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SUMMARY

Recent findings suggest that Six3, a member of the we demonstrated that Six3 acts as a potent transcriptional
evolutionarily conserved So/Six homeodomain family, plays repressor upon its interaction with Groucho-related
an important role in vertebrate visual system development. members. We also demonstrated that this interaction is
However, little is known about the molecular mechanisms required for Six3 auto repression. The biological
by which this function is accomplished. Although several significance of this interaction in the retina and lens was
members of the So/Six gene family interact with members assessed by overexpression experiments using either wild
of the eyes absent (Eya) gene family and function as type full-length Six3 cDNA or a mutated form of this gene
transcriptional activators, Six3 does not interact with any in which the interaction with Groucho proteins was
known member of the Eya family. Here, we report that disrupted. Overexpression of wild type Six3 byin vivo
Grg4 and Grg5, mouse counterparts of theDrosophila  retroviral infection of newborn rat retinae led to an altered
transcriptional co-repressor Groucho, interact with mouse  photoreceptor phenotype, while the in ovo electroporation
Six3 and its closely related member Six6, which may also of chicken embryos resulted in failure of lens placode
be involved in vertebrate eye development. The specificity invagination and production of d-crystallin-negative cells
of the interaction was validated by co-immunoprecipitation  within the placode. These specific alterations were not seen
of Six3 and Grg4 complexes from cell lines. We also show when the mutated form ofSix3 cDNA was used in similar
that the interaction between Six3 and Grg5 requires the Q experimental approaches, indicating that Six3 interaction
domain of Grg5 and a conserved phenylalanine residue with Groucho proteins plays an essential role in vertebrate
present in an ehl-like motif located in the Six domain of eye development.

Six3. The pattern of Grg5 expression in the mouse ventral

forebrain and developing optic vesicles overlapped that

previously reported for Six3 and Six6. Using PCR, we Key words: Six3, Groucho, Transcriptional repression, Retina,
identified a specific DNA motif that is bound by Six3 and Mouse, Eye, Homeobox

INTRODUCTION et al., 1999; Seo et al., 1999; Seimiya and Gehring, 2000). By
the same criterid)rosophila sowas included in th&ix1/Six2
The mouseix3gene was originally isolated on the basis of itssubclassoptixin theSix3/Six@andDsix4in the Six4/Six§Jean
homology with theDrosophila sine oculigso) gene (Oliver et al., 1999; Seo et al., 1999; Seimiya and Gehring, 2000).
et al., 1995a). Members of the /Stx gene family encode Six3andSix6are the only members of ti&x gene family
proteins that have a conserv&ix domain (SD) and a expressed during the early stages of visual system development
homeodomain (HD). To date, six members of this fan8ix1-  (Oliver et al., 1995a; Jean et al., 1999; Lopez-Rios et al., 1999;
Sixg have been identified in mammals (Boucher et al., 1995foy et al., 1999). In the anterior neuroectoderm of n&oe3
Oliver et al., 1995a; Oliver et al., 1995b; Kawakami et al.js expressed as early as embryonic day (E) 7.5 (Lagutin et al.,
1996a; Kawakami et al., 1996b; Heath et al., 1997; Toy et al2001).Six3expression subsequently persists in the developing
1998) and threes@, optix and Dsix4) have been identified in ventral forebrain, optic vesicles, retina, lens placode and
Drosophila(Cheyette et al., 1994; Serikaku et al., 1994; Toypituitary gland (Oliver et al., 1995a; Lagutin et al., 2001).
et al., 1998; Seo et al., 1999). On the basis of phylogenetic The theory thaBix3activity is required during eye formation
analysis, the vertebrate Six gene family has been divided intwas supported by the induction of ectopic optic vesicle-like
the three subclasseSix1Six2 Six4Six5and Six3Six6 (Jean  structures or lenses up&x3misexpression in transgenic fish
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(Oliver et al., 1996; Loosli et al., 1999) and in transgeniglasmid. Similarly, mouse Six3 and Grg4 (Tle4 — Mouse Genome
mouse embryos (Lagutin et al., 2001). Furthermore, mutatiorigformatics) cDNAs were cloned into pGEX-6P-1 and pGEX-4T-2
in the humarSIX3gene are associated with holoprosencephalyespectively to generate the pGEX-6P-1-Six3 and pGEX-4T-2-Grg4
type 2, a severe forebrain malformation that in some of its mo§kPression plasmids. Kot (filled-in)-Hindlll Grg5 cDNA fragment
severe forms includes cyclopia (Wallis et al., 1999). AlthoughVas cloned iintoSma-Hindlll-digested pSP72 vector for in situ

it is clear from these studies tf@i3plays an important role ybridization. Full-length mous&rg5 cDNA was released from

during forebrai tterni i hi tk di @GEX-GP-l-GrgS by digestion wittBanHl and Hindlll and
uring Torebrain patterning, not much IS yet kKnown regarding,,cioned into PM2 expression vector digested with the same

possible functional roles ofix3 in the specification oOr enzymes. Full-lengtiGrg5 cDNA was subcloned into the filled-in

differentiation of individual cell types in the retina or Iens gcaR| site of pFlex-EB vector (Hollenbach et al., 1999). MoBsg4

during development. was amplified by RT-PCR and the product was cloned into pFlex-EB
The suggested roles 8fx3andSix6during development of expression vector. A 1.4-Kiicd fragment containing the mou&ix3

the vertebrate visual system are reminiscent of the roles of thegiromoter was cloned into tiécd site of pG5 luc vector (Promega).

Drosophilacounterpartspptix andso. In Drosophila,loss of ~ The resulting plasmid, Six3pro-luc, contained four putative Six3-

so function leads to extensive death of eye progenitor Ce”ga,lndlng sites in th&ix3promoter and four Gal4 upstream activating

which results in the absence of eyes or in eyes of reduced sZguences (UAS) that were upstreamSod3 promoter. All of the
(Cheyette et al., 1994; Serikaku et al., 1994: Pignoni et alP asmids were sequenced to determine that they had been accurately

1997). Misexpression afo andeyes absenteya (Pignoni et constructed.
al., 1997) or ofoptix alone (Seimiya and Gehring, 2000) can Yeast two-hybrid screening

induce ectopic eye formation in flies. Irosophila eye A proQuest yeast two-hybrid system was used to screen an E10.5
development, eya physically interacts with So (Pignoni et almouse cDNA library (Life Technologies) by following procedures
1997) but not with optix (Seimiya and Gehring, 2000).described by the manufacturer.

Mammalian homologs dbrosophila eyagenes éyal-4 have _

been cloned and found to be expressed in various tissues durfAiy” collection and RT-PCR _ _

mouse embryonic development (Xu et al., 1997; Borsani et all"e RNeasy Total RNA System (Qiagen) was used to isolate total
1999). Similar to their fly counterparts, Six1 and Six4 ca NA from eye tissue dissected from E10.5 and E11.5 mouse embryos.

: . . . rizol (Life Technologies) was used to extract total RNA from
interact with Eya proteins (Heanue et al., 1999; Ohto et all\’lIH3T3 mouse embryonic fibroblasts and human kidney 293T cells.

1999); however, Eya proteins do not interact with SiXSReverse transcription was performed by using a First Strand cDNA

(Heanue et al., 1999; Ohto et al., 1999; Seimiya and Gehringynthesis Kit (Amersham Pharmacia Biotech). The follow@g5

2000) (C. C. Z. and G. O., unpublished). primers were included in the reaction mixtures for PCR: 5
To gain further information regarding the functional roleSCAGCTCCAGGCTCACCAG-3 (sense) and '855CTCGAGCTAA-

of Six3 during mammalian development, we searched forCCGACTTCTC-3 (antisense).

Six3-interacting proteins. Using a yeast two-hybrid system, o

we identified the transcriptional co-repressor Grgs (Aes AN Situ hybridization S

Mouse Genome Informatics) as an interacting partner OQ\_GrgS antisense probe Iak_)eled with _d|g0X|gen|n (Roche Molecular

mouse Six3. This finding is consistent with that of Kobayashpiochemicals) was synthesized by using Spé RNA polymerase and 1

. : . of Bglll-digested pSP72-Grgdlindlll as a template.
et_ al. (Kobayashl etal, 200].')’.Wh0 reported that n zebrafl igoxigenin-labeledsrg5 sense probe was synthesized by using T7
Six3 functions as a transcriptional repressor by interacting

. . A NA polymerase irHindlll-digested-plasmid as a template.

