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ABSTRACT

The optic fissure is a transient structure in the ventral eye during

vertebrate eye development.  Failure of the optic fissure to close can lead to

coloboma, a gap in the ventral eye.  This can be a severely debilitating and

blinding malformation in humans.  The gene networks underlying closure of the

optic fissure during vertebrate eye development are poorly understood.  Here we

use a global approach to profile gene expression during optic fissure closure

using laser capture microdissected tissue from the margins of the fissure.  From

these data, we identify a novel role for the zinc finger-containing proteins Nlz1

and Nlz2 in normal fissure closure.  Gene knockdown of nlz1 and nlz2 in

zebrafish leads to a failure of the optic fissure to close, a phenotype which

closely resembles that seen in human uveal coloboma.  We also identify a novel

interaction between the Nlz proteins and Pax2 in the developing eye and observe

that Nlz1 and Nlz2 appear to act upstream of Pax2 pathway in directing proper

closure of the optic fissure.
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INTRODUCTION

The mammalian eye begins as an evagination of neuroepithelium from the

early forebrain.  This evagination, termed the optic vesicle, moves distally until it

makes contact with the surface ectoderm where it induces the formation of the

lens placode in the overlying surface ectoderm.  The optic vesicle then

invaginates upon itself, forming a double layered cup-like structure attached to

the brain via the optic stalk.  The outer layer of this optic cup will become the

retinal pigment epithelium (RPE) and the inner layer will differentiate into the

layers of the neurosensory retina.  Because this process of invagination is

asymmetric, a gap along the ventral optic cup and optic stalk remains open for

hours to days, depending on the species.  This ventral gap is termed the optic

fissure (also referred to as the embryonic, retinal or choroidal fissure).  In order

for the eye to form an approximately spherical globe, the margins of the optic

fissure must meet and fuse to seal the ventral portion of the retina during the 5th -

7th weeks of gestation in humans (figure 1) (Mann 1964, O'Rahilly 1966).

Optic cup
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Figure 1, human:  Early eye development and formation of the optic fissure: 3-6 weeks

gestation.  As gestation advances (from left to right), the optic vesicle evaginates from the early

forebrain towards the surface ectoderm (left).  The optic vesicle then invaginates upon itself to

form the double-layered optic cup (middle).  Continued asymmetric invagination of the optic cup

leads to the formation of the optic fissure in the ventral optic cup and along the optic stalk (right).

Copyright, 1964, Grune & Stratton (Mann 1964).

Coloboma:  failure of the optic fissure to close

Failure of the optic fissure to close at this time can lead to uveal

coloboma, a malformation that manifests as gaps in the inferonasal quadrant of

the eye that can involve the optic nerve, retina, iris, ciliary body, RPE and choroid

(figure 2).  The incidence of uveal coloboma in humans is variably reported to be

between 0.5-2.6 per 10,000 births, depending on the population sampled

(Bermejo et al. 1998, Porges et al. 1992).  The functional impact on affected

individuals can be severe with coloboma accounting for up to 10% of childhood

blindness (Maumenee et al. 1990).  The larger portion of colobomata appears to
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be genetic in origin, although environmental effects such as vitamin A deficiency

(Wilson et al. 1953) and maternal hypothyroidism (Vogt et al. 2005) have been

proposed to increase risk.  Most cases of uveal coloboma are sporadic although

autosomal dominant, autosomal recessive and X-linked modes of inheritance

have all been documented (Vogt et al. 2005).

Figure 2, human:  Normal iris (A) and retina

(C).  Uveal colboma manifests as a ventral

gap where the optic fissure fails to close

which can involve the iris (B), retina, RPE

and choroid (D).  (NEI clinical photographers

and Dr. Brian P Brooks).

Numerous groups have made progress in identifying mutations in

developmentally important genes involved in human coloboma.  Among these

are CHD7 (associated with CHARGE syndrome), CHX10, GDF6, OTX2, PAX2,

PAX6, SHH, SIX3, MAF, SOX2 and many chromosomal aberrations (Asai-

Coakwell et al. 2007, Azuma et al. 2003, Eccles et al. 1999, Ferda Percin et al.

2000, Jamieson et al. 2003, Ragge et al. 2005, Schimmenti et al. 2003, Vissers

et al. 2004, Wallis et al. 1999, Wang et al. 2008).  With the exception of CHD7 in
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CHARGE syndrome, these mutations have so far only accounted for a very small

subset of patients.  The causes both major and minor of the greater proportion of

human colobomata remain unknown.

Given the importance and universality of the optic fissure in vertebrate

ocular development and its association with human malformation, it is imperative

to gain a better understanding of the genesis and resolution of this structure.

Although the formation of the optic cup and fissure and subsequent closure

follows the same general scheme across vertebrate species (Chow et al. 2001),

there are some inter-species differences in the morphogenesis of these

structures and closure of the fissure that can help inform a search for causes of

malformation.  The following background to optic fissure formation and closure

will focus on disparate vertebrate species and include, in addition to humans,

organisms that are generally well-studied models of development: Xenopus,

zebrafish, chick, and mouse.  The first portion of this background will deal with

morphogenetic and ultrastructural similarities and contrasts in fissure

development and closure.  The second portion will analyze accompanying

molecular regulation of development and closure.
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CHAPTER 1:

Background: comparative study of development

and closure of the optic fissure.
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Morphogenesis:

Evagination of the optic primordium

The first observable morphologic change signaling the initiation of ocular

development in vertebrates is the appearance of an evagination bilaterally from

the anterior neural epithelium prior to closure of the anterior neural tube.  This is

first seen in the mouse at 8 days post fertilization (dpf) (figure 3), in chick at 24

hpf, in human at 24 dpf (Cibis 2004), Xenopus at NF 17/18 (Grant et al. 1980)

and in zebrafish at 11.5 hpf (Schmitt et al. 1994) (the commonly used Niewkoop

and Faber (NF) and Hamburger and Hamilton (HH) staging criteria for Xenopus

and chick studies, respectively will often be used throughout this paper). The

general schema in each of these organisms is to elongate this outpouching of the

early brain in a dorsal-distal direction until it approaches the surface ectoderm

where it begins to invaginate on itself.  During this outgrowth the distal end of the

optic vesicle becomes more spherical and remains attached to the

prosencephalon via the optic stalk.  The nature of this hollow evagination from

the neuroepithelium of the presumptive brain means that the lumen of the optic

vesicle remains continuous with that of the developing brain ventricles.

Dorsal
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Figure 3, mouse:  Mouse embryos, days 8-12 of gestation.  Arrow in (A) indicates first

evagination of optic vesicle from the lateral wall of the prosencephalon.  Invagination of the

vesicle to form the double layered optic cup is seen (B-D) along with the invagination of the lens

vesicle.  Reprinted (Cook et al. 1986).

A notable exception to this process exists in zebrafish development due to

the existence of a solid mass of central neural tissue, the neural keel (Walls

1967).  In contrast to the evagination of a hollow optic vesicle from a sheet of

neuroepithelium as in other vertebrates, the optic primordium of zebrafish bulges

out as a solid mass of cells forming a wing-like structure relative to the neural

keel.  The wing-like structure is widest along the anterior-posterior axis (Schmitt

et al. 1994).  Due to the solid state of this process, the term optic vesicle is really

not applicable at this stage and so the term optic primordium will be used to

describe this structure in zebrafish.  The optic primordium is first seen at the 6

somite stage (SS) or 11.5 hpf.  The fact that the optic primordium in zebrafish is
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solid means that there is no open communication between the developing eye

and the brain ventricle.  Given the complex processes of cell death, proliferation,

cytoskeletal restructuring, and basement membrane remodeling at work during

evagination of the ocular tissue, it seems that this significant difference between

zebrafish and other vertebrates should be studied further in comparison with the

neuroepithelial sheet model present in other vertebrates.

In mice the formation of the optic vesicle involves the consecutive

formation of tall columnar cells followed by the appearance of wedge-shape cells,

causing the initial concavity of the optic vesicle (Svoboda et al. 1987), (Camatini

et al. 1976).  Change in cell shape during the formation of the optic vesicle has

been ascribed to the effect of microtubules and microfilaments.  The role of

microtubules in this process was studied by the use of inhibitors.  When

vincristine sulphate, a microtubule inhibitor, was applied during vesicle formation

in mice the optic vesicle failed to from normally; but this was apparently not due

to a defect in cell elongation as the cells of the optic vesicle continued to

lengthen as before (Svoboda et al. 1984).  Study of the optic fissure benefits from

a comparison to neural tube closure, because both processes involve the

approximation and fusion of a sheet of neuroepithelium. Microfilamentous actin

has also been shown to play a role in neurulation, possibly by acting as

contractile units as does muscle actin (Wessells et al. 1971).   Experiments using

microfilament inhibitors such as cytochalasin B and D have led to observed
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defects in elevation and approximation of the neural folds, presumably through

an inhibition of the  “purse string” effect (Morriss-Kay et al. 1985).  Electron

microscopy reveals an appearance of microfilament bundles at the apical side of

cells just as the vesicle begins evaginating in mice, evidence that would support

a role for a contractile force in vesicle formation.  While these two studies

indicate a likely role for cytoskeletal and actin contractile forces in formation of

the optic vesicle, the observable elongation of cells even in the presence of

microtubule inhibitors suggests that there are other factors involved in the

changing of cell shape (and therefore the optic primordium), possibly acting in

concert with cytoskeletal and actin cues.  In Xenopus, the changes in cell shape

during eye development have been attributed to variable cell adhesion, the

tighter adhesion between cells leading to a crowding and possible mechanical

force for invagination (Karfunkel et al. 1978).  These morphogenetic changes

observed in vesicle formation from neuroepithelium should also be considered

against the fact that the zebrafish develops a comparable optic primordium from

a solid mass of neural precursors, a fact that complicates a simple answer such

as apical purse-string constriction to explain all ocular beginnings.

Another likely contributor to the morphogenesis of the optic vesicle is the

extracellular matrix.  Svoboda and O’Shea have observed regulated changes in

the basal lamina as the optic vesicle begins protruding and extending in mice

(Svoboda et al. 1987).  These changes occur in major components of the basal
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lamina including type IV collagen and heparin sulfate proteoglycan which

immunofluorescent staining revealed to be patchy and discontinuous in the early

budding of the optic vesicle but then stable and continuous after completion of

vesicular outgrowth to the surface ectoderm.  The areas of patchy

immunofluorescent signal also correspond to a thinning or break in the basal

lamina as observed by electron microscopy.  The authors suggest that these

changes in the basal lamina of the neuroepithelium may be involved in the

morphogenesis of the vesicle, possibly in concert with cytoskeletal elements via

fibronectin.  This potential mechanism of basal lamina reconstruction directing or

influencing vesicle outgrowth could also vary among vertebrates as Thorogood et

al. found that quail embryos contain type II collagen in the basal lamina of the

neuroepithelium (Thorogood et al. 1986).  Differing compositions of the basement

membrane among species could be acting to influence the species-specific

shape and growth of the optic primordium.

The optic stalk

The outgrowth of the optic primordium towards the surface ectoderm trails

an extension of the neuroepithelium that is connected to the developing brain:

the optic stalk.  The junction of the optic stalk with the more spherical optic

vesicle and later optic cup appears to be critical in determining the position of the

optic fissure.  In all vertebrates, the optic fissure ultimately adopts a ventral to



11

ventronasal position and is therefore one of the main reference points of the

dorsal-ventral axis of the eye.  As the optic vesicle extends outward in human,

mouse, amphibian (figure 4) and chick (figure 5), the most ventral part of the

vesicle maintains contact with the brain via the optic stalk, prepositioned ventrally

to align with the future optic fissure.  In contrast, the optic primordium of the

zebrafish is a flat wing shape and wider in the anterior-posterior axis, a shape

markedly different than that of the other vertebrates studied (figure 4).  Given this

difference in early development it is somewhat surprising that the zebrafish optic

cup ultimately looks remarkably like that of other vertebrates, that is, spherical

with a pronounced optic fissure in the ventral position.  This outcome is achieved

by two rather dramatic rotations during outgrowth of the vesicle that occur

between 14-24 hpf (10-30 Somite Stage).  These two movements generally are a

ventral rotation of the thickening wing structure which ends with the formerly

anterior margin of the wing in a ventronasal position (Schmitt et al. 1994).  In

contrast to other vertebrates, the early optic stalk in the zebrafish is actually

connected to the optic vesicle in an anterior position, the leading margin of the

original wing-like primordium.  Through the two ventral rotations this anterior stalk

is moved through almost 90 degrees to end in the ventral position.
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Figure 4, Xenopus:

A: (NF 24/25). Optic vesicle. D-dorsal, V-ventral, N-nasal, T-temporal.

B: (NF 26/27). Invagination (arrows) deepens and spreads into a crescent shape.

C: (NF 29/30). Invagination deepens into ventral retina. Cytoplasmic process (arrowhead) marks

site of future choroid fissure. Margins of retina still widely spread at fissure.

D: (NF 32). Margins of fissure in contact. Cellular process in fissure may be presumptive ventral

blood vessel (Grant et al. 1980), copyright © 2008, Wiley-Liss.  Reprinted with permission of

Wiley-Liss, Inc. a subsidiary of John Wiley & Sons, Inc.

Figure 5, Chick: HH12:  A) Optic vesicle and stalk in ventral position (arrow) (Schook 1980) and

(B) a drawing of the reconstruction of a chick embryonic head at HH12, as seen laterally.  Tear-
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shaped optic vesicle is prominent at this stage.  HM- head mesenchyme, SE- surface ectoderm,

R- rhombencephalon, OV- optic vesicle, P- prosencephalon. (Martin-Partido et al. 1988) copyright 

© 1995, Wiley-Liss.  Reprinted with permission of Wiley-Liss, Inc. a subsidiary of John Wiley &

Sons, Inc.

Figure 6, zebrafish:  Scanning electron micrographs of optic primordia and the anterior region of

the neural keel.  A: Stage I (6-7 SS).  A lateral view of the optic primordium. Evagination of the

optic primordium (OP) is observed at the anterior end of the neural keel (NK). Single cells (arrow)

are distinguishable within the primordium.  B: Stage II (8-9 SS).  A lateral view of the optic

primordium. Regional differentiation along the anterior and posterior regions of the optic

primordium (OP) is observed in parallel with the appearance of a constriction (arrowhead) within

the forebrain (FB). The anterior region of the primordium (two white arrows) is relatively straight

compared to the posterior region which is rounded (broad arrow).  A furrow (F) extends between

the forebrain and the posterior region of the primordium and a small protuberance (P) occurs at

the anterior (rostral) end of the forebrain.  C: Stage III (10-11 SS). An anterior view of the optic

primordia.  The lateral edges of the optic primordia are bending in the ventral direction (curved

arrow). The furrows (F) between the forebrain (FB) and the primordia reach to the anterior edges

of the primordia and are continuous with the constriction within the forebrain (arrowheads). A-P,

anterior-posterior axis; D-V, dorsal- ventral (transverse) axis (Schmitt et al. 1994), copyright ©

2008, Wiley-Liss.  Reprinted with permission of Wiley-Liss, Inc. a subsidiary of John Wiley &
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Sons, Inc.

It is important to note that in zebrafish the optic fissure actually begins to

invaginate at the 18 SS at a time when the stalk is not yet located ventrally.  This

provides evidence of the importance of the optic stalk in determining the position

of the optic fissure.  Studies in Xenopus reinforce this relationship.  Christine Holt

has traced the migration of optic stalk tissue into the ventral portion of the optic

cup where the optic fissure forms using 3H-thymidine tissue tagging (figure 7).

This work demonstrates that, at least in Xenopus, the “cells positioned in the

ventral margin of the eye vesicle do not define the ventral boundary of the newly

invaginated eye cup, but are displaced dorsally by the late-arriving cells involved

in ventral fissure formation.”  If the tissue that forms the ventral portion of the

optic cup and thus the optic fissure is indeed migrating from the optic stalk then

the position of the optic stalk would necessarily determine the regions where the

fissure forms.
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Figure 7, Xenopus:  Autoradiographs of Xenopus  eyes, using combined light- and dark-field

microscopy.  Cells containing 3H-TdR, following in vitro incubation in 3H-TdR, are strongly labeled

with dense autoradiographic grains (white) above their nuclei. A, Parasagittal section of a stage

37 eye; the ventral fissure is indicated by an arrow. B, C, Transverse sections of stage 41 eyes

from complimentary experiments detailed in the text; the arrows in b indicate the 3H-TdR-labelled

pigment epithelial cells which are out of register with labeled neural retina. D- dorsal, V- ventral;

3H-TdR incubation was performed at stage 26 in A, stages 22-23 in B and stage 24 in C.  N-

nasal, T- temporal, Pr- proximal, Di- distal.  Reprinted by permission from Macmillan Publishers

Ltd: Nature, (Holt 1980), copyright 1980.

