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Abstract

Exosomes mediate secretion of crystallin alphaB (cryAB), a well characterized molecular 

chaperone with anti-apoptotic activity. However, the mechanisms governing its packaging and 

secretion remained unexplored. In glioma cells, notwithstanding extensive phosphorylation of 

cryAB at Ser59 followed by Ser45 (Ser19 is largely unphosphorylated), we discovered that the 

majority of secreted exosomal cryAB is nonphosphorylated. Transient ectopic expression of a 

yellow fluorescent protein (YFP) tagged triple phosphomimic (3-SD) cryAB construct in cryAB 

absent glioma cells led to the formation of large cytosolic inclusions. Our findings demonstrate 

that mimicking phosphorylation significantly reduces cryAB secretion via exosomes. Moreover, 

decreased colocalization of 3-SD YFP-cryAB with multivesicular endosome (MVE) and exosome 

marker, CD63 or Rab27, a small GTPase regulating exocytosis of MVEs, suggests that 

phosphorylation deters packaging of cryAB in vesicles bound for secretion as exosomes. 

Additionally, we found that preventing O-GlcNAcylation on cryAB also curtailed its 

colocalization with CD63 and Rab27 resulting in reduced exosomal secretion. Thus, our study 

points to O-GlcNAcylation and lack of phosphorylation as being the selective processes involved 

in the packaging and secretion of cryAB via exosomes.

Keywords

Exosomes; cryAB; Phosphorylation; Glycosylation; Glioblastoma multiforme

1. Introduction

In the human central nervous system (CNS), cryAB/HspB5 is constitutively expressed in 

astrocytes and oligodendrocytes [1]. Under pathological conditions like glioblastoma 

multiforme (GBM), the levels of cryAB in brain are elevated [2,3], where it inhibits 

apoptosis by binding directly to and inhibiting caspase-3 activity [2–4]. cryAB levels are 

also elevated in numerous inflammation driven neurodegenerative disorders such as 
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Parkinson’s disease (PD), Alexander’s disease, multiple sclerosis (MS), amyotrophic lateral 

sclerosis (ALS), age-related macular degeneration (AMD) and traumatic brain injury 

accumulating in astrocytes and oligodendrocytes of the CNS [5,6]. The presence of high 

levels of cryAB and anti-cryAB antibodies in serum and cerebrospinal fluid of MS patients 

[7], in the extracellular matrix surrounding retinal cells [8,9] and the ability of cryAB to 

present epitopes to activate T-cells [10,11] suggest extracellular roles to what is an 

intracellular protein. Studies show that cryAB is secreted and its secretion is mediated via a 

set of small discrete secretory vesicles, namely exosomes [9,12–15].

CryAB polypeptide of 175 amino acids consists of a hydrophobic N-term domain (NTD), a 

conserved central alpha-crystallin domain (ACD) and a C-term domain (CTD) containing a 

hydrophilic and flexible 12 residue tail [16]. Among post-translational modifications 

(PTMs) decorating cryAB, phosphorylation occurs at three Ser residues at positions 19,45 

and 59, all in the hydrophobic NTD [17] and O-linked β-N-acetylglucosamine (O-GlcNAc) 

glycosylation at Thr170 in the flexible hydrophilic CTD [18]. Phosphorylation at Ser45 and 

Ser59 [19,20] and glycosylation at Thr170 [18–21] regulate cryAB activity and cellular 

localization. Ser45 is phosphorylated by p42/p44 ERK1/2 MAP kinase and Ser59 by the 

p-38 dependent MAPKAPK2 kinase; the kinase for Ser19 phosphorylation is unknown [22]. 

Phosphorylation is a dynamic process and varies depending on the environment in which the 

expressing cell finds itself. CryAB phosphorylation modulates dynamics between 

monomeric and different oligomeric states and thus its activity [16,23–25]. Similar to 

phosphorylation, O-GlcNAcylation on cryAB has been shown to be a dynamic process [18]. 

Studies on role of O-GlcNAc at Thr170 on cryAB in cellular localization and more 

importantly on its oligomerization are scant. However, it has been reported that O-

GlcNAcylation occurs on both phosphorylated and nonphosphorylated cryAB [26] and has 

been implicated in the translocation of cryAB into the nucleus and reduced cryAB 

phosphorylation [21].

Despite the fact that cryAB is secreted via exosomes, an analysis of its sequence by web-

based analytical tools like SecretomeP 2.0 [27] and SignalP 4.1 [28] shows that signal 

peptides or localization sequences are wanting. The molecular mechanisms targeting cryAB 

for exosomal secretion remained, until now, unknown. We speculated that phosphorylation 

and glycosylation of cryAB may be affecting its exosomal secretion.

2. Methods and materials

2.1. Cell culture reagents

U118MG cells were purchased from ATCC (Manassas, VA), cell culture media (EMEM and 

DMEM) and phosphate buffered saline (PBS) were from Mediatech Inc. (Manassas, VA). 

Opti-MEM media, Lipofectamine 2000 and penicillin/streptomycin were from Invitrogen 

(Carlsbad, CA) and fetal bovine serum (FBS) was from Atlas Biologicals Inc. (Fort Collins, 

CO). IL-1β, TNF-α and poly-L-lysine were from Sigma (St. Louis, MO). Protease and 

phosphatase inhibitor cocktail, Halt™, was obtained from Thermo Scientific (Rockford, IL). 