with Grg3. Groucho-related proteins (Grg in mouse) are the Cry%sgctions were hybridiged witk?digoxigenin-labeﬁ])hthsense
vertebrate counterparts BfosophilaGroucho (Gro) (Mallo  or antisense probes overnight at 70°C. The signal was visualized by
et al., 1993; Koop et al., 1996). Grg proteins interact withusing nitroblue tetrazolium (NBT)-5-bromo-4-chloro-3-indolyl
many different transcription factors and function asphosphate (BCIP) reagent (Roche Molecular Biochemicals).
transcriptional co-repressors (Choi et al., 1999; Eberhard et

al., 2000; Jimenez et al., 1997; Jimenez et al., 1999; Ren &p Pull-down assay _

al., 1999; Roose et al., 1998). Our study further demonstrat8421 cells (Stratagene) that were transformed with pGEX-6P-1,
that the interaction between Six3 and the Grg family of coPGEX-6P-1-Grg5, pGEX-4T-2-Grg4 or pGEX-6P-1-Six3 were grown
repressors is required for Six3 transcriptional auto repressi ﬁjthe presence of 0.1 mM isoprofb-thiogalactopyranoside

d that this int fi . | I ti X duri TG) for 2 hours at either 37°C or 30°C. The induced proteins were
an a IS Interaction 1S also relevant In vivo urlngpurified by incubation with pre-swelled glutathione-Sepharose 4B

vertebrate eye development. beads (Sigma) in NETN buffer (20 mM Tris, pH 8.0; 100 mM NaCl;
1 mM EDTA; 0.5% Nonidet P-40) at 4°C. GST pull-down assay was
performed by incubating in vitro translate®g]methionine-labeled
protein with either glutathione-Sepharose-bound GST or GST fusion
] proteins in the binding buffer (10 mM Tris, pH 7.6; 50 mM NacCl; 5
Plasmids mM EDTA; 1% Triton-X 100; protease inhibitor) at 4°C for 1 hour.
The plasmid pc9Bix3was generated by digesting mo®&e3cDNA After incubation, the beads were washed three times with 1 ml binding
with Ncd and Bstll, and subcloning the filled-in fragment into the buffer and boiled in 2SDS sample buffer (0.1 M dithiothreitol). The
Sma site of pPC97-cyh2 (Life Technologie§)x3deletion constructs  eluted binding proteins were loaded on a 12% SDS-acrylamide gel
for the yeast two-hybrid assay were made using endogenowsd visualized by autoradiographic analysis.

restriction sites withirSix3 Full-lengthSix3cDNA was cloned into ) )

the EcaRl site of KS pBluescript vector so that transcriptiorsoé3 ~ Cell culture, transfection, chloramphenicol acetyl

cDNA was controlled by the T7 promoter. Full-length mo@sg5  transferase (CAT) and luciferase assays

was released from pc86-Grg5 biptl digestion and cloned into the NIH3T3 and 293T cells were cultured in Dulbecco’s modified Eagle
Notl site of pGEX-6P-1 to generate the pGEX-6P-1-Grg5 expressiomedium supplemented with 10% fetal bovine serum (FBS),

MATERIALS AND METHODS
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antibiotics and glutamine. The retinoblastoma cell line Y79 wascotropic producer cell line (Phoenix-E) by calcium phosphate co-

cultured in RPMI medium supplemented with 10% FBS, antibioticgrecipitation as previously described (Cepko, 1997). Supernatant

and glutamine. One day before transfectior® cells were plated containing the viral particles was harvested 48 hours after

in each well of a six-well plate. Using the transfection reagentransfection, and the viral titer was determined by using NIH3T3 cells.

FUGENE 6 (Roche), we transfected cells withi@Dof the expression In vivo lineage analysis was performed as described previously

plasmids Six3, Grg5, Grg4 or Groucho together withglof the  (Fields-Berry et al., 1992; Turner and Cepko, 1987).

reporter plasmids Six3pro-luc or Gal4 UAS-TK-CAT (Hollenbach et ) )

al., 1999). Secreted alkaline phosphatase (SEAP) plasmidug).1 n ovo electroporation of chicken embryos

(Hollenbach et al., 1999) was used as an internal control to normaliz®NAs encodingSix3 Six3sse and Grg5 were inserted into the

transfection efficiency. CAT activity was measured with the Quan-TpFlex-EB vector and head ectoderm of stage 10 chicken embryos was

CAT assay system (Amersham Life Science), and the luciferase assalgctroporated usingg/ul total concentration of plasmid DNAs, as

was performed as described previously (Zhu et al., 1999). Eadtescribed in Kamachi et al. (Kamachi et al., 2001). Electroporated

experiment was repeated at least three times. embryos were processed for whole-mount in situ hybridization and

sections were observed under Nomarski optics.

Immunoprecipitation (IP) and western blot analysis

NIH3T3 cells were transfected with either a CMV-based Six3

expression plasmid alone or with Six3 expression plasmid togethgsEsyLTS

with either FLAG-Grg4 expression plasmid or Flag-Groucho plasmid.

Cells were lysed with a solution of 50 mM Hepes (pH 7.0), 1% NP, ; . : :

40, and proteinase inhibitors. Six3 was immunoprecipitated togethecf\'rg prOt_em_s are_ S|X3-.|nteract|r.lg partngrs in mf)use .

with Flag-Grg4 by using a mouse monoclonal anti-Flag antibody!© gain insight into Six3 functions during murine embryonic

(Sigma) in binding buffer (120 mM NaCl, 1% NP-40, 50 mM Tris, development, we used the yeast two-hybrid system to identify

pH 8.0). After four washes with the binding buffer, precipitated Six3putative Six3-interacting proteins. A Gal4-DNA-binding

was subjected to SDS-PAGE and blotted onto nitrocelluloselomain (Gal4 —DB)/Six3 fusion protein (Fig. 1A) was used as

membrane. The membrane was then incubated with a rabbit anfiait in the screening of a Gal4 activation domain (Gal4-AD)-
P ; used in this study (pc97-Six3) included the two highly

\dentification of the DNA sequence bound by Six3 onserved domains (amino acids 1-326) of Six3, the Six

The method originally described by Inaba et al. (Inaba et al., 199 . . . - .
was followed for this purpose. GST and GST-Six3 proteins were us main (SD) in the_ N term_mus and the a_dj_a_cent hom_eodomaln
D) in the C terminus (Fig. 1A). In the initial screening, two

to identify DNA sequences bound by Six3. Oligonucleotides (75 me e ! S5
with the following sequence were synthesized: CGCGGATCCTGCOf 1.2 million clones encoded a protein that specifically
AGCTCGAGNsgGTCGACAAGCTTCTAGAGCA. Oligonucleotides  interacted with Six3 but not with the unrelated protein Rafl or
were amplified by PCR. The PCR products were mixed with

glutathione-Sepharose-bound GST and GST-Six3 proteins in bindir A

buffer (25 mM Hepes, pH 7.5; 100 mM KCI; 1 mM EDTA; 10 mM | Ga4.DB SD_HD
MgClz; 0.1% NP-40; 5% glycerol; and 1 mM DTT) supplemented po97-Six3

P

with 0.6 pg/ul poly(dl-dC). After incubation and washing, bound pe86-Grgs CUAR
oligonucleotides were recovered and amplified again by PCR. Tt —
PCR products were used for a second round of selection. After tt

sixth round of selection, the PCR products were cloned into pGEV B

T-Easy (Promega), and 24 clones were subjected to sequencing. Identity (%)
Q GP CcN SP WDA40 —

Electrophoretic mobility shift assay (EMSA) Q Gp

Klenow enzyme was used to end-label the double-stranded DN  m Grg5 100 100

fragments withdi-32P] dCTP. The labeled probes were incubated with

GST, GST-Six3 or Six3 protein purified after cleavage of the induce.  m Grgl 76 53

GST-Six3 protein in binding buffer (25 mM Hepes, pH 7.5; 100 mM

KCl; 1 mM EDTA; 10 mM MgCh; 0.1% NP-40; 5% glycerol; and 1~ ™ Gre2 (L

mM DTT) supplemented with 0.@g/ul poly(dl-dC). The DNA- .

protein complex was resolved in 5% non-denaturing protein ge ™ "€ sS4

Electrophoresis was done at 110 V at room temperature for sever Grg4 79 50

hours. The gel was dried, and the protein-DNA complexes wer

visualized by autoradiography. Groucho 64 38

Replication-incompetent retroviral vectors and in vivo Fig. 1.Six3 and members of the Groucho family of corepressors.

lineage analysis (A) The pc97-Six3 and pc86-Grg5 constructs used in the yeast

The replication-incompetent retroviral vectors used for this study havisansformation assay. Gal4-DB, Gal4 DNA-binding domain; SD, Six

been described previously (Dyer and Cepko, 2001; Dyer and Cepkdpmain; HD, homeodomain; Gal4-AD, Gal4 activation domain; Q,

2000). In pLIA-BSX3 the full-length mouseix3coding region is  glutamine-rich domain; GP, glycine and proline-rich domain.

upstream of an internal ribosome entry site (IRES) and the humgiB) Comparison of murine Grg family members wifosophila

placental alkaline phosphatase reporter gene (PLAP) (Fig. 9A). Th@roucho protein. Mouse Grg5 lacks the CcN domain (potential

vector pLIA-ESx3F88Eencodes mouse Six3 containing a single aminophosphorylation sites for casein kinase Il and cdc2), SP domain

acid substitution (F88E) that abolishes the interaction between Six3erine- and proline-rich) and WD40 repeat domain (40 amino acid

and Grg family proteins. repeats separated by tryptophan and aspartic acid), but it contains the
Retroviral stocks were prepared by transiently transfecting th€ and GP domains. The Q domain of mouse Grg5 shares as much as

plasmid constructs pLIAE*3 and pLIA-ESX3F88E into a 293T  64% amino acid identity witBrosophilaGroucho.