This observation is corroborated by studies in the chick involving surgical

rotation of the optic vesicle.  If the optic vesicle is rotated 180 degrees relative to

the optic stalk before HH12 (~40hrs. incubation), the optic fissure forms normally

in the ventral position.  Alternatively, if the surgical rotation takes place at a later

stage (>HH12) a dorsal optic fissure develops.   Surgical rotations at HH12 often
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resulted in duplication of the optic fissure in both dorsal and ventral locations.

Given these results, the authors conclude that the dorsal-ventral axis of the optic

cup was fixed after HH12 (Goldberg 1976).  An alternative explanation in light of

the radioactive tissue tracking in Xenopus is that the optic fissure tissue is

actually migrating along a proximal-distal axis from the optic stalk during

invagination of the optic cup, irrespective of the dorsal-ventral orientation of the

optic cup.  The outcome of a surgical rotation would then depend on the stage of

migration of optic stalk tissue into the ventral optic cup.  This correlates well with

the unique rotational movements in the optic stalk and vesicle in zebrafish where

invagination of the optic fissure begins as the optic stalk is still in an anterior

position.  Only when the final ventral rotation occurs about 24 hrs. are the optic

fissure and stalk brought into the final ventral position.

Cell death and cell proliferation in the developing optic cup and fissure

The existence of programmed cell death in specific spatiotemporal

patterns during normal development is well studied and described (Ellis et al.

1991).  Differential cell proliferation is also key to proper development.  Given the

complex morphogenesis of the early eye, numerous studies in different

organisms have sought to define foci of cell death and proliferation using

histological signs such as pyknotic nuclei and basophilic fragments of cells and

more recently, terminal transferase dUTP nick end labeling (TUNEL) staining of
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fragmented DNA in apoptotic nuclei and bromo-deoxyuridine (BrdU)

incorporation in the S phase of actively proliferating cells.  Because invagination

of the optic cup and formation of the optic fissure occur nearly simultaneously,

they will be treated together in this section.

Schook, in 1978 identified two prevailing views to explain morphogenesis

of the optic cup (Schook 1978).  The first, a mechanical explanation, posits that

the invagination of the optic vesicle is due to differential contractile tension

between the two presumptive layers of the retina which are at this stage the

distal and ventromedial portions of the optic vesicle (Lewis 1947).  The second

theory involves degeneration-induced invagination, based on the observation of

Glucksmann who first reported a zone of degeneration in the ventral portion of

the optic vesicle in the area of subsequent invagination (Glucksmann 1965).

Although its role in morphogenesis is disputed, this area of cell death has been

confirmed in many species.  Martin-Partido, et al. report a dramatic increase in

cell death in the ventral wall of the optic vesicle during invagination at HH14 and

15 in more than 90% of chick embryos studied (figure 8).  Following invagination,

the area of pyknosis was reduced or had disappeared entirely. The authors also

noted a general decrease in mitotic index (mitotic cell density/ total cell number)

in the ventral zone of degeneration at HH14-15 and later at HH19-20, similar to

the area of decreased mitotic density and increased degeneration in the central

retina observed by Glucksmann in the tadpole (Glucksmann 1940).  A second
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focus of degeneration was noted by Martin-Partido, et al. where the distal optic

stalk joins the proximal pole of the retina at the optic fissure at HH19/20, the time

of fissure closure in chick.  It should be noted that optic fissure closure is

coincident with the initiation of axonal outgrowth from the retinal ganglion cells

towards the posterior optic fissure where they will exit the eye to form the optic

nerve.  It is difficult to sort out whether the observed areas of focal degeneration

are related to optic fissure closure or axonal outgrowth, since both are happening

concurrently in eye development.  The authors speculate that degeneration in the

area frees up channels for the axons to be guided towards the optic fissure

where they will enter the optic stalk, a possibility put forth by others as well

(Silver et al. 1980).

Figure 8, chick: Section through the optic cup of a stage HH15 chick embryo taken

perpendicular to the optic fissure. Pyknotic bodies in the VNZ (ventral necrotic zone) are arranged

along a relatively narrow central strip of the invaginating wall (arrows). Toluidine blue-safranine
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staining (Martin-Partido et al. 1988) copyright © 1995, Wiley-Liss.  Reprinted with permission of

Wiley-Liss, Inc. a subsidiary of John Wiley & Sons, Inc.

In another study providing greater resolution in the chick embryo, Schook notes

that the neuroepithelium of the optic vesicle at the site where invagination begins

is composed of three to four rows of cells with oval-shaped nuclei(Schook 1980 ).

To analyze this area he performed Feulgen DNA staining on serial sections

through the chick optic vesicle and cup during the 3rd day of incubation (Schook

1980).   This DNA stain allows mitotic figures and apoptotic remnants to be

recognized more readily.  This study revealed areas of degeneration similar to

those observed elsewhere in rat (Silver et al. 1973) and frog (Glucksmann 1940),

the two main foci being in the mid ventral wall of the distal optic vesicle (labeled

“A”, figure 9B) and also again at the ventral diencephalon-optic stalk border

(labeled “B”, figure  9B).  He also noted two smaller areas of degeneration (“C”

and “D”, figure 9B).
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Figure 9, chick:  Drawings from the glass-reconstruction of an optic cup in phase 3.  Rostro-

ventral view.  A: the entire optic cup showing the four areas of cell death (model is semi-

transparent and does not reflect a difference in nasal to temporal axis).  B: the caudo-dorsal half

of the optic cup.  A) area of cell death in the inner layer of the cup.  B) area of cell death in the

optic stalk.  C) area of cell death in the dorsal rim of the cup.  D) area of cell death in the outer

layer of the cup.  Adapted (Schook 1980).

In this same paper mitotic figures were reportedly distributed at random with a

greater abundance in the inner layer than the outer, perhaps reflecting the overall

tissue increase in the inner vs. outer layer, a preference which would obviously

not aid in the invagination process.  Also, the author reported that there was no

difference in the number of proliferative cells in the dorsal vs. ventral portion of

the optic cup that might explain the preferential dorsal-distal extension of the

optic cup.

Schook’s study provides a greater temporal and spatial resolution of cell
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death in relation to invagination by the use of 3D reconstructions at numerous

stages.  This more detailed examination leads Schook to conclude that “a

relationship between the morphogenesis of the optic cup and cell death found

within the outer and inner layer could not be established” (Schook 1980).

Schook does not rule out the possibility that small changes in cell volume, cell

division rate, or small transposition as daughter cells are formed might have an

effect on morphogenesis but these could not be ascertained in the study.  He

also observed a network of “terminal bars” at the apical convex side of the

invaginating optic vesicle, the opposite side of the epithelial wall from where they

would be expected if a “purse string” mechanical effect is involved in forming the

optic cup.

The hypothesis of degeneration driving morphogenesis in optic cup and

fissure formation is disputed further by an extensive study by Silver and Hughes

in the rat (Silver et al. 1973).   In fact, the authors conclude that focal areas of

degeneration in the optic vesicle actually have an inhibitory effect on

invagination.  Using histological sections through the rat eye at various stages of

development to count mitotic figures, interphase nuclei and degenerating sites,

the authors report a zone of ventral degeneration as in the chick and amphibian

beginning at E11 following contact of the optic vesicle with the surface ectoderm.

This zone of degeneration extends from the mid-retinal primordium down to the

ventral optic stalk.  Importantly, no degeneration was observed in the dorsal
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retina or presumptive retinal pigment epithelium (RPE).  3D reconstructions using

camera lucida tracings of the serial sections indicate the zones of degeneration

relative to the invaginating optic vesicle (figure 10).

Figure 10, rat:  A) E11: Mid-sagittal view of a reconstructed optic vesicle and lens placode of the

rat at day 11 showing the distribution of degeneration.  B) E11.5: Mid-sagittal view of a

reconstructed optic vesicle and lens placode of the rat at day 11.5 showing the distribution of

degeneration sites and the onset of invagination.  C) E12: Mid-sagittal view of a reconstructed

lens and optic cup of the rat at day 12 showing the distribution of degeneration sites and the

retinal fissure (pc, prospective cornea; lpr, lens pore; lc, lens cup; ret, retina; pe, pigment

epithelium; os, optic stalk; rf, retinal fissure; A1, retinal pycnotic zone, A2, ventral stalk pycnotic

zone; C, marginal pycnotic zone; D, ventral lens pycnotic zone; E, pigment epithelium pycnotic

zone) (Silver et al. 1973) copyright © 2008, Wiley-Liss.  Reprinted with permission of Wiley-Liss,
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Inc. a subsidiary of John Wiley & Sons, Inc.

These reconstructions are very useful because they present a three day time-

course of cell degeneration relative to invagination and therefore approximate

more reliably the real time events in vivo.   Glucksmann (Glucksmann 1965),

noticing that degeneration preceded invagination in the mammalian eye logically

concluded that the there had been degenerative morphogenesis in this area that

led to the infolding of the retina.  Yet with the aid of enhanced spatiotemporal

resolution it can be seen that the area of degeneration is not where invagination

initiates.  Given that the areas of degeneration seem to mark sites where no

invagination occurs, Silver and Hughes conclude that cell death might serve to

inhibit invagination, serve to connect areas of invagination such as the optic cup

and optic fissure and/or specify the dorsal-ventral axis of the adjacent lens, which

has a ventral zone of degeneration that mirrors the retinal tissue.

In contrast to chick, rodents, and amphibians, the zebrafish eye does not

seem to have highly regulated spatial foci of degeneration.  Cole and Ross used

TUNEL staining to mark apoptotic cells in developing zebrafish embryos and

observed two general peaks in apoptosis at 12 and 36 hpf, though the apoptotic

cells were non-localized (Cole et al. 2001).  The first temporal peak at 12 hours in

the outer margins of the optic primordium coincides with the optic primordium

bulging out from the neural keel (figure 6a).  The authors propose that this initial
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peak of cell death could be a thinning apoptosis that frees up room for future cell

movements within the solid mass of the optic primordium in zebrafish.  A second

temporal peak occurs at 36 hpf in the developing retina but without a clear spatial

pattern (figure 11C).  The authors note this peak coincides with RGC axonal

outgrowth.  As in other species it is also a time when the optic fissure has begun

to close.  The apoptosis falls off precipitously at 48 hours (figure 11D).  As

suggested in other vertebrate species, the timing of this degeneration could be

designed to provide extracellular channels for the growing axons in the eye.  This

explanation seems less likely in zebrafish given that the data shown in the paper

do not indicate a focal area of apoptosis.  In contrast to most vertebrates,

ganglion cell differentiation in zebrafish first occurs in a ventronasal patch

adjacent to the closing optic fissure (Schmitt et al. 1999).  In other species it

begins in a more central retinal location dorsal to the future optic nerve head

(Grun 1982).  If the degeneration at 36 hpf in zebrafish is associated with axonal

outgrowth as suggested it is plausible that a focus of degeneration would be

localized more ventrally than in chick, rat, human and mouse.  Again, the data

indicate this is not the case.
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Figure 11, zebrafish: (A-C) Eye. (A) Whole-mount lateral view of eye at 24 hpf shows large

numbers of apoptotic cells in the lens and scattered apoptotic cells in the retina at this age.

Rostral is left and dorsal is up. (B) Transverse section at 24 hpf demonstrates that the majority of

the apoptotic cells in the lens are at the outer margin, while the retina contains few apoptotic cells

(arrow). Lateral is left and dorsal is up. (C) Transverse section at 36 hpf reveals numerous

apoptotic cells in the retina at various levels and fewer apoptotic cells in the lens than seen at 24

hpf (compare to B). Lateral is left and dorsal is up. (D) Apoptotic cells (y axis) at each timepoint in

the optic vesicle/retina. Reprinted (Cole et al. 2001) with permission from Elsevier, copyright

2001.

It should be noted that because the zebrafish study (Cole et al. 2001) is

considering the whole embryo the level of detail at the eye is more limited than

that available in other species.  To be fully comparable, future studies should

employ identical methods of data acquisition in high temporal and spatial

resolution and apply them across vertebrate species.  This information would be

most useful with regard to the optic fissure if sections were made in a sagittal

plane through the eye, displaying both margins of the optic fissure as well as

dorsal and ventral optic cup in the same plane.
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As in other species, cell proliferation assays in the zebrafish yield few

clues about the morphogenesis of the optic cup and fissure.  Li and others, using

bromo-deoxyuridine labeling of the zebrafish eye from 16-24 hpf (the time of

optic cup/fissure formation) find that all cells of the eye primordium at these time

points are BrdU labeled, indicating they are all proliferative (Li et al. 2000).  This

uniform proliferation, considered with a minimal increase (7%) in cell number

during this time period and insignificant cell death (TUNEL labeling) led the

authors to conclude that the length of the cell cycle is actually transiently

increased during the period of optic cup formation (figure 12B).  Once

neurogenesis began around 30 hpf, the number of cells and mitotic figures in the

eye began to increase again (figure 12C).

of
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Figure 12, zebrafish: Variation in the number of mitotic cells as a function of age. Mitotic cells

are red (anti-phosphohistone H3) against a green nuclear stain (SYTO-13). The left two panels in

each row form a stereo pair of an optic vesicle/eye, and the right panel is an optical section

through this same structure.  A: 14 hpf. The optic vesicle is flat and mitotic figures are numerous.

B: 20 hpf.  The eye cup has formed, and the mitotic figures are few.  C: 36 hpf. The eye has

matured, and the mitotic figures are numerous. OF, optic fissure; LE, lens; NT, neural tube; OV,

optic vesicle; SE, surface ectoderm.  Adapted (Li et al. 2000), copyright © 2008, Wiley-Liss.

Reprinted with permission of Wiley-Liss, Inc. a subsidiary of John Wiley & Sons, Inc.

This apparent transient lengthening of the cell cycle is difficult to reconcile with

the invaginating optic cup.  It seems from the data presented that the mitotic cells

might have a slight preference to the outer layer of the retina at this stage,

possibly exerting a mechanical force that causes buckling between the layers.
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However, this is not supported by the BrdU studies which found proliferation to

be equally distributed in the entire optic cup.

From the data currently available it seems that no conclusive relationship

can be drawn between invagination of the optic cup/fissure and cell death or

proliferation.  A cross-species analysis does show remarkable similarity in the

morphogenesis of the optic cup and optic fissure where a series of invaginations

leads to an optic cup separated by a ventral fissure. If spatiotemporal patterns of

cell death and proliferation had a primary role in this development one would

expect a much more robust correlation among these species in both location and

timing of relative cell death and proliferation, coincident with similarities in

morphogenesis.

A disputed role for cell death at the closing optic fissure

Closure of the optic fissure involves apposition of the two lips, dissolution

of the two intervening basement membranes, fusion of the retinal layers (outer to

outer and inner to inner), and establishment of a continuous basement

membrane on inner and outer layers of newly fused optic cup.  Several studies

have focused on the role of cell death in this process.  Silver and Hughes, in their

study of cell death and proliferation in the rat conclude that although cell death is

noted in areas surrounding the optic fissure, portions of the fissure that are fusing

seem to be free of degenerating cells (figure 13).



29

Figure 13, rat: Transverse sections of the rat eye at day 13 showing the continuity of the optic

fissure in the floor of the retina with the disto-ventral optic stalk.  Figure at left is a section through

the base of the retina showing the location of the retinal pycnotic zone (A1). Note that fusion of

the fissure (of) is not accompanied by cell death.  Figure at right is a section through the distal

optic stalk showing degeneration sites in the inner and outer walls of the optic fissure (G and H).

The fissure in this area remains patent until a later stage (Silver et al. 1973), copyright © 2008,

Wiley-Liss.  Reprinted with permission of Wiley-Liss, Inc. a subsidiary of John Wiley & Sons, Inc.

This data seems to indicate a role for degeneration in maintenance of an

open optic fissure, an idea Ozeki and others sought to expand on by TUNEL

staining in normal mouse eyes during formation and closure of the optic fissure

(Ozeki et al. 2000).  The authors conclude that there are apoptotic nuclei at 9 dpf

in the area of the future optic fissure and that this degeneration persists in the

site in both the inner and outer layers of the retina over embryonic days 10

through 12.  No TUNEL positive cells were reportedly observed after 13 dpf when

the optic fissure had closed.

This paper, while presenting a feasible hypothesis, seems to lack
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consistent histologic sections through the optic fissure, leading to questions

about the comparability of the data.  The area termed the optic fissure is

presented in different orientations over time.  This is a limitation that applies more

broadly to many papers that are sometimes only indirectly dealing with the optic

fissure.   Histology of the eye is most commonly presented in coronal or frontal

section, leaving the reader to guess as to the actual position of the optic fissure

in a parallel plane.  A far more useful presentation is a sagittal section cutting

through the optic fissure in a perpendicular fashion.  This allows one to visualize

both dorsal and ventral halves of the optic cup as well as both margins of the

optic fissure.

