
Introduction

Cells and tissues are regularly exposed to different kinds of acute
and chronic environmental stresses. Retinal pigment epithelial
(RPE) cells must endure a high level of oxidative stress because of
their high oxygen consumption, high levels of polyunsaturated
lipids and long periods of exposure to light [1]. Oxidative stress

Crosstalk between Hsp70 molecular chaperone, lysosomes 

and proteasomes in autophagy-mediated proteolysis in 

human retinal pigment epithelial cells 

Tuomas Ryhänen a, #, Juha M. T. Hyttinen a, #, Jürgen Kopitz b, Kirsi Rilla c, Erkki Kuusisto d, 
Eliisa Mannermaa e, Johanna Viiri a, Carina I. Holmberg f, Ilkka Immonen g, Seppo Meri h, 

Jussi Parkkinen i, Eeva-Liisa Eskelinen j, Hannu Uusitalo a, Antero Salminen d, Kai Kaarniranta a, *

a Department of Ophthalmology, University of Kuopio, Kuopio, Finland
b Institute of Molecular Pathology, Medical Faculty of the University of Heidelberg, Heidelberg, Germany

c Department of Anatomy, University of Kuopio, Kuopio, Finland
d Department of Neuroscience and Neurology, University of Kuopio, Kuopio, Finland

e Department of Pharmaceutics, University of Kuopio, Kuopio, Finland
f Molecular and Cancer Biology Program, Institute of Biomedicum, University of Helsinki, Helsinki, Finland

g Department of Ophthalmology, Helsinki University Hospital, Helsinki, Finland
h Department of Bacteriology and Immunology, Haartman Institute, University of Helsinki, Helsinki, Finland

i Department of Computer Science and Statistics, University of Joensuu, Joensuu, Finland
j Department of Biological and Environmental Sciences, Division of Biochemistry, University of Helsinki, Helsinki, Finland

Received: May 20, 2008; Accepted: October 20, 2008

Abstract

The pathogenesis of age-related macular degeneration involves chronic oxidative stress, impaired degradation of membranous discs
shed from photoreceptor outer segments and accumulation of lysosomal lipofuscin in retinal pigment epithelial (RPE) cells. It has been
estimated that a major part of cellular proteolysis occurs in proteasomes, but the importance of proteasomes and the other proteolytic
pathways including autophagy in RPE cells is poorly understood. Prior to proteolysis, heat shock proteins (Hsps), agents that function
as molecular chaperones, attempt to refold misfolded proteins and thus prevent the accumulation of cytoplasmic protein aggregates. In
the present study, the roles of the Hsp70 molecular chaperone and proteasomal and lysosomal proteolytic pathways were evaluated in
human RPE cells (ARPE-19). The Hsp70 and ubiquitin protein levels and localization were analysed by Western blotting and immuno-
fluorescense. Confocal and transmission electron microscopy were used to detect cellular organelles and to evaluate the morphological
changes. Hsp70 levels were modulated using RNA interference and overexpression techniques. Cell viability was measured by colori-
metric assay. The proteasome inhibitor MG-132 evoked the accumulation of perinuclear aggregates positive for Hsp70, ubiquitin-pro-
tein conjugates and the lysosomal membrane protein LAMP-2. Interestingly, the hsp70 mRNA depletion significantly increased cell death
in conjunction with proteasome inhibition. We found that the accumulation of lysosomes was reversible: a cessation of proteasome inhi-
bition led to clearance of the deposits via a mechanism believed to include autophagy. The molecular chaperone Hsp70, proteasomes
and autophagy have an important regulatory role in the protein turnover of human RPE cells and may thus open new avenues for under-
standing degenerative processes in retinal cells.
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refers to the progressive cellular damage caused by reactive oxy-
gen species, which contributes to protein misfolding and evokes
functional abnormalities during cellular senescence of the RPE
cells [1, 2]. A disturbance of cellular homeostasis in the post-
mitotic RPE cells is involved in the development of age-related
macular degeneration (AMD), which is the most common cause of
blindness in developed countries [1, 3].

The efficient removal of misfolded proteins from the cyto-
plasm is critical for cellular survival and adaptation. Cells can
avoid the accumulation of potentially toxic misfolded protein
aggregates by accessing a battery of mechanisms. One of the
most important of these is the suppression of aggregate forma-
tion by heat shock proteins (Hsps), which function as molecular
chaperones in cells [4]. The transcriptionally and post-transcrip-
tionally regulated expression of Hsps can be promoted by many
different kinds of chemical or physical stresses [5–10]. The Hsps
are divided into different families (Hsp90, Hsp70, Hsp60, Hsp40
and small Hsps), according to their function, molecular size and
cellular localization [11].

Cellular proteins are continuously synthesized and degraded
during the lifespan of the cell [12]. The control of protein turnover
is particularly important in post-mitotic cells, where the accumu-
lation of malfunctioning proteins may be highly detrimental to cell
survival [13]. Four different systems take care of protein degrada-
tion in eukaryotic cells: (i) proteasomes, which degrade the major-
ity of long- and short-lived normal and abnormal intracellular 
proteins, (ii) mitochondrial proteases, which degrade the majority
of mitochondrial proteins, (iii) calcium-activated calpains, which
degrade membrane and cytoskeletal proteins and several mem-
brane-associated enzymes and (iv) autophagy and lysosomes,
which degrade whole cell organelles, membrane proteins and
endocytosed proteins [14–17]. During RPE cell senescence, the
accumulation of lysosomal lipofuscin correlates well with the path-
ogenesis of AMD [1]. Many studies have demonstrated the 
importance of lysosomes for proteolysis in RPE cells [18–23]. The
accumulated lipofuscin probably has multiple secondary detri-
mental effects on RPE cells. It has been shown that lipofuscin pre-
vents cellular renewal and promotes the misfolding of intracellular
proteins by increasing the sensitivity of RPE cells to oxidative
stress [23, 24].

