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In vertebrates, gastrulation is an important step for
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Gastrula stage mouse embryo RNA was screened by
egenerate RT-PCR to yield a novel paired-like ho-
eobox gene. The open reading frame encoded by the

DNA was most similar to human VSX1. Mouse Vsx1
ncodes a protein of 363 amino acid residues that con-
ains a CVC domain that was originally identified as a
onserved motif among mouse CHX10, goldfish VSX-1
nd C. elegans CEH-10. Linkage analysis showed that
ouse Vsx1 mapped to the distal region of chromo-

ome 2. RT-PCR analysis detected mouse Vsx1 tran-
cripts from gastrulation and post-gastrulation stage
ouse embryos, suggesting a role for Vsx1 during
ouse embryogenesis. Analysis of the eyes of mouse

himeras generated with embryonic stem cells in
hich a lacZ reporter was targeted to the Vsx1 locus

uggested that Vsx1 is expressed in the inner nuclear
ayer of the retina. © 2001 Academic Press

Key Words: paired-like class homeodomain; CVC do-
ain; gastrula; retina.

Homeoproteins are nuclear transcription factors con-
aining the homeodomain, a DNA binding motif con-
isting of 60 amino acid residues. Homeobox genes are
lassified into two superclasses according to their dis-
ribution on chromosomes; i.e., clustered or dispersed.
ispersed superclass homeobox genes are further sub-
ivided into at least 16 subclasses according to the
rimary structure of the homeodomain and its flanking
equences (1). Homeobox genes have been identified
rom various multicellular organisms, indicating that
hey are evolutionarily conserved and play important
oles for organized cell proliferation and differentia-
ion.

1 To whom correspondence should be addressed. Fax: 713-794-
394. E-mail: rrb@notes.mdacc.tmc.edu.
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ubsequent tissue and pattern formation (2). The gas-
rulation process results in the generation of the three
rimary germ layers, the ectoderm, mesoderm and
ndoderm. A subset of homeobox genes have been
hown in the mouse to be required during gastrulation
tages, including Otx2 and Lim1 (3–6). It is likely that
ther homeobox genes exist that also regulate this
mportant embryological process.

One subclass of homeoproteins contains an additional
otif known as the CVC domain. The CVC domain was

riginally identified as a conserved motif among mouse
HX10, goldfish VSX-1 and C. elegans CEH-10 (7). CVC
omain-containing proteins have been identified from
arious species including zebrafish, Japanese medaka
sh, chicken, mouse, and human (8–12). The CVC do-
ain consists of approximately 50–60 amino acid resi-

ues except Japanese medaka fish VSX2, that has a CVC
omain that is 75 amino acids in length. The larger CVC
omain of medaka VSX2 is derived from an alternative
plice form that encodes an additional 21 amino acid
esidues in the CVC domain that is also found in ze-
rafish ALX and chicken CHX10 (8, 9). The function of
he CVC domain is still unknown although a possible
nvolvement in DNA binding and/or protein–protein in-
eraction has been proposed (7, 10). Because the CVC
omain is hydrophobic, it might be important for protein
olding or protein–protein interactions. Recently, it was
uggested that the CVC domain of zebrafish VSX-1 is
mportant for efficient ubiquitination that probably
auses the degradation of VSX-1 by the 26 S proteasome
13).

Mouse Chx10 encodes a paired-like class CVC ho-
eoprotein that is involved in ocular-tissue forma-

ion (14, 15). Chx10-null mutant mice manifest an
cular retardation phenotype due to a defect in ret-
nal progenitor proliferation and bipolar cell differ-
0006-291X/01 $35.00
Copyright © 2001 by Academic Press
All rights of reproduction in any form reserved.
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FIG. 1. cDNA and deduced amino acid sequence of mouse Vsx1. Dashed, thick, and thin lines underlining the amino acid residues
ndicate the octapeptide, homeodomain, and CVC domain sequences, respectively. A putative polyadenylation signal is boxed. In-frame stop
odons in the 59 untranslated region are marked *. � shows the position of introns.
FIG. 2. Schematic structure, hydropathy plot, and the sequence comparisons of mouse VSX1. (A) Schematic structure of mouse VSX1.
ouse VSX1 consists of 363 amino acid residues and can be divided into four regions, the homeodomain (HD), CVC domain, amino-terminal,

nd carboxy-terminal variable regions. The numbers above the schematic protein structure refer to the first amino acid position of the four
egions. The positions of the octapeptide sequence, LG sequence, a putative nuclear localization signal (NLS), and RV domain are underlined.
B) The hydrophobicity of mouse VSX1 is scored by the Kyte–Doolittle method (33). (C–G) Sequence comparisons among CVC domain-
ontaining proteins. (C) Homeodomain, (D) CVC domain, (E) octapeptide sequence, (F) LG sequence, (G) RV domain. M. musculus (Mm)
SX1 (GenBank Accession No. AF395732) and CHX10 (L34808); H. sapiens (Hs) VSX1 (AF176797) and CHX10 (16); B. taurus (Bt) RINX

