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Congenital cataracts: de novo gene conversion event in CRYBB?
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Purpose: To identify the cause of congenital cataracts in a consanguineous family of Ashkenazi Jewish ancestry.
Methods: We performed genome-wide linkage analysis and whole-exome sequencing for the initial discovery of vari-
ants, and we confirmed the variants using gene-specific primers and Sanger sequencing.

Results: We found significant evidence of linkage to chromosome 22, under an autosomal dominant inheritance model,
with a maximum logarithm of the odds (LOD) score of 3.91 (16.918 to 25.641 Mb). Exome sequencing identified three
nonsynonymous changes in the CRYBB2 exon 5 coding sequence that are consistent with the sequence of the correspond-
ing region of the pseudogene CRYBB2PI. The identification of these changes was complicated by possible mismapping of
some mutated CRYBB?2 sequences to CRYBB2PI. Sequencing with gene-specific primers confirmed that the changes—
152330991, c¢.433 C>T (p.R145W); 152330992, ¢.440A>G (p.Q147R); and rs4049504, c.449C>T (p.T150M)—present
in all ten affected family members are located in CRYBB?2 and are not artifacts of cross-reaction with CRYBB2PI. We
did not find these changes in six unaffected family members, including the unaffected grandfather who contributed the
affected haplotype, nor did we find them in the 100 Ashkenazi Jewish controls.

Conclusions: Our data are consistent with a de novo gene conversion event, transferring 270 base pairs at most from
CRYBB2PI to exon 5 of CRYBB2. This study highlights how linkage mapping can be complicated by de novo muta-
tion events, as well as how sequence-analysis pipeline mapping of short reads from next-generation sequencing can be
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complicated by the existence of pseudogenes or other highly homologous sequences.

Congenital cataracts (OMIM 601547) are opacities of the
crystalline lens that appear in the first year of life and affect
between 1 and 3 in 10,000 births in industrialized countries
[1]. Congenital cataracts can occur as a simple ocular trait or
as part of a multisystem disorder. The most common mode
of inheritance is autosomal dominant, but other modes of
inheritance have been reported [2].

More than 200 loci or genes have been associated with
cataracts (Cat-Map) [3], so far including about 45 different
loci and 38 cataract genes that are involved in nonsyndromic
forms of cataracts [4]. Crystallins are involved in about half
the families with known mutations [2]. Crystallin stability and
order are critical to the transparency of the lens [5]. Mutations
in crystallins that are severe enough to cause aggregation can
lead to congenital cataracts in a highly penetrant Mendelian
manner, while mutations that merely increase susceptibility
to environmental influences can contribute to age-related
cataracts in a multifactorial manner [2]. Other important
categories of cataract genes include connexins, membrane
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proteins, beaded filament proteins, and growth and transcrip-
tion factors [5]. The same mutation, either within a family
[6-9] or in different families [6-12], can result in different
morphologies and severities of the cataracts, while mutations
in completely different genes [13] can cause cataracts that
appear clinically similar [5].

Here, we report the mapping of a congenital cataract
locus in a consanguineous Ashkenazi Jewish family and
demonstrate that the gene CRYBB2 (OMIM 123620) has been
altered in ways that have been predicted to have unfavorable
effects on its protein product, fB2-crystallin. We discuss
a probable transfer of information from the pseudogene
CRYBB2PI (OMIM 123620) to the active gene CRYBB2,
implying that a gene conversion event covering a region of
less than 271 bp has occurred. The transfer of information
from CRYBB2PI to CRYBB2 has implications for the devel-
opment of CRYBB2 mutation screening programs and raises
questions about the rate at which multiple sequence variants
are introduced into the CRYBB?2 gene.

METHODS

Sample collection and clinical examination: We recruited 16
individuals from three generations of family 581 (Figure 1)
for this study after obtaining informed consent according to
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a protocol approved by the Institutional Review Board of the
University of Michigan and in accordance with the tenets of
the Declaration of Helsinki. Participants underwent ocular
examinations at the New York Eye and Ear Infirmary. We
extracted genomic DNA from peripheral blood using the
Gentra Puregene Blood Kit (QIAgen, Valencia, CA). The
Ashkenazi Jewish control DNAs consisted of 90 samples
from Tel Aviv University and 10 samples from the Coriell
Institute (Camden, NJ). As shown in Figure 1, the family
is consanguineous. The family history indicates that V:4
came from a different European country than the rest of
the family, suggesting that V:4 is not closely related to his
wife. Assuming complete penetrance and V:4 being unaf-
fected, simulation via FastSLINK [14,15] indicated that this
family had powers of 88.4% and 88.1% to detect a logarithm
of the odds (LOD) score greater than 3 under dominant and
recessive inheritance models, respectively (based on 10,000
replications).

