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The abundance of crystallins (>80% of the soluble protein) in the ocular lens provides advantageous
markers for selective gene expression during cellular differentiation. Here we show by functional and
protein-DNA binding experiments that the chicken aA-crystallin gene is regulated by at least five control
elements located at sites A (—148 to —139), B (—138 to —132), C (—128 to —101), D (—102 to —93), and E
(—56 to —41). Factors interacting with these sites were characterized immunologically and by gel mobility shift
experiments. The results are interpreted with the following model. Site A binds USF and is part of a composite
element with site B. Site B binds CREB and/or CREM to enhance expression in the lens and binds an AP-1
complex including CREB, Fra2 and/or JunD which interacts with USF on site A to repress expression in
fibroblasts. Sites C and E (which is conserved across species) bind Pax-6 in the lens to stimulate aA-crystallin
promoter activity. These experiments provide the first direct data that Pax-6 contributes to the lens-specific
expression of a crystallin gene. Site D (—104 to —93) binds USF and is a negative element. Thus, the data
indicate that USF, CREB and/or CREM (or AP-1 factors), and Pax-6 bind a complex array of positive and
negative cis-acting elements of the chicken aA-crystallin gene to control high expression in the lens and

repression in fibroblasts.

The lens and its characteristic soluble proteins, the crystal-
lins, are useful for studying the mechanisms of embryonic
determination, cellular differentiation, and tissue-specific gene
expression (43, 51). Lens determination is a multistep process
that begins in the gastrula and early neurula and is completed
when predetermined head ectoderm makes contact with the
optic vesicle (21, 39, 58, 68).

Recent studies aimed at understanding the molecular mech-
anisms that control lens induction have suggested an important
role for Pax-6, a member of the paired-box family of proteins
(36, 37, 39, 64, 68). Pax-6, like other members of the Pax family
(11, 22), acts as a DNA-binding protein and a transcription
activator (54). Abnormal ocular phenotypes, i.e., complete
absence of eyes, human aniridia, and the mouse Small eye (Sey)
mutation, are associated with defects in the Pax-6 gene (20, 25,
40, 64). The spatial and temporal patterns of Pax-6 gene
expression in mice and chickens suggest that Pax-6 participates
in the later stages of lens induction and might be required for
growth, differentiation, and maintenance of the lens and
cornea (37, 64, 68).

The crystallins are the major soluble proteins which occur in
the ocular lens and are required for its proper optical proper-
ties (70). The crystallins constitute a diverse group of proteins
whose expression is tightly regulated on tissue-specific, tempo-
ral, and spatial levels. In addition, the crystallins are distinct
markers for lens differentiation (51). The two a-crystallins, aA-
and aB-crystallin, are descendants of an ancestral small heat
shock family of proteins (29) and have recently been shown to
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function as molecular chaperones (26). aA-crystallin is highly
specialized for lens expression, while aB-crystallin is also
expressed in many nonlens tissues (heart, lung, brain, kidney,
skeletal muscle, and other tissues) (9, 62).

Numerous experiments, especially those including trans-
genic mice, suggest that crystallin gene expression is regulated
at the level of transcription (52, 53). Several cis-acting tran-
scriptional regulatory elements have been described for the
chicken aA-crystallin gene (34, 35, 41, 42). The chicken
aA-crystallin region from positions —242 to +77 (—242/+77
region) directed the lens-specific expression of a fused reporter
gene in transgenic mice (35). A 5’ deletion analysis demon-
strated that essential elements required for lens expression are
located within the —162/+77 region (35). The —162/—88
region was identified as a lens-specific enhancer (41) and
shown to be composed of at least three positively acting
elements called DE2A (—144 to —134), DE2B (—128 to
—118), and DE1A (—114 to —104) and possibly one negatively
acting element called DE1B (—102 to —91) (34). A detailed
review of this highly expressed lens gene can be found else-
where (62). Here we identified transcription factors interacting
with these sites and propose a model for regulation of the
chicken aA-crystallin gene.

MATERIALS AND METHODS

Cell cultures, transfections, and expression of Pax-6. Cell
cultures of embryonic chicken primary lens epithelial cells
(PLEs), transfections, and chloramphenicol acetyltransferase
(CAT) and B-galactosidase assays were performed as de-
scribed previously (34). Primary chicken embryo fibroblasts
(CEFs) were grown as described elsewhere (61). Transfections
were performed in duplicate two to four times, and the average
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FIG. 1. Diagrammatic summary of cis elements found in the —162/—90 chicken aA-crystallin lens-specific enhancer. (A) Positively (DE2A,
DE2B, and DE1A) and negatively (DE1B) acting sites (34) are labeled within the shaded and open boxes, respectively. (B) Oligonucleotides used
for construction of pcaA(i55) and its six mutant derivatives. Mutated nucleotides are shown within the open boxes. (C) Oligonucleotides (A, B,

C, CD, and D) used as probes for EMSA.

values * standard deviations are shown. pCMV@ (Clontech)
was included in each test to control for transfection efficiency.
A cloned mouse Pax-6 cDNA (pKW10-Pax-6, kindly provided
by M. Busslinger and T. Czerny) was expressed in COP-8 cells
(7). CEFs were cotransfected by calcium phosphate precipita-
tion with pca A—162/+77-CAT (35) and increasing amounts of
pKW10-Pax-6 or the parental pKW10 vector, and the cells
were harvested 72 h after transfection.

