Research article 5139

Transdifferentiation of the retina into pigmented cells in ocular
retardation mice defines a new function of the homeodomain gene
Chx10

Sheldon Rowan 1, C.-M. Amy Chen 1*, Tracy L. Young 1, David E. Fisher 2 and Constance L. Cepko %

1Department of Genetics and Howard Hughes Medical Institute, Harvard Medical School, 77 Avenue Louis Pasteur, Boston,
MA 02115, USA

2Department of Pediatric Oncology, Dana Farber Cancer Institute, 44 Binney Street, Boston, MA 02115, USA

*Present address: Hydra Biosciences, 790 Memorial Drive, Suite 203, Cambridge, MA, 02139, USA

T Author for correspondence (e-mail: cepko@genetics.med.harvard.edu)
Accepted 10 June 2004

Development 131, 5139-5152
Published by The Company of Biologists 2004
doi:10.1242/dev.01300

Summary

The homeodomain transcription factor Chx10 is one of the normally found only in the periphery into central regions
earliest markers of the developing retina. It is required for  of the eye. These genes included a transcription factor
retinal progenitor cell proliferation as well as formation of  controlling pigmentation, Mitf, and the related factorTfec
bipolar cells, a type of retinal interneuron. ord (ocular  (Tcfec— Mouse Genome Informatics), which can activate a
retardation) mice, which are Chx10 null mutants, are = melanogenic gene expression program. Misexpression of
microphthalmic and show expanded and abnormal Chx10 in the developing retinal pigmented epithelium
peripheral structures, including the ciliary body. We show (RPE) caused downregulation oMitf, Tfec, and associated
here, in a mixed genetic background, the progressive pigment markers, leading to a nonpigmented RPE. These
appearance of pigmented cells in the neural retina, data link Chx10 and Mitf to maintenance of the neural
concomitant with loss of expression of retinal markers. Fate retina and RPE fates respectively. Further, they suggest a
mapping analysis using a multifunctional Chx10 BAC new role for Chx10 in maintenance of compartment
reporter mouse revealed this process to be direct boundaries in the peripheral retina.

transdifferentiation of retinal cells into pigmented cells.

Microarray and in situ hybridization analyses revealed a

complex program underlying the transdifferentiation. This  Key words: BAC transgenic, Mithr?, Fate mapping, Microarray,
program involved the expansion of expression of genes Compartments

Introduction Liu et al., 1994; Nguyen and Arnheiter, 2000). Mutations of
oth Chx10and Mitf are responsible for classically defined

The vertebrate retina and retinal pigmented epithelium (RP ouse ocular phenotypes affecting development of the retina

derive from the optic vesicle, an evagination of the developin r RPE, respectively.

forebrain. As the optic vesicle grows and encounters signals Chx10, a paired-like homeodomain transcription factor, is
from the prospective lens ectoderm, the domains that form tk@(pressed in the presumptive neural retina, probably in
neural retina and RPE become established (reviewed by Ch%’sponse to inductive signals from the prospective lens
and Lang, 2001). The distal optic vesicle thickens and become@goderm (Liu et al., 1994; Nguyen and Arnheiter, 2000). In
the neural retina, while the immediate proximal optic vesiclghis respect, Chx10 is the earliest characterized specific marker
gives rise to the RPE. The mterfacg between thesg two domaigg retinal progenitor cells. Fibroblast growth factor (Fgf)
forms the peripheral retina, a region that gives rise to severgjynals from the surface ectoderm may play a role in patterning
pigmented and nonpigmented structures, including the iris anfle domains of the optic vesicle and may be required for Chx10
ciliary body. Several transcription factors, many of themexpression in the presumptive neural retina (Nguyen and
homeodomain-containing factors, have been shown to plaxrnheiter, 2000). In mouse, as well as the chick, Chx10 is
important roles in the specification and development of thexpressed in what appears to be nearly all retinal progenitor
optic vesicle (Chow and Lang, 2001). Mutations in these geneslls, but is absent from all of the postmitotic cell types except
in mice or humans frequently lead to anophthalmia ofor bipolar interneurons (Belecky-Adams et al., 1997;
microphthalmia (Graw, 2003). Other transcription factorsBurmeister et al., 1996; Chen and Cepko, 2000) and a subset
contribute to the definition of optic vesicle compartments. Twaf Miiller glia (Rowan and Cepko, 2004). MutationgOhx10
notable transcription factors, Chx10 and Mitf, are expressed icause the ocular retardation phenotype in mice, including the
the developing optic vesicle in patterns that are eitheor! mutant, which has a spontaneous mutation that leads to a
temporally or spatially mutually exclusive (Bora et al., 1998;premature stop codon and failure to produce Chx10 protein
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(Burmeister et al., 1996). This phenotype correlates with &orales et al., 2003; Martinez-Morales et al., 2001), but the
reduction in proliferation of retinal progenitor cells, especiallytranscriptional pathway leading to repression of Mitf within
those in the periphery of the retina (Bone-Larson et al., 200@he distal optic vesicle has not been identified. It is possible
Burmeister et al., 1996). The central retina does appear that either signaling upstream @hx10or Chx10 itself is
undergo differentiation, but the retina differentiates into aesponsible for the downregulation Mftf in this domain.
poorly laminated structure (Bone-Larson et al., 2000; A fascinating feature of the developing RPE is its ability to
Burmeister et al., 1996). Molecular analysis has revealed theansdifferentiate into retinal cells under the appropriate
absence of bipolar cells in these retinas, although all other calircumstances. This has been observed following the addition
types could be found (Burmeister et al., 1996). Severadf Fgf to RPE in vivo or in culture (Guillemot and Cepko,
peripheral structures of the eye are abnormabrihmice, 1992; Park and Hollenberg, 1989; Pittack et al., 1991). Most
including the ciliary body and iris, and the lens is cataracteroustudies have focused on chick RPE, which maintains the ability
(Bone-Larson et al., 2000; Tropepe et al., 2000). The ciliaryo transdifferentiate at later embryonic stages. Rodent RPE has
body appears to be expanded at the periphery of the retina, the ability to transdifferentiate into retina in culture, but this
does not undergo proper morphogené3is10expression has capacity is lost relatively early in development (Nguyen and
not been analyzed in these peripheral structures in the mougenheiter, 2000; Zhao et al., 1995). Transgenic mice have been
In the chick, howevelChx10has proven to be a useful marker generated that overexpress Fgf9 in developing RPE, and these
of cells in the peripheral retina and nonpigmented cells of thmice show dramatic RPE to retina transdifferentiation (Zhao et
ciliary body (Fischer and Reh, 2003; Kubo et al., 2003). al., 2001).Mitf mutants show spontaneous transdifferentiation
It has been known for several decades that ocular retardatiof dorsal RPE (Bumsted and Barnstable, 2000; Nguyen and
mutant mice can show a range of variability in severity of thé\rnheiter, 2000), while mice lacking a cell cycle inhibitor,
phenotype, predicting the presence of genetic interactoGasl have ventral RPE transdifferentiation (Lee et al., 2001).
(Osipov and Vakhrusheva, 1983). In fact, genetic interactionklitf function appears to be a key target in transdifferentiation.
between ocular retardation mutants and a number dh the chick, forced expression dffitf prevents RPE
microphthalmia mutants, including the fidget mouse and twéransdifferentiation in the presence of Fgf, although on its own,
different naturally occurrinilitf mutant mice, microphthalmia Mitf does not cause retinal effects (Mochii et al., 1998).
(MitfMi) and white itfVh), have been observed (Koniukhov Mutation or overexpression of factors thought to be upstream
and Sazhina, 1985; Koniukhov and Ugol'’kova, 1978;of Mitf, such as Pax2 and Pax6, have phenotypes consistent
Koniukhov and Sazhina, 1966). In each case, the oculavith their action being mediated by Mitf. Thus, Mitf appears
retardation small eye and microphthalmia small eydo function in part as a safeguard against transdifferentiation of
phenotypes were ameliorated in the double mutant animalthe RPE into the retina.
The genetic interactions betweditf and Chx10 mutants A full understanding of the role of Chx10 in retinal
indicate a functional antagonism between Mitf and Chx10, development would require understanding its biochemical
supposition supported by their mutually exclusive expressiofunctions and the genes it regulates. To date this has been
patterns. Genetic modifiers for’ mutants have been identified lacking. Two candidate Chx10 target genes have been
that affect the proliferation of progenitor cells, as well as thedentified. One gendoxn4 is co-expressed in progenitor cells
lamination of the differentiated retina. One set of modifiers wawith Chx1Q and is highly downregulated in thoed mutant
observed by crossing 129/Sv mice, the original backgroun(Gouge et al., 2001). Another candidate geneyidin D1,
of ord mice, to Mus musculus castaneu¥hese mice had whose RNA levels are significantly decreased inatdamice,
intermediate-sized, well-laminated retinas, but the periphergdossibly leading to deregulation @27 (Green et al., 2003). In
retina remained undifferentiated and the ciliary body did noheither case is it known if these effects reflect direct regulation
form (Bone-Larson et al., 2000). A partially rescued by Chx10. To further our understanding of the function of
phenotype was also observed in crosses pathnullizygous  Chx10 and how it might act through downstream targets, we
mice. These retinas also were intermediate in size and hatlaracterized the fate of cells within tihx10expressing
lamination, although they did not generate bipolar cells (Greedomain in or mutant mice. In addition, we present a
et al., 2003). microarray analysis afr! mutant versus wild-type retinas. We
Mitf is a basic helix-loop-helix (bHLH)-Zip transcription show that several genes are upregulated inotHemutant,
factor that acts as a master regulator of pigment celhcluding those associated with peripheral retina development
development, and is expressed throughout neural crest-derivadd those controlling pigmentation. Examination of the
melanocytes and the RPE (Hodgkinson et al., 1998j.is  developing periphery obr? retinas revealed the progressive
initially expressed throughout the optic vesicle, but itsexpansion of pigmented cells towards the center of the retina
expression is rapidly restricted to the proximal part of the optiat the expense of retinal progenitor cells. Using a
vesicle, the presumptive RPE (Bora et al., 1998; Nguyen andultifunctional Chx10 BACtransgenic mouse reporter, we
Arnheiter, 2000). The restriction dflitf expression both demonstrate that these pigmented cells transdifferentiated from
spatially and temporally correlates with inductionG@iix10 retinal cells. Peripheral markers also expand centrally in the
expression in the presumptive neural retina. While Mitf is nobrJ retinas, suggesting a new function for Chx10 in maintaining
required for specification of the RPE, it is essential for itdoundaries in the peripheral retina. Finally, we show that
differentiation and maintenance (Bumsted and Barnstablectopic Chx10in the developing chick RPE causes lack of
2000; Nakayama et al., 1998; Nguyen and Arnheiter, 2000). figmentation of the RPE, perhaps through direct repression of
regulatory pathway upstream ofitf expression has been Mitf. These studies link Chx10 and Mitf together as critical
characterized involving redundant activities of Pax6 and Pax@eterminants in maintenance of the retina and RPE
as well as Otxl and Otx2 (Baumer et al., 2003; Martinezrespectively.
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Materials and methods according to the manufacturer’s instructions (Life Technologies) and
cDNA was generated using superscript |l reverse transcriptase (Life
3 . . Technologies). cDNA was amplified using degenerate primers to the
or’ mice were obtained from Jackson Laboratories and Weryis family bHLH domain as described elsewhere (Rehli et al., 1999).
maintained on a 129/Sv background before being crossed0 PCR products were subcloned and sequenced to determine their