Linkage analysis: We performed genome-wide linkage
analysis on the 16 family members using single-nucleotide
polymorphism (SNP) data from the Human Omnil-Quad
v1.0 DNA BeadChip (Illumina, San Diego, CA). To obtain
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the most accurate SNP positions and to detect problematic
SNPs, [llumina probe sequences were mapped to the hgl9
genome assembly using Burrows-Wheeler Aligner (BWA)
[16]. This led to the exclusion of 121,108 SNPs due to align-
ment problems including no alignment, multiple alignments,
or the presence of known variants near the 3’ ends of probes;
1,013,406 SNPs remained for analysis after this step. We
used PLINK [17] for quality control of the genotype data.
The sample genotype call rates were >95% for each sample,
indicating no evidence of genotyping issues. We confirmed
sex based on the homozygosity rates of the X chromosome
and we verified familial relationships by plotting estimates
of the genome-wide proportion of SNPs sharing one allele
based on identity by descent (IBD = 1) versus estimates of the
genome-wide proportion of SNPs with no alleles IBD (IBD =
0) for all pairwise comparisons between subjects.

Starting from the set of 1,013,406 SNPs with confidently
mapped probe sequences, we obtained a set of SNPs infor-
mative for linkage by sequentially applying the following
filtering steps: SNPs with any missing genotypes (95,633
SNPs), SNPs with <8 copies of the minor allele in the 16
genotyped subjects (minor allele frequency <25%; 606,442
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Figure 1. Family 581 pedigree. The filled symbols indicate the individuals affected with congenital cataracts; the half-filled symbols
indicate the individuals affected with senile cataracts. The circles indicate females and the squares indicate males. The numbers inside of
the diamonds indicate the number of children in that sibship. The individuals genotyped for this study are marked with an asterisk. For
simulations and analyses, we only considered the genotyped individuals and one untyped founder (individual V:3) who was unavailable for
genotyping. While it is reasonable to presume that the older members of the pedigree have passed away, we do not have clear information
regarding which members of the earlier generations are still alive; therefore, the symbols have not been modified to indicate deceased status.
The consanguinity indicated by these earlier generations has been included in the figure to help indicate where the concept of autosomal
recessive inheritance originated.
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Figure 2. Multipoint logarithm of the odds (LOD) score plots for A: the entire genome and B: chromosome 22 under the autosomal recessive
model with the phenotype of V:4 set to missing. On the genome-wide plot (A), the region corresponding to the maximum LOD score is
marked with a red arrow. The blue triangles on the chromosome 22 plot (B) mark the positions of the crystallin genes. Note that in B, CRYBB2
and CRYBB3 are outside of the genetic inclusion interval. The hatched bar in B marks the p-arm repetitive region that is not represented

among the SNPs in the panel that was screened.

SNPs), and SNPs showing Mendelian inconsistencies iden-
tified using Pedstats [18] (5,470 SNPs) were excluded from
further analyses. These steps resulted in a final set of 305,861
SNPs.

Next, we divided the genome into segments of 250 kb
and selected the first SNP in every segment that was located
at least 200 kb away from the previous adjacent SNP, yielding
a map of 10,223 autosomal SNPs. Because linkage disequi-
librium (LD) may lead to upward biases in multipoint linkage
analysis, the analysis was also performed using a second set of
2,660 autosomal SNPs with intermarker distances of approxi-
mately 1 Mb (minimum distance between adjacent SNPs was
750 kb). We obtained the same conclusions showing that LD

did not impact our results, and we only discuss the results for
the denser 250 kb map.

Prior to linkage analysis, we identified possible
remaining genotyping errors by looking for unlikely double
recombinants using Merlin’s [19] error option, and we
removed 29 (0.02%) and 26 (0.06%) genotypes flagged as
unlikely for the 250 kb and 1 Mb maps, respectively.

