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ABSTRACT: Mice with deletion of genes for small heat
shock proteins αA- and αB-crystallin (αA/αB−/−) develop
cataracts. We used proteomic analysis to identify lens proteins
that change in abundance after deletion of these α-crystallin
genes. Wild-type (WT) and αA/αB−/− knockout (DKO) mice
were compared using two-dimensional difference gel electro-
phoresis and mass spectrometric analysis, and protein
identifications were validated by Mascot proteomic software.
The abundance of histones H2A, H4, and H2B fragment, and
a low molecular weight β1-catenin increased 2−3-fold in
postnatal day 2 lenses of DKO lenses compared with WT
lenses. Additional major increases were observed in abundance of βB2-crystallin and vimentin in 30-day-old lenses of DKO
animals compared with WT animals. Lenses of DKO mice were comprised of nine protein spots containing βB2-crystallin at 10−
40-fold higher abundance and three protein spots containing vimentin at ≥2-fold higher abundance than in WT lenses. Gel
permeation chromatography identified a unique 328 kDa protein in DKO lenses, containing β-crystallin, demonstrating
aggregation of β-crystallin in the absence of α-crystallins. Together, these changes provide biochemical evidence for possible
functions of specific cell adhesion proteins, cytoskeletal proteins, and crystallins in lens opacities caused by the absence of the
major chaperones, αA- and αB-crystallins.

The mammalian lens expresses high levels of α-, β-, and γ-
crystallins to maintain a smooth refractive index (RI)

gradient, which is essential for lens transparency.1 Expression of
crystallins begins at an early developmental age.2 They are
synthesized throughout life but do not turnover and are
distributed at high levels in terminally differentiated lens fiber
cells.3 α-Crystallins, which constitute approximately 50% of the
human lens at birth, play an important role in lens transparency
by binding to partially denatured proteins and preventing their
denaturation during the normal course of lens aging.4 The α-
crystallins are molecular chaperones of the small heat shock
protein family and prevent the nonspecific aggregation of
denaturing proteins.5 They are also phosphoproteins with
autokinase activity.6 Mice with targeted gene deletion of one or
both of the α-crystallin genes have been generated to elucidate
the in vivo function of these proteins.7,8 This knockout results
in mice with opacities (cataracts), a smaller lens, and lens
epithelial cells exhibiting increased cell death.7,9,10 Targeted
knockout of αB-crystallin in mice does not result in cataracts
but causes an increased tendency of lens epithelial cells to
hyperproliferate in culture.8,11,12 Deletion of both αA- and αB-
crystallin genes in double knockout (DKO) mice results in
animals that develop cataracts at birth and exhibit increased
expression of caspases in the lens, resulting in enhanced

apoptosis and smaller lenses.13 Lens epithelial cells derived
from DKO mice have slower cell cycle kinetics,14 and the
microtubule-associated protein tau is upregulated in lens fiber
cells.15

Whether loss of α-crystallin chaperone activity in the lens
causes a change in the abundance of other proteins has not
been investigated. Although the chaperone activity of the α-
crystallins is critical for maintaining lens transparency,
information about the in vivo substrates of these chaperones
is limited. The α-crystallins are lens cytoplasmic proteins, but
they also associate with lens membranes, where they regulate
cell signaling.16 In addition, α-crystallins are important for
maintaining tubulin in a folded conformation which is
necessary for its assembly into microtubules.17 These changes
are thought to be caused in part by tubulin protein
denaturation and suggest that tubulin is an important target
of the chaperone function of α-crystallins.12,17 αB-Crystallin
associates with other cytoskeletal proteins such as vimentin and
actin and prevents inappropriate aggregation of the cytoskeletal
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polymers.18,19 Both α-crystallins also bind to destabilized βB1-
crystallin.20

Although many cellular functions have been linked with α-
crystallins, a detailed analysis of alterations in protein
abundance in lenses of DKO mice has not been performed.
Analysis of proteins that are up- or downregulated in these
lenses has the potential to identify in vivo substrates for the
chaperone activity of the α-crystallins. This analysis may also
provide greater insight into the mechanism of cataract

formation in the absence of α-crystallins in the lens. Because
α-crystallins decrease with age in human lenses and aggregate
to form high molecular weight, water-insoluble species with
aging and cataract, such an understanding may help in the
development of effective strategies for both treatment and
prevention of cataracts.
In the present study, we analyzed the abundance of proteins

in DKO mice lenses by proteomics, mass spectrometry,
immunoblotting, and gel permeation chromatography (GPC).

Figure 1. The 2D-DIGE analysis of proteomic changes in whole lenses of 2-day-old mice induced by αA- and αB-crystallin gene deletions. (A) A 2D
gel of lens proteins labeled with cyanine dyes derived from WT1 proteins labeled with Cy3, WT2 proteins labeled with Cy5, and DKO1 proteins
labeled with Cy2. (B) Protein spots that were picked for analysis from the gel shown in (A). (C) A 2D gel of lens proteins labeled with cyanine dyes
derived from WT3 proteins labeled with Cy2, WT4 proteins labeled with Cy3, and DKO2 proteins labeled with Cy5. (D) Protein spots that were
picked for analysis from the gel shown in (C). Proteins were identified by tandem mass spectrometry and Mascot searches of spots that were
differentially expressed. Quantitative image analysis and mass spectrometry data for identified proteins from this gel are listed in Table 1.

Figure 2. Quantitative analysis of changes in abundance of postnatal 2-day-old lens protein spots in WT and DKO lenses by mass spectrometry. The
3D data sets for representative proteins in two WT (WT1 and WT2) and one DKO (DKO1) sample are shown. DKO1 proteins were labeled with
Cy2, WT1 proteins with Cy3, and WT2 proteins with Cy5 dyes. Fold changes between each sample are indicated on the right. See Table 1 for the
identity of proteins present in each protein spot.
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Table 1. Mascot Search Results for Mouse Lens Proteins of WT (WT1, WT2, WT3, WT4) and DKO (DKO1 and DKO2) 2-
Day-Old Lensesa

fold change

spot
no. protein ID

accession no.
UNIPROT

no. of assigned
spectra

MW
(kDa)

WT1 vs
WT2

WT1 vs
DKO1

WT2 vs
DKO1

2744 titin A2ASS6 2 3906 1.02 −3.12 −3.21
2844 EH domain-containing protein 1 Q9WVK 14 61 1.03 −3.41 −3.54

T-complex protein 1 subunit zeta P80317 11 58
bifunctional coenzyme A synthetase Q9DBL7 2 62

3027 βB1-crystallin Q9WVJ5 3 28 −1.18 4.92 5.77
3037 glucose-6-phosphate isomerase P06745 5 63 −1.00 −4.2 −4.23

ATP synthase subunit alpha, mitochondrial Q03265 4 60
retinal dehydrogenase 1 P24549 4 54
T-complex protein 1 subunit delta Q3UJZ8 2 58
polypyrimidine tract-binding protein 2 Q91Z31 2 57

3194 putative uncharacterized protein Q8C8Y8 3 38 −1.12 2.45 2.72
dynein, axonemal, heavy chain 9 B1AR51 2 512

3669 cryaa protein Q569M7 12 20 −1.12 −5.97 −5.37
serine/threonine-protein kinase MRCK beta Q7TT50 2 195

3853 cryaa protein Q569M7 17 20 −1.00 −68.37 −68.7
uncharacterized protein D3Z0E6 5 27

4946 cryaa protein Q569M7 10 20 1.07 −2.86 −3.08
βB1-crystallin Q9WVJ5 4 28
ubiquitin-40S ribosomal protein S P62983 4 18

