Development 128, 4415-4424 (2001) 4415
Printed in Great Britain © The Company of Biologists Limited 2001
DEV1720

The upstream ectoderm enhancer in  Pax6 has an important role in lens

induction

Patricia V. Dimanlig 1, Sonya C. Faber 1, Woytek Auerbach 12, Helen P. Makarenkova ! and Richard A. Lang 1**#

1Developmental Genetics Program, Skirball Institute for Biomolecular Medicine, New York University School of Medicine, 540 First
Avenue, New York, NY 10016, USA

2Howard Hughes Medical Institute, Cell Biology Department, New York University School of Medicine, 540 First Avenue, New York,
NY 10016, USA

*Present address: Children’s Hospital Research Foundation, Developmental Biology Division, Department of Ophthalmology, 3333 Burnet Avenue, Cincinnati,
OH45229-3039, USA

*Author for correspondence (e-mail: richard.lang@chmcc.org)

Accepted 24 July 2001

SUMMARY

The Pax6gene has a central role in development of the eye. supported by the expression pattern of dacZ reporter
We show, through targeted deletion in the mouse, that an transgene driven by the ectoderm enhancer. Interestingly,
ectoderm enhancer in thePax6gene is required for normal  deletion of the ectoderm enhancer causes loss of expression
lens formation. Ectoderm enhancer-deficient embryos of Foxe3 a transcription factor gene mutated in the
exhibit distinctive defects at every stage of lens dysgenetic lenamouse. When combined, these data and
development. These include a thinner lens placode, reduced previously published work allow us to assemble a more
placodal cell proliferation, and a small lens pit and lens complete genetic pathway describing lens induction. This
vesicle. In addition, the lens vesicle fails to separate from pathway features (1) a pre-placodal phase ofPax6
the surface ectoderm and the maturing lens is smaller and expression that is required for the activity of multiple,
shows a delay in fiber cell differentiation. Interestingly, downstream Pax6enhancers; (2) a later, placodal phase of
deletion of the ectoderm enhancer does not eliminate Pax6 Pax6 expression regulated by multiple enhancers; and (3)
production in the lens placode but results in a diminished the Foxe3 gene in a downstream position. This pathway
level that, in central sections, is apparent primarily on the forms a basis for future analysis of lens induction
nasal side. This argues thaPax6 expression in the lens mechanism.

placode is controlled by the ectoderm enhancer and at least

one other transcriptional control element. It also suggests

that Pax6 enhancers active in the lens placode drive Key words: Lens induction, Lens development, Pax6, Transcriptional
expression in distinct subdomains, an assertion that is enhancer, Foxe3, Dysgenetic lens, Mouse

INTRODUCTION 1995). Gain-of-function experiments Xenopusndicate that

in vertebrates tod?ax6is sufficient for eye development in the
Pax6is a homeobox transcription factor acknowledged to haveontext of the whole embryo (Chow et al., 1999).
a critical, evolutionarily conserved role in eye development. Several experiments indicate tH2dx6is essential for the
This is highlighted by loss-of-function mutationddrosophila  formation of the lens. Aggregation of cells from wild-type and
(Quiring et al., 1994), mouse (Hogan et al., 1986) and humaBeyembryos results in chimeric mice in whikymutant cells
(Bickmore and Hastie, 1989), in which eye development isire excluded from the lens placode at embryonic day (E) 9.5
affected. In humans, these conditions include the autosom@rollinson et al., 2000) and from the maturing lens at E12.5
dominant aniridia (Ton et al., 1991) and Peters’ anomalyQuinn et al.,, 1996). Additionally, tissue recombination
(Hanson et al., 1994). In mice, heterozyg®ax6 mutations experiments demonstrate that lens formation is prevented when
result in the phenotyp&mall eye(Sey (Hill et al., 1991). the Seymutation is present in the presumptive lens ectoderm
Mouse embryos homozygous for ti8ey mutations show (Fujiwara et al., 1994). These findings were corroborated by
anophthalmia and disrupted nasal development and drecent work in which the deletion &ax6in the prospective
perinatally due to inability to breathe (Hogan et al., 1986; Hillens ectoderm by conditional gene targeting techniques
et al., 1991). InDrosophila there are twdPax6 homologs resulted in lack of lens formation (Ashery-Padan et al., 2000).
called eyeless(Quiring et al.,, 1994) andwin-of-eyeless Pax6 expression is detected in a number of regions of the
(Czerny et al., 1999), and either can induce the formation afeveloping mouse central nervous system, including the
ectopic eyes when expressed in imaginal discs (Halder et ghresumptive retina from the headfold stage onwards (Walther
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and Gruss, 1991; Stoykova and Gruss, 1994; Grindley et akelection gene replacement vector p&BNT (containing aloxP-
1995). In additionPax6expression is found in a large area offlanked PGkeo cassette and the Herpes Simplex Vitdsgene
head surface ectoderm. The brdk6 expression domain in (Hanks et al., 1995)), replacing the floxeeo cassette. A 1.7 kb
the head ectoderm is first observed at E8.0 and becomg8&RI! fragment was removed from this construct and replaced with
progressively restricted to the developing lens and nas e EcaoRlI-digested product of a two-step nested polymerase chain