We performed a multipoint parametric linkage analysis
using Merlin [19] under both autosomal dominant and auto-
somal recessive models of inheritance, assuming a disease
allele frequency of 0.0001. To assess the robustness of the
results to model parameters, analyses were repeated with
varying penetrance parameters. For these analyses, we
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Figure 3. Multipoint LOD score plots for A: the entire genome and B: chromosome 22 under the autosomal dominant model with the
phenotype of V:4 set to missing. On the genome-wide plot (A), the region corresponding to the maximum LOD score is marked with a red
arrow. The blue triangles on the chromosome 22 plot (B) mark the positions of the crystallin genes. Note that in B, CRYBB2 and CRYBB3
are inside of the genetic inclusion interval. The hatched bar in B marks the p-arm repetitive region that is not represented among the SNPs

in the panel that was screened.

approximated the genetic map by 1 ¢cM to 1 Mb. We also
performed homozygosity mapping to detect possible micro-
deletions. All genomic positions are reported using hgl19/
GRCh37 coordinates.

Whole-exome sequencing: Whole-exome sequencing was
performed at the University of Michigan DNA Sequencing
Core using DNA samples from three affected (VI:12, VII:3,
and VII:10) and three unaffected (VI:11, VII:2, and VII:6)
family members. Sequencing was done with the TruSeq
Exome Enrichment Kit (Illumina) and an Illumina HiSeq
2000 sequencer, using 100x100 paired-end reads. We
performed sequence alignment using BWA [16] and variant
calling using SAMtools/BCFtools [20]. We excluded from
further analysis the variants that were common (minor

allele frequency greater than 5%), and we considered other
nonsynonymous variants in transcripts in Ensembl Release 74
[21] to be of reduced interest based on phylogenetic p values
(PhyloP) [22] and genetic evolutionary rate profiling (GERP)
[23]. For the one variant that passed this filtering, we used
PolyPhen-2 [24] to determine that the SNP was not predicted
to have deleterious effects on the protein. We annotated
variants using ANNOVAR [25] and the UCSC Known Gene
database [26]. We inspected mapped data using the Inte-
grated Genomics Viewer [27,28], and we examined visually
the assembled sequence for regions including CRYBB2 and
CRYBB3 (OMIM 123630).

PCR amplification and Sanger sequencing: We amplified a
753-bp region containing exon 5 of CRYBB2 by polymerase
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Figure 4. Family 581 haplotypes
from SNP chip data (black
lettering) and Sanger sequencing
using gene-specific primers (red
lettering). The affected haplotype is
boxed. The symbol definitions are
the same for Figure 1. The inferred
haplotype is shown for V:3 (not
genotyped). More than 100 markers
were analyzed to generate these
haplotypes. The chromosome 22
positions are reported using hgl19/
GRCh37 coordinates.
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chain reaction (PCR) from DNA collected from 16 family
members and 100 Ashkenazi Jewish controls. The PCR
reaction used Amplitaq Gold (Carlsbad, CA) and primers in
the introns flanking exon 5 (left primer 5-AGT GGT CAT
AGA CAC GTA GTG GGT GCA C-3, previously described
by Santhiya et al. [29], and right primer 5-AGG GTC GAT
GTG CCC AGG AAC TTT-3"). The 3' position in each primer

was complementary to the template strand of the sequence
flanking CRYBBZ2 exon 5, but that 3’ position was not comple-
mentary to the corresponding sequence of CRYBB2PI. We
examined additional SNPs in the fourth intron of CRYBB2
to map the end of the pseudogene-like alleles in a similarly
gene-specific manner using the left primer 5'-TGT GTG
TGC ATG TGT GGG TGT TCA C-3' and the right primer
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CRYBB2
CRYBB2P1

chr22 position 25853352

25625536

CTGTGJC)JG G G T G C
CTGTGJTG G G T G C
25853359
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25625545

GAGTGGUC AJCIG'T A A G
GAGTGGC AJTIG'T A A G
25853368

Figure 5. Alignment of the CRYBB2 and CRYBB2PI1 sequences. The blue boxes highlight three coding sequence changes consistent with the
sequence of the pseudogene that were modestly represented in the exome sequence reads. Nucleotides within the exon 5 coding sequence
appear inside the gray box. The chromosome 22 positions are reported using hgl9/GRCh37 coordinates.

