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Abstract

Purpose

To investigate the expression of αA- and αB-crystallin and the unfolded protein response in

the lens epithelium of patients with high myopia-related cataracts.

Methods and Materials

The central portion of the human anterior lens capsule together with the adhering epithelial

cells, approximately 5 mm in diameter, were harvested and processed within two hours

after cataract surgery from high myopia-related (spherical equivalent�-10.00 diopters) and

age-related cataract patients or from high myopia but non-cataractous patients (tissue were

collected from ocular trauma patients with high myopia and lens trauma). Anterior lens sam-

ples from fresh cadaver normal human eyes were used as normal control (collected within

6 hours from death). Real-time PCR was performed to detect the mRNA levels of α-crystal-

lins as well as unfolded protein response (UPR)-related GRP78, spliced-XBP1, ATF4 and

ATF6. Western blot analysis was used to determine the protein level of α-crystallin, GRP78,

p-IRE1α, p-eIF2α and ATF6.

Results

In the lens epithelium of the high myopia-related cataract group and the age related cataract

group, the mRNA and soluble protein expression of αA- and αB-crystallin were both

decreased; additionally, the protein levels of ATF6, p-eIF2α and p-IRE1α and the gene

expression levels of spliced XBP1, GRP78, ATF6 and ATF4 were greatly increased relative

to the normal control.
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Conclusion

These results suggest the significant loss of soluble α-crystallin and the activation of the

UPR in the lens epithelium of patients with high myopia-related cataract, which may be

associated with the cataractogenesis of high myopia-related cataract.

Introduction
High myopia is defined as an eye axial length greater than 26 mm and spherical equivalent
-6.00 diopters (D) [1], and the disease affects the entire human eye [2]. A relationship between
myopia and cataract has been suggested [3,4]. In high myopic patients, cataracts occur more
frequently at an earlier age and progress more rapidly [5–7]. As reported by some researchers,
high myopia-related cataract (HMC) is typically characterized by dark nuclei rather than other
types of lens opacity [8,9].

α-crystallin, a member of the small heat shock protein family, is a protein complex com-
posed of αA and αB subunits that is highly expressed in the lens. α-crystallin acts as a molecu-
lar chaperone and is a major lens structural protein that protects the transparent lens. In the
αA-crystallin-null mice, the lenses become opaque due to the increased proliferation and
decreased denucleation [10]. αB-crystallin plays a role in signal transduction, protein degrada-
tion, the stabilization of cytoskeletal structures and apoptosis [11]. Mutations in the αB-crystal-
lin gene can lead to various pathologies, including cataracts [11]. However, research into
alterations of alpha-crystallin in HMC is rare.

α-crystallin is an ATP-independent chaperone that efficiently binds to damaged or partially
unfolded proteins and sequestering them to prevent widespread protein aggregation [12].
Accordingly, loss of α-crystallin in the lens results in the aggregation of unfolded or misfolded
lens proteins into high molecular weight complexes, resulting in the light scattering and opacity
of cataractous lenses and the loss of visual acuity. The endoplasmic reticulum (ER) is the site of
membrane protein synthesis, folding, translocation and post-translation modification [13,14].
The accumulation of unfolded or misfolded proteins in the ER lumen, referred to as "ER
stress"[15], activates three intracellular unfolded protein response (UPR) signaling pathways to
release the protein-folding stress by increasing the ER protein folding capacity[16], reducing
global protein synthesis [17], and activating ER-associated protein degradation [18–20]. UPR
involves three ER transmembrane proteins activation including the PKR-like ER protein kinase
(PERK), the activating transcription factor 6 (ATF6) and the inositol requiring enzyme 1
(IRE-1) [21]. GRP78 is a major endoplasmic reticulum chaperone and a master regulator of
the UPR as well [22]. Activated IRE1α splices a 26-base intron named spliced XBP1 from an
mRNA encoding X-box-binding protein 1 (XBP1). Spliced XBP1 induces the expression of
genes which are involved in ER protein folding, secretion, phospholipid biosynthesis, ER
expansion, and ER-associated protein degradation (ERAD) and finally activates UPR signaling
[23]. Activated PERK phosphorylates eIF2α and subsequently reduces protein load in the ER
by suppressing global protein translation [24]. PERK and eIF2α phosphorylation facilitates
translation of transcription factor 4 (ATF4) as well [24]. ATF4 activates genes that promote
restoration of normal ER function [25]. Once dissociated with GRP78, ATF6 translocates to
the Golgi [26], and then is cleaved to a cleaved form [27]. The cleaved ATF6 translocates to the
nucleus and up-regulates the transcription of target genes including XBP1 [28,29]. The inhibi-
tion of global protein synthesis secondary to UPR activation may enhance the lack of α-crystal-
lin. However, the role of the UPR and the loss of α-crystallin in HMC remains unclear.
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The present study examined the expression of α-crystallin and the potential activation of
the unfolded protein response pathway in the lens epithelium of HMC. To rule out the high
myopia or cataractous impact on UPR activation and soluble expression of α-crystallin, We set
up the Non-cataractous lens with myopia group and cataractous lens without myopia group as
control as well except for the normal lens control.

