
βA3/A1-crystallin and persistent fetal vasculature (PFV) disease 
of the eye☆

J. Samuel Zigler Jr.a, Mallika Valapalaa, Peng Shanga,b, Stacey Hosea, Morton F. 
Goldberga, and Debasish Sinhaa,*

aWilmer Eye Institute, The Johns Hopkins University School of Medicine, Baltimore, MD, USA

bDepartment of Ophthalmology of Shanghai Tenth Hospital and Tongji Eye Institute, Tongji 
University School of Medicine, Shanghai, China

Abstract

Background—Persistent fetal vasculature (PFV) is a human disease in which the fetal 

vasculature of the eye fails to regress normally. The fetal, or hyaloid, vasculature nourishes the 

lens and retina during ocular development, subsequently regressing after formation of the retinal 

vessels. PFV causes serious congenital pathologies and is responsible for as much as 5% of 

blindness in the United States.

Scope of review—The causes of PFV are poorly understood, however there are a number of 

animal models in which aspects of the disease are present. One such model results from mutation 

or elimination of the gene (Cryba1) encoding βA3/A1-crystallin. In this review we focus on the 

possible mechanisms whereby loss of functional βA3/A1-crystallin might lead to PFV.

Major conclusions—Cryba1 is abundantly expressed in the lens, but is also expressed in 

certain other ocular cells, including astrocytes. In animal models lacking βA3/A1-crystallin, 

astrocyte numbers are increased and they migrate abnormally from the retina to ensheath the 

persistent hyaloid artery. Evidence is presented that the absence of functional βA3/A1-crystallin 

causes failure of the normal acidification of endolysosomal compartments in the astrocytes, 

leading to impairment of certain critical signaling pathways, including mTOR and Notch/STAT3.

General significance—The findings suggest that impaired endolysosomal signaling in ocular 

astrocytes can cause PFV disease, by adversely affecting the vascular remodeling processes 

essential to ocular development, including regression of the fetal vasculature. This article is part of 

a Special Issue entitled Crystallin Biochemistry in Health and Disease.
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Persistent fetal vasculature (PFV) is a human disease that results from failure of the fetal 

vasculature of the eye to regress normally [1]. We have developed novel animal models 

[2,3] that mimic clinical signs of human PFV, a potentially blinding childhood disease, for 

which there are limited treatment options at the present time. These models result from 

mutation or knockout of βA3/A1-crystallin, an abundant lens protein that is also expressed 

in astrocytes. In this review, we focus on how loss of functional βA3/A1-crystallin in ocular 

astrocytes may potentiate PFV disease.

1. Fetal vasculature of the eye

In mammals, the fetal vasculature of the eye includes the hyaloid artery, which very early in 

development enters the eye from the retinal fissure and grows into the vitreous chamber; 

there it produces a network of vessels (vasa hyaloidea propria) throughout the vitreous and 

blankets the posterior and anterior aspects of the lens (posterior and anterior tunica 

vasculosa lentis). Together with the vessels of the pupillary membrane, which cover the 

anterior surface of the lens and iris, these structures constitute the fetal or hyaloid 

vasculature, which nourishes the developing lens and retina [4] (Fig. 1). When the retinal 

vasculature begins to form, the fetal vasculature regresses, normally disappearing 

completely in the human by the 8th month of gestation and by the end of the 3rd postnatal 

week in rats and mice [5–7]. The regression of vessels occurs via vascular remodeling, an 

active process of structural alterations that involves several critical mediators [8]; our studies 

to date suggest that βA3/A1-crystallin is one of the factors involved in the physiological 

regulation of hyaloid vessel regression [2–4]. The possibility that βA3/A1-crystallin may 

have a role in vascular remodeling is important, because such remodeling is fundamental to 

normal ocular development, as well as to the pathogenesis of numerous diseases.

2. Persistent fetal vasculature (PFV)

Persistent fetal vasculature is a human disease that results from failure of the fetal 

vasculature to regress normally. Failure of all or part of these vessels to regress can lead to 

serious congenital pathologies [1]. The defects include congenitally small eye, cataract, 

glaucoma, intravitreal fibrovascular tissue and/or hemorrhage, and retinal detachment.

PFV has been reported in other mammalian species, particularly in dogs [9–11] and in 

genetic mouse models [12–20]. Studies with these animals have helped immensely with our 

current understanding of the disease.

The regulatory mechanisms responsible for fetal vascular regression remain obscure, as does 

the underlying cause of failure of regression. The exact prevalence of PFV is unknown; 

however, a study on childhood blindness and visual loss in the United States showed that 

PFV accounts for about 5% of all cases of blindness.

3. βA3/A1-crystallin and persistent fetal vasculature

A connection between the lens protein βA3/A1-crystallin and PFV arose initially because of 

the identification of Cryba1 (the gene encoding βA3/A1-crystallin) as the gene that is 

mutated in the Nuc1 rat [21]. Nuc1 is a spontaneous mutation in the Sprague–Dawley rat in 

Zigler et al. Page 2

Biochim Biophys Acta. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



which 27 base pairs are inserted into Exon 6, leading to the loss of a highly conserved 

glycine and its replacement by 10 new amino acid residues. Rats homozygous for this 

mutation have a complex eye phenotype that frequently includes persistence of the complete 

fetal vasculature [2]. Cryba1 produces 2 polypeptides, βA3-crystallin and βA1-crystallin, 

which are translated from the same mRNA using alternative initiation sites [22]. The 2 

polypeptides are identical in primary sequence, except that βA3-crystallin has an additional 

