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Abstract

Human PITX2 mutations are associated with Axenfeld-Rieger syndrome, an autosomal-dominant developmental disorder
that involves ocular anterior segment defects, dental hypoplasia, craniofacial dysmorphism and umbilical abnormalities.
Characterization of the PITX2 pathway and identification of the mechanisms underlying the anomalies associated with PITX2
deficiency is important for better understanding of normal development and disease; studies of pitx2 function in animal
models can facilitate these analyses. A knockdown of pitx2 in zebrafish was generated using a morpholino that targeted all
known alternative transcripts of the pitx2 gene; morphant embryos generated with the pitx2ex4/5 splicing-blocking oligomer
produced abnormal transcripts predicted to encode truncated pitx2 proteins lacking the third (recognition) helix of the
DNA-binding homeodomain. The morphological phenotype of pitx2ex4/5 morphants included small head and eyes, jaw
abnormalities and pericardial edema; lethality was observed at ,6–8-dpf. Cartilage staining revealed a reduction in size and
an abnormal shape/position of the elements of the mandibular and hyoid pharyngeal arches; the ceratobranchial arches
were also decreased in size. Histological and marker analyses of the misshapen eyes of the pitx2ex4/5 morphants identified
anterior segment dysgenesis and disordered hyaloid vasculature. In summary, we demonstrate that pitx2 is essential for
proper eye and craniofacial development in zebrafish and, therefore, that PITX2/pitx2 function is conserved in vertebrates.
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Introduction

PITX2 is a member of the bicoid-like homeodomain transcription

factor family which, when mutated, is responsible for Axenfeld-

Rieger syndrome (MIM ID #180500), an autosomal-dominant

developmental disorder characterized by ocular anterior chamber

anomalies, increased risk for glaucoma, dental hypoplasia,

craniofacial dysmorphism and umbilical region abnormalities [1].

The majority of PITX2 mutations are located in the homeobox

region encoding the homeodomain and affect all known PITX2

isoforms (see below). These mutations typically generate a null-

allele, which supports PITX2 haploinsufficiency as a mechanism

for Axenfeld-Rieger syndrome, consistent with reports of gene

deletion in some patients; PITX2 mutations that appear to retain

limited wild-type activities are usually associated with milder

phenotypes [2]. Identification of increased transactivation activity

of two mutant PITX2 proteins associated with human disease

suggests that elevated PITX2 activity may also be disruptive [2,3].

Expression studies demonstrate that Pitx2 is expressed in neural-

crest derived cells that contribute to the ocular and craniofacial

tissues affected in Axenfeld-Rieger syndrome [1], as well as during

brain, heart, lung, stomach, gut and gonad development [4–11].

Several PITX2 isoforms have been reported with four

transcripts, PITX2A-D, identified in humans [12], three, Pitx2a–

c, in mice and frogs [13] and two, pitx2a and pitx2c, described in

chickens [14], zebrafish [15] and even ascidians [16]; the isoforms

have different N-terminal sequences but share exons encoding for

the homeodomain and C-terminal region. Although some

variations were observed, the Pitx2 isoforms demonstrate largely

overlapping expression patterns [13–15,17]; similarly, functional

assays demonstrate comparable DNA-binding and transactivation

activities for the main isoforms with minor differences revealed

under certain conditions [12,18].

In the mouse, complete knockout of Pitx2 results in embryonic

lethality and ocular, craniofacial, dental, brain, heart, lung, body

wall and other systemic defects; various conditional Pitx2-deficient

animals were generated to study specific aspects of its function

[7,8,10,17,19–21]. Ocular anomalies are observed in the Pitx22/2

homozygous but not in Pitx2+/2 heterozygous animals and include

arrest in anterior segment development, thickening of the

mesothelial layer of the cornea resulting in enophthalmos,

dysgenesis of the extraocular muscle and other defects. In terms

of craniofacial anomalies, Pitx22/2 animals display arrested tooth

development at the placode (for maxillary teeth) or bud (for

mandibular teeth) stage. The combination of ocular and craniofa-

cial defects observed in Pitx2-deficient mice shows similarity to

Axenfeld-Rieger syndrome in humans, suggesting conservation of

function for this gene during embryonic development.

Zebrafish offer several advantages compared to mammalian

models including rapid early development, optical clarity,

availability of gene manipulation techniques (including the
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recently developed gene knockout technnology via zinc-finger

nucleases), and large number of progeny, therefore providing

powerful genetic screening opportunities [22,23]. Zebrafish have

been utilized to demonstrate the effects of pitx2 misexpression on

heart development [5,15] but the overall effects of pitx2-deficiency

in zebrafish have not yet been fully investigated. In this

manuscript, we demonstrate that the function of pitx2 is conserved

in vertebrates and that zebrafish pitx2 is essential for proper eye

and craniofacial development.

Materials and Methods

Animals
Zebrafish (Danio rerio) adult fish were maintained on a 14-hour

light/ 10-hour dark cycle in system water; the embryos were

acquired by natural spawning and kept at 28.5uC. The

developmental stage was determined by time (hours post

fertilization (hpf) or days post fertilization (dpf)) as well as by

morphological criteria [24]. The Tg (fli1:gfp), Tg (gsnl1:gfp) and

p532/2 zebrafish lines used in this study have been previously

described [25–27].

The study was carried out in accordance with the recommen-

dations in the Guide for the Care and Use of Laboratory Animals

of the National Institutes of Health. The protocol was approved by

the Institutional Animal Care and Use Committee at the Medical

College of Wisconsin (protocol number AUA00000352).

In situ hybridization
Plasmids for dlx2a, dlx4a, foxd3 and lmx1b were obtained from

Open Biosystems (Thermo Fisher Scientific Inc, Huntsville, AL );

pax6a was kindly shared by Dr. Link (Medical College of

Wisconsin, Milwaukee, WI); pitx3 probe have been previously

described [28]; pitx2-exon 5, foxc1a and dkk2 plasmids were

constructed by PCR amplification and cloned into pCRII-TOPO

vector (Invitrogen, Carlsbad, CA) using with the following primers:

zf-pitx2ac-1345f, 59-CGAAGATTCGAACGATGACC-39 and zf-

pitx2ac-1345r, 59-TGGGATGTTGAAAAACGAAA-39 (to pro-

duce a 1345-bp probe that detects both pitx2 isoforms); zf-foxc1a-

273F and 59-GAAACCCCCGTACAGCTACA-39, zf-foxc1a-

273R, 59-AAAAAGCTGCCGTTCTCAAA-39 (to produce a

273-bp probe); zf_dkk2_ex1f503, 59- CACACTGGCAGAGGA-

GATCA and zf-dkk2_ex3r503: TCTGCTGTGGTTTTGA-

CAGG (to produce a 503-bp probe). Digoxigenin-labeled RNA

probes were synthesized by in vitro transcription and in situ

hybridization was performed as previously described [28].

