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Exosomes carry cell type-specific molecular cargo to extracel-
lular destinations and therefore act as lateral vectors of intercel-
lular communication and transfer of genetic information from
one cell to the other. We have shown previously that the small
heat shock protein aB-crystallin (aB) is exported out of the
adult human retinal pigment epithelial cells (ARPE19) packaged
in exosomes. Here, we demonstrate that inhibition of the
expression of aB via shRNA inhibits exosome secretion from
ARPE19 cells indicating that exosomal cargo may have a role in
exosome biogenesis (synthesis and/or secretion). Sucrose den-
sity gradient fractionation of the culture medium and cellular
extracts suggests continued synthesis of exosomes but an inhi-
bition of exosome secretion. In cells where aB expression was
inhibited, the distribution of CD63 (LAMP3), an exosome
marker, is markedly altered from the normal dispersed pattern
to a stacked perinuclear presence. Interestingly, the total anti-
CD63(LAMP3) immunofluorescence in the native and aB-in-
hibited cells remains unchanged suggesting continued exosome
synthesis under conditions of impaired exosome secretion.
Importantly, inhibition of the expression of aB results in a phe-
notype of the RPE cell that contains an increased number of
vacuoles and enlarged (fused) vesicles that show increased pres-
ence of CD63(LAMP3) and LAMP1 indicating enhancement
of the endolysosomal compartment. This is further corrobo-
rated by increased Rab7 labeling of this compartment (Rab-
GTPase 7 is known to be associated with late endosome mat-
uration). These data collectively point to a regulatory role for
aB in exosome biogenesis possibly via its involvement at a
branch point in the endocytic pathway that facilitates secre-
tion of exosomes.

Exosomes are 50-200-nm nanovesicles produced via the
endosomal pathway of protein homeostasis (1-3). The process
of endocytosis and the trafficking of endocytosed vesicles to
lysosomes are major pathways of protein metabolism that reg-
ulate transmembrane protein (receptor) turnover at the plasma
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membrane. The exosome biogenesis starts with the early endo-
some that matures into a late endosome concomitant with its
intraluminal vesicles, making it a multivesicular body (MVB).?
The MVB is at a branch point of this pathway from where it may
progress toward two different cellular compartments with two
entirely different physiological consequences. The first one is
that the MVB may fuse with the lysosomes (generating the
endolysosomal compartment) leading to the degradation of its
vesicular contents; the second is that the MVB traffics to and
fuses with the plasma membrane, leading to the release of its
intraluminal vesicles as exosomes carrying the active macro-
molecular cargo. What dictates either of the two fates is not
known (4).

RPE is an important single layer of cells at the interface of the
blood-retina barrier. It provides critical physiological support
for the maintenance of the photoreceptor neurons (5, 6). It is a
polarized epithelium, which on its apical side nourishes the
neuronal compartment within the eye and on its basal side
interacts with the systemic input. These cells constitutively
express aB-crystallin (aB), an archetypical member of the small
heat shock family of proteins whose expression has been asso-
ciated with age-related macular degeneration (7), a dysfunction
of the aged RPE that leads to the loss of retinal photoreceptors
and eventual blindness. Importantly, the expression of this
small heat shock protein also attends many neurodegenera-
tions, including Alzheimer disease, Parkinson disease, multiple
sclerosis, and a wide range of pathologies, including breast can-
cer and cardiomyopathies (8 —10).

aB is a 20-kDa membrane-associated small heat shock pro-
tein (11-15) that is known to possess anti-aggregation proper-
ties in vitro (10). In addition to being a crystallin (a protein
expressed at relatively high levels in the ocular lens), it is
expressed in many tissues in a developmentally dictated fashion
(16). It is expressed very early during cardiac development and
in the normal developing brain where it is seen predominantly
in oligodendrocytes and astrocytes (17); it has been identified as
the chief antigen in multiple sclerosis (18).

Although it is expressed in a large number of tissues, this
small heat shock protein is not found in all cell types. It is
expressed constitutively in many epithelial cells, including the
ARPE19 cell line (derived from the adult human retinal pig-

2The abbreviations used are: MVB, multivesicular body; aB, aB-crystallin;
TEM, transmission electron microscopy; PFA, paraformaldehyde; AChE,
acetylcholine esterase; RPE, retinal pigment epithelium; ARPE, adult
human retinal pigment epithelial cell line.
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ment epithelium) but not in many fibroblasts (19). In fibro-
blasts, this protein is expressed in response to physical stress
such as exposure to higher temperatures (20). Significantly,
when introduced into cells it provides protection against heat
shock and makes cells resistant to apoptosis (9, 21).

aBis nota secretory protein; however, its export, packaged in
exosomes (22), can have vital physiological consequences when
taken up by cells that do not express this protein. Therefore, we
ask the following question. Do cells that package proteins, like
aB for extracellular distribution, involve these proteins (which
constitute the exosomal cargo) in any regulatory function that
modulates the biogenesis (synthesis and/or secretion) of the
exosome?

Exosomes carry gene products that are representative of the
developmental and/or the physiological state of a cell, and
therefore, the production of the exosomes and what is packaged
in them may be interactively connected and regulated (23, 24).
However, beyond the elucidation of the canonical activities
(25-29) that would be required for exosome assembly in any
cell, it is unknown at this time whether there is a role, if any, for
the exosomal cargo (proteins that are intended for extracellular
destinations) in the exosome biogenesis.

In view of the cell type specificity of the aB expression (19,
20) and its secretion via exosomes, the ARPE19 cell line pres-
ents an amenable paradigm for investigating the regulation of
the biogenesis of the exosomes by exosomal cargo. As a repre-
sentative of the exosomal cargo that is sent outside of the RPE,
we sought to examine the impact of the inhibition of the expres-
sion of aB on exosome biogenesis as assessed by sucrose density
gradient analyses, immuno-confocal microscopy, double
immunogold labeling, and transmission electron microscopy
(TEM).