BAC transgenic mice. R26R mice (a gift from R. Awatramani and Sijo ity 3/16 colonies coded for a bHLH domain that shared higher

Dymecki, Harvard Medical School, Boston, MA, USA), created by Py, ;14 04y toTfecorthologs thaMitf. The remaining clones encoded

Soriano (Soriano, 1999), were maintained on a C57BL/6 backgrou it 5 RACE was .
- A - g . . performed using the Marathon cDNA

before being crossed ©hx10 BACmice. Mitf*9%% mice (a gift from  pjification Kit (Clontech) with the following gene-specific primer:
H. Arnheiter and L. Lamoreux, NIH, Bethesda, MD, USA) have bee“j’-TCACAGCAGATACGCGGAGCAATGG-3 to obtain a partial
described previously (Hodgkinson et al., 199:.3)’ a_nd were ma'ntam%ickaechNA which was subcloned into pCR2.1 (Invitrogen) and
on a C57BL/6 backgroun@hx10 BAGransgenic mice are described sequenced Th,is sequence has been submitted to Genbank as
zlsell/vhere éRowan_ and E\e/%kol'zzg/%d')'ggf we(;ecngigtl_%ned on amixgthession number AY502941. Using available EST data, a full-length

ackground containing ' Vi an ' chick TfeccDNA was compiled and the nucleotide sequence data are
available in the Third Party Annotation Section of the

Immunthstochem|§try and X-ga! histochemistry ) DDBJ/EMBL/GenBank databases under the accession number TPA:
For antibody staining, cryosections were prepared and stained ak004078

described previously (Chen and Cepko, 2002). Primary antibodies

used were 1:1000 rabbit anti-GFP (Molecular Probes) and 1:50@ ovo electroporation

rabbit antiB-gal (33'). Secondary antibodies used were 1:250_Cyz'EIectroporations were performed by injecting @gsof pMiw-Chx10

or Cy3-conjugated goat anti-rabbit (Jackson Immunologicals)(1 3 kpEcoRI/Kpnl coding sequence fragment) along with 025
Following antibody staining, '#-diamidino-2-phenylindole (DAPI)  h\jiw-GFP expression vector (Schulte et al., 1999) into the right optic
was applied to stain nuclei (Sigma), and the sections werGesicle of HH stage 9-10 chick embryos as described previously
coverslipped and mounted in Gel/Mount (Biomeda). Dlssouatethen and Cepko, 2002). Embryos were harvested at stage 15/16.
cells were prepared by removing the lens and cornea from B&7.5 Ejectroporated embryos with normal eye sizes and strong GFP
eyes and dissociating the remaining tissue using papaifyorescence (visualized on a Leica MZFLIII dissecting microscope)

(Worthington) as described previously (Chen and Cepko, 2002)yere further analyzed by whole-mount in situ hybridization analysis.
Tissue sections or dissociated cells were stainefl-fralactosidase

using standard methods (Kwan et al., 2001). Tissue was stained
overnight at 37°C, washed in PBS, coverslipped, and mounted iResuIts
Gelvatol (Air Products).

Transgenic and mutant mice

Progressive hyperpigmentation inthe  or’ eye

Microarray analysis Changes in rates of proliferation and differentiation in the
Retinal RNA samples were isolated from E12.5 or Eb8’Snutant  periphery of theor? retina have been described in the 129/Sv
embryos using the Trizol reagent (Gibco). Retinal RNA samples ofenetic background (Burmeister et al., 1996). In the studies
E13.5 wild-type 129/Sv or E12.5 Swiss Webster were used a3resented herard animals on the 129/Sv background were

comparisons. Each RNA sample was pooled from an entire litter. Ca . - . -
was taken to avoid contamination from the RPE and lens. 043g0.7 Crossed into a mixed genetic background that contained

of total RNA was RT-PCR amplified for 14 to 18 cycles using thecontributions from SJL, C57BL/6, FVB and 129/Sv strains.

