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Epithelia consisting of highly polar-

ized columnar cells contribute
to many organs during development,
including the central nervous system.
Epithelial organization is essential for
proliferation and differentiation of pro-
genitor cells and subsequent organ mor-
phology and function. Small GTPases
of the Rho family are important regula-
tors of cellular morphology and polarity.
We recently identified ArhGEFIS8 as a
key regulator of RhoA-Rock2 signaling
that is crucial for maintenance of polar-
ity in the vertebrate retinal epithelium.
ArhGEF18 is required to maintain apico-
basal polarity, localization of tight junc-
tions and cortical actin, thus shaping
cellular morphology. Loss of ArhGEF18
activity results in increased proliferation
and reduced cell cycle exit. Together,
these perturbations result in a severely
misshaped embryonic eye, where the ste-
reotype arrangement of retinal cell types
is randomized. Our findings reveal an
important role for RhoA-Rock2 signal-
ing to maintain apico-basal polarity in
retinal progenitor cells, which is essen-
tial for subsequent cellular differentia-
tion, morphology and eventually organ
function.

In the vertebrate retina a stereotype
arrangement of 5 neuronal cell types
and 1 glial cell type forms 3 nuclear lay-
ers.’? During embryogenesis specified
retinal progenitor cells (RPCs) of the
anterior neuroectoderm evaginate from
the forebrain to form the optic vesicles.?
Subsequently RPCs then arrange in the
pseudo-stratified single-layer neuroepithe-
lium of the optic cup with a distinct apico-
basal (a-b) polarity. Each RPC is attached

to the apical and basal surface of this
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single-layer epithelium by cellular pro-
cesses. The pseudo-stratified appearance
is a result of the varied nuclear position
along the apico-basal axis. During the cell
cycle, nuclei move along the a-b axis in a
process called interkinetic nuclear migra-
tion (IKNM). Cell fate decision depends
at least in part on IKNM.* Differentiation
involves changes in the orientation of the
cleavage plane’ and also morphological
changes, whereby the cell soma migrates
according to its fate to 1 of the 3 nuclear
layers followed by dendrite and axon for-
mation.®” This eventually results in the
multilayered arrangement of specific cell
types in the neural retina. The simple
architecture and easy accessibility renders
the vertebrate retina an ideal model to
study neuronal development, differentia-
tion and organ formation.

Teleost genetic model systems such as
medaka (Oryzias latipes) and zebrafish
(Danio rerio) are especially well suited
to study vertebrate development at the
organismal and cellular level. Their short
generation time and high fecundity allow
unbiased large-scale genetic approaches
to study gene function. In addition,
their embryos are completely transpar-
ent, enabling the analysis at cellular or
even subcellular resolution in the living
organism. It has, therefore, been possible
to genetically dissect the mechanisms that
underlie retina formation.”®’ In zebraf-
ish a number of mutants were identified
that affect epithelial a-b polarity of the
retinal neuroepithelium, namely heart and
soul (prkci), mosaic eyes (epb41/5: FERM
domain protein), nagie oko (mpp5e, a
homolog of murine Palsl), oko meduzy
(Crbs2a), and parachute (cdh2).°> The

retinal phenotypes of these mutants share
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localization of ArhGEF18.

Figure 1. ArhGEF18 interacting proteins. The DH domain of ArhGEF18 binds RhoA and Rac1 and
thereby catalyzes the exchange of GDP for GTP. Myosin IIA and the TJ associated protein cingulin
bind to the PH domain. LKB1 and the FERM domain of Lulu2 bind to the C-terminal region. Par3 and
Patj bind to the PDZ binding motif via their PDZ domains. Lulu2, LKB1, Par3, Patj, and the Cingulin/
Myosin/Rock protein complex are associated with apical junctions and can thereby mediate apical

several key features, namely partially pig-
mented and abnormally shaped eyes, per-
turbed a-b polarity, hyperproliferation of
RPCs, and loss of neuronal lamination
such that specified retinal cell types local-
ize to abnormal positions."?

Small GTPases were shown to play a
prominent role in the establishment and
maintenance of a-b polarity.'® Cdc42 and
Racl are required for the formation of
apical adherence junctions (AJ) and tight
junctions (T]).” Furthermore, Cdc42
and Racl interact with the PAR complex
(Par3/Par6/aPKC), thus regulating a-b
polarity."”® Using conditional inactivation
it has recently been shown that RhoA
plays a role in neuroepithelial develop-
ment of the murine CNS. Maintenance
of AJ and epithelial organization depend
on RhoA activity.!”?® Furthermore region
specific regulation of progenitor prolifera-
tion was observed. In the spinal cord loss
of RhoA activity results in premature cell
cycle exit,” whereas in the fore- and mid-
brain progenitor cells exhibit accelerated
proliferation and reduced cell cycle exit.?’
In the cerebral cortex conditional knock
out of RhoA results in increased prolifera-
tion of progenitor cells and perturbations
of the actin and microtubule cytoskeleton
in radial glial cells causing a defect of neu-
ronal migration.”!