Optic fissure closure has been studied in detail in the golden hamster

(Geeraets 1976) and mouse (Hero 1990) by electron microscopy, yielding some

very interesting observations.  In contrast to the degeneration-free zone seen by

Silver and Hughes in the rat, Hero reports that random cellular degeneration in

the posterior half of the optic cup and the optic fissure was a constant feature in

the normal cinnamon mouse between embryonic days 11-13.  She also reports

the existence of “amoeboid” type phagocytic cells within the optic fissure at all

stages of closure, enlarging as they ingest debris (figure 14).
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Figure 14, mouse:  Note the phagocytic

(PC) cells in the neuroretina on either side of

the still open fissure (F). Presumably

phagocytic cells enlarge as they ingest more

debris.  Arrows demarcate the optic fissure

margins (scale bar=10microns).  Adapted

(Hero 1990).

This seems to argue against a purely fissure-preserving role for

degeneration as proposed by Ozeki, et al.  It should be noted that the

ultrastructural detail of scanning electron microscopy in the Hero paper provides

much more detail than that offered by previous reconstructions of this area.

However, the EM study of the optic fissure lacks a more global perspective of

cellular events in the entire optic cup, processes that might be driving the fissure

together.  A cross-species cell death and proliferation study (TUNEL, BrdU,

phosphohistone H3, etc) with clear and consistent presentation of the optic

fissure and optic cup in sagittal section would be immensely useful in determining

the role of these processes in fissure closure.
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Comparison of point of contact in closing fissure

Very good electron and light micrographs are available of the mouse eye

in sagittal section which bring to light the fact that the first point of contact

between the apposing lips of the optic fissure is not at the thicker inner layer but

actually between the outer retinal layers (presumptive RPE) at the distal margin

near the boundary between the outer and inner retina layers (Hero 1990).  This

first contact between the thinner outer layers is accomplished by a marked

inversion of the margins of the fissure into the vitreous cavity, thus positioning the

tip of the outer layer in a leading position as the gap closes (figure 15).

Figure 15, mouse:  E11 sagittal section through closing lips of optic fissure. Of: optic fissure; NR:

neural retina; RPE: retinal pigment epithelium (Hero 1990), copyright, the American Association

for Research in Vision and Ophthalmology.  Reprinted with permission.
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The author also notes that although the RPE is mostly pigmented at this time, the

outer retinal layer is never pigmented at the margins of the fissure, representing

a kind of undifferentiated RPE.  Schmitt and Dowling have also observed this

lack of pigmentation in the cells of the optic fissure in zebrafish (Schmitt et al.

1999).  This small area of not-yet-RPE cells could be key to directing the initial

adhesion between the lips of the fissure.  As will be discussed later,

misregulation of neural retina and RPE specific genes will often lead to failure of

the optic fissure to close, possibly by subtle shifts in cell fate in this critical zone

of first contact toward either RPE or neural retina.  In support of this

undifferentiated zone, Li et al. show through fluorescent marker fate mapping in

zebrafish that cells of the medial layer (future RPE) of the optic primordium

involute around edges of the invaginating optic cup into the lateral layer

(presumptive neural retina) (Li et al. 2000).  This cellular migration could possibly

be driven by the flattening of differentiating RPE cells, pushing the more

peripheral cuboidal cells around the marginal boundary as on a conveyor belt.

The effect of this is that a small number of RPE precursors are eventually

flattened and form the entire outer layer while the cells destined for the neural

retina are pushed around into the inner layer.  This involution could be a highly

regulated phenomenon that is nearing completion just as the optic fissure is

apposed, thus the specific undifferentiated and unpigmented cells of the outer
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layer are pushed to the exact point of fusion as the lips meet.  Molecular studies

also support the fate of outer layer cells destined for the inner layer because of

the expression of the neural retina specific Zrx1 gene at 18 hpf.  Cells that stay in

the outer layer and differentiate into RPE never express this NR marker (Chuang

et al. 1999).

Electron micrographs of the closing optic fissure in the golden hamster

also support the idea that inversion of the margins and consequent outer-layer-

first contact is necessary for normal closure (figure 16).

Figure 16, hamster:  Diagram of temporal sequence of closing optic fissure in developing golden

hamster.  Time progresses from A-E.  Reconstructed from electron micrographs. (Geeraets 1976)

copyright © 1995, Wiley-Liss.  Reprinted with permission of Wiley-Liss, Inc. a subsidiary of John

Wiley & Sons, Inc.

Although embryonic histology studies in man are obviously more limited,

O’Rahilly has published an excellent histology series of staged human embryonic

eyes.  Although not specifically mentioned in his discussion, the sagittal sections

through the optic fissure at about six weeks gestation seem to suggest the first

contact in human optic fissure closure is also at the tip of the outer layer, enabled
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and accompanied by fissure inversion, though to a lesser degree than that seen

in rodents (figure 17, sections advancing distal to proximal, A-F).

 

OF
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Figure 17, human:  6 weeks gestation, sections are through the same eye advancing medially.

The most distal (A, B) and proximal (F) sections through the eye show unfused fissure while the

middle portions of the fissure have fused (D, E) or are fusing (C) (O'Rahilly 1966).  Reproduced

with permission of the Carnegie Institute of Washington.

Generally, sections through the optic cup in Xenopus seem to support the

inversion of the lips of the optic fissure as a ventral indentation can still be seen

in NF 36 (figure 18).  Comparable histology in other species at timepoints during

closure is generally lacking.

Figure 18, Xenopus:  Sagittal section

through NF 36 showing inversion of the

fusing optic fissure into the eye (Grant et al.

1980), copyright © 2008, Wiley-Liss.

Reprinted with permission of Wiley-Liss, Inc.

a subsidiary of John Wiley & Sons, Inc.
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Molecular mechanisms of optic fissure closure

Given the similarities in the morphogenesis of the optic cup and fissure

noted between  human, mouse, chick, amphibian, and zebrafish, it seems

worthwhile to also examine some of the molecular correlates of such processes

across these vertebrate species.  The major genes and gene families known to

have a role in proper formation and closure of the optic fissure will be discussed

below.  As these are discussed, the following color coded figure from Chow and

Lang provides a useful reference with regards to molecular patterning in the optic

cup and fissure (figures 19, 20).
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Figure 19:  Schematic overview of vertebrate eye development. In panels A–D, presumptive or

differentiated eye tissues are color-coded in the following manner: blue, lens/cornea; green,

neural retina; yellow, retinal pigmented epithelium (RPE); purple, optic stalk; red, ventral

forebrain/prechordal mesenchyme; grey, mesenchyme. (A) Formation of the optic vesicle is

initiated by an evagination (indicated by arrow) of the presumptive forebrain region resulting in the

formation of the optic pit (OP). The optic vesicle region is divided into dorso-distal region (green),

which contains the presumptive neural retina (PNR) and RPE (not shown), and the proximo-

ventral region, which gives rise to the presumptive ventral optic stalk (POS); PLE, presumptive

lens ectoderm; M, mesenchyme; VF, ventral forebrain; PCM, prechordal mesoderm. (B)

Continued growth of the optic vesicle culminates with a period of close contact between the lens

placode (LP) and the presumptive neural retina (NR) during which important inductive signal likely

exchange: RPE, presumptive retinal pigmented epithelium; VOS, ventral optic stalk; DOS, dorsal

optic stalk. (C) Invagination of the optic vesicle results in formation of the lens vesicle (LV) and

neural retina (NR) and establishes the overall structure of the eye. The point at which the neural

retina and RPE meet gives rise to components of the ciliary body and iris (C/I). (D) Mature eye: C,

cornea; LE, lens epithelium; LF, lens fiber cells; I, iris; CB, ciliary body; GCL, ganglion cell layer;

INL, inner nuclear layer; ONL, outer nuclear layer; ON, optic nerve (Chow et al. 2001) Reprinted,

with permission, from the Annual Review of Cell and Developmental Biology, Volume 17 ©2001

by Annual Reviews, www.annualreviews.org.
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Figure 20: Overview of molecular regulation of eye development.  DD: dorso-distal; PV: proximo-

ventral (Chow et al. 2001).  Reprinted, with permission, from the Annual Review of Cell and

Developmental Biology, Volume 17 ©2001 by Annual Reviews, www.annualreviews.org.
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PAX genes

The highly conserved paired box genes encode transcription factors

critical to proper development, nine of which (PAX1-9) have been identified in

mouse and human with homologues in other vertebrates.   One of the best

studied of these in eye development is PAX6, a so called “master-regulator” of

eye development due to the fact that its loss leads to an eyeless phenotype in

flies, mice and humans (Callaerts et al. 1997, Halder et al. 1995).  Additionally,

misexpression of ey, a fly PAX6 homolog, is able to induce eye development on

any appendage (Strachan et al. 1994).  This evidence suggests that Pax6

possibly sits at the top of a conserved developmental cassette that initiates and

maintains eye development signaling.  The expression of PAX6 is similar across

vertebrate species and is first detected in the anterior neural plate prior to

evagination of the optic vesicle.  Following evagination, PAX6 is expressed in the

dorsal-distal portion of the optic vesicle and in the entire optic cup (figure 20B).

PAX6 obviously plays an important role in allowing the formation of the

optic stalk and fissure (Pax6 null animals are anophthalmic) but it is notable that

expression of PAX6 is actually excluded from the stalk and fissure while the

fissure remains open.  This is due to a mutually antagonistic role between PAX6

and PAX2 at the optic cup/stalk boundary (figure 20B). This can be visualized in

eye tissue by in situ hybridization in Pax2 or Pax6 mutant mice where the

opposing Pax expression is expanded compared to wild type (figure 21A-H).  A
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similar relationship is noted between Pax2 and Pax6 homologues in zebrafish

(figure 21).

Figure 21, mouse (A-H) and zebrafish (I, J):  Expanded expression into the optic stalk (open

arrowheads) in Pax2-/- mouse embryos (C, D) and expanded Pax2 expression into the optic cup

(arrowheads) in Pax6-/- embryos (G, H) (Schwarz et al. 2000).  Reproduced with permission of

the Company of Biologists.  In zebrafish, normal expression of pax2.1 in the optic stalk (I, open

arrowhead) and expansion into the optic vesicle in pax6 mutant fish (J, arrowhead). Adapted and

reprinted (Ekker et al. 1995), copyright (1995), with permission from Elsevier.

In rare cases, mutations in PAX6 have been associated with coloboma

(Azuma et al. 2003), though the reciprocal relationship between Pax6 and Pax2

makes it unclear whether the coloboma phenotyped is primarily due to a

deficiency in PAX6 function or, possibly, overexpression of PAX2.

PAX2 is another developmentally regulated paired box gene with a role in

specifying the ventral region of the optic cup and optic stalk, midbrain-hindbrain

boundary formation, inner ear patterning and kidney development (Torres et al.
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1995, Torres et al. 1996).  It is an especially intriguing player in the optic fissure

due to its expression in the optic stalk (figure 21I) and margins of the fissure at

the time of closure.  Pax2 expression in the optic fissure ceases following

complete closure.  Various mouse models with Pax2 homozygous mutations or

null alleles develop coloboma, though the embryos are embryonic lethal, likely

due to kidney agenesis (Alur et al. 2008, Torres et al. 1996).

Heterozygous mutations in human PAX2 lead to papillo-renal syndrome, a

combination of optic nerve head excavation (an “optic nerve coloboma”) and

kidney agenesis (Sanyanusin et al. 1995).  Although PAX2 seems like an

excellent candidate for isolated human uveal coloboma there have not been any

cases reported to date despite widespread screening.  However, the

developmental biology underscores the critical role of PAX2/PAX6 balance at the

region of the closing optic fissure.  The interface between these mutually

exclusive gene expression domains is perhaps necessary to maintain the

margins of the optic fissure in a ready state for fusion.  The observation that optic

stalk is continuous with the site of the optic fissure in cell migration assays (Holt

1980) correlates well with the continuous expression of PAX2 from the optic stalk

and into the forming optic fissure/ventral optic cup.

Hedgehog

The hedgehog diffusible signaling molecules play a role in the
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ventralization of the developing eye. This is supported by studies in zebrafish

where overexpression of shh and twhh leads to a reduction in pigmentation in the

RPE, reduced area of Pax6 expression in the eye cup and an enlarged area of

Pax2 expression (Ekker et al. 1995).  Studies such as these implicate hedgehog

members as important determinants in the dorsal-ventral axis of the optic cup.  It

is difficult to broadly assess the role of Hedgehog signal directly on the optic

fissure due to the severe phenotype of Shh deficiency in mice (exencephaly) and

that in humans (holoprosencephaly), although Schimmenti et al. have described

a 24 bp deletion in SHH in two individuals with non-syndromic uveal coloboma

(Schimmenti et al. 2003).  This emphasizes the importance of Hedgehog

molecules in the control of downstream markers of dorsal-ventral patterning in

the optic cup.  Hedgehog family molecules appear to act upstream of key

transcriptional regulators such as PAX2 (and indirectly, PAX6) which, as has

been noted, exists in a precisely regulated domain that is critical to the proper

closure of the optic fissure.

VAX genes

Hedgehog is also notable for its regulation of transcription factors VAX1

and VAX2 (ventral anterior homeobox genes) which are expressed in

overlapping patterns in the optic stalk and ventral retina.  As with PAX2, VAX1

and VAX2 expression domains are expanded dorsally upon Hedgehog
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misexpression.  Like PAX2, these transcription factors seem critical to

maintaining the distinction between optic stalk and fissure vs. the more dorsal

optic cup.  Accordingly, Vax1-/- mice have coloboma, dysgenesis of the optic

nerve and a ventral expansion of the dorsal markers Pax6 and Rx (Bertuzzi et al.

1999).  Xenopus studies using Xvax1 misexpression also confirm this molecular

interplay in amphibians since overexpression leads to downregulation of Pax6

and Rx (Hallonet et al. 1999).  Vax2-/-  targeted knockout mice also exhibit

coloboma.  The idea that Vax2 plays a role in specifying the ventral eye is

supported by remarkably similar networks in Xenopus and chick where

overexpression of Vax2 homologues leads to an over-ventralization of the retina

(Barbieri et al. 2002).

Studies in zebrafish reveal a similar role for vax1 and vax2 in the

developing ventral retina and optic stalk.  The expression domains of vax1 and

vax2 are equivalent to those in mouse (figure 22).  Functional assays in zebrafish

with morpholino knockdown of vax1 and/or vax2 show embryos with widened

optic fissure gaps at 30hpf and colobomata at later stages compared to wild type

fish whose optic fissures have closed (Take-uchi et al. 2003).
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Figure 22, zebrafish: vax1 (A-C) and vax2 (D-F) expression in the optic stalk and optic fissure at

24 (A,D) and 48 hpf (B,C,E,F).  Dorsal views (A,D), lateral view (B,E,F), ventral view (C).  os-optic

stalk, re-retina, mb-midbrain, nr-nasal retina, tr-temporal retina (Take-uchi et al. 2003).

Reproduced with permission of the Company of Biologists.

BMPs

Bone morphogenetic proteins (BMPs) are secreted members of the

transforming growth factor-β superfamily and are known to play a critical role in

dorsal-ventral pattern establishment in the vertebrate neural tube (Tanabe et al.

1996).  BMP binding involves BMP receptor types I and II heterodimerization and

ultimately affects transcriptional regulation.  As in other embryological processes,

the BMPs are involved in patterning of the eye and are expressed in discrete and

overlapping zones in the optic vesicle and optic cup and fissure.

Belecky-Adams and Adler showed that BMP-2, 4, 5, 6, and 7 as well as

associated receptors BRK-1, 2, and 3 are all detectable by mRNA in situ
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hybridization in the chick eye during development (Belecky-Adams et al. 2001).

On the third day of incubation (HH15-18), BMP-4 transcripts were localized only

in the dorsal retina, BMP-5 and –7 were found both in the dorsal retina and the

ventral RPE, BMP-6 was found mostly in a central fundus with weaker signal

peripherally and BRK-1, -2, and –3 were found to be expressed in the ventral

retina and optic stalk (figure 23).

Figure 23, chick: HH15, BMP-2 (S,T), BMP-4 (A,B), BMP-5 (C,D), BMP-6 (E,F), BMP-7 (G,H)

and receptors BRK-1 (I,J), BRK-2 (K,L), BRK-3 (M,N), and BMP inhibitors Noggin (O,P) and

Chordin (Q,R) by mRNA in situ hybridization in whole chick embryos as well as sections.  Lateral

view of whole mount embryos (A,C,E,G,I,K,M,O,Q,S) and frontal sections through the mid-optic

cup (B,D,F,H,J,L,N,P,R,T).   Dorsal: up; Ventral: down (Belecky-Adams et al. 2001) copyright ©

2001, Wiley-Liss.  Reprinted with permission of Wiley-Liss, Inc. a subsidiary of John Wiley &

Sons, Inc.
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Several biological interpretations of this complex and dynamic expression

of BMPs in the developing eye have been put forward including: BMP-7 directed

axonal outgrowth (Carri et al. 1998), establishment of dorsal-ventral patterns of

tyrosine kinase receptors and transcription factors in the developing retina

(Belecky-Adams et al. 2001), determination of cell fate, and cell proliferation and

death (Furuta et al. 1997, Graham et al. 1994, Gross et al. 1996).  Similar

distributions of BMPs and their receptors have been observed in mouse where

high BMP4 signaling in the dorsal optic cup is shown to influence dorsal markers

such as Tbx5 and inhibit ventral programming as determined by Vax gene

expression (Murali et al. 2005).

