MOLECULAR AND CELLULAR BIOLOGY, Apr. 1998, p. 2067-2076
0270-7306/98/$04.00+0
Copyright © 1998, American Society for Microbiology

Vol. 18, No. 4

Lens-Specific Gene Recruitment of {-Crystallin through Pax6,
Nrl-Maf, and Brain Suppressor Sites

RONIT SHARON-FRILING,'{ JILL RICHARDSON, ' SALLY SPERBECK,' DOUGLAS LEE,'§
MICHAEL RAUCHMAN,? RICHARD MAAS,> ANAND SWAROOP,?> axo GRAEME WISTOW'*

Section on Molecular Structure and Function, National Eye Institute, National Institutes of Health, Bethesda,
Maryland 20892"; Brigham and Women’s Hospital, Boston, Massachusetts 02115% and
W. K. Kellogg Eye Center, University of Michigan, Ann Arbor, Michigan 48105°

Received 7 August 1997/Returned for modification 26 September 1997/Accepted 23 December 1997

C-Crystallin is a taxon-specific crystallin, an enzyme which has undergone direct gene recruitment as a
structural component of the guinea pig lens through a Pax6-dependent mechanism. Tissue specificity arises
through a combination of effects involving three sites in the lens promoter. The Pax6 site (ZPE) itself shows
specificity for an isoform of Pax6 preferentially expressed in lens cells. High-level expression of the promoter
requires a second site, identical to an aCE2 site or half Maf response element (MARE), adjacent to the Pax6
site. A promoter fragment containing Pax6 and MARE sites gives lens-preferred induction of a heterologous
promoter. Complexes binding the MARE in lens nuclear extracts are antigenically related to Nrl, and
cotransfection with Nrl elevates {-crystallin promoter activity in lens cells. A truncated { promoter containing
Nrl-MARE and Pax6 sites has a high level of expression in lens cells in transgenic mice but is also active in
the brain. Suppression of the promoter in the brain requires sequences between —498 and —385, and a site in
this region forms specific complexes in brain extract. A three-level model for lens-specific Pax6-dependent
expression and gene recruitment is suggested: (i) binding of a specific isoform of Pax6; (ii) augmentation of
expression through binding of Nrl or a related factor; and (iii) suppression of promoter activity in the central

nervous system by an upstream negative element in the brain but not in the lens.

Guinea pig (Cavia porcellus) (-crystallin ({) is a quinone
reductase (49), which, like several other enzymes in different
vertebrate lineages, has undergone gene recruitment (4, 63, 64)
to serve an additional structural function in the lens (25, 37). In
addition to being present in the guinea pig, { is present at
crystallin levels in some related species including rock cavy
(Kerodon rupestris) and degu (Octodon degus) but is not
present as a crystallin in other hystricomorph rodents, such as
the coypu (Myocastor coypu), or in other rodents (37). The
relatively restricted distribution of this taxon-specific crystallin
suggests that its gene recruitment occurred fairly recently in
rodent evolution. An interesting example of what appears to be
parallel, independent recruitment of { has also been observed
in camelids (11, 15).

From an evolutionary point of view, the molecular mecha-
nism of such a gene recruitment presents some interesting
questions. The final product of recruitment, the high-level ex-
pression of a protein in the lens, may have real selective ben-
efits, modifying the properties of the lens to enhance its func-
tion in a particular environment (64). However, if several steps
are required to achieve this goal, each would need to provide
some selectable advantage to the organism in order to be
retained before full recruitment was achieved. To gain some
insight into this process and into tissue-specific gene expression
in the lens in general, we have been examining the expression
of guinea pig { in the lens.
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Comparisons of gene sequences from guinea pigs, humans,
and mice and functional analyses of the guinea pig promoter
show that the gene recruitment of { occurred through acqui-
sition of a lens-specific promoter in what would otherwise have
been the first intron of the enzyme gene, while nonlens expres-
sion remained under the control of an upstream housekeeping
promoter (14, 38). There is no similarity between guinea pig
and mouse { genes in the region of the guinea pig lens pro-
moter.

This separation of functions between two promoters makes
the { lens promoter an attractive target for examination of the
mechanisms of recruitment and lens-specific expression. The
lens promoter is highly tissue specific, without a requirement
for remote enhancers (38). It functions in transgenic mice and
in mouse and rabbit lens-derived cells (38), which shows that
the recruitment is a cis process of promoter modification mak-
ing use of evolutionarily conserved common transcription fac-
tors rather than a species-specific modification of the transcrip-
tion machinery of the guinea pig lens.

Previously, we defined the lens-specific promoter (38) and
then showed that { is a target gene for the key eye development
factor Pax6 (3, 19, 39, 52). Pax6 has also been implicated in the
lens-specific expression of several other crystallin genes (3),
although it may not be essential for all of these genes and some
of the binding sites identified are in promoter regions previ-
ously thought not to be important for gene expression in the
lens (53). In the case of { however, Pax6 is essential for func-
tion. The { promoter contains an element ({-protected element
[ZPE]) which is identically protected by nuclear protein ex-
tracts from both mouse and rabbit lens-derived cells and is
differently protected by extracts from fibroblasts (38). The
ZPE has a maximum size of 50 bp (—202 to —152) on the
upper DNA strand and 35 bp on the lower strand. In electro-
phoretic mobility shift assays (EMSA), the ZPE forms two
distinct complexes (I and II). Extracts from nonlens sources
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unable to support { lens promoter expression produce only
complex I, while mouse lens extract produces only complex II
(52). Extracts of lens-derived cultured cells, N/N1003A (50)
and aTN4-1 (66), and of brain produce both complexes, al-
though complex II often predominates in lens-derived cells
(52). Different antisera to Pax6 specifically abolish the forma-
tion of complex II without affecting complex I, and the recom-
binant Pax6 paired domain (PD) can bind the ZPE (52). Mu-
tation within the ZPE abolishes both complex II formation and
Pax6 binding and causes complete loss of promoter activity in
both transient transfections and transgenic mice (52). These
results show that Pax6 is essential for tissue-specific expression
of the ( lens promoter. Furthermore, in addition to its impor-
tant role very early in eye embryogenesis in both vertebrates
and invertebrates (19, 20, 22, 39, 48, 59, 62), we found that
Pax6 has continuing expression in adult lens and in cultured
cells able to support { expression (52).