Methods

Patients
Sixty Han Chinese patients with high myopia-related dark nuclear cataracts (spherical equiva-
lent�-10.00 diopters) were randomly divided into three subgroups (HMC). Sixty Han Chinese
patients with age-related cataracts were randomly divided into three subgroups (ARC). Six
hymopia but non-cataractous lenses (spherical equivalent�-10.00 diopters) were collected
during traumatic lens remove surgery from ocular trauma patients within 12 hours from
injury, and were divided into three subgroups (HMNC). Nine normal lenses from Han Chinese
cadaver eyes (collected within 6 hours from death) served as controls in the study (Con). The
age range collected for both HMC and control patients is from 40 to 50 years old. Ethical
approval was obtained from the Institutional Review Board/Ethics Committee of Sun Yat-sen
University (SYSU-ZOC-IRB). We certify that the study was performed in accordance with the
Declaration of Helsinki. Informed consent was signed by the patients before the study was ini-
tiated. The cadaver eye tissues were obtained from the eye bank of Zhongshan Ophthalmic
Center (Sun Yat-sen University, Guangzhou, Guangdong, China).

Lens epithelium specimen collection
Human lens capsule and epithelium specimens, including the central area (5 mm in diameter)
of the anterior lens capsule together with the adhering layer of epithelial cells, were obtained
during cataract surgery.

Lens epithelium sample RNA extraction and real-time PCR
Total RNA was isolated from the human lens epithelium specimens using Trizol (Invitrogen)
according to manufacturer’s instructions. cDNA was generated using the Superscript First-
Strand Synthesis Kit (Invitrogen). Reactions containing 1.0 μl cDNA were prepared in SYBR
green master mix (Bio-Rad) and subjected to quantitative real-time PCR analysis using the
Bio-Rad CFX96 Real Time System (Bio-Rad). Each reaction was repeated in triplicate, and the
experiments were repeated at least three times to confirm reproducibility. Values were obtained
for the threshold cycle (Ct) for each gene, and data were analyzed using the standard curve
method. For each gene examined by qRT-PCR, samples were run in triplicate and the median
CT value was normalized against the 18S rRNA CT. We diluted the cDNA samples of 18s
group to 0.1 times of the other gene groups. The comparative CT method was used for data
analysis the 18S rRNA as the reference gene to generate a log2 difference in gene expression
levels. The log of average relative expression ± SEM was reported. PCR primer sequences are
reported in Table 1.

Lens epithelium protein extraction and western blot analysis
The human lens epithelium specimens were lysed in radioimmunoprecipitation (RAPI) lysis
buffer supplemented with protease inhibitor cocktail, PMSF, and sodium orthovanadate (Santa
Cruz Biotechnology). The lysate was sonicated and centrifuged at 13,000× g for 10 min. The
supernatant was used for protein determination using the Bradford procedure (Bio-Rad) and
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western blot. The proteins were resolved on 12% sodium dodecyl sulfate polyacrylamide gels,
transferred onto nitrocellulose membranes, and incubated with appropriate antibodies. β-actin
was used as the internal control. The anti-αA-crystallin antibody (sc-22389; Santa Cruz Bio-
technology, Xinhailing Company, Shenzhen, China) was used at a 1:200 dilution, the anti- αB-
crystallin antibody (sc-22744; Santa Cruz Biotechnology, Xinhailing Company, Shenzhen,
China) was used at a 1:200 dilution, the anti-GRP78 antibody (Abcam, Cambridge, MA) was
used at a 1:2000 dilution, the anti-phospho-IRE1α antibody (Cell signaling, MA) was used at a
1:1000 dilution, the anti phospho-EIF2α antibody (Cell signaling, MA) was used at a 1:1000
dilution, and the anti-ATF6 antibody (Abcam, Cambridge, MA) was used at a 1:1000 dilution.
Peroxidase-based detection was performed using chemiluminescence reagents (NEN Life Sci-
ence, Xinhailing Company, Shenzhen, China). According to the manufacturer’s instructions,
samples were subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis at 90 V
for 30 min and then 110 V for 60 min, transferred at 0.3A for 3 hours, blocking in 5% dry milk
solution for 60 min at room temperature, incubated with the primary antibody overnight at
4°C and incubated with the Horseradish peroxidase-conjugated (HRP-conjugated) secondary
antibodies for 90 min at room temperature. goat-anti-rabbit IgG (Vector Laboratories) and
goat anti-mouse IgG (Vector Laboratories) were used at 1:400 dilution. After incubation with
secondary antibodies, membranes were developed with enhanced chemiluminescence substrate
using Bio Imaging System. The bands were semi-quantified using densitometry. We repeated
each experiment three times.

