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Figure 2. A novel R12C mutation of
CRYAA. Sequencing results showed a
substitution of C to T in CRYAA (c.
34C>T), which led to a R12C amino
acid change. In the upper panel, the wild
type (WT) CRYAA DNA segment
(starting from the coding position 28)
and its coding amino acid sequence are
listed on the left, and the sequencing
image is shown on the right. The mutant
DNA and polypeptide sequences and
the sequencing image were shown in the
lower panel. The mutation is indicated
in italic. The sequence change in image
is indicated by arrows.

MgClz, 0.5% Triton X-100 (Tx; Sigma), protease inhibitor
cocktail (Roche), and 1 mM phenylmethylsulfonyl fluoride
for 2 min on ice. After centrifugation, the supernatant-
containing Tx-soluble protein was collected and denatured in
a sodium dodecyl sulfate (SDS) sample buffer containing
50 mM DTT. The pellet containing the Tx-insoluble protein
was washed twice with ice-cold PBS, sonicated, and
denatured in the SDS sample buffer containing 9 M urea. Tx-
soluble and -insoluble proteins equivalent to 7.5x10* cells
were resolved by 15% SDS-—polyacrylamide gel
electrophoresis (PAGE) and by western blotting with mouse
monoclonal antibodies against CRYAA (Abcam, Cambridge,
UK), glyceraldehydes 3-phosphate dehydrogenase (GAPDH,;
Abcam), and B-actin (Sigma) and with rabbit polyclonal
antibodies against myc (Santa Cruz, Santa Cruz, CA), His
(Abcam), and appropriate horseradish peroxidase-conjugated
Ig secondary antibodies (Jackson ImmunoResearch, West
Grove, GA). The signals were detected by enhanced
chemiluminescence (ECL; Amersham, Piscataway, NJ), and
specific bands were quantified by Quantity One Image
Analysis software (Bio-Rad, Hercules, CA). CRYAA
expression was normalized with GAPDH (for Tx-soluble
protein) or p-actin (for Tx-insoluble protein). Three
independent experiments were performed, and paired
Student’s #-test was used to determine the statistical
significance of the data.

Immunofluorescence:  Cells were fixed with 2%
paraformaldehyde (Sigma) in PBS (0.1 M, pH 7.4),
permeabilized, and processed for immunofluorescence [24].
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The sample was detected with mouse monoclonal anti-
CRYAA antibody followed by rhodamine Red-X goat anti-
mouse IgG secondary antibody (Invitrogen). After nuclear
staining by 4'-6-diamidino-2-phenylindole (DAPI; Sigma),
samples were examined with fluorescence microscopy
(DMRB; Leica, Wetzlar, Germany) equipped with Spot RT
color system (Diagnostic Instruments, Sterling Heights, MI).
Heat-shock analysis: COS-7 cells expressing wild type or
R12C CRYAA were heat-shocked at 42 °C for 20 min and
then returned to 37 °C for different time intervals (0, 20, 40,
60, 120, 240, and 480 min). Total RN A was extracted with the
RNeasy kit (Qiagen), quantified, and reverse-transcribed with
a random primer (Roche) and SuperScript™ III reverse
transcriptase (Invitrogen). Real-time PCR was performed
with SYBR Green/fluorescein PCR mix (Bio-Rad) and
specific primers of HSP70, HSP90oa, and GAPDH
(Invitrogen; Table 3) using the ABI PRISM 7000 sequence
detection system. Three independent experiments were
performed.