Morpholino injections
Morpholino oligonucleotides were synthesized by Gene Tools

(Gene Tools, Philomath, OR). Antisense morpholino oligonucle-

otides were designed to target translation initiation sites of the

pitx2a, 59-CAAGTTTGCGGCAGTGGGAGTCCAT-39 (pit-

x2aATG), and pitx2c, CCTTCATAGAGGTCATGGATAAGAC

(pitx2cATG), isoforms as well as the pitx2 exon 4 donor site, 59-

TTTATCAAACTTACTCGGACTCTGG-39 (pitx2ex4/5), and a

standard control morpholino, 59-CCTCTTACCTCAgTTA-

CAATTTATA-39 (control-MO), was used. The morpholinos were

solubilized in water and diluted to 300–500 mM with 0.1% phenol

red for microinjections into embryos. The morpholino oligomers

(4–14 ng) were injected into 1–4 cell-stage embryos as previously

described [28]. The efficacy of morpholino injections was

evaluated by semi-quantitative RT-PCR using RNA extracted

from injected embryos.

Nucleic acid extractions and amplification
RNA was extracted using zebrafish embryos harvested in Trizol

reagent (Invitrogen, Carlsbad, CA) and standard procedures.

cDNA was synthesized from 1 mg of total RNA with SuperScript

III (Invitrogen, Carlsbad, CA) and random hexamers. Semi-

quantitative PCR was performed using cDNA prepared from

whole embryos, uninjected wild-type, pitx2ex4/5 and control-MO

injected embryos, and using two sets of pitx2 primers (a

combination of pitx2 primers 1 and 3 (499-bp product) and a

combination of primers 2 and 3 (637-bp product to amplify

isoforms pitx2a and pitx2c, respectively) and a control set of primers

for b-actin (329-bp product). Oligonucleotide sequences are as

follows: pitx2 forward primer 1 (zpitx2aF): 59-AAGACTGG-

CACGGCTGCAAA-39, pitx2 forward primer 2 (zpitx2cF): 59-

CGTCGGTAAATCGCTTGTCT-39 and pitx2 reverse primer 3

(zpitx2-R): 59-AACTTGATCCTGGTACACCG-39, and control

forward and reverse primers: b-actin-F, 59-GAGAAGATCTGG-

CATCACAC-39, b-actin-R, 59- ATCAGGTAGTCTGT-

CAGGTC-39. The DNA sequence of PCR products was

determined by direct automated DNA sequencing. DNA sequenc-

ing was performed to confirm the identity of PCR products by

comparison with database records; no novel sequences are

reported.

Histological analysis, alcian blue and alkaline
phosphatase staining

Histological analysis was performed using standard protocols.

Briefly, embryos were fixed in 4% paraformaldehyde at 4uC,

washed three times in PBS (pH 7.4), dehydrated in ascending

grades of ethyl alcohol (25%, 50%, 75%, 100%) and infiltrated

overnight in the dark at 4uC. The embryos were placed in a

molding cup tray capped by an EBH-2 Block Holder (Electron

Microscopy Sciences, West Chester, PA), embedded in a fresh

mixture of embedding solution and polymerized at 4uC overnight

according to the manufacturer’s directions. Polymerized blocks

were cut at 1–2 mm using a Leica RM2255 microtome (Leica

Microsystems, Vienna, Austria) with glass knives made from

7.0 mm glass strips on a Leica EMKMR2 Knifemaker (LeicaMi-

crosystems, Vienna, Austria); sections were collected onto charged

glass slides and dried on the heater at 150uC. Hematoxylin and

eosin staining was performed using standard protocols. Alcian blue

staining was performed according to Barrallo-Gimeno et al. [29];

cartilage elements were identified as previously described [30].

The alkaline phosphatase staining of hyaloid vessels was

performed according to Alvarez et al. [31]. Images were obtained

using an AxioImager Zeiss microscope (Zeiss, Thornwood, NY).

Immunohistochemistry
Immunohistochemistry was performed with the following

primary serum: mouse anti-Keratin Sulfate Proteoglycan antibody

(Chemicon International, Temecula, CA), mouse anti-Keratan

sulfate monoclonal antibody (Millipore, Billerica, MA), rabbit anti-

crystallin aA and bB1 antibodies (a generous gift from Dr.

Thomas C. Vihtelic); and the following secondary antibodies,

Alexa Fluor 568 donkey anti-mouse IgG (H+L) (Invitrogen,

Carlsbad, CA), Alexa Fluor 488 donkey anti-rabbit IgG (H+L)

(Invitrogen, Carlsbad, CA) and FITC conjugated Affinipure

donkey anti-mouse IgG (H+L) (Jackson Immuno Research

Laboratories Inc, West Grove, PA). Embryos were fixed in 4%

paraformaldehyde/PBS and infiltrated with 30% sucrose and then

OCT, embedded in cryomolds and frozen. 7-mm sections were

prepared, mounted on charged glass slides and dehydrated for

30 min at 37uC. Sections were incubated in blocking solution (16
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PBS/10% normal donkey serum /0.1% Tween 20) for 1 hour at

room temperature and then overnight at 4uC in primary

antibody/blocking solution. The sections were washed in 16
PBS/0.1% Tween 20 and incubated for 1 hour at room

temperature in blocking solution and then exposed to secondary

antibody. Immunoreactivity was captured with a AxioImager

Zeiss microscope (Zeiss, Thornwood, NY).

Results

Generation of a complete knockdown of pitx2 in
zebrafish by blocking translation or mRNA splicing

The zebrafish pitx2 gene generates two transcripts, pitx2a and

pitx2c, produced by alternative promoter usage similar to the

human PITX2 gene [1,15] (Figure 1A). Both pitx2 transcripts are

expressed embryonically at various sites including the developing

pharyngeal arches, tissues surrounding the oral cavity and anterior

segment of the eye [15,32].

To achieve a complete knockdown of pitx2, the following

antisense morpholino oligomers were designed: pitx2aATG and

pitx2cATG (targeting the translation initiation sites of the pitx2a and

pitx2c isoforms, respectively) and pitx2ex4/5 (targeting the donor site

of exon 4 and predicted to affect normal splicing of exons 4 and 5

that are common to both pitx2a and pitx2c transcripts and,

therefore, to simultaneously knockdown both pitx2 isoforms)

(Figure 1A). Injection of either a combination of pitx2aATG/

pitx2cATG oligomers or the single pitx2ex4/5 morpholino resulted in

an abnormal phenotype, described below. RT-PCR analysis of

mRNA extracted from pitx2ex4/5 morphants identified an acute

reduction (in embryos injected with 4.7 ng of pitx2ex4/5 morpho-

lino) or a complete absence (in larvae injected with 7 ng of

morpholino) of normal pitx2 transcripts along with the presence of

an aberrant PCR product at 24–48-hpf (Figure 1B); the quantity of

normal transcript continued to be significantly diminished in 72–

96-hpf pitx2ex4/5 morphants and reached normal levels in 120-hpf

embryos (Figure 1B). Sequence analysis of the aberrant RT-PCR

product revealed the presence of a 902-bp fragment corresponding

to intron 4 (Figure 1C). The abnormal transcript was predicted to

encode truncated pitx2a and pitx2c proteins lacking the third

(recognition) helix of the DNA-binding homeodomain with pitx2a

sequence truncated at 92 amino acids (34% of normal length) and

pitx2c at 137 amino acids (44% of normal length).

