An ENU Mutagenesis Screen in Zebrafish for Visual System
Mutants Identifies a Novel Splice-Acceptor Site Mutation in
patched?2 that Results in Colobomas

Jiwoon Lee, Ben D. Cox, Christina M. S. Daly, Chanjae Lee, Richard J. Nuckels, Rachel K. Tittle,

Rosa A. Uribe, and Jeffrey M. Gross

Purrosk. To identify recessive mutations affecting development
and/or maintenance of the zebrafish visual system.

MerHops. A three-generation ENU (N-Nitroso-N-ethylurea)-
based forward genetic screen was performed. F3 embryos
were screened visually from 1 to 5 days postfertilization (dpf)
for ocular abnormalities, and 5 dpf embryos were fixed and
processed for cryosectioning, after which eye sections were
screened for defects in cellular organization within the retina,
lens, and cornea. A combination of PCR and DNA sequencing,
in situ hybridization, and pharmacological treatments were
used to clone and characterize a coloboma mutant.

Resurts. A total of 126 F2 families were screened, and, from
these, 18 recessive mutations were identified that affected eye
development. Phenotypes included lens malformations and
cataracts, photoreceptor defects, oculocutaneous albinism,
microphthalmia, and colobomas. Analysis of one such colobo-
ma mutant, uta’, identified a splice-acceptor mutation in the
patched2 gene that resulted in an in-frame deletion of 19
amino acids that are predicted to contribute to the first
extracellular loop of Patched2. ptch2*! mutants possessed
elevated Hedgehog (Hh) pathway activity, and blocking the Hh
pathway with cyclopamine prevented colobomas in ptch2#*!
mutant embryos.

Concrusions. We have identified 18 recessive mutations
affecting development of the zebrafish visual system and we
have characterized a novel splice-acceptor site mutation in
patched?2 that results in enhanced Hh pathway activity and
colobomas. (Invest Opbthalmol Vis Sci. 2012;53:8214-8221)
DOI:10.1167/i0vs.12-11061

he zebrafish, Danio rerio, has been increasingly used over
the past 3 decades as a model system in which to study
visual system development, ocular physiology, and visual
system function, as well as one in which to study the
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molecular and cellular underpinnings of ocular diseases.!™>
Indeed, capitalizing on the ability to perform large-scale
forward genetic screens in the zebrafish system, researchers
have identified numerous mutations that result in phenotypes
similar to those in a variety of human ocular disorders
(reviewed in Bibliowicz et al.'). Analyses of these mutations
have contributed to a better understanding of ocular diseases
and processes that affect nearly every part of the eye,
highlighting the efficacy of the approach, and the importance
of the zebrafish model system in ocular research.

Although forward genetic screens have been performed
using a variety of mutagens, the saturation of these screens has
been low, and multiple alleles have been identified for only a
few loci, supporting the notion that further screening is likely
to identify additional mutations that affect the visual system, as
well as additional alleles that will be useful in biochemical
analyses of the proteins encoded by the affected loci.
Moreover, given the recent advances in whole-genome
sequencing, it is now possible to rapidly and cost-effectively
identify the affected loci in mutant lines, enabling one to
quickly target relevant mutations in ocular disease-causing
genes for further study.®® With this in mind, we have recently
completed an ENU (N-Nitroso-N-ethylurea)-based forward
genetic screen to identify recessive mutations that affect eye
morphology in zebrafish embryos up to 5 days postfertilization
(dpf). Herein, we report the results of this screen and the
identification and characterization of a new mutant allele of the
zebrafish patched? gene.

MATERIALS AND METHODS

Animals and Maintenance

Zebrafish (Danio rerio) were maintained at 28.5°C on a 14-hour light/
10-hour dark cycle. Embryos were obtained from the natural spawning
of heterozygous carriers set up in pairwise crosses. Embryos were
collected and raised at 28.5°C after Westerfield,'® and were staged
according to Kimmel et al.!' All animals were treated in accordance
with provisions established at the University of Texas at Austin
governing animal use and care, and adhered to the ARVO Statement for
the Use of Animals in Ophthalmic and Vision Research.