Computational analysis: Properties of the wild type and R12C
mutant protein were analyzed by some software provided in
the Expasy proteomics server. The isoelectric point (pI) and
molecular weight (MW) were calculated by Compute pl/
MW. The hydrophobicity change was predicted by
ProtScale. The effect of the mutation was assessed by
PolyPhen.
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RESULTS

Clinical features of family subjects: The pedigree exhibited
an autosomal dominant pattern of transmission of infantile
cataract (Figure 1 A). Within the family, different phenotypes
of lens opacity were observed in affected individuals between
the two eyes of a subject. The proband (II15) was diagnosed
with bilateral lamellar cataract at one year of age. The lamellar
opacity was located in the fetal nucleus with a more dense
center, and the peripheral lens was clear. During his last visit
at the age of nine, his horizontal corneal diameters were 9.5
and 10 mm in the left and right eyes, respectively (Table 4).
His father (II3) had different types of opacities between his
eyes, which were first documented at 45 years of age, though
he admitted to having eye problems in his younger age. The
right lens had a lamellar type of opacification in the fetal
nucleus whereas a dense nuclear cataract with a sharp margin
was restricted in the left embryonic nucleus without affecting
the fetal nucleus (Figure 1C). In his recent follow-up at the
age of 53, the cataract showed no progression when compared
to previous examinations, and the horizontal corneal
diameters were 9.5 mm in both eyes (Table 4). Both 113 and
[II5 exhibited nystagmus, which might be related to the visual
impairment during the early childhood [10]. The sister (II5)
of II3 was first diagnosed with bilateral dot-like cataract in the
cortical region at the age of 44 (Figure 1D). After eight years,
the dotted opacity showed no progression, and the horizontal
corneal diameter was approximately in the normal range
(10.5 mm; Table 4). Another sister (I19) was identified to have
variable cataract in both eyes at the age of 38. Dot-like opacity
was present in the cortical region of one eye, and the lamellar
type opacity was found in the other. The cataract had no
obvious progression during the follow-up period. The
horizontal corneal diameter was 10 mm when measured at age
46 years (Table 4). As a whole, no progression of lens opacity
was noted in this family during their follow-up visits in the
past eight years, and all eye examinations were performed by
the same senior ophthalmologist in our eye center. Subject 11
was diagnosed to have age-related cataract with nuclear
sclerosis on his first visit at 71 years of age. Since the lenses
lost transparency, it was hard to determine whether lens
opacification existed before or after nuclear sclerosis and the
type of opacities. His horizontal corneal diameters were
measured as 10 mm in both eyes at 79 years of age. All five
affected members showed a microcornea phenotype with the
horizontal corneal diameter (ranging from 9.5 mm to
10.5 mm) smaller than the defined 11 mm. Subjects 119 and
III5 had microphthalmia. The antero-posterior length of the
globe was less than 20 mm. All cataract subjects were phakic
with mild to mediate vision impairment. Refractive errors
included myopia, hyperopia, and astigmatism. The intraocular
pressure of each subject was within normal range. They did
not have other ocular abnormalities or systemic diseases.
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Cataract-causing mutation. Linkage analysis with SNPs and
microsatellite markers was performed. Twelve of fifteen
candidate cataract-causing genes were excluded. Three genes,
namely CRYAA (D21S1890; LOD score 1.81), CRYBAI
(D17S1873; LOD score 0), and MAF (D16S3040; LOD score
0), could not be screened because the selected markers were
not sufficiently informative and were not directly sequenced.
One heterozygous C>T transition at the 34th coding position
(c.34C>T) in exon 1 of CRYAA (NM_000394) was identified
(Figure 2). It caused a substitution of arginine with cysteine
at the 12th amino acid position (R12C) and segregated with
cataract in the family. Neither the unaffected members nor the
130 control subjects carried this base change. No sequence
change was identified in CRYBA1 or MAF.

Protein  feature of the RI2C oaA-crystallin mutation:
Recombinant myc/His-tagged wild type or R12C CRYAA
was transiently expressed in COS-7 cells. In cell lysate
extracted by radioimmunoprecipitation assay buffer, both the
wild type and R12C CRYAA-myc-His fusion proteins
migrated in a single band at approximately 25 kDa when
examined by western blotting with monoclonal anti-CRYAA
antibody or polyclonal anti-myc or anti-His antibody (Figure
3A). When transfected cells were extracted with 0.5% Tx and
subsequently fractionated to obtain Tx-soluble and -insoluble
proteins, the majority of R12C CRY AA was detectable in Tx-
soluble fractions, similar to that of the wild type (Figure 3B).
Only a trace of mutant protein was observable in Tx-insoluble
fractions. After being normalized with GAPDH (for Tx-
soluble proteins) or B-actin (for Tx-insoluble proteins), band
densitometry revealed that the expression amount in either
Tx-soluble or insoluble fractions had no significant difference
between wild type and R12C CRYAA (p>0.05, Student’s #-
test; Figure 3B). The results were consistent in triplicate
experiments.

