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Abstract
Pax6 is a lineage-restricted DNA-binding transcription factor regulating the formation of mammalian
organs including brain, eye and pancreas. Pax6 plays key roles during the initial formation of lens
lineage, proliferation of lens progenitor and precursor cells and their terminal differentiation. In
addition to Pax6, lens fiber cell differentiation is regulated by c-Maf, Prox1 and Sox1. Crystallins
are essential lens structural proteins required for light refraction and transparency. Mouse αA-
crystallin represents about 17% of all crystallins at the protein level and ranks as one of the most
abundant tissue-specific proteins. Lens-specific expression of this gene is regulated at the level of
transcription. A promoter fragment of −88 to +46 is capable of driving lens-specific expression in
transgenic mouse. Here we provide data suggesting that this lens-specific promoter fragment is
comprised of multiple Pax6 and Maf-binding sites. Site-directed mutagenesis of regions within these
sites resulted in partially or completely reduced promoter activities in lens cells. Co-transfections
using Pax6 and c-Maf alone revealed moderate and strong activations of this promoter, respectively.
In contrast to synergistic activation of αB-crystallin by Pax6 and c-Maf, Pax6 has a neutral effect on
c-Maf-mediated αA-crystallin promoter activation. Chromatin immunoprecipitations established in
vivo interactions of Pax6 and c-Maf with the αA-crystallin promoter in lens cells. Collectively, the
present data support a molecular model in which tissue-specific expression of αA-crystallin is
regulated by recruitment of Pax6 and c-Maf, two proteins regulating multiple processes of lens
differentiation, to its promoter. In addition, the data suggest a molecular model of temporal and spatial
regulation of αB, αA and γ-crystallin genes in mouse embryonic lens by using variants of the Pax6/
Maf regulatory module.
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Introduction
Pax6 is a lineage-restricted specific DNA-binding transcription factor regulating the formation
of mammalian organs including brain, eye and pancreas.1,2 It has a particularly critical role
in the development of visual systems from cells of ectodermal, neuroectodermal, and
mesenchymal origin.3–5 Despite the central roles of Pax6 in these processes, only about 20
tissue-specific and tissue-restricted genes have currently been shown as directly regulated by
this factor in brain, cornea, lens, retina, and pancreas,1,6 It has been proposed that Pax6
regulates expression of its direct target genes in concert with other lineage-restricted
transcription factors including members of the large Maf family (MafA, MafB, c-Maf and
NRL), Pax2, Prox1, Six3, Sox1 and Sox2.6–8 Expression of crystallin genes in lens provides

*Corresponding author: E-mail address of the corresponding author: cvekl@aecom.yu.edu.
Edited by M. Yaniv

NIH Public Access
Author Manuscript
J Mol Biol. Author manuscript; available in PMC 2007 November 19.

Published in final edited form as:
J Mol Biol. 2005 August 19; 351(3): 453–469.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



an excellent opportunity to study the molecular mechanism of gene activation and repression
by Pax6.

Lens lineage originates from a population of cells comprising the head surface ectoderm by a
concerted action of transcription factors including Pax6, Otx2, and Sox2, and signaling
pathways such as BMPs, FGFs, and retinoic acid.9,10 An area of the surface ectoderm in
contact with the underlying optic vesicle thickens to form the lens placode and initiates
expression of additional lens lineage-restricted factors including Six3, Pitx3, FoxE3, and later
Prox1. In the mouse, αB-crystallin is the first and only crystallin expressed in the lens placode.
11,12 As the lens placode buckles inward, it produces a recognizable depression in the exterior
surface marked by expression of c-Maf, and is followed by the onset of αA-crystallin
expression.11 The resulting structure, a spherical lens vesicle, is polarized. Its anterior cells
retain their epithelial morphology whereas the posterior cells terminally differentiate, forming
the primary lens fibers. This process is controlled by growth factors including FGF2 originating
from the prospective retina, in conjunction with Prox1's critical nuclear role to induce cell cycle
arrest.13 Lens fiber cell differentiation is characterized by cellular elongation and a dramatic
increase in αA and αB-crystallin synthesis as well as other crystallins comprising the βγ-
crystallin subfamily.6,9,10 In parallel, expression of Pax6 is reduced but not abolished in
differentiating lens fiber cells and high level of c-Maf expression is maintained throughout the
embryonic stages of lens differentiation and growth.14,15 Since αA-crystallin is the most
abundant crystallin, representing about 17% of all crystallins16 in the newborn mouse lens,
understanding the molecular basis of its temporally and spatially regulated expression in the
lens is an important issue of cellular differentiation in general.

Lens-specific expression of the αA-crystallin gene is regulated at the level of transcription.6
A promoter fragment of −88 to +46 is sufficient to support lens-specific expression of the
chloramphenicol acetyl transferase (CAT) reporter gene.17 Transcription factors regulating
in vivo expression of this gene emerged from gene targeting studies of lens lineage-specifying
genes described above. Inactivation of c-Maf,18,19 but not of Prox113 and Sox2,20 resulted
in a significant reduction of both αA and αB-crystallin expression in c-Maf null lenses.
Although defective fiber cell differentiation is a major phenotype in c-Maf homozygous mouse,
c-Maf plays important roles in organs not expressing the αA-crystallin.21–24 Conditional
inactivation of Pax6 from the lens placode completely abrogated lens development with no
αA-crystallin expression.25 A c-Maf binding site (MARE) interacting with recombinant c-Maf
was shown between nucleotides −110 and −98 of the extended promoter18 while a Pax6-
binding site (−54/ −35) was identified earlier.26 A DNaseI footprinting study of the αA-
crystallin promoter revealed binding of lens nuclear proteins to sites surrounding this Pax6-
binding site and an adjacent TATA-region;27 however, interactions with lens-lineage restricted
transcriptions were not further pursued. Binding of ubiquitously expressed AP-1 factor c-Jun
from mouse lens epithelial cells to the downstream region (+27/ +31) was also shown earlier.
28 Here, we tested the hypothesis that a lens-specific promoter fragment −88 to +46 of the
mouse αA-crystallin promoter harbors novel binding sites for lens-lineage specific
transcription factors since a single Pax6-binding site described above is insufficient to elicit
lens-specific expression driven by the −88 to +46 promoter fragment.17,26,29 We indeed
found that this region contains three novel large MAREs. There are four large Maf proteins;
MafA, MafB, c-Maf, and NRL, all of which are expressed in the lens.6,9 We show that each
large Maf can activate the mouse αA-crystallin promoter in transfected cells. We have
previously shown transcriptional synergism between large Mafs and Pax6 proteins in the mouse
αB-crystallin promoter30,31 that contrasted with transcriptional co-repression by Pax6 and
Six3 of the Maf/Sox-mediated activation of the γF-crystallin promoter.31 Since αA is
expressed later than αB-crystallin but prior to the onset of γ-crystallins, and αA is the most
abundant of the 16 crystallins in mouse and human lens, functional interactions between Pax6
and Mafs on this gene were probed. We also present evidence for three Pax6-binding sites in
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the mouse αA-crystallin promoter. Using chromatin immunoprecipitations (ChIPs) we show
for the first time that the αA-crystallin promoter binds both Pax6 and c-Maf in vivo. Finally,
the present data led us to propose a molecular model that explains sequential activation of αB,
αA and γF-crystallins in the developing mouse lens.