2838 C. C. Zhu and others

the pc97 vector containing only the Gal4-DB (data not shown)ve fused the full-length mouse Grg5 cDNA to the GST gene
Sequence analysis identified one of the Gal4-AD in-framén an expression plasmid. Thé>§]-labeled Six3 protein
fusion proteins as the 197 amino acid full-length Grg5, one dhteracted with the GST-Grg5 fusion protein but failed to
the murine counterparts BrosophilaGroucho, also known as interact with the GST protein alone (Fig. 2A). The specificity
Grg (Fig. 1A) (Mallo et al., 1993). Grg5 is localized in the of the binding was corroborated by the failure of the unrelated
nucleus but does not bind directly to DNA (Mallo et al., 1995ahomeodomain protein Pax4 to bind to GST-Grg5 (data not
Mallo et al., 1995b), a finding that suggests that Grg5 may b&hown). These results confirmed the interactions between Six3
a transcriptional co-factor. This finding was in agreement wittand Grg5 that was initially identified in yeast cells and
a recent report that showed that zebrafish Six3 can interact wishuggested that this interaction is specific. Similar GST pull-
Grg3 (Kobayashi et al., 2001). down experiments were performed to examine the interaction
The Groucho-related transcriptional repressors consist dfetween Grg5 and the murine Six/So family members Six6 and
several highly homologous proteins (Mallo et al., 1993; Leorsix2, andDrosophilasine oculis (So). Six6 arldrosophilaSo,
and Lobe, 1997; Fisher and Caudy, 1998; Molenaar et alike Six3, interacted with Grg5; however, Six2 did not (Fig.
2000) (Fig. 1B). One of the most conserved domains is the @A). We extended these initial experiments and demonstrated
domain, which is a glutamine-rich domain that is located in théhat mouse Grg4 and fly Groucho proteins can also interact
N terminus and is involved in protein dimerization (Pinto andstrongly with mouse Six3 and Six6 (Fig. 2B). Although much
Lobe, 1996). Another domain, the WD-40 domain, is relatedveaker, interactions between mouse Grg4 and fly optix were
to an amino acid motif present in G-prot@isubunits and is also detected (Fig. 2B). These results suggest that mammalian
found in the C-terminal region (Mallo et al., 1993). Three lessSSix3 can directly interact with members of the Groucho family
conserved domains are present in most Groucho gene produgtsyitro.
the CcN domain, which contains a putative nuclear localization To determine whether Grg and Six3 proteins also interact in
signal and phosphorylation sites for casein kinase Il and thde milieu of mammalian cells, a Six3 expression plasmid
kinase cdc2; the GP domain, which is rich in glycine andvas transfected into NIH3T3 cells either with or without
proline residues; and SP domain, which is rich in serine dfLAG-Grg5 or FLAG-Grg4 expression plasmids. In co-
proline (Mallo et al., 1993) (Fig. 1B). immunoprecipitation assays, an anti-Flag antibody co-

Direct interaction between Grg proteins and Six
proteins A

We performed an in vitro binding assay to confirm the Six3 g0 <«
Grg5 interaction that we identified in yeast cells. For this assa s E g

2 »u » ER

g O O E 22
Fig. 2.Binding of Six proteins to Grg proteins in vitro and in vivo. 50— L .
(A) Six family proteins bind to Grg5 in vitro. Coomassie staining of 35— | coomassie , W Six3
a gel containing GST (042g) and GST-Grg5 fusion proteins (0.2 30— : staining ;
Hg) used in the GST pull-down experiments is shown on the top row. 25— e
The input lane shows 10% of the total protein used in the GST pull- — Six3FSsE
down experiments. Full-length Six3 migrated as a 37 kDa protein. ;
The faster migrating bands may have been shorter forms of Six3 that 35- | = | Six3
originated from internal translation start sites in$lix3transcript. 30-
(B) Six family proteins interact in vitro with mouse Grg4 and with 30- [ v . Six6
DrosophilaGroucho. Input lane shows 10% of the total L e Gixe '
[35S]methionine-labeled proteins used in the GST pull-down 25— (== 2
experiments. Specifically, mouse Six3 and Six6 protein bound to : Opti
GST-Grg4 fusion protein (GST-Grg4 lane) but not to GST alone 75— - pUx
(GST lane)DrosophilaOptix bound only weakly to GST-Grg4 S0
fusion protein, whereas Sixgemutant protein did not. Fly Groucho s0- (= 2
strongly bound to mouse Six3 (lower panel). (C) Mouse Six3 bound 35— | - 2}
to Grg4 in mammalian cells. NIH3T3 cells were transfected with 2 5 5
either Six3 expression vector alone (lane 1) or Six3 expression vector33= = O O
and Flag-tagged Grg4 (lane 2). Co-immunoprecipitation (IP) was 30- - Six2 Grouch
performed with anti-Flag antibody, and precipitated Six3 was - *=  #m | broucho
detected with rabbit anti-mouse Six3 antibody (lane 2). Input lane
shows 10% of the total protein used in the IP experiment. Six3 and
Flag-Grg4 proteins in the crude cell lysate underwent western blot C
analysis. (D) Fly Groucho immunoprecipitated with mouse Six3. = IP: anti-Flag = IP: anti-Six3
NIH3T3 cells were transfected with either Flag-tagged Groucho =) =) 2 Blot:
expression construct alone (lane 1) or Flag-tagged Groucho = 1 2 Blot: - '
expression construct and Six3 expression vector (lane 2). - = anti-Six3 - e Flag-Groucho

Immunoprecipitation was carried out with anti-Six3 antibody. The ) .

precipitated Flag-tagged Groucho protein underwent western blot . i Six3 lysate: s W' Flag-Groucho
. : ” ) lysate: @ @ anti-Six

analysis with anti-Flag antibody. The input lane shows 10% of the

total cell lysate used in the IP experiment. Flag-Groucho and Six3 in lysate: . anti-Six3

. : lysate: .
the crude cell lysate was subjected to western blot analysis. ysate = Flag-Grg4
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precipitated approximately 10% of the total Six3 from FLAG-interaction with Grg5, we generated a series of Six3 deletion
Grg4-transfected cells (Fig. 2C, lane 2); no detectable amounbnstructs and analyzed them in the Gal4 yeast two-hybrid
of Six3 was precipitated from cells that were not transfectedystem (Fig. 3B). The protein-protein binding affinity was
with FLAG-Grg4 plasmid (Fig. 2C, lane 1), nor from cells determined by the growth rate of the transformed yeast cells
transfected with FLAG-Grg5 (data not shown). The failureon histidine and 3-amino-1,2,4-triazole (3AT)-selective and
to precipitate Six3 together with Grg5 is likely to be dueuracil-selective plates. We found that the N terminus and most
to lower binding affinities between these two proteinsof the six domain (SD) (Six3ig39 were sufficient to mediate
under these experimental conditions. In a similar experimenspecific interactions with Grg5 (Fig. 3B); no interaction with
Flag-Groucho fusion protein was specifically co-Grg5 was detected when we used a construct encoding the C
immunoprecipitated by an anti-Six3 antibody (Fig. 2D, lane 2)terminus of the SD, the homeodomain (HD) and the C-terminal
Taken together, the results of the in vitro binding assays anégion of the Six3 protein (Six&-333 (Fig. 3B). Protein

the transfection experiments demonstrated that Grg proteieshicoded by the deletion construct Six2 interacted with
interact specifically with proteins of the Six family both in vitro Grg5; however, deletion construct Si¥asszfailed to interact

and in mammalian cells. with Grg5 (Fig. 3B). Protein expressed from the construct
) . ) o . Six373-229 also interacted with Grg5 (Fig. 3B); however, no

The eh1-like motif in the Six domain interacts with interaction was observed when we used the deletion construct

the Q domain of Grg proteins Six3121-183 (Fig. 3B). Generation of additional deletion

To identify the specific domains of Six3 required for theconstructs identified the region encoded by @§x3o as
sufficient to mediate interaction with Grg5 (Fig. 3B).

A sequence comparison of the region identified as sufficient
to interact with Grg5 revealed the presence of an eh1-like motif

A

mus. Six3 LNFSPEQVASV

;: mus. Six6  LNFSPOQVAGV (Fig. 3A). The amino acid sequence of this motif is highly
D. mel. En LAFSISNILSD similar to those of eh1 motifs previously identified in engrailed,
C. ele. En LKFGIERILSD goosecoid and Pax5 proteins, which mediate interactions with
M. mus. En-1 TNEFFTENILSP the Groucho family of corepressors (Smith and Jaynes, 1996;
Jimenez et al., 1997; Jimenez et al., 1999; Eberhard et al.,
2000). To determine whether the ehl-like motif identified in
B ) mouse Six3 can also mediate the interaction with Grg5, we
Prey Interaction replaced the highly conserved phenylalanine at position 88 of
Six3, 41 Grgs +++ Six3 (Fig. 3A) by glutamic acid (Six8sg). This mutation
Six3, 15 Grg5 . has been demonstrated to abolish the interaction between
Siﬂm.}.ﬂ Grgs i homeodomain Franscription factors and the Grg family of
SiX3, 120 Gres -+ corepressors (_Jlmene_z et aI.,_ 1999; Eberhard et aI_., 2000). As
Six3, 1 Gres -t expected, the interaction of Six3 and Grg5 proteins in the yeast
Six3—.1;[. Grgs + two-hybrid assay (Fig. 33), and of Six3 and Grg4 in thg GST
3 Grgs pgll-down experiments (Fig. 2B) was disrupted when using 'ghe
Sm:;:*” Crgs Six3rgsE expression construct. This conserved phenylalanine

was also identified by Kobayashi et al. (Kobayashi et al., 2001)
as one of the residues that mediate the interaction between
zebrafish Six3 and Grg3. In addition, they also identified
another eh1-like motif in the SD of zebrafish Six3 as mediating
this protein-protein interaction with Grg3. However, in our
Six3 Grg5135.197 — - assay, the construct Six3-1g3harboring the second ehl-like