5251 βB2 P62696 17 23 1.06 −8.58 −9.19
cryaa Q569M7 13 20
βA3/A1 Q9QXC6 10 25
glutathione-S-transferase μ7 Q80W21 6 26
βA2-crystallin Q9JJV1 5 22
glutathione-S-transferase μ5 P48774 4 27
glutathione-S-transferase P1 P19157 2 24

5258 cryaa Q569M7 22 20 1.05 −38.66 −40.87
βA3/A1-crystallin Q9QXC6 7 25
MCG140784 Q792Z1 2 26

5382 αB-crystallin P23927 32 20 1.32 −13.32 −17.7
γS-crystallin O35486 10 21
cryaa Q569M7 7 20
γE-crystallin Q03740 6 21
βA2-crystallin Q9JJV1 4 22

5619 cryaa Q569M7 6 20 1.15 −4.39 −5.06
βA3/A1-crystallin Q9QXC6 5 25
γE-crystallin Q03740 3 21
βA2-crystallin Q9JJV1 2 22
gamma-crystallin B P04344 2 21

5626 cryaa Q569M7 11 20 1.12 −107.71 −121.84
calcium-regulated heat stable protein Q9CR86 4 16
βA2-crystallin Q9JJV1 4 22
βA3/A1-crystallin Q9QXC6 4 25

5695 cryaa Q569M7 9 20 1.03 −82.51 −85.33
γE-crystallin Q03740 3 21

5783 cryaa Q569M7 10 20 −1.08 −13.33 −12.4
βA3/A1-crystallin Q9QXC6 6 25
MCG140784 Q792Z1 2 26
γE-crystallin Q03740 2 22
βA2-crystallin Q9JJV1 2 21

6098 cryaa Q569M7 8 20 1.02 −2.8 −2.88
catenin β1 Q02248 6 85
testis-specific gene 10 protein Q6NY15 5 81
MCG124046 Q9Z1R9 3 26
alpha-2-macroglobulin Q61838 3 166
glutamate dehydrogenase 1 P26443 3 61
mitochondrial, uncharacterized protein D3YXG3 3 14
alpha-1-antitrypsin 1-4 Q00897 2 46
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Table 1. continued

fold change

spot
no. protein ID

accession no.
UNIPROT

no. of assigned
spectra

MW
(kDa)

WT1 vs
WT2

WT1 vs
DKO1

WT2 vs
DKO1

metal-response element-binding transcription
factor 2

Q02395 2 67

superoxide dismutase [Cu−Zn] P08228 2 16
6171 catenin β1 Q02248 8 85 −1.12 3.27 3.65

MCG140784 Q792Z1 4 26
uncharacterized protein E9Q555 4 584
α-1-antitrypsin 1-4 Q00897 3 46
nesprin-1 Q6ZWR6 3 1010
liver carboxylesterase N P23953 3 61
alpha-2-macroglobulin Q61838 2 166
glutamate dehydrogenase 1, mitochondrial P26443 2 61

6278 histone H2B (fragment) A0JLV3 8 14 1.28 2.7 2.1
catenin β1 Q02248 4 85
serine/threonine-protein kinase MRCK beta Q7TT50 3 195
histone H2A type 1 P22752 3 14
α-1-antitrypsin 1-4 Q00897 2 46
liver carboxylesterase N P23953 2 61
histone H4 P62806 2 11
uncharacterized protein P23953 2 286
alpha-1-antitrypsin 1-2 P22599 2 46

6308 catenin β1 Q02248 8 85 1.22 2.37 1.93
histone H2B (fragment) A0JLV3 5 14
histone H2A type 1 P22752 5 14
MCG140784 Q792Z1 4 26
rho guanine nucleotide exchange factor 1 Q61210 3 103
serine/threonine-protein kinase MRCK beta Q7TT50 2 195
60S ribosomal protein L23 P62830 2 15

6404 catenin β1 Q02248 7 85 1.08 −1.14 −1.24
cryaa M569M7 6 20
α-1-antitrypsin 1-4 Q00897 3 46
dynein axonemal, heavy chain 9 B1AR51 3 512
alpha-2-macroglobulin Q61838 2 166

6463 histone H2A type 1 P22752 11 14 1.36 3.1 2.27
catenin β1 Q02248 4 85
histone H2B (fragment) A0JLV3 4 14
histone H4 P62806 4 11
α-1-antitrypsin 1-4 Q00897 2 46
glutamate dehydrogenase 1, mitochondrial P26443 2 61
transcription activator BRG1 Q3TKT4 2 181

6502 catenin β1 Q02248 6 85 1.36 2.81 2.06
histone H2A type 1 P22752 5 14
MCG140784 Q792Z1 5 26
titin A2ASS6 5 3906
histone H4 P62806 4 11
alpha-2-macroglobulin Q61838 4 166
LIM domain only 7 A0T1J8 4 193
microtubule-associated protein 4 (fragment) Q60638 4 115
hemoglobin subunit α P01942 3 15
single-stranded DNA-binding protein,
mitochondrial

Q9CYR0 3 17

histone H2B (fragment) A0JLV3 2 14
protein FAM5C Q499E0 2 88

6696 putative uncharacterized protein Q8C2C1 44 20 1.44 3.3 2.28
histone H4 P62806 19 11
hemoglobin subunit alpha P01942 11 15
catenin β1 Q02248 7 85
hemoglobin subunit 1β-2 P02089 7 16
MCG140784 Q792Z1 3 26
alpha-1-antitrypsin 1-4 Q00897 3 46
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Table 1. continued

fold change

spot
no. protein ID

accession no.
UNIPROT

no. of assigned
spectra

MW
(kDa)

WT1 vs
WT2

WT1 vs
DKO1

WT2 vs
DKO1

alpha-crystallin B chain P23927 3 20
DNA topoisomerase 2-binding protein 1 Q6ZQF0 3 169
uncharacterized protein D3YZ11 3 93
liver carboxylesterase N P23953 2 61
zinc finger protein 292 Q9Z2U2 2 301

7235 catenin β1 Q02248 6 85 1.18 2.26 1.9
protein SON Q9QX47 5 261
MCG140784 Q792Z1 4 26
transcription factor HIVEP2 Q3UHF7 4 267
myeloperoxidase P11247 3 81
alpha-2-macroglobulin Q61838 2 166
uncharacterized protein E9Q6Y4 2 56
protein S100-A6 P14069 2 10

1093 spectrin α2 A3KG45 29 283 1.65 4.52 2.6
titin A2ASS6 5 3906
catenin β1 Q02248 4 85
serrate RNA effector molecule homologue Q99MR6 4 100
phosphoribosylformylglycinamidine synthase Q5SUR0 4 145
alpha-2-macroglobulin Q61838 3 166
Ig heavy chain V region MOPC 47A P01786 2 13
Ig kappa chain V−II region 26−10 P01631 2 12

3346 actin cytoplasmic 1 P60710 10 42 −1.19 −2.78 −2.45
catenin β1 Q02248 7 85
cryaa Q569M7 5 20
βA3/A1-crystallin Q9QX6 5 25
titin A2ASS6 4 3906
MCG140784 Q792Z1 4 26
MCG124046 Q9Z1R9 4 48
adenosylhomocysteinase P50247 3 43
dual specificity mitogen-activated protein kinase
kinase 1

P31938 3 155

Tnik protein B2RY17 2 26
5697 cryaa Q569M7 56 20 −1.25 −3.33 −2.8

stathmin P54227 12 17
catenin Q02248 4 85
titin A2ASS6 4 3906
MCG140784 Q792Z1 4 26
γE-crystallin Q03740 4 21
alpha-2-macroglobulin Q61838 3 166
Ig heavy chain V region MOPC 47A P01786 3 13
βA3/A1-crystallin Q9QXC6 2 25
glutamate dehydrogenase 1, mitochondrial P26443 2 61
gamma-crystallin B P04344 2 21