Macroautophagy, microautophagy and chaperone-mediated
autophagy are the principal pathways to deliver cytoplasmic mate-
rial for lysosomal degradation in mammalian cells [25, 26]. During
macroautophagy, cytoplasmic structures are segregated within
autophagosomes, which deliver their contents to lysosomes,
while in microautophagy, small portions of cytoplasm enter lyso-
somes via invagination of the lysosomal membrane. One of the
molecular chaperones, Hsc73, delivers specific proteins into lyso-
somes during chaperone-mediated autophagy [25, 26].

Although the connection between stress and degeneration of
RPE cells is well known, the role of proteasomes and autophagy
in protein turnover in RPE cells is largely unexplored. Hsps are
closely linked to proteasome-mediated proteolysis, and also to
lysosomal protein degradation [25, 26]. Should the Hsp-linked
protein folding fail, misfolded proteins are first tagged with a

polypeptide called ubiquitin (Ub) and subsequently transferred to
proteasomes for degradation [13, 27]. In fact, it is believed that up
to 80–90% of all intracellular proteins are degraded by the ubiqui-
tin-proteasome proteolysis machinery [15, 16]. However, once the
capacity of Hsps to correct proteins is exceeded, or the ubiquitin-
proteasome pathway experiences functional limitations, protein
aggregates are formed at the cell periphery and delivered along
the microtubulus network via dynein-dependent retrograde trans-
port to a perinuclear location. The aggregates form aggresomes,
which may be cleaned through autophagy [13, 28, 29].

Our goal was to study the influence of the Hsp70 molecular
chaperone and lysosomes on the formation and clearance of pro-
tein aggregates in proteasome inhibitor-treated human RPE cells.
We show that proteasome inhibition causes an intense perinuclear
accumulation of Hsp70, Ub protein conjugates and LAMP-2-posi-
tive aggregates in human retinal pigment cells (ARPE-19).
Interestingly, we observed that the perinuclear accumulation of
aggregates is a reversible process, because the cessation of pro-
teasome inhibition leads to the removal of the deposits. Our
results suggest that autophagy also participates in the clearance
of the accumulated deposits.

Methods

Cell culture and treatments

ARPE-19 human RPE cells were obtained from the American Type Culture
Collection (ATCC). The cells were grown to confluency in a humidified 10%
CO2 atmosphere at 37�C in Dulbecco’s MEM/Nut MIX F-12 (1:1) medium
(Life Technologies, Paisley, UK) containing 10% inactivated foetal bovine
serum (Hyclone, Logan, UT, USA), 100 units/ml penicillin (Cambrex,
Charles City, IA, USA), 100 �g/ml streptomycin (Cambrex) and 2 mM L-
glutamine (Life Technologies). For proteasome inhibition, the cells were
exposed to 10 �M MG-132 proteasome inhibitor (Calbiochem, San Diego,
CA, USA) for up to 48 hrs. The lysosomes were alkalized with 10 mM
NH4Cl or 100 nM bafilomycin A1 (Sigma-Aldrich, Steinheim, Germany) for
up to 48 hrs. In all of the 48-hr ammonium chloride exposures, ammonium
chloride-containing medium was replaced with fresh equivalent after 
24 hrs. The formation of autophagosomes was inhibited with 10 mM 
3-methyladenine (Sigma-Aldrich) for up to 48 hrs.

Western blotting

For Western blotting, whole cell extracts (10 or 20 �g of protein) were run
in 10% SDS-PAGE gels and then transferred to nitrocellulose membranes
(Amersham Biosciences, Pittsburgh, PA, USA) by using a semi-dry trans-
fer apparatus (Bio-Rad Laboratories, Hercules, CA, USA). Ponceau S stain-
ing (Sigma, St. Louis, MO, USA) was used to ensure equal loading of 
proteins. The membranes were blocked for 1.5 hrs in 3% fat-free dry milk
in 0.3% Tween 20/PBS at room temperature (RT). Subsequently, the mem-
branes were incubated overnight at 4�C with mouse monoclonal Hsp70
antibody (StressGen, Ann Arbor, MI, USA) or rabbit polyclonal ubiquitin
antibody (DakoCytomation, Glostrup, Denmark) diluted (1:5000 or 1:500,



3618 © 2008 The Authors
Journal compilation © 2009 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

respectively) in 0.5% bovine serum albumin in 0.3% Tween 20/PBS. After
3 � 10 min. washes with 0.3% Tween 20/PBS, the membranes were incu-
bated for 2 hrs at RT with horseradish peroxidase-conjugated antibodies
(Amersham Biosciences). Both secondary antibodies were diluted 1:20
000 in 3% fat-free dry milk in 0.3% Tween 20/PBS. Before detection, all of
the membranes were washed as before. Protein-antibody complexes were
detected with an enhanced chemiluminescence method (Millipore,
Billerica, MA, USA).