However, Pax6 is not lens or eye specific; it is also expressed
in various parts of the central nervous system and even in the
pancreas (57, 60, 62), and Pax6 binding sites have been found
in noncrystallin genes (2, 24). Clearly, tissue-specific gene ex-
pression dependent on Pax6 requires fine-tuning. Conse-
quently, the process of crystallin gene recruitment must have
been multistep. Here we describe a three-part mechanism for
lens-specific gene expression in a taxon-specific crystallin. Al-
though reconstruction of the actual evolutionary path taken in
this gene may be impossible, these results show, at least in
principle, how each stage could have occurred as discrete steps
leading toward full gene recruitment of an enzyme as a major
structural component of a mammalian eye lens.

MATERIALS AND METHODS

Brain and cultured lens cell nuclear extracts. Brain tissue was obtained from
4-week-old mice, and nuclear extract was prepared by the procedure of Sierra
(55). A 1-g portion of tissue was homogenized in 10 ml of homogenization buffer
(10 mM HEPES [pH 7.6], 15 mM KCl, 0.15 mM spermine, 0.5 mM spermidine,
1 mM EDTA, 2 M sucrose, 10% glycerol, 1% low-fat milk). The homogenate was
then added to 10 ml of homogenization buffer in SW27 tubes and ultracentri-
fuged at 24,000 X g for 60 min at 2°C to pellet the nuclei. The nuclei were
resuspended in lysis buffer (10 mM HEPES [pH 7.6], 100 mM KCI, 0.1 mM
EDTA, 10% glycerol, 3 mM MgCl,, 200 nM phenylmethylsulfonyl fluoride
[PMSF], 4 ng of aprotinin per ml, 100 ng of chymostatin per ml, 4 ng of pepstatin
per ml, 40 ng of bestatin per ml, 4 ng of leupeptin per ml) and homogenized in
a glass homogenizer. The sample was diluted to a DNA concentration of 0.5
mg/ml, and 1/10 volume of 4 M (NH4),SO, was added. After incubation at 30
min on ice with occasional mixing, the lysate was centrifuged for 60 min at 35,000
X g. Nuclear protein was precipitated from the supernatant by addition of 0.3 g
of (NH4),SO, per ml of supernatant followed by centrifugation for 20 min at
85,000 X g. The pellet was dissolved in dialysis buffer (25 mM HEPES [pH 7.6],
40 mM KCI, 0.1 mM EDTA, 20% glycerol, 1 mM dithiothreitol [DTT]) and
dialyzed twice against 100 volumes for 2 h. The nuclear extract was aliquoted and
stored in liquid nitrogen.

Nuclear extract from rabbit lens N/N1003A cells (50) was prepared by the
method of Shapiro et al. (54). Twenty 150-mm plates of confluent monolayer
cultures were washed twice with cold phosphate-buffered saline (PBS). The cells
were harvested by scraping in PBS and pelleted at 300 X g for 10 min. Subse-
quent steps were performed at 4°C. The cells were resuspended in 5 packed-cell
volumes of hypotonic buffer (10 mM HEPES [pH 7.9], 0.75 mM spermidine, 0.15
mM spermine, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT, 10 mM KCl),
incubated for 10 min on ice, pelleted, and resuspended in 2 packed-cell volumes
of hypotonic buffer. The cells were ruptured by three strokes in a glass homog-
enizer with a tight pestle. Then 1/10 volume of sucrose restore buffer (9 volumes
of 75% sucrose; 1 volume consisting of 500 mM HEPES [pH 7.9], 7.5 mM
spermidine, 1.5 mM spermine, 2 mM EDTA, 0.1 mM EGTA, 10 mM DTT, 100
mM KCl, 200 nM PMSF, 4 ng of aprotinin per ml, 100 ng of chymostatin per ml,
4 ng of pepstatin per ml, 40 ng of bestatin per ml, and 4 ng of leupeptin per ml)
was added, and the cells were subjected to two strokes with a loose-pestle
homogenizer. The lysate was centrifuged for 30 s at 16,000 X g and the nuclear
pellet was resuspended in 3 ml of nuclear resuspension buffer (9 volumes con-
sisting of 20 mM HEPES [pH 7.9], 0.75 mM spermidine, 0.15 mM spermine, 0.2
mM EDTA, 2 mM EGTA, 2 mM DTT, and 25% glycerol; 1 volume of saturated
ammonium sulfate solution) per 10° cells. The resulting suspension was rocked
gently at 4°C for 30 min and then sedimented at 150,000 X g for 45 min. The
supernatant was recovered, and nuclear protein was precipitated by addition of
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0.3 g of (NH4),SO, per ml of supernatant and centrifugation for 20 min at
85,000 X g. The pellet was dissolved in dialysis buffer and dialyzed twice against
100 volumes for 2 h. The nuclear extract was aliquoted and stored in liquid
nitrogen.

Lens protein extracts. Eight-day postnatal lenses were dissected and cleaned
of adhering pigmented tissue. For rat lenses, the lens capsule with the anterior
lens epithelium attached was separated from the fiber mass by microdissection
with sharpened jeweler’s forceps. Tissues from 80 animals were pooled for
extraction of proteins. Cell extracts were prepared from both the rat lens epi-
thelia and fiber mass. The cells were lysed in lysis buffer (50 mM Tris [pH 8.0],
150 mM NaCl, 1% [wt/vol] Nonidet P-40, 0.1 mM EGTA, 1 mM DTT, 200 nM
PMSF, 1 ng of leupeptin per ml, 1 pg of pepstatin per ml, 0.4 mM sodium
fluoride, 0.4 mM orthovanadate). After brief microcentrifugation to remove
cellular debris, the lysate was centrifuged at 100,000 X g, and the supernatant was
made 20% in glycerol. The protein extract was aliquoted and stored in liquid
nitrogen.

