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Abstract

Background—aA- and aB crystallins are principal members of the small heat shock protein
family and elicit both a cell protective function and a chaperone function. a-Crystallins have been
found to be prominent proteins in normal and pathological retina emphasizing the importance for
in-depth understanding of their function and significance.

Scope of Review—Retinal pigment epithelial cells (RPE) play a vital role in the pathogenesis
of age-related macular degeneration (AMD). This review addresses a number of cellular functions
mediated by a-crystallins in the retina. Prominent expression of aB crystallin in mitochondria may
serve to protect cells from oxidative injury. aB crystallin as secretory protein via exosomes can
offer neuroprotection to adjacent RPE cells and photoreceptors. The availability of chaperone-
containing minipeptides of aB crystallin could prove to be a valuable new tool for therapeutic
treatment of retinal disorders.

Major Conclusions—a-Crystallins are expressed in cytosol and mitochondria of RPE cells and
are regulated during oxygen-induced retinopathy and during development. a-Crystallins protect
RPE from oxidative-and ER stress-induced injury and autophagy. aB-Crystallin is a modulator of
angiogenesis and vascular endothelial growth factor. aB Crystallin is secreted via exosomal
pathway. Minichaperone peptides derived from aB Crystallin prevent oxidant induced cell death
and have therapeutic potential.

General Significance—Ouverall, this review summarizes several novel properties of a-
crystallins and their relevance to maintaining normal retinal function. In particular, the use of a-
crystallin derived peptides is a promising therapeutic strategy to combat retinal diseases such as
AMD.
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a- Crystallins are prominent members of the small heat shock protein family. aA and aB
crystallins have been shown to be present in a number of tissues. Their expression and
function in the eye, particularly in the lens, has been extensively studied [1]. Our laboratory
has recently summarized the findings on the expression and significance of a-crystallins in
the retinal tissue and retinal pigment epithelial (RPE) cells [2]. The present review focuses
on a-crystallins, particularly aB crystallin, in the RPE and their potential role in the
pathogenesis and treatment of age-related macular degeneration (AMD).

Apart from the well recognized chaperone effect, a wide variety of other properties of a-
crystallins have come to the fore in various tissues including the eye. These include anti-
inflammatory, antifibrillar, and antiapoptotic properties, protection against ER stress and
autophagy, modulation of angiogenesis as well as protein-protein interactions with a large
array of proteins [2-4]. Most of the research in elucidating the above properties and their
associated signaling mechanisms has been performed with aB crystallin. As will be
discussed, in addition to the entire protein molecule, short chain peptides that exhibit
chaperone properties (minichaperones) have also proved valuable in exploring novel
beneficial functions of a-crystallins and are considered potential therapeutic agents as well.

Localization of a-Crystallins

While aA and aB crystallins are considered to be two subunits of one protein, evidence
from studies in the developing ocular lens suggests that each of these two proteins exist and
function independently of each other [5]. In initial work on the analysis of oA, aB (as well
as f and y) crystallins, Xi et al. [6] found that these crystallins were found in the inner and
outer nuclear layers of the retina and the RPE. The distribution of a.A crystallin and aB
crystallin differed; while aB crystallin was prominent in the RPE cells, aA crystallin
expression was low in RPE but was more prominent in neural tissues such as photoreceptor,
astroglial and Muller cells [7-9]. Abundant expression of aB crystallin in RPE cells has been
confirmed by several laboratories including ours [7,10,11-13].

Cobb and Petrash [14] found that both aA and aB complexes bound to lens membranes in a
specific, saturable and partially irreversible manner the binding was both time and
temperature sensitive. Retinal a-crystallins formed macromolecular multimeric complexes
and were found to be abundant both in soluble and membrane associated forms and
specifically bound to post-golgi membrane in the frog retina [15]. Further, aB crystallin
with its chaperone properties was shown to co-localize with Golgi matrix proteins so that an
important role in golgi reorganization during cell division was suggested for this protein
[16].

Subcellular localization of aB crystallin has been investigated by several laboratories
[7,17,18]. In our initial studies, we showed that both oA and aB crystallin were found in the
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mitochondrial fraction of RPE cells [7]. The role of aB crystallin in mitochondria, given its
antiapoptotic function, could be to augment or maintain mitochondrial function by protein
folding and to restore and prevent subsequent downstream activation of apoptotic events and
transcription factors such as NF kappaB [18]. Further, Jiang et al. [19] showed that heat
shock pretreatment, which upregulates SHSPs, protected cells against H,O, induced
apoptosis and its mechanism appeared to involve the inhibition of Smac release from
mitochondria. aB crystallin was also shown to interact with p53 which prevented the
translocation of p53 from cytoplasm to mitochondria [20]. It is well known that p53
upregulation directly promotes Bax expression which changes the integrity of mitochondria,
leading to cytochrome c release, caspase 3 activation and to eventual apoptosis.
Overexpression of aB crystallin blocks activation of reactive oxygen species (ROS) to
inhibit ERK1/2 activation and significantly attenuated calcimycin-induced apoptosis [21]. In
studies performed in the lens, a mutation of aA crystallin, R49C distributed in the cellular
nucleus of cultured cells [1] and in hereditary cataracts with R49C, mislocalization of aA
crystallin into the cellular nucleus was observed. A role for aA crystallin was suggested
from the observation of increased polyploid cells in mouse lens epithelial cell cultures null
for aB crystallin [22]. aB crystallin is associated with nuclear speckles in different cell
types [23-26].