Results
Prediction of novel Maf and Pax6-binding sites in the mouse αA-crystallin promoter

Tissue-specific gene regulation is based on a combinatorial deployment of multiple DNA-
binding transcription factors with lineage-restricted expression.32 To identify putative
transcription factor-binding sites residing in the lens-specific promoter region −88 to +46, we
first used algorithms to predict these sites as described in Materials and Methods followed by
a focused search for possible binding sites of lens lineage-specific factors including Pax6,
Pitx3, Prox1, Six3, Sox1, and Sox2.6 From the first search, general homeodomain-binding
sites, Ets/GATA and Smad-binding sites emerged. EMSAs were performed to assess whether
proteins from these families could interact in vitro with the predicted sites and point to the
possible mechanism of lens-specificity of the −88 to +46 fragment shown in transgenic mice;
17,29 however, no positive data were obtained (data not shown). Next, using a consensus
binding sequence 5′-TGMTGANYNNGCA-3′ for T-MARE33 and using a consensus
sequence 5′-TGCTGANYCNG-3′ obtained from an alignment of 13 well-established large
Maf binding sites34 we found three novel putative Maf-binding sites as shown in Figure 1.
These sites are called MARE (−79), MARE(−6) and MARE(+28). Since c-Maf serves as an
important factor regulating expression of mouse αA-crystallin in vivo,18,35 but its only known
binding site (−110 to −98, DE1/CRE/MARE)18 is not essential for establishing lens-specific
expression,17,29 prediction of additional Maf-binding sites in the −88 to +46 promoter
fragment was considered significant for its transcriptional regulation. In addition, this region
may contain two novel Pax6-binding sites, −71 to −51 (site B) and +15 to +34 (site C), as
indicated by the sequence conservation between these sequences and the optimal binding sites
for the Pax6 paired domain, P6CON, 5′-ANNTTCACGCWTSANTKMNY-3′ (Figure 1).36

Large Mafs activate the mouse αA-crystallin promoter
To initially test our hypothesis, we assessed the activity of the −111 to +46 promoter region
and loss of the 5′ and 3′-MAREs, i.e. DE1/CRE/MARE and MARE(+28). Four fragments,
−111 to +46, −88 to +46, −111 to +24, and −88 to +24, that drive the expression of luciferase
in cultured lens cells were tested as shown in Figure 2(a). The results (Figure 2(b)) revealed
reduced activities of truncated promoters. Even the shortest fragment, −88 to +26, with two
predicted MAREs and Pax6-binding sites had still appreciable promoter activity. Western
immunoblotting was performed to evaluate expression of Pax6, c-Maf, MafA and MafB in lens
cultured cells, mouse αTN4-1 and rabbit N/N1003A, and in 293Tcells used for transfections.
Expression of these proteins was detected in all instances except for no expression of Pax6 in
293T cells. Thus, both cultured lens cell epithelial lines, αTN4-1 and N/N1003A, express all
important lens lineage specific transcription factors Pax6, MafA, MafB and c-Maf.

To determine whether the wild-type −111 to +46 promoter and its truncated fragments could
be activated by large Mafs, we performed a series of transient cotransfections in 293T cells
using individual expression plasmids encoding MafA, MafB, c-Maf, and NRL. The wild-type
promoter was strongly activated by each Maf in the order of c-Maf > MafB > MafA > NRL
(see Figure 3). Deletion of DE1/CRE/MARE decreased large Maf's co-activations to 18, 3, 3
and 11% of normal activity of MafA, MafB, c-Maf and NRL, respectively. In contrast, deletion
of a region containing downstream MARE(+28) had the least dramatic impact with 37, 32, 74,
and 33% of normal activities of co-tranfected MafA, MafB, c-Maf and NRL, respectively. The
promoter fragment lacking both DE1/CRE/MARE and MARE(+28), −88 to +26, was also
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activated by each large Maf (see Figure 3(a)). Expression of ectopic Mafs in transfected 293T
cells was assessed by Western blots and M2 anti-flag antibody (Figure 3(b)). From these data,
we concluded that the mouse αA-crystallin promoter fragment, −111 to +46, possesses multiple
MAREs and that c-Maf was the strongest activator of αA-crystallin promoter activity in these
transfection assays.

Identification of Maf and Pax6-binding sites in vitro in the mouse αA-crystallin promoter
EMSAs and DNase I footprinting were used to examine in vitro protein–DNA interactions of
the mouse αA-crystallin promoter. The lens nuclear proteins were incubated with a series of
four probes −113/ −91, −92/ −69, −15/ +20, and +18/ +46 harboring putative MAREs (see
Figure 1) followed by gel electrophoresis. Each probe formed a broad band of overlapping
specific complexes (Figure 4, lanes 2, 7, 13 and 19) that were abolished or reduced in the
presence of oligonucleotides containing consensus T-MARE (lanes 4, 10, 16 and 22) but less
in the presence of mutated T-MARE sequences (lanes 5, 11, 17 and 23). The data suggested
that each probe could form specific complexes corresponding to activities of Maf proteins as
shown directly by a similar probe −113/ −91 elsewhere.18 Results of specific cross-
competitions of this sequence with probes −92/ −69, −15/ +20 and +18/ +46 are shown in
Figure 4, lanes 9, 15 and 21, respectively.