Recombinant Pax6 proteins. DNA binding domains of Pax6 were expressed as
glutathione S-transferase (GST) fusion proteins in Escherichia coli. Sequences
corresponding to amino acids 1 to 130 (PD) or 1 to 270 (PD plus homeodomain
[HD]) of human Pax6 were prepared by PCR amplification of a cDNA clone.
The products were cloned into pGEX2T (Amrad, Melbourne, Australia) and
verified by sequencing. The bacteria were transformed with the expression vec-
tor, and fusion protein synthesis was induced with isopropyl-B-p-thiogalactopy-
ranoside (IPTG) as specified by the supplier. Fusion proteins were isolated with
glutathione-agarose beads (Sigma, St. Louis, Mo.). The proteins were assessed
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (10% polyacryl-
amide), and aliquots were stored at —80°C. The His-tagged Pax6 PD was pro-
duced as described previously (6).

Full-length Pax6 proteins were produced with a baculovirus system. The entire
coding regions of human Pax6 and Pax6(5a+) cDNAs were amplified by PCR
and cloned into pVL941 (Pharmingen, San Diego, Calif.) and pBlueBacHis
(Invitrogen, San Diego, Calif.). Recombinant virus was isolated as specified by
the supplier. Amplified baculovirus stock (1 ml) was used to infect 1.5 X 107 to
2.0 X 107 TN5B1-4 (High Five; Invitrogen) cells maintained in Ex-Cell 400
medium (JRH Biosciences, Woodland, Calif.) in 150-mm tissue culture plates.
The cells were harvested after 48 to 72 h, resuspended in 500 pl of PBS con-
taining the protease inhibitors antipain, leupeptin, E-64, and Pefabloc (Boehr-
inger Mannheim, Indianapolis, Ind.), and disrupted by three freeze-thaw cycles
of liquid nitrogen followed by 37°C for 5 min each. The lysate was cleared by
centrifugation in a tabletop microcentrifuge at 4°C, and the supernatant was
stored in aliquots at —80°C. Protein expression was verified by Western blotting
with rabbit polyclonal antiserum to the C-terminal domain of human Pax6.

DNase I protection (footprinting). Pax6 binding at the ZPE region used the
—323 to —57 promoter fragment, as described previously (38). For the brain-
protected element (BPE) region, the —535 to —373 fragment was prepared by
digestion of the —756 to +70 promoter construct (38) with Alw441, 5'-end
labelled with [y->?P]ATP, and digested with Stul, generating the —535 to —373
fragment labelled on the lower strand. DNase I footprinting was performed as
described previously (10, 38). DNA binding was carried out in a 20-pl volume
with 3?P-labeled DNA probe (2 X 10* to 3 X 10* cpm), 1 pg of poly(dI-dC), 5
mM MgCl, 1 mM DTT, 0.5 mM EDTA, 60 mM KClI, 10% glycerol, and ranges
of concentrations of protein extracts or recombinant Pax6 proteins for 15 min on
ice. Recombinant Pax6 proteins from each preparation were titrated over a range
of approximately 0.1 to 2.5 pg, and tissue and cell extracts were titrated over a
range of 1 to 60 wg. The DNase I concentration was also titrated for each
reaction. Typically, 3 ul of DNase I mixture (5 to 50 U of DNase I in 25 mM
CaCl,) was added for 5 min on ice, and then 80 .l of stop solution (25 mM Tris
[pH 8.0], 20 mM EDTA, 250 mM NaCl, 0.5% sodium dodecyl sulfate) was
added; this was followed by extraction with phenol-chloroform and precipitation
with ethanol.

Transient transfections. Deletions and other mutations of the { promoter
fused to the bacterial chloramphenicol acetyltransferase (CAT) reporter gene
were constructed from a —323/+70.CAT construct (38). This was digested with
Sall, which cleaves at position —323, and with Nsil, which cleaves at position
—187. Replacement DNA fragments for mutations and deletions were synthe-
sized with the appropriate restriction sites and ligated into the truncated pro-
moter construct.

To test the influence of the —245 to —152 fragment on the expression of a
heterologous promoter, the fragment was constructed by PCR, sequenced, and
cloned upstream of the herpes simplex virus thymidine kinase (tk) promoter
fused to the CAT reporter gene in the pTKCAT plasmid (42).

By using calcium phosphate coprecipitation (16), 10 pg of promoter construct
plasmids and of pCMV (Clontech, Palo Alto, Calif.) (used for normalization)
was transfected into N/N1003A or NIH 3T3 cells seeded on 10-cm Falcon dishes
at a density of 3 X 10° The cells were harvested 48 h after transfection and
subjected to freeze-thawing (41). The B-galactosidase activity was measured (5),
and volumes of extracts equalized for B-galactosidase activity were used for the
CAT assays (17). Acetylated ['*C]chloramphenicol (Amersham Life Science
Inc., Arlington Heights, Ill.) was separated by thin-layer chromatography (TLC),
and excised radioactive spots were measured by liquid scintillation. CAT activity
was expressed as the percent conversion of [1*C]chloramphenicol into “C-acety-
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FIG. 1. Binding of canonical Pax6 to the ZPE. (a) Binding of lens cell extracts and recombinant Pax6 proteins to the { ZPE. DNase I footprints of the upper strand
of the ZPE region are shown. Pairs of lanes show results for control with no added protein (C) and a representative lane for addition of lens cell nuclear extract or
recombinant proteins (E). For each experiment, DNase I and protein concentrations were titrated, but for clarity only a single representative lane for each protein is
shown. In each case, two- to fivefold increases in the DNase I concentration or twofold increases in the protein concentration gave no difference in protection. Extracts
and proteins were as follows: ML, mouse lens-derived aTN4-1 cells; RL, rabbit lens N/N1003A cells; rPax6, full-length human Pax6; PD+HD, a truncated Pax6
containing PD and HD; PD, Pax6 PD. The small arrow shows a band which is efficiently protected by full-length rPax6 but not by PD alone. Bars show the maximal
extent of the ZPE (—202 to —152) and the region corresponding to the Pax6 PD consensus binding site (—184 to —152). The sequence of the ZPE region of the {
promoter is shown below. The position of the consensus PD binding sequence is indicated. Arrows show the extent of the experimental protection due to PD alone,
which overlaps the PD consensus. (b) EMSA of the ZPE (—202 to —152) with two different-size Pax6 PD fusion proteins, GST-Pax6 and His-Pax6. The combination
of the two forms produced no intermediate-size shifts. (c) The ZPE (—202 to —152) binds canonical Pax6 but not Pax6-5a. Results are shown for EMSA of the labelled
ZPE and for 5aCon (a different sequence derived in vitro as a Pax6-5a binding sequence [7]), using recombinant Pax6 and Pax6-5a proteins as shown.

