3’ deletions cause aniridia by preventing PAX6

gene expression

James D. Lauderdale**, Jonathan S. Wilensky*, Edward R. Oliver*, David S. Walton*, and Tom Glaser*$s

*Departments of Internal Medicine and Human Genetics, University of Michigan, 4510 MSRB I, Box 0650, 1150 West Medical Center Drive, Ann Arbor, Ml
48109-0650; Department of Cellular Biology, University of Georgia, 724 Biological Sciences Building, Athens, GA 30602-2607; and *Massachusetts
Eye and Ear Infirmary and Harvard Medical School, 2 Longfellow Place, Suite 201, Boston, MA 02114

Edited by Stanley M. Gartler, University of Washington, Seattle, WA, and approved September 29, 2000 (received for review August 18, 2000)

Aniridia is a panocular human eye malformation caused by het-
erozygous null mutations within PAX6, a paired-box transcription
factor, or cytogenetic deletions of chromosome 11p13 that encom-
pass PAX6. Chromosomal rearrangements also have been de-
scribed that disrupt 11p13 but spare the PAX6 transcription unit in
two families with aniridia. These presumably cause a loss of gene
expression, by removing positive cis regulatory elements or jux-
taposing negative DNA sequences. We report two submicroscopic
de novo deletions of 11p13 that cause aniridia but are located >11
kb from the 3’ end of PAX6. The clinical manifestations are
indistinguishable from cases with chain-terminating mutations in
the coding region. Using human x mouse retinoblastoma somatic
cell hybrids, we show that PAX6 is transcribed only from the
normal allele but not from the deleted chromosome 11 homolog.
Our findings suggest that remote 3’ regulatory elements are
required for initiation of PAX6 expression.

he PAXG6 transcription factor is highly conserved among

metazoans and controls critical steps during eye morpho-
genesis (1). Human PAX6 mutations are associated with a range
of eye abnormalities, including anophthalmia, aniridia, various
anterior segment defects, and isolated foveal hypoplasia (2-8).
In general, heterozygosity for null alleles causes aniridia, a
progressive disorder consisting of severe iris hypoplasia, cata-
racts, glaucoma, foveal hypoplasia, and nystagmus, whereas
heterozygosity for missense alleles produces milder phenotypes
(9). Aniridia is most simply explained by a 50% reduction in
PAXG6 activity at the cellular level, inasmuch as most mutations
are predicted to truncate the polypeptide prematurely and may
trigger nonsense-mediated mRNA decay. Cases with point mu-
tations and cytogenetic deletions (WAGR syndrome,
MIM194072) have similar eye findings, and a clear dosage effect
has been established among different PAX6 genotypes (6, 10,
11). However, a dominant-negative mechanism has also been
suggested for some aniridia alleles on the basis of cDNA
overexpression data in vitro and in transgenic mice (12, 13), and
an allelic inactivation model has been proposed to explain the
semidominant phenotypes of most Pax genes (14).

Although PAXG6 is expressed abundantly in the developing eye,
forebrain, ventral spinal cord, and endocrine pancreas (15-18),
heterozygous phenotypes are limited to the eye. Cis regulatory
elements have been defined at the 5’ end of mouse Pax6. They
extend over 25 kb, act upon three different promoters, include
specific enhancers for retina and lens, and are evolutionarily
conserved (19-21). At the same time, a paracentric inversion
and a reciprocal chromosome translocation with breakpoints
85-124 kb from the 3’ end of human PAX6 are correlated with
aniridia in different pedigrees (2, 22). The relationship between
the 5’ enhancer elements and 3’ PAX6 rearrangements is
unknown. In this report, we characterize two mutations as
regulatory alleles, show that 3" sequences are essential for PAX6
expression, and establish their primacy in controlling PAX6
transcription.