17 amino acid residues at its amino terminus. At present it is not known whether the 2 

polypeptides have distinct functions. βA3- and βA1-crystallins (hereafter referred to 

collectively as βA3/A1-crystallin) are both abundantly expressed in the lens where they 

associate as dimers or higher oligomers with the 5 other homologous β-crystallin 

polypeptides to form native molecules ranging in mass from about 50 kD to about 200 kD 

[23]. The β-crystallins, along with the evolutionarily related γ-crystallins and the unrelated 

α-crystallins, constitute over 90% of the total protein of the lens. Together, these are the 

structural proteins that form the very dense and highly ordered protein matrix of the lens, 

upon which the refractivity and transparency critical to lens function depend [23]. The 

importance of βA3/A1-crystallin to lens function is demonstrated by the fact that mutations 

in Cryba1 have been shown in both animal models and in human patients to lead to cataract 

(loss of transparency of the lens) [24,25].

Long thought to be proteins expressed only in the lens, α-crystallins and the β/γ-crystallin 

superfamily are now known to pre-date the evolution of the lens [26]. Further, these proteins 

are not lens-specific and have cellular functions in addition to their structural roles in the 

lens. The α-crystallins are members of the small heat shock protein family; they are 

expressed in a wide range of tissues and cell types where they have the functions 

characteristic of small heat shock proteins [27]. For members of the β/γ-crystallin 

superfamily, the situation is less clear. While they are expressed outside of the lens, they are 

found predominately in ocular tissues, where their functions are poorly understood. For 

βA3/A1-crystallin specifically, expression in the eye appears to be limited to retinal 

pigmented epithelial cells, astrocytes, and some retinal ganglion cells, in addition to the lens 

[28]. Outside of the eye, βA3/A1-crystallin has been found only in the astrocytes of the brain 

[21], where studies on possible functions have not been conducted to date.

With regard to the association of βA3/A1-crystallin and PFV, our laboratory has produced 

evidence that abnormalities in retinal and optic nerve astrocytes are responsible, at least in 

part, for the PFV observed in the Nuc1 rat [2,4] and in genetically engineered mouse models 

that have been generated to study the possible functions of βA3/A1-crystallin [3]. Under 

normal physiological conditions, the hyaloid artery regresses by P (postnatal day) 21 in 

rodents (Fig. 2a). In contrast, Nuc1 rats at P35 displayed persistence of the hyaloid artery 

(Fig. 2b) and the pupillary membrane (Fig. 2c, arrow), iris hyperplasia (Fig. 2c, arrowhead), 

disrupted lens (Fig. 2c) and dragging and folding of the peripheral retina (Fig. 2d).

In rats homozygous for the Nuc1 mutation, astrocytes were shown to migrate abnormally 

out of the retina and to ensheath the retained hyaloid artery [2,4]. They also had increased 

expression of aquaporin-4 (AQP4) (Fig. 3), a water channel known to facilitate cell 

migration [29,30]. It has been elegantly shown that deletion of AQP4 slows astrocyte 

migration and is associated with delayed glial scar formation [29]. Recently, we found that 
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animals lacking βA3/A1-crystallin in the RPE had markedly decreased levels of certain Rho 

GTPases (unpublished), cell signaling factors previously shown to activate cell migration 

[31]. Similarly, in transgenic mice over-expressing the mutant (Nuc1) form of βA3/A1-

crystallin, some animals were found to retain the hyaloid artery abnormally, and astrocytes 

were again associated with the artery [3]. Finally, in current work involving mice in which 

βA3/A1-crystallin has been knocked out globally, PFV has been found to be present in some 

individuals (unpublished). Therefore, in the absence of functional βA3/A1-crystallin, 

astrocytes in the eye are abnormal, leading to defects in vascular remodeling. Our previous 

studies demonstrated such defects in the remodeling required to develop the mature retinal 

vasculature, as well as the remodeling that underlies the regression of the fetal vasculature 

[2,4]. Notably, in human cases of PFV, astrocytes may also ensheath the retained hyaloid 

artery (Fig. 4).

In the retina, astrocytes have multiple functions that include regulation of blood vessel 

structure and function [32]. They migrate ahead of the vessels (vascular “front”), and are 

thus in a position to respond to local environmental signals [33]. In a transwell migration 

assay, Nuc1 astrocytes showed increased migration compared to wild type cells (Fig. 5a). 

They also exhibited an increased rate of proliferation in an MTS (3-(4, 5-dimethylthiazol-2-

yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) assay (Fig. 5b). 

Although all cells associated with the vasculature may participate in the remodeling process, 

astrocytes may play a particularly important part, because they are capable of sensing 

changes within their immediate milieu.

Astrocytes are known to be oxygen sensors, an attribute which may be critical, both to 

hyaloid regression and retinal vascular development. During the vascular remodeling that 

occurs during hyaloid regression, HIF-1α in the astrocytes activates macrophage migration 

inhibitory factor (MIF), thereby recruiting macrophages that earlier were shown to play a 

significant role in the normal regression of the hyaloid vasculature [34]. Persistence of the 

hyaloid vasculature was reported in transgenic mice where macrophages were disrupted by 

directed expression of diphtheria toxin, using macrophage-specific promoter elements [35]. 

Our data show ED1-positive macrophages surrounding the stump of the hyaloid artery, both 

in wild type (involuting) and Nuc1 (not involuting) eyes at 21 days of age (Fig. 6). Our data 

also suggested that the number of macrophages is proportional to the length of the persistent 

artery [2].

