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During vertebrate neurulation, extensive cell movements transform the flat neural plate into the neural tube. This dynamic morphogen-
esis requires the tissue to bear a certain amount of plasticity to accommodate shape and position changes of individual cells as well as
intercellular cohesiveness to maintain tissue integrity and architecture. For most of the neural plate-neural tube transition, cells are
polarized along the apicobasal axis. The establishment and maintenance of this polarity requires many polarity proteins that mediate
cell- cell adhesion either directly or indirectly. Intercellular adhesion reduces tissue plasticity and enhances tissue integrity. However, it
remains unclear how apicobasal polarity is regulated to meet the opposing needs for tissue plasticity and tissue integrity during neuru-
lation. Here, we show that N-Cad/Z0-1 complex-initiated apicobasal polarity is stabilized by the late-onsetting Lin7c/Nok complex after
the extensive morphogenetic cell movements in neurulation. Loss of either N-Cad or Lin7c disrupts neural tube formation. Furthermore,
precocious overexpression of Lin7c induces multiaxial mirror symmetry in zebrafish neurulation. Our data suggest that stepwise matu-
ration of apicobasal polarity plays an essential role in vertebrate neurulation.

Introduction

Primary neurulation in vertebrates involves the induction of the
neural plate from the dorsal ectoderm and the subsequent mor-
phogenesis of the neural tube from the neural plate (Colas and
Schoenwolf, 2001; Lowery and Sive, 2004). In zebrafish, this mor-
phogenetic transition is accomplished via intermediary struc-
tures, the neural keel and neural rod (Kimmel et al., 1995).
During morphogenesis of the neural tube, cells in the neural plate
first polarize along the ventrodorsal axis (Colas and Schoenwolf,
2001). Subsequently, the dorsal-facing apical surfaces of the lat-
eral neural plate cells turn medially via either bending of the
neuroepithelium, as in chickens, or medially directed protrusive
movements, as in frogs and zebrafish (Davidson and Keller, 1999;
Colas and Schoenwolf, 2001; Hong and Brewster, 2006). The
resulting neural tube displays an overall bilateral symmetrical
organization of both anatomical structures and gene expression
patterns across the midline axis. Before cell differentiation, the
apical surfaces of individual cells enclose the neural tube lumen,
and their basal surfaces demarcate the outer boundary of the
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neural tube. In addition, neural tube cells adhere to each other to
form a tight coherent monolayered neuroepithelial sheet.

To ultimately form this tubular structure, the neural tissue
needs necessary plasticity to accommodate the shape and posi-
tion changes of individual cells during the proceeding neural
plate—neural tube transition. Equally importantly, the tissue also
needs a certain degree of rigidity/cohesiveness to organize indi-
vidual cells into a coherent group to maintain its architectural
stability and integrity. Cells in most tissues make adhesive con-
tacts with neighboring cells or with the extracellular matrix. Static
and strong cell-cell adhesion strengthens tissue integrity,
whereas weak and unstable cell-cell adhesion prompts tissue
plasticity. To accommodate the dynamics of neural tube mor-
phogenesis, the neuroepithelium must modulate the balance be-
tween plasticity and integrity according to the changing needs of
morphogenesis. It is unclear how such modulation is accom-
plished during neurulation. To gain insight into the modula-
tion of this balance, we decided to start by analyzing the
development of the apicobasal polarity of the neuroepithelium be-
cause many polarity proteins, such as Cadherin complex, Par3 com-
plex, Crumbs complex, etc. participate in cell-cell adhesion either
directly or indirectly (Knust and Bossinger, 2002; Nelson, 2003;
Wang and Margolis, 2007).

Genetic studies suggested that polarity protein complexes play
essential roles in neurulation. For example, loss of N-Cadherin
(N-Cad), an apical transmembrane protein that mediates ho-
mophilic adhesion at the adherens junctions, leads to the disrup-
tion of neurulation (Jessell, 1988; Lele et al., 2002; Malicki et al.,
2003; Hong and Brewster, 2006). However, it remains unclear
how polarity protein complexes interplay with each other to
adapt to the dynamic morphogenetic process of neurulation.
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Figure1. Confocalimmunohistochemical analyses revealed that the upregulation of Lin7 expression (red) in the order of anterior to posterior and ventral to dorsal lags behind that of Z0-1 (blue)
during neurulation. The actin signal is in green. A, At the 1-ss, transverse imaging showed that Z0-1 is detectable in the tight junctions in the skin (arrowheads) but not in the neural plate cells,
whereas Lin7 expression is not detectable in either region. The neural plate cells (asterisks) are not yet elongated. B, At the 5-ss, transverse imaging showed that Z0-1 staining appears as small
punctate foci in the apical junctional regions of the neural plate cells (arrows). Arrowheads indicate the stronger Z0-1 staining at the tight junctions in the skin. The inset shows an enlarged region.
Again, Lin7 is not detectable at this stage. €, At the 10-ss, coronalimaging of the CNS revealed higher expression of Lin7 in the anterior part of the CNS than in the posterior. Z0-1is present throughout
the neural keel along the anterior—posterior axis at this stage. Arrows indicate Lin7 staining in the apical surface of optic vesicle (OV). Arrowheads indicate Lin7 staining in the (Figure legend continues.)
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Mammalian Lin7 homologs were found to be involved in cell
polarity and tissue integrity in epithelia (Bohl et al., 2007) and in
the formation and function of synaptic junctions between neu-
rons (Butz et al., 1998; Irie et al., 1999; Jo et al., 1999). lin-7 was
initially identified in C. elegans as a mutation that affects vulva
differentiation (Ferguson and Horvitz, 1985). In zebrafish, we
identified three lin7 genes: lin7a, lin7b, and lin7c (Wei et al,,
2006a). It is unknown whether or not lin7 genes play a role in
neural tube morphogenesis.

Here, we demonstrate that during neurulation, the expression
of ZO-1 and N-Cad, which are required to initiate the apicobasal
polarity, temporally precedes Lin7c, which is required to main-
tain the apicobasal polarity. We provide evidence to show that
this stepwise maturation of the apicobasal polarity is essential for
vertebrate neurulation.

Materials and Methods

Animal care. Zebrafish AB wild-type and N-cad™'!” embryos were raised
at 28.5°C in E3 egg water until the desired developmental stages. All
procedures for frog, zebrafish and chicken embryos conformed to the
University of Pittsburgh standards for care and use of animals in
research.

Immunohistochemistry. Lin7b was used as an antigen to generate rabbit
polyclonal antibodies, which recognize Lin7a—c (Wei et al., 2006a).
The detailed standard protocol for immunohistochemistry can be
found in previous studies (Wei etal., 2006a,b). For sequential labeling
of Lin7 and Nok, the embryo sections were first immunostained for
Nok with the standard protocol, fixed again with 4% paraformalde-
hyde at room temperature for 2 h, washed extensively, and then im-
munostained for Lin7.

