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Abstract
Purpose—PAX6 is a critical regulator of the developing lens, other ocular tissues, central nervous
system, and pancreas. There are two alternatively spliced forms of the protein, PAX6 and PAX6(5a),
that may have different regulatory functions. This study was designed to determine the amounts of
PAX6 and PAX6(5a) transcripts present in adult human lens epithelium and fibers, human cornea
and monkey retina.

Methods—PAX6 and PAX6(5a) transcript levels were monitored in microdissected lens epithelia,
lens fibers, whole lens, cornea, and retina by competitive RT-PCR. The levels of TBP/TFIID were
examined in adult human lens epithelium and fibers as control.

Results—PAX6 and PAX6(5a) were expressed at equal levels in lens epithelium and fibers. Ninety-
five times more PAX6 transcripts were detected in the epithelial cells than in the fibers. Adult human
cornea and monkey retina expressed less PAX6/PAX6(5a) than lens epithelium but more than lens
fibers. Correspondingly, 40 fold higher levels of TBP transcripts were detected in lens epithelium
than fibers, suggesting reduced overall expression of transcription factors in the adult lens fibers.

Conclusions—The presence of PAX6 and PAX6(5a) messages and proteins in adult lens
epithelium suggest functions for both forms of PAX6 in the growth and maintenance of the adult
human lens. The reduced levels of both forms of PAX6 in the lens fibers suggest down regulation
of this gene during differentiation of epithelia into fibers. The lower level of TBP expression in lens
fibers also suggests reduced transcriptional competence of adult lens fibers.

PAX6 is a critical regulatory gene located on human chromosome 11p13 and is expressed in
many developing ocular tissues, brain, and pancreas [1]. PAX6 encodes a specific DNA-
binding transcription factor capable of initiating lens [2] and eye [3] development.
Heterozygous mutations in PAX6 induce a spectrum of ocular diseases including aniridia,
Peters' anomaly, autosomal dominant keratitis, foveal hypoplasia, and early onset cataract
[1]. Homozygous PAX6 mutations cause anophthalmia, severely damaged brain, and neonatal
lethality [4]. Interestingly, a specific mutation in PAX6 may also be involved in subtle
abnormalities of frontal lobe function [5]. Two major forms of the protein, PAX6 and PAX6
(5a) (Figure 1A), result from alternate splicing [6]. Studies on the transcriptional regulation of
crystallin genes in vertebrate lenses implicate PAX6 as an important regulatory factor [7,8].
The function of Pax-6(5a) has been less extensively studied; however, overexpression of PAX6
(5a) relative to PAX6 was detected in human congenital cataract [4]. In addition, ectopic
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expression of PAX6(5a) in lens fiber cells of transgenic mice resulted in abnormal lens
phenotype associated with changes in the levels of cell adhesion proteins [9].

Expression of PAX6 in adult ocular tissues has not been well documented and the levels of
expression of PAX6 and PAX6(5a) mRNA and protein in adult lens has not been investigated.
Since PAX6 is likely to play a major role in adult lens growth and maintenance we have
characterized the levels of PAX6 and PAX6(5a) expression in the adult human lens using a
highly sensitive competitive RT-PCR assay and we have monitored the corresponding protein
by immunohistochemistry. We demonstrate that PAX6 and PAX6(5a) are highly expressed at
equal ratios in the adult lens epithelium, retina, and cornea. Correspondingly, the levels of
PAX6 and PAX6(5a) were 95 times less abundant between lens epithelium and lens fibers.
Similarly, TBP/TFIID expression also declined between lens epithelia and lens fibers. The
present data confirm greater transcriptional competence of lens epithelium relative to lens
fibers and provide the basis for understanding the role of PAX6 and PAX6(5a) in adult lens
maintenance.

METHODS
Preparation of RNA

Whole normal human lenses were obtained from an eye bank and microdissected into epithelia
and fiber cells as previously described [10]. Lens epithelial and corneal RNA preparations were
prepared using the RNeasy kit as specified by the manufacturer (Qiagen, Valencia, CA). Whole
lens and fiber RNAs were prepared using TRIZOL reagent as specified by the manufacturer
(Life Technologies, Inc., Gaithersburg, MD). Monkey macula RNA was a gift from Dr. Ignacio
Rodriguez (National Eye Institute, Bethesda, MD) and was used in lieu of human tissue to
avoid potential RNA degradation that is common in human retinal RNA preparations.