While the specific function(s) of βA3/A1-crystallin in non-lens cell types is not well 

understood, our recent studies indicate that the protein is essential in the acidification of 

lysosomes in both astrocytes and RPE cells [36,37]. It also regulates important signaling 

pathways in both cell types during both health and disease [37–41]. Studies on rat RPE 

demonstrated by immuno-electron microscopy that in normal tissue βA3/A1-crystallin 

strongly localizes to the lysosomes, whereas in the RPE of Nuc1 homozygous animals the 

mutant form of the protein is expressed, but not trafficked to the lysosomes [36]. 

Lysosomal-mediated clearance of phagosomes and autophagosomes from the RPE cells of 

the mutant animals is markedly impaired [38]. Subsequent studies on primary cultures of 

optic nerve astrocytes demonstrated that impairment of endolysosomal function also occurs 

in these cells when βA3/A1-crystallin is absent or mutated [37].
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Although not specifically noted in the published accounts, several other mouse models that 

exhibit PFV also appear to have astrocytes associated with the persistent hyaloid artery [42–

44]. In addition, eyes from Frizzled 5 knockout mice show PFV and increased number of 

astrocytes [45]. In many of these mouse models, the hyaloid vessels likely persist to 

compensate for the absence, or decreased number, of retinal vessels [6]. In contrast, in Nuc1 

homozygous rats the initial network of retinal vessels does form, but there appears to be a 

defect in the remodeling process necessary to produce a mature vasculature [21,46]. Further, 

Nuc1 exhibits inhibition of the normal regression of the entire fetal intraocular vasculature 

and not just part of it, as reported in previous mouse models. To date, our data suggest that 

developmental abnormalities in Nuc1 astrocytes lead to abnormal migration and association 

with the hyaloid artery. This may inhibit the normal programmed regression of the fetal 

vasculature and thereby be involved in the pathogenesis of PFV disease [2,4]. Several lines 

of evidence link the astrocyte defects associated with the loss of βA3/A1-crystallin to altered 

activity of signal transduction pathways. The next section of this review focuses on 

signaling pathways that may have roles in persistence of the fetal vasculature when βA3/A1-

crystallin is mutated or absent.

4. βA3/A1-crystallin and signaling in astrocytes

Cell death and its regulation is central to vascular remodeling, including normal regression 

of the hyaloid vasculature. Our studies using the Nuc1 model have shown that βA3/A1-

crystallin plays a major role in the anoikis-mediated programmed cell death (PCD) process 

in astrocytes [39]. Anoikis is a form of PCD initiated by loss of cell anchorage [47,48]. We 

have previously shown that Bit1 (Bcl-2 inhibitor of transcription-1), a known regulator of 

anoikis, is expressed in normal optic nerve astrocytes, suggesting that anoikis functions as a 

form of PCD for astrocytes (Fig. 7). Staining for Bit-1 was more intense in the optic nerve 

astrocytes from Nuc1 animals as compared to wild type, suggesting that Bit-1-induced 

anoikis is upregulated in the Nuc1 optic nerve astrocytes. To provide further support to these 

observations, we studied the anoikis pathway in cultured post natal day 2 wild type and 

Nuc1 optic nerve astrocytes. Anoikis was induced by plating the cells on low-attachment 

poly-2-hydroxyethyl methacrylate (poly-HEMA) plates [39]. Wild type astrocytes formed 

small, sparse aggregates, whereas Nuc1 astrocytes formed large, dense aggregates. 

Furthermore, there was a 20% increase in cell death in wild type astrocytes in cells grown 

for 3 days on poly-HEMA plates and greater than 2 fold increase in cell death after 5 days in 

wild type astrocytes grown on poly-HEMA, as compared to Nuc1 astrocytes (Fig. 8a). A 

significant increase in proliferation was also observed in Nuc1 cells when they were cultured 

for 5 days on poly-HEMA plates followed by normal culture for 7 days (Fig. 8b). In 

addition, we also observed a significant increase in phosphorylated PKD [49], an upstream 

activator of Bit-1, in Nuc1 astrocytes compared to wild type astrocytes, whereas the levels 

of cleaved caspase-3 and apoptosis-inducing factor (AIF), mediators involved in the normal 

apoptotic pathway, remained unchanged [39]. Knockdown of Bit-1 in wild type astrocytes 

caused a significant reduction in cell death when anoikis was induced (Fig. 8c). Upon 

investigating possible signaling mechanisms regulating anoikis in astrocytes, we found that 

PI3K (phosphatidylinositol-3-kinase), AKT and mTOR (mechanistic target of rapamycin) 

are phosphorylated and activated more in Nuc1 astrocytes than in wild type when anoikis is 
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induced (Fig. 9). Moreover, we also observed increased phosphorylation and activation of 

ERK1/2 (extracellular signal-regulated kinases 1/2) and ILK (integrin-linked kinase) in 

anoikis-induced Nuc1 astrocytes compared to wild type astrocytes (Fig. 9). These data 

indicated that anoikis is inhibited and cell survival increased in the Nuc1 astrocytes [39]. To 

further investigate the signaling mechanisms involved, Nuc1 astrocytes were treated with 

the mTOR inhibitor, rapamycin, alone or in combination with the ERK inhibitor FR180204. 

A decrease in proliferation was observed. Under anoikis conditions, these inhibitors, either 

alone or in combination, significantly increased cell death in Nuc1 cells compared to wild 

type cells [39]. These findings demonstrate that loss of functional βA3/A1-crystallin impairs 

the anoikis-mediated cell death process in astrocytes. This may lead to an excess number of 

astrocytes and contribute to the failure of the hyaloid vasculature to regress normally.