The critical role of BMPs in development of the optic fissure is exemplified

by a functional assay in chick where the BMP antagonist noggin, which binds to

several BMPs and inhibits their interaction with their receptor complexes, was

expressed by injecting a retroviral vector into the eye at various stages of

development (Adler et al. 2002).  Intraocular expression of noggin at the optic

vesicle stage (HH9-11) led to microphthalmia in the majority of eyes.  Injection of

noggin after formation of the optic cup at HH15-18 led to coloboma in 89 of 113

embryos and a ventral displacement of the optic nerve head (figure 24).
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Figure 24, chick:  HH18, Control (A) and non-closure of the optic fissure following noggin

injection (B) (Adler et al. 2002).  Reproduced with permission of the Company of Biologists.

The coloboma phenotype in noggin-infected chicks is accompanied by a change

in key dorsal-ventral expression domains.  The Pax2 expression domain is

expanded into the ventral retina and, as expected given their antagonistic role,

Pax6 expression is reduced.  This ventralization of the optic cup is also

supported by an increase in the ventral Vax signal (Adler et al. 2002).  It is noted

that these changes are similar to those observed by overexpression of Shh,

although Shh expression was observed to be unchanged in noggin treated

embryos.  It is also notable that BMP4 mutations have been described in patients

with anophthalmia/microphthalmia, a few of which had coloboma (Bakrania et al.

2008).  It is possible that BMPs act far enough upstream of ventral markers of the

eye such as PAX2, VAX1, and VAX2 that they cause a global misregulation of

optic fissure determinants, thereby yielding a coloboma phenotype.

 Consistent with these observations, Sasagawa et al. provide evidence for
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a similar role of BMPs in Xenopus eye development (Sasagawa et al. 2002).

Their experiments involved BMP4, noggin or Shh mRNA electroporation into the

eye anlage of stage 12.5 embryos.  In situ hybridization for dorsal (pax6) and

ventral (pax2) markers in the optic cup and fissure revealed they were affected in

a manner consistent with other vertebrates (figure 25).  That is, BMP4

overexpression caused a dorsalization with less pax2 and more pax6 expression.

Noggin and Shh expression both led to over-ventralization, as seen in chick.

Bmp and Shh signaling seem to operate independently as Shh overexpression

does not lessen the natural BMP4 expression and vice versa.

Figure 25, Xenopus: In situ mRNA detection of pax2 or pax6 following electroporation into the

eye of BMP4, Noggin, or Shh.  pax2 signal is decreased in BMP4 (B), increased in Noggin (C)

and Shh (D).  The opposite effects are observed with pax6 expression in each respective setting



50

(Sasagawa et al. 2002) copyright © 2001, Wiley-Liss.  Reprinted with permission of Wiley-Liss,

Inc. a subsidiary of John Wiley & Sons, Inc.

Another member of the BMP subfamily, GDF6 (BMP13), has also recently

been identified as having a role in optic fissure closure.  Asai-Coakwell and co-

authors reported a mutation in GDF6 in a human patient with bilateral uveal

coloboma as well as other soft tissue and neurodevelopmental findings (Asai-

Coakwell et al. 2007).  In situ hybridization in zebrafish showed expression of

gdf6a in the retina at the optic cup stage.  This pattern was confirmed in mouse

and has also been published in Xenopus (Chang et al. 1999).  Splice-site

blocking morpholino injection into 1-cell stage zebrafish embryos led to

coloboma, microphthalmia and/or lens extrusion by 48 hpf in many embryos.

Similar gdf6 knockdown experiments have been done using morpholinos in 1-2

cell Xenopus embryos with results that correlate well with zebrafish (Hanel et al.

2006).  gdf6-deficient Xenopus embryos generally have a small eye phenotype

that appears to have an optic fissure closure defect (though this was not

specifically discussed in their work).  One interesting observation in the embryos

lacking gdf6 is the higher number of TUNEL positive cells in the neural tube and

eye when compared to control eyes at NF stage 27 (figure 26).  This provides a

possible correlation with morphogenesis since the optic cup and fissure are
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forming around this time (NF stage 29) (Holt 1980).  However, based on the

TUNEL stain and lack of spatiotemporal resolution, it is difficult to assign the

increased apoptosis to any area of the eye or any specific process other than to

note that it appears to be stronger in the dorsal-distal region of the optic cup.

 Figure 26, Xenopus:  TUNEL stained embryos at NF27, (A) Gdf6 morpholino injected with

higher level of TUNEL staining in the eye. (B) control.  Top-dorsal, bottom-ventral (Hanel et al.

2006).  Reprinted with permission of publisher: BioMed Central

Studies in chick underscore potential interspecies differences in the way

the developing eye responds to BMP gradients.  In contrast to the apparently

anti-apoptotic role of GDF6 in Xenopus above, Trousse et al. have suggested a

pro-apoptotic role for BMP4 in the optic cup (Trousse et al. 2001).  Using in ovo

application of either noggin or BMP4 at the dorsal eye of chick at HH14, a dorsal

zone of TUNEL positive cells in the optic cup was either eliminated or expanded

respectively (figure 27).
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Figure 27, chick: TUNEL staining of HH14 optic cup with exogenous application of Noggin (B),

BSA (C), or BMP4 (D) and resulting effect on apoptotic domain in eye, arrows (Trousse et al.

2001).  Reproduced with permission of the Journal of Neuroscience.

Given that noggin has also been shown through binding competition assays to

bind GDF6 specifically (Chang et al. 1999), it is difficult to reconcile these two

observations given the similar expression between BMPs and their receptors

across vertebrates.  Perhaps interspecies variation in downstream targets of the

ligand-receptor complex (SMADs, etc.) may account for the difference in cell

death to BMP response.  These studies highlight the complexity of interaction

between these signaling molecules in the developing eye.
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CHX10

Another paired-type homeodomain-coding gene, CHX10, is critical to eye

development and associated with coloboma.  This is the transcription factor with

the earliest known expression in the presumptive neural retina (Chow et al.

2001).  Robust and specific expression of Chx10 in the developing retina in mice

led to an interest in this protein’s role in eye development (figure 29, (Liu et al.

1994)).  Knockout Chx10-/- mice have small eyes and severely hypocellular

retinas with reduced levels of cellular proliferation in the optic cup at E11.5 a

timepoint when the optic fissure is closing (figure 28).

Figure 28, mouse: Transverse section through optic cup.  BrdU labeling of (A) wt retina and (B)

Chx10-/-  showing hypocellularity in the neural retina (NR, 1,2,3,4) in mutant mice.  Reprinted by

permission from Macmillan Publishers Ltd: Nature Genetics, (Burmeister et al. 1996),

copyright (1996).
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Expression and function of CHX10 orthologues is similar in other

vertebrate species.  Zebrafish expression is limited to the presumptive neural

retina and is first detected at 12 hpf in the optic primordium and continues as the

optic cup invaginates.  Treatment of zebrafish embryos with antisense

oligonucleotides results in small eyes with disorganized retinas as seen in Chx10

mutant mice, indicating a conserved developmental role (Barabino et al. 1997).

Chen and Cepko have also published expression data in chick that

correlates well with mouse and zebrafish, showing expression in the presumptive

neural retina at the onset of optic vesicle invagination at HH12 (Chen et al. 2000)

and widespread in the neural retina until HH18 (figure 29C,D).  In mouse, chick

and human tissue, the expression of CHX10 is excluded from presumptive RPE.

Human CHX10 mutations have also been shown to cause microphthalmia

and bilateral iris coloboma in one family (4 probands, 2 deceased) (Ferda Percin

et al. 2000).  The mutation likely represents a null phenotype as it causes loss of

DNA binding.  This human phenotype provides robust support for CHX10

function as it provides another point of evidence for orthologous phenotypes

across diverse species: fish, mouse, and human.  It is important to note that

coloboma in CHX10 mutant phenotypes is probably a secondary effect of failure

of the optic fissure margins to become fully apposed due to the lowered rate of

cellular proliferation noted in the CHX10 mutant retinas.
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Figure 29: Chx10 in situ expression showing strong expression in the neural retina (arrowheads)

at various stages during development. (A,B) E11.5, C57Bl/6 mouse.  Reprinted (Liu et al. 1994)

Copyright (1994), with permission from Elsevier. (C,D) HH14 chick.  Reprinted (Chen et al. 2000)

copyright (2000), with permission from Elsevier. (E,F) 8 weeks pc human eye CHX10 expression

in the neural retina but excluded from the RPE.  Reprinted by permission from Macmillan

Publishers Ltd: Nature Genetics, (Ferda Percin et al. 2000), copyright 2000.

MITF

The microphthalmia associated transcription factor is a member of the

basic helix-loop-helix class of transcriptional regulators and is a marker of the

presumptive RPE in eye development.  Initially MITF is expressed in the entire

optic vesicle but becomes limited to the outer layer (future RPE) after contact

with the surface ectoderm and onset of CHX10 expression in the presumptive

neural retina (Bora et al. 1998).  The normal expression of MITF in the outer

layer presumably controls the cellular proliferation and pigmentation of the RPE,

allowing it to develop into a pigmented, cuboidal monolayer.   The dorsal RPE in

the Mitf knockout mouse (mi/mi) transdifferentiates into an ectopic neural retina
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with cellular stratification similar to that seen in the normal retina except in an

inverted pattern (Bumsted et al. 2000).  The ventral portion of the RPE also fails

to develop into normal cuboidal pigmented epithelium and instead is enlarged

(figure 30).

Figure 30, mouse: E13.5 wild type (A) vs. Mitf homozygous mutant (mi/mi) (B).  Arrows indicate

enlarged outer layer (Bumsted et al. 2000), copyright by the American Association for Research

in Vision and Ophthalmology.  Reprinted with permission.

(C) Sagittal section through E12.5 Mitf homozygous mutant eye showing transdifferentiated RPE

both dorsally and at the rolling margins of the involuting optic fissure (Scholtz et al. 1987).

Reproduced with permission of the Company of Biologists.

Scholtz and Chan also note that extracellular spaces fail to develop in the

posterior retina of the Mitf mutant mouse causing accumulation of neurite

bundles both within and next to the retina (Scholtz et al. 1987).  This seems to
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support the argument proposed by Silver and Robb (Silver et al. 1979) and

others that degeneration is necessary to free extracellular space for axonal

guidance at the time of optic fissure closure, though it does not rule out the

possibility of a role for degeneration in morphogenesis.  Mouse homozygous

mutants also have failed optic fissure closure which can be seen in sagittal

sections trough the optic cup at E12.5 (figure 30C).  There is an obvious

enlargement of the dorsal RPE where it has transdifferentiated into neural retina

as well as a notable enlargement of the ventral RPE at the margins of the optic

fissure.  Hero et al. have examined the closing optic fissure in mutant mice in

detail using light and electron microscopy and the images reveal important clues

about the development of coloboma in these animals (Hero et al. 1991).

Importantly, they observed that the outer layer (normally presumptive RPE) was

pseudostratified or multilayered at the point of fusion and that one side of the

optic fissure commonly “rolled” into the eye following failed fusion.  In contrast,

the outer layer in normal mice is composed of a monolayer of cuboidal cells.

Interestingly, the basement membrane in the colobomatous mice failed to

degrade at the point of optic fissure approximation as it does in normal eyes and,

perhaps relatedly, they noted a lack of degenerating cells in the fissure at the

level of the lens which stood in contrast to the wild type animals.  The group

theorizes that perhaps the thickened multi-cellular outer layer is not degenerating

sufficiently to allow degradation of the basement membranes and thus fusion at
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sites of apposition.  Thus, even where the lips of the optic fissure are tightly

apposed in E13 mutant mice, a dual basement membrane is still seen with only

small foci of marginal contact between them (arrows, figure 31).

Figure 31, mouse:  Electron micrograph of

apposed lips of optic fissure (OF) in Mitf

mutant with two layers of basement membrane

visible and only marginal contact between

them (arrows).  Adapted (Hero et al. 1991),

copyright by the American Association for

Research in Vision and Ophthalmology.

Reprinted with permission.

Consistent with highly conserved molecular networks in vertebrate eye

development, Mochii et al. have described similar Mitf expression in the outer

layer of the chick retina at comparable stages of eye development  (Mochii et al.

1998).

Human MITF mutations are the cause of Waardenburg syndrome type II,

an auditory-pigmentary disorder (Tassabehji et al. 1994) but have not been
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shown to cause microphthalmia-associated coloboma as in mice.  This could be

due to subtleties in gene dosage effect between null mice and humans with

heterogeneous mutations in MITF.  Another possibility is that there are splice

variant-specific mutations that affect the eye, but do not cause the pigmentary

and hearing abnormalities seen in Waardenburg syndrome.  It is also a possibility

that regulators of pigmentation have evolved differently.  This type of species-

specific specialization is seen in the zebrafish where mutations in nacre (the Mitf

homologue) cause pigmentation defects limited to neural crest derived

melanocytes (Lister et al. 1999) while the non-crest derived RPE develops

normally.  A second Mitf homologue, mitfb has been found which appears to

have arisen from a gene duplication event.  Together, mitfa and mitfb assume

complementary roles in development of the RPE and crest-derived melanocytes

in zebrafish (Lister et al. 2001).  It seems the effect of knocking down both

duplicated Mitf genes in zebrafish eye is not known.  It would be interesting to

see if this provided a microphthalmia and coloboma phenotype as seen in mouse

Mitf mutants. Mitf homologues have also been found in Xenopus with expression

in the developing RPE and melanocytes (Kumasaka et al. 2004).

Conclusion

The ventral optic fissure is a common feature in early eye development

among vertebrate species including human, mouse, rat, frog, chick, and
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zebrafish.  It is a structure that arises from complex morphogenetic movements

as the neuroepithelial evagination from the brain reaches the surface ectoderm.

The temporary gap in the ventral optic cup occurs at comparable stages of

development in all of these species and allows for the entry of the hyaloid vessel

into the vitreous as well as the exit of the axons from the developing

neurosensory retina.  The optic fissure begins to close as the neural retina

differentiates and eventually fuses completely to form the complete globe of the

eye.  This background analysis of these processes among varied vertebrate

species indicates that the morphogenesis of the optic fissure and subsequent

closure occurs in a highly conserved manner, identifying similarities in optic

stalk/optic fissure alignment, cytoskeletal and extracellular dynamics, foci of

degenerative changes, point of contact between the fusing fissure and potential

molecular regulators of these processes.  Significant differences are also noted

in a few instances in these same categories.  In some cases, an understanding

of comparative development is made difficult by the lack of equivalent studies

among vertebrate species and differences in orientation of the optic cup and

optic fissure in published data.  That being said, the many extensive and detailed

studies in diverse developmental models cited here provide a robust body of

evidence from which to identify concepts regarding optic fissure formation and

closure, many of which have been outlined here.
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Rationale for further study of the optic fissure

The elegant developmental and genetic studies detailed above have

added immensely to our understanding of some of the mechanisms regulating

formation and closure of the optic fissure.  From a clinical standpoint, several

candidate genes as discussed in this introduction have been identified as

causing uveal coloboma which are generally transcriptional regulators and

extracellular signaling molecules.  This information has proven very useful for a

few patients and their families.  However, all of the known genes associated with

coloboma combined only account for a few percentage points of the patient

population with the malformation.  The cause of the large majority of coloboma

remains unknown.  As a result, there is no “high yield” molecular test that can be

done to determine potential causes of coloboma which leaves patients, their

families, clinicians, and scientists with virtually no information on which to base

decisions.  It therefore seems critical that we begin to better understand the basic

developmental biology responsible for the formation and closure of the optic

fissure in a systematic and global manner.  The result of this knowledge will

hopefully lead to the identification and characterization of genes and pathways

that will shed light on the causes of uveal coloboma.
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CHAPTER 2:

Expression profiling during ocular development identifies two Nlz genes

with a critical role in fissure closure.
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Abstract

The gene networks underlying closure of the optic fissure during

vertebrate eye development are poorly understood.  Here we use a global

approach to profile gene expression during optic fissure closure using laser

capture microdissected tissue from the margins of the fissure.  From these data,

we identify a novel role for the C2H2  zinc finger-containing proteins Nlz1 and Nlz2

in normal fissure closure.  Gene knockdown of nlz1 and nlz2 in zebrafish leads to

a failure of the optic fissure to close, a phenotype which closely resembles that

seen in human uveal coloboma.  We also identify a novel interaction between the

Nlz proteins and Pax2 in the developing eye and observe that Nlz1 and Nlz2

appear to act upstream of Pax2 pathway in directing proper closure of the optic

fissure.
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Introduction

The optic fissure is a transient structure in the ventral eye of vertebrates

during early development.  The edges of the fissure must meet and fuse to

complete the globe of the eye.  In the introduction and background, it has been

noted that failure of the optic fissure to close at this time can lead to uveal

coloboma, a malformation that manifests as gaps in the inferonasal quadrant of

the eye that can involve the optic nerve, retina, iris, ciliary body, and choroid.