ENU Mutagenesis

An ENU mutagenesis protocol was modified from Solnica-Krezel et
al.!2 Briefly, 18 AB males were exposed to a freshly made 3-mM
solution of ENU (Sigma ISOPAC, St. Louis, MO), buffered in a 1-mM
sodium phosphate solution. Fish were exposed at a density 3 males/1
L of ENU solution, maintained at approximately 21°C, and they
remained in the solution for 1 hour. Fish were removed from the ENU
solution, placed into fresh fish water, and maintained overnight in a
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dark, quiet area to recover. The following morning, they were placed
back onto the aquatic system. ENU exposures were repeated weekly
for 3 additional weeks, after which 9 mutagenized FO males remained.
These males were bred once to release any nonmutagenized sperm,
and then they were outcrossed to AB females to generate Fls. Fls
were either intercrossed, or outcrossed to wild-type ABs, to generate
F2 families; 1 to 12 pairs of F2 fish per family were mated to generate
F3 embryos for screening.

F3 Mutant Screening

F3 embryos were examined daily through 5 dpf under a dissecting
microscope (Nikon SMZ800; Nikon, Melville, NY) to identify embryos
with ocular defects. At 5 dpf, embryos were fixed and processed for
cryosectioning after Uribe and Gross!'3; 12-um sections were taken
from at least 5 embryos and stained with either hematoxylin and eosin
(Sigma, St. Louis, MO) or Sytox-Green (Molecular Probes, Eugene, OR)
to examine retinal and lens morphology and cellular organization.
Putative F2 carriers were rescreened, and those that produced embryos
resulting in reproducible ocular phenotypes were outcrossed to AB
fish. Heterozygous carriers were then identified in these F3 lines and
phenotypes verified, and then an F3 line was given an allele number
and the mutation was considered “recovered” in the screen.

Riboprobes and In Situ Hybridization

Hybridizations were performed essentially as described by Jowett and
Lettice'* using digoxigenin-labeled antisense RNA probes. ptch2 cDNA
and probes are described in Lee et al.!> cDNA for pax2a was provided
by Bruce Riley (Texas A&M University).

Cyclopamine Treatments

Cyclopamine (Sigma) was resuspended at 10 mg/mL in 100% ethanol
and diluted into fish water for exposures; 100% ethanol was used for
vehicle controls. Embryos derived from heterozygous uta’ incrosses
were used for all exposures. Embryos were removed from cyclopamine
at defined times and washed into fish water for further culturing.
Cyclopamine rescue data were analyzed by Fisher’s exact test for
statistical significance.

RESULTS

F3 Mutant Screen to Identify Recessive Ocular
Mutations

To identify recessive zebrafish mutants with morphological
defects in eye formation, a three-generation ENU-based forward
genetic screen was performed (Fig. 1). F3 embryos were
screened under a dissecting microscope to identify those that
possessed obvious defects in optic cup or lens morphology,
eye size, RPE pigmentation, and/or lens transparency. Obser-
vations were also made with regard to the overall health of the
F3 embryos, to eliminate F2 families that produced embryos
that possessed significant nonocular defects, generalized
growth defects, or increased levels of cell death, as ocular
phenotypes in these lines would likely be secondary to more
systemwide defects. At 5 dpf, a subset of F3 embryos from each
F2 pair was fixed and processed for cryosectioning and
imaging following either immunostaining with Sytox-Green (a
DNA marker) or hematoxylin and eosin staining. Eye sections
from these embryos were analyzed for defects in retinal
lamination, the presence and organization of retinal cell types,
and overall lens and cornea morphology. From the 126 F2
families screened, 18 mutants were isolated that displayed
ocular defects (Table). Mutants were identified with colobomas
(Figs. 2A, 2A’, 2B, 2B’), photoreceptor defects (Figs. 2C, 2C"),
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Ficure 1. Forward genetic screening in zebrafish. Schematic diagram
of a typical ENU-based forward genetic screen in zebrafish (modified
from Bibliowicz et al.!). Male founders (FO) are mutagenized with ENU
for several weeks and then outcrossed to wild-type females. Progeny of
this cross (F1) are raised and either outcrossed to wild-type, or
incrossed to generate F2 families. Fish from F2 families are incrossed
and F3 progeny are collected and screened for phenotypes of interest
(recessive screen).

cataracts (Figs. 2D, 2D’), and defects in lens morphology (Figs.
2E, 2E).

uta’ Mutants Possess Colobomas

We were particularly interested in identifying mutants with
defects in choroid fissure closure, and, thus, those mutants
that presented with colobomas.'® Several coloboma mutants
were identified in our primary screen. After further analysis,
only two of these lines presented without additional, systemic
defects and, thus, represented loci encoding gene products
with potentially limited functions outside of the eye: uta’ and
uta3. Coloboma phenotypes in these mutants are similar at a
gross histological level, although colobomas in uta’ are more
severe. uta’ was of particular interest to us given that it did
not appear to have any other obvious embryonic defects
outside of the eye (Fig. 3). In uta’ mutants, the choroid
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TaBie. Mutants Identified in the Screen