AF251032); G. gallus (Gg) CHX10 (AF178671) and CHX10-1 (AF178670); D. rerio (Dr) VSX-1 (AF025348) and ALX (U62898); C. auratus (Ca)
SX-1 (U07056) and VSX-2 (AF004318); O. latipes (O1) VSX1 (AJ250403) and VSX2 (AJ250404); C. elegans (Ce) CEH-10 (U19995); D.
elanogaster (Dm) CG15782 (AE003434) and CG4136 (AE003434). (H) Sequence similarity between mouse VSX1 and other CVC domain-

ontaining proteins. (I) Phylogenetic tree of CVC domain-containing proteins. Sequence alignments, comparison, and phylogenetic analysis
ere performed by the Jotun Hein method (34).
134
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ntiation (14). In human, two CVC homeodomain-
ncoding genes, CHX10 and VSX1, have recently
een isolated (11, 16). Human CHX10 is expressed in
he developing and mature retina (16). A loss of
unction allele of CHX10 was found to be associated
ith microphthalmia, demonstrating a conserved

unction in mammals (8, 14, 16). VSX1 was isolated
rom a human embryonic craniofacial cDNA library
nd is expressed in the adult retina and cornea,
mplicating VSX1 in the development and mainte-
ance of ocular tissues (11). Thus, it appears that a
et of CVC homeobox genes have conserved roles in
ye development.
To isolate novel paired-like class homeobox genes

xpressed in mouse gastrula stage embryos, we per-
ormed a degenerate PCR using a homeobox sequence
nd cDNA prepared from embryonic day 7.5 (E7.5)
mbryos as a template. We have isolated a second
ouse gene encoding a CVC domain-containing

aired-like class homeodomain, Vsx1. Here, we de-
cribe the cDNA and deduced amino acid sequence,
enomic structure, chromosomal mapping, and expres-
ion analysis of mouse Vsx1. These results are consis-
ent with the idea that Vsx1 has a role during mouse
mbryogenesis and later in the retina.

FIG. 3. (A) Genomic structure of mouse Vsx1. Coding exons
omeodomain (HD) and CVC domain (CVC) are hatched and dotted

s probably incomplete. (B) The sequences of the exon–intron junction
re indicated in bold. (C) Chromosomal localization of mouse Vsx1 a
136
ATERIALS AND METHODS

RNA preparation and cDNA cloning. Total RNA was extracted
rom E7.5 mouse embryos using the acid guanidinium thiocyanate-
henol-chloroform extraction method (17). cDNA was prepared by
everse transcription using oligo dT primers. To obtain a DNA frag-
ent encoding a novel paired-like class homeoprotein, PCR was

erformed using AmpilTaq (Applied Biosystems) and degenerate
rimers, 59-cag gt(g/a/t/c) tgg tt(c/t) ca(a/g) aac-39 and 59-tcc tcc ca(c/t)
ag tcc a(a/g)c-39. The PCR conditions were denature at 95°C for 2
in 30 s followed by 30 cycles of denature (95°C for 30 s), anneal

48°C for 1 min) and extension (72°C for 1 min). The last extension
as for 10 min. The sequences of fragments obtained after two

ounds of the PCR were examined. To obtain the 39 end of the cDNA,
9 RACE was performed using the 39 RACE System for Rapid Am-
lification of cDNA Ends kit (Life Technologies, Inc) and the primer,
9-ata aaa agt cca cag gga tg-39. The cDNA encoding the entire ORF
as obtained by a PCR reaction using primers, 59-gga att ctg ctc cct
ct gat tgg c-39 and 59-gga att caa act gaa ggt gtt tgt ac-39 and cDNA
repared from E7.5 embryos as a template. The cDNA sequence has
een deposited in GenBank (accession number AF395732).

Screening of genomic DNA. Mouse strain 129/SvEv genomic (18)
nd BAC (Roswell Park Cancer Institute) libraries were screened to
solate genomic clones using a 39 cDNA probe.