To identify the regions of the mouse αA-crystallin promoter interacting with Pax6 proteins,
we used DNaseI footprinting and radioactively end-labeled promoter fragments −166 to +46.
We assessed the interaction of both variants of Pax6: Pax6 containing the 128 amino acid
residue paired domain (PD), and Pax6 (5a) containing the alternatively spliced 142 amino acid
residue extended paired domain (PD5a). The comparison of protected areas on both lower
(Figure 5(a)) and upper strand (Figure 5(b)) using proteins containing only Pax6 PD (lanes 4
and 5) or both the PD and the homeodomain (HD) confirmed that the HD restricts DNA-binding
properties of both the PD and the PD(5a), in agreement with earlier studies.6 Strong binding
of Pax6 proteins with both the PD and the HD (Figure 5(a), lanes 11 and 12, and Figure 5(b),
lanes 11 and 12) overlapped the positions depicted in Figure 1. From these data we concluded
that the αA-crystallin promoter possesses three Pax6-binding sites, labeled Pax6-site A, B and
C. In addition, binding of Pax6 was found in the region −138 to −110, labeled D (see Figure
5(a) and (b), lanes 11 and 12).

To assess if Pax6 proteins present in lens nuclear extracts can bind to sites A, B and C, we
performed a series of EMSAs. The Pax6-site A oligonucleotide (−59/ −29) was incubated with
rabbit and mouse lens nuclear extracts. Three major specific and several minor complexes were
detected (Figure 6(a), lanes 2 to 4). Two of them were reduced in the presence of Pax6-specific
antibody recognizing its DNA-binding PD (compare lanes 4 and 5). Next, we examined if an
addition of an excess of an oligonucleotide containing “optimal” Pax6-binding site, P6CON,
could prevent formation of these complexes. Indeed, two complexes inhibited by the anti-Pax6
antibody were also significantly abolished in the presence of P6CON (Figure 6(b), lane 8) but
not in the presence of oligonucleotides with PU.1 (lane 9) and GATA3 (lane 10) binding
sequences. We next incubated an oligonucleotide −88 to −56 containing Pax6-binding site B
with mouse lens nuclear extracts and identified two specific complexes (Figure 6(c), lane 2),
which were abolished in the presence of P6CON but not in the presence of oligonucletides
with GATA3 and NF-κB binding sites (Figure 6(c), compare lanes 2 and 7). Note that the faster
migrating Pax6-containing complex was more efficiently inhibited compared to the slower
Pax6-complex, likely containing additional protein(s). Finally, we incubated an
oligonucleotide probe +18/ +46 with lens nuclear proteins; however this probe formed a
number of slow and closely migrating complexes that were not competed in the presence of
P6CON (data not shown). It also bound recombinant Pax6 proteins in EMSAs (data not shown).
Earlier, binding of lens nuclear proteins to a region of +24 to +43 was shown by DNase I
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footprinting.27 Thus, binding of Pax6 to site C was not conclusively shown. Together, these
data show that the mouse αA-crystallin promoter contains at least two Pax6-binding sites A
and B.

Site-directed mutagenesis of the mouse αA-crystallin promoter fragment −111 to +46
To demonstrate the functional roles of sequences including MAREs and Pax6-binding sites of
the αA-crystallin promoter, we performed site-directed mutagenesis of the promoter and tested
corresponding promoter activities in cultured lens cells. Twelve mutants are shown in Figure
7(a) and the results of transfections are given in Figure 7(b). Promoter activities were reduced
but not abolished for all 12 tested mutations, which overlapped with the binding sites of large
Maf and Pax6 proteins (see Figure 7(a)). Note that mutation M12 affected both MARE and
Pax6-binding sequences. To test whether these mutations indeed influenced binding of c-Maf
and Pax6, we tested mutations M2 and M3, in MARE(−79) and M4 to M7, in Pax6-binding
site B. Mutations M2 and M6 most strongly reduced promoter activity. EMSAs showed that
M2 could not reduce formation of Maf-like complexes (Figure 7(c), compare lanes 2 and 5).
Similarly, M6 could not inhibit formation of Pax6-containing complexes using Pax6-binding
site B (Figure 7(d), compare lanes 8 and 12). In addition, mutation M3 (lane 6) retained some
ability to compete Maf-like complex as it caused only a 40% reduction of the αA-crystallin
promoter activity (Figure 7(b)).

We then hypothesized that multiple mutations would result in the additional loss of promoter
activities. To test this, we generated five double mutants and two triple mutants (see Figure 8
(a)) and determined the promoter activities (see Figure 8(b)) as described above. We focused
on those combinations including DE1/CRE/MARE and Pax6-binding site B as we could
correlate the impact of these mutations with their previous studies in transgenic mice.29 Two
double mutations (M15 and M16) and both triple mutations (M14 and M19) eliminated the
promoter activity. M15 corresponded to the double mutation resulting in loss of promoter
activity tested in transgenic mice.29 These double mutations had impaired MARE and either
Pax6-site B or A. Two double mutations, M13 (affecting Pax6 sites A and B) and M17
(affecting Pax6 sites B and C), resulted in 8 and 18% of activity of the wild-type promoter,
respectively. A mutation, M19, affected both Pax6-binding sites A and B established in Figures
5 and 6, and a site C, established only by use of recombinant Pax6 proteins (see Figure 5).

