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It has been demonstrated previously that Pax-6, a paired domain (PD)/homeodomain (HD) transcription
factor critical for eye development, contributes to the activation of the aB-, aA-, 81-, and {-crystallin genes in
the lens. Here we have examined the possibility that the inverse relationship between the expression of Pax-6
and 3-crystallin genes within the developing chicken lens reflects a negative regulatory role of Pax-6. Cotrans-
fection of a plasmid containing the 3B1-crystallin promoter fused to the chloramphenicol acetyltransferase
reporter gene and a plasmid containing the full-length mouse Pax-6 coding sequences into primary embryonic
chicken lens epithelial cells or fibroblasts repressed the activity of this promoter by as much as 90%. Pax-6
constructs lacking the C-terminal activation domain repressed [3B1-crystallin promoter activity as effectively
as the full-length protein, but the PD alone or Pax-6 (5a), a splice variant with an altered PD affecting its DNA
binding specificity, did not. DNase footprinting analysis revealed that truncated Pax-6 (PD+HD) binds to
three regions (—183 to —152, —120 to —48, and —30 to +1) of the 3B1-crystallin promoter. Earlier experi-
ments showed that the 3B1-crystallin promoter sequence from —120 to —48 contains a cis element (PL2 at —90
to —76) that stimulates the activity of a heterologous promoter in lens cells but not in fibroblasts. In the
present study, we show by electrophoretic mobility shift assay and cotransfection that Pax-6 binds to PL2 and
represses its ability to activate promoter activity; moreover, mutation of PL2 eliminated binding by Pax-6.
Taken together, our data indicate that Pax-6 (via its PD and HD) represses the 3B1-crystallin promoter by
direct interaction with the PL2 element. We thus suggest that the relatively high concentration of Pax-6
contributes to the absence of BB1-crystallin gene expression in lens epithelial cells and that diminishing

amounts of Pax-6 in lens fiber cells during development allow activation of this gene.

Pax proteins are multifunctional transcription factors that
are critical for numerous developmental processes in animals
(25). Pax-6, a member of this family, is required for early eye
determination in animals as diverse as vertebrates, insects, and
cephalopod mollusks (26, 39, 47). Vertebrates heterozygous
for Pax-6 mutations exhibit a wide variety of eye defects, in-
cluding aniridia, corneal opacification, and cataracts (6). Eye
development in homozygotes is absent due to a failure of lens
induction from the head ectoderm (21). Pax-6 was recently
shown to be sufficient for lens induction from the head ecto-
derm when ectopic expression of Pax-6 in Xenopus animal caps
resulted in ectopic lens induction in the absence of neural
tissue (1). In the developing and adult lens, Pax-6 mRNA is
found mainly in the cuboidal epithelium on the anterior sur-
face of the lens and the proliferative zone located at the lens
equator (29, 31, 40). In the embryonic lens, Pax-6 protein is still
detectable in the nuclei of the postmitotic fiber cells after their
generation by the proliferative zone but is then lost as lens
fiber cell differentiation proceeds (29, 40).

The refractive properties of the lens are dependent on the
accumulation of high concentrations of water-soluble proteins
known collectively as crystallins (2, 48). The genes encoding
crystallins are generally expressed either specifically or prefer-
entially in the lens and are independently regulated at the
transcriptional level (11, 38). While the roles that Pax-6 plays
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in eye development after the initial inductive events are not
well understood, it has been demonstrated that Pax-6 contrib-
utes to the transcriptional activation of two crystallin genes
initially expressed in the lens placode, chicken 81-crystallin (10,
43) and mouse aB-crystallin (20, 22, 41), as well as three others
expressed in the lens, guinea pig {-crystallin (40), and chicken
and mouse aA-crystallin (8, 9). However, it is clear that crys-
tallin genes are regulated by a complex network of transcrip-
tion factors (11) and that Pax-6 is only one of the many pro-
teins involved.

BB1-crystallin (B35 [23]), another lens-preferred protein, is
initially transcribed later in lens development than the above
proteins, with low levels of expression first detected in elon-
gating, postmitotic primary fiber cells (4, 36). In chickens,
BB1-crystallin mRNA levels increase substantially in lens fiber
cells in the late embryonic period and are maintained at this
level until at least 90 days of age (23). In the present study, we
investigated the role that Pax-6 plays in chicken BB1-crystallin
gene regulation and have demonstrated that Pax-6 represses
promoter activity of this marker of lens terminal differentia-
tion. These investigations demonstrate for the first time that
Pax-6 can function as a repressor and support the idea that one
of the many roles of Pax-6 is the regulation of spatial and
temporal gene expression in the lens.

