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Pax6 is a pivotal regulator of eye development throughout Metazoa, but the direct upstream regulators of
vertebrate Pax6 expression are unknown. In vertebrates, Pax6 is required for formation of the lens placode, an
ectodermal thickening that precedes lens development. Here we show that the Meis1 and Meis2
homeoproteins are direct regulators of Pax6 expression in prospective lens ectoderm. In mice, Meis1 and
Meis2 are developmentally expressed in a pattern remarkably similar to Pax6 and their expression is
Pax6-independent. Biochemical and transgenic experiments reveal that Meis1 and Meis2 bind a specific
sequence in the Pax6 lens placode enhancer that is required for its activity. Furthermore, Pax6 and Meis2
exhibit a strong genetic interaction in lens development, and Pax6 expression is elevated in lenses of
Meis2-overexpressing transgenic mice. When expressed in embryonic lens ectoderm, dominant-negative forms
of Meis down-regulate endogenous Pax6. These results contrast with those in Drosophila, where the single
Meis homolog, Homothorax, has been shown to negatively regulate eye formation. Therefore, despite the
striking evolutionary conservation of Pax6 function, Pax6 expression in the vertebrate lens is uniquely
regulated.
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The central, evolutionarily conserved role of Pax6 in eye
development is illustrated by its mutational analysis in
numerous organisms. Humans carrying PAX6 loss-of-
function alleles exhibit a range of ocular phenotypes in-
cluding aniridia, anophthalmia, and Peters’ anomaly
(Ton et al. 1991; Glaser et al. 1992; Hanson et al. 1994).
In Drosophila, loss-of-function mutations in one of two
Pax6 genes, eyeless (ey), result in the complete absence
of photoreceptor formation (Quiring et al. 1994), while
Toy, the protein encoded by the second fly Pax6 gene,
twin of eyeless (toy), directly regulates ey by binding to
the ey eye-specific enhancer (Czerny et al. 1999). Strik-
ingly, when misexpressed in their respective organisms,
toy, ey, and Xenopus Pax6 can each initiate the entire
molecular cascade culminating in ectopic eye formation
(Halder et al. 1995; Chow et al. 1999; Czerny et al. 1999).
Although Toy directly regulates ey, the gene duplication
that created two Drosophila Pax6 genes appears specific
to insect evolution (Czerny et al. 1999). Hence, this regu-
latory model does not extrapolate to vertebrates, and the
direct molecular regulators of vertebrate Pax6 expression
remain unknown.

In vertebrates, the function of Pax6 in lens develop-
ment has been revealed by the mouse Small eye (Sey)
Pax6 null mutation. In Sey/Sey homozygotes, eye devel-
opment arrests after formation of the optic vesicle but
before lens placode induction (Hogan et al. 1988; Hill et
al. 1991). In addition, tissue-specific gene targeting and
embryologic experiments reveal that Pax6 functions au-
tonomously in the prospective lens ectoderm for lens
placode formation (Fujiwara et al. 1994; Ashery-Padan et
al. 2000; van Raamsdonk and Tilghman 2000). Collec-
tively, these studies indicate that, during vertebrate ocu-
logenesis, the transition from pre-placodal ectoderm to
lens placode is one of the earliest developmental steps
for which Pax6 function is required.
Although the direct upstream molecular regulators of

Pax6 expression are unknown, several genes have been
shown to act earlier than Pax6 in regulating vertebrate
eye development. Abrogation ofOtx2, Rx, or Xtll in each
case results in a failure in optic vesicle development
(Acampora et al. 1995; Mathers et al. 1997; Hollemann et
al. 1998). In Lhx2 mutant mice, the optic vesicle fails to
contact the surface ectoderm, and Pax6 is not expressed
in Lhx mutant presumptive lens ectoderm (Porter et al.
1997). However, these genes are either expressed prior to
Pax6 in head ectoderm (Otx2), or are expressed only in
the optic vesicle (Lhx, Rx, Xtll), and therefore are likely
to affect Pax6 only indirectly.
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The inhibition of several signaling cascades is also
known to disrupt vertebrate eye development. For ex-
ample, Pax6 expression is initiated in the prospective
lens placode ectoderm of Bmp7−/− mouse embryos, but
expression is not maintained (Wawersik et al. 1999).
This is reminiscent of the function of the Drosophila
Bmp family member, decapentaplegic (dpp), which is re-
quired for early patterning events in eye imaginal discs
in the fly (Chen et al. 1999). In addition, disruption of
fibroblast growth factor (FGF) signaling activity reduces
Pax6 lens placodal expression in the mouse, and genetic
evidence suggests that the FGF and BMP7 pathways
work synergistically to regulate Pax6 during lens devel-
opment (Faber et al. 2001). Other signaling pathways are
also implicated. An antisense study has shown that
depletion of retinoic acid by inhibition of retinal binding
protein results in a failure of lens placode formation,
similar to the Sey phenotype (Bavik et al. 1996). In addi-
tion, Wingless (wg), a Wnt family protein, is involved in
the correct initiation of the morphogenetic furrow in
Drosophila eye development (Treisman and Rubin
1995), and misexpression of a vertebrate Wnt receptor,
Xfz3, leads to ectopic Pax6 expression and eye formation
in Xenopus (Rasmussen et al. 2001). Lastly, injection of
insulin-like growth factor (IGF) RNA into Xenopus oo-
cytes promotes anterior neural fate and also induces ec-
topic eyes (Pera et al. 2001).
In medaka fish, Sox3 overexpression induces Pax6 ex-