Materials and Methods

Cell Culture. The human embryonic retinal cell line Ad12 (23) was
kindly provided by René Bernards (Netherlands Cancer Insti-

tute, Amsterdam). The mouse retinoblastoma cell line 661 was
developed from the retinal tumor of a transgenic mouse ex-
pressing SV40 large T antigen under the control of the human
interphotoreceptor retinoid-binding protein (IRBP) promoter
(24). 661TG" was derived from 661 by ethyl methanesulfonate
mutagenesis (400 ug/ml EMS for 18 h) and selection in 5 pg/ml
6-thioguanine (25). Lymphoblastoid cell lines were established
by Epstein—Barr virus transformation of peripheral white blood
cells (26). Cells were fused by low-speed cocentrifugation for 3
min in serum-free media containing 40% (wt/vol) polyethylene
glycol (PEG 1000; Baker). Hypoxanthine phosphoribosyl trans-
ferase-positive (HPRT™) hybrid clones were selected in DMEM
with 10% (vol/vol) FCS, plus hypoxanthine-aminopterin-
thymidine (HAT) and 1 uM ouabain, which kill the mouse and
human parental cells, respectively.

Genomic DNA Analysis. Pulse-field gel electrophoresis (PFGE) was
performed with a hexagonal rig (CHEF Mapper; Bio-Rad).
Southern analysis of conventional and pulsed-field agarose gels
was performed using probes p32.1 (27), pFix2RS1 (5), pC1DBRI
(an 0.5-kb EcoR1 subclone derived from the distal breakpoint of
case 1; accession no. AF301379), and PINS (the 3’ terminal
Ncol-Sfil fragment of a 58.5-kb human P1 clone spanning PAX6;
accession no. AF301378).

Inverse PCR and Sequence Analysis. Long-range inverse PCR was
performed as described (28) on restricted genomic DNA that
was ligated at high dilution (<100 ug/ml), using divergent
primer pairs and a mixture of 7ag and Pwo polymerases (EX-
PAND; Roche). Primers were designed on the basis of DNA
sequence from phage (5) and P1 subclones. For case 1, we
amplified the 3.0-kb EcoRI junction fragment (Fig. 1a). For case
2, we amplified 1.9-kb Xbal and 11.9-kb Apal junction fragments.
DNA fragments corresponding to the telomeric deletion break-
points were obtained by screening a genomic phage library (case
1) or performing a secondary inverse PCR on normal DNA (case
2). The sequence of all four breakpoints is available from
GenBank (accession nos. AF301378-81). The telomeric break-
points of cases 1 and 2 are also represented in the public
sequence database as human PAC clones (GenBank accession
nos. AL135932 and AL122014, respectively).

Haplotype Analysis. PCR genotyping of family 2 was performed
using primers flanking a polymorphic (CA), repeat in the 3’
untranslated region of the Wilms’ tumor locus W71 (29), which
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Fig. 1. Identification of 3’ PAX6 rearrangements in sporadic aniridia. (a)
Southern analysis of case 1. Probe P1NS detects a novel 3.0-kb EcoRI fragment
in the affected child, but not in his parents, and a 10.2-kb EcoRI fragment in
normal DNA. (b) Haplotype and Southern analysis of case 2. (Upper) Segre-
gation of the WTT (CA), repeat polymorphism. Four alleles are distinguished.
Each allele is represented by an ensemble of fragments that differ from the
mean length by 1-2 repeat units; these arise by replication slippage during PCR
amplification. Case 2 is heterozygous (AD) at WT1. (Lower) Probe pFix2RS1
detects 34.5-kb and 7.4-kb BamHI fragments in normal DNA, and an additional
30-kb BamHI fragment was in the affected female, who is heterozygous. The
mutation arose on a paternal chromosome 11 and is linked to WTT allele D. (c)
Restriction map showing PAX6 exons 8-13, polyadenylation sites (arrow-
heads), hybridization probes, and the centromeric deletion breakpoints in
these two cases. The breakpoints are located 22.1 kb and 11.6 kb from the 3’
end of PAX6. E, EcoRl; B, BamHI. Some of the EcoRl sites have been omitted.
(d) DNA sequence spanning the centromeric (uppercase) and telomeric (low-
ercase) breakpoints of cases 1 and 2 in normal DNA and the deletion junctions.
The junction points are indicated by vertical lines and the 20-bp duplication in
case 2 is underlined. The rearrangement in case 1 creates an SspBl restriction
site at the junction.