Cloning of human PAX6, PAX6(5a), and TBP partial cDNAs
Reverse transcription-polymerase chain reaction (RT-PCR) was employed using a One-step
Superscript II RT-PCR kit (Life Technologies, Inc., Gaithersburg, MD) to generate PAX6/
PAX6(5a) and TBP products, using total RNA prepared from human lens epithelial cell line
B3 [11]. The PAX6 and TBP sequences were obtained from Genbank under accession numbers
M93650 and M34960, respectively. Oligonucleotides used for PAX6/PAX6(5a) (AGC TAT
CGA TGG CAG AAG ATT GTA GAG and CGG GAT CCG ATG ACA CGC TTG GTA
TG) and TBP (CGG GAT CCT TCC ACT CAC AGA CTC TCA C and CGG AAT TCG CTC
TCT TAT CCT CAT GAT TAC C) amplification, were extended with non-complementary
sequences (blue) with restriction sites ClaI, BamHI, and EcoRI (red) and subcloned as a ClaI-
BamHI (PAX6) and a BamHI-EcoRI (TBP) fragments into a pBluescript SK II (Stratagene,
LaJolla, CA). The PCR products were purified in 1% agarose gels, specific bands were isolated
from the gel using the GFX system (Amersham-Pharmacia, Piscataway, NJ), the resulting
fragments were digested with appropriate enzymes, and ligated into a pBluescript KS II. The
resulting clones were verified by sequencing at the Albert Einstein College of Medicine DNA
Sequencing Core Facility (AECOM).

Design of PCR Mimics
PAX6 and PAX6(5a) transcripts were monitored in the presence or absence of internal
quantification standards called PCR mimics [12]. These mimics are plasmid DNAs containing
the PAX6 or PAX6(5a) cDNA sequences with an insertion of three copies of a synthetic double
stranded oligonucleotide at a unique PstI site of PAX6 or PAX6(5a) partial cDNAs as described
above and therefore contain identical coding sequence and primer binding sites as unmodified
PAX6 or PAX6(5a) cDNA. A diagrammatic summary of the PCR mimics is shown in Figure
1B.
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Competitive Reverse Transcriptase-PCR
Indicated transcripts were reverse-transcribed and amplified using the One Step RT-PCR
system (Life Technologies, Inc.) in the presence or absence of PCR mimics as internal
standards. Where indicated, control reactions were performed identically in the absence of
reverse transcriptase. The initial reverse transcriptase step was conducted at 50 °C for 30 min
followed by 30 PCR cycles at annealing temperature of 55 °C. All primers used in this study
were designed to cross intron-exon boundaries and were tested in the absence of reverse
transcriptase. Control reactions were performed to ensure linearity of amplification over the
concentrations of RNA in the present study. The sequences of the primers used for
amplification of PAX6 and PAX6(5a) transcripts were 5′-CGG CAG AAG ATT GTA GAG-3′
and 5′-GAT GAC ACG CTT GGT ATG-3′. Where indicated, 0.13 pg of mimic DNA templates
(0.65 pg each) were co-amplified with authentic PAX6 mRNA as internal standards. TBP was
examined under identical conditions as a control. The sequences of the TBP primers were 5′-
TTC CAC TCA CAG ACT CTC AC-3′ and 5′-GCT CTC TTA TCC TCA TGA TTA CC-3′.
Where indicated, glyceraldehyde phosphate dehydrogenase (GAPDH) was also examined as
a control using the primers 5′-TGT TCC AGT ATG ATT CCA CCC-3′ and 5′-TCC ACC ACC
CTG TTG CTG TA-3′.

RESULTS
Quantification of PAX6 and PAX6(5a) transcripts in human lens epithelia and fibers

