naïve epithelial cells to see

whether it induces phenotypes similar to those induced by mouse Shroom3 Long

(Shrm3L) and Shroom3 Short (Shrm3S). These include actin accumulation, pigment

concentration and apical constriction as was described before (Haigo et al., 2003). Like

both Shroom3L and Shroom3S do (Fig. II-2B and 2C), Xshrm3 is able to induce apical

actin and pigment accumulation in naïve cells, indicating that Xshrm3 is also sufficient to

induce the same phenotype (Fig. II-2D).

II. 2. 2. Shroom3 controls apical constriction in all regions of Xenopus neural plate

Previously, Shroom3 has been shown to control hinge-point formation during

Xenopus neurulation (Haigo et al., 2003). However, as shown in the neurula surface

stained by phalloidin to show individual cells, the overall neural plate cells are highly

constricted relative to other epithelial cells (Fig. II-3A). It raises the possibility that

Shroom3 controls apical constriction of neuroepithelial cells in other regions as well as in

the hinge-points. Before testing this possibility, I first investigated a surface view of a

mid-neurula embryo (stage 16) to define the pattern of apical constriction of anterior

neural plate cells. In the neurula of wild type embryos, the surface area varies in different

regions, epidermis, dorsalateral hingepoints (DLHP), median hingepoints (MHP) and

intermediate regions (Int), the regions between DLHP and MHP (Smith and Schoenwolf,

1997). The hinge regions are significantly smaller than other regions (Fig. II-3B and 3C).

This is thought to reflect the fact that different regions are regulated by the combination

of different molecular signals (Smith and Schoenwolf, 1997). The same observation was

done in Shroom-repressed embryos to examine apical constriction during neurulation. An
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Figure II-1 Shroom3 encodes a protein with high similarity to the mouse Shroom3S
isoform

(A) Shroom3 structures of mouse and frog (B) The similarity of Shroom3 between mouse
Shroom3S and Xenopus Shroom3
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Figure II-2 Shroom3 induces pigment and actin accumulation on the surface in
naïve epithelial cells.

(A-D) Bright field, lateral views of blastulas. (A) Control (B) Mouse Shroom3L (long
form ) injected embryo. (C) Mouse Shroom3S (short form) injected embryo. (D) Xenopus
Shroom3 injected embryo. (a'-d') fluorescence Green : phalloidin Red : propidium iodide.
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antisense oligonucleotide morpholino (Xshrm3-MO) of Shroom3 or a known dominant-

negative fragment (Shrm3 745-1108) (Haigo et al., 2003) was injected into only one

dorsal blastomere of 4 cell stage embryos, resulting in the generation of an embryo with

both a control and injected side (Fig. II-3D). Cell surface areas of the control side and the

Xshrm-MO injected side were measured along DLHP and Int with LSM 5 Pascal

software. In the Shrm3-MO or Shrm3 745-1108 injected side of the embryo, the cell

surface area of both DLHP and Int is significantly smaller than the control side (Fig. II-

3E and 3F). This suggests that Shroom3 is required for apical constriction in not only

hinge point cells, but also in all neural plate cells during neural tube closure.

Next, the effect of defective apical constriction on neural cell movement during

neurulation was observed. Similar to observations from fixed embryos, time-lapse images

by 4D confocal microscopy reveal that repression of Shroom3 disrupts apical constriction

during neurulation (Fig. II-4B). Surprisingly, knock-down of shroom3 disrupts cell

movement during neurulation. During early neurulation (from stage 13 to stage 15), all

neural cells move towards the anterior without any significant difference between the

control and Shroom3 MO injected side (Fig. II-4C). However, during late neurulation

(from stage 13 to 20), while the control side cells move substantially towards the midline,

the Shroom3 MO injected side cells fail to perform this movement in all tested regions,

epidermis, DLHP and int. This result suggests that defective apical constriction results in

a failure of mediolateral movement of neural cells, but not antero-posterior movement.

II. 2. 3. Shroom3 is required for cell elongation in the neural plate of Xenopus

During Xenopus neurulation, superficial neural epithelial cells undergo both

dramatic cell elongation and apical constriction (Fig. II-5A). This apical constriction has

been thought to correlate with another cell shape change, cell elongation (Burnside,
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Figure II-3. Shroom3 is necessary for apical constriction during neurulation.

(A-B) Dorsal view of wild type embryos stained with phalloidin: (A) Stage 18 (B) Stage
16. Red lines represent measured cells. (C) Graph represented cell surface areas in four
different regions from B: Epidermis, Dorsalateral hinge point (DLHP), Median
hingepoint (MHP) and Intermediate (Int) cells. (D-E) Dorsal view of one side Shroom3
repressed embryo (D) Stage 18. (E) Stage 16. Right side is an injected side with Xshrm3-
MO, while left side is a control. The embryos were stained with phalloidin. Red lines
represent measured cells. (F) Graph represented cell surface areas of DLHP and Int in
(E). Cell surface areas of Xshrm3-MO injected side are not constricted as much as that of
control side
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Figure II-4 Repression of Shroom disrupts mediolateral but not anteroposterior
movement of neural cells

(A) Schematic representing one side Shroom3 morpholino (MO) injected embryo. (B)
Pictures from movie made from one side Shroom3 MO injected embryo during
neurulation. Four different neurula stages (stage 13, 16, 18 and 20) are shown.   (C-F)
Cell tracing from the time-lapse movie (C, c’) The movements of neural plate cells
during early neurulation (from stage 13 to stage 15). Both Shroom3 repressed cells and
control cells undergo anteroposterior movement during early neurulation (D-F, d’-f’) The
movements of cells during late neurulation (from stage 15 to stage 20). Repression of
Shroom3 disrupts mediolateral movement during late neurulation. (D, d’) movement of
epidermal cells (E, e’) movement of dorsalateral hinge point cells (DLHP) (F, f’)
movement of intermediate cells. Red lines represent traced cells.
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1973). To test whether these two cell behaviors occur coincidently during neurulation,

cell height and surface area of Xenopus superficial neural cells are measured from

different neurula stage embryos. As shown in Fig. II-5B, surface area is not changed

much during the beginning of neurulation (stage 13-14) but is later dramatically

decreased. However, the cell height measured from cross-sections is constantly increased

during the neurulation process. This data suggests that these two changes occur

independently.

Due to this, it was thought that Shroom3 might also control cell heightening

during neurulation.  To test this idea, Xshrm3-MO was injected into one dorsal

blastomere at the 4-cell stage and the injected embryos were cross-sectioned at the

neurula stage. From the cross-section view of this embryo, it is observed that the control

side cells is changed into a flask-shape and the cell height is increased apicobasally (Fig.

II-6A). However, cells treated by Xshrm3-MO remain short and columnar shaped (Fig.

II-6B). The cell height of DLHPs in the Xshrm3-MO injected side is approximately half

of that in the control side (Fig. II-6C).  To confirm that Shroom3 controls cell

heightening, a gain of function assay was perfomed in Xenopus naïve epithelial cells.

Since the expression of Shroom3 in naïve cells causes apical actin accumulation, cells

with actin accumulation represent Xshrm3 expressing cells in Xshrm3 injected embryos.

The cell height of actin accumulated cells is increased compared to that of non-actin

accumulated cells (Fig. II-6D-F).  These data suggest that Shroom3 controls cell

heightening as well as apical constriction in neuroepithelial cells during Xenopus

neurulation.

Finally, I investigated nuclear position, which is thought to correlate with cell

heightening in the neural plate. The distances between basal cell surface and the basal

limit of the nucleus were measured. However, Shroom3 does not affect the nuclear
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Figure II-5 Apical constriction and apicobasal cell elongation in the superficial layer
cells of the Xenopus neural plate

(A) Schematic illustrating cell shape changes during neurulation. (B) Graph representing
changes in apical constriction (blue line) and apicobasal cell elongation (red line) of the
Xenopus superficial layer cells of the neural plate during neurulation.
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position in both loss-of-function (Fig. II-6C) and gain-of-function (Fig. II-6F) assays.

Together these data demonstrate that Xenopus Shroom3 is required for both apical

constriction and cell heightening, but not nuclear positioning.

II. 2. 4. Xshroom3 is required for proper assembly of parallel microtubule arrays in
neuroepithelial cells

Next, to elucidate how Shroom3 mediates cell heightening, I observed the high-

magnification view of one-side Xshrm3 MO injected embryos stained with an α-tubulin

antibody. In the control side of DLHP cells, it was observed that numerous microtubules

aligned parallel to the apico-basal axis. Moreover, the microtubule bundles were

concentrated in the apical one-third region, as previously described (Karfunkel, 1971)

(Fig. II-7A). On the other hand, such a microtubule array was not observed in the

Xshrm3-MO and the microtubule networks were distributed evenly along cell cortices

(Fig. II7-B). However, the microtubule network in the perinuclear region and cell cortex

is similar between the control and Xshrm3-MO side. This result was identical to the

experiments done with the Shrm3 745-1108 fragment (Data not shown).

In addition, to test whether Shroom3 affects apico-basal cell polarity, two apical

markers, ZO-1 and Par3 were observed (Joberty et al., 2000; Stevenson et al., 1986). ZO-

1 and par3 are apically localized to the tight junction in both the control (Fig. II-7C and

data not shown) and Xshrm-MO side (Fig. II-7D and data not shown), indicating that

Xshrom3-MO dose not disrupt apicobasal cell polarity. These data suggest that Shroom

regulates cell heightening through microtubule assembly, specifically at the apical region

without changing the apico-basal cell polarity.   
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Figure II-6  Shroom3 induces cell heightening.

(A-C) Loss-of-function assay for cell heightening in neural plate cells. (A) Control side
(B) Xshrm3-MO injected side. α-tubulin (green) reveals cell cortices and DAPI (blue)
stains nuclei. (C) Graph of of cell height and nuclear position of DLHP cells in a Shrm3
repressed neurula. Shroom repressed cells in DLHP failed cell heightening, but nuclear
position was not changed. (D-F) Gain-of-function for cell heightening induced by
Xshrm3.(D) Cross section view of control blastomere (B) Xshrm3 expressing blastomere.
The blastomeres were stained with phalloidin (green) and propidium iodide (red).  (C)
Graph of cell height and nuclear position. Actin accumulated cells by Shroom incresed
cell height, while the distances between the basal cell surface and basal limit of the
nucleus were not significantly different.
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Figure II-7 Shroom3 is required for assembly of discrete arrays of parallel
microtubules in Xenopus superficial neuroepithelial cells.

(A-B) Microtubule alignment in hinge point cells of the Xenopus neural plate Green: α-
tubulin, Red: propidium iodide (A) control side cells. (a’) Schematic of a cell shown in A.
(B) Shroom3 MO injected cells. (b’) Schematic of a cell shown in B. (C-D) Localization
of ZO in neuroepithelial cells. Green: ZO-1, Red: α-tubulin  (C) control side cells. (D)
Shroom3 MO injected side cells.
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II. 2. 5. Shroom3 controls the distribution of γ-tubulin

Microtubules are arrayed parallel to the apicobasal axis in columnar epithelial

cells with the minus ends of microtubules facing toward the apical surface (Meads and

Schroer, 1995). The data that Shroom regulates microtubules led to the hypothesis that

Shroom3 might affect the distribution of proteins associated with microtubules. To

address this, I observed the localization of γ-tubulin, which contributes to microtubule

nucleation and is polarized at the apical surface in columnar epithelial cells (Meads and

Schroer, 1995; Müsch, 2004; Rizzolo and Joshi, 1993). During neurulation, most γ-

tubulin was not centrosomal and was instead distributed apically in superficial

neuroepithelial cells. γ-tubulin was not attached to the apical surface of the superficial

layer, but was diffused with many brighter foci in the apical third region of the neural

plate cells (Fig. II-8). This distribution of γ-tubulin is observed in both mid-neurulation,

prior to apical constriction (Fig. II-8A) and late-neurulation (Fig. II-8B and 8C). In

contrast, γ-tubulin in the Shroom3 repressed side was not distributed as the control side of

the neural plate. Repression of Shroom3 eliminates γ-tubulin foci from neural plate,

resulting in that γ-tubulin seems to be downregulated by Shroom3-MO. However,

western blotting performed with extracts of dorsal tissue revealed that Shroom3 MO does

not affect the total protein levels of γ-tubulin (Fig. II-9A). Therefore, these data suggest

that Shroom3 changes only the distribution of γ-tubulin during neural tube closure.

The effect of Shroom3 on γ-tubulin distribution was confirmed by a gain of

function assay. In ectopically Xshrm3 expressing superficial cells, γ-tubulin was highly

accumulated at the apical surface (Fig. II-10B, 10D and 10E). In the same manner as the

loss-of-function assay, the protein levels of γ-tubulin are not distinguishable between

non-Shroom3 expressing cells and ectopic Shroom3 expressing cells (Fig. II-9B). These
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Figure II-8 Shroom3 is required for the proper localization of γ-tubulin in neuro-
epithelial cells

(A) Cross section view of one side Shroom repressed embryo by Xshrm3-MO at stage 16
and (B) stage 18. (C) Cross-sectioned view of one side Shroom repressed embryo by
Shrm3 745-1108 at stage 18. In all panels, left side is the control side and the right side is
Shroom3 repressed side. γ-tubulin was stained by γ-tubulin antibody (green) and cell
cortices were visualized by α-tubulin antibody (red).
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Figure II-9 Shroom3 does not change γ-tubulin levels.