, ) , , , ) ) motif reported by Kobayashi et al. (Kobayashi et al., 2001)
Fig. 3. Mapping of the interaction domains of Six3 and Grg5 using asijed to interact with Grg5 (Fig. 3B).
yeast two-hybrid assay. (A) Alignment of eh1-like motif identified in To map the Grg5 domain that interacts with Six3, we made

mouse Six3 and Six6 with the corresponding ehl motifs present in . . .
the Drosophila C. elegansnd mouse engrailed protein. two deletion constructs: pc86-Grgkss which encoded the

(B) Mapping of the interaction domains by using a yeast two-hybrid '€gion containing the Q domain, and pc86-Gggagz which
assay. The strength of the interaction between each pair of proteins€ncoded the portion containing the GP domain. The Q domain
was reflected by the growth rate of the transformants on both uracilinteracted with Six3, whereas the GP alone did not (Fig. 3B);
selective and histidine-selective plates. The N terminus and SD  this finding was confirmed by results of a GST pull-down
(Six31-189 of Six3 bound to Grg5 similarly to the full-length Six3.  experiment (data not shown). Taken together, our results
Removal of amino acids 1-183 (Six3-333 abolished the interaction  demonstrate that the eh1-like motif located in the N terminus

Six3  Grgs  pmm— )  HH
Six3 Grg5i-13« I | ++

with Grg5. Binding to Grg5 was restored when the construct of the SD of Six3 interacts with the Q domain of Grg5.
Six31-120was used. Sixd-120also interacted strongly with Grg5;

including a point mutation at position 88 of the eh1-like motif of forebrain of mouse embryos and colocalizes with
Six3 (phenylalanine was replaced by glutamic acid), abolished the Six3 in the nucleus

interaction with Grg5. The fragment containing the Q domain and . .

four amino acids of the SP domain of Grg5 (Grgf) interacted Mallo et al. (Mallo et al., 1993) detect&fg5 transcripts in

with Six3, whereas the fragment containing the C terminus of Grg5 the yolk sac and ventral floor of the foregut and hindgut as early
(Grg5i3s-197) did not. as E8.5. At E9.5Grg5 expression was observed in the heart,
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localized in the nucleus although it does not have an obvious
nuclear localization signal. This could be explained by its
A R interaction with a number of transcription factors that may help
p translocate Grgs from the cytoplasm to the nucleus.
Alternatively, Grg5 may have a nuclear localization signal-like

D 4 sequence that can help the nuclear localization of Grg5. Similar
B Ay results were obtained when we transfected NIH3T3 cells with
T a Flag-tagged Grg5 expression construct. Immunostaining of
i the transfected cells using an anti-Flag antibody corroborated
E9.5 E10.5 E11.5 the nuclear localization of Grg5 (Fig. 4B). Immunostaining of

NIH3T3 cells transfected with a Six3 expression construct has
also revealed the nuclear localization of Six3 (Fig. 4B).

Identification of the DNA sequence bound by Six3

Although previous studies have identified the DNA-binding
motifs for the family members Six2 and Six4, the DNA-
binding sequence of Six3 has remained elusive (Kawakami et
al., 1996a; Spitz et al., 1998). To gain further insight 8t
function, we sought to identify the Six3-binding site by using
a selection strategy involving random oligonucleotides (Inaba
et al., 1994). After six rounds of selection using a GST-full
length Six3 fusion protein, we identified a common ATTA
core motif present in 19 of the 24 recovered random
oligonucleotides. Each oligonucleotide was recovered once
and their DNA sequence is aligned in Fig. 5A. Interestingly,
the core ATTA sequence identified in this study is consistent
with the core binding motif recognized by a majority of
homeodomain proteins (Treisman et al., 1992), but is different
from the one reportedly bound by Six2 and Six4 subfamily
proteins (Kawakami et al., 1996a). It could be possible that
under similar experimental conditions, Six2 and Six4 may also
Fig. 4. Expression of3rg5in the developing mouse forebrain and ~ recognize the same DNA core motif identified here for Six3.
eye tissue. (A) Digoxigenin-labeldgsirg5 antisense probe revealed To confirm that Six3 can indeed bind to the oligonucleotides
expression of this gene in the ventral forebrain (VB), optic vesicle identified by the selection, EMSA was performed by using the
(OV) and surface ectoderm (SE) of E9.5 mouse embryos (left). A recovered oligonucleotide listed first in Fig. 5A. Tle3gP]
similar expression is also seen at E10.5 (middle) but is now more  dCTP-labeled oligonucleotide was incubated with either
evident in the developing optic vesicle and invaginating surface GST or GST-full length Six3 fusion protein, and the DNA-

ectoderm. At E11.5 (right) expression is seen in the retina (R) and rotein complex was subsequently competed with either
lens (L). (B) Confocal images showing the colocalization of Grg5 P . P Seq Y P . .

and Six3 in the nuclei of transfected NIH3T3 cells. NIH3T3 cells nonrad(ljoatl:_tlve r}ormgl OAI_:_%%nUCIeOtLde o(rj n(?:é%j'la(\)a%!ve
were transfected with a Flag-tagged Grg5 and a CMV-based Six3 Mutated oligonucleotide ( was changed to ) (Fig.

expression construct. Immunostaining was performed using mouse 2B)- NO specific complexes were observed when the reaction

anti-Flag antibody and a rabbit anti-Six3 antibody; DNA was stainedMixture contained labeled probe alone (Fig. 5B, lane 1) or GST
with TOTO-3. and the labeled probe (Fig. 5B, lane 2). However, the GST-Six3

protein formed a specific complex with the labeled
oligonucleotide (Fig. 5B, lane 3), and after a specific anti-Six3
liver primordium, gut, ventral portion of the spinal cord andantibody was added to the reaction mixture, the migration of
floor of the brain. By midgestatioiGrg5 was ubiquitously the complex in the gel was supershifted (Fig. 5B, lane 4). We
expressed, and this expression continued through adulthootiserved a titratable reduction of the formation of the GST-
(Mallo et al.,, 1993). To determine whether eaBrgs  Six3-oligonucleotide complex upon competition with excess of
expression overlaps with that 8fx3in the ventral forebrain nonradioactive normal oligonucleotide (Fig. 5B, lanes 5 and
and developing visual system, we performed an in sit®); however, complex formation was not inhibited by adding
hybridization experiment in E10.5 and E11.5 eye tissue anelxcess mutated oligonucleotide in which the core ATTA motif
determined tha®Grg5is also expressed in the ventral forebrainwas changed to AGCA (Fig. 5B, lanes 7 and 8). This result
and developing optic vesicles at E9.5 (Fig. 4A), a finding thalemonstrated that the DNA sequence ATTA is the motif bound
is similar to those previously reported f8ix3 expression by Six3.
(Oliver et al., 1995a). Later, expression was detected in the ) o )
optic stalk, neuroretina and lens (Fig. 4A). These result§ix3 represses its own promoter activity through its
suggest that specific protein-protein interactions between Si¥Bteraction with Groucho-related corepressors
and Grg5 can occur in vivo in any of the Six3-expressingequence analysis revealed the presence of at least three
tissues such as the ventral forebrain and developing visuelustered ATTA core motifs in the distal region of B3
system. Mallo et al. (Mallo et al., 1995a) reported that Grg5 ipromoter (Fig. 6A). This sequence suggested that Six3 binds
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. T A GGAGTCCGTGGGGGATGTGAGATGGATTARATAGCTGTAGCGTTATTGG
Fig. 5.1dentification of the DNA GARGATCCCTTGGGGAGATGGGGAGATTAGAGAGGGGAGTGTCTAGTAG
sequence motif bound by Six3. GTTGTTAGTAGATGTGATTATAGTTTGCGGETTGAGTAGACGCAGAGTAGS
(A) The sequence of the 19 GGATATGCTGTTGGGCC TGCGCGGATAGGCGGATTATACTCTTGGTATTGGE
aigonticiolis contaring & coe COCHTATOTICGECCONTIASTASTSGTATOCTCCMTHG
ATTA (bold) motif selected by the CTGCACCGACTCACTTATCCCCACTACTACTCARAGCGCCCTAATTATCCC
GST-Six3 fusion protein are CCCCATTATACTGCTTAACCCCCCCCCTACATCCTCCCTTCCCTCCGECCT
aligned for comparison. The AGGAGAGATTAGATGGACGTTACTAGATARGGAGTAGCGAGGATAGGGGA