pression and leads to a transformation of ectodermal tis-
sue into lens (Köster et al. 2000), and ectopic lens and
retina form when medaka fish and Xenopus blastomeres
are injected with Six3 RNA or Six6 RNA, respectively
(Oliver et al. 1996; Bernier et al. 2000). However, while
Pax6 expression is induced in these ectopic ocular struc-
tures, Six3 and Six6 are unlikely to directly activate Pax6
expression, because thus far both have been shown to act
mainly as transcription repressors in eye development
(Zuber et al. 1999; Kobayashi et al. 2001; Zhu et al. 2002).
Therefore, in contrast to information about factors

that reside genetically upstream of Pax6, our knowledge
about the specific transcription factors that directly
regulate Pax6 expression in the developing eye remains
limited. One approach to this problem is to focus on the
molecular analysis of tissue-specific Pax6 enhancers that
have been identified by studies in transgenic mice (Xu et
al. 1999). Recent work has uncovered a number of such
enhancers, including a specific 107-bp minimal element
residing 3.7 kb upstream of the Pax6 P0 promoter, which
directs a dynamic expression in the prospective mouse
lens (Williams et al. 1998; Kammandel et al. 1999). This
enhancer becomes active as the lens placode develops
from the head ectoderm, and its activity persists into
adulthood in lens and corneal epithelium.
In vertebrates, including human, mouse, quail, and

fugu fish, this 107-bp element is remarkably conserved
not only in sequence but also in function (Williams et al.
1998; Kammandel et al. 1999; Plaza et al. 1999). For ex-
ample, a 12-kb fugu fish sequence containing this ele-
ment exhibits lens enhancer activity in transgenic mice
(Kammandel et al. 1999). In addition, the functional sig-

nificance of this enhancer element is further demon-
strated by genetic deletion experiments, which result in
diminished Pax6 expression as well as lens developmen-
tal defects (Dimanlig et al. 2001). We have sought to
dissect the genetic hierarchy of eye specification by fo-
cusing on the direct molecular regulators of Pax6 expres-
sion. Our results demonstrate that the TALE (three
amino acid loop extension) homeoproteins, Meis1 and
Meis2, directly bind to the Pax6 lens placode enhancer
and control Pax6 expression during early vertebrate lens
induction.

Results

Identification of the Meis homeoproteins that bind
to the Pax6 lens enhancer

Using transient transgenic analyses in embryonic day
E12.5 mouse embryos, we identified a 26-bp sequence
within the 107-bp Pax6 lens enhancer element that is
necessary but not sufficient for embryonic Pax6 lens and
corneal expression (Fig. 1A,B). This same 26-bp sequence
was also capable of binding factors present in E12.5
mouse embryonic head nuclear extracts in an electro-
phoretic mobility shift assay (EMSA; Fig. 1C). In addi-
tion, mutational analysis of the 26-bp fragment revealed
that five evolutionarily conserved nucleotides were nec-
essary for both gel shift complex formation and for lacZ
transgene expression in the developing lens and cornea
(Fig. 1B, D, mutant C). This result suggested that the
nuclear factor binding these 5 bp in vitro and the factor
required for Pax6 lens placode enhancer activity in vivo
were potentially the same.
To identify the responsible factor, the 26-bp element

was used to screen a �gt11 chicken embryonic lens
cDNA expression library, resulting in the isolation of a
cDNA clone encoding the chicken TALE homeoprotein
Meis2 (Moskow et al. 1995; Nakamura et al. 1996).
Whereas phage clones expressing DSEB (a nonspecific
DNA binding protein) bound both wild-type and the 5-bp
substitution mutant C probes equally well, Meis2-ex-
pressing clones only bound the wild-type sequence (Fig.
2A). Because the critical 5-bp are part of the consensus
DNA-binding sequence for Meis1, 5�-TGACA(G/A)-3�
(Chang et al. 1997), we examined whether Meis1 could
also bind the 26-bp lens placode enhancer. When in vitro
translated Meis1 bearing an HA epitope tag was tested
for binding to the 26-bp DNA probe, specific binding was
observed. In addition, when an anti-HA antibody was
added to the gel shift reactions, a more abundant super-
shift complex formed that ran with the expected lesser
mobility (Fig. 2B). Therefore, both Meis1 and Meis2 can
bind the 26-bp Pax6 lens placode enhancer in vitro.

Meis1 and Meis2 are expressed in the lens placode
independent of Pax6

To ascertain whetherMeis1 andMeis2were expressed at
the correct time and place to be endogenous regulators of
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Pax6, we performed whole-mount RNA in situ hybrid-
izations and section immunohistochemistry in E9.5–
E10.5 mouse embryos. Meis1 was strongly expressed in
the developing lens placode and surrounding ectoderm,
whereas Meis2 was expressed at much lower levels (Fig.
3A). No signals were detected in the eye for three other
TALE homeodomain genes, Meis3, Prep1, and TGIF, de-
spite strong expression elsewhere (data not shown). An-
tibodies specific to Meis1 or to Meis2 detected similar
levels of both proteins in lens pre-placodal and placodal
ectoderm, and the combined expression patterns of both
Meis proteins matches that of Pax6 in the lens and cor-
nea from E9.5 to E12.5 (Fig. 3B; data not shown). The
specificity of the Meis1 and Meis2 antibodies was dem-
onstrated by their distinct immunohistochemical pat-
terns in hindbrain and nasal placode, respectively (Fig.
3C). Moreover, in contrast to genes such as Six3, Msx2,
and Dach1 whose expression in pre-lens placodal ecto-
derm is Pax6-dependent (Ashery-Padan et al. 2000; Pur-
cell 2001), Meis1 and Meis2 pre-placodal ectodermal ex-
pression is Pax6-independent, as the ectodermal expres-
sion of both proteins was maintained in Sey1Neu/Sey1Neu

embryos null for Pax6 function (Fig. 3B). This molecular
epistasis places Meis expression either upstream of or
parallel to Pax6 in the lens-forming regulatory hierarchy.