Immunofluorescence

The cells were fixed with fresh formaldehyde prepared from
paraformaldeyhyde (1%, in PBS) for 10 min. at RT. To determine the local-
ization of Hsp70, ubiquitin, LAMP-1 and LAMP-2, the permeabilized (0.2%
Triton X-100 in PBS for 10 min. at 4�C) samples were blocked with 3% fat-
free dry milk in 0.05% Tween/PBS for 30 min. at RT. Thereafter, the sam-
ples were incubated with primary antibody diluted in 0.05% Tween/PBS for
1 hr at RT (Hsp70: rat monoclonal, 1:50, ubiquitin: rabbit polyclonal, 1:80,
LAMP-1: H4A3, mouse monoclonal, 1:35, LAMP-2: H4B4, mouse mono-
clonal, 1:20). The Hsp70 antibody was from Cell Signaling Technology
(Danvers, MA, USA), ubiquitin antibody from DakoCytomation and LAMP
antibodies were from the Developmental Studies Hydrioma Bank (Iowa
City, IA, USA). After 3 � 5 min. washes with PBS, the samples were incu-
bated in secondary antibody diluted 1:1 000 in 0.05% Tween/PBS for 1 hr
at RT (Hsp70: anti-rat Alexa Fluor 488, ubiquitin: anti-rabbit Alexa Fluor
488, LAMP-1 and 2: anti-mouse Alexa Fluor 488 or anti-mouse Alexa Fluor
594) and washed as before. All secondary antibodies were from Invitrogen
(Carlsbad, CA, USA). The nuclei were stained in all samples by incubation
with Hoechst 33258 dye (0.5 �M/ml) for 10 min. at RT followed by 4 � 1
min. washes with PBS. Images were captured using a Nikon Eclipse TE300
microscope equipped with a Nikon E995 digital camera or with a confocal
microscope (Nikon Eclipse TE 300).

Transmission electron microscopy

Cell culture samples were prefixed with 2.5% glutaraldehyde in 0.1 M
phosphate buffer pH 7.4 for 2 hrs at RT. After 15 min. washing in 0.1 M
phosphate buffer, the samples were post-fixed in 1% osmium tetraoxide
and 0.1 M phosphate buffer for 1 hr, and again washed with phosphate
buffer for 15 min. prior to standard ethanol dehydration. Subsequently, the
samples were infiltrated and embedded in LX-112 resin. Polymerization
was carried out at 37�C for 24 hrs and at 60�C for 48 hrs. The sections
were examined with a JEOL-1200EX transmission electron microscope
(Jeol, Tokyo, Japan) at 80 kV.

Attenuation of the Hsp70 gene expression 
by RNA interference

siRNA designed for human Hsp70 gene (HspA1A) and negative control
siRNA were purchased from Ambion (Austin, TX, USA). The negative con-
trol siRNA was an oligonucleotide with no homology to any known human
gene. The siRNAs were transfected into ARPE-19 cells using
siPORT™Amine transfection reagent (Ambion) following the manufac-
turer’s instructions. Two different concentrations of siRNAs (30 nM and
100 nM) were tested (data not shown) and an optimal concentration was

selected (30 nM). The duration of the siRNA treatment was 24 hrs.
Maximal expression of Hsp70 was achieved using heat shock treatment:
incubation in a 42�C water bath for 1 hr, followed by a 5h recovery in the
cell culture incubator prior to sample collection. The decrease in Hsp70
expression was monitored by Western blotting as described above.

Green fluorescent protein (GFP) -Hsp70 fusion
plasmid construction

The functional open reading frame (ORF) of the human Hsp70 A1A gene
(NCBI GeneBank accession no. NM_005345) was amplified from DNase-
treated (DNase I, Roche, Basel, Switzerland) total RNA, extracted (Eurozol
reagent, Euroclone, Wetherby, UK) from human ARPE-19 cells. Initially,
mRNA was reverse-transcribed (MultiScribe reverse transcriptase, Applied
Biosystems, Foster City, CA, USA) and Hsp70 cDNA was amplified with a
high-fidelity DNA polymerase (Phusion Hot start DNA polymerase,
Finnzymes, Espoo, Finland). The primers were 5�-ATA CTC GAG ATA TGG
CCA AAG CCG C (forward) and 5�-AAT AAG CTT GCT AAT CTA CCT CCT
CAA TGG TG (reverse), containing the target sites for restriction endonu-
cleases XhoI and HindIII and stuffers for in-frame ligation. The sites for
translation initiation and termination are depicted in boldface.

The sticky ends for the amplified Hsp70 ORF as well as the multiple
cloning site of the vector pEGFP-C1 (Clontech, Mountain View, CA, USA)
were produced with the above-described restriction endonucleases (MBI
Fermentas, Vilnius, Lithuania). Ligated (T4 DNA Ligase, Roche) DNA form-
ing a fusion gene of GFP and Hsp70 was transfected into competent DH5�

E. coli cells, which were prepared using the protocol of Inoue et al. [30],
propagated and purified [31]. The integrity of the construct was deter-
mined initially by restriction endonuclease digestion analysis and finally
sequencing the junction sites and the entire inserted Hsp70 ORF.

The plasmid was transfected into a subconfluent culture of ARPE-19
cells using FuGENE 6 transfection reagent (Roche) following the manu-
facturer’s instructions. The function of the fusion protein was initially
monitored using RT-PCR amplification of a 365-bp fragment flanking
one junction and by Western blotting detecting the 887-aa GFP-Hsp70
fusion protein.

Confocal microcopy

ARPE-19 cells were grown on 8-well glass slides (Nunc™, Rochester, NY,
USA). Before the plating of the cells, the glasses were treated with collagen
Type IV (BD) (50 �g/ml in 20 mM acetic acid) for at least 1 hr and rinsed
with phosphate buffer. The cells were grown for 24 hrs before transfection
to achieve a 50–70% confluency. Briefly, 4 �g/ml of the plasmid, pEGFP-
hHsp70, was added to diluted Fugene 6 transfection reagent (Roche) fol-
lowing the manufacturer’s instructions. Drug treatments were performed
48 hrs after transfection. The proteasome inhibitor MG-132 was added at
10 �M and incubated for 24 hrs. To neutralize acidic organelles, the cells
were treated with 10 mM ammonium chloride for 24 or 48 hrs after the
pEGFP-hHsp70 transfection and MG-132 treatment. When the treatment
lasted for 48 hrs, ammonium chloride-containing medium was replaced
with fresh equivalent after 24 hrs.