SMART amplification kit according to the manufacturer’s instructions/ contrast to crosses afr! mutants withMus musculus
(Clontech). PCR-amplified cDNA from each experiment and controfastaneusor p27 nullizygous mice, which have ameliorated
pair was Klenow labeled with Cy5 and Cy3, respectively, and colopr? phenotypes, a more severe phenotype was observed.
swapped with Cy3 and Cy5, respectively as described (Livesey et aDifferences in eye size were apparent at E11.5 (data not
2000). Labeled probe was then hybridized to microarray slides spottesthown), and by E14.5, thog? eyes were significantly smaller
with 11,500 cDNA clones from the brain molecular anatomy projecthanord/+ littermates (Fig. 1A,B). The periphery of the retina
(BMAP) library (kind gift of B. Soares, University of lowa, see \yas particularly thin, consistent with a decrease in the
http://trans.nih.gov/bmap/index.htm for details) and 500 cDNA Clo"eﬁroliferation rate in the periphery. The peripheral RPE
of known identity from our lab collection (list available by requeso'gppeared to expand into the neural retina as pigment granules

Slides were printed and hybridized as described (Dyer et al., 200 . . . .
Livesey et al, 2004). Slides were then scanned on an AxoW€'® detected (Fig. 1B, arrow). This expansion of pigmented

Instruments GenePix 4000 scanner and images were analyzed usff}!S continued more centrally as the eye continued to develop
the GenePix Pro software package. Gene expression data wdfdd. 1D,F, arrows). In the periphery of the retina, extensive
uploaded to the AMAD database for data management and filterinigmentation was observed, resulting in what appeared to be
Gene expression ratios were normalized after filtering the data t@ trilayered structured at P1 (Fig. 1F). More centrally, the
remove low-intensity and poor-quality spots. pigmentation in the retina was lighter. The sections shown in
) o Fig. 1 and those that were analyzed by in situ hybridization
In situ hybridization _ _ were taken from central parts of thel eye and showed a less
Section in situ hybridization was performed as prewously describedramatic extent of pigmentation than is typically observed in
(Murtaugh et al., 1999) using 2im cryosections from OCT- e rest of the eye. Attempts to dissect retinas and RPE in
embedded tissue. Whole-mount in situ hybridization was performe (I]der ord mice frequently proved unsuccessful. Some eyes

as previously described (Chen and Cepko, 2000). Riboprobes label d thi fi ded b £ pi t cell
with DIG were detected with NBT/BCIP (Sigma). Riboprobes, gen ad very thin retinas surrounded by masses or pigment Cells.

nomenclature, and relevant references are described in Table SECtions through a Pi&’ mouse revealed that virtually the

(supplementary material). entire retina had become pigmented in a multilayered
structure (Fig. 1G,H). In some central sections, a thin layer
Cloning of a partial chick  Tfec cDNA of nonpigmented cells could be observed (Fig. 1H,

Total RNA from E4 chicks was isolated using the Trizol reagen@arrowheads).



5142 Development 131 (20) Research article

a transcriptional stop cassette (Fig. 2A), and therefore
permanently marks progeny of Cre-expressing cells. Thus,
cells that expresse@hx10at the time of analysis could be
detected using GFP (localized to the nucleus), while all cells
that derived fronChx10expressing cells could be analyzed for
expression of3-gal using either histochemical X-gal staining
or by antif-gal staining.

In orY/+ P1 mice, GFP was readily detectable throughout
the outer neuroblastic layer (ONBL) in the retina, where
progenitor cells are located, and in the non-pigmented ciliary
body epithelium (npcbhe) (Fig. 2C). Consistent with early
expression ofChx10 throughout progenitor cells, all of the
different cell layers in the retina wer@-gal-positive as
determined by X-gal staining (Fig. 2B) or antibody staining for
B-gal protein (Fig. 2G). The npcbe also stained positiv@{for
gal, with high levels transcribed from tR®@sa26promoter in
the more central part of the npcbe (Fig. 2B,G). Chx10 protein
was detected in the same pattern as GF&J mice (data
not shown). GFP anfi-gal were not detected in pigmented
cells in the developing ciliary body or in stromal cells outside
the ciliary body. Analysis inord/or? P1 eyes revealed the
presence of GFP in retinal cells in the central part of the retina
(Fig. 2E). The levels of GFP were markedly lowewoidor?
retinas tharord/+ retinas, and withiorY/ord retinas, the levels
were higher in the central retina than the periphery, where
pigmentation was observed. However, GFP was detected in the
lightly pigmented cells obrd/ord retinas near the periphery,
showing that these cells were derived fr@mx18expressing
cells (Fig. 2D,E arrows). Lack of GFP reporter activity in the
heavily pigmented cells could indicate that GFP reporter
activity was repressed in these tissues, that their origin was not
a Chx10expressing cell type, or that GFP fluorescence was
obscured by the heavy pigmentation. Therefore, the R26R fate
mapping cross was performed to determine what cells derived
from Chx1G@expressing cells. X-gal staining was found to be
punctate and was detected in subsets of pigmented cells (Fig.

Fig. 1. Progressive pigmentation o’ retinas. (A-H) Eyes were .ZD)' To Detter visualize the extent cﬁf—g.al expression,
sectioned to analyze for pigmentatioroid/+ heterozygous Immunofluoresce_nce was performed using - an [Bugrad .
(A,C,E) oror/or? homozygous (B,D,F,G,H) littermates. Ages are antibody. Analysis of the heavily p|gmente_d peripheral region
indicated on the figure. (A,B) Insets show a full section of the eye  Of theor? eye, from the same section as Fig. 2D and at higher
(note scale bar differences). (B,D,F) Arrows indicate the central limitnagnification, revealed that many pigmented cells did express
of ectopic pigmentation in the retinasaf mutants. (D) The lensis  [-gal protein, demonstrating thethx1Gexpressing origin
marked by a thin black line in tleg? eye at E17.5. (G,H) The (Fig. 2l, also see below). Notably, the RPE and parts of the
peripheral retina ir! mutants shows ectopic pigmentation, pigmented ciliary body did not exprefsgal in these fate-
increasing over time until most of the retina appears pigmented at mapping experiments. Overall, the presence of a lafyghl-
E allfi's('i% The presumptive retina is marked with arrowheads. Scale ,qitive periphery showed the extent of retina to pigmented cell
Qum. transdifferentiation in ther’ eye.
To better illustrate the pattern of neopigmentatwhmutant

Chx10 BACtransgenic animals were immunofluorescently
Transdifferentiation of the retina into pigmented stained for GFP at PO (Fig. 2K) or P17 (Fig. 2M). In both cases,
cellsin or’ mutants regions of mostly non-pigmented neuroepithelium included
While expansion of the ciliary body has been characterizesome lightly pigmented cells (Fig. 2J,L arrows). These regions
before inord mice, the source of the expanded population wagxpressed high amounts of GFP (Fig. 2K,M), demonstrating
not clear. We sought to determine whether the pigmented celisat they expresse@hx1Q Furthermore, GFP-positive nuclei
in the ord retina arose via transdifferentiation of the retina,could be observed surrounded by pigment granules. At P1, the
using a bacterial artificial chromosome (BAC) transgenimewly transdifferentiating region was still peripherally located
reporter mouse expressing both enhanced green fluorescavithin the eye, whereas by P17 it was more central, illustrating
protein (GFP) fused to Cre recombinase, and alkalinéhe progressive feature of transdifferentiation indheeye.
phosphatase, und&hx10control (Fig. 2A). These mice were  In order to unambiguously determine whetlfiegal- or
crossed with the R26R reporter mouse that expreBses GFP-positive cells were pigmented, as well as quantify the
galactosidase [¢gal) following Cre-mediated excision of extent of transdifferentiation, E17Ghx10 BAC/R26Rlouble
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A T Fig. 2. Direct transdifferentiation of
- ord retinal cells into pigmented cells.

il Al Y Y (A) Schematic of the transgenic
m Rosa26/ PSTOPH LacZ | mice used for fate mapping
i experiments. Th€hx10 BAC
Chx10 1l ] 1N transgenic mouse directs expression
of GFPCreandAP under control of
Chx10regulatory sequences. This
orJ/"' o’d/orl reporter is integrated in the first exon
: of Chx10(exons are indicated by
solid vertical bars) within th€hx10
RNA (black horizontal line) such
that the 5most reporter utilizes the
Chx10 start methionine (large
arrow). Cre recombinase mediates
recombination (curved arrows) at
loxP sites (triangles) in tHR26R
allele. This removes a transcriptional
stop cassette allowing lacZ
expression from thRosa26
T j promoter (small arrow). (B-1)
s b e o Sections througlthx10 BACR26R
; %ot transgenic eyes fromrd/+
(B,C,F,G) orord/ord (D,E,H,l) PO
littermates. (B,GPB-gal expression is
observed throughout the retina as
well as in the nonpigmented ciliary
body epithelium (npcbe), but not in
pigmented cells, inrd/+ eyes as
detected histochemically (B) or with
antif3-gal antibody (G). (C) GFP
reporter activity is detected in the
outer neuroblastic layer (ONBL) as
well as npcbe. (D,Ip-gal expression
is observed throughout the retina as
well as in many pigmented cells in
the peripheral pigmented regions.
(E) GFP reporter activity is observed
throughout the retina as well as in
lightly pigmented regions (arrows in
(D,E)). (J-L) Sections through
Chx10 BAQransgenior! mutant
eyes at PO (J,K) and P17 (L,M).
(K,M) GFP reporter activity is
detected throughout the peripheral
retina including regions of the retina
that are lightly pigmented (J,L) and
in pigmented cells themselves
(arrows). (M) DAPI nuclear
counterstaining confirms that the
GFP-expressing nucleus is within a
pigmented cell. (N-S) Dissociated cells from an EXZhx10 BAC/R26Ransgeni®or! mutant eye antibody stained fégal (N) or GFP
(P) with DAPI nuclear counterstaining. Arrows indicate cells that exjgsd (N) or GFP (P) in unpigmented cells (O,Q), while arrowheads
indicate pigmented cells. (Q) Inset shows higher magnification image of cell marked with arrowhead. (R,S) Histdglyaistaining
showing pigmented cells also expresgigal. All scale bars are 1Q0m.