Morpholino knockdown. To block Lin7c translation, ~2 nanograms of
Gene-Tools anti-lin7c morpholino-1 (5'gtgaaagctccagagttgegactcg3’) or
anti-lin7c morpholino-2 (5'ccagagttgcgactcggeggetgtg3’) at 1.5 or 1
g/ pl in water were injected into each AB wild-type embryo at the one-
to four-cell stages. For embryonic morpholino injection controls, the
same amount of anti-ponli morpholino (5'gccaacacggtacacgttcagagca3’)
or amorpholino against green opsin (5’ gaatgagcagttcaactcctctaag3’) were
injected into AB wild-type embryos at the one- to four-cell stages. Anti-
ponli morpholino suppresses the late-onsetting photoreceptor-specific
ponli gene and does not cause detectable developmental defects in ze-
brafish embryos (J. Zou, X. Yang, and X. Wei, unpublished data).

Mpyc-Lin7c mRNA in vitro synthesis and embryonic injection. Lin7c-
coding cDNA (Wei et al., 2006a), amplified by PCR with a forward
primer (5'tctgaattcaatggectctttaggagaa3’) and a reverse primer (5'ge-
gagatctctacttggggaagttgtt 3'), was fused downstream of Myc tag, between
the EcoRI and the BgIII sites of the pXT7-myc plasmid (from Dr. Len
Zon, Harvard Medical School Boston, MA). The Myc-Lin7c¢ mRNA was
synthesized with the mMESSAGE mMACHINE T7 Kit (Ambion) and
was purified with phenol/chloroform extractions, precipitated with iso-
propanol, and re-dissolved in distilled water (DNase, RNase free) at 40
pug/ml. ~300 picograms of myc-Lin7c mRNA was injected into each
zebrafish embryo at the one- to four-cell stage.

Cell division inhibition treatment. Cell divisions in zebrafish embryos
were blocked according to Ciruna et al. (2006). Briefly, embryos were
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(Figure legend continued.)  apical surface of the brain neuroepithelium. D, Transverse imaging
of the neural keel at the 10-ss revealed that the neuroepithelial cells are well elongated. The
longer axes of these cells in the lateral regions tilt toward the midline. Z0-1-positive subcellular
structures are scattered in a broad region near the midline (arrows). Arrowheads indicate Z0-1
expression in the skin cells. E-H, At the 15-ss, transverse imaging showed that Lin7 localizes
apically in the forebrain (E, arrows) and anterior neural rod (F, arrows). In the more posterior
neural rod, the Lin7 level is higher in the ventral region than in the dorsal region (G, arrow). Lin7
is undetectable in the neural keel (H), where Z0-1 expression (blue) is apparent. Double-headed
arrows indicate the anterior (A)—posterior (P) or dorsal (D)—ventral (V) axes. The dashed lines (4, B)
indicate the midline region. Scale bars, 30 pum.
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treated with 100 mm aphidicolin (Sigma) and 20 mm hydroxyurea
(Sigma) dissolved in 4% DMSO from ~90% epiboly to the 15- or 20-
somite stage (ss). Embryos were then washed with 1X PBS to remove the
inhibitors.

Baculovirus expression and GST-pulldown analysis. To analyze protein-
protein interactions, desired polypeptides were cloned in the Baculovirus
expression vectors pAcSG2 (BD Biosciences) for eukaryotic expression.
To express GST fusion proteins, GST coding sequence was first cloned in
the pAcSG2 vector at the Xhol and EcoRI sites to make the pAcSG2-GST
vector. The Lin7-a, -b, and -c coding regions were cloned between the
EcoRI and BgII sites of pAcSG2-GST. To express Nok-His fusion pro-
teins, the full-length or truncated Nok were first fused with His tag at the
C terminus by PCR amplification. Nok-His fusion DNA fragments were
then cloned in pAcSG2.

Recombinant Baculovirus strains were generated with the Baculo-
virus Expression System according to the manufacturer’s protocol
(PharMingen). Briefly, 0.5 ug of baculoGold DNA and 2.5 g of each
PAcSG2-derived Nok, Lin7 or GST construct were used to cotransfect
50-70% confluent Sf9 cells. Each recombinant baculovirus strain was
plaque-purified, amplified in Sf9 cells, and tittered by a plaque assay.

To perform GST-pulldown analyses, we coinfected 70% confluent Sf9
cells with the desired pairs of recombinant viruses and cultured the cells
for 4 d at 27°C. Lysates of cotransfected cells (with 1% Triton X-100, 1 X
PBS, and protease inhibitor cocktails (Roche)) were incubated with pre-
treated 100 wl high-affinity GST resin (GenScript Corporation) at 4°C
for 40 min. The incubations were terminated by washing the beads
with chilled PBS 10 times by centrifugation at 4°C. Proteins were then
eluted from the GST affinity resin and analyzed by Western blotting
with anti-His antibody (Cell Signaling Technology), polyclonal anti-
GST antibody (1:3000), and monoclonal anti-y-tubulin antibody
(Sigma, 1:3000) separately.

Western blot analysis. Embryos were ground and extracted in a lysis
buffer [1 X PBS, 1% Triton X-100 and 1 X protease inhibitor cocktail
(Roche)] for 30 min on ice. The supernatants of the lysates after centrif-
ugation were mixed with a 6X SDS sample buffer and boiled for 5 min.
Lysate proteins were separated by 15% SDS-PAGE and analyzed by stan-
dard Western blotting technology.

dlx3 in situ analysis. The in situ analysis was performed using the method
described previously (Zou et al., 2006). To make the digoxigenin-dix3
RNA probe, a pBluescript KS(-) construct that contains a 1.5kb dix3
cDNA at the EcoRI site (provided by Dr. Michael Tsang, University of
Pittsburgh School of Medicine, Pittsburgh, PA) was first linearized with
Sall. The linearized construct was transcribed with T7 mMESSAGE mMA-
CHINE Kit (Ambion). After the RNA synthesis, the DNA templates were
removed via DNase I digestion. RNA probes were precipitated with ethanol
and dissolved in 50% formamide and stored at —80°C.

Live imaging of nuclear movement. Wild-type or Myc-Lin7c-overexpressing
Histone2A-GFP transgenic embryos (Pauls et al., 2001) were examined
live under an Olympus Fluoview FV1000 confocal microscope with a
40X water lens (Olympus PlanApo 40X/0,90 WLSM ©/0,17) for nuclear
movements. Embryos at the 12-ss were mounted in 1% low melting
agarose on a FluoroDish (World Precision Instrument). The embedded
embryos were then immersed in E3 egg water to keep them alive during
the observation.