5902 cryaa Q569M7 5 20 −1.04 −2.62 −2.65
titin A2ASS6 5 3906
Ig heavy chain V region MOPC 47A P01786 4 13
catenin β1 Q02248 3 85
dynein heavy chain 5 Q8VHE6 3 528
axonemal, ubiquitin-conjugating enzyme E2N P61089 2 17

6908 cryaa protein Q569M7 5 20 1.37 2.8 1.94
catenin β1 Q02248 5 85
MCG140784 Q792Z1 4 26
alpha-2-macroglobulin Q61838 4 166
protein IWS1 homologue Q8C1D8 4 85
E3 ubiquitin-protein ligase topors Q80Z37 4 117
titin A2ASS6 3 3906
α-1-antitrypsin 1-4 Q00897 3 46
myosin-1 Q5SX40 2 223
probable E3 ubiquitin-protein ligase MYCBP2 Q7TPH6 2 518
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Our proteomic analysis suggests that β1-catenin forms a low
molecular weight degradation product, and the amount of
histones is enhanced in lenses of postnatal DKO mice. Our
results also demonstrate that vimentin is cross-linked and
associated with tubulin in young DKO lenses, suggesting that
these proteins are modulated by the expression of α-crystallins
in vivo. To better understand the implications for lens
remodeling induced by absence of α- crystallins, we also used
ingenuity pathway analysis (IPA) to identify the placement of
α-crystallins within a putative biological context.

■ MATERIALS AND METHODS
Animals and Lenses. All mouse procedures were approved

by the Washington University animal use committee. The wild-
type (WT) mouse strain was the 129SvJ mouse. DKO mice
were obtained from Dr. Eric Wawrousek (National Eye
Institute, Bethesda, MD). They were generated by interbreed-
ing αAKO-127 knockout mice with αBKO-168 mice.13 The
αAKO-127 knockout mice were generated by targeted
disruption of the αA-crystallin gene,7 and the αBKO-168
knockout mice were generated by targeted disruption of the
αB-crystallin gene.8 The knockout vector eliminated the
common promoter region of the αB-crystallin and HSPB2
genes as well as almost all of the coding regions of these two
genes.8 However, HSPB2 was not expressed in the lens, and its
deletion was not expected to yield any lens phenotypes.
Preparation of Samples for Mass Spectrometry and

Two-Dimensional Difference Gel Electrophoresis (2D-
DIGE). Lenses of two different age groups were analyzed by
mass spectrometry. Group 1 lenses were from 2-day-old mice
(2−4 mice in each replicate set of WT1, WT2, and DKO1; and
WT3, WT4, and DKO2). Whole lenses were analyzed in the
first group, and the data are presented in Figures 1, 2, S1, S2,
and Table 1. Group 2 lenses were collected from three sets of
older mice: WT5, 67-day-old (3 mice) and 76-day-old (5
mice). These are referred to as 70-day-old mice for ease of
reading, plus WT6 was comprised of 35-day-old (8 mice) and
DKO3 was comprised of 30-day-old (8 mice). In addition to
comparison of age-matched WT6 and DKO3 mice, WT lenses

of two different ages, 35-day-old and 70-day-old, were also
compared in the same experiment. In Group 2, lenses were
dissected into epithelial and cortical fiber cell fractions because
of the high concentration of crystallins present in this age
group. For this experiment, we combined epithelial fractions
from 16 WT lenses and 16 DKO lenses. Proteomic analyses
results for Group 2 are presented in Figures 3 and S3, and
Tables 2 and 3. Additional experiments with WT and DKO
lenses showed similar 2D-DIGE results and were not analyzed
further.
For 2D-DIGE, lens tissue was placed in lysis buffer [30 mM

Tris-HCl, pH 8.5, 2 M thiourea, 7 M urea, 4% CHAPS, 1×
complete protease inhibitor cocktail tablets (Roche, Indian-
apolis, IN)], then homogenized, and centrifuged to remove
insoluble proteins. Lens proteins (50 μg) were labeled with 400
pmol of Cy2, Cy3, or Cy5. 2D-DIGE was performed at the
Proteomics Core Laboratory at the Washington University
School of Medicine according to published methods.21

Analysis of Proteomic Data and Database Searching.
Single gel analysis was performed to compare WT and DKO
lenses (shown in Tables 1−3). All tandem mass spectrometry
samples were analyzed using Mascot (Matrix Science, London,
UK; version 2.1.1.0) as previously described.21 Mascot was set
to search the Uniprot mouse database (downloaded 12/28/
2010, 135387 entries), using trypsin as the digestion enzyme,
with a fragment ion mass tolerance of 0.80 Da and a parent ion
tolerance of 50.0 PPM from the LTQ FT. The QSTAR data
were searched using parent and fragment tolerance of 0.1 Da.
The iodoacetamide derivative of cysteine was specified in
Mascot as a fixed modification and methionine as a variable
modification.21 Scaffold software (v.3.6.1) was used to display
proteomic data.

Knowledge-Based Network Analysis. Ingenuity Path-
ways software was used for the analysis of networks based on
the proteomics data shown in Tables 1−3 as described
previously.22

Immunoblotting. Lenses were homogenized on ice in 400
or 500 μL of phosphate-buffered saline (PBS) containing
protease inhibitors as described previously.23 Homogenates

Table 1. continued

aDKO1 proteins were labeled with Cy2, WT1 proteins labeled with Cy3, and WT2 proteins labeled with Cy5, then separated and analyzed on a
single gel. As shown in the last six rows of the table, an independent set of lens samples was analyzed by labeling WT3 proteins with Cy2, WT4
proteins with Cy3, and DKO2 proteins with Cy5.

Figure 3. (Left) The 2D-DIGE analysis of proteomic changes in 70-day-old WT (WT5), 35-day-old WT (WT6), and 30-day-old DKO (DKO3)
mouse lens epithelial fractions. A 2D gel of lens epithelial cell proteins labeled with cyanine dyes derived from WT5 proteins labeled with Cy2, WT6
proteins labeled with Cy3, and DKO3 proteins labeled with Cy5. Proteins were identified by tandem mass spectrometry and Mascot searches of
spots that were differentially expressed. See Materials and Methods for additional details. (Middle) Protein spots that were picked for analysis are
shown. Quantitative image analysis and mass spectrometry data for identified proteins from this gel are listed in Table 2. (Right) Additional protein
spots that were picked for analysis are shown. Identification of proteins in the analyzed spots is shown in Table 3.
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were centrifuged at 10000g at 4 °C, and the resulting
supernatants were collected (water-soluble fraction). Pellets
were resuspended in 125 μL of 8 M urea in PBS containing
protease inhibitor, incubated at room temperature for 10 min,
and centrifuged at 4 °C. The supernatant was then collected
(water-insoluble fraction). Protein concentrations were deter-
mined using the Bio-Rad Protein Assay. All samples were
supplemented with sample buffer (4×) and reducing agent

(10×; Invitrogen). Soluble fraction samples were heated at 95
°C for 5 min. Equal amounts of total protein (15−40 μg) were
then separated on 10% or 4−12% precast NuPAGE gels
(Invitrogen). Soluble and insoluble fractions were analyzed on
the same gel. For immunoblot analysis, proteins were
transferred to a polyvinylidene fluoride membrane and probed
with antibodies specific for βB2-Crystallin (Enzo Life Sciences)
and vimentin (provided by Paul FitzGerald, Davis, CA).