Figure 2. Meis1 and Meis2 binding to the 26-bp Pax6 lens el-
ement sequence. (A) After blotting �gt11 clones to nitrocellu-
lose and probing with wild-type or mutant radioactive ds-oligo-
nucleotides, phage clones expressing DSEB (a non-specific DNA
binding protein; Stuempfle and Floros 1997) bind both wild-type
and mutant C probes (left), whereas chicken Meis2-expressing
clones specifically bind the wild-type 26-bp probe but not the
mutant C probe (right). (B) Mouse Meis1 protein binds the 26-bp
element. HA-tagged Meis1 forms a gel-shift complex with the
26-bp probe (lower arrow), that is supershifted (upper arrow)
when anti-HA antibody is added.

Figure 1. Identification of a 26-bp sequence essential for Pax6
lens ectoderm expression. (A, top) The mouse Pax6 locus ex-
tending 3.9 kb upstream of the Pax6 P0 promoter, along with
the previously determined 107-bp minimal lens ectoderm en-
hancer located between −3803 and −3696 bp upstream of the
mouse Pax6 P0 promoter (Williams et al. 1998; Kammandel et
al. 1999). (Bottom) Conservation of the 26-bp sequence (−3759
to −3734 bp) within the 107-bp minimal element, including six
invariant base pairs (shaded) comprising the Meis homeodo-
main binding site. (B) Transient transgenic mouse analysis of
the cis-regulatory requirements for Pax6 lens ectoderm expres-
sion. Constructs and the number of independent transgenic
lines (Tg) exhibiting lens ectoderm expression (Lens) and/or ec-
topic expression (Ectopic) are shown. The 107-bp minimal lens
ectoderm enhancer resides in the center of the 526-bp transgene
sequence (−3969 to −3443 bp). These experiments identify 26 bp
that are necessary (e.g., construct �26 bp) but not sufficient (e.g.,
construct 3 × 26 bp) for 526-bp fragment lens enhancer activity
in vivo. Five of the six base pairs in the invariant Meis binding
site were altered in mutant C, which also fails to support lens
ectoderm expression in vivo. (C) Specific DNA complex forma-
tion on the 26-bp sequence with nuclear extracts prepared from
E12.5 mouse embryonic heads. Complex formation (arrow) is
competed by specific but not by non-specific oligonucleotides at
10× and 100× molar ratios. (D) Concordant with the transgenic
experiments in B, nuclear extracts bind the wild-type 26-bp
probe (WT) but not the mutant C probe.
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Meis binding is required for the Pax6 lens enhancer
activity

Next, we sought to establish whether Meis was a com-
ponent of the EMSA complex identified when E12.5
mouse embryonic head nuclear extracts bound the 26-bp

lens ectoderm regulatory element. Following gel shift
analysis and complex detection by autoradiography, re-
gions of the gel corresponding to either the shifted com-
plex or areas with no complex were excised (Fig. 4A, top),
eluted, and analyzed by SDS-PAGE followed by Western
blotting using the anti-Meis1 polyclonal antibody (Fig.
4A, bottom). This experiment indicated that Meis1 was
indeed present in the EMSA complex that forms when
nuclear extracts are incubated with the 26-bp sequence.
To test whether Meis bound DNA in the EMSA com-

plex, we conducted a detailed mutational analysis of the
Meis-binding site. In addition to the 5-bp substitution of
the Meis DNA-binding site (mutant C), we also engi-
neered individual substitutions in four of the six bases
comprising the Meis site (mutants 1, 3, 4, and 5; Fig. 4B).
When tested by EMSA, an exact concordance was ob-
served between mutations that interfere with Meis1
binding (mutants C and 5) and those that abolish com-
plex formation (Fig. 4C). Conversely, individual nucleo-
tide substitutions in the Meis site that failed to affect
Meis1 binding (mutants 1, 3, and 4) also failed to affect
complex formation. We therefore conclude that forma-
tion of the nuclear extract complex detected by EMSA
involves direct sequence specific DNA recognition by
Meis.
Next, we investigated whether specific Meis binding is

also necessary for Pax6 lens enhancer activity in vivo.
Based on our in vitro results, we chose to test mutants 4
and 5, two adjacent point mutations with opposite ef-
fects on Meis binding. By site directed mutagenesis, we
made the same changes (T → A for mutant 4, C → G for
mutant 5) in a 526-bp Pax6 fragment containing the lens
ectoderm enhancer. As predicted, none of the eight tran-
sient transgenic mice carrying the disruptive mutant 5
showed reporter expression in the lens, whereas two
transient transgenic lines harboring the permissive mu-
tant 4 completely preserved lens enhancer activity (Fig.
4D). These experiments provide compelling evidence
that Meis, acting by direct DNA binding, is an endog-
enous regulator of the Pax6 lens ectoderm regulatory el-
ement.
Although Meis is essential for formation of a nuclear

extract complex on the 26-bp element, other factors also
appear to be present in the EMSA complex. When resi-
dues immediately flanking the Meis binding site were
changed (Fig. 4B, mutants L and R), both mutant DNA
probes supported binding by Meis1 but not by the
nuclear extract (Fig. 4C). This result indicates that for-
mation of the complex detected by EMSA likely involves
additional components binding each side of the Meis
site. Members of the Pbx and Hox families are currently
the only known binding partners for Meis, but the 26-bp
sequence does not contain DNA sequence motifs previ-
ously shown to function as Hox and Pbx binding sites
(Chang et al. 1997; Mann and Affolter 1998). To further
test whether Pbx1, Pbx2, or Pbx3 was part of the Meis-
containing complex, we precipitated the complex from
E12.5 mouse embryonic head nuclear extracts using the
26-bp probe coupled to agarose beads (Fig. 4E). Meis1 was
present in the pellet brought down by the wild-type but