5'-AGG GTC GAT GTG CCC AGG AAC TTT-3". We ampli-
fied CRYBB2PI-specific sequences in all 16 family members
using the left primer 5-CTT GTG TGG GTG TGC GTG TGT
GTG TA-3' and the right primer 5-AGG GTC GAT GTG
CCC AGG AAC TTC-3". We sequenced the PCR products
at the University of Michigan DNA Sequencing Core using
enzyme-directed incorporation of chain-terminating dide-
oxynucleotides (Sanger sequencing) and primer(s) from the
PCR reaction; in the case of the pseudogene, we substituted
the left primer with 5- AGA GTG ATG TGT GGG ACA
TG-3". We analyzed the sequence visually for variations.

Sequence analysis: We aligned DNA sequences of exon 5 of
CRYBB2 (NM_000496.2) and the corresponding region of
CRYBB2PI (NR_033733.1) using BLAST [30]. To evaluate
cross-species conservation, we performed multiple protein
sequence alignments in MacVector (MacVector, Cary, NC)
based on ClustalW version 1.83 using the gonnet similarity
matrix. The BB2-crystallin sequences used were from
Homo sapiens (NP_000487.1), Bos taurus (NP_777232.1),
Macaca mulatta (NP_001116366.1), Canis lupus familiaris
(NP_001041578.1), Oryctolagus cuniculus (NP_001082786.1),
Cavia porcellus (NP_001166542.1), Rattus norvegicus
(NP_037069.1), Mus musculus (NP_031799.1), Gallus
gallus (NP _990506.2), Xenopus (Silurana) tropicalis
(NP_001238879.1), Danio rerio (NP_001018138.1), Sus scrofa
(ENSSSCP00000010625.2), Equus caballus (XP_001500104),
Felis catus (XP_003994803), and Tetraodon nigroviridis
(ENSTNIP00000014410.1).

We produced hydrophobicity plots using ProtScale [31].
We used PROVEAN [32] and PolyPhen-2 [24] to predict the
effects of the SNPs rs2330991, rs2330992, and rs4049504 on
the fB2-crystallin protein.

RESULTS

Ten members of a large consanguineous Ashkenazi Jewish
family were found to be affected with congenital cataracts
(Figure 1). As most cataract extractions were performed

at other institutions before our recruitment of the family,
detailed information about the type of cataract is not avail-
able for anyone other than individual VII:13, whose medical
records state that the cataract was nuclear. Individuals
with congenital cataracts exhibited additional phenotypes,
including microphthalmia in all individuals affected with
congenital cataracts; most of the congenital cataract cases
subsequently developed glaucoma or ocular hypertension
(VIL:3, VII:4, VII:5, VII:8, VII:9, and VII:13). The indi-
viduals VI:11, VII:1, VII:2, VII:6, and VII:11 do not have
congenital cataracts; two of these individuals, VII:1 and
VII:11, exhibited developmental delay. The grandfather V:4
had primary open angle glaucoma and senile cataracts, but
he had neither congenital cataracts nor microphthalmia,
raising questions about whether he might represent a case
of delayed penetrance or reduced expressivity. None of the
other family members were reported as having congenital
cataracts, including grandmother V:3, the siblings of VI:11
and VI:12, and their children.

Evaluating the autosomal recessive model of inheritance:
Given that the father VI:12 and his children are affected
with congenital cataracts despite there being no other family
history, and given that the parents VI:11 and VI:12 are inside
a consanguinity loop, we evaluated an autosomal reces-
sive model of inheritance and found significant evidence
of linkage on chromosome 22 from 16.918 to 22.437 Mb
(LOD = 3.61, Figure 2), and no other regions in the genome
reached significance. Figure 2B shows the genetic inclusion
interval and the locations of the chromosome 22 crystallin
genes (CRYBB3, CRYBB2, CRYBBI, and CRYBA4, as well
as the pseudogene CRYBB2PI) that are all located outside
of the autosomal recessive genetic inclusion interval. Given
that more than 100 genes are located inside that interval,
whole-exome sequencing was a more inexpensive approach
to screening candidate genes than targeted sequencing.