We inhibited the constitutive expression of aB in the
ARPE19 cells employing specific shRNAs. Multiple clones
transfected with different sShARNAs showed loss of aB expres-
sion. Transfected aB shRNA clones that did not show inhibi-
tion of aB expression and/or cells transfected with scrambled
aB sequences (which also did not show inhibition of aB
expression) and the native ARPE19 cultures were used as the
control cells. We provide evidence that the exosomal cargo
(represented here by aB) has an important role in exosome
biogenesis.

Experimental Procedures

Cell Culture and Isolation of Exosomes—ARPE19 cells
(ATCC, Manassas, VA) were maintained at 70% confluence in
Dulbecco’s modified Eagle’s medium with nutrient mixture
Ham’s F-12 (DMEM/Ham’s F-12, 1:1 ratio) containing 10%
exosome-depleted fetal bovine serum (FBS) and antibiotics, in a
humidified incubator (95% air, 5% CO,) at 37 °C.

For isolation of exosomes, the cells were washed three times
with 1X phosphate-buffered saline (PBS without Ca®>" and
Mg>", pH 7.4) followed by two washes with serum-free
DMEM/Ham’s F-12 (1:1) and allowed to grow in the same
serum-free medium. This medium was collected 12—14 h later
for isolation of exosomes.

Stable Transfection and Inhibition of aB Expression—Four
aB shRNA HuSH-29 plasmid constructs containing the
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sequences shown below, one scrambled shRNA sequence, and
the empty vector were purchased from OriGene Technologies,
Inc. Rockville, MD: 1) TGGTTTGACACTGGACTCTCAGA-
GATGCG; 2) TCTCTGTCAACCTGGATGTGAAGCAC-
TTC; 3) TGTGACTAGTGCTGAAGCTTATTAATGCT; 4)
GTCCTCACTGTGAATGGACCAAGGAAACA; 5) GCACT-
ACCAGAGCTAACTCAGATAGTACT (ineffective scram-
bled sequence, control), and 6) pGFP-V-RS, the empty vector.

ARPE19 cells were transfected with 1 ug of the recombinant
plasmid using Neon Transfection System (Invitrogen) employ-
ing two pulses (1350 V for 20 ms each). Cells were allowed to
grow for 2 days and then selected against 100 ng/ml puromycin
(Invitrogen) for 2 weeks, replenishing the medium every 2 days.
Individual clones were isolated using cloning cylinders (Sigma).
The stable cell lines were maintained in puromycin; passages
4 -6 of these clones were used in all experiments. The cells were
morphologically examined using the FSX100 Olympus micro-
scope, after staining with trypan blue (Fig. 1E).

Discontinuous Sucrose Density Gradient Fractionation—
Cells were lysed in homogenization buffer (0.5 M sucrose, 10
mM potassium phosphate, and 5 mm MgCl,, pH 6.7) containing
protease inhibitor mixture (ThermoFisher Scientific). The
post-nuclear supernatants were fractionated on 2.2-ml discon-
tinuous sucrose gradients as described (22), and the presence of
vesicles was assayed by AChE activity (30). Twenty fractions
(~100 pl each) were collected and concentrated to 50 wl using
3000 MWCO Millipore concentrators. 5 ul from each fraction
were used for SDS-PAGE and immunoblotting (22). The same
procedure was followed for analysis of the culture medium after
concentration. As a control, in these experiments note that the
ACHhE activity and aB and HSP70, profiles are resistant to 0.1
and 1.0% Triton X-100 (Fig. 4C).

Antibodies—Primary antibodies used in this study were: anti-
rabbit polyclonals, anti-aB crystallin (13) (Sigma Genosys);
anti-Flotillin-1, anti-HSP70, and anti-Alix, (Santa Cruz Bio-
technology); anti-Rab7, anti-Rab5, and anti-Enolasel (Cell Sig-
naling Technologies). Anti-HSP60 (Abcam) and anti-HSP90S3
(StressGen) are mouse monoclonal antibodies. Appropriate
horseradish peroxidase (HRP)-linked secondary antibodies
were used to detect proteins on immunoblots, using the West
Dura SuperSignal Extended Duration Substrate (Pierce). The
total cell extract (35 pg) from native ARPE cells was used as a
reference for immunoblotting (22). In Fig. 3 the following poly-
clonal antibodies were used: anti-THBS1 (thrombospondin 1),
anti-C3 (complement component 3), anti-QSOX1 (quiescin Q6
sulfhydryl oxidase 1), anti-PAI (serpin peptidase inhibitor,
Clade E (Nexin, Plasminogen Activator Inhibitor Type 1), anti-
ANXAZ2 (Annexin II), Member 1), (GeneTex, Irvine, CA). Anti-
CYC (Cytochrome c) was purchased from Abcam.