Cytoplasmic distribution of wild type and the RI2C aA-
crystallin mutant: Immunofluorescence revealed that both
wild type (Figure 3C,D) and R12C CRYAA (Figure 3E,F)
were located mainly in the cytoplasm. Some transfected cells
also showed minor nuclear staining of CRYAA, which might
be due to the overexpression of the protein.

Heat-shock responses: COS-7 cells expressing wild type or
R12C CRYAA were incubated at 42 °C for 20 min and then
at 37 °C for different time intervals. Steady-state RNA
expression of HSP70 and HSP90o was investigated by
quantitative PCR (qPCR). Each reaction was done in
quadruplicate, and the mean signal reading was normalized
with that of GAPDH. Data from different time points were
compared to the non-heat-treated control. We detected a time-
dependent change of the HSP70 expression (Figure 4). For
cells expressing wild type CRYAA, the HSP70 RNA level
began to increase shortly after cells were returned to 37 °C
and reached a peak level after 40 min. The level was about 25
fold higher than the non-heat-treated control and about 12 fold
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Figure 3. R12C CRYAA protein
features. A: Western blot analysis is
shown of total CRYAA expression in
transfected COS-7 cells lysed with
RIPA. The total amount of mutant R12C
CRYAA expressed in COS-7 cells was
similar to that of wild type (WT). “-”
represents the CRYAA amount in cells
transfected with vector only. The
expression of housekeeping GAPDH
and B-actin is shown as reference. Band
densitometry verified that there was no
significant difference between WT and
RI12C mutant amounts after being
corrected by GAPDH expression. In
band densitometry, bars represent SD.
B: Detergent solubility of WT and R12C
mutant is analyzed. The amount of
R12C in Tx-soluble fractions was
similar to that of WT. Only a trace of
R12C mutant was detected in Tx-
insoluble fractions. However, there was
no significant difference between WT
and RI12C mutant amounts after
normalization by the housekeeping
protein  expression. C-F:  The
subcellular distribution of WT and
R12C CRYAA in COS-7 cells is
analyzed as well. The transient
expression of recombinant myc/His-
tagged WT and R12C in COS-7 cells
was detected by anti-CRYAA (C and
E) and anti-myc antibodies (D and F),
respectively. Both the WT (C,D) and
mutant proteins (E,F) were
predominantly  localized in the
cytoplasm. The red fluorescence
indicates the expression of CRYAA,
which was overlaid with DAPI-stained
nucleus in blue color. Scale bar: 50 um.
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higher than samples from cells transfected with the vector
only. It was then reduced and maintained at a low level, close
to that of the 0 min time. This pattern of changing HSP70 RNA
levels was shifted in cells expressing R12C CRYAA. A
biphasic change was observed. The HSP70 RNA level
increased shortly after cells were returned to 37 °C incubation.
The level was about 12 fold higher than that of the untreated
control and about 6 fold higher than samples from cells
transfected with vector only. The RNA level dropped to
approximately 60% of the peak level followed by a second
increase to a level about 40 fold more than that of the control
and reached a peak at 120 min. It was then reduced and
remained low for 480 min. Similar results were obtained in
three independent experiments and when qPCR was
performed using another pair of HSP70 specific primers. For
HSP90a, steady-state RNA levels remained constant in cells
expressing either wild type or R12C CRYAA for all time
points after heat stress (Figure 4).