(A) Western blot for γ-tubulin in isolated dorsal tissues of stage 16 Xenopus embryos.
Shroom3 MO was injected bilaterally. (B) Western blot for γ-tubulin in Xenopus naïve
epithelial cells (stage 8). Myc-tagged xShroom3 was injected into all four blastomeres at
the 4-cell stage.
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Figure II-10 Shroom3 is sufficient to drive apical accumulation of γ-tubulin in
Xenopus naïve epithelial cells.

(A-B) Surface view of the superficial blastomere epithelium stained with anti-γ-tubulin
antibody (green) (A) Control embryo (B) Shroom3-expressing embryo (C-D) Cross-
section view of blastomere stained with anti-γ-tubulin antibody (green) and propidium
iodide (red) (C) Control embryo (D) Shroom3 expressing embryo. (E) Cross-section view
of an ectopic Shroom3 expressing blastomere. It is immunostained with anti-myc (red)
and anti-γ-tubulin antibody (green)
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data suggest that Shroom3 regulates microtubule assembly by controlling the distribution

of γ-tubulin.

With the above data, Shroom3 has been suggested to control microtubule and

actin filaments to change cell shape. It raises two possibilities with this. The first is that

Shroom3 controls both actin and microtubules independently. The second possibility is

that one is primary while the other is secondary to the primary one. To address this, I

observed the order of actin and γ-tubulin accumulation at the cell surface in ectopic

Shroom3 expressing naïve cells.  Shroom3 was injected into 2 dorsal cells of 4-cell stage

embryos and both actin and γ-tubulin was accumulated simultaneously within one hour of

injection (Fig. II-11B). Furthermore, the intensity and area of actin accumulation did not

completely overlap with that of γ-tubulin (Fig. II-11D, bracket and arrow). This implies

that actin and γ-tubulin accumulation is not punctually interdependent.

II. 2. 6. Ectopic Shroom3 expression is sufficient to induce cell shape change in
epidermal tissue.

Although ectopic Shroom3 induces actin and γ-tubulin accumulation, apical

constriction and apico-basal elongation, microtubule arrays like those shown in neuro-

epithelial cells were not observed in Xenopus naïve epithelial cells. It was thought that

dense yolk platelets might block the visualization of microtubules in Xenopus

blastomeres. To confirm that Shroom3 controls microtubule assembly, I performed

another gain-of-function assay with a mosaic expression of Shroom3 by DNA injection in

the epidermis.

The cell surface is highly constricted in ectopic Shroom3 expressing epidermis

(Fig. II-12B) when compared to control epidermis (Fig. II-12A). Next, I observed the

cross-section views of ectopic Shroom3 expressing epidermis to test whether Shroom3
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Figure II-11 Shroom3 coordinate both actin and γ-tubulin cytoskeleton

(A-B) Surface view of stage 6 embryos stained with phalloidin (green: a’, b’) and γ-
tubulin (red: a’’, b’’) (A) Control embryo (B) Ectopic Shroom3 expressing embryo (C-D)
Surface view of stage 7.5 stained with phalloidin (green: c’, d’) and anti-γ-tubulin
antibody (red: c’’, d’’). (C) Control embryo (B) Ectopic Shroom3 expressing embryo.
Bracket indicates accumulated γ-tubulin with little actin. An arrow indicates accumulated
actin with little γ-tubulin.
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 controls cell heightening. Surprisingly, these epidermal cells have a very similar

appearance to Xenopus superficial neuroepithelial cells. These cells are apically

constricted and apico-basally elongated. Numerous microtubule bundles are found in the

apical regions of cells and are aligned along the apico-basal axis (Fig. II-12D), indicating

that this microtubule assembly contributes to cell elongation. Ectopic Shroom3 in the

epidermis also changes γ-tubulin distribution (Fig. II-12F) in a manner similar to the

distribution in neural plate cells. These changes are autonomous in a Shroom3 expressing

cell. Single Shroom3 expressing cells surrounded by non-Shroom3 expressing cells have

obviously different cell shape and microtubule alignment compared to neighboring cells

(Fig. II-12G and data not shown). The data obtained by measuring cell heights reveal that

ectopic Shroom3 expression is sufficient to elongate epithelial cells (Fig. II-12H).

Together, all of the data suggest that Shroom3 drives apical constriction and

apico-basal elongation by controlling both the actin filaments and microtubules.

II. 2. 7. Shroom3 controls megalin distribution.

Neuroepithelial cells undergo apical constriction by Shroom3 during neurulation.

This process results in the translocation of large protein of the apical membrane of the

superficial layer of cells to other places. It raises the possibility that the apical membrane

undergoes endocytosis. To test this, fixable dextran was treated to a mid-neurula for

tracing endocytosis of the apical surface membrane. In the neural plate, many endosome-

like vesicles are detected (Fig. II-13B and 13C). However, endocytosis in the neural plate

has not been reported and the molecules involved in this process are totally unknown.

Megalin is a good candidate for governing endocytosis in the neural plate. It is a

member of the low-density lipoprotein (LDC) receptor family and is known to mediate

endocytic uptake from the apical surface in the epithelial cells. It is highly expressed in
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Figure II-12 Mosaic expression of Shroom3 in epidermal cells induces cell shape
changes.

(A-B) Surface view of epidermal cells in a neurula stage embryo (A) Control (B) Ectopic
Shroom3 expressing embryo (C-G) Cross-section view of epidermal cells in a neurula
stage embryos (C-D) Epidermal cells stained with anti-α-tubulin (green) and anti-myc
(red) antibody (C) Control (D) Ectopic Shroom3 expressing cells  (D-F) Epidermal cells
stained with anti-γ-tubulin (green) and anti-myc (red) antibody (E) Control (F) Ectopic
Shroom3 expressing cells (G) A single epidermal cell expressing ectopic Shroom3. (H)
Graph illustrating cell heightening by ectopic Shroom3 in epidermal cells.
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the yolk sac and also in other polarized epithelial tissues including the neuroepithelial

cells (McCarthy and Argraves, 2003). Defective megalin in mice causes severely

abnormal neurodevelopment (Saito et al., 1994; Willnow et al., 1996). Furthermore, its

gene is specifically expressed in the neural plate in Xenopus neurula (Christensen et al.,

2008). Thus, I tested for any interrelation between this neural plate molecule, megalin,

and Shroom3. First, ectopic Shroom3 was expressed in Xenopus naïve epithelial cells and

megalin protein was observed. A huge amount of megalin is accumulated at the surface

of Shroom3 expressing cells (Fig. II-13D, 13E, 13F). In addition, megalin protein is

down-regulated or its distribution is changed in Shroom3 knock-down neural cells (Fig.

II-13G, 13H, 13I). From a high magnification view of a wild type neurula, the megalin

foci are detected along microtubules (Fig. II-13J, 13K, 13L). This suggests that Shroom3

is able to control the distribution of megalin proteins and may also contribute to the

endocytic process of megalin by providing microtubule assembly.

II. 3. DISCUSSION

II. 3. 1. Shroom3 regulates both actin filaments and microtubules to control cell
shape change

Here, I have suggested that an additional function of Shroom3 may be to

contribute towards cell heightening via control of microtubule assembly. Cell heightening

or change of microtubule assembly by ectopic Shroom3 has never been observed in

MCDK cells, an epithelial cell line. In addition, to show that Shroom3 binds to

microtubules has previously failed, while Shroom3 directly binds to actin filaments. Due

to this, Shroom3 has been thought to control only apical constriction via an acin-myosin

II meshwork for a long time (Haigo et al., 2003; Hildebrand, 2005). However, here I

provide strong evidence to show that Shroom3 also controls cell heightening. First of all,
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Figrue II-13 Shroom3 controls the distribution of megalin

(A-C) Endocytosis analysis in Xenopus neural plate using fixable dextran (A) Cross-
section view of non-dextran treated embryo (B) Cross-section view of dextran treated
embryo (C) Surface view of neural plate cells treated with dextran (D-F) Cross-section
view of ectopic Shroom expressing blastomere stained with anti-megalin (green) and
anti-myc (red) antibodies. (D) Megalin (E) Myc-Shroom3 (F) Merge (G-I) Cross-section
view of one side of a Shroom3 MO injected neurula stained with anti-megalin (green)
and anti-α-tubulin (red) (G) Megalin (H) α-tubulin (I) Merge (J-L) High magnification
view of wild type neural plate cells. (J) Megalin (K) α-tubulin (L) Merge
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repression of Shroom3 fails to induce the assembly of a microtubule array in the apical

region of superficial neuroepithelial cells in Xenopus, indicating that Shroom3 is involved

in microtubule alignment. It occurs through the distribution control of γ-tubulin, a

microtubule nucleating protein. Ectopic expression of Shroom3 induces the accumulation

of γ-tubulin in Xenopus naïve epithelial cells and repression of it changes the distribution

of γ -tubulin in the neural plate. Strikingly, ectopic expression of Shroom3 in the

epidermis changes the shape of epidermal cells from a flat and columnar form to a long

wedge-shape. Together with previous studies, it is suggested that Shroom3 regulates both

microtubules and microfilaments to change cell shape during neurulation (Fig. II-14).

There is evidence to suggest that Shroom3 controls both actin filaments and

microtubules independently. First, the timing for apical constriction coincides with that

for cell heightening during Xenopus neurulation (Fig. II-5B). Second, the intensity and

location of γ-tubulin induced by ectopic Shroom3 was not exactly overlaping with that of

actin in Xenopus naïve epithelial cells (Fig. II-10D). Finally, unlike Shroom3, Shroom2

induces only γ-tubulin, and not actin on the apical surface in its expressing cells

(Fairbank et al., 2006). This implies that Shroom3 has two activities for actin and γ-

tubulin accumulation, but only shares its ability for γ-tubulin accumulation with

Shroom2.

Shroom3 has been reported to be expressed in the other tissues, otic vesicle, gut,

somite and heart, as well as in the neural plate (Hildebrand and Soriano, 1999). Further

studies on cell shape in these other expressing tissues will support the data for cell

elongation by Shroom3.
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Figure II-14 Model for Shroom3-mediated cell shape changes, apical constriction
and apicobasal elongation in Xenopus neuroepithelial cells.

Shroom3 controls both actin filaments and microtubules to induce apical constriction and
cell elongation.
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II. 3. 2. Is Shroom3 involved in signaling for neural induction?

Shroom3 has been shown to control megalin distribution from both gain-of-

function and loss-of-function assays in Xenopus. Although megalin has been shown to be

expressed in the neural plate and to be involved in brain development (Saito et al., 1994;

Spoelgen et al., 2005; Willnow et al., 1996), it is not clear how Shroom3 and megalin are

related during development. Based on the Shroom3 functions that have been studied so

far, it is possible that Shroom3 might regulate membrane trafficking to control cell

architecture via megalin during neurulation. However, correlation between Shroom3 and

megalin may be involved in several signals for inducing the neural plate. First, Megalin is

a known receptor for the sonic hedgehog protein (Shh) (McCarthy and Argraves, 2003;

McCarthy et al., 2002). Since repression of Shroom3 down-regulates Shh signal in

Xenopus, Shroom3 might affect the signal transduction of Shh. Besides, it has been

reported that megalin mediates the uptake of Bone Morphogenetic Protein 4 (BMP4) in

the neural plate and causes down-regulation of BMP signal (Spoelgen et al., 2005). The

relationships between Shroom3, megalin and BMP and Shh signals remain as questions.
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CHAPTER III

SHROOM FAMILY PROTEINS PLAY A ROLE IN CELL
THICKENING

III. 1. BACKGROUND

Cell shape change is a critical event for proper morphogenesis during

development. This process occurs by the regulation and reorganization of the actin and

microtubule cytoskeletons. Neurulation, the morphogenetic process that gives rise to the

hollow central nervous system, is one developmental process that relies on such

cytoskeletal regulation. During this process the neuroepithelial cells, which are columnar

at the beginning of neurulation, undergo apical constriction and apicobasal elongation,

processes governed by actin filaments and microtubules, respectively (Burnside, 1973).

Despite many studies, it remains largely unknown which molecule or signal governs

these cell shape changes. However, it has been shown that Shroom3 drives both apical

constriction and apicobasal cell elongation via organization of an actomyosin network at

the apical surface and microtubule assembly along the apicobasal axis in neuroepithelial

cells during neural tube closure (Haigo et al., 2003; Hildebrand, 2005; Hildebrand and

Soriano, 1999; Lee et al., 2007).

Although Shroom3 has been studied as a controller of cell shape change, the

concrete functions of Shroom family proteins during development are not yet understood.