Figure 3. Meis1 and Meis2 are expressed in prospective lens
placode ectoderm. (A) Whole-mount mRNA in situ hybridiza-
tion shows strong Meis1 expression in the eye in E10.5 mouse
embryos. Note that the Meis1 ocular expression domain ex-
tends beyond the Pax6 expression domain, while Meis2 is ex-
pressed at much lower levels in the eye at this developmental
stage. (B) Meis1 and Meis2 proteins are expressed in the lens
ectoderm of wild-type and Sey1Neu/Sey1Neu embryos at both
E9.5 and E10.5 (yellow immunofluorescence). Optic vesicle and
optic cup expression of Meis1 and Meis2 is also retained in
Sey1Neu/Sey1Neu embryos. (oc) Optic cup; (ov) optic vesicle; (le)
prospective lens ectoderm; (lv) lens vesicle. (C) Specificity of the
Meis1 and Meis2 antibodies. Antibodies directed against Meis1
and Meis2 were tested on adjacent E10.5 mouse cryosections by
immunohistochemistry. Meis1 but not Meis2 is strongly ex-
pressed in hindbrain, whereas Meis2 but not Meis1 is strongly
expressed in nasal placode. These and other results (Toresson et
al. 2000) support the specificity of these antibodies. (hb) Hind-
brain; (np) nasal placode.
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not the mutant 5 probe, whereas for both probes Pbx1–3
immunoreactivity remained in the supernatant (Fig. 4E).
Therefore, the Meis complex on this sequence element
appears to involve novel cofactors other than Pbx.

Modulation of Meis activity alters Pax6 lens
expression in vivo

To test the functional significance of the Meis-Pax6
regulatory interaction in vivo, we undertook two addi-
tional experimental strategies. First, we prepared perma-
nent lines of transgenic mice expressing Meis1 or Meis2
under the control of the 526-bp Pax6 fragment contain-
ing the lens element (Fig. 5A). Significantly, 2 out of 2
lines of Meis2-overexpressing transgenic mice exhibited
cataracts (Fig. 5B), a phenotype also observed in Pax6-
overexpressing mice (Schedl et al. 1996). In contrast, 3
out of 3 lines ofMeis1 transgenic mice did not exhibit an
ocular phenotype, despite comparable levels of transgene
expression. Indeed, when pools of E13.5 lens RNA from

wild-type and Meis2-overexpressing transgenic mice
were analyzed by quantitative real-time RT–PCR, the
lens RNA isolated from the Meis2 transgenic mice con-
tained 2.3 ± 0.3-fold (mean ± S.D.) more Pax6 transcripts
than that from wild-type mice (Fig. 5C).
Next, to test for a genetic interaction between Meis2

and Pax6, we intercrossed the FVB/N inbred Tg-Meis2
line 4979 with C3H/HeN inbred Sey1Neu/+ mice haplo-
insufficient for Pax6. The FVB/N × C3H/HeN F1 off-
spring should be heterozygous at all loci and hence ge-
netically uniform with respect to background. One hun-
dred percent of F1 mice carrying the Tg-Meis2 allele
alone exhibited dense cataracts (n = 30), whereas the
phenotypic severity in all Tg-Meis2, Sey1Neu/+ mice
(n = 7) was dramatically reduced (Fig. 5D). The attenua-
tion of the Meis2 overexpression phenotype by reduced
Pax6 gene dosage further supports a model whereby
Meis2 overexpression causes cataracts by elevating Pax6
expression.
In a second approach, murine Meis1a cDNA con-