Statistics
All values were expressed as the means ± SD. Statistical significance of the differences in the
mean values was assessed using one way ANOVA (prism 3 software) for the three independent
repeats. P-values less than 0.05 were considered to be statistically significant.

Result

Decreased soluble αA- and αB-crystallin expression levels in the lens
epithelium of HMC patients
To investigate the gene expression alteration of αA- and αB-crystallin in the lens epithelium of
HMC patients, we detected the mRNA expression by real-time PCR assay. Total RNA was
extracted from human lens epithelium specimens. In the current study, we found that the
expressions of αA- and αB-crystallin were significantly decreased in the HMC and ARC groups
compared with the normal control group (Fig 1A). However, we did not see obvious decrease
of α-crystallin mRNA level in the HMNC group.

Table 1. Gene-specific primers sequences for real-time PCR.

Primer Forward Reverse

αA-crystallin 5'-GAGATCCACGGAAAGCACAAC-3' 5'-GGTAGCGGCGGTGGAACT-3'

αB-crystallin 5'-CTTTGACCAGTTCTTCGGAG-3' 5'-CCTCAATCACATCTCCCAAC-3'

GRP78 50- GACGGGCAAAGATGTCAGGA-30 50- GCCCGTTTGGCCTTTTCTAC-30

s-XBP1 50-ACACGCTTGGGAATGGACAC-30 50-CCATGGGAAGATGTTCTGGG-30

ATF6 5'- CTTTTAGCCCGGGACTCTTT-3' 5'- TCAGCAAAGAGAGCAGAATCC-3'

ATF4 5'- GGGACAGATTGGATGTTGGAGA-3' 5'- ACCCAACAGGGCATCCAAGT-3'

18S 50-TCGGCTACCACATCCAAGGAAGGCAGC-30 50-TTGCTGGAATTACCGCGGCTGCTGGCA-30

doi:10.1371/journal.pone.0137582.t001
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Based on the altered gene expression of αA- and αB-crystallin in high myopia-related cata-
ract lens epithelium, we want to determine whether a similar reduction could be observed at
the soluble protein level. We measured the protein levels of soluble αA- and αB-crystallin by
western blot. Soluble proteins were extracted from the human lens epithelium specimens. The
soluble protein levels of both αA- and αB-crystallin were significantly decreased in the HMC
and ARC group but no obvious decrease in the HMNC group, when compared with the normal
control. (Fig 1B).

These results indicate that the reduction of soluble αA- and αB-crystallin level might be
involved in the process of HMC formation.

Up-regulation of ER chaperone GRP78 mRNA and protein levels in
HMC group
To verify the activation of UPR in the lens epithelium of HMC patients, we first measured the
expression of the ER chaperon GRP78 (Bip) at the protein (Fig 2A) and mRNA levels (Fig 2B).
We observed that the protein level of GRP78 in the lens epithelium of HMC patients and ARC
patients were up-regulated by 3.65-fold and 4.0-fold respectively relative to the normal control.
Moreover, the mRNA level of GRP78 in the lens epithelium of HMC and ARC exhibited simi-
lar changes of approximately 2.81-fold and 3.15 fold relative to the normal control. However,
in the HMNC group, we did not see significant up regulation of GRP78 relative to the normal
control both on the RNA and protein levels. These results indicate that the GRP78 is activated
in the lens epithelium of HMC and ARC patients but not in HMNC patients.

Activation of the IRE1/XBP-1 pathway in HMC group
To investigate the activation of the unfolded protein response IRE1/XBP1 pathway in HMC
lens epithelium, we measured the protein level of phosphorylated IRE1α (p-IRE1α) (Fig 3A)
and the gene expression level of spliced XBP1 (Fig 3B) by western blot analysis and quantitative
real-time PCR, respectively. The protein and RNA samples were extracted from human lens
epithelium specimens. The p-IRE1α protein levels were significantly up-regulated by 2.45-fold
relative to the normal control in the HMC group and by 2.18-fold relative to the normal con-
trol in the ARC group; the mRNA level of spliced XBP1 in the HMC group and ARC group

Fig 1. Relative αA- and αB-crystallin mRNA and soluble protein expression in the lens epithelium of
HMC.RNA and soluble protein were extracted from human epithelium specimens of HMC, HMNC, ARC or
normal control (Con) samples. Real-time PCR was performed to detect the mRNA levels of αA- and αB-
crystallin (Fig 1A) in each group, and 18S was used as the internal control gene. Western blot assays were
performed to detect the soluble αA-and αB-crystallin levels (Fig 1B), and β-actin was used as the internal
control (mean ± SD, n = 3). *P < 0.05 and **P < 0.001.

doi:10.1371/journal.pone.0137582.g001
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followed a similar up-regulated trend of 2.59-fold and 2.57-fold respectively relative to the nor-
mal control. However, no significant up regulation of p-IRE1α protein level and spliced XBP1
gene expression were detected in the HMNC group.