RIPA lysis buffer (Chemcruz™) was obtained from Santa Cruz Biotechnology (Dallas, TX). 

100 mm cell culture dishes were from Corning Inc. (Corning, NY). U373 cells were a 

generous gift from Dr. Suraj Bhat, JEI, UCLA.
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2.2. Cell culture and transfection

U373 cells were cultured in complete EMEM media (containing 10% FBS & 100 units/ml 

of penicillin/streptomycin) at 37 °C in a 5% CO2 incubator. Overnight cultures of cells were 

grown to 80% confluence in 100 mm culture dishes. Cells were washed 3× with PBS and 

fresh serum free EMEM media was added to each dish and the cells incubated for 24 h and 

media collected for isolating exosomes. Cells were harvested by lysing in RIPA lysis buffer 

containing protease and phosphatase inhibitors.

U118MG cells were cultured in complete DMEM Media (containing 10% FBS and 100 

units/ml of penicillin/streptomycin) at 37 °C in a 5% CO2 incubator according to the ATCC 

instructions. For transfection, overnight cultures of cells grown to 90% confluence in 100 

mm dishes coated with poly-L-lysine were transfected with Lipofectamine 2000 according 

to the manufacturer’s instructions. Briefly, cells were transfected with total 6 μg/100 mm 

dish of pZsYellow1-C1 (YFP) plasmids encoding the cryAB gene (or its mutants) along with 

30 μl of Lipofectamine 2000. After 6 h, transfection media was removed and replaced with 

fresh complete DMEM medium. After overnight incubation, fresh serum free DMEM 

medium was added and cells allowed to incubate for 24 h after which media was collected 

for exosome isolation. The cells were harvested by lysing using the RIPA lysis buffer 

containing protease and phosphatase inhibitors.

2.3. Exosome isolation

Conditioned media from transfected, treated/untreated cells was collected and pooled and 

exosomes isolated by sequential centrifugation, all steps done at 4 °C. In brief, collected 

media was subjected to 600 g for 10 min, 3000 g for 10 min, and 10,000 g for 30 min. Any 

pellets formed were discarded. The supernatant media was then ultracentrifuged at 150,000 

g for 3–4 h. The resulting pellet was re-suspended in PBS for EM analysis and in PBS 

containing a cocktail of protease and phosphatase inhibitors for WB analysis.

2.4. Electron microscopy

In brief, the exosomal pellets isolated were coated onto 200 mesh fomvar coated grid and 

dried at room temp. These grids were washed with DI water and stained with 1% uranyl 

acetate solution for 5 min. The stain was washed off with 70% ethanol followed by 4 washes 

with molecular grade water. The grids were loaded onto sample holder of the electron 

microscope (FEI Tecnai F20 200 keV microscope) and images were captured after exposing 

sample to 80 keV electron beam.

2.5. Site directed mutagenesis (SDM)

Yellow (pZsYellow1-Cl) expression vector was obtained from Clontech (Palo Alto, CA), 

plasmid DNA extraction kits were from Qiagen (Valencia, CA). QuickChange SDM kit was 

from Agilent Technologies Inc. (Clara, CA). Yellow (pZsYellow1-Cl) expression vector with 

the WT human cryAB gene was used as template for PCR to generate phosphomimic and 

phosphodeficient of cryAB. Appropriate SDM primers of human cryAB for the phospho 

mutants (S19A, S45A, S59A, S19D, S45D, S59D) and non-O-GlcNAcylatable T170A were 

designed and ordered from IDT (Integrated DNA technologies, Coralville, IO) and used for 

SDM reactions according to the instructions provided in the kit, with reactions carried out 
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under the following conditions: 95 °C for 50 s, 95 °C for 30 s, 60 °C for 50 s and 68 °C for 5 

min for 16 cycles and followed by overall extension at 68 °C for 7 min. Double and triple 

phosphodeficient and phosphomimetic constructs were prepared sequentially using the 

single phosphomimetic and phosphodeficient mutants. The unmutated plasmid DNA was 

digested with Dpn I for 1 h at 37 °C and 3 μl of PCR product was transformed with XL-10 

Gold competent cells. The transformants were selected on LB agar medium plates 

containing 50 μg/ml Kanamycin. The mutant constructs were sequenced and confirmed by 

DNA sequence analysis at the UAMS Sequencing Core Facility using a 3130XL Genetic 

Analyzer (Applied Biosystems, Foster City, CA).