Our studies on the Nuc1 rat retina have also revealed severe abnormalities in the structure of 

the astrocyte template and in the remodeling of the retinal vasculature [21,37,46]. Since the 

astrocyte template is believed to direct the formation of retinal vessels, we have investigated 

the signaling mechanisms by which βA3/A1-crystallin might regulate formation of this 

template. Retinal vascular development is an intricate process involving multiple signaling 

pathways. One of the most important of these is the Notch pathway, which is involved in 

patterning and maintenance of vascular homeostasis [50]. The Notch family receptors are 

large single-pass type I transmembrane proteins [51]. In mammals, four Notch receptors 

(Notch1–4) have been identified. Our studies on the expression of Notch receptors in optic 

nerve astrocytes have shown elevated levels of Notch1 receptor in the Nuc1 astrocytes 

compared to wild type [37]. We have also demonstrated that wild type and Nuc1 astrocytes 

express similar levels of the Notch ligand, Jagged1. Since both the receptor, Notch1, and the 

ligand, Jagged1, are expressed in these cells [52], we believe that Notch signaling could be 

involved in astrocyte template formation.

We determined the level of expression of the activated form of Notch, NICD (Notch 

intracellular domain), in wild type and Nuc1 astrocytes [37]. Upon ligand binding and 

activation, NICD is generated by proteolytic cleavage of the Notch receptor. A series of 

cleavages within the Notch receptor, mediated first by a disintegrin and metalloproteinase 

(ADAM) and then by γ-secretase, results in the generation of NICD [53,54]. After NICD is 

formed in the cytosol, it translocates to the nucleus, interacts with RBP-J (recombination 

signal sequence-binding protein for immunoglobin kappa J region), and activates 

transcription of Notch downstream targets, Hey1 and Hes1 [55]. Our immunoblotting 

studies revealed a significant decrease in the expression of NICD in Nuc1 astrocytes 

compared to wild type astrocytes [37]. These studies suggest that the proteolytic processing 

leading to the generation of NICD is disrupted in Nuc1 astrocytes.

Hence, we investigated the proteolytic activity of γ-secretase, the enzyme that catalyzes the 

final cleavage of the Notch receptor to generate NICD. Previous studies have demonstrated 

that γ-secretase activation is dependent upon the low pH environment of the endolysosomal 

compartments [56–58]. In order to determine the localization and activity of γ-secretase, we 

performed subcellular fractionation on cultured astrocytes to isolate endosomes, lysosomes 

and Golgi fractions [37]. After confirming the purity of these fractions by immunoblotting, 

we determined the activity of γ-secretase in each fraction. Our results showed significantly 
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reduced γ-secretase activity in the endolysosomal fractions (3, 4 and 5 = lysosomal 

fractions; 6, 7 and 8 = endosomal fractions) isolated from the Nuc1 astrocytes, as compared 

to wild type astrocytes (Fig. 10a). The activity of γ-secretase was similar in the Golgi 

fractions (9 and 10) from wild type and Nuc1 astrocytes. Near normal activity could be 

restored in cultured Nuc1 homozygous astrocytes by overexpression of βA3/A1-crystallin 

(Fig. 10b). In addition, astrocytes isolated from Cryba1 floxed mice and transduced with 

adenoviral vectors expressing Cre-recombinase to ablate βA3/A1-crystallin, showed 

decreased γ-secretase activity, which could be rescued by subsequent over-expression of 

βA3/A1-crystallin [37].

Since our studies have shown that γ-secretase activity is inhibited in the Nuc1 astrocytes and 

because γ-secretase activation is dependent upon the acidic environment of the lysosomal 

lumen, we asked whether endolysosomal acidification is dysregulated in these cells. 

Lysosomes were isolated from wild type and Nuc1 astrocytes and the activity determined for 

the lysosomal proton pump, vacuolar-type H+-ATPase (VATPase), which pumps protons 

into the lysosomal lumen to effect acidification [59–62]. The isolated lysosomes were 

incubated with acridine orange, and exogenous ATP was added to activate V-ATPase [37]. 

Accumulation of protonated acridine in the lysosomal lumen was measured by the resultant 

fluorescence which was used to estimate the activity of V-ATPase [37]. Upon addition of 

ATP, we observed significantly more acridine orange in wild type lysosomes than in 

lysosomes isolated from Nuc1 astrocytes (Fig. 11a, b). The activity of V-ATPase could be 

rescued in the Nuc1 astrocytes upon overexpression of βA3/A1-crystallin. These results 

suggest a potential role of βA3/A1-crystallin in regulating lysosomal acidification via V-

ATPase [37]. To confirm that the Nuc1 lysosomes were not acidified to the normal extent, 

we measured endolysosomal pH in wild type and Nuc1 astrocytes. We observed that the 

average endolysosomal pH was 4.5 in wild type cells, whereas in the Nuc1 cells it was 

increased to 5.7. Furthermore, the increase in the lysosomal pH in the Nuc1 cells was 

reversed by overexpression of βA3/A1-crystallin (Fig. 11c). These results indicated that 

decreased V-ATPase activity in the Nuc1 astrocytes leads to elevated lysosomal pH.

Previous studies have suggested that proper acidification of the endolysosomal 

compartments is essential for normal functioning of the Notch signaling pathway [60,62]. 