lated chloramphenicol derivatives. All reported CAT activities were averages of
three independent transfection experiments.

Cotransfections were performed in a similar way, with 15 pg of the —229/
+70.CAT construct, 5 pg of the Nrl expression plasmid pMT-NRL (51), and 5
wg of the pCMVR plasmid for normalization of transfection efficiency. As a
control, the pMT-NRL plasmid was replaced with 5 pg of the parental pMT3
vector with no Nrl expression.

EMSA. EMSA was performed with recombinant Pax6 proteins, mouse brain
nuclear extract, N/N1003A nuclear extract, mouse lens cell extract, and rat lens
epithelial and fiber cell extract. Double-stranded DNA oligodeoxynucleotides
were 5'-end labeled with [y-*?P]JATP. The binding reaction was carried out, in a
volume of 20 pl, with 8 to 10 pg of protein, 0.5 ng of DNA probe, 2 pg of
poly(dI-dC), and 1 pg of 1-kbp DNA size ladder in a buffer containing 60 mM
KClI, 15 mM HEPES (pH 7.9), 1 mM MgCl,, 0.1 mM EDTA, 5 mM spermidine,
0.66 mM DTT, 0.5 mM PMSF, and 4% Ficoll. The reaction mixture was incu-
bated for 30 min at 4°C and run on a 6% nondenaturing polyacrylamide gel in
0.5X Tris-borate-EDTA (TBE) buffer at 4°C. In the case of the brain suppressor
region (see below), 100 mM KClI was used to optimize the binding reaction. For
competition experiments, double-stranded DNA competitor fragments were syn-
thesized and used at 80-fold excess (40 ng).

The presence or absence of candidate DNA binding proteins in EMSA com-
plexes was tested with specific antisera in the EMSA. Antisera to c-Fos, c-Jun,
and NF-E2 were obtained from Santa Cruz Biotechnology Inc. (Santa Cruz,
Calif.). Antisera to Nrl were as described previously (51). Typically, protein
extracts were incubated with 1 pl of antiserum for 10 min on ice before the
addition of labelled probes as described previously (52) or as recommended by
the supplier.

Transgenic mice. Transgenic mice were produced in the National Eye Institute
transgenic facility as a service. Promoter constructs were derived from the pre-
viously described —756/+70.CAT construct (38) by different strategies: exonu-
clease IIT digestion (21) from the 5" end (—498 to +70), or removal of sequences
to the Pvull site (—295) or the Nisil site (—187) followed by reconstruction with
double-stranded synthetic DNA fragments (—323 to +70, —229 to +70, and
—206 to +70) essentially as described previously (38). The enzymes and proto-
cols for these procedures were from Life Technologies (Gaithersburg, Md.).

Genomic DNA from founder mice was assayed for the presence of the trans-
gene by PCR with a 5'-sense-direction { primer (ATGCATCATTGCTAAACC
AT) and a 3' CAT antisense primer (CGGTCTGGTTATAGGTACATTGA
CC) with denaturation at 94°C for 90 s followed by 35 cycles of 94°C for 30 s,

55°C for 30 s, and 72°C for 1 min and a final extension step for 5 min. Transgenes
were examined for integrity and number by Southern analysis, using Nsil diges-
tion to cut inside the transgene and BamHI digestion to cut outside the trans-
gene. Mice harboring intact transgenes were crossed with wild-type FVB/N mice
to obtain heterozygous F; progeny.

CAT gene expression in transgenic mice. Brain, heart, lung, liver, kidney,
pancreas, spleen, intestine, muscle, and lens tissues were isolated from adult
transgenic mice as described previously (38). The tissues were homogenized in
100 to 800 wl of 0.25 M Tris-HCI (pH 7.8) and incubated for 15 min at 65°C, and
cellular debris was removed by brief microcentrifugation. Extracts from each
tissue were analyzed for CAT activity by TLC as described above. For analysis of
the —229/+70.CAT lines, which were produced later than other lines, 1-deoxy-
[dichloroacetyl-1-'*C]chloramphenicol (Amersham) was used. This newer re-
agent produces a single labelled product.

RESULTS

Pax6 site. To confirm Pax6 binding and to determine how
much of the ZPE protection, a maximum of 50 bp, —202 to
—152 (38), is due to Pax6 alone, footprinting with recombinant
Pax6 proteins was compared with that for lens-derived cell
extracts. Three proteins were tested, full-length recombinant
canonical human Pax6 (rPax6), a truncated Pax6 containing
the DNA-binding PD and HD but lacking the PST-rich acti-
vating domain (13) (PD+HD), and a protein with a further
truncation containing only the PD. For each recombinant pro-
tein, the optimal conditions for the protection assay were em-
pirically determined for ranges of protein concentration and
DNase I activity, essentially as described previously (38). For
clarity, single representative lanes for each experiment are
shown in Fig. la, in which results for rabbit and mouse lens
cells are compared. All three proteins gave protection very
similar to that for lens cell extracts (Fig. 1la). Footprinting on
the lower strand was identical in all cases (data not shown).
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FIG. 2. Positive element for lens expression 5’ to the ZPE. (a) The —206 to +70 promoter is active in lens cells but is much less active than the —229 to +70
promoter. The CAT reporter activities of { lens promoter constructs transiently transfected in N/N1003A lens cells are shown. Constructs: control, pPSVOATCAT parent
plasmid with no promoter; —206, —206/+70.CAT; —229, —229/+70.CAT; —756, —756/+70.CAT. The relative CAT activity, normalized for equal B-galactosidase
activity to control for transfection efficiency, is shown. A schematic of the promoter is shown below. (b) EMSA of the —229 to —188 probe with nuclear extracts of rabbit
N/N1003A cells (N1003A), extracts of rat lens fiber (Fib) and epithelial (Epi) cells, and nuclear extract of mouse brain (Brain). UB-A and UB-B complexes are indicated
by arrows. C, S, and N show results of competition experiments: C, control with no additional competitor; S, self (—229 to —188) competition; N, nonself (—202 to

—152) competition.