: . reaction (PCR), using the 6.5 kBadl-Aatll fragment as the
placodes. Assessment Bax6 mRNA expression patterns in initial template. The primers used for step 1 were: Primer 1F

ild- -1Neu/Sey-1N i

wild-type and homozygouBax@>*-tNew'Sey-iNethutant mice (5 cCATAGAGTTTTCATCCTAGAT-3) and  Primer 2R (5
illustrates thaPax6expression in the surface ectoderm can b&116GCCGGCCGTCATTTAATGGTTAATTAAGGGAAAGGAT-
divided into at least two stages (Grindley et al., 1995). The firskGCTTAGTAATTTAAAC-3)) for reaction 1; and Primer 3F
stage corresponds Rax6in the surface ectoderm before close (5-CCCTTAATTAACCATTTAAATGACGGCCGGCCAAAAAGA
contact with the optic vesicle. The second stage occurs afteA-GTGGAATGTTCTTGAAT-3) and Primer 4R (STTCTTTCA-
contact, and correlates with the formation of the lens placod@ATCAAAATGGGA GG-3) for reaction 2. For step 2, Primer 1F
The observation th&®ax6gene expression in the lens lineageand Primer 4R (which both containéttoRl sites) were used to
ceases after E9.5 in theaxesey-1Neu/Sey-INawouse indicates amplify the final PCR product, using the combined products of

that the second phaseRdx6transcription is dependent on the r?cfactipnls 1 and i ?}5 tgfltgmplateg The Lesulting PdC_R p(rjodu%t
: , - - effectively removed the p ectoderm enhancer and introduce
first (Grindley et al.,, 1995). Thus, functional Pax6 in thenewPad, Swd andFsd restriction sites in its place. The floxado

surface_ectoderm is required for continued placdem6 cassette was subsequently sublconed into the $we site. The
expression and subsequent lens development. completed targeting vector contained 2.7 kb and 3.6 'kang 3

Pax6expression in the lens lineage is, at least in part, regulat@gtgeting arms, respectively, and was sequenced to verify the deletion
by a highly conserved transcriptional enhancer that is active #nd junctions. R1 ES cells were electroporated (Joyner, 1995) with
the surface ectoderm adjacent to the optic vesicle as well as tihe targeting construct linearized Kpnl. Colonies that passed
lens placode beginning at E8.75 (Williams et al., 1998). Thipositive and negative selection were clonally isolated and screened by
ectoderm enhancer (EE) is also active in derivatives of the lef®uthern blot analysis with both&nd 3 probes. Blastocyst injection
placode that include the presumptive corneal epitheliunﬁh'mer?‘s were crossed with Black Swiss animals to assess germline
conjunctival epithelium and lacrimal gland epithelium(Williamstransm'ss'o_nh The floxedieo S‘i'eCt'O” cassette was deleted by
et al., 1998; Kammandel et al., 1999; Makarenkova et al., 200dj°SSing With transgenic germlir@re recombinase mice (W. A.,

. . Unpublished) that expresse recombinase in the germline. The
The EE is located approximately 4 kb upstream of the start si Ssulting progeny were intercrossed to produce the stock used for the

of transcription of the first promoter in the mousx6gene  gyperiments described here. Genotyping was performed by PCR using
(Williams et al., 1998) and offers both a useful tool to direcenomic DNA obtained from mouse tails or embryonic yolk sacs. The
transgene expression to the lens lineage, and a starting reaggirhers used for PCR genotyping were: PAXBGCACCCCAACC-
with which to identify factors that regulaBax6expression. TCATTCTTTTCACCTCC-3), P2 (3-AGTTAGTTTGCTTTCCCC-

As a first step in studying the function of this enhancer, WCTGAGAAAA-GCC-3), and P3 (5GCCAAGTTCTAATTCCA-
have used a loss-of-function strategy and deleted the enhandéfAGAAGCTGACTC-3). The PCR conditions used were as follows:
through targeted mutagene5|s |n the mom6 ectoderm 35 CyC|es Of 94°C fOI’ 15 SeCOI’IdS, 57°C fOI’ 30 Seconds, 72°C fOI’ 30

enhancer-null embryos still execute lens development b conds. The expected PCR fragment sizes are 469 bp for the wild-type
exhibit a range of lens defects. These include a reduction lele, 205 bp for the targetede) allele, and 260 bp for the targeted

lens placode thickness and proliferation rate, smaller lense ;neq allele.

delayed primary fiber cell differentiation and a persistentistological analysis

connection between the lens and surface ectoderm. Consist&aimples for routine histology were collected into cold phosphate-
with deletion of a transcriptional enhancer, we find diminisheguffered saline (PBS) and fixed in phosphate-buffered 4%
levels of Pax6 in the lens placode. Interestingly, reductions iparaformaldehyde (PFA) or 10% neutral buffered formalin. The
Pax6 levels and ectodermal thickness within the lens placod@emples were dehydrated and embedded in paraffin, cutpas 4
occur primarily on the nasal side, suggesting the existence 8gctions, and stained with Hematoxylin and Eosin.

Pax6 expression subdomains under the regulation of distinct For immunohistochemistry, 5m dewaxed paraffin sections and|2@
enhancers. The existence of a secBax6 placodal enhancer cryosections were used. To ensure consistency of the section plane and angle
X t[the eye for comparison of Pax6 immunofluorescence in wild-type and

is also c0|_”|S|stent with the observatlon that lens developmeﬂ utant embryos, we were rigorous about the orientation of the embryos at
proceed_s in the enhancer null mice, albeit a_bnormally. Loss e embedding stage. Embryo heads were rested against the base of the
expression oFoxe3 a gene required for certain aspects of lengmpedding mold on the dorsal surface of the forebrain/midbrain. The section
development (Blixt et al., 2000; Brownell, et al., 2000), allowSpjane used for Pax6 immunofluoresence comparisons is shown by the
us to more completely define the genetic relationships withiBroken line in Fig. 5B. The sections were blocked for 1 hour with blocking
the lens induction pathway. solution (10% normal serum/0.1% Triton X-100 in PBS), incubated for 2
hours with primary antibodies, washed with blocking solution, incubated for
40 minutes with secondary antibodies, washed with PBS and mounted with
Gelmount. All incubations were performed at room temperature. Primary

MATERIALS AND METHODS antibodies used were antierystallin and ant3-crystallin at 1:500 dilution
) each (Zigler and Sidbury, 1976), and polyclonal anti-Pax6 (Covance) also
Gene targeting at 1:500 dilution. Secondary antibodies were Alexa goat anti-rabbit IgG