The samples were examined using a Nikon Eclipse TE 300 confocal
microscope with a 100 � oil immersion objective. The EGFP stain was
visualised at an excitation wavelength of 488 nm while emission wave-
length was 525 nm. The lysosomes were stained using LysoTracker® Red
DND-99 (Molecular Probes, Eugene, OR, USA), diluted to 50 nM in
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medium, for 20 min. For LysoTracker, the excitation and emission wave-
lengths were 577 and 590 nm, respectively.

Lysosome isolation

The lysosome fractions from ARPE-19 cells were isolated as previously
described [32]. Briefly, the cells were harvested by trypsination and dis-
rupted by nitrogen cavitation, and the post-nuclear supernatant was
obtained by low-speed centrifugation. Subsequent fractionation by a
sequence of two discontinuous gradient ultracentrifugations yielded pure
lysosomal fractions. The purity of these fractions was also measured. The
lysosomal marker fl-hexosaminidase was measured fluorimetrically with
the substrate 4-methylumbelliferyl-2-acetamido-2-deoxy-�-D-glucopyra-
noside. The mitochondrial marker succinate dehydrogenase was measured
photometrically with p-iodonitrotetrazolium violet. Lactate dehydrogenase,
the cytosomal marker, was determined by measuring the oxidation of
NADH with pyruvate as substrate. Alkaline phosphodiesterase, the plasma
membrane marker, was assayed photometrically with the substrate
5�monophosphate p-nitrophenylester. UDP-galactosyltransferase, a
marker for ER and golgi, was determined radiometrically with [galactose-
4,5–3H(N)]-uridine diphosphate as substrate and N-acetylglucosamine as
acceptor. DNA, the marker for nuclei, was measured fluorimetrically with
bisbenzimide H33258. Protein concentrations were determined by the
Lowry procedure.

Viability staining of cells

For the determination of the viability and death rates, cells were stained
with fluorescein diacetate (FDA, which permeates the living cell membrane

and stains the cells a green colour) and propidium iodide (PI, which stains
the nuclei of dead cells a red colour) (both from Sigma) [33]. The cells
were monitored and dead cells were counted within a fixed area with a flu-
orescence microscope (Olympus IX71, light source Olympus Cell MT-10,
Olympus, Tokyo, Japan). The statistically significant differences were iden-
tified with the Mann–Whitney U-test (n 	 9).

Results

Proteasome inhibition increased Hsp70 and 
ubiquitin levels and evoked a juxtanuclear 
accumulation of aberrant deposits

To study the effect of proteasome inhibition in human ARPE-19
RPE cells, the cells were either non-stressed or exposed to 10 �M
MG-132 for 24 hrs. The levels and localization of Hsp70 and ubiq-
uitinated protein conjugates were then analysed. A robust increase
in the Hsp70 protein level and elevated levels of ubiquitinated 
proteins were seen in Western blots in response to MG-132 
exposure (Fig. 1A).

The cellular localization of Hsp70 was studied by phase con-
trast and immunofluorescence microscopy. A robust accumula-
tion of perinuclear deposits was observed in the phase contrast
photographs (Fig. 1B). The Hsp70 staining was observed through-
out the nucleus and the cytoplasm, being most intense in 
the nucleus and in the perinuclear area in MG-132-treated cells

Fig. 1 Hsp70 protein expression and ubiquitin-protein conjugate levels. (A) Total proteins (20 �g) of whole cell extracts were examined by Western blot
using antibodies against the Hsp70 and ubiquitin of control (C) cells, and cells exposed to 10 �M MG-132 for 24 hrs. Phase contrast microscopy and
immunofluorescence analysis of (B) Hsp70 (green) and (C) ubiquitin (green) in control cells, and cells exposed to 10 �M MG-132 for 24 hrs. Nuclei
were stained with Hoechst 33258 dye (blue). Arrows point to protein aggregates.
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(Fig. 1B). In control cells there was faint Hsp70 immunostaining
everywhere. Cells treated with MG-132 displayed an increase in
mainly perinuclear Ub-immunoreactivity ranging from a cloud-like
appearance to a granular morphology (Fig. 1C). The strongest Ub-
labelling was detected in the largest cytoplasmic granules, but not
in the smaller aggregates. The nuclei of MG-132-treated cells also
exhibited an increase in diffuse and granular Ub immunoreactivity.
In control cells, moderate labelling for Ub was seen in the nuclei,
whereas only faint or no labelling at all was detected in the cyto-
plasmic areas (Fig. 1C).

Proteasome inhibition-induced juxtanuclear
deposits were modified by hsp70 mRNA 
silencing and were stained with lysosomal 
membrane proteins

To study the role of Hsp70 in protein aggregation, ARPE-19 cells
were treated with non-silencing or silencing hsp70 siRNA con-
structs, and either non-stressed or exposed to 10 �M MG-132 for
24 and 48 hrs. For evaluating the hsp70 siRNA efficacy, the cells
were incubated at 42�C for 1 hr and then allowed to recover in a
cell culture incubator for 5 hrs prior to sample collection. As
expected, Hsp70 expression decreased in response to hsp70
mRNA silencing. This was monitored by Western blotting in heat-
shocked cells (Fig. 2A). The ultrastructure of the cells was exam-
ined using transmission electron microscopy. In control cells, no
abnormalities were observed, whereas MG-132 evoked a promi-
nent perinuclear accumulation of deposits (Fig. 2B). Both negative
and positive siRNA constructs had an effect on the morphology of
the perinuxclear deposits but this was much stronger in response
to positive hsp70 siRNA treatment. Electron-dense droplets were
observed inside the deposits in siRNA-treated cells (Figs 2B and
4C). These dark areas might be lipid-containing droplets that bind
osmium during the sample preparation.