Linkage analysis. A mouse interspecific backcross DNA panel
etween M. musculus (strain SB/Le) and M. spretus was used to map
he chromosomal location of Vsx1 (19). Backcross panel samples were
CR-amplified using Vsx1 primers, 59-ata aaa agt cca cag gga tg-39
nd 59-cgg gat cca gac att tca gag ag-39. The resulting PCR products
ere digested with PvuII and separated by agarose gel electrophore-

introns are indicated by boxed regions and lines, respectively.
spectively. The first coding exon may larger than 574 bp because it
f mouse Vsx1. Conserved residues in splice donor and acceptor sites
other DNA markers.
and
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is. M. spretus DNA yielded a 335 bp fragment, whereas M. musculus
NA products were digested into two fragments of 108 and 227 bp.
inkage and recombination distances were analyzed using the pro-
ram MapManager Version 2.6 (Kenneth F. Manley, Roswell Park
ancer Institute, Buffalo, NY). Gene order is determined by mini-
izing the number of recombination events that are required to

xplain the allele distribution patterns.

RT-PCR. Total RNA and cDNA from mouse embryos were pre-
ared as described above. The first PCR was performed using prim-
rs, 59-gga aga ccg aat aca ggt c-39 and 59-ggt ttt ctc atc cct gtg-39. The
CR conditions were 40 cycles of 94°C for 30 s, 55°C for 1 min and
2°C for 1 min. One twenty-fifth of the first PCR products were
ubjected to the second reaction (25 cycles) of PCR with a nested
rimer 59-gtg cac agg agc cct gca g-39, and 59-ggt ttt ctc atc cct gtg-39.
he PCR products were separated by agarose gel electrophoresis.
-actin was used as a control for RNA integrity.

LacZ staining and histological analysis. Mouse embryonic stem
ES) cells that have a lacZ gene targeted to the Vsx1 locus were
stablished (A. Ohtoshi and R. Behringer, unpublished) and injected
nto blastocysts derived from Swiss albino mice to generate chime-
as. Eyes were isolated from the adult chimeric mice and stained for
-galactosidase activity (20). Stained samples were rinsed in PBS,
quilibrated into a solution of 30% sucrose, and embedded in OCT
ompound (Sakura Finetek, Inc.). Twenty-micrometer frozen sec-
ions were prepared and counterstained with eosin Y.

FIG. 4. (A) RT-PCR analysis of mouse Vsx1. Mouse Vsx1 tran
eactions were run with (1) and without (2) reverse transcriptase

B) Vsx1-directed expression in the retina of postnatal chimeric m
arrying the lacZ gene targeted to the Vsx1 locus was subjected
resence of patches of pigmentation in the choroid layer is indica
rom a pigmented mouse and the host blastocyst is from an albino
uclear layer; OPL, outer plexiform layer; INL, inner nuclear lay
erve fiber.
137
ESULTS

To identify novel paired-like class homeobox genes
nvolved in mouse gastrulation, we performed degen-
rate PCR using cDNA prepared from E7.5 embryos
nd isolated a DNA fragment that encoded a portion of
novel protein. A cDNA that encodes an entire open

eading frame (ORF) was subsequently isolated by
CR and 39 RACE. The complete cDNA and deduced
mino acid sequence are shown in Fig. 1. The nucleo-
ide sequence was confirmed by comparisons with the
equence from genomic clones. Because we used PCR
o isolated the 59 region of the cDNA, the 59 untrans-
ated region is probably still incomplete. However, we
elieve that we have isolated the entire ORF sequence
ecause the putative first ATG sequence has a purine
esidue at the 23 position, which corresponds to the
rst-AUG rule (21) and in-frame stop codons exists in
he 59 upstream region. The 39 end of the cDNA was
solated by 39 RACE and a putative poly-adenylation
ignal was identified.

ipts from various embryonic stages (E6.5–E11.5) were detected.
). RT-PCR using mouse b-actin primers is presented as a control.

e. (Left) The eye from a chimeric mouse generated with ES cells
X-gal staining and 20-mm frozen sections were prepared. The
of the extent of chimerism because the ES cell-derived cells are

use. SC, sclera; CH, choroid; PL, photoreceptor layer; ONL, outer
IPL, inner plexiform layer; GCL, ganglion cell layer; ONF, optic
scr
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ontains a homeodomain and a CVC domain (Fig. 2A).
he homeodomain sequence of mouse VSX1 is most

ikely a paired-like class homeodomain because it lacks
he serine residue at position 50, the ninth position of
elix III, that is conserved among paired-class homeo-
roteins (1). Sequence comparisons revealed that the
omeodomain of mouse VSX1 is most similar to that of
VC domain-containing paired-like class homeopro-