structs, analogous to known dominant-negative Dro-

Figure 4. Meis1 binds the 26-bp element in a higher order nuclear complex to regulate Pax6 lens ectoderm expression. (A) Meis1 is
part of a nuclear complex that forms on the Pax6 26-bp probe. (Top) EMSA was performed after nuclear extracts were incubated with
either a 26-bp probe containing a Pbx/Meis consensus site (Con; Chang et al. 1997) or with the 26-bp wild-type Pax6 probe (WT).
(Bottom) Western blot showing Meis1 is present in eluates from gel slices containing complexes (I and III), but not from a control gel
slice (II). Nuclear extract (N.E.) was included as a positive control. (B) Scheme showing design of point mutations in the 26-bp
sequence. The Meis binding site is shaded. Mutations were designed based on Chang et al. (1997) and behaved as expected, with the
exception of mutant 4 which behaved permissively in our experiments. (C) Mutational analysis of the Meis binding site and its
flanking sequences. Probes corresponding to wild-type (WT) and mutant 26-bp sequences were tested in EMSA for complex formation
with in vitro translated HA tagged Meis1 plus anti-HA antibody (M) or with nuclear extract (E). [Anti-HA antibody was added because
the Meis–DNA complex appears stronger when bound by antibody (Fig. 2B). This explains the slower mobility of Meis1 complexes
relative to those involving nuclear extracts, which include Meis1 plus other components.] Mutants L and R abrogate nuclear extract
complex formation but not Meis binding, whereas mutant C abolishes both. Point mutations in the Meis binding site (mutants 1, 3,
and 4) have little or no effect on binding except for mutant 5, which (similar to mutant C) abolishes both Meis1 binding and nuclear
extract complex formation. (D) Transgenic analysis of mutants 4 and 5 confirms that Meis binding is required for activity of the Pax6
lens ectoderm enhancer in vivo. The number of independent transgenic lines (Tg) exhibiting lens ectoderm expression (Lens) and/or
ectopic expression (Ectopic) is shown. (E) Pbx1–3 are not present in the nuclear extract complex that binds the 26-bp element. When
nuclear extract complexes were precipitated with the 26-bp probe (WT), only Meis1 is detected in the pellet (P), with Pbx1–3
immunoreactivity remaining in the supernatant (S). Mutant 5 precipitates neither Meis nor Pbx1–3.
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sophila and Xenopus Meis isoforms (Dibner et al. 2001;
Inbal et al. 2001), were introduced into the chicken em-
bryonic eye-forming region together with a GFP expres-
sion plasmid by in ovo electroporation (Fig. 6), and cells
that had taken up the Meis/GFP expression plasmids
(GFP+) were analyzed for Pax6 protein expression by con-
focal microscopy. The electroporation process itself does
not interfere with Pax6 expression, as shown by the
abundant Pax6+/GFP+ cells in the lens and corneal ecto-
derm when only the control GFP expression plasmid was
introduced (Fig. 7A; Table 1). Similarly, neither Meis1,
Meis2 nor a Meis1 homeodomain linked to the Engrailed

repressor domain (Meis1�MD-En) altered Pax6 expres-
sion (Table 1; Fig. 7B). In contrast, when full or nearly
full length Meis1-Engrailed repressor constructs (Meis1-
En or En-Meis1, respectively) were introduced, Pax6 lens
placode expression was strongly and consistently down-
regulated (Fig. 7A,B; Table 1). Such repression was
specific, as Pax6− cells still expressed AP2� and Pbx
(Fig. 7C). Interestingly, while GFP+ cells with reduced
Pax6 expression were initially present in both the lens
placode and the surrounding ectoderm, at later time
points only the corneal ectoderm contained GFP+/Pax6−

cells (Fig. 7A,B). This result agrees with findings in
(Pax6Sey/Sey-Neu ↔ Pax6+/+) mouse chimeras, where
Pax6−/− cells were excluded from the developing lens in
a cell-autonomous manner (Collinson et al. 2000, 2001).
Of note, misexpression of Meis1 or Meis1 fused with the
activation domain of VP16 (Meis1-VP16) in ectoderm
outside the eye-forming region did not produce ectopic
Pax6 expression (data not shown), presumably because
other regulatory factors required for Pax6 expression are
limiting. Nonetheless, these in vivo experiments estab-
lish that the Pax6 lens placode enhancer element is a
natural target for Meis1 and Meis2, which functionally
regulate Pax6 expression in vivo.

Discussion

Meis homeoproteins directly regulate Pax6 lens
placode expression

We have presented several lines of evidence demonstrat-
ing that the Meis1 and Meis2 homeobox transcription
factors are direct upstream regulators of Pax6 expression
in the developing lens ectoderm. These include: (1)
Meis1 and Meis2 proteins are coexpressed with Pax6 in
the developing lens placode; (2) Meis binds the Pax6 lens
enhancer as part of a nuclear protein complex in vitro; (3)
Meis binding is required for Pax6 lens enhancer activity

Figure 5. Pax6–Meis2 genetic interaction. (A) Construct for
Meis2 overexpression in embryonic lens ectoderm. (LE) 526-bp
Pax6 fragment containing the lens ectoderm enhancer; (�-glo-
bin) human �-globin promoter; (IRES) internal ribosome entry
site; (AP) alkaline phosphatase reporter gene. (B) Transgene ac-
tivity was scored at E10.5 by AP activity (left). Wild-type and
Meis2 overexpression phenotypes are shown (middle and right,
respectively). Cataracts were clearly visible in 1-month-old
FVB/N × C3H/HeN Meis2 transgenic mice. Cataracts are also
present in the FVB/N strain in which the transgene was gener-
ated (data not shown). (C) RNA quantitation by real time RT–
PCR shows that Pax6 expression is elevated by 2.3 ± 0.3-fold
(mean ± S.D.) in E13.5 lenses collected from Meis2-transgenic
embryos relative to wild-type lenses, while GAPDH expression
remains constant. Expression levels are shown relative to 18S
RNA expression. (D) Lenses from 1-month-old F1 littermates
from a Sey1Neu/+ × Tg-Meis2/+ intercross, showing suppression
of Tg-Meis2 cataracts in a Sey1Neu/+ background. Genotypes are
indicated above the lenses.

Figure 6. Meis constructs used in electroporation are based on
the cDNA for Meis1a (kindly provided by Dr. M. Cleary; Jacobs
et al. 1999). The En or VP16 domains confer repressor or acti-
vator activity, respectively upon the fusion proteins. (MD) Meis
domain; (En) Drosophila Engrailed repressor domain; (HD) Meis
Homeodomain; (VP16) activation domain of virion protein 16 of
herpes simplex virus. (For detailed information on the con-
structs or their preparation, contact R. Maas.)
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in transgenic mice; (4) Meis2 interacts genetically with
Pax6 and leads to increased Pax6 expression in develop-
ing lens; (5) dominant-negative Meis1 represses Pax6 ex-
pression in vivo.