The longer protected region on the upper strand (52) was
essentially identical for rPax6, PD+HD, and mouse and rabbit
lens cell extracts. The PD alone gave a similar footprint, from
—184 to —152, but did not completely protect bands at the 5’
end of the ZPE (Fig. 1a). This protected region corresponds
closely to the consensus PD binding site derived in vitro (6)
and to the core element essential for complex II formation,
ZEl, identified previously (52).

These results show that Pax6 alone is capable of fully pro-
tecting the ZPE without major involvement by other proteins.
Most of the protection is due to the binding of a PD at a site
matching the in vitro consensus (6). The PST domain does not
appear to contribute significantly to the protection, but it is
possible that sequences including the HD are required for full
protection.

An experiment was also performed to look for any evidence
that multiple Pax6 molecules bind at this site. Although some
DNA binding motifs (such as leucine zippers) may form tight
dimers incapable of exchange, the X-ray structure of the PD
shows no indication of such tight-dimer formation (65). There-
fore, two size forms of the recombinant PD, a GST fusion and
a smaller His-tag fusion (6), were used separately and in com-
bination in EMSA of the ZPE. Distinct complexes were
formed, with no evidence in the mixing experiment for inter-
mediate sizes resulting from heterodimers or other multimers
(Fig. 1b).

Alternative forms of Pax6. Pax6 is subject to alternative
splicing (1, 7, 20, 27). One significant variant, Pax6-5a, contains
an alternative exon (called 5a in mammals) which alters the
sequence and binding specificity of the PD (7). The ZPE se-
quence closely matches the consensus for binding by the ca-
nonical form of Pax6, which lacks the alternative exon Sa (6,
52). As shown in Fig. la and b, Pax6 proteins and domains
corresponding to the canonical form will bind to the ZPE. To
see whether Pax6-5a can also bind the ZPE, full-length recom-

binant Pax6 proteins corresponding to both forms were tested
in EMSA with the ZPE sequence. As a control a different
binding sequence, 5aCon (7), representing an in vitro binding
site for Pax6-5a, was used (Fig. 1c). While both proteins bound
5aCon efficiently, the ZPE sequence bound only canonical
Pax6.

MARE site. A promoter construct truncated immediately 5
to the ZPE/Pax6 (—206 to +70) was tested for activity in
lens-derived N/N1003A cells. The promoter was active but only
at about fivefold the activity of the promoterless plasmid con-
trol (Fig. 2a). Earlier DNase I footprinting studies (38) showed
no obvious protection upstream of the ZPE by lens cell ex-
tracts, although nonlens extract (fibroblast) protected a region
from —245 to —210, which was designated the upstream box
(UB). This suggested the presence of a nonlens, negative ele-
ment at this site but did not immediately suggest the presence
of a positive element in the lens. However, when sequences
upstream of the Pax6 site (—229 to +70) were included in {
promoter constructs, the reporter activity increased almost 20-
fold over that of the —206 to +70 construct, reaching a level
similar to that of the “full-length” —756 to +70 construct (Fig.
2a).

This result demonstrated that a binding site for a positive
factor for the lens is present in the UB region, although it was
not revealed by footprinting. As an alternative approach,
EMSA of the —229 to —188 fragment was used. This gave
similar complexes with nuclear extracts of N/N1003A rabbit
lens-derived cells and protein extracts of rat lens fiber cells and
rat lens epithelial cells (Fig. 2b). N/N1003A extract, in partic-
ular, gave a prominent complex, which was designated UB-A.
Other minor complexes were also apparent, including one des-
ignated UB-B, which appeared to be more variable in abun-
dance and apparent stability. In contrast, mouse brain extract
gave different complexes and lacked UB-A and UB-B. Self
competition eliminated the formation of the UB-A and UB-B
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FIG. 3. The MARE is essential for high-level expression in lens cells. (a)
Scheme for mutated sequences. Mutations are shown in the context of the —229
to +70 promoter. Mutations m2, m3, and m4 lie inside the MARE site, while m1
is outside. (b) Relative CAT activity of wild-type and mutated constructs in
N/N1003A cells. Mutations m1 to m4 were incorporated in the —229 to +70
promoter as shown.

complexes in N/N1003A nuclear extract, while the nonself
competitor (the ZPE fragment) did not efficiently compete
complex formation (Fig. 2b), suggesting the presence of a
sequence-specific binding factor(s).

The —229 to —188 region contains a sequence, TCAGCA
(—218 to —213), which is identical to that of a functional
element in the chicken aA-crystallin gene, designated aCE2
(41). This sequence is identical to those of core half-sites of
Maf response elements (MARE) of several genes (23, 33). The
MARE has been defined in various ways, usually as a dyad, but
recent results obtained with the interleukin-4 gene show that
c-Maf binds to a TCAGCA MARE identical that of the (
promoter (23) and the chicken aA-crystallin promoter (41).

The significance of the MARE for activity of the { lens
promoter was examined directly by incorporation of specific
mutations into the —229/+70.CAT promoter construct. One
mutation, m1, was outside the MARE, while others, m2, m3,
and m4, were inside the MARE (Fig. 3a). (m4 incorporated a
deletion arising accidentally in DNA synthesis.) The m1 mu-
tation had no effect on promoter activity, but all three muta-
tions in the MARE sequence (m2, m3, and m4) markedly
reduced promoter activity (Fig. 3b). In particular, the m3 and
m4 mutations reduced activity to the same level as that for the
—206 to +70 promoter, which completely lacks the UB region.