is 700 kb centromeric to PAX6. The wild-type chromosome 11
was identified by PCR, using primers spanning the HV translo-
cation breakpoint at D115495 (30), HVnormfor (5'-CACACG-
GTGAAGCTAACCTATAGG-3"), and HVnormrev (5'-
CAAGCTGTAGTATGCATCTC-3'), standard reaction
conditions [10 mM TrissHCl (pH 8.3), 1.5 mM MgCl,, 50 mM
KCI, 0.2 mM dNTPs, 20 pmol of each primer, and 1 unit Tag
polymerase in a 50-ul volume], and parameters (2 min at 94°C,
followed by 40 cycles of 30 s of denaturation at 94°C, 30 s of
annealing at 60°C, and 60 s of extension at 72°C, followed by 5
min at 72°C). The mutant chromosome 11 in case 2 was identified
similarly, using primers immediately flanking the deletion
breakpoints, BPproxlfor 5'-GTCTGCCATTCTCAA-
CAAGGGG-3' and BPforrev 5'-GAGGAACTGAGAAGTAT-
TGCC-3', and an annealing temperature of 65°C.
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RNA Analysis. To detect PAX6 transcripts, total RNA (2.5 ug)
from somatic cell hybrids and control cell lines was reverse
transcribed in 50 ul for 1 h at 42°C (Superscriptll; GIBCO/
BRL), using standard conditions and a primer (5'-
TTTTTTTTTTTTTTACTGTAATCTT-3") complementary to
the human PAX6 sequence around the stop codon. First-strand
synthesis was terminated by incubating the samples at 70°C for
15 min, and the RNA was removed by treating the reactions with
2 units of RNaseH for 20 min at 37°C. PCR amplification was
performed for 40 cycles in 0.2-ml thin-walled tubes, using an MJ
thermocycler (MJ Research, Watertown, MA), under the con-
ditions described above, with 1-2 ul ¢cDNA/50-ul reaction.
Cycles consisted of 30 s of denaturation at 94°C, 30 s of
annealing, and 60 s of extension at 72°C, with an initial dena-
turation step of 2 min and a final extension step of 5 min. Human
transcripts were specifically amplified using primers SCHup2
(5'-CTACCAACCAATTCCACAA-3") from exon 10 and
SCHdownl (5'-CTTGAACTGGAACTGACACA-3") from
exon 13, and an annealing temperature of 62°C. Mouse and
human transcripts were coamplified using primers 103ax (5'-
TCCTTCACRTCAGGCTCCATGTTGGGC-3") from exon 11
and 11hu (5'-CCGGGAACTTGAACTGGAAC-3') from exon
13, and an annealing temperature of 56°C. The same first-strand
cDNA products were used for both PCRs. PAX6 polyadenylation
sites were mapped using a 3'RACE procedure (31) and total
RNA from human fetal eyes (17-20 weeks). PCR products were
cloned, sequenced, and compared with genomic DNA. We
recovered 2, 7, and 11 RACE clones corresponding to polyA
sites 573 bp, 800 bp, and 967 bp, respectively, past the start of
exonl3.

Results

DNA rearrangements telomeric to PAX6 were discovered in two
unrelated patients by Southern analysis (Fig. 1). Both cases are
sporadic and have typical clinical features of aniridia. They are
otherwise healthy and have apparently normal karyotypes. We
detected a novel 3-kb EcoR1 fragment in case 1, by using probe
PINS, which is located 19.4 kb beyond the 3’ end of PAX6, and
a novel 30-kb BamHI fragment in case 2, using probe pFix2RS1,
which spans terminal exon 13. These rearrangements were also
apparent when we used other restriction enzymes (not shown),
but no further PAX6 alteration was found in either patient by
Southern or single-strand conformation (SSCP) analysis (5). The
novel fragments were not present in parents or siblings. WT1
haplotype analysis showed that the mutation in case 2 arose on
the paternal chromosome 11 (Fig. 1b). To characterize the
rearrangements precisely in relation to PAX6, the novel frag-
ments were amplified using inverse PCRs (28) and compared
with normal genomic DNA (Fig. 1d). PAX6 uses three major
polyadenylation sites in fetal eye tissue located 573 bp, 800 bp,
and 967 bp past the start of exon 13 (not shown). The breakpoints
in cases 1 and 2 were mapped 22.1 kb and 11.6 kb past the third
polyA site, which defines the 3’ end of the PAX6 transcription
unit (Fig. 1c). Both rearrangements are interstitial deletions,
inasmuch as DNA probes immediately beyond these breakpoints
gave normal hybridization patterns in Southern blots, and be-
cause the novel sequences recovered by inverse PCR map to
chromosome 11p (not shown). The deletion endpoints do not
share extensive homology. A short tandem duplication (20 bp)
of DNA from the centromeric side was observed at the junction
in case 2, suggesting that replication slippage or break-induced
replication accompanied this deletion (Fig. 1d).