Standard techniques of targeted mutagenesis and embryonic stékfolecular Probes) used at a 1:500 dilution. Sections were counterstained
(ES) cell manipulation were used to generate a deletion d?a¢k@  with Hoechst 33258 to visualize nuclei. Images for all histological analysis
EE in the mouse. A 6.5 kBadl-Aatll fragment containing th®ax6  were captured using a Zeiss Axiophot microscope and a Sony DKC 5000
EE was isolated from a mouse 129/SvJ ES cell genomic BAC librargligital camera. The green staining corresponds to Pax6 immunolabeling,
(Genome Systems). This fragment was sublconed into the doubleile the yellow staining emphasizes areas with more intense labeling.
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T prota
B #l= it wl- 4 C with without . .
— e e Fig. 1. Generation of th€ax6ectoderm enhancer null
b . = - allele. (A) Schematic representation of Bax6
ectoderm enhancer targeted deletion strategy. The purple

3.8k ' R o box represents the 341 Bax6ectoderm enhancer. The
' ) regions of sequence used as probes to assess the

3 ke “°% " targeting procedure are pictured as white boxes. The 2.7
g kb 5 targeting arm is represented by the yellow box, and
1.7 kb S the 3.6 kb 3targeting arm is represented by the orange

§ box. TheloxP site-specific recombination sequencescferecombinase are indicated by white
5?;‘;3;,9 g.spﬁ';'bg triangles. The sizes of the restriction fragments detected by the probes are indicated by lines located
above the corresponding map. Small arrows indicate the location of primer pairs (primers P1, P2 and

P3) used for PCR genotyping. The sizes of the PCR products are indicated above the primer pairs. (B) Southern blottingvitlitigrei
(+/+) and targeted (where +/— designatesee®AEE) ES cell-line genomic DNA foEcaR| andSpH restriction digests probed with thedhd 3
probes, respectively. The fragment sizes are labeled next to the appropriate bands. (C) PCR genotyping of genomic DNAf PigRsizes
products are indicated to the left and right of the gel pan&céRl; N, Ncd; Sa,Sadl; Sp, SpH; A, Aatll; K, Kpnl; neq neomycin
phosphotransferase gette;thymidine kinase gene; pA, polyadenylation signal; Pr, promoter.

BrdU analysis cells. The gene targeting strategy is shown in Fig. 1A. The
Pregnant mice were injected intraperitoneally with 1@p of 5- targeted allele was detected in embryonic stem cells by
bromo-2-deoxyuridine (BrdU) and Hg of 5-fluoro-2-deoxyuridine  Southern hybridization using Biternal and 3external probes
dissolved in 0.007 M NaOH per gram body weight. Embryos wer€Fig. 1B). Genotyping of mice and confirmatiomebcassette
collected one hour after injection, fixed with 4% PFA and embeddedycision was performed by PCR analysis (Fig. 1C). Removal
in paraffin. 5um sections were cut and processed as described earligf  the neo cassette via cremediated homologous

(Takahashi et al., 1993). Sections were incubated with monoclon P ; S ; ; ;
anti-BrdU antibody (Harlan) at a 1:100 dilution for 2 hours at roomﬁgcomblnatlon results in a final allele in which a sirige

temperature. The secondary antibody used was Alexa goat anti-r2He hgs reeﬂpE)IIEaced the 341 bp EE element. This allele is referred
IgG (Molecular Probes) at a 1:500 dilution. Sections werdQ aSPax&==.
counterstained with Hoechst 33258 to visualize nuclei. Pax6AEE/AEE embryos have abnormal early lens

Whole-mount gene expression analysis development _
Whole-mount in situ hybridization was performed as described (Niet\dult heterozygous and homozygous mutant animals are
etal., 1996). ThEoxe3antisense probe was generated from a plasmi¢iable and fertile, and show no gross abnormalities. However,
containing the 5end and 5SUTR sequence dfoxe3(Brownell etal.,  both genotypes exhibit distinct phenotypes during the earliest
2000). Expression activity from the ectoderm enhancer was assess#@ges of lens development. By E9.0 in wild-type embryos, the
using theP6 5.0-lacZanimals as previously described (Williams et optic vesicle has extended from the diencephalon and has made
al., 1998). contact with the surface ectoderm. The portion of the surface
ectoderm which contacts the optic vesicle normally thickens to
form the lens placode (Fig. 2A) and will later invaginate and

RESULTS separate from the surface ectoderm to become the lens vesicle.
. o At E9.5 in thePax6"/4EE (Fig. 2B) andPax@'EE/AEE (Fig. 2C)

Generation of Pax-6 ectoderm enhancer-deficient mutant embryos, the surface ectoderm directly apposed to the

mice optic vesicle is markedly thinner in the nasal portion. This

In order to investigate the role of tHeax6 EE in lens regional reduction in placodal thickness is quantified in
development, we deleted the defined 341 bp region (Williamexperiments described below. By E10.5, the lens placode
et al., 1998) by homologous recombination in embryonic stermvaginates and forms the lens pit. The mutant lens pit is much
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+/+ Pax6*/AEE Pax6EF/AEE
i ' i i EEIAEE A se
Fig. 2. Histological analysis oPax@" [ 8 L g
mice. All panels show Hematoxylin and W AT
. " X . -~ t-.\'d"f N dgns ¥ povy
Eosin stained 4m paraffin sections. E9.5 ey ﬁ'ﬁ‘“ i B
eyes from WT (A)Pax6/4EE (B) and E95 o e, - 83 )
o g

