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Autosomal-Dominant Congenital Cataract Associated with a Deletion
Mutation in the Human Beaded Filament Protein Gene BFSP2
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Congenital cataracts are a common major abnormality of the eye that frequently cause blindness in infants. At
least one-third of all cases are familial; autosomal-dominant congenital cataract appears to be the most-common
familial form in the Western world. Elsewhere, in family ADCC-3, we mapped an autosomal-dominant cataract
gene to chromosome 3q21-q22, near the gene that encodes a lens-specific beaded filament protein gene, BFSP2.
By sequencing the coding regions of BFSP2, we found that a deletion mutation, AE233, is associated with cataracts
in this family. This is the first report of an inherited cataract that is caused by a mutation in a cytoskeletal protein.

Congenital cataracts are a common major abnormality
of the eye that frequently cause blindness in infants. At
least one-third of all cases are familial; autosomal-dom-
inant congenital cataract (ADCC) appears to be the
most-common familial form in the Western world (Ion-
ides et al. 1999). Thirteen distinct loci in humans have
been identified for 10 phenotypically distinct forms of
ADCC (Francis et al. 1999; Ionides et al. 1999).

We have been studying a large family (ADCC-3) with
ADCC (Kramer et al., in press). The family consists of
15 affected and more than 15 unaffected individuals
across three generations. Individuals gave informed con-
sent to participate in the study protocol, which was
approved by the institutional review board of Oregon
Health Sciences University. Affected members of the
family had congenital nuclear, sutural, and stellate or
spokelike cortical cataracts that varied in severity among
different individuals. The mildest expression of the cat-
aract was that of spokelike anterior and posterior sub-
capsular cortical opacities with a ground-glass appear-
ance throughout the cataract and, most notably, the
radially oriented fine vacuoles (fig. 1). The unoperated
visual acuity has been as good as 20/30-20/40; however,
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many of those affected that are have required bilateral
cataract surgery during early childhood, most often at
age 3-S5 years.

Using linkage mapping in this family, we identified a
new ADCC locus on chromosome 3q21.2-q22.3. This
locus was mapped to a 12-cM region bounded by
D3S3674 and D3S3612 (Kramer et al., in press). Hess
et al. (1995) had previously localized a gene for a lens-
specific beaded filament structural protein (BFSP2;
also known as “CP47,” “CP49,” or “phakinin” [MIM
603212]) to chromosome 3q21-q25. Because this lo-
calization overlapped the ADCC critical region in family
ADCC-3 and because expression of BESP2 is restricted
to the lens fiber cells (Ireland and Maisel 1989; Fitzger-
ald and Casselman 1991; Gounari et al. 1993; Hess et
al. 1993), this gene became an excellent candidate gene
for the site of the ADCC mutation in family ADCC-3.

To refine the localization of BFSP2, we used radiation
hybrid mapping on the Genebridge-4 panel. The primers
for this experiment (primers 2521 and 2438; table 1)
were designed from the sequence of the 3' UTR (Hess
et al. 1995). We used the default LOD-score cutoff of
15 for linkage to the framework map. The most-likely
position of BFSP2 indicated by this analysis was on chro-
mosome 3, flanked by D351290 and D3S1615 (data not
shown). This falls within the critical region in family
ADCC-3 (Kramer et al., in press), strengthening the can-
didacy of BFSP2 for the disease gene in this family.