Activation of the mouse αA-crystallin promoter by transcription factors co-expressed in
developing lens epithelium and in lens fibers

We have recently shown that mouse αB-crystallin, expressed earlier than αA-crystallin, is
synergistically activated by Pax6 and large Maf proteins.30,31 In contrast, the γF-crystallin
gene, which is activated by a combination of Maf and Sox1/2 proteins, after αA-crystallin, was
repressed by Pax6.31,37 Here we cotransfected the wild-type αA-crystallin promoter with
Pax6, Pax6 (5a), Maf B, and c-Maf as the onset of αA-crystallin expression in lens pit could
be triggered by Pax6 and emerging MafB and c-Maf. Pax6 proteins alone weakly activated the
mouse αA-crystallin promoter in 293T cells (see Figure 9(a)). A similar result was reported
earlier in COP-8 and C33-A cells.6,26 In contrast, MafB and c-Maf strongly activated this
promoter in a concentration-dependent manner (Figure 9(a)). When combinations of these
factors were tested, the results showed moderate repression of MafB and MafB/c-Maf-
stimulated promoter activities and a marginal increase of the promoter activity by Pax6 proteins
in combination with c-Maf (see Figure 9(b)). Both MafA and NRL also activated the promoter
in a dose-dependent manner (see Figure 9(c)). Similar results, i.e. weak repression of MafA
and MafA/c-Maf/NRL-mediated transcriptional activation of the −111 to +46 promoter by
Pax6 proteins and insignificant gain of MafA/ c-Maf-stimulated promoter activity by Pax6
proteins were found (Figure 9(d)). Next, we tested these combinations in cultured lens epithelial
cells. Neither factor alone or in combination was able to activate this promoter (see Figure 1,
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Supplementary Data) likely due to the high basal activity of this promoter in lens cells compared
to 293T cells due to the expression of endogenous Pax6, MafA, Maf B and c-Maf proteins (see
Figure 2(c)).

Chromatin immunoprecipitations of transcription factors interacting with the mouse αA-
crystallin promoter in vivo

Interactions of Pax6, c-Maf, and CREB with the endogenous αA-crystallin promoter in lens
cells were determined using quantitative ChIPs.38–40 Binding of general transcription factor
TFIID/TBP to the promoter and transcription factor Eya1 expressed in lens was assessed in
parallel. We also tested modification of histones using the anti-H3 K9 antibody, which
recognizes acetylated lysine K9 of histone3. Our results (see Figure 10(a)) revealed enrichment
of Pax6, c-Maf, CREB, and TFIID/TBP but not of Eya1 in the αA-crystallin promoter region
in vivo. In contrast, these factors did not exhibit enrichments in the region located
approximately 4 kb downstream from the promoter (Figure 10(b)) or on erythroid-specific gene
ALASE (Figure 10(c)). Interestingly, no enrichments of MafA, MafB, or NRL were detected
in these tests (data not shown). Based on these findings, we evaluated levels of expression of
all large Mafs, MafA, MafB, c-Maf and NRL, by qRT-PCR as they are expressed in the lens
with distinct temporal and spatial features.14,18,19,41–43 In one-day old mouse lens, we found
significant expression of c-Maf, but not of other Mafs (data not shown). In contrast, expression
of both MafA and NRL was detected in the retina and expression of MafB was found in the
mouse cornea (data not shown). Next, we determined expression of these genes in the
microdissected two-day old rat lens epithelium and fibers (Figure 11). As expected,14,15 the
lens epithelium expressed higher levels of Pax6 compared to lens fibers (Figure 11), and,
conversely, higher levels of c-Maf were found in lens fiber cells compared to lens epithelium
(Figure 11). Expression of αA-crystallin between lens epithelium and fibers is shown in
parallel. Thus, these data show in vivo association of the αA-crystallin promoter with Pax6, c-
Maf, CREB, and TFIID/TBP and they demonstrate significant levels of expression of both
Pax6 and c-Maf in one-day old mouse lens but not of any other large Mafs.

Discussion
The present study had two goals. First, to identify binding sites for lens lineage-restricted
transcription factors in the lens-specific promoter fragment −88 to +46 of the mouse αA-
crystallin. Second, to investigate the molecular mechanism by which activation of this gene
occurs by focusing on in vivo protein-DNA interactions and establishing a testable model for
sequential activation of αB, αA and γ-crystallin expression in the developing embryonic lens.

Previous studies have suggested that Pax6 regulates tissue-specific gene expression via specific
DNA-mediated interactions with other lineagerestricted transcription factors. In lens,
cooperative interactions between Pax6 and Sox2 were shown to trigger expression of chicken
δ1-crystallin in the lens precursor cells forming the lens placode.7,44 In addition, Pax6 in
combination with MafB and retinoic acid receptors RARβ/RXRβ or Pax6 with c-Maf
synergistically activated the mouse αB-crystallin promoter.30,31 Similar studies of pancreas-
specific expression of insulin, glucagon, and somatostatin revealed positive effects of Pax6 on
each gene45 and cooperativity between MafA and Pax6 on the glucagon promoter.46
Moreover, the highest activation potential of MafA was found among other insulin regulatory
factors.47 It is important to note that other tissue-restricted genes including BETA-2/NeuroD,
Cdx2/3, Nkx2.2 and Pdx-1 are involved in the regulation of these genes in pancreas.48 In
corneal epithelium, Pax6 functionally interacts with AP-2α to regulate expression of gelatinase
B/MMP9.49 The present data show that the mouse αA-crystallin promoter is comprised of an
array of multiple Pax6 and Maf-binding sites. The finding of both Pax6 and Maf-binding sites
in virtually all crystallin promoters and/or lens-specific enhancers indicates common
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mechanisms to achieve both high level and lens-specific expression. Moreover, studies of
invertebrate crystallin promoters suggest similar mechanisms evolutionarily conserved
although vertebrate and invertebrate crystallins are structurally unrelated.50,51

The present data suggest that the mouse αA-crystallin promoter fragment −111 to +46 contains
four MAREs and at least two Pax6-binding sites. Earlier studies have identified a distal DE1/
CRE/MARE and an internal Pax6-binding site A.18,26 Present data show that the distal region
actually contains a tandem of MAREs followed by a tandem of Pax6-binding sites (see Figure
12). Mutagenesis of each novel MARE and Pax6-binding site resulted in the loss of promoter
activity in transfected lens cells. Disruption of the distal promoter region harboring a tandem
of MAREs was achieved by inserting an additional Pax6 consensus-binding site between two
MAREs. This insertion dramatically changed the expression pattern of the −366/ +46 promoter
fragment in transgenic mice. The expansion of expression from lens fibers into lens
epithelium52 provided in vivo evidence that the integrity of distal MAREs is critical for
promoter function. Transgenic constructs bearing mutations in either DE1/CRE/T-MARE or
Pax6-binding site B of the −111/ +46 promoter fragment only marginally influenced lens
expression of the CAT reporter gene in adult lenses.29 In contrast, simultaneous inactivation
of both sites abolished expression of CAT in transgenic lenses.29 Our results are consistent
with these data, demonstrating reduction of promoter activity when individual sites were
mutated and a complete loss of activity of the double mutation M15. In addition, similar
mutations (M16) affecting a different pair of Pax6 and Maf-binding sites also resulted in the
abolition of promoter activity. It remains to be tested whether other combinations of double
Maf and Pax6-binding site mutations are also effective in abolishing the αA-crystallin promoter
activities.