transgenior! eyes were dissociated and immunofluorescentlpigmented cells (Fig. 2Q arrowhead and insert) and were
or histochemically stained f@gal (Fig. 2N,R,S) or GFP (Fig. probably cells in the process of transdifferentiation.
2P). Examination of-gal-positive cells under Nomarksi Histochemical staining of dissociated cells fdigal also
illumination revealed that many of these cells (59/100) wereevealed cells that were clearly pigmented and exprefsing
pigmented, with some of them heavily pigmented (Fig. 2Ngal (Fig. 2R,S).

arrowheads). Similar analysis of GFP-positive cells also - )

indicated that a significant, but smaller number of cellddentification of genes affected in the  or’ mutant

(18/100), contained pigment granules. These GFP-positiveo identify genes affected in ther) mutant, a microarray
pigmented cells were more lightly pigmented than typicaknalysis was performed comparing wild typeotd retinas.
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Table 1. Genes upregulated imr! mutants by microarray analysis

UNIQID Name E12.5 Average E13.5 Average Average s.d.
Transcripton factor EC (Tfec) 8.88 4.073 5.67 2.86
Al852420 Leucine-rich repeat protein 3, neuronal 2.69 3.555 3.27 0.62
Al851397 Gap-junction membrane channel protein 3.06 2.563 2.73 0.54
Al843797 Hemoglobir, adult chain 1 2.04 2.678 2.47 0.88
Al845279 RIKEN cDNA 2700084L06 gene 2.005 2.585 2.39 0.93
Al854349 Serum/glucocorticoid regulated kinase 241 2.345 2.37 0.37
AlB45477 I« B a chain mRNA 1.915 2.558 2.34 0.95
Al847573 Protease, serine, 25 1.455 2.688 2.28 1.29
Al838302 CD63 antigen 1.575 2.58 2.25 0.58
Fibroblast growth factor receptor 2 2.78 1.45 2.11 0.65
Al845640 RIKEN cDNA D430039N05 gene 2.805 1.685 2.06 0.61
Al838762 Hemoglobinf adult major chain 1.4 2.293 1.99 0.96
Al845491 Microsomal glutathione S-transferase 1 2.21 1.785 1.93 0.36
Al835174 Carbonic anhydrase 14 2.145 1.785 1.91 0.26
Al851848 Aldehyde dehydrogenase family 1, subfamily A1 1.225 2.228 1.89 0.74
Al846734 Growth arrest specific 1 (Gasl) 2.28 1.598 1.83 0.41
Al838156 Carbonic anhydrase 8 1.195 2.133 1.82 0.99
Al848419 H3 histone, family 3A 1.58 1.903 1.79 0.34
Al852943 Chondroitin sulfate proteoglycan 5 1.585 1.82 1.74 0.32
Al854206 Hexosaminidase B 1.655 1.785 1.74 0.23
Al834768 RIKEN cDNA 1810027120 gene 1.835 1.66 1.72 0.29
Cyclin-dependent kinase inhibitor 2A (p16 INK4a) 1.525 1.825 1.72 0.34
Al842572 Rho, GDP dissociation inhibitor (GDI) beta 1.72 1.705 1.71 0.25
Al845761 RIKEN cDNA 2010319C14 gene 1.27 1.933 1.71 0.46
Al853186 Fatty acid binding protein 3, muscle and heart 1.775 1.658 1.7 0.48
AI850915 UDP-glucose ceramide glucosyltransferase 2.2 1.448 1.7 0.41
Paired box gene 6 (Pax6) 1.13 1.613 1.45 0.29
Cyclin-dependent kinase inhibitor 1C (p57) 1.03 1.628 1.43 0.33
Al854101 Corticoliberin-binding protein (CRHBP) 1.155 1.36 1.29 0.16

Genes listed are those upregulated at least 1.7-fold. The last three genes in the table were confirmed to be upregiilatgdbglizason analysis,
although they were below the 1.7-fold cutoff. Genes shown in bold have been analyzed by in situ hybridization. Gendsdigtadigite ID are full-length
clones from within our laboratory. The average of E12.5 was determined from one hybridization and its color swap. Theoav&ag&fwas determined
from two hybridizations and their color swaps. The total average was calculated from all six data points and is showtanddrdseviation (s.d.). Individual
data points and Unigene numbers are included in Table S2.

RNA samples were compared at E12.5 or E13.5 irybridization (in bold). The genes that were tested by in situ
development, very early time points following the onset othybridization from the array list were verified to be
Chx10expression. At this time, the difference in eye size iglifferentially expressed in ther! mutant (see below). One
small and transdifferentiation is not observed (data not shownparticular gene,Crhbp, evaluated because of a known
Table 1 shows the genes that were upregulated greater than JeXpression pattern in the peripheral retina (Blackshaw et al.,
fold in theord versus wild-type retinas and Table 2 shows the2004), was verified to be upregulated in trémutant, even
genes that were downregulated 0.5-fold compared to wild-typghough the fold upregulation by microarray analysis was 1.29.
retinas. These cutoffs were arbitrarily determined, and &his suggested that a high percentage of the genes identified
number of genes with ratios below the cutoffs showedy microarray analysis might be significantly differentially
expression differences as analyzed by in situ hybridization (sexpressed in ther! mutant.
below). A more complete list of putatively affected genes is Downregulated genes (Table 2) with known functions fitted
shown in Tables S2 and S3 (supplementary material). into a more definite pattern than upregulated genes. The bHLH
Examination of genes upregulated in tmémutant revealed transcription factorsNeurodl and Math3 are required for
thatTfeg a bHLH leucine-zipper transcription factor in igf ~ neuronal differentiation and were highly downregulated.
family, was the most upregulated gene in this analysis. ThiSeveral other genes found to be downregulated corresponded to
was a striking result, affecis normally only expressed in the structural genes and known markers (&gp43and Snap2%
early developing RPE and in the peripheral retina (see Fi@f neurons. In situ hybridization analysis of a number of genes
S3B,D in the supplementary material, data not shown). Thiglentified in Table 2 showed significant downregulation of these
expression change, at a time prior to pigmentation irothe genes (see below). Two markers of cell cycle progressyctin
retina, suggested a link between the transdifferentiatioD1l andE2f1, were downregulated according to the microarray
observed in ther’ retina and gene expression changes. Otheanalysis, although less so than the cutoff assigned to Table 2.
transcription factors and enzymes involved in pigmentatioi€yclin D1 has previously been shown to be downregulated in
were not represented on the microarray, but were evaluated by retinas (Green et al., 2003).
in situ hybridization analysis (see below). Also upregulated o )
in the or) mutant were two well-characterized cell cycle In situ hybridization analysis of affected genes
inhibitors, p57 andGas1 In order to verify that some genes identified as differentially
Table 1 also shows a number of genes evaluated by in sitegulated by microarray analysis were changed in expression
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E-I 4 5 E1 7 5 Fig. 3.In situ hybridization analysis of genes

or’/+ (;)r’/(;)r‘J or'/+ =~ or‘/or’ affected inor’ mutants. (A-G) Sections
wx10 through E14.5 or E17.&r/+ heterozygous or

ord/ord homozygous littermates, as indicated,
were analyzed for the following RNAs:
(A) Chx1Q (B) Fgf15 (C)Gap43 (D) Gasl
(E) Wfdcl (F), Mitf, (G) Tfec Full expression
patterns are discussed in Results and
summarized in Fig. 4. Note scale bar
differences betweeord/+ andorY/or?
sections. (E) Arrows indicate boundaries of
Wridclexpression. (E) Inset shows peripheral
section from the same eye. All scale bars are
100pum.