Oligonucleotides and plasmid constructions. Oligonucleo-
tides were made on an Applied Biosystems 380B DNA synthe-
sizer and processed as described previously (34). The following
oligonucleotides were described elsewhere: adenovirus type 2
major late transcription factor (40-mer [2]); NF-«kB, somato-
statin cyclic AMP-responsive element (CRE), and DEI1B
(oligonucleotide D; Fig. 1C [34]); collagenase AP-1 site (24-
mer [57]); and H2B2.2, CD19-1, e5, and H2A2.1 BSAP/Pax-
5-binding sites (7). Additional oligonucleotides from the
chicken aA-crystallin promoter studied in electrophoretic mo-
bility shift assays (EMSAs) (Fig. 1C) are as follows (lowercase
letters indicate nucleotide additions to provide sufficient flank-
ing sequences to ensure proper binding): oligonucleotide A,
—150 to —138 (gatcGTTCCCACCAGACTttga); oligonucleo-
tide B, —144 to —127; oligonucleotide C, —133 to —98;
oligonucleotide CD, —119 to —91; oligonucleotide E, —60 to
—29; and c-myc (21-mer, GTGTCCACCACGTGCTGCTTG
[33]). Linker-scanning mutants within the —151/—134 se-
quence of the chicken aA-crystallin gene (Fig. 2A) were
generated by PCR using mutated primers containing BamHI
or HindlIII site extensions and pcaA—162/+77-CAT (35) as a
template. The PCR products were subcloned into p8-CAT
(34). Wild-type and mutant —148/—96 oligonucleotides were

prepared with BamHI overhangs and cloned into the BamHI
site of pca A—56/+77-CAT (35), yielding the paA(iS5) series
of plasmids (Fig. 1B). Wild-type and mutant —106/—86 oligo-
nucleotides (Table 1) were prepared with Sal/l overhangs and
cloned into the Sall site of paA(i55). All constructs were
verified by dideoxy sequencing.

Nuclear extracts, proteins, antisera, EMSA, and DNase 1
footprinting. Nuclear extracts from 14-day-old chicken embry-
onic lenses and from CEFs were isolated as described by
Shapiro et al. (63). The final protein concentrations were 16
mg/ml (lens extract) and 4.2 mg/ml (CEF extract). Purified
human USF was described previously (2), purified ACREB
(69) was a gift from O. M. Andrisani, c-Jun was obtained from
Promega, and CREMT was obtained from Santa Cruz Biotech-
nology. The following antisera were used: anti-USF (3); anti-
CREB (27); anti-ATF1 (28); anti-Pax-6 (antiserum 11 [4]); and
anti-aCREB, anti-c-Jun, anti-JunB, anti-JunD, anti-c-Fos, an-
ti-FosB, and anti-Fra2 (obtained from Santa Cruz Biotechnol-
ogy [catalog no. SC-58X, 45X, 73X, 74X, 52X, 48X, and 57X,
respectively]). EMSAs were performed in a final volume of
12.5 pl containing the standard buffer (12 mM N-2-hydroxy-
ethylpiperazine-N'-2-ethanesulfonic acid [HEPES; pH 7.9}, 60
mM KCl, 3 mM MgCl,, 1 mM dithiothreitol, 4% [wt/vol],
Ficoll 400, 0.2 mg of bovine serum albumin per ml) (34), 1 to
2 pg of a nonspecific competitor [poly(dI-dC) or poly(dA-dT)],
and 0.5 to 3 pl of nuclear extract or purified proteins in
amounts determined by prior titrations. Probes were used at
0.5 to 1 ng, and 1 to 30 ng of oligonucleotide competitors was
used. Experiments using antisera were performed as follows.
The nuclear extract and antiserum were incubated at room
temperature for 10 to 15 min without DNAs. Subsequently, 1
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FIG. 2. Transfection of PLEs and CEFs, using promoter-CAT constructs mutated within DE2A. (A) Point mutants (M1 to M10) of the
—151/—134 region made within the wild-type (WT) chicken aA-crystallin —162/+77 promoter fragment fused to the CAT gene (pcaA—162/
+77-CAT). (B) Average CAT activity and standard deviation for each plasmid transfected into either PLEs (solid bars) or CEFs (open bars). CAT
activities are relative to that of pca A—162/+77-CAT (wild type [WT]) in PLEs. The promoterless p8-CAT vector is shown as a negative control.

ng of poly(dI-dC) or poly(dA-dT) or 250 ng of NF-xB
oligonucleotide was added as a nonspecific competitor, and
then the probe was added; samples were incubated for an
additional 10 min and electrophoresed as described previously
(34). In vitro DNase I footprinting using purified USF and an
end-labeled —242/+77 chicken aA-crystallin gene fragment
was performed in the presence of 1 ug of poly(dA-dT) as
described elsewhere (34).

Immunoprecipitation and Western blot (immunoblot) anal-
ysis of proteins. Protein A-Sepharose 6B (Pharmacia) was
equilibrated in buffer AS0 (20 mM HEPES [pH 7.9], 20%
[volvol] glycerol, 50 mM KCl, 3 mM MgCl,, 0.2 mM EDTA, 1
mM dithiothreitol), and 3 to 7 pl of antiserum supplemented
with A50 was bound to 25 pl of the gel in a total volume of 50
wl at 28°C for 30 min. The gel was washed with an excess of
AS50 and incubated with either 200 pg of lens nuclear extract or
42 pg of CEF nuclear extract in a total volume of 50 pl of
buffer AS0 on ice overnight with gentle agitation. Four micro-
liters of the resulting supernatant fraction was used for EMSA
experiments. Western immunoblotting was done as described
elsewhere (2).

RESULTS

DE2A is functionally important in lens and nonlens cells
and consists of two adjacent cis elements. To understand the
structure and function of the DE2A site of the chicken
aA-crystallin gene (Fig. 1), the —151/—134 region of the

—162/+77 promoter fragment fused to the CAT gene was
mutated (Fig. 2A) and transfected into PLEs and CEFs (Fig.
2B). All but one mutation (M1, located outside DE2A)
significantly decreased CAT activity in PLEs, in agreement
with previously published data (34). Mutations M4, M5, M6,
and M8 reduced promoter activity in transfected CEFs, sug-
gesting the presence of at least one cis element which functions
in fibroblasts. Overall promoter strength in CEFs was very low,
as expected (35).