Thus, an intact MARE is essential for the function of a
positive element in the { lens promoter. Candidate factors for
participation in binding to the MARE were tested by using
specific antisera in EMSA of the —229 to —188 probe with
mouse lens nuclear extract (which gave a similar pattern to
rabbit lens cells and rat lens extracts). The Maf family is re-
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garded as a subset of the AP-1/CREB/ATF group, and Maf
proteins may heterodimerize with c-Fos, c-Jun, and NF-E2
family proteins (26, 31-35). Antisera to the AP-1 components
c-Fos and c-Jun did not affect complex formation, although
they successfully abolished EMSA complexes when tested
against a consensus AP-1 probe (data not shown). Similarly,
antiserum to NF-E2 also failed to affect MARE complex for-
mation (data not shown). In contrast, antiserum to Nrl (51)
significantly reduced the formation of UB complexes, particu-
larly UB-A (Fig. 4a). A possible “supershift” complex, with
very low mobility in this gel system, was also apparent (Fig. 4a).
This suggests that Nrl, or an antigenically related factor in lens
and lens cell nuclear extracts, binds the { promoter upstream of
the Pax6 site. Other factors may also bind this region.

To determine whether Nrl itself can affect the activity of the
{ promoter, the —229/+70.CAT construct was cotransfected
into N/N1003A cells with the Nrl expression plasmid pMT-
NRL or, as control, with the parent pMT3 plasmid (51) (Fig.
4b). In the lens-derived cells, addition of the Nrl expression
plasmid increased the CAT reporter activity fourfold over that
produced by cotransfection with pMT3, while pMT-NRL and
—229/+70.CAT cotransfection of NIH 3T3 fibroblast cells,
which cannot support { promoter activity (38), gave no re-
porter gene expression (data not shown). Thus, Nrl exerts a
positive effect on the { lens promoter in a permissive (lens)
background, although Nrl alone cannot activate the promoter
in fibroblasts.

Nrl, or a close relative, is a good candidate for involvement
in high-level expression of the Pax6-dependent { lens pro-
moter. Other, so far unidentified factors may also be involved,
perhaps as heterodimeric partners in the complexes formed at
this site. The presence of different complexes formed in brain
extract (Fig. 2b) suggests that other MARE-binding proteins,
not unexpectedly, may also be able to bind in other tissues.

Lens-preferred positive element. Having demonstrated the
importance of the Pax6 and MARE sites acting together in the
{ promoter, a fragment of the promoter containing the com-
plete UB and ZPE regions (covering the MARE and Pax6
sites, —245 to —152) was constructed and cloned into the
pTKCAT plasmid (42) to test its effect on a heterologous
promoter. The UB-ZPE-TKCAT construct was transiently
transfected into N/N1003A lens cells and NIH 3T3 fibroblasts,
and the results were compared with those obtained with the
parent pTKCAT construct (Fig. 5). In the NIH 3T3 cells, which
are not able to support expression of the { promoter (38), the
UB-ZPE fragment produced no induction of reporter gene
expression. However, in the lens-derived cells, this fragment
caused a fourfold elevation in the activity of the heterologous
promoter. Thus, the UB and ZPE regions together constitute
a lens-preferred positive element. This result also suggests that
sequences downstream of the Pax6 site (3’ to —152) in the {
promoter are not essential for the lens-positive element.

The —229 to +70 promoter is active in lens and brain tissue
in transgenic mice. The —229/+70.CAT construct, which con-
tains both the ZPE/Pax6 and MARE sites and which is highly
active in transient transfections of lens-derived cells, was in-
troduced into transgenic mice (Fig. 6). As with all transgenic
constructs, three independent lines were examined. All three
—229/+70.CAT lines gave identical results in TLC CAT anal-
ysis of tissues, with a high level of activity in lens tissue but also
in brain tissue, another site of Pax6 expression (52). All the
other tissues examined showed no activity. This result was
reminiscent of the —385 to +70 promoter, which also showed
expression in brain tissue in addition to that in lens tissue (38).

Suppression of promoter activity in brain tissue. Previously,
two other { promoter constructs had been tested in transgenic
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FIG. 4. Nrl is a candidate for binding the { lens promoter MARE. (a) An-
tiserum to Nrl reduces the formation of the UB-A complex in mouse lens nuclear
extract. Lanes show EMSA with the —229 to —188 probe with no added anti-
serum, with antiserum to Nrl, and with nonimmune serum. Other antisera were
also tested and had no effect on complex formation. (b) Cotransfection with the
Nirl expression vector pMTNRL increases { lens promoter activity in N/N1003A
lens cells. The relative CAT reporter activity for the —229/+70.CAT construct
cotransfected either with the empty pMT3 plasmid (—229) or with the Nrl
expression plasmid pMTNRL (=229 + Nrl) is shown.

mice (38). These were the —756/+70.CAT construct, which
was lens specific, and the —385/+70.CAT construct, which, in
addition to high-level expression in lens tissue, showed some
expression in brain tissue (38). To further define the basis for
tissue specificity, two additional transgenic-mouse experiments

Promoter
activity of
UB.ZPE.TKCAT 24
relative
to TKCAT
1
N f
3T3 N/N1003A
Host cells transfected
-245 210 -202 -152
uB | ZPE |
. N
Nl Pax6

FIG. 5. A positive element for lens-preferred expression. Induction of a
heterologous (TK) promoter by the composite UB.ZPE element, containing the
MARE and Pax6 binding sites (—245 to —152). The results of transfection of
pTKCAT and UB.ZPE.TKCAT into NIH 3T3 cells and N/N1003A cells are
shown. The CAT activity of UB.ZPE.TKCAT relative to that of parent pTKCAT
in the same experiment is shown for each cell type. The composite UB.ZPE
positive element is illustrated below. Boxes show major footprinted regions: UB
is footprinted in fibroblasts which do not support { expression, while ZPE is
footprinted in lens-derived cells which do allow expression (38). The position of the
MARE/Nrl binding site is shown. The ZPE is the binding site for canonical Pax6.
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were performed with —498/+70.CAT and —533/+70.CAT
constructs (Fig. 6). Again, three independent lines were exam-
ined for each construct, and again, all three lines for each
construct gave identical results in TLC CAT analysis of tissues.
Like the —756 to +70 promoter, but in contrast to the —385 to
+70 and —229 to +70 promoters, the —533 to +70 and —498
to +70 constructs were highly lens specific with no detectable
expression in brain tissue. Thus, sequences between —385 and
—498 are necessary to suppress the expression of the Pax6-
dependent { lens promoter in brain tissue (Fig. 6).