To screen the coding regions of BFSP2 for mutations,
it was first necessary to localize exon-intron boundaries
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so that intronic primers that flank exons could be de-
signed. To accomplish this, partial genomic sequences of
BFSP2 (GenBank accession numbers AF195044 and
AF195849) were compared with the coding sequence
(GenBank accession number U48224). With the excep-
tion of exon 1, primer pairs (table 1) were designed from
noncoding sequences within introns or UTRs. In the case
of exon 1, a reliable sequence from the downstream
intron was unavailable, so we designed a reverse primer
(exon 1/r in table 1) that was complementary to nucle-
otides (nt) 441-460 of the coding sequence (Hess et al.
1996). The product of this PCR included all but the last
49 nucleotides of exon 1. Using the primers listed in
table 1, we amplified and directly sequenced 96% of the
coding sequence from an affected individual and also
from an unaffected sibling in family ADCC-3. All se-
quences were normal, except for exon 3 in the affected
individual, which had a 3-bp deletion of nt 696-698
(GAA) in the coding sequence (data not shown). This
deletion is predicted to cause an in-frame deletion of
glutamic acid residue 233 (AE233) from the polypeptide
encoded by the mutant gene. The presence of this mu-
tation was confirmed by the sequencing of two cloned
exon 3 PCR products from the affected family member
(data not shown).

Allele-specific oligonucleotides (ASOs) specific for mu-
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Table 1
Primers and Conditions Used for Amplification of Exons
Size T
Primer Sequence (nt) (°C) Buffer®
2521 TGGAGAAACTTCCTCTTTTTC

2438 GACTGGAGCTCAGGAGAAAGC 92 65-55 1
Exonl/f CACGGAAGACAGCAGACAAA

Exonl/r GTAGNGCACCCCAGTTTCCC 604 65-50 1
Exon2/f CTCTAGGTGGGTGAGGCAGT

Exon2/r CTAGGGATGTGGAGGGACTG 134 70-55 2
Exon3/f TTTTGGGCTACTCAGTTATGCTA
Exon3/r AGCACAGGCAGACAGATGTG 273
Exon4/f AATTCTATGCCATTTATTTCCC
Exon4/r ACATTGACTAGTTTGCAGCTC 297 65-50 1
Exon5/f CGCTCACACTGAGACCTGAC

Exon5/r ATTAGCACAGGGACACCAGG 202 65-50 1
Exoné6/f TAGAAACGAGGCCTGGAGAA
Exon6/r ATGGGTGCCTATGTGAGAGG 353
Exon7/f CTCACCCATTGCTTCTGAC

Exon7/r AAGCATTATTGGAAGAGGACAA 262 70-55 2

70-55 2

65-50 1

* “Touchdown” PCR was used: the annealing temperature T, was
decreased by 1°Clcycle for the first 10 or 15 cycles, followed by 25
cycles at the final annealing temperature. Initial and final annealing
temperatures are shown.

® 1 = Standard PE Biosystems/Cetus buffer with 1.5 mM Mg**; 2
= Kogan buffer: 16.6 mM ammonium sulfate, 67 mM Tris-Cl- (pH
8.8 at 25°C), 6.7 mM MgCl,, 10 mM pB-mercaptoethanol, 6.7 uM
EDTA, 170 pug BSA per ml, and 10% dimethylsulfoxide (Kogan et al.
1987).

Figure 1

Retroillumination slit-lamp photograph of left lens of a 12-year-old boy, demonstrating spokelike cortical opacities with radially

oriented fine vacuoles. Bilateral cataracts were first noted at age 7 years, at which time the acuity was 20/40 in the left eye and 20/30 in the
right eye. The acuity declined to 20/50 in the right eye; cataract surgery with intraocular lens implantation restored the acuity to 20/25. The

visual acuity in the left eye is now 20/40.
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tant (CP49mut: TGAAAGAACTTGGCTCT) and wild-
type (CP49wt: AAAGAAGAACTTGGCTC) sequences
were labeled with digoxygenin and were used to screen
members of family ADCC-3 and unrelated unaffected
controls, as described elsewhere (Litt et al. 1998). Dot
blots of PCR products from exon 3 of the family mem-
bers were probed with the mutant ASO. All 12 family
members that were tested and were heterozygous for the
disease-bearing chromosome, as determined by linkage
analysis, gave signals with this ASO. None of the 19
family members that were tested and that lacked this
chromosome gave signals. When a duplicate blot was
probed with the wild-type ASO, all family members gave
signals. All 149 unrelated unaffected individuals tested
by this method hybridized only with the wild-type ASO
(data not shown).