Knockdown of pitx2 disrupts embryonic development
Embryos injected with either a combination of pitx2aATG and

pitx2cATG oligomers or a single pitx2ex4/5 morpholino demonstrated

similar abnormal phenotypes, indicating an essential role for pitx2

in normal zebrafish development; pitx2ex4/5 morpholino was

selected for further studies as it provided the ability to easily

verify/quantify injection outcomes by RT-PCR (please see above;

Figure 1. zebrafish pitx2 knockdown and associated phenotype. A. Schematic drawing of pitx2 genomic structure. Exons are shown as
numbered boxes, sizes are indicated at the top (for exons) or at the bottom (for introns). The positions of primers to amplify pitx2 transcripts are
shown and numbered 1–3; primers 1 and 3 are used for pitx2a and 2 and 3 for pitx2c. The position of antisense morpholino oligonucleotides,
pitx2aATG, pitx2cATG and pitx2ex4/5sp, are shown with red lines. B. RT-PCR of pitx2 expression in pitx2ex4/5 morphants. Please note a complete absence of
normal pitx2 transcripts (indicated with black arrows) and the presence of an abnormal large PCR product (indicated with red arrowheads) in mRNA
extracted from pitx2ex4/5 embryos at 24–48-hpf, the presence of both normal (diminished) and abnormal products at 72–96-hpf pitx2ex4/5, and normal
levels of pitx2 by 120-hpf due to weakening of morpholino effects. C. DNA sequencing of the abnormal PCR product observed in pitx2ex4/5 morphant
embryos identified the presence of the 902-bp intron 4 in the pitx2ex4/5 transcript consistent with aberrant splicing (forward sequence is shown and
the beginning of the intron is indicated with a red arrow; exon 4 sequence is shown in upper case while intron 4 is in lower case letters; the exon-
intron junction sequence corresponding to the pitx2ex4/5 antisense oligomer is indicated in red). Therefore, the pitx2ex4/5 protein is predicted to
contain partial pitx2 sequence (lacking amino acids encoded by exon 5) followed by 10 erroneous amino acids (pitx2ex4/5 stop codon is indicated with
red box). D. Representative images of pitx2ex4/5 morphants, control morpholino-injected embryos and larvae developed from uninjected eggs at 48-
hpf, 96-hpf and 7-dpf. E. Bar graph showing the distribution of observed embryonic phenotypes following pitx2ex4/5 morpholino injections into
p532/2 and wild-type zebrafish eggs. e- eye, j- jaw, pe- pericardial edema.
doi:10.1371/journal.pone.0030896.g001
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Figure 1B) and injection of this single oligomer was associated with

higher efficiency and lower mortality rates.

Gross morphological comparison of pitx2ex4/5 morphant and

control embryos was performed using 150–300 embryos in each

experiment: at 24-hpf, the first embryos displaying smaller head,

eyes and body length were detected with the number of abnormal

embryos increasing sharply by 48-hpf; most of these embryos

survived until 6–8-dpf and, in addition to the small eye, head, and

trunk, displayed pericardial edema (starting at ,60-hpf) and jaw

abnormalities (from ,72-hpf) (Figure 1D). Other phenotypic

classes included severely malformed fish (displaying twisted

shortened trunk, small malformed head, massive heart edema,

and associated with lethality at ,72-hpf in most fish), ‘‘curved

body’’ fish, and embryos with normal appearance. The propor-

tions of phenotypes were as follows: specific head and trunk and

severe phenotypes were observed in 70–82% of pitx2ex4/5

morphants and not observed in embryos injected with control

morpholino or uninjected larvae; the non-specific ‘‘curved body’’

phenotype was detected in ,12% of pitx2ex4/5, 14–16% of control

morpholino-injected larvae, and not observed in uninjected

embryos; normal phenotype was seen in 6–16% of pitx2ex4/5

morphants, 84–86% of control morpholino-injected fish and

,100% of uninjected embryos. Since the ‘‘curved body’’ fish were

present at a similar rate in pitx2ex4/5 morphants and control

embryos, this phenotype was classified as non-specific and further

studies focused on morphants with specific head/trunk or severely

malformed phenotypes.

To further investigate the specificity of the observed pitx2ex4/5

phenotypes, injections into p53-deficient zebrafish embryos were

performed to identify features possibly associated with off-target

effects which may accompany morpholino injections due to

activation of p53-mediated apoptosis [27]. The distribution of

observed phenotypes following pitx2ex4/5 injections was similar at

the 96-hpf stage while at 48-hpf a lower percentage of ‘‘curved

body’’ (4% versus 12%) and severe phenotypes (4.3% versus

38.4%) was detected in p532/2 versus wild-type backgrounds

(Figure 1E). These data suggest that both the ‘‘curved body’’ and

severe phenotypes detected at earlier stages may be related to off-

target effects of morpholino injections while the specific head and

trunk phenotype observed at both earlier and later stages is caused

by pitx2 deficiency. Further analyses of morphology, histology and

alcian blue staining were performed using zebrafish that displayed

the specific phenotype in wild-type and p532/2 backgrounds

with no apparent difference in features observed in these two

backgrounds.

pitx2 ex4/5sp morphants demonstrate craniofacial and
ocular defects

To investigate the craniofacial and ocular anomalies associated

with pitx2 deficiency, pitx2ex4/5 morphant and control embryos

were assayed by alcian blue staining and histological analysis.

The cartilage elements of the pitx2ex4/5 pharyngeal arches were

reduced in size, malformed and displaced (Figure 2A–H). This

phenotype was clearly visible starting at 72-hpf; no noticeable

abnormalities were detected in morphant embryos at earlier stages

of development using morphological and histological analyses.

The position of the palatoquadrate of the mandibular arch (or the

first pharyngeal arch) appeared to be normal while the Meckel’s

cartilage component of the mandibular arch was positioned

perpendicular to the palatoquadrate and pointing towards the

upper jaw in 72-hpf embryos (Figure 2A–D). The ceratohyal

cartilage of the hyoid arch (or the second pharyngeal arch) was

positioned perpendicular to the upper jaw and pointing ventrally.

The ceratobranchial arches 1 through 5 (pharyngeal arches 3–7) as

well as the basihyal and basibranchial components of the

pharyngeal arches appeared to be underdeveloped. At 120-hpf

(Figure 2E–H), the mandibular and the hyoid pharyngeal arches

were pointed ventrally, giving the appearance of an ‘‘open

mouth’’. In addition to this, a visible reduction in size and

irregular shape of the elements of the mandibular arch (Meckel’s

and palatoquadrate cartilages) was noted. The ceratobranchial

arches could be observed at this stage but were reduced in size. At

the same time, the ethmoid plate cartilage of the upper jaw

appeared to be largely unaffected. The described anomalies were

observed in 100% of 72–120-hpf pitx2ex4/5 morphants (n = 35 (72–

96-hpf), n = 20 (120-hpf) embryos).