These results suggest that the IRE1/XBP1 pathway is activated in the lens epithelium of
HMC and ARC patients, but not in the HMNC patients.

Activation of the PERK/eIF2α/ATF4 pathway in HMC group
To verify the activation of the PERK/eIF2α/ATF4 pathway in the lens epithelium of HMC
patients, the protein level of phosphorylated eIF2α (P-eIF2α) (Fig 4A) was measured by

Fig 2. Up-regulation of ER chaperone GRP78mRNA and protein levels in the lens epithelium of HMC
patients.RNA and protein were extracted from human epithelium specimens of HMC, HMNC, ARC or
normal control (Con) samples. Western blotting was performed to detect the protein expression of GRP78
(Fig 2A), and β-actin was used as the internal control. Real-time PCR was performed to detect the gene
expression level of GRP78 in each group (Fig 2B), and 18S was used as the internal control gene
(mean ± SD, n = 3). *P < 0.05; **P < 0.001.

doi:10.1371/journal.pone.0137582.g002

Fig 3. Up-regulation of p-IRE1α protein level and spliced XBP1 gene expression level in the lens
epithelium of HMC patients.RNA and protein were extracted from HMC, HMNC, ARC or normal control
(Con) human epithelium specimens. Western blotting was performed to detect the protein expression of p-
IRE1α (Fig 3A), and β-actin was used as the internal control. Real-time PCR was performed to detect the
relative gene expression levels of spliced XBP1 in each group (Fig 3B), and 18S was used as the internal
control gene (mean ± SD, n = 3). *P < 0.05; **P < 0.001.

doi:10.1371/journal.pone.0137582.g003
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western blot analysis, and gene expression of ATF4 was measured via quantitative real-time
PCR assay (Fig 4B). The protein and RNA samples were extracted from human lens epithelium
specimens. In the HMC group and ARC group, the P-eIF2α protein expression were signifi-
cantly increased by 3.93-fold and 4.05-fold respectively relative to the normal control. In addi-
tion, the ATF4 gene expression in the HMC and ARC groups were increased by 3.19-fold and
3.51-fold respectively relative to the normal control. No significant up regulation of P-eIF2α
protein expression and ATF4 gene expression were seen in the HMNC group.

These findings demonstrate the activation of PERK/eIF2α/ATF4 pathway in the lens epithe-
lium of HMC and ARC patients but no activation in the HMNC patients.

Activation of the ATF6 pathway in the HMC group
We sought to determine whether the ATF6 pathway was also activated in the lens epithelium
of HMC patients. Western blot and quantitative real-time PCR were performed on the protein
and RNA samples extracted from human lens epithelium (Fig 5). When compared with the
normal control, ATF6 protein expression (Fig 5A) in the HMC group and ARC group were sig-
nificantly up-regulated by 3.59-fold and 3.24-fold, respectively. The ATF6 mRNA levels (Fig
5B) in the HMC group and ARC group were significantly up-regulated by 3.09-fold and
2.61-fold, respectively.

These results demonstrate ATF6 pathway activation in the lens epithelium of HMC and
ARC patients but not in the HMNC patients.

Discussion
We describe here the reduction of soluble alpha-crystallin expression in the lens epithelium of
HMC patients and its potential regulated mechanism by activation of the unfolded protein
response. Lens epithelial cells are responsible for the growth and development of the entire
ocular lens. In our study, reduction of αA- and αB-crystallin expression mRNA level and
reduction of soluble αA- and αB-crystallin protein level were observed in the lens epithelium
of HMC patients compared with the normal controls. This finding may help explain

Fig 4. Up-regulation of p-eIF2α protein level and ATF4 gene expression level in the lens epithelium of
HMC patients.RNA and protein were extracted from HMC, HMNC, ARC or normal control (Con) human
epithelium specimens. Western blotting was performed to detect the protein expression of p-eIF2α (Fig 4A),
and β-actin was used as the internal control. Real-time PCR was performed to detect the relative gene
expression level of ATF4 in each group (Fig 4B), and 18S was used as the internal control gene (mean ± SD,
n = 3). *P < 0.05; **P < 0.001.

doi:10.1371/journal.pone.0137582.g004
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cataractogenesis. The reduction in αA- and αB-crystallin expression disturbs the normal
homeostasis of the lens epithelia due to its crucial role in the survival and proliferation of these
cells[30]. α-Crystallin reduction affects binding to damaged or partially unfolded proteins and
subsequently affects the prevention of widespread protein aggregation[12].