To study the processing of the Notch receptor, wild type and Nuc1 astrocytes were 

transfected with Myc-tagged full length Notch1 receptor and co-cultured with cells 

overexpressing Jagged1. Our results show, as expected, that the Myc-tagged Notch1 

receptor was largely cleared from the cytosol of wild type astrocytes in 3 h. In the Nuc1 

astrocytes, however, the receptor remained in the perinuclear region (Fig. 12a), suggesting 

dysfunctional degradation of the Notch receptor. To determine whether the receptor 

accumulates in specific subcellular compartments in the Nuc1 astrocytes, subcellular 

fractionation was performed. The Notch1 receptor was found to accumulate primarily in 

fractions corresponding to lysosomes (LAMP-1 positive) and early endosomes (Rab-5 

positive). In addition, upon overexpression of βA3/A1-crystallin in the Nuc1 astrocytes, the 

endolysosomal accumulation of Notch1 was significantly reduced. Subcellular localization 

by immunofluorescence revealed that βA3/A1-crystallin was present both in the cytosol and 

the lysosomes [37], however there was significantly less in Nuc1 lysosomes than in 
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lysosomes from wild type astrocytes. These results were further confirmed by subcellular 

fractionation and immunoblot analysis. Thus, βA3/A1-crystallin is localized to the 

lysosomes in astrocytes, and loss of functional βA3/A1-crystallin in Nuc1 causes 

impairment of lysosomal function [37]. To substantiate this conclusion, we compared the 

activity of cathepsin D, a representative lysosomal acidic hydrolase, in wild type and Nuc1 

astrocytes [37]. Cathepsin D activity was markedly reduced in Nuc1 astrocytes, as would be 

expected due to the increased pH, and could be rescued by overexpression of βA3/A1-

crystallin (Fig. 12b). In summary, our data suggest that βA3/A1-crystallin is localized to the 

lysosomes and plays a crucial role in acidification, thereby impacting the endolysosomal 

signaling of the Notch pathway in astrocytes.

Astrocyte-derived VEGF has been shown to be a critical factor in mediating vascular 

stabilization and remodeling in the developing mammalian eye [63,64]. Since previous 

studies have suggested that Notch signaling is involved in the temporal and spatial control of 

VEGF expression [65,66], we investigated the association between Notch and VEGF 

signaling in astrocytes [41]. Our results showed that the levels of astrocyte-derived VEGF 

were significantly lower in Nuc1 astrocytes as compared to wild type cells (Fig. 13a). We 

also showed that the Notch inhibitor, DAPT, significantly reduced the levels of VEGF in 

both wild type and Nuc1 astrocytes (Fig. 13b). In addition, mouse astrocytes from Cryba1 

floxed mice (Cryba1fl/fl) were infected with control adeno-virus (Ad CMV eGFP) or with 

Cre recombinase adenovirus (Ad CMV Cre-RSV GFP) to attain Cre-mediated knockdown 

of Cryba1. The astrocytes in which Cryba1 was knocked down showed a decrease in VEGF 

secretion similar to that seen in Nuc1 (Fig. 13c). These results suggested that the Notch 

signaling pathway played a crucial role in the regulation of astrocyte-derived VEGF in optic 

nerve astrocytes.

Previous studies have suggested a link between Notch signaling and the determination of 

cell fate in glial cells, a process involving STAT3 (signal transducers and activators of 

transcription 3), a transcriptional factor activated downstream of Notch [67–70]. STATs are 

latent gene regulating proteins, which migrate to the nucleus and regulate gene transcription 

after they are activated by phosphorylation [67]. STAT3 is activated by binding of 

Interleukin-6 (IL-6) to the gp130 receptor, which leads to phosphorylation by Janus 

activated kinase 2 (JAK2) [71]. Upon treatment with IL-6, immunoblotting and ELISA (Fig. 

14a) revealed a significant increase in p-STAT3 in wild type astrocytes [41]. STAT3 

activation was also inhibited in these cells by Stattic, an inhibitor that prevents activation, 

dimerization and nuclear translocation of STAT3 [72,73]. In Nuc1 astrocytes, however, 

treatment with IL-6 resulted in significantly lower activation of STAT3 compared to wild 

type astrocytes (Fig. 14b).

In order to investigate whether STAT3 might regulate the transcription of Cryba1, we used 

the ENCODE program [74], which identified two potential STAT3 binding sites, one in the 

promoter and one in intron 2 of Cryba1 (Fig. 15a). We performed quantitative real time PCR 

(qRT-PCR) to measure the transcript levels of STAT3 in the presence of IL-6 and Stattic. 

Our results showed that in wild type astrocytes activation of STAT3 by IL-6 resulted in 

significant induction of Cryba1 transcript, an increase that was reduced in the presence of 

Stattic (Fig. 15b). In Nuc1 astrocytes, however, IL-6 treatment resulted in only a modest 
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elevation of Cryba1 transcript compared to wild type astrocytes [41]. Thus, our data provide 

novel evidence that STAT3 regulates the transcription of Cryba1 [41]. Based on these 

studies, we believe that βA3/A1-crystallin regulates several signaling pathways, such as the 

PI3K/AKT/mTOR and Notch/STAT3 cascades, and thereby plays a crucial role in astrocyte-

mediated vascular remodeling in the retina (Fig. 16).