We estimated that these perinuclear deposits might be lysoso-
mal. Therefore, specific lysosomal membrane proteins, LAMP-1
and LAMP-2 [34], were analysed in cells exposed to MG-132 for
12 and 24 hrs. Phase contrast microscopy and immunofluores-
cence analyses revealed that Hsp70- and ubiquitin-associated per-
inuclear deposits (Fig. 1) were strongly LAMP-2-positive and
partly LAMP-1-positive (Fig. 3).

Clearance of perinuclear Hsp70 and 
ubiquitin-associated lysosomes

Next, we wanted to determine whether the accumulated lyso-
somes would disappear if the cells were switched to normal
medium after proteasome inhibition. The ARPE-19 cells were
either non-stressed or preincubated with 10 �M MG-132 for 
24 hrs and then allowed to remain in normal culture medium or in a
medium containing 10 mM NH4Cl, to neutralize lysosomal pH, for
24 or 48 hrs. The accumulated lysosomes disappeared under nor-

mal recovery culture conditions (24 hrs) and membrane-bound
organelles resembling autophagic vacuoles were observed in the
cytoplasm (Fig. 4). When the cells were allowed to recover for 
48 hrs, all of the deposits and autophagic vacuoles disappeared.
After the 24-hr post-incubation with ammonium chloride, the cells
contained lysosomes of different sizes. The swelling of the
 lysosomes was due to the ammonium chloride. After the 48-hr
post-incubation, the number of MG-132-induced accumulated lyso-
somes was smaller, and autophagic-vacuole-like structures were
also observed. (Fig. 4B) These findings support our earlier obser-
vations that the proteasome-inhibition-induced perinuclear 
Hsp70 and ubiquitin-positive deposits (Fig. 1) are encapsulated in
lysosomes (Fig. 3).

We also wanted to evaluate protein aggregation and proteoly-
sis at earlier time points in response to proteasome inhibition. The
cells were exposed to either 10 �M MG-132 for 12 hrs or prein-
cubated with 10 �M MG-132 for 12 hrs and then allowed to
remain in normal cell culture medium for 12 and 24 hrs.
Perinuclear lysomal deposits were observed already after 12 hrs
of proteasome inhibition (Fig. 5A).

Ammonium chloride might be a rather non-specific inhibitor of
lysosomes. To confirm the lysosomal nature of the vesicles accu-
mulating during proteasome inhibition, we used a more specific
inhibitor of lysosomal proteolysis, namely bafilomycin (Baf). The
cells were exposed solely to 100 nM Baf for 12, 24 and 48 hrs, or
to 100 nM Baf together with 10 �M MG-132 for 12 and 24 hrs.
Moreover, the cells were preincubated with 10 �M MG-132 for 12
and 24 hrs and then allowed to recover for up to 48 hrs with 100
nM Baf. The number of autophagy-like structures increased in
response to lysosomal inhibition in the RPE cells (Fig. 5B).
Transmission electron micrographs showed that proteasome
inhibitor-induced accumulated lysosomes had disappeared, and
membrane-bound organelles resembling autophagic vacuoles
were observed in the cells post-incubated with Baf (Fig. 5B).

To test whether autophagy plays a role in the clearance of the
deposits after proteasome inhibition, we used 3-methyladenide 
(3-MA) to inhibit autophagy. The cells were exposed solely to
autophagosome inhibitor 10 mM 3-MA for 12, 24 and 48 hrs, or
10 mM 3-MA together with 10 �M MG-132 for 12 and 24 hrs.
Moreover, the cells were preincubated with 10 �M MG-132 for 12
and 24 hrs and then allowed to recover for up to 48 hrs with 
10 mM 3-MA. As expected, no autophagosome-like vacuoles were
observed in any of the 3-MA treatments. However, perinuclear
lysosomal-like deposits remained in cells post-incubated with 
3-MA. (Fig. 5C).

Hsp70 localizes to cytosol in lysosome-rich areas

Because hsp70 mRNA silencing caused changes in perinuclear
lysosomes, we wanted to investigate whether Hsp70 would local-
ize with lysosomes. Therefore, a green fluorescent protein (GFP) -
Hsp70 overexpression vector was created. The construct efficacy,
with two different concentrations (2 �g/ml and 4 �g/ml), was
analysed by Western blotting after 2 and 5 days of transfection in
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ARPE-19 cells. The highest GFP-Hsp70 levels were observed after
2 days of transfection. Therefore, the duration of transfection was
2 days in further experiments (Fig. 6A). The ARPE-19 cells were
either non-stressed or preincubated with 10 �M MG-132 for 24
hrs and then transferred to normal culture medium for 24 or 48
hrs. The lysosomes were stained using LysoTracked Red.
Confocal microscopy analyses showed the number of acidic
LysoTracker-positive vesicles in both control cells and in cells
treated with the proteasome inhibitor (Fig. 6B). Intense staining of