We next examined the possibility that DE2A, previously
defined by two linker-scanning mutations (—144/—139 and —139/
—134) (34), comprises two adjacent cis elements. EMSAs
were performed with radiolabeled oligonucleotides spanning
either the —150/—138 (oligonucleotide A) or —144/—127
(oligonucleotide B) region of the chicken aA-crystallin gene
(Fig. 1C). The probes were incubated with lens or CEF nuclear
extracts in the presence of specific oligonucleotide competitors
corresponding to the functional mutations examined above
(Fig. 2A). Nuclear extracts from intact lenses and CEFs of
14-day-old chicken embryos incubated with oligonucleotide A
formed specific complex Al (Fig. 3A, lanes 2 and 9). Al was
eliminated by self-competition with oligonucleotide A (lanes 3
and 10), while competition with an oligonucleotide containing
mutation M4 (lanes 4 and 11), M6 (lanes 5 and 12), or M7
(lanes 6 and 13) had little if any effect, in agreement with the
transfection data shown in Fig. 2B. In contrast, competition
with an oligonucleotide including mutation M10 strongly re-
duced the formation of complex Al (lanes 7 and 14), even

TABLE 1. DE1B mutagenesis expression experiments

Sequence from —106 to —86

Relative CAT activity

Plasmid Insert® 1A
(¢'-3) PLEs CEFs
(i55) None 1.00 1.00
peaA(i55D) D CTGACCACGTTGCCTTCGTCG 0.35 + 0.12 0.57 = 0.03
pcaA(iS5SDM1) D-M1 CTGACICGAGTGCCTTCGTCG 0.67 + 0.07 0.90 + 0.11
pcaA(iSSDM2) D-M2 CTGACGTGGCTATCTTCGTCG 1.27 £ 0.13 1.28 + 0.07

“ Nucleotides used for subcloning are not shown.
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FIG. 3. EMSA analysis of lens and CEF nuclear proteins binding to DE2A. See Fig. 1 and 2 for sequences of the competing oligonucleotides.
(A) Al is the major specific complex formed on oligonucleotide A (—150 to —138). Poly(dA-dT) was used as the nonspecific competitor. (B) B1,
B2, and B3 are the major specific complexes formed on oligonucleotide B (—144 to —127). N.E,, nuclear extract.
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FIG. 4. Transfection of PLEs and CEFs with paA(i55) and its derivatives. paA(i55) and its derivatives were constructed by inserting wild-type
and mutant —148/—96 oligonucleotides (see Fig. 1B) upstream of the chicken aA-crystallin —56/+77 basal promoter in pca A—56/+77-CAT. The
average CAT activity and standard deviation generated for each plasmid transfected into either PLEs (solid bars) or CEFs (open bars) is given.

The promoterless p8-CAT vector is shown as a negative control.

though this mutation virtually eliminated promoter activity.
The fact that M4, M6, and M7 reduced promoter activity and
were poor competitors for binding to the wild-type DE2A site,
while M10 reduced promoter activity and competed for bind-
ing to DE2A, suggested that there are two adjacent protein-
binding sites. This idea was supported by the fact that oligo-
nucleotide B, which spans positions —144 to —127, had no
effect on the formation of complex Al (lanes 8 and 15),
suggesting that the putative downstream protein-binding site
requires nucleotides downstream from position —138.

Evidence for the binding of another protein to DE2A was
obtained in EMSA experiments using oligonucleotide B (Fig.
1C). Incubation of radiolabeled oligonucleotide B with lens or
CEF nuclear extracts resulted in the formation of complexes
B1, B2, and B3 (Fig. 3B). B1 was a relatively weak complex in
lens nuclear extracts in the presence of poly(dI-dC) (lane 2),
while it was the major complex in the presence of poly(dA-dT)
(lane 14). B1 was the major complex in CEF nuclear extracts in
the presence of either copolymer (lanes 3 and 15). B1 was
reduced in lens and CEF nuclear extracts in the presence of
oligonucleotides containing mutation M4 (lanes 6, 7, 18, and
19) or M7 (lanes 8, 9, 20, and 21). In contrast, oligonucleotides
containing either mutation M10 (lanes 10, 11, 22, and 23) or
oligonucleotide A (—150/—138 sequence) (lanes 12, 13, 24,
and 25) did not compete for the formation of complex B1.
These data are consistent with the interpretation that the
putative downstream binding site is not fully covered by
oligonucleotide A (—150 to —138). Taken together, the EMSA
competition and transfection data support the idea that DE2A
(34) consists of two adjacent protein-binding sites. Inspection
of our protein-binding data suggest that mutations M4, M6,
and M7 define one cis element (—144 to —139) and M10
defines a different cis element (—139 to —134).

Since previous experiments have suggested that DEI1B
(—102 to —91) contains a repressor element (see below) (34),
new constructs were made in order to more carefully study the
activating effects of DE2A in the absence of DE1B (Fig. 1A).
Two constructs [paA(i55M4) and paA(i5SSM11)] contained a

mutation in each of the two proposed DE2A protein-binding
sites and were made within paA(iSS) (Fig. 1B). paA(iSS)
consisted of the chicken aA-crystallin —56/+77 basal promoter
fragment fused to the CAT gene, to which was added the
aA-crystallin —148/—96 oligonucleotide upstream of the basal
promoter (Fig. 1B). paA(i55) lacks the 3’ half of the DE1B
sequence. The basal pca A—56/+77-CAT construct was essen-
tially inactive in transfected PLEs and CEFs (35), while
pcaA(i55) was fivefold more active in the PLEs and CEFs than
pcaA—162/+77-CAT, supporting the idea that DEIB is a
repressor (Fig. 4).

In the constructs lacking the DE1B repressor, mutations in
DE2A [paA(i55M4) and paA(i55M11)] generated signifi-
cantly less CAT activity relative to the control paA(i55) in
transfected PLEs (Fig. 4). In contrast, paA(i55M4) gave
higher CAT activity than did paA(i55) in transfected CEFs,
suggesting a negative role for this site in CEFs, while
paA(i55M11) gave less CAT activity than paA(i55) in CEFs. A
double mutation [paA(iS5M4M14); Fig. 1B] confirmed the
functional properties of the individual M4 and M14 mutants in
both PLEs and CEFs (Fig. 4). These transfection data provide
additional evidence that DE2A consists of two protein-binding
sites and raise the possibility that DE2A behaves as a compos-
ite element (for a review, see reference 46).