Table 2. Mascot Search Results for Mouse Lens Proteins of WT (WT5, WT6) and DKO3 Lens Epithelial Fractionsa

fold change

spot
no. protein ID

accession no. UNIPROT
(gi)

no. of assigned
spectra

MW
(kDa)

WT5 vs
WT6

WT5 vs
DKO3

WT6 vs
DKO3

2787 vimentin P20152 14 54 1.21 3.3 2.81
glucose-6-phosphate P06745 7 63
isomerase P14168 58
pyruvate kinase isozymes M1/M2 P20152 2

2799 vimentin P20152 55 54 −1.58 1.47 2.39
tubulin alpha-1A chain P68369 8 50

3080 vimentin P20152 28 54 1.39 2.94 2.18
3259 vimentin P20152 8 54 −2.49 −6.7 −2.62

cryaa protein Q569M7 4 20
βA3/A1- crystallin Q9QXC6 3 25
elongation factor Tu Q8BFR5 3 50
mitochondrial, βB2-crystallin P62696 2 23

3430 cryaa protein Q569M7 9 20 −3.07 −17.67 −5.59
quinone oxidoreductase-like protein 1 Q921W4 2 9

4073 14-3-3 protein epsilon P63359 25 29 −1.04 −1.41 −1.32
tropomyosin alpha-4 chain Q6IRU2 5 28
cryaa protein Q569M7 4 20

4104 βB1-crystallin Q9WVJ5 34 28 −1.39 −2.6 −1.82
S-methyl-5′ thioadenosine
phosphorylase

Q9CQ65 5 31

glutathione S-transferase omega O09131 2 27
4115 proteasome activator complex subunit 2 P97372 6 27 1.02 3.75 3.78

alpha-crystallin B chain P23927 3 20
cryaa protein Q569M7 2 20

4175 endoplasmic reticulum resident protein
29

P57759 10 29 1.72 −2.57 −4.31

βB1-crystallin Q9WVJJ 2 28
4224 endoplasmic reticulum resident protein

29
P57759 9 29 2.24 2.48 1.14

alpha-crystallin B chain P23927 3 20
MCG140784 Q792Z1 2 26

4418 βB2-crystallin P62696 12 23 −1.55 30.97 49.23
4421 βB3-crystallin Q9JJU9 18 24 −1.5 7.19 11.11

βB2-crystallin P62696 14 23
glutathione S-transferase Mu2 P15626 13 26
alpha-crystallin B chain P23927 2 20

4425 βB2-crystallin P62696 21 23 −3.58 −1.64 2.24
4430 βB2-crystallin P62696 14 23 −1.38 7.4 10.52
4431 βB2-crystallin P62696 5 23 −1.53 3.57 5.61
4443 βB2-crystallin P62696 5 23 −2.46 16.71 42.34
4446 βB2-crystallin P62696 4 23 −1.01 5.62 5.81
4457 βB3-crystallin Q9JJU9 9 24 −2.24 −3.69 −1.6

βB2-crystallin P62696 7 23
alpha-crystallin B chain P239927 6 20

4491 βB2-crystallin P62696 2 23 −1.09 2.53 2.83
4636 βB2-crystallin P62696 2 23 −1.16 3.74 4.47
5247 alpha-crystallin B chain P23297 2 20 −1.27 3.27 4.26

ubiquitin-like protein ISG15 Q64339 2 18
aWT5 proteins were labeled with Cy2, WT6 proteins were labeled with Cy3, and DKO3 proteins were labeled with Cy5, then analyzed on a single
gel.
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Analytical Chromatography and Data Analysis. High-
performance liquid chromatography-GPC was performed using
a VE 1122 pump with a VE 7510 degasser (Viscotek/Malvern)
equipped with a TDA302 triple detector system that measured
refractive index (RI), multiangle laser light scattering, and
viscosity, as described previously.24,25 The latter was
supplemented with a model 2501 UV detector set at 280 nm.
Two columns were connected in series: a Poly (Analytic) PAP-
402.5 (Lausanne, Switzerland) and a G4000PWXL (Tosoh
Biosep). Viscotek Omnisec software was used to calculate the
RI area, weight-averaged molecular weight, intrinsic viscosity,
and hydrodynamic radius (Rh). Lens proteins from postnatal
and adult mice were analyzed using this column system.
Samples were injected in a volume of 100−300 μL. The flow
rate was 0.8 mL/min, and the column buffer contained
modified Dulbecco’s PBS without CaCl2 and MgCl2 (Sigma-
Aldrich). Fractions from the column were then collected for
immunoblot analysis. Initially, the amount of protein present in
the WT and DKO mutant lens water-soluble fractions was
calculated using the RI area from the initial run. Samples of
each condition were then rerun using approximately equal

amounts of total protein. The concentration of protein applied
to the column was 1 mg/mL. Column fractions of each
condition were collected at 1-min intervals (800 μL/tube).
Four lenses were analyzed per age and genotype. Chromatog-
raphy runs were repeated three times.

Quantitative Reverse Transcriptase-Polymerase Chain
Reaction (RT-PCR). Total RNA from WT and DKO mouse
lenses was isolated using a Qiagen kit. One microgram of total
RNA was used for each sample to prepare cDNA. RNA was
treated with DNase, and first-strand cDNA synthesis was
performed using a kit from Invitrogen and Oligo(dT) as a
primer. Primers were synthesized by Integrated DNA
Technologies (Coralville, IA), and their concentrations were
optimized using the manufacturer’s recommendations. To
optimize the primers, RT-PCR was performed, and products
were resolved on 1.5% agarose gels to ascertain that a single
band of the correct size was obtained. Real time-PCR was
performed using a supermix containing the fluorescent dye
SYBR Green (BioRad) as described previously.15,26 The
increase in fluorescence was detected using the iCycler
(BioRad). The relative quantification of gene expression was

Table 3. Mascot Search Results for Mouse Lens Proteins of WT (WT5, WT6) and DKO3 Lens Epithelial Fractions to Confirm
Protein Deletiona

fold change

spot
no. protein ID

accession no.
UNIPROT

no. of assigned
spectra

MW
(kDa)

WT5 vs
WT6

WT5 vs
DKO3

WT6 vs
DKO3

2789 glucose-6-phosphate isomerase P06745 15 63 1.32 −4.81 −6.16
retinal dehydrogenase 1 P24549 3 54
mATP synthase subunit α mitochondrial Q03265 2 60
T-complex protein 1 subunit delta P80315 2 58

3430 cryaa protein Q569M7 12 20 −3.07 −17.67 −5.59
3′(2′),5′biphosphate nucleotidase 1 Q9Z0S1 8 33

4175 endoplasmic reticulum resident protein 29 P57759 11 29 1.72 −2.57 −4.31
cryaa protein Q569M7 4 20

4474 cryaa protein Q569M7 19 20 −2.25 −27.82 −12.04
β-A3/A1 crystallin Q9QXC6 7 25
βB2-crystallin P62696 5 23
βS-crystallin O35486 4 21
βA2-crystallin Q9JJV1 3 22

4485 βB2-crystallin P62696 42 23 −3.52 −7.04 −1.94
cryaa protein Q569M7 3 20

4644 alpha-crystallin B chain P23927 22 20 −2.17 −47.12 −21.08
γS-crystallin O35486 21 21
βB2-crystallin P62696 4 23

4778 cryaa protein Q569M7 2 20 −3.4 −45.61 −13.04
alpha-crystallin B chain P23297 2 20
calcium-regulated heat stable protein Q64339 2 18

4793 alpha-crystallin B chain P23927 16 20 −2.38 −9.4 −3.83
γS-crystallin O35486 4 21
γE-crystallin Q03740 3 21

4871 cryaa protein Q569M7 51 20 −2.22 −50.14 −21.93
5020 cryaa protein Q569M7 185 20 −4.82 −35.85 −7.22
5532 alpha-crystallin B chain P23927 9 20 −1.82 −6.84 −3.65

cryaa protein Q569M7 7 20
histone H4 P62805 4 11
hemoglobin subunit α P01942 3 12
peptidyl-propyl cis−trans isomerase
FKBP1A

P26883 3 15

βB2-crystallin P62696 2 23
aWT5 proteins were labeled with Cy2, WT6 proteins were labeled with Cy3, and DKO3 proteins were labeled with Cy5, then analyzed on a single
gel.
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performed using the standard curve method according to the
manufacturer’s instructions (BioRad). For comparisons be-
tween WT and DKO samples, a standard curve of cycle
thresholds for several serial dilutions of an RNA sample was
established and then used to calculate the relative abundance
levels of mRNA. The expression levels of βB2-crystallin and
vimentin mRNAs were determined relative to that for
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) in the
same sample. All RT-PCR reactions were performed in
triplicate, and two independent experiments were performed.