Quantitation of Exosome Secretion Using NRhPE Dye Assay—
ARPE cells were seeded (2 X 10° per well) in transwell perme-
able inserts (6 well, 0.4 um polyester membrane, 24 mm insert)
(Corning Life Sciences, Pittston, PA). The medium was replen-
ished every 2 days and cells were allowed to form monolayers
for 30 days. The trans-epithelial resistance (TER) was measured
weekly (at 30 days it was 186 * 12 Qcm?). Exosomes were
isolated from the culture medium as described previously (22).
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FIGURE 1. Inhibition of the expression of aB inhibits exosome secretion. A, immunoblot for assessing aB expression in ARPE clones transfected with aB
shRNA plasmids (total cell extracts, 30 wg/lane). Native = five different cultures, lanes 1-5; aB shRNA = five independent clones, lanes 1-5; Transfection control =
cells transfected with different shRNA constructs that do notinhibit aB expression, five clones, lanes 1-5; Scrambled control = cells transfected with a scrambled
shRNA sequence that is not expected to inhibit aB expression, five clones, lanes 1-5. Empty vector construct and other shRNA constructs that did not inhibit
expression are not shown. Only the relevant areas of the immunoblots are shown, the one showing reaction against aB antiserum and the other against HSP70
antiserum. HSP70 acts as a loading control. B, immunoblot of the exosomal pellets and the supernatants prepared from the culture media of various shRNA
clones identified in the screen shown in A (lane 2 from each immunoblot). Lane 1, exosomal pellet from native ARPE cells; lane 2, an ARPE clone permanently
transfected with an shRNA construct where the expression of aB is inhibited (lane 2 in Fig. 1A, aB shRNA panel); lanes 3 and 4 are constructs that do not impact
aB expression (represented by the Transfection control panel clones shown in Fig. 1A); lane 5 is one of the clones from the panel Scrambled control shown in Fig.
1A. No exosome markers are detected in lane 2 (clone #2). Lane C, control, a cell extract from native transfected ARPE cells, different from lane 1, which contains
proteins from the exosomal pellet isolated from native ARPE cells. C, electron micrographs of negatively stained exosomal pellets made from Control (cells
transfected with a scrambled sequence) and from clone #2 where aB expression is silenced (A, aBshRNA, lane 2). D, quantitation of the number of exosomes in
the electron micrographs (n = 20) shown in C. E, micrographs of the Control (Native ARPE), aB shRNA (ARPE transfected with clone #2, which does not express

aB) and Scrambled (ARPE cells transfected with a scrambled sequence).

NRhPE phospholipid fluorescent analog ( N-lissamine rho-
damine B sulfonyl phosphatidylethanolamine) was prepared
according to manufacturer’s instructions (Avanti Polar Lipids,
Alabaster, AL) (32). The ethanol soluble fluorescent phospho-
lipid was added to serum-free DMEM/Ham’s F-12 (0.5% v/v)
with vigorous vortexing and added to cell cultures. After incu-
bation for 30 min at 4 °C, the culture medium was removed and
the cells were washed with ice cold PBS to remove excess
unbound dye. Labeled cells were then incubated in complete
RPMI medium at 37 °C for six h. after which the medium was
collected for exosome isolation. The exosome pellet was dis-
solved in 30 ul of PBS. 15 ul of this was diluted with 1.0 ml PBS
containing 0.1% Triton X-100. The released dye was measured
using Fluorescence Spectrophotometer (Varian, Cary Eclipse,
Walnut Creek, CA) (excitation, 560 nm and emission, 590 nm).
The error bars in Fig. 2 represent mean absorbance values
(n=3) = S.E.

Live Cell Staining with Lysotracker—Lysotracker Red DND-99
(20 nm, Molecular Probes, Invitrogen) was incubated with cells
for 2 min in serum-free DMEM/F12 (1:1) medium at room
temperature. After incubation, cells were washed thoroughly
with PBS (1X), fixed briefly in 2% paraformaldehyde (PFA) and
mounted and observed (FluoView 1000 Olympus Confocal
Microscope) with excitation filters 510—-560 nm and barrier
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filter 590 nm. The images were acquired and annotated using
Adobe Photoshop Elements, version 9.0.

Immunofluorescence and Confocal Microscopy—Cells were
fixed in ice cold methanol for 6 min at —20 °C and washed with
PBS (1X). Fixed cells were blocked in PBS containing 5% goat
serum, 1.0% BSA, 0.2% Triton X-100 (1X) for 45 min and then
double labeled sequentially with Anti-aB and anti-CD63
(LAMP3). The primary antibodies were used at 1:250 dilutions,
TRITC or FITC labeled secondary antibodies were used at
1:300 dilutions. The images were acquired with FluoView 1000
Olympus confocal microscope (Objective lens = PLANON O
SC X60, NA = 1.40, Pinhole = 1 Airy unit, Z dimension = 0.5
wm/slice) as before (22).

Electron Microscopy and Immunogold Labeling—The cells
were washed three times with 1X PBS to remove the serum
containing medium and fixed in 2% Glutaraldehyde (Glut) and
2% PFA in 0.1 X PBS, pH 7.4, for 2 h. at room temperature. Cells
were gently scrapped, collected in round bottom tubes and fur-
ther incubated overnight in the fixative mix at 4 °C. Next day,
0.5% of tannic acid was added to the cells and incubation con-
tinued for one more h at room temperature. The cells were then
washed five times in 0.1 X PBS buffer and post-fixed in a solu-
tion of 1% OsO, in PBS, pH 7.4. The combination of Tannic
acid/Glut/PFA followed by osmification increases the staining
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FIGURE 2. Inhibition of exosome secretion from apical and basal surfaces
in aB silenced ARPE cells. Confluent monolayers of ARPE19 cells grown on
transwell inserts were used to study the apical and basal exosome production
using the NRhPE dye, a fluorescent lipid that is internalized by endocytosis
and labels exosomes/MVBs (32). The cells were incubated with the NRhPE dye
in serum-free medium, washed, and then incubated in the dye-free medium.
Exosome preparations obtained from apical and basal medium were used to
measure the total fluorescence as an indicator of exosome secretion into the
medium (see under “Experimental Procedures”). The ARPE cells («BshRNA),
where aB expression is inhibited, show appreciable decrease in total fluores-
cence from both apical as well as basal surfaces indicating inhibition of exo-
some secretion from the apical as well as basal surfaces. aBshRNA = ARPE cell
clone where aB expression was inhibited (Fig. 1A, aB shRNA, lane 2); Transfec-
tion control = aB shRNA transfected ARPE where there was no inhibition of
the expression of aB (Fig. 1A, Transfection control); Scrambled control = ARPE
cells transfected with a scrambled aB shRNA sequence that does not inhibit
aB expression (Fig. 1A, scrambled control).

of the membranes. The samples were washed four times in
sodium acetate buffer, pH 5.5, block-stained in 0.5% uranyl ace-
tate in 0.1 M sodium acetate buffer, pH 5.5, for 12 h at 4 °C,
dehydrated in graded ethanol (50, 75, 95, 100, 100, 100%; 10 min
each), passed through propylene oxide, and infiltrated with
mixtures of Epon 812 and propylene oxide (1:1 first and then
2:1) for two h each. The cells were then infiltrated with pure
Epon 812 overnight. Embedding was performed in pure Epon
812 and curing was done at 60 °C for 48 h. Sections of 60 nm
thickness (gray interference color) were cut on an Ultrami-
crotome (MT-X, RMC, Tucson, AZ) using a diamond knife.
The sections were deposited on single-hole grids coated with
Formvar and carbon; double-stained in aqueous solutions of 8%
uranyl acetate for 25 min at 60 °C and lead citrate for 3 min at
room temperature and finally examined with a 100CX JOEL
electron microscope.