Mutant Ocular Phenotype Additional Phenotypes
utal Coloboma

uta2 Abnormal proliferation and  Bifurcated tail, enlarged brain

differentiation in retina
uta3 Coloboma
uta4 Cataract/lens degeneration,
anterior segment defects,

microphthalmia

utas Photoreceptor defects, Tail curl
microphthalmia

uta6 Photoreceptor defects, No iridophores
microphthalmia

uta7 Cataract
uta8 Lens morphology, lens
dysplasia

uta9 Cataract Pericardial edema
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fissure remained open and, as a result, retinal and RPE tissue
are not contained within the eyecup (Figs. 3C-H). The
severity of the phenotype is relatively invariant between
homozygous embryos, with almost all presenting with severe,
bilateral colobomas (Fig. 3H). The incidence of colobomas
ranges from 22% to 25% of total embryos in any given clutch
derived from heterozygous parents, and this Mendelian ratio is
consistent with a single gene mutation. Within the eye,
beyond colobomas, other aspects of development and
patterning appear overtly normal, although the eye is
microphthalmic when viewed laterally, but this could be
due to the presence of the coloboma.

Optic Vesicle Patterning Is Abnormal in uta’

The overall phenotype of uta’ resembled a coloboma
mutant previously studied in our laboratory, blowout, which
possesses a recessive mutation in the patched2 gene
Ptch2!¢?94= formerly known as paichedl in zebrafish!>17).
pich2'¢294Z mutants present with a visible expansion of the
optic stalk at 1 dpf, and obvious colobomas at 2 dpf.
Expansion of the optic stalk in ptch2/?%% correlated with
an expansion of the expression domain of the distal optic
vesicle marker, pax2a, and optic stalk tissue resided within
the choroid fissure, possibly preventing apposition of the
lateral edges of the fissure, leading to colobomas in
ptch2'29% mutants.!> To determine if colobomas in wuta’
mutants also correlated with defects in optic vesicle
patterning, we examined pax2a expression (Fig. 4). Indeed,
the domain of pax2a was substantially expanded relative to
that in sibling control embryos at 30 hpf (Figs. 4A, 4B).
Moreover, at 48 hpf, concomitant with optic stalk differen-
tiation, pax2a expression was almost absent from wild-type
siblings, whereas in ufa’ mutants, expression was main-

utalO  Small lens, flattened optic
cup
utal3  Oculocutaneous albinism
(moderate)
utal6  Microphthalmia, lens
morphology/lens dysplasia
utal7  Microphthalmia, small pupil
utal8 Oculocutaneous albinism
(severe)
utal9  Cataract, microphthalmia Small head, pericardial edema
uta20  Cataract, microphthalmia Small head, pericardial edema
uta2l  Cataract No pectoral fin
uta22  Cataract, microphthalmia Small head, pericardial edema
FIGURE 2.

Examples of ocular mutants identified in the screen. uta’ (A”) and uta® mutants (B display colobomas at 3 dpf when compared with

phenotypically wild-type siblings ([A, B], respectively). Arrows in (A”) and (B’) point to the open choroid fissure in the mutants. #fa’ mutants (C’)
lack photoreceptors in the central retina at 7 dpf when compared with phenotypically wild-type siblings (C). Photoreceptors are detected at the
peripheral retina, adjacent to the ciliary marginal zones in mutant embryos (arrows in [C]). uta’® mutants (D) possess visible cataracts at 6 dpf
when compared with phenotypically wild-type siblings (D). Arrow in (D) highlights cataract in mutant lens. uta’® mutants (E’) possess severe
defects in lens morphology at 7 dpf when compared with phenotypically wild-type siblings (E). Arrows in (E’) highlight mutant lenses.
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uta’ mutants present with colobomas. (A, C-E) Wild-type and (B, F-H) uta’ mutant embryos at 54 hpf (A-C, F) and 4 dpf (D, E, G, H).