Although Meis2 was the Meis family member initially
isolated from the chick embryonic lens expression li-
brary, subsequent experiments suggested that Meis1
transcripts are more abundant in developing lens ecto-
derm than Meis2 transcripts. However, both Meis pro-
teins were readily detected by immunohistochemistry
using specific antibodies, and Meis2 transgenics exhib-
ited cataracts associated with up-regulated Pax6 expres-
sion, whereas Meis1 transgenics did not. On the other
hand, the in ovo experiments suggest that Meis1 can also
modulate Pax6 expression in vivo. Therefore, although
our data do not exclude qualitatively different molecular
functions for Meis1 and Meis2, on the basis of theMeis2
transgenic mouse experiment, at least Meis2 must func-
tion in vivo in a positive regulatory capacity.
Recent experiments have suggested that the 107-bp

enhancer is not the only cis-acting element controlling
Pax6 expression in the lens. This is highlighted by the
genetic deletion of this element in the mouse, which
results in a delay in lens development and produces mod-
erate lens abnormalities (Dimanlig et al. 2001). In con-
trast, a conditional knockout of the Pax6 gene specific to
the lens placode completely abolishes lens formation
(Ashery-Padan et al. 2000). This phenotypic discrepancy
has been attributed to the residual Pax6 placodal expres-
sion that is observed in the enhancer null mice, a result
that suggests the existence of additional lens enhancer(s)
elsewhere in the Pax6 locus (Dimanlig et al. 2001). Con-
sistent with this idea, the Sey Pax6 null mutation can be
rescued by a 420-kb yeast artificial chromosome (YAC)
transgene containing the human PAX6 locus, but not by
a shorter 310-kb YAC (Kleinjan et al. 2001). The genomic
fragment absent from the 310-kb YAC contains a num-
ber of tissue-specific enhancers, including a 2.5-kb ele-
ment (denoted the “SIMO” element) that is capable of
directing reporter gene expression in the lens. Interest-
ingly, we have found five Meis consensus sites within
the SIMO element, four of which are clustered in a 200-
bp sequence with 99% conservation between human and
mouse (X. Zhang and R. Maas, unpubl.). This raises the

Table 1. Repression of Pax6 by Meis 1-En constructs in
chick embryonic lens ectoderm.

Construct
Pax6+ cells/GFP+

cells (%)
No.

experiments

GFP alone 612/666 (92%) 3
Meis1 + GFP 154/177 (88%) 2
Meis1�MD-En + GFP 36/40 (90%) 1
En-Meis1 + GFP 106/540 (20%) 5
Meis1-En + GFP, 12 h 35/162 (22%) 6
Meis1-En + GFP, 24 h 13/77 (17%) 5
Meis1-En + GFP, 40 h 4/33 (12%) 2

Constructs were electroporated into E2 chick embryos (H&H
stages 9–10) at 10-fold molar excess relative to co-electroporated
GFP expression plasmid, increasing the likelihood that GFP+

cells also took up the test construct. Embryos were harvested
and stained for endogenous Pax6 expression at 24 h unless oth-
erwise noted. (GFP) Green fluorescent protein; (En) Drosophila
Engrailed repressor domain.

Figure 7. Meis1-En represses Pax6 lens ectoderm expression in
vivo. (A, top) In chick embryos, endogenous Pax6 expression
(red fluorescence) is not altered by electroporation of a Control
GFP-expressing vector (green fluorescence), as evident by exten-
sive overlapping expression (yellow). (Bottom) In contrast, fol-
lowing co-electroporation of Meis1-En (10-fold molar excess of
a construct expressing Meis1 fused to the Drosophila Engrailed
repressor domain) and GFP, endogenous Pax6 nuclear expres-
sion in the prospective lens ectoderm is reduced by 12 h and 24
h, and Pax6−/GFP+ cells are excluded from the lens vesicle by 40
h. (ce) Corneal ectoderm; (le) lens ectoderm; (lv) lens vesicle. (B)
Requirement of the full-length Meis1-Engrailed repressor do-
main protein to repress Pax6 expression. When chicken em-
bryos were electroporated with GFP plus variousMeis contructs
(the latter present in 10-fold molar excess) and analyzed after 24
h, only En-Meis1 and Meis1-En repressed Pax6 expression.
Pax6+ cells are red, Meis construct expressing cells are green
(due to GFP), and Pax6+/GFP+ cells are yellow. (C) Meis1-En-
grailed proteins do not repress AP2� or Pbx1–3 expression. After
electroporation, Meis1-Engrailed positive cells (GFP+, green)
still express AP2� (red) and Pbx (red), but not Pax6 (blue).
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possibility that Meis homeoproteins bind both the 107-
bp and the SIMO lens elements, thereby controlling the
overall level of Pax6 expression in the lens. This model
is supported by the study of Meis2+/− and compound
Meis1+/−, Meis2+/− mice, both of which exhibit signifi-
cant ocular phenotypes involving the lens (R. Richel, T.
Hisa, N. Jenkins, and N. Copeland, pers. comm.).