Pax@EE/AEE (C) embryos. This shows the
optic vesicle (ov) in close contact with the
surface ectoderm (se) that in the wild-typ
thickened in the region of the lens placoc
(pN). In PaxB*EEAEE embryos, the nasal
aspect of the placodal ectoderm is
abnormally thin (arrow). E10.5 eyes from
wild type (D), Pax6”4EE (E) and
Pax@EE/AEE (F) embryos. The optic cup
(oc) and lens pit (Ip) have formed througt
coordinated invagination of optic vesicle
and lens placode. Rax@EELEE embryos,
the lens pit and optic cup are small.
Pax6”4EE embryos show an intermediate
phenotype. E11.5 eyes from wild type (G
Pax6'/4EE (H) andPax8'EE/AEE (1) embryos.
In the wild type, the lens vesicle (Iv) has
separated form the surface ectoderm (se
the homozygous mutant, the lens vesicle
small and remains attached (red arrowhe
Heterozygotes have an intermediate
phenotype (red arrowhead). E12.5 eyes |
wild type (J),Pax6/4EE (K) and
Pax@EE/AEE (L) embryos. At this stage,
primary fiber cells (pfc) have extended fr
the posterior lens vesicle towards the len
epithelium (le) in both wild type and mute
embryos, but the homozygous mutant ler
small with a persistent lens stalk (red
arrowhead). The optic cup Pax@EEAEE
embryos is marginally smaller than in wil¢
type. Again, heterozygotes have an
intermediate phenotype. E17.5 eyes from
wild type (M), Pax674EE (N) and
Pax6'EEAEE (O) embryos. In eyes of this
stage, both primary and secondary fiber
cells have differentiated in all genotypes. A smaller lens is apparent in homozygotes and a local invagination of thpitt@lheal @ed
arrowhead) indicates a persistent lens stalk. Morphologically, pseudostratification in the retina appears unaffected.

smaller in size compared with wild-type (compare Fig. 2D withthe wild-type (Fig. 2M)Pax6/4EE (Fig. 2N) andPax@'EEAEE

2F), and the heterozygous structure (Fig. 2E) is intermedia{&ig. 20) lenses is not as great as in earlier stages, but the lens
in size. By E11.5, the wild-type lens vesicle has formed and istalk remains in the homozygous mutants (Fig. 20, red
completely separated from the surface ectoderm (Fig. 2G). Byrrowhead). This persistent focal connection between lens and
contrast, thé®ax6'EEAEE |ens vesicle is still connected to the cornea is similar to the defect observed in Peters’ anomaly, a
surface ectoderm and remains very small (Fig. 2I). Again, icongenital disorder observed in some humans and mice mutant
the E11.5 heterozygous littermate (Fig. 2H), we see a leder Pax6(Hanson et al., 1994), and which is characterized by
severe separation defect than Pax6EFAEE animals. By a central corneal opacity, sometimes owing to a persistent lens
E12.5, the posterior cells of the lens vesicle have differentiatestalk (Peters, 1906; Stone et al., 1976).

into primary fiber cells and extend anteriorly towards the

undifferentiated lens epithelium (Fig. 2J). In fPax6°EEAEE _Ectoderm_a! thickness and proliferation are reduced

mutant embryos at E12.5, elongation of the posterior leni§ EE-deficient embryos

vesicle cells has occurred, despite the reduced lens size (FAs shown (Fig. 2C), the nasal region of the prospective lens
2L). The mutant lens epithelial layer remains attached to thectoderm ofPax@EEAEE embryos appears to be thinner than
surface ectoderm, the future corneal epithelium (Fig. 2Lthat of wild-type at E9.5. In order to better quantify and
arrowhead). By contrast, the heterozygous lenses dafescribe this observation, we defined five equally spaced points
intermediate size are completely separated from the surfaedong the ectoderm directly opposite the optic vesicles of wild-
ectoderm and have appropriately elongated posterior lergpe, heterozygous, and homozygous mutant embryos, with
vesicle cells (Fig. 2K). By E17.5, the difference in size betweepoint 1 being the most nasal and point 5 the most temporal
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(Fig. 3A,B). The plane of section used for these measuremerdsfferentiation in the lens Ilineage, we performed
is illustrated (Fig. 3C). The ectoderm thickness at each of thegmmunofluorescence detection of differentiation markers.
five points was measured in wild-type, heterozygous an@rystallins are abundant soluble lens proteins that exhibit
homozygous mutant embryos, and plotted for comparison (Figlevelopmentally and spatially regulated expression (McAvoy,
3D). We found significant differences between wild-type andl978; Cvekl et al., 1995a; Cvekl et al., 1995b; Richardson et
Pax@EE/AEE ectodermal thickness, with the greatest divergencal., 1995; Cvekl and Piatigorsky, 1996) making them valuable
in the nasal half of the ectoderm. Heterozygous mutant:arkers for assessing the progress of lens fiber cell
showed an intermediate level of placodal thickness betweddifferentiation. a-crystallins are the earliest family to be
that of wild-type and homozygous mutant embryos. expressed and are first detected at E10.5 in the invaginating
In seeking an explanation for the diminished size of lensens pit.a-crystallin expression continues in both the anterior
lineage structures observed in mutant embryos, we determinegithelium and differentiating fiber cells in the developing lens.
the proportion of proliferating cells in the prospective leng3-crystallin expression begins aftercrystallin, but unlikeo-
ectoderm at E9.5. The ectoderm directly opposite the opticrystallin, is expressed only in the differentiating lens fiber
vesicle was scored according to the number of BrdU-positiveells.
cells divided by the total cell number (Figs 3E,F). The At E11.5, wild-type embryos stained farcrystallin show
percentage of BrdU-positive cells in the prospective lengxpression in both the anterior and posterior cells of the lens
ectoderm is significantly different (error bars do not overlapresicle (Fig. 4A). Heterozygous mutant lenses show nammal
and P<0.038 using Student'stest) between wild-type and crystallin expression (Fig. 4B). In homozygous littermates,
homozygous embryos (Fig. 3G). Thus, the lower level ohowevera-crystallin is detected at slightly lower levels in both
proliferation in Pax@*EEAEE embryos mav
account for the smaller size of lens line
structures. No increase in the appearanc A 1 2 c
apoptotic figures in the lens has been obst¢ ol
in Pax@EEAEE embryos. a -".u

ectoderm Iens piacade

optic vesicle

Lens fiber cell differentiation is
delayed in Pax64EE/AEE embryos
To determine whether EE deletion affec