2.6. SDS-PAGE and Western blotting

Equal amounts of exosomal pellets and cell lysates, as determined by BCA protein 

estimation, were boiled with 4× Laemmli’s buffer containing 10% beta-mercaptoethanol and 

run on a 12% SDS-PAGE denaturing gel. The proteins were transferred to PVDF 

membranes using conventional transfer apparatus. Blots were blocked with 5% BSA 

dissolved in Tris Buffered Saline (TBS) containing 0.01% Tween-20 (TBS-t) for 1 h at room 

temp. Blots were probed with primary Abs [anti-cryAB monoclonal antibody (1:1000) 

(Santa Cruz Biotech, Dallas, TX), antiphospho-Ser19, antiphospho-Ser45 or anti-phospho-

Ser59 pAbs (all at 1:1000), anti-CD63 (SBI Biosciences, Mountain View, CA), anti-GM130 

(BD Biosciences, San Jose, CA), anti-RCFP pAb for YFP tag (Clontech Laboratories Inc., 

San Francisco, CA) or anti-β-actin (1:5000) (Cell Signaling Technology, Beverly, MA)] 

diluted in blocking buffer for 1 h at room temp. Blots were washed 3× with TBS-t and then 

incubated with HRP conjugated anti-rabbit or anti-mouse Ab (1:10,000) (Santa Cruz 

Biotech, Dallas, TX) diluted in blocking buffer at room temperature for 1 h. Blots were 

washed thoroughly 3× with TBS-t and developed with a chemiluminescence reagent – 

Luminaforte developing reagent from Millipore (Billerica, MA).The blots were stripped 

using Restore Western blot Stripping Buffer (Pierce Scientific, Fisher Scientific, Pittsburgh, 

PA). The blots were washed 3× with TBS-t and reprobed for total cryAB, CD63, GM130 or 

β-actin.

2.7. Confocal microscopy

Cells cultured in a 4 chambered Lab-Tek Borosilicate Coverglass system slide were 

transfected with YFP-cryAB or its mutants. 48 h later, the cells were visualized under LSM 

510 confocal microscope and live cell images were captured with ×63 oil immersion lens. 

Quantification of cytosolic inclusions was done by calculating an average of 25 cells per 

chamber from four different experiments for each mutant. Cells with two or cytosolic 

inclusions greater than 1 μm were marked as cells containing inclusions.

To study colocalization of YFP-cryAB with CD63 and Rab27, cells were fixed with 4% 

paraformaldehyde and then permeabilized with 0.1% Triton X-100 for 20 min. Cells were 

washed with PBS, blocked with 5% normal goat serum or 3% BSA in tris buffered saline 

containing 1% Triton X-100 and then incubated with primary mAb against CD63 (BD 

Biosciences, San Jose, CA) or primary pAb against Rab27 (Synaptic Systems, Gottingen, 

Germany) overnight, at 4 °C at a dilution of 1:500. Cells were washed with PBS and 

incubated with secondary goat anti-mouse Ab or goat anti-rabbit Ab, respectively, 
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conjugated to Alexa Flour 647 (Life Technologies, Carlsbad, CA) at a dilution of 1:500 for 1 

h at room temp. The cells were washed with PBS and images were acquired using a dual 

channel filter setting for YFP and Alexaflour 647 under Olympus Fluoview FV1000 

confocal microscope using ×100 oil immersion lens. Colocalization analysis for Pearson 

correlation coefficients and Manders colocalization coefficients were obtained using the 

JACoP plugin in ImageJ software (Version 1.48; Research Service Branch, National 

Institutes of Health, Bethesda, MD) [29]. In short, the confocal images were opened in 

ImageJ software. A single cell expressing YFP-cryAB was outlined as the region of interest 

(ROI). The background was subtracted and the area outside the ROI was cleared. The image 

was then spilt into the RGB channels. The blue channel image was deleted. The JCoP plugin 

was then run within the ImageJ analysis software and colocalization values for Pearson’s 

correlation coefficients and Manders colocalization coefficients were derived.

2.8. Statistical analyses

To determine statistical significance in rations of phosphorylated cryAB or quantification of 

secreted YFP-cryAB in exosomes, significance was calculated using GraphPad Prism’s 

(Version 5.03) one way ANOVA followed by Bonferroni’s multiple comparison test. For 

each group, the average of three independent experiments was determined and results were 

expressed as mean ± SEM. Value of p < 0.05 was considered as statistically significant. To 

determine statistical significance in quantification of % cells containing inclusions of cryAB 

and its mutants, significance was calculated using GraphPad Prism’s one way ANOVA 

followed by Bonferroni’s multiple comparison test. For each group, the average of four 

independent experiments was determined and results were expressed as mean ± SEM. Value 

of p < 0.0001 was considered as statistically significant.

3. Results

3.1. CryAB phosphorylation in U373 human glioma cells vs in secreted exosomes

Exosomes isolated from culture media of U373 glioma cells using previously reported 

protocol [15], were characterized by electron microscopy analysis and their morphology, 

size (70–80 nm) and absence of cellular debris were confirmed (Fig. 1 A-D). In a 

comparative Western blot analysis of equivalent quantities of U373 cell lysate and exosome 

preparation, the exosomal marker protein CD63 was found enriched in the exosome lane. 

(Fig. 1 E).

A comparative analysis of phosphorylated cryAB on equivalent quantities of total exosomal 

proteins and total cell lysate was carried out by Western blotting (WB) using specific anti-

phosphoSer19, anti-phosphoSer45 and anti-phosphoSer59 polyclonal antibodies (Abs).

U373 cells, at the time of harvesting, show presence of varying but significant levels of 

phosphorylated cryAB, while in exosomes, only small levels of phosphorylation on Ser45 

and negligible levels of cryAB phosphorylated on Ser19 and Ser59 were detected (Fig. 2 A). 