P43

RPE, where the tissue is thickened. Zone
4 contains loosely packed pigment
cells, presumably neural crest-derived
melanocytes. Within the neural retina (i.e.
the tissue that abuts zone 1 and extends
more centrally), specific expression
patterns were observed in the outer
neuroblastic layer (ONBL), containing a
mixture of progenitor cells, newly
postmitotic cells, and differentiating
photoreceptors, and the inner neuroblastic
layer (INBL), where postmitotic amacrine
and ganglion cells reside. Summaries of
the expression patterns in Fig. 3 are listed
in Fig. 4B. References of known
expression patterns or functions are
included in Table S1 (supplementary
material).

Class I: ONBL-expressed genes

In ord/+ retinas,Chx10was expressed at
E14.5 and E17.5 throughout the ONBL
in progenitor cells, and extended
peripherally into zone 1, but was not
expressed in zone 2 (Fig. 3A).0r eyes,
Chx10 was expressed in the ONBL at
comparable levels, but the expression
ended slightly more centrally thanon’/+
mice, in a region that was becoming
pigmented. At E17.5Chx10 was still
expressed in the center of the eye, but was
not detected more peripherally in the
level, and to better identify genes that may play a role itransdifferentiating region. To further analyze the expression of
transdifferentiation, in situ hybridization analysis wasgenes specific to retinal progenitor cefigf15was examined
performed (Fig. 3; see Fig. S1 in the supplementary materialjFig. 3B).Fgfl5was expressed throughout the ONBL at E14.5
Several additional genes not present on the microarray weasd E17.5, but was not expressed in any of the zones of the
analyzed because of their previously characterized expressiperipheral eye imr/+ mice. In theor? mutant, its expression
patterns. In situ hybridizations were performed at E14.5, whewas restricted centrally at E14.5, but its expression levels
early phenotypes were apparent, and at E17.5, wheppeared normal. At E17.Bgfl5was only detected in a few
transdifferentiation was at an intermediate stage (see Fig. 1)ells in the center of ther) mutant retina. A large number of
To better describe the patterns that were observed, tlgenes expressed in the ONBL exhibited similar patterns to that
peripheral eye was subdivided into four separate zones (seé Fgfl5 in the ord mutant retina. These included genes
Fig. 4A). Zone 1 is in the peripheral retina and normally doesontrolling retinal progenitor cell function or proliferation
not express pigment markers. Zone 2 is peripheral to zone(lotchl E2fl1, cyclin E1 cyclin D1), bHLH transcription
and contains non-pigmented cells that directly abut pigmentefdctors (Neurodl and Math5), and genes associated with
cells. Zone 3 consists of pigmented cells at the periphery of theell cycle exit Btg2 and DII1) (see Fig. S1A-H in the
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cells, as well as genes that play a role in neurogenesis,
A - .orJ/"' or’/or’ suggested that the genesis of retinal neurons might be affected
E"Il-ﬁ’t in ord mutant retinas. Since a number of genes found by

£

microarray analysis to be downregulatecbid mutants were
markers of early-born neurons, we used in situ hybridization
to examine genes expressed in the INEiap43 Brn3b
(Pou4f2 — Mouse Genome Informatics) ar8hap25were
expressed in the INBL at E14.5 and E17.5 on/+
heterozygotes (Fig. 3C and Fig. S1J,K in the supplementary
material).Gap43was restricted to only a few cells in the INBL
in the central retina imr) mutant retinas (Fig. 3C). Similar
results were obtained f@&rn3bandSnap25see Fig. S1J,K in
the supplementary material). This decrease in the number of
cells expressing markers of retinal ganglion cells and amacrine
cells correlated with the restricted location and reduced number
of cells expressing ONBL markers, and was further indicated
by the finding of a hypocellular INBL iord mutant retinas.
Stathmin 1 one of three stathmin family member genes

B (ot - z;ne, zﬂz . o Soned observed by_mig:roarray anqusis to be downregulated, was
chato Chxi0 evaluated by in situ hybridization. ém/+ eyesstathmin lwas
GAP&3 expressed throughout the INBL and in many ONBL cells at
e i o — E14.5 and E17.5 (see Fig. S1L in the supplementary material).
Gas (E17.5) Gt __Jcw) In ord mutant retinasstathmin 1was expressed in a similar
WITF WITF WITE fashion to the combination &ap43Brn3bandNeurodl and
R kT in a much-reduced number of cells, which was especially
Dot (E145) | Det L — apparent at E17.5 (see Fig. S1L in the supplementary material).
Tyr yrosinase

The paired box transcription factdPax6 was expressed
Fig. 4. Model of progressive transdifferentiation in trd mutant. throughout the ONBL and INBL, and at high levels in zones

(A) Representative sections through E14.5 or E17.5 embryos that L 2 and 3 (see Fig. SIM in the supplementary material). Unlike
wereorJ/+ heterozygotes ar’/or? homozygotes, as indicated, stathmin 1 Pax6appeared slightly upregulated an’ mutant
pseudocolored for expression of peripheral genes in zone 1 (green)f€tinas and persisted even in pigmented regions. These data,
zone 2 (red), zone 3 (blue), or zone 4 (magenta). Regions of tissue like the comparison o€hx10and Hes1with other ONBL-
co-expressing zone 1 and zone 2 markers are pseudocolored as  expressed genes, suggest that the peripheral component of

yellow/orange. (B) Tabular summary of some expression patterns  Pax6may have contributed to the high expression levebab
shown in Figs 3, 4, S1 and S2 (supplementary material). in the or mutant retina.

Class llI: Peripherally-expressed genes

supplementary material). A number of these geNesiod]l  Gaslandp57were both found to be significantly upregulated
Btg2 cyclin D1 and E2f1) were identified as dependent onin the orJ mutant microarray analysis. In situ detection of
Chx10, by the microarray analysis as described above. Bas€hslat E14.5 inorl/+ eyes showed expression exclusively
on in situ hybridization analysis, RNA levels did not appeain the peripheral retina in zones 1 and 2, but not in pigmented
significantly altered within expressing cells, suggesting that theells (Fig. 3D). At E17.5, it remained highly expressed in
decrease of RNA levels was due to a decreased number of cdliese zones and was also expressed at low levels in the ONBL
expressing these genes. Together, these data indicateinaory/+ eyes. Irord eyes,Gaslwas highly upregulated in the
progressive loss of retinal progenitor cell identity andperipheral retina and expressed at lower levels in more central
neurogenesis in therd mutant. parts (Fig. 3D). At E17.5Gasl was highly upregulated
Most genes analyzed with ONBL expression patterns werdhiroughout the entireor? retina. Another gene also
not expressed in the zones of the peripheral epe’ih mice,  functioning as a cell cycle inhibitorp57, was highly
or were only expressed transiently in the peripheral retinaxpressed in the peripheral retina and showed a similar
(E2f1, cyclin D1andcyclin EJ) with the exception o€hx1Q  expression pattern 8aslin ord/+ andor’ eyes (see Fig. SIN
To determine wheth&Zhx10was differentially regulated ior!  in the supplementary material). A gene not represented on the
mutants from other ONBL-expressed genes because of iigicroarrays, but with known important roles in ciliary body
peripheral expressiorkles] a gene expressed similarly to developmentOtx1, was analyzed by in situ hybridization,
Chx10 was analyzed (see Fig. S1l in the supplementargnd it too showed an expression patteroritt+ andor? eyes
material).Heslexpression in therd mutant behaved like that highly similar to Gasl and p57 (see Fig. S10 in the
of Chx10rather than other ONBL-expressed genes (see Figupplementary material).
S1lin the supplementary material), suggesting that peripheral To address the role of gene expression specific to zone 1,
gene expression was differentially affected inahbmutant. ~ Wfdcl a potential tumor suppressor gene and a peripheral
retinal marker (J. Trimarchi and C.L.C., unpublished), was
Class II: INBL- and INBL+ONBL-expressed genes analyzed by in situ hybridization (Fig. 3E). The limit&/éfdcl
The loss of expression of genes enriched in retinal progenitexpression defined zone 1 (Fig. 3E, arrows). IndtHeetina
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Table 2. Genes downregulated ior! mutants by microarray analysis