eins (Fig. 2C). In addition to the homeodomain and
VC domains (Figs. 2C and 2D), mouse VSX1 also has

onserved sequence stretches among CVC domain-
ontaining protein family members such as an octapep-
ide sequence, LG sequence, a putative nuclear local-
zation signal and RV domain (Fig. 2A). The
ctapeptide sequence is conserved among all CVC
omain-containing homeoproteins (Fig. 2E), however,
he LG sequence and RV domain are only found in
ouse VSX1, human VSX1, bovine RINX, chicken
HX10-1, zebrafish VSX-1 and goldfish VSX-1 (Figs.
F and 2G).
The genomic DNA that contains mouse Vsx1 was

solated to determine the Vsx1 gene structure (Fig. 3A).
ouse Vsx1 consists of 5 coding exons, that spans an

pproximately 6.3 kb region of genomic DNA. The
xon-intron structure is completely conserved between
ouse Vsx1 and human VSX1 (11), indicating that

hey share a common ancestor. Figure 3B shows the
xon-intron junction sequences of mouse Vsx1 that cor-
espond to the GT-AG splicing donor-acceptor rule.

The chromosomal localization of mouse Vsx1 was de-
ermined by linkage analysis using an interspecific back-
ross panel. Mouse Vsx1 was mapped to the distal region
f chromosome 2 (Fig. 3C). Analysis of 49 N2 DNA sam-
les showed 100% concordance between mouse Vsx1 and
2Mit47. Thus, mouse Vsx1 is very tightly linked to
2Mit47 within 0.05–7.11 cM with 95% confidence and
.35–3.60 cM with 68% confidence. Mouse Vsx1 showed
bout 42% discordance with other markers on chromo-
ome 2, D2Mit33 and D2Mit56 which are located at the
7 cM and 38 cM positions, respectively (Fig. 3C).
The expression of mouse Vsx1 was examined by RT-

CR analysis (Fig. 4A). Because mouse Vsx1 was iso-
ated from E7.5 embryos, we performed RT-PCR using
astrulation and post-gastrulation stage embryos.
ouse Vsx1 transcript were detected in all stages ex-

mined in a reverse transcriptase-dependent manner,
uggesting that mouse Vsx1 is transcribed at least
rom E6.5 to E11.5. However, the abundance of Vsx1
ranscripts at these stages of embryogenesis appears to
e very low because detection required nested PCR
mplification.
Because human VSX1, bovine RINX, chicken
hx10-1, zebrafish Vsx-1 and goldfish Vsx-1 are de-

ected in the developing and adult retina (9–11, 22–
4), we examined the expression of mouse Vsx1 in the
138
argeted to the Vsx1 locus. lacZ-positive cells were
etected in the outer half of inner nuclear layer (Fig.
B). This expression pattern is consistent with bovine
INX, chicken Chx10-1, zebrafish Vsx-1 and goldfish
sx-1 (9, 10, 22–24). Recently, one EST clone from
ouse retina, which has a similar sequence to mouse
sx1, was deposited in GenBank (Accession No.
G298137). We have also detected mouse Vsx1 tran-
cripts in the adult mouse eye by RT-PCR (data not
hown). These results suggest that mouse Vsx1 is most
ikely expressed in the retina.

ISCUSSION

Here we describe the identification and characteriza-
ion of the mouse Vsx1 gene. Mouse VSX1 is a novel
ember of the CVC domain-containing paired-like

lass of homeoproteins. CVC domain containing pro-
eins have been isolated from various species including
uman, mouse, chicken, fish and C. elegans. Recently,
he Drosophila genome sequence was determined re-
ealing the existence of two genes encoding CVC
omain-containing proteins (25). Furthermore, the re-
ently identified bovine RINX gene also encodes a CVC
omain (22). These observations suggest an evolution-
ry conserved function of the CVC domain.
Because the homeodomain and CVC domain are lo-

ated adjacent to each other, the CVC domain is pre-
icted to influence transcriptional regulation through
NA-binding, protein–protein interaction and/or pro-

ein degradation processes (7, 10, 13). It is possible that
he CVC domain is necessary for protein folding or
rotein-protein interaction because this domain is hy-
rophobic. Although the function of the CVC domain is
till not clear, the domain seems to be required for
rotein function because in C. elegans ceh-10, point
utations in the CVC domain are known to abolish

rotein function (26).
Apparently, all vertebrates, including mouse, hu-
an, chicken, zebrafish, goldfish and Japanese
edakafish, have two CVC homeobox genes. These