MATERIALS AND METHODS

Plasmid constructions. The chicken BB1-crystallin promoter plasmids 434/
+30/CAT (pB434 [17]), —126/4+30/CAT (ppB1P126 [42]), and 3X PL2/CAT
(18) and the chicken aA-crystallin (—162/+77)/CAT construct (8) were previ-
ously described.

The full-length Pax-6 cDNA cloned into pKW10 was previously described (13).
The Pax-6 (5a) expression vector was generated by subcloning the NotI fragment
for pCMV5a (19) into pKW10. The construction of plasmids expressing the
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Pax-6 paired domain (PD) alone, the Pax-6 PD and homeodomain (HD) to-
gether [Pax-6 (PD+HD)], and Pax-6 with 40 amino acids (aa) truncated from the
C terminus are described elsewhere (12). The plasmids for expression of the PD
and HD of Pax-6 as glutathione S-transferase (GST) fusions were provided by J.
Epstein and R. L. Maas (Howard Hughes Medical Institute, Boston, Mass.).
pCMVBGAL was purchased from Clontech (Palo Alto, Calif.).

Cell cultures and transfections. Cultures of chicken primary lens epithelial
cells (PLEs) and embryonic fibroblasts were prepared as previously described
(3). PLEs were cultured from six lenses/60-mm-diameter dish and transfected
48 h later by the calcium phosphate precipitation method (42). Each dish re-
ceived 10 pg of promoter/chloramphenicol acetyltransferase (CAT) plasmid, 1.2
ug of pPCMV/BGAL, and various amounts of either the respective Pax-6 expres-
sion plasmid or the parental plasmid (pKW10). Cells were harvested 48 h after
transfection and cellular extracts were prepared by multiple cycles of freeze/
thaw. The extracts were assayed for CAT and B-galactosidase activity as previ-
ously described (42). All cotransfection experiments were performed at least
twice in triplicate.

COP-8 cells were transfected with pCMV/Pax-6, and cellular extracts were
prepared as previously described (14).

DNase I footprinting and EMSA. Escherichia coli extracts containing the Pax-6
(PD+HD)/GST fusion protein were prepared as recommended by the manu-
facturer (Pharmacia, Uppsala, Sweden). DNase I footprints were performed in
the presence of 500 ng of poly(dA-dT) as previously described (20). The PstI/
Pvull fragment (—392 to +30) of the chicken BBIl-crystallin promoter was
radiolabeled on the Pvull end. All electrophoretic mobility shift assays (EMSAs)
were performed in a total volume of 12.5 pl containing 6 wl of A100 (20 mM
HEPES [pH 7.9], 20% [vol/vol] glycerol, 100 mM KCI, 5 mM MgCl,, 0.2 mM
EDTA, 0.5 mM dithiothreitol), 250 ng of poly(dA-dT), 2.5 ng of bovine serum
albumin, and 20,000 Cerenkov counts of double-stranded DNA probe. Nonra-
dioactive competitors were added at 100-fold molar excess. After a 20-min
preincubation at room temperature, reactions were electrophoresed through 5%
polyacrylamide gels, using 0.5X Tris-borate-EDTA as the buffer, at 4°C. The
oligonucleotides used for EMSA (sense strands only shown) were Pax-6 consen-
sus (19), BB1 —190/—139 (5" AAA GGA AAG TGC TGG GTT CAG CGG
CTG GGC ACA GGG CCG GGG AGA GGC TTC 3'), BBl —126/—46 (5’
GCT TTG CAG GAT GTG ATG ACT GGG CGG CCG CAC AGA CACTGA
TGA GCT GGC ACT TCC ATT GTG TGC CCG CCC GCG CTC TG 3'), BB1
—126/—46 (M6a; mut PL1) (see Fig. 6), BB1 —126/—46 (M7; mut PL2) (see Fig.
6), BB1 —34/+2 (5' TAT AAA GTG GGG GCC CCG CTG CAC CCC GAA
ACA CAA 3'), BB1/PL1 (5" GGA TGT GAT GAC TGG GCG GCC GCA 3"),
BB1/PL2 (5" AGA CAC TGA TGA GCT GGC ACT TCC 3'), 3XPL1 (5' GAT
CCG GAT GTG ATG ACT GGG ATG TGA TGA CTG GGA TGT GAT
GAC TGG 3'), 3XPL2 (5' TCG ACC ACA GAC ACT GAT GAG CTG GCA
CAG ACA CTG ATG AGC TGG CAC AGA CAC TGA TGA GCT GGC AG
3"), and 3XPL2(M7) (5" GAT CCA CAG ACA CTA GGC CTC TGG CAC
AGA CAC TAG GCC TCT GGC ACA GAC ACT AGG CCT CTG 3").