The relative levels of PAX6 and PAX6(5a) transcripts were measured in adult human lens
epithelia, lens fibers and whole lenses by competitive RT-PCR [13–15] using PAX6 and PAX6
(5a) mimics (Figure 1) as internal quantification standard. The data is shown in Figure 2. Equal
amounts of two bands corresponding to PAX6 and PAX6(5a) transcripts were detected in lens
epithelia (Figure 2A, lane 7), lens fibers (Figure 2B, lane 7) and whole lens (Figure 2C, lane
7) in the absence of the mimics. Purification and sequencing of these bands confirmed the
PAX6 and PAX6(5a) transcripts. As control, the DNA mimics were amplified in the absence
of RNA (Figure 2A–C, lane 1). In competitive RT-PCR, the amount of RNA required to
compete with a fixed amount of mimic DNA is a quantitative approximation of the amount of
target transcript [13–15]. Equal levels of PAX6 and PAX6(5a) transcripts and mimic transcripts
were detected at a ratio of 3 ng of epithelial RNA to 0.065 pg of each mimic DNA (Figure 2A,
lane 4). Thus, the amount of PAX6 and PAX6(5a) transcript in lens epithelial total RNA is
approximately 2.0 × 10−2 pg transcript per ng of RNA. In contrast to the lens epithelium, equal
levels of PAX6 and PAX6(5a) transcripts and mimic transcripts were not detected until at least
300 ng of lens fiber RNA was co-amplified with 0.065 pg of each mimic DNA (Figure 2B,
lane 5). Based on these values we estimate that the amount of PAX6 and PAX6(5a) transcripts
in lens fibers is approximately 2.1 × 10−4 pg transcript per ng of RNA which is 95 times less
than that detected in lens epithelia. Using whole lens RNA, equal levels of PAX6 and PAX6
(5a) transcripts and mimic transcripts were detected at a ratio of 200 ng of total lens RNA to
0.065 pg of each mimic DNA (Figure 2B, lane 6). Thus, the amount of PAX6 and PAX6(5a)
transcript in total lens RNA is approximately 3.2 × 10−4 pg transcript per ng of RNA.

Relative levels of TBP in human lens epithelia and fibers
As a measure of the potential of PAX6 and PAX6(5a) to be transcriptionally active in lens
epithelia or fibers, the level of TBP mRNA in each preparation was examined relative to
GAPDH transcripts. Figure 3A shows the relative levels of TBP present in lens epithelial RNA.
Significant amounts of TBP transcript were detected in as little as 5 ng of epithelial RNA
(Figure 3A, lane 1). By contrast as much as 200 ng of lens fiber (Figure 3, lane 3) or whole
lens (Figure 3B, lane 3) RNA was required to yield similar amounts of transcript. Shown as
controls for each panel are the corresponding levels of GAPDH.
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Quantification of PAX6 and PAX6(5a) transcripts in monkey macula and human cornea
The levels of PAX6 and PAX6(5a) transcripts were also measured in monkey macula and
human cornea RNA preparations. Equal levels of PAX6 and PAX6(5a) transcripts and mimic
transcripts were obtained using 5 ng of the macula RNA (Figure 4, lane 5) or 10 ng of the
cornea RNA preparation using 0.065 pg of each mimic DNA. The amount of each transcript
is 1.3 × 10−2 pg transcript per ng of monkey macula RNA and 6.5 × 10−3 pg of transcript per
ng of human cornea RNA.

DISCUSSION
In the present study, we have characterized the expression levels of PAX6 and PAX6(5a)
mRNAs in the adult human lenses and compared the absolute levels of these transcripts in lens
epithelium and fibers. We also characterized RNA levels of these transcripts in retina and
cornea. Our data indicate that lens fibers express lower levels of PAX6 mRNA while human
cornea and lens epithelium expressed about 20 times and 95 times more of these mRNAs,
respectively. In addition, we found 40 fold more PAX6/PAX6(5a) transcripts in monkey retina
over the human lens fibers. The data suggest that while lens fiber cells contain an overwhelming
majority of mRNAs encoding crystallins they still express PAX6 mRNAs at appreciable levels.
To gain insight into the transcriptional competence of PAX6/PAX6(5a) in lens epithelium and
lens fibers, we examined the corresponding levels of TBP, a general transcription factor
required for transcription of all structural genes [16]. TBP has been used as a standard for
determination of absolute levels of genes expressed in a homogenous population of eukaryotic
cells [17,18]. In the present study, we observed about 40 fold reduction of TBP mRNA in lens
fiber cells relative to lens epithelium. Thus, we propose that lower expression of PAX6 in lens
fibers compared to epithelium can be attributed to two factors, (1) reduced expression as a
result of cellular differentiation and (2) a general decrease of expression of other transcription
factors represented by TBP/TFIID. Our data provide the first quantification of regulatory
mRNAs in adult human lenses, an important step towards the mapping of human lens
transcriptosome using cDNA microarrays [18].

Expression of Pax-6/PAX6 in developing lens and eye has been previously examined both
using radioactive in situ hybridizations and immunohistochemistry. These studies revealed
Pax-6/PAX6 expression and nuclear localization in the lens epithelium while reduced staining
was observed in the differentiating lens fibers not distinguishing the two major forms, Pax-6
and Pax-6(5a). In mouse, those studies focused on E12.5 to 15.5 [19–21], and in human, data
are available only for 6 and 10 week old human eyes [22]. Later stages were not examined
since the denucleation of lens fiber cells make similar studies difficult to conduct. Here, we
also performed an immunostaining with a Pax6 specific monoclonal antibody [23] and frozen
sections of lens obtained from a 16 year old female donor. As expected [22], PAX6 proteins
were detected in the nuclei of lens epithelium but not in the differentiating fiber nuclei (data
not shown). In addition, western analysis (data not shown) failed to detect PAX6 in lens extracts
obtained from dissected human lenses. This was likely due to the amount of PAX6 below the
detection limit of the assay in agreement with previous western analysis using chicken [24]
and mouse [9] lenses.