■ RESULTS

Increased Abundance of β1-Catenin Fragments and
Histones in Lenses of 2-Day-Old DKO Mice. To examine
whether the amount of other proteins changed in the DKO
lenses, we performed a 2D-DIGE comparison of two WT
samples (WT1 and WT2 labeled with Cy3 and Cy5,
respectively) and one DKO (DKO1) lens sample labeled
with Cy2 on a single gel. There were clear differences between
protein levels of several spots in WT vs DKO lenses (Figure 1
and S1). The differentially expressed spots on the gel were
picked and further analyzed by mass spectrometry. Table 1
compares the proteins present in 2-day-old WT and DKO
lenses. Three-dimensional data sets for some of the protein
spots that showed significant changes are shown in Figure 2,
and sequence coverage for these spots is shown in Figure S2.
The abundance of β1-catenin and histones H2A, H4, and H2B
(fragment) increased in DKO lenses. The molecular weight of
these β1-catenin-containing spots was ∼15 kDa, suggesting that
β1-catenin in DKO lenses is degraded or cleaved from the
intact 85 kDa molecule. An additional set of WT and DKO
samples was analyzed by 2D-DIGE to demonstrate that the
observed changes were not an artifact of the Cy dye labels. The
WT samples were labeled with Cy2 and Cy3, and the DKO
sample was labeled with Cy5 to confirm the proteomic changes.
These results are shown in the last five spots of Table 1 and
confirm the increase in the amount of β1-catenin. Altogether,
nine protein spots containing β1-catenin (spots 6171, 6278,
6308, 6463, 6502, 6696, 7235, 1093, and 6908; Table 1)
increased in the DKO1 lenses. In addition, spot 3027
containing βB1-crystallin (molecular weight 40−50 kDa)

increased nearly 5-fold in DKO lenses, whereas spot 4946
containing βB1-crystallin (molecular weight 20−30 kDa)
decreased nearly 3-fold. These results suggest that βB1-
crystallin became cross-linked to form a dimer in the absence
of α-crystallin.

Increased Abundance of βB2-Crystallin and Vimentin
in Lens Epithelial Fractions of 30−70-Day-Old DKO
Mice. In Figure 3, we compare the proteins of 70-day-old WT
(WT5) with 35-day-old WT (WT6) mice, and 35-day-old WT
(WT6) mice with 30-day-old DKO (DKO3) lens epithelial
fractions. Mass spectrometry-based proteomic analyses of these
proteins are presented in Table 2.
To compare age-matched WT and DKO lenses, we first

identified proteins of epithelial fractions from 30-day-old lenses
that changed in amount after deletion of αA- and αB-crystallins.
Protein spots that changed more than 1.5-fold in amount in this
comparison were considered significant (p < 0.05). Fold
changes in these proteins are listed in the last column of Table
2 (WT6 vs DKO3). Proteins that increased in amount in DKO
lenses are represented by the red spots in Figure 3A. Figure
3B,C shows the differentially expressed spots on this gel that
were picked and further analyzed. The analysis identified
changes in the abundance of βB2-crystallin and vimentin in
DKO lenses, and 3D data sets for some protein spots are shown
in Figure 4. Figure S3 shows the sequence coverage for βB2-
crystallin and vimentin, respectively, in WT5, WT6, and DKO3
lenses. Similarly, lens cortical fiber cell proteins also exhibited
an increase in abundance of βB2-crystallin at the same position
on the gel. However, because of the greater overall amount of
crystallins in the cortical fiber cells of the 30-day-old lenses than
in epithelial cells, these lens cortical fiber gels were not analyzed
further.
The abundance of protein spot 2799 (vimentin and α-

tubulin) was 2.39-fold higher in DKO3 lenses than in WT6
lenses (Table 2). The abundances of more basic forms of
vimentin (spot 3259) decreased in DKO3 lenses. Spot 3259
also had a lower molecular weight than other vimentin-
containing protein spots, including spots 2799 and 3080. In
contrast, the abundance of spot 2787 increased approximately
3-fold in DKO3 lenses, but this spot was more basic than 3259.
These proteins are listed in Table 2.

Figure 4. Changes in abundances in lens protein spots in lens epithelial fractions of WT and DKO lenses by mass spectrometry. Differentially
expressed protein spots from the 2D-DIGE gel shown in Figure 2 were picked and analyzed. The 3D data sets for representative proteins in two WT
(WT5 and WT6) and the DKO3 sample are shown. Fold changes between each sample are indicated on the right. See Table 2 for the identity of
proteins present in each protein spot.
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Among the spots containing βB2-crystallin, spot 4418
exhibited a 49-fold increase in abundance in DKO3 lenses
compared with its amount in WT6 lenses (shown in the last
column of Table 2). Other spots that contained only βB2-
crystallin, including spots 4430, 4431, 4446, 4491, and 4636,
increased in abundance in DKO3 lenses compared with their
amounts in WT5 or WT6 lenses. Additionally, the abundances
of spots 4421 (βB1, βB3, and other proteins) and 4443 (βB1
and βB2-crystallin) was 42-fold higher in DKO3 lenses than in
WT6 lenses. Interestingly, spot 4446 (βB2-crystallin only) was
much more basic than the other βB2-crystallin spots, and its
abundance increased 5.8-fold in DKO3 lenses compared with
that in WT6 lenses. In contrast, the abundance of spot 4457
(βB3, βB2, and αB-crystallin) decreased 1.6-fold in DKO3
lenses compared to that in WT6 lenses and also became more
acidic. These observations suggest that in DKO lenses there

was a loss of more acidic forms and an increase in more basic
forms of βB2-crystallin.
In addition to βB2-crystallin and vimentin, changes in DKO3

lenses included an approximately 4-fold increase in the
abundance of proteasome activator complex subunit 2 (spot
4115). In addition, spot 4224 exhibited a 2.5-fold increase in
abundance, and it also became more basic in DKO3 lenses than
WT6 lenses. This is in contrast to spot 5247 containing
ubiquitin-like protein ISG15, which exhibited a 4.3-fold higher
abundance in DKO3 lenses than in WT6 lenses, plus had a
lower molecular weight and a more basic pI than spot 4224
(Table 2 and Figure 3).
We next compared the abundances of proteins in the

epithelial fractions from 35-day-old and 70-day-old wild-type
lenses, which revealed significant age-related changes in the
expression of proteins (Table 2, column 6). For example, the