Reprobing the same blots for total cryAB showed significant quantities of cryAB present in 

exosomes. Quantifying ratios of phosphorylated cryAB to total cryAB revealed that 

significant amounts of cryAB were phosphorylated in cells with 25% of total cryAB being 
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phosphorylated at Ser19, 35% of total cryAB phosphorylated at Ser45 and 35% of total 

cryAB found phosphorylated at Ser59. In comparison, immunoblots detected low levels of 

cryAB phosphorylation on Ser45 (13%) and negligible levels of cryAB phosphorylated on 

Ser19 (2%) and Ser59 (3%) in secreted exosomes. The ratio of phosphorylated cryAB to 

nonphosphorylated cryAB was consistently and significantly lower in exosomes (Fig. 2 B). 

Thus the majority of cryAB secreted via exosomes is nonphosphorylated, suggesting that 

phosphorylation may actually hinder packaging and secretion of cryAB via exosomes.

In order to investigate the role of phosphorylation in regulating cellular distribution and 

secretion of cryAB via the exosomal secretory pathway, we generated phosphomimic and 

phosphodeficient constructs of cryAB (Fig. 3 A) by replacing Ser to Asp (SD) and Ser to 

Ala (SA), respectively, at positions 19, 45 and 59 on a cryAB wild type (WT) construct with 

a N-term YFP tag (YFP-cryAB). Similarly, based on the report that O-GlcNAcylation plays 

a role in cellular localization of cryAB, a non-O-GlcNAcylatable, Thr to Ala (T170A) 

mutant of N-terminal YFP tagged cryAB was generated to investigate whether preventing 

glycosylation affects cellular distribution and exosomal secretion of cryAB. The YFP-cryAB 

mutants were confirmed by sequencing.

3.2. Expression of YFP-cryAB constructs in U118MG (cryAB absent) glioma cells

In order to test our hypothesis and eliminate any influence of endogenous cryAB, we 

employed a cryAB absent glioma cell line, U118MG glioma cells.

U118MG cells do not express cryAB [30] which was confirmed by WB (Fig. 3 B). 

Inflammatory cytokines, interleukin 1-beta (IL-1β) or tumor necrosis factor-alpha (TNF-α), 

did not induce cryAB expression in U118MG cells (Sup Fig. 1A & B). U118MG secrete 

exosomes as demonstrated in immunoblots by the presence of highly enriched exosomal 

marker protein CD63 in exosomes isolated from culture media (Sup Fig. 1B) compared to 

small amounts detected in the cells (Sup Fig. 1A).

To abrogate variability brought about by single or double phosphomimic cryAB which could 

potentially trigger phosphorylation of remaining Ser residues, we limited our study to triple 

phosphomimic (3-SD), triple phosphodeficient (3-SA) and non-O-GlcNAcylatable (T170A) 

cryAB mutants. U118MG cells were transiently transfected with WT, 3-SA, 3-SD and 

T170A YFP-cryAB. The YFP tag at N-terminus (size of expressed protein increased to ~47 

kDa) helped in visualizing its cellular localization and secretion by both confocal 

microscopy and WB.

Live cell images using confocal microscopy (Fig. 3C–F) of U118MG cells ectopically 

expressing WT YFP-cryAB showed a uniform cytosolic distribution for the wild type (WT) 

protein (Fig. 3C). Phosphodeficient 3-SA cryAB, exhibited a diffuse punctate distribution 

appearing uniformly throughout the cytosol (Fig. 3D). A similar diffuse cytosolic 

distribution but with smaller puncta, was observed with non-O-GlcNAcylatable T170A 

cryAB (Fig. 3 F). However, majority of cells expressing the phosphomimic 3-SD cryAB 

displayed a low level of uniform cellular distribution interspersed with few large, bright 

cytosolic inclusions (Fig. 3E). The number of cells with two or more cytosolic inclusions, 1 
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μm or more in size, was thus significantly higher (>75% of U118MG cells) for those 

expressing the 3-SD construct (Fig. 3G).

We identified the specific phosphorylation site that resulted in formation of cytosolic 

inclusions. An analysis of confocal images showed that U118MG cells expressing double 

(2-SD) and single (1-SD) phosphomimic cryAB constructs (Sup Fig. 2, panels C & D), 

Ser19 phosphorylation on cryAB was solely responsible for formation of cytoplasmic 

inclusions. Double (2-SA) and single (1-SA) phosphodeficient mutants did not significantly 

alter cellular distribution. Thus, our results show that mimicking phosphorylation alters the 

cellular distribution of cryAB with phosphorylation at Ser19 being specifically responsible 

for generating cytosolic inclusions.

3.3. Exosomal secretion of YFP-cryAB mutants by UH8MG cells

In order to investigate the effect of mimicking phosphorylation or preventing glycosylation 

on cryAB secretion, exosomes were isolated from culture media of U118MG cells 

ectopically expressing WT YFP-cryAB or its 3-SD, 3-SA or T170A mutants and 

characterized by WB for exosomal marker CD63 (Fig. 4A & B). Absence of Golgi apparatus 

marker protein, GM130, ruled out contamination with other cellular vesicles or debris. 

Exosomal marker CD63 was found abundant in the exosome lanes.