Primer sequences for Nok and Lin7 fusion constructs. The following are
the polypeptide regions and sequences of the primers used in the
fusion protein construction (restriction sites in the primers are in
italics): Nok- nsth_Hig: His is at the C terminus, forward primer:
5'acgtgcgaattcatgcagaaagcacccectc3’, reverse primer: 5’ gccacgagatcttcaat-
gatgatgatgatgatggcgcagecaggatgaagg3’); Nok 2N "127C_His  contains
L27N and L27C domains, forward primer: 5'acgtgcgaattcatgcagaaagcac-
cccte3’, reverse primer: 5’ cgcggtagatcttcaatgatgatgatgatgatgecactgggtga-
gagtctc3’; Nok “#"N-His, contains the L27N domain: forward primer:
5'acgtgcgaattcatgcagaaageaccectc3’, reverse primer: 3’ cgeagatcttcaatgat-
gatgatgatgatgcagggtctgtgcgtgate; Nok “27“-His, contains the L27c and
downstream domains, forward primer: 5'ttgctagaattcatgaaccggcccage-
ccc3’, reverse primer: 5'gccacgagatcttcaatgatgatgatgatgatggegeagec-
aggatgaagg3’; Nok© *r™min_His contains the PDZ, SH3, Hook, and
GUK domains, forward primer: 5'acgtacgaattcatgcagctggagectctt3’, re-
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Figure 2.

Lin7cis expressed during neurulation and physically interacts with the L27C domain of Nok. A-C, Sequential labeling of Lin7 (red) and Nok (green) revealed their colocalization to the

apical surface of the retina (4) and the brain epithelia (B) at 24 hpf. No red fluorescence was detectable when pan-Lin7 primary antibodies were not used (C), demonstrating the specificity of the
sequential labeling. D, The diagram illustrates the constructs of the Nok-His and GST-Lin7 fusion proteins that were used in the pulldown analysis (E). E, A GST pulldown analysis demonstrated that
Nokinteracts with Lin7cand Lin7a via its L27C domain. Anti--y-tubulin blots confirmed that the His signals in the pulldown fractions were not due to nonspecific precipitation. In, Input fractions; Pd,
pulldown fractions. F, A Western blot analysis revealed that Lin7a is not detectable at the 15-ss and that Lin7c s expressed at a much higher level than Lin7b. In contrast, all three Lin7 genes are

expressed at 48 hpf.

verse primer: 5'gccacgagarcttcaatgatgatgatgatgatggegeagecaggatgaagg3’;
GST, forward primer: 5'tagctcgagatgtcccctatactaggt3’, reverser primer:
5'cgcgaattcatcegattttggaggatg3’; GST-Lin7a, full length, forward primer:
5'tctgaattcatggcgacagtgacagtc3’, reverse primer: 5’ ggtagatctctacgacatgtg-
gttttg3’; GST-Lin7b, full length, forward primer: 5'tatgaattcatggcggcgat-
gacagaa3’, reverse primer: 5'ggtagatctttaacccctggactccaa3’; GST-Lin7c,
full length, forward primer: 5'tctgaattcatggcctctttaggagaa3’, reverse
primer: 5'gcgagatctctacttggggaagttgtt3’.

Results

Lin7 expression lags behind ZO-1 expression

during neurulation

To determine whether any of the three lin7 genes (lin7a, lin7b,
and lin7c) function during zebrafish neurulation, we first visual-
ized Lin7 during neurulation with pan-Lin7 antibodies. We

found that Lin7 is not detectable in the neural plate at the 1-ss
(Fig. 1A). At the 5-ss, it is barely detectable at the apical surface of
the optical vesicle and the neural plate (see Figs. 1 B, 4A). At the
10-ss, the Lin7 signal in the apical surface of the optical vesicle is
evident (Fig. 1C, arrows) and is also present in the apical surface
of other anterior neuroepithelial regions (Fig. 1C, arrowheads)
but is not detectable in the posterior neural keel (Fig. 1D). At the
15-ss, apical Lin7 expression persists in the optical vesicle and the
forebrain, colocalizing with actin bundles and ZO-1 (Fig. 1 E,F). In
the neural rod, the emerging Lin7 expression is greater in the ventral
apical regions than in the dorsal regions (Fig. 1G, arrow). In the
posterior neural keel, Lin7 is still not detectable (Fig. 1 H). At 24 h
postfertilization (hpf), Lin7 signal is present at the apical regions of
the entire brain and spinal epithelia (Fig. 2A—C) (data not shown).
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Loss of Lin7c function causes defects in neural tube morphogenesis at late but not early stages of neurulation (anti-/in7c morpholino-1 used in this figure). A-D, The neural

keel/rod of a lin7c morphant (C, D) is wider and shorter than that of a wild-type (WT) embryo (A, B) at the 15-ss. E-G, dlx3 in situ hybridization revealed that early convergent extension
was not affected in /in7c morphants at the 5-ss, and only slightly affected at the 10-ss in small number of embryos. At the 20-ss, the neural tube region is wider in the morphants than
in the untreated wild type. Opposing arrows indicate the otic placodes or vesicles. Arrowheads indicate the olfactory placodes. Four embryos of varying phenotypes at the 10- and 20-ss
were chosen to illustrate the wide spectrum of neurulation defects in the morphants. The distance between the left and right otic placodes indicates no apparent convergent extension
defects at the 5-ss and the 10-ss on average. Due to ectopic or missing optic vesicles in some morphants at the 20-ss, the distance between optic vesicles was only measured for the 20-ss
embryos that displayed two identifiable otic vesicles (¥, 21 out of 29 embryos). H, A Western blot analysis of lysates of 48 hpf embryos showed that anti-/in7c morpholino treatment
specifically blocked the translation of Lin7c but not that of Lin7a and Lin7b. Lane 1, Untreated wild type; lane 2, lin7c morphants. Error bars are SDs.

Unlike Lin7, ZO-1 is expressed much earlier during neurula-
tion. ZO-1is a marker for N-Cad-mediated adherens junctions in
the neuroepithelium (Itoh et al., 1993; Aaku-Saraste et al., 1996;
Imamura et al., 1999). At the 1-ss, ZO-1 is also not detectable in
the neural plate cells, which are round and not likely polarized
(Fig. 1A). However, at the 5-ss, weak ZO-1 staining emerges at
the dorsal cell-cell junctional regions of the neural plate cells as
they start elongating along the dorsoventral axis, marking the
emergence of the apicobasal polarity of the neural plate cells (Fig.
1B, arrows). At the 10- and 15-ss, ZO-1 localizes to the apical
regions of the entire neural keel and neural rod, including regions
where Lin7 signal is undetectable (Fig. 1 E-H ). At the 10-ss, ZO-1
positive foci cluster in the vicinity of the midline (Fig. 1D, ar-
rows). The scattered ZO-1-positive foci eventually align linearly
along the dorsoventral axis in the midline region before Lin7c is
detectable (Fig. 1 F-H ), marking the establishment of the neural
rod’s single-axial bilateral symmetry. Thus, Lin7 expression lags
behind that of ZO-1, which coincides with neural plate cell po-

larization. In addition, Lin7 expression in neurulation follows the
anterior-to-posterior and ventral-to-dorsal spatial order.

Lin7c, but not Lin7a and Lin7b, interacts with Nok

during neurulation

To determine which of the three zebrafish lin7 genes plays a
role in neurulation, we examined their expression levels by
immunoblots. We found that at the 15-ss, Lin7c is expressed at
a significantly greater level than Lin7b. However, Lin7a is not
detectable (Fig. 2F). This excludes the role of Lin7a in
neurulation.