5. Perspective

PFV is a disease that leads to blindness or serious loss of vision, with few treatment options 

at present, in otherwise normal children. In loss and gain-of-function mouse models 

generated to understand the role of βA3/A1-crystallin in astrocytes, we show that this 

protein is needed to establish the specific mechanisms and signaling molecules involved in 

crucial physiological processes of astrocytes. The evidence supports the conclusion that in 

rodents, abrogation of these normal signaling processes due to loss of βA3/A1-crystallin 

potentiates PFV. It remains to be determined if mutations in βA3/A1-crystallin can 

contribute to, or cause, PFV disease in humans. Multiple mutations in Cryba1 are known to 

cause autosomal dominant cataracts of various descriptions. These are undoubtedly due to 

disruption of the “crystallin” function of the proteins, leading to protein aggregation and 

light scattering in the lens. In studies on experimental animals, effects of βA3/A1-crystallin 

mutations, other than cataract, have invariably been recessive traits. To date, patients 

homozygous for Cryba1 mutations have not been reported. Since βA3/A1-crystallin has 

been shown to be expressed in the human eye, in cells other than lens fibers (unpublished 

observations), our animal studies suggest that Cryba1 mutations could negatively affect 

these cells (e.g., astrocytes), perhaps contributing to the pathogenesis of PFV. Since PFV is 

a very complex and heterogeneous condition, we recognize that multiple factors may be 

involved in the abnormal migration of astrocytes in PFV disease. However, our studies with 

genetically engineered animal models provide strong evidence that loss of βA3/A1-crystallin 

will lead to abnormal migration of the astrocytes. The signaling pathways that are impacted 

by loss of βA3/A1-crystallin in the animal models may provide direction for future studies 

of the human disease.
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Fig. 1. 
Anastomotic relationships of key components of fetal vasculature. During development of 

the mammalian eye, nourishment of the immature lens, inner retina and vitreous is provided 

by the hyaloid vascular system, including the pupillary membrane, tunica vasculosa lentis, 

vasa hyaloidea propria and the hyaloid artery, as shown in this schematic diagram.

Adapted with permission from American Journal of Ophthalmology.
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Fig. 2. 
Defective regression of fetal vasculature in Nuc1 mutant rat. In wild type animals (a), the 

hyaloid artery had completely regressed by 5 weeks of age, showing a normal optic nerve 

head (ONH). In Nuc1 homozygous rats (b), the hyaloid artery and adjacent tissue were still 

present on the surface of the optic nerve head projecting into the vitreous (arrow). In (c) the 

pupillary membrane is still evident in the Nuc1 homozygous animals (arrows). The lens 

shows abnormal shape and disorganization of structure. In the Nuc1 homozygote (d), the 

ciliary process (arrow) is dragged centrally towards the disrupted lens, resulting in traction, 

which causes peripheral retinal dragging and folding (arrowhead). Scale bars = 50 μm.

Adapted with permission from Developmental Dynamics.
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Fig. 3. 
Aquaporin 4 expression by astrocytes at the optic nerve head (ON) and hyaloid artery (HA). 

Top 3 panels (A–C) are from wild type Sprague–Dawley rats at P20 showing only a remnant 

of the hyaloid artery (HA) remaining. Staining for both AQP4 (A, red) and GFAP (B, green) 

is evident in the small cluster of cells around the remnant of the HA (thick arrows) and some 

cells surrounding the vasculature (thin arrows) at the ON head. The merge (C) shows that 

some astrocytes in the ON head are AQP4-positive (arrows). Lower panels (D–F) show the 

P20 Nuc1 homozygote with large intact hyaloid artery. Robust staining for both AQP4 (D) 

and GFAP (E) is present both at the surface of the optic nerve head and surrounding the 

hyaloid artery (arrows). The merged image (F) indicates the presence of a dense network of 

AQP4-positive astrocytes ensheathing the hyaloid artery. Nuclei in all panels are labeled 

with DAPI (blue). Scale bar = 50 μm, n=5 wildtype, 5 Nuc1 homozygote.

Reproduced with permission from European Journal of Cell Biology.
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Fig. 4. 
Human PFV: gross morphology and histology. In panel A, the persistent hyaloid artery in an 

eye from a 30-year old patient is indicated by the arrow and can be seen arising from the 

optic nerve head (ONH). In panel B, an H&E stained section shows the central persistent 

hyaloid artery (arrow). Ensheathing the hyaloid artery are multilayered fibrillar cells 

(arrowheads) that appear to be astrocytes. Scale bar = 100 μm.

Reproduced with permission from European Journal of Cell Biology.
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Fig. 5. 
Astrocyte migration and proliferation in Nuc1. Astrocytes were cultured from P2 optic nerve 

and retina and were confirmed to be GFAP-positive. a. For transwell migration assay, 

cultured astrocytes were incubated for 16 h in the upper chamber of the filter, which was 

precoated with gelatin. Filters were then stained with hematoxylin, photographed, and the 

cells migrating to the lower surface of the filter counted. The data shown are the mean 

(±SEM) of the number of cells counted in 8 different fields from three independent 

experiments. P-values were calculated between Nuc1 mutant vs. wild type cells using 

Student t-test (*** P < 0.0002). b. To measure proliferation, the MTS assay was performed 

at selected times on cultures of astrocytes from retina and optic nerve of wild type and Nuc1 

rats. The data represent the mean value of the absorbance at λ = 490 nm, which is 

proportional to the number of viable cells. Experiments were done in triplicate. P-values 

were calculated between Nuc1 mutant and wild type cells using Student t-test (* P = 0.03, 

*** P < 0.0007).

Adapted with permission from European Journal of Cell Biology.
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Fig. 6. 
Macrophages surround the hyaloid artery. Double labeling with the macrophage marker 