Site-directed mutagenesis of each Pax6-binding site resulted in a reduction of αA-crystallin
promoter activities, indicating that Pax6-binding is critical for its activity in lens epithelial
cells. To demonstrate direct interactions of Pax6 and c-Maf with the endogenous αA-crystallin
loci in cultured lens cells, we performed qChIPs. The results showed that the αA-crystallin
promoter was occupied by these factors in vivo and was also enriched for CREB and TFIID/
TBP. Acetylation of lysine 9 on histone H3 indicates open chromatin in the promoter. We
propose that expression of Pax6 prior to c-Maf serves dual functions: Pax6 directly regulates
c-Maf expression in the lens,53 and binding of Pax6 to the αA-crystallin promoter might
function to open its chromatin structure.

Here we show that c-Maf is a much stronger transcriptional activator of the mouse αA-crystallin
promoter compared to MafA and MafB, and its activation is not inhibited by Pax6. While c-
Maf activated this promoter 256-fold (Figure 9), the mouse αB-crystallin promoter was
activated only tenfold in a similar assay.31 Analysis of c-Maf null mouse lenses at E11.5
revealed 99% reduction of the αA-crystallin transcripts, directly showing that MafA and MafB
do not compensate for the loss of c-Maf.18 No significant expression of MafA, MafB, and
NRL by qRT-PCR was shown in one-day old mouse lens. These results were confirmed by
Western immunoblot analysis of mouse lens nuclear proteins detecting c-Maf and Pax6 but
not MafA and MafB (data not shown). Taken together these results show that c-Maf is the key
activator of the mouse αA-crystallin due to its specificity,18 high-level of expression (Figure
11) and ability to most strongly activate its promoter (Figures 3 and 9).

Previous studies of the chicken αA-crystallin gene suggested that MafA/L-Maf is the key
activator of this gene, acting downstream of Pax6.35,54,55 Genetic analysis in mouse provides
evidence that loss of c-Maf, resulting in the dramatic loss of αA-crystallin expression in c-Maf
null lenses, cannot be compensated by other Maf genes. There could be additional differences
between the moderately conserved orthologous mouse and chicken αA-crystallin
promoters56 and to date only a single T-MARE (−108/ −97) has been shown in the chicken

Yang and Cvekl Page 7

J Mol Biol. Author manuscript; available in PMC 2007 November 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



αA-crystallin promoter fragment −162 to +44.54,55 Additional studies of the regulation of
chicken αA-crystallin will be required to clarify these issues.

The spatiotemporal expression patterns of 16 crystallin genes can originate from specific
placements of cis-regulatory sites interacting with a sparse number of lens lineage-specific
transcription factors.6,7,57 Three crystallin promoters, αA, αB, and γF, differently responded
to Pax6 and Mafs in transfection assays and these data correlate with the onset of their
expression in the embryonic mouse lens (see Figure 12). Mouse αB-crystallin is first expressed
in the lens placode due to synergistic interactions between Pax6, Mafs, and retinoic acid nuclear
receptors.31 This synergism could result from overlapping Pax6 and Maf-binding sites in the
LSR1 region of the αB-promoter. Expression of αA-crystallin could be delayed due to the lack
of cooperativity between Pax6 and Mafs as their binding sites are arranged differently from
the mouse αB-crystallin gene (Figure 12). Levels of αA-crystallin expression in lens epithelium
and lens fibers seem to be proportional to the levels of c-Maf expression.18,19 Expression of
γF-crystallin is evident only later in primary lens fibers58 as Pax6 serves as an inhibitor of its
expression mediated by a functional synergism between Maf and Sox proteins.31,59 It is also
of interest that Pax6 has been established as a repressor of fiber-cell specific chicken βB1-
crystallin competing with Maf proteins for the same region of DNA.15,60 In conclusion,
different promoter architecture including mutual positions of Maf and Pax6-binding sites, their
number, and their distances provide a number of mechanisms to mediate tissue-specific gene
expression in the lens, pancreas, and likely in other tissues, during mammalian development.

Materials and Methods
Materials

The following oligonucleotides were synthesized by Invitrogen (Gaithersburg, MD) and were
used as probes for EMSA: −113/ −91(5′-AGCTGCTGACGGTGCAGCCTCTC) −92/ −69(5′-
TCCCCCGAGCTGAGCATAGACATT); −15/ +20(5′-GAACGCTAGCTCACCACCGCAC
TGCCCAGAGGCTCCTG); +18/ +46(5′ -CTCCTGTCTGACTCACTGCCAGCCTTCGG).
The oligonucleotides used as specific competitors: T-MARE (5′ -GCATTTGCTGACT
CAGCATTTGGT); T-MARE-mutant (5′-GCATTTcagGACTCctgATTTGGT). Mutated
nucleotides are indicated in lower case, and the consensus sequence of T-MARE is underlined.

Antibodies used for Western blots: anti-β-actin (1:2500, Abcam, Cambridge, UK), anti-Flag
M2 monoclonal (1:2500, Sigma, St. Louis, MO); secondary antibodies were anti-mouse HRP
(1:2000, Amersham, Piscataway, NJ). Antibodies used for ChIPs: anti-Pax6, anti-c-Maf, anti-
TBP, and anti-Eya1 were purchased from Santa Cruz Biotechnology (St. Cruz, CA); anti-
CREB-1 from Active-Motif (Carlsbad, CA), anti-H3 K9 acetylation from Upstate (Lake Placid,
NY) and normal rabbit IgG from Oncogene Research Products (San Diego, CA).

Primers were designed using Primer 3†. PCR products were limited to 60–130 bp. Primers
used for ChIPs were: αA-crystallin promoter (5′-AGTCATGTCGGGAAGACCTG and 5′-
TGTGTGCTGGATGTGGTTCT;5′-CCCGAGCTGAGCATAGACAT and 5′-
AGTCAGACAGGAGCCTCTGG); +4 kb downstream region of αA-crystallin promoter (5′-
AGCAAGAAGGCAAGAGCAAA and 5′-GTCTAAGCTCCACCCCACAG); “negative”
control promoter of ALASE (mouse erythroid-specific 5-aminolevulinate synthase) (5′-
ATCGAATGAGTTAGTTTCACTACC and 5′-CCTTAAGGTATCTCAGGCCTCTGC).