Western blot analysis and immunocytochemistry. All fertilized chicken eggs
and posthatch chickens were obtained from Truslow Farms (Chestertown, Md.).
Lenses were dissected from 6-day embryonic, newly hatched, and adult chickens
and homogenized in 20 mM Tris-HCI-1 mM EDTA-1 mM EGTA (pH 7.5) to
obtain water-soluble protein. For Coomassie blue staining, 10 pg of each protein
preparation was subjected to polyacrylamide gel electrophoresis (PAGE)
through a sodium dodecyl sulfate (SDS)-14% polyacrylamide gel, stained with
colloidal Coomassie blue (Novex, San Diego, Calif.), and destained in water. For
Western blots, 15 ug of each protein preparation was electrophoresed through
SDS-12% polyacrylamide gels and electroblotted onto a nitrocellulose mem-
brane. The membranes were blocked overnight in 10% powdered milk in phos-
phate-buffered saline with 0.1% Tween 20 and incubated with either a 1:1,000
dilution of an antibody raised against the C terminus of Pax-6 (15) or 1:1,000
dilution of an antibody raised against B1-crystallin (4). The bound antibody was
detected with the Vectastain ABC Elite kit (Vector Laboratories, Ingold, Calif.)
and the SG substrate.

For immunocytochemistry, heads of 6-day embryonic chickens were fixed in
4% paraformaldehyde in phosphate-buffered saline overnight and embedded in
paraffin, and 8-um-thick sections prepared. These sections were deparaffinized,
blocked with a 1:100 dilution of horse serum, and immunostained as described
above for Western blotting except that the ABC-antibody complexes were de-
tected with the VIP substrate kit (Vector Laboratories).

RESULTS

The expression patterns of Pax-6 and (3-crystallin are in-
versely related in the embryonic lens. We confirm (29) that in
6-day embryonic lenses, Pax-6 levels are highest in lens epithe-
lial cells, with much lower amounts persisting in postmitotic
fiber cell nuclei (Fig. 1B). We also confirm (4, 23) that BB1-
crystallin was detected only in postmitotic fiber cells (Fig. 1C).
To investigate the relationship between Pax-6 and crystallin
expression further, SDS-PAGE and Western immunoblotting

MoL. CELL. BIOL.

C

FIG. 1. Immunocytochemical localization of Pax-6 and BBI1-crystallin pro-
teins in the embryonic chicken lens. (A) Hematoxylin-and-eosin-stained trans-
verse section through the lens of a 6-day chicken embryo. (B) Immunocytochem-
ical detection of Pax-6 protein in the lens of a 6-day chicken embryo. Note that
the highest levels of Pax-6 protein are found in the lens epithelium (e), with
nuclear levels decreasing during fiber cell (f) differentiation. (C) Immunocyto-
chemical detection of BBl-crystallin protein in the lens of a 6-day chicken
embryo. Note that no BB1-crystallin was detected in the lens epithelium, while it
was relatively abundant in the lens fibers. The significance of the restricted
localization of BB1-crystallin within fiber cells is not clear (4) but may indicate an
involvement in the establishment of the refractive index gradient (30) important
for lens function. Magnification for all panels, X89.