Although all 149 unaffected unrelated individuals that
were screened lacked the AE233 alteration, this sample
size is too small to rule out the possibility that the al-
teration could occur in 0.5%-1% of the normal pop-
ulation. We do, however, believe that the AE233 alter-
ation is the causative mutation in ADCC-3, rather than
just a rare polymorphism in strong linkage disequilib-
rium with the causative mutation. The affected gene
product, phakinin, and its assembly partner, filensin, are
both members of the intermediate filament (IF) family
of proteins (Gounari et al. 1993; Hess et al. 1996, 1998).
Both proteins localize to a cytoskeletal element referred
to as the beaded filament (Ireland and Maisel 1984,
1989; Fitzgerald and Gottlieb 1989; Fitzgerald 1990).
The precise function of the beaded filament in the lens
fiber cell is unknown; however, (1) both proteins are
restricted in expression to the lens fiber cell, (2) hom-
ologues to both proteins are found in lenses of at least
five vertebrate orders, and (3) the beaded filament has
been described only in the lens fiber cell (Fitzgerald and
Casselman 1991; Gounari et al. 1993; Hess et al. 1993,
1995). Collectively, this suggests a role that is critical
and unique to lens fiber cell biology.

Phakinin shows most of the secondary structural fea-
tures that are conserved among IF proteins. Among these
is a central rod domain dominated by runs of alpha
helix. These runs of alpha helix exhibit a heptad repeat
pattern in which the 1 and 4 positions of the heptad are
dominated by hydrophobic residues (fig. 2). This pattern
results in a hydrophobic “stripe” along the helix, which
aligns with the corresponding stripe in its assembly part-
ner, resulting in a coiled-coil dimer, the first stage of
intermediate filament assembly (reviewed by Parry and
Steinart 1992). IF proteins are generally tolerant of con-
servative amino-acid mutations in the central rod do-
main. Deletion of residue E233 would result in a phase
shift in the 1,4 periodicity and would perturb an oth-
erwise highly conserved property among IF proteins.
Furthermore, although sequence drift in the central rod
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hphak FKERYENEQP FRKAAEEEIN SLYKVIDEAN LTKMDLESQI ESLKEELGSL
bphak
mphak
cphak
hkl2 -RMK----LA L-QGV-AD-- G-RR-L--LT --RT---M-- ---N---AYM
hkl5 -RLK----LA L-QGV-AD-- G-RR-L--LT =-ART---M-- -G-N---AY-
hkl3 -RLK----LA L-QSV-AD-- G-RR-L--LT -S-T---M-- ---N---AYM
hkl0 -RLK----VA L-QSV-AD-- G-RR-L--LT ---A---M-- ---T---AY-
hkl?7 -RTKF-T--A L-LSV-AD-- G-RR-L--LT -ARA---M-- -N-----AY-
hkl9 -RTKF-T--A L-MSV-AD-- G-RR-L--LT LART---M-- -G-----AY-
hkl4 -RTK--T-LN L-MSV-AD-- G-RR-L--LT -ARA---M-- --——--- AY -

hkl6 -RTN--H-LA L-QTV-AGV- G-CR-L--LT -ART M-M -G-----AY-

hk9 -RIKF-M--N L-QGVDAD G-RQ-L-NLT ME-S---M-Y -T-Q--TMA-
hk20 -RLK--T-RG I-LTV-ADLQ G-N--F-DLT -H-T---1-- -E-NKD-AL-
hk1l8 -RVK--T-L& M-QSV-ND-H G-R--T-DT- I-RLQ--TE- -A-----LFM
hk5 ==NK--D-IN K-TT--N-FV M-K-DV-A-Y MN-VE--AKV DA-MD-TNFM