To further determine whether Lin7b or Lin7c plays a role in
neurulation, we examined whether either one physically interacts
with Nagie oko (Nok) because the requirement of Nok for the
apical distribution of Lin7 in the neuroepithelium suggests a
physical interaction between them (Wei et al., 2006a). Nok, a
member of the MAGUK (membrane-associated guanylate ki-
nase) protein family, is essential for retinal and brain develop-
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ment (Wei and Malicki, 2002; Wei et al., 2006a; Zou et al., 2008).
It has been known that the Lin7 homologs form complexes with
other proteins via their L27 and PDZ domains (Feng et al., 2004).
GST-pulldown experiments revealed that the L27C domain of
Nok interacts with both Lin7a and Lin7c, but not with Lin7b (Fig.
2D,E). Because Lin7b is only weakly expressed and Lin7a is not
expressed yet during neurulation (Fig. 2F), we inferred that
Lin7c—but not Lin7a or Lin7b—plays a role in neurulation by
forming a complex with Nok. This notion is supported by the
colocalization of Nok with Lin7 signal at the apical surface of the
brain and spinal epithelia (Fig. 2A-C).

Lin7c is required for neuroepithelial cell polarity
maintenance and proper neurulation

To investigate the functions of Lin7c during neurulation, we
next knocked down Lin7c protein expression with anti-lin7c
morpholino-1 or -2. The two morpholinos bind to different se-
quences of the 5'UTR of the lin7c mRNA and gave identical
knockdown results. Western blotting and BLAST searches of the
zebrafish genome indicated that they both specifically suppress
the lin7c gene (Fig. 3H) (data not shown). At the 15- and 20-ss,
loss of Lin7c expression resulted in wider and shorter neural
rods/keels (Fig. 3A—G). However, morpholino-mediated knock-
down of Lin7c did not appear to affect convergent extension at
early stages of neurulation before the 5-ss, as suggested by the in
situ hybridization of dix3 in lin7c morphants (Fig. 3E-G). DIx3, a
homeobox transcription factor, is expressed at the boundary of
the neural plate during gastrulation and more strongly in the otic
and olfactory precursor cells and placodes later in development
(Akimenko et al., 1994). The distance between the lateral dlx3
strips reflects the progress of convergent extension (Hong and
Brewster, 2006).

To analyze the roles of Lin7c in neurulation at the subcellular
level, we examined cell morphologies and distribution of the po-
larity markers actin bundles and ZO-1 in the neural tissue of lin7c
morphants and N-cad™'!” mutant embryos at the 5-, 7-, and
20-ss (Fig. 4). N-cad™!'” mutation disrupts N-Cad (Lele et al.,
2002; Malicki et al., 2003). Because of the spatial expression order
of Lin7c (Fig. 1), we chose to examine the cross-sections through
the optical vesicle for the 5- and 7-ss. At the 5-ss in wild type,
neural cells are polarized, as indicated by the apical localization of
Z0-1 foci and actin bundles (Fig. 4 A). At this stage, Lin7c signal
is barely detectable (Fig. 4A). Consistent with this, no apparent
polarity defects were observed in lin7c morphants at the 5-ss (Fig.
4B).In contrast, in N-cad™"'” mutants, the polarity of neural cells
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Figure4. N-Cadis required to establish the apicobasal polarity of the neuroepithelium, and
Lin7cis required to maintain the polarity. A—C, At the 5-ss, actin bundles and Z0-1in the optical
vesicle and brain neuroepithelium localized apically in wild type (A) and /in7c morphants (B). In
contrast,in N-cad™"” mutants, the polarity is disrupted and Z0-1foci are scattered in the neural
tissue (C). D—F, At the 7-ss, apicobasal polarity is still largely present in /in7c morphants (E;
anti-fin7c morpholino-2 was used.), although the apical surface of the neuroepithelia was not
as even as in wild type (D). Arrows indicate the weak Lin7c expression at the apical surfaces of
the neuroepithelium in wild type (D). In contrast, apicobasal polarity of neural cells is disrupted
in N-cad™"” mutants (F). G-J, At the 20-ss, Lin7c (arrows), Z0-1 and actin bundles localize to
the apical region of the elongated neuroepithelial cells of the wild-type neural rod (G). Unlike in
wild type, apicobasal polarity of the neural rod is disrupted in /in7c morphants (H) and in 20-ss
N-cad™ " mutants (I, J). While most Lin7c-positive subcellular structures (arrowheads) were
also enriched with Z0-1in N-cad™"” mutants, Z0-1was not detectable in certain Lin7c-positive
foci (J, arrows). OV, Optical vesicle. Anti-/in7c morpholino-2 was used for B and E; anti-lin7c
morpholino-1 was used for H (see supplemental Fig. 1, available at www.jneurosci.org as
supplemental material, for similar results obtained with anti-fin7c morpholino-2 for the 20-ss).
Scale bars, 30 um.
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is disrupted, leading to round cell morphology and scattered
Z0-1 foci in the neural tissue (Fig. 4C). At the 7-ss, weak Lin7c
expression is detectable at the apical surface of the optical vesicle
and the forebrain in wild type (Fig. 4D). Loss of Lin7c by lin7c
morpholino injection did not cause severe polarity defects of the
cells at the 7-ss, although the apical surfaces of the tissue were not
as evenly defined as in wild type (Fig. 4 E). Again, cell polarity is
completely disrupted in N-cad™''” mutants at the 7-ss (Fig. 4 F).
By the 20-ss, the elongated cell morphology is lost in the neural
rods of both N-cad™"'” mutants and Lin7c morphants (Fig. 4G—J;
supplemental Fig. 1, available at www.jneurosci.org as supple-
mental material). In addition, cells spread out more in the
medial-lateral direction, which led to wider CNSs. Moreover,
while the ZO-1-enriched foci still existed, they did not align in the
ventrodorsal midline of the neural tissue as in wild type (Fig.
4 H-J; supplemental Fig. 1B, available at www.jneurosci.org as
supplemental material). The loss of Lin7 immunostaining in
lin7c morphants confirms that Lin7c, but not Lin7a or Lin7b, is
expressed during neurulation (Fig. 4H). In N-cad™'” mutant
embryos, Lin7c is enriched in certain subcellular structures, most
of which are also enriched with ZO-1 (Fig. 4], arrowheads). But
some Lin7c foci are devoid of both ZO-1 (Fig. 4], arrows).

These results suggest that N-Cad but not Lin7c is required to
establish proper cell polarity during early neurulation. Lin7c is,
however, required to maintain cell polarity of the neuroepithe-
lium and proper morphogenesis during later neurulation. The
similar polarity defects in N-Cad mutants and Lin7c morphants
at the 20-ss suggest that the N-Cad/ZO-1 and Lin7¢/Nok com-
plexes synergistically establish/maintain the apicobasal polarity
of the neuroepithelium during neurulation.