were performed on lens fiber cell proteins obtained from em-
bryonic day 6, posthatching day 1, and adult chickens. At em-
bryonic day 6, d-crystallin was the predominant lens protein
and little to no B-crystallin was detected (Fig. 2A) (see refer-
ence 37 for a review). In adult chickens, the relative amount of
d-crystallin had decreased markedly, while B-crystallins be-
came the predominant water-soluble proteins of the lens (Fig.
2A). Western blot analysis of B1-crystallin (Fig. 2B) demon-
strated that the amount of BBl-crystallin protein increases
greatly in the lens after hatching. The amount of Pax-6 detect-
able in lens extracts by immunoblotting was much lower in
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FIG. 2. Developmental analysis of the water-soluble proteins of the chicken
lens. (A) Coomassie blue-stained SDS-polyacrylamide gel of water-soluble pro-
teins obtained from 6-day embryonic, newly hatched, and adult chicken lenses.
Note that 8-crystallin is the predominant protein in the lens at embryonic day 6,
while little to no B-crystallin is detectable. By the time of hatching, significant
levels of B-crystallin are present with a relative decrease in d-crystallin protein
levels. By adulthood, B-crystallins as a class are the predominant proteins of the
chicken lens. (B) Western blot analysis of BB1-crystallin during lens develop-
ment. Note that the levels of BBl-crystallin increase between hatching and
adulthood. (C) Western blot analysis of Pax-6 during lens development. Note
that the levels of Pax-6 decrease during lens development.

older animals than in younger animals and was inversely re-
lated to the amount of B-crystallin (Fig. 2C). Thus, the upregu-
lation of B-crystallin expression may be correlated with a
downregulation of Pax-6 levels in the lens. Consequently, we
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investigated the possible role of Pax-6 in B-crystallin regula-
tion.

Pax-6 represses BBl-crystallin expression. The possibility
that Pax-6 plays a role in the expression of BB1-crystallin was
examined by cotransfecting embryonic fibroblasts with increas-
ing amounts of pKW10 expressing Pax-6 or the parental plas-
mid pKW10 alone with a plasmid containing the BB1-crystallin
promoter driving cat gene expression. As little as 100 ng of the
Pax-6 expression vector repressed the activity of the BB1-crys-
tallin promoter by 50%, while cotransfection with the parental
plasmid did not affect B1-crystallin promoter activity (Fig. 3).
Larger amounts of Pax-6 expression vector increased the effi-
ciency of repression until it reached a plateau of 70% repres-
sion at 500 ng. In contrast, parallel cotransfection of a chicken
aA-crystallin promoter (—162/+77)/CAT construct with 500
ng of Pax-6 expression vector resulted in a threefold increase in
promoter activity (Fig. 3) as reported previously (8). These
cotransfections were also performed in PLEs, and a similar
dose response for transcriptional repression was obtained
(data not shown).

Pax-6 repression does not require the activation domain.
The portions of the Pax-6 protein required for the repression
of BBI1-crystallin promoter activity were investigated by co-
transfection of 500 ng of the various truncated Pax-6 expres-
sion constructs with the chicken BBl-crystallin promoter/cat
reporter gene construct into PLEs. Pax-6 lacking either 40 aa
from the C terminus or the entire C-terminal transcriptional
activation domain (Fig. 4A) repressed BB1-crystallin expres-
sion as efficiently as wild-type Pax-6 (Fig. 4B). Neither the
Pax-6 PD alone nor the minor splice variant Pax-6 (5a) which
has an alternate PD (19) was capable of mediating transcrip-
tional repression (Fig. 4B). These data support the conclusion
that both the HD and canonical PD of Pax-6 are important for
the repression of the BB1-crystallin promoter and imply that
sequence-specific binding of Pax-6 to the BB1-crystallin pro-
moter is required for this repression since the alternatively
spliced Pax-6 (5a), which has a PD with altered DNA binding
specificity, did not mediate transcriptional repression.
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FIG. 3. Pax-6 represses the BB1-crystallin promoter, as determined by cotransfection of a plasmid harboring the chicken BB1-crystallin promoter (—434/+30 [18])
or the chicken aA-crystallin promoter (—162/+77 [8]) linked to the cat gene with either pPKW10 expressing full-length Pax-6 protein or pKW10 alone into chicken
embryonic fibroblasts. CAT activity is relative to the activity of the respective promoter in the absence of the Pax-6 expression vector, set at 1.
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FIG. 4. The PD and HD of Pax-6 are required for Pax-6-mediated transcrip-
tional repression. (A) Schematic diagram illustrating the structures of the Pax-6
proteins produced from the expression vectors used for panel B. S, serine; T,
threonine; P, proline. (B) Cotransfection into PLEs of a plasmid harboring the
chicken BB1-crystallin promoter (—434/+30 [18]) linked to the cat gene with
vectors expressing either the full-length Pax-6 protein, the Pax-6 (5a) splice
variant, or truncated forms of canonical Pax-6. The vector was pKW10 lacking
Pax-6 coding sequences, used as a control.