O|igonu0|eotide at the '[Op was Used CCCGCCAACATTACTCCACCTAACCAAATAGCCTCGCACARCCCTCAGAT
CTTGTCAGTAGAGACAATCGTATTACGCCGGTTGACCAGACGGAGTGATCG

in the electrophoretic mobility shift CCATTTGCAGATGCGCCTGCGCCGATTACGCCTATTATACTGTCGETTCCG
assay (EMSA) experiments CTAGCATGCCGGATATGCGGCCATTAGCGGACTTATACGACGCGGACGCAT
depicted below. The DNA GCAACGGCCATGCATGTTATTATGCATACGCCTGCACCGGTTCGCGTCAG
Sequence identified by Kawakami TATCGTCGATCTGCATCGGCCCGATTACGATACGGACGGCGCCTTAGCCC

. GACGTACGTGCCGATTGCGGCCCACATTAGCATGACTGCTACCGTATGCG
et al (Kawakaml et al‘ 1996b) aS GCCCGGGACGTTCGACGATTAC TGCGCGCGCCCGCGTTACGTTGCGCGGE
recognized by Six2, Six4 and Six5 CGATGTGACGTCAGTCGTATTAACGTGTCGTACTGGTCGAGTACGTGTCA
is shown at the bottom. (B) Six3 GGGATTAGCGG

bound specifically to the identified
oligonucleotides in an EMSA.
Double-stranded DNA of the first
oligonucleotide represented in A
was end-labeled witP?P and used B  GSTSm)
as a probe. Lane #2P-labeled i
probe alone; lane 2, GST afrP- P
labeled probe; lane 3, when the

GST-Six3 fusion protein was

combined with thé2P-labeled probe, specific retardation was observed
(bottom arrow); lane 4, a super-shift (top arrow) of the GST-Six3-probe
complex was seen when using an anti-Six3 antibody; lane 5, the binding
complex was competed when adding 100 times more of the
nonradioactive probes than of the radioactive ones; lane 6, competition of
the binding complex with 300 times more nonradioactive probes than
radioactive probes; lanes 7 and 8, no competition of the binding complex
was observed when using either 100 or 300 times more nonradioactive
mutated probes, in which the core motif ATTA was mutated into AGCA. 12345678

Consensus DNA sequence bound by Six3: -..HNNNATTANNHNN-. ..
DNA sequence bound by Six2/Six4/5ix5:TCGAGCCGGTGTCAGGTTGCTCC (Kawakami et al. 199%ch)

no comp
anti-Six3

probe
GST
100

= 300:

to its own promoter and regulates its own transcription. To testonsequence of the constitutively active thymidine kinase (TK)
this possibility, we performed an EMSA with DNA fragments promoter activity (Fig. 7A). This CAT baseline activity was
representing these three promoter regions (Fig. 6C). Fultepressed up to 80% of the control value in the presence of
length Six3 protein was able to bind to the three differenGal4 DB-Grg5 (Fig. 7A). As a control, co-transfection of the
promoter fragments (Fig. 6B, lanes 2, 6 and 10). The bindinGal4-DB expression vector with the CAT reporter plasmid did
specificity was reflected by the reduced amount of complerot repress CAT activity (Fig. 7A). On the contrary, co-
that formed when nonradioactive probes |, Il or lll were addedransfections of a construct containing Gal4-DB and VP16-
(lanes 3, 7, and 11); specific binding complex of labeled probkision gene (Gal4-DB-VP16) together with the CAT reporter
and Six3 was not competed when the mutated nonradioactiypdéasmid, resulted in a 60-fold activation of the reporter gene
oligonucleotides mutl, mut2 and mut3 in which each ATTA(data not shown). Altogether, these results demonstrated that
core sequence was changed to AGCA (lanes 4, 8 and 12) webeg5 functions as a repressor when it is tethered to DNA, and
added. The lower band present in lanes 2 and 4 (Fig. 6Bhat its repression activity resides in the Q domain (Gal4-DB-
arrowhead) probably corresponds to a truncated form of SixGrg5Q) (Fig. 7A).
protein bound to the probe. This complex can also be competedin order to elucidate whether Six3 can repress its own
by nonradioactive probe | (lane 3), but not by mutatecdbromoter activity through its interaction with Grg proteins,
nonradioactive oligonucleotide mutl (lane 4). similar DNA transfection and reporter gene assay were used in
The finding that Six3 binds to its own promoter and that Six3NIH3T3, human 293T kidney cells and human Y79
interacts with members of the Grg family of transcriptionalretinoblastoma cell lines. A Six3pro-luc reporter plasmid was
corepressors suggested that Six3 may autorepress its owonstructed by inserting the 1.36 kb mou&ig3 genomic
transcription by interacting with Grg proteins during murinefragment including the three clustered Six3 recognition
embryonic development. The corepressor activity of differensequences, a TATA box and the transcription start site of the
Groucho-family members, including Grg5 (Ren et al., 1999)Six3 promoter (Fig. 6A) upstream of a luciferase reporter gene
has been widely demonstrated (Fisher and Caudy, 1998). Tiothe pG5-luc vectoiSix3promoter activity in these cell lines
confirm this result, we transfected NIH3T3 cells with a Galdwas demonstrated by the activation of the luciferase reporter
UAS reporter gene (Gal4 UAS-TK-CAT) and a Gal4-DB-Grggene (Fig. 7B). Co-transfection with Oflg of CMV-Six3
5 fusion gene construct. Whenugy of Gal4 UAS-TK-CAT  (Six3) plasmid resulted in almost 60% repression of the
reporter gene was transfected into mouse fibroblast NIH3T@&eporter (Fig. 7B), whereas co-transfection of the same amount
cells, high levels of CAT reporter activity were measured as af either CMV empty vector or of CMV-Grg5 (Grg5) did not
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A 0.2kb Six3 recognition sequences. As shown in Fig. 7B, Six3 did not
% repressASix3pro-luc reporter activity.

Neol 1o TATA Neolexonl To map the repression domain of Six3, two additional
1.36 kb Six3 promoter constructs were generated by fusing the Gal4-DB with
different regions of Six3; Gal4-DB-Six3N, encoding the Gal4-
B DB fused to amino acids 1 through 183 of Six3, and Gal4-DB-
) . Six3C, which encoded the Gal4-DB fused to amino acids 184
Six3protein - + + 4+ -4+ + 4 -4+ 4 through 333 of Six3 lacking the Grg5 interacting domain.
E::}"I;‘E?I'[wr oo mutle - muR e - mu NIH3T3 cells were transfected with fig of a luciferase
Probe 11 44+ reporter gene (Gal4 UAS-TK-luc). As shown in Fig. 7C, co-
Probe I ++ + + transfection of either 0.fug of Gal4-DB-Six3N or 0.1ug of

Gal4-DB-Six3C was able to repress up to 50% of the reporter
basal activity (Fig. 7C). However, while the Gal4-DB-Six3N,
which harbors the Grg-interacting domain, responded to the
presence of Grg5, the Gal4-DB-Six3C did not (Fig. 7C).
Mouse Grg4 has also been reported to function as a
transcriptional co-repressor (Eberhard et al., 2000), and it was
also shown to be expressed in the forebrain region (Koop et al.,
1996), a pattern of expression similar to thaSod3(Oliver et
al., 1995a). To determine whether Grg4 could also enhance
Six3 repression activity, a similar co-transfection experiment
was performed by using Grg4 and Six3. As expected, Six3
alone repressed transcription of the reporter gene up to 50% of
the control value (Fig. 7D). Co-transfection with Grg4 resulted
in further repression of the reporter activity (75%); Grg4 alone
C had no repression effect (Fig. 7D). In order to confirm that the
repression activity measured for Six3 is mediated through its
interaction with Groucho-related proteins, we included in the
Probe I GCCTCCTGCTTGTTAATCTTAGCCCTGGCTTCAACTCCC CO—tranSfeCtiOI’l assays the &H@E Construct encoding the
Probe [1] GAGAGAGGATATTAAGAGTTGCAAAGATTTTTTTTAATT mutated version of Six3 unable to interact with Grg proteins.
crote This mutated version of Six3 was not able to repress the
Fig. 6.Six3 binds to its own promoter. (A) The Six3 promoter region activity of the reporter gene, or to respond to Grg4 (Fig. 7D).

g
-

1234567 89101112

Probe | GAAGACAGAGAAAGTGTAATGTCTCCACTGTTA

(GenBank Accession Number, AD487887). The putative Six3 Taken together, our data suggest that Six3 is able to autorepress
recognition sequences identified in that genomic fragment are its own promoter activity, and that this repression function is
labeled I, Il and IIl. (B) Bacterially expressed Six3 protein (full mediated or enhanced through its interaction with members of

length) and?P-labeled DNA probes |, Il and 1l were subjected to an the Gra familv of co-repressors
electrophoretic mobility shift assay (EMSA). The upper band 9 y P '
containing the Six3-bound DNA fragment is indicated (arrow). The gix3 interaction with Grg proteins is functionally

binding specificity was determined by the ability of the complex to : : ;
be competed by nonradioactive wild-type oligonucleotides (lanes 3, LFlevam during mammalian retina development

and 11), but not by nonradioactive mutated oligonucleotides (lanes ¥Ve have previously determin@ix3mRNA expression in the
8 and 12). The lower band seen in lanes 2 and 4 (arrowhead) eveloping retina and lens (Oliver et al., 1995a). To verify
probably represents truncated form of Six3 protein bound to the ~ whether Six3 expression is maintained during later stages of
probe. This band was also efficiently competed by the cold wild-typeretinal development, immunostaining of retinal sections was
probe but not by the mutated form. (C) The sense strand sequencegperformed using a specific Six3 antibody (Lagutin et al., 2001).
of the oligonucleotide probes |, Il and Ill used in the EMSA are  Thjs analysis was carried out at five different stages of retina
represented. The core sequence motif ATTA of probes |, Ifand Il geyelopment (E14.5, E17.5, PO, P6 and adult). Similar to what
vrmizrr;tgt;%tlgto AGCA in the mutated oligonucleotide probes mutly o previously reported for thBix3 mRNA (Oliver et al.,