Precocious and excessive expression of Lin7c induces
multiaxial mirror symmetry in the CNS

We next analyzed the consequences of overexpressing Myc-Lin7c
fusion protein by mRNA injection. At moderate expression lev-
els, Myc-Lin7c¢ was primarily localized at the apical region of the
neural epithelium at the 20-ss, similar to endogenous Lin7c (Fig.
5A, white arrows). While most of these embryos had morpholog-
ically normal neural rods, ~10% of the embryos (N = 31) devel-
oped three-axial mirror symmetry, as indicated by the Y-shaped
distribution of apical F-actin bundles and Nok (Fig. 5A). Exces-
sive expression of Myc-Lin7c, as indicated by both diffusedly
distributed and apically localized Myc-Lin7c, yielded embryos
that displayed either bifurcated multiaxial mirror symmetry (Fig.
5B) or two separated neural rods/tubes in ~41% of the cases at
the 20-ss (Fig. 5C; N = 29). Each distinct neural tube possessed a
mirror symmetry of its own, as indicated by the basal localization
of basal marker GFAP (Tawk et al., 2007) and proximal localiza-
tion of apical marker ZO-1 at 30 hpf (Fig. 5D). In addition, the
ventricles in each neural tube also emerged over time (Fig. 5D,
white arrows).

Because Lin7c is not apparently expressed during early stages
of neurulation (Fig. 1), we expected that Myc-Lin7c might not
affect neural development during the transition from the neural
plate to the neural keel/rod, because its binding partners still
might not have been expressed sufficiently to form functional
complexes with Myc-Lin7c. To confirm this hypothesis, we com-
pared dlx3 expression patterns between embryos injected with
GFP mRNA alone and embryos coinjected with GFP mRNA and
Myc-Lin7c¢ mRNA (expression levels of coinjected GFP relatively
reflected the levels of Myc-Lin7c). Regardless of the expression
level, Myc-Lin7c did not affect convergent extension at either the
5- or 10-ss, as indicated by the similar distances between the otic
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Overexpression of Lin7cinduces either multiaxial mirror symmetry in the CNS or multiple neural tubes. The embryos injected with Myc-Lin7c mRNA were examined at the 20-ss or 30

hpf for neural tube development and for the localization of basal maker GFAP and apical markers Z0-1, Nok, and actin bundles. The column at right is the schematic drawings that illustrate the
multiaxial mirror symmetry of the CNS. Red-dashed lines mark the axes of mirror symmetry. 1° indicates primary axes; 2° indicates secondary axes; and 3° indicates ternary axes. Opposing blue
arrows illustrate the mirror arrangements of cellular and subcellular structures. A~C, When moderately expressed, Myc-Lin7c (blue) localized apically at the bifurcated apical surface () at the 20-ss.
The asterisk indicates the accumulation of cells between the branches of the bifurcated apical surface. When expressed at higher levels (B, €), Myc-Lin7¢ localized both apically (arrowheads) and
diffusely at the 20-ss. In some embryos, bifurcated multiaxial mirror symmetry was observed (B); in other embryos, two or more separate neural tubes were present (C). D, At 30 hpf, basal marker
GFAP (red, arrowheads), apical marker Z0-1 (blue, arrows), and actin bundles (green, arrows) localized to the proper regions in each separated neural tube. Scale bars, 30 m.

placodes (Fig. 6 A, B,D). However, embryos that expressed high
levels of Myc-Lin7c displayed a wider CNS region at the 20-ss. In
addition, unilateral or ectopic dIx3-positive regions were ob-
served in some embryos (Fig. 6C).

Thus, the positive correlation between the prevalence of mul-
tiaxial mirror symmetry and the level of Lin7c expression sug-
gests that Lin7c functions temporally in neural tube development
in a delicate dose-dependent manner.

Temporal regulation of Lin7c expression during C-division
and P-division

The accumulation of cells in the region between the bifurcated
apical surface branches in Lin7c over-expressing embryos (Fig.
5A, asterisk) suggests that the ectopic neural tube might result
from either abnormal cell division or aberrant cell migration. At
the mid-late stages of zebrafish neurulation, two types of cell
division exist: cross-division (C-division) and parallel-division
(P-division). In a C-division, one of the two daughter cells crosses

the neural keel/rod midline. C-divisions are unique to the teleost
and occur during the transition from the neural keel to the neural
rod. In contrast, in a P-division, which occurs at late stages of
neurulation, the orientation of cell division is parallel to the neu-
roepithelial apical surface so that both daughter cells are retained
on the same side of the midline (Kimmel et al., 1994; Concha and
Adams, 1998; Geldmacher-Voss et al., 2003).

To determine whether expression of Lin7c interferes with
normal processes of C-division or P-division, we first analyzed
whether or not Lin7c is apparently expressed during these two
types of cell division at the neural keel/rod stage. We found that
Lin7c is undetectable in areas where C-divisions occur with con-
focal microscopy (Fig. 7A, arrows indicate the two daughter cells
striding the ZO-1-marked midline). In contrast, in regions where
P-divisions occur, Lin7c is enriched at the apical surface of neu-
roepithelium, but not at the cell cleavage furrow, throughout the
cell cycle (Fig. 7B-E). Occasionally, both a P-division and
C-division were observed in the same tissue section. Whenever
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Overexpression of Myc-Lin7¢ caused apparent neurulation defects at the 20-ss but not before the 10-ss. The dlx3 in situ staining was used to mark the boundary of the neural plate. The

otic precursor cells or otic vesicles are indicated with opposing arrows. 4, Injection of GFP mRNA as a control did not affect neurulation, as suggested by normal dlx3 staining at the 5-, 10-, and 20-ss.
Arrowheads indicate the olfactory placodes. B, At the 5- and 10-ss, dlx3 staining did not show apparent developmental defects of neurulation in embryos coinjected with Myc-Lin7c and GFP mRNAs
(the latter served as a marker for injection and expression). Arrowheads indicate the olfactory placodes. C, At the 20-ss, overexpression of Myc-Lin7c caused defects in neurulation as suggested by
the widening of the neural tube field and shortening of the anterior—posterior axis. In addition, the ectopic positioning of otic vesicles or olfactory placodes was observed in some embryos. Eight
embryos of different levels of effects were presented, with the mildest at the upper left corner and the most severe one at the bottom right corner. D, The distance between the left and right
dlx3-positive otic vesicles was measured and compared at the 5-, 10-, and 20-ss. The embryos with milder GFP expression (one plus sign) and stronger GFP expression (two plus signs) were analyzed
separately. At the 20-ss, 52 out of the 73 myc-lin7c mRNA injected GFP+ + embryos showed ectopic or missing otic vesicles and were not measured (). Error bars stand for SDs. Inj., Injection.

that happened, the P-division always localized to the ventral neu-
ral rod regions where Lin7c expression was apparent, whereas the
C-division always localized to the dorsal region that lacked de-
tectable Lin7c expression (data not shown). Because Lin7c phys-
ically interacts with Nok (Fig. 2), we expected that Nok might also
be temporally and spatially regulated during C- and P-divisions.
Indeed, Nok expression occurs in the same manner as Lin7c:
undetectable in regions undergoing C-divisions (Fig. 7F) and
apically localized in regions undergoing P-divisions (Fig. 7G).
While we cannot exclude the possibility that Lin7c and Nok are
expressed at undetectable levels during C-divisions (see more in
discussion), the above expression patterns suggest that repression
of Lin7¢/Nok complex during C-division may be critical for nor-
mal neurulation.