Nature of the Meis complex

Other roles for Meis have been identified in vertebrate
hindbrain development and limb morphogenesis (Cap-
devila et al. 1999; Mercader et al. 1999; Dibner et al.
2001; Waskiewicz et al. 2001; Choe et al. 2002; Maeda et
al. 2002). In both processes, Meis acts as a cofactor for
Pbx protein by modulating the latter’s transcription ac-
tivity. This is accomplished through a direct Meis–Pbx
protein–protein interaction, which is required for both
nuclear translocation and for synergistic binding of the
Meis–Pbx complex to its target DNA sequence (Chang et
al. 1997; Rieckhof et al. 1997). In this study of Meis func-
tion in eye development, we have also uncovered a po-
tential role for Meis interacting partner(s) in regulating
Pax6 gene expression. However, several lines of evidence
suggest that, in this particular case, Pbx proteins are un-
likely to be the relevant Meis interactors. First, Pbx pro-
tein, as assessed by a Pbx1–3 pan-reactive antibody, is
absent from the Meis containing complex formed on the
Pax6 lens enhancer. Second, Pbx does not bind to the
sequence adjacent to the Meis site, even though this se-
quence is also required for the Pax6 lens enhancer activ-
ity (X. Zhang and R. Maas, unpubl.). Finally, Pbx1
knockout mice exhibit no obvious eye phenotype (Selleri
et al. 2001), and mutation in the predominant Pbx gene
expressed during early zebrafish development, Pbx4, also
failed to cause any eye abnormality (Popperl et al. 2000).
Together, these results raise the interesting possibility
that an unknown factor assembles with Meis homeopro-
teins on the Pax6 lens placode element. In fact, study of
Meis activity in zebrafish hindbrain development has
suggested that the N-terminal domain of Meis3 may
bind to an auxiliary factor in addition to Pbx (Choe et al.
2002). Identification of these unknown potential Meis
interactors should further illuminate Meis function dur-
ing vertebrate eye development.

Comparison to the ey hierarchy in Drosophila

Despite the striking evolutionary conservation of the
Pax6 pathway (Pichaud et al. 2001), it is interesting to
contrast our result withDrosophila, where the sole Meis
homolog, Homothorax (Hth), suppresses eye formation
in the ventral half of the eye and has been proposed to
delimit the eye field (Pai et al. 1998). Meis/Homothorax
function in controlling anterior–posterior embryonic
patterning and proximo–distal limb development is con-
served between Drosophila and vertebrates (Rieckhof et
al. 1997; Kurant et al. 1998; Pai et al. 1998; Capdevila et
al. 1999; Mercader et al. 1999; Dibner et al. 2001;

Waskiewicz et al. 2001; Choe et al. 2002; Maeda et al.
2002). Nevertheless, the fact that Meis1 and Meis2 are
expressed throughout the developing lens, retina, and
cornea further indicates that Meis1 and Meis2 cannot
play exclusively repressive roles in vertebrate eye devel-
opment. In addition, although the Meis binding site in
the Pax6 lens enhancer is conserved from fish to human,
it does not appear to be present in the eye imaginal disc
enhancer of the Drosophila Pax6 homolog eyeless
(Hauck et al. 1999; Xu et al. 1999). In fact, when the
eyeless enhancer was introduced into transgenic mice, it
reproduced endogenous Pax6 expression in retina and
spinal cord, but not in lens (Xu et al. 1999). Therefore,
the mechanism of Pax6 regulation in the vertebrate lens
placode differs in at least one respect from that in the
Drosophila eye imaginal disc. Although Pax6 function is
evolutionarily conserved, potentially indicating a mono-
phyletic origin for the eye (Gehring and Ikeo 1999), it is
attractive to suggest that divergent mechanisms regulat-
ing Pax6 expression also exist. These enhancer-specific
differences may underlie the unique aspects of oculogen-
esis in vertebrates and invertebrates.

Materials and Methods

Electrophoretic mobility shift assay (EMSA)

Nuclear extracts were prepared as described (Dignam et al.
1983). EMSA reactions were carried out as described in a buffer
containing 10 mM Na-HEPES (pH 7.4), 50 mM KCl, 5 mM
MgCl2, 1 mM DTT, 10% glycerol, 25 ng/µL poly(dIdC) (Epstein
et al. 1994). HA-Meis1 plasmid (kindly provided by Dr. P.
Knoepfler, University of California at San Diego, La Jolla, CA)
was transcribed and translated in vitro using a kit (Promega).
The HA antibody (12 CA5) was from Boehringer Mannheim.

Southwestern screen

The chicken lens cDNA �gt11 library, a generous gift of Profes-
sor K. Yasuda (Nara Institute of Science and Technology, Japan),
was previously used to isolate L-Maf, and screening was per-
formed as described (Ogino and Yasuda 1998).

In situ hybridization and immunostaining

Whole-mount mRNA in situ hybridization and immunohisto-
chemistry were performed as described (Wawersik et al. 1999).
Antisense probes were generated from cDNAs for Meis1–3
(kindly provided by Dr. N. Copeland, NCI, Frederick), TGIF,
Prep1, and Pax6. Meis1 and Meis2 antibodies were generous
gifts from Dr. A. Buchburg (Jefferson Medical College, Philadel-
phia, PA). These antibodies were made to 16-residue N-terminal
peptides of Meis1 and Meis2, which differ at a single position
(Swift et al. 1998). Nevertheless, they recognize Meis1 or Meis2
with a high degree of specificity in DNA mobility shift assays,
in Western blot assays, in immunostained transfected cells, and
in mouse tissue sections (Fig. 3C; data not shown). The speci-
ficity of these antibodies has also been noted by others (Tores-
son et al. 2000). Affinity purified polyclonal rabbit Pax6 anti-
body (PRB-278P) was obtained from Covance (Richmond, CA).