For the immunogold labeling the cells were fixed in 4% PFA
and 0.1% Glut for 2 h. at room temperature. Cells were embed-
ded in LR white resin employing a slightly modified published
procedure (33). Ultra-thin (60 nm) sections of cells were col-
lected on nickel grids and pre-incubated for 20 min with a drop
of Tris-buffered saline containing 50 mm glycine and 0.001%
NaBH,. The grids were rinsed and blocked with 1:20 dilution of
normal goat serum (Pierce) in Tris-buffered saline and then
incubated with two different antibodies in one of the following
combinations sequentially: 1) Anti-CD63(LAMP3) and anti-
LAMPI1, 2) Anti-Rab5 and anti-Rab7, each at 1:100 dilutions.
The grids were washed with Tris-buffered saline thoroughly
and incubated with appropriate secondary antibody tagged to
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FIGURE 3. Conventional protein secretion in aB-silenced ARPE cells.
Immunoblots of known extracellular proteins of the ARPE19 cells (in the cul-
ture medium and cellular extracts) are shown. 40 ug of protein were run on
each lane on an SDS-polyacrylamide gel (gradient 4-12%; Life Technologies,
Inc.), transferred to a membrane, and probed with following polyclonal anti-
bodies (left panel shows the Culture medium, and the right panel shows total
Cell extract immunoblots, respectively): anti-THBS1 (thrombospondin 1);
anti-C3 (complement component 3); anti-QSOX1 (quiescin Q6 sulfhydryl oxi-
dase 1); anti-PAl (serpin peptidase inhibitor, clade E (nexin, plasminogen acti-
vator inhibitor type 1), member 1); anti-ANXA2 (annexin II); anti-CYC (cyto-
chrome ¢); and anti-aB (aB-crystallin, CRYAB). Two different clones of ARPE19
cells, permanently transfected with aB shRNA plasmids, that do express aB
(lanes 2 and 4) were analyzed (Culture medium; left panel). All five proteins that
were expected to be in the medium (as per conventional protein secretion)
were detected in transfection control (Trans. control, lanes 1 and 3). Lanes 2
and 4 show absence of aB in the medium of ARPE aB shRNA clones #1 and #2
respectively. Note that cytochrome ¢ (CYC) is not detected in the culture
medium of all four cultures indicating that there is no cell death. The right
panel shows immunoblots of the cell extracts from the Native un-transfected
cells (lane 5), aBshRNA clone #2 (lane 6, aB-crystallin is silenced), transfection
control (lane 7), and Scrambled shRNA control (lane 8), where aB-crystallin is
not silenced. Based on these data, conventional protein secretion is not
directly impacted by the absence of aB expression. In this immunoblot only
aB shRNA clone #2 was used (lane 6).

either 12-nm or 18-nm gold particles (1:200 dilution) following
a standard protocol (34).

For TEM of the exosomes, the exosome pellets were exam-
ined by negative staining as detailed previously (33).

Image Processing and Statistical Analysis—Immuno-fluores-
cence in confocal images (CD63(LAMP3) and Lysotracker) was
quantified using Image]J analysis software (National Institute of
Health, Bethesda, MD. Java 1.6.0_20 (64-bit), Version 1.48v).
For CD63 Tiff images (300 dpi, RGB or gray scale) were ana-
lyzed with free hand tools to select the whole cell and/or parti-
cle (n = 110).

Lysotracker images (300 dpi, RGB or gray scale, n = 50), were
analyzed with free hand line tool to obtain plot profiles (Fig.
6C). For generating three-dimensional surface plots (Fig. 5B
and 6B), the Image] three-dimensional viewer plugin (.jar file)
was loaded. Plugin tab was used to open interactive three-di-
mensional surface plot in three dimensions. The confocal
image of ARPE cells stained with CD63-FITC shown in inter-
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FIGURE 4. Status of the synthesis of vesicles in aB-silenced ARPE cells. A, profile of AChE activity (top panel) and exosomal markers (bottom panels) in
discontinuous sucrose density gradient of the culture medium from control (blue) and aB-silenced (red) ARPE cells. The AChE activity is appreciably reduced
(red) and the exosomal markers aB, Flotillin 1 (Flot-1), Enolase 1 (Eno-1), Alix, Hsp70, and Hsp90p, as analyzed by immunoblotting are barely detectable (bottom
panels), consistent with the absence of exosomes in the medium from aB-silenced cells (aBshRNA). B, discontinuous sucrose density gradient fractionation of
cellular extracts. There is about 50% loss of AChE activity (compare blue and yellow area). Note the presence of exosomal markers (Flot-1, Eno-1, Hsp60, and
Hsp70; anti-Alix and anti-Hsp903 were not used here) (bottom panels) in the fractions containing the AChE activity, suggesting continued synthesis of
exosomes. E = native ARPE cellular extract (30 ng). Fractions 1 and 20 represent the bottom and the top of the gradient, respectively. Total protein profiles are
presented as insets in the respective top panels. It isimportant to note that these cells were cultured in serum-free medium. G, this is a control gradient run with
Triton X-100-treated medium from the native ARPE cells. Top panel shows profile of the AChE activity and the bottom two panels show immunoblots of fractions
collected from each gradient. The samples were treated with Triton X-100 for 30 min at 4 °C (red, 0.1%, and blue, 1% Triton X-100) before loading on the

gradient. Triton X-100 does not alter the AChE activity nor the immunoblot profiles markedly.