The following oligonucleotides were used as primers for qRT-PCR analysis: Mouse c-Maf
(forward 5′-GTGGTGGTGATGGCTCTTTT and reverse 5′-GTTACGGGGGAA
TTCAGGTT); rat c-Maf (forward 5′ -CACACACACACACAGCAAGC and reverse 5′-

†http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi

Yang and Cvekl Page 8

J Mol Biol. Author manuscript; available in PMC 2007 November 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



TACAGGGGAATTCAGGTTGG); mouse MafB (forward 5′-GCCTCTTAGACT
TGGGCAGA and reverse 5′-CCTTCCAGCTTGGAGAAAAG); mouse MafA (forward 5′-
GCACCCGACTTCTTTCTGTG and reverse 5′ -GCCTGCGCAAACTTGTCC); mouse NRL
(forward 5′-CTCAGTCCCAGAATGGCTTT, and reverse 5′-
GAAGGCTCCCGCTTTATTTC); mouse and rat Pax6 (forward 5′ -
GCACATGCAAACACACATGA and reverse 5′-ACTTGGACGGGAACTGACAC); mouse
and rat Prox1 (5′-GCCCTCAACATGCACTACAA and reverse 5′-
GGCATTGAAAAACTCCCGTA); mouse and rat CCNI (forward 5′-
CATTCCTGATTGGCTTC CTC and reverse 5′-GTGGATCAACTGGGAGCTGT); mouse
αA-crystallin (5′-GAGATTCACG GCAAACACAA and 5′-
ACATTGGAAGGCAGACGGTA). Specificity of each primer set was determined using
authentic cDNAs encoding both mouse and rat Mafs.

Database search to predict transcription factor binding sites
Transcription factor sites were predicted using on-line tools from The Transcription Factor
DataBase (TRANSFAC)‡.

Plasmids, transfections and reporter assays
Mouse αA-crystallin gene promoter sequences −111 to +46, and truncated fragments −88/ +46,
−111/ +26 and −88/ +26 were inserted into pGL-2-basic (Promega, Madison, WI). Single,
double and triple mutations within the αA-crystallin −111/ +46 promoter were generated using
the QuickChange site-directed mutagenesis kit (Stratagene, LaJolla, CA). Expression plasmids
encoding Pax6, Pax6(5a), MafA, MafB, c-Maf and NRL were all driven by a CMV promoter
as described earlier.30 Expression vectors containing 3x flag tagged Pax6, Pax6(5a), MafA,
MafB, c-Maf and NRL were generated in p3xFLAG-CMV-10 (Sigma, St. Louis, MO). 5 μg
of plasmid containing the αA-crystallin promoter −111/ +46 in pGL2 was co-transfected with
Pax6 and Pax6(5a), MafA, MafB, c-Maf and NRL in different amounts into 293T cells as
described in the Figure legends.30 To assess the activity of the −111 to +46 promoter region
and the effect of deletions and specific mutations, 1 μg of αA-crystallin wild-type promoter
and its specific mutants were transfected into αTN4-1 cells using Lipofectamine Plus Kit
(Invitrogen). An internal control plasmid, pCMV Renilla luciferase, was included in all
transfections. Firefly luciferase activities were normalized relative to the Renilla luciferase
activity. Each transfection was conducted in triplicate at least twice.

Western blot analysis
The whole cell lysates of αTN4-1, N/N1003A and 293T cells containing 50–80 μg of total
protein were loaded onto 12% (w/v) SDS-PAGE precast gels (Bio-Rad, Richmond, CA) and
transferred to nitrocellulose membranes (Bio-Rad) as described.31 The membranes were
incubated with the primary antibodies overnight at 4 °C.

Nuclear extracts, EMSA and DNase I footprinting
Four MARE-oligonucleotides −113/ −91, −92/ −69, −15/ +20 and +18/ +46 were radioactively
end-labeled and incubated with the lens nuclear extracts prepared from the mouse lens
epithelial cell line αTN4-1 as described earlier. Three oligonucleotides with Pax6-binding sites
were −59/ −29 (site A), −88/ −56 (site B) and +18/ +46 (site C). EMSAs and antibody/EMSAs
with rabbit antiPax6 polyclonal antibodies61 were performed as described.26,62 Specific
oligonucleotide competitors (50 ng) were used at approximately 50-fold excess over the labeled
probe. DNase I footprintings were performed as described.27

‡www.gene-regulation.com
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Chromatin immunoprecipitations (ChIPs)
70% confluent αTN4-1 cells were harvested and fixed by adding fresh formaldehyde to a final
concentration of 1% at room temperature for ten minutes. Crosslinking was quenched by the
addition of 2.5 M glycine solution to a final concentration of 0.125 M. Cells were lysed and
sonicated to prepare chromatin of an average length of 500–600 bp. Antibody (2 μg) or rabbit
IgG was incubated with blocked protein A and G beads (Sigma) overnight at 4 °C. Precleared
chromatin (100 μl) was incubated with antibody bound protein A and G beads for five hours
at 4 °C. Beads were washed three times and treated with Proteinase K at 55 °C for two to three
hours followed by 65 °C overnight incubation to reverse crosslinking. Genomic DNA was
finally eluted into 250 μl of water using QIAquick Spin Gel Purification Kit (Qiagen, Valencia,
CA). Quantitative PCR reactions were performed as described below.38–40 The standard curve
for each primer set was generated using 0.05, 0.2, 0.5 and 1% input DNA samples. The
enrichments, given in relative input units, were obtained from Ct values and standard curves
expressed relative to the 1% input. Enrichments using the control IgG were calculated
separately. The experiments were performed using two independent chromatin preparations
and each PCR reaction was performed in triplicate.