Fig. 3. Assessment of placodal thickness and
proliferation inPax6EEAEE mice. Wild-type (A)
andPax@EE/AEE (B) eyes at E9.5 in paraffin
section. The numbered vertical lines indicate the
points in the surface ectoderm at which the
thickness of the lens placode was measured.
Position 1 is on the nasal side and position 5
temporal This was performed using digitized 40
of an E9.5 eye showing the section pIane (purple
shading) used for placodal thickness
measurements. D, V, N and T indicate the dorsal, KE .h
ventral, nasal and temporal aspects, respectively.
(D) Graph showing, in arbitrary units, a
comparison of placodal thickness in wild type
(blue) Pax64EE (green) andPax6EE/2EE (red)
embryos. This indicates that in approximately the
nasal half of the lens placode, tPax@'EEAEE
placode is thinner than in wild type. The differencq
is greatest in the central placode and minimal in t
temporal domainPax6/4EE embryos have an
intermediate phenotype. Vertical bars represent
standard errors. Wild-type (E) aRax@ EE/AEE

eyes (F) at E9.5 in paraffin section stained with
Hoechst 33258 to indicate nuclei (green labeling)
and with anti-BrdU detection reagents (red
labeling). Only the green component of the blue
Hoechst signal has been included in these imageq
for ease of visualization. The percentage of BrdU-
positive cells within the lens placode (white lines)
was determined and presented in a histogram (G),
comparing wild-type anBax6*EE2EE embryos.
This indicated that the level of proliferation was
reduced in th®ax6*EEAEE |ens placode. Vertical
bars represent standard errors.

ectoderm width

_— X " -
- Paxg EE/AEE
1.0
3 5

position

()
g

a0

——

percent BrdU+ cells

+/+ Pax6 EE/AEE

genotype
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anterior and posterior cells of the smaller,

attached lensmbryos corresponds to the region of greaB%t5.0-lacz

(Fig. 4C). At E12.5x-crystallin is also present in both anterior reporter expression (Fig. 5C) and reduced ectodermal thickness
epithelium and fiber cells of the developing lens in wild-type(Fig. 3). Deletion of theéPax6 EE therefore results in lower
animals, but by this time, the primary fiber cells havelevels of Pax6 protein throughout the presumptive lens
completed their extension towards the anterior epitheliunectoderm, with the greatest decrease found nasally. At later
(Fig. 4D). a-crystallin expression in heterozygous animals isstages of lens development, there were no obvious changes in

comparable with wild-type (Fig. 4E). Pax68*EEAEE embryos,

the level or pattern of Pax6 immunoreactivity (Fig. 5F,G and

however, extension of the primary fiber cells is incomplete andata not shown). The morphological defects apparent in
there appear to be fewer labeled cells (Fig. 4F). In contrast Rax6*EEAEE embryos precluded a meaningful comparison in
a-crystallin, pB-crystallin expression appears to be morethe central region of the lens epithelium.

affected by absence of tRax6enhancer. At E11.5, expression

We noted that the phenotype Rax6EEAEE mice was in

of B-crystallin in wild-type and heterozygous embryos ismany respects similar to that observed in dlgegenetic lens

observed in the posterior cells of the lens vesicle (Figs 4G,Hjdyl) mouse (Blixt et al.,

2000; Brownell et al., 2000). Both

In homozygous mutant littermate;crystallin expression is mutants have persistent lens stalks, as well as defects in lens

greatly downregulated in these cells (Fig. 4l). At E1B5,

proliferation and lens fiber cell differentiation. Thayl

crystallin expression in wild-type and heterozygous lenses ishenotype is a result of a mutation in the forkhead transcription

found along the entire length of the fully elongated lens fibefactor Foxe3(Blixt et al.,

cells (Figs 4J,K). However, ifax6'EE/AEE
embryos, B-crystallin expression is at
lower level in fewer cells (Fig. 4L). The
data indicate a delay in the onset of f
cell differentiation in Pax@EEAEE
embryos.

EE deletion results in reduced
levels of Pax6 and undetectable
Foxe3 expression

Pax6 expression in the head surfi
ectoderm is first observed in a br
domain at E8.0, and becon
progressively restricted to the develog
lens and nasal placodes (Grindley et
1995). To gain a better understanding
the progression and extent of expres
mediated by the EE at the earliest sti
of lens development, we examir
reporter transgene expressionR6 5.0
lacZ transgenic embryos wherdacZ
expression is driven by the ectode
enhancer (Williams et al., 1998)acZ
expression is first observed
approximately E8.75 in a teardrop-sha
region of surface ectoderm that over
the optic vesicle (Fig. 5A). By ES
expression is most intense in a cresc
shaped region that corresponds to
nasoventral lens placode (Fig. 5B,C).
To analyze the effect of EE delet
on the expression ofPax6 in the
surface ectoderm, we performed P
immunolabeling on E9.5 cryosectic
from wild-type and homozygous mut:
embryos. Compared with wild type (F
5D), homozygous mutant embryos (I
5E) show much diminished Pax6 level:
the nasal aspect of the surface ectot
(this is emphasized by comparing level
immunoreactivity on the nasal s
(arrowheads) of the sections shown in |
5D,E). Interestingly, the area of grea
decrease in Pax6 levels Pax6'EEAEE