a-Crystallins are developmentally regulated. We studied the developmental expression of a-
crystallins in mouse retina of postnatal days 7, 12 and 17 using posterior mouse eye cups.
Expression of both aA and aB crystallins was found on postnatal days 7 to 17. We show for
the first time the compartmental distribution of the two crystallins in mitochondria and
cytosol during this early period of neonatal development (Figure 1). While expression of aA
and aB crystallins was observed in the cytosol, only aA crystallin was expressed in
significant proportion in the mitochondria. The expression of aB crystallin in mitochondria,
on the other hand, was considerably lower (Figure 1A). The significance of this finding with
respect to the possible differing mechanisms of action of the two crystallin isoforms during
postnatal development would need further study. We also identified the expression of one of
the phosphorylated forms, namely serine 59 phosphorylated aB crystallin during
development. Further, we showed that mitochondrial and cytosolic aA and aB crystallin
expression was higher on P12 as compared to P19 of oxygen-induced retinopathy (OIR)
(Figure 1B). The ser59 phospho aB crystallin in both mitochondria and cytosol were
markedly higher on P12 than on P19. This finding is consistent with the known fact that
various conditions and stimuli induce phosphorylation, which in turn may regulate the a-
crystallin function [27].

Protection from Apoptosis by a -Crystallins

As is well known, oxidative stress is one of the key causative factors of AMD. There is
evidence that oxidative stress induced inflammation initiates AMD [28]. Most of the studies
that address the antiapoptotic function and associated signaling mechanisms of a-crystallins
use oxidative stress stimuli as a model for such studies. For example, aB crystallin was
shown to protect from cell death induced by oxidative stress as well drugs such as
staurosporine and doxorubicin [29]. Work from Arrigo's laboratory had shown that human
aB crystallin and HSP27 prevented TNFa induced apoptosis in L929 cells and this property
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of sHSPs was associated with increased cellular glutathione which facilitated attenuating
ROS generation [30]. The significance of antioxidants, particularly glutathione (GSH) in
RPE protection was reported by our laboratory [31]. We showed that human RPE cells that
overexpress aA or aB crystallin were resistant to H,O, induced cell death as compared to
the vector controls (Figure 2). Further, RPE cells overexpressing either aA or aB crystallin
contained increased cellular GSH arising from an increase in GCLC, the regulatory subunit
of the rate limiting enzyme of GSH biosynthesis. We further showed a selective increase in
mitochondrial GSH compartment of oxidatively stressed RPE in aA and aB overexpressing
cells provided cellular protection (Figure 2). These studies further established that the aB
crystallin induced protection of cell death was mediated by the multidrug associated protein
MRP1, a GSH efflux transporter.

Apoptosis is mediated by multiple signaling pathways and regulators such as the mitogen
activated protein kinases (MAPKS) and or RAF/MEK/ERK or AKT kinases [21]. It was
reported that aA crystallin provided higher level of protection against cell death than aB
crystallin in cultured lens epithelial cells [1]. However, we found that RPE isolated from a A
crystallin KO mice were as susceptible as aB crystallin KO RPE to oxidative stress despite
the relatively low abundance of aA crystallin in RPE [7]. Further, RPE cells overexpressing
either aA- or aB crystallin provided similar protection against oxidant induced cell death
[31]. It is of interest that in vivo, in CoCl,-induced hypoxia, retinas of aA- and aB-
crystallin KO mice exhibited similar, rapid and more severe degeneration as compared to
WT retinas, supporting in vitro findings [32]. However, it has to be recognized that, while
the two a-crystallin isoforms display similar antiapoptotic properties in the retina and RPE,
the associated mechanisms of protection may differ based on the stress stimulus and
experimental conditions [29, 33].