Total cryAB secreted in exosomes by transiently transfected U118MG cells was analyzed by 

Western blots (Fig. 4B). Quantification of these blots (Fig. 4C), from three independent 

experiments, showed that levels of 3-SD and T170A secreted in exosomes are significantly 

lower than those for WT or 3-SA YFP-cryAB mutants. Western blots for U118MG cells 

transiently expressing the pZsYellow1-C1 (YFP) plasmid alone showed a robust expression 

for YFP in the cells. Immunoblots also detected presence of abundant levels of YFP in the 

exosomes isolated from these cells (Sup Fig. 3). Although the expressed YFP is secreted via 

exosomes by U118MG cells and may probably account for the presence of 3-SD and T170A 

YFP-cryAB in exosomes, the suppressed exosomal secretion of these two cryAB mutants 

can be conclusively attributed to the specific cryAB mutations.

Our results show that cryAB is a secreted protein despite lacking localization or signal 

sequences. Furthermore, our data demonstrate that while ectopic expression of WT cryAB 

did result in its secretion via exosomes, mimicking phosphorylation or preventing 

glycosylation significantly reduced levels of cryAB secreted via exosomes, confirming that 

phosphorylation negatively regulates exosomal secretion of cryAB, with glycosylation at 

Thr170 also being essential for cryAB secretion. Our findings suggest a selective process of 

packaging glycosylated and nonphosphorylated cryAB for exosomal secretion.

3.4. Co-localization of YFP-cryAB mutants with CD63 and Rab27

Having established that mimicking phosphorylation and preventing glycosylation reduced 

exosomal secretion of cryAB, we wanted to understand how phosphorylation and 

glycosylation govern cryAB packaging upstream of exosomal secretion. Exosomes arise by 

the fusion of MVEs with the cell membrane and release of intraluminal vesicles into the 

extracellular milieu. We studied association of CD63 or Rab27 with various YFP-cryAB 

constructs ectopically expressed in U118MG cells. CD63 is a tetraspanin protein associated 
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with the endosomal membranes and employed as MVE marker [31]. Two isoforms of 

Rab27, a small GTPase, are involved in the exocytosis of MVEs with subsequent release of 

intraluminal vesicles (ILVs) extracellularly as exosomes [32]. We reasoned that 

colocalization of any YFP-cryAB constructs with CD63 and Rab27 would infer the 

expressed construct as being packaged into MVEs and targeted for secretion as exosomal 

cargo.

U118MG cells expressing either WT, 3-SA, 3-SD and T170A constructs of YFP-cryAB 

(green in confocal images) were fixed, permeabilized and labelled with an anti-CD63 mouse 

mAb or with an anti-Rab27 rabbit pAb (recognizes both Rab27 isoforms) followed with 

corresponding secondary Abs conjugated with AlexaFlour 647 (red in confocal images).

Confocal images were acquired using the Olympus Fluoview1000 confocal microscope. 

Qualitative analysis of colocalization, Pearson’s correlation coefficient (PCC) and Manders 

overlap coefficients (M1 = fraction of CD63 or Rab27 overlapping with YFP-cryAB 

constructs, M2 = fraction of YFP-cryAB constructs overlapping CD63 or Rab27), was 

carried out using the JACoP plugin in ImageJ [29].

Captured images showed large quantities of WT (Fig. 5, panels A & E) and 3-SA (Fig. 5, 

panels B & F) colocalizing with CD63 and Rab27. In contrast, significant decrease in 

colocalization was seen for 3-SD including the cytosolic inclusions (Fig. 5, panels C & G) 

and T170A with CD63 and Rab27 (Fig. 5, panels D & H). Consistent with confocal images, 

the JACoP analysis indicated significant colocalization between CD63 and WT (PCC = 0.8, 

M1 = 0.76 & M2 = 0.4) and between CD63 and 3-SA (PCC = 0.74, M1 = 0.70 & M2 = 

0.33). Mimicking phosphorylation or preventing glycosylation reduced localization of CD63 

with 3-SD (PCC = 0.68, M1 = 0.32 & M2 = 0.17) and with T170A (PCC = 0.63, M1 = 0.68 

& M2 = 0.l7) respectively. Thus mimicking phosphorylation or preventing glycosylation 

negatively regulated packaging of cryAB into vesicles which constitute MVEs. JACoP 

analysis showed a similar pattern with WT (PCC = 0.70, M1 = 0.50 & M2 = 0.33) and 3-SA 

(PCC = 0.72, M1 = 0.45 & M2 = 0.44) colocalizing with Rab27. Mimicking 

phosphorylation or preventing glycosylation reduced localization of Rab27 with 3-SD (PCC 

= 0.46, M1 = 0.33 & M2 = 0.24) and with T170A (PCC = 0.46, M1 = 0.46 & M2 = 0.21). 

PCC values and reduced fractions of Rab27 colocalizing with 3-SD and Tl70A suggest that 

only a small fraction of these constructs get targeted for secretion via exosomes.

By virtue of its association with CD63 and Rab27, significant quantities of the WT and 3-SA 

YFP-cryAB are packaged into vesicles bound for secretion as exosomes. In contrast, 

mimicking phosphorylation or preventing glycosylation on cryAB hinders its association 

with CD63 enriched endosomal compartments or Rab27 associated vesicles targeted for 

secretion. This data, coupled with earlier secretion results, demonstrates that the 

nonphosphorylated cryAB is selectively packaged into vesicles for secretion as exosomal 

cargo. Additionally, our results also indicate the importance of O-GlcNAc atThr170 for 

packaging and exosomal secretion of cryAB.
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4. Discussion

Exosomes constitute the non-classical secretory pathway for many cytosolic proteins. 