When misfolded proteins accumulate within the ER, the ER chaperone glucose-regulated
protein 78 (GRP78) dissociates from the UPR sensors PERK, IRE1 and ATF6 and subsequently
binds to improperly folded proteins. This triggers the activation of these factors and results in
the induction of three UPR-related pathways[31]. The IRE1-XBP1 pathway and the ATF6
pathway aim to produce a transcriptional response and subsequently increase the capacity of
the ER; PERK pathway activation aims to induce temporary translation attenuation [18].
GRP78, also referred to as BiP, is a central regulator of ER stress due to its role as a major ER
chaperone and its ability to control the activation of ER stress sensors (IRE1, PERK, and
ATF6) [32]. Induction of GRP78 is a marker of ER stress and is required to alleviate ER stress
and facilitate protein folding [33,34]. This role is consistent with our findings that GRP78 is
significantly induced in the lens epithelium of high myopia-related cataract patients (Fig 2).
This result indicates that the lens epithelium of high myopia-related cataract suffers from ER
stress and that the UPR is activated.

Our results reveal the significant up-regulation of the p-IRE1α at the protein level and the
up-regulation of spliced XBP1 at the gene expression level. The IRE1/XBP1 pathway is the con-
served core of the UPR[18]. When the IRE1α/XBP1 branch is activated, IRE1α autophosphor-
ylates to the p-IRE1α form and splices a 26-nucleotide intron from the mRNA encoding the
UPR-specific transcriptional factor XBP1, which results in a frameshift of the XBP1 gene[35].
This frameshift then produces a more stable spliced form of XBP1 (XBP1s), which is also a
potent activator of UPR genes [36]. Therefore, the induction of spliced XBP1 in our result sup-
ports the activation of the IRE1/XBP1 pathway in the lens epithelium of high myopia-related
cataract. Furthermore, the up-regulation of spliced XBP1 can induce the expression of down-
stream genes, including genes encoding ER chaperones, such as GRP78, and protein involved
in ER-associated protein degradation (ERAD) [20,37]. This regulation could be another reason
for GRP78 induction in the HMC group.

Fig 5. Up-regulation of cleaved ATF6 protein and gene expression levels in the lens epithelium of
HMC patients.RNA and protein were extracted from HMC, HMNC, ARC or normal control (Con) human
epithelium specimens. Western blotting was performed to detect the protein expression of cleaved ATF6 (Fig
5A), and β-actin was used as the internal control. Real-time PCR was performed to detect the relative gene
expression level of ATF6 in each group (Fig 5B), and 18S was used as the internal control gene (mean ± SD,
n = 3). *P < 0.05; **P < 0.001.

doi:10.1371/journal.pone.0137582.g005
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Once the PERK/eIF2α/ATF4 branch of the UPR is activated, PERK undergoes autopho-
sphorylation to the p-PERK form. Subsequently, p-PERK phosphorylates the α-subunit of eIF2
to form p-eIF2α[17], which results in the global arrest of protein synthesis due to reduced
translation[18]. In addition, p-eIF2α can induce another transcription activator, ATF4[38].
ATF4 then induces a subset of UPR genes, including XBP1. In our study, the protein expres-
sion of p-eIF2α and the mRNA level of ATF4 in the lens epithelium of HMC were dramatically
increased, which reflects the activation of the PERK/eIF2α/ATF4 pathway. The global arrest of
protein synthesis downstream of activation of the PERK/eIF2α/ATF4 branch may lead to the
reduction of α-crystallin in HMC group, as we described in Fig 1.

ATF6 is also an ER stress sensor. Upon ER stress, ATF6 is transported from the ER to the
Golgi and cleaved to an N-terminal 50-kDa protein (p50ATF6) [27]. The cleaved ATF6 then
moves to the nucleus to promote the expression of a subset UPR target genes [28,39]. In our
study, the induction of cleaved ATF6 protein and ATF6 gene expression suggests ATF6 branch
activation in the HMC group.

Nevertheless, our results revealed that GRP78, p-IRE1α, spliced XBP1, p-eIF2α, ATF4 and
ATF6 were all significantly increased in the ARC group as well, which suggest UPR activation
in cataractous but non-high myopic lenses also. In addition, we did not get evidence that UPR
related markers were activated in high myopic but non-cataractous lenses. In our findings, the
high myopic impacts could be ruled out of the UPR activation and soluble α-crystallin reduc-
tion, however, the cataractous impact such as cytotoxicity caused by fiber cell necrosis during
cataractogenesis cannot be ruled out.