Role of a-Crystallins in Autophagy

Autophagy plays a key role in cellular homeostasis. To maintain normal cellular function,
autophagy is often upregulated in response to environmental stresses and excessive
organelle damage to facilitate aggregated protein removal. Among the three known
autophagic mechanisms [34], chaperone-mediated autophagy (CMA\) is relevant to our
discussion although the autophagic systems are not completely separated from each other.
Further, adverse effects of autophagy have been described in a mouse model of retinitis
pigmentosa and in a rat model of ischemia [35,36]. Increase in aB crystallin expression in
neurodegenerative diseases such as AMD where it is a component of drusen has been
documented [10, 37, 38]. The presence of aB crystallin in drusen could be in response to
toxic protein aggregation and lipofuscin accumulation. It was postulated that increased
autophagy and exocytic activities in aged RPE could supply extracellular materials for the
formation of drusen and indeed the authors reported the presence of autophagic and
exosomal markers in drusen from AMD patients [39, 40]. Thus, autophagy may represent an
important therapeutic target in AMD although the effect and interpretation is complex due to
a variation in the AMD phenotypes. Recently, it was reported that autophagy proteins,
autophagosomes, and autophagy were significantly reduced in tissue from human donor
AMD eyes and two animal models of AMD [3]. With respect to mechanism, the autophagy
regulating-kinases AMPK and MTOR can be considered potential therapeutic targets for
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preventing RPE cell degeneration and AMD progression either alone or as an adjunct to
other treatments [41]. Mitter et al. [3] studied whether the autophagy pathway played a
critical role in protecting ARPE-19 cells against oxidative stress. Acute oxidative stress led
to a marked increase in autophagy whereas chronic oxidative stress reduced autophagy. The
work by Robbins group with cardiomyocytes showed that the R120G mutation of aB
crystallin decreased the expression Atg7, a mediator of autophagosomal biogenesis and
induction of autophagy with the overexpression of Atg7 rescued the accumulation of the
misfolded mutant aB crystallin [42, 43]. It is of interest that a recent report demonstrated
that a member of B-crystallin family BA3/A1 crystallin, impairs phagosome degradation and
results in a defect in autophagy in the RPE [44, 45].

Endoplasmic Reticulum (ER) Stress

ER is known as the cell's protein factory and is involved in the biosynthesis, post-
translational modifications, folding and trafficking of proteins. The importance of ER stress
and the unfolded protein response (UPR) in retinal degeneration has recently been reviewed
[46]. A number of signaling pathways for UPR have been identified among which the major
ones are IRE1, PERK and ATF6 pathways. While there is no direct evidence suggesting that
ER stress is linked to AMD, the relationship between ER stress and inflammation, oxidative
stress, apoptosis and angiogenesis suggests a strong possibility. Among these, as mentioned
earlier, oxidative stress is one of the primary causes of age-related RPE damage. Several
studies have shown a role for UPR in controlling oxidative stress and cell survival in RPE
cells [47, 48]. Pharmacological inhibition of ER stress by chemical chaperones attenuated
apoptosis and cell death. Further, inhibition of the PERK-eiF2alpha-CHOP pathway also
protected RPE cells from oxidative injury and cell death. Chen et al [48] suggested that
XBP1 may function as a central coordinator of oxidative and ER stress and may help in cell
survival. XBP1-KO mice developed significantly increased RPE apoptosis and RPE atrophy
as well as increased photoreceptor loss and inflammation. In addition, overexpression of
XBP1 alleviated apoptosis and cell death induced by oxidative stress in cultured cells.
Recently, targeting of IRE1/XBP1 and ATF6 branches of the UPR was found to enhance
vascular endothelial growth factor (VEGF) blockade to prevent retinal and choroidal
neovascularization [49].

Our laboratory is interested in understanding the crosstalk between mitochondria and the ER
in the RPE and the role played by aB crystallin in mediating this phenomenon. We found
that RPE cells from aB crystallin KO mice, and human RPE cells transfected with a.B
crystallin siRNA were more vulnerable to ER stress induced by tunicamycin (Figure 3).
Prolonged ER stress decreased levels of aB crystallin and exacerbated mitochondrial
dysfunction [12]. Further, overexpression of aB crystallin protected RPE cells from ER-
stress induced apoptosis by attenuating increases in Bax, CHOP, mitochondrial permeability
transition and cleaved caspase 3. It is of interest that Mitra et al. [50] found recently that
activation of aB crystallin acts as a molecular switch in modulating cardiomyocyte
apoptosis by mitochondria or endoplasmic reticulum during cardiac hypertrophy and
myocardial infarction.
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Role of aB Crystallin in Angiogenesis as a VEGF Chaperone

An important area of extensive research is the interaction of aB crystallin with a wide
variety of other proteins that include apoptosis related, cytoskeletal, signaling, f-amyloid
associated proteins as well as several growth factors. These proteins as well as the nature of
their interactions with aB crystallin have been summarized [2] and will not be elaborated
here. We will focus on the interaction of aB crystallin with VEGF and regulation of
angiogenesis. aB Crystallin expression predicted poor clinical outcome in breast cancer and
was considered an oncoprotein [51]. It was reported that aB crystallin functions as a
molecular chaperone to bind to and correct intracellular misfolded/unfolded proteins such as
VEGF, preventing non-specific protein aggregations under the influence of the tumor
microenvironment stress and/or anticancer treatments including bevacizumab therapy [52].
This observation is consistent with previous studies that reported the importance of
promotion of tumor angiogenesis by aB crystallin by increasing vascular survival [53]. The
action of aB crystalin in regulating vasculogenesis and angiogenesis is believed to be by
multiple mechanisms and is dependent on the cell and tissue type. aB Crystallin acted as a
chaperone for VEGF and other growth factors such as fibroblast growth factor-2 [54]. Our
laboratory has utilized two murine models of intraocular disease for studying the effect of
aB crystallin on angiogenesis and neovascularization namely OIR and laser-induced
choroidal neovascularization (CNV) [4]. We found that a-crystallin KO resulted in
attenuation of retinal neovascularization in OIR while prominent neovascularization was
observed in the wild type mice. In the laser-induced CNV model, CNV lesion size was
significantly reduced in aB crystallin KO mice. VEGF-A protein expression remained low
in aB crystallin KO retina as compared to controls in which an eight fold increase in VEGF
was found on days 3 and 7 after laser injury to Bruch membrane (Figure 4). We further
found VEGF-A binding to aB crystallin by immunoprecipitation. Accordingly, aB crystallin
KO RPE showed low VEGF-A secretion under serum-starved condition as compared to wild
type cells. Our work also revealed that in these models locally deficient VEGF-A secretion
led to a defective neovasculature with endothelial apoptosis. In in vitro studies, evidence for
a prominent ubiquitination of VEGF in the cytoplasm in stressed (aB crystallin siRNA) cells
was observed suggesting the involvement of aB crystallin in the ubiquitin/proteosome
pathway. den Engelsman et al. [55] found that aB crystallin promoted FBX4-dependent
ubiquitination in a phosphorylation and cell cycle dependent manner. It was later found that
the FBX4-aB crystallin complex is an E3 ubiquitin ligase that promotes ubiquitin
degradation of the 286-phosphorylated cyclin D1 [36].