To measure the size of the deletions, genomic DNA was
digested with Notl or Sacll, separated by pulsed-field gel elec-
trophoresis, and analyzed by Southern blotting (Fig. 2). In
normal DNA, a 1,400-kb NorI fragment extends from PAX6
toward the telomere and terminates beyond D11516 (2, 22, 32).
This fragment was reduced to 425 kb and 295 kb, respectively, in
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Fig. 2.  Physical mapping of 3’ PAX6 deletions. (a) Pulsed-field gel of lym-
phoblastoid genomic DNA from cases 1 and 2 and a normal reference indi-
vidual (R) hybridized with probes pFix2RS1 and p32.1. These probes detect one
1400-kb Notl (N) fragment and two Sacll (S) fragments, which are 350 kb
(centromeric) and 1050 kb (telomeric). The internal Sacll (S*) site is partially
cleaved (22, 32). The second Sacll fragment in the reference (R) lane reflects a
likely sequence polymorphism. (b) Restriction map showing hybridization
probes and deletion breakpoints relative to PAX6. Probe pC1PBRI detects an
altered Notl fragment in case 1 but not case 2 (data not shown). The deletions
encompass breakpoints of the HV reciprocal translocation and the SGL para-
centric inversion (arrowheads), which are located, respectively, 124 kb and
85-100 kb from the 3’ end of PAX6 (22, 33, 34).

cases 1 and 2. Identical NotI hybridization patterns were ob-
served with pFix2RS1 (PAX6) from the centromeric side and
p32.1 (D11S516) from the telomeric side, as expected for probes
flanking an internal deletion. However, the 295-kb NorlI frag-
ment did not hybridize with a probe (pC1DBRI) derived from
the distal breakpoint of case 1 (data not shown). The deletion in
case 2 thus encompasses this site. The Sacll data provide further
support for this configuration. The internal Sacll restriction site
is deleted in both patients, creating fragments that are similar in
size to the novel NotI fragments and that hybridize with probes
p32.1 and pFix2RS1. The deletions are 975 kb (case 1) and 1105
kb (case 2) and are nested (Fig. 2b). They span the breakpoints
of the two large-scale chromosomal rearrangements known to
cause aniridia in other pedigrees (22, 33, 34).