BPE. DNase I footprinting was performed on the —535 to
—373 promoter region with mouse brain and N/N1003A lens
cell nuclear extracts to search for differential protection in the
region required for suppression of the promoter in brain tissue
(Fig. 7a). Several complex regions of protection were apparent,
but only one possible region of difference could be identified
between the protection produced by the two extracts; this re-
gion was an element between —411 and —401 which appeared
to be protected by brain extract but not by N/N1003A extract.
This was designated brain protected element (BPE). Just 5’ to
the BPE is another region which appears to be similarly pro-
tected by both brain and lens extracts (Fig. 7a).

The possibility of brain-preferred complex formation in this
region was also examined by EMSA. A fragment containing
the BPE (—418 to —394) produced a specific complex in brain
extract (Fig. 7b) and gave different complexes with lens cell
nuclear extract. The brain-preferred complex was eliminated
by self-competition, while a different promoter fragment, —478
to —454, did not compete for complex formation. Taken to-
gether, these results suggest that this part of the brain suppres-
sor region of the { promoter can bind a factor in brain tissue
which is not present in lens tissue. As such, this constitutes a
candidate region for future studies aimed at describing the
mechanism of promoter suppression in brain tissue.

DISCUSSION

Our previous results (38, 52) have shown that Pax6 is essen-
tial for the lens-specific expression of the { lens promoter. pax6
has the characteristics of a master gene for eye development
(3, 19, 39). The { promoter provides an opportunity to inves-
tigate the way in which a high-level factor such as Pax6 is able
to influence tissue-specific expression of target genes down-
stream in a developmental cascade. It also provides a model
for examining the multistep process of acquiring a new pattern
of gene expression in molecular evolution.

A picture is now emerging of a mechanism for the Pax6-
dependent tissue specificity of {. It seems that a single Pax6 is
sufficient to occupy the ZPE (—202 to —152) and that binding
depends principally on the PD, although other parts of the
Pax6 protein, such as the HD, may also be involved in binding.
Indeed, the 5’ end of the ZPE upstream of the minimal PD
footprint contains the sequence TTTA (—194 to —191), which
is similar to an HD binding consensus (12), and it is known that
cooperation between PD and HD in Pax proteins can contrib-
ute to specificity in DNA recognition and target gene activa-
tion (9, 28, 43).

Like many other transcription factors, Pax6 exhibits alterna-
tive splicing, which increases its repertoire of recognition se-
quences (7). The ZPE of the { promoter shows specificity for
the canonical form of Pax6 and does not bind the alternative
Pax6-5a form. By itself, this provides a basis for some tissue
specificity. Previously, using reverse transcription-PCR analysis
of adult mouse lens, brain, and lens-derived cells, we noticed a
strong preference for the canonical splice form of Pax6 mRNA
in lens cells whereas in brain cells there was an approximately
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FIG. 6. The —229 to +70 construct is expressed in lens and brain tissues in transgenic mice, while the —498 to +70 and —533 to +70 constructs are lens specific.
TLC autoradiograms showing CAT activity in 50 pg of tissue extracts from representative examples of —229/+70.CAT, —498/+70.CAT, and —533/+70.CAT transgenic
mice are shown. For all constructs, at least three independent lines were tested, and all gave identical results with strong expression in lens tissue and brain tissue (Where
appropriate), and no detectable expression in other nonlens tissues. The —229/+70.CAT lines were derived at a later time and were analyzed with 1-deoxy[dichloro-
acetyl-1-'*C]chloramphenicol (Amersham), resulting in a single migrating spot. Note that the order of tissues is also different for —229/+70.CAT and the other
constructs. Shown below is a summary of results for expression patterns in transgenic mice from previous (38) and present experiments. In a schematic of the  lens
promoter, L indicates expression in lens tissue only while L+B indicates expression in both lens and brain tissues. Previous results showed that the —385/+70.CAT
construct was expressed in lens and brain tissues in transgenic mice while the —765/+70.CAT construct was lens specific (38).

equal ratio of splice forms with and without the alternative
exon Sa (52). Similar results have also been obtained for adult
bovine eye tissue, in which the lens again shows a preferential
abundance of canonical Pax6 while the iris, in contrast, shows
a preference for Pax6-5a (27).

Canonical Pax6 is essential for { expression, but to achieve
high-level expression, an adjacent element is also required.
This TCAGCA sequence just upstream of the Pax6 site at
—218 to —213 is identical to the MARE of the interleukin-4
gene (23) and to the aCE2 site of the chicken aA-crystallin
gene (41). MARE, which are often found as palindromic dy-
ads, are binding sites for members of the Maf family of proto-
oncogene products, bZIP proteins which may heterodimerize
with other leucine zipper proteins, including c-Jun, c-Fos, and
NF-E2 (26, 31-35). Indeed, a lens-specific member of this
family, designated L-maf, has recently been identified in
chicken lens and is implicated in expression of the chicken
aA-crystallin gene through the « CE2 site (45). No mammalian
ortholog of L-maf has yet been reported, but another eye-
preferred member of this family, N1l (neural retina leucine
zipper), has been identified in the adult human retina and in
embryonic mouse lens and brain (8, 40, 58). Nrl has also been
detected by reverse transcription-PCR in mature mouse lens
(45a). Whether Nrl substitutes for L-maf in mammals or
whether a direct mammalian ortholog exists remains to be
determined.