Further research will be needed to fully understand the overall role of a-crystallins and the
mechanism of angiogenesis in both physiological and pathological conditions. In a model of
suture or chemical burn induced corneal neovascularization, Zhu et al. [57] reported that
subconjuctival injection of aA crystallin significantly attenuated corneal neovascularization.
The inhibition was found to be mediated by the expression of soluble VEGFR1. One very
recent study reported the inhibition of ocular neovascularization by the knockout of aA
crystallin [58]. The authors found both in vitro (HUVEC cells) and in vivo (aA crystallin
KO), inhibition of angiogenesis which was mediated by the suppression of VEGF secretion
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and the inhibition of VEGFR2 signaling pathway. These studies suggest that a-crystallin
could be a novel target for the prevention of ocular neovascularization.

aB Crystallin is Released from Cells via Exosomes

Most proteins targeted for release from cells are secreted by the canonical pathway, in which
they are inserted co-translationally in to the ER, progress through the golgi apparatus and are
released extracellularly [59,60]. However, all secretion pathways do not follow this route
and non-conventional pathways via exosomes exist for release of proteins without signal
sequences such as a-crystallins. Exosomes, are non-plasma-membrane-derived vesicles (50—
100 nm in diameter), initially contained within the multivesicular bodies, and also present in
body fluids such as cerebrospinal fluid, blood, urine, saliva, ascitic fluid and amniotic fluid
[61-66]. Originally thought as a mechanism for the release of waste products from the cells,
there are now convincing data demonstrating exosomes as important mediators of
extracellular signaling [66]. Exosomes have a membrane consisting of a lipid bilayer and
membrane proteins, which encloses the lumen-containing proteins and RNA molecules that
are protected from extracellular degradation. a-Crystallins are synthesized in the cytosol and
exported to extracellular space. This secretory process for aB crystallin is not blocked by
typical inhibitors of the classical ER-Golgi protein secretory pathway, such as brefeldin or
tunicamycin, demonstrating a pathway independent of the classical secretory route [11]. To
test the hypothesis that aB crystallin could be released via non-classical pathway, we
cultured primary RPE cells in exosome-free medium, and isolated and characterized
exosomes from the media [11, 67]. Our studies revealed that aB crystallin localized to
exosomes, which was further confirmed by immunoblot analysis (Figure 5A, B). Our
laboratory could also demonstrate mRNA of aB crystallin in exosomes isolated from
primary hRPE cells (Figure 5C). When RPE cells were treated with dimethyl amiloride
(DMA) that blocks the exosome protein secretory pathway, DMA selectively inhibited the
secretion of aB crystallin [11] suggesting that the stability and integrity of lipid rafts is
required for efficient extracellular release. Another laboratory reported similar findings
using ARPE-19 cells [68]. In addition, using highly polarized human RPE monolayers we
provided evidence for preferential secretion of aB crystallin toward the apical side (Figure
5) corresponding to the photoreceptor facing neural retina which supported its
neuroprotective function [11]. Further, we also localized aB crystallin in the
interphotoreceptor matrix, suggesting its extracellular availability. To test the hypothesis
that extracellular aB crystallin is internalized into photoreceptor cells, mouse explants were
incubated with full length aB crystallin in the presence of oxidative stress. A significant
uptake of full length recombinant aB crystallin by the outer and inner segments of
photoreceptors under stressed conditions was found [11] strongly supporting our hypothesis
of neuroprotection by extracellular aB crystallin.