Analysis of paired-end whole-exome sequencing data
identified a small number of nonsynonymous changes in the
three affected individuals that were absent in the controls.
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‘1?’ Figure 6. Sanger sequence traces
from CRYBB?2 exon 5 and the corre-
sponding region of CRYBB2PI.
The representative chromato-
grams for CRYBB2 are shown for
A: VI:12 (affected) and B: VI:11
(unaffected). The section of the
sequence that includes the coding
sequence is highlighted in gray.
All affected family members are
heterozygous for all three nonsyn-
onymous changes. In C, the corre-
sponding region of the pseudogene
in individual VII:13 is shown for
comparison. Chromosome 22
positions are reported using hgl19/
GRCh37 coordinates.

These changes were assigned reduced priority as candidate
genes based on a combination of allele frequencies, cross-
species conservation [22,23], and informatic predictions
of deleterious changes to the protein [24] (Table 1). Other
changes identified were synonymous or were in noncoding
or extragenic sequences.

Evaluating the autosomal dominant model of inheritance:
In the absence of strong candidates in the autosomal reces-
sive genetic inclusion interval, we also considered a model
involving autosomal dominant inheritance with possible
nonpenetrance or reduced expressivity on the part of the

grandfather V:4, who has senile—but not congenital—
cataracts. With the phenotype of the grandfather V:4 set
to missing, we found significant evidence of linkage to a
region of chromosome 22 (16.918 to 25.641 Mb, LOD = 3.61,
Figure 3) that overlaps with the region identified under the
autosomal recessive model. When the phenotype of V:4 was
set to affected, the maximum LOD score was 3.91; if set to
unaffected, all linkage evidence disappeared. Changing the
phenotype did not affect the result for the recessive model.
Sensitivity analyses using varied penetrance parameters
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TABLE 3. FREQUENCIES OF FIFTH INTRON CRYBB2 SNPs IN 100 ASHKENAZI JEWISH POPULATION CONTROLS.

Ashkenazi Jewish

dbSNP*

Minor allele

SNP Minor allele frequency Mil::);::llele MAF Mir:())ll“lzilele MATF source
(MAF)
rs55700037 G 0.330 66 0.218 475 1000 Genomes
15138678957 T 0.005 0.008 17 1000 Genomes
rs4049507 A 0.010 2 N/A N/A N/A
rs116926807 A 0.140 28 0.030 65 1000 Genomes
rs117284842 T 0.140 28 0.030 65 1000 Genomes
*Accessed 8/14/2013

did not result in a substantial qualitative change in the LOD
scores (data not shown).

Haplotype analysis (Figure 4, black lettering) identified
an affected haplotype present on one copy of chromosome 22
in all of the affected individuals. Haplotype analysis supports
an autosomal dominant mode of inheritance. Some affected
individuals in generation VII received one of the maternal
chromosomes from VI:11, while some received the other copy
from her. The fact that V:3 is unaffected, that her ancestors
and siblings are unaffected, and that her children are affected
whether they received her maternal copy of chromosome
22 or her paternal copy all support an autosomal dominant
mode of inheritance of a defect located on a chromosome
that did not originate in the maternal branch of the family.
Tracing transmission of the affected haplotype suggests that
it originated with V:4, the unaffected paternal grandfather,
whose haplotype matches one that is present in all affected
individuals and none of the other unaffected individuals.

Initial discovery of the variants: Figure 3B shows the region
within chromosome 22 that is co-segregating with the disease
phenotype under the autosomal dominant model. A recom-
bination event detected in individual VII:7 between rs133201
and rs10483117 indicates that the congenital cataract locus is
located centromeric to rs133201, and it encompasses a larger
region of chromosome 22 than was encompassed by the
autosomal recessive genetic inclusion interval. This interval
includes the known cataract genes includes the known
cataract genes CRYBB2 [10] and CRYBB3 [33]. Analysis
of the paired-end whole-exome sequencing data identified
no additional attractive candidates (Table 1), including no
nonsynonymous coding variants in CRYBB2 or CRYBB3.