active three-dimensional surface plot is generated at the follow-
ing settings (Mesh; Fire LUT; with optional Display Options:
Grid Size, 256; Smoothing, 7.5; Perspective, 0.17; Lighting, 0.2;
check the z-Ratio xy-Ratio; Scale, 1.81; Z-scale, 0.87; Max, 28%;
Min, 0%) for control, scrambled and aB shRNA (Fig. 5B). For
the LysoTracker staining the interactive three-dimensional
surface plot parameters were adjusted (Mesh; Fire LUT; with
optional Display Options: Grid Size, 512; Smoothing, Perspec-
tive and Lighting to zero; check the z-Ratio xy-Ratio; Scale, 1.02;
Z-scale, 0.33; Max, 33%; Min, 0%) to generate the images shown
in Fig. 6B.

For the immunoblotting data, the reaction bands on x-ray
films were scanned in white light and quantified using Fluo-
rChem Q, Multilmage III (Alpha Innotech Corporation).

The number of gold particles in electron micrographs of
CD63(LAMP3)/LAMP1 and Rab5/Rab7 (n = 20 from each
group) were quantified by using Image]J, particle analysis. Sta-
tistical analysis was performed with Microsoft Excel. Statistical
significance was evaluated with the student ¢ test, according to
the following description: not significant (NS); and p < 0.001,
highly significant (***). All values from quantitative data are
reported as mean = S.E. from 'n’ independent groups of cells.
Error bars in Figs. 1, 2, 5, 6, 8 and 9 represent the S.E.

Results

Inhibition of aB Expression Inhibits Exosome Secretion—We
transfected ARPE19 cells with various shRNA plasmid con-
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structs to silence aB expression and generated multiple inde-
pendent clones for each construct (which included four con-
structs for aB mRNA, one with scrambled sequence and one
with an empty vector). Out of the four aB constructs, we picked
five independent clones from the one aB shRNA construct that
looked promising (Fig. 14, aB shRNA). We also picked five
clones (represented by lanes 1-5 each in Fig. 14) for all other
constructs. Note that in Fig. 14, aB shRNA, clones 1, 2 and 3
(lanes 1-3) show significant inhibition of aB expression. We
picked clone # 1 and clone # 2 for initial analysis and then con-
centrated on clone # 2 for further analysis. We also picked clones
represented by lane 2 in all the immunoblots (Fig. 1A4), cultured
them, isolated the exosome pellets from their media and immuno-
blotted them for exosome markers (HSP70, Flotillin-1 and aB)
(22). These exosomal markers are seen in all lanes except in lane 2
(Fig. 1B), which represents the medium from the cell line clone #2,
which does not make any detectable aB (Fig. 14, aB shRNA, lane
2) indicating that the culture medium of this cell line contains very
few exosomes. This conclusion is corroborated by TEM of the
exosome pellets (Fig. 1, Cand D). None of these ARPE clones show
any signs of apoptosis (Fig. 1E) although the clones with inhibited
aB expression showed slower growth.

RPEis a polar epithelium. It secretes exosomes from both the
basal as well as apical sides (22). The native ARPE19 cells and
cells stably transfected with aB shRNA #2 (Fig. 14, aB shRNA,
lane 2) were grown on transwell inserts (22) and assessed for the
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FIGURE 5. Inhibition of aB expression leads to aggregated patterns of CD63 (LAMP3) distribution. A, confocal images of ARPE cells (z-sections) showing
distribution of CD63(LAMP3) (FITC, green)-labeled vesicles. A magnified view of the corresponding individual z-slice (0.5 um) from a single cell is shown on the
bottom panel. Note that in native and scrambled control cells the CD63(LAMP3)-labeled vesicles are dispersed throughout the cytoplasm, while there is a
peri-nuclear accumulation of these vesicles (open arrowheads) in aB-silenced cells (aB shRNA #1 and aB shRNA #2). B, three-dimensional surface plots of the
z-slices magnified in A. C, quantitation of CD63(LAMP3) cellular fluorescence in the z-slices shown in A. Although the perinuclear accumulation of CD63(LAMP3)
fluorescence in aB-inhibited cells («B shRNA #1 and aB shRNA #2) appears increased, there is no significant difference in the total anti-CD63 fluorescence in all
four groups of cells. D, quantitation of the number of vesicles. There is significant difference in the distribution of vesicles in the aB shRNA cells where the
vesicles are largely stacked and are therefore not counted as single units as in the native ARPE and in scrambled control cells. Note that the vesicles were
grouped as Small (=120 nm) and Medium (=121 nm); note that the data clearly indicate large changes in both categories because of the stacking and/or fusion
in aB-silenced cells.

secretion of exosomes by the NRhPE dye assay (32). The data in Conventional Protein Secretion in aB-inhibited ARPE Cells—
Fig. 2 establishes that the inhibition of aB expression inhibits It is unclear if there is a distinction between the exosome-re-
exosome secretion, from the apical as well as the basal surfaces lated secretion and the signal peptide-dependent conventional
of the ARPE19 cells (Fig. 2, aB shRNA). secretion. We assessed the status of five different proteins pre-
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FIGURE 6. Inhibition of aB expression leads to altered patterns of lysosomal staining in aB-inhibited ARPE cells. A, live cell images of ARPE cells
incubated in Lysotracker Red DND-99 (that stains the acidic organelles in red) show a dispersed pattern in native and scrambled control ARPE cells (upper two
panels). However, in cells where aB expression is inhibited, clumped or aggregated staining is seen (aB shRNA #1 and aB shRNA #2, white arrowheads). B,
three-dimensional surface plots of individual cells shown by asterisks in A. The images were oriented such that the cellular nucleus (N) was on the same side. The
pseudocolor scale shows intensity. White, high; dark blue, low. C, quantitation of distribution of LysoTracker fluorescence in native (blue line), scrambled (green
line), and aBshRNAs #1 and #2 (brown and red lines, respectively) ARPE cells using ImagelJ plot profiles (mean pixel intensity is expressed = S.E.). aB-silenced
ARPE cells show multiple high mean peak pixel intensities across the cytoplasm indicating altered distribution of lysosomal components.