Extracellular Vesicles for Drug Delivery

One of the major breakthroughs in this field of exosome research came in 2007 with the
discovery of the presence of mMRNA and microRNA (miRNA) inside exosomes [69].
Exosomes represent a novel reservoir for biomarker discovery because they contain protein,
messenger RNA and microRNA that have been demonstrated to change with the disease
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state [70-72]. Further, exosomes are important conveyers of information between cells,
through the transmission of various proteins, bioactive lipids and genetic information to alter
the phenotype and function of recipient cells. One of the most exciting features of exosomes
is their potential ability to transmit different RNA species between cells. Valadi et al. [69]
provided evidence in vitro using high amounts of concentrated exosomes, that some mRNA
present in exosomes could be translated into proteins in target cells, suggesting that
exosomes can transfer genetic information. As described earlier, our studies revealed the
presence of mRNA for aB crystallin in exosomes isolated from RPE cells (Figure 5C). The
fact that extracellular vesicles are secreted by most cells, are rich in RNAs and are able to
transfer their RNA content to recipient cells indicates that they may represent highly suitable
candidates for drug delivery. Therefore, detailed studies on exosomes and exosomes
circulating in blood and their possible regulation of a-crystallins are needed in order to
assess their potential as diagnostic biomarkers of different neurodegenerative disorders.
Given that exosomes harbor aB crystallin RNA and protein, as a next step, we would like to
explore the therapeutic potential of exosomes, especially exosomes from polarized RPE
cells in different models of retinal degenerative disorders. The significance of this study is
that unlike other vectors which typically have the inherent risks of inducing immune
activation owing to their foreign nature and systemic toxicity; extracellular vesicle-mediated
delivery offers several advantages: these vesicles are biocompatible, immunologically inert
provided they are derived from appropriate cells, can be patient-derived if needed and have
capability to cross major biological barriers including the blood-brain barrier (BBB) [73].
Clinical trials are ongoing in different countries on the therapeutic potential of exosomes
derived from multiple cells/tissues for different diseases from cancer to Type-1 diabetes
mellitus (https://clinicaltrials.gov/).

a-Crystallin and its Constitutive Peptides as Therapeutic Molecules

Multiple studies have shown that endogenous a-crystallins are upregulated in
neurodegenerative disorders, with some studies demonstrating the lack of a-crystallins leads
to severe progression of disease, implying a protective role for these molecules. The
antiapoptotic and/or anti-inflammatory effects of recombinant human aA or aB crystallin
were successfully demonstrated in several animal disease models such as experimental
cataracts, experimental autoimmune encephalomyelitis (EAE), stroke, cardiac ischemia-
reperfusion, optic neuropathy, experimental autoimmune uveitis (EAU), and retinal
degeneration [74-79]. Work from the laboratories of Sharma and Clark have identified
several short chain peptides of aA and aB crystallin that elicit chaperone properties [80-82].
In recent studies, we and others used either a 19-mer peptide derived from aA or a 20-mer
peptide from aB crystallin [74,79,83,84] and showed that these peptides possess chaperone
and antiapoptotic properties.

Silencing of a-crystallin increases sensitivity of oxidative stress-induced cell death while its
overexpression protects [7,12,13,26,29,31,85,86,87]. We showed that intravitreal cobalt
chloride injection [32] or intravenous NalO3 administration [88] to aB crystallin KO mice
resulted in more severe retinal degeneration compared to wild-type animals, suggesting a
protective role for the protein. Studies using aA-and/or aB crystallin KO mice have
revealed increased retinal cell death in endophthalmitis and uveitis models, suggesting that
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a-crystallin prevents retinal cell death during inflammation [78,89]. As described earlier,
absence of aB crystallin leads to significant attenuation of angiogenesis via modulation of
VEGF in models of intraocular diseases [4]. In a recent study, Muraleva et al. [90]
demonstrated that senescence-accelerated OXYS rat model of dry AMD develop
spontaneous retinopathy because of decreased expression of aB crystallin. These above
findings support the conclusion that a-crystallins may be effective targets for disease
therapy.

With respect to the role of a-crystallins in mediating inflammatory response, Masilamoni et
al.[91] were the first to show that purified bovine a-crystallin (aA and aB crystallin)
pretreatment effectively diminished systemic inflammation induced by silver nitrate
administration in mice. Subsequently, several studies with recombinant aB crystallin
demonstrated its therapeutic role in different neurological animal models. Exogenous
intravenous administration of human recombinant aB crystallin resulted in significant
reduction of the symptoms of EAE both in aB crystallin KO and wild-type mice [75]. The
same group demonstrated that aB crystallin was effective in reducing lesion size in a murine
model of stroke [84]. Others have reported reduced inflammation, oxidative stress and
improved heart function in a model of myocarditis [92] and increased oligodendroglial
survival in the optic nerve in a model of retinal ischemia [77]. It is of interest that in EAE,
the anti-inflammatory property of aB crystallin was not found to be due to influencing the
adaptive immune response directly, but by binding and the subsequent modulation of the
pro-inflammatory mediators in plasma [93]. In addition, intravitreal delivery of recombinant
adenovirus expressing a.A crystallin has been shown to protect against vascular leakage and
effectively prevents pericyte loss and BRB breakdown in an experimental diabetes model
[94]. Exogenous administration of aA crystallin attenuated corneal neovascularization in
mouse models potentially by increasing the expression of soluble VEGFR1 [57].
Intravenous administration of recombinant a.A crystallin to mice with experimental
autoimmune uveoretinitis protected photoreceptors suggesting the potential for therapeutic
application of aA crystallin in uveitis [78].