USF, CREB and/or CREM, and AP-1 proteins interact with
the DE2A site. The idea that DE2A is a composite element was
explored further by examining the proteins interacting with the
two putative cis elements comprising this site. Inspection of the
DE2A sequence revealed similarity to a CANNTG (E-box)
motif (underlined) at —148 to —138 (5' TCCCACCAGAC 3')
and a GTCA motif (—136 to —133) resembling half consensus
sites for CREs (TGACGTC/AA/G) and AP-1 (TGAC/GTA/
CA). Numerous transcription factors have been shown to
interact with E-box (helix-loop-helix family including USF and
c-Myc [31]), CRE (ATF/CREB family [23, 28, 45, 47]), and
AP-1 (Fos/Jun family [57, 66]) consensus sequences. To assess
whether any of these known transcription factors interact with
the two adjacent protein-binding sites in DE2A, a series of
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FIG. 5. Identification of proteins binding to the DE2A region in EMSAs. (A) Al is the major specific complex formed on oligonucleotide A
(—150 to —138). The asterisk indicates the band detected with both anti-USF and preimmune serum. N.E., nuclear extract; Ad2, adenovirus type
2. (B) B1, B2, and B3 are major specific complexes formed on oligonucleotide B (—144 to —127). Competitor oligonucleotides were the rat
somatostatin CRE and rat elastase AP-1 sites. (C) The effects of specific antisera on B1, B2, and B3 were studied by EMSA-immunoshift
experiments in a normal (left) and immunoprecipitated (right) lens nuclear extract. An NF-kB oligonucleotide (250 ng) was used in the
immunoshift experiments and poly(dA-dT) was used in the immunoprecipitation experiments as nonspecific DNA competitors. Supershifted
complexes (SC) as well as bands detected with the preimmune sera or antisera in the absence of nuclear extracts (*) are denoted. (D) Experiment
similar to that in panel C, using CEF nuclear extract. Poly(dI-dC) was used as a nonspecific competitor in the immunoprecipitation experiments.

(E) Effects of anti-ACREB, anti-aCREB, and anti-CREMS4 antisera on the formation of lens and fibroblast complexes and binding of purified
ACREB, CREMT, and c-Jun with oligonucleotide B (—144 to —127).

EMSAs was performed with either oligonucleotide A or almost eliminated in the presence of an oligonucleotide com-
oligonucleotide B (Fig. 1C). petitor containing the adenovirus type 2 major late promoter

First, the identity of the proteins forming complex Al in the USF-binding site (60) (lane 4). In contrast, an oligonucleotide
lens nuclear extract complexes was examined (Fig. SA). Al was containing a c-Myc-binding site (underlined) from the duck
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FIG. 5—Continued.

7-crystallin/a-enolase gene (5 CCACCACGTGCTGCT 3')
(lane 5) (33) did not prevent the formation of Al. Al formed
in the lens nuclear extract comigrated with a complex formed
with purified human USF (lane 9). Moreover, an anti-USF
antiserum reduced the formation of Al (lane 7), while a
preimmune serum had no apparent effect (lane 8). The
anti-USF antiserum also eliminated the Al complex formed
with purified human USF (lane 10). Parallel experiments also
associated USF with Al formed in nuclear extracts of CEFs
(data not shown). Finally, similar amounts of the expected
43-kDa immunoreactive USF protein were detected by West-
ern immunoblotting in the lens and CEF nuclear extracts (data
not shown). We conclude that USF (5, 60) binds to the
—150/—138 sequence of the aA-crystallin gene.

We next addressed the identity of the proteins interacting
with oligonucleotide B. In view of the similarity of the —138/
—130 sequence with CRE and AP-1 consensus sequences, we
performed competition experiments with three concentrations
of oligonucleotides containing the rat somatostatin gene CRE
site (5" TGACGTCA 3') or the rat collagenase gene AP-1 site

(5" TGACTCA 3’) (Fig. 5B), using 0.5 to 1 ng of the labeled
oligonucleotide. The wild-type CRE oligonucleotide was the
most efficient competitor of B1 formed in a lens nuclear extract
(lanes 3 to 5 versus 6 to 8), with only 3 ng virtually eliminating
B1 formation (lane 4). In contrast, 30 ng of the AP-1 oligonu-
cleotide was required to eliminate complex Bl in the lens
extract (lane 8). The fibroblast B1 complex was affected nearly
equally by the CRE (lanes 10 to 12) and AP-1 (lanes 13 to 15)
oligonucleotides, with 30 ng being required for strong reduc-
tion in both cases. Although the difference was slight, B2 and
B3 appeared to be competed for less well than B1 with both
CRE and AP-1 oligonucleotides.

Antisera against different members of the ATF/CREB and
AP-1 families of transcription factors were used to identify
proteins involved in forming complex B1 (Fig. 5C). An anti-
CREB antiserum raised against a synthetic peptide corre-
sponding to the carboxy-terminal 10 amino acids of CREB (27)
reduced lens complex B1 and produced the expected super-
shifted complex (lane 4). Formation of B1, B2, and B3 was not
affected by the presence of antisera specific for USF (lane 3),
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FIG. 6. Comparison of the chicken aA-crystallin CRE-like se-
quence with the CRE (23, 47) and Tax,-responsive element (50)
consensus sequences. Common sequences are in shadowed boxes.

ATF1 (lane 5), c-Jun (lane 6), JunB (lane 7), JunD (lane 8),
FosB (lane 9), c-Fos (lane 10), or Fra2 (lane 11). The
possibility that oligonucleotide B binds CREB or its closely
related CREM proteins (see below) in lens nuclear extracts
was further supported by the fact that prior treatment of the
lens extract with the anti-CREB antiserum prevented the
formation of complex B1 (lane 14). Proteins forming minor
complexes B2 and B3 did not show any obvious tissue distri-
bution (data not shown) and have not been identified yet.

CREB and CREM proteins are products of closely related
genes which generate a number of isoforms by alternative
RNA splicing (for reviews, see references 8 and 45). Structures
of the C termini of CREB and several CREMs suggest the
possibility that the antiserum against CREB (27) recognizes
CREMs as well (17). To further identify candidate pro-
teins from the CREB/CREM family forming lens complex B1,
we used additional antisera and purified ACREB and CREM~
in EMSA experiments. Complex B1 (see Fig. SE) was partially
reduced in the presence of a polyclonal antibody against
ACREB (CREB327, kindly provided by O. M. Andrisani)
(lane 3) and was completely abolished in the presence of a
polyclonal antibody against CREM (antiserum CREMS4,
kindly provided by J. Habener) (lane 5). By contrast, B1 was
not affected by the a-peptide-specific antibody recognizing
aCREB (CREB341) (lane 4). Incubation of purified ACREB
(lanes 6 and 7) and CREMr (lanes 8 and 9) with labeled
oligonucleotide B resulted in the formation of complexes
which comigrated with the lens-specific B1 complex.