2000; Brownell et al., 200050xe3

Pax 6+.I’.-5 EE PaxsﬁE E/AEE

E11.5

E12.5

E11.5

E12.5

Fig. 4. Expression and distribution of differentiation markerBax@EEAEE mice. All panels

show fluorescently labeledn paraffin sections counterstained with Hoechst 33258 to

indicate nuclei (blue labeling). E11.5 eyes from wild-type @&%67/4EE (B) and

Pax@EE/AEE (C) embryos labeled with anti-crystallin antibodiesPax6EEAEE embryos

show reduced per cell labeling and a smaller number of positive cells in the posterior lens
vesicle.a-crystallin labeling at E12.5 of wild type (CPax674EE (E) andPax@*EE/AEE (F)

embryos emphasizes that there are fewer positive cells in the lens of the homozygous mutant.
E11.5 eyes from wild-type (GPax6”4EE (H) andPax6*EE/AEE (1) embryos labeled with
antiB-crystallin antibodiesPax6*EEAEE embryos show a reduced level of labeling on a per

cell basis and fewer positive cells in the posterior lens vesicle. This indicates a suppression of
fiber cell differentiation consistent with morphological findings. This observation is

emphasized in comparing wild type (Bjx674EE (K) andPax6*EE/AEE (L) E12.5 embryos
where primary fiber cell extension is minimal in the homozygous mutant.
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R6 5.0-lacz

Fig. 5. Pax6andFoxe3expression ilPax6*EEAEE mice.
(A-C) P6 5.0-laczeporter animals stained with X-gal. (A) At
E8.75 X-gal staining appears in a teardrop-shaped region o
surface ectoderm that overlies the optic vesicle (broken line
and extends temporally (arrow). (B) By E9.5 expression is
most intense in a crescent-shaped region that corresponds %
the nasoventral lens placode. The broken line indicates the
section plane used for C-E and the arrowhead the intense X-
gal staining on the nasal side of the lens placode. (C) Frozen
section from an X-gal stained E®6 5.0-laczeporter =
animal showing stronger staining in the nasal region (black
arrowheads) of the surface ectoderm overlying the optic
vesicle. (D,E) Pax6 immunofluorescence in cryosections of D
wild-type (D) andPax6*EE/AEE (E) eye primordia at E9.5. The
broken white line indicates the border between surface :
ectoderm and optic vesicle (ov). This analysis indicates that] s ' a 50 AEE/AEE
the level of Pax6 immunoreactivity is greatly diminished in ) k. Pl {le \ W,
Pax6'EEAEE embryos in the nasal ectoderm of the lens y 4 |
placode (compare arrowed region in D with the equivalent v v AEE/AEE
region in E). The zone of diminished Pax6 immunoreactivity E v Y Y

in Pax6*EEAEE embryos corresponds to the region where X- 7 5 CR L
gal staining is strongest in tf 5.0-laczeporter (arrowed ,"*..

region in C). (F,G) Pax6 immunofluorescence in cryosectio :.

of wild-type (F) andPax6*EELEE (G) eyes at E13.0. Wild-
type (H) andPax6*EE/AEE () £9.5 embryos subject to whole-
mount in situ hybridization with an antiserfsexe3probe.
This indicates that in wild-type embrydsxe3expression is
found in the ectoderm of the lens placode as expected. In
homozygous mutant embrydsxe3expression is lost from
the lens placode, but not from the midbrain region (red
arrowheads). The optic cup that surrounds the lens pit is
marked by a broken line. ov, optic vesicle; le, lens epitheliu
pfc, primary fiber cells; pr, presumptive retina.

PaxGrre-placode PaxGrre-placode

Fig. 6. Proposed models fédtax6ectoderm enhancer involvement in lens induction and 'J
development. (A) Pathway assembled from the data reported here, and (B) with data :
incorporated from previous analyses. The black arrows indicate demonstrated genetic scioderm

interactions, the gray arrows interactions that are implied. The highest component of the ; i
proposed pathway is the first phaséak6expression in the pre-placodal ectoderm k‘ =
(defined agPax@re-Placod§, Previous work has shown tHzdaxere-placodeis required for

the placodal phase Bax6expression (defined &ax@'acody. The reduced, but still o
presentPaxéexpression observed Rax6EE4AEE embryos argues for the presence of l PaxGplacods
multiple enhancer elements (denote@e®derm enhancemdenhancer 2that together Fox ‘/\ ~ BMP4
confer complete placod®ax6expression. Significantly, reduction of Pax6 protein in the l'
lens placode results in losskixe3expression, showing that a threshold level of Pax6 is e v
required for its expression. This indicates ffmte3 a forkhead transcription factor ansicd } sox
necessary for vesicle closure, separation and proliferation, is genetically downstream of  separation, vesicle
Pax@'acode Recent work has shown that Fgf receptor activity and Bmp7 cooperate in proliferation closure,
maintainingPaxelacede and thaPax@'2codeand Bmp4 within the optic vesicle are separauor,

. . . . . . proliferation
required forSox2expression in the lens placode. The genetic relationship befuzef ¥ !
andSox2remains to be determined. lens development

expression in the lens ectoderm is first observed at E9.5 abi®.75 embryos show the expected patterRoa3expression
continues in the developing and adult lens epithelium (Blixt ein both the lens placode and the midbrain (Fig. 5D).
al., 2000). To determine whethBoxe3 expression might be Pax6'EEAEE |ittermates, the lens placodal expression is
affected by ectoderm enhancer deletion, we performed wholemndetectable (Fig. 5E), even though the midbrain domain of
mount in situ hybridization using Boxe3 probe. Wild-type Foxe3expression is retained (Fig. 5E, arrowhead). This indicates
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that expression dfoxe3in the lens lineage is dependent on wild- future, it will be very interesting to determine how different
type levels of Pax6 and suggests fRate3lies downstream of enhancer input signals might be combined.