Since Shroom family proteins share the highly conserved ASD1 and ASD2 domains and

are able to bind actin filaments (Dietz et al., 2006; Dye et al., 2009; Hildebrand and
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Soriano, 1999; Yoder and Hildebrand, 2007), it is possible that like Shroom3, other

proteins also may be involved in cell shape change by controlling the cytoskeleton.   

To better understand the functions of Shroom family proteins during

development, I observed the expression patterns of Shroom family mRNAs via in situ

hybridization in Xenopus. Shroom1 and 2 are maternally expressed and their mRNAs are

localized to the animal hemisphere. During early Xenopus development, all Shroom

family genes, except Shroom4 are mostly expressed in epithelial tissues, including neural

tissue and several placodes undergoing cell thickening. Although Shroom4 is expressed

in the mesodermal tissues, the cells expressing it are also elongated. Moreover, similar to

Shroom3 (Lee et al., 2007), ectopic expression of  Shroom2 causes cell heightening and

this protein is required for cell elongation in the Xenopus neural plate. Together these

data suggest that the Shroom family proteins play an important role in the morphogenesis

of several different epithelial tissues during development.

III. 2. RESULTS

III. 2. 1. Shroom1 and 2 mRNAs are maternally expressed and enriched in the
animal hemisphere of the oocyte and early blastula

To investigate when Shroom genes are expressed during embryonic development,

we analyzed their mRNA levels from egg until mid-gastrula by reverse transcriptase

PCR (RT-PCR). Both Shroom1 and Shroom2 mRNAs are detected in unfertilized eggs

and their levels are stable during early cleavage stages. On the other hand, Shroom3 and

4 mRNAs are not detected during early development. Instead, Shroom3 mRNAs are first

detected during the mid-blastula transition (MBT, around stage 9) and Shroom4 mRNAs

are detected post MBT (Fig. III-1).
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Figure III-1 RT-PCR for Shroom family genes during early Xenopus development

Reverse transcriptase PCR (RT-PCR) was performed with specific primers of Shroom
family genes in the unfertilized egg, mid-blastrula (st.8 and 9) early gastrula (st.10) and
mid-gastrula (st. 11.5). ODC (ornithine decarboxylase) is used as a control. The weak
bands for Shroom3 and 4 in egg and stage 8 are the result of genomic DNA
contamination (data not shown).
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Based on these expression patterns of Shroom1 and 2, we examined the spatial

distribution of Shroom1 and 2 mRNAs in unfertilized eggs and early embryos by in situ

hybridization. Surprisingly, these mRNAs appear to be localized asymmetrically along

the animal-vegetal axis. mRNAs for both Shroom1 and 2 accumulated primarily in the

animal hemisphere of both unfertilized eggs and cleavage stage embryos (Fig. III-2A).

The localization of Shroom1 and 2 mRNAs at the animal pole persisted into later

cleavage stages, but the mRNA then appeared to be localized in or near the nuclei of

cells. At stage 6.5, Shroom1 and 2 mRNAs are also detected in the nucleus of some

vegetal cells, although these levels are very low compared to those seen in the animal

hemisphere (Fig. III-2A).

Several mRNAs such as AN1, AN2, AN3 and PABP have been previously

reported to localize to the animal hemisphere in Xenopus (Rebagliati et al., 1985;

Schroeder and Yost, 1996; Weeks and Melton, 1987). I therefore observed the

distribution of Shroom1 and 2 mRNAs during oogenesis in comparison to these known,

asymmetrically-localized mRNAs.  Shroom1 and Shroom2 are expressed around the

germinal vesicle or oocyte nucleus from the start of oogenesis, stage I (data not

shown)(Dumont, 1972). These mRNAs remain near the germinal vesicle during

oogenesis even after it has moved towards the animal pole (Fig. III-2B).  The localization

of AN2 mRNA, a transcript localized in the animal pole (Rebagliati et al., 1985; Weeks

and Melton, 1987), Vg1 mRNA, a transcript localized in the vegetal pole (Melton, 1987;

Rebagliati et al., 1985), and histone H3 and α-tubulin, transcripts distributed uniformly in

both animal and vegetal hemispheres (Perry and Capco, 1988) were examined. As

expected, AN2 mRNA distribution is very similar to those of Shroom1 and 2 (Fig. III-2C,

Top row). Vg1 mRNA localizes to the vegetal pole, as already reported (Melton, 1987;

Rebagliati et al., 1985) (Fig. III-2C, Middle row). However, though α-tubulin and histone
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Figure III-2 mRNA localization of Shroom1 and 2 during oogenesis and early
development

(A) In situ hybridization against Shroom1 and 2 in an unfertilized egg, 1-cell, 2-cell stage
and stage 6.5 (B) In situ hybridization against Shroom1 and 2 during oogenesis (C) In
situ hybridization against AN2, Vg1 and Histone H3. Animal to the top in all panels.
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 H3 mRNA have been reported to distribute to both animal and vegetal hemisphere by

RNase protection assays, we unexpectedly found their localizations to be similar to that

of Shroom1, Shroom2 and AN2 in our in situ hybridization data (Fig. III-2C, Bottom row

and data now shown). Thus, while our in situ hybridizations suggest that Shroom1 and

Shroom2 mRNA may be enriched animally, there remains some uncertainty.  However,

given that over-expression of Shroom2 or Shroom3 at blastula stages results in dramatic

accumulation of pigment (Fairbank et al., 2006; Haigo et al., 2003), it is tempting to

speculate that there is a link between animal enrichment of the Shroom family mRNAs

and animal pigmentation in the Xenopus embryo.

III. 2. 2. Expression pattern of Shroom family genes during development

The temporal and spatial expressions of Shroom family genes during Xenopus

development were analyzed by whole-mount in situ hybridization with several different

stages of embryos from mid-gastrula to late tail bud stages.

III. 2. 2. 1. Shroom1

At stage 10.5, Shroom1 transcripts are detected throughout the animal 2/3

of the embryo, which excludes the entire blastopore and a part of the involving marginal

zone. This region corresponds to the ectodermal and mesodermal layers of the embryo

but does not include the endoderm (Fig. III-3A). During neurulation, the transcript is

restricted to the neural plate region (Fig. III-3B). The neural plate of Xenopus laevis

consists of both a superficial layer and a deep layer (Fig. III-4A) (Schroeder, 1970).

Shroom1 mRNA is mostly expressed in the deep layer of neuroepithelial cells (Fig. III-

3D, 4B). In addition, it is detected in the notochord and paraxial mesoderm of the somites
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Figure III-3 Expression pattern of Shroom1 in Xenopus

(A) Lateral view of stage 10.5, animal to the top. (B-D) Stage 17 (B) Dorsal view,
anterior to the left. (C) Lateral view, anterior to the left, dorsal to the top. (D) Transverse
cross-section view (So:somite, Noto:notochord), dorsal to the top. The sectioning level is
indicated by the yellow dotted line in panel C. (E-G) Stage 22 (E) Lateral view, anterior
to the left, dorsal to the top (CG : cement gland). (F) Dorsal view of anterior region,
anterior to the left (OV : otic vesicle). (G) Cement gland, dorsal to the top. (H-I) Stage 25
(H) Cement gland, dorsal to the top. (I) Lateral view, anterior to the left, dorsal to the top
(PN: prenephric tubes and duct). (J-K) Stage 30 (J) Lateral view, anterior to the left,
dorsal to the top. (K) High magnification view of anterior region. Yellow arrowheads
indicate the otic vesicle (OV) and white arrows indicate the prenephric tubes and duct
(PN).
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Figure III-4 Shroom expression in the neural plate

(A) Schematic depicting cross-section view of Xenopus neurula. (B) Shroom1 is
expressed in the deep layer of neuroepithelial cells. (C) Shroom2 is expressed in the deep
layer. (D) Shroom3 is expressed in the superficial layer. White dashed lines indicate the
border between superficial layer and deep layer. White solid lines indicate the border
between neural plate and mesodermal tissue.
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 from transverse sections of the neurula (Fig. III-3D). After neural tube closure, Shroom1

is strongly expressed in the cement gland, and it is more strongly expressed in the dorsal

portion than also in the ventral portion (Fig. III-3E, 3G, 3H). Shroom1 transcripts are

detected in the otic placode from early tadpole stage (Fig. III-3F, 3I~K, yellow

arrowhead) and in the pronephric tubes and duct in the tadpole stage (Fig. III-3I~K, white

arrow).

III. 2. 2. 2. Shroom2

Similar to Shroom1, Shroom2 is expressed mostly in the ectoderm and

mesoderm but not in the endoderm during gastrulation (Fig. III-5A). During neurulation,

expression is restricted to the neural plate, especially the anterior neural plate, brain and

presumptive eye regions (Fig. III-5B~D). A transverse section of a neurula shows that

Shroom2 is mostly expressed in the deep layer of neuroepithelial cells (Fig. III-5E, 4C).

As development proceeds, the expression increases in the forebrain, midbrain and eyecup

(Fig. III-5F~I), whereas expression in the hindbrain and spinal cord region decreases

(Fig. III-5F, 5G).  The transcript is first detected in the otic placode (Fig. III-5G, yellow

arrowhead) and kidney at the early tadpole stage, stage 21 (Fig. III-5G, white arrow).

Unexpectedly, it is also expressed in the notochord at stage 30 (Fig. III-5M, red

arrowhead). Later, it is expressed in the retinal pigment epithelium (RPE) (Fairbank et

al., 2006).

III. 2. 2. 3. Shroom3

Shroom3 transcripts are detected broadly in the mesoderm and ectoderm

during gastrulation, but the expression is much stronger in the dorsal area than in the
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Figure III-5 Expression pattern of Shroom2 in Xenopus

(A) Stage 10.5, lateral view, animal to the top. (B-E) Stage 17 (B) Dorsal view, anterior
to the left. (C) Lateral view, anterior to the left, dorsal to the top. (D) Anterior view,
dorsal to the top. (E) Transverse cross-section view, dorsal to the top. The sectioning
level is indicated by the yellow dotted line in panel C. (F-I) Stage 21 (F) Lateral view,
anterior to the left, dorsal to the top. (G) Dorsal view, anterior to the left (OV:otic vesicle,
PN:prenephric tubes and duct). (H) Ventral view, anterior to the left. (I) Anterior view,
dorsal to the top. (J-L) Stage 25 (J) Dorsal view, anterior to the left. (K) Lateral view of
anterior region, dorsal to the top. (L) Anterior view, dorsal to the top. (M) Stage 30,
lateral view, anterior to the left, dorsal to the top (Noto:notochord). Yellow arrowheads
indicate the otic vesicle (OV), white arrows indicate the prenephric tubes and duct (PN)
and red arrowhead indicates the notochord (Noto).
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 ventral (Fig. III-6A, 6B). During neurulation, mRNA is expressed in the neural plate

(Fig. III-6C, 6D), but only in the superficial layer (Fig. III-6E, 4D) where it controls

apical constriction (Lee et al., 2007). This restriction to the superficial layer contrasts the

patterns of Shroom1 and 2. In addition, Shroom3 is expressed in the anterior region of the

neural plate, more specifically the placodal primordium (Fig. III-6C, D) and neural crest

of the trunk region (Fig. III-6E). Immediately after neural tube closure, Shroom3 is

expressed in several different placodes. It is initially expressed in the otic placode (Fig.

III-6F, 6H, 6K), and is later expressed in the lateral line placodes (Fig. III-6F, H). Then

finally expression is seen in the olfactory placodes (Fig. III-6F, 6G, 6L). As previously

reported, Shroom3 is strongly expressed in the cement gland in a pattern similar to

Shroom1 (Fig. III-6F, 6G, 6L)(Lee et al., 2007). Interestingly, Shroom3 transcripts are

very strongly detected in the proctodeum at tadpole stages (Fig. III-6F, 6G, 6J). Similar to

Shroom2, Shroom3 is strongly expressed in the forebrain and midbrain (Fig. III-6M).

However, it is also expressed in the posterior neural tube until the late tail bud stage (Fig.

III-6K). In addition, Shroom3 is expressed in the heart (Fig. III-6K, 6L, 6N) and kidney

(Fig. III-6K) at late tail bud stages.