ED1 (red) and GFAP (green) in 20-day-old wild type and Nuc1 rat eyes. A. In the wild type 

rat, some GFAP-positive cells (arrow) are seen at the base of the regressing hyaloid artery 

(HA). Clusters of ED1-positive cells (arrowheads) are also observed at the base of the 

involuting hyaloid artery. B. In the Nuc1 rat, the persistent hyaloid artery is surrounded by a 

layer of GFAP-positive astrocytes (arrows), with abundant ED1-positive cells (arrowheads) 

in the vicinity of the hyaloid artery. A fragment of GFAP-positive cells (arrow) is also 

observed in the vitreous, presumably from a tangential section of the hyaloid artery, 

surrounded by ED1-positive cells (arrowhead). Scale bar = 50 μm, n = 5 wild type, n = 5 

Nuc1 homozygote.

Reproduced with permission from European Journal of Cell Biology.
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Fig. 7. 
Bit1 expression by astrocytes at the optic nerve head in 2-month old normal and Nuc1 

homozygous rats. Confocal microscopy indicated that in wild type optic nerve (panels a, b, 

c), Bit1 (red) and GFAP (green) are co-expressed (yellow, c). Interestingly, in the Nuc1 

homozygous optic nerve (Panels d, e, f) Bit1 (red) and GFAP (green) show more intense co-

expression than in wild type.

Adapted with permission from Cell Death and Disease.
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Fig. 8. 
Effects of anoikis induction on WT and Nuc1 astrocytes. a. Astrocytes were isolated from 

the optic nerve of wild type and Nuc1 rats and cultured on poly-HEMA plates to induce 

anoikis. After 5 days on poly-HEMA, Nuc1 astrocytes show significantly higher survival 

than wild type. Cell death assays performed by Cell Death Detection ELISAPLUS kit after 3 

and 5 days of anoikis induction show approximately 20% and 50% less cell death in Nuc1 

cultures compared to wild type, respectively. Results were plotted as absorbance at 405 nm 

with a reference wavelength of 490 nm. Experiments were done in triplicate. P-values were 

calculated using Student's t-test (*P = 0.001). b. To measure proliferation, the MTS assay 

was performed with Nuc1 and wild type astrocytes after 5 days of anoikis induction, 

followed by culture under normal conditions for 0, 4 and 7 days. At 7 days, significant 

increase in cell proliferation was observed in Nuc1 cultures compared to wild type. The data 

represent the mean values of absorbance at λ = 490 nm, which is proportional to the number 

of viable cells. Experiments were done in triplicate. P-values were calculated using Student's 

t-test (*P = 0.05). c. When Bit1 was knocked-down in wild type astrocytes (western blot in 

inset) using Bit1 specific siRNA, cell death was decreased following anoikis induction as 

described above. The data represent the mean values of absorbance at λ = 490 nm, which is 

proportional to the number of viable cells. Experiments were done in triplicate. P-values 

were calculated using Student's t-test (*P = 0.05).

Adapted with permission from Cell Death and Disease.
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Fig. 9. 
Signaling pathways in WT and Nuc1 astrocytes. To identify pathways activated in the wild 

type and the Nuc1 astrocytes after anoikis induction, western-blotting analyses were 

performed for total and phospho PI3K, total and phospho ILK, total and phospho AKT, total 

and phospho mTOR, total and phospho ERK1/2 with β-actin as loading control. After 3 and 

5 days of anoikis induction, Nuc1 astrocytes show a robust increase in the phosphorylated 

(activated) forms of PI3K, AKT, mTOR, ILK and ERK1/2 compared to wild type.

Adapted with permission from Cell Death and Disease.
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Fig. 10. 
γ-Secretase activity in WT and Nuc1 astrocytes. Post-mitochondrial supernatants from WT 

and Nuc1 astrocytes were layered on 2.5–30% iodixanol gradients and subjected to 

ultracentrifugation. Western blots identified LAMP1-positive lysosomes in fractions 3, 4, 

and 5; Rab5-positive endosomes in fractions 6, 7, and 8; and Golgi in fractions 9 and 10 

[37]. a. ELISA was performed to quantify β-amyloid (Aβ40), which is produced by the 

action of γ-secretase, after incubating above fractions overnight at 37 °C, with or without 

L-685,458 (γ-secretase inhibitor). In WT astrocytes (blue), γ-secretase activity, as measured 

by Aβ40 level, was detected in all fractions, with the Golgi fractions (9 and 10) having 

somewhat lower activity. In Nuc1 astrocytes (red), γ-secretase activity was significantly 

decreased (approximately 50%) in the endolysosomal compartments (fractions 3–8), 

whereas the activity in Golgi was not significantly different from WT. b. Over-expression of 

βA3/A1-crystallin in astrocytes cultured from Nuc1 rats rescued γ-secretase activity in 

endolysosomal compartments, while empty vector had no effect (relative to vehicle). 

Statistical analysis was performed by a two-tailed Student's t-test: *P < 0.05. **P < 0.01.