The involvement of a CRE-like site in the transcriptional
regulation of the chicken aA-crystallin gene in PLEs was
supported by a cotransfection experiment using the human
T-cell leukemia virus type I Tax, expression plasmid ptax, (49).
Tax, activates transcription from numerous CREs (see refer-
ence 19 and references therein). Tax, is a non-DNA-binding
protein which interacts specifically at least with CREB ho-
modimers and ATF1-CREB heterodimers (1, 50, 67). This
interaction is controlled by amino acid residues 282 to 284 of
CREB (1). In addition, specific sequences flanking the core
CRE are required to mediate a positive response to Tax, (50).
The Tax,-responsive element consensus is present between
positions —141 and —128 of the aA-crystallin gene (Fig. 6),
consistent with the possibility that this region can be activated
by Tax,. Indeed, cotransfection of pcaA—162/+77-CAT with
increasing amounts (0.1 to 3.0 pg) of ptax, into PLEs resulted
in a corresponding enhancement of aA-crystallin promoter
activity, with a maximum stimulation of fourfold (data not
shown).

In contrast to the binding of CREB and/or CREM from the
lens nuclear extract, the Bl complex formed in the CEF
nuclear extract was partially supershifted in the presence of
anti-CREB, anti-JunD, and anti-Fra2 antisera (Fig. 5D, lanes
4, 8, and 11). The B1, B2, and B3 complexes are not easily
discerned in Fig. 5D because the autoradiogram was overex-
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posed in order to clearly visualize the supershifted band.
Furthermore, treatment of the CEF nuclear extracts with
anti-JunD or anti-Fra2 antiserum significantly reduced the
amount of B1 (lanes 18 and 21). Antisera against ACREB and
CREM (Fig. SE, lanes 11 to 13) had no effect on the fibroblast
complex Bl (lane 10). The ability of oligonucleotide B to
interact with members of the AP-1 family is demonstrated
directly for c-Jun (lanes 14 to 16). An antiserum against c-Jun
inhibited the formation of this complex (lane 17). Collectively,
EMSA competition, immunological data, and Tax, activation
experiments indicate that the lens B1 complex is distinct from
its fibroblast counterpart. The lens complex B1 is formed by
CREB and/or CREM family members, while the fibroblast B1
complex involves AP-1 family members.

Pax-6 interacts with DE2B, DE1A, and the —60/—29 se-
quence. We next studied the function of the DE2B (—128 to
—119) and DE1A (—114 to —103) regions on expression by
using the paA(iS5) series of plasmids, in which the DE1B
repressor has been removed (Fig. 1B). Mutation of either
the DE2B [paA(i55M12)] or DE1A [paA(i55M13) and paA
(i55M14)] region reduced promoter activity in transfected
PLEs relative to the control paA(i55) plasmid (Fig. 4), in
agreement with previous studies (34). In contrast, the two
DE1A mutations slightly elevated promoter activity in
the transfected CEFs. Furthermore, linker-scanning mutant
pcaAm—108/—103-CAT (34) gave threefold-higher activity
relative to pca A—162/+77-CAT in transfected CEFs (data not
shown), suggesting that the —108/—103 sequence behaves as a
negative element in these calls. Taken together, these findings
suggest that the —128/—101 sequence may contain at least one
cis element which acts positively in lens cells and negatively in
fibroblasts.

Upon examination of the DE2B and DE1A regions, we
noted a conserved hexadecamer motif located at positions
—131 to —116 and —116 to —101; this motif is also present at
—51 to —41 in the chicken aA-crystallin gene. The —57/—41
sequence is functionally significant, since it is highly conserved
in the aA-crystallin genes of several species (30, 62) and
mutation of this region in the mouse aA-crystallin gene
reduced promoter activity in transfected lens cells (13, 48). Of
particular interest is that this hexadecamer motif is similar
(although not identical) to the recently described Pax-6 con-
sensus binding site derived by the PCR-based selection method
(16). It also shares sequence similarity with the binding site for
the paired-box protein BSAP/Pax-5. Certain BSAP/Pax-5-
binding sites can interact in vitro with Pax-6 (7).

We investigated whether the —133/—98 (oligonucleotide C;
Fig. 1C) and —60/—29 (oligonucleotide E) sequences can
interact with Pax-6 in chicken lens nuclear extracts (Fig. 7).
The —60/—29 oligonucleotide was incubated with a chicken
lens nuclear extract and with a whole-cell extract from COP-8
cells transfected with a mouse Pax-6 cDNA expression vector
(pPKW10-Pax-6 [7]). Two major complexes, E1 and E2, and
several minor complexes were detected (Fig. 7A, lanes 2 and
9). E1 was virtually abolished by competition with oligonucle-
otides comprising three different BSAP/Pax-5-binding sites
(H2B2.2 [lane 4], €5 [lane 5], and H2A2.1 [lane 7]), and both
E1 and E2 were eliminated by competition with an oligonu-
cleotide containing a fourth BSAP/Pax-5-binding site (CD19-1;
lane 6). All four competitor oligonucleotides have been shown
to interact with Pax-6, albeit with a lower affinity than with
BSAP/Pax-5 (7). E1 was not detected in the presence of
anti-Pax-6 antiserum 11 (lane 8), which recognizes a Pax-6
paired domain (4). Similar data were obtained for whole-cell
extract of COP-8 cells transfected with pKW10-Pax-6 (lanes 9
and 10). In contrast to results for lens and Pax-6-containing
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FIG. 7. EMSA analysis of Pax-6 protein binding to the chicken aA-crystallin promoter. (A) E1 and E2 are major specific complexes formed
with oligonucleotide E (—60 to —29) in the presence of poly(dA-dT) as a nonspecific competitor. W.C.E. Pax-6 designates a whole-cell extract from
COP-8 transfected with pKW10-Pax-6. (B) C1, C2m, and C3 are major specific complexes formed with oligonucleotide C (—133 to —98) in the
presence of poly(dI-dC) as a nonspecific competitor. The autoradiogram showing lanes 4 to 10 was overexposed to show both the C2m and C3
bands. (C) CD1 and CD2 are major specific complexes formed with oligonucleotide CD (—119 to —91) in the presence of poly(dI-dC).

extracts, incubation of the —60/—29 oligonucleotide with CEF
nuclear extracts did not result in the formation of E1, although
E2 was observed (lane 11). These data support the idea that
Pax-6 binds to the —60/—29 sequence of the chicken aA-
crystallin promoter in lens cells but not in CEFs.