We found equal amounts of PAX6 and PAX6(5a) mRNAs in the adult lens epithelia and fibers.
This is in contrast to previous studies on Pax-6 expression in embryonic and neonatal lenses
and cultured lens cells. These studies [25–27] detected higher levels of Pax-6 over the Pax-6
(5a) in samples examined. Quantitative RNase protections demonstrated constitutive splicing
of Pax-6 and Pax-6(5a) at ratio 8:1 throughout mouse embryogenesis and in the adult mouse
brain [25]. Similar data were observed using RT-PCR analysis and western blots of Pax-6
expression in cultured mouse (αTN4) and rabbit (N/N1003A) lens epithelial cells [26]. By
contrast, a study of bovine lens, retina, cornea, and iris revealed possible tissue-specific
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fluctuation of Pax6 and Pax6(5a) ratio with the highest level of Pax6(5a) expression in the iris
while Pax6 form dominated in the lens [27]. Our data indicate that the adult human lens
expresses appreciable high levels of PAX6 and PAX6(5a) mRNAs in lens epithelium but not
fibers. Moreover, the levels of PAX6 and PAX6(5a) are also high in the retina and cornea.
Surprisingly, the ratio of PAX6 and PAX6(5a) was found to be equal in all tissues examined.
This is potentially an important observation since PAX6 and PAX6(5a) may regulate different
sets of target genes [4,6,9,28] and earlier studies focused almost exclusively on the role of the
presumably more abundant form, PAX6. Not surprisingly, corresponding levels of TBP/TFIID
declined in lens fibers indicating a loss of transcriptional competence during the differentiation
of lens epithelia into lens fibers. These studies provide the groundwork for future studies to
determine the role of PAX6 and PAX6(5a) in adult human lens maintenance and cataract.
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Figure 1.
Schematic representations of PAX6 and PAX6(5a) and plasmids used as internal standards.
A: Structure of PAX6, 422 amino acids and PAX6(5a), 436 amino acids. Exon 5a encodes a
14 amino acid insertion into the PAI subdomain of the paired domain disrupting its ability to
bind DNA. RED subdomain and homeodomain (HD) are also shown. B: Internal standards
(mimics) were created by subcloning three copies of a synthetic oligonucleotide into a unique
Pst I site of the PAX6 and PAX6(5a) PCR generated fragments in pBluescript SK II as
described in the Materials and Methods. The sizes of PCR products for PAX6, mimic PAX6,
PAX6(5a) and mimic PAX6(5a) are 289, 431, 331, and 481 bases, respectively.
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Figure 2.
Quantitation of PAX6 and PAX6(5a) transcripts. Quantitation of PAX6 and PAX6(5a)
transcripts in (A) lens epithelia, (B) lens fibers, and (C) whole lens RNA preparations. Ethidium
bromide stained gels showing the levels of PAX6 and PAX6(5a) indicated transcripts using
increasing amounts of total RNAs. Also indicated are the RNA and mimic DNA concentrations
and the positions of the M1 (PAX6(5a) mimic), M2 (PAX6 mimic), PAX6(5a), and PAX6
products. Asterisks indicate amounts of RNA that equally compete with 0.13 pg of mimic
DNAs.
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Figure 3.
Relative levels of TBP. Relative levels of TBP in (A) lens epithelia, (B) lens fibers, and (C)
whole lens total RNA preparations. Ethidium bromide stained gels showing the levels of TBP
relative to GAPDH control transcript with indicated amounts of RNA. Also shown are the
positions of TBP and GAPDH transcripts.
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Figure 4.
Quantification of PAX6 and PAX6(5a) transcripts. Quantification of PAX6 and PAX6(5a)
transcripts in (A) monkey macula and (B) human cornea RNA preparations. Ethidium bromide
stained gels showing the levels of PAX6 and PAX6(5a) transcripts using increasing amounts
of indicated RNAs. Also indicated are the RNA concentrations and the positions of the M1
(PAX6(5a) mimic), M2 (PAX6 mimic), PAX6(5a), and PAX6 products. Asterisks indicate
amounts of RNA that equally compete with 0.13 pg of mimic DNAs.
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