' 1995a), as early as E14.5, high levels of Six3 protein

accumulate in the nuclei of a subset of cells in the inner

show repression activity (Fig. 7B). However, co-transfection oheuroblastic layer (inbl) (Fig. 8A-C). The inner neuroblastic
0.1pg CMV-Grg5 together with 0.fig of CMV-Six3 enhanced layer at this stage of development contains newly postmitotic
the repression activity of Six3, resulting in almost 80%cells that are differentiating to become amacrine and ganglion
repression of the reporter activity (Fig. 7B). The repressiogells. Lower levels of Six3 expression were also detected in the
activity measured for CMV-Six3 in the absence ofnuclei of a subset of cells in the outer neuroblastic layer (onbl)
overexpressed CMV-Grg5 could be due to the endogenoykig. 8A-C). The onbl contains mitotic progenitor cells. A
presence of Grg5, as determined by RT-PCR assay (data rsimilar expression pattern was observed at later stages of
shown), or of others as yet unidentified proteins in NIH3T3evelopment (E17.5, PO, P6) with high levels of Six3 protein
cells. To show that the repression of the reporter gene ia the nuclei of newly differentiating amacrine and ganglion
mediated through the Six3 recognition sequences identified tells, and lower levels of expression in a subset of mitotic
the Six3promoter region, a new reporter gefA&ik3pro-luc)  progenitor cells (Fig. 8D-L). High levels of Six3 protein persist
was constructed by deleting the region containing the thrde the nuclei of a subset of amacrine cells in the adult retina
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Fig. 7.Grg5 and Grg4 mediate Six3 A B .y

autorepression. (A) The expression = 100,000 1—& E

vector Gal4-DB has no effect on the 2 30000 z

Gal4 UAS-TK-CAT reporter gene, bu 2 60000 = “

co-transfection of Gal4-DB-Grg5 2 0000 S oW

fusion gene expression plasmid (Gal b m‘mm g .

DB-Grg5) resulted in about 80% = 4

repression of the basal activity of the Calt UASTKCAT 4 . . N s I

CAT reporter gene. Similar repressio " EDE - N ) ) sixgprotuc A —a—n_E R R
activity was observed when using a GaldDBGrgS - X . ) OMV vector ~ + <+ + * T =
construct containing the Gal4-DB fus GiU4DBGreSQ - ) ) 4 Six3 - - o+ o+ - - 4
to the Grg5 Q domain (Gal4 DB- N ASidpro-luic - - - - oDt

Grg5Q). (B) Co-transfection of a CM' Grg3

based Six3 expression plasmid (Six& -

together with the Six3pro-luc reporte C g " D < :zg

gene into NIH3T3 cells led to about 2" = g

60% repression of the activity of the Z ® 3 n

luciferase reporter, whereas f 60 + g 60

transfections using the CMV z . E W

expression vector alone showed no 2 g 20

repression of the activity of the repor E » . ” 0

gene. Co-transfection of the CMV- o S'”"":::; L A A S
based Grg5 (Grg5) and Six3 express ~ GaldUASTK-ue +  + 4+ + 4+ 4 e .
plasmids increased the Six3-mediate Gald DB-Si3N - -+ + Gred - T
transcriptional repression to about 8( Gald DB'S'C’::’; ST T

while the use of the Grg5 expression
plasmid alone had no effect on the activity of the reporter gene. No repression by Six3 was observed when co-transig8tieptiesston

plasmid together with th&Six3pro-luc reporter gene in which the identified Six3 DNA recognition motifs I, Il and 11l were removed. (C) Co-
transfection of Gal4-DNA-binding domain (BD)-Sixgsfusion gene expression plasmid (Gal4-DB-Six3N) with the Gal4 UAS-TK-luciferase
reporter plasmid (Gal4 UAS-TK-luc) resulted in about 50% repression of the reporter activity in NIH3T3 cells. The Gal4-DidAdiimain

and Six3sg4-333fusion gene expression construct (Gal4-DB-Six3C) had a similar repression effect on the reporter gene activity; however, only
the plasmid Gal4-DB-Six3N containing the identified Grg-interacting domain was responsive to co-transfected Grg5 and mepaetsigyg t

of the reporter gene. The Gal4-DB-Six3C that did not include the Grg-interacting domain was not responsive to Grg5. (Dari&e! RiRB-
mediated autorepression in NIH3T3 cells. Co-transfection of Grg4 and Six3 expression constructs together with the Se@pri@duc r

increased the repression activity of Six3. Unlike wild-type Six3, the construct containing the mutategk8ix8hich interaction with Grg

proteins was abolished, failed to repress Six3 promoter activity, and did not respond to Grg4.

(Fig. 8M,N) as determined by Pax6 colocalization (data noteconstructed from adjacent sections. Analysis of over 350
shown). In addition, lower levels of Six3 protein were detectedlones revealed that the expression of Six3 interfered with
in mature horizontal cells (Fig. 8M,N), as measured bynormal photoreceptor differentiation; however, that of &x3
calbindin colocalization (data not shown). Surprisingly, weshowed no effect on this process. Normally, rod photoreceptors
also detected Six3 immunoreactivity in the cytoplasm ohave a cell body in the outer nuclear layer, a single process that
photoreceptors in the outer nuclear layer as indicated by thextends toward the apical surface and connects to the outer-
punctate pattern of staining seen in Fig. 80. This expressisegment (Fig. 9B). Rod photoreceptors also send a single
pattern is consistent with the faint X-gal staining detected iprocess toward the basal surface that ends in a terminus at the
photoreceptors of postnatal retina isolated from a generatediter plexiform layer (opl). The rod termini displayed a
Six3 B-galactosidase knock-in mouse strain (O. V. L. and Gcharacteristic morphology in Six3-infected clones (Fig. 9C);
O., unpublished). several clones (55/116, 44%) contained rod photoreceptors that
To determine whether the identified interaction betweettacked outer-segments (Fig. 9C and Table 1) and addition,
Six3 and Grg proteins was required during retina cell typéhese same cells had disrupted termini (Fig. 9C). Instead, when
differentiation, in vivo lineage analysis performed using threg.IA-E or LIA-EF88E were injected into the eyes of newborn
different replication incompetent retroviruses was performedats, all of the rod photoreceptors exhibited well-formed outer-
For these studies, we used a retroviral vector (pLIA-Elegments and normal termini (Fig. 9B and Table 1). Although
encoding the human placental alkaline phosphatase (PLAR)e morphology of the photoreceptors was normal following
that allowed us to identify the morphology of the infectedSix3rggeexpression, specific changes in the distribution of cell
neurons and glia in the retina (Cepko, 1997). Retroviral stockypes among these clones were observed when compared with
were generated from the plasmids containing the full-lengtthe retina infected with the control retrovirus LIA-E (Table 1).
Six3 cDNA as well as the mutateBix3-gge (Fig. 9A) and Nearly all of the clones (146/151, 97%) expressing r[See3
injected into the left eyes of newborn (PO) rats. LIA-E (Fig.contained only rods. This number was significantly higher than
9A) was injected into the contralateral eye to serve as ahe one of the control retrovirus (LIA-E) in the contralateral
internal control. Three weeks later, the retinae were isolate@ye (99/124, 79%0<0.05). This increase in the proportion of
stained for PLAP expression, sectioned and clones of celidones containing only rods came at the expense of clones
derived from individual retinal progenitor cells were containing bipolar cells and Miiller glia (Table 1). Clones of
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Fig. 8.Six3 expression in the developing
mouse retina. (A-C) Six3 is expressed in
the murine embryonic retina.
Immunostaining of a cryosection of
E14.5 retina revealed Six3 nuclear
staining in the inner neuroblastic layer
(inbl), where newly postmitotic cells are
differentiating (arrow), and in the outer
neuroblastic layer (onbl), containing
mitotic progenitor cells (open
arrowhead). The expression in onbl cells
is generally lower compared with that in
inbl cells at this stage. A similar pattern
of expression was detected at E17.5 (D-
F), PO (G-I) and P6 (J-L).
Immunostaining of a 3-week-old mouse
retina (M-O) revealed nuclear staining in
the inner nuclear layer (INL) and
ganglion cell layer (GCL) (M, arrows)
and a punctuated pattern in the
photoreceptors found in the outer nuclear
layer (ONL) (O, arrows). PE, pigmented
epithelium; H, horizontal cell; Am,
amacrine cell. Scale bars: g (low
magnification) and 1Qm (high
magnification) in A-H,J-O; 1fm in I.

cells expressing Six3 also had fe
bipolar cells but they had t
expected proportion of Miller gl
(Table 1).

These results suggested tI&ik3
plays a functional role durir
mammalian retinogenesis and t
this activity is mediated through
interaction with Groucho fami
members.