The binding of proteins to the DE2B/DE1A sequence of the
chicken aA-crystallin gene was studied next by incubating
oligonucleotide C (—133 to —98) and oligonucleotide CD
(—119 to —91) (Fig. 1C) with the lens and CEF nuclear
extracts. The complexes generated with oligonucleotide C were
generally less discrete than those formed with oligonucleotide
CD. Nevertheless, oligonucleotide C, which contains three
hexadecamer motifs, generated several retarded complexes
(C1, C2m, and C3 in Fig. 7B). The major, broad lens-specific
band appeared to contain multiple complexes labeled C2m
(lanes 2 and 5); C2m was not formed in the CEF nuclear
extract (lane 9). C2m was reduced in the presence of anti-Pax-6
antiserum (lane 3) and by competition with oligonucleotides
known to bind Pax-6 (lanes 7 and 8). CEF nuclear extracts
formed another complex called C3 with oligonucleotide C
(lane 9), which was insensitive to the anti-Pax-6 antiserum
(lane 10).

We next incubated oligonucleotide CD, which contains two
hexadecamer motifs, with lens or CEF nuclear extracts (Fig.
7C). The lens extract formed two specific complexes, CD1 and
CD2 (lanes 2 and 6); these were reduced significantly by
competition with itself (lane 7) but only weakly by competition
with oligo D (lanes 4 and 8), which lacks the hexadecamer
motif. Furthermore, the anti-Pax-6 antiserum reduced the
amount of CD1 (lane 3). These observations are consistent
with the presence of at least one putative Pax-6 recognition site
in the —119/-91 sequence. In contrast, the CEF nuclear
extract formed one major complex, CD2 (lane 9), which was
virtually eliminated by competition with both oligonucleotide

CD (lane 10) and oligonucleotide D (lane 11), consistent with
the absence of Pax-6 binding in CEFs.

The presence of Pax-6 in the lens nuclear extracts was
demonstrated by Western immunoblotting using the antiserum
recognizing the Pax-6 paired domain (Fig. 8). The major
immunoreactive products detected in the nuclear extracts from
the lens and brain and in whole-cell extract of COP-8 cells
transiently transfected with pKW10-Pax-6 had an expected
mobility of a 46- to 48-kDa protein. Minor bands of 32 to 33
kDa probably represent different Pax-6 isoforms, by analogy
with the analysis of Pax-6 in the quail neuroretina (4). The
30-kDa band detected in the CEF nuclear extract may be
artifactual since it did not appear with a different anti-Pax-6
antiserum (kindly provided by 1. Mikkola and T. Johansen)

j Pax-6/COP-8

| COP-8
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©
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o
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FIG. 8. Western immunoblotting of various extracts (see Materials
and Methods) and anti-Pax-6 antiserum. The solid arrow indicates the
major 46- to 48-kDa immunoreactive band known to be Pax-6 (4); the
open arrow indicates bands near 32 to 33 kDa which are probably
alternatively spliced products of the Pax-6 gene (4). A sodium dodecyl
sulfate4 to 20% polyacrylamide gradient gel (Novex, San Diego,
Calif.) was used. Positions of molecular weight (MW) standards are
shown in thousands.
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FIG. 9. Cotransfection with Pax-6 and initial prediction of Pax-6-binding sites. (A) CEFs were cotransfected with pcaA—162/+77-CAT (35)
and increasing amounts of a mouse Pax-6 cDNA expression vector (pKW10-Pax-6 [7]). Data are expressed as the ratio of normalized CAT activity
(average and standard deviation) in the presence and absence of pPKW10-Pax-6. (B) Alignment of four putative Pax-6 recognition sequences in the
chicken aA-crystallin promoter. Uppercase letters indicate at least a 75% conservation of each nucleotide; lowercase letters indicate a 50%
conservation of each nucleotide. (C) Comparisons of the Pax-6 paired-domain consensus binding site derived by the PCR-based selection (16) (I
and II) and the BSAP/Pax-5 consensus binding site (7) (III) with the aA-crystallin Pax-6 consensus binding sequences derived in panel B (see
alignment). Two possible alignments (I and II) between the aA-crystallin-derived Pax-6 consensus binding sequence and the PCR-derived Pax-6
paired-domain consensus binding sequence (16) are shown. Common nucleotides in the aA-crystallin alignment and the Pax-6 and BSAP/Pax-5

consensus sites are shaded.

recognizing the highly conserved C terminus of zebrafish Pax-6
(6a).

Pax-6 activates the chicken aA-crystallin promoter in co-
transfected CEFs. The possibility that Pax-6 activates the
chicken aA-crystallin promoter was examined by cotransfect-
ing CEFs with pcaA—162/+77-CAT (35) and the mouse Pax-6
cDNA expression vector (pKW10-Pax-6 [7]). Increasing
amounts of pKW10-Pax-6 stimulated pcaA—162/+77-CAT
activity in cotransfected CEFs (Fig. 9A); the parental vector
(pPKW10) lacking Pax-6 coding sequences had no effect on
pcaA—162/+77-CAT activity (data not shown). A maximum
stimulation of sixfold was found with 500 ng of pKW10-Pax-6.
Therefore, Pax-6 is capable of activating the chicken aA-
crystallin gene promoter in cells which do not normally express
the aA-crystallin gene. In addition, we tested two plasmids
(pcaAm—128/—123-CAT and pcaAm—108/—103-CAT [34])
with mutations within the indicated sequences (—128 to —123
or —108 to —103) in a similar cotransfection experiment using
CEFs and 0, 250, and 500 ng of pKW10-Pax-6. CAT activity
was increased a maximum of only 20 to 40% by pKW10-Pax-6
in the cotransfected CEFs, supporting the presence of Pax-6-
binding sites between positions —128 and —103 (data not
shown).