Colobomas are evident at 54 hpf (arrows in [B, F]). By 4 dpf, an obvious nonpigmented “hole” is present in the posterior of the mutant eye, when
imaged through the lens (arrow in [G]), and retinal and RPE tissues are extruded into the forebrain (arrows in [H]).

tained and also appears to extend into the retina (Figs. 4C,
4D)

uta’ Mutants Possess a Mutation in the patched2
Gene

ptch2'°294Z mutants possess a recessive mutation, pich2W 040X
that truncates the Ptch2 protein at amino acid 1039 in the C-
terminus, just after the eighth transmembrane segment.!>!”
Given the similarity in coloboma phenotypes and pax2a
expression between ufa’ and pich2'**% mutants, we next
determined if wuta’ was a ptch2 allele. Complementation
crosses between uta’ and ptch2'?9% resulted in embryos
with colobomas, supporting the possibility that they were
alleles of the same gene (data not shown). Cloning and
sequencing of the pich2 gene from cDNA derived from uta’
mutants and wild-type siblings revealed a 57-bp internal
deletion in the ptch2 open-reading frame that resulted in an
in-frame deletion of 19 amino acids from the Ptch2 protein
(Fig. 5A). Cloning and sequencing of this region of the ptch2
gene from genomic DNA isolated from uta’ mutants and wild-
type siblings revealed a G — A mutation at the intron 4 splice-
acceptor site (Fig. 5B). Reanalysis of cDNA sequences from
exon 5 of the ptch2 gene identified a cryptic, in-frame splice-

acceptor site whose use results in the removal of the first 57 bp
of exon 5 (Fig. 5A). The 19 amino acids absent from the
Ptch2v! protein are highly conserved between zebrafish,
human, and mouse Ptch2 proteins, as well as with Ptchl
orthologs in each of these systems (Fig. 5C). Based on the
predicted structure/topology of the Ptch2 protein,'® these 19
amino acids are predicted to contribute to the first extracel-
lular loop of the protein (Fig. 5D). Hereafter, we refer to uta’
as ptch2*'“! in accordance with zebrafish nomenclature
guidelines.

Hh Pathway Activity Is Expanded in ptch2*'!
Mutants

Patched2 is a negative regulator of the Hedgehog (Hh)
pathway, functioning to inhibit Smoothened and thereby block
Hh pathway activity in the absence of Hh ligands. When
Patched function is deficient, Hh pathway activity is constitu-
tively active in a ligand-independent manner, and Hh target
gene expression is expanded.!® To test this model in prch2#1
mutants, ptch2 expression was examined, as this is a useful
readout for Hh pathway activity.!°-23 In wild-type embryos,
ptch?2 is expressed in the optic stalk at 28 hpf (Figs. 6A, 6C), as
well as throughout the ventral brain and the somites®° (data
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Ficure 4. Optic stalk formation is disrupted in uta’ mutants. Pax2a
expression marks the optic stalk at (A, B) 30 hpf and (C, D) 48 hpf in
(A, O wildtype and (B, D) uta’ mutant embryos. (B) pax2a
expression in uta’ mutants is expanded within the optic stalk region
at 30 hpf (arrows). A’ and B) are dorsal views, A” and B” are ventral
views. (D) pax2a expression is maintained at 48 hpf and extends into
the retina (arrow) when compared with wild-type siblings (C).

not shown). In ptch2**! mutants, however, ptch2 expression
appears in a substantially broader domain of expression in each
of these regions (Figs. 6B, 6D). These data support a model in
which Hh pathway activity is expanded as a result of loss of
Ptch2 function in ptch2*'%! mutants.

To directly test the hypothesis that upregulation of Hh
pathway activity is the molecular mechanism underlying
colobomas in prch2““! mutants, we used cyclopamine, a
pharmacological inhibitor of the Hh pathway that acts on
Smoothened, downstream of the Patched receptor,?¥2> and
examined whether low doses of cyclopamine were capable of
suppressing colobomas in pfch2“/“! mutants, an assay that has
been performed successfully with prch2?*% mutants,'> as
well as with mutations in other negative regulators of the Hh
pathway (e.g., ptchl/lep and Hip/uki’*®). Low levels of
cyclopamine (4 pM) did not lead to overt defects in eye
development (Figs. 6E, 6F); however, exposure of ptch2#a!
mutants to 4 UM of cyclopamine between 5.5 hpf and 24 hpf
was completely effective in suppressing colobomas (Fig. 6G).
In vehicle-treated controls, 24.4% * 1.3% possessed colobo-
mas, whereas treatment with 4 uM cyclopamine completely
suppressed the incidence of colobomas in mutant embryos
(0%; n =3 biological replicates, P < 0.005). These data indicate
that disrupted Hh signaling pathway activity likely underlies
coloboma formation in pich2*“? mutants.
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DIsCcUSSION