Lens morphogenesis requires
Six3-Grg interactions

Early in development, Six3 is
expressed in the lens placode an
lens epithelium in more matur
lenses (Oliver et al., 1995a; Bovole
et al., 1998). To determine some of
functional roles o6ix3in the lens, w
electroporated the head ectodern
stage 10 chicken embryos, a st
when lens induction is initiated, wi
plasmids expressing mMous&ix3
cDNA and GFP. Electroporated c¢
were traced by the expression of GFP and morphologic&@omparison with the distribution of GFP fluorescence
development of the lenses was assessed by in situ hybridizatiomlicated that those areas d-crystallin-negative cells
using probes ford-crystallin. Each experimental group corresponded with regions in which high levels of exogenous
comprised six individual embryos receiving the same plasmidgiene expression were accomplished. Histological sections of
no differences were observed within the group. the electroporated embryos not only confirmed this finding, but
Electroporation of Six3 cDNA resulted in seriously also demonstrated that the invagination of the lens placode was
perturbed lens morphogenesis. As determined by whole moustrongly inhibited by the overexpression of Six3, a result that
in situ hybridization, the shape of lens containing the was never observed after electroporation with insert-free
crystallin-expressing cells was irregular and contained isolategectors (Fig. 10A). Both, thé-crystallin-expressing cells and
groups ofd-crystallin-expressing cells (Fig. 10B, top). Close d-crystallin-negative cells were found in contact within the
inspection of these lenses revealed the preserieergbtallin-  placodal cell sheet and beside the retina tissue (Fig. 10B). The
negative areas inside the lens cell mass (Fig. 10B, top, inset@gions of the placode withodtcrystallin expression were
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A

Fig. 9. Overexpression of Six3 and Spggein the ~_ LTR Six3 LTR
postnatal retina. (A) Postnatal day 0 (PO) retinal LIA-ES™*® [IRES

progenitor cells were infected with replication " FasE | Alkaline Phosphatase
incompetent retroviral vectors carrying one of two [ A ESeFeie h—'

different forms of th&Six3cDNA upstream of an intern

ribosome entry site (IRES) and a human placental

alkaline phosphatase reporter gene. LIR*Econtains P LIA-ES™

the full-length mous&ix3cDNA. LIA-ESXF88Econtains B LIA-E

the full-lengthSix3cDNA with the single amino acid
substitution (F to E) at position 88. Each retroviral st
(0.5ul) (LIA-E, LIA-E SX3 and LIA-ESixF88 was
injected into the eyes of newborn rats. Three weeks
the retinae were harvested, stained for alkaline
phosphatase expression and sectioned. Clones of c¢ .
derived from individual retinal progenitor cells were )
scored for cell number and cell composition. (B) Nori =
morphology of photoreceptor cells in LIASEF88E j
infected cells. (C) When the Six3 protein was :
overexpressed in the developing retinal progenitor ce ONL
nearly 50% of the clones (see Table 1) exhibited an S
altered photoreceptor phenotype. For simplicity, we | v |inL el
designated this ‘Clone Type A. Processes were foun P S—==
the outer nuclear layer similar to rod photoreceptor L ___|ecL
processes but the outer segments were absent (arro — fod—.|GCL clonetype A_|| = '

and the termini normally associated with rod

photoreceptors were malformed (open arrowhead). The cell bodies in these clones tend to lie at the outer nuclear lagledimagenu
boundary. OS, outer segment; ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer. Scalenbar: 25

ONL

|iNc

~|acL

ONL

INL

thinner than those expressibecrystallin. Thusd-crystallin-  roles in lens mophogenesis and crystallin regulation, which are

expressing cells ari@crystallin-negative cells segregated eachat least partially mediated by its interaction with the Groucho

other within the lens placode suggesting that differential ceflamily of corepressors.

adhesiveness between these cell populations. Co-

electroporation of Grg5 with Six3 caused effects similar to

those observed with Six3 alone (Fig. 10C). As shown in FigDISCUSSION

4B, endogenou&rgs is expressed in the lens epithelial cells

and this may be sufficient to medi@3function during lens In this report we have demonstrated that members of the

development. Groucho family of transcriptional corepressors interact with
Inhibition of lens placode invagination, and presencé-of mouse Six3, that upon this interaction Six3 functions as a

crystallin-negative cells in the lens placode were not observadanscriptional repressor, and that this interaction is of

when similar experiments were carried out using the mutatdoiological relevance during retinal and lens morphogenesis.

version of Six3 cDNA that carries the F88E amino acid Furthermore, we have also shown that Six3 binds to its own

mutation (Fig. 10D). Lens invagination proceeded comparablgromoter and negatively autoregulates its transcription. These

to the non-electroporated side of the same embryo and all lefisdings provide additional insight regarding the molecular

cells expressed-crystallin. mechanisms by which Six3 functions during vertebrate
These results indicated th&ix3 has important functional embryonic development.

Table 1. In vivo lineage analysis using Six3 retroviruses

Retrovirus Rod only* Bipoldr Miiller* Amacrine Clone A UINL UONL

LIA-E 99/124 (79% 16/124 (13% 8/124 (6% 1/124 (0.8% 0/124 (0% 0/124 (0% 0/124 (0%
, (719%) (13%) (6%) ( ) (0%) (0%) (0%)

LIA-ESX3 43/116 (37%) 21116 (1.7%) 5/116 (4.3%) 1/116 (0.8%)  55/116 (47%)  3/116 (2.5%) 7/116 (6%)

LIA-E Six-Fe8E 146/151 (97%) 2/151 (1.3%) 1/151 (0.7%) 0/151 (0%) 0/151 (0%) 2/151 (1.3%) 0/151 (0%)

*All data are presented as the number of clones within a given category (e.g. clones containing only rods) over the totdlalomelsescored, and their
resulting ratio expressed as a percentage of the total clones. Rod photoreceptors are found in clones containing ethéipelatypells for example), but for
simplicity the clones containing only rods are presented in this column.

TAll clones that contain a bipolar cell are presented here. This includes clones that contain just a single bipolar ealthatiatsm contain rod
photoreceptors.

*Owing to the extensive processes of Milller glia, it is difficult to identify other cell types in these clones. Therefzatsghiy represents clones that
contain at least one Miller glial cell.

8This clone type exhibited a reproducible morphology (see Fig. 9C) that was characterized by processes in the outer nubkeabsrece of outer
segments and processes spanning the outer plexiform layer. The cell body or cell bodies in these clones often resitedhériieroulayer. These clones
may represent rod photoreceptors that could not appropriately differentiate.

UINL, unidentified inner nuclear layer cell; UONL, unidentified outer nuclear layer cell.
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The interaction between members of the Six3 with Six2 and Six4. This result is in contrast with that reported
subfamily and Grg family members is evolutionarily by Kobayashi et al. (Kobayashi et al., 2001), who showed that
conserved all members of the Six family in zebrafish interacted with

In Drosophila So and Dachshund (Dac) are capable okebrafish Grg3. This discrepancy could be due to differences
synergizing with eyes absent (eya) to promote ectopic eyia the yeast two-hybrid systems used by Kobayashi et al. and
formation; the proteins encoded by these three genes can forms. Differences between the physical interactions of the Six
molecular complexes with one another (Pignoni et al., 199fyroteins and the Grg family of corepressors can directly
Shen and Mardon, 1997). Interestingly, the combination ofontribute to differences in their transcriptional properties. In
transcriptional regulators required for eye formation in the flyour tissue culture experiments, we demonstrated that through
(Eya, Ey, Dac and So) is also required for the genesis of oth#ireir interaction with members of the Grg family of
tissues during vertebrate embryonic development (e.g. Dach@prepressors, Six3 and Six6 become strong transcriptional
Pax3, Eya2 and Six1 are required for the formation of theepressors. In addition, the ability of Six3 and Six6 to repress
somite and its skeletal muscle derivatives) (Heanue et alkranscription largely depends on protein-protein interactions
1999). It is important to mention that the proteins encoded bwith Grg members; in Six3, replacement of the conserved
Six1, Six2, Six4 and Six5 not only share sequence similaritphenylalanine at position 88 with glutamic acid prevented the
with one another but also interact with members of the Eymteraction and eliminated the transcriptional repression
family (Ohto et al., 1999). Interestingly, this latter activity of Six3. By overexpressing the Xoptx2-Engrailed
characteristic is not shared by Six3 (Ohto et al., 1999) (C. @himeric repressorXenopusSix6), Zuber et al. (Zuber et
Z. and G. O., unpublished), a finding that suggests that at tlad, 1999) demonstrated that Xoptx2 can function as a
functional level, this protein may differ from the rest of thetranscriptional repressor Kenopusmbryos. Using a similar
family members. approach, Kobayashi et al. (Kobayashi et al., 2001) showed that
We determined that members of the Groucho-related familgebrafish Six3 acts as a transcriptional repressor in zebrafish
of transcriptional corepressors interact strongly with Six3 anémbryos. We have demonstrated that mouse Six3 can bind its
Six6; however, despite the similarities in the ehl-like motifown promoter and negatively autoregulate its transcription
identified in the Six/So family members, we found that thehrough interaction with members of the Grg family. A similar
interactions of these family members with Grg proteins varytranscriptional feedback loop was also identified for the
On the basis of our work, we conclude that in case Grg proteifmmeobox gengoosecoid(Danilov et al., 1998). This Six3
do interact with members of the other Six subfamilies (Sixfutorepression activity probably reflects a direct feedback loop
and Six4), then this interaction is rather weak and therefore waé Six3 regulation that operates only in certain tissues, during
not detected in our experimental conditions. In fact, results afertain embryonic stages, or both. Loosli et al. (Loosli et al.,
our GST pull-down experiments and yeast two-hybrid analyses999) have shown that injected mou&ia3 mRNA induces
failed to detect any specific interaction between Grg5 and Grgectopic expression of endogenous medaix8 a finding that