The positive correlation between the binding and promoter-
activating abilities of Pax-6 enabled us to compare and align
the putative Pax-6-binding sequences of the chicken aA-
crystallin gene, the Pax-6 paired-domain consensus binding
sites derived by PCR-based selection (16), and the BSAP/Pax-5
consensus binding site (Fig. 9B). A comparison of the —57/
—41, —131/-116, —116/—101, and —105/—120 (reverse) re-
gions yielded a common pattern related to both the Pax-6
paired-domain (16) and BSAP/Pax-5 (7) consensus binding
sites. The alignment of chicken aA-crystallin Pax-6-binding
sites also agrees with a general model of the Pax bipartite
recognition site derived from binding sequences known for
Pax-1, Pax-5, and Pax-8 (7).

DEI1B (—102 to —91) is a repressor site. In our previous in-

vestigation, mutations pcaAm—102/—96-CAT and pcaAm
—96/—91-CAT within the DE1B site stimulated activity of the
aA-crystallin promoter in transfected PLEs (34). The same
mutants stimulated promoter activity 12- and 3-fold, respec-
tively, in transfected CEFs (34a). These findings suggested that
DE1B acts as a repressor in lens and nonlens cells. To
investigate further the possible repressing function of DE1B,
oligonucleotides containing the wild-type (D) or mutated
(D-M1 and D-M2) —106/—86 region were subcloned into paA
(i55) between the —148/—96 insert and the basal —56/+77
promoter (Table 1). The resulting plasmids [paA(i55D), paA
(i55D-M1), and paA(i55D-M2)] maintained the linear order
of individual sites present in the normal chicken aA-crystallin
gene. Insertion of the wild-type —106/—86 sequence into pcaA
(i55D) resulted in a nearly threefold reduction of CAT activity
relative to pcaA(i55) levels in transfected PLEs (Table 1). In
contrast, mutation D-M1 produced a slight reduction and
mutation D-M2 produced a marginal elevation of promoter
activity in transfected PLEs. Similar results were obtained for
transfected CEFs.

We next investigated the binding of nuclear factors to
oligonucleotide D (—111 to —91) (Fig. 10). At least two
specific complexes, D1 and D2, were detected after incubating
oligonucleotide D with the lens (lane 2) or CEF (lane 6)
nuclear extracts.

Inspection of the —104/—94 sequence (5’ GACCACGTT
GC 3') revealed a similarity with the E-box motif (underlined),
as exists in DE2A which binds the helix-loop-helix protein,
USEF (see above). Consequently, we investigated the possibility
that USF also binds to DE1B by immunoshift experiments
(Fig. 10). An anti-USF antiserum prevented the formation of
D1 and D2 in lens (lane 4) and CEF (lane 8) nuclear extracts,
while the preimmune serum did not (lanes 5 and 9, respective-
ly). In addition, when the lens nuclear extract was immunopre-
cipitated with an anti-USF antiserum before incubation with
oligonucleotide D, complexes D1 and D2 were not detected
(lane 10). Incubation of oligonucleotide D with purified USF
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FIG. 10. EMSA analysis of proteins interacting with the DE1B
sequence. D1 and D2 are major specific complexes formed on oligo-
nucleotide D (—111 to —91) in the presence of poly(dI-dC) as a
nonspecific competitor. In one case (lane 10), the anti-USF antiserum
was used to immunodeplete the lens nuclear extract (N.E.) prior to
incubation with the probe; the antiserum was used in direct binding
experiments in all other cases (lanes 4 and 8).

resulted in the formation of a specific complex that migrated
closely with D1 and D2 (lane 12). We presume that the
residual CD1 and CD2 complexes remaining with oligonucle-
otide D in lens nuclear extracts treated with anti-Pax-6 anti-
serum (Fig. 7C, lane 3) is due to binding of USF to this probe
(Fig. 10).

Finally, DNase I footprinting of the —242/+77 promoter
fragment incubated with purified USF was used to test directly
the possibility that USF binds to DE2A and DE1B. The results
showed clearly that positions —149 to —130 (DE2A) and —104
to —85 (DE1B) were protected from DNase I digestion after
incubation with purified USF protein (Fig. 11).

DISCUSSION

Our previous mutagenesis and protein-binding experiments
have identified DE2A (—144 to —134), DE2B (—128 to —119),
DEI1A (—114 to —104), and DE1B (—102 to —92) as regula-
tory regions of the chicken aA-crystallin gene (34). These are
similar but not identical to the «CE1 (—162 to —134), aCE2
(—119 to —99), and aCE3 (—135 to —121) regulatory regions
identified by Matsuo and Yasuda (42). Our present investiga-
tion has resulted in an initial molecular model for the tran-
scriptional regulation of the chicken aA-crystallin gene. We
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FIG. 11. In vitro DNase I footprinting of the chicken aA-crystallin
promoter. The chicken aA-crystallin —242/+77 promoter fragment
was footprinted in vitro, using 0 (lanes 2 and 6), 0.5, 1, or 2 ul of
purified USF protein (300 ng/pl, 90% purity). Protected regions (lanes
3 to 5) are bracketed. G+A (lane 1) is a sequencing ladder.

now call the control sites A (including the 5’ half of DE2A), B
(including the 3’ half of DE2A), C (including DE2B and
DE1A), D (including DE1B), and E (—57 to —42). These are
diagrammed in Fig. 12. Our EMSA, immunological, mutagen-
esis, and transfection data indicate that these five sites bind at
least USF, CREB, and/or CREM (or AP-1 proteins) and Pax-6
to create a complex array of positive and negative regulatory
elements that confers high expression in the lens and repres-
sion in fibroblasts.

Site A binds the ubiquitous factor USF in nuclear extracts of
both lens and fibroblasts and forms half of a composite
element. A hallmark of composite elements is that the activat-
ing or repressing potential of a bound factor is determined by
the protein(s) occupying an adjacent site (12, 59). Site B is
adjacent to the USF-binding site A. Site B behaves as a CRE
in the lens, where the gene is active, and binds CREB and/or
CREM. The chicken aA-crystallin recognition sequence (5’
GACTGTCA 3’) diverges substantially from the consensus
CRE, TGACGTC/AA/G (23, 47). A similar divergent CREB-
binding site (5’ GTGCGTAA 3’) was recently found in the
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FIG. 12. A model for transcription factor interactions contributing to the regulation of the chicken aA-crystallin gene. In lens cells, USF (site
A) and CREB and/or CREM (site B) form a composite element (DE2A) activating promoter function. In fibroblasts, site B is occupied by an AP-1
complex which converts USF interacting at site A into a repressor. Region C (—130 to —101, including DE2B and DE1A) consists of at least two
Pax-6-binding sites recognized by Pax-6 in lens cells. Repressor site D (—102 to —91, DE1B) binds USF in a complex with an as yet unknown
protein (X). The —56/—42 region also binds Pax-6, and the canonical TATA box (—30 to —23) interacts with TATA-box binding protein (TBP),
its associated coactivators (TAFs), and other components of an active transcription complex.

upstream enhancer of the somatostatin gene (65). It is also
known that nucleotides flanking the core CRE are involved in
the binding of CREB (10). Since the anti-aCREB antiserum
did not eliminate the B1 complex in our EMSA experiments,
aCREB does not appear to be present in the lens-specific
complex B1. However, further studies are necessary to distin-
guish the relative roles of CREB and CREM family members
in the lens-specific activation of the chicken aA-crystallin gene.