We have performed a three-generation ENU mutagenesis
screen in zebrafish to identify recessive mutations affecting
development of the eye. Our screen identified 18 mutations
that affected a variety of ocular tissues, and these mutants will
be useful in better understanding the development and
maintenance of these tissues, as well as the mechanistic
underpinnings of congenital ocular diseases that affect them.
The most prevalent class of mutations identified in the screen
was those that affected the formation of the lens and/or
resulted in cataracts, with 10 such mutants recovered. Several
detailed descriptions of zebrafish lens morphogenesis and the
establishment of cell fates within the zebrafish lens have been
published in the past few years,?’~2° and these, in combination
with mutagenesis screens targeting lens mutants, highlight the
utility of zebrafish in furthering our understanding of the
mechanisms facilitating vertebrate lens development and
cataractogenesis. Indeed, recent studies using zebrafish mu-
tants have begun to elucidate roles for DNA methyltransferase
activity during lens development,?® and in vivo roles for the
ubiquitin proteasome system during lens epithelial cell
proliferation and lens fiber differentiation in zebrafish,3!
highlighting the utility of zebrafish in identifying novel
components required for normal lens development and
maintenance in vivo.

In addition to lens/cataract mutants, numerous other
mutants with ocular phenotypes of interest were identified
in the screen (i.e., microphthalmic mutants, mutants with
photoreceptor defects, coloboma mutants, and oculocutane-
ous albinos). Each of these lines will be useful in modeling
human congenital ocular disorders and thereby gaining
mechanistic insight into the underlying cellular and molecular
underpinnings of these diseases. Recent technological advanc-
es in zebrafish, using whole-genome sequencing and single
nucleotide polymorphism mapping algorithms, have enabled
the rapid mapping and cloning of recessive ENU mutations,
eliminating in many cases the need for more time-consuming
PCR-based positional cloning strategies.®~® Historically, identi-
fication of the affected locus in zebrafish mutants has been the
rate-limiting step in postscreen analysis of mutants; therefore,
these recent advances in cloning techniques also promise to
rapidly increase the number of cloned mutations, and thus the
number of zebrafish ocular disease models. These advances
will undoubtedly contribute to identifying mutations in zebra-
fish orthologs of previously unidentified disease-causing genes,
but also to identifying additional alleles of existing mutations,
which will facilitate in vivo structure-function analyses of the
affected proteins.

With this latter point in mind, we have identified a new
patched2 mutant allele, ptch2*'%! | in which a splice-acceptor
site mutation leads to an in-frame deletion of 19 amino acids
from the Ptch2 protein. The deleted region of the protein is
predicted to contribute to the first extracellular loop of Ptch2,
and this loop is thought to function, in conjunction with the
second extracellular loop, in binding of Hh ligands>? (Fig. SD).
In the absence of Hh ligands, Patched proteins normally
function to repress Hh pathway activity by inhibiting the
Smoothened protein. On binding of the Hh ligand to Patched,
the inhibition on Smoothened is relieved and the Hh pathway
becomes activated.

Hh signaling regulates a number of diverse aspects of eye
development,?334 including two key developmental roles
during early eye development. The first of these is in
segregating the eye field into two bilateral optic vesicles
(OVs),3%3% and the second is in promoting proximal OV fates
(optic stalk, choroid fissure) at the expense of distal OV fates
(retina, RPE, lens). Loss of Hh signaling results in holopro-
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uta’ mutants possess a splice-acceptor site mutation in patched?2. (A) Schematic of the ptch2 genomic locus. uta’ mutants possess a G

— A mutation at the Intron 4 splice-acceptor site (asterisk), and a cryptic splice site is recognized in exon 5. (B) Mis-splicing of ptch24/4! results in
the excision of 57 bp of ptch2. These excised bases encode 19 amino acids that are highly conserved between ptch1 and ptch2 orthologs in human
(h), mouse (m), and zebrafish (z). (C) Genomic sequence traces from wild-type and ufa’ mutants indicating the Intron 4 mutation (asterisk). (D)
The 19 amino acids absent from ptch2"?! are predicted to contribute to the first extracellular loop of ptch2 (modified from Briscoe et al.'®).

sencephaly in human patients and animal models,?”-3% whereas
overexpression of Shh in a number of model systems results in
expansion of proximal OV fates at the expense of distal
ones.3*-43 prch 24! mutants possess an expansion of proximal
fates (Fig. 4) and expanded Hh pathway gene expression (Fig.
6), supporting a model in which the ptch2**! mutation leads
to upregulated Hh pathway activity. Indeed, suppression of
colobomas in these mutants by cyclopamine supports such a
mechanism (Fig. 6G). Two other pitch2 alleles have been
identified in zebrafish, ptch2!°?9% and ptch2”*592 and both of
these also show elevated Hh pathway activity.'>17 In ptch2*!
and ptch2”*1902 mutants, colobomas are highly penetrant,
averaging 21% to 25% per clutch, whereas pitch2/?9% g
thought to be a hypomorphic allele due to the low penetrance
of the colobomas, averaging 3% to 5% per clutch.'>17