UNIQID Name E12.5 Average E13.5 Average Average SD
Al852799 Synucleiry 0.29 0.23 0.25 0.06
Neurogenic differentiation 1 (Neurodl) 0.23 0.26 0.25 0.04
Al841966 Protein kinase, AMP-activated, chain 0.33 0.23 0.26 0.06
Al840972 Stathmin-like 2 0.29 0.27 0.28 0.03
Al836519 ALL1-fused gene from chromosome 1q 0.31 0.29 0.3 0.05
Al841303 Growth associated protein 43 (Gap43) 0.33 0.39 0.37 0.06
Al835930 EST 0.28 0.46 0.4 0.12
Al848068 Microtubule-associated protein 1 B 0.44 0.38 0.4 0.06
Al851775 B-cell translocation gene 2, anti-proliferative (Btg2) 0.17 0.53 0.41 0.19
Al841267 Stathmin-like 3 0.57 0.34 0.42 0.14
Neurogenic differentiation 4 (Math3) 0.43 0.44 0.43 0.07
Al848445 Melanoma antigen, family D, 1 0.44 0.43 0.44 0.08
Al843116 HMG-Coenzyme A synthase 1 0.44 0.48 0.46 0.06
Al849592 ELAV (Drosophila)-like 4 (Hu antigen D) 0.43 0.5 0.47 0.06
Al848983 Tubulina8 0.47 0.5 0.49 0.08
Al848368 Synaptosomal-associated protein 25 (Snap25) 0.44 0.52 0.49 0.12
Al850105 Stathmin 1 0.56 0.46 0.49 0.14
Al841233 Potassium voltage-gated channel, Shaw-related, 4 0.51 0.49 0.5 0.06
Al846286 -1,3-glucuronyltransferase 1 0.57 0.48 0.5 0.12
Cyclin D1 0.35 0.59 0.51 0.17
E2F1 (human) 0.78 0.88 0.84 0.09

Genes listed are those downregulated at least 0.5-fold, an arbitrary cut-off point. The last two genes are significantiatiyraegetermined by in situ
hybridization analysis. Genes shown in bold were analyzed by in situ hybridization. Genes listed without unique IDsrayth felibtes from within our
laboratory clones. Note that the E2F-1 clone on the array was a full-length human cDNA. The average from E12.5 was deteromedaybridization and its
color swap. The average from E13.5 was determined from two hybridizations and their color swaps. The total average wddroatcalbsix data points and
is shown with its standard deviation (s.d.). Individual data points and Unigene numbers are included in Table S3.

at E14.5, Wfdcl expression levels were not significantly E17.5, Tfec was moderately expressed throughout the entire
altered, but its expression was expanded centrally. At E17.8tina inorJ eyes. Inord/+ eyes (Fig. 3G)Qtx2was expressed
Wifdcl expression was observed in some cells in the centém both the ONBL and RPE, including zone 3, at E14.5, but
of the ord retina and throughout peripheral parts of the retinanot the peripheral retina (see Fig. S1R in the supplementary
that had not yet undergone transdifferentiation (Fig. 3Ematerial). TheOtx2 expression pattern mimicked that of
inset). Another peripherally-expressed ge@ehbp, showed ONBL-specific genes in therJ retina, except thabtx2 was
essentially the same expression pattern (see Fig. S1P in thietected in the periphery in lightly pigmented cells in the
supplementary materiairhbpshowed a small but significant peripheral retina only at E14.5.

upregulation by microarray analysis. This upregulation was

prominent at E13.5 but not at E12.5, and like the in sitf\ctivation of Mitf target genes in transdifferentiation
hybridization analysis, indicated a slow expansion of zone ITo address whether ectopiitf and Tfecin theord retina was

A third marker of zone 1|gf2 (J. Trimarchi and C.L.C., sufficient to activate their cognate target genes, Mitf target
unpublished), was altered in tla? retina like Wfdcland  genes were analyzed by in situ hybridization at E17.5, during an

Crhbp (see Fig. S1Q in the supplementary material). intermediate stage of transdifferentiation (Fig. Bpmlis a
o direct target of Mitf and depends on Mitf for expression in the
Class IV: RPE transcription factors developing RPE. Likiitf, Trpm1was expressed in zone 2 in

To examine changes in genes expressed in zones 2 and 3 ani+ heterozygotes and was ectopically expressed throughout
evaluate factors involved in controlling pigmentatidvitf, ~ the retina inord mutants, including unpigmented cells (Fig.
TfecandOtx2were examined by in situ hybridization.dn/+ 5A). In contrastDctwas highly expressed in pigmented cells in
eyes,Mitf was expressed throughout the RPE at E14.5 and at retinas as well as in regions of non-pigmented cells in the
higher levels in peripheral RPE in zone 3 and zone 2 as walkntral retina. Its expression correlated with regions that had
(Fig. 3F).Mitf was also expressed in migrating melanoblastdost neural retinal identity, but had not yet undergone
and in zone 4 at E17.Mitf expression abutte@hx10in the  pigmentation, and complemented the expression of ONBL and
peripheral retina at E14.5 and E17.5, and was never detect®BL markers (Fig. 5B)Tyrosinasethe rate-limiting enzyme

in wild-type retinas. In theord retina, Mitf was ectopically in melanin synthesis, was only expressed in pigmented cells in
expressed at high levels in the retina, in a manner similar tooth orJ/+ heterozygotes andrd mutant retinas (Fig. 5C).
Gasl, while there was a lessened expression in the centérherefore, different classes of Mitf target genes define a
However, by E17.5Mitf was highly upregulated throughout progressive program of transdifferentiation beginning with
the entireor’ retina (Fig. 3F) Tfecwas the most upregulated direct Mitf target genes lik&rpm1, then proceeding to express
gene as evaluated by microarray analysis. At E14.5rk Dct, and finallytyrosinase coinciding with the appearance of
eyes,Tfecwas barely detectable in zone 2 and was not detectgrigment. This ordered gene expression progression was also
at E17.5 (apparent staining is likely to be background) (Figobserved at E14.5 ior) mutant retinas (see Fig. S2A-C in the
3G). In theor? retina, Tfecwas ectopically expressed in the supplementary material).

retina, but more peripherally thaitf and at lower levels. At While RPE genes, includinilitf and melanin synthesis
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enzymes, were generally not represented on the microarray, ¢

that was on the array and shovegdlupregulation wa€d63(a or’/+ E1 7.5 . 9""9’"‘
melanoma antigen in humans). By in situ hybridizat©d63 o
was upregulated in tha retinas, similarly tolrpm1(see Fig.
S2D,E in the supplementary material), and was dramaticall
downregulated in Mitf-deficient RPE, especially at E14.5 whet
Tfec was only weakly expressed (see Fig. S3A,C in the
supplementary material), suggesting it is a direct target of Mit
and possibly Tfec. In contrasiffec expression was not g
dependent on Mitf (see Fig. S3B in the supplementar B ; Dct
material), andOtx2 was neither upregulated in tloe’ retina, /

nor was it altered in Mitf-deficient RPE (see Fig. S3E in the

supplementary material). Other genes expressed in zone 1 ¢ /

zone 2, includingp57, Pax6andCrhbpwere also unaffected in :

TRPM1

>

the peripheral retina iMitf nullizygous mice (see Fig. S3F-H
in the supplementary material), suggesting their upregulation i
theor retina was a consequence of their peripheral expressic —

and not indirectly through Mitf. C '[W’-O inase \
> .

Chx10 is sufficient to repress the expression of RPE e

genes /

Microarray and in situ hybridization analysis pointedMitf

family members as possible key target genes for Chx1l

regulation. To determine if the expressiorCoix10could lead
to repression of these gen€hx10was misexpressed in the
developing RPE in chick by in ovo electroporation. A plasmicFig. 5. In situ hybridization analysis of Mitf target genewir

encoding chick Chx10, along with another plasmid encodinmutants. (A-C) Sections through E10:/+ heterozygous asrY/or?