GFP-Hsp70 was seen in both the cytoplasm and the nucleus in
non-stressed cells and in cells exposed to lysosomal or proteaso-
mal inhibition. In addition, our results suggest that GFP-Hsp70 is
associated with the lysosomal-rich cytosol (Fig. 6B and C). The
ARPE-19 cells treated with MG-132 for 24 hrs and allowed to
recover for 24 hrs in normal cell culture medium showed early
autophagosome-like structures merging with lysosomes (Fig. 6B
and C), whereas the cells allowed to recover for 48 hrs showed
acidic late autophagosome-like structures (Fig. 6D). The regulatory

Fig. 2 (A) Western blotting analysis for evaluating hsp70 mRNA interfer-
ence efficacy in ARPE-19 cells. The cells were heat-shocked at 42�C for 1
hr and then allowed to recover for 5 hrs prior to the detection of Hsp70
expression levels. Tr stands for transfection reagent, neg. for negative
(non-silencing) siRNA and posit. for Hsp70 (silencing) siRNA. Ponceau S
staining was used to ensure the equal loading of proteins. (B)
Transmission electron microscopy of transfection reagent positive cells,
cells exposed solely to 10 �M MG-132 or with negative or positive hsp70
RNA interference oligonucleotides for 24 and 48 hrs. Note that the hypo-
tonic fixation condition causes swelling artefacts, but does not disturb the
interpretation of the results.
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Fig. 3 Phase contrast microscopy and immunofluo-
rescence analysis of (A) LAMP-1 and (B) LAMP-2 in
control cells (C 12h, C 24h), and cells exposed to 10
�M MG-132 for 24 hrs. Nuclei were stained with
Hoechst 33258 dye (blue). (C) and (D) represent
higher magnification of the LAMP-1 and LAMP-2
stainings related to (A) and (B) images, respectively.
Scale bars 15 �m and 10 �m.
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role of heat shock cognate protein 73 (Hsc73) is well known in
chaperone-mediated autophagy [35]. However, it is not known
whether inducible Hsp70 participates in lysosomal proteolysis.

Next, we wanted to confirm an Hsp70 association with lyso-
somes. Therefore, the cells were exposed to 10 �M MG-132 for
24 hrs and immunostained with Hsp70 and LAMP-2, then
analysed by confocal microscopy that showed strong Hsp70
staining with LAMP-2 in the ARPE-19 cells (Fig. 7). In addition,
we isolated lysosomes from cells that were either non-stressed

or exposed to 10 �M MG-132 for 24 hrs or exposed to 10 �M
MG-132 for 24 hrs and then allowed to recover in normal cell
culture medium up to 48 hrs. Indeed, we detected Hsp70 in the
purified lysosome fractions, especially in lysosomes isolated
from proteasome inhibitor-treated cells (Fig. 8). In line with our
previous findings of disappeared perinuclear deposits (Figs 4A,
B and 5A), the Hsp70 expression levels were lower in lysoso-
mal fractions isolated from cells exposed to 10 �M MG-132 for
24 and then allowed to recover for 48 hrs (Fig. 8). In these

Fig. 4 (A) Phase contrast and (B) transmission electron microscopy of ARPE-19 control cells (C), cells exposed to either 10 �M MG-132 for 24 hrs or
10 mM NH4Cl for 24 and 48 hrs, and cells preincubated with 10 �M MG-132 and then allowed to remain in normal cell culture medium with or with-
out 10 mM NH4Cl for 24 and 48 hrs. Small arrows point to enlarged lysosomes, medium-sized arrows point to protein aggregates and large arrows
show autophagosome-like structures. (C) Transmission electron microscopy of the cells exposed solely to 10 �M MG-132 or with hsp70 RNA interfer-
ence oligonucleotides or exposed solely to NH4Cl for 24 hrs or cells that were preincubated with 10 �M MG-132 and then allowed to recover for 24 hrs.
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lysosome fractions, the lysosomal marker �-hexosaminidase
was always more than 100-fold enriched compared with the
initial homogenate. Markers of other subcellular fractions, i.e.
succinate dehydrogenase for mitochondria, lactate dehydroge-

nase for cytosol, alkaline phosphodiesterase for plasma mem-
branes, UDP-galactosyltransferase for microsomes and DNA
for nuclei, were not detectable in the purified lysosomal frac-
tions (Table 1).

Fig. 5 (A) Transmission electron microscopy of ARPE-19 control cells (C), cells exposed to either 10 �M MG-132 for 12 hrs or preincubated with 
10 �M MG-132 for 12 hrs and then allowed to remain in normal cell culture medium for 12 and 24 hrs. Small arrows point to enlarged lysosomes and
large arrows indicate autophagosome-like structures. (B) Transmission electron microscopy of the cells exposed solely to 100 nM bafilomycin (Baf) for
12, 24 and 48 hrs or 100 nM Baf together with 10 �M MG-132 for 12 and 24 hrs. In addition, the cells were preincubated with 10 �M MG-132 for 12
and 24 hrs and then allowed to recover for up to 48 hrs with 100 nM Baf. (C) Transmission electron microscopy of the cells exposed solely to 10 mM
3-methyladenine (3-MA) for 12, 24 and 48 hrs or 10 mM 3-MA together with 10 �M MG-132 for 12 and 24 hrs. In addition, the cells were preincu-
bated with 10 �M MG-132 for 12 and 24 hrs and then allowed to recover for up to 48 hrs with 10 mM 3-MA. In pictures B and C, the right panels show
magnifications of altered structures. Scale bars in all pictures are 3 �m or 1 �m.
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Fig. 5 Continued