Quantitative RT-PCR
Total RNA was extracted from 70% confluent αTN4-1 mouse lens epithelial cells, one-day
and one-week old CD-1 mouse lenses, micro-dissected two-day old rat lens epithelium and
fiber cells using TRIzol (Invitrogen). RNA was treated with DNase I (Roche, Indianapolis, IN)
at room temperature for 30 minutes followed by phenolchloroform extraction to avoid genomic
DNA contamination. P0 and P4 total RNA from retina was obtained from Dr M. Dorrell (The
Scripps Research Institute, La Jolla, CA). P22 total RNA from retina was obtained from Dr K.
Mitton (Oakland Eye Institute, Rochester, MI). P14 total RNA from corneal epithelium was
obtained from Dr T. Kays (National Eye Institute, Bethesda, MD). cDNAs were synthesized
using SuperScriptII™ RNase H-RT (Invitrogen) according to the manufacturer's instructions
and were diluted into a final volume of 250 μl with water. Diluted cDNA (2 μl) was mixed
with 2 μM primers and 2x SYBG Mix (ABI, Foster City, CA) in a total volume of 8 μl. Samples
were analyzed in a ABI 7900HT Sequence Detection System using a three-step protocol
consisting of denaturation at 95 °C for 30 seconds, annealing at 60 °C for 30 seconds and
extension at 72 °C for 30 seconds for 40 cycles. Data were analyzed using SDS2.0 (ABI) and
Microsoft Excel (Redmond, WA). Series dilutions were used to determine primer efficiencies.
Relative fold changes were then calculated using CCNI as an internal control as described.63

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used
qChIP  

quantitative chromatin immunoprecipitation

MARE  
Maf responsive element

qRT-PCR  
quantitative reverse transcriptase-polymerase chain reaction

EMSA  
electrophoretic mobility shift assay

PD  
paired domain

HD  
homeodomain
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Figure 1.
Diagrammatic representation of large Maf and Pax6-binding sites in the mouse αA-crystallin
promoter. (a) The mouse promoter region is shown from positions −111 to +46. The previously
established DE1/CRE/T-MARE and Pax6-binding site A are shown in bold. Novel T-MARE
(−79), T-MARE(−6) and T-MARE(+28) were numbered according to the nucleotide
(underlined) in the center of the 13 bp consensus binding, TGMTGANYNNGCA. A similar
alignment with the consensus binding site for Pax6, ANNTTCACGCWTSANTKMNY,
predicts two novel binding sites (B and C, boxed). K=G/T; M=A/C; N=A/C/G/T; S=C/G;
W=A/T and Y=C/T. (b) Alignments of each αA-crystallin T-MARE with a 13 (left) and an 11
-base-pair (right) consensus MAREs. (c) Alignments of Pax6-binding sites A, B and C with
their consensus binding sites. Mismatched nucleotides are shown in lower case letters.
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Figure 2.
Promoter activity of the mouse αA-crystallin fragment −111/ +46 and its truncations in lens
cells. (a) A diagrammatic representation of the wild-type and truncated promoters cloned in
the pGL2 vector with the firefly luciferase gene. (b) Relative promoter activities of −111/ +46,
−111/ +26, −88/ +46, and −88/ +26 promoter fragments in cultured lens cells normalized
against the activity of the −111/ +46 promoter. The transfections were performed in hexaplets
and normalized using Renilla luciferase as an internal control. The results are shown as means
with standard deviations indicated by error bars. (c) Results of Western immunobloting of
Pax6, c-Maf, MafA and MafB in lens cultured (αTN4-1 and N/N1003A) and 293T cells. An
immunoblot with β-actin is shown as a loading control.
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Figure 3.
Transcriptional activation of four mouse αA-crystallin promoter fragments by individual c-
Maf, MafB, MafA and NRL. (a) Activities of a series of αA-crystallin promoter fragments in
the presence of 200 ng of each individual cDNA encoding c-Maf, MafB, MafA and NRL in
transiently co-transfected 293T cells. The experiments were performed and evaluated as
described in the legend to Figure 2(b). The “basal” normalized activity of −111/ +46, −111/
+26, −88/ +46 and −88/ +26 promoter fragments compared to the wild-type fragment −111/
+46 in 293T cells were 1.0, 1.43, 1.5 and 0.76, respectively. Activation potentials of individual
Mafs are expressed as ratios in the presence of Maf divided by the activity in the presence of
identical amounts of empty vector, pKW10. (b) Western immunoblotting to demonstrate
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expression of ectopic MafA, MafB, c-Maf and NRL proteins in 293T cells. 293T cells were
transfected with 80 ng of expression plasmid and 20 and 40 μg of whole cell extracts were
loaded in adjacent lanes. Expression of Pax6/ Pax6 (5a) is also shown as this experiment relates
to data shown in Figure 9. Expression of β-actin was used as a loading control.
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Figure 4.
In vitro DNA-protein interactions. EMSAs with four probes derived from the mouse αA-
crystallin promoter (see Figure 1) incubated with lens nuclear proteins. (a) Interaction of lens
nuclear proteins (αNE) with oligonucleotide probe −113/ −91, (b) probe −92/ −69 (lanes 6 to
11), (c) probe −15/ +20 (lanes 12 to 17) and (d) probe +18/ +46 (lanes 18 to 23). Specific
oligonucleotide competitors were included in lanes 3–5, 8–11, 14–17, and 20–23 as indicated.
Specific complexes containing Maf-like activities and other specific complexes are labeled by
filled and open arrows, respectively.
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Figure 5.
Interactions of recombinant Pax6 proteins with the mouse αA-crystallin promoter fragment
using DNase I footprinting. Recombinant Pax6 PD, PD5a, PD+HD, and PD5a+HD proteins
were incubated with −166 to +46 end-labeled probes and digested in the presence of DNase I.
(a) Binding to the lower strand. (b) Binding to the upper strand. Areas of interaction for Pax6
PD (filled boxes), and Pax6 PD5a (shaded boxes). Four binding sites of Pax6 PD+HD proteins
(brackets) were labeled A, B, C, and D (see Figure 1 for additional information).
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Figure 6.
EMSAs with two probes derived from the mouse αA-crystallin promoter (see Figure 1)
incubated with lens nuclear proteins. (a) An oligonucleotide −59/ −29 (site A) was incubated
with increasing amounts of rabbit lens nuclear extracts from N/N1003A cells (lanes 2 to 4) and
in the presence of a specific anti-Pax6 antibody recognizing Pax6 PD (lane5). (b) An
oligonuclotide −59/ −29 (site A) was incubated with increasing amounts of mouse lens nuclear
extracts from αTN4-1 cells (lanes 2 and 3) and in the presence of approximately 50 molar
excess of indicated specific oligonucleotide competitors (lanes 4 to 10). (c) An oligonucleotide
−88/ −56 (site B) was incubated with mouse lens nuclear extracts from αTN4-1 cells (lanes 2)
and in the presence of approximately 50 molar excess of indicated specific oligonucleotide
competitors (lanes 3 to 7). Specific complexes containing Pax6 proteins and other specific
complexes are labeled by filled and open arrows, respectively.
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Figure 7.
Activities of a series of mouse αA-crystallin promoter mutants in cultured lens cells. (a) Site-
directed mutagenesis of the promoter fragment −111 to +46. Twelve block mutations are
labeled M1 to M12. Four T-MARE (shaded boxes) and three Pax6 (open boxes) binding sites
are labeled. Nucleotide sequences used for mutagenesis are shown under the promoter
sequence. (b) Relative promoter activities of M1 to M12 compared to the −111 to +46 promoter
(WT). The results were calculated as described in the legend to Figure 2. (c) EMSAs using
MARE(−79) (see Figures 1(a) and 4(b)) and mouse lens nuclear extract (lane 2) in the presence
of about 50-fold excess of indicated oligonucleotide competitors harboring mutations M2 and
M3 shown in (a) (lanes 5 and 6). (d) EMSAs using Pax6 site B (see Figures 1(a) and 6(c)) and
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mouse lens nuclear extract (lane 8) and in the presence of about 50-fold excess of indicated
oligonucleotide competitors harboring mutations M4, M5, M6 and M7 shown in (a) (lanes 10
to 13).
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Figure 8.
Activities of a series of mouse αA-crystallin promoter double and triple mutants in cultured
lens cells. (a) Multiple site-directed mutagenesis of the promoter fragment −111 to +46. Five
double and two triple block mutations are labeled M14 to M20. DE1/CRE/T-MARE (M), two
Pax6 (sites A and B), and overlapping Pax6/MARE (site C) binding sites are boxed. Nucleotide
sequences used for mutagenesis are shown under the promoter sequence. (b) Relative promoter
activities of M14 to M20 compared to the −111 to +46 promoter (WT). The results were
calculated as described in the legend to Figure 2.
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Figure 9.
The regulation of mouse αA-crystallin promoter activity by transcription factors expressed in
lens epithelium and in lens fibers. The promoter fragment −111 to +46 was co-transfected with
cDNAs encoding Pax6/Pax6(5a), MafB, c-Maf, MafA, and NRL as indicated in 293T cells.
(a) Results showing concentration-dependent activation by Pax6/Pax6(5a) (100/12.5 and
200/25 ng), MafB (80 and 200 ng) and c-Maf (80 and 200 ng). (b) Results of co-transfections
of transcription factors, Pax6, MafB and c-Maf, co-expressed in lens epithelium. (c) Results
showing concentration-dependent activation by MafA (80 and 200 ng) and NRL (80 and 200
ng). (d) Results of co-transfections of transcription factors, Pax6, MafA, c-Maf, and NRL, co-
expressed in lens fiber cells.