Numerous groups have made progress in identifying mutations in

developmentally important genes involved in human coloboma.  Among these

are CHD7 (associated with CHARGE syndrome), CHX10, GDF6, OTX2, PAX2,

PAX6, SHH, SIX3, (Asai-Coakwell et al. 2007, Azuma et al. 2003, Eccles et al.

1999, Ferda Percin et al. 2000, Ragge et al. 2005, Schimmenti et al. 2003,

Vissers et al. 2004, Wallis et al. 1999) as well as many chromosomal aberrations.

With the exception of CHD7 in CHARGE syndrome, these mutations have so far

only accounted for a very small subset of patients.  The causes both major and

minor of the greater proportion of human coloboma remain unknown.

Given this complex and incomplete picture we feel it is imperative to gain

an increased understanding of the basic biology that governs normal closure of

the optic fissure.  Such an understanding will help inform a search for candidates

of human disease.  Towards this end we present here the results of high-
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throughput expression profiling during optic fissure closure and identify Nlz1 and

Nlz2 as critically important genes in this process.  We also provide evidence that

these genes may exert their effect via a Pax2-dependent pathway.

RESULTS

Optic fissure tissue can be dissected accurately and consistently at

various stages during closure.

The different morphogenetic stages of the optic fissure, from formation to

complete closure, can be observed during mouse development.  A critical time

period occurs from embryonic day 10.5 – E12.5, when the two margins of the

fissure are fused along the ventral surface of the eye (Hero 1990).  The optic

fissure can be clearly visualized by making sagittal sections through the eye at

these timepoints which represent the optic fissure at open (E10.5), closing

(E11.5) and fused (E12.5) states.  We reasoned that we could isolate optic

fissure tissue from frozen sections at these three timepoints.

Laser capture microdissection (LCM) has proven to be an effective

method for collecting tissue at the microscopic level, allowing for even single cell

discrimination in a heterogeneous sample (Bonner et al. 1997, Emmert-Buck et

al. 1996).  Here we have used LCM to isolate the margins of the optic fissure

from frozen sections through the eye.  The tissue dissected consists of the outer

(presumptive retinal pigment epithelium) and inner (neurosensory retina) layers
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of the retina.  An approximately square-shaped block of optic fissure was

dissected from each side of the fissure.   A representative section from each of

the timepoints shows the anatomy before and after LCM of the optic fissure

region (figure 32).  Two rounds of linear amplification were performed on RNA

isolated from each of the samples prior to microarray hybridization.

Figure 32: Isolation of optic fissure tissue and experimental design.

Representative 10µm frozen sections through the eye of wild-type C57BL6/J mice at E10.5 (A,

D), E11.5 (B, E), and E12.5 (C, F).  Sections were made in a sagittal plane.  Sections are seen

before (A, B, C) and after (D, E, F) laser capture microdissection.  Small sections of isolated

tissue at each timepoint were collected on a microdissecting cap, pooled together and amplified

linearly and hybridized to Affymetrix MOE 430 2.0 expression arrays.  Scale bar, 50µm.
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To control for sample variations, we prepared two samples from E11.5

embryos which were isolated and hybridized on separate days.  Expression data

from both arrays were normalized using the RMA method (Irizarry et al. 2003)

and then plotted against each other in order to compare expression profiles

between the two biologically equivalent samples (figure 33).  The strong positive

correlation (r = 0.997) between the two independently processed samples gives

evidence that this is a robust and reproducible method to profile expression in

small tissue samples.

Figure 33: Expression profiles from two samples at E11.5 shows inter-chip consistency.

Strong positive correlation between two trial arrays hybridized with RNA from same timepoint

(E11.5) and amplified independently shows RNA profiles can be consistently amplified and

probed even from very small samples.
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Identification of temporally regulated transcripts as candidate genes for

controlling closure.

Expression data were gathered in biological triplicate at each timepoint,

with three arrays at E10.5, E11.5 and two at E12.5 (one E12.5 sample was lost

during RNA amplification).   Each array represents pooled tissue from three

embryos from a single litter.  Expression signals were ascertained from 45,101

probe sets and RMA normalized (Irizarry et al. 2003).  Of these, we filtered out

20,936 that were not called to be “present” on at least two of three arrays at a

minimum of one timepoint according to the p values calculated between perfect

match and mismatch probes in each set (Affymetrix algorithm, GCOS).  For the

remaining 24,165, 1-way ANOVA was performed with embryonic day as a

variable to calculate p-values among the signals during the three days of

development.  Statistical filtering of this subset for the most developmentally

regulated genes over the three days resulted in 297 probe sets representing 206

annotated transcripts (29 probe sets were represented more than once) and 68

hypothetical or predicted genes (Riken clones, etc).  Temporal expression profile

clustering shows significant trends observed among the 297 probe sets (figure

34).
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Figure 34:  Hierarchical clustering and heatmap of 297 developmentally regulated probe

sets.  Probe sets are clustered according to similarities in temporal expression profiles over the

three developmental days assayed.  Genes in each row (E) are observed to be downregulated

(shades of blue) or upregulated (shades of red) over time.  Parallel plots to left of individual

clusters show genes upregulated at E12.5 (A), upregulated beginning at E11.5 (B), peaking at

E11.5 (C), or down regulated over the three days assayed (D).  Dendrogram colors, distances

and branching show relatedness between clusters.
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Biological filtering with pathways software and published reports.

Ingenuity Pathways Software (Ingenuity Systems, www.ingenuity.com)

was used to begin to explore potential or known interactions among the 297

genes and which of them would merit additional investigation.  Of the 297

identifiers, 103 were mapped into networks using IPA algorithms. As would be

expected from tissue dissected from the developing eye, the five functional

networks made from the input data with the greatest relevance were (labels from

IPA 6.0):  tissue morphology (19 molecules, p = 1.78E-06 – 3.38E-02), visual

system development and function (9 molecules, p = 1.78E-06 – 3.38E-02),

nervous system development and function (14 molecules, p = 2.74E-06 – 3.38E-

02), cellular development (16 molecules, p = 8.23E-05 – 4.09E-02), and cellular

growth and proliferation (18 molecules, p = 2.89E-04 – 4.09E-02, calculations

from IPA based on expected occurrence compared to random).  These networks

provided another level of confidence that expression profiling of the optic fissure

could lead to the identification of important developmental regulators of this

poorly understood process.  By delving into these networks created by IPA, we

were able to identify novel interactions among genes from our expression screen.

One such example was the identification of the secreted frizzled related protein 2

(Sfrp2), a gene from our list and member of the Wnt/βcatenin signaling pathway,

as a downstream target of Pax2, a paired box transcription factor widely studied
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in eye development (Brophy et al. 2003).

In addition to pathway and network interactions, we also sought to

understand evidence of biological significance in the 206 annotated genes by

searching knockout/transgenic and expression databases (Mouse Genome

Informatics, http://www.informatics.jax.org; VisiGene, http://genome.ucsc.edu/cgi-

bin/hgVisiGene; Zfin, http://zfin.org).  Of 206 annotated genes, 51.5% (106/206)

had been disrupted in mouse or zebrafish by targeted knockout, morpholino

knockdown or through random mutagenesis screens.  Of these, 5.7% (6/106)

(figure 35) were reported as having a coloboma, 26.4% (28/106) had an eye

phenotype, 23.5% (25/106) had no reported eye phenotype, and eye

associations in 44.3% (47/106) could not be determined from published reports.

There was also a high percentage of annotated genes from our screen which

were confirmed to be expressed in the eye during the developmental stages

assayed.  Of the 48% (99/206) genes for which in situ hybridization studies

existed, 84% (83/99) were expressed in the eye, 8% (8/99) were not expressed

in the eye, and the remaining 8% (8/99) were of undetermined expression in the

eye (figure 35). This existing information confirmed that our screen had efficiently

identified an interesting subset of genes with a high percentage of confirmed

expression function in the eye and helped guide and narrow our search for a

gene or genes that played a critical role in optic fissure closure.
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Figure 35:  Pie of Pie charts showing percentages of annotated genes from expression

screen previously associated with eye development. Top chart, percentages of genes for

which existing in situ hybridization shows expression at relevant time points in the eye.  Bottom

chart, percentages of genes previously disrupted and associated affects on the eye.
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Real-time PCR verification of temporal profile of gene expression during

optic fissure closure.

Several significantly regulated transcripts of interest emerged from the

bioinformatics screen.  From these, Sfrp2, Riken 3732412D22, Pdlim4, Nlz2, and

Npnt were validated by real-time PCR on optic fissure tissue from each timepoint

dissected by LCM independently from the tissue used for microarray analysis.

The result was a high correlation between the temporal expression profiles

obtained by microarray analysis and real-time PCR (figure 36).  These results

lead to a high degree of confidence in the data obtained by the microarray

analysis and also provide additional support for a potential role of these five

genes.

Figure 36:  Real time PCR correlates with expression data from microarray analysis.

Real time PCR was used to measure the relative expression of the indicated genes over days

E10.5, E11.5 and E12.5 in optic fissure tissue isolated by LCM in mouse (note differences in y-

axis scale).  Y axis = Threshold cycles.  X axis = Embryonic day.  Heat maps under line graphs

indicate high (red) or low (blue) expression according to array data.
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In situ hybridization in mouse embryos to identify expression in optic

fissure with qualitative changes in expression among timepoints.

In addition to verifying that the expression was significantly regulated over

the embryonic days studied we also sought to identify which genes were

expressed in an anatomical pattern that would lend support to a role in optic

fissure closure.  To do this, in situ hybridization was performed on whole mouse

embryos and frozen sections.  The most promising genes based on this analysis

are: Sfrp2 with expression in the entire optic cup and fissure at E10.5 (figure

37A,B,C) and limited to the dorsal optic cup and closing fissure at E11.5 (figure

37D); Bmpr1b with strong expression in the ventral retina beginning at later

timepoints (figure 37G); Nr2f2, with strong expression in the entire retina and

optic fissure at E10.5 with expression confined to the dorsal retina and the lips of

the closing optic fissure at E11.5 (figure 37H,I); Pdlim4 with expression in the

region ventral to the eye, with possible expression in the ventral optic cup and

fissure at E10.5 and no detectable expression at E11.5 (figure 37J,K); Daam2

with strong expression in the region of the ventral optic cup and stalk, possibly

related to the nearby branchial arches and qualitative decrease in expression

from E10.5 to E11.5 (figure 37L,M); Nlz2 with strong expression in the entire

retina and fissure at E10.5 (figure 38A,D) with a contraction of the expression

domain at E11.5 to the closing optic fissure (figure 38C,E) until the expression is

undetectable at E12.5 (figure 38F).  Given the interesting expression pattern of
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Nlz2 relative to the optic fissure, the fact that it had not previously been

implicated in eye development and that Nlz2 is a zinc finger containing protein

and possible transcription factor, this gene was chosen for follow up studies and

functional assay.
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Figure 37:  Expression of several genes from microarray screen is confirmed by in situ

hybridization in wild type C57BL6/J mouse embryos. Sfrp2, expressed in the entire optic cup

and fissure at E10.5 (figure A,B,C) and limited to the dorsal optic cup and closing fissure at E11.5

(figure D); Bmpr1b, strongly expressed in the ventral retina beginning at later timepoints (figure

G); Nr2f2, with strong expression in the entire retina and optic fissure at E10.5 with expression

confined to the dorsal retina and the lips of the closing optic fissure at E11.5 (figure H,I); Pdlim4

with expression in the region ventral to the eye, with possible expression in the ventral optic cup

and fissure at E10.5 and no detectable expression at E11.5 (figure J,K); Daam2 with strong

expression in the region of the ventral optic cup and stalk, possibly related to the nearby branchial

arches and qualitative decrease in expression from E10.5 to E11.5 (figure L,M). Scale bars,

A,E,H,J,L-800µm, C,D,F-200µm, G-50µm.

Figure 38:  Expression of Nlz2 from microarray screen is confirmed by in situ hybridization

in wild type C57BL6/J mouse embryos. Nlz2 expression is observed in the entire optic cup at

E10.5 (A, white arrowheads) in whole mouse embryo.  Expression in sagittal sections through the
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eye shows strong expression in the outer retina and optic fissure at E10.5 (D, arrowhead) and a

restriction of signal to the closing lips of the optic fissure at E11.5 (C, E, arrowheads (B-sense

probe)).  Expression is not detected at E12.5 after fissure has closed (F). Scale bars, 400µm (A),

100µm (B-F). 

Two related zinc finger-containing proteins, Nlz1 and Nlz2, are necessary

for proper optic fissure closure.

A morpholino knockdown strategy was used in zebrafish embryos to

assess the functional significance of nlz2 in optic fissure closure.  Another Nlz

family member, nlz1, has also been identified in zebrafish (Andreazzoli et al.

2001) and shown to be expressed in the ventral eye during optic fissure closure

(http://zfin.org), an expression pattern we have verified in 24 hpf embryos (figure

39).
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Figure 39:  nlz expression at 24 hpf by in situ hybridization in wild-type embryos.

nlz1 (A) and nlz2 (B) patterns of expression are shown with expression in the ventral eye

(arrows).  nlz1 is also expressed strongly in the hindbrain at this stage and nlz2 is also expressed

to a lesser degree in the hindbrain as well as the midbrain and forebrain.  Scale bar, 200µm.

We therefore reasoned that both nlz1 and nlz2 might play critical roles in fissure

closure and morpholinos targeting the translation start site were designed for

both nlz1 and nlz2 and injected in 1-4 cell zebrafish embryos.  The result was a

widened gap at the optic fissure as seen at 24 hours post fertilization, a time

when the optic fissure has begun to fuse in the control fish and a striking

coloboma phenotype at later time points (figure 40).  To confirm specificity, a

second morpholino targeting the 1st intron – 2nd exon splice site was designed for

both nlz1 and nlz2, with the same observed phenotype.  The optic fissure closure

defect was observed in 102/103 nlz1 morphant embryos using a translation start

site blocking morpholino and 161/162 embryos using a splice site blocking

morpholino.  Similarly, in the case of nlz2, 64/66 fish had an optic fissure defect

when injected with morpholino targeting translation start site and 137/138 when

the splice site was targeted.  The eyes in nlz2 morphants were consistently

smaller than those in control or nlz1 morphant fish.
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Figure 40: Eye phenotype in nlz1 and nlz2 morphant zebrafish.

At 5 days post fertilization, fish injected with control MO show a completely fused optic fissure in

the ventral eye (A, ventral; D, lateral) whereas there is an obvious coloboma in the ventral eye of

the nlz1 (B, ventral; E, lateral) and nlz2 (C, ventral; F, lateral) morphant fish indicated at

arrowheads.  This phenotype is a remarkable recapitulation of human coloboma (H).  Normal eye

(G).  Scale bar, 200µm.

We next established a grading scheme to score the severity of optic

fissure defects seen in morphant fish, with grade 1 being a fissure with a
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noticeable gap compared to control, grade 2 having a wider gap (20° - 90° gap

width from center of the lens), and grade 3 having the greatest gap (90° - 170°)

at 24 hpf (figure 41D,G).  The score of optic fissure phenotypes was as follows:

8ng of nlz1 MO, normal eye 2/143 (1.4%); grade 1 defect, 15/143 (10.5%); grade

2 defect, 32/143 (22.4%); grade 3 defect, 94/143 (65.7%).  For 8ng nlz2 MO,

normal eye 1/150 (0.67%); grade 1 defect, 15/150 (10%); grade 2 defect, 54/150

(36%); grade 3 defect, 80/150 (53.3%).  The optic fissure closure defect is dose

dependent since injecting 4ng of nlz1 MO or nlz2 MO had a much less severe

phenotype profile when compared to 8ng (figure 41H).  The coinjection of 4ng

nlz1 and 4ng nlz2 MO, however yields a synergistic effect, with a higher

percentage of high grade fissure defects than either MO alone at 8ng.  Co-

injection of wild type nlz1 or nlz2 mRNA with the respective nlz MO partially

rescues the phenotype showing a greater percentage of normal fish and a less

severe phenotype profile in general (figure 41H).

Figure 41: Phenotypic grades of nlz morphant fish.