Small GTPases are activated by gua-
nine nucleotide exchange factors (GEF)
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that facilitate the dissociation of GDP.
Subsequent binding of GTP induces
conformational changes that allow the
interaction of GTPases with their effector
proteins.”* Dbl-related RhoGEFs contain
a dbl homology (DH) domain that inter-
acts with the switch region of the GTPase,
followed by a pleckstrin homology (PH)
with
Vertebrate genomes, including those of

domain regulatory  functions.
teleosts contain over 70 GEFs that regulate
the activity of more than 20 GTPases.?>*
This high complexity suggests that verte-
brates achieve an intricate regulation of
the many functions of small GTPases in a
spatio-temporal and cell-specific manner.
In view of this, it is important to study the
role of small GTPases in the context of
the entire organism using animal models.
In particular teleost model systems offer
the use of unbiased mutational analysis by
large-scale mutagenesis screens. For such
random mutagenesis screens no previous
knowledge of the gene contents and func-
tion of a given genome is required. The
successful isolation of informative muta-
tions rather relies on a suitable identifica-
tion of interesting phenotypes that can be
employed to a large numbers of individual
animals. This allows to identify novel gene
functions. We have undertaken chemical
mutagenesis to identify genes that affect
vertebrate development and retinal devel-
opment in particular.’

Small GTPases

The thus
(Japanese: large eye) comprises several
morphological hallmarks of perturbed
retinal a-b polarity.* The enlarged and
rounded eyes are only partially pig-
mented. The stereotype lamination into

isolated mutant medeka

3 nuclear layers is lost and differentiated
cells occupy random positions. The cel-
lular architecture is affected such that
tight junction associated proteins and
components of a-b polarity complexes are
mislocalized along the a-b axis. In addi-
tion, apical cortical actin localization is
affected, and its colocalization with TJs is
often lost. By labeling single cells to visu-
alize their morphology, we found that in
RPCs cellular morphology is initially nor-
mal at a developmental stage when TJs are
already mislocalized. Thus, the morpho-
logical perturbations are a consequence
of mislocalized junctional complexes and
perturbed polarity.

We identified the guanine nucleotide
exchange factor ArhGEFIS as the affected
gene in the medeka mutant. Both alleles
that were identified result in the loss of
full-length ArhGEF18 protein, indicating
that they are amorphic or at least strongly
hypomorphic  loss-of-function  alleles.
ArhGEFI18 is ubiquitously expressed in the
developing wild-type embryo. However,
the CNS is differentially affected by loss
of ArhGEFI8 function: the mutant phe-
notype is most severe in the neural retina
of the developing eye, whereas the brain
and spinal cord are less affected with only
moderate perturbations of epithelial polar-
ity and actomyosin. Considering the vast
number of GEFs in vertebrates it is pos-
sible that this region-specific susceptibility
is due to partial functional redundancy.
Alternatively, it may reflect a differential
activation of ArhGEF18, such that the
ubiquitously expressed protein is activated
in a tissue- and stage-specific manner. In
support of this latter hypothesis, heterotri-
meric G proteins and the FERM domain
containing protein Lulu have been shown
to enhance the GEF activity of ArthGEF18,
whereas the cytoskeletal GTPase Sept9b
negatively regulates it (Fig. 2).2%

It is interesting to note that similar to
the medeka phenotype also in the zebraf-
ish a-b polarity mutants mosaic eyes, nagie
oko, and oko meduzy epithelial polarity in
the retina is more severely affected than
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Figure 2. Regulation of ArhGEF18 activity. (A) The apical junction associated protein Lulu2
enhances the GEF activity of ArhGEF18. (B) Interaction of the GB1Gy2 subunit of heterotrimeric G
proteins with ArhGEF18 also enhances the GEF activity. The interaction domain of ArhGEF18 with
GR1Gvy2 proteins has not been determined in detail. (C) The cytoskeletal GTPase Sept9b interacts
with the C terminus of ArhGEF18 and negatively regulates the GEF activity.