Although exosomes, irrespective of their cellular origin, carry a conserved set of proteins 

[33], many cells secrete certain proteins which are specific to those cell types. Our previous 

study has shown that inflammatory cytokines elevate levels of cryAB in astrocytes and 

secreted exosomes. Additionally, exosomal secretion of some proteins involved in glioma 

invasiveness and progression, is also increased [15]. The molecular mechanisms targeting 

these proteins to vesicles fated for secretion as exosomes is unexplored. We sought to 

address this enigma using cryAB.

The results of our study support the following important findings. Notwithstanding the 

considerable amount of cryAB carried in exosomes [15], a majority of the constitutively 

secreted exosomal cryAB is nonphosphorylated (Fig. 2). Ser59 is the major site for cryAB 

phosphorylation in glioma cells, followed by phosphorylation at Ser45. In exosomes, Ser59 

in cryAB is devoid of phosphorylation while very small quantities of phosphorylated Ser45 

still exist. Ser19 phosphorylation is found virtually absent on cryAB in glioma cells and 

exosomes.

Analysis of confocal images showed that mimicking phosphorylation altered cellular 

distribution and localization of the protein and promoted formation of large cytosolic 

inclusions (Fig. 3 G). Our results corroborate previously published study [34] showing that 

phosphorylation of cryAB at both Ser45 and Ser59 is required for translocation to the 

nucleus (Sup Fig. 2, panel C). Interestingly, this study also led to the finding that the 

cytosolic inclusions observed contained at least one Ser19 to Asp substitution (Sup Fig. 2, 

panel C & D) and that Ser19 phosphorylation on cryAB was primarily responsible for the 

generation of cytoplasmic inclusions. However, it is unknown whether mimicking 

phosphorylation at Ser19 is solely responsible for formation of cytoplasmic inclusions or it 

triggers subsequent phosphorylation of the remaining Ser residues (which remained 

unaltered in the S19D mutant) in NTD of cryAB.

Ectopically expressed WT YFP-cryAB was secreted in exosomes (Fig. 4 A & B). Our 

findings clearly show that, despite wanting signal peptides, cryAB is a secreted protein. 

Moreover, mimicking phosphorylation (Ser19, Ser45 & Ser59) on cryAB result in decreased 

levels of this protein being secreted via exosomes (Fig. 4 C), implying that the 

nonphosphorylated cryAB is selectively secreted via exosomes. Additionally, we find that 

exosomal secretion of non-O-GlcNAcylatable cryAB is also significantly reduced (Fig. 4 C) 

revealing the importance of O-GlcNAc modification for exosomal secretion of cryAB.

Finally, the propensity of phosphomimic cryAB mutant to form large cytosolic inclusions 

and its decreased colocalization with either CD63 or Rab27, strongly suggested that 

mimicking phosphorylation hindered the packaging of cryAB into MVEs and subsequent 

secretion via exosomes. Interestingly, preventing glycosylation on cryAB also had a similar 

effect with interfering in its association with CD63 and Rab27 leading to reduced levels of 

the mutant being secreted via exosomes. Based on our data we conclude that lack of 

phosphorylation of Ser residues, primarily at position 59 and to some extent at position 45 
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on cryAB promote its packaging and secretion via exosomes. Additionally, O-

GlcNAcylation at Thr170 is also an essential modification for packaging and secretion of 

cryAB via exosomes.

Previous structural studies have shown that cryAB exists as a polydisperse species of 24–

32mer oligomers in its native state. Oligomerization of cryAB follows a ‘hierarchical’ 

assembly of its monomers. The fundamental building block of cryAB oligomers is a curved 

dimer formed by the interactions of (β-strands of the core alpha-crystallin domain (ACD) 

[16]. Domain swapping of one dimer’s flexible CTD with another, through CTD’s 

interactions with the groove created by the (β-strand region of the dimer forms a stable 

hexameric subunit [16,35–37]. Subsequent formation of higher ordered oligomers of cryAB 

depend upon the interactions and conformation of the hydrophobic NTD [16,38–41]. 

Phosphorylation plays an important role in the dynamics of oligomeric state and 

polydispersity of cryAB, thus affecting its function and cellular distribution [16,23–25,39]. 

Studies show that phosphorylation at Ser59 and Ser45 lead to its translocation to the nucleus 

and association with S35 nuclear speckles [34].