Analysis of histological sections at the eye level revealed defects

in ocular development in pitx2ex4/5 morphants (Figure 2I–T). At

72-hpf, the developing eye appeared to be largely unaffected with

the exception of an increased number of cells observed in the

anterior segment in some embryos (40%, n = 30; Figure 2I, J, O,

P). At 120-hpf and 8-dpf, the pitx2ex4/5 eyes seemed small/

misshapen and appeared to lack developed anterior segment

region structures (93%, n = 30 (120-hpf) and 100%, n = 10 (8-dpf);

Figure 2K–N and Q–T).

Since pitx2ex4/5 morphant embryos express abnormally spliced

pitx2 transcript that includes exon 5, we were able to use the pitx2-

exon 5 antisense riboprobe to detect cells with active pitx2

expression in morphant and control embryos and to compare

these patterns: in early stage (24–48-hpf) pitx2ex4/5 embryos, we

expected to primarily observe abnormal transcript while at later

stages (72–120-hpf) we were likely to detect a mixture of abnormal

and normal pitx2 transcripts due to weakening of the effects of

morpholino in the maturing pitx2ex4/5 embryos. At 24-hpf, pitx2-

positive cells were detected in morphants in a pattern similar to

normal pitx2 expression in control embryos in the brain,

developing pharyngeal arches and around the eye (Figure 3A–

D). At 48-hpf, the overall pattern continued to be similar but

increased pitx2 staining was observed in the anterior segment of the

eye on sections (80% of morphants, n = 10; Figure 3E–I) and by

72-hpf, an abnormal accumulation/pattern of pitx2 positive cells

was detected by both whole mount and section in situ

hybridization (100% of morphants, n = 17; Figure 3J–P). Clusters

of pitx2 positive cells in the anterior segment of the eye were seen

as late as 120-hpf (100% of pitx2 ex4/5 embryos, n = 10; Figure 3Q–

W); an increased staining behind the lens, in the developing

hyaloid vasculature was also observed (Figure 3W). Similarly,

robust expression of pitx2 in the craniofacial region of morphant

embryos was observed at 72-hpf and 120-hpf in contrast to

downregulation of normal pitx2 expression in control embryos

(100% of morphants, n = 17 (72-hpf), n = 10 (120-hpf); Figure 3J–

W).

Patterns of craniofacial and ocular gene expression are
affected in pitx2ex4/5 morphants

In vertebrate embryos, the pharyngeal arches receive a

significant contribution from the cranial neural crest cells that

migrate into the craniofacial region. Forkhead transcription factor

foxd3 is required for maintenance of neural crest population

[33,34], fli1 is expressed in neural crest derived lineages [33] and

the distal-less homeobox gene family plays an important role in

early as well as late stages of craniofacial development [35,36]. We

analyzed expression of foxd3, dlx2a and dlx4a, and Tg(fli1:gfp) in

pitx2ex4/5 morphants and control embryos and observed a number

of differences.

Expression of foxd3 in 24-hpf pitx2ex4/5 embryos appeared to be

mostly unaffected with similar levels of transcripts seen in the

migrating neural crest cells marked with foxd3 (Figure 4A/A9 and

pitx2 in Zebrafish Development
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B/B9); expression of dlx2a was similar in regions of the anterior

(mandibular and hyoid) arches while slightly reduced levels were

seen in the posterior (ceratobranchial) arches (n = 10; Figure 4C

and C9). At 32-hpf, a decrease in signal associated with the

posterior arches was clearly observed in ,80% of morphant

embryos based on expression of dlx2a, dlx4a and Tg(fli1:gfp) (n = 5–

8; Figure 4D–G and D9–G9). By 48-hpf, an increased dlx2a

staining in the dorsal domain of the anterior arches and reduction

of staining in the posterior arches was observed in 92.5% of

morphant embryos (n = 25; Figure 4H and H9). Expression of

dlx4a in the developing pharyngeal arches and in the epithelia

around the oral cavity at 48-hpf was also affected: expression in

the posterior arches or anterior domain of the oral cavity was

decreased while broader expression was detected in the anterior

arches (65% of morphants, n = 17; Figure 4I–K and I9–K9). In 72-

hpf control embryos, dlx4a expression was detected in the anterior

arches that extend frontward as well as in the posterior arches,

while lack of the anterior extension is observed in pitx2ex4/5

morphants with broad strong dlx4a expression continuing in this

region in 83% of morphants (n = 23; Figure 4L–P and L9–P9).

Expression of several ocular factors was also examined in

pitx2ex4/5 morphants. This analysis included pax6a, a paired-box

homeodomain transcription factor [37]; pitx3, another member of

the pitx family that plays an active role in early lens development

[28,38]; dkk2, a zebrafish ortholog of mammalian Dkk2 that

encodes an extracellular antagonist of canonical Wnt/ß-catenin

signaling and is downstream of Pitx2 in the developing eye in mice

[39]; corneal keratan sulfate proteoglycan that is highly expressed

in the corneal stroma and represents an excellent cornea-specific

differentiation marker [40], crystallins aA and bB1 that are

expressed in the developing lens fibers [41,42] and Tg (gsnl1:gfp)

that marks the developing annular ligament (analog of trabecular

meshwork) in the iridocorneal angle of zebrafish eyes [26].

Expression of pax6a was detected in the retinal ganglion cells

and inner nuclear layer neurons in pitx2ex4/5 morphant and control

100–120-hpf eyes (Figure 5A–D). Expression of pitx3 in the

developing lens also seemed to be mostly unaffected, although

morphant lenses appeared to be smaller than control lenses (n = 6;

Figure 5E–H); in addition to the lens, pitx3 is expressed in the

developing pharyngeal arches in a pattern similar to pitx2 and this

expression continued to be observed in the abnormally developing

craniofacial structures (Figure 5F and H).

The most significant changes were detected in the expression of

genes associated with the developing anterior segment structures.

Analysis of dkk2 expression in pitx2ex4/5 morphants revealed a

sharp reduction in the amount of dkk2 transcript in the anterior

segment region at 72-hpf (67% of pitx2ex4/5 embryos; n = 12)

(Figure 5I–L). Dual immunohistochemistry of keratan sulfate

proteoglycan and crystallin (aA and bB1) in control and pitx2ex4/5

embryos at 96-hpf demonstrated normal expression for both

crystallins in 100% of the pitx2ex4/5 lenses (n = 16) while highly

reduced/absent staining for keratan sulfate proteoglycan was

observed in 75% of pitx2ex4/5 corneal stroma (n = 16; Figure 5M–

P). Examination of GFP expression in Tg (gsnl1:gfp) zebrafish

embryos injected with control or pitx2ex4/5 morpholino identified

clearly detectable patches of GFP positive cells in the iridocorneal

angle and the developing annular ligament in 72–96-hpf eyes

followed by strong expression in all 120-hpf control embryos

(n = 10 for every stage) while a significant reduction (80%) or a

complete absence (20%) of ocular GFP expression was observed in

pitx2ex4/5 72–120-hpf morphants (n = 10) (Figure 5Q–T).