III. 2. 2. 4. Shroom4

At mid-gastrula, Shroom4 transcripts are detected in both the ectoderm and

mesoderm (Fig. III-7A, 7B). During neurulation, it is expressed in the cells of the

presumptive somites (Fig. III-7C, 7E, 7F), ventral mesodermal tissue (Fig. III-7G) of the

trunk region (Hausen and Riebessell, 1991) and also in the future brain (Fig. III-7D). At

the early tadpole stage, transcripts of Shroom4 are detected in the brain regions including

the eyecup, the boundary cells of the cement gland (Van Evercooren and Picard, 1978)
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Figure III-6 Expression pattern of Shroom3 in Xenopus

(A-B) Stage 10.5 (A) Lateral view, animal to the top. (B) Sagittal-section view, animal to
the top. (C-E) Stage 17 (C) Dorsal view, anterior to the left. (D) Anterior view, dorsal to
the top. (E) Transverse cross-section  (NP: neural plate, NC: neural crest), dorsal to the
top. The sectioning level is indicated by the yellow dotted line in panel C. (F-G) Stage 23
(F) Lateral view, dorsal to the top (OV : otic vesicle, LP : lateral line placode, Ol :
olfactory placode, CG : cement gland, Pr : Proctodeum). (G) Ventral view, anterior to the
left. (H-J) Stage 25 (H) Dorsal view, anterior to the left. (I) Anterior view, dorsal to the
top. (J) Posterior view, dorsal to the top. (K-L) Stage 30 (K) Lateral view, anterior to the
left, dorsal to the top. (L-N) Head views of K  (L) Lateral view, anterior to the left, dorsal
to the top (M) Dorsal view, anterior to the top (PN: prenephric tubes and duct). Yellow
star indicates the brain. (N) Ventral view, anterior to the top, He: heart.
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Figure III-7 Expression pattern of Shroom4 in Xenopus

(A-B) Stage 10.5 (A) Dorsal view, animal to the top (B) Sagittal-section view, animal to
the top. (C-G) Stage 17 (C) Dorsal view, anterior to left. (D) Anterior view, dorsal to top.
(E) Transverse cross-section view, dorsal to the top. The sectioning level is indicated by
the yellow dotted line in panel C. (F-G) Dorsal part (F) and ventral part (G) of E, dorsal
to the top (H-K) Stage 21 (H) Lateral view, anterior to the left, dorsal to the top
(Som:somite). (I) Anterior view, dorsal to the top (J) Dorsal view, anterior to the left (K)
Lateral view of most anterior region, dorsal to the top. Black arrowhead indicates the
boundary cells of the cement gland. (L-M) Stage 30 (L) Lateral view, anterior to the left,
dorsal to the top (OV: otic vesicle, PN:prenephric tubes and duct). (M) Most posterior
region of L. Red arrowhead indicates the most posterior of somatic region.



53

 and the somites (Fig. III-7H~K). At stage 30, Shroom4 is strongly expressed in the

pronephric duct and tubules, otic vesicle, somite and the region between the olfactory

placode and cement gland, which will become the mouth (Fig. III-7L). An interesting

thing to note is that intense Shroom4 expression is seen in the most posterior of the

somitic region, where the most recently formed somites reside (Fig. III-7H, 7J, 7M, red

arrowheads).

III. 2. 3. All Shroom family proteins are able to control γ-tubulin distribution

It has been reported that all Shroom family proteins interact with actin and that

actin polymerization is required for their function (Dietz et al., 2006; Hildebrand and

Soriano, 1999; Prat et al., 1996; Yoder and Hildebrand, 2007). I have also demonstrated

that Shroom3 induces apicobasal cell elongation in neuroepithelial cells and epithelial

cells ectopically expressing it via microtubule assembly (Lee et al., 2007). Based on these

data, it is possible that Shroom proteins function in the regulated control of cytoskeletal

molecules and thereby aid in cell morphogenesis.

In situ hybridization reveals that both Shroom1 and 3 are expressed strongly in

the cement gland, an organ of amphibians which is composed of very long cells (Fig. III-

8A, 8B and 8C). The cells in the cement gland undergo apical constriction and apico-

basal elongation at the end of neurulation, resulting in their cell shape to dramatically to

change in a short period of time (Fig. III-8D and 8E). Interestingly, the alignment of

microtubules and the distribution of γ-tubulin in this organ are very similar to those of

superficial neuroepithelial cells. Huge numbers of microtubule bundles are aligned

parallel to the apico-basal axis at the apical region (Fig. III-8F). γ-tubulin is accumulated

in the apical region with the forming foci (Fig. III-8G). This appearance raises the
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Table III-1.  Gene expression pattern of Shroom family members during Xenopus
development



55

Figure III-8 Shroom1 and Shroom3 contribute cell elongation in the cement gland

(A-B) In situ hybridization reveals that Shroom1 and 3 are expressed in the cement gland
(A) Shroom1 (B) Shroom3 (C) Cross-section through the cement gland, stained with
phalloidin (c’) Schematic illustrating the cement gland cells and other surrounding cells
(D) Graph illustrating apical constriction and apico-basal elongation of the cement gland
cells over time. (E) Schematic illustrating the change of cell shape in the cement gland
(F-G) Cross-section views through the cement gland stained with anti-α-tubulin (green)
or anti-γ-tubulin (green) antibody and propidium iodide (red) (F) α-tubulin (G) γ-tubulin
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 possibility that Shroom1 as well as Shroom3 might be involved in cell shape change by

controlling the cytoskeleton.

To investigate if Shroom1 is involved in cell shape change, I expressed Shroom1

in Xenopus naïve epithelial cells. Ectopic expression of Shroom1 does not cause apical

constriction, but changes γ-tubulin distribution. While Shroom3 accumulates γ-tubulin on

the entire apical surface, Shroom1 does this at cell-cell junctions (Fig. III-9A and 9B).

However this Shroom1 activity is enough to suggest that this protein may control

microtubule alignment by governing γ-tubulin distribution.

Next, I tested whether other Shroom family proteins are also able to control γ-

tubulin distribution like Shroom1 and Shroom3. As shown in Fig. III-9D and 9E, ectopic

expression of Shroom2 or 4 changes γ-tubulin distribution, suggesting that all Shroom

family proteins may control the microtubule architecture by controlling γ-tubulin

distribution.

III. 2. 4. Cell shape in Shroom protein expressing regions

As shown in Figure III-3~7 and Table1, Shroom family genes are expressed in

many thickened epithelial sheets. Furthermore, all Shroom proteins are able to control γ-

tubulin distribution. This raises the possibility that Shroom family proteins are involved

in cell shape change. To test whether Shroom family proteins are associated with certain

cell shapes, I observed cells in Shroom expressing tissues at later stages. From the

sectioned embryos (Fig. III-10A), I observed the cell shapes in the lateral line placode

(expressing Shroom3)(Fig. 10B), proctodeum (expressing Shroom3)(Fig. III-10C), and

otic placode (expressing Shroom 1-4)(Fig. III-10D).  In the otic placode and lateral line

placode, the cells undergo apical constriction and apico-basal elongation as compared to

neighboring cells. These observations, in concert with our previous findings in the



57

Figure III-9 All Shroom family proteins are able to change γ-tubulin distribution

(A) Surface view of ectopic Shroom1 expressing blastomere stained with anti-γ-tubulin
antibody (B) Cross-section view of ectopic Shroom1 expressing blastomere stained with
anti-γ-tubulin and anti-myc antibodies (C-E) Cross-section view of blastomere stained
with anti-γ-tubulin and anti-myc antibodies (C) Control (D) Ectopic Shroom2 expressing
blastomere (E) Ectopic Shroom4 expressing blastomere
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Figure III-10 Cell shapes in Shroom expressing tissues

(A) Schematic depicting the sections of embryo imaged for B through F. (B) Lateral line
placode, (C) Proctodeum and (D) Otic vesicle. Green is α-tubulin and red is propidium
iodide in panel B-D. (E-F) Fluorescence images of in situ hybridization against Shroom3,
DIC: differential interference contrast image, α-tubulin: image stained with α-tubulin
antibody, NBT/BCIP: NBT/BCIT precipitate following in situ hybridization by Shroom3
probe. It was detected by confocal microscopy (E) Otic vesicle (F) Lateral line placode.
Scale bar = 50 µm.
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neuroepithelial cells (Lee et al., 2007), suggest that Shroom3 is required for apical

constriction and apico-basal elongation not only in neuroepithelial cells, but also in

several other tissues during development. As in the cement gland (Fig. III-8C), cells are

very elongated in the proctodeum (Fig. III-10C).  Next, to test whether these tissues are

exactly matched with Shroom expressing cells, I applied fluorescence in situ

hybridization against Shroom3 (Jekely and Arendt, 2007; Trinh le et al., 2007). As shown

in Figure III-10E and 10F, only Shroom3 expressing cells are elongated and are sharply

distinguishable from neighboring cells in morphology. These data support the idea that

Shroom family proteins are generally involved in cell shape changes, including apico-

basal elongation sometimes with apical constriction.

III. 2. 5. Shroom proteins control apicobasal cell elongation in epithelia

Next, I tested whether other Shroom proteins could induce cell heightening, as

Shroom3 does, by using gain and loss of function assays. For the gain of function assay, I

ectopically expressed Shroom2 in epithelial cells of the early blastula to test if it was able

to induce cell elongation. While the surface area of Shroom2 expressing cells is

unchanged compared to those of non-Shroom2 expressing cells (Fairbank et al., 2006),

Shroom2 expressing epithelial cells are apico-basally elongated (Fig. III-11B, pink

arrow), compared to non-Shroom2 expressing cells (Fig. III-11B, yellow arrow). The

height of Shroom2 overexpressing cells increases approximately 50% over that of the

neighboring cells (Fig. III-11C). I also ectopically expressed Shroom2 in epidermal cells

at the neurula stage. Although these epidermal cells are normally very flat and elongated

along the lateral axis (Fig. III-11D), Shroom2 expressing cells are apicobasally elongated

(Fig. III-11E, pink arrow). Another remarkable finding is that microtubule bundles are

assembled parallel to the apicobasal axis in Shroom2 expressing cells (Fig. III-11E).
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Figure III-11 Ectopic expression of Shroom2 induces cell heightening

(A-C) Ectopic Shroom2 induces cell heightening in naïve epithelial cells. (A) Control (B)
Shroom2 expressing cell (green : γ-tubulin, red : myc-Shroom2) (C) Graph of apicobasal
cell height of control and Shroom2 expressing cells (mean ± s.e.m ; ctl, n=16;Shroom2,
n=15). (D-F) Ectopic Shroom2 expression induces cell heightening in epidermal cells.
(D) Control, (E) Shroom2 expressing (green : α-tubulin, red : myc-tagged Shroom2). (G)
Graph of apicobasal cell height in Shroom2 expressing epidermal cells (mean ± s.e.m :
ctl, n=25;Shroom2, n=25). Scale bar = 20 µm. Yellow arrow bars are showing the way to
measure the cell height for control cells (neighboring cells) and pink arrow bars are
showing that for Shroom expressing cells.
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Shroom2 expressing cells are almost twice as tall as neighboring epidermal cells (Fig. III-

11F). Taken together with previous data that Shroom2, like Shroom3, controls γ-tubulin

distribution, I suggest that Shroom2 regulates the alignment of microtubules to cause cell

shape changes and contributes to cell elongation during morphogenesis (Lee et al., 2007).

Because expression of Shroom proteins does not reorganize the cytoskeleton of

mesenchymal cells (Haigo et al., 2003), our data suggest that Shroom proteins broadly

govern apicobasal cell elongation specifically in epithelia.

As shown in Figure 5E, Shroom2 is expressed in the deep layer cells of the neural

plate, which are elongated and in which microtubule bundles with apico-basal polarity

are observed (Fig. III-12A and 12C). To examine whether Shroom2 is required for cell

elongation, I knocked down Shroom2 by expressing a splice blocking morpholino (MO) -

an antisense oligonucleotide- in neuroepithelial cells (Fairbank et al., 2006). Similar to

the Shroom3 MO, Shroom2 MO also causes severe neural tube defects in injected

embryos (82.5%, n=62, two experiments). However, while Shroom3 MO only disrupts

the superficial layer and does not affect cell shape of the deep layer (Lee et al., 2007),

knock-down of Shroom2 causes the disruption of cell shape in both the superficial and

deep layer (Fig. III-12B and 12D). These data suggest that Shroom2 is functionally

involved in cell morphogenesis during development.

III. 2. 6. The leucine zipper motif is essential for the activity of Shroom family
proteins.

All Shroom family proteins have an ASD2 domain, a domain highly conserved

between Shroom members. To understand the function of ASD2 domain, I generated

several chimera constructs in which the ASD2 domain is replaced with one of another

Shroom member. These constructs were expressed in Xenopus naïve epithelial cells to
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Figure III-12 Repression of Shroom2 in the neural plate blocks cell heightening in
Xenopus neuroepithelial cells of the deep layer

(A-D) Transverse cross-section view of neural plate (green: α-tubulin, red: propidium
iodide). (A) One side Shroom2 mismatched morpholino (MM) injected embryo. (B) One
side Shroom2 morpholino (MO) injected embryo. The high magnification views of
control side cells (C) and Shroom2 MO injected side cells (D). Scale bar = 50 µm.
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 test whether they are able to induce the accumulation of pigment and actin. If the ASD2

domain is missing, Shroom proteins induce no phenotype in naïve cells (Haigo et al.,

2003), indicating that ASD2 is essential for Shroom activity. Interestingly, however,

replacing the ASD2 with that of another Shroom member does not affect the phenotype

of the original Shroom protein. For example, chimeric Shroom1 with the ASD2 of

Shroom3 induces weak pigmentation and no actin accumulation, just as Shroom1.