Fig. 6 (A) Western blotting analysis for evaluating GFP-Hsp70 transfection efficacy in ARPE-19 cells. The transfection (with two different plasmid con-
centrations) was allowed to continue for 2 or 5 days prior to detecting the Hsp70 and GFP-Hsp70 expression levels. Ponceau S staining was used to
ensure equal loading of proteins. (B and D) Confocal microscopy analyses from the control cells and cells preincubated with 10 �M MG-132 and then
allowed to recover with normal medium for 24 or 48 hrs. (C) Magnification of Hsp70 positive stained early autophagosomal structures. Arrows show
early autophagosome-like structures, which are merging with lysosomes (B and C). In picture D, arrows show late autophagosome-like structures.
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Silencing of hsp70 mRNA increases cell death 
in response to proteasome inhibition

Finally, we wanted to determine how proteasome inhibition and
Hsp70 depletion affect cellular viability. The cells were either non-
stressed or exposed to 10 �M MG-132 with or without hsp70
mRNA silencing for 24 or 48 hrs. Proteasome inhibition did not
markedly affect cellular viability after the 24-hr exposure, but cell
death was higher after the 48-hr treatment (Fig. 9). Interestingly,
the depletion of Hsp70 levels increased cell death in the protea-
some inhibitor-treated ARPE-19 cells (Fig. 9).

Discussion

In this study, we demonstrate that Hsp70- and ubiquitin- and
LAMP-2-positive deposits induced by proteasome inhibitor MG-
132 are autophagocytosed and degraded in human RPE cells.
Alkalization of the lysosomes, using 10 mM NH4Cl or 100 nM
bafilomycin, slowed down the degradation process. The protea-
some inhibitor-induced deposits remained when autophagy was
disturbed. The major increase in Hsp70 expression regulated the
composition of juxtanuclear protein aggregates in response to
protesome inhibition. Hsp70 localized with lysosome-rich cyto-
plasm. Hsp70 modified the perinuclear aggregation, and the
silencing of hsp70 mRNA decreased cellular viability after protea-
some inhibition in ARPE-19 cells. Taken together, we believe that
the Hsp70 molecular chaperone, lysosomes and proteasomes are
closely combined in autophagy-mediated proteolysis in human
RPE cells.

One of the main functions of heat-shock proteins is to maintain
the correct protein conformation in cells. This is especially impor-
tant when cells are challenged by stress factors. Hsps also control
protein trafficking through the cell organelle membranes and are
part of the presentation process of damaged proteins for protea-
somal degradation [36]. In line with previous findings [37], 

Fig. 7 Confocal microscopy analyses of the
control cells and cells incubated with 
10 �M MG-132 for 24 hrs. LAMP-2 stain-
ing is visualized with red fluorescent dye
and Hsp70 with green. Scale bar is 10 �m.

Fig. 8 Western blotting analysis (10 �g protein/lane) of the Hsp70
expression levels from isolated lysosome fractions from the control cells
(C) or cells exposed to 10 �M MG-132 for 24 or cells exposed to 10 �M
MG-132 for 24 and then allowed to recover for up to 48 hrs. H/S stands
for heat shock and represents a positive control.
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abrogation of proteasome-mediated protein degradation caused an
intense accumulation of Hsp70 and ubiquitinated protein conju-
gates, which were colocalized with perinuclear deposits in the
ARPE-19 cells. Immunohistochemical analyses have indicated that
similar aggregates are enriched amounts of molecular chaper-
ones, including heat shock cognate protein Hsc70 and Hsp40
[13]. Hsp70 was also localized in the cytoplasm and nucleus in the
RPE cells. The staining of Hsp70 in nuclei implies that it might
have a chaperone function in the nucleus and an autoregulatory

role at the transcriptional level via HSF1 transcription factor in
response to proteasome inhibition [9].

There is increasing evidence that an efficient clearance of mis-
folded protein aggregates is essential for cell survival [38–40].
Protein aggregates formed at the cell periphery are delivered along
the microtubulus network via dynein-dependent retrograde traf-
ficking to a juxtanuclear location, thus forming aggresomes [13,
28]. The expression of Hsps and the development of aggresomes
is part of the cellular defence against misfolded proteins [38, 41].

Marker Marker for Sample Homogenate (specific activity)
Lysosomal Fraction 
(specific activity)

ß-Hexosaminidase Lysosomes Control / 24h 2.4 mU/mg protein 261.2 mU/mg protein

EC 3.2.1.30 Control / 48h 2.5 mU/mg protein 273.5 mU/mg protein

MG-132 / 24h 2.4 mU/mg protein 243.2 mU/mg protein

MG-132 / 48 2.3 mU/mg protein 241.4 mU/mg protein

Succinate dehydrogenase Mitochondria Control / 24h 0.75 mU/mg protein 0.02 mU/mg protein

E.C. 1.3.99.1 Control / 48h 0.71 mU/mg protein 0.04 mU/mg protein

MG-132 / 24h 0.68 mU/mg protein 0.02 mU/mg protein

MG-132 / 48 0.65 mU/mg protein 0.03 mU/mg protein

Lactate dehydrogenase Cytosol Control / 24h 2078 mU/mg protein n.d.

EC 1.1.1.27 Control / 48h 1967 mU/mg protein n.d.

MG-132 / 24h 1898 mU/mg protein n.d.

MG-132 / 48 1912 mU/mg protein n.d.

Alkaline phosphodiesterase Plasma membrane Control / 24h 628 �U/mg protein n.d.

EC 3.1.4.1 Control / 48h 598 �U/mg protein n.d.

MG-132 / 24h 605 �U/mg protein n.d.

MG-132 / 48 611 �U/mg protein n.d.

UDP-galactosyltransferase Microsomes (ER/Golgi) Control / 24h 69 nU/mg protein n.d.