A visual inspection of the sequence data for the CRYBB2
and CRYBB3 regions using the Integrated Genomics Viewer
identified three changes in CRYBB2 represented at a low level
that had not been picked up by the sequence-analysis pipeline.
These sequence variants convert the normal CRYBB2 exon 5

130

140 150 160
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Bos taurus

Macaca mulatta

Canis lupus familiaris

Oryctolagus cuniculus

Cavia porcellus

Rattus norvegicus

Mus musculus

Gallus gallus

Xenopus (Silurana) tropicalis

Danio rerio

m<{<

Sus scrofa

Equus caballus

Felis catus

Tetraodon nigroviridis

Y

Consensus | |D|D[D|[V|P|S|F|H|A|[H|G|Y]|Q
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Figure 7. Multiple sequence alignments of BB2-crystallins. The protein sequences were aligned from the same region of the fB2-crystallins
from 15 different species using MacVector. The numbering across the top is based on the human sequence. The light-blue boxes show 100%
sequence identity in all species, the darker blue boxes show the consensus sequence, and the yellow boxes show mismatches. The amino
acids that are altered in this family are boxed in thick black. Two of the amino acids that were altered in our congenital cataract family are
completely conserved among the species studied, and one is highly conserved.
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TABLE 4. PREDICTION OF THE EFFECT OF EACH OF THE CHANGES ON THE BB2-CRYSTALLIN PROTEIN.

dbSNP rs2330991 rs2330992 rs4049504
Allele C/T A/G C/T
Protein position 145 147 150

Chr position (GRCh37.p5)

Residue change

22:25,625,529
R [Arg] — W [Trp]

Allele change CGG — TGG
PROVEAN score —5.605
PROVEAN prediction deleterious
PolyPhen-2 score 0.999
PolyPhen-2 interpretation probably damaging

RCSB Protein Data Bank ID 1YTQ

coding sequence to look like the corresponding sequence of
the pseudogene CRYBB2PI (Figure 5). When comparing exon
5 of CRYBB?2 and the corresponding region of CRYBB2PI,
we find 98% DNA sequence homology; the variant form of
CRYBB? exon 5 has 100% sequence homology to the corre-
sponding region of the pseudogene.

Upon analysis of the mapped sequence data, we noticed
that the read depths were especially low for this region of
CRYBB? in the affected individuals compared to the read
depths across the same region of CRYBB2PI (Table 2). This
raised the concern that mismapping of sequences between
CRYBB2PI and CRYBB2 might be complicating our efforts
to detect causative mutations.

Validation of the variants: We elected to use gene-specific
PCR amplification of exon 5 followed by Sanger sequencing
to evaluate the hypothesis that the variants were actually

22: 25,625,536
Q [GIn] — R [Arg]

22: 25,625,545
T [Thr] — M [Met]

CAG — CGG ACG — ATG
—1.069 —4.830
neutral deleterious

0.006 0.997
benign probably damaging

present in CRYBB2 exon 5, but the sequence-analysis pipe-
line was mismapping the reads containing the nonsyn-
onymous variants to the pseudogene. All ten affected family
members were found to have three nonsynonymous variants
in the coding sequence of CRYBB2: 1s2330991, c.433 C>T
(p-R145W); 152330992, ¢.440A>G (p.Q147R); and rs4049504,
c.449C>T (p.T150M; Figure 6A,B); these three variants were
unseen in the six unaffected family members. The scoring
of all SNPs from the Sanger sequencing data appears in red
lettering in Figure 4. Sequencing the corresponding region
of the pseudogene with pseudogene-specific primers in all
16 members of the family revealed that all are homozygous
for the CRYBB2P] alleles shown in Figure 5, so both alleles
of CRYBB2PI match the converted region in variant CRYBB2
(Figure 6C). Using gene-specific amplification, we did not
observe any of the three exon 5 CRYBB2 nonsynonymous
changes in the 100 Ashkenazi Jewish controls. These changes

Score

50 100
Position

150 200

T T
Hphob. / Kyte & Doolittle ===+

Score

50 100
Position

150 200

Figure 8. Hydrophobicity plots for A: wild-type and B: mutant fB2-crystallins with all three coding sequence mutations present. Introducing
the three amino acid changes seen in this family increases the hydrophobicity in the boxed region of the protein containing the mutations.
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were neither reported in the 1,092 individuals representing
populations across four continents who were screened in
the 1000 Genomes Project [34] nor in the exomes of the
6,503 individuals sequenced in the National Heart, Lung,
and Blood Institute (NHLBI) Exome Sequencing Project
(Exome Variant Server-EVS). Sanger sequencing of this
region in the population controls also covered the intronic
SNPs rs55700037, rs138678957, rs4049507, rs116926807, and
rs117284842, which are variable in the general population
(Table 3).