In summary, these results demonstrate the reduced expression of the molecular chaperones
αA- and αB-crystallin and the activation of three UPR pathways in the lens epithelium of high
myopia-related cataract. As discussed above, the reduced expression of α-crystallin might trig-
ger the UPR, and the activation of UPR could result in decreased synthesis of α-crystallin.
These findings provide us a new explanation for cataractogenesis mechanisms in high myopia-
related cataracts. However, it remains unclear which is the triggering event or whether these
changes occur independently with crosstalk between α-crystallin expression and UPR activa-
tion or both of these changes are all induced by cytotoxicity caused by fiber cell necrosis during
cataractogenesis. Further examination of the relationship between α-crystallin expression and
UPR activation should be the focus of future studies.

Acknowledgments
We thank all of the patients for their contribution to this study. The first two authors contrib-
uted equally to the work and therefore should be considered equivalent authors.

Author Contributions
Conceived and designed the experiments: JY YL. Performed the experiments: SZ JY. Analyzed
the data: JG MG. Contributed reagents/materials/analysis tools: YL MG HX. Wrote the paper:
JY SZ.

References
1. Akal A, Goncu T, Cakmak SS, Yuvaci I, Atas M, Demircan S, et al. (2014) Evaluation of early results of

quick-chop phacoemulsification in the patients with high myopic cataract. Int J Ophthalmol 7: 828–831.
doi: 10.3980/j.issn.2222-3959.2014.05.16 PMID: 25349801

2. Saw SM, Gazzard G, Shih-Yen EC, ChuaWH (2005) Myopia and associated pathological complica-
tions. Ophthalmic Physiol Opt 25: 381–391. PMID: 16101943

3. Perkins ES (1984) Cataract: refractive error, diabetes, and morphology. Br J Ophthalmol 68: 293–297.
PMID: 6712905

α-Crystallin and UPR in High Myopia-Related Cataract Lens Epithelium

PLOSONE | DOI:10.1371/journal.pone.0137582 September 9, 2015 9 / 11

http://dx.doi.org/10.3980/j.issn.2222-3959.2014.05.16
http://www.ncbi.nlm.nih.gov/pubmed/25349801
http://www.ncbi.nlm.nih.gov/pubmed/16101943
http://www.ncbi.nlm.nih.gov/pubmed/6712905


4. Weale R (1980) A note on a possible relation between refraction and a disposition for senile nuclear cat-
aract. Br J Ophthalmol 64: 311–314. PMID: 7437390

5. Kaufman BJ, Sugar J (1996) Discrete nuclear sclerosis in young patients with myopia. Arch Ophthalmol
114: 1178–1180. PMID: 8859073

6. Fernandez-Buenaga R, Alio JL, Perez-Ardoy AL, Larrosa-Quesada A, Pinilla-Cortes L, Barraquer R,
et al. (2013) Late in-the-bag intraocular lens dislocation requiring explantation: risk factors and out-
comes. Eye (Lond) 27: 795–801; quiz 802.

7. Younan C, Mitchell P, Cumming RG, Rochtchina E, Wang JJ (2002) Myopia and incident cataract and
cataract surgery: the blue mountains eye study. Invest Ophthalmol Vis Sci 43: 3625–3632. PMID:
12454028

8. Praveen MR, Shah GD, Vasavada AR, Mehta PG, Gilbert C, Bhagat G (2010) A study to explore the
risk factors for the early onset of cataract in India. Eye (Lond) 24: 686–694.

9. Zhu XJ, Zhou P, Zhang KK, Yang J, Luo Y, Lu Y (2013) Epigenetic regulation of alphaA-crystallin in
high myopia-induced dark nuclear cataract. PLoS One 8: e81900. doi: 10.1371/journal.pone.0081900
PMID: 24312600

10. Hegde SM, Srivastava K, Tiwary E, Srivastava OP (2014) Molecular mechanism of formation of cortical
opacity in CRYAAN101D transgenic mice. Invest Ophthalmol Vis Sci 55: 6398–6408. doi: 10.1167/
iovs.14-14623 PMID: 25146988

11. BoelensWC (2014) Cell biological roles of alphaB-crystallin. Prog Biophys Mol Biol 115: 3–10. doi: 10.
1016/j.pbiomolbio.2014.02.005 PMID: 24576798

12. Moreau KL, King JA (2012) Protein misfolding and aggregation in cataract disease and prospects for
prevention. Trends Mol Med 18: 273–282. doi: 10.1016/j.molmed.2012.03.005 PMID: 22520268

13. Yadav RK, Chae SW, Kim HR, Chae HJ (2014) Endoplasmic reticulum stress and cancer. J Cancer
Prev 19: 75–88. doi: 10.15430/JCP.2014.19.2.75 PMID: 25337575

14. Park SW, Ozcan U (2013) Potential for therapeutic manipulation of the UPR in disease. Semin Immuno-
pathol 35: 351–373. doi: 10.1007/s00281-013-0370-z PMID: 23572207