viously known to be present in the culture medium of ARPE19
cells (35). The native and the aB shRNA-inhibited cells were
grown, and their media were concentrated and examined for
the presence of proteins that may not be related to exosomal
secretion pathway. Five proteins THBS1 (thrombospondin 1),
C3 (complement component 3), QSOX1 (quiescin Q6 sulthy-
dryl oxidase 1), PAI (serpin peptidase inhibitor, clade E (nexin,
plasminogen activator inhibitor type 1, member 1), and
ANXAZ2 (annexin II) were arbitrarily selected from the pub-

12936 JOURNAL OF BIOLOGICAL CHEMISTRY

lished data (35). Fig. 3 shows immunoblots from the culture
media and the cell extracts. There is very little difference in the
presence of all these proteins in the extracellular media of
native and scrambled aB shRNA ARPE cells and in ARPE cells
where oB expression is inhibited (Fig. 3, culture media, lanes 2
and 4, which represent media from two independent ARPE B
shRNA clones #1 and #2, respectively). This suggests that aB
inhibition in ARPE19 cells largely impacts the exosome-related
secretion. Based on the data obtained thus far on ARPE clones
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FIGURE 7. aB-silenced ARPE cells show enhanced vesicles and vacuolar fusion. A, electron micrograph of a control ARPE cell (scrambled shRNA control)
showing endosomes and MVBs (magnified images panels a and b, bottom) in the perinuclear region with various other cell organelles (mitochondria, endo-
plasmic reticulum, and Golgi complex) (B), electron micrograph of an aB-silenced ARPE cell (aBshRNA). Note the presence of a large number of vacuoles all over
the cytoplasm. There are abnormal vesicles, which may represent fused endosomes/MVBs and endo-lysosomes (see boxed and magnified images in panels a—e).
Note that there is a lot of electron dense material in most of the fused vesicles. Scale bars, 200 nm.

(oB shRNA #1 and #2) (Figs. 3—-5), we focused on clone #2 for
the rest of this investigation.

Sucrose Density Gradient Profiles of the Culture Medium and
Cellular Extracts—To gain insight into the synthesis of exo-
somes, we fractionated the culture media and cellular extracts
of control and aB-silenced cells on discontinuous sucrose den-
sity gradients (Fig. 4). The presence of vesicles was ascertained
by assaying for AChE activity in each gradient fraction (30).
Fractionation of the culture medium shows a large reduction in
the AChE activity (Fig. 44) and an almost complete absence
of exosomal markers (flotillin1, alix, enolase 1, Hsp70, and
Hsp90p) in the medium from aB-silenced ARPE cells (Fig. 44,
bottom panels). These data are consistent with the significant
reduction of exosomes in the culture medium of cells where oB
expression is inhibited (Fig. 1, B-D).

Fractionation of cell extracts, however, shows only about
50% reduction in the AChE activity, suggesting that vesicular
synthesis is not completely halted (Fig. 4B, redline, yellow area).
This is corroborated by the presence of exosome markers (flo-
tillin1, enolase 1, Hsp70, and Hsp60) in the fractions that con-
tain the AChE activity (Fig. 4B, bottom panels). These data sug-
gest continued synthesis of exosomes under conditions of
impaired secretion in aB-silenced cells.

Inhibition of aB Expression Results in Aggregated Staining
Patterns of CD63(LAMP3)—ARPE19 cells, stably transfected
with oB shRNA that inhibits the aB expression, were immuno-
stained with anti-CD63(LAMP3). The tetraspanin CD63(LAMP3)
is a known marker for exosome biogenesis (36). Two indepen-
dent ARPE clones (Fig. 14, aB shRNA #1 and aB shRNA #2)
were examined (Fig. 5A4). There is a stark difference in the stain-
ing patterns between the controls (Fig. 54, Native ARPE and
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cells transfected with a Scrambled sequence) and cells in which
the aB expression is silenced (Fig. 5A, aBshRNA #1 and
aBshRNA #2). Both the clonal isolates showed similar patterns.
CD63(LAMP3) staining is dispersed in the native ARPE cells
and in cells transfected with the scrambled shRNA. In compar-
ison, in cells where aB expression is inhibited, CD63(LAMP3)
labeling is clumped in the perinuclear area (Fig. 54, aB shRNA
#1 and oB shRNA #2, magnified cell, open arrowheads, and the
corresponding surface plots in Fig. 5B) indicating that aB is
required for the dispersed pattern seen in native wild-type cells
and in cells transfected with scrambled shRNA sequence.

Importantly, although the distribution of the CD63(LAMP3)-
fluorescence is different in the controls and in the aB-inhibited
cells (Fig. 5D), total CD63(LAMP3) fluorescence in these cells
remains largely unchanged (Fig. 5C, see also Fig. 8D, immuno-
blot for CD63(LAMP3)). Interestingly, B and CD63(LAMP3)
only show partial co-localization (in discrete dots that may rep-
resent MVBs or vesicles), suggesting that these two proteins are
not directly interacting (15). These data (Fig. 5), coupled with
the data from the sucrose density gradient analyses (Fig. 4), lead
to the conclusion that in the absence of aB the CD63(LAMP3)-
staining vesicles are made but are unable to traffic to or reach
their presumed destination(s) within the cell.