Computational analysis: The theoretical pl of R12C CRYAA
was slightly reduced to 5.6 compared to wild type CRYAA pl
of 5.77. The MW of the mutant was reduced to 19,856 Da
from the MW of wild type CRYAA of 19,909 Da. The R12C
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Figure 4. Time-dependent expression of HSP70 and HSP90o. A:
Time-dependent expression of HSP70 is shown of cells expressing
WT or R12C CRY AA and cells transfected with vector only. In WT
CRYAA expressing cells, the HSP70 expression reached to a peak
level 40 min after heat shock while in R12C expressing cells, HSP70
expression showed a biphasic curve and reached the highest level at
120 min. B: The HSP90o. expression remained constant among all
time points in cells expressing either WT or R12C CRYAA and in
cells transfected with vector only.
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mutation caused no evident structural change to the protein by
PolyPhen analysis. However, the ProtScale prediction
illustrated an increase of local hydrophobicity around the
substitution site (Figure 5).

DISCUSSION
In this study, we first reported a heterozygous mutation c.
34C>T in exon 1 of CRYAA in a Chinese family affected with
non-progressive variable inherited cataract and microcornea.
This led to an amino acid substitution, R12C, close to the
NH»-terminus of CRYAA.

Congenital cataract-microcornea (CCMC; OMIM
116150) syndrome is characterized by lens opacity and a
corneal diameter smaller than 11 mm [20,21]. It can be
associated with other ocular manifestations including myopia,
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Figure 5. Altered hydrophobicity of R12C CRYAA protein. A: The
hydrophobicity of WT CRYAA was predicted using the ProtScale
program on the Expasy proteomics server. B: Compared to WT,
R12C dramatically enhances the local hydrophobicity, which is
indicated by the rectangle.
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iris coloboma, nystagmus, and microphthalmia [10,25]. One
reported family with an autosomal recessive mode of
inheritance had a mutation in CRYAA (R54C) [26]. Other
CCMC (OMIM 116150) families inherited the disease in an
autosomal dominant pattern [9-19]. Thirteen mutations in six
genes have been identified to cause autosomal dominant
CCMC (OMIM 116150). They include missense R12C,
R21W, R116H, and R116C mutations of CRYAA [10-13]; a
translational read-through mutation X253R of CRYBBI [14];
a premature truncation mutation, Y134X, of CRYGD [10];
V44E, P189L, and R198Q in GJAS [9,10]; R288P, K297R,
and R299 in MAF [15-17]; and Q215X in SCL16A412 [18].
Interfamilial, intrafamilial, and interocular variations of
cataract phenotype could be caused by CRYAA mutations. For
example, the R116C mutation in CRYAA led to fan-shaped
cataracts in one family [12] and zonular central nuclear lens
opacities in another family [13]. The affected members from
a family carrying the R116H mutation of CRYAA exhibited
variable lens phenotypes [11].

In this family, all cataract subjects had different severities
of microcornea, some of them with microphthalmia. Although
all affected subjects carried the R12C mutation, variable
opacities among individuals and between eyes were presented
within the family. The size and location of lens opacities had
no obvious progression during the eight-year follow-up. The
clinical features were compatible with the diagnosis of non-
progressive cataract-microcornea with clinical variability.
This phenotype was different from the Danish family
described by Hansen’s [10] group with an affected individual
carrying the R12C mutation showing posterior polar opacity
progressing to dense nuclear and laminar cataract. The
proband’s corneal diameter was 9.5 mm. Both the cataract
progression and opacity morphology of this individual were
different from our non-progressive cataract.