Figure 5. Networks revealed by ingenuity pathway analysis (IPA) of proteins that changed in amount in WT vs DKO lenses. Four of the biological
networks and pathways generated from input data (Tables 1−3) are shown. (A) A network with STMN and SOD1 at the hub. (B) A second
network with heat shock proteins and cytoskeletal proteins at the hub. (C) A third network highlights CTNNB1 (β1-catenin) at the hub of the
protein connectivity map. (D) Another network with CTNNB1 at its hub shows its interactions with caspase 8, RGN, and Zfp94 proteins. Proteins
identified in Tables 1−3 within these pathways are shown in gray. Proteins with white background are molecules predicted by IPA. Lines indicate
interaction, with arrowheads representing directionality. Absence of arrowheads refers to a binding interaction. Dotted lines represent an inferred or
indirect interaction. An additional three networks are shown in Supplemental Figure S4.
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abundances of cross-linked vimentin and tubulin (spot 2799),
and αA- and βB2-crystallin (spot 3259) were lower in 35-day-
old lenses than in 70-day-old lenses. This cross-linking would
be expected to occur at a higher level in 70-day-old lenses.
Similarly, the abundances of βB2-crystallin (spots 4425 and
4443) and βB3-crystallin (spot 4457) were 2−3-fold lower in
35-day-old lenses than in 70-day-old lenses. These β-crystallin
spots may be additional and/or modified forms of these
proteins, as changes in β-crystallin expression and increases in
protein modification have been reported with age during the
first 6 weeks of mouse lens growth.27

Spot 4474 was one of three abundant protein spots whose
abundance decreased 12-fold in DKO3 lenses compared to that
in WT6 lenses. Spot 4644, another major spot in WT6 lenses
that decreased in abundance in DKO3 lenses, decreased 21-fold
in DKO3 lenses compared with WT6 lenses. Similarly, the
abundance of spot 4871, the last major spot identified as αA-
crystallin only, decreased 22-fold in DKO3 lenses compared to
that WT6 lenses. Another spot that decreased substantially in
abundance and contained α-crystallin peptides was spot 4778
(αA- and αB-crystallins), the abundance of which decreased 13-
fold in DKO3 lenses compared to WT6 lenses. These data
confirm the depletion of αA-crystallin and αB-crystallin in the
DKO lens.
To obtain a general perspective of cellular systems affected in

the DKO lens, we analyzed the proteins identified by mass
spectrometric analysis in all of the experiments (Tables 1−3)
by mapping them to existing networks. Ingenuity Pathways
software analysis generated seven different networks, four of

which are shown in Figure 5, with additional networks shown
in Figure S4. One network generated by this approach included
STMN, which interacts with SOD1 (Figure 5A). SOD1 acts
upon αB-crystallin and the GST kinases GSTP1 and GSTM1.
A second network (Figure 5B) included chaperones (Hsp27,
CCT4, and Hsp90), DNA topoisomerase TOPB1, the 26S
proteasome, as well as the cytoskeletal proteins tubulin, actin,
and vimentin, which have been shown to interact with αA- and
αB-crystallin. A third network (Figure 5C) highlighted
CTNNB1 binding with SMARCA4, a member of the SW1/
SNF family of proteins with ATPase and helicase activities that
affect lens development and cataract.28,29 CTNNB1 is also
involved with interactions and regulatory functions of the
signaling proteins Ras, TGFβ, ERK, and Akt, and regulates
Zfp94 and is regulated by CASP8, a key component of
apoptosis (Figure 5D).

Qualitative Western Blot Analysis of Vimentin and
βB2-Crystallin. We next used immunoblotting to determine
whether the increase in βB2-crystallin and vimentin abundance
occurred in the water-soluble or water-insoluble fraction of the
lens. Water-soluble and water-insoluble fractions were obtained
from the lens as described previously,23 and then analyzed by
SDS-PAGE and immunoblotting. Our results indicated that the
increase in βB2-crystallin and vimentin expression in DKO
lenses occurred in the water-insoluble fraction (Figure S5).

Qualitative Assessment of the Molecular Weights of
WT and DKO Lens Proteins. GPC analysis of water-soluble
proteins from 7-day-old WT and 9-day-old DKO lenses is
shown in Figure 6. The protein concentrations for the 7-day-

Figure 6. GPC analysis of water-soluble proteins isolated from WT and DKO lenses. (A) RI profiles for postnatal WT and DKO lens proteins. (B)
Light scattering profiles for 7-day-old WT and 9-day-old DKO lens proteins. (C) RI profiles for adult WT and DKO lens proteins. (D) Light
scattering profiles for adult WT and DKO lens proteins. Open arrows in (A−D) indicate a discrete new band in DKO lenses that was not detected in
WT lenses. The filled arrows in (D) indicate the position of small discrete bands in the light scattering profile of adult DKO lenses. The inset in (D)
shows these DKO bands at a higher magnification.
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old WT and 9-day-old DKO lenses were 1.87 and 1.15 mg/mL,
respectively. The RI profile for the WT proteins revealed an α-
crystallin peak at 12 mL. This α-crystallin peak is absent in the
DKO proteins (Figure 6A). However, there is a new small,
broader peak eluting at 13 mL in the DKO proteins (Figure
6A). This suggests that the β- and/or γ-crystallins may be
aggregating into higher molecular weight, water-soluble species.
Figure 6B shows the light scattering profile of proteins from 7-
to 9-day-old lenses. The greatest light scattering in WT lenses
occurs in the α-crystallin peak. In addition, WT proteins
contain a high molecular weight peak that elutes in the void
volume at 10 mL. This high molecular weight, water-soluble
peak has been reported in human and bovine lenses.30−32 A
smaller high molecular weight peak was also present in the void
volume of DKO lenses (Figure 6B, Table 4). Both the
molecular weight and intensity of the additional peak in the
water-soluble proteins were lower than the WT high-molecular
weight peak.
We next examined the water-soluble lens proteins of adult

mice. Data for the RI and light scattering profiles of WT and
DKO water-soluble proteins separated by GPC are shown in
Figure 6, panels C and D, respectively. Protein concentrations
for water-soluble proteins from the lenses of 117-day-old WT
and 107-day-old DKO mice were 10 and 1.08 mg/mL,
respectively. This indicates that soluble protein levels are
greatly diminished in the 107-day-old DKO lenses compared
with those in age-matched WT, 7-day-old WT, and 7-day-old
DKO lenses. The light scattering profile of the 107-day-old WT
α-crystallin fraction exhibited a major α-crystallin peak and
smaller peaks for β- and γ-crystallins, similar to those observed
in the 7-day-old WT lens, as well as a distinct shoulder with a
molecular mass greater than that for the main α-crystallin
fraction, suggesting that the molecular weight of the older WT
α-crystallin is higher than that in the younger lens. This finding
was also confirmed by the data analysis shown in Table 4. As
expected, the α-crystallin peak was absent in the light scattering
profile of DKO lenses (Figure 6D), but there was a small peak
in the void volume of the adult DKO lens proteins. The light
scattering from β- and γ-crystallins was very low due to the low
concentration of adult DKO water-soluble proteins, so the light
scattering profile of DKO lenses is shown at a higher
magnification in the inset of Figure 6D.
To determine whether the additional small peaks in soluble

proteins from DKO lenses were artifacts, we next performed
GPC at equal protein concentrations for WT and DKO lens
proteins (Figure S6). In 9-day-old DKO lens proteins, there
was a new peak eluting at 13 mL just after the WT α-crystallin
peak, which eluted at 12.8 mL (Figure S6A). This new peak was
also present in the light scattering plot of younger lens proteins
(Figure S6B). In adult DKO lens proteins, the RI plot exhibited