Finally, the development of the ocular vasculature in pitx2ex4/5

morphants was evaluated using the Tg(fli1:gfp) transgenic line [25];

in this line, the fli1 promoter drives the expression of green

fluorescent protein (gfp) in all blood vessels throughout embryo-

genesis. In 100% of 72–120-hpf pitx2ex4/5 morphants, the ocular

Figure 2. Deficiency of pitx2 results in craniofacial and ocular defects. A–H. pitx2 knockdown disrupts development of the pharyngeal
arches. Lateral (A, B, E, F) and ventral (C, D, G, H) views of 72-hpf (A–D) and 120-hpf (E–H) larvae stained with Alcian blue. Numerous defects in the
development of the lower jaw (anterior arches) and ceratobranchial (posterior) arches can be observed. I–T. pitx2 knockdown disrupts eye
development. Representative images of histological sections of 72-hpf (I,J,O,P), 120-hpf (K,L,Q,R) and 8-dpf (M,N,S,T) control and pitx2ex4/5

morphants; head sections at the optic nerve level are shown (I–N) as well as high magnification images for the eye (O–T). Please note the
accumulation of cells in the anterior segment in 72-hpf pitx2ex4/5 morphant embryos (arrowhead in P) and abnormal eye size/shape in 120-hpf and 8-
dpf morphants (arrowheads in R, T). Abbreviations: A–H- bb,basibranchial; bh, basihyal; cb, ceratobranchial (P3–P7); ch, ceratohyal (P2); ep, ethmoid
plate; hs, hyosympletic (P2); m, Meckel’s cartilage (P1); pq, palatoquadrate (P1); I–T- ase, anterior segment of the eye; le, lens; on, optic nerve; re-
retina.
doi:10.1371/journal.pone.0030896.g002
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blood vessels appeared to be disorganized and misdirected based

on fluorescence detection (n = 15; Figure 5U, V) and in situ

analysis with the gfp probe (data not shown). To further investigate

the hyaloid vasculature patterning in control and pitx2ex4/5

morphants, alkaline phosphatase staining was performed as

described [31]. Consistent with the Tg(fli1;gfp) data, pitx2ex4/5

hyaloid vessels demonstrated abnormal branching with extra

interconnections, appeared to be thinner, were increased in

number and attached loosely to the smaller lens in comparison to

control lenses (Figure 5W, X). The size of the pitx2ex4/5 lens was

measured and found to be significantly smaller than the control

lens (p = 0.034 for 72-hpf and p = 0.007 for 120-hpf).

Discussion

In this manuscript we describe the effects of pitx2 knockdown in

zebrafish. The functional disruption generated with pitx2ex4/5

splice-blocking morpholino is highly similar to the effects of

human PITX2 mutations, which are clustered in the homeodo-

main region of the protein with many of them resulting in

truncation of normal PITX2 sequence and lack of the recognition

helix of the homeodomain [1–3]. Deficiency of pitx2 led to a

number of abnormalities in zebrafish including craniofacial and

ocular defects consistent with the classic features of Axenfeld-

Rieger syndrome. These data, together with the previously

reported preservation of PITX2/pitx2 expression pattern and

transcriptional regulation [32] suggests a high level of conservation

of PITX2/pitx2 function in vertebrates.

The craniofacial abnormalities observed in pitx2ex4/5 morphants

appear to be similar to what was reported in foxd3 and dlx mutants

and morphants [34,36]. We observed no significant differences in

the expression pattern of foxd3 in pitx2ex4/5 morphants; in general,

expression of foxd3 appears to precede pitx2 expression in the

pharyngeal arches’ primordial region and, therefore, foxd3 may be

acting upstream of pitx2 in the developmental pathway. PITX2

and DLX2 have been previously reported to be acting in the same

pathway during tooth development in mammals; PITX2 was

shown to bind to bicoid-like sites in the DLX2 promoter resulting in

a 30-fold activation of reporter expression in transfected cells [43].

Ocular developmental phenotypes observed in pitx2ex4/5 zebra-

fish such as accumulation of pitx2-transcriptionally active cells in

the front of the developing eye followed by lack of differentiation

of anterior segment structures are highly similar to the features

previously reported in Pitx2 knockout mice [8,19] and point to

possible defects in migration patterns and differentiation of neural-

crest derived periocular mesenchymal cells. The expression

pattern of several ocular markers was found to be affected in

pitx2ex4/5 morphants consistent with the abnormal development of

anterior segment structures and overall ocular dysgenesis. In

addition to anterior segment dysgenesis and vasculature defects in

pitx2 deficient zebrafish, a misshapen and small retina and lens

were observed. A small and misshapen eye/retina has been

previously reported in Pitx22/2 deficient mice [19]. At this point

it is unclear whether pitx2 plays a direct role in the development of

posterior ocular structures or if maldevelopment of the anterior

segment and/or hyaloid vasculature affects the formation of other

Figure 3. In situ hybridization with pitx2-exon 5 antisense riboprobe in control and morphant embryos. The pitx2 antisense riboprobe
comprising exon 5 sequence detects wild-type and abnormally spliced pitx2ex4/5 transcripts. Images of whole mount embryos (A–F, J–M and Q–U)
and sections (G–I, N–P and V, W) are shown for embryonic stages of 24-hpf (A–D), 48-hpf (E–I), 72-hpf (J–P) and 120-hpf (Q–W). Please note
abnormal pitx2 transcripts around the developing eye (arrowheads in B, D) and pharyngeal arches (arrows in B) in morphants at 24-hpf, which is
similar to pitx2 expression in control embryos (A, C). Staining for pitx2 positive cells in morphant embryos at 48-, 72- and 120-hpf identifies abnormal
patterns during ocular and craniofacial development in comparison to pitx2 expression in control embryos (E–W). In terms of ocular patterns, some
48- and 72-hpf morphants demonstrate an accumulation of pitx2 transcriptionally active cells in the anterior segment of the eye (arrowheads; images
for whole mount and sections from two different pitx2ex4/5 morphant embryos at 48-hpf (F, H, I) and 72-hpf (K, M, O, P) in comparison to control 48-
hpf (E,G) and 72-hpf (J, L, N) are shown). In 120-hpf eyes, a disorganized pattern of pitx2 positive cells continues to be observed in pitx2ex4/5

morphant embryos (arrowheads in T, U, two different morphant embryos are shown, and W) in comparison to pitx2 expression in control embryos
(S, V); in addition to the abnormal pattern in the anterior structures, an increased signal behind the lens corresponding to the hyaloid vasculature is
also observed (asterisks in W). With regards to craniofacial development, in 72-hpf morphant embryos, strong staining is observed around the
malformed oral cavity and arches with the level of expression similar to control pitx2 expression (arrows in J–M); at 120-hpf, pitx2 transcripts continue
to be strongly expressed in the malformed pharyngeal arches (arrows in R and W) while expression of wild-type pitx2 is downregulated in control
120-hpf embryos (arrows in Q and V).
doi:10.1371/journal.pone.0030896.g003
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parts of the eye including the retina; the second possibility seems to

be more likely since pitx2 is not expressed in the developing retina.