in the forebrain even though a ubiquitous
expression in the CNS has been reported
for the respective genes.'*'>?® The gene
products of mosaic eyes, nagie oko, and oko
meduzy directly interact and are part of the
apical Crumbs complex.”” On the other
hand, there is no evidence that ArhGEF18
is part of this complex or directly interacts
with it.#273032 Thus, it is unlikely that
the shared phenotype of these zebrafish
and medaka mutations is due to a higher
sensitivity of the retinal epithelium to per-
turbations of the Crbs complex. Also, it is
unlikely that the functional redundancies
of the zebrafish mosaic eyes, nagie oko, and
oko meduzy genes and that of the medeka
gene in the diverged teleost medaka vary
similarly between different regions of the
developing CNS. Therefore, this shared
phenotype of mutations that affect dif-
ferent genes in different species suggests
that the developing neural retina is more
sensitive to genetic perturbations of a-b
polarity. In contrast to the retina, the
teleost neural tube develops as a mirror
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image arrangement of 2 pseudo-stratified
epithelia separated by the midline.”® The
retinal epithelium on the other hand is
abutting that of the retinal pigmented
epithelium consisting of thin squamous
epithelial cells. It is tempting to speculate
that this special architecture of the neural
tube with 2 identical epithelia with mirror
image arrangement could confer a higher
stability with respect to a-b polarity. This
could involve structural and morphologi-
cal features provided by the direct contact
of apical sides of progenitor cells of the
opposing epithelia.

Loss of ArhGEFI8 function in various
cell culture systems results in abnormal
cellular morphology and concomitant per-
turbed actomyosin localization, whereas
an effect on TJ] maintenance is cell type
specific.?*"32 Thus, it appears that control
of actomyosin through Rho-Rock is a more
general and less cell-type specific activ-
ity of ArhGEF18. It is interesting to note
that ArhGEF18 depletion in MDCK cells

results in abnormal cellular morphology
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whereas polarity per se is maintained.’
Therefore, control of epithelial polarity
by ArhGEF18 also appears to be cell-type
dependent. The cell-type specific suscep-
tibility to the loss of ArhGEF18 function
and the cell-type specific repertoire of
its function underscores the importance
of animal models to study this complex
situation.

In teleosts retinal differentiation is
initiated in the central neural retina and
proceeds from there toward the periphery
in a wave like fashion.*® As a result of this
differentiation wave, there is a develop-
mental gradient across the retina, where
cells of the central retina are develop-
mentally more advanced than peripheral
cells. The peripheral most portion of the
retina, the ciliary marginal zone (CMZ),
contains continuously dividing stem cells
which provide new progenitor cells that
enable live long growth of the retina.”
We noted that a-b polarity and TJ local-
ization are less affected in newly formed
progenitor cells of the CMZ than in the
more central portion where older cells
reside. Furthermore, mutant embryos are
initially phenotypically normal. Thus,
ArhGEF18 is required for the mainte-
nance but not initiation of polarity and
TJs. The yolk-rich eggs of many teleosts,
including medaka and zebrafish, contain
maternally supplied RNAs and proteins.
This maternal contribution may compen-
sate for the loss of gene function during
early developmental stages in homozygous
mutant embryos. It is therefore possible
that ArhGEF18 may have an eatly role, for
example in the establishment of epithelial
polarity that is not detectable in zygotic
medeka homozygous mutant embryos.
However, western blot analysis revealed
only very low levels of AthGEF18 protein
at 1dpf in wild-type embryos when a-b
polarity is established. Protein levels peak
30 h later, when the mutant phenotype
becomes first apparent. Even though this
finding does not rule out that ArhGEF18
may also function in the establishment
of a-b polarity, it suggests that the main
role of ArhGEF18 is maintenance of a-b
polarity, which is consistent with its main-
tenance function in the CMZ. In some
Ca-switch experiments the formation of
TJs was impaired when ArhGEF18 was
downregulated, indicating a requirement
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for T] maturation in these in vitro
conditions.’

We used the mutant ArAGEFIS loss-
of-function background for a deletion
analysis to test individual domains for
their contribution to wild-type activity.
Our analysis showed that the DH and PH
domains which are responsible for activa-
tion of small GTPases are required for a
phenotypic rescue of mutant embryos,
indicating that with respect to polarity
and TJ formation the GEF activity of
ArhGEF18 is indispensable.

We and others found that ArhGEF18
activates both RhoA and Racl.?52031:3¢ e
therefore used dominant-negative mutants
of RhoA and Racl to test their contribu-
tion to regulating polarity, cortical actin
and TJ localization. Expression of domi-
nant-negative RhoA but not dominant-
negative Racl phenocopied all aspects of
the medeka phenotype, indicating that
ArhGEF18-mediated RhoA activation
is crucial for normal epithelial develop-
ment. Since expression of the dominant-
negative version of the RhoA effector
Rock2 similarly phenocopied the mutant
we conclude that AthGEF18 regulates the
RhoA-Rock2 signaling pathway to con-
trol epithelial polarity, cortical actin and
T]J localization. In good agreement with
our findings ArhGEF18 activates Rho-
Rock2 also in corneal epithelial cells to
regulate the actin cytoskeleton and TJ
maintenance.”® Conditional RhoA knock
out analysis in the mouse showed that
RhoA is required for epithelial organiza-
tion and maintenance of AJ in the fore-/
midbrain as well as the spinal cord.” It
has been suggested that RhoA functions
through mDia to control maintenance of
AJ and epithelial polarity of the murine
fore- and midbrain.” Thus, RhoA may
signal through different effector proteins
to regulate epithelial organization.