a distinct shoulder at 15 mL just prior to the main β-crystallin
peak at 16.5 mL (Figure S6C). In addition, in these adult DKO
lens proteins, the light scattering plot revealed a new peak
eluting at 10.5 mL in the void volume (Figure S6D), suggesting
that some of the water-soluble β- and/or γ-crystallins have
aggregated into high molecular weight species with a size >10 ×
106 Da. The data also indicated that the presence of this high
molecular weight fraction in the RI profile of 9-day-old DKO
lens proteins (Figure 6A) became water-insoluble with age and
was therefore not observed in the RI profile of 107-day-old
DKO lens proteins (Figure S6C).
The molecular weight and hydrodynamic radius (Rh) of each

of the water-soluble protein fractions were calculated (Table 4).
Both WT and DKO β- and γ-crystallin proteins increased in
both molecular weight and Rh with age. It is known that the
composition of β- and γ-crystallin polypeptides changes with
age.27 Thus, the change in the molecular weights of the β- and
γ-crystallin fractions with age in WT lenses may be due to the
expression of new polypeptides with aging. The molecular
weights of β-and γ-crystallin peaks in DKO lenses were higher
than those of age-matched WT lenses (Table 4). The molecular
weight of the water-soluble α-crystallin fraction was 682 kDa in
7-day-old WT lenses, which increased to 1141 kDa in 117-day-
old WT lenses. There was no α-crystallin peak detected in
DKO lenses. However, a new peak with a molecular weight of
328 kDa was detected in 9-day-old DKO lens proteins, and a
shoulder with a molecular weight of 298 kDa was observed in
the 107-day-old DKO proteins.
We hypothesize that these new protein species resulted from

aggregation of β-crystallin into higher than normal molecular
weight species in DKO lenses. We therefore used Western blots
of protein fractions collected from the GPC column to
determine the identity of these new peaks. Immunoblot
analysis revealed that the new peak contained a protein reactive
with β-crystallin antibodies but not with a γ-crystallin antibody,
indicating that at least part of the higher molecular weight
protein species was aggregated β-crystallin. The protein in this
peak cross-reacted with an antibody specific for β-crystallin
(Figure S7). This suggests that the new peak with a molecular
mass of 328 kDa in 1-week-old DKO lenses was created by the
aggregation of β-crystallin polypeptides into high molecular
weight aggregates. As expected, the new 328 kDa proteins in 9-
day-old DKO lenses contained β-crystallin but not α- or γ-
crystallin (data not shown). The new 298 kDa protein shoulder
in the 107-day-old DKO lenses contained both β- and γ-
crystallin (data not shown). This analysis revealed that in the
absence of α-crystallins, β- and γ-crystallin aggregated in DKO
lenses into high molecular weight proteins.
Changes in protein abundance of βB2-crystallin and vimentin

could have occurred at the transcriptional level due to increases

Table 4. Molecular Weight (Mw) and Rh of Crystallins in WT and DKO Micea

α-crystallin additional peak or shoulder β-crystallin γ-crystallin

age (days) genotype Mw (kDa) Rh (nm) Mw (kDa) Rh (nm) Mw (kDa) Rh (nm) Mw (kDa) Rh (nm)

7 WT 682.082 8.140 n.d. n.d. 43.690 3.283 19.295 2.278
117 WT 1141 9.818 n.d. n.d. 54.647 3.195 23.988 2.290
9 DKO n.d. n.d. 327.946 (small peak near α) b 52.034 3.244 23.780 2.466

107 DKO n.d. n.d. 297.690 (shoulder before β) 5.141 70.677 3.371 26.737 2.731
aProteins from an adult DKO lenses were largely water-insoluble. Due to insufficient soluble protein, the Rh values from viscosity measurements for
the DKO lenses were used. The DKO lens proteins exhibited a shoulder before the main β-crystallin peak (Figure 4C,D). An additional peak with an
estimated molecular weight of >10 × 106 was observed in 9-day-old DKO lenses (Figure 4B). Rh, hydrodynamic radius; n.d., not detected.

bRh was
approximated.

Biochemistry Article

dx.doi.org/10.1021/bi400180d | Biochemistry 2013, 52, 2933−29482944



in the transcription of these proteins. Therefore, we determined
the mRNA expression of the genes encoding these proteins by
quantitative PCR using gene-specific primers (Figure S8). The
mRNA abundances were similar in WT and DKO lenses
(Figure S8), indicating that the protein increases we observed
are not due to increased mRNA transcription.

■ DISCUSSION
The α-crystallins are molecular chaperones that are known to
exhibit antiapoptotic properties.5,13,33 Although expressed at
other sites in the body, αA-crystallin is found in the largest
amounts in mammalian lenses, whereas αB-crystallin is present
almost ubiquitously.34 Lens epithelial and cortical fiber cells
from normal lenses express large amounts of αA- and αB-
crystallin.10,35 DKO mice are born with cataracts and significant
morphological defects,36 which have been attributed to loss of
α-crystallin chaperone availability, resulting in increases in
protein insolubilization and light scattering of high molecular
weight protein aggregates, activation of caspases, and apoptotic
cell death.13 However, lens proteomic changes resulting from
the loss of the α-crystallins have not been described. In this
study, we show that some of the earliest observable changes in
DKO mouse lenses involve cross-linking of βB1-crystallin
(increase in βB1-crystallin spot 3027), degradation of β1-
catenin to 11−14 kDa fragments (increase in spots 6171, 6278,
6308, 6463, 6502, 6696, 7235, 1093, and 6908) and increase in
relative abundance of histones (spots 6278, 6308, 6463, 6502,
and 6696). Histones were associated with many of the spots
containing β1-catenin. Our analyses indicated that degradation
of β1-catenin, cross-linking of βB1-crystallin, and increased
amounts of histones are the earliest changes in DKO lenses,
suggesting that α-crystallins may be a chaperone for β1-catenin
and βB1-crystallin, and that α-crystallins may regulate the
expression of histones. Our analyses also implicate networks
that are altered in the absence of αA- and αB-crystallin in the
lens, which can be used to generate and experimentally test new
hypotheses for the biological significance of these chaperones.
Several important experimental results of this study require

further discussion. We used image analysis to quantify the
abundance of each protein spot. The analysis quantifies the
intensity within the largest footprint of the boundary for a spot
on a gel containing proteins from three different samples. Thus,
even though αA- and αB-crystallin have been deleted from the
DKO sample, the DKO sample will still have an intensity value
assigned to it, which represents the background of the empty
spot in the DKO sample. Crystallins are expressed in large
amounts in the lens, and their concentration increases
significantly between postnatal day 2 and adult lens. The use
of lens epithelial fractions allowed the analysis of lower
abundance proteins in adult lenses by 2D-DIGE- and LC/MS/
MS-based proteomics. This proteomic analysis also demon-
strated increased abundance of βB2-crystallin and vimentin in
lens epithelial fractions. The increase in abundance of βB2-
crystallin in epithelial fractions was also detected in the fiber
cell fractions (data not shown).
Our findings showing elevations in histones and low

molecular weight β1-catenin in the postnatal lens are of
particular importance. β-Catenin is also a cell adhesion protein
and is associated with N-cadherin in adherens junctions
between lens fiber cells and therefore may play a role in
maintaining these junctions during lens development.37,38

These N-cadherin junctions are a prominent feature of lateral
interfaces of undifferentiated lens epithelial cells and are

important for the assembly of the actin cytoskeleton during
fiber cell elongation.38 β1-Catenin is also a nuclear transcription
regulator. Alterations in β1-catenin, suggested by the loss of
intact β-catenin in DKO lenses at early stages when key
developmental events are occurring, may indicate the potential
role of α-crystallins in this process. Lastly, Wnt signaling is
important in lens development and morphogenesis, and our
findings support previous studies in which disruption of normal
Wnt signaling has been linked with cataract formation in several
model systems.39−42