Pax-6 can interact directly with the (3B1-crystallin pro-
moter. The ability of Pax-6 to bind to the BB1-crystallin pro-
moter was assayed by DNase I footprinting. Pax-6 (PD+HD)
was able to protect three regions of the BBl1-crystallin pro-
moter (—183 to —152, —120 to —48, and —30 to +1) (18, 42)
from digestion with DNase I (Fig. 5A). The specificity of this
interaction was investigated further by EMSA (Fig. 5B). All
three footprinted sequences detected in the BB1-crystallin pro-
moter interacted specifically with recombinant Pax-6, as judged
by competition with nonradioactive nucleotides in EMSAs
(data not shown). The interaction of these sites with the PD
and HD of Pax-6 was generally weaker than that of a Pax-6 PD
consensus binding site (19), as judged from the intensity of the
radioactive band in the resulting complexes.

Pax-6 binding at the PL2 element of chicken $B1-crystallin
is involved in Pax-6 repression. We have previously demon-
strated that the —120 to —48 (—120/—48) region of the pB1-
crystallin promoter footprinted by Pax-6 contains two cis ele-
ments (PL1 and PL2) which are required for full promoter
activity in transfection experiments as well as in transgenic
mice (18, 42). The role of these two elements in the interaction
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of Pax-6 with the —120/—48 sequence was tested by EMSA.
The Pax-6 (PD+HD)/GST fusion protein binds to an oligonu-
cleotide corresponding to the entire footprinted region (Fig.
6). The formation of a labeled complex was significantly re-
duced by competition with nonradioactive self oligonucleotide,
a Pax-6 PD consensus oligonucleotide, and the —126/—46 se-
quence containing a functional mutation in PL1 (M6A [18, 42])
(Fig. 6). However, —126/—46 containing a functional mutation
in PL2 (M7 [18, 42]) was unable to compete with radiolabeled
wild-type oligonucleotide for binding. These data demonstrate
that an intact PL2 element is necessary for Pax-6 binding to the
—126/—46 region whereas an intact PL1 element is not, sug-
gesting that Pax-6 makes direct contact with the PL2 element.

The functional role for Pax-6 interaction with the PL2 ele-
ment was tested by cotransfection of 500 ng of either the Pax-6
expression vector or the parental plasmid pKW10 with pro-
moter constructs consisting of the cat gene linked either to the
wild-type chicken BBI1-crystallin promoter (—152/4+30), to a
—152/430 promoter harboring a mutation in PL1, or to a
—152/+30 promoter harboring a mutation in PL2 (Fig. 7). As
was described previously (18, 42), mutation of either the PL1
or the PL2 element significantly decreased activity of the BB1-
crystallin promoter, demonstrating that both elements are im-
portant for its full transcriptional activity. Pax-6 was able to
further repress the expression of a promoter harboring muta-
tions in PL1 but not PL2, which suggests that Pax-6 interaction
with PL2 is required to mediate transcriptional repression.
However, it is possible that the pB1-crystallin promoter har-
boring mutations in PL2 is already fully repressed since it is not
significantly more active than a promoterless vector. Thus, the
role of Pax-6-PL2 interactions in transcriptional repression
was explored further.

Surprisingly, oligonucleotides containing only a single copy
of PL1 (BB1/PL1) or PL2 (BB1/PL2) (46) were unable to
interact with Pax-6 (data not shown), indicating that the entire
—120/—48 region is required for binding. Since it has been
reported that Pax-6 can induce conformational changes in
DNA (5), the ability of Pax-6 to induce DNA bending in the
—126/—46 sequence was tested by circular permutation EM-
SAs (28). Our results showed that the migration of the DNA-
protein complexes was not dependent on the position of the
—126/—46 sequence in a larger DNA fragment (data not
shown). Taken together, these data suggest that Pax-6 contacts
the —120/—48 footprint directly but does not bend the DNA.