GFP as a cotransfection reporter, were transduced into eahomozygous littermates, as indicated, were analyzed for the

chick optic vesicles by electroporation, and embryos werfollowing RNAs: (A) Trpm1, (B) Det, (C) TyrosinaseFull
allowed to develop for 1 day in ovo (Fig. 6A). Non-transfecteceXPression patterns are discussed in Results ?ndjsummarlzed in Fig.
optic vesicles from the same embryo (Fig. 6B) Orgéggtgas;gagebfaggﬁerences betweett+ andor/or? sections. All
electroporations with GFP alone (Fig. 6C) were used a '

controls and showed identical marker expression (compare Fi

6FI,L,O,R,U to Fig. 6E,H,K,N,Q,T).

Electroporation of Chx10 resulted in a strong the opposite transition. It is difficult to know whether
downregulation of Mitf (Fig. 6G) and Tfec (Fig. 6J). transdifferentiation in either direction is a physiologically
Additionally, a direct target gene of Mitf in chick RPE, relevant process, or simply the result of aberrant development.
Mmpll5 and an additional RPE markdéct, were also There is some suggestion that transdifferentiation of RPE could
strongly downregulated upoiChx10 misexpression (Fig. serve as a source of retinal cells in regeneration (Fischer and
6D,M). Mmpl1l5was analyzed in sections and showed strongrReh, 2001), but there is no evidence to suggest that retinal cells
downregulation only in the transfected eye (Fig. 6W,X) andever change their identity to pigmented cells. Rather, this
within regions of the RPE that were electroporated, as judgegansdifferentiation seems to be specific to loss of Chx10.
by GFP antibody staining. The retinal progenitor cell markerlonetheless, individuals with diseases of the RPE might
Six3(Fig. 5P) andChx10(Fig. 5S) were unaffected lyhx10 benefit from this observation when engraftment of RPE cells
misexpression. The restriction @ix3 and Chx10 to the is being considered.
neural retina also confirmed that transdifferentiation was Several lines of evidence support the notion that the neural
not occurring uponChx10 misexpression, in contrast to retina directly transdifferentiates into pigmented cells.
misexpression of other retinal homeobox transcription factorslowever, the additional expression domainG#fx10in the
in the RPE (C.-M.A.C. and C.L.C., unpublished) (Toy et al.nonpigmented ciliary body epithelium raises the possibility
1998). These data pladditf and Tfec as potentially direct that the transdifferentiation observed is one of nonpigmented
target genes for Chx10 repression in the absence of a direct agllary body cells into pigmented cells. In this model, the neural
fate change. retina would die and be replaced with an expanding population
of pigment-fated cells. The fate mapping analysis and
extensive expression studies presented here do not support this

DISCU?SIOH o _ _ _ alternative model. Firstly, in situ hybridizations and microarray
Transdifferentiation of retina to pigment cells in the data do not indicate that pigment-fated cells undergo the rapid
orJ mutant proliferation required to populate the’ retina, nor do they

The data presented here demonstrate that the retina an'the indicate abnormally high rates of cell death in the neural retina.
mutant mouse directly transdifferentiates into pigmented cellsSpecifically, markers of proliferation, includirig2fl, cyclin
This is the first description of retinal tissue becomingEl, andcyclin D1, were downregulated in regions of tbe
pigmented in vivo, whereas a number of studies have showetina undergoing pigmentation, while cell cycle inhibitors,
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Fig. 6. Misexpression o€hx10by in
J TFEC ovo electroporations. (A-U) HH Stage
10 embryos were electroporated with
GFP andChx10(A,D,G,J,M,P,S) or GFP
alone (C,F,1,.L,0,R,U) and allowed to
develop an additional day.
(B,E,H,K,N,Q,T) Images are from the
left non-electroporated eye of the same
embryo shown in (A,D,G,J,M,P,S)
respectively. (A-C) HH16-18 embryos
were harvested and photographed for
GFP to observe transfected regions.
(D-U) HH16-18 embryos were harvested
and whole-mount in situ hybridization
was performed to detect the following
RNAs: (D-F)Mmp115 (G-I) Mitf,
(J-L) Tfeg (M-O) Dct, (P-R)Six3
(S-T)Chx10 3UTR, (U) Chx10Q
(V-Y) Sections through th€hx10and
GFP electroporated embryo detected for
Mmp115(D,E). (V) Mmp115RNA was
detected in the RPE of the eye that was
not electroporated (arrow, high
magnification image shown in (X)), but
was highly reduced in the eye
electroporated with GFP arthx10
(arrowhead, high magnification image
shown in (Y)). (W) Section from
(V) further stained with an antibody
against GFP to show the region of the
embryo that was electroporated (brown
stain), including the retina and RPE in
the bottom eye.

-

although as discussed below, these
zones may represent functional
compartments (except zone 4, which

is not part of the neuroepithelium).
Fig. 4B is a tabular summary of
some of the genes presented in this
study (Fig. 3, Fig. 5 and Fig. S1,S2

in the supplementary material) and
their inclusion in the different
zones.

including p57 and Gasl, were concomitantly upregulated in  The expansion and ectopic expression of genes normally
these regions. Secondly, analysis of markers from theestricted to zone 2 of the peripheral retina appears to be an early
peripheral retina, particularly in zone 2, showed theirevent in theor? retina. The upregulation, however, was not
expansion into parts of the retina that also expressed bona fideiform and was stronger in the periphery than the center. While
neural retina markers well before transdifferentiation waditf, and some of its target genes, showed broad upregulation,
observed. The overall temporal pattern of gene expression anther melanogenic genes were restricted to peripheral regions,
high number of fate-mapped pigmented cells even at E17&nd thus pigmentation did not occur inMltf-expressing cells.
support the direct transdifferentiation of neural retinal cell intoNVhere zone 1 genes and zone 2 genes then began to overlap

pigmented cells. (shown as yellow in Fig. 4A)Dct expression became
_ o pronounced. Shortly thereaftgmosinasevas expressed and the
A molecular program of transdifferentiation tissue became pigmented and adopted a zone 3-like appearance.

Genes expressed in either the RPE or different peripher@oncurrent with pigmentation was a downregulation of genes
regions of the retina were upregulated in #té mutant expressed in zone 1, as well @asl and p57. The next
retina and were identifiable by microarray analysis. Byprogression occurred within zone 1 which began to expand
analyzing candidate genes and other genes with knoweentrally. As new parts of the retina began coexpressing zone 1
expression patterns by in situ hybridization, we have formednd zone 2 geneBgt expression expanded centrally and marked
a model for transdifferentiation that also possibly explainson-pigmented cells programmed to initiate pigmentation. The
why it occurs progressively (Fig. 4A). The model designatesells did not initiate pigmentation until tyrosinase, the rate-
zones of gene expression for purposes of descriptiofimiting enzyme in melanin production, became expressed.
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It is striking how the progression of transdifferentiationsuggesting a role for Gasl in ventral RPE identity (Lee et al.,
occurred so slowly. Even as late as P17, there were still regio8601).Mitf mutant mice also show transdifferentiation of RPE
of the retina just beginning to undergo pigmentation (see Figo neural retina, but this occurs only dorsally (Bumsted and
2L). The rate-limiting step appears related to the expansion &arnstable, 2000). Thus, the concurrent expressioBasfl
zone 1, as zone 2 completely expanded throughout the retiaadMitf in the retina obr! mice may have a distinct effect on
well before pigmentation reached this area. The centralell fate, functioning in an opposite direction to their loss-of-
boundary of zone 1 was defined by the expression of progenitfinction phenotypes. Finally, there remains the possibility that
cell genes in the ONBL. The downregulation of ONBL-mesenchymal cells play a role in controlling the spatial and
expressed genes was observed in the peripheral retina priortémnporal features of transdifferentiation, and these functions
those regions acquiring pigmentation, and by E17.5, the entieould be altered by genetic background.
retina appeared to lose neural identity. These events ma o
precipitate loss of the central boundary of zone 1 and lead fg:anscrlptlonal targets of Chx10
the expansion of zone 1 into central parts of the retinaDne of the goals obr! microarray analysis was to identify
Determination of the ONBL-expressed genes that argenes that may be directly controlled by Chx10. If Chx10
responsible for defining the boundary with zone 1 willfunctioned as a transcriptional activator, one would predict that
yield interesting insights into the mechanism ofdirect target genes would be downregulated inaiHeetina.

compartmentalization of the retina. A large number of downregulated transcripts were observed by
_ N microarray analysis, but the ones studied in greater detail by
Genetic modifiers of the  or/ phenotype in situ hybridization were not necessarily downregulated on a