It could be speculated that, upon phosphorylation, addition of negatively charged phosphate 

groups on Ser residues in the NTD of cryAB renders the hydrophobic NTD more 

hydrophilic and cause the interacting NTDs to mutually repel each other. This change would 

disrupt the hydrophobic NTD interactions holding together multiple hexameric subunits 

forming large oligomers, resulting in unravelling the oligomeric structures into smaller 

oligomers or monomers. These small cryAB oligomers or monomers could then recruit other 

smaller oligomers and form random disordered assemblies through the interactions of ACD 

β-strands. With the phosphorylated NTDs being unable to interact to form higher ordered 

oligomers, such assemblies would result in formation of cytosolic inclusions. These 

cytosolic inclusions may invariably hinder association of phosphorylated cryAB with 

endosomal vesicles marked for secretion as exosomes. While phosphorylation has been 

shown to disrupt or break down large oligomers of cryAB into smaller oligomers or 

monomers, dephosphorylation may trigger the hierarchical assembly of cryAB molecules 

into structured, higher order oligomers by promoting and stabilizing hydrophobic 

interactions of cryAB’s NTDs. The appearance of uniformly distributed puncta observed 

with 3-SA YFP-cryAB expression implies presence of such assemblies of highly ordered, 

very large oligomeric structures of cryAB. It can be theorized here that these structured large 

oligomers of cryAB may be specifically targeted for packaging into endosomal vesicles 

destined for secretion as exosomes.

Additionally, O-GlcNAcylation reduced levels of phosphorylated cryAB [21]. Association of 

native cryAB with detergent resistant microdomains in cells [13] and its stress-induced 

translocation to insoluble fraction of cell lysates with O-GlcNAc modification [21] suggests 

that O-GlcNAcylation is essential for its association with raft-like microdomains in the 

endosomal vesicles. It is not known whether O-GlcNAc modification modulates the 

dynamics of cryAB oligomerization. However, since preventing O-GlcNAcylation 

suppresses cryAB’s exosomal secretion and the assumption that cryAB secretion via 

exosomes depends on the non-phosphorylated protein being assembled into higher order 

oligomers, one could speculate about the role of O-GlcNAcylation in modulating the 
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dynamics of cryAB oligomerization. The O-GlcNAc modification occurs on Thr170 in the 

flexible CTD of cryAB. This domain, as noted earlier, is responsible for stabilizing the 

hexameric structure of cryAB in its hierarchical assembly into larger ordered oligomers. 

Since O-GlcNAcylation is necessary for exosomal secretion of cryAB oligomers, it can be 

speculated that the O-GlcNAc modification probably stabilizes the formation of cryAB 

hexameric subunits by occurring on Thr170 in CTD domains, swapped between adjacent 

dimers, interacting with grooves in the ACD formed by β-strands. With the stabilization of 

the hexameric cryAB, the NTDs of multiple hexamers would then interact to form variable 

higher order oligomers.

The experimental evidence presented confirms that phosphorylation negatively regulates 

exosomal secretion of cryAB and O-GlcNAcylation at Thr170 is an essential modification 

required for cryAB secretion. It can be speculated that dephosphorylation and O-

GlcNAcylation stabilize the oligomeric structure of cryAB ensuring its secretion via 

exosomes. These findings suggest a selective process of packaging O-GlcNAcylated and 

nonphosphorylated cryAB for exosomal secretion.

Based on published data on phosphorylation affecting oligomerization of cryAB and our 

experimental results, we propose a consolidated model to explain the packaging and 

secretion of cryAB via exosomes (Fig. 6). The dynamic state of cytoplasmic cryAB 

phosphorylation depends upon the cellular response to extracellular signals or the 

microenvironment. Phosphorylation of cryAB on Ser residues disrupts the NTD interactions 

that stabilize large cryAB oligomers. Disruption of these interactions results in unravelling 

of the oligomeric form into smaller oligomers or monomers. Phosphorylation at Ser19 leads 

to formation of cytosolic inclusions (I). However, with dephosphorylation and removal of 

negative phosphate charges from the hydrophobic NTD, cryAB coalesces into larger 

structured oligomers, where Thr170 in the flexible CTD may or may not be O-

GlcNAcylated (II). The glycosylated and de-phosphorylated cryAB then gets selectively 

packaged into CD63 containing lipid rich MVEs which (III), with the assistance of Rab27 

GTPases (IV), are then targeted for fusion with the cell membrane and subsequent release of 

ILVs as exosomes. However, a small amount of non-O-GlcNAcylatable cryAB was also 

found associated with CD63. One of the functions of MVEs is to sort protein cargo to 

lysosomes for degradation. It may be postulated that since preventing glycosylation hinders 

exosomal secretion of cryAB, the association of T170A mutant with CD63 may possibly be 

the process of marking endocytic vesicles containing non-O-GlcNAcylatable cryAB for 

degradation and sorting into MVEs fated for fusion with lysosomes (V).

The significance of cryAB phosphorylation and its role as an anti-apoptotic protein comes 

from a study which showed that phosphorylated cryAB inhibits tumor formation and growth 

in mice orthotopically implanted with nontumorigenic glioma cell line expressing 

phosphomimic cryAB mutant [2]. In GBM, cryAB levels are elevated [3,42–44]. Our recent 

study established that inflammatory cytokines increase levels of cryAB in astrocytes and 

secreted exosomes [15]. The anti-apoptotic function of cryAB [2,4] has been shown to be a 

contributing factor in the intense resistance to apoptosis observed during treatment of GBM. 