Zebrafish pitx2 deficiency was also found to result in an

abnormal patterning of the hyaloid vasculature with an increased

number of thin and disorganized vessels observed in the pitx2 ex4/5

morphant eyes. Recently, Rutland et al demonstrated that defects

in the development of the hyaloid vasculature can lead to

microphthalmia and lens anomalies in mice [44]. A similar

mechanism may be implicated in the small eye/lens phenotype

observed in pitx2 deficient zebrafish reported here; the role of the

hyaloid vasculature in normal development of various ocular

structures needs to be investigated further. Previously, Evans and

Gage [21] observed hypomorphic hyaloid vasculature in neural-

crest-specific Pitx2 knockout mice: a reduced number of hyaloid

vessels was observed in the developing mutant eye that was

apparently associated with an inability of the Pitx2-negative

pericytes to differentiate and stabilize the developing vessels.

Abnormalities in human ocular vasculature development such as

persistent fetal vasculature are often associated with anterior

segment defects, cataracts, glaucoma, retinal detachment, nystag-

mus, microphthalmia, and other ocular anomalies [45–47].

Recently, a persistent hyaloid artery extending towards the

fibrovascular tissue behind the lens was identified in a patient

affected with Axenfeld-Rieger syndrome caused by a PITX2

mutation [48], further suggesting that human PITX2 may be

involved in normal ocular vasculogenesis, similar to its vertebrate

orthologs.

The hyaloid vasculature represents a transient intraocular

system which is gradually lost during the late embryonic period

with a complete regression in adults; the embryonic eye relies on

the hyaloid vasculature to provide nourishment to its various

developing structures [31,49,50]. The mechanisms of hyaloid

vasculogenesis and its subsequent regression are not yet well

understood. Disorganized/ persistent hyaloid vasculature de-

fects have also been previously reported in Bmp4 [51], plexin D1

[31], Cited2 [52], Lama1/lama1 [53,54], norrie disease protein (Ndp)

[55], Wnt7b [56] and Frizzled-5 [57,58] zebrafish or mouse

mutants as well as in association with mutations in the human

LAMB2 [59], NDP [60] and FRIZZLED-4 [61] genes. Interest-

ingly, Cited2 has been previously reported to directly control

Pitx2c expression during cardiovascular development [62]. Pitx2c

expression in the left lateral plate mesoderm was absent in the

Cited2(2/2) mice; Cited2 and Tfap2 were found to be bound to

the Pitx2c promoter in embryonic heart tissues and to activate

Pitx2c transcription in transient transfection assays. Therefore, it

is possible that a similar pathway is acting during ocular

vasculature development.

The Axenfeld-Rieger malformation spectrum represents a

complex group of conditions showing significant intrafamilial

and interfamilial variability [2,3]. Ocular abnormalities appear

to be the most penetrant feature of PITX2-deficient phenotypes

as even partial loss-of-function mutations can result in ocular

manifestations [2,3]. The mechanisms of these ocular defects

and, in particular, the developmental glaucoma seen in ,50% of

affected patients, are still unclear. Our manuscript introduces a

zebrafish model of pitx2 deficiency and presents data that support

conservation of pitx2 function in vertebrates. While our results

are consistent with pitx2 playing an essential role in anterior

segment development, other ocular anomalies observed in

zebrafish suggest a broader role for pitx2/PITX2 in the

developing eye, with potential implications to human disease,

that needs to be investigated further. At the same time, the

Figure 4. Craniofacial development and gene expression in pitx2ex4/5 morphants. Developmental patterns of foxd3, dlx2a and dlx4a, and
Tg(fli1:gfp) expression in pitx2 ex4/5 embryos. In situ hybridization was performed with foxd3, dlx2a, dlx4a or gfp-specific antisense riboprobe in control
(A–P) or morphant (A9–P9) zebrafish embryos. Please note similar expression patterns in migrating neural crest cells (foxd3) and pharyngeal arch
primordial regions (dlx2a) at 24-hpf (arrows in control (A–C) and morphant (A9–C9) embryos). Starting at 32-hpf, expression of dlx2a, dlx4a and
Tg(fli1:gfp) in the posterior arches appears to be reduced in pitx2ex4/5 fish (arrowheads in control (D–G) and morphant (D9–G9) embryos) while
expression in the anterior arches (arrows in control (D–G) and morphant (D9–G9) embryos) is not significantly affected. In 48–72-hpf embryos, an
increased expression of dlx4a in the anterior arches is detected (arrows in control (H–N) and morphant (H9–N9) embryos) while expression in the
posterior arches remains reduced (arrowheads in control (H–N) and morphant (H9–N9) embryos); dlx4a expression around the oral cavity in 48-hpf
embryos (arrow with asterisk in K and K9) as well as a frontward extension of the anterior arches at 72-hpf (arrows in L–N for controls and L9–N9 for
morphants) are not observed in pitx2ex4/5 fish. Analysis of sections at 72-hpf also shows broadened expression of dlx4a in the craniofacial region of
morphant embryos (O9, P9) in comparison to controls (O, P).
doi:10.1371/journal.pone.0030896.g004
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phenotype reported here is associated with a complete loss of

normal pitx2 at early developmental stages while the human

phenotype, Axenfeld-Rieger syndrome, is caused by PITX2

haploinsufficiency; it is still unclear whether permanent inacti-

vation of one allele of pitx2 can lead to a zebrafish phenotype

with relevance to human disease. Since morpholino technology

offers a temporary and imprecise disruption of gene function, the

development/identification of a permanent zebrafish line

carrying a pitx2-inactivating mutation is needed to fully

investigate this question. Zebrafish are increasingly being utilized

for studies of disease mechanisms due to a number of advantages

in comparison to mammalian systems [22,23]; studies of pitx2-

deficient zebrafish are likely to facilitate examination of the

developmental roles of this important factor.
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2. Tümer Z, Bach-Holm D (2009) Axenfeld-Rieger syndrome and spectrum of

PITX2 and FOXC1 mutations. Eur J Hum Genet 17: 1527–1539.

3. Hjalt TA, Semina EV (2005) Current molecular understanding of Axenfeld-

Rieger syndrome. Expert Rev Mol Med 7(25): 1–17.

4. Ryan AK, Blumberg B, Rodriguez-Esteban C, Yonei-Tamura S, Tamura K,

et al. (1998) Pitx2 determines left-right asymmetry of internal organs in

vertebrates. Nature 394(6693): 545–551.

5. Campione M, Steinbeisser H, Schweickert A, Deissler K, van Bebber F, et al.

(1999) The homeobox gene Pitx2: mediator of asymmetric left-right signaling in

vertebrate heart and gut looping. Development 126(6): 1225–1234.