We have used GFP-tagged ArhGEF18
to visualize its subcellular localization in
vivo. Since GFP-ArhGEFI18 rescues the
medeka mutation with efficiency compa-
rable to the wild-type protein, we conclude
that GFP does not interfere with protein
function. We noted that GFP-ArhGEF18
is apically enriched with a cytoplas-
mic pool in neuroepithelial cells of live
medaka embryos. This apically enriched
localization hints at a graded activation
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of RhoA. A similar subcellular distribu-
tion has been reported in vitro for human
ArhGEF18 in epithelial cell lines?®
and a corresponding local activation of
RhoA has been shown.®® In Drosophila
epithelial invagination by apical con-
striction requires apical RhoGEF2 and
RhoGEF64C to locally activate Rhol.?
Also in vertebrate lens invagination, api-
cal constriction depends on apical RhoA
activation by the GEF Trio, for which
apical localization has been suggested.®®
Thus, subcellularly-restricted activation of
Rho GTPases by localized GEFs appears
to be crucial for different aspects of epi-
thelial development. A number of proteins
have been identified that interact with
and apically localize ArhGEF18 (Fig. 1).
ArhGEF18 interacts with the apical pro-
teins Patj, Par3*, and LKB1* and has
been detected in the TJ-associated com-
plex of cingulin, Rock2, and myosin2.!
In addition to subcellular localization of
ArhGEF18, also interaction with localized
modulators of GEF activity lead to graded
activation of RhoA. ArhGEF18 interacts
with the apical FERM domain containing
protein Lulu2 (epb41/46, a mammalian
homolog of zebrafish mosaic eyes) which
stimulates ArhGEF18 to activate RhoA
(Fig. 2).%¢ Thus, there are different modes
with which ArhGEF18 is regulated to
locally activate RhoA.

Importantly, ArhGEFI8 also regu-
lates the proliferation and differentiation
of epithelial cells. In the medeka mutant,
progenitor cells show a dramatic increase
in proliferation. Cell cycle analysis showed
that the progression from S- to M-phase
is normal. However the balance of prolif-
erative to neurogenic divisions is severally
perturbed. Cell cycle exit of mutant pro-
genitor cells at the onset of neurogenesis is
dramatically reduced.

As a consequence the mutant central
retina, where in the wild-type neurogen-
esis is initiated, is occupied by prolifer-
ating progenitor cells and neurogenesis
is delayed. Furthermore M-phase nuclei
of dividing progenitor cells are detected
at ectopic locations along the a-b axis,
whereas in wild type they are apically
localized. Also in the mouse embryo Rho
signaling regulates proliferation of pro-
genitor cells in the CNS. In the cerebral
cortex loss of RhoA function results in
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transient increase of progenitor cell prolif-
eration.”' In the fore- and mid-brain RhoA
inactivation causes hyperproliferation and

a decrease of cell cycle exit,” similar to

the loss of ArhGEFIS8 function in medaka
retinal progenitor cells. Interestingly in
the spinal cord RhoA inactivation has the
opposite effect. There, progenitor cells exit
the cell cycle prematurely and undergo
precocious differentiation.”” Thus, Rho
signaling plays an important role in regu-
lating proliferation of progenitor cells in
the vertebrate CNS. It has recently been
shown that the Hippo pathway which
controls tissue growth interacts with epi-
thelial polarity.?” Furthermore F-actin can
regulate the Hippo pathway and by that
influence epithelial proliferation.”* Since
loss of ArhGEFI8 function severely per-
turbs the cortical actin cytoskeleton it is
therefore possible that resulting changes
in the F-actin may affect the Hippo path-
way and by that cause to the observed
hyperproliferation at least partially.

In summary, the analysis of the medeka
mutant uncovered a key regulator of RhoA
that is essential for epithelial development
in the CNS. Cellular polarity, morphol-
ogy and proliferation of the neural retina
are perturbed by loss of ArhGEFIS8 func-
tion. Our analysis shows that ArhGEF18
functions as GEF to activate the Rho-
Rock2 signaling pathway in this context.
ArhGEF18 also regulates the cortical
actin cytoskeleton and TJ in the retinal
epithelium. We thus reveal a key role for
ArhGEFI8 regulated Rho signaling in
maintaining epithelial polarity and integ-
rity of the developing vertebrate CNS.
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