Chimeric Shroom3 with Shroom1 or Shroom2 ASD2 induces strong pigment and actin

accumulation, just as with Shroom3 (Fig. III-13).  Compared to previous results (Dietz et

al., 2006), this data strongly suggest that Shroom family members have a common

activity via this domain.

As previously mentioned, the ASD2 domain contains a leucine zipper motif. In

this motif, the amino acid sequence is more than 90% identical between other Shrooms

and also between other organisms. I hypothesized that this motif may be critical for the

function of Shroom proteins. To answer this, analysis by mutagenesis was performed. In

the leucine zipper motif of Xenopus Shroom3, the 3rd or/and 2nd leucines were replaced

with a proline and/or valine, respectively (Fig. III-14A). Proteins appear to be properly

generated from these constructs because western blotting reveals that these mutant

constructs are exactly the same size as a wild type construct (Fig. III-14B). In Xenopus

naïve cells, the construct with two mutations failed to induce the accumulation of

pigment and actin on the apical surface, while the construct with one mutation was able

to induce weak pigmentation (Fig. III-14C). This data suggest that the leucine zipper

motif has an essential role not only for Shroom3, but also for all Shroom proteins.

However, the function of this motif in Shroom proteins is not clear.
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Figure III-13 Chimera constructs between Shroom family proteins

Replacing the ASD2 with that of another Shroom member does not affect the phenotype
of the original Shroom protein
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Figure III-14 The leucine zipper motif is critical for the activity of Shroom3

(A) Strategy for mutagenesis (B) Western blot for Shroom3 mutant constructs (C)
Leucine zipper mutant (Shroom3-F) fails to induce both actin and pigment accumulation
on the surface of blastomere.
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III. 3. Discussion

III. 3. 1. Shroom1 and 2 mRNAs localize in the animal hemisphere of late oocytes
and early blastula in Xenopus

Here, I introduce Shroom1 and 2 as animally localized mRNAs in Xenopus eggs

and early embryos. Among maternal mRNAs, some have been reported to distribute

asymmetrically in oocytes or early embryos of many organisms. These distributions are

critically important for the proper development of the embryos (Bashirullah et al., 1998;

Kloc et al., 2002). In Xenopus, many mRNAs have been reported as being differentially

localized. Some mRNAs, such as AN1, AN2, AN3 (Rebagliati et al., 1985) and PABP

(Schroeder and Yost, 1996) localize to the animal pole. Other mRNAs, such as

Vg1(Schiaffino et al., 1995), VegT (Stennard et al., 1996; Zhang and King, 1996) and

Xwnt11(Ku and Melton, 1993) localize to the vegetal pole. The mechanisms for the

transport of vegetal mRNAs have been relatively well studied and two major pathways

for vegetal mRNA localization have been outlined. One is the early or METRO

(messenger transport organizer) pathway and the other is the late or Vg-like pathway.

While mRNAs utilizing the early pathway are localized to the vegetal pole via the

mitochondrial cloud during the earliest stage of oogenesis (stage I and II), mRNAs

transported through the late pathway localize in a microtubule-dependent manner during

stage III-V (Kloc et al., 2001; Kloc and Etkin, 1995; Kloc et al., 2002; Yisraeli et al.,

1990). In contrast, the mechanism of animal mRNA localization is almost unknown. To

elucidate this pathway, I conducted an in situ hybridization study of Shroom1 and 2

mRNA localization during oogenesis, from stage I to stage VI (Dumont, 1972). At the

beginning of oogenesis, they do not have an animal-vegetal polarity and are found in the

germinal vesicle (GV) until the GV moves towards the animal pole (Fig. III-2B). It seems
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that the mRNAs remain associated with the GV as the GV moves toward the animal pole

during oogenesis. Finally, after GV breakdown, the mRNAs seem to remain in the animal

hemisphere. Next, I compared our data with the localization of another animal mRNA,

AN2. This mRNA showed the same pattern of localization as Shroom1 and Shroom2

(Fig. III-2C). Although, by RNase protection assays, α-tubulin and histone H3 mRNA

have been reported to distribute to both the animal and vegetal hemispheres, I

unexpectedly found their localization similar to that of Shroom1, Shroom2 and AN2 by

my in situ hybridization data (Fig. III-2C).  Furthermore, embryos stained by propidium

iodide demonstrate that most RNA and/or DNA localize to the animal portion of the

unfertilized egg and 2-cell stage embryo (Data not shown). It might be possible that most

populations of maternal mRNAs localize in the same manner as Shroom1 and 2.

Unlike some vegetal mRNAs that use motors to travel short and long distances for

their localization, Shroom1, 2 and AN2 seem not to use motors but instead stay around

the GV during oogenesis. This gives the impression that these mRNAs do not actively

migrate. However, in the mid blastula, we found some Shroom1 and Shroom2 mRNAs in

the nucleus of vegetal cells (Fig. III-2A). Since a small amount of Shroom1 and Shroom2

mRNAs is left in the upper side of vegetal cells while most is in animal cells during the

3rd cleavage, these mRNAs detected in the nucleus of vegetal cells seem to be transported

from the upper side of vegetal cells. Thus, it is possible that these animal mRNAs also

may use motor molecules to move toward their proper localization.

III. 3. 2. Shroom family proteins may be involved in cell heightening

Here, I report the temporal and spatial expression patterns of Shroom family

genes during Xenopus development. With the previous data revealing that Shroom3

controls cell heightening in neural tissue, I hypothesized that other Shroom family
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proteins also may be involved in cell shape changes. There are several lines of evidence

that support this idea. First, all the Shroom family proteins are able to directly bind to or

associate with actin filaments for their function (Dietz et al., 2006; Hildebrand and

Soriano, 1999; Prat et al., 1996; Yoder and Hildebrand, 2007). Second, all of the Shroom

family proteins are able to change the distribution of γ-tubulin which is known as a key

molecule to regulate microtubule assembly (Gunawardane et al., 2000; Meads and

Schroer, 1995). Similar to previously shown data in chapter I that Shroom3 can change

the distribution of γ-tubulin in naïve epithelial cells of Xenopus (Fairbank et al., 2006;

Lee et al., 2007), we observed that Shroom1, 2 and 4 can also change γ-tubulin

distribution in those epithelial cells (Fig. III-9). This observation suggests that Shroom

family proteins may be broadly associated with γ-tubulin function. Finally, there are

similar cell shapes in the regions expressing these genes. For example, the neural plate,

the cement gland, the proctodeum, the pronephric tubes and duct and several placodes

including otic, olfactory, lens and lateral line placodes have a thickened cell shape. These

findings imply that Shroom family proteins may play a role for cell elongation.

As discussed previously with Shroom3, I have shown that Shroom2 is also

involved in cell heightening. During Xenopus neurulation, neuroepithelial cells in both

the superficial and deep layers are elongated along their apico-basal axis (Schroeder,

1970). Since it has been shown that Shroom3 controls cell elongation in only the

superficial cell layer (Lee et al., 2007), it has remained a question as to which molecules

control this cell shape in the deep layer. By a loss-of-function assay, I have shown that

Shroom2 is necessary for cell shape change in the deep layer of neuroepithelial cells (Fig.

III-12B and D). Furthermore, overexpression of Shroom2 induces cell heightening in two

different epithelial cells (Fig. III-12). Together with the data that Shroom 1 and 2 are
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expressed in the deep layer of the neuroepithelium (Fig. III-4B and C), I suggest that they

together may contribute to cell elongation in the deep layer.

Shroom4 is distinct from other Shroom proteins, because it is mostly expressed in

the mesodermal tissue including the somites while the other Shroom family proteins are

mostly expressed in the epithelial cells. However, regions expressing Shroom4 have very

similar cell shapes to other Shroom expressing regions. Cells expressing this family of

proteins tend to be very elongated and contain microtubule bundles arrayed along the

apico-basal axis. Interestingly, Shroom4 is also expressed in the somite formation

boundary. This region undergoes many events including dynamic cell shape change

during somitogenesis (Afonin et al., 2006). Based on these findings, I suggest that

Shroom4 also may be involved in controlling cell shape.

III. 3. 3. What is the function of the leucine zipper domain in Shroom proteins?

In this chapter, a leucine zipper motif in Shroom family proteins has been shown

to be critical for their function. However, the function of this motif is still unknown.

When Shroom1 (previously APX) was identified, this domain was reported as a putative

membrane-spanning domain (Staub et al., 1992). As Shroom2 and 3 were detected at the

apical junction in neuroepithelial cells in mice (Dietz et al., 2006; Hildebrand, 2005) and

all ectopic Shroom proteins are localized on the surface in Xenopus naïve cells, it is still

possible that this functions as a membrane-spanning domain.

The general function of the leucine zipper motif is for protein-protein interactions.

For this reason, it has been suggested that Shroom family proteins form a homodimer,

heterodimer or oligomer using this motif (Dietz et al., 2006). However, common binding

partners for Shroom family proteins have never reported. Recently, ROCK has been

shown to bind Shroom3 via the ASD2 domain, but it has not been tested whether ROCK
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binds the leucine zipper of Shroom3 (Nishimura and Takeichi, 2008). Finding a binding

partner for this motif will be a big step to further understand the cellular and molecular

mechanism of Shroom family proteins during development.
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CHAPTER IV

CHANGES IN LOCALIZATION AND EXPRESSION LEVELS OF
SHROOM2 AND SPECTRIN CONTRIBUTE TO VARIATION IN

AMPHIBIAN EGG PIGMENTATION PATTERNS

IV. 1. BACKGROUND

Mature oocytes and eggs of amphibians are polarized along the animal-vegetal

axis by unequally distributed maternal molecules including ribosomes, mitochondria,

certain mRNAs and yolk platelets (Browder, 1991). Xenopus laevis is the most

commonly used model amphibian, and in the wild its egg is laid in the open, so pigment

is enriched in the animal hemisphere, while the vegetal hemisphere is white or cream

colored (Duellman and Trueb, 1986). This asymmetric distribution of pigment granules is

established during oogenesis. According to the characteristics of developmental stages

described by Dumont, pigmentation begins at stage III with pigment uniformly

distributed along the animal-vegetal axis. However, at the next stage (stage IV), the

oocyte starts exhibiting an obvious color difference between the animal hemisphere and

vegetal hemisphere. Finally, a fully matured oocyte has a distinct pigment polarity

(Dumont, 1972).

The specific pathway that leads to the animally enriched pigmentation in Xenopus

is not well understood. However, the transport of pigment has been well-studied in

melanophores of frogs or fish and mammalian melanocytes (Coudrier, 2007; Nascimento

et al., 2003; Tuma and Gelfand, 1999). Pigment is contained in melanosomes, which are

specialized, membrane-bound organelles that are derived from the lysosome. In the

pigment containing cells, melanosomes are transported by cytoskeleton-based motors
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along the cellular cytoskeleton. Actin-based motors such as MYO5a and MYO7a are

unidirectional (plus-end directed) and are in charge of short distances. A cytoplasmic

dynein and kinesin II are microtubule-based motors which have been well-studied as

melanosome transports (Tuma and Gelfand, 1999). They tightly interact with

melanosomes and are used for long distance movements (Wu et al., 1998). Because

melanosomes have been shown to bind with both an actin-based motor and microtubule-

based motors (Rogers and Gelfand, 1998; Rogers et al., 1997), it has been suggested that

melanosomes are able to move between actin filaments and microtubules and switch

motors for their proper distribution (Brown, 1999; Rodionov et al., 1998; Rogers and

Gelfand, 1998; Tuma and Gelfand, 1999). In addition, the cytoskeleton including actin

filaments and microtubules are also very polarized along the animal-vegetal axis in

Xenopus oocytes (Gard, 1999; Gard et al., 1995). Therefore, it is thought that

melanosomes in the Xenopus oocyte might be also transported by cytoskeletal motors in a

similar manner to melanosome movement in melanophores or melanocytes.

Another cytoskeletal molecule, spectrin, has also been reported to be involved in

melanosome transport (Aspengren and Wallin, 2004; Watabe et al., 2008). Spectrin is a

membrane-associated cytoskeletal element that exists in the Golgi and cytoplasmic

vesicles (Beck, 2005; Stankewich et al., 1998) and has been suggested to play a role in

the early secretory pathway. Spectrin interacts with dynactin, which links dynein and/or

kinesin II to vesicles to control vesicle transport (Deacon et al., 2003; Holleran et al.,

2001; Muresan et al., 2001). Recent studies have shown that spectrin binds dynein and

two dynactin components p150glued and Arp1 (Aspengren and Wallin, 2004; Holleran et

al., 2001; Papoulas et al., 2005). Furthermore, spectrin co-localizes and co-

immunoprecipitates with melanosomes in frog melanophores (Aspengren and Wallin,

2004; Watabe et al., 2008). In addition, proteomic analysis shows that dynein and
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spectrin localize in both premature and mature human melanosomes, indicating that they

are involved in melanosome transport from early on in the pathway (Chi et al., 2006;

Watabe et al., 2008). These previous studies and the fact that spectrin localizes

asymmetrically in the animal hemisphere of the Xenopus oocyte and egg (Carotenuto et

al., 2000) suggests that spectrin might be involved in pigment distribution during

Xenopus oogenesis.