6. Campione M, Ros MA, Icardo JM, Piedra E, Christoffels VM, et al. (2001)

Pitx2 expression defines a left cardiac lineage of cells: evidence for atrial

and ventricular molecular isomerism in the iv/iv mice. Dev Biol 231(1):

252–264.

7. Lin CR, Kioussi C, O’Connell S, Briata P, Szeto D, et al. (1999) Pitx2 regulates

lung asymmetry, cardiac positioning and pituitary and tooth morphogenesis.

Nature 401(6750): 279–282.

Figure 5. Ocular development and marker expression in pitx2ex4/5 morphants. In situ hybridization (A–L), double immunohistochemistry
(M–P), live gfp fluorescence images (Q–V) and alkaline phosphatase staining (W, X) for control and morphant embryos are shown and are labeled
with corresponding developmental stages in the lower right corner; dorsal (A, B, I, J) and ventral (E–H) views of a zebrafish larval head as well as
transverse sections at the eye level (C, D, M–P), all positioned anterior to the top, and lateral views of an embryonic eye (K, L) or head (Q–V),
positioned anterior to the left, are shown. Please note expression of pax6a in the developing retina of the control and morphant embryos
(arrowheads in A–D); similar pitx3 expression in the developing lens in 48–72-hpf control and morphant embryos (arrowheads in E–H; abnormally
developing pharyngeal arches and oral cavity in 48–72-hpf embryos are marked with arrows); reduced expression of dkk2 in the anterior segment of
the pitx2 morphants (arrowheads in I–L); decreased/absent expression of corneal keratan sulfate proteoglycan (CKS) in the developing morphant
corneas (red fluorescence, arrowheads in M–P) but similar expression of crystallins aA (green fluorescence, arrows in M, N) and bB1 (green
fluorescence, arrows in O, P) in control and morphant lenses; and a decreased/absent expression of the Tg(gsnl1:gfp) transgene in the developing
iridocorneal structures of pitx2ex4/5 morphants (arrowheads in R, T) in comparison to control embryos (Q, S). In addition to this, fluorescence
(Tg(fli1:gfp) transgene) images (U, V) as well as alkaline phosphatase staining (W, X) demonstrate abnormal development of the hyaloid vasculature
in pitx2ex4/5 morphants (arrowhead in V) in comparison to control embryos (U); increased number and disorganized appearance of pitx2ex4/5 hyaloid
vessels (X) in comparison to controls (W) is revealed by alkaline phosphatase staining.
doi:10.1371/journal.pone.0030896.g005

pitx2 in Zebrafish Development

PLoS ONE | www.plosone.org 8 January 2012 | Volume 7 | Issue 1 | e30896



8. Kitamura K, Miura H, Miyagawa-Tomita S, Yanazawa M, Katoh-Fukui Y,

et al. (1999) Mouse Pitx2 deficiency leads to anomalies of the ventral body wall,
heart, exta- and periocular mesoderm and right pulmonary isomerism.

Development 126(24): 5749–5758.

9. Bisgrove BW, Essner JJ, Yost HJ (2000) Multiple pathways in the midline
regulate concordant brain, heart and gut left-right asymmetry. Development

127(16): 3567–3579.
10. Martin DM, Skidmore JM, Philips ST, Vieira C, Gage PJ, et al. (2004) PITX2 is

required for normal development of neurons in the mouse subthalamic nucleus

and midbrain. Dev Biol 267(1): 93–108.
11. Ishimaru Y, Komatsu T, Kasahara M, Katoh-Fukui Y, Ogawa H, et al. (2008)

Mechanism of asymmetric ovarian development in chick embryos. Development
135(4): 677–685.

12. Cox CJ, Espinoza HM, McWilliams B, Chappell K, Morton L, et al. (2002)
Differential regulation of gene expression by PITX2 isoforms. J Biol Chem

277(28): 25001–25010.

13. Schweickert A, Campione M, Steinbeisser H, Blum M (2000) Pitx2 isoforms:
involvement of Pitx2c but not Pitx2a or Pitx2b in vertebrate left-right

asymmetry. Mech Dev 90(1): 41–51.
14. Yu X, St Amand TR, Wang S, Li G, Zhang Y, et al. (2001) Differential

expression and functional analysis of Pitx2 isoforms in regulation of heart

looping in the chick. Development 128(6): 1005–1013.
15. Essner JJ, Branford WW, Zhang J, Yost HJ (2000) Mesendoderm and left-right

brain, heart and gut development are differentially regulated by pitx2 isoforms.
Development 127: 1081–1093.

16. Christiaen L, Bourrat F, Joly JS (2005) A modular cis-regulatory system controls
isoform-specific pitx expression in ascidian stomodaeum. Dev Biol 277(2):

557–566.

17. Liu W, Selever J, Lu MF, Martin JF (2003) Genetic dissection of Pitx2 in
craniofacial development uncovers new functions in branchial arch morpho-

genesis, late aspects of tooth morphogenesis and cell migration. Development
130: 6375–6385.

18. Toro R, Saadi I, Kuburas A, Nemer M, Russo AF (2004) Cell-specific activation

of the atrial natriuretic factor promoter by PITX2 and MEF2A. J Biol Chem
279(50): 52087–52094.

19. Lu MF, Pressman C, Dyer R, Johnson RL, Martin JF (1999) Function of Rieger
syndrome gene in left-right asymmetry and craniofacial development. Nature

401(6750): 276–278.
20. Gage PJ, Suh H, Camper SA (1999) Dosage requirement of Pitx2 for

development of multiple organs. Development 126: 4643–4651.

21. Evans AL, Gage PJ (2005) Expression of the homeobox gene Pitx2 in neural
crest is required for optic stalk and ocular anterior segment development. Hum

Mol Genet 14(22): 3347–3359.
22. Ekker SC (2008) Zinc finger-based knockout punches for zebrafish genes.

Zebrafish 5(2): 121–123.

23. Lieschke GJ, Currie PD (2007) Animal models of human disease: zebrafish swim
into view. Nat Rev Genet 8(5): 353–367.

24. Kimmel CB, Ballard WW, Kimmel SR, Ullmann B, Schilling TF (1995) Stages
of embryonic development of the zebrafish. Dev Dyn 203: 253–310.

25. Lawson ND, Weinstein BM (2002) In vivo imaging of embryonic vascular
development using transgenic zebrafish. Dev Bio 248: 307–318.

26. Yoshikawa S, Norcom E, Nakamura H, Yee RW, Zhao XC (2007) Transgenic

analysis of the anterior eye-specific enhancers of the zebrafish gelsonlin-like 1
(gsnl1) gene. Dev Dyn 236: 1929–1938.

27. Robu ME, Larson JD, Nasevicius A, Beiraghi S, Brenner C, et al. (2007) p53
activation by knockdown technologies. PLOS Genetics 3: e78.

28. Shi X, Bosenko DV, Zinkevich NS, Foley S, Hyde DR, et al. (2005) Zebrafish

pitx3 is necessary for normal lens and retinal development. Mech Dev 122(4):
513–27.