Nrl has been implicated as a positive regulatory protein in
rhodopsin gene expression (36) and is also a strong candidate
for involvement in the { promoter. Specific antisera to Nrl (51)
affect the formation of EMSA complexes in the —218 to —188
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FIG. 7. Brain-preferred complex formation in the brain suppressor region of
the { lens promoter. (a) Mouse brain nuclear extract but not N/N1003A lens cell
nuclear extract protects a site (lower bar, BPE) between —411 and —401 in a
DNase I footprinting assay. The upper bar indicates a nearby region which
appears to be similarly protected in both brain and lens tissue. The amounts of
added protein extract (micrograms) are indicated. (b) In EMSA, the BPE region
forms specific complexes with mouse brain extract. Labelled synthetic double-
stranded DNA for the —418 to —394 fragment (TAAAAGCTCTGTGTTTTTT
CCACCG) containing the BPE core sequence (italics) was incubated with nu-
clear extract derived from mouse brain and lens-derived N/N1003A cells
(labelled below the panel). Competitions with self (S) and nonself (N) (—478 to
—454) unlabelled fragments are shown (labelled above the panel). The dash
indicates no addition of either competitor or extract. The arrow indicates a
sequence-specific complex formed in brain but not lens extract.
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region, and coexpression of Nrl significantly increases the ex-
pression of the { promoter in a permissive lens cell back-
ground. In nonpermissive cells, which do not support expres-
sion of the { promoter and which lack Pax6, expression of Nrl
has no effect, showing that it acts in concert with other factors
and cannot activate the promoter alone.

Indeed, the ZPE and MARE sites combine to form the basis
for a lens-preferred element. The two binding sites are so close
that a direct protein-protein interaction between Pax6 and Nrl
(or other factors binding at that position) is quite possible, and
might constitute a lens-preferred core transcription complex.
The —245 to —152 fragment containing these two binding sites
is able to confer enhanced expression on a heterologous pro-
moter in lens cells but not in fibroblasts. However, canonical
Pax6 and MARE binding proteins (such as c-Maf) are also
present in other tissues, particularly the brain, where similar
complexes could also form. Indeed, transgenic-mouse experi-
ments show that truncated { promoters, containing Pax6 and
MARE sites but lacking upstream sequences, are expressed in
the brain in addition to the lens.

Thus, while the ZPE-MARE region confers tissue-preferred
activity on the lens promoter, fine-tuning of lens-specific ex-
pression requires another level of control. Transgenic-mouse
experiments show that this is achieved through a brain sup-
pressor region about 400 bp 5’ to the transcription start site.
The identities of the factors binding the brain suppressor re-
gion are not yet known, and its characterization is still at an
early stage. However, differential footprinting reveals a candi-
date BPE in protein extracts of brain but not lens tissue, and
the same region produces different, tissue-specific EMSA com-
plexes with brain and lens proteins.

The core of the BPE (TCTGTGTT) is similar to binding
sites for HMG or Sox (SRY box) proteins (TCTTTGTT) (44,
46, 47, 56, 61, 67). Sox-2 is expressed in the developing lens of
both chicken and mouse embryos and plays a positive role in
the expression of some crystallin genes (29, 30). However, in
contrast to the positive role of Sox proteins in the lens (30), the
brain suppressor region presumably binds a repressor complex
in the brain but not in the lens. Preliminary results of experi-
ments with specific antisera (a gift from R. Lovell-Badge) sug-
gest that Sox-2 does not bind the BPE region (data not shown).
Functional analysis of the BPE and the rest of the brain sup-
pressor region awaits development of a suitable neural cell
culture system to mimic the behavior of { promoter constructs
in brain tissue.

Taken together, these results illustrate how three levels of
transcriptional regulation can combine to produce lens speci-
ficity. Furthermore, while it is extremely difficult to reconstruct
evolutionary events such as those which led to the gene re-
cruitment of { in guinea pigs, it is apparent, at least in princi-
ple, how this could have occurred in three discrete steps with
some possible selective benefits along the way (Fig. 8).

First, in the context of suitable TATA or initiator sites, a
new binding site for the canonical form of Pax6 could have
conferred a small increase in the expression of an enzyme (in
this case a quinone reductase) in Pax6-containing tissues, per-
haps with some preference for lens tissue. Even moderately
increased levels of a protective enzyme such as this could have
been advantageous for the lens. A greater increase in the level
of this enzyme in lens tissue may have had additional evolu-
tionary benefits, reengineering the composition of the lens to
fit changed behaviors or environmental conditions, as has been
proposed (63, 64). Addition of a MARE binding site for Nrl or
other Maf proteins adjacent to the Pax6 site would have facil-
itated such as increase. However, even though this might have
led to an improvement in lens function, collateral expression
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FIG. 8. A possible pathway for multistep evolution of a new, tissue-specific
gene promoter. Layering of positive (+) and negative (—) elements with some
tissue preference can result in high levels of tissue-specific expression of a
recruited gene in the lens.

(18) of high levels of { in the brain or other sites of Pax6 and
Maf expression may actually have become disadvantageous.
The “adaptive conflict” (63, 64) resulting from these opposing
selective pressures could have been resolved by a third level of
gene regulation: acquisition of a binding site for a negative
factor in the central nervous system with a distribution over-
lapping that of Pax6 and the ability to suppress the activity of
the promoter in brain tissue.

While the { lens promoter is a peculiar feature of guinea pigs
and some related mammals, it illustrates some important gen-
eral mechanisms in the development of tissue-specific gene
expression in complex differentiated tissues. Even without tis-
sue-specific transcription factors, alternative splicing and over-
lapping distributions of positive and negative factors in various
tissues can produce fully specific expression in target genes.
Crystallin gene recruitment can be looked on as a reenactment
of processes which occurred at much earlier evolutionary
stages for many other genes.
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