It may be argued that packaging of O-GlcNAcylated and nonphosphorylated cryAB for 

secretion via exosomes may provide target or recipient cells with a readily available, large 
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pool of cryAB which may be modified according to the requirements of the target cell. The 

exosomal secretion of glycosylated and highly oligomeric nonphosphorylated cryAB by 

glioma cells in GBM may help confer resistance to apoptosis in surrounding cells following 

radiation and chemotherapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Characterization of exosomal preparation. (A–D) Exosomes isolated from media of U373 

human glioma cells were analyzed by TEM at 80 keV. Images of different fields at different 

magnifications consistently showed a set of uniform and distinct vesicles with diameter 

ranging between 70 and 80 nm (scale bar: A = 500 nm, B = 250 nm, C = 100 nm, D = 100 

nm). (B) Western blot of equivalent quantities of exosomes and U373 cell lysate showing 

enrichment of CD63 in exosomal preparation.
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Fig. 2. 
Phosphorylated cryAB in U373 cells vs secreted exosomes. (A) In three independent 

experiments, WB detected cryAB being phosphorylated at all the three serine residues in 

U373 cells. In contrast, in exosomes, Abs failed to detect any cryAB phosphorylated at 

Ser19 or Ser59, while a small quantity of cryAB phosphorylated at Ser45 was detected (top 

panel). Reprobing blots for full length cryAB with a mAb (middle panel) showed abundant 

quantities of cryAB being present in both U373 cells and exosomes. β-Actin was used as 

loading control. (B) Ratio of phosphorylated cryAB to the total cryAB in U373cells and 
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exosomes. Statistical significance determined by one way ANOVA, values indicate mean ± 

SEM (n = 3), (* = p < 0.05, ** = p < 0.01,*** = p < 0.001).
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Fig. 3. 
Expression of YFP-cryAB constructs in U118MG cells. U118MG cells do not express 

cryAB. (A) Full length cryAB depicting Ser phosphorylation sites at positions 19,45, and 59 

in the NTD and the O-GlcNAc site at Thr170 in the flexible CTD. (B) Western blot confirms 

presence of cryAB in U373 cells but not in U118MG cells. (C–F) Confocal images 

ofU118MG cells ectopically expressing WTYFP-cryAB (C), 3-SAYFP-cryAB (D), 3-SD 

YFP-cryAB (E) and T170AYFP-cryAB (F) in U118MG cells. Scale bars = 10 μm. (G) 

Percent of cells with large cytosolic inclusions. 25 cells for each YFP-cryAB construct with 

inclusions (at least 2 larger than 1 μm) were counted from random fields in 4 experiments. 

Expression of 3-SD YFP-cryAB mutant significantly increased the number of cells with 

inclusions. Statistical significance determined by one way ANOVA, values indicate mean ± 

SEM (n = 4), (* = p < 0.05, ** = p < 0.01, *** = p < 0.0001 ).
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Fig. 4. 
(A) WB of U118MG cells transiently transfected with WT, 3-SA, 3-SD and T170A YFP-

cryAB constructs. (B) WB of exosomes isolated from culture media of transfected U118MG 

cells. YFP-cryAB constructs expressed in U118MG cells were secreted via exosomes, WT 

and 3-SA appeared to be secreted in fairly large quantities while levels of 3-SD secreted 

were reduced. Lack of a cryAB band at 20 kDa mark suggests that the YFP tag in YFP-

cryAB was not cleaved off. GM130, a Golgi marker protein, was detected in the (A) 

U118MG cells, but (B) absent in the exosome lanes. Exosome marker protein, (B) CD63 
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was found enriched in the exosome lanes. β-Actin was used as a loading control. (C) 

Quantification of the Western blots showed a significant decrease in levels of phosphomimic 

(3-SD) and non-O-GlcNAcylatable (T170A) YFP-cryAB in isolated exosomes. β-Actin was 

used as loading control. Statistical significance determined by one way ANOVA, values 

indicate mean ± SEM (n = 3), (* = p < 0.05, ** = p < 0.01.
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Fig. 5. 
YFP-cryAB colocalization with CD63 &Rab27. U118MG Cells transfected with WT (panel 

A &E), phosphodeficient 3-SA (panel B&F), phosphomimetic 3-SD (panel C&G) andnon-

O-GlcNAcylatable T170A (panel D&H) constructs of YFP-cryAB were labelled with CD63 

(red, panels A-D), or Rab27 (red, panels E-H). Confocal images showed large quantities of 

the WT and 3-SA colocalizing with CD63 (panels A & B) and Rab27 (panels D & E), while 

expression of 3-SD and T170A YFP-cryAB constructs markedly reduced colocalization with 

CD63 (panel C) and Rab27 (panel F). Colocalization analysis of these images using JACoP 

plugin of ImageJ supported the observations. Scale bars = 10 μm.
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Fig. 6. 
PTMs of cryAB dictate its exosomal secretion. Phosphorylation of cryAB at all its three Ser 

sites (l9, 45 & 59) result in formation of cytosolic inclusions (I). However, 

dephosphorylation of cryAB, which may or may not be coupled with O-linked glycosylation 

at Thr170, results in formation of larger structured oligomers (II). The glycosylated and 

nonphosphorylated oligomeric cryAB is selectively packaged into CD63 rich MVEs (III) 

which, with the assistance of Rab27, are then targeted for exocytosis (IV) and subsequent 

release of cryAB containing ILVs as exosomes. Some MVEs containing non-O-

GlcNAcylatable cryAB are sorted for fusion with lysosomes (V).
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