29. Barrallo-Gimeno A, Holzschuh J, Driever W, Knapik EW (2004) Neural crest
survival and differentiation in zebrafish depends on mont blanc/tfap2a gene

function. Development 131: 1463–1477.

30. Piotrowski T, Schilling TF, Brand M, Jiang YJ, Heisenberg CP, et al. (1996) Jaw
and branchial arch mutants in zebrafish II: anterior arches and cartilage

differentiation. Development 123: 345–356.
31. Alvarez Y, Cederlund ML, Cottell DC, Bill BR, Ekker SC, et al. (2007) Genetic

determinants of hyaloid and retinal vasculature in zebrafish. BMC Dev Biol 7:
114.

32. Volkmann BA, Zinkevich NS, Mustonen A, Schilter KF, Bosenko DV, et al.

(2011) Potential novel mechanism for Axenfeld-Rieger syndrome: deletion of a
distant region containing regulatory elements of PITX2. Invest Ophthalmol Vis

Sci 52(3): 1450–1459.
33. Nelms BL, Labosky PA (2010) Transcriptional Control of Neural Crest

Development. Morgan and Claypool Life Sciences. pp 227.

34. Lister JA, Cooper C, Nguyen K, Modrell M, Grant K, et al. (2006) Zebrafish
Foxd3 is required for development of a subset of neural crest derivatives. Dev

Biol 290(1): 92–104.
35. Kraus P, Lufkin T (2006) Dlx homeobox gene control of mammalian limb and

craniofacial development. Am J Med Genet A 140(13): 1366–1374.
36. Sperber SM, Saxena V, Hatch G, Ekker M (2008) Zebrafish dlx2a contributes to

hindbrain neural crest survival, is necessary for differentiation of sensory ganglia

and functions with dlx1a in maturation of the arch cartilage elements. Dev Biol

314(1): 59–70.
37. Kleinjan DA, Bancewicz RM, Gautier P, Dahm R, Schonthaler HB, et al.

(2008) Subfunctionalization of duplicated zebrafish pax6 genes by cis-regulatory

divergence. PLoS Genet 4(2): e29.
38. Zilinski CA, Shah R, Lane ME, Jamrich M (2005) Modulation of zebrafish pitx3

expression in the primordia of the pituitary, lens, olfactory epithelium and
cranial ganglia by hedgehog and nodal signaling. Genesis 41(1): 33–40.

39. Gage PJ, Qian M, Wu D, Rosenberg KI (2008) The canonical Wnt signaling

antagonist DKK2 is an essential effector of PITX2 function during normal eye
development. Dev Biol 317(1): 310–324.

40. Zhao XC, Yee RW, Norcom E, Burgess H, Avanesov AS, et al. (2006) The
zebrafish cornea: structure and development. Invest Ophthalmol Vis Sci 47(10):

4341–4348.
41. Chen JY, Chang BE, Chen YH, Lin CJ, Wu JL, et al. (2001) Molecular cloning,

developmental expression, and hormonal regulation of zebrafish (Danio rerio)

beta crystallin B1, a member of the superfamily of beta crystallin proteins.
Biochem Biophys Res Commun 285(1): 105–110.

42. Dahlman JM, Margot KL, Ding L, Horwitz J, Posner M (2005) Zebrafish alpha-
crystallins: protein structure and chaperone-like activity compared to their

mammalian orthologs. Mol Vis 11: 88–96.

43. Espinoza HM, Cox CJ, Semina EV, Amendt BA (2002) A molecular basis for
differential developmental anomalies in Axenfeld-Rieger syndrome. Hum Mol

Genet 11(7): 743–753.
44. Rutland CS, Mitchell CA, Nasir M, Konerding MA, Drexler HC (2007)

Microphthalmia, persistent hyperplastic hyaloid vasculature and lens anomalies
following overexpression of VEGF-A188 from the alphaA-crystallin promoter.

Mol Vis 13: 47–56.

45. Haddad R, Font R L, Reeser F (1978) Persistent hyperplastic primary vitreous.
A clinicopathologic study of 62 cases and review of the literature. Surv

Ophthalmol 23: 123–124.
46. Silbert M, Gurwood AS (2000) Persistent hyperplastic primary vitreous. Clin

Eye Vis Care 12(3–4): 131–137.

47. Goldberg MF (1997) Persistent fetal vasculature (PFV): an integrated
interpretation of signs and symptoms associated with persistent hyperplastic

primary vitreous (PHPV). LIV Edward Jackson Memorial Lecture.
Am J Ophthalmol 124(5): 587–626.

48. Arikawa A, Yoshida S, Yoshikawa H, Ishikawa K, Yamaji Y, et al. (2010) Case
of novel PITX2 gene mutation associated with Peters’ anomaly and persistent

hyperplastic primary vitreous. Eye (Lond) 24(2): 391–393.

49. Zhu M, Madigan MC, van Driel D, Maslim J, Billson FA, et al. (2000) The
human hyaloid system: cell death and vascular regression. Exp Eye Res 70(6):

767–776.
50. Ito M, Yoshioka M (1999) Regression of the hyaloid vessels and pupillary

membrane of the mouse. Anat Embryol (Berl) 200(4): 403–411.

51. Chang B, Smith RS, Peters M, Savinova OV, Hawes NL, et al. (2001)
Haploinsufficient Bmp4 ocular phenotypes include anterior segment dysgenesis

with elevated intraocular pressure. BMC Genet 2: 18.
52. Chen Y, Doughman YQ, Gu S, Jarrell A, Aota S, et al. (2008) Cited2 is required

for the proper formation of the hyaloid vasculature and for lens morphogenesis.
Development 135(17): 2939–2948.

53. Semina EV, Bosenko DV, Zinkevich NC, Soules KA, Hyde DR, et al. (2006)

Mutations in laminin alpha 1 result in complex, lens-independent ocular
phenotypes in zebrafish. Dev Biol 299(1): 63–77.

54. Edwards MM, Mammadova-Bach E, Alpy F, Klein A, Hicks WL, et al. (2010)
Mutations in Lama1 disrupt retinal vascular development and inner limiting

membrane formation. J Biol Chem 285(10): 7697–7711.

55. Richter M, Gottanka J, May CA, Welge-Lüssen U, Berger W, et al. (1998)
Retinal vasculature changes in Norrie disease mice. Invest Ophthalmol Vis Sci

39(12): 2450–7.
56. Lobov IB, Rao S, Carroll TJ, Vallance JE, Ito M, et al. (2005) WNT7b mediates

macrophage-induced programmed cell death in patterning of the vasculature.

Nature 437(7057): 417–421.
57. Liu C, Nathans J (2008) An essential role for frizzled 5 in mammalian ocular

development. Development 135(21): 3567–3576.
58. Zhang J, Fuhrmann S, Vetter ML (2008) A nonautonomous role for retinal

frizzled-5 in regulating hyaloid vitreous vasculature development. Invest
Ophthalmol Vis Sci 49(12): 5561–5567.

59. Bredrup C, Matejas V, Barrow M, Bláhová K, Bockenhauer D, et al. (2008)
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