Given the unique mutations in each of these alleles, and
what has been learned from a number of biochemical studies

on the Patched proteins, it is interesting to speculate on how
these mutations might affect Ptch2 structure and function, and
thereby influence Patched-dependent Hh pathway regulation.
As discussed above, ptch2/?9%Z mutants have a truncation of
the Ptch2 protein just after the eighth transmembrane domain.
The C-terminus of Patched mediates multimerization with
other Patched subunits, with a trimeric complex of Patched
thought to be the plasma membrane localized and physiolog-
ical state of the receptor.®® C-terminal deletions of Patched
result in ligand-independent activation of the Hh path-
way,!>17:19 despite their ability to bind to Hh proteins,'®
supporting a model in which the C-terminus of Patched is
required to inhibit Smoothened activity. The results of these
studies suggest a model in which the low penetrance and
hypomorphic nature of the ptch2?94= allele may be a result of
the mutant protein only partially impairing the ability of the
remaining subunits of the trimeric complex to interact with



8220 Lee et al.

WT

uta’

A

Lateral

Dorsal

m

o

3.

Vehicle

)

'

.M

!

)

Cyclopamine

%

Incidence of
Coloboma (%)

Vehicle Cyclopamine

Ficure 6. Hh pathway activity is upregulated in ptch2**@! mutants
and results in colobomas. (A-D) ptch2 expression serves as a marker of
regions of Hh pathway activity. (A, C) At 28 hpf, ptch2 is expressed in
the optic stalk and regions of the brain. (B, D) Expression in ptch2#4!
mutants is expanded in each of these regions (arrows in [B, D] - optic
stalk). (E, F) ptch2"!4! vehicle-treated (EtOH) control mutants possess
colobomas (E), whereas those treated with 4 uM cyclopamine display
normal choroid fissure closure and eye development (F). (G) 24.4% *
1.3% of vehicle-treated (EtOH) controls possessed colobomas, while
treatment with 4 puM cyclopamine completely suppressed the
incidence of colobomas in mutant embryos (0%; **P < 0.005) (n =3
biological replicates, aggregate data: 27/110 embryos with colobomas
in vehicle-treated controls, 0/99 embryos with colobomas in 4 pM
cyclopamine-treated group).

and inhibit Smoothened, or the emergence of phenotypes
either when the trimeric complex contains two or three
mutant subunits, or when a threshold number of trimeric
complexes contain mutant subunits is surpassed, thereby
preventing Smoothened inhibition in the absence of ligand.
prch2"! and ptch2”*1°02 mutants, on the other hand, must
behave in an entirely different mechanism, as the mutations are
not predicted to disrupt the ability of the Ptch2 protein to
interact with Smoothened. The pfch2**%! mutation removes a
portion of the protein predicted to constitute part of the first

I0VS, December 2012, Vol. 53, No. 13

extracellular loop that facilitates Hh binding, whereas the
prch2P*1692 mutation inserts 27 amino acids into the protein,
possibly also residing in this Hh-binding loop.!” Deletion of
either of the extracellular loops prevents Hh binding3?;
moreover, deletion of most of the second loop of Patched
(PtchA°P2) results in a cell-autonomous dominant-negative
blockade of Hh pathway activity in expressing cells.!®
Phenotypes in ptch2**#! and ptch2”*%02 mutants represent a
gain-of-function in Hh pathway activity (i.e., an expansion of
pax2a and pitch2 expression, phenotypic rescue by cyclop-
amine exposure), however. Mechanistically, it is possible that
the ptch2“*4! encoded mRNA or protein is unstable, and that
the ptch2#t4! allele is a protein null. Our data do not support
the former of these, as pfch2**! mRNA is detected in mutant
embryos by RT-PCR (Fig. 5). No cross-reacting antisera have
been identified that recognize zebrafish Ptch2 and therefore the
latter of these possibilities cannot be ruled out. Alternatively,
the ptch2*! and prch2”1°°2 mutations could be activating
mutations, mimicking Hh binding, and relieving Patched-
mediated inhibition of Smoothened activity in the absence of
ligand. This would be interesting, as it would be informative in
understanding how Hh binding is transduced through Patched
to effect downstream signaling events in the Hh pathway. A
detailed biochemical analysis of the mutant proteins will be
required to address these possibilities in the future.

Acknowledgments

We thank Neil Young for technical assistance.

References

1. Bibliowicz J, Tittle RK, Gross JM. Toward a better understand-
ing of human eye disease insights from the zebrafish, Danio
rerio. Prog Mol Biol Transl Sci. 2011;100:287-330.