Here, I suggest another cytoskeletal molecule, Shroom2, as an additional

controller of melanosome transport during Xenopus oogenesis. Shroom2 has been

reported to be involved in melanosome biogenesis and localization in the retinal pigment

epithelium (RPE) of Xenopus (Fairbank et al., 2006). In addition, Shroom2 binds to

MYO7a, a functional motor for melanosome transport in the RPE (Etournay et al., 2007).

Furthermore, we recently showed that Shroom2 is maternally expressed and its mRNA is

localized to the animal hemisphere of the Xenopus oocyte and egg (Lee et al., 2009).

Considering all of these findings, Shroom2 may be a good candidate for control of

pigment polarity in Xenopus oocyte or egg.

In this study, I show that ectopic Shroom2 induces spectrin as well as

pigmentation in Xenopus epithelial cells. Shroom2 protein not only distributes in a

polarized manner, with more localized in the animal hemisphere like spectrin, but it also

co-localizes with spectrin during oogenesis and early development in Xenopus. To test

whether Shroom2 and spectrin play a role in pigment polarity in the Xenopus oocyte, we

adopted another frog species, Physalaemus pustulosus, which, unlike Xenopus, lacks

external pigment in its egg. I found that pigment is concentrated in the perinuclear region

of sectioned Physalaemus blastula. Furthermore, in the Physalaemus egg and blastula, the

Shroom2 mRNA level is low and spectrin protein localizes only to the perinuclear region.

This is strikingly different from the abundance of Shroom2 mRNA and even distribution
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of spectrin speckles throughout the cells of Xenopus egg and blastula. Thus, with these

results, I propose that Shroom2 controls the movement of pigment granules to the proper

place in correlation with spectrin during oogenesis of amphibians.

IV. 2. RESULTS

IV. 2. 1. Ectopic expressions of Shroom proteins cause pigment accumulation on the
surface of naïve epithelial cells of Xenopus

Previously, it has been reported that the overexpression of Shroom2 and Shroom3

induces rapid pigment accumulation on the surface of Xenopus blastomeres (Fairbank et

al., 2006; Haigo et al., 2003; Lee et al., 2007). In addition, Shroom2 is essential for

melanosome maturation and localization in the retinal pigment epithelium (Fairbank et

al., 2006). These findings raised the possibility that there might be a general relationship

between Shroom family proteins and pigmentation. We therefore examined whether all

Shroom family proteins are able to induce pigmentation when expressed in Xenopus

blastomeres. mRNA encoding each of the other four Shroom family proteins (Hagens et

al., 2006a) was microinjected into two blastomeres of four-cell stage Xenopus embryos

and the embryos were raised until stage 8 or the mid-blastula stage. In all cases,

pigmentation is induced, although the pigment intensity is different between each Shroom

family member. Shroom2 and Shroom3 induce very strong pigment on the entire apical

surface of its expressing cells, while the pigmentation in Shroom1 and 4 expressing cells

is comparatively weak and is concentrated to the cell edge (Fig. VI-1). However, the

consistent pigment accumulation in Shroom-family protein expressing cells supports the

idea that Shroom family proteins are involved in pigmentation.
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Figure IV-1 Ectopic expression of Shroom proteins causes pigment accumulation on
the surface in Xenopus blastomeres.

All panels are lateral views, animal to the top.
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2. 2. Ectopic Shroom expression induces spectrin accumulation as well as pigment in
Xenopus

I next sought to further understand the mechanism by which Shroom proteins

bring about pigment accumulation. As mentioned before, the ectopic expression of

Shroom2 induces the apical accumulation of γ-tubulin, a minus-end nucleating molecule

of microtubules (Fig. IV-2)(Fairbank et al., 2006), suggesting that Shroom2 controls

microtubule orientation and assembly in the Xenopus early embryo.

Spectrins are known to link melanosomes and other vesicles to the minus-end

directed motor, dynein, in a variety of cell types, including pigment cells of Xenopus skin

(Aspengren and Wallin, 2004; Watabe et al., 2008), and a physical interaction between

Shroom1 and spectrin has been reported (Zuckerman et al., 1999). To test if spectrin is

involved in the pigment accumulation induced by Shroom family proteins, the

distribution of spectrin was observed in blastomeres expressing myc-tagged Shroom

proteins by immunostaining. Spectrin is accumulated at the apical surface of cells,

especially in Shroom2 and 3 expressing cells. This spectrin induction is shown more

obvious in a surface view (Fig. VI-3A, 3B, 3C). Furthermore, as shown in Fig. IV-3D

and 3E, a number of spectrin particles are detected in Shroom expressing cells compared

to neighboring cells. These data suggest that the functions of Shroom family proteins

include controlling spectrin distribution.

To confirm this, I expressed Shroom family proteins in other epithelial cells and

epidermal cells at the neurula stage by DNA injection. In Shroom2 and 3 DNA injected

embryos, pigment is found on the epidermis of embryos (Fig. IV-4B and 4C) and spectrin

is also accumulated on the apical surface of Shroom expressing cells. Furthermore, it

seems that spectrin co-colocalizes with ectopic Shroom2 and 3 (Fig. IV-4E and 4F).
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Figure IV-2 Ectopic Shroom2 expression induces γ-tubulin accumulation in Xenopus
blastomere

(A-C) Surface views of blastomere stained with anti-γ-tubulin antibody (A-C) Bright
field view. Shroom2 and 3 induce pigmentation on the surface of the blastomere (a’-c’)
Surface views stained with γ-tubulin  (A) Control (B) Shroom2 expressing blastomere
(C) Shroom3 expressing blastomere (D-F) Cross-section view of ectopic Shroom2
expressing blastomere (D) γ-tubulin (E) Shroom2 (F) Merge (d’-f’) High magnification
view of box in D.
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Figure IV-3 Ectopic expression of Shroom family proteins induces spectrin and
dynactin on the apical surface of the Xenopus blastomere.

(A-C) Surface view of blastula (stage 8) stained with spectrin (green) antibody, scale bar
= 100 µm. (A) Control (B) Shroom2 expressing cells (C) Shroom3 expressing cells (D-E)
Cross-section view of blastula (stage 8), myc-tag Shroom proteins (red), spectrin (green),
scale bar = 50 µm. (D) Ectopic Shroom2 expressing embryo (E) Ectopic Shroom3
expressing embryo (F) Cross-section view of ectopic Shroom2 expressing blastula (stage
8), myc-tag Shroom2 proteins (red), p150glued (green), scale bar = 50 µm.



79

                 

Figure IV-4 Ectopic expression of Shroom family proteins induces pigment and
spectrin on apical surface in mature Xenopus epidermis.

(A-C) Lateral view of neurula, anterior to the left and dorsal to the top, bottom panels are
high magnification views of top panels. (A) Control (B) Ectopic Shroom2 expressing
neurula (C) Ectopic Shroom3 expressing neurula. (D-F) Cross-section view of neurula
epidermis, scale bar = 20 µm. (D) Control (E) Ectopic Shroom2 expressing epidermis (F)
Ectopic Shroom3 expressing epidermis.
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Together, these data suggest that Shroom family proteins are involved in both the

pigmentation and the regulation of spectrin distribution in Xenopus.

 IV. 2. 3. Shroom2-mediated pigment accumulation correlates with enriched
dynactin at the blastomere surface

Spectrin governs the localization of melanosomes by facilitating their interaction

with the minus-end directed microtubule motor protein, dynein (Aspengren and Wallin,

2004; Muresan et al., 2001). Spectrin binds directly to two subunits of the dynactin

complex, which is essential for dynein motor function (Aspengren and Wallin, 2004;

Holleran et al., 2001).  I therefore asked if dynactin localization was changed in

blastomeres overexpressing Shroom2. Indeed, p150glued, a subunit of dynactin, is

accumulated at the apical surface of cells expressing ectopic Shroom2 (Fig. IV-3F).

Together, these data suggest that Shroom2 acts via a spectrin-dynein-dynactin complex to

transport melanosomes to the cell surface.

IV. 2. 4. Shroom2 localizes in the animal hemisphere during oogenesis and early
development in Xenopus

Shroom2 has been reported as a controller of the biogenesis and transport of

melanosomes in the retinal pigment epithelium (RPE) of Xenopus (Fairbank et al., 2006).

In addition, it has been shown recently that Shroom2 is expressed maternally and its

mRNA localizes in the animal hemisphere of Xenopus (Fig. III-3A and 3B). Since, the

pigment is polarized in the animal hemisphere of Xenopus, I hypothesized that Shroom2

may be involved in the pigment polarity of the Xenopus oocyte and egg. As a first step, I

tested whether Shroom2 protein localizes asymmetrically in the animal region of
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Xenopus oocytes and embryos. To this end, Xenopus oocytes and embryos were

immunostained with Xenopus Shroom2 peptide antibody generated from mice.

Stage III Xenopus oocytes have little polarity in pigmentation. Within these

oocytes, Shroom2 protein is mainly concentrated around the germinal vesicle (GV) and is

also detected along the entire surface of the oocytes. Some protein is detected in between

the GV and oocyte surface, which seems to indicate that the protein moves from the GV

to the oocyte surface (Fig. IV-5A). However, in a fully-grown oocyte (stage VI), which

obviously has polarized pigment, Shroom2 protein is distributed mostly in the animal

hemisphere (Fig. IV-6B). The difference in protein levels is most apparent when

comparing the animal and vegetal cytosol. Animal cytosolic Shroom2 is localized in

streams to the surface, while vegetal cytosolic Shroom2 forms small clusters (Fig. IV-5B

and C).  The streams of animally-localized Shroom2 are reminiscent of streams of

spectrin protein that localize to the animal hemispere of Xenopus oocytes, described

previously (Carotenuto et al., 2000).

After fertilization, the Shroom2 protein remains mostly in the animal hemisphere

but not in the vegetal hemisphere, even at the cortex (Fig. IV-5D~5G).

IV. 2. 5. Shroom2 partially colocalizes with spectrin in the Xenopus oocyte and early
blastula

Spectrin protein localizes asymmetrically in Xenopus oocytes and embryos to the

animal hemisphere (Carotenuto et al., 2000). Since spectrin has a similar localization

pattern to Shroom2, I tested whether Shroom2 colocalizes with spectrin during oogenesis

and early development. Like Shroom2, spectrin also localizes mainly in the cytosol of the

animal pole, but rarely in the vegetal cytosol. Both proteins localize asymmetrically to

the cell cortex (Fig. IV-6A and 6B). Furthermore, spectrin protein forms streams in the
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Figure IV-5 Shroom2 localizes to the animal hemisphere during late oogenesis and
early development in Xenopus

(A-G) Shroom2 peptide antibody staining (green) (A) Stage III oocyte, sagittal section,
animal to the top, scale bar = 100 µm. (B-C) Stage VI oocyte, sagittal section, scale bar =
20 µm. (B) Animal cortex (C) Vegetal cortex (D-G) 2 cell stage embryo, sagittal section,
animal to the top (D) Whole embryo, scale bar = 100 µm. (E) High magnification of
cleavage furrow, scale bar = 50 µm (F) Animal pole, scale bar = 50 µm. (G) Vegetal
pole, scale bar = 50 µm.
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Figure IV-6 Shroom2 colocalizes with spectrin in the Xenopus oocyte and early
blastula

(A-L) Shroom2 (green) and spectrin (red) proteins are immunostained at stage VI oocyte
and 2-cell stage embryo. (A-B) Stage VI oocyte, sagittal section views, animal to the top,
scale bar = 100 µm. (A) Spectrin (B) Shroom2 (C-D) 2-cell stage embryo, sagittal section
view, scale bar = 100 µm. (C) Shroom2 (D) Merge view (E-M) Sagittal section views of
stage VI oocyte (E-G) Animal cortex, animal to the top, scale bar = 20 µm. (E) Shroom2
(F) Spectrin (G) Merge (H-J) High magnification views of E-G, scale bar = 10 µm. (H)
Shroom2 (I) Spectrin (J) Merge (K-M) Vegetal cortex, vegetal to the bottom, scale bar =
20 µm. (K) Shroom2 (L) Spectrin (M) Merge.
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animal hemisphere (Fig. IV-6F and 6I) and clusters in the vegetal hemisphere (Fig. IV-

6L), as seen in Shroom2 localization (Fig. IV-6E, 6H, 6K).

In 2-cell stage embryos, most of the spectrin protein localizes to the animal

hemisphere and also at this stage the patterns of Shroom2 and spectrin are also very

similar (Fig. IV-6C and 6D). Since the localizations of Shroom2 and spectrin seem to

overlap, I used high-magnification microscopy to observe if Shroom2 and spectrin also

colocalize in vesicles during oogenesis. From high-magnification microscopy, I observed

that Shroom2 overlaps with spectrin in some, but not all vesicles. These vesicles in which

Shroom2 and spectrin colocalize are distinguished from other vesicles by their larger size

(Fig. IV-6H~6J, arrowhead). These observations suggest that Shroom2 and spectrin are

components for transport of a certain type of vesicle, possibly the melanosomes.