Pax6in a genetic pathway for lens development. o ] ) o
Distinct Pax6 expression subdomains exist in the

lens placode

DISCUSSION Examination of the progression of EE-driven expression from
E8.75 to E9.5 demonstrates that Hex6 ectoderm enhancer
We have investigated the function of tRax6 gene in lens mediatedPax6expression first over a wide area of the surface
induction and development by generating a gene-targeted mousgtoderm and then subsequently, in a primarily nasoventral
in which an upstream, ectoderm-specific enhancer (Williams eegion of the developing lens placode.
al., 1998) is deleted. Homozygous mutant mieax@EEAEE) Deletion of the upstream ectoderm enhance?axG'EE/AEE
have distinctive changes in lens formation at all stages. Thesdce has led to a graded change in Pax6 levels across the lens
changes include a lens placode of reduced thickness in the nagslalcode. The levels of Pax6 immunoreactivity were decreased
half and a small lens pit and lens vesicle. Even though thtaroughout the placode, with the greatest reduction occurring on
maturing lens is smaller in size in these animals, fiber cethe nasal side. From this we can conclude that there are different
differentiation occurs, albeit with some delay. Interestingly, insubdomains oPax6expression within the lens placode and that
homozygous mutant mice, the lens vesicle does not separalistinct enhancers mediate expression within these subdomains.
from the surface ectoderm. Immunodetection of Pax6 in the lefghus, thePax6EE appears primarily responsible for controlling
placode of homozygous mutant mice shows that levels aifax6expression in the nasoventral aspect of the lens placode.
reduced, but primarily in the nasal aspect. In addition, we findhe combined results of the gain-of-function experiment{the
that expression of the lens lineage transcription faetae3  5.0-lacz reporter animals), together with the loss-of-function
is undetectable. These observations raise several interestiegperiment (thePax6'EFAEE mice) showing a reciprocal gain
questions concerning the function and regulatidPes®in lens  and loss of expression on the nasal side of the lens placode
induction, and help to define the genetic pathways required. strongly support the case for the placodal subdomains we have
defined. Based on the phenotype of Baex6*EEAEE mice, we
Pax6 expression in the lens placode is likely can further suggest that evolution of the ectoderm enhancer was
mediated by multiple enhancers an adaptation to increase the size of the lens and to allow the
Several experiments have shown tPat6is necessary for lens formation of a lens that was separated from the surface ectoderm
induction. Tissue recombinations using both wild-type andand therefore distinct from more primitive eye types where the
Sey/Seyat presumptive lens ectoderm and optic vesicle haviens and cornea form a single fused ‘refractosome’ (Duke-Elder,
indicated thaPax6expression in surface ectoderm is essential 958; Piatigorsky, 2000).
for lens formation (Fujiwara et al., 1994). Similarly, when The novel notion that there are subdomains within the lens
chimeric mice are generated using wild-type 8egl/Segells, placode is reinforced by the observation that the reduction in
homozygous mutant cells do not contribute to lens lineagectodermal thickness in this region is not uniform. Specifically,
structures (Quinn et al., 1996; Collinson et al., 2000). Finallythere is a decrease in placodal thickness primarily in the nasal
conditional gene targeting techniques were used recently twlf. The observation that this corresponds with the nasal
confirm that lens formation does not occur when the placodalomain of the placode in whi¢tax6is preferentially expressed
phase ofPax6expression is eliminated (Ashery-Padan, et al.by the EE, and where Pax®6 levels are most dramatically reduced
2000). suggests a causative link. As placodal thickening is the first
Previous work has also shown that tRax6 upstream overt sign of lens formation, this observation indicates that
ectoderm enhancer can direct gene expression in the lepkcodal expression ¢fax6is important for initiating the cell
lineage beginning at E8.75 (Williams et al., 1998). Whershape changes that preempt placodal invagination and
combined with the knowledge thBax6is required for lens formation of the lens pit. It will be very interesting to investigate
development, we might have predicted that deletion of thithe possibility that placodal subdomains might reflect spatially
control element would result in an absenc@af6expression distinct lens induction stimuli. As the presumptive retina is
and as a consequence, an absence of lens formatidikely to provide induction signals for lens formation, it is
Interestingly however, Pax6 protein was still detectable andotable that this tissue also displays nasotemporal subdomains.
lens development occurred in thiRax6'EEAEE mice, even For example, the forkhead family memb&f1 and BF2 are
though there were distinctive defects at every step. expressed in the nasal and temporal retina, respectively (Tao and
The most likely explanation is that the upstream ectoderrhai, 1992; Hatini et al., 1994; Dirksen and Jamrich, 1995). It is
enhancer does not act alone in permitffax6 expression in  possible that this type of gene expression pattern might reflect
the lens placode. Many different transcriptional controlsignal exchange during the lens and retina induction phase.
elements have been identified Rax6 (Kammandel et al.,
1999; Xu et al., 1999; Lauderdale et al., 2000), but to date, onkens development is highly sensitive to Pax-6
the one deleted in this study (Williams et al., 1998) is knowr§0Sage
to be active in the lens lineage. We can predict that a secoktistological analysis oPax6”4EE and Pax6'€E/AEE embryos
element (or combination of elements) active in ectodermadupports previous findings that eye development is exquisitely
derivatives should be identifiable. Thus, in a genetic pathwasensitive to Pax6 levels (Schedl| et al., 1996; Altmann et al.,
describing lens development (Fig. 6A), we include two distincl997; Chow et al., 1999; van Raamsdonk and Tilghman, 2000).
enhancers that are proposed to combine to give a complefbe notion that Pax6 level is critical for appropriate lens
pattern and level oPax6 expression in the placode. In the development is illustrated clearly by the intermediate
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phenotype observed in heterozygote enhancer deleti@ppropriate activation ¢dfoxe3 Although it has been shown that
embryos. In agreement, we detected lower overall levels dfoxe3expression is lost in thBax6>®Y/Se&mouse (Blixt et al.,
Pax6 in the ectoderm &ax6'EEAEE embryos compared with  2000; Brownell et al., 2000), the current analysis allows us to be
wild-type. Thus, the removal of the ectoderm enhancer resultaore precise and to suggest thaxe3expression is dependent
in a reduction of Pax6 in the lens anlagen. It is clear from theagon the placodal phase Bax6 The difference in severity of
results that accumulation of a crucial threshold of Pax6 iphenotypes between thHeax6'EEAEE and Foxe3Y/dY! mutant
necessary for the appropriate progression of lens developmeatnbryos may be due to the distinct genetic backgrounds (and
The presence of a Peters’ anomaly-like chanfax@=FAEE  modifier genes) or a residual level Edxe3expression in the
animals is not surprising given previous observation of this defe@ax6'=FAEE mice that ameliorates the consequences.
in some mice and humans heterozygous$f6coding region Thus, with the data presented here and elsewhere, we can
mutations (Hanson et al., 1994). However, it has been reportedsemble a pathway that describes the genetic relationships
that in the majority of Peters’ anomaly cases,Rag6coding  between various elements of the lens induction pathway (Fig.
region is normal (Churchill and Booth, 1996). Our findings6A). It has be shown previously that there are two phases of
introduce the possibility that some Peters’ anomaly cases may Bax6expression within the lens lineage (Grindley et al., 1995),
due to mutations within thBax6upstream ectoderm enhancer. and thatPax6is first expressed in the head ectoderm (defined
Measurement of the proliferative index in the lens placodéWawersik et al., 1999) aRax@'e-Placod§ The |ater, placodal
of E9.5 Pax6EEAEE embryos showed a significant decreasephase ofPax6expression (defined @ax@'acody js dependent
compared with wild-type. This contrasts with a recent analysisn Pax@re-Placode(Grindley et al., 1995); thus, we can define
of proliferation in thePax6/Sey-INeumguse (van Raamsdonk two steps in a genetic pathway describing lens development.
and Tilghman, 2000). This discrepancy is most likely due t&Vith the present analysis, we can suggest Baagplacode s
the different techniques used to assess proliferation. vatependent upon the activity of at least two transcriptional
Raamsdonk and Tilghman used an anti-phospho-histone H$hancers (Fig. 6A) and that sufficiePax@!acodes required
antibody to detect mitoses. Labeling by this technique is raréor appropriate progression through the lens development
and the absolute number of events counted correspondingbathway, despite the presence of norRad6expression at the
low. This results in an assay that is relatively insensitive andarlier phaseRax@re-rlacod§ |n addition, the undetectable level
therefore able to detect only large differences. By contrast, thef Foxe3expression in the placode Bax6EEAEE mice makes
much higher number of events counted with the BrdU labeling clear statement thEdxe3lies downstream dPaxelacode(Fig.
technique results in an assay that is more sensitive and ableg). The similar phenotype dPax8cEAEE and dyl mice is
detect subtle differences. consistent with a role foFoxe3in regulating proliferation
The reduced levels of proliferation we observe carwithin the lens lineage as well as lens vesicle separation.
presumably explain the smaller size of the lens pit, the lens Numerous other factors contribute to lens induction and
vesicle and maturing lens. In combination with the observatiodevelopment, and based on various analyses, can be included in
that Pax6 levels are lower in many placodal cells, we caa genetic pathway describing the process. Bone-morphogenetic
suggest that in these mutant animals, there may be a smalfgptein-7 (Bmp7) has an important role in eye development
population of placodal cells that have attained the wild-typ€Dudley et al., 1995; Wawersik et al., 1999) éBwhp7 null
level of Pax6. Interestingly, the reduced level of proliferatioranimals exhibit a variable phenotype that ranges from
in the early lens does not have drastic effects on later lemmophthalmia to micro-ophthalmia (Dudley et al., 1995). Bmp7
development. Indeed, as tRax6*EEAEE animals get older, the is required for development of the lens placode and in particular,
relative difference in size between wild-type and homozygoutor the expression d?ax@'acodeand for expression of the lens
mutant lenses is diminished. From this we can suggest that tieluction markeiSox2(Kamachi et al., 1998; Wawersik et al.,
most critical role of thd®ax6 upstream ectoderm enhancer is1999). Thus,Bmp7 is understood to participate in lens
in early lens development. Consistent with this idea is thdevelopment in a position betweeRax@re-Placode gnd
observation that, as assessed with various crystallin markeRax@'acode(Fig. 6B). Similarly, it has recently been shown that
there are only minor delays in lens lineage differentiation irfgf receptor activity is required for a full level of placoBak6
Pax@EEAEE embryos. This does not translate into a continuingexpression and that Fgf receptor and Bmp?7 signaling cooperate
defect in fiber cell differentiation and may simply reflect(Faber et al., 2001) (Fig. 6B). Consistent with this proposal is
diminished supply of differentiation-competent epithelial cellsthe observation thaFoxe3 expression is down-regulated in