2. Gross JM, Perkins BD. Zebrafish mutants as models for
congenital ocular disorders in humans. Mol Reprod Deuv.
2008;75:547-555.

3. Morris AC. The genetics of ocular disorders: insights from the
zebrafish. Birth Defects Res C Embryo Today. 2011;93:215-
228.

4. Gestri G, Link BA, Neuhauss SC. The visual system of zebrafish
and its use to model human ocular diseases. Dev Neurobiol.
2012;72:302-327.

5. Maurer CM, Huang YY, Neuhauss SC. Application of zebrafish
oculomotor behavior to model human disorders. Rev Neuro-
sci. 2011;22:5-16.

6. Clark MD, Guryev V, Bruijn E, et al. Single nucleotide
polymorphism (SNP) panels for rapid positional cloning in
zebrafish. Methods Cell Biol. 2011;104:219-235.

7. Bowen ME, Henke K, Siegfried KR, Warman ML, Harris MP.
Efficient mapping and cloning of mutations in zebrafish by
low-coverage whole-genome sequencing. Genetics. 2012;190:
1017-1024.

8. Voz ML, Coppieters W, Manfroid I, et al. Fast homozygosity
mapping and identification of a zebrafish ENU-induced
mutation by whole-genome sequencing. PLoS One. 2012;7:
e34671.

9. Leshchiner I, Alexa K, Kelsey P, et al. Mutation mapping and
identification by whole-genome sequencing. Genome Res.
2012;22:1541-1548.

10. Westerfield M. The Zebrafish Book. A Guide for the
Laboratory Use of Zebrafish (Danio rerio). 4th ed. Eugene,
OR: University of Oregon Press; 2000.

11. Kimmel CB, Ballard WW, Kimmel SR, Ullmann B, Schilling TE
Stages of embryonic development of the zebrafish. Dev Dyn.
1995;203:253-310.



I0VS, December 2012, Vol. 53, No. 13

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Solnica-Krezel L, Schier AE Driever W. Efficient recovery of
ENU-induced mutations from the zebrafish germline. Genetics.
1994;136:1401-1420.

Uribe RA, Gross JM. Immunohistochemistry on cryosections
from embryonic and adult zebrafish eyes. CSH Protoc. 2007,
doi:10.1101/pdb.prot4779.

Jowett T, Lettice L. Whole-mount in situ hybridizations on
zebrafish embryos using a mixture of digoxigenin- and
fluorescein-labelled probes. Trends Genet. 1994;10:73-74.
Lee J, Willer JR, Willer GB, Smith K, Gregg RG, Gross JM.
Zebrafish blowout provides genetic evidence for Patchedl-
mediated negative regulation of Hedgehog signaling within the
proximal optic vesicle of the vertebrate eye. Dev Biol. 2008;
319:10-22.

Chang L, Blain D, Bertuzzi S, Brooks BP. Uveal coloboma:
clinical and basic science update. Curr Opin Opbthalmol.
20006;17:447-470.

Koudijs MJ, den Broeder MJ, Groot E, van Eeden FJ. Genetic
analysis of two zebrafish patched homologues identifies novel
roles for the hedgehog signaling pathway. BMC Dev Biol.
2008;8:15.

Briscoe J, Chen Y, Jessell TM, Struhl G. A hedgehog-insensitive
form of patched provides evidence for direct long-range
morphogen activity of sonic hedgehog in the neural tube. Mol
Cell. 2001;7:1279-1291.

Johnson RL, Milenkovic L, Scott MP. In vivo functions of the
patched protein: requirement of the C terminus for target
gene inactivation but not Hedgehog sequestration. Mol Cell.
2000;6:467-478.

Concordet JP, Lewis KE, Moore JW, et al. Spatial regulation of a
zebrafish patched homologue reflects the roles of sonic
hedgehog and protein kinase A in neural tube and somite
patterning. Development. 1996;122:2835-2840.

Lewis KE, Concordet JP, Ingham PW. Characterisation of a
second patched gene in the zebrafish Danio rerio and the
differential response of patched genes to Hedgehog signalling.
Dev Biol. 1999;208:14-29.

Goodrich LV, Milenkovic L, Higgins KM, Scott MP. Altered
neural cell fates and medulloblastoma in mouse patched
mutants. Science. 1997;277:1109-1113.

Marigo V, Tabin CJ. Regulation of patched by sonic hedgehog
in the developing neural tube. Proc Natl Acad Sci U S A. 1996;
93:9346-9351.