For a long time, one of the major aims of medicine has been to use peptides as drugs, as they
mimic a variety of endogenous agents leading to their high selectivity of binding on specific
targets. Peptides are involved in modulating various cell functions. These peptides could be
more effective than recombinant proteins as potential drugs because of the following
features: (1) smaller size, (2) easy to synthesize, optimize and evaluate, (3) no adverse
immune responses, (4) easily enter the cells, and (5) perform the same functions [95]. We
showed recently that a19-mer peptide from aA crystallin (DFVIFLDVKHFSPEDLTVK)
and a 20-mer peptide from aB crystallin (DRFSVNLDVKHFSPEELKVK) exhibited
antiapoptotic properties in primary human RPE cells [83] (Figure 6A, B). Both the aA and
aB crystallin mini-chaperone peptides protected RPE from H,0,-induced cell death and
inhibited caspase-3 activation. Further, unlike native aB crystallin, aB crystallin mini-
chaperones exhibited prominent uptake by two related sodium-dependent oligopeptide
transporters and showed time-dependent nuclear localization [83]. Independently another
laboratory used the same peptide sequences of aA and aB crystallin, and demonstrated
antiapoptotic properties of these peptides in lens epithelial cells [74]. The authors further
provided evidence that aA-acetyl peptide was more effective than native peptide in
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protecting cells from oxidative stress-induced cell death. Intraperitoneal injection of the
peptides inhibited cataract development in selenite-treated rats, which was accompanied by
inhibition of oxidative stress, protein insolubilization, and caspase activity in the lens [74].
A selective region, corresponding to residues 73-92 of aB crystallin, was an effective
therapeutic reversing paralysis in EAE [84]. A direct in vivo application of aA mini-
chaperone peptide was reported in a recent study of NalO3-induced retinal degeneration
model [79] where intravitreal injection of the aA crystallin peptide rescued RPE
degeneration by inhibiting apoptosis and autophagy.

Peptides are readily degraded inside the human body, and thus are not ideally suited for drug
development. Therefore, successful and efficient delivery of therapeutic molecules has
required the development of suitable carrier systems which could allow longer retention of
the peptide in bioactive form at the target area without displaying undesired immune
responses. Different techniques have been developed for stabilizing the protein drugs using
carriers whether in entrapped form, encapsulated in a semipermeable membrane, covalently
bonded to a carrier or adsorbed to the carrier. As stated earlier, in the case of a-crystallin,
specific regions within the parent proteins have similar chaperone, anti-apoptotic properties
and antifibrilogenic functions [81-83]. We showed that polycaprolactone (PCL)
nanoparticles loaded with either aA- or aB minichaperone peptide protected primary RPE
cells from oxidative stress-induced cell death and more effectively, about 4-fold greater than
nonencapsulated aB crystallin mini-chaperone peptide for the same doses (Figure 6). A
dose-dependent reduction in TUNEL positive cells was found in aB minipeptide containing
PCL particle compared to PCL particle alone (Figure 6). In another study, poly (lactic-co-
glycolic acid) (PLGA) nanoparticles containing superoxide dismutase effectively prevented
H,0,-induced neuronal cell death when compared to superoxide dismutase alone [96]. An
emerging and promising method to bioengineer peptides with potent biological activity is to
fuse them to protein polymers. Protein polymers can provide a platform for controlling
release, multivalency, molecular weight, phase behavior, and even nanoparticle assembly
[97-100]. In our recent work, one class of protein polymers known as elastin-like
polypeptides (ELPs) and the aB crystallin peptide were recombinantly fused with two high
molecular weight (~40kDa) protein polymers [101]. These two ELP fusion proteins, cryS96
and crySl, retained chaperone activity and protected RPE cells from cell death, as indicated
by reduced caspase 3 activation (Figure 7). Further, similar to the free mini-chaperone
peptide, H,O,-induced stress markedly enhanced cellular uptake and nuclear localization of
both cryS96 and crySI ELPs. Our ongoing work focuses on the study of the half life of these
engineered drugs in vivo and the mechanism of uptake and efficiency in protecting retinal
degeneration in different animal models. Further information on the in vivo toxicity, role in
retinal neovascularization, dosage regimens, routes of injection, and assessing the optimal
time of pre-treatment and post-treatment would prove to be of value in the use of a-
crystallin minichaperone peptides in ocular pathology.

Future Perspectives

Remarkable advances have been made in elucidating the function of a-crystallins in the
retina and RPE in the past few years. One important aspect of aB crystallin action that is of
significant interest is its possible extracellular function. Our recent discovery that human
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RPE cells secrete aB crystallin via exosomes is relevant in this regard. Since our studies
showed that the secretion was predominantly apical and thus could provide protection of
neighboring RPE and photoreceptor cells this mechanism is likely to be important for retinal
protection under pathological states. Whether exosomal secretion is selective to RPE or
whether other retinal cell types possess this property remains to be determined. At any rate,
detailed evaluation of aB crystallin release from RPE models of retinal injury and
degeneration will be of value. Further, it is not known whether aB crystallin participates in
targeting of exosomal content; this is an important question that remains to be answered.
Micro RNAs are also known to be secreted by exosomes and how this process is regulated
and the exact role of aB crystallin in microRNA secretion and vice versa needs to be
addressed.