The simplest explanation for these combined mapping data
would be if PAX6 expression requires a positive regulatory
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element located >124 kb from its 3’ end, past the most distal
translocation breakpoint (HV in Fig. 2b). To test this model and
determine if the 3’ deletions affect PAX6 transcription, we used
a somatic cell hybrid strategy (35) to segregate mutant and
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Fig. 3. Human PAXE6 is not expressed from the deleted chromosome 11 in
somatic cell hybrids. (a) Strategy used to make hybrid cell lines. EBV-
lymphoblastoid cells from aniridia case 2 (EBV-LC) were fused to 661TG'", an
HPRT-deficient mouse retinoblastoma cell line. Hybrid clones (n = 37) were
selected in HAT + ouabain and classified on the basis of human chromosome
11 content. In the absence of selective pressure for human autosomes, both
homologs were free to segregate. (b) RNA analysis of representative hybrids.
Human PAX6 and mouse Pax6 expression is demonstrated by parallel RT-PCRs,
using conditions that amplify human transcripts only or transcripts from both
species (see Materials and Methods). Hybrid clones 1, 7, 12, and 25 retain the
nor(11) and express PAX6, whereas clones 10 and 36 retain only the del(11)
and do not express PAX6. Similar results were obtained for all 37 clones.
Reactions performed on RNA from Ad12 (human) and 661TG" (mouse) retinal
cells, and a no-RT control, are shown for comparison. The size of each PCR
product is indicated in base pairs. (c) DNA analysis of representative hybrids.
The chromosome 11 content is demonstrated by diagnostic genomic PCRs. An
amplicon within the deletion identifies nor(11), and an amplicon spanning the
breakpoint junction identifies del(11). PCRs performed on genomic DNA from
case 2 (human) and 661TG" (mouse) cells, and a no-template control reaction,
are shown for comparison. WTT1 genotype data for the hybrid cell lines are
indicated below the panels; the D allele is linked to the deletion. marker,
100-bp ladder (Roche); nor(11), normal; del(11), deleted.
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wild-type chromosome 11 homologs. Hybrid clones were se-
lected by fusing EBV-transformed lymphoblastoid cells from
case 2 to 661TG", an HPRT-deficient mouse retinoblastoma cell
line with a high level of endogenous Pax6 expression (Fig. 3a).
Clones retaining mutant and wild-type chromosomes 11 were
identified by allele-specific PCR (Fig. 3c¢) and WTI genotype
analysis (Fig. 1b). Among 37 hybrid clones, 4 retained only the
wild-type chromosome 11 and 8 retained only the deleted
chromosome 11, whereas 21 clones retained both homologs and
4 retained neither. We then tested PAX6 expression, using a
human-specific reverse transcriptase (RT) PCR assay. Although
expression of mouse Pax6 was maintained in all clones, only
hybrids retaining a normal chromosome 11 (n = 25) expressed
human PAX6 (Fig. 3b and data not shown). The cellular envi-
ronment of the mouse somatic cell hybrids is thus sufficient to
activate and maintain transcription of the human PAX6 gene.
However, PAX6 was essentially silent in all eight hybrids retain-
ing only the mutated copy of chromosome 11, even though the
gene itself is intact and the RT-PCR is extremely sensitive. The
correlation between the PAX6 genotype and expression is ab-
solute (for 12 clones retaining one homolog, for Fisher’s exact
test, P < 0.002, df = 1), and the difference in expression is
striking.

Discussion

Our data prove that 3’ deletions prevent PAX6 expression in cis.
The tight correlation among the somatic cell hybrids between
genotype and expression is inconsistent with an allelic inactiva-
tion model, which predicts a random inactivation of PAX6 alleles
among the hybrid clones (14). Together with the clinical, struc-
tural, and 3" RACE data, these results strongly suggest that the
deletions affect PAX6 transcription rather than mRNA stability.
There is no evidence for a remote untranslated 3’ exon and no
need to invoke a second independent aniridia gene within 11p13.
Our results also provide further support for haploinsufficiency as
the basis of aniridia rather than a dominant-negative mechanism.
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Finally, these findings are comparable to earlier results obtained
using somatic cell hybrids for deletions of the B-globin locus
control region (LCR) in §3+°-thalassemia (36). The on-off effect
of the 3’ deletion upon PAX6 transcription is consistent with
clinical findings in these two patients, whose disease differs from
that of patients with documented partial loss-of-function alleles
(9) and suggests the workings of an LCR or an array of critical
enhancers, which could influence the transcriptional activity of
adjoining chromatin regions in an all-or-none fashion (37, 38).
This hypothesis is supported by the convergence of mapping data
on the 3’ side of PAX6, including experiments in which a human
YAC transgene spanning PAX6 was able to rescue the Small eye
mouse phenotype if the 3’ flanking DNA was intact (11).
Alternatively, the deletions may disrupt a specific insulator or
boundary element that normally shields the PAX6 transcription
unit (39). The discontinuous nature of our results is less con-
sistent with gene silencing via nonspecific position effects (40,
41) or the fractional loss of tissue-specific enhancer elements,
which has been suggested to explain the milder phenotypes of
translocation cases for genetic diseases such as holoprosen-
cephaly (SHH) or Saethre—Chotzen syndrome (TWIST; refs. 42
and 43) and remote 3’ deletions altering the expression of Bmp5
in mice and dpp in Drosophila (44, 45). All known eyeless
mutations in Drosophila Pax6 are regulatory alleles (46). We
have functionally characterized cis regulatory alleles of human
PAXG6. The molecular identity and properties of the 3’ element(s)
should be particularly interesting.
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