Determination of the length of the region altered: To deter-
mine the boundaries of the region of CRYBB2 containing
pseudogene alleles, we used gene-specific primers to PCR-
amplify and sequence the regions flanking exon 5. The three
changes in the coding sequence cover a region of 17 bp. The
next nucleotide that differs between CRYBB2 and CRYBB2PI
in the 5’ direction from the three changes is 246 bp upstream
of rs2330991 at position 25,625,283, where all 16 individuals
are homozygous for the CRYBB?2 allele and do not contain the
CRYBBZ2P]I allele. In the 3’ direction, individual V:4 is homo-
zygous for G at rs55700037 in CRYBB2, 9 bp downstream
from the last CRYBB?2 coding sequence change at rs4049504.

Since the corresponding position in the pseudogene is
reported to be polymorphic (rs4049505), we sequenced the
pseudogene across this region to determine whether this
marker was informative for the end of the region of the
pseudogene alleles. All 16 family members, including the
grandfather, father, mother, and children, were homozygous
for A at rs4049505 in CRYBB2PI. This indicates that the
altered sequence does not extend as far as rs4049505, since all
affected individuals appear to inherit a CRYBB2 G allele from
V:4, who has a G in CRYBB2 but not in CRYBB2PI. Therefore,
the minimum length of the sequence of the gene-converted
region in CRYBB?2 containing the pseudogene-like alleles is
17 bp; the maximum is 270 bp.

Altered protein sequence: The three nonsynonymous
changes in exon 5 alter residues that are highly conserved
across species and reside in a highly conserved region of
BB2-crystallin (Figure 7). At two of the three positions (R145
and T150), the amino acid is completely conserved among 15
species; in our comparison, only one species (the Western
clawed frog, Xenopus [Silurana] tropicalis) differs from the
consensus at position 147.

Hydrophobicity plots show altered hydrophobicity in
the mutant BB2-crystallin protein in the region surrounding
the three nonsynonymous variants when compared to the
normal protein (Figure 8). Predictions of the effects of each
of the changes on the BB2-crystallin protein with PROVEAN
[32] and PolyPhen-2 [24] indicated that changes R145W and

© 2014 Molecular Vision

T150M are deleterious/probably damaging, while Q147R is
predicted to be neutral/benign (Table 4).

DISCUSSION

We performed linkage analysis using an autosomal recessive
model of inheritance suggested by the transmission of the
phenotypes in the family; this identified linkage to chromo-
some 22 (16.918 to 22.437 Mb, LOD = 3.61). Whole-exome
sequence analysis yielded no likely pathogenic variants inside
of the genetic inclusion interval, and the likely candidates—
the crystallin genes—were excluded from the genetic inclu-
sion interval.

Exploration of an autosomal dominant model showed
significant evidence of linkage to chromosome 22 (maximum
LOD = 3.91). Linkage and haplotype analyses place the gene
between 16.918 and 25.641 Mb on chromosome 22, a larger
region that contains the two known cataract genes CRYBB2
[10] and CRYBB3 [33] that were excluded by the autosomal
recessive model. Haplotype analysis confirmed that all the
affected individuals in the large sibship carry a single copy of
chromosome 22 that can be traced to the father with congen-
ital cataracts (VI1:12) and the grandfather with senile cataracts
(V:4; Figure 4), while they do not all share the same copy of
the maternal chromosome from the unaffected mother VI:11.
Thus, the gene responsible for congenital cataracts in this
family is likely inherited in an autosomal dominant manner.
Whole-exome sequence analysis yielded no likely pathogenic
variants inside the genetic inclusion interval for the auto-
somal dominant model, including in CRYBB2 and CRYBBS3.
However, a visual inspection of the mapped sequence data
revealed three variants present at a low level in exon 5 of
CRYBB?2 not identified by the sequence-analysis pipeline.
Using gene-specific primers, we confirmed the three changes
in one copy of exon 5 of CRYBB? in all affected individuals
and showed that those changes are absent from CRYBB2 in
all unaffected individuals, as well as in the population of 100
ethnically matched controls.