IV. 2. 6. The absence of Shroom2 function may affect pigment localization in
Physalaemus

Essentially nothing is known about the evolution of cell biological mechanisms

that produce the variety of pigmentation patterns observed in amphibian eggs.  Based on

our data from Xenopus, I hypothesized that changes to the localization of Shrooom2 or

spectrin may be one mechanism underlying changes in pigment patterns during

amphibian evolution. To test this hypothesis, I examined the egg and embryos of

Physalaemus pustulosus. This species lays its eggs in protected foam nests, and in

contrast to Xenopus, the embryos and eggs of this species have no pigment on the surface

(Fig. IV-7A, 7B), and thus appear “unpigmented”.

However, pigment is produced in Physalaemus eggs and embryos.  A weak band

of pigment can be seen in the eggs, just below the equator.  Moreover, very dark pigment

is detected surrounding the nuclei of vegetal blastomeres at cleavage stages (Fig. IV-7C).
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Figure IV-7 Maternal levels of Shroom2 mRNA are very high in Xenopus embryos,
but very low in Physaleamus

(A-B) Lateral view of early blastula, animal to the top (A) Physalaemus (B) Xenopus (C-
D) Sagittal section of early blastula, animal to the top (C) Physalaemus (D) Xenopus (E-
F) Comparison of Shroom2 expression levels between Xenopus and Physalaemus by RT-
PCR (reverse transcriptase PCR) (E) Physalaemus (F) Xenopus (G-J) In situ
hybridization against shroom2 in Physalaemus (G) Sagittal section of egg, animal to the
top (H) Sagittal section of blastula, animal to the top (I) Anterior view of neurula, dorsal
to the top  (J) Lateral view of tailbud stage embryo, dorsal to the top (K-N) In situ
hybridization against shroom2 in Xenopus (K) Sagittal section of egg, animal to the top
(L) Sagittal section of blastula, animal to the top (M) Anterior view of neurula, dorsal to
the top  (N) Lateral view of tailbud stage embryo, dorsal to the top.
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Thus, pigment is produced by these eggs, but is not transported to the surface of the

animal hemisphere. I hypothesize that this pigment localization difference might be

explained by an absence of Shroom2 function in these embryos.

Based on the RNA sequence of Xenopus Shroom2, a 3’ fragment of Physalamus

Shroom2 mRNA was cloned and reverse transcription PCR (RT-PCR) was performed

using primers based on the obtained fragment. In Xenopus, Shroom2 is more highly

expressed at blastula stages than at the neurula or tadpole stage embryos (Fig. IV-7F).

By contrast, Physalaemus Shroom2 transcripts are detected at only a very low level in

blastula stage embryos, as compared to the levels seen in the neurula or tadpole stage

embryos (Fig. IV-7E). Moreover, in situ hybridization confirms that Physalaemus

Shroom2 is barely expressed in the egg (Fig. IV-7G) or in blastula stage embryos (Fig.

IV-7H). Neurula and tadpole stage expression patterns for Shroom2 were comparable

between Xenopus and Physaleamus.   (Fig. VI-7I, 7J, 7M, 7N). These data support the

idea that Shroom2 may play a role in facilitating melanosome transport in oocytes of

some amphibians and that a lack of Shroom2 expression may contribute to the

perinuclear pigment localization in other species.

IV. 2. 7. Shroom2 induces pigmentation in the Physalaemus embryo.

Next, it was tested if ectopic Shroom2 expression controls pigmentation in

Physalaemus. Since mouse Shroom2 is able to induce pigment accumulation in the

Xenopus embryo, it was injected into 8-cell stage embryos of Physalaemus. Within a few

hours of injection, pigment was detected on the surface of the Physalaemus embryo, even

though it is weak (Fig. IV-8B). This data suggests that Shroom2 can be a key molecule

for the control of pigment polarity in amphibian eggs.
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Figure IV-8 Ectopic Shroom2 expression induces pigment accumulation at the
apical surface in Physalaemus embryo.

(A) Control (B) Ectopic shroom2 expressing embryo.
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IV. 2. 8. Spectrin is concentrated at the nucleus in Physalaemus, but concentrates in
cytoplasmic aggregates in Xenopus

I hypothesized that spectrin, as well as Shroom2, plays a role in polarized

transport of pigment granules during Xenopus oogenesis. Therefore, I compared the

distribution of spectrin in Physalaemus embryos with that in Xenopus embryos. As

mentioned previously, distribution of spectrin protein is asymmetric along the animal-

vegetal axis in the Xenopus oocyte (Carotenuto et al., 2000). This distribution persists

until the mid-blastula stage where spectrin is abundant in the animal hemisphere but is

less in the vegetal hemisphere (data not shown). In addition, a large number of spectrin

puncta are detected in the cytoplasm of both animal and vegetal hemispheres, although

the number of speckles is different within each hemisphere (Fig. IV-9C and 9D). I

hypothesize that these puncta are vesicles that are transported to and from the Golgi,

possibly by spectrin (Beck, 2005; Stankewich et al., 1998). However, these puncta are

barely present in the cytoplasm of Physalaemus embryos (Fig. IV-9A and 9B). Instead,

very surprisingly, most of the spectrin is highly concentrated in the perinuclear region of

vegetal pole cells (Fig. IV-9B). This pattern is very similar to the pigment localization in

the perinuclear region of Physalaemus embryos (Fig. IV-7C). This suggests that the

localization of spectrin in the perinuclear region reflects the localization of pigment

granules in this region.

Finally, I observed the distribution of MYO5a, an actin-based motor that also

controls localization of melanosomes. MYO5a is recruited to melanosomes by Rab27,

which has been shown to be involved in pigmentation by Shroom2, so it was conceivable

that Shroom2 cooperates with myosin family motors to transport melanosomes (Etournay

et al., 2007; Fairbank et al., 2006; Seabra and Coudrier, 2004). Moreover, in skin pigment

cells lacking MYO5a, melanosomes accumulate abnormally in the perinuclear region,
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Figure IV-9 Spectrin distribution is distinguishable, but not that of MYO5a between
Physalaemus and Xenopus.

(A-D) Distribution of spectrin (green) in early blastula, sagittal section, animal to the top
(A, a’) Animal cortex of Physalaemus blastula, (B, b’) Vegetal cortex of Physalaemus
blastula. The nuclei were stained with propidium iodide (red) in a’ and b’. (C) Animal
cortex of Xenopus blastula (D) Vegetal cortex of Xenopus (E-H) Distribution of myosin
Va (MYO5a, green) in early blastula, sagittal section, animal to the top (E) Animal cortex
of Physalaemus blastula (F) Vegetal cortex of Physalaemus blastula (G) Animal cortex of
Xenopus blastula (H) Vegetal cortex of Xenopus (I) MYO5a (green) distribution in
Shroom2 (red) expressing cells, sagittal section. Scale bar = 50 µm



90

which is reminiscent of the pigment localization in Physalaemus (Wu et al., 1998). I

observed MYO5a protein by immunostaining, but MYO5a distribution is not observably

different between Physalaemus and Xenopus.  In both organisms, MYO5a forms small

puncta and is distributed uniformly over all cells, indicating that MYO5a is not a key

motor in determining the specificity of melanosome distribution between these two frogs

(Fig. IV-9E through 9H).  Furthermore, in ectopic Shroom2 expressing cells, MYO5a

does not accumulate on the apical surface although pigment dose (Fig. IV-9I).

IV. 3. DISCUSSION

Here, I present a comparative analysis for the cellular biological basis of ooocyte

and egg pigmentation in two frog species, Xenopus laevis and Physalaemus pustulosus.

Unlike the Xenopus egg, which has polarized pigment along its animal-vegetal axis, the

Physalaemus egg has no external pigment. However, I found that this species does

produce pigment, but this pigment is localized deep inside the cell, specifically around

the perinuclear region of vegetal cells (Fig. IV-7C). Physalaemus may have great

potential for the further examination of molecules controlling pigment transport in

amphibian oocytes or eggs.  Finally, I showed that the expression level and distribution

pattern of two molecules, Shroom2 and spectrin, is significantly different between

Xenopus and Physalaemus.

IV. 3. 1. Shroom2 controls the pigmentation of Xenopus eggs and early embryos

Shroom2 is an actin binding protein and γ-tubulin regulator (Dietz et al., 2006;

Fairbank et al., 2006) involved in eye pigmentation of Xenopus. Shroom2 is expressed in

the RPE of Xenopus and down-regulation of Shroom2 levels causes defects in eye
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pigmentation (Fairbank et al., 2006). I hypothesized that Shroom2 is also involved in

pigmentation of oocytes, or eggs. Several aspects of my data support this idea. First, a

large quantity of Shroom2 is maternally expressed in Xenopus. Also, both Shroom2

protein and mRNA localize to the animal hemisphere of oocytes and eggs, which is

where the pigment is polarized (Fig. III-2A and 2B). However, this is not the case in all

frog species. In Physalaemus, which have a different pigment distribution from Xenopus,

only a very small amount of Shroom2 is maternally expressed (Fig. IV-7E, 7G, 7H).

Another line of evidence suggesting a role for Shroom2 in oocyte and egg

pigmentation is that ectopic expression of Shroom2 in the early Xenopus blastula has

been shown to induce strong pigmentation on the surface of the embryo before the mid-

blastula transition, the starting point of zygotic transcription (Fairbank et al., 2006).

Thirdly, the pigmentation by Shroom2 depends on the activity of Rab27a, a critical factor

for actin-based melanosome transport (Fairbank et al., 2006; Seabra and Coudrier, 2004).

Rab27a functions in MYO5a and MYO7a-dependent melanosome transport, linking

melanosomes to actin motors (Seabra and Coudrier, 2004). Recently, I observed that

dominant negative Rab27a blocked the pigmentation induced by Shroom2

overexpression in early blastula of Xenopus, indicating that Shroom2 has a functional

interaction with Rab27 (Fairbank et al., 2006). Finally, Shroom2 directly binds with the

c-terminal domain of MYO7a (Etournay et al., 2007), a motor protein essential for

pigment granule transport in the RPE (Futter et al., 2004; Gibbs et al., 2004; Liu et al.,

1998a). Another interesting feature is the fact that in MYO7a mutant mice, RPE pigment

fails to move apically and accumulates in the perinuclear region (Liu et al., 1998b).  A

similar phenomenon is observed in Physalaemus embryos (Fig. IV-7C), which is

consistent with our hypothesis that pigment granules accumulate in the perinuclear region

in Physalaemus embryos due to a lack of maternally-supplied Shroom2.  Unfortunately,
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due to the lack of effective MYO7a antibodies for amphibians, the co-localization of

MYO7a and Shroom2 in embryos has not been tested.

Although Shroom2 is an actin binding protein and binds with an actin-based

motor, MYO7a (Coudrier, 2007; Dietz et al., 2006), it may be also involved in

microtubule-based movement of pigment granules. Indeed, ectopic expression of

Shroom2 in epidermis induces polarized microtubule assembly along the apico-basal axis

of individual cells (Fairbank et al., 2006). Supporting our hypothesis, Shroom1,

Shroom2, and Shroom3 are each sufficient to alter the distribution of γ-tubulin, a minus-

end microtubule nucleator (Fairbank et al., 2006; Lee et al., 2007). Moreover, Shroom2

also induces the accumulation of dynactin which forms a complex with dynein, a minus-

end microtubule motor (Fig. IV-9J). These data together suggest that Shroom2 may affect

the structure and polarization of microtubules thus allowing melanosomes to move along

these microtubules in a dynein dependent manner.

Indeed, microtubules are also highly polarized along the animal-vegetal axis in

frog oocytes. During stage IV and V, microtubules begin to be polarized along the

animal-vegetal axis, resulting in dense microtubule bundles in the animal hemisphere and

less dense arrays in the vegetal hemisphere (Gard, 1999; Gard et al., 1995). This timing

coincides with the pigmentation polarization period. In addition, it has been observed that

over more than 90 % of microtubules are oriented with their minus ends toward the cell

cortex (Pfeiffer and Gard, 1999) and that γ-tubulin is localized to the cortex (Gard, 1994).

These observations give rise to the possibility that Shroom2 controls the polarity of γ-

tubulin distribution and microtubule orientation, and eventually generates the pigment

polarity through this microtubule alignment during Xenopus oogenesis.
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IV. 3. 2. Spectrin cooperates with Shroom2 for the polarization of pigment in
amphibian oocytes or early embryos.