Fig. 10.Overexpression of Six3 . . .
but not of Six8ssedisrupts lens A  Vector B x3 _ Cc S'X3+Gr§15‘ D Six3g

morphogenesis. Stage 10 chicl
embryos were electroporated il
ovo with the expression vector:
indicated, together with a GFP
expression vector around the
head ectoderm. Twenty-four
hours later, embryos were
photographed for GFP
fluorescence (second row), the
fixed and hybridized fod-
crystallin mRNA (top row) and
sectioned along the planes
indicated in the top row (EP,
third row). The shape of the ler
tissue is demarcated by a whit
line for clarity. In the third row,
the non-electroporated control
side (left) of the same embryo
shown for reference, which
usually bears lower hybridizatic
signals because the side faced
bottom of the tubes during the
hybridization process. A and P
indicate anterior and posterior sides, respectively. (A) Control embryo electroporated with the insert-less expressi) Aéetor. (
electroporation witl8ix3 &-crystallin-expressing domains addatrystallin-negative domains were seen within the lens tissue (indicated by the
line in the inset). Sections of the same embryo showed that the invagination of the lens placode was inhibited and coséigreghtion of
o-crystallin-expressing and non-expressing domains within the placode. (C) Co-electropor&ti@antiGrg5 caused essentially the same
effect asSix3alone. (D) Electroporation witBix3-gge showed no effect.

GFP &-crystallin

d-crystallin
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suggests that in addition to a direct feedback loop, an indirebut not with Eya proteins. In addition, Six3 binds to a DNA
Six3autoregulation loop also operates during embryogenesisequence that differs from that bound by Six2 and Six4.
Because of the high sequence homology between mouse ]
Grg proteins andDrosophilaGrouchg we also investigated The role of the Groucho/Grg family of corepressors
whether the Six3-Grg interaction is conserved with theiduring development
Drosophila counterparts. We determined that murine Grg5The DrosophilaGroucho counterparts identified in the mouse
and Grg4 interact wittDrosophila optix and So We also  (Grgl-Grg5) (Mallo et al., 1993; Koop et al., 1996; Leon and
showed thaDrosophilaGroucho interacts with Six3. These Lobe, 1997) not only have similar amino acid sequences but
findings suggest thdbrosophilaSo and optix may interact also have overlapping expression patterns during
with  Groucho during embryogenesisDrosophila So  embryogenesis (Leon and Lobe, 1997; Koop et al., 1996;
functions as a transcriptional activator upon interaction wittMolenaar et al., 2000). Therefore, it is not surprising that mice
eya (Pignoni et al., 1997). Therefore, Dfrosophila So  nullizygous for Grg5 are viable and exhibit only postnatal
interacts with Groucho in vivo, then it is conceivable that flygrowth deficiencies (Mallo et al., 1995a). The functioGaj5
So can act as either a transcriptional activator or repressaluring murine embryonic development can probably be
depending on the cell type and the availability andcompensated for by other members of this gene family, as
concentrations of eya or Groucho. Other transcription factorsuggested by Mallo et al. (Mallo et al., 1995a). This theory is
such asDrosophila dorsal and mouse Pax5 act as eithersupported by the fact that Grg5 and its related members often
activators or repressors, depending on the concentrations ioferact with the same transcription factors (Choi et al., 1999;
available co-factors (Dubnicoff et al., 1997; Eberhard et alRen et al., 1999; Eberhard et al., 2000) and function as
2000). InterestinglyDrosophilaoptix does not interact with transcriptional corepressors.
eya (Seimiya and Gehring, 2000); however, our findings In order to begin to address the biological in vivo
suggest that optix may interact with Groucho to regulate eysignificance of the identified Six3-Grg interaction, we first
development ibrosophila It will be interesting to determine showed that Six3 is normally expressed during mouse retina
whether optix functions as a transcriptional repressor througthevelopment. We determined that as early as E14.5, high levels
its interaction with Groucho during visual system of Six3 protein accumulate in the nuclei of a subset of cells in

development irDrosophila the inner neuroblastic layer containing immature amacrine and
ganglion cells. Lower levels of Six3 expression were also

The DNA motif bound by Six3 differs from that detected in the nuclei of a subset of progenitor cells in the outer

recognized by other family members neuroblastic layer. A similar expression pattern was observed

By using an approach involving PCR- and binding-siteat later stages of development. Interestingly, we also found that
selection, we determined that Six3 binds to an ATTA corén contrast to the nuclear localization of Six3 in cells located
motif in the DNA. Surprisingly, this motif is similar to the in the inner nuclear layer, Six3 also appeared to be expressed
classical DNA sequence recognized by homeoproteins, andiit the cytoplasm of photoreceptors in the outer nuclear layer.
differs from the motif previously identified for Six2 and Six4 As shown by Baas et al. (Baas et al., 2000), the subcellular
(Kawakami et al., 1996b). Wilson et al. (Wilson et al., 1993)ocalization of the homeodomain protein Otx2 is cell type
showed that thepaired type HD proteins bind either as specific and developmentally regulated in the mouse retina; in
homodimers or heterodimers to the palindromic sequendbe postnatal eye, both the cellular and subcellular distribution
TAAT and ATTA, which are normally separated by two orof the Otx2 protein are cell type specific and it is present in the
three base pairs. The amino acid residue at position 50 of tlegtoplasm of rod photoreceptors. Therefore, it could be
HD is crucial for the binding specificity and recognition of possible that something similar happens with Six3. However,
the palindrome. A palindrome with a 2 bp spacing wadurther studies are still required to confirm that the observed
present when serine was at position 50, whereas a 3 Ippinctate staining indeed corresponds to Six3 protein, and, if
spacing was identified for HD proteins containing a lysine oso, to determine whether in this cell type Six3 is localized in
glutamine at this position (Treisman et al., 1992). Similar tdhe cell body or the processes of photoreceptors.
the vertebrate Otx1, Otx2 and goosecoid, Six3 contains a Misexpression of wild-type Six3 using replication
lysine at position 50. However, the binding site selection anthcompetent retroviruses resulted in a large number of rod
promoter analysis that we used to characterize Six3 indicatgzhotoreceptor clones (56%) that failed to differentiate properly.
that the entire palindromic sequence is not required for th€hey lacked outer segments and exhibited defective rod
binding of Six3 to DNA; half of the palindrome sequence isphotoreceptor termini. This type of clones were not observed
sufficient. Tucker and Wisdom (Tucker and Wisdom, 1999when using the mutated form of Six3 (Si¥&) that cannot
reported that the HD protein Alx4, which also contains dnteract with Grg5, or the control (LIA-E) retrovirus.
lysine at position 50, not only binds to the palindromicMisexpression of both Six3 and Skgde resulted in a
sequence ATTA and TAAT but also binds to TAATC andreduction of the proportion of bipolar-containing clones but
TAATTT half-sites with high affinity. Although Six3 binds to only Six3:sgereduced the proportion of Miller glia-containing
these half-sites strongly, it may also bind to the wholeclones. According to these results, the observed reduction of
palindromic DNA sequence. bipolar-containing clones does not require Six3-Grg
Taken together, our findings pertaining to the biochemicahteraction; however, the alterations on Miiller glial cell fate
characteristics of Six3 support the placement of Six3 andpecification and rod photoreceptor differentiation are
Six2/Six4 in two Six/So subfamilies. Six2 and Six4 subfamilydependent on this interaction. It is possible that additional
members interact with Eya proteins but weakly or not at alélterations in other retinal cell types could also be observed in
with the Grg proteins. Instead, Six3 interacts strongly with Grgimilar type of experiments performed prenatally. Our initial
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studies suggest that the interaction between Six3 and Grouchepko, C.(1997). Transduction of genes using retroviral vector€urrent
family members is biologically relevant in the developing Protocols in Molecular Biology(ed. F. M. Ausubel, R. Brent, R. E.

retina for the specification and differentiation of certain cell Kingston, D. D. Moore, J. G. Seidman, J. A. Smith and K. Struhl). New
. . . York: John Wiley.
types. Detailed characterization of a generated Six3 k”OCko%eyeue B.N. R. Green. P. J.. Martin. K.. Garren. H. Hartenstein. V.

mouse strain (O. V. L. and G. O., unpublished) will be and zipursky, S. L. (1994). TheDrosophila sine oculigocus encodes a
instrumental in the further pursuit of this functional homeodomain-containing protein required for the development of the entire
characterization of Six3. visual systemNeuron12, 977-996.

; ; ; ; Choi, C. Y., Lee, Y. M., Kim, Y. H., Park, T., Jeon, B. H., Shulz, R. A. and
During lens developmen‘6|x3 IS EXpreSSEd in the lens Kim, Y. (1999). The homeodomain transcription factor NK-4 acts as either
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