E.C. 2.4.1.38 Control / 48h 61 nU/mg protein n.d.

MG-132 / 24h 65 nU/mg protein n.d.

MG-132 / 48 64 nU/mg protein n.d.

DNA Nuclei Control / 24h 3.48 �g/mg protein n.d.

Control / 48h 3.46 �g/mg protein n.d.

MG-132 / 24h 3.49 �g/mg protein n.d.

MG-132 / 48 3.48 �g/mg protein n.d.

Table 1 Purification of lysosomes from cultured ARPE-19 cells

n.d. not detectable.
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Here we show that hsp70 mRNA silencing decreased the cellular
viability in the proteasome-inhibitor treated cells. At the same
time, we observed an increase in the granulation of the perinuclear
deposits in response to proteasome inhibition and hsp70 mRNA
silencing compared with plain proteasome inhibition. This is evi-
dent that Hsp70 regulates the structure of protein aggregates in
the cytoplasm probably by the ability to modulate its client protein
folding. Previous findings indicate that perinuclear aggregates
themselves are nonetheless protective for cells [38, 42]. In this
study, we observed that proteasome inhibitor-induced cell death
was increased when hsp70 mRNA was silenced. However, the
overexpression of Hsp70, via the overexpression vector, did not
seem to have any substantial impact on the aggregation process.
This is probably attributable to the natural major increase in the
Hsp70 expression levels in response to proteasome inhibition.

The reports on ubiquitin localization in aggresomes are incon-
sistent [13]. In the RPE cells, proteasome inhibition caused jux-
tanuclear protein aggregates that varied in size and shape. Hsp70
staining often localized strongly with aggregates of different sizes,
whereas Ub seemed to consistently localize only with the largest
aggregates. The regulatory differences between Hsps and Ub in
the aggregation process remain to be studied.

Autophagy is attributable to the turnover of damaged cellular
components in response to age-related cellular modifications
such as starvation, accumulation of misfolded proteins, oxidative

stress and changes in cell volume and in hormonal levels [25, 43,
44]. There are three recognized autophagic pathways: macroau-
tophagy, microautophagy and chaperone-mediated autophagy
[45, 46]. Of these, macroautophagy is an inducible form of
autophagy that degrades proteins in response to various stress
conditions [44]. During macroautophagy, a de novo formed dou-
ble-membrane seals target proteins or organelles into the
autophagosome [47]. Final proteolysis occurs when lysosomes
fuse with the autophagosomes and release their enzymes into the
vacuole lumen. As far as we are aware, this is the first study to
reveal that proteasome inhibitor-induced Hsp70-associated perin-
uclear protein aggregates are targeted to autophagy in human RPE
cells. At the moment, the regulatory mechanisms that mediate the
fusion of the autophagosomes with lysosomes are poorly under-
stood. However, recent findings have indicated that Hsp70 is pres-
ent and modifies the permeabilization of lysosomes [32, 48]. We
observed the presence of Hsp70 in lysosome-rich cytoplasm and
an increased expression in isolated lysosomal extracts in
response to proteasome inhibition. Thus, the inducible Hsp70
might be an important regulator not only for repairing misfolded
proteins but also for regulating lysosomal proteolysis, including
autophagy, in cells.

The formation of protein aggregates is a hallmark of many neu-
rodegenerative diseases such as Alzheimer’s disease, Parkinson’s
disease and many polyglutamine disorders [38]. Several of the
proteins identified in the deposits occurring in Alzheimer’s disease
are also found in drusens (extracellular protein aggregates) iso-
lated from patients with AMD [49]. One of the main RPE cell func-
tions is to contribute to the outer segment renewal by ingesting
and degrading the spent tips of photoreceptor outer segments in
lysosomes [50, 51]. Light-generated reactive oxygen species and
the lipid-rich tips expose the RPE cells to chronic oxidative stress
and protein damage. During aging, lipofuscin accumulates in lyso-
somes and this disturbs the function of lysosomes and decreases
the cellular capacity to degrade damaged proteins and survival
against the loading stimuli [51]. In addition, there is one finding
indicating that lysosomal lipofuscin may be involved in drusen for-
mation [52]. Interestingly, increased lysosomal LAMP-2A levels in
aged tissue restored the macroautophagic and proteasomal path-
ways to the level observed in corresponding young tissue [53].
Furthermore, mitochondrial functions and cellular ATP levels were
restored, and the number of cytosolic oxidized proteins and aggre-
gates of polyubiquitinated proteins were reduced. Preservation of
the autophagic activity was associated with a lower intracellular
accumulation of damaged proteins, better ability to handle protein
damage and improved tissue function. Our findings reveal that
Hsp70 plays a central role in improving cellular viability when pro-
teasomal pathways are disturbed in RPE cells. In addition, perinu-
clear protein aggregates undergo autophagy clearance in protea-
some inhibitor-treated RPE cells. These findings open new
avenues for understanding the mechanisms of proteolytic
processes in retinal cells, and could be useful in the development
of novel therapies targeting Hsp70 or the proteins that regulate
lysosomal-mediated proteolysis, with the aim of preventing retinal
cell deterioration during ageing.

Fig. 9 Cell death assay of ARPE-19 cells. The columns represent the
number of dead cells/0.137 mm2. Cells were either untreated or treated
solely with 10 �M MG-132, or with transfection reagent, or with negative
or positive hsp70 RNA interference oligonucleotides for 24 and 48 hrs.
Variations are represented by standard deviation (n 	 9). Mann–Whitney
U-test revealed statistically significant differences (*P 
 0.05, **P 


0.01, ***P 
 0.001).
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