The margins of the optic fissure are apposed in normal eyes (A) and closure is just beginning.  In

order to quantify the number and range of optic fissure defects in nlz morphants a grading

scheme was developed based on the degree of open fissure at 24 hpf.  Accordingly, nlz1 MO (B,

C, D) or nlz2 MO (E, F, G) injected fish were scored as having a grade 1 (B, C), grade 2 (C, F) or

grade 3 (D, G) optic fissure defect. Scale bar, 50µm. The results of the phenotype profiling are

summarized in the bar graph (H) where lower grade closure defects are observed at low doses of

either nlz1 or nlz2 MO, yet an effect which is at least additive is seen when these doses of nlz1
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MO and nlz2 MO are combined.   A higher dose of either morpholino produces strong optic

fissure defects in morphant fish, which is partially rescued by coinjection of respective wild-type

mRNA.
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Knockdown of the correct target was confirmed using RT-PCR with intron-

spanning primers on mis-spliced transcripts from zebrafish injected with splice-

site blocking MO.  We also noted the appearance of a band by RT-PCR where

we expected the larger unspliced product to be (figure 42).

Figure 42: RT-PCR confirms correct targeting of nlz splice-blocking morpholinos.

Larger unspliced products (diagram, A) of 858bp for nlz1 and 474bp for nlz2 (gel) and reduction

in spliced products (diagram, B) with 106bp for nlz1 and 82bp for nlz2 are seen in nlz1 or nlz2

morphant fish, as compared to control MO.  B-actin from each of the embryos serves as a control

of RNA integrity and equal loading.
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Histopathology in morphant fish at 24, 48, 72 hpf and 6 days pf also

reveals a striking failure of the optic fissure to fuse over this time course.  Closure

of the optic fissure can be clearly seen in control-injected fish beginning at 48

hours post fertilization.  At 6 days post fertilization the two margins of the optic

fissure can be seen slipping past each other along the entry of the hyaloid

vasculature in the ventral eye.  Additionally, retinal dysplasia, abnormal lens

vasculature, and rosettes can be seen in the inner layers of the retina (figure 43).

Figure 43: Histopathology of nlz morphant fish.  Coronal (A-C) and sagittal (D-H) planes

through the zebrafish eye.  Normal retinal lamination and a fused ventral fissure can be seen in
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control MO injected fish at 5dpf (A, D) and at 6dpf (G) (top – dorsal, bottom – ventral).  Fissure

closure defects can be seen in nlz1 morphant fish at 5dpf (B, E) and 6dpf (H) and nlz2 morphant

fish at 5dpf (C, F).  The coloboma in morphant fish is accompanied by discontinuous RPE (open

arrowheads), retinal dysplasia/rosettes (arrows) and abnormal vasculature (arrowhead). Scale

bar, 50µm.

Nlz1 and Nlz2 deficiencies may cause coloboma by misregulating pax2.1 in

the optic fissure.

Development of the optic stalk, fissure and cup is a precisely regulated

process (Adler et al. 2007).  The paired box transcription factors Pax2 and Pax6

have been shown to be two key regulators of optic stalk and optic cup identity,

respectively (Ekker et al. 1995, Schwarz et al. 2000).  In addition, homozygous

disruptions or deletions of Pax2 are a cause of coloboma in mouse, and

zebrafish (Lun et al. 1998, Torres et al. 1996).  Given the importance of Pax2 in

optic fissure closure and associated phenotypes, we reasoned that Nlz1 and

Nlz2 might possibly be affecting a Pax2 dependent pathway in the developing

eye.  To ascertain this, we detected pax2.1 expression in zebrafish at 18 (figure

44) and 24hpf (figure 45) using in situ hybridization in whole embryos.  At 24hpf,

pax 2.1 is normally distinctly expressed in the optic stalk, closing fissure,

midbrain/hindbrain boundary (MHB), and otic vesicle (figure 55 A,J).  However, in

nlz1 knockdown fish, the pax2.1 expression is drastically reduced in the MHB
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and otic vesicle and almost completely absent from the lips of the closing optic

fissure and stalk (figure 45 B,K).  Interestingly, nlz2 knockdown causes a marked

expansion of the pax2.1 expression domain in the eye from a ventral-anterior

position in control fish at 18hpf to nearly the entire optic vesicle.  The expansion

is less pronounced at 24hpf but clearly exceeds the limits of normal expression

by creeping laterally and dorsally into the inner layer of the developing retina

(figure 45 C,L).
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Figure 44: Misregulation of pax2.1 in nlz morphant fish at 18hpf.

Normal expression (A,D,G,J), reduction of pax2.1 is observed in nlz1 morphant (B,E,H,K) fish and

pax2.1 expansion is seen in nlz2 morphant fish.  Arrows indicate pax2.1 expression domain in

eye. (C,F,I,L). J-L, higher magnification view of the lateral eye.  Scale bars: A-I 200µm, J-L 50µm.
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Figure 45: Misregulation of pax2.1 in nlz morphant fish at 24 hpf.  Normal expression

(A,D,G,J), reduction of pax2.1 is observed in nlz1 morphant (B,E,H,K) fish and pax2.1 expansion

is seen in nlz2 morphant fish (C,F,I,L). Arrows indicate pax2.1 expression domain in eye. J-L,
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higher magnification view of the lateral eye.  Scale bars: A-I 200µm, J-L 50µm.

Other ventral markers of the eye are largely unaffected.

We next chose to assay other markers of eye development in order to

ascertain whether nlz knockdown was affecting pax2.1 in a specific manner or

was instead causing a more global disruption of developmental regulation.  vax1

and vax2 are well characterized markers of the optic stalk and ventral retina and

have also been shown to cause optic fissure defects when deficient in mouse

and zebrafish (Barbieri et al. 2002, Bertuzzi et al. 1999, Mui et al. 2005, Take-

uchi et al. 2003).  In situ hybridization in 24hpf zebrafish injected with control,

nlz1 or nlz2 MO shows no noticeable differences in vax1 (figure 46) or vax2

(figure 47) expression in the optic stalk and ventral retina.
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Figure 46: Normal expression of vax1 in nlz morphant fish at 24 hpf.

Normal expression in the optic stalk and ventral retina in control MO (A,D,G), nlz1 morphant

(B,E,H,K) fish and nlz2 morphant fish (C,F,I). In contrast to pax2.1 changes, vax1 is relatively

consistent across control, nlz1 and nlz2 morphants. Scale bar, 200µm.



92

Figure 47: Normal expression of vax2 in nlz morphant fish at 24 hpf.

Normal expression in the optic stalk and ventral retina in control MO (A,D,G), nlz1 morphant

(B,E,H) fish and nlz2 morphant fish (C,F,I). In contrast to pax2.1 changes, vax2 is relatively

consistent across control, nlz1 and nlz2 morphants. Scale bar, 200µm.
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pax6 expression is maintained in nlz morphant fish.

pax6, one of the master regulators of eye development, is also strongly

expressed in the eye and forebrain in zebrafish at 24hpf (Krauss et al. 1991).

Because of the critical role of pax6 in eye development and the reported

reciprocal repression between Pax2 and Pax6 expression (Schwarz et al. 2000)

we performed in situ hybridization to detect whether nlz1 or nlz2 knockdown

affected the expression of this transcription factor.  The expression domain of

pax6 in nlz1 morphants was mildly expanded into the ventral optic cup at 24 hpf

and somewhat contracted in nlz2 morphants (figure 48).
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Figure 48: pax6 expression in nlz morphant fish at 24 hpf.

Normal expression in the optic cup and forebrain in control MO (A,D,G), with mild ventral

expansion in expression territory in nlz1 morphant (B,E,H) fish and mild ventral contraction of

territory in nlz2 morphant fish (C,F,I).  Note these results are the reciprocal of pax2.1 expression

in control vs. nlz morphants. Scale bar, 200µm.
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Figure 49: pax6 and pax2.1 expression in nlz morphant fish at 24 hpf.

This figure summarizes the effects of nlz gene knockdown on both pax2.1 (blue) and pax6 (red)

expression in the same eye.  pax2.1 expression is decreased in nlz1 morphants and

accompanied by an increase in pax6 territory (B, F, J) when compared to control fish (A, E, I).

The opposite effect is observed in nlz2 morphants (C, G, K).  The coinjection of nlz1 and nlz2

MO’s results in a more severe optic fissure defect, yet the pax2.1 expression persists (D, H, L).

Scale bar, 200µm.

pax2.1 partially rescues nlz1, but not nlz2 morphant phenotype.

Because we observed that pax2.1 expression was drastically reduced in

nlz1 morphant fish and expanded in nlz2 morphants, we sought to observe the
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effects of co-injection of wild-type pax2.1 mRNA along with 8ng of nlz1 MO or

nlz2 MO.  In the case of nlz1 morphants, we observed that pax2.1 mRNA is

capable of reducing the most severe optic fissure phenotype by 81% (35/82 fish

in nlz1 MO, 5/62 fish in nlz1 MO + pax2.1 mRNA).  We also noted that embryos

with normal eyes or very low grade fissure closure defects were increased in the

pax2.1 co-injected cohort by 71.7% (12/82 fish in nlz1 MO vs. 32/62 fish in nlz1

MO + pax2.1 mRNA).  Taken together, these data represent a marked reduction

in overall optic fissure phenotype severity in the setting of pax2.1 rescue.  In

contrast, nlz2 morphant fish were not rescued to any significant degree by co-

injection of pax2.1.

NLZ1 and NLZ2 can bind the PAX2 promoter in vitro.

To address the question of whether the Nlz proteins could be acting as

direct upstream regulators of pax2.1, we performed chromatin

immunoprecipitation in a human retinal pigment epithelium cell line transfected

with FLAG-tagged NLZ1 or NLZ2 constructs.  In silico analysis of the sequence

1.5 kb upstream of the PAX2 transcription start site reveals 10 putative zinc

finger binding sites.  We have shown that both human NLZ1 and NLZ2 can

precipitate a DNA fragment containing a putative zinc-finger transcription factor

consensus sequence 5’-AGGAT-3’ (Iuchi 2001).  located 1267 bp upstream of

the PAX2 translation start site (figure 50B) To our knowledge, this is the first
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direct evidence that Nlz proteins act directly on the promoter region of a gene.

The association with the Pax2 promoter also provides additional evidence for an

upstream role of Nlz1 and Nlz2 in Pax2 regulation during optic fissure closure.

Figure 50: diagram of putative zinc-finger binding sites in proximal 1.5 kb of PAX2

promoter. Monoclonal mouse anti-FLAG antibody (Sigma) was used for immunoprecipitation of

chromatin from ARPE19 cells transfected with FLAG-tagged NLZ1, NLZ2 or empty vector.  PCR

was performed on precipitated chromatin using primers appropriate to amplify subregions

(amplicons A-F) in the Pax2 upstream regulatory sequence.  Light grey boxes indicate putative

zinc finger binding sites where boxes above the line correspond to the consensus sequence 5’-
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AGGAt-3’ and boxes below the line to the consensus sequence 5’-aTCCT-3’.  Amplicon B,

containing one putative zinc finger binding site was precipitated by both NLZ1 and NLZ2, which

was verified on a repeat experiment.  Amplicons A, C, E, and F were not precipitated by NLZ1 or

NLZ2.  Multiple attempts were made to amplify subregion D, however no specific signal was

obtained. 

Correlation of NLZ function in eye development to patients with uveal

coloboma.

Because nlz1 and nlz2 are here identified as models of coloboma in

vertebrate eye development, we sought to correlate their function to human eye

development.  Bi-directional sequencing of the coding sequence, untranslated

regions, and splice junctions of NLZ1 and NLZ2 in 60 patients with isolated uveal

coloboma identified a heterozygous sequence change from cytosine to thymidine

at position 919 (cDNA) in two patients (figure 51A).  This change is predicted to

cause a missense change in NLZ1, leading to a substitution of serine for proline

at residue 307 (figure 51B).  The same genotype was found in one parent from

each of the two patients.  A detailed eye exam in each parent reveals optic nerve

and vascular anomalies which may represent a microform of coloboma.  The

proline at position 307 is highly conserved across species in both NLZ1 (figure

51C) and NLZ2 (figure 51D).   The C919T sequence change was also found in

2/120 control DNA samples, however these await further phenotypic

characterization to exclude low expressivity coloboma.
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Figure 51: Heterozygous missense sequence change in NLZ1 detected in two families with

coloboma phenotypes.  A) details the  heterozygous c.C919T change found in patients with

coloboma with a resultant change in the codon leading to p.P307S.  The structure and polarity of

proline and serine are shown (B).  Position 307 is well conserved in NLZ1 (C) and a related motif

is found in NLZ2 (D).
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DISCUSSION

Summary

Good progress has been made recently to identify several genes related

to optic fissure closure in animal models and, in some cases, human disease.

The present study uses a high-throughput approach towards understanding the

basic biology underlying fissure closure in vertebrates.  Here, this approach leads

to the identification of the novel role of two genes, nlz1 and nlz2, which regulate

proper optic fissure closure during development.  Knockdown of these two genes

either alone or in combination, leads to a striking phenotype of coloboma.

Expression profiling during optic fissure closure

In this study we have assayed whole-genome expression profiles in the

optic fissure to isolate a subset of genes with particular relevance to the

regulation of optic fissure closure.  This expression profiling was done with a high

degree of confidence because only the tissue specific to this developmental

process was isolated with precision using laser capture microdissection.  To our

knowledge, this is the first application of laser capture microdissection and

expression profiling of a specific developmental process over time.  The

identification of two genes with a functional role in fissure closure suggests that

this technique could be applied to other specific development questions (such as
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neural tube closure) with great effect.

Because of the large amount of information obtained from the whole

genome expression profiles, it was necessary to identify a smaller subset of the

genes most likely to be involved in fissure closure.  Through statistical analysis

we identified 297 probe sets from the expression data which represented a very

interesting subset based on the fact that a large percentage were found to be

expressed in the eye by our own analysis and that previously published.

Of the many probe sets identified, the anatomic and temporal expression

profile of Nlz2 confirmed by real-time PCR, whole mount and section in situ

hybridization made it of particular interest as a candidate in optic fissure closure.

The fact that Nlz2 encoded a zinc finger domain and was previously

uncharacterized in the eye made it an appealing target for a functional assay.

Nlz1 and Nlz2 play a critical role in fissure closure

Here we present evidence that Nlz2 is an important participant in proper

closure of the optic fissure.  Based on sequence similarity, similar in situ

expression and reports linking the two in hindbrain development, we have also

assayed the role of nlz1 in fissure closure (Hoyle, J et al. 2004, Runko et al.

2004).  Knockdown of either nlz1 or nlz2 in zebrafish causes a failure of the optic

fissure to close when compared to control fish at the same timepoints.  We have

also observed that these two genes appear to have an additive, if not synergistic,
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role when combined at doses which do not individually cause severe

phenotypes.  This suggests that nlz1 and nlz2 may exert their effects in fissure

closure via two different mechanisms.  The coloboma induced by nlz1 and/or

nlz2 knockdown bears striking resemblance to uveal (choroidal) colobomata

observed human patients, where the obvious failure of the optic fissure to close

leaves a key-hole shaped eye with a ventral gap.  The pathology seen on

histologic sections though the eye is also highly similar to the rosettes, persistent

tunica vasculosa lentis, and retinal dysplasia observed in human cases of

coloboma, making both NLZ1 and NLZ2 intriguing candidates for human disease

(Schubert 2005).  It has previously been reported that zebrafish nlz1 may exist in

two different isoforms due to an alternate translation start site in the first exon

which appear to have different functions in regulating patterning of the hindbrain

(Runko et al. 2004).  Considering this, we here show the effects of two different

morpholinos targeting nlz1.  The first is designed to target the full-length

translation start site which we would predict would not affect translation from an

alternate, downstream start site.  The second is designed to target the intron 1-

exon 2 boundary, which would block correct splicing of the full length and the

shorter isoform of nlz1.  The morphant phenotypes resulting from equal doses of

the morpholinos were indistinguishable.  It is not possible, however to sort out

whether this is due to a difference in efficiency between morpholinos, the

favoring an alternate translation form or, perhaps more likely, because the full
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length protein plays a dominant role in fissure closure.

Nlz1 and Nlz2 may mediate closure via Pax2

Because Nlz proteins have not previously been implicated in eye

development, we sought to identify how Nlz1 and Nlz2 might integrate with

known eye development pathways and thereby begin to understand the

underlying molecular mechanisms at work in both normal and morphant settings.