Several reports including the work from our lab have shown a definitive role for aB
crystallin in endothelial cell survival and in retinal and choroidal angiogenesis. In addition to
its binding to VEGF, whether aB crystallin interacts with pro- and anti-angiogenic factors in
the RPE would be of interest to study. Being a chaperone, aB crystallin may elicit additional
effects on the phenotype of endothelial cells such as in the modulation of cytoskeletal
rearrangement, ubiquitination of proteins and in growth factor signaling. Targeted inhibition
of aB crystallin function could be considered as a novel therapeutic approach for pathologic
angiogenesis; indeed, a potent small molecule has been identified that inhibits the interaction
between aB crystallin and VEGF [52].

While the therapeutic role of a-crystallins in various human diseases has received attention
[reviewed in 102], its therapeutic potential for retinal degeneration is only beginning to
emerge. In this context, our finding that minichaperone peptides of a-crystallins have
antiapoptotic activities in RPE cells that are more potent than the parent proteins suggests
that delivery of these short chain minichaperones could serve a beneficial effect to injured
RPE and the retina. Efficient modes of delivery of mini a-crystallins in encapsulated
particles that are non-toxic and have easier penetration need to be devised. The beneficial
effects of such particles in in vivo models of retinal degeneration would prove useful.
Further, whether mechanisms of protection by mini a-crystallins stem from their direct
effect on the retina or from upregulation of antioxidative enzymes such as SOD or catalase
need to be investigated. Our work showed that aB crystallin overexpression elevates cellular
GSH, particularly in the mitochondrial compartment, and the fact that aB crystallin is found
prominently expressed in the mitochondria of RPE, would indicate that targeting
mitochondria in drug and peptide delivery to boost its antioxidative status would prove to be
a useful strategy to alleviate pathological conditions of RPE and the retina. In conclusion,
better modalities for delivery of a-crystallin derived minichaperone peptides to the posterior
segment of the eye is a fertile area for future research that is likely to enhance the utility of
these interesting proteins in the prevention of retinal diseases.
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Highlights

e a-Crystallin is regulated in retinal development and in oxygen-induced
retinopathy

» a-Crystallins protect RPE cells from oxidative and ER stress, and autophagy
« aB Crystallin regulates angiogenesis by modulation of VEGF
e aB Crystallin is secreted via exosomes in RPE

» B crystallin peptides may have therapeutic potential in retinal disease
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Figure 1. a-Crystallin expression during development and in OIR in posterior eye cups of mice
(A) Expression of aA and aB crystallin and Ser>® phosphorylated aB crystallin in neonatal

posterior eye cups of mice on days 7, 12, and 17. Expression is shown in the mitochondrial
and cytosolic fractions and the purity of mitochondrial fraction was verified by a-prohibitin,
a mitochondrial marker. aA Crystallin shows two bands, lower molecular size one for aA
crystallin and a second higher molecular weight band for aA crystallin insert. Both
crystallins were localized in cytosol and mitochondria and the proportion of aA crystallin in
mitochondria was significantly higher than that of aB crystallin throughout the postnatal
period. (B) Expression pattern for aA and aB crystalllin and Ser>® phosphorylated a.B
crystallin in posterior eye cups of neonatal mouse pups in OIR. aA and aB crystallin
expression was higher on day 12 as compared to day 19. Neonatal mouse pups on post natal
day 7 (P7) with their nursing mothers were maintained for 5 days in 75% (75 £3%) oxygen
and then returned to room air (relative hypoxia) at P12.
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Figure 2. Protection of RPE cells from HoO»-induced oxidative stress by aA and aB crystallin is
linked to cellular GSH
(A). a-Crystallin overexpressing RPE cells were incubated with 150 uM H,O» for 24 h in

serum free medium and cell death was analyzed by TUNEL staining. Cell death induced by
H,0, was significantly reduced in a-crystallin overexpressing cells. Blue: DAPI nuclear
staining; Red: TUNEL positive cells. (B) Cellular GSH levels in ARPE-19 cells stably
overexpressing aA crystallin and aB crystallin increased significantly (P<0.05) when
compared to vector only cells. (C) A significant increase in the protein expression of the
modifier unit (GCLC) was found with a-crystallin overexpression and no significant change
in the catalytic unit (GCLM). (D) Oxidative stress causes a significant increase in
mitochondrial GSH with aA and aB crystallin overexpressing cells. GSH was assayed in
mitochondrial fraction of RPE cells after treatment with 150uM H,0, for 24h. Protein bands
were quantified and presented as ratio normalized to loading control, GAPDH. *, ** denote
p<0.05, p<0.01, respectively. Reproduced with permission under terms of the Creative
Commons Attribution License and modified from Sreekumar et al. PLoS One. 2012;
7(3):e33420.
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Figure 3. Deficiency of aB crystallin leads to increased apoptosis from tunicamycin (TM)
induced endoplasmic reticulum stress in RPE cells