Endolysosomal Compartment Is Enhanced in the Absence of
aB—The data in Figs. 4 and 5 strongly indicate that in cells that
do not make oB the synthesis of exosomes is not directly
impacted but that their transport or the pathway that leads to
their secretion may be blocked. Therefore, we reasoned that if
the exosomes are made but are not secreted, they may progress
to the endolysosomal compartment instead. To ascertain this,
we first stained the cells with Lysotracker (Invitrogen) to assess
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FIGURE 8. Inhibition of the expression of B leads to an enhancement of the endolysosomal compartment. ARPE cell monolayers were gently scraped from the
culture dish and processed for double immunogold labeling with anti-CD63 (LAMP3) (12-nm gold particles, endosomal marker) and anti-LAMP1 (18-nm gold particles,
lysosomal marker). A, TEM of control ARPE cells show sparsely labeled CD63 (LAMP3) (white arrows) and LAMP1 (white, open arrowheads) in endolysosomes (magnified
images). B, aB-silenced ARPE cells («BshRNA) show clusters of 12-nm gold particles (CD63(LAMP 3) white arrows) and 18-nm gold particles (LAMP1, white, open
arrowheads) within fused/enhanced endolysosomal vesicles (magnified images on the right). C, quantitation of the number of gold particles inside the vesicles in
control and aB-silenced cells (aBshRNA) (n = 110, represent number of vesicles). Asterisks indicate statistically significant differences. ***, p < 0.001 (one-way analysis
of variance followed by Tukey's post hoc test). Scale bars, 200 nm. D, immunoblot of whole cell extracts showing some enhancement of LAMP1immune reaction (white
asterisks) but no discernible change in CD63 (LAMP3) and HSP70 (run as an internal control). £, quantitation of the immunoblot shown in D. The control cells here are

the transfected cells that did not show inhibition of aB expression (Fig. 1A, Transfection control).

the status of the lysosomes. We found that aB-silenced cells
show excessive clumped staining (Fig. 6, A and B, compare aB
ShRNA #1 and aB shRNA #2 with the Native and Scrambled
controls). Fig. 6C shows a tracing of the staining patterns clearly
demonstrating aggregated lysosomal staining in cells that do
not express aB (Fig. 6, aB shRNA #1 and aB shRNA # 2).

TEM provides a better picture; it reveals that in cells where
aB expression is inhibited, there seems to be an enhancement of
the presence of fused vesicles and vacuoles (compare Fig. 7A, con-
trol, with Fig. 7B, aBshRNA). These cells show abnormally sized
vesicles possibly as a result of fusions between MVBs/endosomes
and lysosomes indicating the presence of an augmented endolyso-
somal compartment (compare Fig. 7, A with B).

The data shown in Fig. 7 are corroborated by double
immunogold labeling with anti-CD63(LAMP3) (12-nm gold
particles) and anti-LAMP1 (18-nm gold particles (Fig. 8, A
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and B). CD63 is also known as LAMP3. It is reported to be associ-
ated with late endosomes and lysosomal membranes (37). Based
on the quantitation of the number of immunogold particles,
CD63(LAMP3) shows a 6-fold increase, and LAMP1 shows a
10-fold increase between the control and aB-inhibited ARPE cells
(Fig. 8C, bar graph). Immunoblotting for CD63 and LAMP1 in
whole cell extracts shows an increase only in LAMP1 and no
change in CD63 (Fig. 8, C and D), indicating that localized organ-
elle-specific changes may not be detectable in a whole cell extract.

The data presented above in Figs. 5-9 suggest that in the
absence of aB, the MVBs instead of progressing toward the
plasma membrane progress toward the lysosome. It is possi-
ble that a block in the exosome secretion pushes the pathway
toward the enhancement of the endosomal compartment
through fusion of late endosomes with the lysosomes. To
investigate whether this is the plausible scenario, we exam-
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FIGURE 9. Increased presence of Rab7 in aB-silenced ARPE cells. ARPE cells were immunogold-labeled with anti-Rab5 (early endosome marker) and
anti-Rab7 (late endosome marker). A, TEM of four endosomes from control ARPE cells (top panel) shows insignificant Rab5 labeling (12-nm gold particles) and
moderately labeled Rab7 (18-nm gold particles). In contrast, there is enhanced immunolabeling of Rab7 (18-nm gold particles) in the endolysosomal com-
partment with no perceptible change in Rab5 (12-nm gold particles) in aB-silenced (aBshRNA) ARPE cells. Three micrographs of potentially fused vesicles
(representing enhanced endolysosomal compartment) are shown. B, quantitation of immunogold labeling by ImageJ (analysis of particles) shows a 5-fold
increase in Rab7 labeling but notin the Rab5. C,immunoblots of whole cell extracts for aB, Rab5, Rab7,and HSP70 in native, aB shRNA, transfection control, and
scramble control ARPE cells. Note a noticeable increase in Rab7 in aB shRNA lane (white arrow) but no detectable change in Rab5 or HSP70 (run as an internal

control). D, quantitation of the immunoblots shown in C. The data in C and D corroborate the TEM data in A and B.

ined the presence of two endosomal markers (Rab5 and
Rab7) that are associated with the known dynamics of this
pathway (38).

The two Rab GTPases, Rab5 and Rab7, are characteristi-
cally associated with the early endosome and the late endo-
some, respectively (39, 40). We examined their presence by
immunogold labeling and TEM in the scrambled (control)
and aB-silenced ARPE cells (Fig. 9). We do not see a signif-
icant labeling of Rab5 in either the control or in the aB-in-
hibited experimental cells, but we see a marked increase in
the immunogold labeling of Rab7 in the fused vesicles char-
acteristic of the ARPE cells where aB expression has been
silenced (Fig. 9, A and B). The immunoblotting of whole cell
extracts for Rab5 and Rab7 shows an increase in Rab7 but no
change in Rab5 (Fig. 9, C and D). These data suggest that in
the absence of aB, the late endosomes accumulate and there-
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fore may contribute to the enhancement of the endolyso-
somal compartment in these cells (Fig. 10).