Towards this end, we have discovered that nlz1 or nlz2 knockdown in zebrafish

affects transcription of pax2.1, a key determinant of optic fissure and stalk

identity and itself a cause of coloboma where deficient.  We have noted that

other markers of the ventral optic stalk and retina (vax1, vax2) and whole eye

(pax6) are generally unaffected by disruption of Nlz proteins in zebrafish.  These

data suggest that nlz proteins are acting in a relatively specific manner on pax2.1

transcriptional regulation.  The fact that pax2.1 expression is strongly inhibited in

the setting of nlz1 knockdown suggests that nlz1 likely acts as a transcriptional

activator of pax2.1 in vivo.  Somewhat surprisingly, however, the expansion in

pax2.1 expression in nlz2 morphant fish suggests that nlz2 may act as a

repressor in an in vivo setting.  The differing effects of the nlz1 and nlz2 on

pax2.1 expression are corroborated by subtle upregulation of pax6 in nlz1

morphants and downregulation in nlz2 morphants, especially in the ventral region

of the eye.  This is expected given the established reciprocal repression between
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Pax2 and Pax6 in establishing the optic stalk-optic cup boundary (Schwarz et al.

2000).  It is possible that these differing effects on pax2.1 transcriptional

regulation are alone sufficient to explain the fissure closure defect observed

since Pax2 null mice have been reported to have fissure closure defects (Torres

et al. 1995) and overexpression of pax2.1 in zebrafish has also been shown to

cause eye abnormalities (Macdonald et al. 1995).  Additionally, pax2.1 and the

vax genes have been shown to act via parallel pathways in the developing eye

(Take-uchi et al. 2003) which lends support to our hypothesis that the Nlz genes

appear to be acting in a specific manner on pax2.1 transcriptional regulation

while not affecting vax gene expression.

Nlz1 and Nlz2 share common elements but may function differently

Although the Nlz proteins do share significant sequence homology (48%),

it is possible that subtle variations between the sequences are responsible for the

different regulatory effects observed in the eye.  Precedence for such an effect

exists in the related SP transcription factors where as little as three amino acids

changed are sufficient to eliminate trans-activating effects (Dennig et al. 1996,

Murata et al. 1994, Philipsen et al. 1999).  It has also been shown that nlz1 is

capable of binding HDAC and groucho corepressor which might modulate

transcriptional repression in the hindbrain (Nakamura et al. 2004, Runko et al.

2003, Runko et al. 2004).  It is possible that, if nlz1 and nlz2 are primarily acting
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with co-repressors to exert transcriptional control, that the two proteins are able

to bind different co-factors that provide differing regulatory signatures such as we

have observed with pax2.1 expression in the optic stalk and fissure.  The distinct

effects observed on pax2.1 expression could also be mediated by nlz1 or nlz2-

specific cis regulatory elements proximal to the pax2.1 gene itself.  The presence

of such silencers or enhancers could be tissue specific and thus help to explain

the striking differences observed in pax2.1 expression between nlz1 and nlz2

morphant fish.  Precedent does exist in eye development for differing functions

among highly related genes.  The homeobox transcription factor six3.2 appears

to act as a groucho-mediated repressor in the eye and forebrain and specifically

misregulates pax2 in the eye.  However, the related six4.1, though it is also able

to bind groucho through a conserved eh1-related motif, does not target the same

genes and may actually act as a transcriptional activator (Kobayashi et al. 2001,

Ohto et al. 1999).

It is also notable that Nlz1 and Nlz2 are among the genes with the highest

number of conserved non-coding elements (CNEs) across vertebrate species, a

category predominated by transcription factors and genes regulating

development.  In fact, of the whole genome the gene with the largest number of

associated CNEs is Nlz2 (Woolfe et al. 2005).  This high number of putative

regulatory elements and the fact that only a proportion are shared between them

suggests that both Nlz1 and Nlz2 function within highly conserved regulatory
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mechanisms and that there may be distinct control of each.  Although these

mechanisms are poorly understood, indirect evidence of distinct regulation of

Nlz1 and Nlz2 has been reported since Bmp signaling seems to activate Nlz2

expression in chick (McGlinn et al. 2008), yet acts to repress Nlz1 expression in

zebrafish (Andreazzoli et al. 2001), though this observation may be attributable to

interspecies differences.  The fact that the regulatory non-coding elements are so

well conserved, however, suggests that these differences in regulation are more

likely to be embedded in the context of all vertebrate genomes.

Nlz1 and Nlz2 can bind the Pax2 promoter

In support of our observation that pax2.1 is mis-regulated in nlz morphant

fish we also present evidence here that Nlz1 and Nlz2 are able to bind the Pax2

promoter at a putative zinc finger binding motif, suggesting that these proteins

are acting upstream of Pax2 transcription and may bind directly to the Pax2

promoter.  Although the majority of C2H2 zinc finger proteins capable of direct

DNA binding contain more than one zinc finger, it has been shown that the single

C2H2 zinc finger containing protein GAGA is able to bind with high affinity to a

promoter consensus sequence in the context of other basic amino acids within its

sequence (Pedone et al. 1996).  Alternatively, since the Nlz proteins are capable

of self and Nlz1-Nlz2 binding, it is possible that a complex of two or more Nlz

proteins combine to enable direct, multiple zinc finger binding to DNA. To our
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knowledge, this is the first evidence that the Nlz family proteins can directly affect

the promoter region of a gene, although ChIP does not allow us to resolve

whether the proteins themselves are bound to the DNA in mono- or multimeric

form or whether they are acting via one or more binding proteins.  Further in vitro

experiments should help clarify the regulatory mechanisms of nlz1 and nlz2 on

pax2.1 expression.

NLZ1 sequence change is found in humans with uveal coloboma

Because the Nlz genes are well conserved across vertebrate species and

their disruption results in coloboma in zebrafish, we sequenced these genes in

human patients with coloboma and found that a heterozygous c.C919T sequence

change segregated with coloboma phenotypes in two families.  This change is

predicted to cause a P307S change in NLZ1.  This residue is well conserved

across species in both NLZ1 and NLZ2.  Given that the conserved proline is an

amino acid with rigid conformation which often causes turns in DNA secondary

structure and that serine is a polar and more flexible residue, this change would

be predicted to affect NLZ1 function.  Further analysis of this P307S mutant

NLZ1 protein will reveal whether the change causes a significant loss or gain of

function or affects protein stability.  It is notable that a heterozygous C919T

change was also observed in 2/120 genomic DNA samples that served as a

control, despite the fact that there is not a known polymorphism at this position.
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A possible explanation for this is that these patients need further phenotypic

characterization, as more subtle manifestations of optic fissure closure defects

such as optic nerve dysplasia, optic pits and abnormal vasculature could not be

ruled out.
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Materials and Methods

Mouse sections

Matings of wild-type C57BL/6J mice obtained from Jackson Labs (Bar

Harbour, ME) were set up and the time of vaginal plug discovery was considered

timepoint E0.5 for the developing embryos.  At E10.5, E11.5 or E12.5 the

pregnant mice were euthanized and the uterus was immediately exposed and

embryos from each respective stage were dissected in cold 1XPBS in DEPC-

treated water.  Embryos were subsequently prepared for cryopreservation by

incubating in 30% sucrose solution at 4°C for 4 hours (Parlato et al. 2002).

Whole embryos were then placed in cryomolds filled with Neg –50 freezing

medium (Richard Allan Scientific) and snap frozen and stored at -80°C until

sectioning.  10µm sagittal frozen sections were made through whole embryos

and sections through the developing eye were collected on polyethylene

naphthalate (PEN) membrane frame slides (Molecular Devices).

Laser Capture Microdissection

Slides were brought to room temperature and ocular tissue visualized

using an abbreviated staining protocol (all solutions made using nuclease-free
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water) in the following order for 30 sec. each: 70% ethanol, water, 70% ethanol,

hematoxylin, 70% ethanol, 95% ethanol, 100% ethanol.  A final dehydrating step

was performed with xylene for 5 min.  Slides were then to dried for 2-5 min. and

placed in the slide holders in a Veritas laser capture microdissection instrument

(Molecular Devices).  Membrane slides were inserted so that the membrane on

the opposite side of the tissue was facing towards the laser capturing module.  A

clean glass slide was inserted together with the frame slide and placed in contact

with the embryonic sections, so that each section was bounded on one side by

the PEN membrane and on the other by the glass slide (Nelson et al. 2006).  A

polymer-coated collection cap was moved into place over the membrane covered

sections and optic fissure tissue in the region of interest was selected for

dissection on the computer screen.  A UV cutting laser cut around the perimeter

of the tissue of interest and then a low-powered infrared laser melted the polymer

on the collection cap to adhere the tissue.  The collection cap was then moved

over another section from the same embryo and additional optic fissure tissue

was collected until all relevant tissue from an entire embryo was collected on the

same cap.

RNA isolation

The collection caps with the adhered optic fissure tissue were used to cap
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500µl tubes containing 50µl lysis buffer.  Tubes were then inverted to bathe

tissue in lysis buffer and incubated 30 min. at 37°C and spun down.  Tissue

lysates from three embryos from separate litters and the same embryonic stage

were pooled and total RNA was extracted using Absolutely RNA Microprep Kit

(Stratagene).

RNA amplification and microarray hybridization

Pooled RNA was amplified linearly with two rounds of T7 polymerase-

mediated in vitro transcription as per instructions in RiboAmp OA kit (Molecular

Devices).  Biotin labeling of transcripts was performed in the final round of in vitro

transcription using GeneChip IVT Labeling Kit (Affymetrix).  Labeled samples

from each timepoint were then hybridized to Affymetrix MOE 430 2.0 expression

microarrays according to manufacturer’s protocol and scanned using GeneChip

Scanner 3000 (Affymetrix).  Raw expression signals and present/absent calls

were made using Affymetrix GCOS 1.4.

Statistical analysis of microarray data

Expression signals from the microarrays were normalized using robust

multi-array average in the Bioconductor module of the statistical programming

language R (Gentleman et al. 2004, Irizarry et al. 2003).  Normalized data were
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then imported into the statistical software JMP 6.0 (SAS, Inc., Cary, NC) and

open-source scripts (MSCL toolbox, (J. Barb and P. Munson, 2004; available at

http://abs.cit.nih.gov)) written by the  Mathematical and Statistical Computing

Laboratory at the Center for Information Technology (National Institutes of

Health) were used to calculate probe set present/absent calls, ANOVA, false

discovery rate and fold change.

Pathway analysis of microarray data

Significantly regulated genes from the array data were imported into a

network using Ingenuity Pathways Analysis (Ingenuity Systems,

www.ingenuity.com).  The functional analysis of this network identified the

biological functions that were most significant to the genes in the network.  The

network genes associated with biological functions and/or diseases in the

Ingenuity Pathways Knowledge Base were considered for the analysis.  Fischer’s

exact test was used to calculate a p-value determining the probability that each

biological function and/or disease assigned to that network is due to chance

alone.
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Real-time PCR

Five transcripts from the microarray data set were chosen for validation

using real-time PCR.  RNA was isolated from laser capture microdissected optic

fissure tissue at E10.5, E11.5 and E12.5 as detailed above.  Reverse

transcription was performed using cDNA Reverse Transcription Kit (Applied

Biosystems,  Foster City, CA) according to manufacturer’s protocol.  Primer and

TaqMan probe sets Mm00473784_m1, Mm01211762_m1, Mm00485986_m1,

Mm00772789_m1, Mm00520908_m1 were used for amplification and detection

(Applied Biosystems,  Foster City, CA).  All reactions were normalized using

mouse GAPD predeveloped TaqMan primer/probe set (Applied Biosystems,

Foster City, CA).  A BioRad iCycler IQ instrument was used for thermal cycling

and detection.

In situ hybridization

Wild type C57Bl/6J embryos were fixed overnight in 4% paraformaldehyde

and whole embryos or 10µm frozen sections were used for detection.  Plasmids

were linearized using an appropriate restriction enzyme and T7, T3 or SP6 RNA

polymerases (Roche) were used to generate digoxigenin-labeled probe.

Plasmids used for probe generation were:  IMAGE: 4487469 (Sfrp2), 30544497

(Riken 3732412D22), 6401144 (Zfp503), 5144166 (Pdlim4), 5368085 (Nr2f2),
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30242610 (Snai2), 6410536 (Pcdh9), Daam2 (gift of T.P. Yamaguchi), Bmpr1b

(gift of L. Niswander).  Where necessary, probes were hydrolyzed with an

alkaline solution (100mM Na2CO3, 40mM NaHCO3, pH 10.2) at 60°C for 5-15

min. to yield a length of 500-1000 bases.  Hybridization was performed using

standard and previously published protocol (Wilkinson 1993).  BM Purple

substrate (Roche) was used to visualize transcripts in tissue.

Morpholino gene knockdown in zebrafish

Wild type AB/TL zebrafish were injected at the 1-4 cell stage with 4-8ng

antisense morpholino oligos (Gene Tools, LLC), targeted to the translation start

site or splice site of specific transcripts (Nasevicius et al. 2000).  Morpholino

sequences were: 5’ ATCCAGGAGGCAGTTCGCTCATCTG 3’, targeting

translation start site of nlz1; 5’ ATGGTTTAGAAGTCGTACCTCAATG 3’’,

targeting nlz1 intron1- exon2 splice boundary;

5’ACCCAATTCTCATGTATTTTGTTGG3’, targeting nlz2 translation start site as

in; 5’ATCGAGCTGCGAGAATAGATAAAAC3’, targeting nlz2 -intron1-exon2

splice boundary.  A standard control morpholino targeting human β-globin was

used as a negative control, 5' CCTCTTACCTCAGTTACAATTTATA 3’.   Efficacy

of splice-site targeting morpholinos was verified with RT-PCR.  RNA from 20

whole embryos at 24hpf injected with 8ng nlz1 or nlz2 splice-site blocking
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morpholinos was isolated using Rneasy Mini Kit (Qiagen) and reverse

transcribed using cDNA Reverse Transcription Kit (Applied Biosystems).  PCR

was performed using intron spanning primers: for nlz1, forward 5’-

ACAAGTCACATACTTCACCC-3’, reverse 5’-CAGGTCTGAGCCAGCAATGC-3’;

and for nlz2 forward 5’-GGAGCATGTTTGCGCAAG-3’, reverse 5’-

GCCATTGCCATCCACCCCGG-3’, as previously published (Hoyle, J. et al.

2004).

mRNA rescue of knockdown

Full length cDNA IMAGE clones for 7405421 nlz1 and 2643152 for nlz2

were obtained from Open Biosystems.  The ORF of nlz1 and nlz2 were PCR

amplified (nlz1: primers; forward

5’ATCCGCCCCGATCGATATGAGCGAACTGCCTCCTGG3’, reverse

5’GTCCTTAGTCCTCGAGTCACTGGTACCCAAGAGCAG3’; nlz2: forward 5’

ACATGAGAATATCGATATGATCACATCGCCCTCTGC3’, reverse

5’AAAGTCTGTTCTCGAGTCACTGGTATCCAAGCGCTG 3’) and cloned into

PCR II vector using TOPO TA Cloning Kit (Invitrogen), subsequently cut using

ClaI and XbaI and ligated into pCS2+ cut with the same enzymes.  Clones were

sequence verified.  pax2.1 in pCS2+  plasmid was a gift from Alexander Picker

and was cut with NotI.  Capped transcripts were made from these plasmids using

mMESSAGE mMACHINE in vitro transcription kit following manufacturer’s
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protocol (Ambion).  100 - 150 pg of these transcripts were then injected in

embryos independently injected with 8ng of nlz1 or nlz2 translation start site

blocking morpholinos.

Whole mount in situ hybridization

Whole embryos at various stages of development were fixed overnight in

4% paraformaldehyde at 4°C, removed from the chorion and then stored in 100%

methanol at -20°C.  Digoxigenin and fluoroscein-conjugated probes for pax2.1

and pax6 were gifts from the Igor Dawid lab (NICHD, NIH).  Probes for vax1 and

vax2 were generous gifts from Jeffrey Gross (University of Texas at Austin).

Antisense probes for nlz1 and nlz2 were generated using linearized pCS2+

plasmid containing full length coding sequences and corresponding RNA

polymerases (Roche).  Hybridization was performed essentially as described

previously (Toyama et al. 1995).  BM Purple and Fast Red (Roche) were used to

visualize probes following hybridization.

Chromatin immunoprecipitation (ChIP) assays.

For ChIP assays, ARPE19 cells were transfected with Flag-tagged

constructs containing in-frame fusions of human Nlz1 and Nlz2 cDNAs. Cells

were processed according to the recommendations in the protocol for ChIP IT

Express Kit (Active Motif) and ChIP was performed as described previously
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(Bharti et al., 2008). Monoclonal mouse anti-FLAG antibody (Sigma) was used

for immunoprecipitation. Primers appropriate to amplify subregions in the Pax2

upstream regulatory sequence (amplicons) were used as described in the text.

Primer sequences used for ChIP PCR are as follows –

F1 (5’-ccggcaccggagtgacaggctcg –3’), R1 (5’– gtctctctaaaagctgcaaagc –3’), F3

(5’- acctgaatattcattagactgaccg –3’), R3 (5’- gagggagggagggagcagcc – 3’), F4 (5’-

gtccccgtggttgcgcctccn –3’), R4 (5’- gatgtgggagacgaggctggc – 3’), F5 (5’ –

gagcgaaggagggagagagag –3’), R5 (5’- agctctctctggcactagctcc –3’).