A total of nine CRYAA mutations have been reported to
cause inherited cataract. Among them, R12C [10], R21W
[10], R54C [26], R116C [12,13], and R116H [10,11] have
been associated with cataract-microcornea syndrome. They
are located in the highly conserved arginine residues in two
major functional domains of the aA-crystallin, the crystallin
domain near the NH»-terminus and the heat-shock domain
near the COOH-terminus. The COOH-terminal domain was
important for substrate-binding ability and chaperoning
activity [27]. The NHo-terminus was reported to assist protein
oligomerization, stability, and substrate binding [28]. It is
reasonable to assume that changes in the NH>-terminus that
disturb subunit binding would greatly affect the general
functioning of the protein including reduced chaperoning
activity. The substitution strongly underscores the importance
of the bulky polar amino acid, arginine, in the conformation
of the CRYAA protein and oligomeric assembly. Loss of
arginine would cause a loss of positive charge and lead to a
change of intra- or interpeptide bonding and folding.
Functional studies have shown that loss of arginine
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destabilizes CRY AA, reducing its interactions with substrate
proteins and chaperoning activity [29]. The phenotype of
cataract is presumed to be caused by the reduced CRYAA
molecular chaperoning ability on other lens proteins [30]. The
associated microcornea might be due to the inductive effects
from the abnormally formed lens on the cornea during
embryogenesis [13]. There are other mutations in CRYAA
reported to cause a cataract phenotype without microcornea.
R21L [31], R49C [32], and G98R [33] were associated with
the autosomal dominant form while W9X [34] was associated
with the autosomal recessive mode. This divergence of
CRYAA mutations causing cataract-microcornea syndrome or
cataract alone could have different explanations. It is probable
that some lens changes may affect cornea development while
others do not. Moreover, the corneal size changes might not
be obvious in some cases and thus are neglected in routine
examinations.

To demonstrate the effect of R12C substitution on
CRYAA chaperoning activity, we used a cell heat stress
model. Myc-tagged recombinant CRYAA was expressed in
COS-7 cells, which were subjected to heat stress. The heat-
shock response was monitored by the expression of heat-
shock proteins. We demonstrated that HSP70 expression was
different in cells expressing R12C CRYAA whan compared
to wild type CRYAA. Stress-inducible HSP70 is one
chaperone molecule that cooperates with multiple other
chaperones [35] to assist in folding and to reduce aggregation
of client proteins [36,37] and permanently disposes misfolded
proteins via the lysosomal [38] or ubiquitin-proteasome
pathway [39]. It was noted that Hsp70 was strongly and
specifically expressed in the embryonic lens of zebrafish for
a short period of time and that it was required for normal lens
formation [40,41]. Similar expression was also detected in
embryonic chicken and human lens [42-44]. In zebrafish, the
inhibition of Hsp70 expression may lead to small eye
phenotype, characterized by underdeveloped lens [45]. In our
study, R12C CRYAA expressing cells exhibited an altered
HSP70 expression when compared with cells expressing wild
type CRYAA. The result suggested that the R12C mutation
causes CCMC in our Chinese family possibly through
delaying or decreasing HSP70 expression during lens
development.

Protein analysis by ProtScale clearly showed an increase
of local hydrophobicity around the Arg-Cys substitution site
in CRYAA (Figure 5). As exhibited in other lens proteins,
hydrophobicity is associated with crystallin activities.
Increased hydrophobic interaction could reduce solubility of
CRYBB?2 [46]. Normal folding of CRYGD was maintained
by the hydrophobic interface [47,48]. For CRYAA,
hydrophobicity was involved in protein oligomerization and
chaperoning activity [49,50]. Hence, the predicted shift of
hydrophobicity due to the R12C change might alter the local
protein structure and contact interfaces, which subsequently
results in changes of protein function. Using PolyPhen
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analysis to predict the effect of amino acid change on protein
structure and function, R12C CRYAA did not cause major
structural changes when compared to the wild type.
Additionally, a slight reduction of theoretical isoelectric point
from 5.77 to 5.60 and of molecular weight from 19,909 to
19,856 Da was noted. Their effect on the CRYAA structure
has to be further investigated.

In conclusion, the ¢.34C>T mutation in CRYAA that leads
to the R12C substitution segregated with stable inherited
cataract in a Chinese family. It was associated with
microcornea and microphthalmia. Expression of R12C
CRYAA with altered chaperoning capability modified the
heat-shock response of affected cells. Such an altered
CRYAA property may be related to the development of
CCMC (OMIM 116150).
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