The lack of Lin7¢ during C-division (Fig. 7A) suggests incom-
patibility between C-division and Lin7c expression. To deter-
mine whether precocious and excessive Myc-Lin7c¢ expression
creates multiaxial mirror symmetrical neural tubes by interfering
with C-division, we treated the Myc-Lin7c-expressing embryos
with aphidicolin and hydroxyurea to block cell division from
90% epiboly to the 20-ss, when C-divisions mainly occur. Even in
embryos with a very high level of Myc-Lin7c (suggested by the
presence of both apical localization and diffuse distribution of
Myc-Lin7c), we never observed multiaxial mirror symmetry in
these embryos (N = 32) at both the neural keel/rod stage (Fig.
7H,I) and the neural tube stage (Fig. 7J,K). Thus, multiaxial
mirror symmetry resulting from Lin7c overexpression is likely due
to disruption of normal cellular behaviors during C-divisions, sug-
gesting the importance of repression of Lin7c complex constituents
during early stages of neurulation.

Lin7c overexpression causes aberrant cell movements and
ectopic aggregation of apical surfaces

To further analyze the behaviors of neuroepithelial cells in the
presence of excessive Lin7c, we performed live imaging of cell
nuclei in Histone 2A-GFP transgenic embryos (Pauls et al., 2001).

During wild-type convergent extension, the apical surfaces of
neuroepithelial cells align at the midline region, where C-division
occurs (Fig. 8A,B; supplemental movie 1, available at www.
jneurosci.org as supplemental material). In contrast, overexpres-
sion of Lin7c prompted the formation of cellular rosettes in the
neural tissue (Fig. 8C,D; supplemental Movie 2, available at www.
jneurosci.org as supplemental material). The interior of these
rosettes was enriched with apical markers ZO-1 and Myc-Lin7c,
which suggested that these cells were polarized with their apical
surfaces facing interiorly (Fig. 9, arrows). In addition, cells also
migrated interiorly to the apical region to divide (Fig. 8D, ar-
rows). Over time, some of these rosettes gradually fused together
and their interior apical surfaces realigned largely in the anterior—
posterior direction (Fig. 8C, arrows). However, such realign-
ments usually occurred in more than one region, leading to the
formation of multiaxial neural tubes. Abnormal cell divisions
around the anterior—posterior aligned apical surface were wide-
spread: Unlike the exclusive C-division in wild type at the 13- to
15-ss (Fig. 8 A, B), frequent P-division (Fig. 8 F) was observed in
these embryos. We also observed some cell division that was sim-
ilar to C-division (Fig. 8 E). However, because of multiple aligned
apical surfaces, the crossing cells were not able to reach to the
other side of the CNS but instead accumulated in the middle,
further disrupting neurulation. Thus, these dynamic changing
rosettes interfere with the globally coordinated cell movements
during convergent extension and eventually contribute to the
formation of multiple neural tubes.

Conservation of the late onset of Lin7 expression in frogs

and chickens

To investigate the significance of the late onset of Lin7¢/Nok
expression in zebrafish, we next compared the expression pat-
terns of Lin7 and ZO-1 in Xenopus laevis and chickens. In frogs,
neural epithelial cells perform medially directed protrusive activ-
ities at stage 20 (Davidson and Keller, 1999). We found that un-
like ZO-1, Lin7 is not expressed at this stage (Fig. 10A). When the
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Figure 7. Temporal and spatial requlation of the expression of Lin7c complex during C- and P-division is critical for proper neural tube development. M-phase nuclei were identified
by the condensed chromatin morphology (A-G, YO-PRO staining in green). A, Lin7¢ (red) is undetectable in the neural rod regions that exhibit C-division at the 15-ss. Arrows indicate the
sister-daughter nuclei at the anaphase/telophase, one on each side of the midline region marked by the Z0-1 staining (blue). B—E, During P-division, Lin7c (red, arrowheads) is strongly
present at the apical surface of the neuroepithelium, where Z0-1 (blue) localizes. Arrows indicate P-division nuclei at prophase (B), metaphase (C), anaphase (D), and telophase (E). No
Lin7cis observed at the cleavage furrow during anaphase and telophase (D, E). F, Nok expression is also absent in regions undergoing C-division (arrows) at the 15-ss. The Z0-1 staining
(blue) marks the midline region. However, ventral to the C-division nuclei, Nok signal was apparent at the ventral-most midline region in the neural rod (arrowhead). G, At the 20-ss,
strong Nok staining (red, arrowheads) was present at the apical surface of the neuroepithelium where a P-division (arrows) was occurring. H-K;, In the presence of cell division inhibitors,
overexpression of Myc-Lin7c (red, stained with anti-Myc antibody) did not induce multiaxial mirror symmetry at either the neural rod stage (H, /) or the neural tube stage (J, K). Actin
(green) accumulation at the apical surface of the neuroepithelium (arrows) confirms the presence of single-axial mirror symmetry. Asterisks indicate the lumen of the neural tube (J, K).
Scale bars, 30 wm.
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Figure8.  Overexpression of Lin7c causes abnormal cell movements and cell— cell adhesion, which lead to the formation of multiple neural tubes. The movements of nuclei in H2A-GFP transgenic embryos
(Pauls et al., 2001) were examined with live confocal imaging in the coronal plane, starting at the 12-ss. Hollow arrowheads indicate the anterior direction. 4, Time-lapse images of the neural keel-to-rod
transition (started at the 10-ss) reveal the narrowing of the tissue and the gradual formation of the midline region marked by the interphase-nucleus-free zone (arrows) in wild type. Arrowheads indicate the
lateral boundaries of the CNS. B, Time-lapse imaging reveals the midline crossing of one of the daughter cells (arrows) during a C-division in wild type. €, Time-lapse images revealed the irregular CNS
development in an embryo that overexpressed Myc-Lin7c. Arrows indicate that the interior regions of the cellular rosettes gradually fused to realign in an anterior—posterior direction. At 389 min, two
anterior—posterior-aligned interphase-nucleus-free zones (arrows) are evident. Arrowheads indicate the lateral boundaries of the CNS. D, M-phase nuclei (arrows) were positioned in the interior (asterisks) of
cellular rosettes, which were randomly packed in the CNS. E, Time-lapse imaging revealed a cell division that resembles the C-division of wild-type embryos. However, the crossing daughter cell got stuck with
agroup of cellsin the middle of the CNS. This group of cells was isolated by two interphase-nucleus-free zones (dashed line). F, At the regional anterior—posterior-aligned apical surfaces, a significant number of
cell divisions resembled P-divisions (arrows indicate one example). The dashed line indicates the interphase-nucleus-free zone. Scale bars, 30 pem.

neural tube lumen emerges at stage 30, strong Lin7 expressionis  presence of ZO-1 (Fig. 10C, double arrows). In chickens at the
present at the apical surface of the neural tube epithelium (Fig.  neural fold stage, weak Lin7 signal unexpectedly localizes to
10 B, arrows). Interestingly, during dorsal closure of the neural  the basolateral cell membranes, while ZO-1 localizes apically
tube, the roof plate cells still lack Lin7 expression despite the  (Fig. 10D, E). However, after the neural tube forms, Lin7 trans-
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Figure 9.

apical accumulation of Myc-Lin7c is already detectable. Scale bars, 30 wm.

locates to the apical surface, immediately apical to ZO-1 (Fig.
10F, G). Thus, in frogs and chickens, the apical localization of
Z0-1 precedes that of Lin7 as in zebrafish, indicating that the late
onset of the apical expression of Lin7 is even conserved in verte-
brates that use different cellular mechanisms for neurulation.