NLZ sequencing in humans samples.

NLZ1 and NLZ2 were PCR amplified from 100ng genomic DNA and gel

purified using QIAquick gel extraction kit (Qiagen) or purified using Multiscreen

plates (Millipore).  Traditional di-deoxy sequencing reactions were used to obtain

bidirectional sequence through the CDS and intron/exon boundaries.  Sequence

was analyzed using Mutation Surveyor (Softgenetics).  Primers used for PCR

and sequencing reactions were: NLZ1, 1F-CTCGCTCGCAGACCCTCT,

1R  CCGGCTTGTAGGGAGACAC, 2F-AGAAAGACCAGGAGCCCAAG,

2R AGGTGCAGATGGCAGGAG, 3F-AGAAACTTCTGGCCGCCTAC,

3R- CGGGGATCATGTCGTTATTT, 4F-GGCGATCCCTTTGAAGTGT,

4R-GGTTTTCTTCCCCTCCTCAC; NLZ2, 1F-AAGTGAGTTTCCTCGCCAGA,

1R-CGCCCTAGTTTTGAGGTACG, 2F-AGGCATTTGAACCCCAGAAG,
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2R-GAGGCAGAGGGAACACTGTC, 3F-AATGTGGATGTGAACCAGCA,

3R-AGTTGCAGATGTGGGGGAGT, 4F-GGTGTGCACTCCTCGCTAAC,

4R-CGCTGCTGTCGGGTAGATAG.
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CHAPTER 3:

Identification of Nr2f2 as a candidate gene for uveal coloboma.
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Identification of Nr2f2 as a candidate gene for uveal coloboma.

Our analysis of microarray data led to the identification of 297 probesets

developmentally regulated in the closing optic fissure in wild-type mice.  We

identified the orphan nuclear receptor Nr2f2 (Coup-tfII) based on it being strongly

regulated over the three days assayed.  Nr2f2 is a member of the thyroid/steroid

superfamily of nuclear receptors, is capable of binding DNA through its tandem

zinc finger domains, and probably acts as a transcriptional repressor by

heterodimerizing with hormone receptors to compete them away from ligand-

dependent activation (Tsai et al. 1994).  The temporal expression profile seen by

microarray analysis was also validated using real-time PCR.  It was also

important to verify that Nr2f2 was indeed expressed anatomically in the optic

fissure region during development.  For this purpose we employed whole mount

in situ hybridization in mouse embryos and show that, consistent with the

expression intensities by expression array and PCR, Nr2f2 is strongly expressed

in the optic fissure and retina at E10.5, becomes restricted to the optic fissure

and dorsal retina at E11.5, and is largely absent at E12.5 from the eye (figure

37H,I).  These data combined led us to further investigate Nr2f2 as a participant

in optic fissure closure.
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Nr2f2 conditional knockout mice develop coloboma.

Previous reports had indicated that homozygous Nr2f2-/- mice were

embryonic lethal at E9.5, a full day before the optic fissure begins to close

(Pereira et al. 1999).  These Nr2f2 null animals died from hemorrhaging in the

developing brain and head region due to defects in vascular development.

However, no phenotypic information regarding the eye was conveyed in the

original publication.  Owing to the striking in situ expression data collected

showing that Nr2f2 most likely had an important role in eye and optic fissure

development the authors who published the original data about the mouse were

contacted to inquire about any eye phenotypes observed.  In a personal

communication the authors confirmed that, when using a conditional knockout of

Nr2f2 and Nr2f1 driven by an eye specific promoter the mice did, in fact, develop

a classic coloboma phenotype (unpublished data).  This provided additional

confidence in the hypothesis that profiling expression using laser capture and

microarray could identify genes critical to optic fissure closure.  Nr2f2 was not

followed up with a functional assay in zebrafish due to the fact that its function in

fissure closure had already been confirmed by another group.



122

Bioinformatics screen to identify potential targets of Nr2f2 in gene list.

Because Nr2f2 had been confirmed to play a role in optic fissure closure,

the potential for it to interact with other candidates in fissure closure was

explored. It has been shown that Nr2f2 and the related Nr2f1 are capable of

binding GGTCA consensus sequences arranged in direct or palindromic repeats

(Cooney et al. 1992).  Based on this, the promoter region of the 297 genes from

the microarray analysis of fissure closure were screened for repeats of GGTCA

to identify genes that were potentially downstream of the Nr2f2 transcription

factor.  The promoter regions were scanned from –5000 – 0 bp relative to the

transcription start site and a total of 26 genes from our list were found to contain

direct or palindromic Nr2f2-binding repeats.  Among these were the B1 subunit of

laminin (Lamb-1) and Nlz2, each of which is now known to be a cause of

coloboma in experimental models: lamb-1 (Lee et al. 2007) and nlz2 in this

report.

Sequencing the NR2F1 and NR2F2 coding sequences in human patients

with uveal coloboma.

Only a few candidate genes exist for human uveal coloboma which, all

together, account for only a very small percentage of human cases.  Due to the

striking colobomata seen in an Nr2f1/Nr2f2 mouse model (personal

communication), these two genes were chosen for screening in human genomic
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DNA samples from 47 patients with coloboma and 2 unaffected patients (one

parent and one sibling of coloboma patient).  Bi-directional sequencing of the

coding sequence, including splice boundaries, of NR2F1 and NR2F2 did not

reveal any non-synonymous changes in this cohort of patients.  One putative

SNP was identified in one family where the proband carried the SNP in the

second CDS exon of NR2F1.  One unaffected parent and one unaffected sibling

also carried the SNP, however indicating the SNP did not segregate with

coloboma phenotype (figure 52).  The SNP is also not predicted to change amino

acid sequence (C->A, asp->asp).

Figure 52:  Chromatograms from sequencing of NR2F2 in a family with coloboma.

One affected parent had a novel SNP however this did not segregate with the coloboma

phenotype.
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Discussion

Nr2f2, an orphan nuclear receptor and transcription factor, emerged as a

very interesting candidate gene from a microarray expression analysis of optic

fissure closure.  The developmental regulation of the gene during fissure closure

was confirmed by real time PCR and in situ hybridization.  The function of Nr2f2

in eye development was independently characterized by another group and an

experimental model yielded a clear optic fissure defect (personal communication,

data not published).  Based on these data, NR2F1 and NR2F2 were both

sequenced in human patients with uveal coloboma and no CDS mutations were

detected.  It is possible that the primary mechanism of action of Nr2f2 in the optic

fissure is via downstream genes.  A bioinformatics screen here identifies the

potential of Nr2f2 to interact with the promoter region of 26 genes identified in the

initial microarray analysis.  Because the Nr2f2 null mouse is embryonic lethal, it

seems probable that, if the gene is involved to some degree in isolated

coloboma, it would be acting via one of these downstream targets to mediate

eye-specific effects.
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Materials and methods

NR2F1 and NR2F2 were PCR amplified from 100ng genomic DNA and

gel purified using QIAquick gel extraction kit (Qiagen).  Traditional di-deoxy

sequencing reactions were used to obtain bidirectional sequence through the

CDS and intron/exon boundaries.  Primers used for PCR and sequencing were:

exon1, NR2F1, F-cagcaggaaccacaacaaaa, R-ggcgagaaagaaagaaagagc; exon2,

NR2F1, F-agatctcctagcggtgtgga, R-gccaggctcagtgtccag; exon3, NR2F1, F-

ttgtcagcctaaccgtgtg R-gtgggctgctcctgtctc; exon1, NR2F2, F-

aaccaacctcaaccaaccag, R-tagccaaacgtacccaggac; exon2, Nr2F2, F-

ggaacctggggactgagg, R-cctttcaaggagcagactgg; exon3, NR2F2, F-

gctctgtgcacacacctcat, R-aaggaaattaagcaaacaaacca.
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CHAPTER 4:

NLZ1 and NLZ2 affect activation of a PAX2 promoter-driven

reporter construct.
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NLZ1 and NLZ2 affect activation of a PAX2 promoter-driven reporter

construct.

Pax2 plays a critical role in patterning the optic fissure and stalk prior to

and during optic fissure closure (Ekker et al. 1995, Torres et al. 1996, Weston et

al. 2003).  This present work also identifies the novel role of Nlz1 and Nlz2 in

optic fissure closure and the likelihood that these proteins are acting upstream of

Pax2 in regulating fissure closure.  A luciferase reporter gene assay was

therefore designed to dissect whether the Nlz proteins could, in fact, affect

activation by the Pax2 promoter.

Reciprocal repression between Pax2 and Pax6 expression has been

established in mouse and zebrafish as a mechanism of determining the optic

stalk/optic cup boundary (Ekker et al. 1995, Schwarz et al. 2000).  Schwarz, et al.

determined that the Pax6 binding elements regulating this reciprocal repression

were located within –4256 bp upstream of the transcription start point.  Based on

this data indicating the location of eye development-specific binding sites, a

segment of 5.3 kb upstream of the ATG start codon of the human PAX2 promoter

was PCR amplified and cloned upstream of the pGL3 luciferase reporter.

Results

The PAX2 promoter driven pGL3 expressed luciferase at a level well

above background (empty pGL3) in COS-7 and APRE19 cells, indicating that this
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promoter segment is sufficient to direct transcription of PAX2 in these cell lines.

Next, plasmids containing full length NLZ1 and/or NLZ2 were transfected in

varying doses to observe the effects of luciferase activity.  Both NLZ1 and NLZ2

decreased the luciferase activity compared with a baseline reading of the

PAX2/LUC alone, though NLZ2 decreased luciferase activity to a greater degree

at 0.1ng (p=.5960), .5ng (p=.00511), 1ng (p=.000437), 5ng (p=.000109) and

30ng (p=.0270) in ARPE19 cells (figure 53A); and at 0.1ng (p=.0356), 0.5ng

(p=.0735), 1ng (p=.0162), 5ng (p=.00047), and 30ng (p=.00102) in COS-7 cells

(figure 53B).  These effects were seen over a wide range of NLZ1 and NLZ2

transfection concentrations and increasing concentrations correlated positively

with decrease in luciferase activity.  Additionally, cotransfection of NLZ1 and

NLZ2 led to a level of repression that more closely followed an equimolar dose of

NLZ2, which is to say that cotransfection led to stronger repression.  The affects

of NLZ on the PAX2/LUC construct was similar in both COS-7 and ARPE19 cells.
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Figure 53: PAX2/LUC activation in ARPE19 (A) and COS-7 (B) cells following transfection

of increasing doses of NLZ1 and/or NLZ2.  Bar graph indicates that increasing amounts of

transfected NLZ1 or NLZ2 lead to a decrease in PAX2-driven luciferase activity.  * indicates
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statistically significant (p<.005) difference between NLZ1 and NLZ2 effect on luciferase activity at

equivalent doses.

Discussion

Both NLZ1 and NLZ2 are capable of affecting PAX2 promoter activity in

vitro, a finding which lends support to the hypothesis that they are acting

upstream of Pax2 during eye development.  Luciferase activity inhibited in the

PAX2 luciferase promoter construct by both NLZ1 and NLZ2 in a dose-

dependent manner.  Intriguingly, very low doses (1-500 pg) of NLZ1 or NLZ2 led

to strong activation of luciferase activity (up to 150% of baseline), though these

results were not consistently reproducible and could represent stochastic events

resultant from transfection of such low amounts of plasmid.  These results lead to

a degree of complexity when considered with the observation that pax2.1

expression is actually decreased or expanded in the setting of nlz1 or nlz2

morphant fish, respectively.  This would lead to the expectation that they would

have nearly opposite effects on a Pax2 promoter-driven reporter gene.  However,

it is noted that NLZ2 did consistently have a stronger effect on luciferase

repression, as would be expected from the effects on pax2.1 in vivo.  It is also

possible that human and zebrafish Pax2 and/or Nlz are regulated differently due

to interspecies differences.  Additionally, if Nlz proteins exert their effect on

transcription through one or more coregulators and, considering that a wide



131

disparity likely exists between the regulatory milieu in a developing eye in vivo

and an immortalized, cell culture system, it is possible that this may account for

some of the difference observed in the reporter gene and animal models.

Another cause of disparity between animal and cell culture models could be due

to the region of Pax2 promoter selected for the reporter gene.  Indeed, 5.3 kb of

pax2.1 promoter was not sufficient to drive expression in the optic stalk/fissure in

transgenic zebrafish, though expression was normal in the midbrain/hindbrain

boundary and otic vesicles (Picker et al. 2002).  However, a deletion construct

based on the 5.3kb promoter fragment was sufficient to drive GFP expression in

the optic stalk/fissure (personal communication), indicating that there may exist a

tissue specific silencer within the Pax2 promoter.  Dissection of these elements is

complicated by the fact that these promoter assays are based in different species

and not likely to transfer completely among vertebrates.   

Materials and methods

Cell culture

ARPE19 cells (a gift from Kapil Bharti) and COS-7 cells (ATCC) were

maintained and propagated at 37°C with 95% air and 5% CO2 in the following
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medium 90% Dulbecco’s Modified Eagle’s Medium, 10% fetal bovine serum with

1X antibiotic-antimycotic, 1X Glutamax.

Luciferase assay

5.3 kb of the human PAX2 promoter and 5’ UTR were PCR amplified from

genomic DNA using MluI-site specific primers (forward 5’

TGTTTCACGCGTACCTCCTGC-CCTACCTTAGC 3’, reverse 5’

TGTTTCACGCGTAACCTGGTCATCCGAGAGG 3’).  Purified product was then

cloned into PCR II vector using TOPO TA cloning kit (Invitrogen), cut out with

MluI and ligated into pGL3 Basic (Promega) containing firefly luciferase.  0.01-30

ng  PCMV-FLAG2 NLZ1 and/or NLZ2,  0.5 ng pCMV-Renilla and 200 ng

PAX2promoter-pGL3 were then cotransfected into 30 minute serum-starved RPE

or COS-7 cells using Lipofectamine 2000 (Invitrogen) as directed in product

insert.  10% fetal bovine serum was added 6 hours post transfection.  Cells were

lysed after 48 hours and 10 µL cell lysate was used in Dual Luciferase Reporter

Assay according to manufacturer’s protocol (Promega).  Luminescence was

measured using an Optima Microplate Reader (BMG Labtech).
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FUTURE DIRECTIONS

The developmental profiling detailed in this report has identified 297 genes

that are dynamically expressed during optic fissure closure.  Filtering and

characterization of the genes in this list has led to the identification of two related

proteins necessary for proper fissure closure, Nlz1 and Nlz2.  Knockdown of nlz1

or nlz2 in zebrafish leads to a failure of the optic fissure to close, a coloboma

which recapitulates the phenotype seen in human patients with uveal coloboma.

This experimental phenotype is accompanied by distinct misregulation of pax2.1,

providing a possible pathway for the effects of Nlz in the eye.  It has also been

shown that a C919T sequence change in NLZ1 is associated with coloboma

phenotypes in two families.  Additionally, developmental profiling identified the

orphan nuclear receptor NR2F2 as a novel candidate gene for coloboma and an

experimental model has verified that this gene is critical to proper closure.  These

results, as well as expression and functional data from existing literature and

experiments detailed here provide strong evidence that developmental profiling

has successfully isolated a useful subset of genes that are integral to optic

fissure closure.

Going forward, this same developmental profiling technique could be well

applied to other animal models of uveal coloboma.  Figure 54 details the
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application of this technique to Pax2 mutant mice, Nlz knockout mice, and other

existing or emerging models of coloboma.  By combining and comparing the

expression data from this current study in wild type mice with data obtained from

similar experiments in disease models, an unbiased list of genes shared among

the groups would emerge, providing a clearer and more refined picture of the

molecular mechanisms regulating fissure closure.  Genetic studies in mouse and

zebrafish and molecular biology techniques could also be used as in the current

study to verify function and dissect pathways.  These newly identified genes

could then be added to the list of genes that are currently known to cause

coloboma.  Ultimately, the coding and non-coding elements from this growing list

of genes could be placed on a resequencing chip and easily interrogated when a

patient with uveal coloboma comes to the clinic.  This would help to inform

patients and their families concerning this debilitating disease and aid in genetic

counseling.  Additionally, the characterization of these genes could potentially

identify therapeutic targets, either in high risk families or, because the visual

system continues to develop after birth, in children born with coloboma.
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Figure 54: Summary of gene identification through a convergence of developmental

profiling.  The technique of LCM and expression profiling used in this current study in wild type

mice could well be applied in Pax2, and Nlz mutant mice, as well as other known models of

coloboma.  The comparison of these data would yield an unbiased “hot list” of genes that could

be used clinically to detect mutations in coding and non-coding elements in patients with uveal

coloboma.
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