Spectrin is another cytoskeletal molecule that is polarized in the oocyte and early

blastula of Xenopus. Like Shroom2, spectrin is abundant in the animal hemisphere

(Carotenuto et al., 2000). Furthermore, overexpression of Shroom2 induces spectrin

accumulation as well as pigment in Xenopus blastomeres, and spectrin co-localized with

Shroom2 in Xenopus blastomeres (Fig. IV-1 and 3B). This phenomenon does not simply

indicate that spectrin has a similar distribution, but also implies that there may be a

functional linkage between Shroom2 and spectrin in Xenopus oocytes. Since spectrin is

involved in the transport of intracellular vesicles, including melanosomes (Aspengren and

Wallin, 2004; Beck, 2005; Watabe et al., 2008), I hypothesize that spectrin may play a

role in pigment transport with Shroom2 during Xenopus oogenesis. In early Xenopus

embryos, spectrin protein is detected in small puncta, which are possibly vesicles (data

not shown). In addition, the number of these puncta is increased in Shroom2

overexpressing cells and the protein is accumulated at the cortex where ectopic Shroom2

localizes (Fig. IV-3B and 4E). Very interestingly, it has been observed that spectrin

concentrates at the nuclear region of vegetal cells in the early Physalaemus embryo (Fig.

IV-9B) unlike the Xenopus embryo (Fig. IV-9D). This localization pattern of spectrin

coincides with that of pigment granules in Physalaemus (Fig. IV-7C).  Dynactin is known

to form a complex with spectrin and dynein to control pigment distribution in Xenopus

skin melanophores (Aspengren and Wallin, 2004), and I suggest that Shroom2 acts via a

similar system in the oocyte and egg.  Finally, I suggest that evolutionary changes in

maternal Shroom2 mRNA levels impact the deployment of this spectrin/dynactin

complex, resulting in variations in egg pigment patterns.
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CHAPTER V

SUMMARY AND CONCLUSION

Although Shroom3 has been shown to be a critical protein for proper development

in mice and frogs, the cellular and molecular mechanism by which this molecule acts is

not yet clear. In addition, the functions of Shroom family proteins, Shroom1, 2 and 4

during development have not been understood. During my Ph. D course, I have focused

on addressing their functions and mechanisms.

Shroom3 has been shown to control apical constriction during neurulation via

controlling an actin-myosin II meshwork. I have demonstrated here that Shroom3 is also

involved in another cell shape change, apico-basal cell elongation in the superficial

neuroepithelial cells of Xenopus. By mosaic expression of Shroom3 in Xenopus

epidermal tissue, it has been shown that Shroom3 is necessary and sufficient for

microtubule assembly in the apical region of cells, and cell heightening. This process is

due to the ability of Shroom3 to change γ-tubulin distribution. Together with previous

studies, Shroom3 has been suggested to govern both actin filaments and microtubules to

control cell shape changes, apical constriction and apico-basal elongation.

However, I suggest that not only Shroom3, but also all other Shroom family

proteins have the ability to change cell shape. These proteins are mostly expressed in the

cells undergoing cell thickening. Furthermore, they are also able to change γ-tubulin

distribution, suggesting that they contribute to apico-basal cell elongation by controlling

microtubule assembly. By functional assays one Shroom member, Shroom2, has been
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shown to control cell heightening in neural plate cells. All my data together suggest that

Shroom family proteins play a role in cell morphogenesis in several different tissues

during development.

It has been shown that Shroom1 and 2 mRNA are maternally expressed, while

Shroom3 and 4 are zygotic. I suggest that Shroom2 plays a role in pigment polarization

of Xenopus oocytes during oogenesis, although the function of Shroom1 is still unknown.

By comparative analysis with two frog species, Xenopus laevis and Physalaemus

pustulosus, which have different pigment polarities along the animal-vegetal axis, it has

been shown that a high level of maternal Shroom2 mRNA is important for pigmentation.

In addition, the distribution of Spectrin, which is involved in melanosome transport and is

controlled by Shroom2, has been suggested to determine the localization of pigment

granules.  These data support the idea that Shroom2 controls the pigment polarization of

amphibian oocytes by cooperating with Spectrin.

However, the molecular mechanisms for the functions of Shroom family proteins

are still largely unknown and are in need of further study.
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Appendix A : Materials and Mathods

A.1. PREPARATION OF OOCYTES AND EMBRYOS

To obtain oocytes, ovarian tissue was isolated from a Xenopus laevis female and

washed with calcium-free OR2 buffer (82.5 mM NaCl, 2.5 mM Kcl, 1 mM MgCl2, 1 mM

NaH2PO4, 5 mM Hepes, 3.8 mM NaOH, pH 7.8). Oocytes were isolated by treatment of

the ovarian tissue with type IA collagenase (1.5 mg/ml, sigma) and were grouped based

on features developed by Dumont (Dumont, 1972).  Each stage of oocytes was fixed with

3.7 % formaldehyde in OR2 buffer.

Xenopus laevis eggs and embryos were dejelled with 1/3X MMR and were fixed

at proper stages with 1X MEMFA (0.1 M MOPS, 2 mM EGTA, 1 mM MgSO4, 3.7%

formaldehyde, pH 7.4). Physalaemus pustulosus eggs and embryos were obtained from

Dr. Ryan (University of Texas at Austin). Physalaemus eggs and embryos in foam nest

were de-jellied with 3% cysteine in 1/3X MMR and were incubated until proper

developmental stage. Embryos of Xenopus and Physalaemus were fixed with 1X

MEMFA.

Fixed embryos were sectioned by using a Vibratome 1000 system (Davidson and

Wallingford, 2005).

A.2. MORPHOLINO, DNA AND MRNA INJECTION

Capped mRNAs for Xenopus Shroom1, mouse Shroom2, Xenopus Shroom3,

human Shroom4, membran GFP and dominant negative fragment for Shroom2 or

Shroom3 were synthesized using mMESSAGE mMACHINE(Ambion). The capped

mRNAs were injected into one or two dorsal cells of 4-cell stage embryo.
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For mosaic expression of Shroom, 0.5 ng plasmid DNA containing Shroom2

(CS2-mAPXL) or Shroom3 (CS107-xShrm3) was injected into one ventral cell of 4-cell

stage embryo.

Anti-sense morpholino oligonucleotides for Shroom2 (Fairbank et al., 2006) or

Shroom3 (Haigo et al., 2003) was injected into one or two dorsal blastomeres at the 4 cell

stage. Embryos were incubated until appropriate stages described before (Nieuwkoop and

Faber, 1994).

A.3. CLONING OF XENOPUS SHROOM3

Using primers based on genomic sequence of Xenopus tropicalis and from

available ESTs, we obtained a partial cDNA sequence of Shroom3. To clone full-length

Xenopus Shroom3, primers were designed from this partial sequence and 5’RACE was

performed using FirstChoice RLM-RACE Kit (Ambion). Gene specific primers for

5’RACE were 5-ACTCTTCTGAGATTCCACGCTGT-3 and 5-TCACTGCGAGTAGG

AGGCATA -3. Based on full-length Xenopus Shroom3 sequence from RACE, four

primer sets were designed, and a full-length cDNA was obtained by PCR and was cloned

into CS107, a standard Xenopus vector used for transcription of capped mRNA.

A.4. IMMUNOBLOTTING

Embryos were lysed in RIPA buffer (150 mM NaCl, 1 % NP-40, 0.5 %

deoxycholat, 2 mM EDTA, 50mM Tris, pH8.0) containing protease inhibitors. After

centrifuging, 10 µg supernatant was analyzed by SDS-PAGE and Western blot assays

were performed using standard protocols. Primary antibodies used were monoclonal anti-

myc antibody (1:1000 dilution, clone 9E10, Abcam), rabbit polyclonal anti-actin
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antibody (1:1000 dilution, Abcam) and rabbit polyclonal anti-γ-tubulin antibody (1:4000

dilution, Abcam). HRP signals were detected by SuperSignal West Pico

Chemiluminescent Substrate (PIERCE).

A.5. REVERSE TRANSCRIPTASE PCR (RT-PCR)

Total RNA was prepared from 5 embryos of Xenopus and Physalaemus at each

different stage. RT-PCR was performed with following primers and amplifying

conditions. :

for Xenopus Shroom1, 5’-TCTGGAGAAAGTGGTGAGCCTG-3’(forward),

5’-TCATTTGTAGCGGGTGGACG-3’(reverse), annealing temp.- 58°C and 28 cycles ;

for Xenopus Shroom2, 5’-TCCTACTCCCGATTTTGTGC-3’(forward),

5’-CTGCTCCTGCATGTCTTTCA-3’ (reverse), annealing temp.- 58°C and 28 cycles ;

for Xenopus Shroom3, 5’-TTATTGATTGAGCAACGGGAGC-3’(forward),

5’-TGGAGGGGCATTGACACATTC-3’(reverse), annealing temp.-58°C and 30 cycles ;

for Xenopus Shroom4, 5’-CTCCTGCCCTGCTATGATGT-3’(forward),

5’-GCCTTTGAACCACCAACTTC-3’(reverse), annealing temp.- 58°C and 30 cycles ;

for Xenopus ODC, 5’-GGCAAGGAATCACCCGAATG-3’(forward),

5’-GGCAACATAGTATCTCCCAGGCTC-3’(reverse), annealing temp.- 58°C and 27

cycles;

for Physalaemus Shroom2, 5’-CTTGAGCAGCGGGAACTG-3’(forward),

 5’-GAGATCAGACTTGCGGTC-3 (reverse)’, annealing temp.: 58°C and 30 cycles.
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A.6. ACTIN FILAMENT STAINING

2 Units Alexa Green phalloidin (Molecular Probes) in methanol was completely

dried before use and was resuspended in 500 µl of PTw (PBS + 0.1 % Tween 20).  Fixed

embryos were rinsed with PTw and were stained with the phalloidin solution at 4ºC

during overnight. To visualize nuclei, DAPI (4 µg/ml, Sigma) or propidium iodide (20

µg/ml, Sigma) was added to phalloidin solution.

A.7. IN SITU HYBRIDIZATION

In situ hybridization was performed as described previously (Sive et al., 2000).

For probes of Shroom1, 2 and 4, NIBB xenopus cDNA clones were used as templates

(Shroom1 :XL095f19, Shroom2 :XL031d13, Shroom4 :XL198e22), while a full-length

xShroom3 construct which I cloned was used for Shroom3 template. To make probe

against Physalaemus Shroom2 mRNA, partial cDNA was cloned using FirstChoice

RLM-RACE Kit (Ambion).

The images were obtained by using a stereomicroscope (Leica MZ16FA)

A.8. IMMUNOSTAINING

Fixed embryos were dehydrated completely in methanol and were bleached in 10

% hydrogen peroxide/67 % methanol for 3 hours and rehydrated consecutively with TBS

(155 mM NaCl, 10 mM Tris-Cl, pH 7.4). To reduce autofluorescence of yolk platelets,

the embryos were incubated with 100 mM NaBH4  in TBS for 4 hours at room

temperature or overnight at 4ºC and rinsed in TBST (0.1% Triton X-100 in TBS).

Following antibodies were used as primary antibodies: monoclonal anti-α-tubulin

antibody (1:400 dilution, DM1A, Sigma), rabbit polyclonal anti-γ-tubulin antibodies
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(1:200 dilution, Abcam or Stearns et al., 1991; identical results were obtained with either

of the two different γ-tubulin antibodies (not shown)), polyclonal rabbit ZO-1 antibody

(1:200 dilution, Zymed Laboratories), monoclonal anti-myc antibody (1:300 dilution,

clone9E10, abcam), polyclonal rabbit anti-myc antibody (1:300 dilution, abcam, ab9106),

rabbit polyclonal anti-spectrin antibodies (1:300 dilution, Abcam ab11182 and Sigma

S1515), rabbit polyclonal anti-MYO5A (1:300 dilution, ab11094, abcam) and mouse

anti-p150 glued (1:300 dilution, BD Bioscience, #610473). Mouse anti-Xenopus Shroom2

antibody was raised against the Xenopus tropicalis peptide sequence, SVPPENDRY

HLEKKYFESE (amino acid 1249-1267). Antibodies were diluted in FBS solution (TBS

containing 10 % fetal bovine serum and 5% DMSO).

Primary antibodies were detected by Alexa Flour 488 goat anti-mouse IgG

(Invitrogen), Alexa Flour 555 goat anti-mouse IgG (Invitrogen), Alexa-488 goat anti-

rabbit IgG (Invitrogen), or Alexa-555 goat anti-rabbit IgG (Invitrogen) with 1:300

dilution in FBS solution. To stain nuclei, propidium iodide or DAPI was added in

secondary antibody solution. Embryos were cleared in Murray’s Clear solution (benzyl

benzoate:benzyl alcohol = 2:1).

The images were obtained by using a Zeiss LSM5 Pascal confocal microscope.

Cell height and nuclear position were measured by using LSM5 pascal software.

A.9. FLUORESCENCE IN SITU HYBRIDIZATION

Fluorescence in situ hybridization were performed as described in recent reports

(Jekely and Arendt, 2007; Trinh le et al., 2007). First of all, in situ hybridization was

performed as mentioned above. After the chromogenic reaction with BM purple (Roche),

embryos were fixed in MEMFA and bleached in 1% H2O2, 5% formamide and 0.5 X

SSC.  The embryos were immunostained with α-tubulin as mentioned above. NBT/BCIT
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precipitates were detected by using a 633 nm laser and 650 nm long pass filter of LSM5

laser confocal microscope.
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