15. Lee J, Ozcan U (2014) Unfolded protein response signaling and metabolic diseases. J Biol Chem 289:
1203–1211. doi: 10.1074/jbc.R113.534743 PMID: 24324257

16. Lazar C, Uta M, Branza-Nichita N (2014) Modulation of the unfolded protein response by the human
hepatitis B virus. Front Microbiol 5: 433. doi: 10.3389/fmicb.2014.00433 PMID: 25191311

17. Harding HP, Zhang Y, Ron D (1999) Protein translation and folding are coupled by an endoplasmic-
reticulum-resident kinase. Nature 397: 271–274. PMID: 9930704

18. Ron D, Walter P (2007) Signal integration in the endoplasmic reticulum unfolded protein response. Nat
Rev Mol Cell Biol 8: 519–529. PMID: 17565364

19. Hollien J, Weissman JS (2006) Decay of endoplasmic reticulum-localized mRNAs during the unfolded
protein response. Science 313: 104–107. PMID: 16825573

20. Yoshida H, Matsui T, Hosokawa N, Kaufman RJ, Nagata K, Mori K (2003) A time-dependent phase
shift in the mammalian unfolded protein response. Dev Cell 4: 265–271. PMID: 12586069

21. Foufelle F, Ferre P (2007) [Unfolded protein response: its role in physiology and physiopathology]. Med
Sci (Paris) 23: 291–296.

22. Zhu G, Lee AS (2015) Role of the unfolded protein response, GRP78 and GRP94 in organ homeosta-
sis. J Cell Physiol 230: 1413–1420. doi: 10.1002/jcp.24923 PMID: 25546813

23. Luo K, Cao SS (2015) Endoplasmic reticulum stress in intestinal epithelial cell function and inflamma-
tory bowel disease. Gastroenterol Res Pract 2015: 328791. doi: 10.1155/2015/328791 PMID:
25755668

24. Ma K, Vattem KM,Wek RC (2002) Dimerization and release of molecular chaperone inhibition facilitate
activation of eukaryotic initiation factor-2 kinase in response to endoplasmic reticulum stress. J Biol
Chem 277: 18728–18735. PMID: 11907036

25. Rzymski T, Milani M, Singleton DC, Harris AL (2009) Role of ATF4 in regulation of autophagy and resis-
tance to drugs and hypoxia. Cell Cycle 8: 3838–3847. PMID: 19887912

26. Shen J, Chen X, Hendershot L, Prywes R (2002) ER stress regulation of ATF6 localization by dissocia-
tion of BiP/GRP78 binding and unmasking of Golgi localization signals. Dev Cell 3: 99–111. PMID:
12110171

27. Ye J, Rawson RB, Komuro R, Chen X, Dave UP, Prywes R, et al. (2000) ER stress induces cleavage of
membrane-bound ATF6 by the same proteases that process SREBPs. Mol Cell 6: 1355–1364. PMID:
11163209

α-Crystallin and UPR in High Myopia-Related Cataract Lens Epithelium

PLOSONE | DOI:10.1371/journal.pone.0137582 September 9, 2015 10 / 11

http://www.ncbi.nlm.nih.gov/pubmed/7437390
http://www.ncbi.nlm.nih.gov/pubmed/8859073
http://www.ncbi.nlm.nih.gov/pubmed/12454028
http://dx.doi.org/10.1371/journal.pone.0081900
http://www.ncbi.nlm.nih.gov/pubmed/24312600
http://dx.doi.org/10.1167/iovs.14-14623
http://dx.doi.org/10.1167/iovs.14-14623
http://www.ncbi.nlm.nih.gov/pubmed/25146988
http://dx.doi.org/10.1016/j.pbiomolbio.2014.02.005
http://dx.doi.org/10.1016/j.pbiomolbio.2014.02.005
http://www.ncbi.nlm.nih.gov/pubmed/24576798
http://dx.doi.org/10.1016/j.molmed.2012.03.005
http://www.ncbi.nlm.nih.gov/pubmed/22520268
http://dx.doi.org/10.15430/JCP.2014.19.2.75
http://www.ncbi.nlm.nih.gov/pubmed/25337575
http://dx.doi.org/10.1007/s00281-013-0370-z
http://www.ncbi.nlm.nih.gov/pubmed/23572207
http://dx.doi.org/10.1074/jbc.R113.534743
http://www.ncbi.nlm.nih.gov/pubmed/24324257
http://dx.doi.org/10.3389/fmicb.2014.00433
http://www.ncbi.nlm.nih.gov/pubmed/25191311
http://www.ncbi.nlm.nih.gov/pubmed/9930704
http://www.ncbi.nlm.nih.gov/pubmed/17565364
http://www.ncbi.nlm.nih.gov/pubmed/16825573
http://www.ncbi.nlm.nih.gov/pubmed/12586069
http://dx.doi.org/10.1002/jcp.24923
http://www.ncbi.nlm.nih.gov/pubmed/25546813
http://dx.doi.org/10.1155/2015/328791
http://www.ncbi.nlm.nih.gov/pubmed/25755668
http://www.ncbi.nlm.nih.gov/pubmed/11907036
http://www.ncbi.nlm.nih.gov/pubmed/19887912
http://www.ncbi.nlm.nih.gov/pubmed/12110171
http://www.ncbi.nlm.nih.gov/pubmed/11163209