Adapted with permission from Nature Communications.
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Fig. 11. 
Impaired V-ATPase activity in astrocytes lacking functional βA3/A1-crystallin. a. V-

ATPase activity was measured by acridine orange fluorescence in WT and Nuc1 astrocytes 

after intravesicular H+ uptake was initiated by the addition of Mg-ATP. Increase in acridine 

orange fluorescence (V-ATPase activity) upon addition of ATP was significantly greater in 

WT astrocytes than in Nuc1 astrocytes. b. In Nuc1 astrocytes, over-expression of βA3/A1-

crystallin rescued activity to N80% of normal level (*P = 0.020). Empty vector had no 

effect. c. Measurement of endolysosomal pH in WT and Nuc1 astrocytes was performed 

using a fluid phase fluorescent probe, FITC-dextran. 3 h after incubation of WT and Nuc1 

astrocytes with FITC-dextran the fluorescence emission was measured at 520 nm with 

excitation at 450 nm and 495 nm. The fluorescence excitation ratio at 495 nm and 450 nm 

(I495 nm/I450 nm) was calculated, and endolysosomal pH in WT and Nuc1 astrocytes was 

measured to be ∼4.5 and 5.7, respectively (*P = 0.031). The elevated pH in Nuc1 

homozygous astrocytes was restored to near normal by over-expression of βA3/A1-crystallin 

(*P = 0.026). Empty vector had no effect. In all panels, graphs show mean values and error 

bars represent s.d. from a triplicate experiment representative of at least three independent 

experiments. Statistical analysis was performed by a two-tailed Student's t-test: *P < 0.05.

Adapted with permission from Nature Communications.
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Fig. 12. 
Intracellular processing and degradation of Notch receptor. a. WT and Nuc1 astrocytes 

transfected with myc-tagged full length Notch1 receptor were monitored for receptor 

clearance when co-cultured with astrocytes overexpressing Jagged1. Top panels show myc 

labeling (red) after transfection. Labeling decreased quickly in WT astrocytes, with little 

remaining after 3 h. Degradation was minimal in the Nuc1 astrocytes. Scale bar = 20 μm. b. 

Cathepsin D activity was decreased in Nuc1 astrocytes to about 30% of the level in WT. 

Over-expression of βA3/A1-crystallin in Nuc1 astrocytes increased cathepsin D activity to 

75% of WT level (*P = 0.037). Graph shows mean values and error bars represent s.d. from 

a triplicate experiment representative of at least three independent experiments. Statistical 

analysis was performed by a two-tailed Student's t-test: **P < 0.01; *P < 0.05.

Adapted with permission from Nature Communications.

Zigler et al. Page 25

Biochim Biophys Acta. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 13. 
Impaired Notch signaling decreases VEGF secretion in astrocytes a. VEGF quantikine 

ELISA to detect levels of VEGF secreted into the medium showed significant reduction 

(∼85%) in Nuc1 cells compared to WT cells. b. Treatment with the Notch inhibitor DAPT, 

significantly reduced secreted levels of VEGF in both WT (∼60%) and Nuc1 (∼75%) 

astrocytes compared to the respective vehicle-treated controls. c. Likewise, adenoviral Cre-

recombinase-mediated knockdown of Cryba1 in Cryba1fl/fl mouse astrocytes produced a 

similar reduction in VEGF secretion. Moreover, inhibition of Notch with DAPT further 

decreased VEGF secretion in both cultures. Error bars indicate s.d.; *P < 0.05.

Adapted with permission from Scientific Reports.
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Fig. 14. 
βA3/A1-crystallin modulates the phosphorylation of STAT3 in astrocytes. a. Analysis of p-

STAT3 levels by ELISA revealed 5 fold induction of p-STAT3 in the presence of IL-6 and 

∼76% reduction in the presence of Stattic compared to the vehicle control. Stattic 

significantly decreased the levels of p-STAT3 in the presence of IL-6 (∼85%) compared to 

the astrocytes treated with IL-6 alone. b. ELISA data revealed that IL-6 treatment induced p-

STAT3 by 4.5 fold in Cryba1 KD astrocytes compared to vehicle-treated astrocytes. Stattic 

decreased the level of p-STAT3 by ∼80% when treated alone and by ∼85% when treated in 

combination with IL-6 compared to vehicle-treated and IL-6 treated Cryba1 KD astrocytes, 

respectively. Error bars indicate s.d.; *P < 0.05.

Adapted with permission from Scientific Reports.
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Fig. 15. 
STAT3 regulates the expression of Cryba1 in astrocytes. a. Schematic diagram of the mouse 

Cryba1 gene showing the transcription start site (TSS) and the two STAT3 binding sites, 

one 2750 bp upstream of the start site (promoter region) and the other 1942 bp from the TSS 

in Intron 2. Exons are shown in boxes. b. Treatment of WT astrocytes with IL-6 resulted in 

4.5 fold increase in the expression of Cryba1 and Stattic treatment decreased the expression 

of Cryba1 by ∼51% compared to vehicle treated astrocytes. In astrocytes treated with both 

IL-6 and Stattic the expression of Cryba1 was reduced by ∼73% compared to astrocytes 

treated with IL-6 alone. Error bar indicate s.d.; *P < 0.05.

Reproduced with permission from Scientific Reports.
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Fig. 16. 
A schematic representation of signaling pathways and cellular processes modulated by 

βA3/A1-crystallin in astrocytes. It is likely that the protein regulates multiple processes and 

pathways in astrocytes by regulating V-ATPase and IGF-II. Solid lines denote links 

supported by experimental evidence and dashed lines are hypothetical. Abbreviations used: 

IGF-II, insulin-like growth factor-II; PI3K, phosphatidylinositol-3-kinase; ILK, integrin-

linked kinase; mTOR, mechanistic target of rapamycin; V-ATPase, vacuolar-type H+-

ATPase; NICD, Notch intracellular domain, p-STAT3, phosphorylated Signal transducers 

and activators of transcription 3.
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