Discussion

Lin7c maintains the apicobasal polarity of

the neuroepithelium

In the absence of either Lin7c or N-Cad, the neural tissue loses
apicobasal polarity at late stages of neurulation. However, at early
stages of neurulation, the apicobasal polarity of the anterior neu-
roepithelium is disrupted in N-cad mutants but not in lin7c mor-
phants (Fig. 4). Considering the late onset of Lin7c expression in
neurulation, these data support that the N-Cad/ZO-1 complex is
required to initiate the apicobasal polarity of the neuroepithelial
cells, whereas the Lin7c¢/Nok complex is required to stabilize the
polarity, implying the stepwise maturation of the apicobasal po-
larity of the neuroepithelium.

How does the Lin7c complex stabilize the apicobasal polarity
at the molecular levels? Current knowledge of polarity proteins
suggests many hypothetical mechanisms. For example, the Lin7¢/
Nok complex may stabilize the actin cytoskeleton of individual cells.
One of the major functions of protein 4.1 family members is to
stabilize the actin cytoskeleton by cross-linking actin and Spec-
trin (Marchesi et al., 1990; Hoover and Bryant, 2000). Spectrin
links actin filaments into the cortical actin network (Grum et al.,

Overexpression of Myc-Lin7c leads to the formation of cellular rosettes in the neural tissue. Myc-Lin7c mRNA was
injected at the one- to four-cell stages. Embryos were fixed at ~12-ss. Arrows indicate the apical regions of cellular rosettes. These
regions are enriched with Z0-1 and Myc-Lin7c. The inset shows a magnification of a rosette. At this stage, most of the expressed
Myc-Lin7c localized diffusely in the cells, presumably because the apical targeting mechanism is not fully in place. Nevertheless,
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1999). The FERM domain of protein 4.1
family members serves to tether the cor-
tical actin cytoskeleton to the plasma
membrane by binding to certain trans-
membrane proteins, further stabilizing
the cortical actin cytoskeleton (Chishti et
al., 1998). A number of protein 4.1-family
members are expressed in neurons (Hoover
and Bryant, 2000). Because Nok has a pro-
tein 4.1-binding domain (Wei and Mal-
icki, 2002), the Lin7¢/Nok complex may
recruit a protein 4.1-family member to
stabilize the apical actin cytoskeleton.
Consistent with this hypothesis, Lin7¢/
Nok colocalizes with actin bundles at
the apical region of the neuroepithelium
(Fig. 1).

Alternatively, Lin7c/Nok complex may
directly recruit transmembrane proteins,
whose extracellular domains may partici-
pate in apical cell-cell adhesion. Such ad-
hesion may interlock individual cells’
apical polarity junctional complexes and
enhances the integrity and cohesiveness of
the neuroepithelium. Crumbs proteins
might be such transmembrane proteins to
participate in cell—cell adhesion. Stardust,
the fly homolog of Nok, directly interacts
with Crumbs via its PDZ domain. This
interaction is required to maintain the
apicobasal polarity and integrity of the
embryonic epithelium in the fly (Hong et
al., 2001). Unfortunately, due to the tech-
nical difficulty, experimental evidence for
direct participation of the extracellular
domain of Crumbs in cell-cell adhesion is
yet to be obtained.

Considering the vast number of protein-protein interaction
domains present in the apical scaffold proteins, the above may
just be two of many possible mechanisms by which the Lin7c/
Nok complex stabilizes apicobasal polarity. Adding to this com-
plexity, protein-protein interactions identified in other epithelia
may not be applicable to the neuroepithelium because different
subcellular localizations of Lin7 in a variety of epithelia suggest
distinct mechanisms. For example, unlike the apical localization
of Lin7c in the neuroepithelium, in mammalian kidney cells,
three mammalian /in7 genes (also known as Velis or MALs) are
expressed in a non-overlapping manner along the length of the
nephron at the basolateral membrane (Jo et al., 1999; Kamberov
et al., 2000; Olsen et al., 2005). We also observed basolateral
localization of Lin7 in frog skin cells (Fig. 10C, arrowheads).
Thus, the exact molecular mechanisms by which Lin7c stabilizes
apicobasal polarity during neurulation may become clear after all
the components of Lin7/Nok complex in the neuroepithelium
are identified.

Myc-Lin7c

Is stepwise maturation of apicobasal polarity necessary for
neural tube morphogenesis?

During vertebrate neurulation, the neural tube lumen develops
via either the “lumen-first” mode, as in chickens and mice (Colas
and Schoenwolf, 2001), or the “lumen-later” mode, as in ze-
brafish and frog (Davidson and Keller, 1999; Hong and Brewster,
2006). The morphogenetic differences between these two modes
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Figure 10.  Apical expression of Lin7 lags behind that of Z0-1 in Xenopus laevis (A~C) and chicken (D-G) neurulation. Actin staining (green) reveals cellular and tissue morphologies. A, During medial
intercalation of the neuroepithelial cells at stage 20, Lin7 (red) expression is not detectable in the frog neural fold. Z0-1 (blue; arrows) localizes to the apical side of the neural epithelial cells. B, At stage 30, Lin7
(red, arrows) localizes to the apical surface of the neural tube in frogs. €, Enlarged images of the dorsal region of the neural tube shown in Breveals that Lin7 expression lags behind that of Z0-1 n the roof plate
(double arrows). Apical Lin7 expression (arrows) at the lateral walls of the neural tube s strong. Arrowheads indicate Lin7 expression at the basolateral membrane regions in the skin cells. Double arrowheads
indicate the apical localization of Z0-1 at tight junctionsin the skin epithelium. D, E, At the neural fold stage in chickens, weak Lin7 signal (red) is present at the basolateral membrane regions of the neuroepithelial
cells. E shows a magnified local region of the epithelial wall in D. The apical surface is to the left. F, G, At the neural tube stage, a strong Lin7 signal is present at the entire apical surface of the chicken neural tube,
apical to the Z0-1 staining. G shows an enlarged local region of the epithelial wall in . Scale bars, 30 um.

would suggest that the underlying cellular and molecular mech- A close comparison among the three species reveals a com-
anisms are quite different. Unexpectedly, we found that ze-  mon feature regarding the timing of ZO-1/N-Cad function and
brafish, frogs, and chickens all exhibit a late onset of Lin7 apical ~ cellular movements during neurulation: at developmental stages
expression relative to N-Cad/ZO-1 (Figs. 1, 7, 10). when ZO-1 is highly expressed and Lin7 is absent or not fully
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C-division stage so that cells can accumu-
late a sufficient amount of Lin7c complex
components by the P-division period,
when they are needed. This may explain
why overexpression of Myc-Lin7c¢ did not

Level of apical determinants

affect convergent extension before the
5-ss, when C-division does not exist (Fig.
6). Precocious function of Lin7c may lead
to premature reduction of tissue plastic-
ity, which hinders the trans-midline cell
Time movements after C-division and prompts

neural plate ...... neural keel .............. neural rod ........cceeevieennnn neural tube

... C-division ..