Pax-6 repression of PL2 activity was investigated further by
EMSA with cellular extracts prepared from COP-8 cells or
from COP-§ cells transfected with a plasmid expressing the
full-length Pax-6 protein (13). The multimerized PL2 element
formed a complex with Pax-6 as well as with a number of
COP-8 cell proteins (Fig. 8A). The formation of these labeled
complexes was virtually eliminated by competition with a 100-
fold excess of nonradioactive self oligonucleotide but not by
competition with the multimerized PL1 element. An oligonu-
cleotide containing the multimerized PL2 element with the M7
mutation was unable to compete for Pax-6 binding, but it did
compete for binding with the COP-8 proteins (Fig. 8A). Con-
versely, an oligonucleotide comprising a consensus binding site
for Pax-6 competed with the labeled 3XPL2 oligonucleotide
for binding to Pax-6 but did not diminish the intensity of the
COP-8 protein complexes. Together, these data demonstrate
that full-length Pax-6 interacts with PL2 at positions that are
required for the maximal transcriptional activity of the BB1-
crystallin promoter.

The functional significance of Pax-6 interaction with the PL2
element was further tested by cotransfecting the Pax-6 expres-
sion vector with a plasmid containing the cat reporter gene
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FIG. 5. The chicken BBl-crystallin promoter can interact directly with the DNA binding domains of Pax-6. (A) DNase I footprinting analysis of the chicken
BB1-crystallin promoter with a truncated recombinant Pax-6 protein consisting of the PD and HD fused to GST. Three regions of the proximal promoter which are
protected from DNase I digestion (—185/—152, —120/—48, and —30/+1) are marked as solid boxes. (B) EMSA of the footprinted regions identified above with

truncated recombinant Pax-6 consisting of the PD and HD.

driven by either the minimal promoter of BBl-crystallin
(—126/+30 [42]) or an artificial promoter composed of three
copies of the PL2 element placed upstream of the B-actin basal
promoter (18). The minimal promoter was repressed by Pax-6
(Fig. 9), demonstrating that the interaction at —183 to —152 is
not essential for repression. The 3XPL2/B-actin promoter was
also repressed (Fig. 8B), consistent with the idea that Pax-6
interaction with PL2 is involved in Pax-6-mediated transcrip-
tional repression. We attempted to confirm that the nucleo-
tides altered in the M7 mutation of the PL2 element were
critical for Pax-6 repression by cotransfecting a 3XPL2 (mut
M7)/B-actin CAT construct with the Pax-6 expression vector as
shown in Fig. 9 [see Fig. 8B for a description of 3XPL2 (mut
M7)]. However, this attempt was unsuccessful since the 3XPL2
(mut M7)/B-actin CAT construct was transcriptionally inactive
when transfected into PLEs (data not shown).

DISCUSSION

Pax-6 is essential for eye development in vertebrates (6, 21,
26). However, like Six-3 and Otx-2 (other proteins critical for
lens development [32, 34, 35, 44]), the expression of Pax-6
persists in the eye after its determination is complete (29, 31,
40). While Pax-6 does transcriptionally activate some crystallin

genes expressed throughout lens differentiation (8-10, 20, 40),
the function of Pax-6 during maturation of the eye has not
been investigated in depth. The present study suggests that
Pax-6 transcriptionally represses BB1-crystallin gene expres-
sion. We believe that this contributes to the absence of expres-
sion of this crystallin in the embryonic lens epithelia of chicken
and mice, where Pax-6 is prevalent, and to the apparent inverse
relationship between the amount of Pax-6 and BB1-crystallin
promoter activity in the lens fiber cells of embryonic chickens
(4, 23, 31).

Pax-6 as a transcriptional repressor. During mouse and
chicken lens development, the expression of BBl-crystallin
commences when cells in the posterior of the lens vesicle leave
the cell cycle, elongate, and differentiate into primary lens fiber
cells (4). In chicken lens, the expression levels of this gene
remain low compared to d-crystallin until embryonic day 19,
when BB1-crystallin transcription increases (23).