nk7 --NK--D-IN R-T-—-N-FV V-K-DV-A-Y MS-VE--AKV DA-ND-INF-
hk2 --KK--D-IN K-T---N-FV G-K-DV-A-F MN-VE-QAKV D--TD-VSF-
hk3 =--KK--D-IN K-Y---N-FV T-K-DV-S-Y MN-VE-QAKV DA-ID-IDF-
hk8 --NK--D-IN K-TEM-N-FV LIK-DV---Y MN-VE---RL -G-TD-INF-
hkl YRNK--D-IN K-TN--N-FV TIK-DV-G-Y MT-V--QAKL DN-QQ-IDF-

hdesmin L-AKLQE-IQ LKEE--NNLA AFRADV-A-T -ARI---RR- ---N--IAF-
hvim LR-KLQE-ML Q-EE--NTLQ -FRQDV-N-S$ -ARL---RKV ---Q--IAF
hgfap VRQKLQD-TN L-LE--NNLA AYRQEA-E-T -ARL---RK- ---E--IRF-
hperiph L-Q-L-E-TR K-ED--HNLV LFR*DV*D*T -SRLE--RK- ---MD-IEF-
hnfm L---F-E-AR L-DDT-AAIR A-R-D-E--8 -V-VE-DKKV Q--QD-VAF-

hnfl LQA---E-VL $-ED--GRLM ERR-GA---A -ARAE--KR- D--MD-ISF-

Figure 2 Domain structure of human phakinin (hphak) (zop).
“Coil” domains predicted to mediate assembly of coiled-coil dimers
are noted. Shown below are the amino-acid sequences of residues
188-237 of hphak and of homologous regions from 26 other IF pro-
teins. Residues 1 and 4 of the alpha helical heptad repeats of hphak
are starred. Glutamic acid 233 of hphak is underlined and appears in
boldface type. Residues in the other IF proteins identical to those at
homologous positions of hphak are indicated by dashes. Abbreviations
for other IF proteins are as follows: mphak, murine phakinin; bphak,
bovine phakinin; cphak, chicken phakinin; hk1-hk20, human keratins
type 1-type 20; hvim, human vimentin (type 3); hdesmin, human des-
min (type 3); hperiph, human peripherin; hgfap, human glial fibrillary
acidic protein; hnfl, human neurofilament light chain; and hnfm, hu-
man neurofilament medium chain.

domain of IF proteins is substantial, there are occasional
sites and small motifs where conservation of specific res-
idues is quite strong. Mutations in these highly conserved
sites are the genetic basis for several inherited human
disorders in skin and cornea (Fuchs 1994; Fuchs et al.
1994; Irvine et al. 1997). The deleted residue E233 is
conserved in phakinins from cow, human, mouse, and
chicken. In addition, as shown in figure 2, alignment of
phakinin with 24 other human IF proteins shows only
one exception (a conservative E»D substitution in hk20)
to absolute conservation of this residue, suggesting that
it is critical to IF proteins.

The actual mechanism by which a mutation in BFSP2
gives rise to cataracts is unknown, but it could be clar-
ified by studies of a mouse model. Such a model may
already exist. The murine autosomal-dominant cataract
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mutation Coc maps to a region of mouse chromosome
16 that is syntenic with human chromosome 3q21-q24
(Sidjanin et al. 1997); hence, the murine homologue of
BFSP2 may be the site of the mutation responsible for
Coc. Characterization of the molecular defect in the Coc
mouse, as well as creation of a transgenic mouse model
that expresses the AE233 mutation in the murine ho-
mologue of BFSP2, may elucidate the role of this protein
in maintaining lens transparency.

Mutations that have previously been reported to cause
ADCC are found in genes that encode crystallins (Litt
et al. 1997, 1998; Kannabiran et al. 1998; Heon et al.
1999; Stephan et al. 1999), gap-junction proteins (Shiels
et al. 1998; Mackay et al. 1999), or a homeobox protein
(Semina et al. 1998). The BFSP2 mutation reported here
is the first example of an ADCC mutation in a cytoske-
letal structural protein. As this article was being pre-
pared, we learned that another group had found a non-
conservative R278W mutation in exon 4 of BFSP2
associated with juvenile-onset cataract (Conley et al.

2000).
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