Discussion

In this investigation, we have demonstrated that the small
heat shock protein B is essential for the secretion of exosomes
from the human ARPE19 cells. Although aB is secreted pre-
dominantly from the apical face of these cells (22), we find that
inhibition of aB expression inhibits exosome secretion both
from the apical as well as from the basal surfaces (Fig. 2). This
suggests that oB may be involved in exosome biogenesis fairly
early before any sorting of the exosomes to the basal or the
apical surfaces takes place (41).

The data presented in Figs. 5 and 6 demonstrate that B
expression is essential for the normal dispersed pattern of
CD63/LAMP3 and Lysotracker staining seen in the native
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shRNA cells. Note that this enhancement is consistent with the increase in the LAMP1 (Fig. 8) and Rab7 labeling in this compartment (Fig. 9).

ARPE cells and cells transfected with a scrambled sequence
control (compare Native ARPE and Scrambled with oB shRNA
#1 and #2, Figs. 5 and 6). The impaired trafficking that is
represented by aggregated staining patterns of CD63
(LAMP3) in the absence of aB (Fig. 5) leads to the conclusion
that this small heat shock protein is involved in facilitating
the secretion of exosomes.

The data presented here need to be understood in light of the
knowledge that exosome biogenesis works normally in many
cell types that do not express aB. Therefore, apparently aB
represents one of the many cell type-specific proteins, which
may be involved in exosome secretion. In other cells there must
be other gene products that modulate/regulate exosome bio-
genesis (secretion) in a cell type-specific fashion. Whether
there is a mechanistic relationship between secretion of a par-
ticular gene product in an exosome and its requirement outside
of the cell is an interesting and an important question, which if
understood may help with understanding the role of intercel-
lular communication between cells in the sustenance of the
final phenotype of a tissue and/or an organ. In the case of aB, its
known propensity for binding to denatured polypeptides (10)
without apparent specificity provides a logical reason for its
protected presence within an exosome (22) that allows its dis-
tribution over longer distances without being hijacked.

How aB is involved in vesicle trafficking remains speculative
at this time. It is possible that it regulates/facilitates traffic from
the late endosome (or MVB) to the plasma membrane or alter-
natively to the lysosome. The increased labeling of CD63
(LAMP3) and LAMP1 (Fig. 8) suggests enhancement of the
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endolysosomal compartment, possibly because the passage of
the MVB to the plasma membrane is impaired in the absence of
aB. This is further supported by the accumulation of Rab7, a
RabGTPase characteristic of the late endosomes (Fig. 9). These
observations are in sync with the known enhancement of the
endolysosomal compartment upon overexpression of Rab7
(42). It is unlikely that early endosome maturation is involved
considering that we do not see any change in the Rab5 (a marker
for early endosome maturation), either by immunoblotting or
by TEM immunogold labeling in the control and the B shRNA
ARPE cells (Fig. 9). Overall, these data support the thesis that
there is progression of the MVB toward the endolysosomal
compartment in the absence of aB.

Although the exact sequence of events that incorporates oB
into vesicles and then secretes them out of the RPE cell remains
to be elucidated, based on the data presented above, it is possi-
ble to place this small heat shock protein at the branch point of
exosome secretion and the endolysosomal compartment. In the
native ARPE, which expresses aB constitutively, the MVB may
progress away from the endolysosomal compartment, fuse with
the plasma membrane, and release the exosomes. In the
absence of aB, while the progression of the exosome-contain-
ing MVB toward the plasma membrane is blocked, the contin-
ued synthesis of exosomes may push the MVB to fuse with the
lysosomes, leading to the enhancement of the endolysosomal
compartment, evidenced here by enhanced immunogold label-
ing of CD63(LAMP3), LAMP1 (Fig. 8), and Rab7 (Fig. 9).

Based on the above discussion, we submit that oB is at the
branch point of physiological decision making that facilitates
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secretion of exosomes (Fig. 10). It is possible that various cell
types have cell-specific regulators of this branch point thereby
guiding what is sent for degradation inside the cell and what is
sent outside of the cell.

Our interpretation of the data presented in this study may
not be the only way oB is involved in vesicular trafficking and
protein secretion. Although we find that the conventional pro-
tein secretion seems not to be directly impacted by the absence
of aB (Fig. 3), suggesting an exosome-specific role for this pro-
tein, a mechanistic detail of how this protein interacts with the
exosome secretory machinery remains to be delineated. It is
possible that the reported anti-aggregation, chaperone-like
property of aB (10) may become relevant to post-Golgi traffick-
ing pathways (43, 44). It must also be recognized that there are
multiple other unconventional ways of protein secretion (2,45).
The role of aB, if any, in any of these processes will require
additional investigations.

The morphology of human retinal pigment epithelial
(ARPE19) cells that do not make aB (aB shRNA) presents with
prominent multivacuolated cytoplasm and enlarged vesicles
predominantly near the perinuclear region and below the
plasma membrane. We believe that the enlarged vesicles (endo-
somes and lysosomes) coalesce with vacuoles and generate
large vesicle-vacuole hybrids, which contain densely stained
material observable by electron microscopy (Fig. 7). The inhi-
bition of the expression of aB and the increase in the number of
vacuoles have been previously reported in the aB knock-out
mice (46). Elucidation of the role of aB in the generation of
vacuoles will entail a separate investigation that may enlighten
the molecular pathogenesis, which leads to vacuolopathies
associated with lysosomal dystrophies and neurodegenerations
(31, 47).

Finally, it is important to recognize that RPE is an epithelium
that is highly phagocytic, a role that sustains the turnover of the
rod outer segments in the neuro-retina (5). The data presented
in this study become an important starting point for dissecting
the potential role of B in the endosomal pathway and exosome
secretion in the physiology and pathophysiology of this critical
epithelium.
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