In fibroblasts, in which the aA-crystallin gene is inactive, site
B behaves as an AP-1 site in DNA-binding experiments. The
precise composition of AP-1 complexes formed in nuclear
extracts of fibroblasts is not known yet; however, the immuno-
precipitation results suggest the involvement of Fra2 and
JunD, with a possible role for ATF/CREB family members.
Thus, our results demonstrate that USF, in addition to the
previously characterized AP-1, CREB, and steroid hormone
receptor-binding factors (46), can be a component of compos-
ite element complexes. The specificity of the adjacent binding
sites was illustrated in the EMSA tests showing the absence of
cross-competition between oligonucleotides A (—150 to —138)
and B (—144 to —127). This is explained by oligonucleotide A
lacking a complete CRE-like site and oligonucleotide B lack-
ing complete USF site. The binding of factors to these adjacent
regulatory elements is consistent with our previous methyl-
ation interference experiments (35).

The present data extend our previous mutagenesis experi-
ments (34) and indicate that site D is a negative element in
both lens and fibroblasts. Both site A and site D bind USF. At
least two models can be invoked to explain the dual role for
USF in the regulation of the chicken aA-crystallin gene. In one
model, USF is complexed either with itself, forming a ho-
modimer to activate promoter activity (site A), or with a
different, unidentified protein, forming a heterodimer to re-
press promoter activity (site D). The similar intensities of the
complexes formed with site A in nuclear extracts derived from
the lens and fibroblasts (Fig. 3A) contrast with the different
intensities of the complexes formed with site D in the extracts
derived from these two sources (Fig. 10). This observation
supports the idea that the A and D complexes are not
composed of identical proteins. It is likely that sequences

flanking the core USF-binding site in D contribute to the
binding of the putative heterodimer, since insertion of a core
USF-binding sequence (—150 to —139, 5' GTTCCCACCAG
AC 3’) into pcaA(i55), which lacks site D, did not reduce its
promoter strength (data not shown). It has been suggested that
USF can form heterocomplexes with other proteins (14, 55);
however, partners for USF have not been identified. It is also
possible that the activating effect of USF at site A and its
repressing effect at site D may be due to the different relative
positions of these control elements with respect to the other
regulatory sites or factors of the aA-crystallin gene. These
possibilities are not mutually exclusive.

Finally, the present investigation indicates that Pax-6 acts in
concert with USF and CREB/CREM to activate chicken
aA-crystallin gene expression in the lens. That Pax-6 does not
bind to the chicken aA-crystallin gene regulatory elements in
nuclear extracts from fibroblasts is consistent with its impor-
tance as a positive control factor specifically for lens expression
(Fig. 12). Indeed, Pax-6 has been reported in numerous tissues
of the developing eye, including the presumptive lens ectoderm
and the embryonic lens (37, 39, 68). The necessity for Pax-6
binding to sites C and E for aA-crystallin promoter activity is
supported by the fact that the —154/—90 sequence can activate
the —56/+77 promoter fragment but not the —35/+77 pro-
moter fragment in transfection experiments (data not shown).
However, despite the beneficial contribution of site E for
optimal promoter activity of the chicken aA-crystallin gene,
linker-scanning mutations throughout this region did not re-
duce promoter strength in transfected PLEs (34). Perhaps this
reflects some functional redundancy when the complete —162/
+77 sequence was used, as was done in the previous experi-
ments (34). The additive effect of multiple control elements for
efficient enhancer activity was demonstrated in transfection
experiments using a heterologous promoter driven by different
combinations of cis elements of the chicken aA-crystallin gene
(42).

Apart from the autoregulated expression of Pax-6 in the
quail neuroretina (54), our data provide the first reported
target gene for Pax-6. Thus, we have performed preliminary
sequence alignments as a basis for eventually deriving a Pax-6
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consensus binding site, using naturally occurring sequences
(Fig. 9B). Inspection of the database for this putative consen-
sus binding site has identified potential Pax-6-binding sites
among the regulatory sequences that have been shown previ-
ously to be required for lens expression of the mouse aA-
crystallin (6, 6a, 31) and aB-crystallin (15), chicken BB1-
crystallin (56), BA3/Al-crystallin (44) and &1-crystallin (24),
and guinea pig {-crystallin (38) genes. Indeed, recent experi-
ments have indicated that Pax-6 binds to and activates the
lens-specific enhancer of the chicken 81-crystallin gene (6b)
and that Pax-6 binds to the lens-specific regulatory sequence
(ZPE) of the guinea pig {-crystallin gene (55a). The number of
Pax-6-binding sites and multiple forms of Pax-6 (4) may both
contribute to the selective regulation of Pax-6 target genes.

In summary, the present experiments indicate that Pax-6,
USF, CREB and/or CREM, and AP-1 proteins are involved in
a complex regulatory network including positive and negative
elements controlling the high expression of the aA-crystallin
gene in the lens and its repressed state in nonlens tissues of the
chicken. Additional levels of regulation of aA-crystallin gene
activity may, of course, be determined by chromatin structure
as well as by other cis elements and trans factors. For example,
the —242/—-162 sequence lowers promoter activity in trans-
fected PLEs and CEFs (35), suggesting another negative
element in this region. Moreover, another protein binding site,
DE3, was found upstream of the site A (34), and binding of a
heat shock transcription factor to this region was recently
obtained (18). Thus, our present data provide an initial model
upon which to base future experiments on the regulated
expression of this highly expressed lens gene.
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