ertebrate CVC homeobox genes can be classified into
wo groups, the Vsx-1 group and the Vsx-2 group, ac-
ording to sequence similarity. The characteristic fea-
ures of the Vsx-1 group are the existence of a RV
omain and LG sequence and the lack of a Paired-Tail/
AR domain. The RV domain was identified as a con-

erved sequence between human RINX (VSX1) and
oldfish VSX-1 (22). Another characteristic of the
SX-1 group is the existence of an LG sequence. This
egion is a leucine and glycine-rich sequence, and has
igh-hydrophobicity. The LG sequence may contribute
o the specific function of the VSX-1 group proteins.
nstead of an RV domain, the Vsx-2 group which in-
ludes mouse CHX10, chicken CHX10, zebrafish ALX,
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onserved 14 amino acid motif called the Paired-Tail or
AR domain (11, 24, 27, 28). These specific domain
ifferences may correlate with the functional specific-
ty of each group. Although the functional difference
etween these two groups has not yet been identified,
imilarities and differences in the temporal and spatial
xpression patterns of Vsx-1/Chx10-1 and Vsx-2/Chx10
ave been described in zebrafish, goldfish and chicken,
uggesting that each protein has overlapping and
nique functions (9, 10, 23, 24).
Mouse Vsx1 is the second gene encoding a CVC

omain-containing protein identified in mice and is a
ember of the Vsx-1 subgroup. It is unknown if mouse
SX1 functions as a transcriptional activator, how-
ver, proline and acidic residue-rich regions exist that
uggest a transcriptional activation domain (29, 30).
he first mouse CVC homeobox gene isolated was
hx10 from a newborn mouse eye cDNA library (15).
ouse Chx10 is expressed in the optic vesicle, optic cup

nd mature retina as well as developing thalamus,
indbrain and spinal cord (15). The generation of
hx10 knockout mice has shown that Chx10 plays an
ssential role in eye development because these mice
evelop an ocular retardation phenotype (14). Re-
ently, it was reported that human CHX10 is also
nvolved in the eye development and a loss of function
llele is associated with microphthalmia (16). Se-
uence comparisons revealed that mouse Vsx1 is most
imilar to human VSX1. Furthermore, chromosomal
apping suggests that mouse Vsx1 is located on the

istal part of chromosome 2. The homologous gene
luster region of the distal part of mouse chromosome 2
s located on human chromosome 20 where human
SX1 is mapped (11). The sequence similarity, gene
tructure, and chromosomal position suggest that
ouse Vsx1 is a mouse orthologue of human VSX1.
uman VSX1 was isolated from a human embryonic

raniofacial cDNA library and exclusively expressed in
dult retina and cornea, indicating that human VSX1
lays some role(s) in the ocular development (11). In-
erestingly, the mouse blind-sterile mutation maps to
he same position as mouse Vsx1 (31). This indicates
hat mouse is a candidate genes of the blind-sterile
utation. However, we have sequenced the coding re-

ion of Vsx1 from blind-sterile mutant mice and do not
nd any sequence differences (unpublished observa-
ions).

Our RT-PCR analysis suggests that mouse Vsx1 is
xpressed at low levels during gastrulation and post-
astrulation stages of mouse embryogenesis, suggest-
ng that Vsx1 may have roles in the gastrulation pro-
ess and later in embryogenesis. Unfortunately,
umerous attempts using whole mount in situ hybrid-

zation with multiple Vsx1 DNA fragments as probes
n mouse embryos at different developmental stages
139
herefore, we employed an indirect method to study
sx1 expression. Gene knock-ins generated by target-

ng heterologous genes to endogenous gene loci in mice
an be used to express foreign gene products in the
attern of the targeted gene (32). We have introduced
he lacZ gene into the Vsx1 locus in mouse ES cells to
eport Vsx1-directed expression by X-gal staining (A.
htoshi and R. Behringer, unpublished results). Anal-
sis of chimeras generated using these cells revealed
hat lacZ-positive cells were detected in the outer half
f inner nuclear layer where bipolar cells are predom-
nantly located, suggesting that mouse Vsx1 is possibly
ranscribed in retinal bipolar cells. Interestingly,
ouse Chx10 is also expressed in the outer edge of

nner nuclear layer and the loss of Chx10 leads to an
cular retardation phenotype that lacks differentiated
ipolar cells (14, 15). The generation of Vsx1 mutant
ice will reveal whether this CVC homeobox gene has
required role in mouse embryogenesis and retinal

evelopment.
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