The expression pattern of Pax-6 appears to be inversely
correlated with that of BBl-crystallin. Throughout develop-
ment, Pax-6 is found at high levels in lens epithelial cells (Fig.
1) (29, 31, 40), which express d-crystallin (23, 49) but do not
express fB1-crystallin (Fig. 2) (4, 23). As Pax-6 protein levels
decrease in differentiating lens fiber cells, the transcription of
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FIG. 6. The PL2 element is essential for Pax-6 binding to the —120/—48
region of the chicken BB1-crystallin promoter. An oligonucleotide consisting of
the —126/—46 sequence of BB1-crystallin was radiolabeled and used for EMSAs
with the Pax-6 (PD-+HD)/GST fusion protein. Pax-6 bound to the —126/—46
oligonucleotide and was competed by a 100-fold molar excess of nonradioactive
oligonucleotides corresponding to self, self with a mutation in the PL1 element
(M6A) and a Pax-6 consensus (con) binding site. By contrast, little to no com-
petition was observed with a 100-fold molar excess of self oligonucleotide har-
boring a mutation in PL2 (M7).

B-crystallins appears to increase. In the adult chicken lens,
which expresses high levels of BB1-crystallin (23), little to no
Pax-6 protein is detectable in the lens fiber cells. These obser-
vations are consistent with the proposition that Pax-6 represses
BB1-crystallin transcription in the lens.

Recently, Altmann et al. (1) have demonstrated that the
injection of ectopic Pax-6 mRNA into either Xenopus laevis
animal caps or the animal pole of two- to four-cell-stage Xe-
nopus embryos was sufficient to induce ectopic lens formation
as assayed by both morphology and the induction of BBI-
crystallin gene expression. While this experiment may at first
seem to contradict the idea that Pax-6 represses BB1-crystallin
gene expression, it actually may demonstrate that the injection
of ectopic Pax-6 mRNA causes a faithful recapitulation of
normal lens development. Since it is known that the determi-
nation of the lens placode from the head ectoderm requires the
cell autonomous expression of Pax-6 (21), it is apparent that
BB1-crystallin-expressing fiber cells (4, 18) can develop only
when their mitotic precursors express Pax-6. Altmann et al. (1)
demonstrated that the BBl-crystallin-expressing cells no
longer have detectable amounts of the FLAG-tagged ectopic
Pax-6 protein, which suggests that fB1-crystallin gene expres-
sion commences only after a reduction in the amount of ec-
topic protein. While their data also show that expression of the
endogenous Pax-6 gene is induced in these embryos, the
known expression pattern of Pax-6 in the lens (31) indicates
that the increased expression is in the epithelial component of
the ectopic lenses.

In the present study, the introduction of a Pax-6 expression
vector into lens cells or embryonic fibroblasts cultured in vitro
significantly decreased transcriptional activity of the BB1-crys-
tallin promoter, suggesting that Pax-6 can function as a tran-
scriptional repressor as well as an activator. Cotransfection
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experiments performed with constructs expressing truncated
Pax-6 proteins demonstrated that the C terminus of Pax-6,
including its entire activation domain (6, 14, 19), is not neces-
sary for its transcriptional repression activity. In addition, nei-
ther the PD alone nor Pax-6 (5a) (a splice variant with an
altered PD [19]) repressed BB1-crystallin transcription. These
data demonstrate that the canonical PD and HD are necessary
to mediate transcriptional repression and suggest that the
mechanism requires DNA binding (13, 14).

DNase I footprinting and EMSAs have demonstrated that
the PD and HD of Pax-6 bind directly to the BBl-crystallin
promoter, further supporting the idea that transcriptional re-
pression by Pax-6 is mediated through direct DNA-protein
contacts. It is unlikely that this DNA-protein interaction re-
sults in transcriptional repression due to distortion of the DNA
since circular permutation analysis (28, 50) indicated that
Pax-6 bends the BB1-crystallin promoter only slightly if at all.
Notably, one of the Pax-6 footprints on the BBI-crystallin
promoter (—120/—48) encompasses two promoter elements
(PL1 and PL2), which have been demonstrated by mutation
analysis to be important for the full transcriptional activity of
the BBl-crystallin promoter (18, 42). These elements have
been shown to bind to a number of different proteins in qual-
itative EMSAs (42, 46), suggesting complex regulation mech-
anisms. In this study, EMSAs have demonstrated that the same
mutations in PL2 which significantly decrease activity of the
BB1-crystallin promoter (18, 42) also abolish the ability of
Pax-6 to bind the —120/—48 region. Cotransfection experi-
ments have demonstrated that Pax-6 can repress the transcrip-
tional activity of an artificial promoter constructed from the
B-actin basal promoter fused to a trimerized PL2 element (18),
and EMSAs have demonstrated that Pax-6 can bind to the
trimerized element in a sequence-specific manner. These data
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FIG. 7. Cotransfection analysis of various chicken BB1-crystallin promoter
constructs with a vector expressing full-length Pax-6. Note that promoters con-
sisting of the —152/430 region as well as the —152/+30 region harboring a
mutation in the PL1 element were efficiently repressed by Pax-6, while the
activity of a —152/+30 promoter harboring a mutation in PL2 was not. Promoter
activity is relative to the activity of the promoterless vector, set at 1.
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the Pax-6 consensus (con) oligonucleotide competes only for the binding of
Pax-6. (B) Alignment of the nucleotide sequences of PL1 and PL2. The nucle-
otides altered in the M7 functional PL2 mutation (18, 42) are noted above.