Yang and Cvekl Page 25

J Mol Biol. Author manuscript; available in PMC 2007 November 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 10.
Pax6, c-Maf, CREB and TBP proteins interact with the mouse αA-crystallin promoter in
vivo. Quantitative ChIPs using antibodies recognizing Pax6, c-Maf, CREB, TBP, Eya1, and
H3K9Ac. (a) Primers amplified the αA-crystallin promoter region and (b) the 4 kb downstream
sequence of the promoter in formaldehyde crosslinked αTN4-1 lens cells. (c) Interactions with
the promoter region of 5-aminolevulinate synthase (ALASE), are shown as “irrelevant” gene
control. Values shown are normalized on a standard curve.38–40 Relative input units were
calculated as described in Materials and Methods. Dotted lines represent averaged background
signal in the presence of normal rabbit IgG for each primer set/site. Average “enrichments”
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are shown including standard deviations. Each experiment was performed using two
independent chromatin preparations.
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Figure 11.
Quantitative RT-PCR analysis of αA-crystallin, Pax6 and c-Maf expression in microdissected
two-day old rat lens epithelia and lens fibers. Expression levels were normalized using standard
curves for each amplicon and are expressed relative to the CCNI gene.
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Figure 12.
Molecular model of developmentally controlled expression of αB, αA, and γ-crystallins in
mouse embryonic lens. (a) At mouse E9.5, lens placode (left panel) is formed from the surface
ectoderm and expresses the αB-crystallin. At E10.5, in the invaginating lens placode (middle
panel), αA-crystallin expression is triggered. From E11.5 to 13.5, primary lens fiber cells are
formed from the posterior part of lens vesicle (right panel). The process is accompanied by
dramatic upregulation of αA, β, and γ-crystallins in these cells. (b) Specific organization of
Maf and Pax6-binding sites in crystallin promoters may regulate their temporal pattern of
expression. Regulation of the mouse αB-crystallin gene (left panel). Synergistic interactions
(double arrows) between Pax6, retinoic acid activated receptors (RA), and early expressed Maf
proteins (c-Maf and MafB) interacting with over-lapping sites in lens specific regions LSR1
and LSR2. Regulation of the mouse αA-crystallin gene (middle panel). Moderate expression
of this gene in lens pit and vesicle requires both Pax6 and Mafs. Pax6 might play an epigenetic
role in opening the promoter chromatin structure. As expression of c-Maf increases in the
differentiating primary lens fibers, two tandems of Maf-binding sites separated by a Pax6
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tandem become fully occupied, resulting in dramatic upregulation of this gene from E11.5.
Binding of CREB to the promoter agrees with earlier studies26 and ChIP data shown in Figure
10. Recruitment of CBP by c-Maf to this promoter has been shown earlier.64 Regulation of
the mouse γ-crystallin genes (right panel). Expression of γ-crystallins is repressed by
simultaneous action of Pax6 and Six3 protein bound distally (about 140 bp between Pax6-
binding site and MARE) from the Maf binding site until the onset of lens fiber cell
differentiation. Repression is relieved as a result of reduced amounts of both Pax6 and Six3
proteins, and upregulation of c-Maf in primary lens fibers.
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