(A). RPE cells from aB crystallin knockout (KO) mice grown to confluence were treated
with 50ng/ml and 100ng/ml TM for 24 h and stained for apoptosis by TUNEL (left) and
caspase 3 (right panel). An increase in apoptosis and caspase 3 activation with increase in
TM concentration was found. (B). Quantification of apoptotic cell death by confocal
microscopy staining showed increased percentage of TUNEL positive cells in the aB
crystallin siRNA group as a function of time with TM exposure. * denotes p<0.05.
“Reprinted and modified from Dou et al. Free Radic Biol Med. 2012 Sep 1;53(5):1111-22,
Copyright 2012), with permission from Elsevier.
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Figure 4. Attenuation of laser-induced CNV in aB-crystallin knockout mice and changes in
plasma VEGF levels

In panels A-B, CNV was induced by the use of laser photocoagulation and relative FA score
and CNV volume measured 14 days after laser. (A) Representative FA in laser-induced
CNV in wild-type and aB crystallin KO mice at day 14 after laser. (B) FA score and CNV
volume were significantly reduced in aB crystallin KO mice compared with wild-type mice,
respectively. In panel (C), VEGF-A concentrations (ELISA in pg/mL) in peripheral blood of
wild-type and aB crystallin KO mice on day 0, 3, 7, and 14 after laser treatment are
presented. In panel (D), VEGF concentrations in supernatants of cultured RPE cells exposed
to serum-free medium for 48 hours are shown. VEGF concentrations are significantly lower
in aB crystallin KO mice than that in wild-type mice. * represents P< 0.02; P<0 .05, P<0.
01, respectively. “This research was originally published in Blood, Kase et al. alphaB-
crystallin regulation of angiogenesis by modulation of VEGF, Blood. 2010 115(16):
3398-406. (c) The American Society of Hematology”.
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Figure 5. Secretion of aB crystallin from human polarized RPE monolayers

(A)Secretion of aB crystallin from human polarized RPE monolayers (mean TER 386
Qcm?) was measured from apical and basolateral medium by Western blot analysis. aB
Crystallin secretion was prominent from the apical medium and little or no secretion
occurred from the basolateral medium. (B) Immunogold labeling of aB crystallin (15 nm
gold particles) in the exosomes isolated from apical (panel a) and from basolateral medium
(panel b). aB Crystallin was found predominantly in the apical medium. (C) aB Crystallin
RNA in exosomes of RPE cells. Exosomes were isolated from human fetal RPE cells and
RNA was extracted from isolated exosomes using a commercial Exosomal RNA and Protein
Extraction kit. One microgram of RNA was reverse transcribed and the first-strand cDNA
was amplified using a specific primer for aB crystallin. Figure 5A and 5B are reproduced
with permission under the terms of the Creative Commons Attribution License and modified
from Sreekumar et al. PLoS One. 2010 Oct 8;5(10):e12578.
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Figure 6. Dose-dependent protection by aB crystall in-derived mini-chaperone or PCL-aB
crystallin mini-chaperone from stressed hfRPE cells

hfRPE cells were coincubated with varying doses of aB crystallin mini-chaperone and 200
UM H,0, (A,B) or polycaprolactone (PCL)-aB crystallin mini-chaperone (C,D) and 200
UM H,0, for 24 hours, and cell death was assessed by TUNEL assay. Confocal images of
TUNEL-positive cells (red) and nuclei (blue) are shown. (B, D) Quantification of TUNEL-
positive cells. Protection from cell death occurred with a much lower dose of PCL
encapsulated aB crystallin minipeptide as compared to free aB crystallin minipeptide. Data
are presented as percent of TUNEL-positive cells. *P < 0.05, **P < 0.01. Reproduced with
permission and modified from Seekumar et al. Invest Ophthalmol Vis Sci. 2013 Apr
17,54(4):2787-98. Copyright 2013 the Association for Research in Vision and
Ophthalmology, Inc.
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Figure 7. ELP fusion proteins of aB crystallin minipeptide protect RPE cells from HoO»-induced
cell death

(A) Uptake and nuclear translocation is critical for elastin-like polypeptides (ELP)-aB
crystallin peptide (cryS96) anti-apoptotic activity. Cells were pre-incubated with 100 pM
monodansylcadaverine (MDC) for 30 min followed by co-incubation with 5 UM cryS96 for
24 h along with 200 uM H»0O». Control cells represent no treatment with either MDC or
H»0,. Representative TUNEL images showing MDC significantly reduced the anti-
apoptosis efficacy of cryS96 under H,O, stress. Red: TUNEL + cells (apoptosis); blue:
DAPI. Scale bar: 20 um. (B) Representative western blot showing exogenous crySI and
cryS96 protected RPE cells from oxidative stress by inhibiting activation of caspase 3.
Caspase 3 activation was prominent in control cells treated with 200 pM H,0,. Unmodified
ELPs Sl and S96 failed to protect against caspase 3 activation. Reprinted and modified from
Wang et al. J Control Release. 2014 Oct 10;191:4-14; copyright (2014) with permission
from Elsevier.
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