28. Haze K, Yoshida H, Yanagi H, Yura T, Mori K (1999) Mammalian transcription factor ATF6 is synthe-
sized as a transmembrane protein and activated by proteolysis in response to endoplasmic reticulum
stress. Mol Biol Cell 10: 3787–3799. PMID: 10564271

29. Alemayehu H, Hall M, Desai AA, St Peter SD, Snyder CL (2014) Demographic disparities of children
presenting with symptomatic Meckel's diverticulum in children's hospitals. Pediatr Surg Int 30: 649–
653. doi: 10.1007/s00383-014-3513-y PMID: 24811048

30. Andley UP (2008) The lens epithelium: focus on the expression and function of the alpha-crystallin
chaperones. Int J Biochem Cell Biol 40: 317–323. PMID: 18093866

31. Halliday M, Mallucci GR (2014) Targeting the unfolded protein response in neurodegeneration: A new
approach to therapy. Neuropharmacology 76 Pt A: 169–174. doi: 10.1016/j.neuropharm.2013.08.034
PMID: 24035917

32. Lee AS (2005) The ER chaperone and signaling regulator GRP78/BiP as a monitor of endoplasmic
reticulum stress. Methods 35: 373–381. PMID: 15804610

33. Kaufman RJ (1999) Stress signaling from the lumen of the endoplasmic reticulum: coordination of gene
transcriptional and translational controls. Genes Dev 13: 1211–1233. PMID: 10346810

34. Sherman MY, Goldberg AL (2001) Cellular defenses against unfolded proteins: a cell biologist thinks
about neurodegenerative diseases. Neuron 29: 15–32. PMID: 11182078

35. Ali MM, Bagratuni T, Davenport EL, Nowak PR, Silva-Santisteban MC, Hardcastle A, et al. (2011)
Structure of the Ire1 autophosphorylation complex and implications for the unfolded protein response.
EMBO J 30: 894–905. doi: 10.1038/emboj.2011.18 PMID: 21317875

36. Yoshida H, Matsui T, Yamamoto A, Okada T, Mori K (2001) XBP1 mRNA is induced by ATF6 and
spliced by IRE1 in response to ER stress to produce a highly active transcription factor. Cell 107: 881–
891. PMID: 11779464

37. Lee AH, Iwakoshi NN, Glimcher LH (2003) XBP-1 regulates a subset of endoplasmic reticulum resident
chaperone genes in the unfolded protein response. Mol Cell Biol 23: 7448–7459. PMID: 14559994

38. Harding HP, Zhang Y, Zeng H, Novoa I, Lu PD, Calfon M, et al. (2003) An integrated stress response
regulates amino acid metabolism and resistance to oxidative stress. Mol Cell 11: 619–633. PMID:
12667446

39. Zhang K, Shen X, Wu J, Sakaki K, Saunders T, Rutkowski DT, et al. (2006) Endoplasmic reticulum
stress activates cleavage of CREBH to induce a systemic inflammatory response. Cell 124: 587–599.
PMID: 16469704

α-Crystallin and UPR in High Myopia-Related Cataract Lens Epithelium

PLOSONE | DOI:10.1371/journal.pone.0137582 September 9, 2015 11 / 11

http://www.ncbi.nlm.nih.gov/pubmed/10564271
http://dx.doi.org/10.1007/s00383-014-3513-y
http://www.ncbi.nlm.nih.gov/pubmed/24811048
http://www.ncbi.nlm.nih.gov/pubmed/18093866
http://dx.doi.org/10.1016/j.neuropharm.2013.08.034
http://www.ncbi.nlm.nih.gov/pubmed/24035917
http://www.ncbi.nlm.nih.gov/pubmed/15804610
http://www.ncbi.nlm.nih.gov/pubmed/10346810
http://www.ncbi.nlm.nih.gov/pubmed/11182078
http://dx.doi.org/10.1038/emboj.2011.18
http://www.ncbi.nlm.nih.gov/pubmed/21317875
http://www.ncbi.nlm.nih.gov/pubmed/11779464
http://www.ncbi.nlm.nih.gov/pubmed/14559994
http://www.ncbi.nlm.nih.gov/pubmed/12667446
http://www.ncbi.nlm.nih.gov/pubmed/16469704