taken together strongly suggest that Pax-6 represses BB1-crys-
tallin transcription by direct interaction with the PL2 element.
However, it is clear that the mechanism of Pax-6 binding to the
chicken BB1-crystallin promoter is complex and requires the
entire footprinted region from —120/—48 since the PL2 ele-
ment in isolation does not bind to Pax-6.

Notably, Pax-6 also binds to the chicken BA3/Al-crystallin
promoter at a site (—95/—58) critical for promoter activity, as
determined by deletion analysis, and represses the activity of
the minimal promoter (unpublished data). While the nucleo-
tides critical for the function of the chicken BA3/Al-crystallin
minimal promoter have not been elucidated, this Pax-6 foot-
print does overlap with two regions of the promoter (—116/
=79 and —66/—45) known to bind lens nuclear factors (33).

The Pax-6 binding sites that we have identified in the BB1-
crystallin promoter differ considerably from the consensus
Pax-6 PD binding sites described previously (14, 19). This
probably reflects the fact that the repression of B-crystallin
expression by Pax-6 requires both the PD and HD. It has been
proposed that PD and HD proteins can recognize different
target sequences by utilizing various combinations of their
DNA binding domains (27). Unlike the consensus PD binding
site (14), the naturally occurring sites found in the BB1-crys-
tallin promoter bind Pax-6 with higher affinity than the PD of
Pax-3 (data not shown). Thus, the naturally occurring sites
appear to have a preferential affinity for Pax-6.

Comparison with other Pax proteins. Other Pax family
members have also been shown to function as both transcrip-
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FIG. 9. Cotransfection of plasmids harboring various chicken BB1-crystallin
promoter fragments linked to cat and either pKW10 expressing full-length Pax-6
protein or pKW10 alone into PLEs. Note that the minimal promoter (—126/
+30) as well as an artificial construct driven by a multimerized PL2 element
(3XPL2) are efficiently repressed by Pax-6. CAT activity is relative to the activity
of the respective promoter in the absence of the Pax-6 expression vector, set at 1.

tional activators and repressors. The transcriptional repression
of the p53 gene by Pax-2, -5, and -8 requires both binding to the
p53 promoter as well as the presence of a transcriptional in-
hibitory domain at the extreme C terminus of the Pax proteins
(16, 45). Pax-3 inhibits the transcription of the gene for N-
CAM in cotransfection tests; however, direct binding to the
N-CAM promoter was not detected (5). The mechanism that
Pax-3 uses to repress the N-CAM promoter is not clear. How-
ever, when the first 90 aa of Pax-3 (including a portion of the
PD) are fused to the GAL-4 DNA binding domain, a tran-
scriptional repressor is created (5). Thus, Pax-2, -3, -5, and -8
appear to contain a transcriptional repression domain (5, 16)
that actively disrupts transcriptional activation. In contrast,
Pax-6 seems to repress the transcription of the BB1- and BA3/
Al-crystallin promoters by competition with transcriptional
activators for promoter occupancy (7, 24).

Conclusions. Previous experiments have established that
Pax-6 can activate a number of crystallin genes (8-10, 20, 40).
The present work demonstrates that Pax-6 can function as a
transcriptional repressor as well. Our data suggest that this
repression occurs by Pax-6 binding to positive acting cis ele-
ments. If this mechanism is correct, the transcriptional repres-
sion would be relieved as the levels of Pax-6 decrease in dif-
ferentiating lens fiber cells, consistent with the observed lens
fiber cell-specific expression of the BB1-crystallin gene.
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