Protein extraction after EMSA

The gel slice from EMSAwas boiled with 50 µL of loading buffer
(12.5 mM Tris at pH 6.8, 2% SDS, 20% glycerol, 0.002% brom-
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phenol blue, 10% 2-mercaptoethanol) for 5 min and incubated
at 4°C overnight. Eluted proteins were resolved by SDS-PAGE,
transferred to nitrocellulose, incubated with antibody, and de-
tected by chemiluminescence (Pierce). This strategy was used
because the Meis1 antibody does not function in a supershift
protocol.

DNA pull down assay

Five microliter protein preparations were incubated with 200 ng
of biotinylated double-stranded DNA in 20 µL of EMSA binding
buffer for 30 min on ice. The reactions were then mixed with 5
µL of Ultralink streptavidin-agarose (Pierce) for 10 min, washed
3 times, and analyzed by Western blotting. The biotin labels
were on the 5� end of oligonucleotides 5�-AATTGTAGATC
GAAGCCGGCCTTGTCAGGTTGAGAA-3� (wild type) and
5�-AATTGTAGATCGAAGCCGGCCTTGTGAGGTTGAGA
A-3� (mutant). The rabbit polyclonal Pbx antibody (sc-888x, lot
B150, Santa Cruz Biotechnology) recognizes a C-terminal epi-
tope identical between human PBX1, PBX2, and PBX3. An ad-
ditional Pbx family member with a more divergent C terminus,
Pbx4, has been reported recently, but its RNA expression is not
detected in mouse embryos between E7.0–E10.5 (Wagner et al.
2001).

Transgenic overexpression

The transgenic expression vector was constructed by placing
the 526-bp Pax6 fragment (−3969 to −3442 bp) containing the
lens enhancer, and the human �-globin promoter, 5� to the
Meis2b cDNA (kindly provided by Dr. P. Chambon, Institut de
Biologique, Strasbourg, France), followed by an IRES-alkaline
phosphatase (AP) cassette (kindly provided by Dr. T. Lufkin, Mt.
Sinai School of Medicine, New York, NY). Transgenic mice
were generated by pronuclear injection on a FVB/N background,
and lens-specific transgene expression was verified by AP activ-
ity and RT–PCR. Meis1 transgenics (three independent perma-
nent lines) did not exhibit a lens phenotype, whereas analogous
Meis2 transgenics (two independent permanent lines) did, even
though transgene expression levels appear similar as judged by
alkaline phosphatase reporter activity. This is possibly because
when tested for ability to stimulate Hox and Pbx mediated
transactivation of a synthetic reporter (a gift of Dr. M. Cleary;
Jacobs et al. 1999), Meis1 was reproducibly weaker than Meis2
(data not shown). For the genetic interaction experiment,
Sey1Neu/+ mice were maintained in a C3H/HeN background.
Although the Pax6 gene is not deleted in Sey1Neu/Sey1Neu mice,
the PST domain encoded by the Sey1Neu allele is devoid of trans-
activating function in transient transfection assays (Glaser et al.
1992). In addition, the Sey1Neu/+ ocular phenotype closely re-
sembles that of SeyH/+ embryos, which carry a deletion of the
Pax6 locus (Hill et al. 1991).

In ovo electroporation

In ovo electroporation was performed as described (Momose et
al. 1999). The Meis constructs were cloned in pIRES2-EGFP
(Clontech), a CMV-based expression vector with an internal
GFP reporter, and protein expression was verified in cell cul-
ture. However, because the IRES2-EGFP signal was too weak to
be easily detected after cryosection, we co-electroporated an
excess of Meis construct (3 µg/µL) with pCS2-GFP (0.3 µg/µL;
kindly provided by Dr. C. Cepko, Department of Genetics, Har-
vard Medical School, Boston, MA). Sections were processed for
immunohistochemistry with antibodies against Pax6 (Develop-

mental Hybridoma Bank), AP2�, and Pbx1–3 (both from Santa
Cruz).

Quantitative real time RT–PCR

E13.5 lenses were collected from 18 litters of Tg-Meis2/+ × +/+
matings. RNA was extracted from lenses pooled by genotype
from 85 +/+ and 74 +/Tg embryos for quantitative RT–PCR
analysis (Bio-Rad iCycler IQ; Invitrogen, no. 10928-042). Pax6
cDNA was detected with primers 5�-CTACCAGCCAATC
CCACAGC-3�, 5�-TTCGGCCCAACATGGAAC-3� (Invitro-
gen), and probe 5�-(6-FAM)CACCACACCT-GTCTCCTCCTT
CACATCA(BHQ-1)-3� (Biosearch) and normalized against 18S
expression. Experiments were repeated two times, each in trip-
licate.

Computational analysis

Composite binding sites for Pbx1-Meis1, Pbx-Prep1 and Meis-
Hoxa-9 have also been described (Chang et al. 1997; for review,
see Mann and Affolter 1998). None of these conform to se-
quences on the Pax6 26-bp element. That Homothorax is the
soleDrosophila melanogaster Meis family member was verified
by a BlastP homology search of the fly genome for sequences
homologous to the Meis-Homothorax (MH) domain. The 212-
bp D. melanogaster ey eye enhancer sequence (Hauck et al.
1999; GenBank accession no. AJ131630) was searched for the
Meis1 DNA recognition consensus sequence, 5�-TGACA(A/G)-
3� (Chang et al. 1997). No 5- or 6-bp matches were identified.
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