The present study demonstrates an increase in histones in
the absence of α-crystallins and suggests that α-crystallins
regulate the binding of histones to DNA in vivo. The
association of histones and β-catenin in a number of protein
spots (6278, 6308, 6463, 6502, and 6696, Table 1) suggests
that α-crystallins may regulate the recruitment of histones
which in turn regulate the Wnt-β-catenin signaling pathway.
The association of histones and Wnt signaling has been
demonstrated to be a mode of regulation of the Wnt signaling
pathway.42 Previous work in our laboratory used mass
spectrometry to identify histones 2B (∼13.94 kDa) and H4
(∼11 kDa) in coimmunoprecipitates of lens epithelial cell α-
crystallins.43 The abundance of these αA-crystallin-associated
histones increased in the R116C mutation of αA-crystallin. The
increased abundance of histones observed in postnatal day 2
DKO lenses also suggests that a small amount of α-crystallins
may be present in the nucleus. αA-Crystallins have been shown
to undergo phosphorylation in vivo and act as an autokinase.6

The phosphorylation of certain histones is dependent on the
activation of caspases and therefore may be linked to caspase
activation observed in DKO lenses.13 Histone H2B undergoes
phosphorylation in response to apoptotic signals in mammalian
cells, which may facilitate access of damaged DNA to repair
mechanisms.45,46 It has also been reported that histone
transcripts accumulate with exposure of lens epithelial cells to
ultraviolet C radiation.47 The possible association of αA- and
αB-crystallin with histones is also consistent with their
involvement in cell growth.9,11

We further demonstrated that the absence of α-crystallins
increases the amount of vimentin cross-linked with tubulin.
Proteins were analyzed in the presence of urea; therefore the
association of vimentin and tubulin indicates that the proteins
in these spots are covalently linked. We did not observe a
significant increase in vimentin mRNA in DKO lenses.
Increased vimentin expression has also been reported in
HSF4 knockout mice and has been demonstrated to be due to
the loss of HSF4 binding to the vimentin promoter that
normally represses vimentin expression.48

Human, mouse, rat, and zebrafish lenses have been
extensively analyzed by proteomic approaches.27,49−56 Studies
have shown that intact α-crystallins decline with age in human
lenses, and fragments of α-, βB1, and γS-crystallin have been
identified in human lens protein extracts.57 In addition, βB1-
crystallin degradation and truncation with aging are believed to
increase light scattering in the lens.58 Our finding of cross-
linked βB1-crystallin identified in DKO lenses (Figure 1 and
Table 1) suggests that it may be one of the factors resulting in
opacities in these lenses.13,36

Alterations in proteins of the proteasomal machinery in the
DKO lens may be particularly important. Previous studies
reported that αB-crystallin acts as a chaperone in targeting
proteins to the ubiquitin−proteasome system for degradation.59

Our study demonstrated that with the loss of α-crystallin there
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is an increase in the abundance of an ubiquitin-like protein and
the proteasome activator complex 2. In addition, the abundance
of endoplasmic reticulum protein 29 in DKO3 lenses was 4-fold
greater when compared with WT6 lenses (Table 3).
The results presented in this study showed not only changes

in relative abundances of crystallins, but also showed changes in
relative abundances of several enzymes and proteins, including
titin and hemoglobin subunit α, plus a decrease in DKO lenses
of the enzymes glucose-6-phosphate isomerase, retinal
dehydrogenase 1, glutamate dehydrogenase, and ATP synthe-
tase. These proteins are involved in maintenance of lens
metabolism and resistance against oxidative stress. The
abundances in protein spots containing the enzymes glucose
6-phosphate isomerase and retinal dehydrogenase 1 (spot
2789) decreased nearly 6-fold in DKO lenses. The expression
of retinal dehydrogenase 1 has recently been reported to
decrease in human nuclear cataracts57 and UVB-irradiated
human lenses,54 indicating common mechanisms in two other
cataract models and suggesting that its decreased abundance
may be related to increased stress. The origin of the observed
increase in GST-family members in DKO lenses is unclear at
present.
The increase in molecular weights of β- and γ-crystallin

fractions in DKO lenses identified in this study is of particular
importance, because it could disrupt the normal short-range
order and increase protein insolubilization in DKO lenses. Our
data also demonstrated that the relative abundance of water-
soluble protein decreased nearly 10-fold in adult DKO lenses
compared to that in age-matched WT controls. Furthermore,
changes in β-crystallin were observed at an early age. βB2-
Crystallin formed high molecular weight, water-soluble
aggregates of approximately 328 kDa in 9-day-old DKO lenses
that were absent in age-matched WT lenses. The absence of the
328 kDa peak in the adult DKO lenses in GPC analysis
indicated that this protein becomes increasingly aggregated into
water-insoluble, high molecular weight aggregates with age. It
has been reported that the amount of water-insoluble crystallins
increases with age of the lens and with human cataract
formation.32,57 The proposed sequence of events involves
conversion of water-soluble proteins to high molecular weight,
water-soluble proteins that increase in molecular weight and
subsequently become water-insoluble.32 Our GPC data are
consistent with this hypothesis in DKO lenses. Thus, our data
suggest that the DKO lens is a good model for the study of
protein alterations in human lens aging and cataract formation.
The increase in βB2-crystallin abundance observed in the 35-

day-old lens epithelial fractions was novel and unexpected, and
the present study determined that this increase occurred in the
water-insoluble fraction. The monomer molecular weight of
βB2-crystallin is 24 kDa, but it readily forms a homodimer as
well as heterodimers and heterooctamers with other β-crystallin
subunits.60−65 We found that the abundances of βA3/A1- and
γS-crystallin decreased, whereas that of βB3-crystallin increased,
in spots containing multiple proteins in DKO lenses (Table 3).
The βB2-crystallin gene is expressed late in the lens, being
expressed in mice only in the postnatal lens.27,66,67 Targeted
knockout of the mouse βB2-crystallin gene induces cataract
formation in adult mice,68 and one of its mutations has been
linked to infertility in mice.69−71 βB2-crystallin is also expressed
in the retina, and axonal regeneration appears linked to βB2-
crystallin.72 Together, these results support the concept that
βB2-crystallin has nonrefractive functions and may serve a
protective role in the lens. Further studies are necessary to fully

understand the relevance of increased βB2-crystallin resulting
from loss of α-crystallins as one of its major chaperones.
In summary, our proteomic analysis identified several novel

candidates that may be substrates for α-crystallin protection.
These proteins will be further investigated for their relationship
to lens defects and to α-crystallin function in vivo. Furthermore,
similar studies can be used to characterize the function of α-
crystallins in tissues such as muscle, where αB-crystallin is
expressed in abundance. For example, titin is a multifunctional
protein that is decreased 3-fold in DKO lenses. Because titin is
a major component of muscle fibers and is known to associate
with αB-crystallin, this finding is of particular importance to
muscle physiology.73 Our study provides a compendium of
proteins whose expression is altered in response to the absence
of α-crystallins in mouse lenses. Proteins identified by us can be
organized into several key networks including those involving
adherens junctions, cytoskeleton, chaperones, and cell signaling,
providing the basis for future mechanistic studies. We propose
that the profound changes in proteins known to regulate the
cytoskeleton, cell adhesion, and specific metabolic pathways
could result in long-lasting structural and functional lens
defects. Of particular interest will be a further understanding of
the extent to which these proteins represent in vivo substrates
for α-crystallin function, possibly involving metabolic pathways
protected and regulated by this small heat shock protein.
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