due to a lower proliferation rate. embryos where Fgf receptor and Bmp7 signaling in the lens
) ) placode has been inhibited. Similarly, Bmp4 activity is required
Foxe3 is downstream of placodal ~ Pax6 expression for lens development. In thBmp4 null mice, while Pax6

The dysgenetic lengdyl) mouse has defects in lens vesicleexpression is unaffected, the normal upregulatiddoa®in the
closure and separation, as well as a reduction in proliferation otular tissues does not occur (Furuta and Hogan, 1998). This
lens lineage cells. These defects are caused by a null mutatiargues thaBmp4 input to lens development pathways lies
in the gene encoding the forkhead family transcription factobetweenPax@'acode and Sox2 Thus, with new information
Foxe3 (Blixt et al., 2000; Brownell et al., 2000). Because similarjerived from the current report, we can propose a more
albeit milder, defects are also observe@®an6'=EAEE animals, comprehensive genetic pathway (Fig. 6B) that describes the
we decided to investigate the expressioRmfe3 Interestingly, process of lens induction and development.

the moderate and regional decrease in Pax6 protein levels in the

lens placode aPax6*=FAEE mice leads to an undetectable level e thank Alex Joyner for good advice on gene-targeting strategies,
of Foxe3expression. These data suggest that a threshold amouéit providing the targeting vector PK&PNT and transgeni€re

of Pax6 protein is necessary, whether direct or indirect, farecombinase animals. We also thank Anna Auerbach and Cathy Guo
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Norris for technical assistance. Hogan, B. L., Horsburgh, G., Cohen, J., Hetherington, C. M., Fisher, G.
and Lyon, M. F. (1986). Small eyes (Sey): a homozygous lethal mutation
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