Figure11.

vertebrates.

expressed, extensive cell movements take place. Specifically, in
frogs, neuroepithelial cells extend protrusive processes medially,
which sometimes reach beyond the midline into the opposite side
(Davidson and Keller, 1999) (Fig. 10). In zebrafish, C-division
results in the integration of half of the daughter cells into the
opposite side of the neural keel and rod (Figs. 7, 8). In chick-
ens, the neural plate folds to form the neural tube (Fig. 10). These
extensive morphogenetic cell movements require the neuroepi-
thelium to be fairly plastic to accommodate the shape and posi-
tion changes of individual cells. After the completion of these cell
movements, the tissue needs to stabilize its architecture and
integrity by reducing plasticity. The reduction in tissue plasticity
is partly attributable to the strengthening of the cytoskeleton
and cell-cell adhesion. As a homophilic adhesion molecule at the
adherens junctions, N-Cad not only initiates the apicobasal polarity
of individual cells during early convergent extension, but also up-
regulates tissue cohesion by strengthening cell-cell adhesion.
This cohesion is likely necessary to coordinate individual cells’
morphogenetic behaviors. Apparently, N-Cad/ZO-1-mediated
cell-cell adhesion does not completely abolish tissue plasticity at
early stages of neurulation because the tissue can still accommo-
date the shape and position changes of individual cells. After
these extensive cellular movements are completed, the Lin7c/
Nok complex may further reduce tissue plasticity by stabilizing
apicobasal polarity. Thus, stepwise maturation of apicobasal po-
larity appears to be compatible with the modulation of tissue
plasticity during neurulation.

The above notion is consistent with multiaxial mirror symme-
try in Lin7c-overexpressing embryos (Fig. 5). Excessive Lin7c
may drive precocious formation of functional Lin7c complex,
even when the remaining Lin7c complex constituents are still
below the thresholds normally required for forming functional
protein complex in wild type. Due to late expression of Lin7c
associates, such as Nok, it may be that precocious Lin7¢ function
only occurs when the expression of Lin7c partners reaches certain
levels, which may occur during the C-division period. Although
confocal microscopy did not show apparent expression of Lin7¢
and Nok in regions undergoing C-division (Fig. 7), this does not
exclude the possibility that the expression of Lin7c-complex
components is normally initiated at or immediately before the

Asimplified model shows how the temporal regulation of apical determinants facilitates the stepwise maturation of
the apicobasal polarity of the neuroepithelium. The first step concerns the initiation of the apicobasal polarity of neuroepithelium.
This step requires Z0-1 and N-Cad. The second step concerns the stabilization of apicobasal polarity. This step requires Lin7c and
Nok. This maturation process correlates with cellular morphogenetic events during neurulation, which eventually leads to the
formation of the single-axial bilateral symmetrical vertebrate neural tube. Schematic drawings show the representative morphol-
ogies of the cross sections of the CNS at each developmental stage, with blue for Z0-1/N-Cad localizations and red for Lin7c and Nok
localizations. While the diagram is based on certain features of zebrafish development, the generality may be applied to other

B the formation of cellular rosettes (Figs.
8D, 9). These rosettes segment the neural
tissue into regional blocks and lead to the
formation of ectopic apical surfaces,
which then develop into multiaxial mirror
symmetry in the CNS (Fig. 11). Cell divi-
sion might be a trigger for neurulation de-
fects because dramatic cell shape changes
during cell division may give cells oppor-
tunities to reposition abnormally and
form rosettes, consistent with the fact
that blockage of cell division completely
inhibited the formation of multiaxial neural tubes in Lin7c-
overexpressing embryos (Fig. 7H-K).

The involvement of Lin7c in apicobasal polarity and tissue
plasticity may not be the only perspective by which to investigate
the functions of Lin7c¢ in neurulation. From the standpoint of cell
morphology, Lin7c may also participate in controlling a proper
ratio between the apical surface area and the basal surface area of
neuroepithelial cells. Proper morphogenesis of the neural tube
requires a desired ratio between the apical and basal surfaces of
the tissues. During normal neurulation, the apical surface of the
neuroepithelium becomes smaller than the basal surface. In ad-
dition, the anterior—posterior axis of the apical surface needs to
be greater than the left-right axis in order for neural tube cells to
organize into a tubular structure in the anterior—posterior direc-
tion. Because Lin7c is expressed after the neural rod is formed,
Lin7c may be involved in stabilizing but not establishing the sur-
face area ratio by stabilizing the actin cytoskeleton, which largely
underlies cell morphology. Precocious Lin7c expression may lead
to abnormal stabilization of the apical surface and alter the nor-
mal ratio between the anterior—posterior axis and the left-right
axis, causing neural cells to aggregate into cellular rosettes.
Consistent with this hypothesis, unlike the upregulation of
Lin7c¢ during late neurulation, apical accumulation of Rho,
which is required for apical contraction, is downregulated after
the neural tube forms in chick neurulation (Kinoshita et al.,
2008). While speculative, the opposite temporal expression pat-
terns of Rho and Lin7c make it appealing to determine whether
the Lin7¢/Nok complex is required to target Rho for degradation
and hence to stop excessive apical constriction during late neu-
rulation. Excessive apical constriction can cause further invagi-
nation of the apical surface and lead to the formation of multiple
lumens. Fueling this speculation, apical protein complex Cdc42/
Racl/Par3/Par6 targets Smurfl E3 ubiquitin ligase to degrade
RhoA in the protrusions of cultured fibroblast cells (Wang et al.,
2003). Because the PDZ domain of Par6 interacts with the N
terminus of Palsl/Nok in MDCK cells (Hurd et al., 2003), it
would be intriguing to determine whether or not Lin7c¢/Nok
complex recruits the Par3/Par6/Cdc42 complex to downregulate
Rho during neurulation.
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In summary, our study provides novel insights into the mo-
lecular and cellular mechanisms by which the apicobasal po-
larity of neuroepithelial cells is regulated during vertebrate
neurulation. As summarized in Figure 11, we showed that the
establishment and maintenance of neuroepithelial apicobasal
polarity requires a stepwise cooperation between N-Cad/ZO-1
and Lin7c¢/Nok complexes. To our knowledge, this is the first
demonstration of the role of Lin7c in the development of the
vertebrate neural tube.
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