Our results are consistent with the hypothesis that a de
novo gene conversion event, either in the germline of V:4 or
at an early embryonic stage in VI:12, transferred a region
of less than 271 bp from CRYBB2PI to exon 5 of CRYBB2;
this transfer happened between individuals V:4 and VI:12.
The maximum LOD score (3.91) was obtained when grand-
father V:4 was scored as affected, even though he lacks the
causative congenital cataract genotype or phenotype. Rela-
tionship testing, which used the whole genome SNP panel
but did not include the gene-converted alleles, indicates that
individual V:4 is related as purported, and V:4 provided the
affected haplotype. However, the gene-specific sequence
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data show that V:4 lacks the three sequence changes found
in his affected son and grandchildren, resolving the apparent
discrepancy between his affected haplotype and his unaf-
fected phenotype. This type of de novo event is an expected
occasional complication in linkage studies, as we have seen
previously [35].

These CRYBB?2 variants were initially detected by a
visual inspection of mapped exome sequencing information
and were apparently missed by the sequence-analysis pipe-
line because CRYBB?2 variants were mapped to CRYBB2P].
This mismapping appears to be occurring despite the use of
paired-end sequencing, and it likely occurred because the
short sequence reads in this region of the CRYBB2 variants
shared a greater homology with the CRYBB2PI sequence. The
presence of more than 11,000 pseudogenes sharing homology
with more than 3,000 parent genes present in the GENCODE
version 7 data set [36] suggests that mismapping of next-
generation sequencing might be a widespread problem, even
when paired-end sequencing is used. This type of mismap-
ping is reflected in the Short Genetic Variations (dbSNP)
database, where as many as 8.32% of biallelic coding SNPs
are thought to be artifacts generated by sequence variations
between two homologous genes rather than by actual inter-
individual differences [37]. Other researchers have reported
non-uniform coverage of whole-exome sequencing causing
them to initially miss a potentially causative mutation that
was later confirmed by Sanger sequencing [38]. Our study
underscores the potential for these types of problems with
next-generation sequencing when a highly homologous gene
or pseudogene is present.

The gene conversion event and the sequence mismapping
both arise from the existence of a highly homologous pseu-
dogene CRYBBZ2PI near CRYBB2. Gene conversion is known
to occur where there is a high sequence homology, usually
greater than 95%, and it is more common when the inter-
acting sequences are closely linked [39]. In exon 5, CRYBB?2
shares 98% DNA sequence homology with the corresponding
region of CRYBB2PI and is located just 228 kb downstream,
making gene conversion a likely mechanism for introducing
these changes. While the region transferred is too small (at
most, 270 bp) to be expected in a double-recombination event,
intervals this small have been reported in gene conversion
before [9]. Other independent gene conversion events between
CRYBB2 and CRYBB2PI have been proposed in CRYBB2
exon 6 in Chilean [11], Chinese [12], and Indian [9] families
with congenital cataracts. In exon 5, the same three changes
that we report here were reported in a Danish family [40],
but the results were subsequently reported to have resulted
from nonspecific amplification of the pseudogene [41,42].

© 2014 Molecular Vision

Repeated observations of gene conversion events between
CRYBB?2 and CRYBB2PI suggest that the highly homologous
sequences are susceptible to gene conversion events; the fact
that such regions are also susceptible to cross-reaction in
some genotyping systems has implications for the design of
mutation screening programs in cataract patients.

The sequence changes identified in CRYBB? alter amino
acids in a highly conserved region of a known congenital
cataract gene product, are predicted to alter hydrophobicity
in the region of the crystallin protein encoded by exon 5 and
are the likely cause of congenital cataracts in this family. In
a gene conversion event that transfers more than one varia-
tion, the process of determining what is or is not causative
becomes complex. Future functional assays will be required
to determine whether one or more of these CRYBB?2 variants
can cause disease when occurring alone or whether only a
combination of these alleles will cause disease.
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