Modifiers of the or! phenotype have been described thatper cell transcript level, but rather through a reduction in the
partially rescue eye size and lamination. In neither case wammber of cells expressing them. Many of these downregulated
the peripheralor! phenotype rescued (Bone-Larson et al.,genes were markers of neurogenesis and early differentiation.
2000; Green et al., 2003). This raised the possibility thaFurther characterization of genes downregulated inotde
another factor could compensate for some Chx10 functions ietina may give new insights into this molecular program.
the central but not peripheral retina. One would then predict Genes upregulated in the’ retina were the focus of this
that in the genetic background employed here, thstudy and are candidate targets for repression by Chx10, e.qg.
compensating factor was detrimentally affected, leading to ®litf, Tfeg Gasl p57 and Otx1 However, some upregulated
more severe phenotype. A candidate gene for this function genes are likely targets of Mitf-dependent activation rather than
theChx10homolog,Vsx-1 Vsx-1in other organisms including repression by Chx10. Genes likgmlandCd63are probably
chick and zebrafish is co-expressed w@hx10in retinal  upregulated througiMitf transcription.Trpml, in particular,
progenitor cells, but has not been detected in mammalias transcriptionally activated in a concentration-dependent
progenitor cells (Chen and Cepko, 2000; Chow et al., 200¥ashion by Mitf and is not expressed Mitf mutant RPE
Passini et al., 1997). We performed in situ analysisvéx-1  (Miller et al., 2004). In this respect, analysisarf mice by
and did not see it expressed in eitbe¥+ mice oror! mice  microarray analysis would be an ideal way to identify new
on any background, probably ruling dégx-1as a modifying target genes of Mitf and Tfec, provided the array had a large
allele (data not shown). set of RPE genes. Neith&asl, p57 nor Tfecrequire Mitf for

An alternative possibility for a genetic modifier relates to thetheir expression and therefore their misexpressiarimice
extent of upregulation dflitf and other zone 2 gendditf is  is probably secondary to, or independentMitf expression
normally not expressed at any level in the retina, Mt  (see Fig. S3 in the supplementary material). HowegMer,is
upregulation in theord mutant may be influenced by genetic expressed elsewhere in the retina in subsets of progenitor cells,
modifiers in terms of the spatial limits Miitf expression or the and Gaslis expressed in the ONBL at E17.5 in cells that
absolute quantity of RNA. One might then predict taf in potentially expres€hx1Q soGaslandp57 may not be ideal
rescuedord mice might only be ectopically expressed in thecandidate target genes for repression by Chx10.
periphery and/or may be expressed at lower levels. A further The finding that misexpression©@hx10in developing chick
prediction is that broad and strong overexpressiavitifin a  RPE led to a depigmentation and downregulatiokliof, Tfec
mildly affected or? strain would lead to a more dramatic and other pigment markers further supports the notiorMttat
phenotype. Interestingllitf was one of the candidate genesand Tfec are direct targets of Chx10. Overexpression of a
preliminarily identified by Bone-Larson and colleagues as aumber of transcription factors in the RPE (&ix3 Six6and
modifier of theor? phenotype (Bone-Larson et al., 2000). Rax/R} can lead to depigmentation, but this usually occurs via

Another candidate gene that might control the degrees dfansdifferentiation of the RPE to retina (C-M.A.C. and C.L.C.,
severity of theor? transdifferentiation phenotype is tihitf- unpublished) (Toy et al., 1998). RPE made to express Chx10
related transcription factoiffec Normally, Tfec is only  seemed to maintain proper RPE identity, at least as judged by
transiently expressed in the RPE and zone 2, and its ectople lack of conversion to a retinal identity as viewed through
expression in the retina along witfitf might have distinct expression oSix3andChx1Q These data further suggest that
consequences. It is also notable thEfec appeared to the aberrant expression Mitf, Tfecand their target genes was
be upregulated less centrally tha#itf at E14.5, possibly not secondary to alterations in the center-periphery pattern also
marking the region of the retina actively undergoingobserved in theor! mutant. Mitf has been implicated as a
transdifferentiation. Gasl is also an interesting candidate, n@hx10 target gene previously, based on its temporal and
only because of its characterized role as a cell cycle inhibitogpatial expression in early eye development. The boundary
but also its functions in the RPE. Mice lacki@@slshow betweenChx10andMitf persists throughout eye development
transdifferentiation of the ventral RPE to neural retina(discussed further below). An attractive model then is that
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Chx10 functions in the optic vesicle to reprédiéf and mapping analysis o€hx10at the periphery revealed it to be
permanently keep it repressed in the retina. This repressi@xpressed in zone 1 throughout development. Fate mapping
does not require continuouShx10 expression, as mature analysis using R26R in wild type ar)/+ heterozygotes
retinal cell types that logéhx10expression do not ever express showed that labeled cells stayed within their boundaries and
Mitf. Possible derepression Mfitf in the optic vesicle ior!  labeled cells were never observed to be pigment cells. This
mice may help explain the broad ectopic expressidvitifin  finding strongly implicates a boundary between future
the retina of these mutants. Identification of a physiologicallpigmented and nonpigmented cells within an initially
meaningful Chx10 binding site iitf regulatory regions is a nonpigmented population, and suggests that even if some cell
necessary next step in testing this hypothesis of direechixing occurs, the eventual fate of a cell is still lineage-fixed

regulation by Chx10. relative to its initial specification. Third, loss of function of
) ] Chx10 in the o) mutant caused normally peripherally
Insights into other ~ Chx10 mutant phenotypes restricted genes to become expanded to the center of the retina.

The results of this study provide new insights into a number ofherefore, Chx10 function appears linked to maintaining at
phenotypes observed in mice and humans lacking Chxléast one important boundary in the peripheral retina.
function. Human patients with mutationsgGhx10present with  Strikingly, the most peripherally expressed genes, in zone 2,
microphthalmia, cataracts and iris abnormalities (Percin et alexpanded more dramatically and temporally before zone 1 cells
2000). While microphthalmia is expected, based upon thi the ord mutant. This finding implies that formation and/or
earlier characterization of th@? phenotype, the anterior eye maintenance of the boundary between zone 1 and zone 2
phenotypes were unexplained. Conversion of nonpigmentegquires Chx10.

ciliary body epithelium into pigmented tissue might disrupt

formation and function of the ciliary body and iris. Even in the We are grateful to R. Awatramani, S. Dymecki, and P. Soriano for
ord animals rescued by Mus musculus castaneugenetic R26R mice; H. A_rnhelter and _L. Lamo_reux tditfv9a9mice; and G.
background, the ciliary body did not form properly, aIthoughEguc.:h" H. Arnheltgr and A. l.\/llllerlfor riboprobe templates. We .thank .
the iris partially developed (Bone-Larson et al., 2000). Overy: Livesey for assistance with microarray analyses and J. Trimarchi

. . ; nd A. Jadhav for generously sharing many riboprobes. C. Hershey
hyperpigmentation was not observed in these eyes, SLJgges“ﬁ@’formed crosses ditf*929mice and A. Shaw assisted with animal

that Chx10 may play a direct role in differentiation of thep,shandry. Finally, we are grateful to A. Jadhav and J. Trimarchi for
ciliary body where it is expressed in the presumptivesyitical review of this manuscript and the members of the Cepko and
nonpigmented ciliary body epithelium. Tabin labs for encouragement and helpful discussions. S. Rowan was

An intriguing observation made o1 mice was the presence a predoctoral fellow of the Howard Hughes Medical Institute during
of a five-fold increase in the number of retinal stem cell@ portion of these studies. D. E. Fisher is the Jan and Charles
compared to wild-type counterparts (Tropepe et al., zoooj\lirgnberg Fellow at the Dana Farber Cancgr Institu_te. C. L. Cepkois
Retinal stem cells derive from cells in the pigmented ciliarya" investigator of the Howard Hughes Medical Institute.
body_inImammalfs,f_whhichdmay bﬁba homlglog of thg CHi”arYSupplementary material
T e e o o M Suppmaniary el o 1 arce = vl

; . ; étp://dev.blologlsts.org/cgllcontent/fuII/l31/20/5139/DCl
negatively regulate the number of stem cells in the retina, an
as a consequence of fewer progenitor cells inotdeetina,
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