Cooper MK, Porter JA, Young KE, Beachy PA. Teratogen-
mediated inhibition of target tissue response to Shh signaling.
Science. 1998;280:1603-1607.

Taipale J, Cooper MK, Maiti T, Beachy PA. Patched acts
catalytically to suppress the activity of Smoothened. Nature.
2002;418:892-897.

Koudijs M]J, den Broeder MJ, Keijser A, et al. The zebrafish
mutants dre, uki, and lep encode negative regulators of the
hedgehog signaling pathway. PLoS Genet. 2005;1:e19.

Soules KA, Link BA. Morphogenesis of the anterior segment in
the zebrafish eye. BMC Dev Biol. 2005;5:12.

28.

29.

30.

31.

33.

34.

35.

30.

37.

38.

39.

40.

41.

42.

43.

44.

Zebrafish Visual System Mutations 8221

Greiling TM, Aose M, Clark JI. Cell fate and differentiation of
the developing ocular lens. Invest Ophthalmol Vis Sci. 2010;
51:1540-1546.

Greiling TM, Clark JI. Early lens development in the zebrafish:
a three-dimensional time-lapse analysis. Dev Dyn. 2009;238:
2254-2265.

Tittle RK, Sze R, Ng A, et al. Uhrfl and Dnmt1 are required for
development and maintenance of the zebrafish lens. Dev Biol.
2011;350:50-63.

Imai E Yoshizawa A, Fujimori-Tonou N, Kawakami K, Masai I.
The ubiquitin proteasome system is required for cell
proliferation of the lens epithelium and for differentiation of
lens fiber cells in zebrafish. Development. 2010;137:3257-
32068.

. Marigo V, Davey RA, Zuo Y, Cunningham JM, Tabin CJ.

Biochemical evidence that patched is the Hedgehog receptor.
Nature. 1996;384:176-179.

Amato MA, Boy S, Perron M. Hedgehog signaling in vertebrate
eye development: a growing puzzle. Cell Mol Life Sci. 2004;61:
899-910.

Agathocleous M, Harris WA. From progenitors to differentiated
cells in the vertebrate retina. Annu Rev Cell Dev Biol. 2009;
25:45-69.

Chiang C, Litingtung Y, Lee E, et al. Cyclopia and defective
axial patterning in mice lacking Sonic hedgehog gene
function. Nature. 1996;383:407-413.

Roessler E, Belloni E, Gaudenz K, et al. Mutations in the
human Sonic Hedgehog gene cause holoprosencephaly. Nat
Genet. 1996;14:357-360.

Ming JE, Roessler E, Muenke M. Human developmental
disorders and the Sonic hedgehog pathway. Mol Med Today.
1998:;4:343-349.

Ming JE, Kaupas ME, Roessler E, et al. Mutations in PATCHED-
1, the receptor for SONIC HEDGEHOG, are associated with
holoprosencephaly. Hum Genet. 2002;110:297-301.

Ekker SC, Ungar AR, Greenstein P, et al. Patterning activities of
vertebrate hedgehog proteins in the developing eye and brain.
Curr Biol. 1995;5:944-955.

Macdonald R, Barth KA, Xu Q, Holder N, Mikkola I, Wilson SW.
Midline signalling is required for Pax gene regulation and
patterning of the eyes. Development. 1995;121:3267-3278.
Perron M, Boy S, Amato MA, et al. A novel function for
Hedgehog signalling in retinal pigment epithelium differenti-
ation. Development. 2003;130:1565-1577.

Zhang XM, Yang X]J. Temporal and spatial effects of Sonic
hedgehog signaling in chick eye morphogenesis. Dev Biol.
2001;233:271-290.

Sasagawa S, Takabatake T, Takabatake Y, Muramatsu T,
Takeshima K. Axes establishment during eye morphogenesis
in Xenopus by coordinate and antagonistic actions of BMP4,
Shh, and RA. Genesis. 2002;33:86-96.

Lu X, Liu S, Kornberg TB. The C-terminal tail of the Hedgehog
receptor Patched regulates both localization and turnover.
Genes Dev. 2006;20:2539-2551.



	f01
	t01
	f02
	f03
	f04
	f05
	b01
	b02
	b03
	b04
	b05
	b06
	b07
	b08
	b09
	b10
	b11
	f06
	b12
	b13
	b14
	b15
	b16
	b17
	b18
	b19
	b20
	b21
	b22
	b23
	b24
	b25
	b26
	b27
	b28
	b29
	b30
	b31
	b32
	b33
	b34
	b35
	b36
	b37
	b38
	b39
	b40
	b41
	b42
	b43
	b44


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU ([Based on 'AP_Press'] Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


